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INTRODUCTION

Although the need of animals for magnesium was conclusively estab-
lished by Eruse et _al. in 1932, the mechanism through which megnesium
. functions in vivo has not been clearly defined.

Since 1927 when Erdtmann discovered that megnesium acted as an activa-
tor to the hydrolytic action of dialyzed mammelian kidney phosphatase,
many studies have been published describing activatlon of other enzymes in
vitro by magnesium. In many cases magnesium was not specific, other di-
valent cations substituting equally ss well. However, the preponderance of
magnegium over other divalent intracellular electrolytes, and the ubi-
quitous presence of magnesium in tissue appeared to designaﬁ!’tﬁis ion as
a major physioclogical catalyst.

Many 1nvestigat6ra have noted that animsls deprived of magnesium
failed to grow normally after a period of time. If they did not succumd
to characteristic convulsive seizures, they eventually lost weight and
exhibited general nutritional failure (Brookfield, 1934; Schrader et al.,
1937 and Orent et al., 1932). Animsls fed comparable amounts of food
gained weight more slowly when magnesium was omitted from the diet than
when it was supplied (Tufts and Greenberg, 1938a and Menaker and Kleiner,
1952).

Very little attempt has been made to correlate the effect of an in-
adequate supply of magnesium to aspects of protein metabolism other than
growth and repletion of body weight following periodse of protein-free

diets.

Menaker (1954) found that magnesium deficient rats, depleted 25 per



cent below their initial body weights with protein-free dleis, gained
twice as much weight in 10 days when fed 7 per cent casein as when fed 14
per cent casein in the diet. Actually,.the weight gain of magnesium de-
ficient animals receiving the 7 per cent casein diet was not greatly dif-
ferent from that of control animals. In 14 day experiments, growth of
magnesium deficient rats was depressed and mortality increased when thelr
magnosium deficient diets were raised from 24 per cent to 50 per cent
casein (Colby and Frye, 1951b). These experiments suggested that with low
protein concentrations in diets for rats omission of magnesium made little
difference; on the other hand, with high protein intakes effects of mag-
nesium deficiency were prompt and deleterious.

The observations of Sauberlich and Baumann (1949) that mice excreted
a greater proportion of ingested amino acids in the urine following a
period of magnesium deprivation than whan normal diets were fed, had sug-
gested a relationship between utilization of amino acids and magnesium,
Such & relationship has been supported by the observation that guinea pigs
which have & high arginine requirement (Heinicke et al., 1955) also have a

relatively great need for magnesium (Roine et al., 1949).

This study was designed to examine further the relationship of
magnesium deficiency to protein utilization in albino rats. For this
purpose, diets varying in casein content from 14 to 28 per cent, with and
without mégnesium added, were fed to weanling rats. Growth rates, food
efficiency and nitrogen ratention were studied in an attempt to assess
effects of the experimental diets upon growth. Hemoglobin concentration,
serun nitrogen and dlstribution of serum proteins, serum and hepatic

transaminase activities and hepatic nitrogen were examined in an endeavor



to evaluate influence of magnesium deficiency upon other aspects of pro-

tein metabolism.
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REVIEW OF LITERATURE

As an intracellular electrolyte, megnesium ranks quantitatively
second only to potassium. Since the early days of mutrition research,
magnesium has been generally accepted as one of the inorganic elements
necessary for life because of its ubiquitous presence in body tissue and
fluids. Yet Osborn and Mendel (1918) were unable to find evidence in
support of this fact from their experimental studies. The "magnesium-
free" diet they employed contained 0.012 per cent magnesium. On this re-
tion a rat weighing 6Q grems contimied to grow for 306 days, after which it
lost weight, When fed a control diet containing 0.08 per ceant magnesium,
it regained almost all weight lost. The experimenters expressed the belief
that bescause a rat could complete its growth on a diet low in magnesium,
this element was probably not essential to life.

Leroy (1926) reported that mice 26 days 0ld ceased to grow and lived
only 24 to 36 days when fed a diet providing only 0.00103 per cent mag-"_
nesium. Somewhat later, Kruse et al. (1932a, 1232b) demonstrated that mag-
nesium was also an essential element for 1life in the rat. These authors
succeeded in preparing a diet with only 1.8 parts per million magnesium.
Rats fed this dlet developed spectacular deficiency symptoms which were
described as: (1) vasodilation of the peripheral vascular bed within 3
to 5 days, during which time the exposed areas of the skin became vividly
red; (2) hyperexcitability that increased progressively until the 18th
day when any unusual noise threw the animals into tonic-clonic convulsions
that resulted in death for many of them; (3) trophic changes in the akin

and edema in advanced deficiency states.
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In the perioérthat followed the announcement by Kruse et _al. of the
esséntiality of megnesium for rats their firdings were confirmed and ex-
panded by others (Barron, et al., 1948; Brookfield, 1934; Duckworth, et ai.,
1940; Tufts and Greenberg, 1938a) and observations were extended to other
species (Bird, 1949; Kunkel and Pearson, 1948; Van Reen ard Pe;rson. 1953).
~ Ag with most nutritional deficiencies there were many similarities in
regsponse of various species to omission of magnesium from the diet. .On

the other hand marked differences also have been encountered.
Gross Symptoms of Magnesium Deficiency

Hyperemia, which was described by Kruse et el. (1932b) as ons of the
major symptoms of the deficiency syndrome in rats, has been observed in
hamsters (Yamane and Singer, 1953) and dogs (Orent et al., 1932). Although
hyperemia was visible in dogs over a period of 2 to 4 weeks the vasodila-
tioﬁ was not as intense as that occurring in rats in which the hyperemic
period lasted for only 5 to 7 days.

Hyperexcitability in same form was common to &1l animals studied ex-
cept guinea pigs (O'Dell et al., 1960). Tonic-clonic convulsions followed
a period of hyperirritability in hamsters (Yamane and Singer, 1953), dogs
(Orent et al., 1932), chickens (Bird, 1949) and ducks (Van Reen and Pearson,
1953). Running fits that preceded the onset of convulsions in rats and
rabbits did not develop in pigs, although these enimals became tetonic.
Calves reared on milk or milk plus various vitamin and mineral supplements,
excluding megnesium, died in convulsive states (Duncan, 1935).

Attention has been called to the fact that "grass staggers® or "grassv

tetany", an endemic diseass of cattle associated with hypomagnesemis,



resembled experimental magpesium deficlency in rats in that comvulsive
attacks were of the tonic-clonic type and that prior to attack animels
showed signs of nervousness, restlessness and muscle twitching (Sjollema,
1932).

Various epidermal changes have been described. Rats have developed
ringed-eye dermatitis (Tufts and Greenberg, 1938a) and erytheme followed

by eschar formation over the involved area (Schrader et al., 1937). Ex-

;eesive keratinization of the tail was reported by Watchorn and McCance
(1937) and Barron et al. (1948) described a sticky exudate on the feet,
nose and ears of deficient rats. Poor feathering has been observed in )
chickené (Bird, 1949) and roughness and discoloration of the comt in rats
by Duckworth et al. (1940) and Watchorn and McCance (1937).

Rats, rabbits and hamsters did not appear to be susceptible to gross
muscle changes, but decreasing muscle tone in ducks and chickens led to
progressive incoordination of movements. The birds squatted continuslly,
arising only when excited (Bird, 1949; Van Reen and Pearson, 1953). Guinea
pigs lost muscular coordination in the rear legs which 0'Dell et al. (1960)
felt was due to muscle stiffness. Muscle stiffness was differentiated from
wrist stiffness that resulted from prolonged ingestion of certain diets,
since administration of magnesium salts allowed the animals to regain the
use of posterior limbs but had no effect on wrist stiffness.

Edema has been observed in the pedal rortion of posterior extremities
(Brookfield, 193%) and in the masal region of rats (Barron st al., 1948).

Magnesium deficiency induced atrophy in bones of hamsters (Yamene and

Singer, 1953), rats (Orent, et_al., 193%) and guinea pige (0'Dell et al.,

1960) and, in addition, in the latter two species, incisor teeth became



soft and frequently droke off or loosened in their sockets and fell out.
In rats incisors turned chalky white (Watchorn and McCance, 1937) while
in the guinea pig they darkened with decay (0'Dell et _al., 1960).

On gross inspection, the kidneys of rats deprived of magnesium fre-
quently appeared enlarged and their surface was puckered or pitted with
gray mottling or light patches, (Greenbterg, st sl., 1938). On the other
hand, kidneys of guinea plgs were white in appearance and greatly en-
larged, becoming twice as heavy as kidneys of control animals when the

magnesium level of the diet was reduced to ome third the control ievel

(Meynard et al., 1958).

Magnesium Deficiency and Growth

Tufts and Greenberg (1938a) did not see any change in growth of rats
during the first 2 %o 3 weeks of reduced magnesium intake. Later, the
growth rate of deprived rats decelerated, in part due to a decrease in
food consumption to two thirds that of control animals. In paired-feeding
experiments, animals weighing 100 grams and receiving magnesium in their
diet gained 24.5 per cent more weight than those not receiving magnesium
in a 33 day perlod; animals weighing 50 grams gained 32.3 per cent more
weight than their magnesium-deficient pairmates in a 24 day period (Tufts
and Greenberg, 1938a). Dick and Prior (1951) reported a significant de~
crease in average weight of experimental rats compared with their pair-fed
controls within 15 days. Animels fed quantities of the control diet hat
would meintain body weights equal to those of animals deprived of mag-
nesium required only 83 per cent as much food in a 60 day period as de~
ficient animals (Kleiber et al., 1941). |




When graded smounts of magnesium were added to a 10 per cent casein
diet, weight gaig in rats was meximal when magnesium concentration was
‘2b ng. per cent (Vitale et al., 1957c). Rets that had received 4 mg. per
cent magnesium in the diet grew well for 10 weeks (Watchorn and McCance,
1937), but those that received 0.18 mg. per cent magnesium increased in
weight for only two weeks (Kruse et al., 1932Bb).

Barron et al. (1948) found that control rats whose weights averaged
156 grams gained 13.9 grams per week in a.fiye veek period while magnesium
deficient rats gained only 7.7 grams per wesk. -

Garner et al. (1952) found that a low megnesium diet did not inhibit
growth of sarcome No. 10 or Welker carcinoma No. 256 treansplants in rats.
Magnesium deficient enimals implanted with a second generation tumor from
animals maintained for 50 days on diets low in megnesium also failed to
show tumor inhibition. Tumors from depleted rate grew progressively, and
equally as well in deficlient animale as in their controls.

Growth inhibition produced by addition of thyroxine to diets of rats
could be partially overcome by extra supplements of magnesium, and amcunts
of magnesium required were related to the concentration of‘thyroxin employed

(Vitale et 2l., 1957b).
Magnesium and Protein Metabolism

A direct relationship of magnesium to protein metabolism has not been
established but that such a relationship exists has been suggested by
chemicel and dbiological studies.

Kuby, Noda and Lardy (1954) have established that magnesium complexes

of ATP and ADP in vitro were the active substrates for phosphorylases. In



addition, reaction velocity of ATP-creatine transphosphorylase was strik-
ingly dependent upon magnesium ion concentration. By virtue of thig asso-
ciation and requirement for ATP in the synthesis of peptide bonds, mag-

_ nesium appeared to have a role in protein anabolism.

In 1955, Beechly and Happold found that magnesium ions greatly en-
hanced conversion of pyridoxamine phosphate to pyridozal phosphate, the
 active cofector for transaminases, but that other divalent metzal ions had
no effect. Later, Happold an@ Tarner (1557) found that activity of par-
tially purified preparations of glutemic-oxalacetic transaminase from
heart muscle of sheep was incressed 100 per cent by addition of magnesium
ions.

Several studies have implied that magnesium may heve a ¥#ole in utili-
zation of certaln amino aclids. TFor instance, either magnesium deficiency
or arginine deficiency in chickens has produced cytepathological chenges

in hepatic cord cells (Jungherr et al., 1958). After a double deficiency

of arginine and magnesium had been established, addition of arginine to
the diet corrected the hypertrophied nucleolus and reversed hydrodystrophy
of the cytoplasm, while addition of magnesium hydrated hepatic cytoplasm
and minimized, but did not erase, morphological change in the nucleolus.
The difficulty encountered in finding a casein ration that would

promote growth in guinea pigs equivalent to commercial rations was related
to the relatively high need for arginine compsred with the limited avail-
ability of this amino acid in casein (Heinicke et al., 1955). When casein
diets were supplemented with arginine and methionine, the two most limit-
ing amiﬁo acids in this protein for guines pigs, satisfactory responses

in weight gain could only be obteined when large amounts of magnesium and



10 -

potassium were provided (Heinicke et al., 1956).

Young mice, magnesium depleted for 55 days and losing weight at a rate
of 0.08 grams per day, excreted a greater percentage of ingested amino
acids in the urine than control animels (Sauberlich and Baumann, 1949).
The loss of amino acids was not a function of weight loss alorne as ca~-
loric deficient and riboflavin deficient animals, losing weight at more
rapid rates, excreted smeller quantities of the amino acids studied, Loss
of amino aéids,in the urine of magnesium depleted animals, not commensu~
rate with weight loss, implied a failure to utilize amino acids in the
absence of an adequate supply of magnesium.

After rats had been protein depleted until one~fourth of their body
welght had been lost, magnesium deficiency did not appsar to influence
their ability to reganin weight when they were offered & complete source of
amino acids in the form of fibrin hydrolysate (Frost and Seandy, 1953). On
the other hand, Menaker and Kleiner (1952) found that pair-fed rats re-
ceiving a 9 per cent casein ration with magnesium gained 40 per cent more
weight in 10 days than those on magnesium deficient diets.

In li-day experimental periods, raising casein in a magnesium de-
ficient diet from 24 per cent to 50 per cent depressed growth in young
rats (Colby and Frye, 1951b). When calcium was increased in the 24 per
cent casein diet, low in magnesium, the growth of the animals was de-
pressed to a greater extent than when calcium was fed at & normal level.
Increased calcium in the 50 per cent casein diet reduced growth only

slightly, however, there was a marked increase in mortality.
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Histological Changes

Microscopic examination of the tissues of magnesium deficient rats
has revealed histological lesions of the skin, kidney, liver, cardio-
vascular system, bones and teeth. Profuse hemorrhage and engorgement of
the renal medulla, atrophy of tubular epithelium, glomerular degeneration
accompanied by swollen cells and desguamation have been described in rats.
At the cortico-medullary boundary zome, definite striations occurred in the
region of greatest calcification. Although calcium depositslextended
through the medulla they became progressively smaller as the tips of the
pyramids were approached. Involvement was so extensive that practically
all tubules were distended with calcareous material. Increased inter-
stitial fibrotic material was observed, dbut there was no evidence of ne-
phritis (Cremer, 1932; Greenberg et al., 1938; Barron et al., 1949). On

the other hand, the majority of gulnea pigs fed magnesium deficient rations

did develop nephritis (Wickham, 1958), while rats were more susceptible

to nephrosis-like degeneration (Greenberg et al., 1938).

In rats deprived of magnesium for 3 days Hess gj_g;.>(1959) observed
pronounced mitochondrial swelling in epithelial cells of renal proximal
convolutions. Six days later there was necrosis in areas corresponding to
sites where mitochondrial swelling was most pronounced at the 3rd day.
Fine deposits of calclum were observed in cells undergeing necrosis. As
deficiency progressed, calcium deposits enlarged and became detached form-
ing calcareous casta. The ampunt of calcium in kidneys of magnesium dé—
ficient rats has been reported as high as fifteen times that for control

animals (Tufts and Greenberg, 1938a). Calcinosis has been observed in
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myocardium (Vitele, et al., 1959), aorta (Wickham, 1958) and muscle (Tufts

and Greenberg, 19382). Guinea pigs appear to be especially susceptible to
calcareous deposition in the kidney but a-many-fold increase in hepatic

calcium hes also been reported (Maynard, et al., 1958). Calcareous depo-

sition in the calf occurred predominantly in the cardio-vascular system

and spleen (Moore et al., 1938).

Hepatic tissue responded less to a decreased supply of dietary mag-
nesium than did renal tissue. Cytoplasm of many cells disintegrated
(Brookfield, 1934) and marked congestion was ééen in hepatic vascular tis-

“sue of rats (Schrader et al., 1937) while guinea pigs developed focal hepa-

tic necrosis in the absence of adequate magnesium in the diet (Maynard
et el., 1958).

Myocardium, the aorta and coronar§ arteries of magnesium deficienf
dogs were susceptible to calcinosis, and moderate sudanophilic depoéition
appeared in the cardiac valves. Aortai placques were usually not lipid,
but rather, fibrous in nature (Vitale et al., 1959), similar:to those seen

by Moore et al., (1938) in the yellow elastic fibers of the vascular system

of calves raised on low magnesium rations.

Changes seen in rat incisor teeth after the 4th day of low magnesium
intake were stratification of the predentin, progressive atrophy of odon-
toblasts, marked distortion of the enamel organ due to the presence of
calcareous granules, and changes in the character of the cells of tﬁe pare~
dentium. Molar teeth are less affected than incisors. (Irving,. 1940 and
Klein st al., 1935). Histologicel examination of the long bones of rats
revealed replacement of cartilége by fibrous tissue (Dick and Prior, 1951).

Cerebellar changes described in chickens (Bird, 1949) and rabbits
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(Barron et al., 1949) deprived of magnesium involved degeneration of
Purkinje cells. Varying degrses of chromotolysis were observed, as well

as decreased staining of the Nissel substance, swelling and nuclear

e

| changes. e
Biochemical Changes in Magnesium Deficiency

Blood
Dietary deficiency of magnesium in rats produced a marked decrease
in serum magnesium concentration, reaching 0.8 mg. per cent by the 4th or
5th day (Snyder and Tweedy, 1942). Magnesium in the red blood cells also
decreased, but it dropped at & slower rate than the magnesium in the plas-
ma, eventually reaching a concentration one half that of control animals
(Tufts and Greenberg, 1938a). The low concentration of plasma megnesium
was meintained until shortly before the onset of hyperexcitability, at
which time it rose to near normal concentfation then fell, within a few
days, to sub-normal values. Hoobler et sl. (1937) did not observe such &

rise in serum magnesium in dogs. Hess et al., (1959) noted that plasma

megnesium of rats fell progressively during the first 20 days, after which
the concentration remained at a low value until 45 to 50 days. Toward the
end of the experiment there was a tendency for values to increase slightly,
but they remained in sub~-normal range. In dogs, serum magnesium de-
creased over a period of 5 weeks, then remained at the low level (Kruse
et al., 1933).

