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The restriction
of young rats to a ration containing
only 1.8
parts per million of magnesium
but adequate amounts of other
dietary constituents leads to the development
of a specific symptomatology
that is characterized
by a striking series of events
(1). In the course of the syndrome the animals pass successively
through
stages of vasodilatation,
hyperirritability,
trophic disThis morbid conturbances, and fatal tonic-clonic
convulsions.
dition, so rapid in its onset, so short and stormy in its course,
and so fatal in its termination,
leaves no doubt that magnesium
is an essential element for the animal body.
When the study of magnesium deprivation
was extended to the
dog, it was found that in the main the same symptoms appeared
as in the rat, but the prominence
of certain symptoms was not
identical in the two species (2). In the dog the vasodilatation,
hyperexcitability,
and convulsions were less intense, while trophic
changes were more conspicuous.
Furthermore,
the dog showed
evidence of impaired
nutrition,
a circumstance
seldom seen in
the young rat.
It was believed that the inherently
more stable
nervous system of the dog permitted it to survive for a sufficient
In any event these differences
time to show nutritive
changes.
in behavior were only a matter of degree, because convulsions
lead to death in both species. Out of this comparat,ive
study
* Presented before the meeting of the American
Society of Biological
Chemists at Philadelphia,
April, 1932.
t National
Research
Fellow in Biological
Sciences
(Biochemistry)
1930-32.
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of the syndrome came the view that magnesium deficiency manifests itself locally by increased irritability
of the nervous sysDem,
and constitutionally
by nutritive
failure.
The former is always
present and in ascendency; the latter sets in under conditions
governed apparently by age and species.
In explaining
the character of the symptom complex induced
by magnesium deprivation,
the opinion was expressed that vasodilatation,
hyperirritability,
and tonic-clonic
convulsions
indicated a condition that belonged in the category of tetany, using
the term in its broadest sense. In the variety
of tetany seen
most frequently
in the clinic, the salient features are carpopedal
spasm or laryngospasm
and hyperexcitability,
which may eventuate, if sufficiently
severe, in tonic-clonic
convulsions;
furthermore, the most constant finding is a lowered calcium concentration in the blood.
Because of its predominant
incidence
in
humans, gradually this one variety monopolized the term tetany.
Thereby the term has become so narrowed that many now look
upon tetany and its low calcium form as synonymous.
If we
return to the original conception, which rested upon the work of
physiologists on isolated nerves, we see that tetany was regarded
as a condition producible by several means, among them lowered
magnesium.
In this light, the conclusion that the syndrome
arising from magnesium deprivation
is tetany finds support not
only from the appropriate
symptomatology
but also from the
theoretical considerations
of etiology.
By definition all forms of tetany should exhibit hyperirritability
and tonic-clonic
convulsions.
It is necessary, therefore, to differentiate
magnesium tetany from other kinds, particularly
the
infantile or hypocalcemic form.
On the basis of symptomatology,
magnesium
tetany is distinguishable
in that it shows neither
carpopedal
spasm nor laryngospasm;
furthermore,
it presents a
unique symptom,
vasodilatation,
which in all likelihood
is a
vasomotor
spasm, and which is not seen in any other variety of
tetany.
In the search for further differential
features attention
has been directed to the composition of blood, because each form
of tetany has its specific blood picture.
In addition, it did not
seem improbable
that examination
of the blood might shed some
light on the mechanism of the nutritive
failure, often a feature of
magnesium
deficiency.
A comprehensive
study of the changes
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in the blood of animals deprived
of magnesium has, therefore,
been undertaken in order to ascertain (a) the behavior of ions that
might be responsible for the heightened irritability
of the nervous
system, with the thought of demonstrating
the differential
character of magnesium tetany, and (b) the changes in the ordinary
blood constituents
that might be linked with impaired nutrition.
Technique-6
week-old dogs, of the same weight whenever
possible, were used as experimental
animals.
That the animals
have an initial weight not exceeding 2.7 kilos has been found
advantageous,
since they usually have a short survival
period.
In those instances in which we were compelled to use slightly
heavier animals, as was to be expected, the survival
period was
much prolonged.
When first obtained the animals were placed
for a preliminary
period of 2 to 7 days on the stock diet used in
our rat colony, in order that they might become accustomed to
consuming a dry, comminuted
ration, and that they might derive
the nutritive
benefits of the stock mixture.
After a blood sample
was drawn, the animals were restricted to the magnesium-deficient
diet, containing only 1.8 parts per million of the element but adequate amounts of other dietary constituents
for the period over
which this investigation
was conducted.
The control animals
received the same preliminary
treatment,
but after the initial
blood sample was drawn they were placed upon the control diet,
consisting of the magnesium-deficient
diet plus added magnesium
in the form of MgS04. 7Hz0.
For details concerning the composition and preparation
of these rations, a previously
published
description may be consulted (1).
Throughout
the period of magnesium deprivation
determinations were made weekly on the following
blood constituents:
sodium, potassium, calcium, magnesium,
inorganic
phosphorus,
fatty acids, total cholesterol,
cholesterol
esters, lipoid phosphorus, bilirubin,
carbon dioxide
capacity,
chlorides, fibrinogen, albumin,
globulin, non-protein
nitrogen,
glucose, creatine,
creatinine,
and volume percentage of erythrocytes.
These constituents were separated into five groups and two dogs on the
magnesium-deficient
diet were used in the determinations
of each
group.
Likewise, each constituent
was determined
on one control animal receiving the adequate control diet.
The determination of magnesium was made weekly on every dog so that changes
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in the constituents of any group could be correlated with the concentration of magnesium in the blood at that time.
Certain distinct advantages
accrued from the plan of weekly
analyses of the blood.
It permitt.ed the establishment
of the
time of change in any constituent,
the sequence of changes and
their interrelation,
the duration of any change, as well as it permitted each experimental
animal to serve as its own control,
particularly
in those instances in which changes appeared late
in the deficiency period.
This last point is of particular importance in the study of the lipids, since Terroine
has cautioned
that the lipid concentration
in different dogs may fall within such
a range that changes cannot be compared so effectively
as in the
same dog (3), an opinion with which Leites concurs (4).
Each blood sample was taken 16 hours after food had been
withheld from the animal; i.e., in the postabsorptive
condition.
Usually 15 cc. of blood were withdrawn
by cardiac puncture
weekly from each experimental
dog. In order that any doubts
concerning the possible effect of blood loss might be eliminated,
a slightly larger amount of blood was always withdrawn
from
control animals.
The latter never showed any change in the
blood constituents.
Moreover,
the possibility of in vitro changes
in the blood was prevented
by conducting
the analyses immediately upon obtaining the samples.
The following
methods were used for determining
the concentration of the various constituents in the blood: sodium (serum),
that of Kerr (5), which is a modification
of the method of Kramer
and Gittleman
(6); potassium (serum), that of Kerr (5), which
is a modification
of the method of Kramer and Tisdall (7) ; calcium (serum), that of Tisdall (8), which is a modification
of the
method of Kramer and Tisdall (9) ; inorganic phosphorus (serum),
that of Fiske and Subbarow (10) ; magnesium (serum), the unpublished modification’
by Gittleman and Grayeel of the method of
Kramer and Tisdall (9); chlorides (whole blood), that of Wilson
and Ball (ll), which is a modification
of the method of Van Slyke
(12); fatty acids (plasma), that of Bloor, Pelkan, and Allen (13)
and Bloor (14); total cholesterol and cholesterol esters (plasma),
1 After calcium has been removed as oxalate, the magnesium
is precipitated as MgNH,PO,.6H*O,
which is estimated
by the calorimetric
phosphorus method of Fiske and Subbarow (see above).
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that of Bloor and Knudson (15) ; lipoid phosphorus (whole blood),
that of Bloor (16) and Benedict and Theis (17); total fat (plasma),
calculated as the sum of fatty acids and total cholesterol; free
cholesterol (plasma), calculated as the difference between total
cholesterol and cholesterol esters; albumin, fibrinogen,
and globulin (plasma), the method of Wu (18); non-protein
nitrogen,
preformed
creatinine, and creatine (whole blood), that of Folin
and Wu (19); sugar (whole blood), that of Benedict (20); CO2
capacity (plasma), that of Van Slyke and Cullen (21), Van Slyke
(22), and Van Slyke and Stadie (23); bilirubin
(serum), that of
van den Bergh (24) and Barron (25) ; erythrocyte
volume (whole
blood), that of Van Allen (26).
Since all determinations
were continued at weekly intervals in
the deficient animals until the inevitable
onset of fatal convulsions, care was exercised in compiling the data that the characteristic changes due to magnesium deprivation
should not be complicated by the effects of convulsions.
In most instances, the
animal fell into convulsions several hours or even days after what
eventuated
to be the final bleeding, in which case the final blood
picture was that of the deficiency uncomplicated
by the fluctuating chemical changes occurring in the convulsive
state.
Where
the final determination
represents data on blood drawn during
convulsions, we have so noted in the records so that these results
may receive separate consideration.
In the main, analyses were
conducted on the blood of the control dogs for the same period of
time as on the respective experimental
animals, after which the
determinations
were discontinued
with the former animals in
excellent condition.
Because of the limitations
of time and
spa,ce, in two instances the analyses on the control animals were
discontinued
3 to 4 weeks short of the survival period of the experimental
dogs. In both cases, however, previous preliminary
studies had indicated that these constituents
would undergo no
change due to magnesium deficiency.
Results
The first change that appeared in the blood of the animals
deprived of magnesium was an early and progressive decrease in
the magnesium content.
In this immediate
decline of the magnesium curve the relative decrease amounted in many cases to
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50 per cent, sometimes in 2 weeks. By the 5th week the absolute values were usually less than 1 mg. per 100 cc. of serum
(Charts I to III and Tables III to V) ; a level between 0.5 and 0.9
mg. was the rule.
When the magnesium values had fallen to this
extent, they tended to remain at this low plane so that after the
5th week the curve was a straight line.
In those cases in which
the animals succumbed rapidly to the deficiency, at times they
had fatal convulsions when the falling level of magnesium reached
1 mg. per 100 cc. of serum.
In contrast, the average concentration of magnesium in the blood of the control animals throughout
!
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20
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CHART I. Level of magnesium
in serum of animals while on a magnesiumdeficient diet as contrasted with that of an animal on a ration containing
adequate magnesium.
The curves with the solid lines indicate the weekly
values for animals on the magnesium-deficient
diet; that with the broken
line, the weekly values for the normal control animal on the magnesiumThe numeral at the terminadeficient diet with added magnesium
salt.
tion of each curve is the identification
number of the animal.

