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Effect of Magnesium Deficiency on Gastrointestinal Transfer of 
Calcium." (31236) 

DAVID M. KESSNER~ AND FRANKLIN H. EPSTEIN~ 
Department of Znternal Medicine, Yale University School of Medicine, New Haven, Conn. 

Experimental magnesium deficiency usual- 
ly results in characteristic disturbances in cal- 
cium metabolism manifested by hypercalce- 
mia, nephrocalcinosis and generalized meta- 
static calcification ( l ,Z) . The mechanism of 
the hypercalcemia is obscure, though there is 
some physiological evidence of a similarity in 
transport and binding between the two dival- 
ent cations, calcium and magnesium. 

The present experiments suggest that in- 
creased absorption of calcium from the intes- 
tine contributes to the calcium accumulation 
of magnesium deficiency. Studies of calcium 
transport by everted sacs of rat intestine show 
that when animals. are depleted of magnesium, 
the capacity of the intestine to transport cal- 
cium against a concentration gradient from 
mucosa to serosa is augmented. 

Methods. Weanling male CD convention- 
al§ rats were used in all experiments. The 
animals were housed individually, allowed 
free access to water and fed a synthetic diet 
( 3 )  devoid of magnesium but containing op- 
timal concentrations of calcium, phosphorus, 
and vitamin DZ. Control animals were pair- 
fed the same diet containing magnesium (8 
mg/100 g diet). Intestinal transport of calci- 
um and magnesium was measured employing 
the everted gut sac(4,S). Animals were killed 
by decapitation and blood was collected in 
heparinized tubes. A segment of proximal 
duodenum 3-4 cm long was rapidly excised, 
everted, and washed tho'roughly in a solution 
containing 10.95% NaCl and 0.3% glucose. 
The tissue was bathed in cold 0.146 M NaCl, 
0.004 M KC1 solution while being handled. 
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The inside of the sac (serosal surface) was 
filled with .4 to .6 ml of the following solu- 
tion: NaCl 0,151 M, fructose 0.02 M, CaClz 
0.0101 M, Ca45 .02 pc/ml solution (Ca4& (P- 
3 )  Oak Ridge National Laboratory) and tris 
(hydroxyl methyl) aminomethane .004 M, 
with the final pH of the solution adjusted to 
pH 7.4 with 1 N HCl. Within 7-9 minutes 
after excision, the filled sac was placed in a 
flask containing 2.5 ml of the same solution 
used to fill the sac and incubated for 3 hours 
in the Warburg apparatus gassed with 100% 
02. Oxygen consumption was measured after 
equilibration and at  the end of the incubation 
period the content of stable and radioactive 
calcium or MgZ8 was determined in the inside 
and the outside fluids. 

Ca45 was counted using a Packard Tri-Carb 
Liquid Scintillation spectrometer with a 
naphthalene-dioxane-PPO liquid scintillator 
(6).  Stable calcium was measured by a modi- 
fication of the EDTA titration technique of 
Fales (7,8). When magnesium transport was 
determined .001 M MgC12 and 1 pcJml of 
Mg28 (Brookhaven National Laboratory) was 
added to the ambient fluid used for calcium 
transport studies. Mg25 was counted in a 
Picker Well Scintillation Counter with a Spec- 
trwcaler I11 A. At  all times the ratio of 
counts/background was greater than 10: 1. 

Stable Mg was measured in intestinal tis- 
sue by digesting 25-50 mg of tissue in 2 ml 
of concentrated HN03 and determining the 
magnesium content of a diluted aliquot by 
atomic absorption spectrophotometry, using a 
Perkin-Elmer model #I2 14 (9). 

In this system, as pointed out by Schachter 
and cohworkers ( 5) , calcium is accumulated 
on the serosal side of the intestinal sac so 
that a concentration gradient for ionized 
Ca++ is created between serosal (S) and 
mucosal (M)  fluids. The process by which 
the gradient is formed involves a rapid up- 
take of C a f +  from the mucosal side by in- 
testinal tissue and a slower release of Ca++ 
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FIG. 1. Calcium transport by duodenal gut sacs 

of control and magnesium-deficient rats. Results are 
expressed as the ratio of concentration of Ca++ in the 
serosal (S) fluid to concentration in the mucosal 
(M) fluid. Number of animals in each group indi- 
cated in parenthesis. The bar represents standard 
error (SE) of mean. Wt refers t o  weight of the 
rats (mean -t S.E.). Toltal serum Mg and serum 
Ca expressed in mg per 100 ml. S/M Ca++ control = 
3.4 .3, low Mg" = 4.2 2 3 ,  P = <.OS. 