While gerum magnesium dropped, calcium concentrations were reported
within the normal range for rats (Coldby and Frye, 19519 and dogs (Kruse.

et al., 1933). However, a recent study with rats has confirmed the ob-
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servations of Hoobler et al. (1937) that in dogs a marked hypercalcemia
resulted in reébbnse to megnesium deprivation (MacIntyre and Davisson,
1958). Phosphorus concentrations remained unchenged in dogs after 17

weeks of magnesium deficiency (Kruse et al., 1933), and they were also un-

changed in rats after 33 days on a low megnesium diet (Orent et al., 1934).
Other serum electrolytes, chloride, sodium and potassium, as well as car-
bon dioxide and pH 4id not change in rats after 35 days of magnesium dep-
rivation (Cotlove et al., 1951).

After minimum values of magnesium in the plasma of dogs had been
reached, "fat clots" appeared. Anelysis revealed abnormal amounts of cer-
tain plasma lipid fractions, particularly total and esterified cholesterol.
However, the fatty acid frection decreased concomitently with the net re-
sult that total fat remained unchanged (Eruse et al., 1933).

Deprivation of magnesium caused a decreecse in serum‘alkaline phoe-
phatase in rats. This decrease coincided with the time that serum mag-
nesium had reaéhed its lowest concentration. Reduction in enzyme activity
did not appear to be transitory since it was observed in several rats of
different ages at various intervals throughout an experimental period of
29 days (Snyder and Tweedy, 1942). In contrast, no change in serum phos-
phatase activity was observed in msgnesium deficient calves (Blaxter and
Rook, 1955).

Increased blood values for lactic and pyruvic acids were found in
magnesium deficient calves experiencing mild tetany (Blaxter and Rook,
1955). Since these blood values could be produced in normal calves with
exercise, the slevated values probably were due to muscular activity

brought about by tetany rather than to abnormality in carbohydrate
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metabolism as the result of magnesium deprivation. Further support for
the view that carbohydrate metabolism was normal was found in the fact
that calves injected with glucose showed no difference in the rate of re-
moval of the extra glucose, and no abnormal rise in blood pyruvate or
lactate.

Soft tissues

Several investigators have reported thet soft tissues of rats, par-
ticularly organ tissues were reiuctant to give up their magnesium. Viscera
and brain had not changed in megnesium content at the end of three wé;ks
of deprivation, but muscle tissue had been progressively depleted of mag-
nesium and potassium, accompanied by an increase in sodium and chloride
(MacIntyre and Davisson, 1958). Earlier, Tufts and Greenberg (1938a) and
Cotlove et al. (1951) had reporfed a slight decrease in muscle magnesium,
but little change in the magnesium concentration of viscera as the result
of a decreased supply of the mineral.

Some, but not all, enzymes in the soft tissues have been shown to be
sensitive to magnesium deprivation., Alkaline phosphatase activity was
lowered to 70 per ceqt of the control value in brain tissue of ducks by the
6th day of magnesi;m deficiency. Diphosphopyridinénucleotidase activity
of the ﬁrain was significantly lowered’after 10 days of deficiency, but
activities of inorganic pyrophosphatase and cytochrome oxidase were not
affected at either 6 or 10 days (Van Reen and Pearson, 1953). In sub- -
acute magnesium deficiency in rats phosphatase activity of kidney tissue
and bone was normal (Watchorn and McCance, 1937). Histochemical studies
of renal tissue of rats revealed an increase in various dehydrogenase and

diaphorase activities on the 3rd day after & deficlent diet was fed.
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Three days leter there was some loss in diphosphopyridinenucleotidase
activity, and by the Sth day, there was marked reduction or complete loss
of isocitric, melic, beta-hydroxy butyric and lactic dehydrogenase ac-
tivities. Decreased enzyme activity occurred Just prior to appearance
of fine calcium deposits in the cell (Hess et al., 1959).

Skeletal tissues and teeth

A diet low in magnesium fed to young enimals caused considerable '
chenge in the osseous system. Orent et al. (1934) demonstrated that dry
bone weight increased at a faster rate in magnesium deficient rats than
in control animals. The heavier bone weight, which was evident as early
as the 5th or 6th day, was due to a greater quantity of ash found in bones
of deficient animgls than in control animals. Calcium deposition in ex-
cess of that found in control animals was responsible for the increased
quantity of ash. After 30 days, magnesium concentration of the skeleton
of rats was only one nalf that in the skeleton of control animals. Mag-
nesium content of femora, tibise, and fibulae of magnesium deficient ani-
mg}sAho days of age sacrificed after induced convulsions, averaged 0.086
per cent while 0.16 per cent magnesium was found in bones of animals of
the same age that were not convulsive. '

In short term studies of 6 days Duckworth et al. (1940) did not ob-
serve increased weight of the femur of rats deprived of magnesium, but
concentration of megnesium in the bone was only one half of that found in
control animals. Percentage of calcium in skeletal ash was significently
higher on the dry, fat-free basis than in animals receiving magnesium.

The authors suggested that mobilization of magnesium from skeletal tissues

occurred very early in the deficiency and excess calcium was deposited as
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8 compensating mechanism. In the subacute magnesium deficiency produced
in rats by Watchorn and McCance (1937) the bones examined had not changed
in ealcium or phosphorus at the end of 30 days, although, the magnesium
concentration had been reduced to less than two thirds the value of the
control animals.

Skeletal stores of megnesium were more labile than those of teeth.
Magnesium content of the dry, fat-free rat tooth was not changed in the
first 6 days of magnesium deficiency, aithough rete of weight increase
was slightly subnormal (Duckworth and Godden, 1940). After 30 days of
subacute magnesium deficiency teeth increased in water content by an
average of 3.3 per cent, while the magnesium concentration fell to one-
half the normal value and phosphorus declined only slightly (Watchorn and

McCance, 1937).
Heat Production and Oxidative Phosphorylation

Magnesium deficiency in calves resulted in increased totel heat
production. The magnitude of the effect was related to serum magnesium
concentration. As serum magnesium fell oxygen consumption increased.
Increasing the megnesium of the ration caused a prompt increase in the serum
magnesium concentretion and & correlative decrease in the total heat pro-
duction. At least part of the increased heat production might have been
due to increased muscle activity as these calves exhibited mild tetany
(Blaxter and Rook, 1955).

Increased basal heat production in magnesium deficient rats was not
apparent until the 15th day after the low magnesium diet was started,

became significantly greater by the 34th day, and reached a value of 25
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per cent greater than control animals by the 58th day. These animals were
not convulsive, nor did their activity differ aporeciatively from litter-
mate controls. The authors attributed the rise in energy expénditure to
increased breakdown of tissue because of inability to secure sufficient
magnesium out of intact tissues after the skeletal stores had beenlde-
pleted (Rleiber et al., 1941).

Recently Vitele et _al. (1957&) have shown thet mitochondrial prepare=
tions from hearts of young rats exhibited uncoupling of oxidative phos-
phorylation 4 days after a low magnesium diet was started, with maximal
uncoupling occurring on the 8th day. ZEarlier, these experimenters had
demonstrated that oxidative phosphorylation in mitochondriel preparations
from hearts of thyrozine treated animels was impaired, but could be restored
to normel by addition of magnesium ions to the reaction mixture (Vitale
et al., 1957a). The effect of thyroxine upon basal metabolic rate in
animgls has been well established. In vitro experiments have demonstrated
that this is due to "uncoupling" of phosphorylation from electron trensfer
along the respiratory chain (Martinus and Hess, 1951). This action could
be reversed by addition of maénesium (Tapley an&-Cobper. 1956; Bain, 195#).
Also, preliminary injection of magnesiwm into rats completely prevented
the uncoupling action of thyroxine in heart mitochondrial preparations

-~ (Vitale et al., 1957a).

Kalant and Clamen (1959) were not able to demonstrate any effect on
oxygen consumption of rats 2Aor 4 weeks after addition of magnesium to
basal diets containing thyroxine.

Mognesium did not reverse the uncoupling action of dinitrophenol in

oxidative phosphorylation in rat liver mitochondia and éupplied only
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partial protection ageinst uncoupling effects of calcium (Tapley and
Cooper, 1956). It did reverse uncoupling effects of diiodothyronine and

acetic acid analogues (Mudd et al., 1955).
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METHOD OF PROCEDURE
Experimental Degign

The objective of this investigation was to determine whether or not
nagnesium deficiency influenced protein metabolism in young albino rats.

The study was divided into three parts, reported hers as Experimente
I, II and III. In the first experiment four groups of animsls were used
in a preliminary study to observe the effect of magnesium deficiency upon
their growth and general health when the diet contained either 19 or 28
per cent casein end 2.1 per cent salt mix (Hegsted et al., 1956). The
second experiment was designed to study the influence of magnesium de-
ficiency upon growth, gensral health and nitrogen balance of animals when
the diet contained either 14 or 28 per cent casein and 3.8 per cent salt
mix. The objective of the third experiment was to study in rats depleted
of magnesium for 10 days, activities of glutamic-oxalacetic and glutamiec-
pyruvic transaminases of the serum and liver, concentrations of hemoglobin,
packed red cell volumes, concentrations of nitrogen and magnesium in serunm
and distributions of serum proteins.
Experiment I |

Two groups of 4 animals each were given 19 per cent casein dlets, one
of these receiving 18 mg. per cent magnesium added as the sulfate to the .-
diet, the other receiving no added magnesium. Two other groups of 4 ani-
mals each were given 28 per cent casein diets, one of these receiving 18
mg. per cent magnesium, the other receiving no added magnesium,

Pood intdre and body weight were recorded daily so that growth curves

could be plotted mnd food efficiencies calculated. At the end of 84 days,
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animals were sacrificed and organs weighed and observed for gross changes.
Hepatic nitrogen, and concentration of serum nitrogen end serum magnesium
were determined. Serum proteins were separated by paper electrophoresis
and the various fractions calculated as relative percentages by means of
densitometry and planimetry.

Experiment Il

In order to produce a larger difference between total nitrogen intake
of animals on two basic diets than in the first experiment, casein was
incorporated intec diets at 14 per cent and 28 per cent by weight. The
salt mix was increased over the concentration used in Experiment I to
bring it nearer to the quantity customarily used in purified diets for rats
in the Iowa State nutrition laboratory, to control the diarrhea in defi-
cient animals which had developed when diets contained 2.1 per cent salt
mix, and also to increase the calcium intake as an added stress in magne-
sium deficient animals. Four groups of 15 or 16 rats each were used. Two
groups were given 14 per cent and 28 per coui casein diets, respeciively,
to which was added 36 mg. per cent magnesium. The quantity of magnesium in
these diets was increased over that used in control diets of the earlier ex-
periment in order to keep constant the ratio of magnesium to other minerals.
The remaining two groups of animals were given diets containing either 14
per cent or 28 per cent casein to which no magnésium was added.

Nitrogen dbalances were obtained for two consecutive 4 day periods, the
first coinciding with exhibition of hyperecmia by deficient rats. Hyperemia
appeared usually on the 6th day and began to fade on fhe 9th day. When
deficient animals succumbed in the early part of the experimental period,

their pair-mates were autopsied, dut 9 rats receiving each diet containing
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14 per cent casein and 9 or 10 rats receiving the diets containing 28 per
cent casein were maintained on the experimental regimen for 28 days and 4
and 5 rats, respectively, for 42 days. Body weight and food intake were
recorded daily so that growth curves could be plotted and food efficien-
cies calculated. Blood samples were obtained at auntopsy for determination .
of serum nitrogen and magnesium. Conditionms of the organs and their
welghts were recorded as in Experiment I, and livers were frozen until
hepatic nitrogen was determined.

Experiment Il1

In order to obtain enough serum for analysis, duplicate sets of an%-
mals in four groups were raised on the same diets use§ in Experiment 11,
One get of animals was identified as subgroup A and the other as subgroup
B. On the 1lth experimental day, blood samples were .drawn, the animal
sacrificed, and the liver quickly excised, weighed and chilled. A suit-
able aliquot of homogenate prepared from the liver was centrifuged and the
aupernaﬁhnﬁ stored for enzymatic analysis on the following day. Hemo-
£lobin concentrations and packed red blood cell volumes were measured with-
in 3 hours of sutopsy. Concentrations of serum magnesium and nitrogen,
distribution of serum proteins and hepatic nitrogen were measured at a

later time on samples obtained at autopsy.
Experimental Animals

Albino rats of Wistar astock, strein A from the Iowa State nutrition
laboratory were used for this study. They ﬂad been inbred by brother and
sister matings. Animals were weaned at 28 days, placed immediately in

individual wire mesh cages and assigned randomly to the various diets.
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Mean initial weight of animels are given in Table 1. Animals of sub-
group A weighed, on the average, 2 to 4 grams less than subgroup B, other-

wise averages of groups within an experiment were comparable.
Experimental Diets

Diets used in this study were composed of vitamin-free casein, cot-
tonseed o0il and dextrin, which furnished, respectively, protein, fat and
carbohydrate. Minerals were added as a salt mix (Table 2), similar in
composition to that recommended by Jones and Foster (1942) with the ex-
ception that magnesium sulfate was omitted because the dilets were to be
used to produce magnesium deficiency. Magnesium sulfate was added to con-
trol diets. Analytical grade salts were used. Vegetable cellulose pro-
vided bulk, and vitamins were incorporated into the diets as a dextrin-
vitamin mix, the composition of which is given in Table 3. Composition
of the experimental diets is given in Table &.

Horeafter, diets A-Mg and A+Mg will be referred to as containing 19
per cent casein, diets B-Mg, B¢Mg, C-Mg, and C+Mg as 28 per cent and diets
D-Mg and D+Mg as 14 per cent casein.

The A and B diets contained 2.1 per cent salt mix; control diets,
designated as A+Mg and B+Mg, contained in addition 0.24 per cent Mgso,,
7E,0, which furnished 18 mg. per cent magnesium. The C and D diets con-
tained 3.8 per cent salt mix and in addition the control diets, C+Mg and
D¢Mg contained 0.42 per cent Hgsou°7320, which furnished 36 mg. per cent
magnesium. The calciumimagnesium ratio was constant in all control
diets.

To mark the feces in the nitrogen balance experiments, 0.1 per cent
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Table 1. Mean and range of initial body weights of control and magnesium
deficient rats fed diets containing either 14, 19 or 28 per
cent casein

Diet Yo. of Mean
No. Casein rats Sex weight Range
(%) (en.) (gm.)
Experiment I - 2.1% salt mix | |
A-Mg 19 4 M&F 63.5 54=70
AdMg 19 ) M&PF 63.2 54=73
B-Mg 28 b M&F 59.8 52-64
BMg 28 4 M&F 63.2 61-66
Experiment II - 3.8% salt mix |
C-Mg 28 16 M 61.9 57-67
C+Mg 28 15 Mo 61.5 57-70
DM 14 15 M 60.6 57-69
Delg 14 15 M 61.5 56-68
Experiment III - 3.8% salt mix | - .
Subgroup A ) .
C-Mg 28 0 N 582 53-63
CaMg 28 10 Mo | 581 o sea
D-¥g 14 10 M 86 s
Subgroup B 1 o
C-¥g 28 10 w e | 5568
CeMg 28 - 10 M C60.5 - She67
D-Mg 1% 9 M 62.4 54-68
DeMg 14 10 ’ M 60.9' _ . 5h=65
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Teble 2. Composition of salt mix®

Mineral salt® Weight
(en.)
NaCl 146.25
mzpou | o 408.30
Ca0, o 400.40
FeSOy,7H,0 o 28.30
K1 SRR 0.83
MnS0, B0 Col e o 22k5
201, - L 0.2726
CusO,, - T a6
CoCl,*6E0 - 0.0238
Total  988.9205

8ones, J. H. and Foster, C., J. Nutr. 24:245-256. 1942

bMagnesium sulfate omitted
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Tadble 3. Gohposition of the vitamin mix

Vitamin Veight
(e=.)
Thiamin hydrochloride , 0.040
Ribvoflavin 0.060
Pyridoxine hydrochloride 0.040
Calcium pantothenate . ' 0.400
Niacin 0.500
Folic acid 0,008
Biotin in dextrin® o | O;IOO‘,
Vitamin By, in manni to1® o -‘0’._756
Ascorbic acid 1 };0§0’
Choline chloride : _ | 10.606
Inositol | 10.000
Para-aminobenzoic acid , | 10,000

Dextrin added to maske 500 grams

8Biotin in dextrin--1:100 parts biotin to dextrin

byitamin 312 in mannitol--1:1000 parts of vitamin to mannitol
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Table 4, Composition of experimental diets

 Dietery Diet
component A-Mg A+Mg  B-Mg BeMg C-Mg CeMg  D-Mg D+Mg
(%) (%) (® (@ (%) (& (%) (%)
°°3§12;1n free® 19.0 19.0  28.6 ‘28.5 28.6 28.4  14.3 14,2
Dextrin® 66.2 66.0 56,7 56.5 55.0 54.8  69.3 69.0
Cottonseed 0il® 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7
salt mix 2.1 2.1 2.1 2.1 3.8 3.8 3.8 3.8
Cystine® 0.24 0.24  0.24 0.26 0.2 0.2% 0.2% 0.2%
Cellulose® 1.9 1.9 1.9 1.9 1.9 L9 1.9 1.9
Vitamin mix . 4.8 4.8 48 4.8 48 47 4.8 47
Mgs0y,* 7H,0 - 0.24 - 0.2 - oO.b2 - 0.42
Total . 99.9 99.9 100.0 99.9 100.0 99.9" 100.0 ':99;9,€yff

8General Biochemicals, Inc., Chagpin Falls, Ohio

Prisher Scientific Co., St. Louis, Mo.

CWesson 0il Co., New Orleans, la.
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ferric oxide was added to the experimental diets.