the period of experimentation
lay between 2.1 and 2.3 mg. per
100 cc. of serum, with values sometimes reaching 2.9 mg. but
never falling below 1.63 mg.
After the magnesium concentration
of the blood had reached
a low level, “fat clots” appeared not infrequently
in the plasma,
The abnorand analyses indicated a disturbance
in the lipids.
mal concentration
of certain lipids occurred in both experimental
animals by the 5th week of the magnesium-deficient
diet, and
On
remained persistent for the remainder of the survival period.
the other hand, the control animals always yielded normal figures
for all lipids.
In view of Terroine’s
ascertainment
that normal
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values for the various fat constituents
fall within fairly narrow
limits for different
members of the same species but that even
more constant figures are obtained by repeated determinations
on the same animal, the late appearance of the lipid disturbance
recommended
that the values for the period of abnormality
be
contrasted with those for the normal period in the same animal.
Hence, the lipid values of the experimental
animals during the
first 4 weeks on the magnesium-deficient
ration, before the onset
of fat disturbance,
have been separated and regarded as prodromal figures against which the abnormal
values during the
ensuing period may be set down.
Furthermore,
since each of the two periods included determinations extending
over some weeks, for purposes of contrast the
arithmetical
mean of each lipid constituent
for each period was
calculated.
Similarly
the arithmetical
mean for each fat constituent, derived likewise from weekly determinations,
was computed for the control dog. By thus arranging
the data on the
blood lipids of the experimental
animals into two periods, the
prodromal
period with normal values and the subsequent period
with marked changes, the principal
criticism against the use of
the arithmetical
average, that very large or very small values
seriously affect it, becomes innocuous.
As was to be expected,
the prodromal
figures (Table II) show no deviation
that could
evoke criticism.
They yield arithmetical
averages for the various lipids of the experimental
animals that agree strikingly
well
with the normal averages for the respective constituents
of the
control dog (Table I).
In this manner the means for the prodromal period of the experimental
dogs may be employed just
as effectively
as the averages for the control dog in judging t.he
extent to which the lipids of the experimental
dogs undergo
change in the second period.
Furthermore,
the abnormal values
typifying
the second period occur so consistently and fall within
such satisfactory
limits as to furnish an average that is truly
representative
of the disturbance.
It should be mentioned that the final blood sample was drawn
from experimental
Dog 47 after it had been in the convulsive
state for 53 hours, so that values reflected not only the effects of
the previously
disturbed metabolism but also changes dependent
upon convulsions.
As respects at least two constituents,
total

on diet

, , ., .
diet.
11

“ 47. 5th wk. on Mg-deficient
diet until
death, including
final determinations
in
midst of fatal convulsions..
.
..
Dog 47. 5th wk. on Mg-deficient
diet until
1 wk. before death (figures obtained
during convulsions
not included).
. .
Dog 48. 5th wk. on Mg-deficient
diet until
death
(convulsions
occurred
several
days after last blood was drawn).. . . . . .

Dog 49. 18 wks. on adequate diet,
“ 47. First 4 wks. on Mg-deficient
‘I 48. “ 4 “
I‘
“

Period

TABLE

I

265.3

262.8

276.6

428.7

449.6

152.8
159.6
168.9

-

Total
:hOl~Bte~Ol I c
per loo cc. 1
pl&WIXi
_mg.

-

WJ.

74.9

47.6

51.1

61.4
65.5
66.9

Deprivation

473.2

z,8
427.8
450.8

Total fat
per loo cc.
Plll.Wl~

of Magnesium

-

-

-_

1

(

-

201.7

215.1

214.1

91.4
94.1
101.9

WJ.

-

--

31

72.9

81.8

80.7

60.3

59.8
58.9

Esters aa
1x31‘cent ol
total
f :hol&eml

-

172.9

165.9

4.52

2.69

207.9

253.0
268.2
281.8

m7.

-

-

Batty acidf
per loo co. ’ 1
PlaP~l3

4.19

1.49
1.44
1.52

:holestero
aster: free
!holesterol
ratio

14.0

12.2

23.0

12.2
14.2
12.9

wl.

on Blood Lipids
Blood lipid values in a control dog (Dog 49) and in the prodromal
period of dogs on a magnesium-deficient
diet, are
contrasted with those in the period of lipid disturbance
of dogs on a magnesium-deficient
diet.
The figures represent the
mean of values obtained weekly during the various periods.

Effect
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fat and lipoid phosphorus,
figures were obtained which had not
been previously shown by the animal and which were never shown
by the other experimental
dog. These values were of sufficient
deviation
to affect seriously the mean for the two constituents.
In order that the complication
of convulsions might not confuse
the picture, the mean figures for Dog 47 in the second period
were recalculated
with omission of the final values (Table I, fifth
entry).
By this exclusion of the effects of convulsions the revised
averages for Dog 47 agree well with the mean values for Dog 48,
so that in both the data for the second period may be said to
If these
represent strictly the results of ms.gnesium deficiency.
explanations are borne in mind, the means of the lipids during the
two periods may be consulted and contrasted.
Throughout
the survival
period on the magnesium-deficient
diet the experimental
animals showed in their plasma no change
in the concentration
of total fat.
For example, during the prodromal period Dog 47 exhibited an average of 427.8 mg. of total
fat per 100 cc. of plasma (Table I) ; during the period thereafter,
when the concentration
of certain lipids underwent
alteration, the
average for total fat remained practically
constant, being 428.7
mg. In like manner Dog 48 in the first period had an average
for total fat of 450.8 mg. as compared with 449.6 mg. during the
second period.
Moreover, these values for both dogs during both
periods corresponded
closely to the average, 405.8 mg., for the
control dog.
Other lipids, however, in the experimental
animals were not
without change, among them total cholesterol.
In order that the
extent of alteration may be appreciated,
it is not amiss to record
the total cholesterol values, as determined
for the control dog;
namely, an average of 152.8 mg. per 100 cc. of plasma (Table I),
with values most frequently
(77 per cent of the determinations
for 18 weeks) between 130 and 170 mg. (Table II).
For the first
4 weeks on the magnesium-deficient
diet experimental
Dogs 47
and 48 showed values for total cholesterol that were within the
control limits, the respective averages being 159.6 and 168.9 mg.
But in the 5th week the total cholesterol values for the experimental animals began to rise and, after reaching a peak, maintained a high plane continuously
until death.
During this second
period t*he cholesterol values for Dogs 47 and 48 averaged respec-
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tively 262.8 and 276.6 mg. per 100 cc. of plasma, representing
an
increase in both instances of approximately
65 per cent over the
figures for the prodromal
period.
For Dog 47 the maximum
figure of total cholesterol during the second st,age was 333.3 mg.;
while Dog 48 at one point even attained the level of 400 mg.
II-Effect

TABLE

Weekly
magnesium

values for Dog 47d
salt (Diet ll).*

and Dog

Weight
Wks.

on

diet

-I-

-

Dog

49 I

Dog

47

Dog

483

on magnesium-deficient

Total

R.b.c.

49 1 1Dog

4:

Dog

46

Dog

49

fat per
pl&Xll3
Dog

Preliminary
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Mean..
.. .
Maximum..
Minimum.
.

ko.

b.

4.08
4.20
4.20
4.31
4.53
4.65
4.08
4.31
4.65
4.88
4.88
4.99
5.44
5.44
5.56
5.56
5.67
5.90

3.52
3.97
3.85
3.18
2.84
2.61
2.61
2.38

4.08
4.42
4.53
4.76
4.76
5.22
5.10
5.33
5.44
5.33
5.33
5.44
5.33
5.44
5.56
5.44
5.78
5.33

Pd. pm

cent

z101. pa
cent

uol.

pn

cent

20
28
26
23
19
23
15
24
25
25
29
28
27
30
26
31
31
25

27
19
28
27
19
18
18
13

31
20
21
38
35
38
39
31
35
36
32
40
42
17
32
33
35
15

25.3
31.0
15.0

21.1
28.0
13.0

31.7
42.0
15.0

mo.

