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" INTRODUCTION

" The definition of death as central nervous death for
legal purposes serves to highlight the importance of this
organ and its distinctiveness from other vital organs such
as the heart or kidney., It is not surprising that very
early studies werekconcerned with the effects of nutritional
stress on byain structure, composition and function (Donaldson,
1911; Jackson, 1925; Chiek, Macrae, Martin and Martin{ 1938;
FolchP,1947). However, the obéervations that in adult animals
the brain did not show any change with short terg starvation
and that in man intellectual capacity was not affecfed byf
prolonged starvation led to the conclusion that~the brain is
not affected by nmutritional status and a further interest in
this problem was not aroused gntil several decades later
inspite of the dramatic effects of vitamin deficiencies onm
CNS function (Goldberger, 1914; Bourme, 1953; Goldsmith,.#gsag

Eiduson, Geller, Yuwiler and Eiduson, 1964; Coursin, 1967).

The assumption that the brain is relatively more resisiant
to change than other organs is not entirely unrgasonable gsrit
Lhas +t0 maintain a stable internal environment for effieienﬁ
funcgion and as small changes in this environment can result
in gross econsequences in metabolism and behaviour, For ‘
instance, the introduction of hypertpnic sodium chloride into

a specific region of the hypothalamus can make the animal drink



itself to death (Anderson, 1952). The maintenance of a
relatively stable chemical enviromment demands that the
entry and exit of substances and the rates at whtch;ﬁgey
take place are strietly regulated. The brain has to
synthesize most of its constituents as the entry‘of‘ugny
substances into the brain 1Is restriocted by the blood ﬁrqin

‘barrier- (Waelsch, 1957).

Cerebrar~metauolism~aeoounxsnfar 20~-25% of basal
hetabolrsm.fn'adﬁ@tvnan (Kety, 195?)‘a1though;thenﬁrain
constitutes only 2-3% of body weight. The earlier notion
regarding the metabolic inertia of tﬁe‘bmain was reinforced
by theﬂobservatioh~thaﬁ.tbe°iniravenouémadministration:qt
labelled -amino acids was net. followed bymvapfd:&noamp&r&t&on
in the brain (F;fedhergfauduﬂreenberg, 1947). ﬁﬁﬁswseegeé
consistent with the.observation that the mature cemtral
ner#ons systen shows no sign-of renewal at*n&uronshhy~og11

-diviston  (Leblond and- Walker, 1956).

It ‘has now been amply demonstrated that brain proteins
have high turnover rates., The ineorporaﬁton~of-Iabel¥ed
glucose in the brain.compares with that in the liver (Gaivonqe,
Dahl gnd Elliott, 1965). The incorporatioanx”tabelled'amino
acids is also found to be quite rapid 'when injeeted |
intracisternally into. the brain (Gaitonde and Richter, 1953,
1955,.-1956). Such an.active metabolic state implies a

°



eoni_i-'gxuous requirement for, and: availability of, onzyne?s,
-cofactors, amino acids ete.,and it is hard ¥o believe that
the supply of the same would not be -affeeted by nutritional
deficiency. - Although in the initial' stages. of nutritional
deprivation the brain may get prefaf\renﬁf‘a} +treatment, wh“en
the stoeks hit the bottom ‘of the barrel it:has:also to share

the -eut 4n- rati«oas. S -

¢

Another factor whieh was ignored in- the early sstudi'es‘
was the age at which deprivation was introduced. It is ‘gow
well ‘accepted that in:the yowng animal in.which the hx'aai:xiiéi\s
still undergoing g-.rm{r‘thw‘amt-,naﬁun&ﬁion,anﬁ‘ :for which
requirements for protein and",o%he'r,'nutr:tents are greater:in
proportion to .both body weight .and energy intake ~nutsriti"o:;al
deprivation may have effeots -different. from those in the. adult
~an&tmar1 (Winick and.Noble, 1866; Dobbing, :+9688).

Most of the developmental changes in . .the rat brain talyes
place ~duri*ﬁg the first three. weeks of postnatal life. The
maximom rate of brain: growth.eccurs in the . first 10 days-of
life, This Is represented by struetural” and max@hakogte}al
changes ﬂguch ‘ags neuronal maturation, )synapﬁggvenesis( -and %is
followed: by. the appearance. of EEG activity (Seheibel and.
Seheibel, 19Tt). |
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The period between 10:and 21 days of age.is Sssociated
wittheveral,biochemtcal*and:tunetinnal:ehanges:tnwfhe«brqin
as. a whele, Cell division represented by DNA eomtent reaches
adult levels by about £8-21 days.of age. (Winick and Noble,
1965; Adams, 1966). The rapid flux of glucose carbon-to
amino acids (Gaitonde and Richter, 1966}.and)the»peak;period
of pratetnzsynﬁhesis‘(Mtlmer, 1969) and*nyelination'(ndquon
and Dobbing, 1968) occur ‘during.this period. This is
aceompanied by the appearanece of.the adult pattern of
metabolism and ‘funetional maturation of the cerebral cortex.
The ‘brain may be- expected to be more vuIneraf&é~tb nutritiogal
deficiencies. during this. period when its growth in terms of’

'size and maturation is very -rapid.

Beeayseﬂof‘tha-recognfhton:that adequate nutrition may be
necessary for the struetural development of brain in early life,
the -last. decade. has witnessed the conduet of several studies
with-experiaeﬁtal animals on the-.effects of malmutrition or
undernutrition in.early life. Most of the -studies have been
concerned with parameters which reflect struetural.develoﬁmggt
such as brain. weight, DNA, RHA; protein and cholesterol, Noﬁ
many studies. have been .carried out on the effects . of deficiency

on the metabolie aetivity .of the brain.

,Thevusevof'expertmentalnanimaisitor the studies. on the

effects .of nutritional deprivation on brain development raises



5]

questions regarding the extrapolation of -the results of sqéh
studies to man whoe is the object of our ‘eoncern net omly |
because of~varia§ions»in'1ife spanvhetweenvéifferent-épeoies
but alseo because of differences in the ontagenetfc'developmqnt
of the brain at different stages of life, Some of these
differences are shown in Table 1. It ean'ﬁe’seen‘fromvﬁhe
same that growth during the neonatal period 1s much more rapid
in the rat and pig than in man. This may meanhthaf the
neonatal brain may be more vaulnerable to malnutrition in these
species than in man, Another consideration is that the stress
of reproduction is alsc much more severe in the rat and pig
(Table 2) so that nutritional defﬂeieneiaa in the mother
affeotAthewofISpring to a greater extent. ThevreasonAQIy
satisfactory gestation and lactation performance of pcdpiy
nourished women all over the world is: a fatrly well-tdocumented
- phenomenon. |
The- species differences -in chemical maturation indiezted
in Table 1 are-assocfatedeitﬁfxfiégtnral.naturaﬁion~as‘uight
be expected.’ Somgwofltheae~arenthewcongletionaofﬁneurogal
proliferation well before birth in men and in: the immediate
neonatal peried:in the rat. Myelinﬁtiqnwpioeeeés~noreuslaqu
but well beyond weaning age in man whereas in .the rat most of
it takes placeibefore~weaningu ThiSJis.glsc,truawa!ﬂneuroglial

protiferation.