FIG. 2. Effect of dietary restriction of magnesium 
on transport of Ca45 and MgB in the everted duo- 
denal sac. Number of animals indicated in parenthe- 
sis. S/M indicates concentratlon in serosal/mucosal 
fluid. The bar represents SE of mean. Magnesium 
deficiency increased Ca6 S/M but did not change 

S/M for Mg=. S/M Caa control = 3.8 -F 3 ,  low 
Mg++ = 6.1 -F .7 ,  P = <.02S. 
FIG. 3.  Effect of added magnesium on caIcium 

transport by everted duodenal sacs of control and 
magnesium-deficient rats. Number of animals in each 
group indicated in parenthesis. Addition of 2 mey/l 
Mg++ did not change S/M for CaG, though 200 meq/ 
1 Mg++ depressed calcium transport. 

to the serosal medium ( 5 ~ 0 ) .  The volume of 
fluid within the sac (serosal surface) tends to 
increase slightly in the course of the incuba- 
tion, but in the experiments to be reported 
these changes were small (10-1 5 % )  and did 
not differ from one experimental group of 
animals to another. With equal initial con- 
centrations of Ca45 on both sides of the in- 
testinal wall, therefore, a final SJM ratio 
greater than 1 .O indicates net accumulation 
against a concentration gradient from the 
mucosal surface to the serosal surface. 
Changes in this gradient have been taken, in 
the discussion to follow, to indicate changes 
in the process by which calcium is translo- 
cated across the intestinal wall and concen- 
trated on the serosal side. Because S/M ra- 
tios for calcium vary with age and total diet- 
ary intake(4,5), experimental groups must be 
compared, as in the present experiments, with 
pair-fed controls of the same age. 

Results. Calcium transport in magnesium- 
deficient rats. Weanling rats fed a magnesi- 
um-free diet ate poorly and did not grow at  a 
normal rate. They developed hyperemia be- 
tween the 4th and 6th day of magnesium de- 
ficiency, hyperirritability and trophic skin 
ulcers between the 7th and 9th day and 10% 
of the animals had convulsions and died by 
the end of 2 weeks. After 10 days of mag- 
nesium deficiency the animals demonstrated 
striking hypomagnesemia, and a mild increase 
in serum calcium (Fig. 1). Despite these 
changes the magnesium content of the intes- 
tine itself was unaltered (Table I ) .  Oxygen 
consumption of the everted gut sacs was un- 
changed by magnesium deficiency (Table 

The serosal/mucosal (S/M) concentration 
ratio for calcium45 and stable calcium was 
consistently increased in everted intestinal 
sacs from magnesium-depleted rats when com- 
pared to pair-fed controls (Fig. 1-3, Table I 
and 11). The increase varied from 24-60% 

11). 
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TABLE I. Serum Mg, Mg Content of Duodenal Gut Sacs and Cat+ S/M Ratios in Control arid 
Mg-Deficient Rats. 

Serum Mg, Mg content of intestinal 
No. of rats mg/1010 ml tissue, mg/100 g dry wt Cat+ B/M ratio 

Control 8 2.9 * .1 * 83.3 & 3.3 3.4 2 .15 
Low magnesium 8 .7 * .06 87.6 2 2.7 4.5 & .34 
P < . O l  N.S. <.02 

* Values are mean e S.E. 

TABLE 11. Effect of Magnesium Deficiency on Cat+ S/M Ratio, Oxygen Consumption, and 
Bulk Transfer of Calcium by Everted Duodenal Gut Sacs. 