Ali diets were fed ad libitum and distilled water was available to
the animal at all times. Vitamins A and D were provided as cod liver oill
and vitamin E as alpha—tocopherol2 diluted in cottonseed 0113 1:49. One
hundred milligrams of each of the fat soluble vitamin preparations,:fur-
nishing 180 U.S.P. units of vitamin A, 18 U.S.P. units of vitamin D and
2 mg., alple-tocopherol, measured by celibrated droppers into small glass
containers was presented to animals on alternate days. Animals always
consumed these supplements, usually as soon as they were made available.

Experimental diets were analyzed for nitrogen by the'macro-XJeldabl
procedure and results are presented in Table 5.

Plastic, enamel, or glass utensils were used for preperation of the
diets, After the dry ingredients were mixed by hand or with a plastic
gpoon in large enamel pans, the cottonssed oil was added a few drops
at a time. To mix the ingredients thoroughly diets were pressed through
plastic window screening attached to a wooden frame. After two addi-
tional siftings diets were stored in dark glass bottles in a freezerp

(-20°C) until used.
Necropsy Procedure and Preparation of Tissues

Animals were anaethetized with a sodium pencabarbital solution (4.5

I

gfatm of Nembutal® diluted to 10 ml. with distilled water) injected

1squibbs, medicinal
2General Biochemicals, Inec., Chagrin Falls, Ohio

3Weason 011
k4vvott Lavoratory, Chicago, I1l.
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Table 5. Nitrogen content of experimental diets

Diet o % Casein Nitrogen
; (ng. ¥/gm.)
A-Mg 19.0 28.2
ANMg , 19.0 27.7
B-Mg | 28.6 40,6
BeMg | . 28.5 42,2
C-Mg 28.6 | k2.6
Codig 28.4 k1.5
D-Mg 14.3 20,9
Detg .2 . | BN A
intraperitoneally.

In Experiment III samples from free-flowing tail blood ware collected
in clean capillary tubes for electrophoretic studies and in heparinized
capillary tubess for determination of packed red cell volume. Aliquots
for hemoglobin determination were measured at this time.

Immediately after anesthesia was accomplished the abdomingl and tho-
racic cavities were exposed. The abdomen was incised immediately to the
right of the linea alba, and oblique incisions were made toward each

auxilla from the midline starting immedistely superior to the diaphragm.

5&100 Scientific Company, St. Louis, Missouri
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Blood, obtained by cardiac puncture using a 5 or 10 ml. syringe, fitted
with a pumber 20 needle (3/4 inch with short bevel), was transferred to a
centrifuge tube and allowed to stand at room temperature until a good
clot had formed. To insure complete exsanguination the superior vena cava
was severed.

The liver was removed, blotted free of blood and weighed immediately.
Kidneys, and testes were removed, trimmed of all adhering fat and con-
nective tissue, and weighed. Adrenals were removed, carefully trimmed of
all extraneous tissue and weighed on & Roller-Smith torsion balance to the
nearest 0.2 mg. Each organ was inspected for any visible abnormality.
Kidneys were split in half lengthwise and examined in a well illuminated
megnified field. Iungs were examined for the presence of infection and
the remeining viscera removed and checked for hemorrhagic sites. Weight
of the eviscerated carcass was recorded. Except in Experiment III in
which enzyme determinations were made, the liver was wrapped in heavy
aluninum foil and stored at -20°C until analysis for nitrogen was per-
formed.

Preparation of tissues

Blood After a good clot was formed, the cardiac blood was cen-
trifuged for 15 minutes at approximately 2000 r.p.m. The serum was re—
moved to 1 dram vials, Samples for transaminese analysis were refrigerated
overnight, other samples, frozen.

Capillary tubes containing the blood for electrophoretic analysis
were centrifuged at the same time as the cardiac blood, after which cells
and serum were separated by severing the tubes at their Jjunction. Both

ends of the portion of the tub; contalning serum were sealed with Seal-
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Ease, labeled and stored at -20°C.

Only one end of the heparinized tubes was sealed because the anzlysis
for packed red blood cell volume was performed immediately.

Liver For the enzyme determinations the liver was trimmed quickly
of adhering connoective tissue, weighed and then chilled in an evaporating
dish imbedded in an ice bath. After coarse minecing with scissors, samples
of approximately 2.5 grams were weighed quickly in tared welghing bottles
and transferred to a refrigerator. Later, the minced liver was homo-
genized in deionized water in all glass homogenizer. The sample was made
to 100 ml. volume. A 20 ml. aliguot was centrifuged for 20 minutes at
2000 pr.p.m. and the resultant supernatant was refrigerated overnight pend-
ing analysis. The remaining homogenate was stored in 4 oz. pharmacy bot-
tles for nitrogen analysis. For enzymic analyses, 0.1 ml. of supernatant

from homogenized liver was diluted to 10 ml, with distilled water.
Nitrogen Balance Procedure

On the first and last days of each balance period food was removed
from the cage at 8 a.m. Rats were placed on dalance &t 1 p.m., collections
being terminated 4 days later at the same time, At the initiation of the
balance the rat was transferred to a metebolism cage and provided with a
weighed amount of diet to which ferric oxide had been added to mark the
feces, A frenhly weighed portion of unmarked diet exceeding the rat's
usual dally food intake was offered each day for the rest of the period.
Weight of the rat was recorded at the time the fresh food was offéred.

Diet containing ferric oxide was given again on the day following the bal-

ance period.
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Collection of urine

At the start of each period six 9 inch low-ash, low-nitrogen filter
papera6 were placed on pyrex plates beneath the cage. These papers had
previously been soaked overnigﬁt in a solution of 900 ml, of 95 per cent
ethyl alcohol solution and 100 ml, of glacial acetic acid, then air-dried.
Each day the top filter paper was removed. Feces were separated and han-
dled as described in the followling section. Scattered food was scraped
and/or brushed back into the food cup for weighing. The filter paper was
brushed free of hair and preserved in & 1000 ml. wide-mouth Erlenmeyer
flask in 200 ml. of 20 per cent hydrochloric acid. To control evaporation '
the flask was covered with a beaker. On termination of the balance period,
the three remaining papers were added to the collection flask, and the ani-
mal removed either to a fresh metabolism cage or to a regular cage. The
bottom and the sides of the cage up to a height of 2-1/2 inches were washed
thoroughly with a stream of hot distilled water. ZRinsings were collected
in the pyrex plate and quantitatively transferred to the collection flask.,
Contents of flasks were autoclaved under 15 pounds of pressure per square
inch for not less than one hour. After the dlgest had cooled, contents
of the flasks were pressed through a sieve into & 1000 ml. volumetric
flask and diluted to volume with water, After thorough mixing an aliquot
waes stored in a 12 ounce pharmacy bottle for subsequent nitrogen analysis.

To demonstrate ability to recover nitrogen quantitatively by this
technique, a solution of (NHa)zsou was dispersed over the bottom and lower

‘area of the sides of metabolism cages, with a pipette twice daily for four

6Schleicher and Schuell, no. 597, New York, New York
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consecutive days to simulate the experimental conditions. ZEach day the
top filter paper was removed to the collection flask as described above.
Fitrogen recovery from these cages averaged 96.2 per cent and is recorded
in Table 27 in the Appendix.

Collection of feces

Feces brushed free of food and hair were collected in covered 125 ml.
Erlenmeyer flasks containing 50 ml. of 20 per cent hydrochloric acid. On
the lst day of the 1st balance period only red feces were saved as these
indicated intestinsl wastes that accumulated after the initiation of the
balance regimen. At the end of the first period, all the brown feces
were accunmulated in the flask for the first period and all the red feces
in the flask for the second period. On the day following termination of
the balence experiment brown feces were saved and the red discarded. In
this way, only fecal waste resulting from food eaten during test period
was retained for analysis.

Fecal material was autoclaved by the procedure described for urine,
After sieving, digests were made up to 250 ml. with distilled water and.
suitable aliquots preserved for nitrogen analysis. To insure prevention
of evaporation tops of the bottles were coated with paraffin. All excreta

digests were stored at rocm temperaturs.

Chemical Analyses

Nitrogen determination
Macro-Kjeldehl procedure Nitrogen content of diets used and ex-

crete collected in the nitrogen balance experiments was determined by the

Arnold-Ounning modification of the Kjeldabl procedure. Samples of diets
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woere weighed on aluminum foil and transferred quantitatively to digestion
flasks. Aliquots of urinary and fecal digests, 25 and 50 ml., respec-
tively, were pipetted directly into the flasks. Digestion was accomplished
by means of concentrated sulfuric acid using a mixture of K2804 and Bg0

as a catalyst7. All samples were digested for one hour and fifteen min-
utes after cleering. Zinc dust was employed to reduce HgO in the catalyst
according to the suggestion of Hiller et al. (1948) and an excess of
saturated NaOE solution was used to neutralize the H,S0u. Distillate was
collected in 50 ml. of 4 per cent boric acid solution (Meeker and Wagner,
1933) to which a mixed indicator (83 mg. per cent methylene blue and 123
mg. per cent methyl red in 95 per cent ethancl) had been added. Ammonia
vﬁs titrated directly with a standard 0.1 N BCl solution. All samples

and blanks were titréted to a grey endpoint.

Micro-Kjeldahl procedure Serum and hepatic nitrogen values were
obtained by slight modificatlion of the micro procedure recommended dy the
Association of Official Agricultural Chemists (1950). For serum enalysis
a sample of 0,1 ml. waes used. Hepatic nitrogen was determined on 1 ml.
eliquots of frozen homogenate (about 2.5:100). To each semple in a 30
ml. digestion flask & mixture of 1.8 grams K,50; and 0.2 gram of HgO
was delivered by a calibrated spoon. Approximately 2 ml. of concentyated
HySOy was added from & burette and flasks heated on an electricelly con-

trolled rack for me hour. After cooling, 5 ml. of deionized water were

"Urine catalyst - 10 parts K,50,:0.7 parts Hg0. Food and fecal
catalyst - 15 parts IZSOM:O.7 parts Hgl
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poured down the neck of each flask as it was rotated.

Distillation was performed in a Parnas-Wagner type apparatus heated
with steam from a water reservoir equipped with én electrical control unit.
The digested mixture was transferred with a2 minimun amount of wash water.

After 8 to 10 ml. of a NaOE-FapS;0; solution® vas added to the distilla-

tion flask the steam was turned on and 20 ml. of distillate collected in
8 ml, of 4 per cent boric acid solution containing mixed indicator. A
standard solution of 0.01 N HCl was employed for titration. All water
used in solutions and for rinsing was deioniszed with Amberlite MB-39.

Agreement between replicates was within 3 per cent for hepatic nitrogen
and 2 per cent for serum nitrogen. The author's ability to recover ni-

trogen from & creatinine solution was demonstrated (Table 29).

Measurement of transaminase activity

Glutamic-oxalacetic transaminase activity was measured by a modifice-

tion of the Karmen (1955) procedure. Glutamic~pyruvic transaminase de-
termination was modified from Wroblewski and Le Due (1956). These deter-
minations are based on the catalysis of the following reactions by the

respective engzymes:
Glutamic~oxalacetic
transaminase
\

(1) Aspartic acid + alpha-ketoglutaric acid =

Oxalecetic acid + glutamic acid

8210 grems NaOH and 25 greme Nas$,04 made to & volume of 500 ml.

SRohm and Hass Company, Washington Square, Philadelphia, Pennsylvania
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(2) Alanine + alpha-ketoglutaric acid ‘flutamic-pyruvic transaminase,

Pyruvic acid + glutamic acid
No measurable changes in optical density occur in these reactions. How-
ever, reduced diphosphopyridine mcleotide (DFNH) hes a high optical den-
sity at 340 mp, and diphosphopyridine nucleotide (DPN) has no optical
density at this wave length. 3By coupling the transamination reaction with
the following reactions the rate of the transamination reaction can be

followed.
Malic dehydrogenasgs

(3) Oxslacetic acid + DFNE 3

Malic acid + DPN

Lactic dehydrogenase,
<

Lactic acid + DPN

() Pyruvic acid + DPMH

One uwnit of enzyme was defined as that amount of enzyme which would cause
a decresse in optical denmsity of 0.001 per minute per ml. of serum at 25°C
per cm. of 1light path when measured at a wave length of 340 m o.

All reagents used in this analysis, with the exception of the buffer
salts, were obtained from ths Sigma Chemical Company, St. Louis, Missouri.
They were refrigerated until made into solution, after which they were
frozen until used. Solutions of alpha-ketoglutarate, amino acids and
buffer were stable, therefore, were made up only twice during the coﬁree
of the experiment and were stored in 1 dram bottles so that only amounts
needed were thawed at a time. Stock enzyme preparations were kept frozen,
made into working solutions at frequent intervals (7 to 10 days) and were
kept in the dark except during the brief periods they were in active -uge.

Aspartate solution, 0.2 M Exactly 2.662 grams l-aspartic acid were

issolved in approximately 70 ml. potassium phosphate dbuffer. The PH was
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adjusted to 7.5 with approximately 20 ml. 1N NaOH, The solution was
diluted to 100 ml. volume with additional buffer.

Alanine solution, 0.2 M In approximately 70 ml. phosphate buffer

1.782 grams l-alanine were dissolved, pH adjusted to 7.5 with 1N NaCH or
1 N HC1, diluted to 100 ml. volume with additional buffer.

Alphe-ketoglutarate solution, 0.1 M Approximately 70 ml. phos-

phate buffer was used to dissolve 1.47 grams alpha-ketoglutaric acid.
The pH was adjusted to 7.5 with about 20 ml. 1 N NeOH and the volume made
to 100 ml.

Potassium phosphate buffer, 0.1 M for 2 liter quantities of buffer,

27.94 grams KoHPOL*3H,0 and 5.38 grams anhydrous KH,PO) were diluted nearly
to volume, and the pH adjusted to 7.5 before the volume adjustment was
completed.

Reduced diphosphopyridine nucleotide For each ml. of solution pre-

pared 1 mg. DFNE was used. Usually 10 ml. of the solution was prepared
at one time, using 0.01 N NaOH as the solvent.

Malic dehydrogenase The dry preperation of MDH containing 100,000

enzyme units was made into working solutions in two steps. First, a stock
solution was made by adding sufficient ammonium sulfate solution (30 per
cent by weight) to yield 10,000 units per ml. At this concentration, the
preparation was stable for a month or more at 0°C or below. Working
solutions were made to contain 2000 units per ml. by further dilution with
the ammonium sulfate solution. At this dilution the reagent was stable
only for one or two days.

Lactic_dehydrogenase This enzyme preparation was supplied as a

stabilized standarized solution ready for use with an activity of approxi-
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mately 8000 units per ml.

Determination of glutamic-nxalacetic transaminase The following
reagents were measured into suitable lebeled test tubes, mixed well and
incubated at 25°C for 12 to 20 minutes:

0.5 ml. 0,2 M aspartic acid solution
0.2 ml. DPNH solution
0.1 ml. malic dehydrogenase solution

1.8-1.9 ml. phosphate buffer (adjusted according to the quantity
of tissue used in the analysis)

0.1 ml. serum or 0.2 ml. diluted liver homogenate supernatant

During the incubation period optical density of the reagent mixture changed
due to reaction between pyruvete in the tissue and DFNH. The optical
density was read at a wave length of 340 n v in a Beckman Spectrophoto-
meter, Model DUlo attached to a constant temperature water bath, The
instrument was adjusted to zero opticel demsity with deionized Hy0. When
no further change in optical density had.been ascertained by successive
reedings of the mixture listed adbove, 0.2 ml, alpha-ketoglutaric acid was
added with thorough mixing. Simultaneously with addition of the alpha-
¥etoglutarate to the first cell a stop watch was started. At the end of
three minutes and exactly every two minutes thereafter optical density read-
ings were recorded for a period of'18 to 20 minutes.

Determination of glutamic-pyruvic transaminase The following
reagents were measured into test tubes as in the previous analysis:

0.5 ml. 0.2 M l-alanine solution

loAcknowledgment is made to the Department of Biochemistry and Bio-

physics, Iowa State University of Science and Technology, for use of this
instrument,
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0.2 ml. DPNH solution

0.1 ml, lactic dehydrogenase solution

0.8 ml., distilled water

1.0-0.9 ml. phosphate buffer

0.2 ml. serum or O.4 ml, diluted liver homogenate supernatant

The procedure used was similar to that for determination of glutamic-

oxalacetic transeminase with the exception that sample aliquots were
larger.

Calculation of transaminasse activity Plots were made of change in

optical density with time. TFor the mas t part these plots were linear. In
a few instances temperature of the waterbath attached to the instrument
differed from 250C. A temperature correction factor, derived from data

presented by Steinberg et al. (1956), was inserted into the denominator

of the calculation formula.
Serun enzyme activity was calculated according to the following

formulat

. . Decrease in 0.D. x 1000
Units per nl. = wyme = wT. seram x 11ght Path x Teuperaturs correction

Tranaamiﬁase activity of the liver was calculated per ml., of diluted
liver homogenate supernatant by substitution of the appropriate sample
aliquot in the above formula. Engyme activity per gram of liver was cal-
culated according to the following:

dilution factor x units per ml. diluted supernatant

Units per gm. liver =
gn. liver in homogenate

Total transaminase activity of the liver was calculated for each of the

enzymes.,
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A modification was made in the colorimetric procedure suggested by

Orange and Rhein (1951) using titan yellow as the dye and polyvinyl alcokol
as a atabilizer of the colloidal color laks formed by the dye-magussium
hydroxide precipitate. This method gave good reproducibility and the stan-
dard curves indicated that the reaction followed Beer's Law in the narrow
ranged employed in this study. Recovery of magnesium from rat sera ob-
tained from stock animals was 99.1 per cent.

Prevaration of reagents All solutions with the exception of the

dye were made at the start in quantities needed to perform all anslyses.
Dye solution was made fresh every two weeks, and the polyvinyl alcohol-
titan yellow working solution was made fresh daily in the quantity required
for aralyses performed that day.

Magnesium stock standard For each liter of solution, 10.131 grams
of desiccator-dried Mgsou'7H20 and 0.5 ml. chloroform were used, One ml.
is equivalent to 1 mg. magnesium.

Magnesium working standards Stock standard solution containing

1, 2, 3, 4, and 5 mg. of megnesium were diluted to 100 ml.

Tyichloroacetic acid, 5 per cent Fifty grams of trichloroacetic

acid wvere diluted to 1 liter.

