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CHAISTITWANICH, R , A W MAHONEY, D G HENDRICKS AND D V SISSON Dtetary calctum and phos- 
phorus and setzure suscepttblhty of magnesturn defictent rats PHARMACOL BIOCHEM BEHAV 27(3) 443-449, 
1987 --Convulsions are characteristic of magnesium deficiency and hypocalcemla In this study, weanhng rats were fed 
magnesium deficient diets with varying concentrations of calcium and phosphorus Diets were either normal (Mg=) or low 
(Mg-)  m magnesium and were either low (Ca-  or P - ) ,  normal (Ca= or P=) or high (Ca+ or P+) in calcium or phosphorus 
After consuming the diets for 17 days, the rats were tested for aud~ogenlc seizures and blood was then drawn for serum 
mineral analyses Rats fed M g - C a = P = ,  M g - C a = P - ,  M g - C a + P =  or M g - C a + P +  diets had high incidences of seizures 
Those fed M g - C a - P = ,  M g - C a - P - ,  M g - C a = P + ,  M g - C a - P +  or M g - C a + P -  diets had low incidences of seizures In 
general, ammals with low serum magnesium and calcium levels and Ingh serum potassmm levels were susceptible to 
audlogemc setzures In tins model, serum magnesmm level ~s the most important determinant of seizure suscepUblhty, 
followed by calcmm and potassmm 

D~et  Audlogenlc seizure susceptlblhty Magnesium deficiency Calcmm Potasstum Serum Rats 

M A G N E S I U M  deficient  rats are highly susceptible to 
audlogenlcal ly  mduced  seizures  [3, 7-9, 11, 32] Suscepubd-  
~ty depends  on the magnes ium concent ra t ion  of  the cere-  
brospmal  f lmd ra ther  than the serum [8,9] Hyperexcl tabd~ty 
associa ted with magnes ium def ic iency in the rat is related to 
the ce rebrospmal  fired magnesium concent ra t ion  but not  to 
concen t ra tmn in the serum [8] Fast ing decreases  audmgemc 
seizure suscept lbdl ty  but  does  not  affect la tency m mag- 
nes ium deficient  rats [32] Seizures  increased m rats fed a 
h~gh-fat d~et [32] 

The  four  runs direct ly  mvo lved  m neuroexcl tabl l l ty  are 
ei ther  st tmulants (Na ÷ and K ÷) or  depressants  (Ca ÷+ and 
Mg ++) [45] Thus,  increases in extracel lular  Ionlc po tassmm 
and decreases  m extracel lu lar  ionic calcium wdl increase 
neuronal  excitabil i ty and support  the deve lopmen t  o f  seizure 
act ivi ty [31] H o w e v e r ,  magnes ium has an antagomst lc  reac- 
tion with ca lcmm on ace ty lchohne  release f rom nerve  
endings into the synapt lc  space [1, 18, 23, 34, 44] D B A  mice 
are genet ical ly susceptible  to audlogenlc seizures At  21 and 
110 days o f  age, the cerebral  cor tex ,  cerebel lum,  and 
bra ins tem of  these  mice contain less lntracellular  sodium and 
more  mtracel lular  potass ium than o ther  mice  [24] Epdep-  

t l form activi ty is associa ted with increases  In extracel lular  
ionic potass ium and with decreases  in ca lcmm concent ra t ion  
[31] H o w e v e r ,  these  changes due to focal  act ivi ty  cannot  by 
themse lves  explain e i ther  seizure initiation or  t e rmmat lon  [4, 
28, 40] Phenytoln,  a commonly  used ant lconvulsant ,  inhibits 
the vol tage-dependent  uptake of  calcium ions mto presynap-  
tic nerve  preparat ions  and also inhibits the calcium- 
dependent  re lease o f  norep lnephnne  and ace ty lchohne  f rom 
nerve  terminals [19] Other  drugs with ant iconvulsant  activ- 
ity also affect cellular m o v e m e n t  of  calcium [19,46] 

Diets  containing high levels  o f  calcium increase the sus- 
ceptibili ty of  animals to seizures [6, 13, 16, 17] L o w  calcium 
and low magnes ium concent ra t ions  in the cerebrosplnal  fluid 
causes  hyperexci tabihty  o f  the central  nervous  sys tem 
[27,38] In t raven tncu la r  injection of  ca lc ium ions el iminated 
res t lessness  m goats  previous ly  injected with intraventr lcu-  
lar sodium [45] 