0, consumption, A Inside Ca*+,t 
Group No. of rats Ca++ S/M ml O,/hr/mg dry wt peg Ca++/g dry wt 

~~ ~~~~~~ 

Control 16 3.4 & .27* 12.8 2 1.1 29.9 2 3.5 
P <.05 N.S. < .05 
Low magnesium 15 4.2 .27 12.6 .9 40.2 2 2.3 

* Mean & S.E. 

t Calculated as follows: Final sac. vol (ml) X final sac cone ( peza++) - - Initial sac vol 

(ml) x initial sac cone ( z )  = A Inside Cat+ (pceq). 

of the control SJM ratio with P values of less 
than .05 in each experiment. Net accumula- 
tion of Ca++, measured by the increase in 
amount of stable calcium in the fluid within 
the sac per gram dry weight was similarly in- 
creased by magnesium deficiency (Table 11). 

Magnesium transport. The accumulation of 
magnesium by everted gut sacs was studied in 
6 control and 5 magnesium-depleted rats, by 
measuring the S/hl ratio of Mg2s. Simultane- 
ous measurements were made of the concen- 
tration ratio of Ca4". Neither normal nor 
magnesium-deficient animals were able to 
maintain a concentration ratio of Mgz8 
greater than 1.0 (average S/M ratio = 0.85), 
and there was no evidence of net bulk trans- 
fer of Mg2s from mucosa to serosa (Fig. 2 ) .  
Although magnesium deficiency considerably 
increased the SJM ratio of Ca46, it did not 
change the concentration ratio of Mg28. 

E#ect of magnesium added to  i h e  bathing 
medium on calcium transport in vitro. Mag- 
nesium chloride was added to a final concen- 
tration of 2 meq/l to the serosal and mucosal 
fluids of gut sacs from normal and magnesi- 
um-depleted rats, in order to approximate the 
Concentration of magnesium in normal serum. 
The addition of magnesium did not reduce 
the elevated Ca45 S/M ratio of the magnesi- 

um-deficient groups; in fact, the Ca45 ratio 
was affected in neither control nor magnesi- 
um-depleted animals (Fig. 3) .  When the con- 
centration of magnesium bathing the sacs was 
increased 100-fold to 200 meq/l, on the other 
hand, marked inhibition of calcium accumu- 
lation was noted in both control rats and 
those depleted of magnesium. A similar effect 
of high concentrations of Mg++ has been re- 
ported by others( 5 , l l ) .  

Discussion. In 1909 Mendel and Benedict 
suggested a relationship between calcium and 
magnesium metabolism ( 12) after showing 
that infusions of calcium or magnesium aug- 
mented the urinary excretion of the other 
cation. Early studies of the effect of alter- 
ations in magnesium content of the diet also 
demonstrated that rats deprived of magnesi- 
um excreted less calcium in the stool and had 
an increased carcass content of calcium( 13). 
These findings were confirmed by Tufts and 
Greenberg (2) and observed in dogs by Kruse, 
Schmidt and McCollum( 14). Further studies 
of the effect of magnesium deprivation on cal- 
cium metabolism were carried out by MacIn- 
tyre and Davidsson who observed that mag- 
nesium-deficient rats are hypercalcemic, and 
develop nephrocalcinosis ( 1 ) . This is associ- 
ated with decreased excretion of calcium in 
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the feces and the urine( 1 5 ~ 6 ) .  ciency, exemplified in the present experi- 
The present experiments demonstrate clear- 

ly that magnesium deficiency increases the 
ability of isolated intestinal sacs to concen- 
trate calcium against a serosal,/muco.sal gradi- 
ent. The increased Ca4” S , N  ratio produced 
by magnesium deficiency was not the result of 
a decreased intake of food, since control ani- 
mals were pair-fed with the experimental 
ones. Furthermore, restriction of growth per 
se, whether produced by dietary restriction 
or by aging, appears to diminish, rather than 
augment, calcium absorption by the intestine 

Enhanced transport of calcium in magnesi- 
um deficiency might conceivably result from 
a direct interaction between these 2 divalent 
ions and an enzyme system responsible for 
their transfer across cell membranes. Certain 
microsomal and mitochondria1 ATPases are 
stimulated by calcium as well as magnesium 
( 15,16) but there is no evidence that these 
enzymes are involved in transcellular move- 
ment of the cations. Another possibility is 
that the effects of dietary magnesium defi- 
ciency are due to changes in intestinal en- 
zyme transport systems resulting from the 
prolonged treatment. Such changes in enzyme 
quantity or function in the transport system 
of the gut wall could be of sufficient magni- 
tude to prevent recovery when M g f +  was 
again provided in vitro. 

