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ABSTRACT 

This study was designed to investigate the effect of 

maternal protein deficiency during various trimesters of 

pregnancy on neonatal brain growth and development, to 

investigate whether any deviations noted in progeny brain 

growth and development affect the cerebrum, hypothalamus 

and cerebellum to an equal extent and to investigate whether 

any deviations noted in neonatal brain growth and develop

ment can be restored to normal by the time of weaning. 

Experimental rats were fed either a 3.5% (diet 3.5) or 7% 

(diet 7) lc>w protein diet during one trimester of pregnancy 

and maintained on a normal 22% protein diet for the remain

ing two trimesters. Four pups were selected from each 

litter at days 0, 7, II4. or 21, sacrificed, and whole brains 

and adrenal gland3 removed. The brain was divided into 

cerebrum, hypothalamus and cerebellum, and tissues were 

analyzed for protein, RNA and DNA. 

Progeny body, brain, cerebral, hypothalamic, cerebel

lar and adrenal weights were significantly retarded in only 

a few instances as a result of feeding p:?egnant rats diet 7 

during various trimesters of pregnancy. These same weights 

were significantly retarded in almost every instance in new

borns of rats fed diet 3.5 during various trimesters of 
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pregnancy. However, by day 21 there were few differences 

between experimental and control weights. In general, the 

more severe maternal dietary protein restriction or the 

later protein restriction is initiated during fetal develop

ment, the greater the retardation in body, brain, cerebral, 

cerebellar and adrenal weights. 

At birth, regardless of diet, cerebral total DNA 

was retarded in LP-3 newborns (newborns of mothers fed low 

protein diet during the third trimester of pregnancy), 

hypothalamic total DNA was not affected, and cerebellar 

total DNA was retarded in LP-1, LP-2 and LP-3 newborns in 

order of decreasing total DNA. With one exception, all 

experimental newborns had significantly less total cerebral 

protein and RNA, and LP-1 and LP-2 tissue/DNA, protein/DNA 

and RNA/DNA ratios were significantly reduced in all experi

mental newborns. Total hypothalamic protein and RNA of 

experimental newborns were lower than controls and tissue/ 

DNA, protein/DNA and RNA/DNA ratios were significantly re

tarded in all experimental newborns. All newborn LP-3 

total cerebellar protein and RNA was significantly retarded 

while all LP-2 tissue/DNA, protein/DNA and RNA/DNA ratios 

were significantly higher than control values. 

In general, postnatal total cerebral, hypothalamic 

and cerebellar protein, RNA and DNA values of experimental 

young were lower than controls but by day £1 there were no 
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differences between experimental and control values. Of the 

three brain areas studied, progeny cerebellar growth was re

tarded more severely by maternal dietary protein deficiency. 

Maternal diet 7 had no effect upon progeny adrenal growth. 

Maternal diet 3.5 produced a significant retardation in 

adrenal protein, RNA and DNA of LP-3 newborns. In all 

experimental pups, adrenal total protein and RNA values were 

significantly retarded at days 7 and 21 respectively, while 

total RNA and DNA were significantly below control values 

at day llj. in the LP-2 and LP-3 pups. Adrenal tissue /DNA, 

protein/DNA and RNA/DNA ratios were not affected at any time 

by maternal dietary protein restriction. 



INTRODUCTION 

Early animal and human malnutrition studies (Winick 

1969; Dobbing 1970a) were performed to test the effects of 

preweaning and/or postweaning malnutrition on infant and 

adult brain growth and development. Recent research (Cour-

sin 1970; Winick 1970b) has attempted to find the effects 

of maternal undernutrition on neonatal brain growth and 

development. In most malnutrition studies, the data indi

cate that the earlier in postnatal life that malnutrition 

is started, the more severe end permanent are the detri

mental effects on brain growth and development (Winick 1969; 

Klein, Habicht and Yarbrough 1971). These data also indi

cate that the effects of early undernutrition on animal 

and human brain growth and development are comparable 

(Dobbing 1970a, 1970b). 

The ability of the adult animal brain to survive 

starvation without loss of weight or alteration of chemical 

composition has been documented historically (Dobbing 1970a). 

Two weeks of restricted food intake, which reduces adult 

rat body weight up to 1+0^, has little effect on brain weight 

(McLennan and Jackson 1933; Peters end Boyd 1966). Pro

longed food deprivation of the adult rat had no significant 

effect on total DNA, RNA and protein in the cerebral cortex 

1 
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(Mandel, Jacob and Mandel 195>0; Lehr and Gayet 1963). How

ever, Winick and Noble (1966) have reported that young adult 

rats placed on caloric restriction at 65 days of age for 21 

days had brain weights lower than those of control rats. If 

the experimental rats were subsequently fed a normal diet, 

normal brain weights were regained in the 133-day old ani

mals. Total protein and RNA were lower in experimental rat 

brains after 21 days of caloric restriction, but refeeding 

of the control diet was accompanied by full recovery to 

normal protein and RNA levels. Total brain DNA was not 

affected by caloric restriction at 65 days of age. 

If malnutrition occurs at the time of weaning or 

shortly thereafter, aberrations in brain growth and develop

ment are more pronounced than that observed in the young 

adult rat, but these deviations maintain their reversi

bility. As early as 1920, Jackson and Steward had reported 

that rats undernoxirished from weaning to 20 weeks of age 

had brain weights lower than control animals. After place

ment on a normal diet experimental rats maintain brain 

weights slightly below that of controls. Recently, rats 

placed on 21 days of caloric restriction (Winick and Noble 

1966) at weaning had lower brain weights and less total 

RNA and protein than did control rats. If experimental rats 

are fed a normal diet until 133 days of age, the brain 
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regains normal weight as well as total RNA and protein. 

Total brain DNA was not affected by postweaning caloric 

restriction. 

Malnutrition during the preweaning period results in 

reduced brain growth and development; however, the effects 

are more severe and permanent than that seen in the post

weaning period. Caloric restriction from the time of birth 

to day 21 (Winick and Noble 1966) produced rats with lower 

brain weights and less total DNA, RNA and protein than 

control rats. Experimental rats fed a normal diet from 

day 21 to 133 days of age also had lower brain weights and 

less total DNA, RNA and protein. 

A permanently small brain can result from even short 

periods of restricted feeding if the treatment is started 

during the preweaning period. Rats placed on restricted 

diet (Culley end Lineberger 1968) from 5> days of age until 

11, 17 or 60 days of age had significantly lower brain 

weights and less total DNA, RNA, protein and lipids than 

control rats. Refeeding ad libitum at the end of any of the 

experimental periods until 110 days of age did not result 

in recovery to control values. In this investigation Culley 

and Lineberger (1968) studied three brain areas: cerebellum, 

pons-medulla and mid-forebrain. Restricted feeding results 

in lower weight end DNA content in all three regions of the 



brain. The cerebellum was affected the most severely and 

the pons-medulla was closest to normal values. 

Howard (1965) restricted food intake of mice during 

the preweaning period and determined brain weight and RNA, 

DNA and cholesterol content of the forebrain. Mice removed 

from their mothers for about 16 hours each day from 3 days 

of age to 7 had brain weights significantly lower than con

trol mice. Forebrain DNA, RNA and the RNA/DNA ratios were 

significantly lower than control values. Brain cholesterol 

concentration was not affected by food restriction; hov/ever, 

forebrain cholesterol/DNA ratios were significantly lower 

than controls. 

Howard and Granoff (1968) have reported that food 

restriction between 2 and 16 days of age resulted in mice 

57% smaller than their littermate controls. Ad_ libitum 

feeding up to 225 days of age did not produce complete 

recovery as experimental males were 17$ smaller and females 

21$ smaller than their controls. At the end of the food 

restriction period, cerebral and cerebellar weights were 

respectively 20$ and 26$ smaller than control values. After 

ad libitum feeding to 225 days of age th9 cerebrum of the 

experimental males was 7$ and that of the females 8$ lower 

than control weights. The weight of the male cerebellum was 

ll\% and that of the female 17$ lower than controls. At 

225 days of age, food restricted male mice had 8$ less total 



cerebral DNA and 22% less total cerebellar DNA. At the same 

age, female mice had 8$ less total cerebral DNA and less 

total cerebellar DNA. Preweaning food restriction produced 

an adult mouse cerebrum with significantly less total 

cholesterol than that of control mice. In this investigation 

a behavioral study revealed significantly less activity in 

food restricted mice between 35 a*id 1+0 days of age; however, 

there was no difference between food restricted mice and 

controls in spontaneous exploratory activity or performance 

in a Lashley maze. 

In addition to the quantitative chemical changes re

ported in developing undernourished animals, many investi

gators have reported qualitative changes caused by 

preweaning undernutrition. Rats on a restricted diet from 

the day of birth to days 7* llj. or 21 (Swaiman, Daleiden and 

Wolfe 1970) have significantly lower body and cerebral 

weights than control rats at all three ages. Total cerebral 

DNA and protein content is significantly less in food re

stricted rats; however, there is no significant difference 

between the protein/DNA ratios of control and experimental 

rats. The total activity of three enzymes from the cere

brum of food restricted rats—aldolase, creatine phospho-

kinase and isocitric dehydrogenase—was significantly less 

than controls at all three ages. However, there was no 
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significant difference between experimental and control 

rats in aldolase, creatine phosphokinase or isocitric 

dehydrogenase activity/rug DNA. 

Not all investigators have been able to find quanti

tative reductions in brain chemicals due to preweaning 

food restriction. Thurston, et al. (1971) have reported 

that food restriction of rats from the day of birth to 9 

days of age resulted in a lj.l$ reduction in body weight, 

but the levels of cerebral DNA, RNA and protein expressed 

as g/lOOg wet wt were not significantly different from 

control values. The major energy yielding compounds of the 

cerebrum—P-creatine, ATP, glucose and glycogen, expressed 

as m mol/kg wet wt—were not reduced significantly by the 

9 days of food restriction. The concentration of the 

cerebral intermediate metabolites—-aspartate, Y-aminobuty-

rate, lactate and phenylalanine—were statistically un

changed. However, the concentration of glucose-6-phosphate 

was significantly increased, and glutsmate was significantly 

reduced in food restricted rats. 

Female animals undernourished during pregnancy give 

birth to infants smaller than nornal and with brains retarded 

in various chemicals (review in Piatt, Heard and Stewart 

196i|.; Coursln 1970). Zeman and Stanbrough (1969) have in

vestigated aberrations in fetal development due to feeding 

rats a low protein diet (6$ casein) from the first day of 
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pregnancy to days 16, 18, 20 or 22 of pregnancy. At all 

four prenatal ages, total body and brain weights of experi

mental fetuses were significantly less than that of control 

fetuses. Total brain DNA and protein levels were retarded 

significantly at prenatal days 20 and 22 in the experimental 

fetuses, but not at days 16 or 18. However, the ratios of 

weight/DNA and protein/DNA were similar in experimental and 

control fetuses. Total brain MA and the RNA/DNA ratios 

were the same in experimental and control fetuses at all 

four prenatal ages. 

In a follow-up study (Zeman 1970) a low protein 

diet (6$ casein) was fed to female rats during gestation 

and subsequent alterations in infant brain growth and 

development were studied after placing the infants in small 

(I4.) or large (8) litters until the time of weaning. Infants 

born to females on a protein deficient diet had signifi

cantly retarded body and brain weights at all ages studied— 

7, lij. and 21 days of age. placement of infants into large 

or small litters did not significantly affect the body and 

brain weights. Total brain protein end DNA was retarded 

in experimental infants at the three agss studied, and this 

retardation was not altered by litter size. Total brain RNA 

content was not altered by maternal protein deficiency or 

by the size of the nursing litter. There was no difference 
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in brain weight/DNA, protein/DNA and RNA/DNA ratios between 

control and experimental rats. 