Phosphorus  deplet ion causes hypomagnesemla ,  hyper-  
ca lcemla  and hypophospha temia  [29] Phosphorus  deft- 
c lency increases  magnes ium excre t ion  and decreases  serum 
magnes ium concent ra t ion  High phosphorus  intake is asso- 
ciated with hypocalcerma [41,43] Bernhard  [3] showed  that 

1Journal article 3345 of the Utah State University Agricultural Experiment Station Tins research was supported by experiment staUon 
project 253 

2Requests for reprints should be addressed to A W Mahoney 

443 



444 CHAISTITWANICH E T  A L  

TABLE 1 
CONCENTRATION OF MINERALS IN DIETS 

Mg Ca P Na K 
Diet mg/g mg/g mg/g mg/g mg/g 

Mg=Ca=P=t 0 34___0 15:~ 5 43-+0 38 6 11-+0 12 3 08-+0 52 2 46-+0 11 
Mg-Ca=P= 0 06-+0 01 5 51-+0 30 5 82-+0 26 3 05-+0 26 2 60-+0 21 
Mg-Ca=P-  0 04-+0 01 5 34-+0 26 3 35-+0 17 3 37-+0 17 2 13-+0 29 
Mg-Ca-P= 0 06-+0 01 0 16-+0 02 4 49-+0 39 2 57-+0 42 2 33-+0 07 
M g - C a - P -  0 05-+0 01 0 19-+0 03 1 70-+0 16 3 68-+0 24 2 10-+0 25 
Mg-Ca=P+ 0 05-+0 01 5 51-+0 29 13 43-+0 08 9 25-+0 36 2 68-+0 38 
Mg-Ca+P= 0 05-+0 01 15 81-+0 30 6 25-+0 23 3 06-+0 15 2 22-+0 07 
Mg-Ca-P+ 0 06-+0 01 0 43-+0 34 13 42-+0 68 10 19-+0 91 3 44+0 12 
Mg-Ca+P-  0 08-+0 03 16 22-+0 34 1 59-+0 18 3 95-+0 26 2 05-+0 27 
Mg-Ca+P+ 0 07-+0 02 17 35-+1 77 14 93-+0 69 9 80-+1 27 2 60-+0 11 

*Reqmrement for normal growth (mg/g) Mg=0 40, Ca=5 60, P=4 40, Na=0 60, K=2 00 
tAnalyzed value - means deficmnt dietary level, = means normal dmtary level + means h~gh dietary 

level 
Mean-+ standard devlatmn 

diets low in phosphorus reduce the incidence of 
magnesium-deficient seizures, however, a diet low m both 
phosphorus and calcmm increases semures in magnesium- 
deficient rats 

Magnesmm deficiency is associated with increased or un- 
changed sodium concentration in serum [6,48] Chutkow [14] 
reported that magnesmm-deficient rats fed high levels of 
sodium suffered more-severe audlogenic seizures 

The magnesium-potassium relationship is similar to the 
magnesium-calcium antagonism High levels of potassium in 
a magnesium-deficient diet increases susceptibility to 
audiogenic seizures [14,17] Moreover, high levels of cal- 
cium and potassium m a diet increase the seventy of 
magnesium-deficient syndromes A high potassium diet re- 
duces plasma magnesium levels in animals [33] and chronic 
excesses of potassium cause magnesium depletion [22] It is 
believed that magnesium IS deposited in the tissues since 
unnary magnesium levels do not increase m rats fed a high- 
potassium diet [21] Magnesmm deficiency causes 
hypokalemia [42] in humans It caused hyperkalemla in one 
rat study [10] but not another [15] A diet deficmnt in both 
magnesium and potassmm prevented magnesium-deficmncy 
symptoms [25] 

In rats, magnesium deficiency can be reversed with no 
permanent brain damage by magnesium rehablhtation The 
purpose of this research was to determine how varying levels 
of calcium and phosphorus m magnesmm-deficmnt diets af- 
fected susceptibility to audlogenic semure and serum mineral 
concentratmns in young rats 

METHOD 

A m m a l  Care 

Male weanling Sprague-Dawley rats (Slmonsen Labora- 
tory, I n c ,  Gllroy, CA) were randomly assigned to ten 
groups of 10 animals each On the first day of the experi- 
ment, they weighed between 59 and 91 g (mean+-standard 
deviation, 77+-6 g) They were housed individually in stain- 
less steel cages with wtre mesh fronts and bottoms Diets and 
demmerahzed water were prowded ad lib The animal room 
temperature was kept between 23 and 28°C Lights were on 
automatically from 0800 to 2000 hr daily 