10 are cant

100 cc.

Fatty
I

4: 7
_

b.

of Magned

Diet

WQ.

m0.

442.2463.8
380.0449.5
423.2380.0
410.8415.6
400.0 430.0
442.0416.2
459.4441.3
451.0562.1
456.9
419.0
449.3
392.0
359.7
373.0
354.0
374.6
344.8
372.8
~405.8444.8
456.9562.1
344.8380.0

Dog48
~--

t

I

2

m0.

acids
I:
cc. plasm

I

Dog
47
m0.

493.1262.1304.7
410.5202.0276.7
440.6270.2211.0
461.2263.8253.6
448.6236.0295.C
432.4251.9223,s
452.2316.6108.(
486.4300.0291.I
562.1292.0
560.0 250.0
551.3314.1
483.7 229.9
440.6209.3
369.1232.0
346.0242.9
394.6238.3
380.0203.9
386.4239.1
~~__
449.9253.0245.r
562.1316.6304.’
346.0202.0108.1

* For magnesium
values of these dogs see Chart II.
t Animal was in convulsions
when blood was drawn.

A study of the partition
of total cholesterol, for the purpose
of ascertaining which portion contributes
to the increase, reveals
in the two experimental
animals a dissimilar
behavior
of free
cholesterol
(Tables I and 11). During
the prodromal
period

1
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experimental
Dog 47 had an average of 65.5 mg. of free cholesterol per 100 cc. of plasma, a figure which compares favorably
with 66.9 mg. recorded in the same period for experimental
Dog
48 as well as with 61.4 mg. registered for the control animal.
In
the second period, however, the free cholesterol in Dog 47 suffered
Deprivation
on Blood Lipids
ted with those for a control

IO

Total
cholesterol
per 100 cc. plasma

2%
;g D4zg Dog
47

dog (Dog

Free cholesterol
per 100 cc. plaams

y

“2”

493)

Cholesterol
esters
per 100 cc. plaams

DOS”

---__~__-~____
I.

%I.

WJ.

mg.

.6180.1159.1172.5
.5178.0172.8159.0
.6153.0169.0177.0
.7147.0162.0169.5
.0164.0135.0166.6
.2190.1192.3222.2
.0142.8333.3270.2
.2151.0270.2281.2
.5 164.9
370.6
.6 169.0
374.4
.3 135.2
400.0
.6 162.1
292.1
.3 150.4
297.3
,114l.O
222.0
.3 111.1
192.7
.3 136.3
214.3
6 140.9
217.4
4 133.7
242.0
-----2152.8199.2246.7
6190.1333.3400.0
3111.1135.0159.0

37.

m7.

72.2
62.9
58.0
46.0
65.0
66.5
82.2
61.8
73.2
89.0
49.3
63.1
51.4
53.3
31.8
65.4
51.6
62.3

69.1
75.8
79.8
65.9
37.0
28.3
67.0
58.1

61.4
89.0
31.8

w.

on the magnesium-deficient

mn.

7Gg

D4;”

ma.

T7.

Cholesterol
esters
Free
cholesterol
%g
~---~

Dog
47

2

74.5107.9
90.0 98.01.4941.3021.315
55.9115.1
97.0103.11.8301.2791.844
85.2 95.0 89.2 91.81.6381.1191.077
68.5101.0
96.1101.02.1951.4581.474
50.6 99.0 98.0116.01.5232.6492.292
87.1123.6164.0135.11.8595.8571.551
71.5 60.6266.3198.70.7373.9752.779
61.9 89.2212.1219.31.4433.6503.543
2.563
104.0 91.7
266.6 1.253
114.4 80.0
260.00.890
2.273
126.7 85.9
273.31.742
2.157
92.2 99.0
199.9 1.569
2.168
75.1 99.0
222.2 1.926
2.959
22.0 87.7
200.0 1.645
9.091
41.8 79.3
150.92.494
3.610
60.3 70.9
154.0 1.084
2.554
54.1 89.3
163.31.731
3.018
63.4 71.4
178.61.146
2.817
-----~60.1 72.7 91.4139.1173.91.5672.6612.727
79.8126.7123.6266.3273.32.4945.8579.091
28.3 22.0 60.6 90.0 91.80.7371.1191.077

diet with

Lipoid

P&

added

100 cc.

-.
%ig %g Yzg
T7.

ma.

ml.

13.312.8
11.713.0
12.121.5
11.113.6
10.010.2
11.712.7
15.211.8
13.844.6,
9.4
13.5
12.7
14.6
12.8
12.1
10.2
12.2
10.8
13.1

12.3
13.6
12.6
11.1
15.3
16.8
12.6
25.6
18.7
7.4
9.2
14.4
14.4
13.3
12.5
12.0
11.8
13.8

12.217.5
15.244.6
9.410.2

13.7
25.6
7.4

a 27 per cent decrease in dropping to a level which averaged 47.6
mg. Therefore,
in this instance not only did the free cholesterol
not contribute
to the increase of total cholesterol;
it actually
operated in the converse direction.
On the other hand, from the
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prodromal average of 66.9 mg., the free cholesterol in Dog 48 rose
subsequently until its mean figure in the second period amounted
to 74.9 mg., denoting an inconsiderable
increase of 12 per cent.
In this case the free cholesterol does participate,
but only to a
minor degree, in the hypercholesterolemia.
Since free cholesterol shares slightly or not at all in the hypercholesterolemia,
it follows that cholesterol esters must be responsible for the rise in total cholesterol.
In the control dog the
values for cholesterol esters ranged between 60.6 and 123.6 mg.
per 100 cc. of plasma (Table II) with limits in 83 per cent of the
analyses between 70 and 110 mg. and an average for all determinations
of 91.4 mg. (Table I).
Until the 5th week on the
magnesium-poor
ration experimental
Dogs 47 and 48 exhibited
normal figures for cholesterol
esters (Table I), the respective
averages being 94.1 and 101.9 mg. Thereafter,
however,
in
both animals appeared an increase in cholesterol esters which
persisted until death.
At one point Dog 47 attained a peak of
266.3 mg. (Table II), while Dog 48 exceeded that by reaching a
value of 273.3 mg. Indeed, these inordinate
increases in cholesterol esters during the second period are reflected in the averages;
Dogs 47 and 48 maintained
the high levels of 215.1 and 201.7 mg.
respectively
(Table I), representing
advances of 128 per cent and
98 per cent over their figures during the prodromal
period.
To
cholesterol esters, then, may be ascribed the marked increase in
total cholesterol.
Just how much higher the absolute figures
would have boen if serum had been used instead of plasma is an
interesting
speculation,
since Shope has pointed out that serum
displays a higher content of cholesterol esters than does oxalated
plasma (27).
This preponderant
increase in cholesterol esters assumes significance in the light
of recorded statements regarding their concholesterol esters
stancy when expressed either as percentage in
total cholesterol ’
cholesterol esters
After examining
the
or as the quotient
in
free cholesterol ’
cholesterol partition
in the blood serum of patients presenting
various pathological
conditions, Burger and Beumer (28) averred
that in general the values for free cholesterol appeared never to
fall below 30 per cent of the total cholesterol;
i.e., cholesterol
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esters never constituted more than 70 per cent of total cholesterol.
From analyses on normal human plasma Bloor and Knudson (29)
recorded the average percentage of cholesterol esters in men as
57.5 with variations
from 46 to 68; in women as 59.7 with variations from 51 to 70. Feigl (30) found similar values.
But t*he
salient point in the report of Bloor and Knudson is their comment,
“In pathological
conditions the relation between free and bound
cholesterol remains normal in most instances.”
In accord with
this statement,
alt,hough expressed in a different
mathemat,ical
relat.ionship, is the experience of Wacker and Hueck (31) that in
blood serum the ratio of free cholesterol
to cholesterol
esters
remains almost constant.
These examples of the almost inflexible relationship
between
cholesterol
esters and free cholesterol,
consequently
also total
cholesterol, were sufficient to level attention
at similar ratios in
the dogs deprived of magnesium.
As a basis for comparison, it
should be mentioned
that the average percentage of cholesterol
in the combined form in the control dog was 59.8 (Table I), with
variations
from 42.4 to 71.4 (Chart II).
During the prodromal
period experimental
Dogs 47 and 48 showed mean values in percentage for cholesterol esters of 58.9 and 60.3 respectively
(Table
I), with variations
within the same limits as for the control dog.
But in the second period the predominant
absolute increase in
cholesterol esters, unattended
by any similar change in free cholesterol, advanced the percentage of cholesterol esters so that the
mean values for Dogs 47 and 48 were respectively
81.8 and 72.9
(Table I).
On one occasion Dog 47 had 85.4 per cent of its cholesterol in the form of esters, while Dog 48 even surpassed that
figure by having 90.1 per cent.
It should be emphasized that the
abnormal
increase in percentage of bound cholesterol prevailed
throughout
the second period (Chart II).
When the ratio of
cholesterol esters to free cholesterol is examined, it is seen that it
also underwent
alteration
in the experimental
animals.
From
average values of 1.44 and 1.52 for the prodromal
periods of Dogs
47 and 48 respectively,
the cholesterol ester coefficient during the
second period (Table I) rose to 4.52 and 2.69. Immutable
as is
usually the relationship
of cholesterol esters with both free and
total cholesterol, it is evident that it is definitely
shifted as the
result of magnesium deprivation,
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Inasmuch as total fat, a calculated value representing
tbe sum
of fatty acids and total cholesterol, remained constant throughout restriction of the animals to a magnesium-deficient
diet, while
total cholesterol showed a marked increase persistently
after the
4th week, fatty acids must reflect a decrease for the same period.
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CHART II. Changes in lipid and inorganic
constituents
of blood in animals while on a magnesium-deficient
diet as contrasted with values for an
animal on a ration containing
adequate
magnesium.
A represents the
cholesterol
esters
expressed in percentage from deterweekly figures for
total cholesterol ’
minations
on plasma; B represents the weekly figures for magnesium
in
the serum.
In both A and B the curves with the solid lines indicate the
weekly values for animals on the magnesium-deficient
diet; that with the
broken line, the weekly values for the normal control animal on the magnesium-deficient
diet with added magnesium
salt. The numeral
at the
termination
of each curve is the identification
number of the animal.