Zamenhof, van Marthens and Margolis (1968) studied 

the effect of maternal protein deficiency on the neonate 

by placing female rats on a low protein diet (8% casein) 

one month before mating and throughout gestation. The 

approximate £l days of maternal dietary protein restriction 

resulted in neonates with 30% lower body weights and 23$ 

lower cerebral weights than control rats. Total cerebral 

protein was 20% lower and cerebral DNA was 10% lower in 

experimental rats as compared to controls. 

An extension of this study (Zamenhof, van Marthens 

and Gravel 1970) revealed that the effects of maternal 

dietary protein restriction persisted into the second 

generation offspring. In this latter study fomale rats were 

fed a low protein diet one month before mating and through

out gestation. At birth, the experimental P-^ offspring were 
i. 

nursed by their own mothers who had been pieced on a control 

diet. experimental females mated to normal msles gave 

birth to P£ infants who had significantly retarded body and 

cerebral weights and had less total cerebral protein and 

DNA than control P2 infants. Identical results were ob

tained from experimental P^ females fostered by control 

mothers and control females nursed by the ir own mothers 

who had been placed on a low protein diet. Oddly, total 



cerebral DNA was significantly less in infants born to 

experimental females nursed by their own mothers who 

were maintained on the low protein diet and by control P-̂  

females fostered by experimental mothers maintained on the 

low protein diet, but total cerebral protein is similar in 

control and experimental rats. 

Recently, pregnant rats (Zamenhof, van Marthens and 

Gravel 1971) were placed on a protein free diet from gesta

tional days 0 to 10, 10 to IS, 13 to 18, 15 to 20 or 10 to 

20 and fed a control diet during the remaining days. At 

birth infants were weighed and cerebral hemispheres were 

analyzed for total DNA and protein content. With two 

exceptions (cerebral weights and cerebral total DNA of 

infants born to females on a protein free diet from days 0 

to 10 and 13 to 18 respectively) infant body weight, cerebral 

weight and cerebral total DNA and total protein were sig

nificantly retarded by feeding pregnant rats a protein free 

diet during the periods studied. In the present study, a 

low protein diet was used rather than a protein free diet 

to more nearly recreate conditions in human populations; the 

time of pregnancy was divided into trimesters and the low 

protein diet was fed to experimental animals during one tri

mester only to detect special effects of maternal dietary 

low protein intake on offspring brain growth and development. 
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Infant brains were divided into three areas: the cerebrum, 

because of its importance in learning, the hypothalamus 

because of its importance in endocrine function, and the 

cerebellum because of its importance in motor activity. 

The study of progeny brain growth and development waa 

extended to day 21 to test the permanency of any deleterious 

effects on brain growth and development. 

The studies reported so far attest to the trend that 

the adult rat brain is not affected by dietary protein 

deficiency but in the young animal, the earlier in post

natal life that dietary protein deficiency is initiated the 

more severe and permanent are the deleterious effects on 

brain growth and development. The regional studies of the 

rat and the mouse brain, and the fact that the areas of the 

brain originate and mature at different times and rates, 

suggest that more meaningful information can be gained from 

nutritional investigations by studying different regions of 

the brain rather than one area or the total brain. However, 

to my knowledge, a systematic investigation has not been 

performed to test if maternal dietary protein deficiency 

during different times of gestation will produce the same 

trends in various areas of the neonate brain as observed in 

young animals. Therefore, this study was designed to in

vestigate the effect of maternal protein deficiency during 



various trimesters of pregnancy on neonatal brain growth 

and development, to investigate whether any deviations 

noted in progeny brain growth and development affect the 

cerebrum, hypothalamus and cerebellum to an equal extent 

and to investigate whether any deviations noted in neonatal 

brain growth and development can be restored to normal by 

the time of weaning. 



MATERIALS AND METHODS 

Weanling female albino rats of Sprague-Dawley origin 

were obtained from The University of Arizona College of 

Pharmacy. All animals were housed in quarters maintained 

at 22 C with a photoperiod of 13 hr of light and 11 hr of 

dark. To reduce bacterial infection all animals not mating 

or on experiment were periodically given an antibiotic 

(Sulmet Drinking Solution, American Cyanamid Co.) in their 

drinking water at a concentration of 30 ml of solution/Ij. 

liters of water. All animals were maintained on tap water 

during mating and experimentation. 

Female albino rats weighing 190 to 250 grams were 

mated with normal males. Day 0 of pregnancy was deter

mined by the presence of sperm in a vaginal smear taken 

each morning. The pregnant females were randomly divided 

into four groups: controls, low protein diet first tri

mester of pregnancy, second trimester or third trimester. 

Progeny of experimental mothers will be identified by LP-1, 

LP-2 and LP-3 (offspring from mothers who received a low 

protein diet during the first, second or third trimester of 

pregnancy respectively). The animals were fed Purina 

pelleted rat chow containing 22^ protein except for the 

experimental animals during their assigned trimester of 

12 
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low protein diet—days 0 to 8, 8 to 15> or 15 to 22. 

Experimental animals were maintained on the low protein 

diets during their assigned trimester only. The low protein 

diets were prepared by The University of Arizona Department 

of Poultry Science and consisted of either 3.5$ casein 

(diet 3.5) and 82.5$ dextrose or 7$ casein (diet 7) and 

79$ dextrose, 8$ corn oil, 2$ purified vitamin mix and k$ 

purified mineral mix. A preliminary study revealed that 

animals consumed equal daily amounts of diet regardless of 

the diet form (pelleted, powdered 27$ protein diet, or 

powdered low protein diet). Therefore, it was not considered 

necessary to feed control animals a powdered diet to simulate 

the form of the experimental diet3. 

Two male and two female infants were selected from 

each litter at one of the four sample periods—day 0 (the 

time of birth), J, II4. or 21. Before removing the brains 

and adrenal glands, hypothermia was induced by placing the 

animals in a freezer at -10 C for 15 to 30 minutes until 

respiration and heart beat had been greatly reduced. Hypo

thermia reduces brain metabolism (Blair I96I4.) and reduces 

chemical degradation during dissection. The snimals were 

sacrificed by decapitation and tissues were dissected on a 

tray of crushed ice, weighed and frozen in a snap-cap vial 
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in 10 to 15 minutes. Vials were 3ealed in a moisture proof 

bag and stored at -20 C until tissue analysis. 

The hypothalamus was isolated by incisions through 

the optic chiasma, at the anterior border of the mammillary 

bodies and at the medial borders of the cerebral peduncles. 

The brain was halved by mid-sagittal sectioning and the 

hypothalamic halves removed by a dorsal incision from the 

anterior commissure, under the ventral border of the inter

mediate mas3, to the aqueduct of Sylvius. The pituitary 

gland was not included in the hypothalamus. 

The cerebrum was isolated by transecting the brain 

stem between the cerebral hemispheres and the cerebellum 

and by removing the olfactory lobes. The cerebellum (hind-

brain) of the 0 and 7 day old infants was isolated by 

transecting the brain stem between the cerebral hemispheres 

and the cerebellum and by transecting the brain stem at the 

foramen magnum. The cerebellum was removed from II4. to 21 

day old infants by transecting the cerebellum from the brain 

stem. Adrenal glands were removed, trimmed free of extrane

ous fat and connective tissue, and the sexes of each litter 

were pooled to provide sufficient tissue for assay. 

Nucleic acids were estimated by the Munro and Fleck 

modification of the Schmidt and Thannhauser procedure (Munro 

and Fleck 1966). In brief, the procedure was as follows for 

25 mg of tissue: The tissue sample was homogenized in 



15 

distilled water chilled with ice, 0.5 ml of iced 0.6N 

perchloric acid (PCA) was added for each milliliter of 

tissue homogenate, mixed thoroughly, allowed to stand for 

10 minutes in ice water, and then centrifuged. The residue 

was washed twice with 0.5 ml of cold 0.2N PCA. The super

natant and two washings were discarded. The residue was 

suspended in O.lj. ml of 0.3N KOH, incubated for one hour at 

37 C in a Dubnoff metabolic incushaker, and then chilled 

in an ice water bath. The hydrolysate was acidified by 

the addition of 0.3 ml of cold 1.2N PCA, mixed thoroughly, 

allowed to stand for 10 minutes in ice water, and then 

centrifuged. The residue was washed twice with 0.5 ml of 

cold 0.2N PCA. The supernatant and two washings were com

bined with sufficient distilled x^ater to give RNA in a 

final solution of 0.1N PCA. The absorbancy was measured at 

260mjJ. using a model DU-2 Beckman spectrophotometer j RNA was 

calculated using a standard solution of yeast RNA (Sigma 

Chemical Co.) prepared under the same experimental condi

tions. The residue containing the DNA and protein was 

resuspended in 1.75ml of 0.3N KOH and sufficient distilled 

water added to give DNA in a final solution of 0.1N KOH. 

DNA was estimated by the diphenylamine reaction, using the 

Croft and Lubran (1965) modification of the Burton (1956) 

procedure. DNA was calculated using a standard solution of 

calf thymus DNA (Sigma Chemical Co,) prepared under the same 
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experimental conditions. Protein was estimated by the 

method of Lowry, et al. (1951) using bovine serum albumin 

(Sigma Chemical Co.) as the standard. 

The data were subjected to an analysis of variance 

technique utilizing the following general model: 

Yijkl + U+Ti + pj + sk + <TP>ij + <TS)ik + (ps>jk + 

(TSP)ijk + eijkl 

Where, u = overall mean with equal subclass number 

T± = ith treatment (Control, LP-1, LP-2, LP-3) 

pj = postpartiwi stage (0, 7, iLj. or 21 days) 

£>k = sex (male, female) 

(TP)ij, etc. = interactions among main effects 

ei1kl ~ random errors distributed normally and 
independently with means of 0 and common 
variance 

Further analyses between means that were statisti

cally different by the "F" test were made by Duncan's New 

Multiple Range Test (Duncan 1955). 



RESULTS 

Growth 

Rats fed diet 7 Kl% casein) during the third tri

mester of pregnancy gave birth to young with significantly 

retarded body weight as compared to control young (Table 1). 

Retardation in body weight was still apparent at day 7> but 

it was not significantly different from controls. At days 

lL|. and 21 there were no differences in body weights of 

experimental and control rats. Rats fed diet 3.5 (3.5$ 

casein) during any of the trimesters of pregnancy gave birth 

to young with significantly retarded body weights. At 21 

days of age LP-2 and LP-3 offspring (offspring of mothers 

who received low protein diet during the second and third 

trimester of pregnancy respectively) still had body weights 

significantly lower than controls. By 11+ days of age LP-1 

body weights were comparable to controls. In general, 

maternal diet 3.5 resulted in greater infant body weight 

retardation than diet 7> and. regardless of low protein diet 

the effect on infant body weight was more severe the later 

the treatment was initiated in pregnancy. 