Animals were acclimated to Punna  Laboratory Chow for 
48 hr before starting the experiment They were fed the fol- 
lowing diets (1) magnesium control (normal diet, 
Mg=Ca=P=) ,  (2) magnesium deficient ( M g - C a = P = ) ,  (3) 
magnesium deficient, low phosphorus ( M g - C a = P - ) ,  (4) 
magnesium deficient, low calcium ( M g - C a - P = ) ,  (5) mag- 
nesium deficient, low calcium-low phosphorus 
( M g - C a - P - ) ,  (6) magnesium deficient, high phosphorus 
( M g - C a = P + ) ,  (7) magnesium deficient, high calcium 
( M g - C a + P = ) ,  (8) magnesium deficient, high calcium-low 
phosphorus ( M g - C a + P - ) ,  (9) magnesium deficient, high 
calcium-high phosphorus ( M g - C a + P + )  

The diets contained (g/kg) casein, 200, corn oil, 50, cel- 
lulose, 50, vitamin mixture, 22, mineral mixture, 0 5, and 
dextrose to make 1 kg The dietary magnesium, calcium, 
phosphorus, sodium and potassium levels were controlled by 
altering the amounts of MgCOa, CaCO~, NaH2PO4, Na2CO3 
and KCI added The vitamin mixture contained (g/kg) 
alpha-tocopherol, 5 0, 1-ascorbic acid, 45 0, choline chloride, 
75 0, D-calcium pantothenate, 3 0, I-inosltol, 5 0, 
menadione, 2 25, niacin, 4 5, p-amlnobenzolc acid, 5 0, 
pyndoxlne-HC1, vitamin B-12, 0 0014, vitamin A acetate, 
900,000 international units (IU), calclferol-D2 100,000 IU and 
dextrose to 1 kg The mineral mixture contained (g/100 g) 
ZnSO4 6H20, 13 74, MnSO4 H20, 39 96, CuSO4 5H20, 5 16, 
Na2MoO4 2HzO, 0 14, KI, 046, COC12 6H20, 046, and 
FeSO4 7H20, 40 9 The dietary magnesium, calcium, phos- 
phorus, sodium and potassium levels were confirmed by 
analysis (Table 1) 

On day 17, rats were tested for audlogenic seizure sus- 
ceptibihty The animals fed a normal diet (Mg=Ca=P=)  
were not tested because they were not suscepttble Seizure 
tests were performed by placing the rats in a metal chamber 
which contained two school emergency buzzers producing 
115 dB for 90 sec or until tonus occurred (latency) as de- 
scribed by Buck et  al [7,11] Seizure scores were rated on a 
scale of 0 to 5 Zero signified no seizure, l=rapld  running, 
2=clonic, characterized by full body convulsions but with 
the animal usually on its feet, 3=tonic flexion, characterized 
by the antmal on its side, ngld and kacklng, 4=tonic exten- 
sion, characterized by rigidity and extended legs, 5=lethal 
seizure Seizure testing and blood sample collections were 
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T A B L E  2 

SUMMARY OF WEIGHT GAIN AND PERCENT AUDIOGENIC 
SEIZURE AS AFFECTED BY DIETARY MAGNESIUM, CALCIUM 

AND PHOSPHORUS LEVELS* 

Dmt 

Weight 
Gain Percent Seizure Latency 
(g) Seizure Score (sec) 

Mg=Ca=P= 65 _+ 7 - -  - -  - -  
M g - C a = P =  36_+ 3 100 38_+ 04  5 ± 1 
M g - C a = P -  33 _+ 5 80(NS)f 3 1 _+ 1 6 24 _+ 35 
M g - C a - P =  47 ± 3 30(10 8) 06_+ 12 82_+ 24 
M g - C a - P -  53_+ 5 50 (6 7) 1 5_+ 17 63_+ 40 
M g - C a = P +  1 _+ 16 30(10 8) 1 1 _+ 1 7 68 _+ 36 
M g - C a + P =  23 _+ 3 100(NS) 4 1 _+ 0 3 7 _+ 2 
M g - C a - P +  40 _+ 7 0(20) 0 90 
M g - C a + P -  14 _+ 8 0(20) 0 90 
M g - C a + P +  14 _+ 6 89(NS) 3 8 _+ 1 5 28 _+ 42 
LSD (0 05/0 01) 6/7~ - -  1 1/I 4 26/34 

*Mean _+ standard deviation 
fThe number m ( )  is Ch|-square (p<0 05) compared with 

M g - C a = P =  NS is not slgmficant The overall Chi-square value ~s 
50 7 

*Mean dtfferences must equal or exceed the least significant 
difference value to be statlstmally slgmficant at the mdmated levels 
of the probabd~ty 