Table 1 : . Comparison of brain development in rat; pig and man*,

- -

- o~

body weight (kg)
birth
weaning

”"

maturity

'y

brain weight (g} -
birth
weaning

. maturity

DNA (mg/brain)

.0

birth
weaning
matgrity

-

RNA (mg/brain)
birth
weaning
maturity

protein (g/brain) :

birth
weaning
maturity
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cholesterol (g/brain) :

birth
weaning
matur;ty

phospholipids {g/brain) :

birth -
weaning
maturity

. -

N.A. = Not available.

Values in parentheses give per cent of body weight in the case of
.in the case of

1y

'

— i . " s S oo

rat i pig - : man
0.006 1.47 3.5
0.050 16,50 - 7.5
0.450 265.00 65.0
0.25(4.20) 30(2.04) 300(8.6)
1.40(2.80) 70(0.42) 540(7.2)
2.00(0.44) 140(0.0005} . 1300(2.0}"
(neuronal + glial)
0.69(276) -27.6( 92 ) 366(122)
2.45(175) -41.4( 59 ) 740(137)
2.52(126) 65.1( 47 ) 876(67)
11.88(4750} N.A. 318(106)
4.96(354) N.A. - 783(145)
3.24(162) - N.A. 1846(142)
0.014(5.6) 2.63(8.75)  17.4(5.8)
0.133(9.5) 6.50(10.00) 37.8(7.0)
0.210(10.5) 14.0(10.00) 104.0(8.0)
-0.001(0.4) 0.42(1.4) 2.1 (0.7%
0.015(1.1) 1.43(2.2) 5:4(1.0) .
0.038(1.9) 4.86(3.5/ 49.4(3.8)
0.0033(1.3) 1,08(3.6). 6.6(2.2)
0.0560(4.0) 2.03(4.5) 17.8(3.3)
.0.1080(5.4) 84.5(6.5)

brain weight and concentrations (% of brain weight)

other parameters.

econtd.2



contd. 2
§ rat é pig § man
RNA/DNA : ’
birth = 16.6 N.A. 0.87
weening 2.0 " N.A. - - 1,06
maturity 1.3 ‘ N.A. , 2.11
protein/DNA ¢
birth 20.3 ' 97.2 ~ 47.5
weaning 54.3 187.0 51.1
maturity 83.3 215.1 118.7
cholesterol/DNA : o
birth - 1.45 i5.2 5.7
weaning : 6.12 33.8 7.3
maturity . 15.10 4.7 56.4 -
phospholipids/DNA :
birth i} 4,78 39.1 18.0
. weaning 22.90 70.8 24.1
maturity : 42.90 140.0 96.5

*

- — - - —— — — v —-— -

Based on data given for rats by Culley and Mertz (1964); Winick
and Noble (1965,1966); Zamenhof, Marthens and Margolis (1968);
Culley and Lineberger (1968); Winick, Fish and Rosso (1968); and
Geison and Waisman (1970); for pigs by Dickerson and Dobbing
(1967) and Dickerson, Dobbing and McCance (1967); and for man by
Mandel, Rein, Hearth-Edel and Mardell (1964); Himwich (1962);
Fishman, Prensky and Dodge (1969); Winick and Rosso (1969a);
Ganguli, Dutta and Mukherjee (1972} and Subbarao and Janardana
Sarma (1972).



Table 2 : Growth and reproduction in rat, pig and man . * .

- - ——— -—— - Y S . G . e s Sl P i S e W T W S HO B P WA SO, Sone b o W By S S, T W
- .

‘ g rat ; pig § man
adult body weight (kg) '  0.450 ‘265 65
birth weight (kg) 0.006 1.47 3.50
weaning wefight: (kg) 0.050 . 16.50  17.50
gestation period (weeks) -3 16 0
lactation period (weeké) -3 8 25
maternal weighi at ,
conception (kg} (a) 0.20 150 50
litter: size N, - 8 A 8 1
total weight of offspringffkg}
“at birth (b) | 0.048 11.76 3.5
at weaning (c) 0.40 132,00 7.5
g x 100 | 54.00 7.84 7.0
£ x 100 200 - 88 15
tissue production per:day
as % of maternal weight : |
during gestation ’ 1.143 0.070 0.025
during lactation - 8.4Q 1.43 . 0.045

T — T T o B> D000 S, S 223 N e D WS K00 e T TR Y o T o

—— e ———

* Based on data given by Altman and Dittmer (1972) and
Mitchell (1963). o



However varying reports have been:uadé of the age .at
which these phenomena (cel} proliferation: and myelination)
oocur. Thus in man neuronal multiplication is reported to
be aegieved by 30 weeks. of gestation by Robinson and Tizard,
(i966) and 18 weeks by Dobbing and Sands (1973). Similarly
total cell number (naurcnalh+ glial) ié\reperted'tb‘be
achieved: by 12 months after birth by Mandel et-.al: (1964) -and
8 months by Winick (1958). Myelination has been reported to
go on until 4-5 years after -birth by Kokrady, Mammen and
Bachhawat (£971) and Dobbing and Sands (1973) although .an
earlier report by Davison and~96bbfng‘(t9663 suggest that it
may oontinuexapﬁOJadGIeseeneg. More definite informatiom on

these points is: needed.

The manipulation of growth during the prenatal period
poses. problems as -nutritional deprivation of the mothers may
not necessarily result. in fetal deprivation. Hoﬁergr, I
attempts have beenamadev#oﬂmantpuiate~prenata1~nutritron;by
feeding the mothers -either a deficient diet or a:quantitatively
restricted diet., An alternative approach has been to V
manipulate the number of fetuses by tying one of the two
#nir&uterin&*hornsuthere?iedueingntna-1ittbr'size»atfb1fth
(Marthens and Zamenhof, 1969). The manipulation of %he,étet
during the postweaning period .is relatively simple, bmt here

the problem: is omne.-of separating the -effects of specifie
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nutritional deficiencies from those -of a reduction in .food

intake resulting: from: the :deficiemncy.

Many techniques have been used to produce undernutrition
ir rats during the neonatal period. The most common technique
is*to‘tanipuratemtha~1ittgx‘size“and*conseqneﬁtly:the supgl}
ot*milkﬁtext&e~pups~(Kbnnedy, 1957; Widdowsen: and MﬁCanqe;
1960). ‘Anether method consists of restrieting the food intake
of the -mother during lactation. (Chiow.and Lee, 1964)~ar'£e§ding
the mother- a. low protein.diet (Barnes, Cunnold; Zimmerman, a
StnmonsflMacLead, and- Krook, 1966). Restrictingﬂtbewacéqss |
of: the pups to tﬂe=nothem—h&s:beqn*uso&sby Eayrs and Horm |
(1955). Some inves&igatcrauhaveuﬁanipumatednmaternal diet
during both gestation and lactation. (Simonson, Sherwin,
‘vAniiane, Yu and Chow, 1968@;' A combination-of bothuapproac@es
~(iﬁc;rease inxlitter‘simenand:uaternal‘prwtein~restriétion)ﬂggs
alsoc-been . used to produeewa«uare~aevere“dsgree<of'underndtrition
(Guthrie: and Brown, 1968). 1In all these cases the effect is a
ﬂsé%eéa&dasuppfy&ot.ﬁilkubut the pretein content of milkpia/
not afféeted. Consequently these methods do not emable us«ﬁo

manipulate the ‘protein .concentration of the diet.