Total brain weights (Table 1) of the progenies were 

not affected by feeding pregnant rats diet 7 during any of 

the trimesters of gestation. Although brain weights of 

17 
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Table 1, Effect of Maternal Diet and Infant Age on Body, 
Brain and Adrenal Weights 

Day 0 Day 7 Day Dny 21 

Body w t (fj) 
Control* 
Diot 7 
LP-18 
LP-2« 
LP-3e 

6.8+0.1° 

6.1++0.2 
6.7+0.2 
1+. 9+0.3° 

15-710.5 

ll|. 5+0.9 
1U. ij.+o. 9 
12.611.0 

21+. 010.8 

29.1+1.2 
29.0+1.2 
29.1+11.2 

1+2.1+11.8 

38.1+J+.1 
50.6+I+.6 
37.8+]|..l 

Diet 3-5 
LP-1} 
LP-2* 
LP-31 

5.9+0.2^ 
5.1+0.2^ 
3.8+0.2 

12.1+0.l|,d 
io.o+o.5o 
11.3+0.5 

22.7+0.9 
18.0+0.8 
19.5+0.9 

31+. 3+2.0 
25.7+2.2° 
30.5+2.1° 

Brain wt(mg) 
Control* 
Diet 7 
LP-Is 
LP-23 
LP-3G 

250+lf 

238+1+ 
246+1+ 
232+3 

676118 

611+37 
620+37 
617138 

1113123 

1112+20 
1136+19 
Hl+6119 

1352123 

1251++20 
13U4+28 
1227126 

Diet 3.5 
LP-1?-
LP-21 
LP-31 

220+l|.^ 
200+3 
18013d 

569+10° 
525+19° 
562+18° 

1173+23,, 
1000+28 
99i+l25d • 

1335+25 
127k+2)|. 
I29812I+ 

Adrenal wt(mg) 
Control1 

Diet 7 
.LP-1& 
LP-28 
LP-3S 

2.5±0.2 

2.8+0.1+ 
2.1++0.1+ 
2.0+0.3 

3.1+10.2 

U. 0+0.3. 
2.8+0.3b 
2.3i0.2b 

6.1++0.2 

7. 5 +0. 2d 
9.3+0.2d 

6.61O. 3 

13.0+0.6 

12.9+0.9 
ll+. 8+0,8 
12.010.9 

Diet 3.5 
LP-1* 
LP-2* 
LP-31 

2.2+0.2 
1.9+0.2, 
1.0+0.3 

1.9+0.2° 
2,lj.+0.2c 
2.0+0.2° 

5.9+0.3, 
3.8+0.2 
1+. 2+0.3° 

9.9+0.6, 
7.6+0.7° 
7.9+0.7b 

aSignificantly different from controls, P < 

O
 

U
\ 0

 
0

 

bSignificantly different from controls, P < 0.025. 

°Significantly different from controls, P < 0.010. 

dSipnificantly different from controls, P < 0.005. 

eMeon 1 S.D. 

fN = 20. 

CO It 

iN =12. 

"Significantly different within trontmont nt tho 
level indicatod. 



experimental rats were lower at 0 and 7 days of age, this 

difference was not statistically different than control 

brain weights. Progeny of rats fed diet 3.5 during any 

trimester of pregnancy had total brain weights significantly 

lower than controls at 0 and 7 days of age. At ll| days of 

age LP-1 brain weights were equal to control values, but 

LP-2 and LP-3 brain weights were significantly lower than 

controls. By 21 days of age there was no difference between 

experimental and control brain weights. 

Infants born to rats fed diet 7 during the first or 

third trimester of pregnancy had cerebral weights (Table 2) 

significantly lower then control weights. LP-1 and LP-3 

cerebral weights remained lower than controls at 7# 1^1- and 

21 days of age but this difference was statistically sig

nificant only at day 21 for LP-3 young. At 0 and 7 days of 

age progeny of rats fed diet 3.5 during any of the trimesters 

of pregnancy had cerebral weights significantly lower than 

control rats. At llj. days of age only LP-3 cerebral weights 

were significantly lower than controls and by 21 days there 

wa3 no difference between experimental and control cerebral 

weights. The retardation in cerebral weight with diet 3.5 

was more severe in LP-2 and LP-3 infants than in the early 

stage of pregnancy. 

There was no statistical difference between control 

hypothalamic weights (Table 2) and those of infants born to 
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Table 2. Effect of Maternal Diet and Infant Age on 
Cerebral, Hypothalamic and Cerebellar Weights-"-

Day 0 Day 7 Day 11}. Day 21 

Cerebral wt(mg) 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

Diet 3,5 
LP-1 
LP-2 
LP-3 

169+3 

156+I|a 
168+3 
155+̂ a 

15113* 
l33+3d 
ll8+4d 

Hypothalamic wt(mg) 
Control 7.91.0.11 
Diet 7 
LP-1 9.9+0.8 
LP-2 6.7+0.6 
LP-3 9.6+0.8 

Diet 3-5 
LP-1 
LP-2 
LP-3 

5.5±p.5, 
4.6+0.4̂  
J+.6+0.1|b 

Cerebellar wt(mg) 
Control 66.2+1.2 
Diet 7 
LP-1 66.7±1.2 
LP-2 66.6+1.2 
LP-3 60.1+1.0a 

Diet 3r5 
LP-1 
LP-2 
LP-3 

63.0+1.5? 
54.2+1. ld 
49.0+1.0 

509+14 

1+51+2J 
465+28 
W+27 

1).29+15̂  
392+11]d 
4l9+l5d 

I5.i)-+1.0 
1L|.. 8+1.1 
15.8+1.0 

892+16 

87̂ +15 
892+16 
850+15 

936+19 
822+16 
793+15d 

18.7+1.5 
20.3±1.4 
20.6+1.4 

1056+18 

984+19 
1034+20 
931+19a 

1043+20 
1004+19 
1020+20 

15.6+0.6 22.6+0.4 22.3+0.6 

21.4+0.8 
19.0JK5.9 
20.8+0.8 

14.4+0.7 
12.4+0.6 
12.7+0.6 

22.2+0.5 
24.0+0.7 
22.3+0.5 

0
,0

.0
. 

+1
+1

+1 
r^

-d
-c

r* 

• 
• 

• 

C\J 
CM 

OJ 

146+2 140+3 l84i4 

133+9 
129+10 
136+9 

144-+8 
151+15 
162+15 

171+6 
187+5 
169+6 

119+3° 
114+2C 
121+3° 

3.46+4 
ll6+3d 
ll8+3d 

183+4 
170+5 
170+5 

-"-See Table 1 for description of symbols and condi
tions . 



mothers fed diet 7. LP-2 hypothalamic weights remained 

lower than both controls and LP-1 and LP-3 young from days 

0 to 21, but the differences were not statistically sig

nificant. Hypothalamic weights of young born to mothers fed 

diet 3.5 during any of the trimesters of pregnancy were 

lower than controls at days 0 and 7 and this difference was 

statistically significant for LP-2 and LP-3 hypothalamic 

weights at day 0. In contrast to total brain weights and 

to cerebral and cerebellar weights, the hypothalamic weights 

of rats did not increase in size from II4. to 21 days of age. 

The cerebellum from LP-3 offspring of females fed 

diet 7 was significantly retarded in weight when compared 

to controls at birth (Table 2). LP-3 cerebellar weights 

remained below control cerebellar weights at days 7 and 21 

but the differences were not statistically significant. 

Rats fed diet 3.5 during any of the trimesters of pregnancy 

gave birth to offspring with significantly retarded cere

bellar weights at 0 and 7 days of age. At day llj. LP-2 and 

LP-3 cerebellar weights were significantly lower than con

trols, but LP-1 cerebellar weights were the same as control 

values. By 21 days of age, LP-2 and LP-3 cerebellar weights 

were lower but not statistically different from controls. 

Adrenal weights (Table 1) of infants born to females 

fed diet 7 were not statistically different from controls 

at birth. By day 7 LP-2 and LP-3 adrenal weights were 
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significantly less than control values. At llj. days of age 

LP-1 and LP-2 adrenal weights were significantly greater 

than controls, but by day 21 there was no difference between 

experimental and control adrenal weights. Rats fed diet 

3.5 during the third trimester of pregnancy gave birth to 

infants with significantly retarded adrenal weights. By 

day 7 LP-1, LP-2 and LP-3 adrenal weights were significantly 

lower than controls. At ll|. and 21 days of age LP-2 and LP-3 

young had significantly retarded adrenal weights. 

Relative Weights and Chemical Concentrations 

Tissue relative weights and chemical concentrations 

of tho various tissues were calculated and are presented in 

Appendices A and B. There were few noteworthy differences 

in any of the experimental relative weight values. The ab

sence of significant changes in adrenal/body weight, cerebral/ 

brain weight, hypothalamic/brain weight end cerebellar/brain 

weight ratios indicates that short periods of maternal 

dietary protein deficiency produces small offsprings ill toto. 

All significant changes in brain/body weight ratios were due 

to higher experimental values than controls. This result 

supports previous observations that although experimental 

brains are small for age, they are protected from the severe 

effects of food restriction (Richter 1961; Howard 1965). 

Although there were frequent significant differences 

between experimental and control tissue chemical 
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concentrations, no discernible pattern was observed. This 

result supports the conclusion that short periods of 

maternal dietary protein deficiency prodixces small off

springs ixi to to. 

Cerebral Composition 

At birth the total cerebral protein and RNA of 

infants of mothers fed diet 7 was significantly less than 

that of controls (Table 3). Total cerebral protein of 

LP-3 infants remained low but not statistically significant 

at days 7> ll+ and 21 (Tables I}., $ and 6), while LP-1 and 

LP-2 total protein had increased to that of control values 

by 21 days. The LP-2 and LP-3 total RNA remained low up to 

II4. days of age. At birth LP-2 total cerebral DNA was sig

nificantly higher than controls while the total DNA of LP-3 

rats was significantly lower. By day 7 LP-1 and LP-2 total 

DNA was significantly less than control values end LP-1 

total DNA remained lower than controls at II4. days of age. 

Progeny of rats fed diet 3.5 during the second and 

third trimester of pregnancy had significantly less total 

cerebral protein at day 0. Total cerebral RNA was sig

nificantly retarded in all experimental offspring at days 

0 and 7> end LP-2 and LP-3 total RNA remained lower than 

the RNA of controls at II4. days of age. Total cerebral DNA 

was not affected in newborns of mothers fed diet 3.5* By 

7 days of age all experimental offspring had significantly 



2k 

Table 3. Effect of Maternal Diet on Infant Cerebral, Hypo
thalamic, Cerebellar and Adrenal Total Protein, RNA and 
DNA at Day 0^ 

Protein 
(mg) 

RNA 
(jig) 

DNA 
(jig) 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

10.18+0.22 

8. l6+O.I|.3a 
8.9l++0.lJ.2a 
8. 75+0.L|.2a 

916+15 

802+7d 
785+8d 
768+8 

800+35 

87I1.+31 
1113+354 
650+30a 

Diet 3.5 
LP-1 
LP-2 
LP-3 

10.38+0.23. 
8.62+0.2l£ 
8.68+0.23d 

835+l7d 
760+197 
695±19d 

81^o+5o 
930+50 
725+1+5 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

O.lj.0+0. 02 

0.38+0.03, 
0.20+0.03^ 
0.25+0.03d 

ltf+1 

14-2+3 
30+3a 
36+3 

18+1 

2I4.+2 
18+2 
22+2 

Diet 3.5 
LP-1 
LP-2 
LP-3 

0.28+0.03 
0.16+0.02° 
0.17+0.03 

33+2d 
27+2d 
2li+2d 

1I4-+2 
16+1 
llj+2 

Cerebellum 
Control 
Diet 7 
LP-1 
LP -2 
LP-3 

3.70+0.10 

3.61+0.10 
3.55+0.10 
3.13±0.09 

318+5 

305+7 
309+7. 
272+8 

281+8 

262+13 
200+1)+^ 
185+11+ 

Diet 3.5 
LP-1 
LP -2 
LP-3 

1+. 16+0. 11 
3.11-6+0.11, 
3. lli-i.0.12 

317+7, 
286 d̂ 

265+8 

226+lld 
233+10j 
l88+l5d 
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Table 3, Gontinued 

Protein 
(rag) 

RNA 
(Pg) 

DNA 
(MS) 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

0.381.0.02 

0.25+0.03 
0.1^5+0.02 
0.11|+0.02d 

58+3 

38 +I4-

23+1 

20+2 
30+2 
17+2 

Diet 3.5 
LP-1 
LP-2 
LP-3 

0.33+0.03 
0.33+0.03, 
0.10j_0. OLj. 22+5 

2I4.+2 
21+2 
10+3d 

•K-See Table 
tions. 