T A B L E  3 

SERUM MAGNESIUM, CALCIUM, PHOSPHORUS, POTASSIUM AND SODIUM 
CONCENTRATIONS (mg/dl) 

Diet Mg Ca P K Na 

Mg=Ca=P= 1 77-+0 26 ~ 7 2-+0 6 ab 8 2+0 8 ab 33 0_+5 4 ~b 240_11 a 
M g - C a = P =  1 01-0  27 b 9 8-+1 0 ¢d 11 0_+3 1 b 38 8_+7 6 a 255_+26 ~b~ 
M g - C a = P -  1 26_+0 39 b~d 10 8-+1 2 ~ 8 2-+3 1 ab 33 1_+6 6 ~b 259_+26 abe4 
M g - C a - P =  1 05_+0 32 bc 7 4_+0 8 abe 7 5_+2 0 ab 25 4_+3 3 cd 268_+19 ed 
M g - C a - P -  1 16-+0 31 be4 7 9_+0 8 ae 7 5_+3 0 ab 27 1_+6 1 c4 265_+20 c4 
M g - C a = P +  1 31-+0 28 c4 4 8_+1 7 f 19 8_+7 2 ~ 21 4_+7 5 263_+23 be4 
M g - C a + P =  1 36-+0 534 9 5-+2 2 c4 13 4_+4 8 d 37 7_+7 0 a 242_+16 ~b 
M g - C a - P +  1 68-+0 45 a 6 1-+0 7 bf 9 7-+2 0 b 21 0-+2 5 d 247_+23 abe 
M g - C a + P -  1 16-+0 7 bca 8 6-+0 74e 5 5-+0 9 a 30 9-+3 I b~ 243_+25 ab 
M g - C a + P +  1 17_+0 34 be4 7 5_+2 5 ae 14 8---4 5 a 37 8-+9 0 a 278_+274 
LSD (0 05/0 01) 0 17/0 26 0 8/1 3 2 3/3 6 3 8/6 0 17/22 

Mean+_standard deviation Values wRh the same subscript are not stgnlficantly dtfferent (p<O 01) 
Mean differences must equal or exceed the Least Sigmficant Difference value to be staUsttcally 
sigmficant at the m&cated levels of probablhty 

done  across  t r ea tmen t s  to minimize  any t ime and handhng  
ef fec ts  Blood was  col lec ted  approx imate ly  5 minutes  af ter  
the  animal  r e c o v e r e d  f rom the seizure  by insert ing a 
h e p a n n i z e d  glass capil lary tube into the re t ro-ocular  capil- 
lary bed  [47] The animal  then  was  killed by  decapi ta t ion  

Mmeral Analyses 

Diets were  ana lyzed  by ashing 1-2 g o f  diet  for  48 hr  at 
550°C After  coolmg,  5 ml o f  6N HCI was  added  The sam- 
ples  were  slowly hea ted  for  10-20 nun to comple te ly  sol- 

ublhze the ash  They  were  then  di luted to 100 ml with de- 
mineral ized H~O, and ana lyzed  for  magnes ium,  calcium, 
phospho rus ,  sodium and  po tas s ium as desc r ibed  be low 

Blood samples  were  a l lowed to clot in tubes  at room tem- 
pera ture  for  approx tmate ly  2 hr  They were  then  centr i fuged 
at 1100 t imes gravi ty for  30 minutes  Serum was  t rans fe r red  
to new ac id -washed  tes t  tubes  using Pas teue r  p ipe t tes  and 
kept  refr igerated for  approx imate ly  20 hr  before  dilution for  
nuneral  analyses  

The serum was  di luted 1 100 with deminera l lzed  wa te r  
F o r  magnes ium analysis  1 ml o f  the di luted se rum was  added  
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to 0 1 ml of 100,000 ppm lanthanum solution in a 10 ml vol- 
umetric flask and demineralized water added for a f'mal dilu- 
tion of 1 100 For calcium analysis, 0 1 ml serum was added 
to 0 1 ml of 100,000 ppm lanthanum solution and diluted to 10 
ml with deminerahzed water for a final dilution of 1 100 
Lanthanum solution was made by dissolving 117 20 g LazO3 
in 220 ml HCI and diluted to 1 liter with deminerahzed H20 
Dietary calcium and magnesium levels were determined by 
atomic absorption spectrophotometry on diluted ash samples 
prepared with 1 percent of 100,000 ppm lanthanum solution 
Standard curves were prepared with blanks and calcium and 
magnesium standard solutions 