Similarly, studies qnwthe effeets -of mineral deficiencies
ané»ditfienlt.as*defioienﬁymof~a mineral such as caleiuag@r
iron in -the maternal diet does not affect 'its -concentration

in milk (Karmarkar and Ramakrishnan, 1960).
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Vitamin éeficiencies can be induced by feeding the
mother a deficient diet, ﬁut here the problem is 6ne of
isola ting the effects of 6verall undernutrition from those
due to the épeeiIic deficiency as food intake and milk

production are both affected by a deficient diet.

A more rigidly controlled technique for modifying the
~diet of the suckling rat was reﬁorted earlier by Miller and
Dymsza (1963). In this methed.new born pups wefe fed using

a specially designed needle, Czajka and Miller (1968) have
acﬁieyed various degrees of undernutrition by hand feeding

the pups from birth with a milk formula the protein content

of which was varied. They found weight gain during the
neonatél period fo depend. on the protein content of . the liquid
formula as might be éxbected. waever,’this technique has not

yet been extensively used for studies on the brain.

'

Only a few studies have been done on the effects of
manipulating the plane of éutritign during the prenatal .,
period. Pups born ﬁo rats fed a protein deficieﬁt diet during
gestation had low birth weights and brain weights (Zemanhof,

" Marthens and Margolis, 1968; Shrader and Heman, 1969; Zeman
and Stanbrough, 1969). Brain DNA content was reduced but
concentration was ﬁot affected suggesting a reduction in éell
number (Zeman and Stanbrough, 1969; Zamenhof, Marthens and

Grauel, 1971). Neuropqlrmorphogenesis was found to be
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considerably retarded im cerebellar exp.l*ants.:eulﬁma:f.fecl” in
tissue culture in-.the pups.of ‘methers :Ee‘éz a praﬁei"n.ﬁeﬁfai’eﬁni‘t
diet during gestation (Allerand, 1972). An earliex study '
(Shrader and Zeman, 1969) showed -that although the mumber -of
. 6@11«‘3 in the surface Eayers.of the cerehbral eortex was reduged
they had normal. eniym&tx’izo -activity as weasared by’ hifste‘ochbmfoal

teohniques,

Un&émutri“tion,'&uring the neonatal pe r;inwi: ,.eh-asa. ‘been
associated 'ﬁtth>~.<a, ‘reduetion: in brain weight, (Dobbing ;gnd
W;jiddowson‘, 1965; Winick 'and./Noble, %966; Chséa*, . Eindsley 'q.nd
0;'=Bri"en~,' 1969) and an.imerease in the ratio.of :‘bﬁa&n:"uei'qht
3‘;? ‘body weight., A deerease was :found. in the  eontent of QNA
(Winick. and Nobile, 1966; Dobbing, 1968b; Guthrie and Brown,
- 19687, Enwonwn -and-Glevery 1973), BRNA (Winiek and Noble, 1§§6;
Enwonwu and Glover, 1973), protén. (Winick and Nolile, 1966;
Gombetti, Autilio-Gambetti, Gomtas, Shaffer and /Stiebber,
1972; Enwonwu and Glover, 1973) and cholesterol. ('nauﬁseég ’
1964; Benton, Moser, Dedge: and Carr, ﬁ%“ﬁx; Getson, 1947; |

Dobbing, 1968b; Dickerson and Jarvis, .197Q).

. The -concentrations are not affected 5i’n~;ﬁhe ;cage 'se(t\‘IgNA
(Guthrie and Brown, 1968; Chase et.al, t960), RNA (Guthrie
and Brown, :1968) .and protein: (Chase -et:alk, 1969) although a
reduction in .coneentration. as well has been reparted by

Winick and ‘Noble -(1966).
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A reduetion with neomnatal unde rnutrition has:.been
reported im .other lipids-such as .phosphelipids (Begtonwggqug
1966), gangliosides (Dickerson end :Jarvis, 1970), cerebrosides
‘(Culley and. Mertz, 1964;. Benton et al, 1966; Geison, 1967),
proteolipids, sulfatides and plasmalogens (Geison, 1967).

\

Neonatal undernutritien waswtoundﬂbo‘affeetvgho
eoncentration of the free amino acids  (Reddy, Pleasants and
Worstman, 1971). While the-concentration-of essential amino
aeids:was:inefeased-(valine, lenciﬁe, isoleucine, histid##e
and arginine) that of some of nogéssential'aminowaeids«qas
found to bhe reduced (glutamie acid, glutamine., a&aniqe,'

serine 'and GABA).

Decreasedymyelination, impaired dendritic arbortzatgon
' and eonsequent reduction in synaptic connections have been.
reported (Eayrs and Horn, 1955; Dobbing, 1968b; Cragg, 1972).
'However,:no significant change in synaptie‘brganization.qas

found by Gambetti et al (1972).

The cerebellum may be affected. to a greater extent on .
the basis of some studies. Novakova, Koldvsky, Hahn.and
Krecek (1967) found decreased RNA in the purkinje ecells of
the -cerebellum. Chase ‘et.al (1969) found a greater reductjon
in cerebellar DNA, The greater changes in ceredbellum are
consistent with its rapid maturation (Winick, Rosso, and

Brasel;, 1972).
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Similar or greater changes in. the brain are found when
the mothers are undernourished during both gestation and
laetation (Dickerson and Jarvis, 1970;- Enwonwu and Glover,

1973; Smart, Dobbing, Adlard, Lynck and Sands, 1973). -

Undernutnit;on‘durfng,the:neonataIApewadynas,a@soﬂbeep
found to .result in:decreased -activities of several brain enzymes
including suceinie dehydrogenase, aldolase, aeetytcholine
esterase3ﬁpuﬁoacetylAg&ueasam@nidase«(Adl&rﬁuand Boﬁbng,

1971) and galactocerebroside sulfotransferase. (Chase, Dorsy

and ‘Mckhann, 1967).

~ Inmedntrast tonunﬂernufnition'dnring‘the neonatal period
postweaning und@znntnitﬁgn(iswn@t;found#to‘resulmwin‘appreétayle
ehanges although hrainxgéightuts found to be affected (Winick
"an@. ‘Noble, 1966; Dobbing, 1968b). Deficits were“foun&,tnﬁ;ﬁola-.
brain values but their eaneentrutionaqnawe'generally~not‘bqgn

found to be .affected.

... The deficits inubraiﬁ«wetght¢andrhrainuconyosttionxdue
to:nndeinntrttion‘duringrthe prenatal and neonatal period are
not found to be fully reversed by snhsequent"rehabjiitat;oﬁ
in later life whereas the relatively smaller deff¢1t811n~brg1n
weigbt'andﬂbra&n;conpositﬁon.resﬁltfngwtromwpoatuoahing

undernutrition are found. to be completely restored.
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A¥though the rehabilitation of undernourished animals
after weaning is,not&teﬁnd'tofrestorevfuIIy the deficits in
either body weight or .brain weight, the ratio of brain weight
to bedy weight mady be normal.or even elevated (Winiek<§nd
Noble, 1966; Guthrie and ‘Brown, 1968}. A reduction 'in this
ratio is suggested byurséentxstudies of Dobbing and Sands
(1912) but not by the earlier studies of Dobbing (1968b).