Polz!igxl_alcohol, 0:1 per cent | For 500 ml. of solution 0.5
gram of polyvinyi alcohol11 was stirred into aporoximately 300 ml. water
over gentle heat (60°C) until the solution cleared; before dilution, a

few drops of chloroform were added as a preservative.

Upypont Elvanol, Grade 70-05. E.I. duPont de Nemours and Company,
(Inc.), Wilmington, Del.
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Sodium hydroxide, 8 per cent Eight grams NaOH were diluted to

1 liter and stored in a bottle provided with a celcium chloride tube.

Titan yellow, 7.5 mg. per cent Seventy five ug. of the dye12

were diluted to one liter and stored in a dark bottle in a refrigerator.

Polyvinyl alcohol-titan yellow working solution Equal portions

of the polyvinyl alcohol and titan yellow solutions were mixed and kept
in the dark until used for color development.

Serum samples of 0.2 ml., were deproteinated with 1.8 ml, of 5 per
cent trichloroacetic acid., After centrifugation 1 ml. aliquots were trans-
ferred to 5 ml. volumetric flasks and the following reagents added with
thorough mixing after each addition: ‘

2 ml. polyvinyl slcohol-titan yellow. working solution

1 ml. NaOH

Water to volume
Color developed immediately and was stable for more than 4 hours. The
optical densities were read in a Beckpan, Model B, spectrophdtometer at
a wave length of 560 m/“ after the instrument was adjusted to zero opti-
cal density with a reagent blank.

A standerd curve was run daily, using solutions containing 0.01, 0.03
and 0.05 mg. of magnesiwm per ml., Slopes of the curves were constant, but
the intercepts varied from day to day.

Paper electrophoresis

Separation of serum proteins was accomplished by paper strip elec-~

trophoresis in a three compartment apparatus manufactured by the E-C

125gstman Kodak #P4l4s5h. Distillation Products Industries, Rochester,
N. Y. .
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Apparatus Company, 23 Haven Avenue, New York 32, New York.13

All separatiens were made using barbital buffer with a pH of 8.6 and
fonic strength of 0.1. This was made up in 5 liter batches using 14 grams
of diethylbarbituric acid and 103 grams of sodium bafbitallu. Each of the
three compartments of the apparatus was filled with buffer to within 1 to
2 mm, of the top. Levels were equilibrated by opening the leveling tubes
between compartments.

Whatman No. 3 MM filter paper'd cut into strips 2.5 inches by 18.5
inches was used in all runs. Even moistening of paper with buffer was
accomplished by placing three dry strips of paper on a teflon sheet on the

lower cooling plate of the apparatus with ends extending over the outer
walls of the buffer reservoir. Horizontal portions were moistened by

dribbling 10 ml. of buffer as evenly as possible over the surface. Three
dry strips were laid on top of the wet ones, and pressure was applied
evenly by placing a foam rubber pad in position and clamping the 1id of
the apparatus in place. After five minutes strips were separated and ap-
proximately 0.01 ml. of sample applied with a capillary tubé. in a narrow
band between two points located 7 em. from the center of the strip. Points
had been previocusly marked on papsrs with a pencil. Two such bands were
applied to each strip. A solution of 9.9% sodium chloride was used to
rinse the capillary tube between semples. After placing strips in the
machine with the pressure pad between, ends wers tucked into the buffer

compartments and the 1id clamped into place. Separations were carried out

13£cknowledgment is made to the Department of Biochemistry and Bio-
physics, Iowa State University of Science and Technology, for use of this
instrument.

4pigher Scientific Co., Chicago, Illinois

15George T. Walker Co., Minnsapolis, Minnesota
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with a potentiasl of 180 volts for 14 hours. The apparatus was cooled by
water of 30°C running through the plates continuously.

Immediately following the separation, portions of the strips dipping
into the buffer were torn off. Strips were then removed together with the
teflon sheeting to an oven of 100°C where they were dried for 30 minutes.
Dry strivs were placed in the dye bath for 16 to 24 hours. The procedure
outlined by Block (1955) was followed. Dye solution was made by diluting
Q.l gram bromphenol blue, 50 grams zinc sulfate and 50 ml. glacial acetic
acid to 1l liter with distilled water. Strips were washed three times in
2 per cent acetic acid solution (v/v) for 5, 10, and 10 minutes, respec-
tively, and dye was fixed with a 2 minute wash of 10 per cent acetic acid-
2 per cent sodium acetate, Strips were blotted with filter paper to remove
excess moisture and hung vertically to dry at 100°C for 10 to 15 minutes.

Optical densities of strips were read at 2 mm. intervels using a
photometer, Model no., 512A, and a scanner, Mocdel no. 52-0, manufactured by
the Photovolt Corvoration, New York, New Yor 16. Plots were made directly
on greph paper placed on the moveable table attached to the scanner.

Relative concentration of each serum protein fraction was obtained
by dropping perpendiculars from the lowest portions of the curve, using
the strip as a gulde where the fractions did not form a clearcut *%rough.
Area measurements of these sections were obtained by planimetry using an
instrument made by the Los Angeles Scientific Instrument Co., Model no.

123-a, Seriel no. 14394, Los Angeles, California. Areas were then con-

léAdknowledgmeﬁt is made to the Department of Dairy and Food Industry,

Iowa State University of Science and Technology, for use of these instru-
ments.



verted to relative percentage.

Preliminary studies were carried out to establish the conditions of
temperature, time, voltage and ionic strength for best separation of the
proteins( ~.lliog blood known to be high in £ -globulin was used as a posi-
tive control to esiablish the position of this band under coanditions of
this experiment. Reproducibility of thie procedure was uneven, but for
the most part, the difference between replicate values for the samples was
less than 5 per cent. Serums used in this study had been held in frozen
storage approximately a year befors analysis was performed. In the course
of the preliminary investigations serums from stock animals were examined
in the fresh state and after frozen storage for verying lengths of time;

No change in the serum due to freezing or to storage could be detected.
Hematological Determinations

Hemogzlobin determination

Hemoglobin concentrations were measured in duplicate by a modifice~-

tion of the procedure of Wintrobe et al. (1935, p. 383). Twenty microliters

of tall blood were collected for each replicate in a calibrated blood pi-
pette, which was emptied into a small flask containing 10 ml. of 0.5 per
cent ammonium hydroxide solution, and the pipette flushed with the solu-
tion several times. Optical density of solutions were read in a Beckman
DU spectrophotometer at a wave length of 540 my within four hours of
the collection of the sample. The oxyhemoglobin concentration was cal-

culated according to the following formula:

h b Total volume x readi
Grams per cent hemoglodin = 9.18 x volume of blood sample
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The factor had been obtained by standerdization of a Béckman DU spectro-
photometer using the oxygen capacity method of Peters and Van Slyke (1932,
p. 263). BReplicates varied by no more than 3 per cent.
Packed red cell volume

Determinations of pécked red cell volume were made, in duplicate on
tail dlood collected in heparinized capillary tubes as described in an
earlier section. The tubes were spun at 20,000 revolutions per minute
for five minutes in an International microcapillary centrifuge17 and read
in an Adams microhematocrit reader no. 59297018. All samples were free of
hemolysis. Replicates agreed within 3 per cent of each other arnd in most

instances deviation between them was legs than 1 per cent.
Statistical Analyses

Statistical differences between means were determined by the t-test.
Probabilities less than 0.05 were considered significant; and those less

than 0.01 were considered highly significant.

17International Equipment Co., Boston, Massachusetts

1801ay Adams, Inc., New York 10, New York., Acknowledgment is made to
the Department of Veterinary Physiology and Pharmacology, Iowa State Uni-
versity of Science and Technology, for use of these instruments
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RESULTS AND DISCUSSION
Mortal ity

Control animals survived in all experiments. In Experiment I, all
animals which had received diets containing either 19 per cent or 28 per
cent casein and 2.1 per cent salt mix without megnesium survived an ex-
perimental period of 84 days.

In Experiment II when the amount of casein in the diet was either 14
per cent or 28 per cent and salt mix was 3.8 per cent, one fourth of the
animals receiving 28 per cent and one half of the animals receiving 1k
per cent casein in the diet died before the 16th experimental day (Table 6).
In Experiment III, in which diets similar to those of Experiment II were
used, one third of the deficient animals died within 10 days regardless
of amount of protein in the diet.

Since all groups of animals in this study were of similar méan body
weight and age at the beginning of the experiments it was not likely that 4
initial body stores of magnesium differed enough.to account for differ-
ences in mortality rates found in this study.

Higher salt concentration in diets used in Experiments II and III
than in Experiment I appeared to be responsible for the higher mortality
in these 2 later experiments compared to the earlier one. This finding
supports the observation of Tufts and Greenberg (1938a) that animals re-
ceiving magnesium deficient diets containing 1.16 per cent calciuﬁ had a
shorter 1ife span than animals receiving 0.87 per cent calcium,

Higher mortality rates were observed in Experiment II for animals

receiving 14 per cent than for those receiving 28 per cent casein, however
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Table 6. Mortality rates of control and magnesium deficient rats fed
diets containing 14, 19 or 28 per cent casein

Season Casein Animals Mortality
of year Diet (%) started Deathe (%)

Experiment I - 2.1% salt mix

Spring A=Mg 19 b 0 0
A+Mg 19 L 0 0
B-Mg 28 I 0 - 0
Bedig 28 4 0 o

Experiment II - 3.8% salt mix

Fall C-Mg 28 16
CeMe 28 15
D-Mg 1 15
DiMg - 15

Experiment III - 3.8% salt mix

Spring C-g 28 28
CeMg 28 20
D-Mg 14 29

DMg 4 - 19
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in Experiment III, in which the same experimental diets were used, mor-
tality rates were the same for animals fed the different quantities of
casein, In Experiment III, rats died et an earlier time than did the

rats in Experiment II. There were only two spontzneous deaths, one on the
lower and one on the higher cesein diet without magnesium, in the first 10
experimental days in Experiment II. When similar periods of time are con-
sidered, mortality rates were higher in Exﬁeriment III than they were in
Experiment II,

Animals for Experiment II were raised starting in the fall of the
year anﬁ extending through the winter, while, Experiment III was started
in April. The season and/or room temperature and humidity may have ex-
erted some influence. Locaticnsof cages were changed during the course of
all experiments in order to compensate for variation in environment within
the laboratory. ZEven during the experiment which lasted 10 days, posi-
tions were changed every 2 to 3 days.

No effect of season per se on symptoms of magnesium deficiency could
be found in the literature; however, a relationship between body tempera-
ture and serum magnesium concentration has been observed. Increased serum
magnesium during hibernation has been well documented, and serum magne-
sium concentratiomm of non-hibernating species may be increased by chilling
the body. Such an increase has been produced in dogs (Axelrod and Bass,
1956), rats and cats (Platner and Hosko, 1953). Animals awakened from
hibernation by raising their body temperature experienced a prompt re-
duction of serum magnesium to that characteristic of active animals
(Riedesel and Folk, 1955).

Excretion of magnesium in the urine of rats raised in an environment



49

of 5°C was found to be less than that of control animals housed at room
temperature (Mefferd et al., 1958). Although the animals in this study
were not subject to large changes in room temperature, the possibility
that even small changes might affect magnesium metabolism must be con-

sidered.
Autopsy Observations

A thorough examination of the viscers of all animals was made at
autopsy and welghts of carcess, liver, kidneys, adrenals and testes were
recorded. These are reported in Tables 7, 8 and 9 as absolute weight and
in Tables 10, 11 and 12 as organ weight per 100 grams of body weight.

None of the pathology observed could be related to the amount of
casein in the diet, therefore, pathologlcal changes will be discussed
in terms of the presence or absence of magnesium from the diet and the
length of the experimental period.

Viscera of all control animels were normel in aﬁpearance. Four
control animals did have infection in portions of their lungs. Only one
experimental animal had some infection in its lungs, hence the small
amount of lung involvement seen in these experiments was not related to the
experimental diets.

In Experiment I all magnesium deficient animals had pathological
changes in the kidneys. Surfaces were pitted and dull instead of smooth
and glistening, and in three fourths of the kidneys a row of white gran-
ules was visible at the cortico-medullary boundary.

Pitted kidney surfaces and abnormal deposits in the cortico-medullary

zone were also seen in almost all deficient animais sacrificed at 28 and



Teble 7. Meen and range of organ welghts of control and magnesium deficient rafsr fed diets contaln-
ing either 19 or 28 per cent casein. Experiment I :

Dlet . oin L”gfth fg' Body Carcase Organ weights
no. exp. rats welght weight Liver Kidneys Adrenals Testes®
(4) (days) (gm.) (gm.) "~ (em.) (em.) (gn.) (em.)
Experiment I - 2.1% salt mix
A-Mg 19 84 L W3 o 107 5,2k 1,44 50,0 3.30
(131-158)° (98-115.5) (4.58-6.04) (1.25-1.72) (46.3=55.6) (3.02~3.58)
AMg 19 8y 4 225 179 7.08 1.72 L8.5 3.12
(166-290) (131-236) (5.94-8.54) (1.39-2.08) (38.8-57.8) (2.99-3.24)
B-Mg 28 84 by 136 101 5,80 1.64 48,8 L, 05

(114-157) ( 86-116)  (4.77-6.72) (1.26-2.21) (41.4-58.0) (3.96-.1k)

| B+Mg 28 8 4 224 185 7.26 1.87 53.0 2.98
(183-302) (146-243) (6.07-9.00) (1.68-2.32) (50.4-55.8) (2.78-3.18)

EMean value for 2 animals
Y(No.) = range

5



Table 8.

Mean and range of organ weights of control and magnesium deficient rats fed diets contain-

ing either 14 or 28 per cent casein., Experiment II
Length No. 0 ights
Diet Body Carcass réan we
no, Cesein eg. O,  welght  welgnt Liver Kidneys Adrensls  Testes
(%) (aays) (gm.) (em.) (em.) (gm.) (em. ) (gm.)
Experiment II - 3.8% salt mix '

c-Mg 28 L2 4 18 85 5.30 1.50 29 .4 3.03
| (109-124)" ( 76-92 ) (5.05-5.77) (1.42-1.62) (23.8-33.8) (2.92-3.15)

CeMg 28 b2 & 2ok 177 7,47 1.62 37.1 2.82
(202-2143) (162-191) (6.05-8.70) (1.01-1.99) (24.6-45.8) (2.55-2.96)

D-Mg 14 42 3 109 77 4,85 1.36 28.7 2.42
: (103-117) ( 74-83 ) (4.22-5.98) (1.20-1.62) (26.4-29.8) (2.16~2.63)

DéMg 14 L2 3 216 173 6.93 1.67 33.5 2.68
(196-234) (157-188) (6.29-7.28) (1.45-1.86) (30.4=38.0) (2.62~2.76)

Cc-Mg 28 28 5 112 82 L.63 1.40 28.8 2,64
: (106-117) ( 78-86 ) (5.22-5.90) (1.26-1.50) (24.4-36.0) (2.41-2.83)

C+Mg 28 28 4 155 139 6.86 1.66 33.4 2.40
(170-199) (128-154) (6.00-7.90) (1.55-1.84) (28.2-41.4) (2.30-2.52)

D-Mg 14 28 L 98 71 L.60 1.25 27.4 2.44
( 87-109) ( 65-81 ) (3.78-5.15) (1.00-1.40) (22.2-3L.2) (2.26-2.61)

D+Mg 14 28 L 169 130 6.48 1.38 25.0 1.99
: (153-180) (122-139) (5.01-7.75) (1.23-1.50) (23.8-26.6) (0.84=2.50)

8(No.) = range



Table 9. Mean and range of organ weights of control and magnesium deficient rats fed diets contain-
ing either 14 or 28 per cent casein.