The average fatty acid content in the control dog was 253 mg.
per 100 cc. of plasma (Table II), with variations between 202 and
316.6 mg. In the experimental
animals (Dogs 47 and 48) the
mean figures during the prodromal
period were 268.2 and 281.8
mg. respectively
(Table I), with variations
within the limits of
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those for the control dog (Table II).
During the second period,
however, the mean values for the experimental
dogs dropped to
165.9 and 172.9 mg. (Table I), the variations
being within 108 to
223 mg. (Table II).
Both dogs, therefore, suffered an average
decrease of 38 per cent in the fatty acid content of their blood.
As concerns lipoid phosphorus,
the last of the constituents
in
the fat group which we studied, the average values (Table I) for
the dogs on the magnesium-deficient
diet were the same during
the second period as during the prodromal
stage. Apparently
“lecithin,”
like total fat, is unaffected by magnesium deprivation.
To recapitulate,
after the 4th week on the magnesium-poor
ration, by which time the magnesium concentration
of the blood
has already fallen to an exceedingly low level, the animals show a
disturbance in the lipids.
Specifically, there is a marked increase
in total cholesterol with a commensurate
decrease in fatty acids
so that the total fat remains constant.
Since the increase in total
cholesterol is due preponderantly
to the mounting values for the
cholesterol ester fraction,
the percentage of total cholesterol in
the ester form becomes strikingly high.
As the end of the survival
period approaches, there is a tendency, which is not invariable,
for a fall in the percentage of erythrocytes, the values generally approaching
the lower levels recorded
occasionally for the control dogs, so that they may be called “low
normals”
(Tables II and III).
Terminally
comes a rise in nonprotein nitrogen, amounting to an increase of 100 per cent or more,
although in one case the elevation was followed by a sharp decline
(Table IV).
With the heightened
non-protein
nitrogen an increase in creatine ensued, when terminal values of 6 and 7.3 mg.
per 100 cc. of blood were recorded.
The other blood constituents
remain unchanged.
Further
mention, however, should be made of at least t,hree: carbon dioxide capacity, calcium, and phosphorus.
In the control dog,
the values for carbon dioxide capacity lay within the range 43.2
to 65.5 volumes per cent with an average of 55 (Table III).
The
animals deprived of magnesium presented figures falling within
42.1 to 66.7 volumes per cent, with averages of 53.9 and 54.8.
No change can be said, therefore, to have occurred in the alkali
reserve as a result of magnesium deficiency.
With respect to calcium (Chart III, B) the normal control
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Deprivation

TABLE

on Alkali

Preliminary
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Wks. on diet

4.2
4.08 2.95
3.4
3.51
3.74 3.98
3.85 3.85
3.74 4.08
3.74 4.08
3.85 4.04
4.2
4.31
4.42 4.08
4.42 3.98
4.68 3.51
4.76 3.51
4.76 3.51
4.65 3.63
5.33 3.74

Weight

3.85
3.85
3.85
4.08
4.08
4.2
4.42
4.31
4.31
4.42
4.31
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4.99
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5.1
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33
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32
30
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37
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1
2
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2.2
1.3
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0.89
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0.98
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57.9
46.6
56.0
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56.1
58.3
56.3
43.2
49.1
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52.6
50.5
57.9
55.0

and Plasma

Proteins

46.6
48.0
42.1
52.2
49.6
45.8
51.3
42.8
52.2
48.8
53.1
57.8
57.6
49.6
53.0
61.8

0.34
0.33
0.53
0.45
0.29
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0.33
0.30
0.32
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0.25
0.22
0.25
0.27
0.23
0.25
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0.36
0.30
0.45
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0.48
0.49
0.52
0.59
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0.24
0.42
0.49
0.26
0.30
0.25
0.25
0.20
0.33
0.27
0.20

Diet 10 are contrasted
salt (Diet 11).
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57.6
43.2
50.3
48.6
52.4
51.6
56.7
48.6
49.4
48.5
48.5
48.9
50.3
58.4
55.7
50.3

Weekly values for Dog 379 and Dog 463 on magnesium-deficient
(Dog 509 ) on the magnesium-deficient
diet with added magnesium

Effect
those
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5.4
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4.0
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2.9
3.1
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2.7
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4.2
3.9
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4.2
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4.9
4.2
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1.4
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2.03.7
1.2
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5.1
5.33
5.1
5.33
5.44
5.44
4.88
4.65
4.76
4.76
4.65
4.54
4.65
4.08
3.98
4.2

37
46
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38
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37
42
46
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39
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45
37
43

values of Dogs 50

5.1 3.74
3.74
5.1
3.63
4.9
4.71 3.74
4.9 3.63
5.Ir
3.74
4.9’ 3.63
4.9’ 3.63
4.8 3.63
4.71 3.51
4.9! 3.74
5.4, 3.74
3.51
3.63
3.4
3.4
3.4
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----
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Mean.
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.

16
17
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22
23
24
25
26
27
28
29
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31
32
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0.86
49.9 43.0
25 24
57.6 53.9
0.63
15 34
25 42
49.6 60.0
0.52
29 39
0.50
46.6 51.3
22 27
0.68
51.0 57.9
0.71
59.9 50.1
31 26
25 18
63.1 59.3
1.05
57.3 52.0
0.74
16 32
64.6 56.8
16 26
0.95
22 39
57.3 57.6
0.63
27 23
61.3 65.6
0.68
16 29
57.9 51.7
0.70
18 22
58.4
0.79
21 13
57.6
0.85
53.9
0.67
16 22
21 15
61.0
0.55
21
57.3
17
- .- -__-----25 27
55.0 53.9
0.93
39 42
65.5 66.7
2.5
43.2 43.0
14 13
0.5
- - and 37 see Chart I.
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52.9
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0.54
0.14
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0.26
0.20
0.18
0.23
0.14
0.18
0.15
0.19
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0.27
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0.15

0.20
0.21
0.29
0.27
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0.15
0.17
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0.17
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3.9
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4.2
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4.5
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3.0
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CHART III.
Changes in inorganic
constituents
of blood in animals while
on a magnesium-deficient
diet as contrasted
with values for an animal on
a ration containing
adequate magnesium.
B represents the weekly figures
for calcium; C, for phosphorus;
D, for magnesium,
all determinations
havA represents the Ca:Mg ratio as derived from
ing been made on serum.
the values found.
In each case the curves with the solid lines indicate
the weekly values for animals on the magnesium-deficient
diet; that with
the broken line, the weekly values for the normal control animal on the
magnesium-deficient
diet with added magnesium
salt.
The numeral
at
the termination
of each curve is the identification
number of the animal.
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for a period of 22 weeks showed an average of 11 mg. per 100 cc.
of serum, with values within the limits 9 and 12.4 mg. One experimental
dog that survived
15 weeks on the magnesium-deficient diet exhibited an average of 10.5 mg., with figures fluctuating
slightly from week to week, reaching 13.8 mg. as the high point
but never falling below 9.1 mg. Over a period of 20 weeks on the
magnesium-low
diet, the other experimental
animal possessed an
average of 9.3 mg. of calcium with amounts ranging from 7.4 to
12.9 mg. The minimum
figure for calcium in this latter dog
occurred during a 3 week period when values of 7.7, 7.4, and 7.8
mg. were found.
Nothing in the animal’s appearance or behavior
suggested any disturbance
at this time.
Thereafter,
the calcium
concentration
regained such levels as 9 and 10 mg. With this
exception the calcium values were always in excess of 8 mg.; indeed, they were of such magnitude that averages of 9.3 and 10.5
mg. were obtained.
We believe, in consequence, that magnesium
deficiency is associated with no significant alteration
in the level
of serum calcium.
Inasmuch as the calcium concentration
remains normal while
the magnesium values undergo an early and progressive decrease
in the experimental
animals, the Ca: Mg ratio must necessarily
show alteration
(Chart III, A).
Serving as a basis of estimating
the extent of change, the Ca : Mg ratio in control Dog 52 may be
seen to vary narrowly
around 4.8. In the animals deprived of
magnesium, however, the development
of a low magnesium concentration
in the blood so augmented
the Ca: Mg ratio that the
values lay between 10 and 16. This shift, it should be emphasized, was due entirely to the decrease in magnesium.
Furthermore,
the behavior of inorganic phosphorus is not without interest (Chart III, C). Variations
from 4.5 to 8.3 mg. per
100 cc. of serum with an average of 6.8 mg. obtained in the control animal.
In one experimental
dog the limits were 4.2 and
8.2 mg. with an average of 6.2 mg.; in the other the limits were
3.6 and 6.6 mg. with an average of 5.1 mg. The minimum figure,
3.6 mg., in the latter dog was the only value for inorganic phosphorus under 4 mg. ; it occurred in the middle of the survival
period and the succeeding determination
showed an immediate
increase to 5.1 mg. Magnesium
deficiency, therefore, is without
apparent effect on the inorganic phosphorus content of the blood.
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Finally, the application
of the Ca: P ratio upon several occasions to the study of tetany is sufficient recommendation
t’hat it
receive consideration
in the present investigation.
For the control animal the ratio was usually 1.6, and never below 1.35. Over
a survival
period of 20 weeks the average figure for one experimental animal was 1.5. However,
determinations
on this dog
for the llth,
12th, and 13th weeks showed low ratios of 1.01,
0.95, and 0.98 respectively;
immediately
thereafter
the figure
rose to 1.78, was never less than 1.5 during the succeeding 6
weeks, and on one occasion was very slightly in excess of 2.0.
The other magnesium-deficient
animal displayed a remarkable
set of values, its average of 2.06 exceeding that of the control
animal.
Over a stretch of 15 weeks, representing
the duration
of the survival
period, the Ca:P ratio in this dog was never less
than 1.53 and once reached 3.83. Assuredly the evidence does
not indicate that the Ca:P ratio is influenced by deprivation
of
magnesium.
In substance, of such inorganic
constituents
of the blood as
sodium, potassium,
calcium, magnesium,
and phosphorus,
restriction of t,he animal body to a magnesium-deficient
ration leads
to altered concentration
in only one, magnesium, which undergoes an early and progressive
decrease.
Associated with the
lowered magnesium content of the blood is a normal calcium concentration;
accordingly,
the Ca: Mg ratio is heightened.
DISCUSSION