Serum phosphorus analysis was determined by adding 1 
ml of 30 percent trlchloroacetlc acid to 5 ml of diluted (1 100) 
serum, mixed with a vortex and allowed to stand at room 
temperature for 20 mln [37] The samples were then cen- 
trifuged at 1100 times gravity for 10 mm One milhhter of 
molybdovanadate reagent was added to 4 ml of the supernat- 
ant At least 15 minutes later, optical densities of the samples 
were determined at 400 nm Dietary phosphorus was deter- 
mined colorllmetrlcally with molybdovanadate reagent [37] 

Serum sodium was determined directly by emission spec- 
troscopy on serum dtluted 1 100 with demlneralized water 
using blanks and sodium standards Similarly, serum potas- 
sium was determined directly on serum diluted 1 1000 using 
blanks and potassium standards Dietary sodmm and potas- 
sium were determined by emission spectroscopy after dilu- 
tion 

Stattstu al Analysts 

Means and standard deviations were calculated Chi- 
square analysis was used to analyze the seizure incidence 
data at the 5 percent probability level Analysis of variance 
(ANOVA) was performed on serum mineral values and body 
weights, seizure scores and latencies A completely ran- 
domlzed design ANOVA was used to test for differences in 
serum mineral concentration among treatment diets A fac- 
torial arrangement of treatments (3 x 3) was used to analyze 
the relationship between low, normal and high dietary cal- 
cium and phosphorus levels on magnesium deficiency Least 
significant difference (LSD) values were computed for all F 
ratios significant at the 1 and 5 percent levels of probability 

RESULTS 

General Observations 

The results of the analyses of susceptibility to seizures, 
weight gains, and serum mineral analyses are presented in 
Tables 2 and 3 Weight gains were not related to susceptibil- 
Ity to audiogenic seizures (r=0 002), but were related to di- 
etary treatment (p<0 05) Higher than normal levels of di- 
etary phosphorus consistently decreased weight gain 
( M g - C a = P =  vs M g - C a = P + ,  M g - C a - P =  vs 
M g - C a - P + ,  M g - C a + P =  vs M g - C a + P + )  Seizure sus- 
ceptlbihty was also diet dependent Seizure seventy scores 
(r=0 98) and latencies ( r = - 0  97) were closely related to sei- 
zure incidence 

The symptoms of magnesium deficiency (erythema and 
edema of the ears, nose and claws, hyperexcitablhty, re- 
duced weight gains) occurred as expected [30] These symp- 
toms were not observed in animals fed the normal mag- 
nesium diet Edema and redness of the extremities were very 
severe on the 5th and 6th day, and then decreased in sever- 
ity Anmaals had very poor appetites and grew slowly 

Animals wasted half or more of their dally food when they 
dug up and/or overturned the feeding cups Tins behavior did 
not happen in the control animals To minimize this behav- 
ior, anti-digging rings were installed in the food cups and 
animals were fed every day 

Almost all magnesium-deficient animals had skin lesions, 
even those that did not show redness of ears, nose and paws 
or hyperexcitabihty Animals fed the M g - C a = P = ,  
M g - C a = P - ,  M g - C a - P = ,  M g - C a - P - ,  M g - C a = P + ,  
M g - C a + P =  and M g - C a + P +  diets had the classic symp- 
toms of magnesium deficiency [30] However, animals fed 
M g - C a - P +  diets did not have erythema and experienced 
significantly fewer sound-induced seizures (Table 2) 

Magnesium Deficient Diet (Mg-Ca =P=) 

All animals fed this magnesium-deficient control diet 
experienced seizures (Table 2) Serum magnesium levels de- 
creased and potassium levels Increased (Table 3) Serum 
calcium and phosphorus concentrations were inversely re- 
lated to serum magnesium levels (Mg=Ca=P= vs 
M g - C a = P = )  Serum sodium level was slightly elevated by 
this diet It was confirmed that a magnesium-deficient diet 
causes hypomagnesemia, hyperkalemia, hyperphosphatemla 
and hypercalcemla in rats [6, 10, 42] 

Magnesium Deficient-Low Phosphorus Diet (Mg-Ca =P-)  

Animals fed this diet experienced hypomagnesemla and 
hypercalcemia, which confirms the findings of others [29,39] 
that some magnesium-deficient diets cause hypercalcemia 
Serum potassium and sodium levels were not significantly 
different from levels m animals fed the control diet 
(Mg=Ca=P=)  Seizure incidence and seventy were reduced 
slightly and latency was increased slightly with this diet 

Magnesium Deficient-Low Caluum Diet ( M g - C a - P = )  