Experiment II1

Length No. Organ weights
Diet Body Carcass
Casel £ f
mo. A . rats Yelent we lght Liver Kidneys Adrenals  Testes
(%) (days) (em.) (en.) (gm. ) (em.) (gm.) (en.)
Experiment III - A & B - 3.8% salt mix |
C-Mg 28 10 19 85 + 28 621 3.69 £ 0.09 0.90 £ 0.01 23.0 £o.4 1.17 £0,02
(7l -96)P  (5h7ls) (3.04-4,17) (0.85-1.00) (18.4-26.0) (0.98-1.31)
C+Mg 28 10 20 101 £ 2 75 X 4 4,55 £ 0,17 1.00 £ 0,02 23.7 £0.5 1,11 £0,01
' (81-114) (57-86) (3.29-5.76) (0.84-1.14) (19.2-27.8) (1.00-1,20)
D-Mg 14 10 19 82+2 60 £ 1 3.48 £ 0.10 0.8L £ 0.02 22.0 £ 0.9 1.21 * 0.03
(65-97) (47-72) (2.23-4,09) (0.69-0.96) (17.6~36.4) (1.04-1.56)
Mg 14 10 19 o + 2 70%+1 L,o4 + 0,14 0.82 £0.02 21.6 £1.0 1,10 * 0.0
- (81-105) (60-78) (3.25-5.43) (0.68-0.98) (11.6-29.4) (0.92-1.30

85tandard error of the mean

Y(¥o.) = range

49



Table 10. Mean and range of organ weights expressed as per cent of body weight of control and
megnesium deficient rats fed diets containing either 19 or 28 per cent casein. Experi-
ment I
Dlet g oo1n Legfth~ »§g' Per cent of body weight
no. exp. rats Carcass Liver Kidneys Adrenals Tegtes
(4) (aays) (%) (%) (%) (%) (%)
Experiment I - 2.1% salt mix
A-Mg 19 84 L 75.0 3.66 1.01 0.036 2,22
(73.1-78.9)% (3.22-4.08) (0.88-1.09)  (0.029-0.040)  (1.91-2.52)
AvMg 19 8l b 79.5 3.23 0.78 0.022 1.12
(78.4-81.4) (2.94-3.58) (0.71-0.84) (0.015-0.032) (1.11-1.12)
B-Mg 28 8k 4 .2 L,28 1.18 0.036 2.63
, (73.5-75.4)  (3.95-4.69)  (1.08-1.41)  (0.027-0.042)  (2.52-2.74)
B+ig 28 8 L 82.2 3.29 0.85 0.025 1.14
(78.4-89.7) (2.71-3.93) (0.80-0.92) (0.017-0.030) (1.05-1.24)

- 8(No.) = range

n
W



Table 11. Mean and range of organ weights expressed as per cent of body welght of control and
magnesium deficient rats fed diets containing either 14 or 28 per cent casein. Experi-
ment IX
Diet Length  No. Per cent of body weight
no Casein of of p
. exp. rats arcass Liver Kidneys Adrenals Testes
(£) (days) (%) (%) (%) (%) (%)
Experiment II - 3.8% salt mix
C-Mg 28 L2 4 71.2 a L. b9 1.26 0.025 2.56
(69.7-74.2)" (4.14-4.85) (1L.17-1.36) (0.019-0,028) (2.44-2.68)
C+Mg 28 k2 b 79.2 3.32 0.73 0.016 1.26
(78.6-80.2) (3.00-3.58) (0.44-0.83) (0.012-0.020) (1.22-1.29)
D-Mg 14 ko - 3 70.8 L. 1.23 0.026 2.23
(68.5-72.8)  (4.03-5.11) (1.11-1.38) (0.023-0.029) (1.85-2.L4k)
D+Mg 1k 42 3 80.3 3.21 "~ 0,77 0.016 1.25
(79.4-80.3)  (3.11-3.31) (0.74-0.80) (0.014-0.017) (1.27-1.34)
C-Mg 28 28 5 73.7 5.08 1.25 0.026 2.36
(70.7-78.2) (4.79-5.38) (1.16-1.34%) (0.023-0.031) (2.08=2.57)
C+Mg 28 28 L ?77.2 3.84 0.92 0.018 1.33
(75.3-79.1)  (3.28-4.65) (0.89-0.96) (0.016-0.021) (1.27-1.38)
D-Mg 14 28 L 72.8 k.70 1.28 0.028 2.51
(70.0-74.7)  (4.34-5.12) (1.15-1.49) (0.020-0.032) (2.39-2.60)
DeMg 14 28 L 77.0 o 3.82 0.81 0.015 1.15
(74.4-79.0) (3.27-4.10)  (0.78-0.85)  (0.014-0.016)  (0.55-=1.39)

8(No.) = range



Table 12, Mean and range of organ weights expressed as per cent of body weight of control and

magnesium deficient rats fed diets containing either 14 or 28 per cent casein. Experi-
ment III
Length  No. A
Diet . s of of Per cent of body weight
’ exp. rats Carcass Liver Kidneys Adrenals Testes
(£) (days) (%) (%) (%) (%) (%)
Experiment III - 3.8% salt mix |
C-Mg 28 10 19 72.5 - L,32 1.05 0.028 1.38
(70.1-77.1)% (3.54-5.02) (0.91-1.20) (0.022-0.040) (1.20-1.58)
C+Mg 28 10 20 R k, 50 1.00 0.024 1.10
(68.6-88.5) (3.73-5.19) (0.89-1.08) (0.019-0.029) (0.95-1.41)
D-Mg 14 10 19 73.1 L, 22 0.99 0.027 1.48
(71.6-76.2) (3.43-5.11) (0.86-1.20) (0.021-0.047) (1.30-1.66)
DiMg 1 10 19 73.7 k., 29 0.87 0.023 1.17
: (72.0-76.4) (3.76-5.22) . (0.79-0.94) (0.011-0.035) (0.99-1.32)

8(No.) = range

19
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42 days in Experiment II. However, in Experiment III when the experiment
was terminated after 10 days, rensl deposits were seen in only half of the
animals, and the quantity of granules visible was considerably less than
in animals in Experiments I and II.

Except for animels on diets for 10 days, mean ebsolute weights of
kidneys were greater in magnesium deficient animale than in control ani-
mals, and greater, for both control and deficient animels, when 28 per
cent casein diets were fed than when animals received 14 per cent or 19
per cent casein for equal lengths of time. In relation to body weight
kidneys were heavier in deficient animsls than control animals, and some-
times, but not always lerger when the higher than the lower concentrations
. of caseln were fed.

One of the outstanding characteristics of msgnesium deficliency has
been pathological changes in kidneys.. Both Cramer (1932) and Dick and
Prior (1951) observed enlarged kidneys with puckered surfaces and Cramer
reported grey surfece mottling after 6 weeks of magnesium deprivation.

To the author's knowledge no other investigator has reported visible
renal deposits in magnesium deficient rats, although several histological
studies have revealed progressive degeneration of the tubule epithelium
with calcification (Barron et al., 1949; Greemberg et al., 1938 and Cramer,
1932). That calcium was deposited in kidneys of magnesium deprived eni-
male nas been established by chemical anslyses (MacIntyre and Davisson,
1958) and histochemical studies (Hess et al., 1959).

Since food consumpﬁion of deficient animals was less then that of con-
trol animals, and body size smaller, enlarged kidneys were contrary to ex-

pectation. Curtailment of food intake and malnutrition have often been
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associated with decreased renal size, parelleling decrezsed body weight
(Rivero~-Fontan et al., 1952 and Mulinos and Pomerantz, 1940).

The liver in many animals appeared normal. Mean hepatic weight of
deficient animals was less then that of control animals but greater per
100 grams of body weight than that of arimals receiving diets with added
magnesium. There appeared to be an association between hepatic size and
quantity of cesein fed. In deficient animals receiving the diets for 42
or 84 days, livers were larger, both in absolute weight and in relation
to body weight when animesls received 28 per cent casein than those of
animals fed 14 or 19 per cent casein for equal lengths of time.

Changes in size and composition of liver of magnesium deficient rats
have not been report;d by other investigators, and deposition of calcium
bas been reported only in guinea pig hepatic tissue (Maynard g&_g;.,l958).
Rats given 2 low salt ration developed livers that were proportionately
larger with respect to body weight than when normal quentities of salt
vere fed (Eppright and Smith, 1937), on the other hand, Mulinos and
Pomerantz (1940) found that restriction of food intake to one fourth the
normal amount caused a relatively greater loss in hepatic weight than in
body weight. Hence, the relative increase in hepatic size in deficient
animals in the present study appeared to be releted to factors other thgn
quantity of food eaten.,

Absolute mean weights of adrenal glands of magnesium deficient ani-
mals were not unequivocally larger than those of control animals, however,
per 100 grams of body weight adrenal tissue was greater in all groups of
animale deprived of magnesium than those fed the mineral in the diet.

Adrenzl size could not be related to quantity of casein fed.
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Increased adrensl size, indicative of stress, may in this case have
been caused by decreased food consumption of deficient animals compared
with that of control animels, as restriction of caloric intake of rats
has been found to induce a "relative hypertrophy" of adrenal glands
(Rivero-Fontan et al., 1952). But undoubtedly additional stress was im-
posed on deficient animals by the muscular responses and internal blood
loss observed in some animals.

In the present study mean absolute weizhts of testes of deficient
animals were equal to or heavier than those of control animals, and when
expressed relative to body size, were in most instances approximately
twice the weight of control animals if they had been on the experimental
regimen for longer than 10 days. At 84 and 42 dafs, testicular weights of
deficient animels expressed both in absolute values and in relation to
body size, were greater when the higher than the iower casein diets were
fed. Incresse in testicular weight in the magnesium deficient rats was
not expected as Rivero-Fontan et al. (1952) observed decreased testicular
weight following caloric restriction, although Siperstein (1921) reported
weight of the testes was lost more slowly than total body weight.

The teeth of animals receiving magnesium in the diet appeared to be
normal; on the other hand, changes in dental structures occurred after the
animal had been fed diets deficient in magnesium. In Experiment I in-
cisors became chalk& white in appearance and loose in their sockets and by
the end of the experiment one fourth of the animsls had lost a tooth and
exhibited dentel decay, also hyperemia and hyperplasia of gum tissue
similar to that described by Kruse et al. (1932h), appeared. On the other

hand, in Experiment II, incisor teeth of 3 animels had loosened but no
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decay developed.

It is not certain whether the shorter experimental period in Experi-
ment II than that used in Experiment I or the different proportion of
mineral mix in the ration was responsible for the better oral health of

the animals.
General Health of the Animals

Within 1 to 3 deys 8ll magnesium deficlent animals fed diets con-
taining 2.1 per cent salt mix developed diarrhea that persisted 20 deys
or longer. No control animals developed diarrhea.

In Experiments II and III when the diets contained 3.8 per cent salt
mix diarrhea occurred in less than half the animals deprived of magnesium.
In these animals diarrhea lasted only one or two days, so its mildness
was striking in contrast to that seen in Experiment I. Amount of protein
in the diet did not appear to affect eitﬁer the incidence or duration of
diarrhea, and again, contr§1 enimels did not exhibit diarrhea. The de-
creased incidence of diarrhea in Experiments II and IIl compared with
that in Experiment I undoubtedly wes influenced by the larger amount of
mineral mix used in the diets over that used in the first experiment.

Diarrhea has been reported in magnesium deficient rats, fed a diet
containiné 5 per cent salts (Watchorn and McCance, 1937) and in ﬁagnesium
deficient rabbits consuming diets with 3.6 per cent salts (Kunkel and
Pearson, 1948).

Byperemia never appearsd among control rats, but after 5 to 9 days
all animals deprived of magnesium exhlbited generalized peripheral vaso- ~

dilation, which persisted &4 to 6 days. Although hyperemia was most ob-
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vious in the feet and ears, it could also be seen beneath the fur of the
animels.

The amount of mineral mix did not influence the time of onset and
duration of hyveremia, but in 2ll experiments hyperemis appeered later,
and continued & shorter period of time when the amount of casein was re-
duced below 28 per cent. All animals fed diets containing 2.1 per cent
salt mix exhibited less severe vasodilation than animals receiving the
diet with 3.8 per cent salt mix.

Tufts and Greenberg (1938b) and Colby and Frye (195la) found that in-
creasing the concentration of calcium in magnesium deficient diets in-
creased severity of vasodilation arnd shortened the time before its onset.
In this study, added calcium did not effect time of onset of hyperemis,
but its severity was less on lower than on higher calcium intakes.

No suitable explanation of hyperemia in the magnesium deficiency
syndrome has been proposed. Hyperemias appeared et the time serum magne-
gium concentration was undergoing a sharp decrease (Tufts and Greenberg,
1938a, Orent et al., 1934), and Kashiwa and Hungerford (1958) established
that vasodllation coincided with the peak of leucocytosis, while Belanger
et al. (1657) associeted it with reduced counts and degranulation of der-
mal mast cells.

Coincidental go fading of hyperemia, animals fed magnesium deficient
diets appeared considerably more irritable than earlier. Signs of hyper-
irritability, mild at first, became more marked with time, Increased
irritability of rats as magnesium deficiency progressed has been observed
by Kruse et al. (1932b) and Barron et al. (1948). The occurrence of hyper-

excitabil ity in relation to hyperemip has varied with different experi-
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mentel conditions., Deficient animals, 25 to 39 days of age at the start
of the deficiency regime became hyperirritadle while they were still in
ths hyperemic period (Snyder and Tweedy, 1942, Schrader et al., 1937)
while rats, 65 to 107 grams initially, became convulsive starting on the
28th day although they had exhibited no vasodilation (Brookfield, 1934).
An increased cardiec rate in experimentsl animals was perceptible
to this investigator, however no attempt was made t0 measure this rate,
Tufts and Greenberg (1938¢c) reported increased cardiac rate of 20 beats
per minute’over the control animals after 5 days of magnesium deficliency
and an increase of 40 beats per minute after 10 to 40 days of deprivation.
In the first unusual behavior pattern noticed by the investigator
in the present study, the animgls rose upon their hind limbs and shook
the anterior portion of the body. Later the animals were subject to more
severe seigures characterized by a preliminary phase of running wildly
about the cage and culminating in tonic~-clonic convulsions similar to those
described in the literature (Kruse et al., 1532b and Brookfield, 1934).
These attacks sometimes resulted in death. Many animals found dead had
their teeth clamped around one of the wires of the cage, a position
often assumed during a seisure.
No difference in behavior could be attributed to amount of casein
in the diet but when diets contained 2.1 per cent salts, hyperirritability
occurred at a later time and was much less severe than when the diet
contained 3.8 per cent salts. Autopsy performed on 3 animals immediately
after fatal seizure, revealed massive hemorrhage in the chest of each.
Iungs of 2 of these animals were aiso hemorrhagic, and lung hemorrhage was

present in more than 40 per cent of the animals fed magnesium deficient
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diets,

In the present study edema most frequently involved the extremities,
although some animals had swelling about the face that could not be
associated with any abnormal condition of the orel cavity. For the major-
ity of animals receiving deficient diets containing 3.8 per cent mineral
mix, edema did not become obvious until the 13th to 15th days. When the
diet contained 2.1 per cent salt mix, edema appeared later, about the
35th day, and for most of the animals not until after the 42nd day,

Other observers have reported appearance of edema between the 3rd
and 6th week after feeding a magnesium deficient diet. When diets con-
taining 20 per cent casein and 5.9 per cent salts were fed to rats weigh-
ing 65-107 grems initially, edema appeered on the 36th day (Brookfield,
1934), and when fed to 34-45 gram rats edema appeared between the 4th and
6th week (Kruse et al., 1932b). With diets furnishing 22 per cent casein
and 3.6 per cent salts 150 to 300 gram rats became edematous in the 3rd
week (Barron et al., 1948).

Porphyrin staining, scaliness of tails and feet, cosrse, matted and
discolored hair with general thinning of the coat, dbut no demuded areas
as described by Kruse st al. (1932b), appeared as the experiment progressed.
Ringed-eye dermatitis reported by Tufts and Greenberg (1938a) was observed
end in the S5th and 6th weeks of the experiment the animsls walked only on
the digital portion of the rear feet which elevated the posterior end of
the body. Hematuria aﬁpeared in only one deficient animal, but deeply
colored urine in the last few days of Experiment I waa observed in all
animals deprived of magnesium. Darkening of the urine had been obgerved

by Kruse et al. (1932b). In Experiment I, male rats appeared to fare
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worse than female rats. Prilaplsm seen in all males by the 5th experi-
mental week, confirmed observations of Watchorn and McCance (1937).

In Experiment I, progression of the experimental animals toward
depletion of their magnesium stores was slow, orderly and unspectacular.
On the other hand, in Experiment II the animals went through two stages
similar to those described by Tufts and Greenberg (1938a). Vesodilation
resulting in hyperemia and -development of hyperexcitszbility were the pre-
dominant symptoms of the lst stage of the deficiency syndrome, while the
2nd phase was characterized by reduction in rats of growth, cachexia, and

development of malnutrition.

Weight Gain, Food Consumption and Food Efficiency

Growth curves for animals in Experiment I are shown in Figure 1 and
for animals in Experiments II and III in Figure 2.

Growth of control animals receiving 14, 19, or 28 per cent casein
in the diet compared favorably with animals fed stock diet; and as ex-
epected, on all experimentsl diets females gained less weight than did
males.

In Experiment I, all animals gained weight during the first 10 weeks
of the experiment. However, in the last 2 weeks only one-fourth of the
deficient animels, and all control animals continued to gain, while re-
maining deficlent animals lost weight,

Differences in mean body weight between deficient animasls and con-
trol animals in Experiments II and III was significant after 10 days of
feeding, and was highly significant after 4 weeks. There was no signifi-

cant difference in weight gained by control or deficient animals fed



Figure 1. Growth curves for control and magnesium deficient rates fed d.ie‘ts containing either 19 per
cent or 28 per cent casein and 2.1 per cent salt mix,
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Figure 2. Growth curves for control and magneéium'deficient rats fed diets containing either 14 per
cent or 28 per cent casein and 3.8 per cent salt mix
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different amounts of dietary casein.

Decreased rate of weight gain in deficient animals and development
of hyperirritability were concurrent in the present investigation. The
muscular spasmsg that accompanisd hyperirritadility undoudbtedly increased
expenditure of ensrgy, which in part, accounied for slower weight gains
in deficient then in control animéla.

Procedures concerned with assessment of growth usuelly have been
patterned after the growth response test first used by Osborn, lMendel and
Ferry (1919), in which both weight gain and food consumption were con-
sidered to account for diversity in body size due to variable food intekes
of animals being compared. In this study food efficiency ratio (FER) was
defined as grams of body weight gained by an animal psr 100 grams of food
consumed.

Cumulative mean weight gains, food consumptions and FER for animals
in Experiment I and Experiment II at the end of the lst, 2nd and 4th ex~
verimental week are reported in Table 13 and Figure 3.

In both experiments, higher casein diets promoted greater FER, both
vhen magnesium was present and when it was absent from tha—diet, than
the lower quantities of casein, and control animals had higher FER than
did deficient animals.

During the period of four weeks, FER decreased with time in magnesium
deficient animals. FER also decreased somewhat with time wheﬁ magnesium
was fed in the diet; the amount of decrease was greater when the diet
contained 28 per cent casein than when either 14 per cent or 19 per cent
casaln was fed.

Better growth responses found at higher than at lower concentrations



Table 13. Mean weight gained, food consumed end food efficiency ratio at 1, 2 and 4 weeks of control

and magnesium deficient rats fed diets containing 14, 19 or 28 per cent casein

1 week _ 2 weeks 4 weeks
D::f Casein Sex g Wb, oo r.2.22 ot " com FEE of Vb ﬁ?ﬁf F.E.R.
rats &oined guneq rats 21894 ined rats Soined .04
(%) (em.) (em.) (gm.) (em.) (em.) (gm.)
Experiment I = 2.1% salt mix |
A-Mg 19 M&F b 19 4 3.5 b 35 117 3.0 b 50 238 2.1
MMg 19 MeF 4 22 58 3.6 4 45 125 3.6 4 86 268 3.2
B-Mg 28 MAF L 20 48 4,0 L 3% 102 3.3 b 50 209 2.4
BeMg 28 WaF b2 sh b 4 48 120 4.0 4 ok 262 3.6
Experiment II - 3.8% salt mix
C-Mg 14 M 16 21 51 40 15 32 108 3.0 10 48 224 2.2
CeMg 14 M 15 28 58 L7 4 59 137 4.3' 9 119 309 3.8
D-Mg 28 ; M 15 17 54 3.2 13 26 110 2.3 9 Lo 227 1.8
DiMg 28 M 50 138 3.6 9 109 310 3.5

15 22 60 3.7 - 13

8rood efficiency ratio“ﬁjéiﬁfe@sgd{éa1grama of;wéight‘gained per 10 grams of food consumed

0



Figure 3. Mean food efficiency ratios at 1, '2. and 4 weeks for control and magnesium deficient rats
fed diets containing 14, 19 or 28 per cent casein
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of casein in the dists of magnesium deficient rats disagreed with ob-
servations revorted by Mensker (1954), who found that rats fed 7 per cent
casein without added magnesium gained more in a 10 day experimental period
than those fed 1k per cent casein. However, the present study supported
an earlier study of Menaker and Kleiner (1952) in which rats fed 9 per
cent casein dlets without magnesium gained almost twice as much in a 10
day period as those fed 7 per cent casein in the study mentioned above;
and gained more weight when magnesium was present in the diet than when
the incomplete mineral ration was fed.