Normal;concenttations;of“various'liptd tzactions‘ére

- achieved with fehahititation,(culley and Lineberger, 1968;
Guthrie and Brown, 1968& but whole brain values were less on
the basis of decreased brain weights. However, Culley:and
Lineberger (1968) report persistent deficits in the _
AconeentrationSuof“choiesterol, phospholipidsfandvéerebrosiQes
even after rehabilitation. Similar observations have ﬁé;n
made on pigs (Dickerson, Dobbing and MecCance, 1967) but in
thes§~stu&ies~the'degree afﬁundernutrftion~was*extremelé'v
severe and prolonged and the body weights. of the uﬁdernouris@ed
animals were only 3.5% of expected weights. EVen~so; the
deficit in concentration.of cholesterol was only 6% and tgat

in-brain.weight, 34%.

Not mamy studies have been undertaken.on the effects of
protein deficiency during the postiweaning period in -~ . rats.
In pigs and dogs subjected to such deficiency the changes

observed in the spinal cord included .chromatolysis, inerease
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in the -oligodendroglial cells'andﬂastrogliai processes

(Platt, Heard and .Stewart, 1964; Platt and Stewart, 1971).

The amount. of ﬁhite matter and the thickness of the myelin
were reduced, These changes were less marked in the cerebral
cogtex:but here the total number of cells.was reduced. The
‘changes ﬁere more pronounced 1ﬁ~an1mggs subjected to deficiency
during the neonatal pertodnaafweil3§ﬁduceddby'teedfng the
mothers a protein deficient diet, The EEG rhythm was found

to be abnormal but became normal. on.rehabilitation.

The -adult brain has been.found to be fairly resistant
to the effects of either starvation .or pmbtein,depmivatiqn.
No. change-was recorded invtheABHA, protein and total nitrogen
content in the cerebral cortex of 3-4 month- old rats fed a
protein free diet for .a period-of 100 days.(Lehr and Gayet,
1963). Similarly, severeliy underfed :adult rats did notxshow’
any reducttoniinueither'bragn weight, DNA or -cholesterol
content1(Doibing, 1968a). No change waswreported'tn,thé
éxidative degradation'af.glutamateAénwﬁaranine.in~thezbrain§‘
of 3-4 month: old rats fed a protein free diét for eight weeks
(Macfarlane and Vomholt, 1969)..

However, some Investigators have -found changes even in
the adult brain with .severe and prolonged deprivation. For
inétance, short termnsﬁarvat;onyreaulted“inwreducedurate'of

incorporation of labelled precursors into : - “brain lipids
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in the rat (Smith, 1965}. When 3-4 montﬁ old'rathwqre
maintained on a protein free . diet for six weeks.the ratio

of amino aeid.concentration te DNA .concentration was reduced
in some .cases (aspartic acid, tyrosine, phenylaianine, lysine
aﬁd taurfnsi and. increased in others (methionine, histidine,

arginine and serine) (Mandel and Mark, 1965).

Prolonged starvationainadogauhaa'hﬁenntound:to*rasqlt
in changes in blood brain barrier as judged by the more rapid
ineorporattan:of'labelled,amsente’(anomyenkam‘19699. Similar
observationshave also ‘been made in rats subjected to thiamﬁne
deficiefmecy in the postweaning period as judged by the
;neorparawion‘of*tntravenously'givenuiabelred p¥ruvate 1qto

glutamic acid in the brain (Warncck and Burkhalter, 1968i.

A(ﬁnmber"of studies-have been madeon.the effects of
undernutrition in early life: on neuromotor development and
both.immediate and subsequent behaviour in rats. The former
as judged by the development of reflexes: sueh as righting,
cliff aveoidance, negative,geataxi33‘palmﬂgrasp; audit?rf
startle, vibrissa placing, visual placingmand“free'fail
gighting is found to be delayed in rats subjected to
undernutrition  during ‘lactation or both gestation and
lactation (Smert and Dobbing, 1971a, b). Pups hornbof.mothgré
undernourished during ‘gestation and>nursed¢bx_normally‘nourished

mothers did not show.-a simitar retardation:suggesting that
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nutrition -during the suekling pericd is more important for
neuromotor development. (Smart and l}uhb.izng,’ F9TABY. Howevqi',
Simonson et -al: (1£968): Kawe: found. "BOme, mamgxeml teﬁarda’eian

in pups born of undermourished mﬂ:ers and somo: Behauaural

effeets to persist even:after weaning.

Maturation of evoked cortical zie»srpcmse o 3“?’&"8&\&]&* or
anditory stimulus. . has been found to be delayed in neonsztally ',
undernourished rats. These differences. haewever: disappeared.at
45 days .of age (Mourek, Himwich, Myslivecek ‘and.Galklison,
1967). | |

Interaction between the mother and.the. pups, envi:reﬁnent
and other stimuli mﬁy all influence the neuromstor rdevéloMnt
of the pups. Maternal Ubeha;v'iau;r “hae: ,‘he.exir found  te he ~altm§ed
with malnutrition (Frankova, 1972}, Similarly tihe interaetion
between pups varies when pups are reared in.a small er large
littex; pups in larger Yitters .are found to .be meore- i‘cndépénde,nt

and :more active in ‘the.nest (Frankova, 1972).

A :slow development of spontanecus expa_fu:rat‘o'ry aet’tvi;ty
(Frankeva and Barmes, 1968a) and . lower: intensity ef exploratory
behaviour (Lat, Widdowsen and Heﬂ’anee, 1961) was..found in rats

subjeeted to meonatal undernutrition.

Ivbpite‘eftth@ad&veIopnentaldfetamdattpnanéte&*éagly

in life 4n several studies ne permanent eftects: were observei
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in undernourished and rehabilitatéd -rats (D'Amato, 1960;
Barnes: et. al, 1966; Guthrie, 1968). On the:other-hand
performance was sometimes better' in undernourished. and
rehabilitated rats .compared to normally fed rats. (Frankava
and Barnes, 1968b), Similar dbservatiﬁﬁsrhave'beeﬁamade'by
Barnps, ﬁboreg Reid and. Pond (1968) in .pigs undernourished

during thetpostweantng.periqd.

‘Many étudtes‘with.ratsfhave shown that food deprivation
in early life results in persistent éhanges such -as increased
drive for food. and a tendency to hoard feod in the
rehabilitated adult-(Brohfenbrenner, 1968). 1In ;ats-reaped
in large liiters~th&s“may be»dua:to-early feeding frustration
(Seitz, 1954). Increased emotionality during complex learning
taskg*when exposed to adverse stimuli<haa,beennfounﬁfin.iéts
su@jected-tb-nutritional stress .early in life. (Levitsky éﬂd

Barngs,~197q).