In their natural sequence the chemical changes in the blood
resulting from ingest,ion of a magnesium-poor
diet are decrease
in content of magnesium,
alteration
in the levels of cholesterol
and fatty acids, and a terminal elevation of non-protein
nitrogen.
Reserving
the topic of most immediate interest, the behavior of
the inorganic
constituents,
until the last, we shall discuss the
significance of these changes in the reverse order of their occurrence.
The terminal rise in non-protein
nitrogen is a change familiar
in the premortal
state of certain morbid conditions.
Indeed, it
has been repeatedly
noted that a slight increase in non-prot.ein
nitrogen
accompanies
fasting.
Whether
this increase is the
result of intensified
nitrogen catabolism or faulty excretion is a

624

Mg Deficiency

in Animals.

III

question at issue, although the evidence favors the former interpretation.
Among others, Voit (32) demonstrated
that impaired
fat metabolism
in fasting led eventually
to increased protein
metabolism,
reflected in the so called premortal
rise. So far as
is indicated by food intake, the magnesium-deficient
animals did
not take to fasting, which after all is only one of several circumstances provocative
of inanition.
That other factors were operating in our animals towards the production
of inanition,
when
the term means lack of nourishment,
is not unlikely.
As a
matter of fact, disturbance
in fat metabolism,
a condition that
probably
prevails in magnesium deficiency if blood lipid values
are an indication,
may easily be regarded as a cause of partial
inanition,
either extrinsically
by failure of fat transport
or intrinsically
by faulty
assimilation
so that the burden of maintaining life is thrown upon protein metabolism.
Viewed from
this angle, the increased non-protein
nitrogen represents the end
stage of impaired
nutrition,
the final sign of a constitutional
breakdown.
Since mounting
values for certain nitrogenous
constituents
of
the blood are explained on the basis of failing fat metabolism,
it
becomes desirable, at once, to demonstrate
that such impairment
or collapse of the lipid cycle actually exists.
Of necessity, our
evidence must be drawn from the behavior of the various lipids
in the blood.
As will be recalled, the typical picture of blood
lipids during magnesium
deprivation
shows normal fat, high
total cholesterol,
high cholesterol
esters, and low fatty acids,
all in the plasma, and normal lecithin in whole blood.
In the
aggregate this picture is unique; it has no counterpart,
so far as
we can ascertain, in any pathological
condition hitherto presented.
Despite the numerous speculations
stimulated
by it, we shall,
however, confine our discussion to two considerations
most pertinent to it: (a) whether
the hypercholesterolemia
is actually
attributable
to magnesium deficiency or is an apparent phenomenon produced by extraneous factors; (b) whether other conditions in which cholesterol esters are disproportionately
increased,
even with no other points of similarity
to the blood in the magnesium syndrome, point to the nature of the disturbance.
Among the factors that might give rise to a specious hypercholesterolemia
or becloud the cause of a real hypercholester-
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olemia are anhydremia,
sex of the animal, bile, and anemia.
It
may be stated at once that these contingencies have not operated
to lend confusion in the magnesium
deficiency.
First, anhydremia is not the source of the high cholesterol values, for hematocrit readings show that during at least a part of the period of
lipid disturbance the blood is more dilute than under normal conditions.
Secondly, we encountered
no difficulties
in cholesterol
determination
due to sex. Although we are cognizant of Shope’s
(33) experience with female animals showing such irregular fluctuation in values that later he was compelled to turn to males,
we cannot testify on this score. We can assert, however, that
the cholesterol figures from our animals showed no appreciable
fluctuation,
possibly because we used only males. Thirdly,
with
full recognition of Luden’s (34) disclosure that derivatives
of bile
acids by responding
calorimetrically
yield an apparent increase
in cholesterol, our determinations
seem exempt from this compliSince the differentiation
depends upon the time of
cation.
appearance and persistence of the color, it should be mentioned
that our color reactions appeared promptly and faded at the time
specific for cholesterol.
Indeed, as respects the time factor, the
samples from the experimental
animals were not different
from
the control.
Consistently
negative van den Bergh tests throughout the life of animals on the magnesium-deficient
diet would be
presumptive
evidence, furthermore,
that biliary disturbance
was
not at fault.
Finally, we would dispel the notion that loss of
blood incident to the chemical studies might be responsible for
the hypercholesterolemia,
despite Horiuchi’s
(35) demonstration
that repeated bleeding in rabbits produced a lipemia in which
cholesterol participated.
By extensive bleeding of dogs, it may
be added, Bloor (36) was unable to change in any measure the
blood lipid values, an outcome not unfavorable
to our stand.
Even more convincing
is the fact that more blood was always
drawn from our control animals than from the experimental
group, yet the former never showed the lipid changes characteristic of the latter.
As a blanket argument that none of the
three factors-anhydremia,
bile, and anemia-was
at work in
our studies, it should be remembered that they would not produce
the unique lipid picture, in all its details, seen in magnesium
deficiency.
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The recognition
that the high concentration
of total cholesterol
in the blood is authentic focuses att,ention upon that part which
is responsible for the increase, the combined cholesterol.
Despite
the fact that cholesterol esters represent an almost constant fraction of total cholesterol, there are a few conditions in which that
fraction is magnified;
namely, alimentary
absorption,
nephrosis,
fasting, and vitamin
B avitaminosis.
In none of them is the
lipid picture, taken in its entirety,
the same as in magesium
deficiency;
yet, these conditions have present significance in so
far as they throw light upon the circumstances under which the
cholesterol ester level is raised.
The ingestion of foods consisting largely of fat is said t,o produce
a high tide of cholesterol esters in the blood (37, 38). It is not
likely, however, that t,he widened ratio of cholesterol est,ers in the
plasma of our animals resulted from absorption,
since blood
samples were drawn in the postabsorptive
state (16 hours after
the last meal).
Alimentary
lipidemia,
furthermore,
always
shows elevation
of total fat and fatty acids (39) which is not
present in our resu1t.s.
In condiCons of faulty excretion, just as during intensified fat
absorption,
the level of total and bound cholesterol in the blood
rises so that it is one of the characteristic
features of nephrosis
(40, 41). But there the chemical parallelism
with magnesium
deficiency
ends. Nephrosis is accompanied
not only witb an
increase in cholesterol esters, but also wit’h high values for fatty
acids and lecithin (42) and lowered serum proteins (41). From
chemical changes in the blood it is not indicated that a nepbrot’ic
type of kidney disturbance
underlies the hypercholest.erolemia
of
magnesium deficiency.
Thus far, it appears highly improbable
that the lipid changes
in blood during magnesium
deprivation
are due to flooding the
body with fat’, or to disturbance
in the excretory system.
It is
more likely that the changes point to defects in fat metabolism;
indeed, there is precedence for this view.
As has already been
indicated,
fasting is associated with failure in fat metabolism;
while certain deficiency diseases, e.g. those arising from lack of
vitamin B (43) or a specific unsaturated
fatty acid (44), likewise
give signs of difficult,ies in fat metabolism.
Actually such a deficiency disease, into which category would fall the magnesium
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syndrome, is akin to fasting in that both lead ultimately
to inanition, but it is by no means certain that they reach it by the same
path.
It is appropriate,
therefore,
to consider the blood lipid
changes that occur when the animal is compelled to draw upon
its own tissues for sustenance during fasting, so that it may be
determined
whether impaired fat metabolism
involves the same
mechanism in the magnesium syndrome as in fasting.
Among the published
results of blood lipid changes during
fasting in species other than the dog, unfortunately
there is not
a semblance of concordance (43, 45-50).
It is difficult to reconcile the conflicting reports so as to reach a satisfactory conclusion,
but some of the apparent reasons for the contradictions
may be
mentioned.
It is a common belief that the prior nutritive
condition of the animal may affect markedly
the blood fat picture
during fasting; there is experimental
work to support this view
(51). In some of the studies, furthermore,
the animals were
completely
fasted, a circumstance
conducive
to complete total
inanition;
in other instances the animals were underfed an adequate diet, i.e. they received an insufficient
quantity
of a well
formulated
diet, a procedure bringing
on incomplete
total inanition.
Next, in almost all of the experiments
the blood lipid
values were derived from a single determination
taken at an
arbitrary
time.
This practice implies that the blood fat picture
in inanition remains constant and that a single analysis conducted
at random furnishes an accurate survey of the changes occurring
during the entire period of fasting.
If the lipid values swing from
a high to a low plane or vice versa during the period of fasting,
inevitably
on the basis of a single analysis some investigators
would obtain high while others would find low values, depending
upon the time the blood was examined.
Lastly, the duration of
the fast may exert some influence on lipid figures.
Under such
circumstances
even frequent determinations
during a short fast
might not accurately
portray the sequence of events, while a
single analysis during a short period of fasting would yield such
limited information
as not in any sense to be representative
of
the changes in inanition.
Although the number of investigations
on the lipid changes in
dogs during fasting are few, in every case fortunately
the course
of inanition
was followed
by repeated determinations
at close
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Even under these condiintervals on the same animal (51-54).
tions, the data leave much to be desired from the standpoint
of
agreement.
In one instance cholesterol esters showed a temporary increase followed by subnormal values; in another the reverse
conditions prevailed.
In all, two features further distinguished
fasting from magnesium
deficiency:
(a) the lecithin curve followed that of cholesterol esters, and (b) total fat showed alteration.
We may say, therefore, that the blood fat disturbance
in
magnesium
deficiency in no way resembles any of the blood
lipid pictures presented as typical of inanition.
Also, changes
in other blood constituents during inanition are not those pathognomonic of magnesium deprivation.
Because the blood lipid picture in magnesium deprivation
differs
from that in fasting, and because the other blood constituents
show the same lack of correspondence
in the two conditions,
at
first glance it would seem that the paths of nutritive
failure in
partial inanition
and total inanition
have no common ground.
However,
it must be remembered
that magnesium
deficiency
manifests both local and constitutional
symptoms, the former
being hyperirritability
and convulsions, the latter nutritive
failure.
In all probability
failing nutrition,
as manifested
by beginning
loss of weight, is linked with disturbance
in fat metabolism, both
being indicative
of constitutional
effects.
Since convulsions
are
always the cause of death in the animals fed the diet low in magnesium, it is conceivable that this factor brings a fatal outcome
before failing nutrition
in the animal progresses to its final stage.
What the trend of blood lipids would have been, if fatal convulsions had not always supervened,
cannot be said, but the terminally augmented nitrogen metabolism, indicative
as it may be
of the end stage in nutritive
failure, does not promise further alteration of the lipids in the blood.
Presumptively,
it may be said,
therefore, that total inanition and partial inanition have nutritive
failure from deranged fat metabolism
as a common feature, but