The decreased FER found in the present study when magnesium was not
supplied in the diet over that found with animals that had an adequate
supply of this mineral confirmed the observations of Kleiber et al. (1941)
who found that utilization of food was more efficient when magnesium was
present in the diet. By their calculations magnesium deficient rats re-
quired 103 grams more food in 57 days to maintain the same body weight as
control animsls. By faiiure to gain as much body weight as control ani-
mals, the magnesium deficient rats wasted 9.8 kilocalories per day. This
wasted energy amounted to 18.5 per cent of the mean energy content of

the food consumed by these animals.
Nitrogen Balance

Nitrogen balance was obtained in two consecutive 4 day balance
period, the first period coinciding with the appearance of hyperemia in
the deficient animals. Mean nitrogen intake, excretion and retention for
period I is given in Table 14 and for period II in Table 15. Results for

the two balance periods are expressed graphically in Figure 4.



Table 14. Mean nitrogen intake, urinary and fecal nitrogen expressed in milligrams per rat per 4

day period and per cent of consumed nitrogen retained for control and magnesium deficient
rats fed diets containing 14 per cent or 28 per cent casein. Experiment II Period I

Diet No. of Nitrogen Per cent of
no. Casein rats consumed N
Intake In urine In feces Retention retained
(%) (mg.) (mg. ) (mg. ) (mg.) (%)
Period I
C-Mg 28 9 1323 :.z“b 737 £ 26 785 508 £ 33 38
(1252-1372) (563-861) (58-103) (289-684) (23-50)
C4Mg 28 8 1771 £ 34 841 + 38 11 £ 7 820 * 56 LG
(1664-1876) (722-1046) (82-132) (590-1062) (34=57)
D-Mg 14 9 66k £ 17 235 £ 12 76 t L 353 £ 17 52
(568 - 723) (162-305) (58-96) (289-413) (35-62)
DiMg 14 9 876 £ 29 169 12 111 £ 5 596 £ 29 68
(735-1025) (144-259) (77-127) (489-739) (57-73)

&Standard error of the mean

b(No.) = range

Hl



Table 15. Mean nitrogen intake, urinary and fecal nitrogen expressed in milligrams per rat per 4
day period and per cent of consumed nitrogen retained for control and magnesium deficient
rats fed diets containing 14 per cent or 28 per cent casein. Experiment II Period II
; No. Per cent of
Diet Casein of Nitrogen consumed N
no. rats Intake In urine In feces Hetention retained
(%) (mg. ) (mg. ) (mg. ) (zg. ) (%)
Period II
C-Mg 28 9 1397 % 203,0 870 * 12 97 £ 3 k29 % 17 30
(1342-1546) (834-958) (78-111) (368-496) (26-35)
CeMg 28 8 1920 % 4 978 % 28 111 £ 8 830 25 43
(1780-2200) (816-1092) (68-142) (712-978) (40-49)
D-Mg L 7 666 £ 3 289 + 15 90 t 6 287 £ 22 43
' - ( 512-790 ) (210-345) (72-108) (145-339) (28-52)
DiMg 1k 9 948 % 29 201 £ 8 118t 9 629 £ 20 66
( 791-1083) (168-248) (86~150) (537-704) (63-70)

85tandard error of the mean

Y(No.) = range

T2



Figure 4, Nitrogen intake, excretion and retention of control and magnesium deficient rats fed diets
containing either 14 per cent or 28 per cent casein. Period I and Period II
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All animals were in positive nitrogen belance during the periods
measured. In both balance periods, control and megnesium deficient ani-
mals on the 28 per cent casein diets consumed twice as much nitrogen as
those on 14 per cent casein diets. Similar amounts of nitrogen were con-
sumed by deficient animals in both periods, but control arimals consumed
more nitrogen in period II than period I.

In ezch balance period, magnesium deficient animals lost 3 times as
much, while control animals lost 5 times as much nitrogen in the urine when
the higher casein diet was fed than when the lower casein diet was fur-
nished,

Urinary nitrogen was greater in period II than period I for all
groups, but increment in loss in period 11 over period I was greater for
animals fed the higher then the lower concentration of dietary casein,

Fecal nitrogen was unaffected by amount of casein in the diet, al-
though it was somewhat higher in the presence of magnesium than in its
abgsence. For deficient animals, fecal loss in period II was somewhat
higher than in period I. The absolute amounts of fecal nitrogen were
similer for animals receiving different quantities of casein, but nitro-
géh intake was smaller for animals fed 14 per cent than those fed 28 per
cent casein., Therefore, the percentage of ingested nitrogen lost in the
feces was greater with 14 per cent casein than with 28 per cent casein,

Nitrogen retention was greater in animels receiving the higher
casein diets than the lower casein diets. 1In periods I and II, respec-
tively, on the 28 per cent casein diet deficient animals retained 1.4 and
1.5 times as much, and control animals 1.4 and 1.3 times as much nitrogen

as animals on the lower casein diet. Deficient animals retained less,
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while control animals retained more nitrogen in the 2nd balence period than-
in the 1lst. Magnitude of the decrease 1n retention of deficient animals
was aboutvthe same for both concentrations of casein studied, and increased
retention for control animals was very small regardless of amount of caseln
fed.

All groups of animals excreted in the urine a greater percentage of
ingested nitrogen in the 2nd balance period then in the lst. Animals re-
ceiving 28 per cent casein diets excreted a greater proportion of consumed
nitrogen than those receiving the lower quantity of casein, and deficient
animale lost a greater proportion of ingested nitrogen in the urine than
control animals. However, with 14 per cent casein in the diet, actual ex-
cretion of nitrogen in both balénce periods was less when magnesium was
present than when it was absent from the diet.

With larger protein intskes, both in magnesium deficient and control
animals, lower proportions of ingested nitrogen were retained than when
diets furnished less protein, but the presence of magnesium in the diet
enabled animals to retain a greater quantity of ingested nitrogen than
when it was absent,

Mean weight gains in the combined balance periods was 38.3 grams for
control animals fed 28 per cent casein and 32.4 grams for animals fed 14
per cent casein, while deficient animals gained 15.6 and 11.0 grams re-
spectively (Table 16). With deficient diets there was little difference
in mean weight gain per gram of nitrogen retained between animals fed
either 14 or 28 per cent casein, but when animals were supplied with nag-
nesium, mean weight gain per gram of nitrogen retained by animals fed the

lower casein diet was 14 per cent greater than that of animals receiving
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Teble 16, Mean weight gain, nitrogen retention and weight gain per gram
of nitrogen retained by control and magnesium deficient rats
fed either 14 or 28 per cent casein for 8 days

Diet

28% casein 28% casein 14% casein 144 cesein
without Mg. with Mg. without Mg, with Mg.

Weight gain, gn. 15.6 38.3 11.0 32.4
Nitrogen retention, mg. 937 1650 640 1225

Weight gain, gm./gm.
nitrogen retained 16.6 23.2 17.2 26.4

28 per cent casein. Thus, nitrogen efficiency on the lower casein diet
was greater than on the higher in the presence of magnesium, but not in
its absence.

Positive nitrogen balances found in the present investigation in-
dicated thgt all animals were gaining body protein. The extgnt of growth,
indicated by magnitude of weight gain and nitrogen retention, was greater
on higher than lower casein diets and greater when magnesium intake was
not restricted that when it was restricted. Of course, animals not re-
stricted in magnesium intake had better appstites, hence consumed more ni-
trogen than those whose magnesium intake was very low. However, when ani-
mals had an adequate supply of magnesium they appeared to be able to use
more efficiently the nitrogen consumed than animals fed magneaium deficient
diets, as a greater proportion of ingested nitrogen was retained by the
former than the latter. This relationship appeared to be true for animals
fed either 14 per cent or 28 per cent casein,

Hyperirritability developed in deficient animals during period II
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and might have accounted, at least in part, for the lack of food con-
sunmption increase in these animals in the 2nd balance period. Depression
of appetite was also associated with hyperirritebil ity by Tufts and
Greenberg (1938a).

The observations presented in this study confirmed reports of others
(Allison et al., 1946 and Barnes and Bosshardt, 1946) that amount of ni-
trogen retained is greater with higher than with lower nitrogen inteke.

In the present study this relationship appeared to hold when magnesium
was omitted from the diet as well as when animals were fed a complete
mineral ration, as deficient animals consumed and retained a greater quan-
tity of nitrogen when 28 per cent casein than when 14 per cent casein diets
were fed.

Hemoglobin Concentration and

Packed Red Blood Cell Volumes

Hemoglobin cmcentration and packed red blood cell volumes were meas-—
ured in Experiment III. Because serum samples from subgroups within this
experiment were used for amalysis either of distribution of protelns and
transaminase activity or of magnesium and nitrogen, means were obtained
for each of the subgroups as well as for the combined subgroups (Table 17).
Mean packed red blood cell volumes found in this experiment for control
animals were 40.2 per cent and 38.9 per cent, respectively, for animals
receiving 28 per cent and 14 per cent casein in the diet, a difference
which was not significant.

Quantity of casein fed did not influence packed red blood cell volume

of either subgroup A or subgroup B. But in the latter subgroup, magnesium
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Table 17. Mean and range of hemoglobin concentration and packed red
blood cell volume of control and magnesium deficient rats fed
diets containing either 1& per cent or 28 per cent casein
Experiment III

et o o Fecke at Wk
no. Mean Range Mean Range
()  (em./100 ml.) (gn./100 ml.) (%) (%)
Subgroup A
C-Mg 28 11.44 £ 0.15%  10.78-12.32 43.5 £1.26  L40.5-49.2
CeMg 28 11.19 £ 0.21  10.18-12.46 b2.1 £0.96  39.9-46.2
D-Mg 1k 11.20 £ 0.20  10.46-12.44 Lot £1.36  35.5-45.2
DMg 14 11,23 £ 0.22  10.08-12.30 39.8 £ 0.96 | 35.1-45,7
Subgroup B
C-Mg 28 10.57 £ 0.15 9.90-11,24 bi.4 + 0.58 37.9-k2.9
Ceg 28 10.45 + 0.33 8.68-11,54 38.9 £ 0.87 34, 5-43.5
D-Mg R 10.75 £ 0.32 9. 64-12,30 40.8 £1,35 38.0-46.5
DaNg 14 10.19 + 0.25 8.90-11.46 38.1 £ 0.28 36.9-40.1
Combined group | -
C-Mg 28 11.05 £ 0.15 9.90~12.32 42.3 £ 0.67  37.9-49.2
C+Mg 28 10.8% + 0.21 8.68-12.46 40.2 £ 0.76  34.5-U46.2
DMg 1% 11.00 £0.18  9.64-12.4  K0.6 £0.91  35.546.5
D4Mg 14 10.68 £ 0,20 8.90-12.30 38.9 £ 0.50

35.1-&5.7

8Stendard error of the mean



83

deficient animals had significantly higher packed red blood cell volumes
than control animals. There was no difference in packed red blood cell
volumes between deficient and control animels in subgroup A.

Magnesium deficient rats in subgroup B were more irritable than those
in subgroup A; 47 per cent of the former experlenced seizures, while 33
per cent of the latter displayed overt symptoms of hyperirritability.
Although comvulsive attacks undoubtedly occurred in the absence of an
observer, they were most likely to occur at the time animals were handled.
In addition, lung hemorrhage, present in two thirds of the animals in this
study that died spontaneously, was found in a greater number of deficient
animals in subgroup B than a subgroup A. Thus it appeared that hyper-
excitability was more severe in subgroup B than in subgroup 4, and might
have been the cause of the higher packed red blood cell volumes in the
deficient animals in the former subgroup.

Values of packed red blood cell wolumes found in this experiment are
within the range of those reported in the literature. For male rats,
values of 38,0 per cent (Wintrobe et al., 1936) and 43.5 per cent (cameron.
and Watson, 1949) have been observed, while Farris and Griffith (1949)
reported 50 per cent as the average value for adult rats.

There was no significant difference in hemoglobin concentration of
animals in either subgroup A or subgroup B dué to quantity of casein in
the diet, nor did magnesium deficiency have any effect upon this blood
constituent,

Mean hemoglobin concentrations of all animals in subgroup B appeared
to be somewhat lower than those of subgroup A, but differences between

groups fed similar diets were not significant, Yet, one would expect
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higher mean hemoglobin concentrations in deficient animals of subgroup B
than of subgroup A because of the higher mean packed red blood cell volume
observed in the former géoup.

Hemoglobin concentrationadetermined in this study were lower than
those reported in the literature. Cameron and Watson (1949) found hemo-
globin concentrations for 4 month 0ld male rats avereged 1k.6 grams per
100 ml. of blood, while Wintrobe et al., (1936) reported 12.0 grams per
100 ml, dlood. No reference to hemoglobin values for young rats was found,
but 4 weanl ings from the stock colony at Iowa State had a mean of 9.9 grams
of hemoglobin per 100 ml. of blood, while mean hemoglobin concentration
of 4 animals fed tne usual stock diet for 10 daye after weaning was 11,2
grams, 8 value which compares favorably with those faund in this study.

Slightly higher hemoglobin values found for deficient animels than
those fed the complete diet, although not large enough to be signifiéant.
probably reflected a tendency toward hemoconcentration in these animals.
Uhforﬁpnately, hemoglobin concentrations were not obtained for animsls in
Experiment I, in which all deficient animals were edematous.

The experimentel period used in Experiment III might not have been
long enough to show changes in concentration of this blood constituent
that would appear after extended periods of magne;;um deficiency. Eypo-
chromic anemia has been produced by feeding a low protein diet, dbut hemo-
globin values lower than normal did not appear until the 76th day. Orten

and Orten (1943) and Albanese et al. (1947) have demonstrated that certain

amino acid deficiencies did not influence bdlood proteins or hemoglobin
although producing sub-optimal growth of immature rats. These observa-

tions indicated that hemoglobin would not be expected to change in short
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term studies,
Serum Magnesium

Serum magnesium concentrations of animals fed the various experi-
mentel diets for differing lengths of time are reported in Table 18.

Hypomagnesemia was observed in all animals fed magnesium deficient
diets, and appeared to be most severe in animals that had been on the de-
ficient diets for only a short time. Animals deprived of megnesium for
10 days had mean serum magnesium concentrations of less than 1 mg. per
100 ml. of serum regardless of quantity of casein fed. There appeared
to be a higher magnesium concentration in animals fed the lower casein
diet than those fed the larger quantity of casein. This difference was
not significant, however.

Animals on the experimentsl regimen for 28 days or longer appeared to
have higher serum magnesium concentrations than animals deficient for only
10 days. Significance in these differences could not be demonstrated,
however, due to the large variasnce of individual values, particularly
among the 10 day animals. Range of serﬁm magnesium values was large not
only after 10 days of magnesium deficiency, but also was large for control
animals of this age. Wide variations in serum values have been seen in
the young of other species. After measuring the plasma magnesium concen-
tration every 1 to 2 weeks over a period of 18 months, Duncan et al. (1938)
concluded that the magnesium of calves could not be regerded as constant.

No significant differences were noted between serum magnesium of
animals fed deficient diets for 28 or 42 days, however these groups were

small, and, hed larger groups of animals been examined statiatically
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Table 18, Mean and range of serum magnesium of control and magnesium
deficient rats fed diets containing 14, 19 or 28 per cent
casein for 10, 28, 42 or 84 days

Diet Lepngth Ho. of Magnesium
no. Proteln Season of exp. animals Mean Range

(%) (days) (Mg./100 ml.)  (Mg./100 ml.)

Experiment I - 2.1% salt mix
A-Mg 19 Spring
AtMg 19 Spring
B-Mg 28 Spring
ByMg 28 Spring

Experiment II -~ 3.8% salt mix

C-Mg 28 Fall L2

1.55 1.25-1.92
2.73 2,33-3.02
1.60 1.50-1.72
2,68 2.38-3.08

e e
FE oW o

1.66  1.55-1.75
2.89 2.62-3.25
1.33 o 1.15-1.45
261 1.953.20

C+Mg 28 Fall L2
.D-Mg %  Fall b2
+Mg 14 Fall b2
C-Mg 28  Fall 28 .28 . 0.92-1.75

0k 27525

C+Mg 28 Fall 28

DeMg 14 Fall 28

139 L00-Lg0
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DyMg 14 Fall 28

Experiment III-B-3.8% salt mix
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CMe 28 Sprime 10 9 0.87%0.20% - 0.30-1.75

g 28 Spring 10 9 2.81%£018 l.gk3.s0
D-Mg 14 Spring 10 9 0.93 -"-'- : O.2l+ | e

Ry

Dag 2 spine 10 10 2skP0dy © Lhes.zs

8standard error of the mean



87

significant differences might have appeared.

Quantity of casein in the diet did not influence significantly serum

magnesium concentrations of either deficient or control animals, nor did

concentration of mineral mix used, season of the year and age of animals,

but in each experiment differences between control and magnesium deficient

animels were highly significant.

The large variety of methods used for magnesium analysis made it

difficult to compare serum magnesium concentrations found in the litera-

ture. Normal serum and plasma megnesium values reported for rats, along

with method of analysis follows:

Method Age Sex Magnesium
Serum (mg./100 ml.)
Orent et al, (1934) Phosphate 25-55 days 2,9=3.3
precipitation
Vitale et al. Titan yellow 226 days 1,33=1.75
(2957¢)
Watchorn (1933) -Phosphate 3-4 months M 5.63
precipitation 3-4 months F 4,39
5 1/2-16 months M b,43
5 1/2-16 months F k43
Watchorn and McCance Fhosphate 3 months M&F 4,26
(1937) precipitation”
Snyder and Tweedy Hydroxy- 30-55 days MF  1.5-3.6
(1942) quinoline
Plasma
Kleiber et_al. (1941) Not given 77 days 3.9

Tufts and Greenberg Hydroxy-
(1938b) quinoline

Hess et al. (1959) Flame Photomeier

77-156 days Pooled 3.10-3,65

1.7“
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The titan yeilow method used in this study gave an overall average
of 2.74 mg. magnesium per 100 ml. serum for control animals. This was
higher than that found by Vitale et al. (1957¢) using a similar method,
but lower than values obtained by other methods.