(4 , s ) .  

ments, is the result of an increase in the se- 
cre t ion of para thyroid hormone. 

Summary. Experimental magnesium defi- 
ciency in rats is associated with an increased 
ability of the isolated everted intestine to 
transfer calcium against a concentration gra- 
dient. The augmented calcium accumulation 
of magnesium deficiency is not altered by re- 
placement of magnesium in the bath. Al- 
though a direct effect of magnesium depletion 
on cellular transport mechanisms is not ruled 
out, the results are consistent with a humoral 
influence, like that of parathyroid hormone, 
on the gut in magnesium deficiency. 
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With Coxsackievirus B5,"t (31237) 
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Many investigations have shown an early 
appearance of 19 S antibody in animals in- 
cluding man either artificially immunized or 
naturally infected with viruses( 1-7). In most 
studies the 19 S antibody proved sensitive to 
treatment with 2-mercaptoethanol (2-ME). 
The early appearance of 2-ME sensitive anti- 
body seemed to provide a valuable indicator 
for detecting recent infection with certain vi- 
ruses. However, there have been only few 
reports on appearance of 2-ME sensitive anti- 
body during natural virus-infections in man 

The present communication describes the 
development of 2-ME sensitive and resistant 
neutralizing-antibody in sera obtained from 
children and infants infected with Coxsackie- 
virus B5 and discusses the diagnostic signifi- 
cance of detecting the 2-ME sensitive anti- 
body at  an early stage of infection. 

Materials and methods. Sera. Serum speci- 
mens were obtained from patients of aseptic 
meningitis caused by Coxsackievirus B5 in 
the 1961 epidemic in Aomori City(8:9). The 
patients from whom sera was o'btained had 
been determined as Coxsackievirus B 5-in- 
fected by virus isolation and/or serodiagno- 
sis. Sera a t  acute and convalescent phases, 
together with sera obtained 2 years after the 
illness ( lo)  were examined. All sera were 
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stored a t  --20°C and then inactivated at  
56°C for 30 minutes on the day of use. 

Detewmination of neutralizing antibody. 
The virus used was the AM-L-69-63 strain 
which was a representative strain of Cox- 
sackievirus B5 isolated in the 1961 epidemic 
(8). Neutralization tests were performed by 
the conventional tube test method employing 
HeLa ( S3) cell monolayers. Two-fold serial 
dilutions of serum or fractionated serum in 
0.01 M phosphate buffered saline of pH 7.2 
(PBS) were mixed with equal volume of 100 
TCD,,/O.l ml of virus and then incubated 
at  4°C overnight. After incubation? 0.2 ml of 
the mixture was inoculated into duplicate 
tubes and incubated at  37°C for 4 days. Titer 
of neutralizing antibody was expressed as re- 
ciprocal of highest serum dilution which pro- 
tected cells completely. 

Treatment with 2-mercaptoethanol (2- 
M E ) .  One to two dilutions of whole serum in 
PBS or fractionated serum was mixed with 
equal volume of 0.2 M 2-ME made in PBS. 
The mixtures were incubated at  37°C for 2 
hours and then dialyzed against PBS at  4°C 
for 2 days in order to remove 2-ME. Both 
untreated and treated samples of single serum 
were tested simultaneously. 

Sucrose gradient centrifugation. Zonal den- 
sity ultracentrifugation was accomplished in 
a 40lP Hitachi Centrifuge employing a swing- 
ing bucket rotor and a preformed gradient of 
sucrose ranging from 10 to 377r. Sera (about 
0.5 ml) were layered over the gradient. Cen- 
trifugation was carried out for 15 hours a t  
35,000 r.p.m. About 20 fractions of approxi- 
mately 0.25 ml were obtained by a puncture 