‘Both neonatal undernutrition and postweaning
undernutrition. or protein: deficiency were found to result.in
poor maze~performance:in.ratsv(Baiid, Widdowson*and'Cowlgy,
1971) although in Cowley;s ear&ier'stu&ieS»ﬁostwéaning,profqin
deficieney was not reported to have any effect (Cowley and

Griesel, 1963).
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Severe qndernutri%ionuor—prdtein:defieieney during the
postweaning period: preceded by neonatal undernutrition nés
been fOundﬂtOvimparr psyehological performance (Frankova and
Barnes, 1968a) but even in thiscase the impairment was much
greater with a protein deficient diet. Protein deficiency in
tke-postweaning«ﬁeriod has been .found te impair pérformance
on - visual discrimination and reversal learning and water-
maze performance in rats (Rajalakshmi, Govindarajan and -

Ramakrishnan, 1965; Rajalakshmi, BEEET®l anﬁfaamakrrshnan,1969§L

Pigs subjected to protein deficiency in the postweaning
period are found to show impaired performance on-tasks such :as
electric shock avoidance (Barnes et..al, 1966; 1968). They
also showed an impaired ébility to -modify a previously
aéqnired response no longer relevant to the changed situation,
In this conneetion the capacity for such modification has been
suggested to be related to intelligence and learning capaeiiy
(Rajalakshmi and Jeeves, 1965). ‘

The. behavioural changes observed in . protein detteiqnt
dogs included -lack of interest in the surroundings which
disappeared by about 3 months of -age. However, these;aniuQI;
appear less "playful" and are more "aggressive" even.after

zehahiliﬁation (Platt. and Stewart, 1968).

-



In man the peak rate of development is found in the
prenatal period but the maturation -of -the brain continues at
a progressively decreasing rate in the neonatal and postweaning
period till about 3-4 years after birth as can:-be seen .from

Table 3.

It .would be reasonable to expect that undermutrition
during the prenatal, neonatal and.posﬁweanﬁngipetindéma}
“retard to some -extent the .development of the brain as Qell.
The most dramatic instances.ef the .effects of nater%all
deficiency onxthe'offsprtng are cretinism and deaf-mutism
due te prenatal defieieney of iodine and infantile beri-beri

resulting from:neonatal defiecieney of thiamine.

A;thoughwby*and lamge'poorlyfnourished'iomenﬁnanagevto
produce fairly healthy babies of normal weight, about 10%
of the full term babies bhorn of such women ‘are found to have
body weights of less than 2 kg (Rajalakshmi, 1971). - Sueh
low birth weights .are associated with poor weight gain ‘during
pregnancy ah&'low~plaeenta1,weight-andrprotein'eontent“ (
(Rajalakshmi, 1971). A reduotion.in:bimthaweigkt'ya;'ééé;d
in war-time Europe.(Antonow, 1947; Smith, 1947). The. ﬁé;ta!ar
improvement in nutritional status has beenuassociatedﬁwifh

inereased . birth weights in Japan  (Gruenwald, Funkawa, Mitani,
Nishimura and Takeuchi., 1967). _
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Studies reviewed by Knebloch and Paghanick (1963)
suggest that low birth weights -are associated with increased
incidence of. psychologzical retardation in early life., But
such low birth<n&igkts\have‘ba&néfounﬂ‘iﬁwh&bias:born&of
western women even . in private nursing homes and the
etiological factors may be‘noyﬁntritional.althouén seveie
anorexia and nausea throughout pregnancy may result in
undernutrition: in some .cases (Chase, personal discussion
wiﬁb Dr. Rajalakshmi}. Gruenwald (1968) abserved low birth
weights more than 2 standard deviations below the meen in
baﬁies born. of well-nourished mothers in: a private ward.
Acéom&fng tovhinwsnch.growth\retardeduohildrenamaywsuff;r '
neonatal hypogiyeemraqwhmehpmay:cau#e—brainrdanage; In this
coqnecbion~ehildren»wtthulaw/bfrth weightsnin\ceylonkanﬁ'InQia
were found to fare much better than.those\mith.aimflar'bixtﬂ
weights:1n~the West (De Silva, Fernando .and Gunarante, igéa;
Rajalaksﬁmi— .and Ramakrishnan, 1972).  This may be- partly due
to'difrerenees in ‘expected weight but may also be duedté

differences in the cause: of such. low birth weights.

The few studies in this country on the development of \
sn?tl birth weight babies have not reveadled any significant
deéelopmental deficits in these children as compared to
econtrols (Rajalakshmi aﬁd Ramakrishnan, 1969b; Rajalakshmi

and. Ramakrishnan, 1972; Ghosh, Kumari, Bhargava and
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Bhargava, 1972), More extensive studies on the head
circumference and psychological development of such children

are needed,

During the neonatal period, most Indian women -of the
low income groupfmanage:tO'maintain satisfactory"lagtation.and
the)outpﬁt’of bfpast milk is of the order of 7T00~750 ml per
day in established lactation (Venkatachalam, Susheela and
Rau, 196T; Rajalakshmi, 1971). The infants .double in body
weight between 3-4 months of age and even IOW'birth weight
babies achieve a weight oi 6-7 kg at six months of age
(Rajalakshmi, 1971). However, a few childre?&air to grow
satisfactorly even during‘this~pertod'and*somewchiléren show
only 70-90% increase in weight durtng,the;first six,nonthé
instead of tﬁe expected 14Q%. |

Small birth weight babies are seldom found in the upper
class and their postnatalﬁdavelopment is also satisfactory.
In spite of the faet that lactation.is, as a rule, not
efficient in this group'tﬁe'ehfldren are given adequate
quantities of animal milk or baby foods, Occasionally,
however, even the upper class mother may give diluted m;lk
or baby food for fear of indigestiom, This results in
diarrhgea and the mother dilﬁtesmthe'milk.ptilltfurther;
Such ‘children often shew growth failure as.judged.by bodyweight

gain although. they may show nermal-.developmental maturatiﬁﬁ.



In this connection, giving a very dilute milkxformqla
containing 75% water even in theoretically adequate quantities
as regards calories is reported to cause undernutrition in

monkeys (Kerr and Waisman, 1968),

The etiology of kwashiorker and marasmus which are
prevalent in children has: been described by Rajalakshmi and
Ramakrishnan (1972) -as follows., ° ‘

Children in the postweaning period are often fed diets
poor in protein sue§=as:snrp1us cooking water from rice,
sago, yam, banana powder and sugar-cane juice. PFrotein rich
foods- such as legumes, beans and fish, even when. they are
consumed by the family, are excluded from their dieté.( This
results in kwashiorkor, a well knowﬁ disease syndrome
associated with protéin deficiency, The diets resulting in
kwashiorkor'afe.aisoAgenerally deficient in a number of

~ other nutrients. including vitamin A,

In regions such as'Gujarat, the child is allowed to eat
the family’foods, but because of the coarse . texture of the
'roti' and highly spiced legumes and vegetables it is not able

to'éaf,enough'of them thus resulting in undernutrition,

In .either condition, diarrhgea may develop leading the
mother to restriet the quantity or substitute starchy foods

for other foods, The child may also restrict its food iqtake
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I
because -of the poor nutritional qualitywam&:unsuitable;natqge

of the alet, Inwail’these»easesh.tha-situé@ionytsuaggravated
by an-episede ‘of. severe ‘illness such as measles, chicken pex,

diarrhgea etc.