that the pathogenic mechanism is different in the two conditions.
The final pronouncement
can come only after extensive investigation of other deficiency diseases.
That blood lipid changes in fasting are not analogous to those
in magnesium deprivation
is, after all, not surprising.
Fasting
brings on total inanition
(55) ; whereas magnesium
deficiency
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leads to partial inanition.
In complete total inanition, produced
by fasting, the animal receives no food; hence, the body, even
with the advantage
of a diminished metabolism,
is placed under
the necessity of drawing upon its stores and tissues for all food
substances.
In partial inanition,
accompanying
deficiency diseases, the animal receives a sufficient quantity of food which is,
however,
lacking in one or more such essential components
as
amino acids, vitamins,
or mineral
elements; accordingly,
the
body, while metabolizing
the ingested food, must call on its own
tissues for only the missing factor.
It would not be expected
a priori that a similar mechanism prevails in both instances.
If
we wish to compare the blood fat picture in magnesium deficiency
with that in a similar syndrome, we should select another condition characterized
by partial inanition,
i.e. a deficiency disease.
Unfortunately
the choice is limited.
Of the deficiency diseases,
complete analyses on the blood lipids have been performed extensively, if not exclusively, in vitamin B avitaminosis.
Like the data on fasting, the reports on the behavior of blood
lipid constituents
during vitamin
B deficiency
show marked
divergence
(43, 47, 49, 52, 56, 57). In the main, however, the
curves for the various components coincide with those regarded
as typical of fasting.
It can be said, accordingly,
that the blood
lipid changes purported
to be the outcome of vitamin
B avitaminosis bear no resemblance to those in ma.gnesium deficiency.
Any further conclusion is inadmissible.
Because the blood lipid
curves in the two conditions are dissimilar, we cannot infer, for
example, that each type of partial inanition is characterized by a
specific and distinct blood picture.
Indeed, for two reasons we
cannot accept that the animals, supposedly deprived of vitamin
B, suffered from a simple, unalloyed
type of partial inanition.
We cannot hope, in consequence, t,o compare the resultant blood
changes with those in the magnesium syndrome.
In the first
place, practically
none of the rations used by the several investigators was deficient exclusively
in vitamin
B; almost all were
inadequate
in several respects.
This technicality
opens the
question whether, so far as blood lipids are concerned, partial
inanition induced by a single deficiency differs qualitatively
from
that induced by multiple deficiencies.
But this point is of minor
consideration
in comparison
with another.
Even if lack of
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vitamin B were the first or sole limiting factor in the rations, the
consequent blood changes would not accurately represent a condition of partial inanition.
The characteristic
early symptom of
vitamin
B deficiency is anorexia; thus, partial inanition
in this
instance is soon complicated
by total inanition,
either complete
or incomplete.
All the diets were deficient, among other things,
in vitamin
B; therefore, the animals restricted to them were, in
all probabilit,y,
either underfeeding
or fasting as the experiments
progressed.
These animals would show total inanition,
not
partial inanition.
As a matt’er of fact the striking similarity
shown in the blood lipid curves between the animals suffering from
total inanition
and those with vitamin
B avitaminosis
supportSs
this contention.
It is small wonder that Iwatsuru
(47) could
detect no difference between vitamin
B avitaminosis
and total
inanition.
The disagreement
which we found between blood
lipid values in magnesium deficiency and in fasting showed the
utter fallacy of such a conception.
It is only necessary to comment further
that vitamin
B avitaminosis
cannot be set up as
typical of partial inanition for purposes of comparison with t,otal
inanition;
and that, by the same token, vitamin
B avitaminosis
cannot be represented as an example of partial inanition for purposes of comparison with such a real instance of pa.rtial inanition
as magnesium
deficiency.
Only further
study of the various
deficiency diseases can show whether nutritive
failure in all forms
of partial inanition
is due to interference
with fat meta.bolism,
and whether each type of partial inanition has a blood lipid pattern different
from every other type.
In this connection
it is
interesting
to mention that a hypercholesterolemia
has been observed to characterize
vitamin
A avitaminosis
(58). Unfortunately the nature of associated changes in other lipids was not
determined.
To say that impairment
of lipid metabolism underlies the constitutional
changes in the magnesium syndrome scarcely carries
the explanation
to its ultimate.
Yet little advantage
accrues
from further
speculation.
So much has already been written
concerning the source, function, and fate of cholesterol, while so
little is known about them, that rehearsal of various theories
does not promise to elicit the details of their part in nutrit,ive
failure.
We cannot, however,
pass over the significant
point,,
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revealed by Bloor (59), that cholesterol in the ester form is combined largely with the more highly unsaturated
fatty acids, a
finding apparently
not unrelated to Leathes’ views on desaturation in the liver.
This fact alone would seem to stamp cholesterol as an active, not a passive, participant
in fat metabolism.
Whether the increased concentration
of cholesterol esters in the
blood during magnesium
deficiency is indicative
t,hat the lipid
equilibrium
of the tissues is upset by withdrawal
of magnesium,
that excessive transportation
of fatty acids between the liver and
tissues prevails, or that the activity
of cholesterol esterase (60)
suffers interference,
are natural questions to which the data herein
presented
can scarcely furnish
the answer.
The magnesium
syndrome lends itself, in a manner characterized
by convenience
and certainty, to the pursuit of these problems pertaining
to fat
metabolism,
because it represents a condition
unique in lipid
behavior and reproducible
at will.
In dwelling at some length on the chemical changes in the blood
indicative
of constitutional
failure, we would not neglect the
chemical data which have a bearing upon the sympt,omsreferable
to the nervous system.
These symptoms, the so called local
manifestations,
comprise hyperexcitability,
vasodilatation,
and
convulsions,
a syndrome falling in the category of tetany.
It is
to be remembered
that tetany is not a disease but a symptom
complex, producible by various means, with each means yielding
a form characterized
by one or more dist,inguishing
features.
Unless the processes involved
are known, it may not be easy to
classify, on the basis of symptomatology
alone, some new instance
of experimental
tetany.
Through
all types of tetany hitherto
known runs a common vein : they show a similarity in their symptoms, at least so far as the nervous system is concerned, and they
are supposed to involve
blood calcium changes in one way or
another.
On the basis of symptomatology,
with vasodilatation
as the principal point of distinction,
magnesium tetany is readily
differentiated
from all the previously
known types.
To all intents and purposes, external manifestations
alone suffice to establish magnesium
tetany as a separate syndrome; nevertheless,
it
cannot be denied that appropriate
data on certain blood constituents would lend further weight in that, they should reveal differential features as well as the pathogenesis
of the disorder by
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comparison with figures already recorded for the various forms of
“calcium”
tetany.
When the data on the inorganic constituents
of the blood are
consulted for the various forms of tetany, e.g. infantile
(61-63),
“healing rickets” (64-70), parathyroid
(71~82), hyperpneic
(83SS), gastric (87-90), bicarbonate
(61, 91-93), phosphate (90, 9496), it is seen that each presents a distinctive
picture.
The
chemical changes in the blood which typify these various forms
of tetany in the fully developed stage should be differentiated
sharply from the combination
of chemical factors which induce
the disorder; actually,
in the past, such a separation
has not
always been made.
Not infrequently
it has been assumed that
conditions existing in the blood at the onset, or even at the height,
of the disease were involved
in the causation.
But chemical
changes in the blood during any disorder may be pathognomonic
without being pathogenic.
To regard alkalosis, for example, as
a diagnostic sign of a particular
form of tetany, because it is
present during the disorder, is one thing; to regard alkalosis as a
responsible agent in the pathogenesis of that particular
form, on
the basis of the same data, is quite another matter.
Rightly or
wrongly the practice has prevailed
of reading etiologic significance into the blood picture and so inseparably associating them
that perforce we must take pathogenesis into consideration
while
examining the chemical characteristics
of the well known types
of tetany.
The various forms of tetany fall into two classes, those in
which total calcium of the serum undergoes diminution,
and
those in which it remains unchanged.
Concerning
the pathogenesis of the former group, physiologica. and clinical experiments
indicated that the responsibility
lay with the lowering of blood
calcium (61, 71, 97). The explanation
of tetany unattended
by
hypocalcemia
was not so easy. From in vitro experiments
Rona
and Takahashi
(98) set forth the view that calcium existed in the
blood in three forms; hence, in contrast to certain other electrolytes, only a part of it was present in ionic form.
The amount
of ionic calcium was governed, they said, by the hydrogen ion
concentration
and bicarbonate
content of the serum, a relation
which they expressed mathematically
as Ca++ = k(H+/HC03-).
This formula had two implications;
consequently,
it stimulated
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along two lines. First, it implied that a decrease
in calcium ions was at the bottom of all tetany.
Secondly, it
suggested that the acid-base equilibrium
exerted a role in tetany,
according to which a shift of the blood reaction in the alkaline
direction or an increase in alkali reserve caused a fall in calcium
ion concentration.
Although
advocates of the alkalosis theory
have extended its application
to almost every type of tetany
(99), it should be borne in mind that the hypothesis was evoked
primarily
to explain those cases in which total calcium was
unlowered, but in which the calcium ion concentration
had theoretically been decreased by an alkaline reaction.
In some of its
aspects the alkalosis theory has encountered strenuous opposition.
It is essential, according to Shohl et al. (70), to dissociate the
chemical changes occurring in the blood during tetany from the
chemical changes inducing
the syndrome.
Furthermore,
it is
possible to have tetany without alkalosis.
In tetany of infancy,
parathyreopriva,
or healing experimental
rickets there is no
alkalosis; hence, all forms of tetany do not have an associated
alkalosis.
What is more important,
it is possible to have alkalosis without tetany.
Holt et al. (100) presented evidence that
it is possible to have a condition
of alkalosis, indicated by high
carbon dioxide capacity and pH, without appearance of tetany.
Perhaps a conservative
attitude
would be this: alkalosis may
and under
certain
circumstances,
augment
existing
tetany,
though seldom, it may initiate tetany.
But the sweeping generalization
that alkalosis underlies most forms of tetany seems
beside the facts.
The Rona-Takahashi
equation, which served to modify Loeb’s
formula (97), was later amplified to include the depressing effect
According to theory,
of the phosphate ion on calcium ionization.
an increase in alkali reserve, in alkaline reaction of ,the blood, or
in phosphate ions was said to decrease calcium ion concentration
so that tetany resulted.
As Gyijrgy (99, 101) put it, Ca++ =
f(H+/HCOs-.HP04=).
He emphasizes that the administration
of phosphates of any reaction produces a lowering of the total
calcium in the serum, i.e. a hypocalcemia,
but that the symptoms of tetany appear only after administration
of alkaline phosphates.
Thus it would appear that hypocalcemia
may be present
This led him (99) to say, “Nicht
without tetany and vice versa.