1 for description of symbols and condi-
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Table lj.» Effect of Maternal Diet on Infant Cerebral, Hypo
thalamic, Cerebellar and Adrenal Total Protein, RNA and 
DNA at Day 7** 

Protein 
(mg) 

RNA 
(ng) 

DNA 
(W5) 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

30.14I1.+1. 25 

26.95+1.73 
27.25+1.lb 
26.6^+1.73 

2367+50 

2175+87 
1972+86 
2101+87 

1319+Ll.O 

107lf-+68a 
9)+3+67a 
1113+68 

Diet 3.5 
LP -1 
LP-2 
LP-3 

26.28+1.29 
26.21+1.28 
29.07+1.30 

1911+62° 
1860+60° 
1931+63 

999+55? 
965+50d 
1077+56d 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

0.82+0. 01+ 

0.76+0.07 
0.92+0.07 
O.87+O.O7 

60+2 

56+k 
59+14. 
60+l| 

33+2 

20+2? 
20+2 
23+3d 

Diet 3.5 
LP-1 
LP-2 
LP-3 

0.9ii+0.05wa 
0.68+0.05 
0.77+0.05 

53+3 
U9+5 
51+3 

3^+2 
2l|+5a 
32+3 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

8.92+0.32 

7.59+0.86 
10.22+0.87 
8.25+0.86 

726+15 

62 7+1|5 
52 2+1+5 a 
6I).3+l(Ij. 

592+25 

3 22+125& 
650+117 
5210.20 

Diet 3.5 
LP-1 
LP-2 
LP-3 

7.36+0.35 
7.39+0.35 
8.18+0.33 

536+18^ 
5^7+18* 
583+20 

360+29? 
375+33 
i+95+30 
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Table 1+, Continued 

Protein 
(mg) 

RNA 
(ng) 

DNA 
(Hg) 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

0.61+0.02 

0.6Ij.+0.06 
0.55+0.06 
0.1+1+0. 06 

72+2 

83+6 
7i++6 
52+B 

1+7+2 

68+5 

38+2+ 

Diet 3.5 
LP -1 
LP-2 
LP-3 

0.1+1+0. 02° 
0.33+0.02° 
0.3510.02° 

59+3 
52+3 
50+3 

35+3 
27+3 
3U-+3 

-"-See Table 
tions. 

1 for description of symbols and condi-
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Table 5* Effect of Maternal Diet on Infant Cerebral, Hypo
thalamic, Cerebellar and Adrenal Total Protein, RNA and 
DNA at Day 14* 

Protein RNA DNA 
(mg) (jag) (jag) 

Cerebrum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

65.39+2.10 

65.^9+1.79 
60.08+1.80 
63.50+1.80 

78.66+2.13d 
59.61+2. llj. 
61.59+2.13 

1.40+0.04 

1.06+0.07 
1.1510.07 
1.38+0.07 

1.62+0.0)4. 

1.43+0.05 
1.42+0.05 

10.88+0.38 

11.30+0.30, 
9.62+0.28® 
9.1+8+0. 28d 

12.92+0.39 
8.62+O.39J 
9.1+0+0.38d 

4018+75 

3772+70, 
3520+70J 
3562+70d 

4176+80, 
3529+83, 
3448̂ 8 3 d 

84+1 

68+4a 

73±5a 
85+5 

82+2 
79+2, 
77+2c 

928+30, 
766+30? 
735+29° 

909+25, 
69li+24d 
730+24d 

2060+40 

l578+250f 
1967+21+8 
1914+250 

1712+48° 
2368+45d 
1968+49 

45+2 

29+3 
30+3c 
56+5 

33+3 
34+3 
3o+4 

894+20 1328+70 

1317+70 
1181+68, 
904+66 

1592+88 
1418+87 
901+90d 
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Table 5> Continued 

Protein 
(mg) 

RNA 
(l*g) 

DNA 
(pg) 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

l.l|l|+0.09 

1.67+0.0l|. 
1.87+0. Oli. 
1.69+0. 0l| 

178 +£ 

185+1+ 
200+5 
180+I+ 

12l|+5 

ll|6+10 
211+15 
11+5+12 

Diet 3.5 
LP-1 
LP-2 
LP-3 

1.1+9+0.11 
0.77+0.10 
0.99+0.10 

114-7+10 
9l|+9a 
106+108 

114-7+6 
76+7^ 
57+7d 

-"-See Table 1 for description of symbols and condi
tions . 



30 

Table 6. Effect of Maternal Diet on Infant Cerebral, 
Hypothalamic, Cerebellar and Adrensl Total Protein, RNA 
and DNA at Day 21 -:«• 

Protein 
(mg) 

RNA 
(PS) 

DNA 
(ws) 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

93.62+1.90 

93.80-(-4.08 
95.35+l|-. 08 
88.93+34.. °8 

l|.073il00 

3830+80 
1+165+76 
3763+80 

214.89+170 

3308+220, 
143147+230° 
304.3+230 

Diet 3.5 
LP-1 
LP-2 
LP-3 

98.^2+1.92 
93.22+1.91 
89.73+1.92 

I4O8O+IO5 
I4O72+IO8 
I4223+II2 

2790+190 
23014+183 
28114+185 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

1.69+0.07 

1.1+5+0.06 
1.^3+0.06 
1.38+0.06 

85+1 

79+14 
73+1+ 
83+?4 

53+2 

50+[|. 
14-3+3 
14-8+3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

2.03+0.08 
1.73+0.08 
1.93+0.08 

8 5+2 
85+3 
88+3 

56 +3 
34-7+34-
bl+k 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

17.O6+O.I4.8 

16.142+0.346 
17.70+0.1x7, 
ll|..3l4±0.1|-8b 

91:4+20 

916+H4. 
969+15 
912+ilj. 

1705+120 

1935+151 
2978+1703 
2I4I42+150 

Diet 3.5 
LP-1 
LP-2 
LP-3 

15.87+0.50 
15.12+0.50 
15.68+0.50 

908+23 
850+25 
907+23 

1812+1I40 
1653+150 
1999+11)4 
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Table 6, Continued 

Protein 
(mg) 

RNA 
(ug) 

DNA 
(Mg) 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

3.0i(.+0.12 

2.88+0.25 
3.55+0.25 
2.8^+0.25 

2 91++5 

273+22 
32^+30 
278+23 

258+10 

318+35 
31+J++31 
232+30 

Diet 3-5 
LP-1 
LP-2 
LP-3 

2.39+0. 111. 
2.05+0.15 
2.0i|.+0.l5 

2lJL).+7c 
179+8° 
180+8° 

301+lIj. 
20I4.+13 
217+13 

-"-See Table 
tions. 

1 for description of symbols and condi-
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less total DNA than controls but there was no difference 

between experimental and control values at day 21. 

Cerebral protein/DNA and RNA/DNA ratios were sig

nificantly less in LP-1 and LP-2 newborns of mothers fed 

diet 7 (Table 7)» The cerebral tissue/DNA ratios were low 

in both groups but the difference was significant only for 

LP-2 newborns. By 21 days of age the tissue/DNA, protein/ 

DNA and RNA/DNA ratios (Tables 8, 9 and 10) were signifi

cantly lower in all experimental groups when compared to 

control values. 

Rats fed diet 3.5 during the second trimester of 

pregnancy gave birth to infants with significantly lower 

cerebral tissue/DNA, protein/DNA and RNA/DNA ratios. LP-1 

cerebral protein/RNA ratios were significantly higher than 

controls at days 0 and II4., and LP-3 protein/RNA ratios were 

significantly higher from day 0 to day ll\.m At day II4. LP-1 

cerebral tissue/DNA, protein/DNA and RNA/DNA ratios were 

significantly higher than controls and the same ratios of 

LP-2 young were significantly lower than controls. By 21 

days of age there was no difference between experimental and 

control ratios. However, LP-1 cerebral protein/RNA ratios 

were significantly higher than those of LP-3 young. 
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Table 7. Effect of Maternal Diet on Infant Cerebral, Hypo
thalamic, Cerebellar and Adrenal Chemical Ratios at Day Ok-

Tissue Prote in RNA Protein 
DNA DNA DNA RNA 

mg/^g Pg/P-g Pg/Pg pg/pg 

Cerebrum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

0.21+0.01 12.86+0.60 1.1^+0.0l|. 11.12+0.25 

0.19+0.02 
0.15+0.01b 
0.25+0.02 

0.18+0.01 
0.15+0.01® 
0.17+0.01 

9.8I).+0. 70d 
8.07+0.69 

11+. 19+0.70 

12.14.6+0.63 
9.59+0.65® 
12.56+0.63 

0.96+0.06^ 10.19+0.51 
0. 71+0.05d ll.i+0+0.53 
1.26+0.06 ll.iio+0.50 

1.00+0.05 12.I4.2+O.27 
0.8J++0.05a 11.35+0.23. 
1.01+0.05 12.46+0.27D 

Hypothaiamus 
Control 0.54+0.03 
Diet 7 
LP -1 
LP-2 
LP-3 

26.18+1.55 2.92+0.10 9.28+0.65 

Diet 3.5 
LP -1 
LP-2 
LP-3 

Cerebellum 
Control 
Diet 7 
LP -1 
LP -2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

0.^3+0.02^ 
0.38+0.02° 
0.i).6+0.02 

0.1+0+0.03^ 
0.30+0.03a 
0.34+0.03d 

16. 0l|.+l. 00 
11.68+0. 94 
12.48+0.94d 

1.77+0.13® 
1.76+0.13a 
1.78+O.I3a 

9.08+0.45 
6.75+0.44° 
7.06+0.ii4c 

19.19+1.63d 2.31+0.12. 8.28+0.69, 
10.05+1.60J 1.78+0.11J 5.76+0.69 
12.97+1.65 1.78+O.lld 7.46+0.70 

0.2^+0.01 13.16+0.80 1.13+0.03 11.63+0.20 

0.27+0.02 
0.34±p.02a 
0.33+0.02a 

0.28+0.02 
0.23+0.01 
0.26 0.01 

14.4510.79 
17.9910.80 
17.20+0.80 

l8.75+o.84d 
I4.91i0.83 
17.01 o.84a 

1.22+0.07 11.85+0.23 
i.57i0.08a 11.60+0.23 
1.51+0.08 11.57+0.23 

1.42+0.05 I3.iii0.23d 
i.24+o.o5h 12.09+0.23 
1.42 __o. 04° 11.94+0.23 
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Table J, Continued 

Tissue Protein RNA Protein 
DNA DNA DNA RNA 
mg/jag Pg/Ug Pg/ug Hg/jig 

Adrenal 
Control 0.21++0.02 16.2I++1.35 2. l+7±0.20 6.57+0.1+0 
Diet 7 
LP -1 0.30+0.03 12.38+0.83 1.93+0.16 6.Wl+0.32 
LP-2 0.1710.02 I5.5l+0.89h 1.90+0.16 8.38+0.36 
LP-3 0.22+0.02 7.79+0.81+ 1.2l++0.l5a 6.32+0.33 

Diet 3.5 
LP -1 0.21+0.03 11+. 92+1.1)4 2.13+0.21+ 6.99+0.51+ 
LP-2 0.20+0.03 15.1+0+1.1+0 2.51++0.21+ 6.29+0.52 
LP-3 0.27+0.05 11.37+1.4-5 2.1+1++0.25 3.90+0.52 

-::-See Table 1 for description of symbols and condi
tions . 
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Table 8. Effect of Maternal Diet on Infant Cerebral, Hypo
thalamic, Cerebellar and Adrenal Chemical Rptios at Day 7*-