Kwashiorker~isxassoeiaﬁedxwith.edEIa,/uoon;facg.
dermatitis, discolouration of hair, &ndfoften,eyewsynptoqs.
Extreme &pathy is a common characteristic in.kwashiorkor.
Such .children do not show»the expecteﬁ'reapansevﬁasapﬁiaetﬁve
toys and for-:all -practieal purposes they seem:to have leost
contact with the environment . (Rajelakshmi and Ramakrishnan,

1969h ),

Extreme: undernutrition, dne=to,whatever:cause, onuthe
other hand, is assdeiatedmwithfdeﬁyération,~wastingwaf'mﬁsqle‘
and~wr§nkled:3kin‘ The -children.are irritahle and tend ‘to
be. cry babiea. However, they stop crying inzzesponse;to
interesting stimuli even if they resume it again., They do
not seem to be tnsthen”tranec“‘statewof‘th@‘kwashiorkor‘

-ehildren,

Both kwashierkor and marasmus .are found to ocemr in
regionémsaeh és;Kbramawammhaughmtﬁendietary-hﬁs&oryggaesxqot
appear to be different. But in regions such .as Gujargt
where ‘starchy foods: such as tapioca arve not rnoiudédninpfﬁ;

diet, marasmus . is more common. Whether the child develops
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kwashiorkor or marasmus. on a poor diet may also -perhaps
depend on whether he is allowed to feed himself as in Gujarat
or is coaxed to eat his bellyful as in Madras. In this
connection animals foree—fed a diet deficient in protein or
amino acids show symptoms and histological changes different

from those fed ad lib, (Sidransky and Baba, 1960).

Thus, while kwashiorker is invariably due to a diet

poor in quality, marasmus could be caused by :

(a) self-restriction of food intake because of poor
nutritional quality;

(b) self-restriection of food intake because of
unsuitable texture and ‘presence of spices;

(¢} maternally-imposed restriction of intake of a diet
also poor in quality;

(d) maternally-imposed restriction of intake of a

’ qualitatively adequate diet such as milk or baby

food. -

It. is obvious that conditions (a) and (e} will result in
a combination of protein and calorie deficiencies whereas
conditions (b} and (d4) are primarily associated with a
deficiency of ca;ories. It is not surprising, therefore,
that the findings on marasmus vary in contrast to the Qmm&w

uniformity of findings on kwashiorkor. Some marasmiec children
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show ‘wasting of muscle combined with -edema at .the
extremities. Their etiology may presumably come under

categories (&) and (e). - o

In ‘this.conneetion, as pointed out by Arroyave, Wilson,
Funes and Behar (1962), ssrun:prdteiﬁbndwenzymesqame 1ess1
A affected in'marasmms than in kwashiorkor even. after allowing
for a higher concentration due to dehydration.  This . is a;éo
true of the excretion -of 17-deoxycorticosteroids. Serum |
vitamin A levels.are also less affected, sugges&ingng‘graater
efficiency of intestinal function. Consequently disorders '
a{’the:eyevare;round to a smaller extent in marasmus. The
bésal metabolism of the marasmic child 'may even appear toQbé
eéevateda‘ Mbny'clinicianS"havebebserved»tha:graafer
alerﬁnesg'of the marasmic child. Some of the differenqes

between the two conditions: are summarized in Table 4.

In. &8 number of studies head circumference ‘has- been usged
as an index.of brain size. This.is perhaps not unreasonable
as a relastion has heen:fbund between head ‘circumference :and
cellular growth and' brain DNA content (Winick and Rosso,
1969a}. Brain weight and protein content are found to be
related linearly to cranial volumezcalcuiated’iromlhqad
eircumterence. Bowever, the use of head cireumferenée as a
measure of brain growth may be subject :to certainAlimitatiogs.

In cases where the brain has atrophied resulting . in some space



"Table 4 * Some éspects of the differences between
*

1 . \\,

!

kwashiorkor and marasmus.

-

§ kwashiorkor § marasmus
age of maximal incidence 6-~18 12-48
(months) ’ '

 edems _present absent
fatty liver " L
intestinal absorption severely slightly

S affected affected
skin and hair changes frequent infrequent
sychie changes present absent
apathy)
blood or serum :

" hemoglobin very low nearly normal |
total protein " " " "
albumin’ " " LN
A /Gr r ét io " on " n

Whitehead ratio** high normal
hydroxy proline very low low
urea low . normal
vitamin A A "
copper b "
cholesterol " "
lipase and amylase " b
lactate dehydrogenase normal low

leucocyte :
fumarase high low
glutamate dehydrogenase low high
isocitrate dehydrogenasej ’normal high

— -

*

aldolase and aconitase

A - — S S o 1" D D> s b

Based on ... gbservations bf Viteri et al (1964); Gopalan
(1968); Pineda (1968); Whitehead (1968} and Gurson (1972).

*#* Ratio of glycine, serine and glutamine to branched chain

amino acids.
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between the cranium:and the brain (Rozovski, Novoa, Abasana
an& Monckebe rg, 1971) head ecircumference may overestimate
brain size., The reverse may happen in other cases where the
skull is very thin because of protein and mineral deficiencies
(Robinow, 1968}, Incidentally head circumference may be very

large in conditions such as hydrocephalus,

Severe protein calorie malnutrition has been found to be
associated with brain changes such as decrease in weight
(Udani, 1962; Brown, 1965; Winick and Rosso, 1969a; Udani,
Mn#herjee and Parekh, 1971), DNA (Rosso, Hormazabal and
Winick, 1976; Winick, Rosso and Water;ow, 1970;'Ganguli, Dutta
- - -~ and Mukherjee, 1972), RNA,protein and total lipids,
(Winiek and Rosso, 1969b; Ganguli et al, 1972; Subbaraoc and
Janardana—Sarma, 1972}, cholesterol -and phospholipids (Winick
and Rosso, 1969b; Winick, Rosso and Waterlow, 1970; Subbérao
and Janardana Sarma, 1972?, cerébrasides and sulfatides
(Fishman, Prensky and Dodge, 1969; Mokashi, Mukherjee, Ganguli

and Bachhawat, 1972) and gangliosides (Mokashi et al, 1972).

The results of some of the above studies are summarized
in Table 5. Bachhawat (1972) reported deficits in the
concéntrations‘of glycolipidg (cérebrosides + sulfatides)
and mucopolysaccharides in the whole brain and gangliosides
in the white matter‘in malnourished children. Surprisingly,

the concentration of glycolipids was more in 3 year old

malnourished children as compared to controls. Although it
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Table 5 ¢ Effects of protein calorie malnutrition on chemical

composition of brain in man,

SHp PP PO s AT I M IS U Sy Sn g

protein calorie

malnmatrition

(Rosso et al1,1970)

- -

age (years)

body weight
brain weight

brain :
, DNA
RNA .
protein .
total lipids
cholesterol
phospholipids

age (years)
cerebrosides and
sulfatides

total mucopoly-
saccharides.

" hyaluronic acid
heparin sulfate

low sulfated
chondroitin sulfate

chondroitin sulfate

angliosides
in white matter)

0-0.5

45~-57
63-70

81 -85
N.R.
N.R.
N.R.