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sondern
die Erniedrigung
der Ca-Ionen
die HypocalcB;mie,
beherrscht
die Pathogenese der tetanischen
Reaktion.”
Before
commitment
to acceptance that decreased calcium ionization by
bicarbonate,
basic phosphate, or alkalinity
is the mechanism in
operation in all types of tetany, particularly
gastric, bicarbonate,
and phosphate, it is not amiss to raise the question as to how
much is due to the direct action on the nerves of such an anion
as HCO,- (102, 103), and especially to the cations Na+ and K+
in association with it. Without passing on the merits of any side
in the controversial
points, and without sponsoring or disregarding the view that all forms of tetany hitherto recognized, in the
last analysis, reduce to one common feature-a
low concentration of calcium ions in the blood-our
purpose has been to present the various angles, in theory and fact, concerning them, so
that the nature and pathogenesis
of the magnesium
syndrome
may be likened as well as differentiated.
At once it may be stated that the blood picture in magnesium
tetany has no points in common with that of any other form of
tetany.
Of the seven types of the latter, which we have enumerated, each shows a change in one or more of the following constituents:
calcium, phosphorus,
pH, alkali reserve, sodium, and
chloride.
None, except phosphate tetany, shows any tendency
to lowered magnesium values; and this one exception, in which
magnesium is only moderately
diminished,
has such characteristic changes as lowered calcium and elevated phosphorus
that
it presents no confusion with the blood in magnesium deficiency.
In contrast to all these forms of tetany, the magnesium syndrome
is accompanied
with no change in calcium, phosphorus,
alkali
reserve, sodium, and chloride.
Of the inorganic constituents
in
the blood, only magnesium
undergoes
change in magnesium
t,et,any. If values for pH were available,
it would be advantageous; but the constituents enumerated
are sufficient to demonstrate that the blood picture in magnesium
tetany, taken as
a whole, is that seen in no other form of tetany.
Since there
are no point.s of similarity
in blood changes between magnesium
tet,any and other types of tetany, we believe that this second
line of evidence, in conjunction
with symptomatology,
establishes
the magnesium syndrome as a separate and distinct entity.
The pathogenesis of this disorder is no less distinct than its
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nature.
In so far as is shown by the blood picture, which covers
all stages before and during magnesium tetany, the ions Na+,
K+, and Ca++ in the Loeb equation may be excluded as causative
factors, while the ions HCOa- and HPOIassuredly are not
operating towards depression of calcium ionization.
Indeed, the
several mechanisms held responsible for production
of the other
types of tetany are obviously
here not at work.
In discussing
calcium tetany, Shohl et al. (70) expressed the view that there are
as yet unknown
factors controlling
calcium ionization.
The
thought may arise that some such unknown
factor may be in
action in magnesium tetany, but it is not necessary to search so
far afield on the assumption that every form of tetany brought to
light must be explained ultimately
on a calcium ion mechanism.
As a matter of fact, there are three impelling and cogent reasons
for believing
that lowered magnesium in the blood is the sole
responsible agent in magnesium tetany.
First, it has long been
established
that administration
of magnesium
to the living
organism induces lessened sensitivity
of the nervous system even
to the point of general anesthesia; conversely, it is to be expected
that magnesium deficiency would induce increased sensitivity
of
the nervous
system even to the point of tetany.
Secondly,
Loeb’s quotient,
derived from in vilro experiments
on nerves,
made provision,
among other forms, for a magnesium tetany.
Hitherto
this provision
has been an expectation.
Now the
demonstration
in viva of a magnesium tetany marks the fruition
of Loeb’s forecast.
Thirdly,
of all the inorganic constituents
in
the blood, magnesium
is the only one undergoing
alteration
in
the magnesium
syndrome.
It is, therefore,
more plausible to
explain the pathogenesis of the disorder by this known fact than
by some unknown factor.
In short, the symptomatology,
which
must be regarded,
as we would emphasize, in its entiretyhyperexcitability,
vasodilatation,
and generalized convulsionsand the chemical changes in the blood establish
magnesium
tetany as a separate and specific syndrome; the blood changes,
together with theoretical
considerations,
indicate that lowered
magnesium is the responsible factor in the pathogenesis of the
disorder.
At the time the syndrome of magnesium deficiency was first
studied, the likelihood
that it had occurred or would occur nat-
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urally among humans or animals by the agency of subsistence
on restricted
diets seemed rather remote.
The relative
abundance of magnesium in the usual diet or ration is well known, yet
conceivably
circumstances might arise leading to a deficiency of
magnesium.
In this connection it is interesting
that Sjollema
and coworkers have studied in a comprehensive
manner a bovine
disease which they term grass tetany (104).
Its occurrence in
the Netherlands
has been known for some time (105, 106). It
appears principally
in the spring during the first 2 weeks that
fresh cows are sent to pasture.
55 per cent of 357 cases occurred
more than 6 weeks after calving; hence, the condition, Sjollema
says, is independent
of parturition
(106).
46 per cent were
attacked during the 1st week at pasture, 28 per cent during the
2nd week, and 26 per cent in more than 2 weeks.
Among the early symptoms, which vary largely, are nervousness, restlessness, anorexia, muscle twitching,
and unsteady gait
(104).
Soon after the first symptoms the animal drops, violent
tonic-clonic
convulsions
set in with involvement
of the limbs,
and the animal alternately
falls and attempts
to right itself.
Gnashing of the teeth, rolling of the eyes, frothing at the mouth,
abundant
salivation,
trismus, opisthotonus,
and tetanic contraction of the tail may take place.
In their violence the animals
may run blindly into walls (106).
The excitement is followed by
a comatose state (104).
Even with the most careful therapy, it
is impossible to prevent a fatal issue in a great many of the cases,
as the animals very often die within 3 hour of the appearance
of the symptoms.
The rapid onset of the condition, the nature
of the symptoms, the stormy course, and the frequency of a fatal
outcome suggest strongly
that magnesium
tetany may be a
characteristic
part of this so called “grass-staggers.”
Fortunately,
Sjollema
has investigated
the chemical changes
in the blood in this condition
(106).
There is a decrease in the
amount of calcium in the blood serum, the average value being
6.65 mg. per 100 cc. of serum, with figures as low as 4.5 mg. sometimes being obtained;
the calcium level in his normal control
cows ranged from 8.8 to 10 mg. with an average of 9.35 mg. The
averages for inorganic phosphorus, sodium, and potassium showed
no change in grass tetany; the Ca : P ratio was usually 1.5. Perhaps the most striking feature of the blood serum is the mag-
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nesium content.
The average level in the affected animals was
0.455 mg. per 100 cc. of serum; the values practically
never
reached 1 mg. and were often as low as 0.2 mg. These values
for magnesium in grass tetany may be contrasted with the range
in normal animals, between 1.3 and 2 mg. with an average of
1.66 mg. The Ca:Mg ratio in the blood serum in grass tetany
reached 14.6, as contrasted with the normal average of 5.6. The
pH and bicarbonate
content of the serum were unchanged
(104).
These blood findings in grass tetany are valuable
for comparison with the changes which we have found characteristic
of magnesium tetany.
In the two conditions there is a surprising
correspondence in the level of the inorganic constituents of the blood
except in one respect.
Just as in magnesium tetany, so in grass
tetany there is a lowered magnesium content of the blood, which
is reflected in such values as 0.5 mg. per 100 cc. of serum; the
Ca: Mg ratio rises to a level of 14; inorganic phosphates, sodium,
potassium, and alkali reserve remain unchanged.
Between the
disorders there is, however, one difference in the blood picture;
in magnesium tetany the calcium content of the blood is unchanged, whereas in grass tetany low caIcium values prevail.
In attempting
to evaluate just how far calcium and magnesium
respectively,
as well as other less apparent factors, may enter
into the pathogenesis
of grass tetany, it is not amiss to focus
more closely upon the composition of the blood in this condition.
Although
the tendency in grass tetany runs to normal
phosphorus with low calcium and magnesium
values, Sjollema and
Seekles (104) make the significant statement : “In einigen Fallen
der Grastetanie
wurden fast normale Ca- und P-Werte gefunden;
die Mg-Werte sind aber such dann in diesen Fallen noch anormal.”
This constancy of low magnesium
in the blood emphasizes its
relation to the disease. But Sjollema comments: “Wir glauben
nicht, dass man daraus den Schluss ziehen darf, dass der niedrige Mg-Gehalt
bei dieser Krankheit
Tetanie veranlasst . . . ”
In the light of our experience with low magnesium in the blood
leading to tetany, it is our belief that the constant changes in
magnesium
alone would be sufficient to give rise to the sympIn most cases of grass tetany
tomatology
seen in grass tetany.
there is also a hypocalcemia.
It is not improbable
that the
symptoms in this disorder are the result of disturbance
in the
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inorganic composition of the blood, in at least two respects, magnesium and calcium, with possibly other contributing
factors as
yet unknown.
Although
the low magnesium in the blood may
not be the sole agent responsible for the syndrome, the considerations just brought forth would indicate that it is the most prominent and constant feature of the disease.
In what way the low values for magnesium and calcium in the
blood come about is not readily apparent from the notes at hand.
Sjollema
has outlined
faithfully
certain
circumstances
surrounding the occurrence of grass tetany.
The syndrome occurs
most frequently
after lactation has been established for a short
time, and usually after the cows have gone from stall food to
pasture.
Grass may be excluded as a factor since the condition
may occur before the animal reaches the pasture and has been
known to occur during the winter on stall feed. The ration
employed in stall feeding is admittedly
unsatisfactory
in several
respects, and after restriction
to it throughout
the winter the
animals are probably
in an inferior
condition,
as reflected in
lowered calcium and magnesium values of the blood.
Although
both stall food and pasture are low in calcium, they are said to
contain adequate
magnesium
(107); so Sjollema rules out a
dietary deficiency as an immediate
cause. In the face of these
facts he discusses many possible factors that may have a hand in
the mechanism of production
of the disease: to mention only a
few, faulty Ca:P ratio in the ration, the sudden change in the
ration, certain unusual characteristics
of the grass, e.g. its high
content in protein, nitrate, and potassium, with relatively
low
level of Na and a narrow nutritive
ratio.
Sjollema appears to have placed most emphasis on the view,
provisionally
to be sure, that the symptoms and low blood values
recorded for calcium and magnesium are both secondary to an
intoxication
arising, perhaps, from the food.
We would simply
call attention to two salient facts: (1) the syndrome occurs after
the animal has been subjected to gestation and particularly
the
establishment
of lactation (physiological
processes so rigorous in
their nutritive
requirements
that they often reveal for the first
time the shortcomings
of an apparently
satisfactory
ration, and
mark such a critical point for the mother in the case of inferior
rations that they precipitate
symptoms
characteristic
of the
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specific deficiency) ; (2) the advent of the disease with spring,
after a winter of artificial feeding is a circumstance so frequently
met in deficiency diseases. That the lowered magnesium in the
blood is a prominent
factor in the symptoms of grass tetany is
highly probable,
a view with which Sjollema (108) is now in
accord; but the pathogenesis
of the disease must remain
sub
judice for the time being.
SUMMARY