Tissue Protein 
DNA DNA 
mg/jag P-g/m 

RNA Protein 
DNA RNA 
Hg/jag jug/ng 

Cerebrum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

0.39+0.02 23.08+2.30 1.79+0.12 12.86+0.30 

0.1|2+0.02 
0.li9+0.03 
0.1|l+0.02 

O.I4.7+O.O3 
O.ii-1+0.03 
0. lio+o. oU-

25.19+0.96 
28.83+1.00 
21^.56+0.96 

29.29+2.^7 
27.19+248 
27.95+2.11-8 

2. 0l|.+0. 09 
2.11+0.10 
1.95+0.09 

2.09+0.15 
1.9l|-+0.11| 
1.85+0. ll| 

12.j|0+0.i|l 
13. 76+0.1+2 
12.68+0.1(.2 

13.66+0.311-
111. 0l[.+0.35 
l5.0l|+0.37a 

Hypoth alarms 
Control 0.1|9+0.02 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

Cerebellum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

25.60+0.95 1.90+0.10 13.6I1+O.I4.5 

0.81|+0.07a 
0.81|+0.07a 
0.71+0.06  

0-l|2+0.03 
0.51|+0.03 
0.1|2+0.03 

39.50+3.80^ 
1|8.93+1|.00° 
39.5U-+3.80 

27.39+0.97 
29.3lil_0.98 
25.21+0.97 

2.92+0.19° 
3.29+0.20c 
2.69+0.19° 

13.53+0.51| 
15.18+0.55 
ill.60+0.55 

1.57+0.10wc 17.52+0. 1|9 
2.18+0.11 13.61|+0 J|8 
1.70+0.17 li|.91+0.1|9 

0.26+0.01 17.03+1.00 1.39+0.09 

0.1|l+0.09 
0.23+0.09 
0.26+0.09 

0.35±0.02c 

0.3110.02 
0.2l|+0.02 

20.79+3.90 
17.87+3.50 
15.98+3.80 

21. 8J4.+1.15° 
19.81).+1.11° 
16.62+1.12 

1.56+0.32 
0.96+0.31 
1.21|+0.32 

1.58+0.10 
1.1|7+0.10 
1.18+0.10 

12.29+0.30 

12.10+0.89 
19.52+0.98° 
13.03+0.91 

13.77+0.3l|a 
13.50+0.3i|a 
111. 08+0.33 a 
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Table 8, Continued 

Tissue Protein RNA Protein 
DNA DNA DNA RNA 
mg/jag Ug/)-ig ĵ g/ĵ g Hg/jig 

Adrenal 
Control 0.16+0.01 13.00+0.80 1.53±0.10 8.52+0.20 
Diet 7 

1.53±0.10 

LP-1 0.12+0.01 9.28+0.26° 1.21+0.02 7.69+0.16 
LP-2 0.12+0.01 11.914+0.27 1.6l+0.03wd 7.I4.2+O.16 
LP-3 0.12+0.01 10.81+0.27 1.3710.02 7.91+0.17 

Diet 3.5 
6.7^-+0.2 â LP-1 0.12+0.01 11.7^+0.89 1.80+0.12 6.7^-+0.2 â 

LP-2 0.18+0.01 12.38+0.88 1.98+0.18 6.2l|+0.228 
LP-3 O.II4.+O.OI 11.58+0.88 1.71+0.13 6.88+0.2I4. 

-"-See Table 1 for description of symbols and condi
tions . 
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Table 9. Effect of Maternal Diet on Infant Cerebral, Hypo
thalamic, Cerebellar and Adrenal Chemical. Ratios at Day lip* 

Tissue Protein 
DNA DNA 
mg/ng Jig/Ug 

RNA Protein 
DNA HNA 

pg/jag Mg/Mg 

Cerebrum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP -2 
LP-3 

O.J4.6+O.OI 33.7^±1.30 2.07±0.05 16.27+0.25 

17. 36+O.I4-6 
17.32+0.̂ .6 
17.83tO.ii6 

0.56+0.07 
O.I4.9+O.O6 
0. 1+5+0. 06 

0.56+0.03^ 
0.35±0.02a 

0.1|.1+0.02 

î .ip+i),. 75 
33.57+4.50 
33.14-3+^.58 

[(.6.61j.+l. 33̂  
25.29+1.35d 
31.59+1.30 

2.144+0.25 
1.9310.26 
1.87+0.26 

2.^8+0.075 18.83+0*27 
1.50+0.06d 16.89+0.26 
1.76+0.06 17.80+0.27 

Hypothalamus 
Control 0.52+0.05 
Diet 7 
LP -1 
LP-2 
LP-3 

31.97+1)-. 00 1.89+0.20 16.69+0.30 

0.66+0.02 
0.68+0.02^ 
0.37+0.02 

37.07+1.10d 
38. 21|.+1.10d 
2lj..68+1.07d 

2.38+0.08d  

2,l).2+0.08d 
1.52+0.07 

Diet 3.5 
LP -1 
LP-2 
LP-3 

Cerebellum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

0.71+0.07 
0.83+0.07 
0.68+0.06 

51.85+14-16 2.63±0.23 
14.8.12+1).. 20 2.70+0.2l| 
14-2.72+)-).. 15 2. 3lj-±0. 2lJ. 

15.62+0.15 
15.78+0.15 
16.28+0.16 

19.78+0.39° 
17.96+0.37 
18.30+0.39 

0.11+0.01 8.92+0.50 0.7li-i0.05 12.17+0.10 

0.12+0.02 
0.13+0.02,  
0.2li.+0.03 

0.10+0.01 
0.08+0.01 

9.II4-+OJ1.I 
8.i|5+0.1).0, 
10. 79+0.1).ld 

8.37+0.914-
6.11+0.93 

0.75±0.05 
0.67+0.01). 
0.83+0.05 

0.59+0.06 
0.1).9+0.06 

12.17+0.29 
12.56+0.29 
13.07+0.30 

ll).. 22+0. ll).c 
12,lj.2+0.15 

o!ll[.+o!oiwc ll'.i|0+0!9l|wb 0!88hhD! 07WC 12.'79+o! 15 
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Table 9, Continued 

Tissue Prote in RNA Protein 
DNA DMA DNA RNA 
mg/jag Hg/ug Kg/V-g J^g/jag 

Adrenal 
Control 
Diet 7 
LP -1 
LP-2 
LP -3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

0.11+0.01 11.60+1.20 1. l+JL)-+_0.10 8.08+0.35 

0.10+0.01 
0.08+0.01 
0.10+0.01 

0.09+0.01 
0.10+0.01 
0.15+0.01 

11.65+0.65 
8.14.1+0.69 
12.30+0.66 

10.96+1.29 
10.2î +l. 29 
16.92+1.30 

1.29+0.07 
0.90+0.06 
1.31+0.07 

1.10+0.13 
1.28+0.12 
1.85+0.15 

9.05+0.13 
9.38+0.12 
9.39+0.16 

10.13+0.38 
8.09+0.37 
9.06+0.37 

-"-See Table 1 for description of symbols and condi
tions . 
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Table 10. Effect of Maternal Diet on Infant Cerebral, 
Hypothalamic, Cerebellar and Adrenal Chemical Ratios at 
Day. 21-* 

Tissue Protein RNA Protein 
DNA DNA DMA ENA 
mg/MS Hg/ug Hg/ng Hg/Mg 

Cerebrum 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

0.Ij.3+0.02 37.1+0+2.35 1.61|+0.05 22.99+0.1+0 

0.31+0.02° 
0.21̂ +0.03° 
0.32+0.02° 

0.14-0+0.02 
0.̂ 5±0.03 
0.37+0.03 

Hypothalamus 
Control O.ij.3+0.01 
Diet 7 
LP-1 0.I+1++0.02 
LP-2 0.45+0.02 
LP-3 0.14J4-+0. 02 

Diet 3.5 
LP-1 
LP-2 ' 
LP-3 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

0.1+0+0. 03 
O.I4.6+O. 03 
0.11.3+0.0̂  

0.09+0.01 
0.06+0.01° 
0.07+0.01 

Diet 3.5 
LP-1 0.10+0.01 
LP-2 0.12+0.01 
LP-3 0.09+0.01 

29.8I4.+1. 8o° 
22.21++1.790 
30.09+1.80° 

37.67+2.1+3 
lj.1.96+2.1|5 
32.61j.+2.1|.3 

1.21+0.07^ 
0. 97i.0.06 
1.29+0.07b 

1.56+0.09 
1.81+0.10 
1.53+0.10 

2l+. 1+9+0.68 
22.91+0.65 
23.55+0.69 

2l+.23+0.1|4wd 
23 - 01+0.14J4-
21. 26+0.I(.3 

32.88+2.20 1.60+0.10 19.86+0.50 

29.39+1.00 
31.26+1.03 
28.87+1.10 

36.56+2.23 
38.58+2.27 
1+2.50+2. 28 

0.12+0.01 11.07+0.50 

8.73+0.93 
6.06+0.92 
5.91++0.92° 

8.87+O.72 
10.03+0.72 
7.90+0.71 

1.61+0.05 
1.72+0.06 
1.73+0.06 

1.53+0.11 
1.92+0.11 
1.96+0.11 

0.63+0.03 

O.lj.9+0.07 
0.33±0.06c 

0.38+0.06 

0.511P.01+ 
0.56+0.0Lj. 
0.1+6+0.01+ 

18.30+O.lj.O 
18.20+0. lj.0 
16.66+0.lj.9a 

21+. 00+0.61}.8 
20.1|.2+0.65 
21.77+0.65 

18.07+0.20 

I7.92+O.3I4-
18.28+0.31+ 
15.69+0.33° 

17.1+910.21 
17.82+0.22 
17.30+0.22 



Table 10, Continued 

UO 

Tissue Protein RNA Protein 
DNA DNA DNA RNA 
mg/jAg m/ng m/ng ns/m 

Adrenal 
Control 
Diet 7 
LP -1 
LP -2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

0.10+0.01 12.30+0.62 1.19+0.05 10.35+0.25 

0.08+0.02 
0.10+0.02 
0.15+0.02 

0.07+0.01 
0.08+0.01 
0.08+0.01 

9.09+1.15 
12.10+1.11 
II1..2I4.+1.11 

8.09+0.67 
10.53+0.62 
10.2I(.+0.68 

0.86+0.17 
1.10+0.13 
1.I4|.+0.12 

0.73+0.05 
0.9310.06 
0.90+0.05 

10.56+0.22 
10.97±0.25 
10.05+0.22 

11.1110.29 
11.5110.21 
ll.32iO.27 

-"•See Table 1 for description of symbols and condi
tions. 
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Hypothalamic Composition 

Pregnant rats fed diet 7 during the second and third 

trimesters of pregnancy gave birth to infants with signifi

cantly less total hypothalamic protein (Table 3). In 

general, experimental offspring had less total hypothalamic 

protein up to 21 days of age (Tables 5 and 6), but the 

difference was not statistically significant after birth. 

Total hypothalamic RNA of LP-2 infants was significantly 

less than that of controls at birth and day II4., while LP-1 

infants had less tot si RNA at 1L|. days of age. At birth the 

total hypothalamic DNA of experimental offspring was not 

affected by maternal diet 7. At days 7 and li+ LP-1 and LP-2 

young had significantly less total hypothalamic DNA, but 

there was no difference between experimental and controls at 

21 days of age. 

Progeny of rats fed diet 3.5 during the second and 

third trimester of pregnancy had significantly less total 

hypothalamic protein than controls at birth. At day 7 all 

experimental hypothalamic protein values were the same as 

controls. However, LP-1 total hypothalamic protein was 

significantly higher than that of LP-2 progeny. Total 

hypothalamic RNA of diet 3.5 newborns was significantly 

less than that of control values. LP-3 total RNA was sig

nificantly retarded at II4. days of age, but at 21 days there 

was no difference between experimental and control RNA 

values. With one exception there was no difference at 
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any time between experimental and control total hypothal

amic DNA. 