49~T75

49-T7

0-1
98

35

ia3
200
50

39

—— U G —— " o7 2o B S s o v s WY S

{ kwashior-i
{ ker : .
:(Subbarao ! marasmus
;  and ¢ (Ganguli
iJanardana let al, 1972)
{ Sarma :
: (1972i H
1-3 2-3 1-3.
values as % of controls
T 43-b1 42 N.R.
60-68 59 90
88-100 107 68
N.R. 41 14
N.R. 56 90
N.R. 38 44
44-48 35 ) N.R.
46-~48 44 N.R. .
kwashiorkor (Bachhawat,1972)
values as % of controls
3 4-5 8-9
175 32 : 42
N.R. N.R. 26
N.R. N.R. 187
N.R. N.R. 49
N. R * N L ] R ® N L] R L
N.R. N.R. 14
151 41 15

100

—— - —

N.R. = Not reported.

- — - W " - ] - ] " Yoo S s




32

. has been suggeéted that the effects of malnutrition are
less evident wheh it occurs after fhe first year of life
(Winick et al, 1972) no consistent trend is found in the
data of either Bachhawat (1972} or Rosso et al (1970).
Deficits in total lipids, gl&colipids, ﬁroteolipids and
plasmaiogens in white matter have been found by Fishman

et al (1969) in 4-12 month old malnourished childfen. They

found an increase in neuraminic acid content (31-50%).

In man cell division stoﬁs at the same time in the
cerebrum, cerebellum and brain stem (Winick et al, 1972/,
It is not unreasonable therefore to expect that malnutrition
will affect cell number similarly in all these regioﬁs.
This contrasts with the greater changes found in the
oerebelium in the case of the rat in which‘it matures earlier ‘

and at a faster rate.

Iﬂ adult mén, the brain accounts for 20-25% of resting
metabolism. The proportion is much higher (33-50%) in
_children below five years of age (Richter, 1952}. In
malnourished children who have a much largér brain in
proportion to body weight, the share of cerebral metabolism
can be expected to be even greater (Rajalakshmi, 1972) and
this may account for the apparently elevated metabolism in
proportion to surface area (BMR) found sometimes in

marasmic children (Montgomery, 1962).
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Histological changes,similar to those found in
malnourished pigs and dogs (Platt, Heard and.Stewa;t, 1964)
have been found in the brain of malnourished children (Udani,
1962). Davison (1967) found the myelin in the hraing of
malnourished children to resemble the immature myelin .of

malnourished animals.

1

Abnormalities of the EEG pattern havg-been found in
malnourished children (Engel, 1956; Nelson, 1959; Nelson and
Dean, 1959). Normal patterns evolve with nutritional |
rehabilitation and restoration of*body weights to near normel
levels (Valenzuela, Hernandez Penich and Macias, 1959). In
some studies the abnormalities were found to persist (Engei,

1956).

The animal or child suffering from severe malnutrition
often dies a central nervous death (Platt, 196}). An
interesting observation héé been .made that symptoms such.as
tremors and convulsions occur during rehabilitation of the
malnourished child (Kahn and Falke, 1956' Kahn, 1951). This
was found more frequently with the very high protein dlets

*ed

used in earlier times (Udani, personal discussion with

'Dr. Rajalakshmi).

The psychological changes in the malnourished child

were reeognised long before the other changes and about 20 .years
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ago Carothers (1953) in his report to the W.H.0. mentioned -

the mental arrest of malnourished children.

As mentioned ea;lier extreme apathy is a ooﬁmon feature
in the kwashiorkor children (Platt, 1961) and for all praetical
purﬁoses they seem to have lost contact with environment
(Baj#iakshmi and Ramakrishnan, 1972). They stay put because
of thé edema but are extremely irritable when disturbed. 1In
contrast to this marasmic children are irritable and tend to
be cry babies. They are not as apathetic as the kwasﬁiorkéf

children and show a fair interest in the surroundings.

A number of studies have suggested the poor psychological
status of the malnourished child (Stoch and Smythe, 1963;
Caback and Najadanvie, 1965; Stoch and Smythe, 1967; Monckeberg,
1968; : Chase and Martin, 1970). Previously established reflexes
are depressed or abolished and the elaboration of new conditioned
reflexes are affected in protein malnourished children (Brozek,
1962), o

The effects of early malnﬁtrifion woulg appear to persist
éo‘some extent on the basis of Cravioto's observations of the
relation between heiéht and intelligenne in older children in
a poor rural area (Cravioto, 1966). In these childreﬂ height‘
can be expected to reflect nutritional status in early life.

Cravioto also found mental retardation to be less readily
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reversed in kwashiorkor children hospitalised at a younger
age although the effects of maternal deprivation due to
separation from the mother and stay in a hospital must also
be considered in such cases (Cravioto and Robles, 1965},
Similar observations have been made by Stock and Smythe in
loqgitudinal studies on undernourished children (Stock and

Smythe, 1963, 1967). y

In other studies kwashiorkor children did not show a
. deficit in subsequent performance on intelligence tests but
showed a: defieit in intellectual maturity as judged by a

drawing test (Evans, Moodie and Hansem, 1971).

’~'ﬁowever, in many of these studies, particularly those of
Stoch and Smythe (1963$ and Chase and Martin. (1970) the
social -and psychological environment of the malnourished
children was far from satisfactory. In this conmection in
studies carried out in Baroda, rural poor children have a
cattell‘nd of about 80 as compared to 100 in the d;ban'poor
alﬁhoughjthe two groups have a similarly poor nuﬁfitional
status as judged by height, weight and eémpositiéﬂxof hloéd
andhqerpm (Rajalakshmi and associates, unpubliahé&i;"glao,
mere. attendance at 5 play centre in a poor viilage improved

IQ scores as much as nutritional improvement.
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In the studies on urban children, growth retardation so
;thab the body weight deficits were more than 35-40% before
2—3'yea;s 61 Qge was not associated with deterioration in
psychological performance., "The children had a reasonably
adequaie protein status and were not lacking in affeective

care by the parents.

McLaren (1971) found an improvement .in the psychological
performance of malnourished children with good nutrition only

when this was combined with environmental stimulation.

s': & o ~
A}though the brain of the adult is not wvulnerable to the

etfecté of malnutrition, psychologicel changes although of a
transi%ory kind are not uncommon in .severe and prolonged
deprivation. This has been common observation in famipe
conditions ‘and concentration camps (Smith and Woodruff: 19513
Helweg Larsen et al, 1952). The changes have been well
documéptéh-in the Minnesota studies on starv#iioﬁ—(Keys,
Brozek, Henschel, Mickelsen and Taylor, 1950) and include

mental confusion, apathy and inability to concentrate. These

effects generally disappear quickly with dietary rehabilitation.

Most of the studies onzgﬁfects of nutritional deprivation
ﬁaveiéonoentrated on the~opmposi§ion of the bgain_with regard
to prpteiﬁé; lipids and nucleic acids., However, the amino
acid make up of the brain and the metabolism of the same also

present special points of interest.
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The brain contains 2% of soluble organiec constituents
of which a major portion is amino acid. 20% of the total
nitrogen in the‘brain is made up of amino nitrogen~25% of
which is contributed by glutamic acid and glutamine (Ansell
and Richter, 1954; Waelsch, 1952; 1955; Weil-Malherbe, 1952).
While the‘hrain compares with plasma and liver in its
eoneentrafions of essential amino acids it has a mueh highér

concentration of nonessential amino acids (Waelsch, 1957).