Restriction
of animals to a ration containing only 1.8 parts per
million of magnesium
but adequate amounts of other constituents leads to a syndrome which we have previously
designated
as magnesium
tetany.
To the symptomatology
following
such
magnesium deprivation
may now be added data on the chemical
changes in the blood derived from weekly analyses throughout
the period of the deficiency, on almost the entire list of blood
First, there is an early and progressive
decrease
constituents.
in the magnesium content of the serum.
Shortly thereafter there
is a marked increase in total cholesterol with a commensurate
decrease in fatty acids so that the total fat remains constant.
Since the increase in total cholesterol is due preponderantly
to
the mounting
values for the cholesterol ester fraction,
the percentage of total cholesterol in the ester form becomes strikingly
high.
These changes prevail until death.
Terminally
the nonprotein
nitrogen
rises. No other blood constituents
undergo
alteration.
The view is expressed that these blood changes may be correlated with the symptoms of magnesium deficiency: the lowered
magnesium concentration
in the serum is considered in conjunction with tetany, while the lipid changes are taken as indicative
of nutritive
failure.
On the basis of symptomatology,
magnesium tetany has already been differentiated
from all other
known types of tetany.
A review of the typical chemical changes
in the blood of these latter types reveals no points of similarity
between them and magnesium tetany; hence, this second line of
evidence establishes the magnesium syndrome as a separate and
distinct entity.
Furthermore,
the fact that none of the factors
provocative
of the other types is operating in magnesium tetany
indicates that lowered serum magnesium is most likely the responsible factor in the pathogenesis of the disorder.
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It is suggested, also, that the lipid disturbance in the blood is
evidence of failing fat metabolism, discernible outwardly as
nutritive failure with loss of weight. Hitherto it has been the
opinion that the mechanism of failure in deficiency diseases,
which typify partial inanition, was identical with that in fasting,
which represents total inanition.
This belief, based upon data
from vitamin B avitaminosis, is shown to be fallacious. Magnesium deficiency is shown to be accompanied by changes in
blood lipids entirely dissimilar from those of fasting; therefore,
partial inanition and total inanition, in this instance at least,
differ in their pathogenesis. Whether the lipid changes in magnesium deficiency hold true in all other cases of partial inanition
cannot be decided from the data available.
The terminal rise of non-protein nitrogen is explained on the
basis of augmented protein metabolism following failure of the
fat cycle.
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