With two exceptions (LP-1 protein/RNA ratio and 

LP-3 tissue/RNA ratio) the hypothalamic tissue/I)NA, protein/ 

DNA, RNA/DNA and protein/RNA ratios were significantly lower 

in newborns of mothers fed diet 7 (Table 7). However, by 

day 7 (Tpble 8) the protein/DNA and RNA/DNA ratios were 

significantly higher than controls in experimental young as 

were the tissue/DNA ratios in LP-1 and LP-2 young. At day 

II4. (Table 9) the tissue/DNA, protein/DNA and RNA/DNA ratios 

remained significantly higher than controls in LP-1 and LP-2 

young although there was significant reduction in the tis

sue/DNA and protein/DNA ratios of LP-3 young. By 21 days 

of age (Table 10) the only difference between experimental 

and control young wa3 a lower hypothalamic protein/RNA 

ratio in LP-3 young. 

With one exception (LP-1 RNA/DNA ratio) the hypo

thalamic tissue/DNA, protein/DNA and RNA/DNA ratios were 

significantly lower in newborns of mothers fed diet 3.5 

during any of the trimesters of pregnancy. By day 7 there 

was no difference between experimental and control hypo

thalamic chemical ratios with the exception of an elevation 

in LP-1 protein/RNA ratios from day 7 to day 21. However, 

at day 7 LP-1 hypothalamic RNA/DNA ratios were significantly 

lower than those of LP-2 young. 
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Cerebellar Composition 

At days 0, ll(. and 21 (Tables 3, 1|, 5 and 6) there 

was a significant retardation in total cerebellar protein 

of offspring of mothers fed diet 7 during the third tri

mester of pregnancy. LP-2 offspring had significantly 

less total cerebellar protein at day II4. but the difference 

between experimental and control values was eliminated by 

21 days of age. Total cerebellar RNA of LP-3 offspring 

was significantly lower at days 0 and II4. while LP-2 total 

RNA was significantly less at days 7 and 11^. By 21 days of 

age there was no difference between experimental and con

trol animals in total cerebellar RNA. Total cerebellar 

DNA of LP-2 and LP-3 newborns was significantly lower than 

that of control newborns. LP-1 total cerebellar DNA was 

significantly less than controls at day 7 while LP-3 total 

DNA was significantly reduced at day II4.. By 21 days of age 

LP-2 and LP-3 total DNA was significantly higher than con

trols . 

Rats fed diet 3.5 during the third trimester of 

pregnancy gave birth to infants with significantly low 

total cerebellar protein. Total cerebellar protein was 

significantly lower in LP-2 and LP-3 young and significantly 

elevated in LP-1 young at II4. days of age. At days 7 and 21 

LP-1, LP-2 and LP-3 total protein was lower than that of 

controls but this difference was not statistically 



significant. LP-2 and LP-3 offspring had significantly 

less total cerebellar RNA than did controls at days 0, 7 

and II4., but by 21 days of age there was no difference 

between experimental and control RNA levels. At birth 

total cerebellar DNA was significantly retarded in experi

mental offspring. LP-1 and LP-2 total DNA remained sig

nificantly lower at day 7* and LP-3 total DNA was signifi

cantly less than controls at day ll|., but by 21 days of age 

there was no statistical difference between experimental 

and control DNA levels. 

Progeny cerebellar chemical ratios were not altered 

by feeding rats diet 7 during the first trimester of preg

nancy (Tables 7> 9 and 10). At birth the LP-2 cerebel

lar tissue/DNA and RNA/DNA ratios were significantly 

higher than control values. By day 7 only the protein/RNA 

ratio of LP-2 young were significantly different from con

trol values. At 21 days of age LP-2 tissue/DNA and RNA/DNA 

ratios were significantly lower than control values. 

Newborns of rats fed diet 3.5 during the first and 

third trimester of pregnancy had cerebellar protein/DNA 

and RNA/DNA ratios significantly higher than that of con

trols. LP-1 cerebellar protein/RNA ratios were also sig

nificantly higher at birth. At day 7 there was a signifi

cant increase in LP-1, LP-2 and LP-3 protein/RNA ratios, 

LP-1 and LP-2 protein/RNA ratios and LP-1 tissue/DNA ratios 
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when compared to controls. By 11+ days of age only the 

LP-1 cerebellar protein/RNA ratio was significantly dif

ferent from controls. However, LP-3 tissue/DNA and protein/ 

DNA ratios were significantly higher than those of LP-2 

young, whereas LP-3 RNA/DNA ratios were significantly 

higher than LP-1 and LP-2 progeny. At day 21 there was no 

difference between experimental and control cerebellar 

chemical ratios. 

Adrenal Composition 

Rats fed diet 7 during the third trimester of preg

nancy gave birth to infants with significantly less total 

adrenal protein and RNA than control infants (Table 3). 

There were no other differences between diet 7 experimentals 

and controls in total adrenal chemicals (Tables I4., j? and 6). 

Progeny of mothers fed diet 3.5 during the third trimester 

of pregnancy had significantly less total adrenal protein, 

RNA and DNA at birth. By day 7 LP-1, LP-2 and LP-3 in

fants had significantly less total adrenal protein. LP-2 

and LP-3 total adrenal RNA and DNA wa3 significantly less 

than that for controls at day ll|. By 21 days of age total 

adrenal RNA was significantly retarded in LP-1, LP-2 and 

LP-3 young. 

With three exceptions (LP-3 protein/DNA and RNA/DNA 

ratios at day 0 and LP-1 protein/DNA ratio at day 7), the 

adrenal chemical ratios were similar to control values in 
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the offspring of mothers fed diet 7 (Tables f, 8, 9 and 10). 

However, LP-2 RNA/DNA ratios were significantly higher 

than those of LP-1 and LP-2 young at day 7. Progeny of 

rats fed diet 3.5 during the first and second trimester of 

pregnancy had a significantly lower adrenal protein/RNA 

ratio at day 7. By 21 days of age none of the experimental 

adrenal chemical ratios differed statistically from control 

value s. 

Sex 

In this investigation two males and two females were 

taken from each litter and analyzed individually to study 

the effect of maternal diet, or trimester of pregnancy the 

diet is given and infant age on sexual differences in ani

mals (data not presented). At no time could a statistical 

difference be found between sexes in any of the parameters 

studied. 



DISCUSSION 

The body, brain, cerebral, hypothalamic and cerebel

lar weights are more severely retarded in newborns of 

mothers with the more severe dietary protein restriction 

or with the latest period of protein restriction during 

fetal development. Zamenhof, van Marthens and Gravel 

(1971) have reported that complete maternal protein depri

vation decreases newborn body and cerebral weights more 

severely if protein deprivation was initiated later during 

pregnancy. In general, the more severe dietary protein 

restriction had a longer lasting effect on tissue weights. 

Total cerebral DNA was high for LP-1 and LP-2 new

borns of mothers fed either diet 3.5 or 7 although this 

difference was statistically significant in only one in

stance. LP-3 newborns of both diet groups had less total 

cerebral DNA than controls. Since cells of the rat cerebrum 

are diploid and the amount of DNA within the diploid nucleus 

is constant (Winick and Noble 1965) total DNA has been used 

as an index of cell number in this structure (Enesco and 

Leblond 1962; Brizzee, Vogt and Kharetchko 1963; Winick and 

Noble 1965). At birth, when rat cerebral neuron number is 

final, LP-3 cerebral hemispheres heve 10 (diet 3.5) to 23$ 

(diet 7) fewer cells than do control animals. 

kl 
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Experimental newborns had significantly less 

cerebral total protein and RNA than controls. The ratio 

of wet tissue weight, protein or RNA to a constant amount 

of DNA per cell can be used as an index of cell size 

(Enesco and Leblond 1962; Winick and Noble 196$; Rappoport, 

Fritz and Myers 1969). When these experimental ratios are 

compared to control ratios it is seen that LP-1 and LP-2 

newborns of the diet 7 group, and LP-2 newborns of the 

diet 3.5 group, have slightly more but significantly 

smaller cells than normal. 

The effect of feeding a low protein diet during 

various trimesters of pregnancy on newborn cerebral total 

protein is comparable to that reported for complete maternal 

protein deprivation for short periods of time (Zamenhof, van 

Marthens and Gravel 1971); i.e.» newborn cerebral total pro

tein is significantly retarded regardless of the degree of 

maternal protein deficiency or the time treatment is initi

ated. However, in the present investigation a significant 

retardation in newborn cerebral total DNA was found in one 

instance; whereas, Zamenhof, van Marthens and Gravel (1971) 

reported that complete maternal protein deprivation for 

short periods of time produced significant retardation in 

newborn cerebral total DNA in four of five instances. Inter

estingly, if the experimental trimesters of pregnancy are 

arranged in order of decreasing total cerebral DNA for 



either diet (LP-2, LP-1, LP-3), the order is comparable to 

that of the periods of complete maternal protein depriva

tion (days 13 to 18, 0 to 10, 1$ to 20, or 10 to 20). 

Several workers have concluded that neurons do not 

increase in number after birth in the rat cerebrum and 

hypothalamus and only neuroglia multiply postnatally (Briz-

zee, Vogt and Kharetchko 1963; Altman and Das 1966; Hicks 

and D'Amato 1968; Winick 1970s; Ifft 1972); whereas, in the 

cerebellum, both neurons and neuroglia proliferate until at 

least 10 days postnatally (Winick 1970a). 

During the postnatal development when the increase 

in cerebral cell number is thought to be due to neuroglia 

proliferation the total cerebral protein, RNA and DNA of 

experimental young was generally lower than the same chemi

cals of controls. Since experimental total RNA remained 

retarded up to two weeks after birth, one might suspect that 

the retardation seen in cell size at birth is permanent 

because the neuron cytoplasm is characterized by masses of 

Nissl substance rich in RNA and will contribute more to the 

total RNA than neuroglia (Rappoport, Fritz and Myers 1969). 

Only limited behavioral studies have been performed 

on young rats born to mothers malnourished during pregnancy. 

To my knowledge, brain weights and chemical analysis were 

not done in these studies. However, young of mothers fed a 

9% casein diet during pregnancy and lactation had body 



weights 60$ lower than control rats at 1+ weeks of age 

(Baird, Widdowson and Cowley 1971)* After weaning the 

young were placed on a 9$ casein diet until lLj. weeks of age 

when their "intelligence" wa3 tested in a modified Hebb-

Williams apparatus. Although experimental animals scored 

lower than control animals the differences wore not 

statistically significant. 

If the maternal diet is reduced by $0% during gesta

tion (Simonson, et al. 1971) and newborns transferred to 

normal foster mothers, the gross effects of maternal mal-

nourishment are not recognizable in experimental progeny 

at 26 weeks of age. However, "open field" behavioral tests 

revealed that experimental male rats had a slower reaction 

time and entered fewer squares (less exploratory behavior) 

and passed more fecal boli (heightened emotional behavior) 

than 26-week old control rats 

The present quantitative study of cerebral develop

ment after birth indicates that the effects of a short 

period of maternal dietary protein deficiency can manifest 

itself in young rats well after treatment has ended end this 

conclusion is in close agreement with the behavioral study 

reported in the previous paragraph. The retardation in 

total DNA at day 7 is due to retardation of neuroglial 

cell number since, except for LP-3 infants, cell number of 

experimental and control cerebral hemispheres are nearly 



£1 

equal at birth when neuron number is final. It is not known 

what effect this delay in reaching normal neuroglial cell 

number might have upon neuron maturation or upon behavioral 

and emotional maturation. Hyden (1967) has proposed that 

neurons and neuroglia function as an energetically coupled 

unit to provide great stability during periods of stimula

tion. He also suggested that during new learning situations 

when RNA content increases in both neurons and neuroglia, 

the new neuroglia RNA fraction synthesized during this time 

may be transferred to intimately related neurons. There

fore, one might speculate that there would be a direct 

relationship between cerebral cell maturation and behavioral 

and emotional maturation, but valid conclusions must await 

additional information from behavioral studies. 