Decreased plasma or serum magnesium concentrations were reported in
magnes ium deficient animals by Snyder and Tweedy (1942) and Tufts and
Greenberg (1938a), but differences in the conditions of these experiments
from those of the present investigation and in methods of anslysis used
make if difficult to compare actual magnesium values obtained.

Data presented in the present study support the observation of Colby
and Frye (195la) that magnesium concentration of the blood was greatly
reduced by magnesiﬁm deficiency but no further decrease was noted when
celcium was added to the magnesium deficient ration.

Orent et al. (1934) found that changes in age from 25 to 58 days did
not influence concentrations of serum magnesium in rats. On the other hand,
Watchorn (1933) observed lower serum magnesium values in male rats 3 to
L4 months of age, than in animals of the same sex 8.5 to 16 monthg old.
Calves attained adult concentrations of serum magnesium within 3 months
after birth (Alcroft and Godden, 193h4).

In Experiment I, in which animals were equally divided between the
sexes, no sex difference was observed; however, the number of animals used
in this experiment was small.

Watchorn (1933) found that female rats 3 to 4 months of age had sig-
nificently lower megnesium concentrations than males of the same age, but
that animals 8.5 to 16 months of age did not differ in serum magnesium

concentration between males and females, Simonsen et al. (1947) have
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reported higher values of serum magnesium for men than women.
Serumn Nitrogen and Protein Distributien

Determination of serum nitrogen was made on rats in all experiments
and distribution of serum proteirs was measured 1p rats of Experiments I
and in enimals of subgroup B in Experiment III.

Mean serum nitrogen concentrations for animals in the verious experi-
ments are given in Table 19. For expveriment II and III in which animals
received the same four diets, but for differing lengths of time, values
are expressed graphically in Figure 5.

Quantity of casein fed did not influence mean serum nitrogen concen-
tration either in animals deprived of magnesium or in control animals,
regardless of the length of time the experimental diets had been fed.

In all experiments, mean serum nitrogen concentrations were lower
for deficient than for control animals. Difference in serum nitrogen con~
centration between deficlient and control animals became significant after
10 days of feeding the 28 vper cent, but not the 14 per cent casein diet.
Since packed red blood cell volume was significantly higher for deficient
than control animals receiving the latter diet, it was possible that dif-
ferences in total circulating nitrogen were masked by a decreased blood
volume in these animels.,

All deficient animals in Experiments I and II were edematous at the
time samples were obtained for nitrozen analysis. In the 10 day experi-
ment, however, only 2 deficient animals, 1 on the 28 per cent and 1 on
the 14 per cent cagein diet, were edematous at the time of autopsy.

The ability of blood to maintain balance of water between intra-
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e B eficiont sose fod diste conbainingih, 19 on 55 per cont casedn
for 10, 28, 42 or 84 days
T — -
(%) (days) (Mg./100 ml.) (Mg./100 ml.)
Experiment I - 2.1% salt mix
A-Mg 19 84 4 831 754-878
Mg 19 8k 4 1037 9l2-1133.
B-Mg 28 ! ly 79k 735-844
BaMg 28 8l 4 1061 962-1235
Experiment II - 3.8% salt mix
C=Mg 28 1% b 67 - 697-804
CeMg 28 ke 5 868 851-890
D-Mg 14 42 3 hs 731753
DeMg 14 b2 3 8 o  869-927
cHg 28 28 5 79 626-888
Coiig 28 28 4 a0 o 777-930
D-Mg 14 28 l 7% 629827
D+Mg 14 28 5 851;_‘ o e 7914..941 e
Experiment III-B-3.8% salt mix R i
C-Mg 28 10 g n8 x 25* 5914-851 b E
C+Mg 28 - 10 9 806 * 2»9_," o 721;§98
D-Mg 1k 10 9 75232 © 657-951
Didg 14 10 10 750£8 714802

8Standard error of the mean



Figure 5. Serum nitrogen in control and magnesium deficient rats fed 14, 19 or 28 per cent casein
for 10, 28, 42 or 84 days
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cellular and extrazcellular compartment is due in part to its protein con-
centration. Although many factors may lead to the development of edems,
the influence of protein concentration is regarded as a major one because
of its influence upon osmotic pressure of the blood. Lowering of the
plasma protein concentration lowers the osmotic differential between the
blood and interstitial fluld and thereby decreases the rate of transfer
of fluid from the tissues.

In this study serum nitrogen, not serum protein was measured. In
normal animals, however, the greatest portion of the serum nitrogen has
been found to be in the form of protein (Dukes, 1955). A small fraction
of non-protein nitrogen was always found present, the amount being more or
less dependent upon ability of the kidney to excrete end-products of pro-
tein metabolism (Guyton, 1956).

The present study has shown that many enimals, limited in growth due
to inability to utilize efficiently the dietary nitrogen, had decreased
serum nitrogen concentrations. This conditions might have resulted from
‘failure to replace blood proteins at a rate commensurate with their re-
moval, and might have reflected inability of the body to syntﬁesize needed
tissue protein when the supply of megnesium was limited. On the other |
hand, with degenerative changes of the kidney tubule occurring within 9
days from the beginning of magnesium deprivation (Hess et al., 1959) and
with appearance of albumin in the urine after two weeks of feeding mag-

nesium deficient diets (Greenberg et al., 1938), consideration mist be

given to the fact that the lowered serum nitrogen concentration found in
this study might have resulted from loss of protein following renal

damage.
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" When the serum proteins were separated by paper electrophoresis the
5 bands that appeared on all papers were designated as albumin,, albuminz,
alphal-, bete~- and gamma-globulin in descending order of their mobility.
Mean distribution of protein fractions for animals in Experiment I are
given in Table 20. In Experiment III-A, the small band of protei§ ap-
pearing between alphg-globulin and beta-globulin was designated as alphaz-
globulin, It appeared on 25 per cent of the papers of magnesium deficient
enimals but was n;;er separated in the sera of control animals (Table 21).
Data in this study did not indicate whether this protein was of different
composition than any found in the blood of control animals or whether sérum
proteins in the two groups of animals were similar, but composition of the
sera of the deficient animals was such thet mobility of certain protein
fractions was changed.

In Experimeﬁt IT}-A magnesium deficient animals had a lower percentage
of total serum albumin than control aniﬁals, but the mean difference was
- significent only for animals fed 14 per cent casein., There was no differ-
ence in per cent of total 2lbumin within either deficient or control ani-
mals that could-be related to the amount of casein furnished in the diets.

Neither quantity of casein nor of magnesium in the diet influenced the
proportions of other proteins found in serum., Meen values for the alphas-
globulin fraction separated in sera of deficient animals were 5.2 per cent
and 2.2 per cent, respectively, for animals receiving 28 per cent and 14
per cent casein diets. Since the number of sera in which the alpha,-
globulin separated was small, the difference between these two values is
probably not significant.

The A!G ratio was not changed by feeding different amounts of dietary



Table 20. Mean and range of relative distribution of serum protein fractions in per cent of total
serum protein of rats fed diets containing either 19 per cent or 28 per cent casein and
2.1 per cent salt mix for 84 days. Experiment I
Diet No. Globulins
Casein of Albuming ' Albuminz AG
no. rats Alpbay Beta Gamma,
(%) (%) (%) (%) (%) (%)
A-Mg 19 3 23.8 19.9 14.3 25.2 16.9 0.78
(20.8-27.0)% (17.6—22.0)' ( 9.0-17.2) (22.6-28.4) (13.4-20.6) (0.62-0.90)
MNg 19 L 23.6 20.4 11.1 22.9 22.2 0.79
(19.6-27.8) (18.9-21.%) (10.7-11.8) (21.1-27.4) (19.6-26.2) (0.68-0.97)
B-Mg 28 L 4.4 18.5 17.8 21.4 17.8 0.76
(21.8-27.2) (18.0-19.4) (17.2-18.8) (17.8-24.8) (16.8-19.4) (0.66-0.87)
BeMg 28 4 23.7 20.4 11.0 22,2 22.6 0.79
(19.6-26.6) (18.2-21.4) ( 9.4-14.7) (18.7-27.2) (21.8-23.4) (0.73-0.89)

8(No.) = range

g6



Table 21.

Experiment III

Mean and range of relative distribution of serum protein fractions in per cent of total
serum protein of rats fed diets containing either 14 per cent or 28 per cent casein and .
3.8 per cent salt mix for 10 days.

Globulins

Diet cagein J°°  Albumin Albunin ALG
no of 1 2
° rats Alphay Alpha, Beta Gamma
(%) (%) (%) (%) (%) (%) (%)
c-Mg 28 10 25.1 £0.9% 17.6 0.7 15.1 1.0 5.2 20.7 £ 0.5 16.2 *1.0 0.75
21.2-29.2)" (12.8-20.0) (11.4-22.0) (0-12.5) (18.1~22.9) (10.8-22.2) (0.64-0.97)
C+4Mg 28 10 25.1 0.6 19.9 £0.9 16.9 £0.8 - 21.2 £ 0.7 16.8%x1.0 0.82
(20.4-27.4) (14.0-22.6) (13.2-20.5) (17.4-23.9) (12.4-21.2) (0.69-0.93)
D-Mg 14 10 23.3*+0.5 18.5+0.9 15.2 £1.3 2.2 23.5 £ 0.7 17.3 £1.2 0.72
(22.0-25.2) (15.2-23.1) (10.8-20.0) (0-12,7) (21.0-27.0) (13.0-23.3) (0.60-0.85)
D#Mg 1% 9 25.7%0.7 20.1%0,5 15.6*0.9 - 21.6 £ 0.6 16.9 * 0.9 0.85
(22.8-27.9) (18.4-23.3) (12.3-19.4) (19.7-25.6) (14.3-23.0) (0.71-1.06)

&Standard error of the mean

b(No.)

= range

96
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casein, but magnesium deficient animals receiving 14 per cent casein had
lower ratios of albumin to globulin than was found in control animsls. The
change in albumin caused an increase in the proportion of total serum glob-
ulins. The magnitude of these changes were small, and the increased globu-
" 1in appeared to be distributed between the beta-globulin and gamma-globulin.

In Experiment I differences in total albumin between magnesium de-
ficient animels and control animals were not significant, and as expected
the A:G ratio was slightly lower than in Experiment III-A due to the fact
that the former animals were older when blood samples were taken and total
serum globulins in rets has been shown to increase with age (Zawadski and
Smith, 1932). |

In sera of animasls deprived of magnesium, the percentage of gamme-
globulin decreased, while that of alpha-globulin increased with both con-
centrations of dietary casein fed, when compared with the same fractions
from control animala. When the diet contained 14 per cent casein, the
sera of deficient animals increased slightly in beta-globulin, bdut when
the diet contained 28 per cent casein very little change in this fraction
occurred between animals receiving no magnesium in the diet and their
controls. Quantitatively, distribution of globulins in the sera of older
deficient animals receiving 28 per cent casein and 2.1 per cent salt mix
resembled that of younger control animals receiving a similar amount of
casein and 3.8 per cent salt mix (Figure 6).

'_In Experiment I, the smaller amount of gamma-globulin in deficient

animals than in their controls was interesting in llght of the rather
strongly held view that reduction of total quantity of serum proteins in-

volved a reduction of serum albumin, Such a reduction would cause a



Figure 6. Distribution of serum proteins in control and magnesium deficlent rats fed diets contain-
ing 14, 19 or 28 per cent casein
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proportionate increase in total serum globulin when exXpressed on 2 per-
centage basis. This view has been supported by protein depletionm studies
in which regardless of method used for depletion, the A!G ratio was de-
creased (Weimer and Nishihara, 1957; Barrows and Chow, 1959). |

Although the provortion of serum albumin in deficient animals in Ex-
periment I was the same as control animals, this does not mean that total
circulating albumin was the same, since total serum nitrogen concentration
was considerably lower for deficient animals than for animals receiving
magnesium, |

If one assumed that there were no changes in the relative amounts of
non-protein nitrogen in the sera of magnesium deficient animals, the actual
quantity of albumin present would be lower than that of control animals
due to decreased quantity of total nitrogen. This assumption may not be
valid since derangement of kidney morphology has been demonstrated before

the 10th experimental day of magnesium deficiency (Hess et al., 1959).

Moreover, mean non-protein nitrogen determinations on 2 magnesium de-
ficient dogs, examined weekly for 6 weeks, were 35.7 and 31.7 mg. per 100
cc. of blood, respectively, compared to 26.7 mg. in a control dog. More
likely, non-protein nitrogen in blood of deficient animals would be elevated,
in which case the quantity of serum albumin would be even less in deficient
animals than in their controls,

Whether'changes in serum nitrogen and concentration of albumin was
due to loss of serum proteins in the urine or whether animals failed to
synthesize needed blood proteins when the supply of magnesium was limited
cannot be answered by this study.

There is little agreement among previously reported values for rat

[
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serun protein fractions that had been separated by paper electrophoresis.
Erwin (1960) found the following values for rats 86 days of age: albumin
64.2 per cent, alpha~globulin 7.8 per cent, beta-globulin 16.3 per cent,
and gemma-globulin 11.7 per cent. On the other hand, Weimer and his co-
workers who studied serum protein changes during protein depletion, have
reported that albumin concentrations of sera from rats weighing 400 grems
was only 33.8 per cent (Weimer et al., 1959b). In a later communication
the various fractions in sera of similar rats were reported as: albumin
3%.5 per cent, alphaj-globulin 25.9 psr cent, alphas-globulin 12.1 per
cent, beta-globulin 19.0 per cent and gaﬁma—globulin 8.6 per cent (Weimey
et al., 1959a). Reasons for discrepancies in values reported perhaps can
be ascribed to technical difficulties in the analytical procedure. Fac-
tors which have influenced the separation of serum proteins include weight
of paper used, ilonic strength of buffer, time and strength of the current
applied, and type of stain used for visualizing the separate fraction.
Only comparisons made within a laboratory have been feasible since methods
have not been standardized.

In this study, failure to supply adequate amounts of dietary magnesium
appeared to 1imit the usual increase in gamma-globulin as animals grew
older. =Recently Erwin (1960) has demonstrated thgt a similar inhibition
could be produced by feeding gluten, an incomplete protein, to weanling
rats. Also, protein depleted dogs showed a slight decrease in gamma-
globulin as well as reduction of the albumin fraction after the animals
were subjected to plasmaphoresis (Chow et al., 1945). EHence, gamma-
globulin of blood may be mors sensitive to dletary change than was be-

lieved formerly.
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Hepatic Nitrogen

Weight, concentration of nitrogen and total quantity of nitrogen in
livers of rats in the various experiments are given in Tables 22, 23 and 24.

As stated previously, livers of animals deprived of magnesium tended
to be larger when the diet contained 28 per cent than 14 per cent casein.
Wiﬁh larger livers thén found in animals fed the lower gquantity of casein,
one could expect more total hepatic nitrogen in rats fed 28 per cent casein
than in those fed 14 per cent casein, and proved to be so in the present
investigation. After 10, and again after 28 days, this difference was
highly significant. The higher casein diets not only permitted more total
hepatic nitrogen in the latter than the former animals, but also, generally
permitted greater nitrogsn concentration in their livers than in those fed
the lower quantity of dietary casein. Where no difference in nitrogen con-
centration was found, groups were sﬁall and veriability within the group
large.

The same relationship of hepatic size and nitrogen concentration w;s
found in control animals as was found in the deficient animals, animals with
higher casein intake having greater hepatic nitrogen stores, both in terms
of concentration and totel hevatic nitrogen, than animals fed less casein.
Animals receiving 14 per cent casein with added magnesium generally had

the lowest nitrogen concentrations of any ;f the groups in an experiment.
Mggnesium deficient animals generally had the same or higﬁ;r hepatie

nitrogen concentration than control animels. However, total hepatic ni-

trogen was less in the formef animels than the latter due to the small

amount of hepatic tissue found in deficient animals,



Table 22. Mean and range of hepatic weight, nitrogen concentration and total nitrogen of control and
magnesium deficient rats fed diets containing 19 per cent or 28 per cent casein,

Experiment I :
Diet Cased Length No. of Hepatic Nitrogen
no. sein of exp. rats weight . Concentration Total
(%) (days) (em.) (gm./100 gm.) (mg.)
Experiment I -~ 2.1% salt mix

A-Mg 19 84 S.2k o 3.65 191
(4.97-6.04) (3.44-3.83) (175-208)
. (5.94-8.54) (3.19-3.67) (212-272)

B-Mg 28 8k 5.80 3.57 208
(4.77-6.72) (3.46-3.73) (178~247)

BaMg 28 8k 7.26 3.58 258
(6.07-9.00) (3.32-3.86) (238-313)

&(No.) = range

€01



Table 23. Mean and range of hepatic weight, nitrogen concentration and total nitrogen of control and
magnesium deficient rats fed diets containing 14 per cent or 28 per cent casein.
Experiment II

Diet Caseln Length No. of Hepatic Nitrogen
no. of exp. rats welight Concentration Total
(%) (days) (&m.) (em./100 gm.) (ne. )
Experiment II - 3.8% salt mix

C-Mg 28 L2 5.30 a 3.58 190
(5.05-5.77) (3.44-3.75) (182-198) -

C+Mg 28 L2 7.27 3.59 260
(6.05~7.90) (3.52-3.74) (226-281)

D-}Mg 14 L2 4,78 3.60 170
(4.22-5.98) (3.22-3.87) (154-193)

DeMg 14 L2 7.00 3.32 232
(6.29-7.28) (3.29-3.36) (211-240)

C-Mg 28 28 5.63 3.55 200
| (5.22-5.90) (3.03-3.86) (179-215)

C+Mg 28 -28 6.86 3.45 236
_ (6.00~7.90) (3.18-3.69) (221-251)

D-Mg [ 28 4.60 3.38 15k
' - (3.78-5.15) (2.96-3.63) (152-177)

DeMg 14 28 7.20 3.10 222
. (2.96-3.50) (208-233)

(5.93-7.88)

~ 8(No.) = range

701



Table 24. Mean and range of hepatic weight, nitrogen concentration and total nitrogen of control and
magnesium deficient rats fed diets containing 14 per cent or 28 per cent casein.