Animals fed this diet had less-severe symptoms of mag- 
nesium deficiency Their incidence and severity of seizures 
were significantly reduced and their latencies were increased 
compared with animals on the magnesium-deficient control 
diet ( M g - C a = P = )  This diet did not affect serum calcium 
level, but it caused serum potassium level to decrease and 
serum sodium level to increase slightly compared with 
animals fed the magnesium deficient control diet 
( M g - C a = P = )  Compared with animals fed the normal diet 
(Mg = Ca = P=),  serum magnesium and potassium levels were 
decreased, and sodium level was increased 

Magnesium Defictent-Lo~ Phosphorus-Low Calcium Diet 
(Mg -Ca - P  - )  

These animals were less susceptible to audlogenlc sei- 
zures, experienced less-severe seizures and latency periods 
were longer than in animals fed a magnesium-deficient diet 
( M g - C a = P = )  Compared with animals fed the M g - C a = P =  
diet, serum calcium, phosphorus and potassium values were 
decreased Serum sodium levels did not change Compared 
with healthy animals (Mg=Ca=P=) ,  serum magnesium and 
potassium levels were lower and sodium level was Ingher 

Magnesium Deficient-High Phosphorus Diet (Mg-Ca =P +) 

These animals were hyperexcltable and very agresslve 
They also consumed the least and gamed the least weight 
This diet also ameliorated physical symptoms of magnesium 
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T A B L E  4 

SUMMARY OF SERUM MINERAL CHANGES AND AUDIOGENIC SEIZURE INCIDENCE, 
ANTICIPATED AND OBSERVED* 

Percentage 
Seizures Seizures 

Diet Magnesium Calcium Potassium Anticipated Observed 

M g = C a = P =  Normal Normal Normal No* 09 
M g -  C a = P =  - - Normal + + Yes 100 
M g - C a = P -  - + Normal No 80 
M g - C a - P =  - - Normal - - No 30 
M g - C a - P -  - - Normal - - No 50 
M g - C a = P +  . . . . .  9 30 
M g - C a + P  . . . .  + + Yes 100 
M g - C a - P +  Normal . . . .  No 0 
M g - C a + P -  - - + Normal No 0 
M g - C a + P +  . . . .  + + Yes 89 

*It is assumed that decreased ( - , - - )  tomc calctum and magnesmm and mcreased (+ ,+ +) lomc 
potassium extracellularly wall support the development of seizure act~wty [31], and that minerals m 
the brain extracellular fired wdl equlhbrate at least to some extent w~th chromc changes m serum 
mineral concentrations [ 12] 
" N o "  means that no seizures are anticipated "Yes"  means seizures are anticipated " 9 "  means 
suscepUbdlty could not be pre&cted 

tWe did not test the animals m th~s group for seizures, however, it has been our experience that 
these animals are not suscepUble to sound-reduced seizures 

def ic iency,  inc luding  r e d u c e d  se izure  suscep t lbd i ty  and  sev-  
er i ty  and  p ro longed  l a t ency  It  was  conf i rmed  tha t  h igh 
p h o s p h o r u s  levels  in a magnes ium-de f i c i en t  d ie t  cause  
h y p o c a l c e m i a  [41,42] S e r u m  p h o s p h o r u s  levels  were  l ower  
t h a n  a m m a l s  rece iv ing  m a g n e s i u m  def ic ien t  ( M g - C a = P = )  
or  n o r m a l  ( M g - - C a = P = )  diets  

Magnestum Defictent-Htgh Calctum Dwt (Mg-Ca +P=) 

All an imal s  fed this  d ie t  were  suscep t ib le  to a u & o g e n i c  
se izures ,  and  the se  an imal s  had  the  h ighes t  ave rage  se izure  
s e v e n t y  score  Some  an imal s  (6 o f  9 ra ts )  fed th is  diet  a lso 
c o n v u l s e d  s p o n t a n e o u s l y  w h e n  an imal s  in o t h e r  g roups  were  
t e s t ed  One  an ima l  d ied  be fo re  t es t ing  day  N o  an imals  in the  
o the r  g roups  suf fered  s p o n t a n e o u s  se izures  Colby  and  F rye  
[16,17] a lso o b s e r v e d  tha t  h igh  d ie t a ry  ca lc ium levels  
e x a c e r b a t e d  the  s y m p t o m s  of  m a g n e s i u m  def ic iency  in ra ts  
This  diet  r e su l t ed  m inc rea sed  s e rum m a g n e s i u m  levels  bu t  
were  not  s ignif icant ly  d i f fe rent  f rom levels  in an imal s  fed 
M g - C a = P =  diet  C o m p a r e d  wi th  ra t s  fed the  n o r m a l  d ie t  
( M g = C a = P = ) ,  s e r u m  m a g n e s i u m  levels  were  l ower  and  
se rum ca lc ium,  p h o s p h o r u s ,  and  p o t a s s m m  levels  were  
h igher  