In the hypothalamus maternal dietary protein defi

ciency had no effect on cell number at birth when neuron 

number is final. However, total hypothalamic protein and 

RNA of experimental rats were lower thsn controls and (with 

two exceptions) all the parameters of cell size were sig

nificantly lower in experimental newborns. Therefore, 

experimental newborns have equal but significantly smaller 

hypothalamic cells than do controls regardless of the tri

mester the low protein diet is given or the severity of 

protein restriction. After birth when neuroglia multiplica

tion dominates, hypothalamic total protein, RNA and DNA of 
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experimental young tends to remain below control values 

although the differences are statistically significant in 

only a few instances. Neuroglia division is retarded by 

36 and 2>3>% at days 7 and ll}. respectively in the diet 7 

group and the significantly higher chemical ratios (cell 

size indices) are due to significant reductions in the 

denominator (DNA). By day 21 control hypothalamic cell 

number and cell size had been attained by experimental 

animals, but the functional consequences of the delay in 

hypothalamic maturation are not known. 

Stephan, et al. (1971) have investigated the effects 

of 50% maternal dietary restriction during pregnancy and 

lactation on progeny pituitary function. At 6 weeks of 

age experimental offspring had significantly reterded pitu

itary weights and lower concentrations of growth hormone 

than control young. The hypothalamus of experimental young 

was not examined but the results of the present investiga

tion suggest that the observed retardation in pituitary 

weight and growth hormone content may be a direct conse

quence of retarded hypothalamic maturation of experimental 

offspring. 

In postweaning studies, adult rats starved for J? to 

7 days contained significantly less hypothalamic growth 

hormone releasing factor, pituitary growth hormone and plas' 

ma growth hormone activity than control rats (Meites and 



53 

Piel 1965; Dickerman, Negro-Vilar and Meites 1969). Young 

rats fed a protein free diet for 5 weeks exhibited a 

greater reduction in pituitary growth hormone, follicle 

stimulating hormone, luteinizing hormone and thyroid stimu

lating hormone content than treated adult rats and controls 

(Srebnik and Nelson 1962). Therefore, it is reasonable to 

suspect that smaller hypothalamic cells resulting from 

maternal dietary protein deficiency might secrete less 

releasing factors and are capable of supporting only a 

small pituitary with lower concentrations of hormones. 

Of the three brain areas studied in the present 

paper, progeny cerebellar growth was retarded the most 

severely by maternal dietary protein deficiency. This 

observation is in agreement with the findings of postnatal 

undernutrition studies of rats (Culley and Lineberger 1968; 

Chase, Lindsley and O'Brien 1969) and mice (Howard and 

Granoff 1968). With one exception newborn cerebellar cell 

number (total DNA) was significantly retarded by maternal 

dietary protein deficiency. Recently, Lapham (1968) and 

Chase, et al. (1969) have contended that cerebellar total 

DNA cannot be used as an index of cell number because 

tetraploidy has been observed in the nuclei of Purkinje 

cells. Howard (1968), however, has contended that these 

cells are an insignificant number of the total population of 

the cerebellar cortex and that cerebellar total DNA can, 
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indeed, be used as a reflection of cell number. At day llj., 

shortly after neuron division has ceased in the cerebellum 

(Winick 1970&), LP-3 young of both diet groups had kl% fewer 

cerebellar neurons and neuroglia than controls. Total 

protein and RNA was retarded in both groups, but cell size 

was significantly larger in LP-3 young of the diet 7 group. 

As in the cases of the cerebrum and hypothalamus, 

only limited behavioral studies have been performed on 

young to test the effects of maternal undernutrition on the 

cerebellum. Simonson, et al. (1969) hove reported that a 

50% reduction in maternal diet during gestation or during 

gestation and lactation resulted in developmental delays in 

coordinated movements, behavioral pstterns, and reflex 

responses of young rats from one to seven weeks of age. 

The longer the period of maternal dietary restriction, the 

greater the delay in neuromotor development. In a more 

recent study (Simonson, et al. 1971) male progeny of mothers 

underfed during gestation exhibited decreased activity and 

neurological symptoms such as circling, freezing and light 

tremors. Testing was done when male rats were 26 weeks of 

age and lasting behavioral damage was evident even though 

the body size of experimental male rats was nearly equal 

to that of controls. Therefore, quantitative and behavioral 

studies suggest that maternal protein deficiency during 

gestation results in quantitative retardation in the infant 
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brain and that adequate feeding after birth may result in 

recovery in the adult animal, but prenatal undernutrition 

may have a permanent and deleterious effect on behavior 

and learning despite rehabilitation efforts. 

In this paper the adrenal gland was studied since it 

provides an interesting comparison to brain growth. At 

birth infant adrenal weights were little affected by short 

periods of maternal protein deficiency. Although conti-ol 

adrenal glands increased in weight by only 36$ from day 0 

to 7 (with one exception), experimental adrenal glands 

failed to keep up with this growth. From day 7 to lLj. con

trol adrenal glands increased in weight by 88$ and during 

this "growth spurt" most experimental adrenal glands caught 

up with control weights. From days ll(. to 21 when the young 

adrenal becomes fully active, control adrenal glands 

exhibited a 100$ increase in weight. Although LP-2 and LP-3 

adrenal glands from the diet 3.5 group increased in weight 

by 100 and 88$ respectively, their adrenal weights remained 

significantly below control values. This result may be 

explained by the fact that the hypothalamus matures in the 

rat between days 11 and 13 of in utero development (Wurtman 

1968). Sufficient maternal dietary protein restriction 

during or shortly after this period may delay hypothalamic 

maturation (see discussion on hypothalamus) to such an extent 

to alter normal hypothalamic-pituitary-adrenal axis function. 
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The adrenal chemical data indicates that growth by 

both increases in cell size and cell number are affected 

by maternal diet 3.5. At birth LP-3 total protein, RNA 

and DNA are significantly lower than controls, but the pro-

tein/DNA and RNA/DNA ratios indicates thst experimental and 

control adrenal cell sizes are the same. Therefore, adre

nal growth has been retarded by decreasing cell number. 

LP-2 and LP-3 adrenal growth at day II4. was also retarded 

because of fewer cells, whereas growth retardation at days 

7 and 21 was due to significantly less protein and RNA 

respectively. At day 7 the protein/RNA ratios are sig

nificantly reduced in experimental adrenal glands and it is 

conceivable that this reduction in protein synthesis is 

directly responsible for the retardation in adrenal cell 

number at day lij.. 

The results of the present investigation suggest 

that the later maternal dietary protein restriction is 

initiated during gestation the greater the retardation in 

neonatal brain weight and composition. At birth, retarda

tion in brain weight was the most severe for LP-3 newborns 

and the least severe for LP-1 newborns. Cerebral cell 

number (total DNA) was retarded in LP-3 newborns only, 

hypothalamic cell number was not affected, and cerebellar 

cell number was retarded in LP-1, LP-2 and LP-3 newborns in 

order of decreasing cell number. Cerebral cell size was 
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retarded in LP-1 and LP-2 newborns, hypothalamic cell size 

was retarded in all experimental newborns, and cerebellar 

cell size was enlarged in LP-2 newborns, and LP-1 and LP-3 

newborns of the diet 7 and diet 3.5 group respectively. 

Of the three brain areas studied progeny cerebellar growth 

was retarded the most severely by maternal dietary protein 

deficiency. By 21 days of age, with the exception of sig

nificantly retarded cerebral cell size in the young of 

mothers fed diet J, most of the quantitative changes seen 

in experimental newborn brains had been restored to control 

values by normal suckling during the preweaning period. 

A 1% low protein diet fed to female rats during 

various trimesters of pregnancy has no effect upon progeny 

adrenal growth. However, a 3.5$ low protein diet fed to 

female rats during the third trimester of pregnancy caused 

a significant retardation in offspring adrenal cell number 

at days 0 and llj.. LP-2 adrenal total DNA was significantly 

retarded at day H4., while LP-2 and LP-3 adrenal total 

protein and RNA was significantly retarded at days 7 and 21 

respectively. 



APPENDIX A 

TABULATION OP TISSUE RELATIVE WEIGHTS 

58 



59 

Table A.l. Effect of Maternal Diet and Infant Age on 
Brain and Adrenal Relative Weights-:?-* 

Day 0 Day 7 Day lij. Day 21 

Adrenal wt-::-
Body wt 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

Brain wt-"-
Body wt 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

Diet 3.5 
LP -1 
LP-2 
LP-3 

0.037+0.002 0.021+0.001 0.026+0.001 0.030+0.001 

0.0i|Ij.+0.006 
0.0lj.0+0.006 
0.039+0.001]. 

0.038+0.002 
0.037+0.002 
0.027+0.006 

3.7+0.1  

3.7+0.2 
i|. 1+0. l|. 
k.8+0.2° 

3.8+0.2  
k.0+0.1 
ii. 8+0.2d 

0.027+0.002 
0.019+0.002 
0.019+0.002 

0.026+0.002 
0.032+0.003 
0.023+0.002 

0.031++0.003 
0.029+0.002 
0.034+0.003 

0. 016+0. 002wa0.026+0. 001, 0.029+0.001 
0.023+0.001 
0.018+0.002 

1+. 310.1 

I].. 2+0.1 
)+. 3+0.1 
Ij..9+0.1d 

I}.. 7+0.1, 
5.2+0.2° 
5.0+0.2b 

0.021̂ 3.002" 0.030+0.001 
0.021+0.002b 0.026+0.003 

6+0.1 

3.8+0.2 
t).. 0+0.2 
3.9+0.2 

5.1+0.2 
5.6+0.2 
5.3+0.2 

3 . 2+0 .1  

3. +0.3 
2 .7+0 .3  
3.5+0.3 

3.9+0.2 
5.0+0.2J 
k.k+0.2 

-"-gm x 100 
gm 

-::~::-See Table 1 for description of symbols and condi
tions . 
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Table A. 2. Effect of Maternal Diet and Infant Age on 
Cerebral, Hypothalamic and Cerebellar Relative Weights-ins-

Day 0 Day 7 Day ll+ Day 21 

Cerebral wt-"-
Brain wt 
Control 67.6+0.5 75-310.1+ 80.2+0.1+ 78.1+0.2+ 
Diet 7 
LP-1 65.710.3 73.8+0.3 78.710.9 78.510.7 
LP-2 68.3+0.2 75.110.3 78.510.9 77.0+0.8 
LP-3 66.8+0.2 72.710.3 7ll.3l0.8b 76.0+0.8 

Diet 3.5 
LP -1 68.5+0.6 75.3+0.14- 79.8+0.5 78.1+0. 1+ 
LP-2 66.310.6 7U. 710.5 82.2+0.5a 78.8+0.5 
LP-3 65.3io.5b 7i+.510.5 80.0+0.5 78.610.1+ 

Hypothalamic wt-"-
Brain wt 
Control 3.2+0.1 2.310.1 2.0+0.1 1.6+0.1 
Diet 7 
LP -1 .̂210.3 2.5+0.2 1.710.2 1.710.1 
LP-2 2.710.3 2.1++0.1 1.8+0.2 1.1+10.2 
LP-3 1+.110.3 2.6+0.2 1 • 8 j_0.2 1.7+0.1 

Diet 3.5 
LP-1 2. 5i0.2 2. 5l0.2 1.910.1 1.6+0.1, 
LP-2 2.310.2 2. [[.+0.1 2.1|„+0.1 1.9+0.l5 
LP-3 2.6+0.2 2.2+0.1 2.3+0.1 1.8+0.1d 