Experiment III

Diet Casein Length No. of Hepatic Nitrogen
, 10 - of exp. rats welght Concentration Total
(%) (days) (em.) (gm./100 gn.) (me. )
Experiment III - 3.8% salt mix

C-Mg 28 10 19 3,69 £ 0.08% 3.58 * 0,04  132%3
(3.0l4=4,17)P (3.19-4.01) . (107-155)
C+Mg 28 10 19 L.55 £ 0.16 3.36 £ 0,05 153 £ 5
(3.29-5.76) (2.98-3.85) (119-185)
D-Mg 14 10 19 3.48 + 0.09 3.39 £ 0,04 116 £ 4
(2.23-4.09) (3.10-3.67) (77-142)
DiMg L2 10 19 4,04 £ 0.1k 3.26 £ 0.06 130 £ 2
' (3.25-5.43) (2.76-38.2) (107-145)

8Standard error of the mean

D(No.) = rangs

0]
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Data presented in this study asgreed with reports in the literature
that reduction in liver weight and concentration of liver nitrogen reflect

quantity of protein fed (Widdowson and McCance, 1957; Benditt et al.,

1949).

Hepatic and Serum Transaminase Activities

Activity of glutamic-oxalacetic transaminese and glutamic-pyruvic
“ ”;f7pransaminase was measured in liver end serum of animals fed 14 per cent
4fiof 28 per cent casein diets for 10 days. Mean activities of the enzymes

f g@fg_obtained per total liver, per gram of liver and per mg. of hepatic

qvvﬁfﬁiffogen and are given in Table 25.

- Mean hepatic glutamic-oxalacetic transaminase activity did not differ
;;ﬁ;iénificantly among the varlous groups of animals studied, either in re-
\;;géfd to activity per gram of liver or per gram of hepatic nitrogen.

: Absence of magnes ium from the diet appeared to have little influence
“upon hepatic glutamic~oxalacetic transaminase activity of animals receiving
28 per cent casein, but there was a tendency to greater activity when mag-

negium was included in the 14 per cent casein diets than when it was omitted.

Livers of control animals, beilng larger than those of deficient animals,
had more total activity than deficient animals, dbut differences were not
signifiqant and variation among individual values was wide,

Awapara (1953) did not find a change in activity of glutamic-oxal-

‘scetic transaminase in hepatic tissue of adult rats after 20 days of feed~
-ing 8 per cent casein compared with rats fed 25 per cent casein. However,
Duncan (1959) in this laboratory had observed a significant decrease in

hepatic glutamic-oxalacetic activity, both on the basis of activity per



Table 25. Mean and range of hepatic glutamic-oxalacetic and glutamic-pyruvic transamipase activities
of control and magnesium deficient rats fed diets containing either 14 per cent or 28 per
cent casein. Experiment III
Diet Casein Hepatic glutamic-oxalacetic transaminase Hepatic glutamic-pyruvic transaminase
as
no. Total Concentration Per mg. N Total Concentration Total

(%) (units x 10"’")a (units x 10~% (units x 10™3 (unifs x 10~ (units x 10~% (units x 102

per gm.) per mg. N) per gn.) per mg. N)

C-Mg 28 59.0 £ 5.72Y  16.5 £ 1.7 L.57 £ 0.b2 1b4.7 £ 2.2 b.2 £ 0.6 1.49 *0.28
(27.3-75.9) ( 8.1-19.8) (2.35-6.52) ( 5.5-28.6) (1.3-8.0) (0.53-3.70)

C+Mg 28 7.6 £ 5,6 17.4 + 1.8 4,96 £ 0.53 19.1 % 3.0 L,s £ 0.7 1.40 £ 0.24
(28.7-89.6) ( 6.7-27.2) (1.90-7.49) (10.6~40.0) (2.6-9.2) (0.64-3.02)

D-Mg 14 53.4 £ 3.3 16.0 £ 1.1 4,73 £ 0.27 10.5 £ 1.7 3.2 £ 0,6 0.94 %+ 0.17
(33-7-69-2) ( 8.7-19.1) (2.73-5.72) ( 6.0-12.6) (1.7-8.0) (0.53-2.37)

DaMg 14 70.4 £ 4,2 18.3 £ 1.3 5.54 + 0.24 12.7 £ 2.2 3.4 + 0.6 1.00 * 0.17
(57.6-91.0) (14.4-26.6) (4.50~6.96) ( 4.7-22.9) (1.3-6.7) (0.39-1.75)

8Units as stated have been divided by 104

bStandard error of the mean

dot
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gram of liver and per gram of hepatic nitrogen, when 3 per cent protein
or protein-free diets were fed to adult rats than when 25 per cent protein
diets were fed.

Activity of glutamic-pyruvic transeminase appeared to increase both
on the basis of activity per unit of hepatic weight and in relation %o
hepatic nitrogen with increase in dietary protein. Again, there was large
variability in the groups and statistical significance was not obtained.

The larger livers of animals fed the higher casein diets showed more
total glutamic-pyruvic transaminase activity than the smaller livers of
those furnished diets conteining lower quantities of casein.

Control animals, having larger amounts of hepatic tissue than de-
ficient animals, exhibited more total glutamic-pyruvic trensaminsse ac-
tivity than the latter. No difference was observed, however, in concen-
tration of the enzyme in hepatic tissues or amount of enzyme per mg. of
hepatic nitrogen between the two groups of animals,

Awapara (1953) reported no significant change in alanine-glutamic
transaminase after 20 days of feeding 8 per cent césein to rats, but ac-
tivity of this enzyme was decreased 50 per cent in four days when the diet
was protein-free. On the other hand, Kaplanskii et al. (1945) found ala-
nine-glutamic transsminase was decreased in livers of rats fed 8 per cent
vrotein for 25 to 30 days, in comparison with rats with an adequate supply
of protein. TYoung rats fed a 2 per cent casein diet for 30 days had less
transaminating capacity than control animals fed 20 per cent casein in the
diet (Srinivasan and Patwardhan, 1955). It has also been reported that
rats fed protein deficient diets long enough to produce hypoproteinemia

have markedly reduced ability to transfer amino groups from glutemic acid
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to pyruvic acid (RKaplansky, 1943).

The present study did not support the observation of Cohen and Hekhuis
(1941) that hepatic glutamic-oxalacetic transaminase and glutamic-pyruvic
transeminase activity was related inversely to protein synthesis,

This study has shown that diets containing 28 per cent cesein pro-
moted greater weight gains and nitrogen retention than 14 per cent casein,
and that activity of hepatic glutamic-pyruvic transaminase was also in-
creased when 28 per cent casein was fed, but was not related to whether
magnesium was present or absent from the diet.

The data presented here suggest that glutamlc pyruvic transaminase is
more sensitive to change in response to variation in protein content of
the diet than is glutamic-oxalacetic transaminase. This observation is
supported by the study of Beaton.gg_g;. (1957) in which glutamic-pyruvie
transeminase activity changed following administration of protein-free
diets but glutamic-oxalacetic activity remained the same.

Mean gerum glutamic-oxalacetic and glutamic-pyruvic transaminase
activities are given in Tabdble 26.

Neither the quantity of casein in the diet nor the absence of meg-
nesium from the ration influenced serum transaminase activities. With
both enzymes studied the variabllity among individuasl determinations was
great, particularly for deficient animals fed 14 per cent casein diets.

A search of the literature revealed little informetion on trans=-
eninating activity in rat serum. Although Spector (1956) gave trans-
eminagse values for several tissues in this animel, he did not include this
information for serum.

Physical condition of the animal prior to the collection of the blood
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Table 26. Mean and range of serum glutamic-oxalacetic and glutamic-
pyruvic transaminase of control and magnesium deficlent rats
fed diets conteining either 14 per cent or 28 per cent casein

Diet Casel Glutemic-oxmlacetic Glutemic-pyruvic
no, aseln transaminase transaminase

(%) (units/ml.) (units/ml.)
C-Mg 28 : 86.9 £ 8,12 10.8 = 0.7
(44-120) (8.0-14.5)
C+Mg 28 103.0 £ 10.2 12.0 £ 1.1
(39-156) (7.5-19.3)
D-Mg 14 109.4 * 13,2 | 13.0 * 1.9
: (38-196) (7.5-26.2)
DeMg 14 85.9 £ 5.3 12.6 £ 0.9
(57-109) (8.5-15.5)

85tandard error of the mean

sample did not appear to be related to concentration of either glutamic-
oxalecetic transsminase or glutamic-pyruvic transeminase in the serum.
Cope and Polis (1959) have associsted warious kinds of stress with lowered
glutamic-oxalecetic transaminsse in plasma of monkeys., In the present
investigation animals that appeared to be uhder the greatest amount of
stress, i.e., observed in a siezure just prior to autopsy, were not the

animals that had the greatest serum enzyme concentrations.
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SUMMARY AND CONCLUSIONS

Very little information was available on the relationship of magne-
siun to protein in the intact animal, with the exception of demonstrations
by Colby and Frye (1951) and Menaker (1954) that magnesium deficient rats
gained less weight when the quantity of protein in the diet was increased
than when a smaller amount of protein was fed. However, empirical bases
for such a relationship could be found in in vitro studies in which mag-
nesium ions were required by biological systems concerned with protein
metsbolism. For instance, & magnesium-ATP complex appeered to be the re-
active species for all phosphorylations involving transfer of high energy
bonds from ATP, a reaction which activates many amino aclids. Moreover,
activity of glﬁtamic-oxalacetic trensaminase was increased by the addition
of magnesium lons.

The present study examined selected aspecés of protein metabolism in
megnesium deficient rats fed different quantities of casein in the diet.

A preliminary experiment, Experiment I, used 4 rats in each group,
equally divided as to sex, fed diets containing 19 per cent or 28 per cent
cagein, with and without the addition of magnesium, and 2.1 per cent salt
mix. Growth and food efficiency were studied until the 84th day when vis-
cera were ingpected for pathological changes and serum samples were ob-
tained for nitrogen, protein distribution and magnesium measurements.

In the second and again in the third experiments, in which only male
animals were used, differences between quaﬁtitiss of protein in the diets
were increased by using casein concentrations of 14 per cent and 28 per

cent. The amount of mineral mix was increased to 3.8 per cent in order
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to control diarrhea which had developed on the 2.1 per cent salt intake.

In Experiment II, growth and food efficiency were studied, and ni-
trogcen balances were obtained while the rats were hyperemic and in the
period immediately following hyperemia. Totasl serum nitrogen, serum meg-
nesium and hepatic nitrogen were measured in animals sacrificed on the
28th and 42nd experimental day.

Glutamic~oxalacetic transaminase and glutemic-pyruvic transaminase
activities were measured in serum and livers of animals in subgroup A of
Experiment III after 10 days of feeding the experimental diets. Data on
hepatic nitrogen, packed red bdlood cell volume, hemoglobin concentration
and relative propértions of the various 5lood proteins after separation
on paper by electrophoresis were also obtained for these animals. Data
obtained for subgroup B animals consisted of hemoglobin concentration,
packed red blood cell volume, hepatic nitrogen and concentration of serum
nitrogen and magnesiun,

The following statements summarize the results of this study:

1, Animals deprived of megnesium developed classical symptoms of
vasodilation and hyperemia followed by a veriod of hyperexcitability.
Pathological changes were observed in kidneys, and hemorrhage was sometimes
present in the lungs and intestinel tract of magnesium deficient animals.

2. After 10 days absolute weights of kidneys and testes, and after
28 days absolute weights of livers, were heavier when the deficient animals
received 28 per cent casein than when the lower casein diets were fed.

3. Weights of liver, kidneys, adrenals and testes were heavier in
proportion to body weight, at each concentration of casein studied, when

animals were deprived of magnesium than when the complete diet was fed.
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4, In the absence of magnesium, noanceatration of dietary casein made
little difference in weight gain of the animels, however weight gained at
each casein concentration was less then for control animals.

5, Tood efficiency was greater with the 28 per cent than with the 14
or 19 per cent casein diets, and greafer at each concentration of casein
studied when magnesium was present in the diet than when it was absent.

6. Nitrogen retention was greeter, both in megnesium deficient and
control animals when 28 per cent than when 14 per cent casein diets were
fed. With magnesium in the diet, animals not only consumed more food, but
they also retained a grester proportion of the nitroéeﬁ consumed.

7. Magnesium deficient rats retained less nitrogen in the 2nd bal-
ance period than in the first period; on the other hand, coanirol animals
stored similar amounts of nitrogen in both balance periods.

8. When diets were deficient in magnesium there was little differ-
ence in mean weight gain per gram of nitrogen retained by animals receiving
different concentrations of dietary casein. When animals were supplied
with magnesium, however, mean welght gain ver gram of nitrogen retained was
greater for anirals receiving the lower quantity of casein in the diet than
for those that received the larger amounts,

9. Hemoglobin concentration was not affected by magnesium deficiency.
or quantity of casein in the diet. |

16. Absence of magnesium from the diet caused a highly significant
decrease in serum magnesium by the 10th experimentel day.

11, Serum nitrogen was not affected by quantity of caseiﬁ fed in any
of the experimental veriods studied, although it was lower for deficient

animpls than their controls.
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12. There wes a lower provortion of serum albumin in magnesium de-~
ficient animels fed the experimental diets for 10 days, than in their
controls, although the difference was significant only for animels re~
ceiving the 14 per cent casein diet. A small band of protein, designated
as alphas-globulin, was separated in one-fourth of the sera of deficient
animals; however this band never appeared in sera of control animals,

13, After &4 déys of very low magnesium intake, the per cent of gamma~-
globulin decreased and that of alpha-globulin increased while albumin did
not change. Quantitatively, distribution of globulins in the sera of older
deficient animels receiving 28 per cent casein and 2.1 per cent salt mix
resembled that of younger control animals receiving a similar quantity’of
casein and 3.8 per cent salt mix,

14, Total hepatic nitrogen and hepatic nitrogen concentration were
generally greater in magnesium deficient animals when 28 per cent casein
than when 14 per cent casein diets were fed.

15. 1In deficlient and control animals, activity of hepatic glutamic-
pyruvic, but not glutamic-oxalacetic, transaminase appeared to be greater,
both on the basis of activity per unit of hepatic weight and per mg. of
hepatic nitrogen when 28 per cent casein than when 14 per cent casein was
supplied; on the other hand magnesium deficiency did not affect activity
of these eazymes.

16. Neither quantity of casein in the diet nor the absence of magne-
gium from the ration influenced serum glutamic-oxalacetic and glutamic~
pyruvic transeminase activity.

It can be concluded from the data herein reported that magnesium de-

ficiency influenced protein metabolism by {1) decreasing nitrogen refention

e 5
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and weight gain per gram of nitrogen retained, thus preventing as good a
rate of growth as seen with control animals, (2) causing e decrease in
totel serum nitrogen and in provortion of serum albumin, and (3) prevent-
ing an increase of serum gemma-globulin as animals grew older.

In this investigation animals fed 14 per cent casein without magne-
sium were less well off than deficient animals receiving 28 per cent casein
because they had significantly less total hepatic nitrogen, lower serum
albumin and & smaller A!G ratio than animals fed larger quantities of ca-
sein. In addition, in deficient animals fed the lower quantity of casein
organ weights tended to be smaller, food efficiency was somewhat less and
there was a tendency to 1éss hepatic glutamic-pyruvic transemipase ac-
tivity than when the diet contained 28 pér cent casein., There was little
or no change, however, in hemoglobin concentration, weight gain per gram
of nitrogen retained, serum magnesium or serum nitrogen concentration in
deficlient animals fed differing quantities of casein.

Thus, déta presented in this study did not support observations of
Menaker (1954) and Coldby and Frye (1957b) that increased quantities of
casein in diets of magnesium deficient rats were more deleterious than
when lower concentrations were used. The difference in findings between
the present investigation and those reported earlier might have been due
to the casein concentrations employed in the various experiments. The
14, 19, and 28 per cent cesein diets fed in the present investigation,
although as much as 50 per cent different from each other, were closer
to ‘the rat's requirement for protein than either the 7 per cent or 50

per cent casein diets used by Menaker and Colby and Frye, respectively.
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The author would like to suggest that the present investigation be
extended to include observation of protein metsbolism in magnesium defi-
ciency after expverimental diets containing 14 per cent and 28 per cent
caesein have been administered for longer than 10 days. To decrease mor—-
tality of deficient animals, a salt concentration lower than 3.8 per cent
in these diets is recommended. Further, protein metabolism should be in-

vestigated when very low concentrations of dietary casein are employed.
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Table 27, Recovery of ammonium sulfete nitrogen of a standard solution
from cages, simulating experimental conditions

Cage Nitrogen in Quantity of
no. standard solution nitrogen recovered
(mg.) (mg.) (%)
I 14,03 13.48 96.1
13.33 95.0
o 13.53 96.4
L ¢ T 14,03 13.53 96,1
‘ o _ 13.53 96.4
. 13.64 97.2
- dverage | 96.2

Table 28. Recovery of nitrogen'frOh cféaﬁiﬁine‘by macrokjeldahl process

Creatinine _ . Nitrogen

nitrogen recovered
(me. ) (me.) (%)
L2,22 ‘ 41,82 : 99.0
39.92 38.98  97.6
37.67 36.83 97.8
33.93 33.32 ¥
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Table 29. Recovery of nitrogen from creatinine solution by microkjeldahl
procedure

Nitrogen Nitrogen
in sample recovered

(mg.) (mg.) (%)
1.00 0.981 98.1
0.99k 99.4
0.988 ‘ ~ 98.8

Recovery

0.986 98.6
0.955 | 95.5

Average 98,1

1.00 0.990 990
0.966 966
0,57 B
0.990 . 9§;°3ﬂfﬁ5ﬁ;{;?f
0.97% ) .9?5¢:1ff;; ;:; 
0.991 | 99.1

Average . o 98;;;}2":
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