Magnestum Defictent-Low Calcium-Htgh Phosphorus Dwt 
(Mg -Ca  - P  +) 

This  diet  r e d u c e d  the  phys ica l  s y m p t o m s  o f  m a g n e s i u m  
def ic iency  S o m e  an imals  in th is  g roup  had  skin les ions  
S e r u m  m a g n e s i u m  levels  were  n o r m a l  and  no  an imals  fed 
this  diet  had  se izures ,  e v e n  t h o u g h  the  d ie t  was  c lear ly  mag-  
n e s i u m  def ic ien t  (Tab le  1) Se rum ca lc ium and  p o t a s s i u m  
levels  were  d e c r e a s e d  whi le  s e rum p h o s p h o r u s  and  sod ium 
r e m m n e d  u n c h a n g e d  c o m p a r e d  wi th  levels  in ra t s  fed 
m a g n e s m m - d e f i c i e n t  con t ro l  die t  ( M g - C a = P = ) ,  as well  
t hose  fed the  n o r m a l  diet  ( M g = C a = P = )  

Magnestum Defictent-Htgh Calcmm-Low Phosphorus Diet 
(Mg-Ca +P- )  

The  phys ica l  s y m p t o m s  o f  m a g n e s i u m  def ic iency  did not  
o c c u r  in this  t r e a t m e n t  An ima l s  in this  g roup  were  aggres-  
sive,  bu t  less so t han  an imals  fed  the  M g - C a = P = ,  
M g - C a = P +  and  M g - C a + P +  die ts  N o  audiogenic  se izures  
o c c u r r e d  e v e n  t h o u g h  se rum m a g n e s i u m  levels  were  low 
(Tables  2 and  3) S e r u m  p h o s p h o r u s  levels  were  ve ry  low,  
s e rum po t a s s ium levels  were  r e d u c e d  and  se rum sod ium 
levels  were  not  s ignif icant ly  d i f fe rent  f rom an imal s  fed the  
magnes ium-de f i c i en t  con t ro l  d ie t  ( M g - C a = P = )  C o m p a r e d  
wi th  ra ts  fed the  no rma l  diet  ( M g = C a = P = ) ,  s e rum mag- 
nes ium,  p h o s p h o r u s  and  po t a s s ium levels  were  low,  and  
se rum ca lc ium level  was  e l eva ted  whi le  sod ium r e m a i n e d  
u n c h a n g e d  

Magnestum Defictent-Htgh Calclum-Htgh Phosphorus Dtet 
(Mg - Ca +P +) 

Anima l s  fed this  diet  had  classic  s y m p t o m s  o f  m a g n e s i u m  
def ic iency  and  were  ve ry  aggress ive  C h u t k o w  [13] found  
t ha t  m a g n e s i u m  def ic ien t  diets ,  wh ich  were  a lso h igh in cal- 
c ium and  sod ium,  inc reased  the  s e v e n t y  o f  aud iogenic  sei- 
zures ,  an  o b s e r v a t i o n  c o n s i s t e n t  wi th  the  resu l t s  o f  this  s tudy  
in which  th ree  o f  10 an imal s  in this  g roup  died  d u n n g  tes t ing  
C o m p a r e d  wi th  magnes ium-de f i c i en t  con t ro l  die t  
( M g - C a = P = ) ,  s e rum ca lc ium level  was  low, and  se rum 
p h o s p h o r u s  and  sod ium levels  were  htgh,  whi le  p o t a s s i u m  
level  r e m a i n e d  u n c h a n g e d  C o m p a r e d  wi th  ra ts  fed the  nor-  
mal  diet  ( M g = C a = P = ) ,  s e rum m a g n e s i u m  level  was  low and  
s e r u m  p h o s p h o r u s  and  sod ium levels  were  h igh whi le  se rum 
ca lc ium and  p o t a s s i u m  levels  r e m a i n e d  u n c h a n g e d  These  
effects  are  p r o b a b l y  due  to h igh p h o s p h o r u s  in take ,  wh ich  
causes  h y p e r p h o s p h a t e m i a  and  h y p o c a l c e m i a  [41,43] 

DISCUSSION 

Vary ing  the  d ie ta ry  ca lc ium and  p h o s p h o r u s  levels  in the  
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diets changed the appearance, behavior and audlogenlc sei- 
zure susceptlbdlty of ammals Forbes [26] also observed that 
major changes m varying dietary calcium and phosphorus 
levels would ehmmate the erythema of the ears and paws of 
magnesmm-deficlent rats, and increasing dietary calcium de- 
creased the weight gains of  magnesium-deficient rats 