Cerebellar wt-::-
Brain wt 
Control 26.510.5 21.6+0.1+ 12.710.2 13.610.3 
Diet 7 . 
LP-1 28. Il0.1(.b 21.710.5 12.911.2 13.610.2 
LP-2 27.0+0.3 20.710.1|. 13.311.2 13.910.2 
LP-3 25.910.3 22.210.1+ 17.911.1+ 13.710.2 

Diet 3.5 
LP-1 28.7i0.6b 21.0+0.5 12.1++0.2 13.7+0.1+ 
LP-2 27.2+0.5 21.7+0.5 11.6+0.3? 13.1++0.3 
LP-3 27.2+0.5 21.5+0.5 11.85). 3 13.1+0.3 

•i:-See Table a.l for formula, 

tt-js-See Table 1 for description of symbols and condi
tions . 
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Table B.l. Effect of Maternal Diet on Infant Cer'ebral, 
[Hypothalamic, Cerebellar and Adrenal Protein, RNA and DNA 
Concentrations at Day 0# 

Protein RNA DNA 
Hg/mg Ug/mg Jig/mg 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

60.6+1.3 

52.3+2.1 
67.9±2.3Wa 
57.2+2.5 

68.9+1.1̂  
65.1+1.̂  
73.8+1.5 

51.1^+2.5 

38.1+2.od 
kk. 3i.2.od 
33.3+1.9 

50.3+2.8 
33.9+2.8° 
37.0+2.9° 

5.i|.+o.i 

5.110.1 
5.5±o.l 
5.o+o.ia 

5.6+0.1 
5.7+0.1, 
5.9+o.id 

5.6+0.2 

1]-. 2+0.2° 
5.2+0.1 
It-. 2+0.2° 

6.2+0.3 
6.1+0.3 
5.2+0.3 

14-.7+0.3 

5.6+0.3^ 
7.1+0.3d 
1+.2+0.2 

5.6+0.3h 
7.0+0 .Ij. 
6.1+0. i|. 

2.0+0.1  

2,I|.+0.1 
2.7+0.1a 
2.2 +0.1 

2.8+0.2 d  

3.5+0.2^ 
3.0+0.2 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

56.0+1.2 

51+. 2+1.1 
62.7+1.2° 
56.0+1.1 

66.0+1.3d  

63.8+1.2^ 
6Ij..l+1.2d 

k.8+0.1 

ij.. 6+0.1 
5.0+0.1 
i|-.5±0.1 

5.0+0.2* 
5.3+0.3d 
5.if+0.3d 

if. 2+0.1 

if. 0+0.2 
3.0+0.2 
3.9+0.2 

3.6+0.2 a  

if. 3+0.2 
3.8+0.2 
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Table B.l, Continued 

Protein RNA DNA 
Hg/mg Pg/mg J^g/mg 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

75.9+5.2 

1+3.0+2.6d 
92.8+2.7, 
37.1±2.6d 

11.9+0.5 

6.6+0. 5b 
11.2+0.6, 
5.9+0.6 

I4.. 6+0.14. 

3. ktP • 6 
6.2+0.6 
5.6+0.6 

Diet 3.5 
LP-1 
LP-2 
LP-3 

73.5+5.8 
82.0+5.6 
1|1|..6+̂ . 7d 

10.5+0.6 
13.1+0.7 
10.7+0.7 

5.2+0.5 
5.7+0.5 
1+. 6+0.5 

tf-See Table 1 for description of symbols and condi
tions. 



Table B.2. Effect of Maternal Diet on Infant Cerebral, 
Hypothalamic, Cerebellar and Adrenal Protein, RNA and DNA 
Concentrations at Day 7*"* 

Protein 
>ig/mg 

RNA 
}ag/mg 

DNA 
pg/mg 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

59.8+1.5 

59.8+1.0 
60.9+1.1 
59.5ii.o 

4.6+0.1 

4.8+0.1 
ii.6+0.1 
4.7+0.1 

2.6+0.1 

2.4+0.1 
2.4+0.1 
2.5+0.1 

Diet 3.5 
LP-1 
LP-2 
LP-3 

60.9+1.6 
66.6+1.6C 
69.1|+1.7C 

4.4+0.1° 
4.7+0.1 
4.6+0.1 

2.4+0.2 
2.5+0.2 
2.6+0.2 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

52.7+2.0 

49.4+1.9 
56.0+2.0 
58.6+2.0 

3.9+0.1 

3.6+0.1 
4.0+0.2 
3.8+0.1 

2.1+0.1 

1.3+0.if 
1.3+0.15 
1.4+0.id 

Diet 3.5 
LP-1 
LP-2 
LP-3 

65.4+2.3a 
54. 8+2.1 
60.0+2.3 

3.7+0.1 
4«0 +0.2 
4.0+0.2 

2.4+0.1 . 
1.9+0.1 
2.5+0.1 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

62.5+1.2 

56.8+3.0 
73.6+3.1 
60.313.1 

5.1+0.1 

4.7+0.2 
4.9+0.2 
4.8+0.2 

4.1+0.2 

2.4+0.5b 
4.8+0.6 
4.3+0.6 

Diet 3.5 
LP-1 
LP-2 
LP-3 

61.5+1.5 
61+. 9+1.3 
67.8+1.5 

4.5+o.ic 
4.8+0.1° 
4.8+0.1° 

3.0+0.3̂  
3.3+0.3b 
4.1+0.2 
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Table B.2, Continued 

Protein 
Hg/mg 

RNA 
Ug/mg 

DNA 
Hg/mg 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

94.5±4.4-

82.3+3.8 
98.0+3.9 
88.3+3.8 

11. 2+0.4 

10.6+0.^ 
13.2+0.4 
11.2+0.4 

7.3+0.5 

8.9+0.3 
8.2+0.3 
8.3+0.4-

Diet 3.5 
LP-1 
LP-2 
LP-3 

104.0+4.5 
69.3+5.0 
81+. 9+5-. 7 

15.2+0.5° 
11.2+0.5 
12.3+0.5 

8.9+0.6 
6.0+0.8 
8,5+0.6 

-::-See 
tions. 

Tpble 1 for description of symbols and condi-



Table B.3. Effect of Maternal Diet on Infant Cerebral, 
Hypothalamic, Cerebellar and Adrenal Protein, RNA a^nd DNA 
Concentrations at Day lii# 

Prote in 
Hg/mg 

RNA 
Ug/mg 

DNA 
Hg/mg 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP -3 

73.3+1.2 

7)4-9+1.3 
77.1+1.3 
76.1+1.3 

Ij.. 5+0 .1  

I|..3+0.1a 
k.5±o.i 
ij.. 3 +0.1 

2.3+0.1 

1.8+0.3 
2.2+0.3 
2.3+0.3 

Diet 3.5 
LP-1 
LP-2 
LP-3 

8ij..0+l.5d 
72.5+1.3 
77.311.3 

k.5+o.i 
i^.3+o.ia 
Ii-.3+o.ia 

1.8+0.1d 
2.9+0.1d 
2.5+0.1 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

61.5+1.8 

56.5+1.8 
56.2+1.8 
67.9+1.7 

3 .7+0.1 

3 .6+0 .3  
3.7+0.3 
5.. 2+0t 6 

2.0+0.1 

1.5+0.ld 
1 . 5+0 . 1 ,  
2.7+0.1 

Diet 3.5 
LP-1 
LP-2 
LP-3 

73.0+2.0° 
59.1+1.8 
63.7+1.8 

3.7+0.1 
3 .3+ 0 .ld 
3.5ip.ld 

1.5+0.2d 
l.[i+0.2d 
1.6+0.2 

Cerebe Hum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

78.1+0.9 

78.9+2.2 
83.0+2.2 
72. [(.+2.0 

6.1^+0.1 

6 .5 +0 .1  
6 .3 +0 .1  
5.9+0.1 

9.5+0.7 

9.2+1.7 
7.8+1.2 
7.2+2.7 

Diet 3.5 
LP-1 
LP-2 
LP-3 

88.8+1.2d 
7k.5+1.0 
79.0+1.0 

6.2+0.ld 
6.0+0.1d 
6.2+0.ld 

10.9+0.9 
12.3+0.9 
8.1+0.7 
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Table B.3, Continued 

Protein 
jug/mg 

RNA 
Jig/mg 

DNA 
Pg/mg 

Adrenal 
Control 
Diet 7 
LP -1 
LP-2 
LP-3 

116.3+8.9 

111.8+2.6 
100.8+2.7 . 
127.9+2.6wd 

12.5+0.2 

12,1}.+0.3 
11.0+0.3 
13.6+0.8 

9.3+0.k 

9.7+0.7 
12.3+0.8 
11.0+0.8 

Diet 3.5 
LP-1 
LP-2 
LP-3 

126.9+9.3 
101.5+9.0 
115.1+9.1* 

12.5+0.3 
12.6+0.3 
13.0+0.3 

12.5+0.5 
10.0+0.5„ 
7.2+0.6d 

-"-See Table 1 for description of symbols and condi
tions . 



Table Bf2|., Effect of Maternal Diet on Infant Cerebral, 
Hypothalamic, Cerebellar and Adrenal Protein, RNA and DNA 
Concentrations at Day 21*-

Protein 
Mg/mg 

RNA 
Jig/mg 

DNA 
pg/mg 

Cerebrum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

88.6+0.8 

95.3+2.6 
92.3+2.6 
95.2+2.6 

3.9+0.1 

3.9+0.1 
k.0+0.1 
ii. 0+0.1 

2.1^+0.1 

M-+0.3^ 
i+.2+0.3d 
3.2+0.2 

Diet 3.5 
LP-1 
LP-2 
LP-3 

9l;.L|+1.0d 
93.0+1.0d 
87.9+0.9 

3.9+0.1 
Ij..0+0.1 
I(.. 1+0.1 

2.7+0.2 
2.3+0.2 
2.8+0.2 

Hypothalamus 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

75.1+±2.5 

68.0+1.8 
70.U+1.7 
66. 1|_+1.8 

3.8+0.1 

3.7+0.2 
3.9+0.1 
l|.. 0+0.1 

2.1].+0.1 

2.3+0.1 
2.3+0.1 
2.3+0.1 

Diet 3.5 
LP-1 
LP-2 
LP-3 

91.3+2.7° 
71.1+2.6 
80.6+2.6 

3.8+0.1 
3.5+0.1 
3.7+0.1 

2.5+0.2 
1.9+0.2 
2.0+0.2 

Cerebellum 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

95.5±2.O 

96.2+0.5 
9l+. 9+0.5, 
85.0+1.0d 

5.1+0.1 

5. ̂-+0.1 
5.2+0.1 
5.̂ +0.1 

9.1+0.7 

11.3+0.6^ 
15.9+0.7 
ll|..l].+0.7d 

Diet 3.5 
LP-1 
LP-2 
LP-3 

86.9+2.1 
89.9+2.1 
92.2+2.0 

5.0+0.1 
5.1+0.1 
5.3+0.1 

9.8+0.8 
10.0+0.8 
11.8+1.0 
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Table B.lj., Continued 

Protein 
ug/mg 

RNA 
Hg/mg 

DNA 
Jig/nig 

Adrenal 
Control 
Diet 7 
LP-1 
LP-2 
LP-3 

117.715.1 

112.1+2.2 
120.1)+2.2 
115.3+2.0 

11.14-+P.5 

10.7+0.2 
11.0+0.3 
ll.i|.+0.2 

12.310.8 

l2.1|+0.8 
17.1++0.9 
10.8+0.9 

Diet 3.5 
LP-1 
LP-2 
LP-3 

121. ij.+5. 7 
153.1+5.1 
128.2+5.3 

10.9+0.6 
13.6+0.6 
11.3+0.5 

15.5+1.0 
15.3+1.0 
13.8+0.9 

*-See Table 1 for description of symbols and condi 
tions. 
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