It ~s well-known that increases in extracellular sodmm 
and potassmm and decreases m calcium and magnesium are 
associated with neuronal hyperexcltablhty [31,45] Injecting 
calcmm into the cerebrospmal fluid prevents seizures m 
magnesium-deficient rats [9], and causes eating in sated pigs 
[2], sheep [31] and rats [36] Calcium levels m the cerebros- 
plnal fluid of women with eclampsla, a con&tlon of preg- 
nancy associated with convulsions, hypertensmn and edema 
are high [35], and large doses of  magnesmm sulfate are 
routinely given intravenously to prevent convulsions in 
preeclamplc women [49] Intravenous magnesmm supresses 
neuronal burst firing and mterlctal EEG spikes caused by 
pemcflhn-lnduced epdeptlc focl [5] 

The extracellular fluid mmerals of the brain are in direct 
equdlbnum with the cerebrospmal fluid Inorgamc ions enter 
the brain from plasma at relatively low rates [20] The frac- 
tional extraction rates of calcmm and phosphate into dog 
brain are low [20], and the decrease in cerebrospmal flu|d 
magnesium lags behind major decreases m serum magnesmm 
by at least s~x days [8] The increase of potassmm in cere- 
brospmal fluid of magnesmm-defictent rats ~s small but con- 
s~stent [10] In rats, calcium reflux into brain and cerebrospl- 
nal fired ~s hnearly related to the ionized calcium concentra- 
tmn in the plasma [12] Thus, chronic changes m serum min- 
eral levels caused by diet can be expected to change mineral 
levels m brain extracellular fired and to affect behavior 

In this study, seizure susceptlblhty of the magnesium- 
deficient rats reflects changes m serum mineral concentra- 
tions relatwe to animals fed normal diets (Mg=Ca=P=) ,  
which are not susceptible to sound-nduced seizures In the 
magnesium-deficient control group ( M g - C a = P = ) ,  the 
serum magnesmm level is low and the potassium level is 
elevated (Table 3) This condition favors susceptlbd~ty to 
seizures, as confirmed by several studies (Table 2 and refer- 
ences [8, 9, 11, 14, 30, 32]) Reducing the level of d~etary 

phosphorus ( M g - C a = P - )  elevates the level of serum cal- 
cium, the level of serum potassium is normal, but lower than 
that of calcium Also, because the level of  serum magnesium 
was not as low as in animals fed the magnesium-deficient 
control ( M g - C a = P = )  diet, susceptlblhty to seizures should 
have been reduced Incidence of  seizures in this group was 
reduced slightly (Table 4) In animals fed the low calcium 
( M g - C a - P = )  and low calcium-low phosphorus 
( M g -  C a -  P - )  diets, serum potassium levels were decreased 
whde calcium levels remained normal (Table 3), conditions 
that should have reduced seizure susceptibility Seizure in- 
cidence was reduced m both groups (Table 4) In animals fed 
the high-phosphorus diet ( M g - C a = P + ) ,  serum magnesium 
level was again reduced less than expected and potassmm 
was reduced, conditions that increase suscepUblhty to sei- 
zures However,  the calcmm level was reduced, which 
would increase susceptibility, thus it was impossible to pre- 
&ct the resulting reduced incidence of seizures (Table 4) In 
ammals fed high calcmm ( M g - C a + P = )  and high calcmm- 
high phosphorus ( M g - C a + P + )  &ets, the serum mineral 
levels would seemingly have increased susceptibility, and all 
ammals &d expenence seizures (Table 4) In animals fed low 
calcmm-hlgh phosphorus diet ( M g - C a - P + ) ,  the serum 
magnesium concentration was normal and no seizures would 
be anticipated and none were observed (Table 4) In animals 
fed the high calcmm- low phosphorus diet ( M g - C a + P - ) ,  
serum calcmm level increased and potassium remained nor- 
mal, condlUons that would likely prevent seizures, no sei- 
zures occurred even though a high incidence was observed in 
a similar situation ( M g - C a = P - )  above 

The serum mineral data made it possible to accurately 
predict whether seizure incidence would be high or low m 7 
of 9 magnesium-deficient treatments (Table 4) Thus, a 
chronic decrease in serum magnesium and calcium and a 
chromc increase m serum potassmm apparently increases 
susceptlblhty to seizures Serum magnesmm level is the 
most important determinant of  seizure susceptlb~hty, and 
serum calcium level is more important in the etiology of 
seizures than potassmm level Certainly, low serum mag- 
nesium levels alone do not cause maximal seizure suscept~- 
bdlty 
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