‘Glutamic acid, glutémine and gamma amino butyrie aecid
account for a substantiai portion of the noqksSehtial amino
acids. When'u§40 glucose was subcutaneously injected in the
rat a greater proportion of labelling was found in the brain
than-in the liver in'glutamate, glutamine and aspartate .

(Table 6).

‘The formation of glutamie acid is catglysed by the

enzyme glutamate dehydrogenase. The importance of this

" reaction is that it occurs spontaneously i.o. w1thout the

snpply of energy as soon as a sufficient concentration of
ammonia 1s.ava11able;(Krebs, Eggleston and Hems, 1948).

" Dewan (1938) and Von Eunler, Adler, Gunther and Das (1938)
.established‘the presence of this enzyme in several mammalian
tissues including the brain. The activity of glutamate
dehdeogenase in the brain has not been found to be as high

as that in the liver or kidney (Krebs, Eggleston and,Eems,1§48)
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Table 6 : Relgtive incorporation 6f labelling in selected

amino acids in the brain and liver in rats given

U-£4C glucose¥*,

per cent activity of total amino acids in

(2. 2. 2.2 271 1 %7

: bréin g liver
i i /
glutamate ‘ 37.0 5.3
GABA K o 4.0 °
élutaminé ’ 9;6 5.2
a;partate ‘ 9,0 _ o 2.%
alanine 2.0 . 3;0
total ’ 61.0 16.1

* Data taken from Gaitonde, Dahl and Elliott (1965).



39

a fact which contrasts with the higher concentration of
glutamic acid in the brain, This is explained by thé fact
that in the brain the equilibrium constant of the enzyme
favours reductive amination of o« -ketoglutarate and the

enzyme does not normally operate in the direction of oxidation
of glutamic acid (0lson and Anfinsen, 1953; Strecker, 1953;

Weil-Malherbe, 1957).

In tﬁé brain,‘this enzyme may be expected to have a
crucial role as glutamate is an important metabolite for the
brain probably having an electrophysiological role. As the
blood“brai@ barrier does not permit the. entry of this amino
acid the'glutamate in brain is locally synthésized (Strecker,
1957), The formation of glutamate also serves as an important
machinery for the quick rémoval of ammonia ;gich is highly
toxic)to tﬁe brain. : | '

The activity of glutamate dehy&rogengse is lbw in the
‘neonatalz?fain and increases to its peak value which is four
times its initial value 5y 16—23 days of age (Bayer and
McMuriray, 1967). The concentration of glutdmie*acid reaches
a peak at 20-21 days’(Agfawal, Davis gnd.ﬂimwien, 1966; Bayer
and McMurray, 1967). |

v

The role of glutamic acid in drain metabolism has

elicited much speculation and interest since the observation
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of Thunberg (1923) that.theibraig.can,oxiégée glutamic aeid

in vitro. Many subsequent studies suggested that the mammalian
brain in vitro .ean utilizevglutamie acid in place of glucose
(Quastel and Wheatley, 1932; Krebs, 1935a; Weil-Malherbe,1936).
Extensive studies carried out by Weil-Malherhe (1936) on brain
glutamie acid showed that.during the oxidation of the same no

. ammonia is liberated.- It is now known that it can be oxidised

via ihe GABA shunt by the successive conversion of glutamie

acid to GABA, succinic semialdehyde and succinate.

Glutamic acid has a high turnover rate in brain slices
and is rapidly metabolized to glutamine, GABA and aspartie
acid (Waelsch, 1957; Tower,1859). Enzymesiiﬁvolved in the
metabolism of glutamic acid namely glutamihé synthetase{
glutamate decarboxylase, aspartate aminotr;nsferase and .alanine
aminotransterasé have been identified in the brain (Krebs,
1935a; Cohen and Hekhuls, 1941; Speck, 1949, Elliott, 1951
Roberts and Frankel 1951a, b; Roberts, Harman and Frankel,
1951; Lajthﬁ, MQI? and Waelsch, 1953). It is of interest that
glutamine syhthetgse is invariably presenélin the brainsrof all
animals (Krgbs, 1?35b) whereas it is variabiy present or
absent in other tisaues.(Wu, 1963). This enzyme also provides
a local nachinery for the removal of ammonia (Sapxrstein,
1943). In this connection the blood braln barrler acts
against glutamic acid but not against glutamine (Kamin.and

Handler, 1951).
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Cons;derable excitement regarding the role of this amine
acid was aroused by the earlier reports on the favourable
effects of glutamic acid supplemehtation on the intelligence
of mentally retarded children and epileptics (Zimmerman,
Burgemeister and Putnam, 1949; Hoch, Albert and Waelsch, 1951).
In this comnection it.is of interest to note that. the deficits
in the acti;iiies”of”glutamate dehyﬁrdgenase,andAgLutamate
decarboxylase observed in aninais~fedu15w protein‘giets«were
reversed when the diet was supplemented with glutamic acid

(Rajalakshmi, Pillai and Ramakrishnan, 1969).

Further, it has been shown that the brain contains a
protein which has a high content of glutamic acid (Moore, '
1965). ' In other studies, a similar protein:has been found to

show a rapid’ turnover rate (Minard and Richter, 1968).

The distribution of glutamic acid and glutamine in
cellular components and in different layers of the brain
suggests a functional significance for both., Thus glutamie
acid is distributed to .a greater extent in the grey mattér
(Tower, 1959) which is mainly concerned with nervous activity
whereas glntémine is distributed ednally in grey and white
matter (Krebs, Eggleston. and Hems, 1949~ Waelsch, 1952). The
dlstrlbution of these two amino acids in‘the cellular

particulate also shows some variation, Glutamic acid is

primarily found in the mitochondrial fraction whereas.- glutamine
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is found in the mitochondrial as well as nuclear fractions

(Weil-Malherbe, 1957; Tower, 1959).

The concentrations of glutamic acid, glutamine and GABA
are found to increase during,fetal and postnatal development
and reach ceiling'yalues with the myelination and maturation
of the neurons (Krebs, Eggieston*andﬁﬂems, 1949; Baxter,
Schade ‘and Rdberts, 1960; Agrawal, Davi§ and Himwich, 1966).
In the(rat the attainment of maximum levels of glufamic acid
coincides w;th active protein synthesis associated with
myelination and neuronal maturation, and with the shift to
adult patterns of metabolism (Rudnick and Waqlécﬁ, 1955a, b;
quer,(i959}., The postn&tal'inerease in the cerebral
glutaméte level coincides also with the raﬁid rate of conversion
of the gluéose carbon into amino acids (Gaiton&e aﬁd Richter,_
1966). In rats these changés parallel the development of

compartmentation of glutamate metabolism (Patel and Balazs,

1970) and occur between 14-21 days of age.

Iﬁ hastbéen suggested that the compartmentation of
glutamie acid and GABA 6an be used as an index of cerebral
maturation which can be used to study the effeets of different
intluepees on the development of brain during tbe early
postnatal period (Patel and Balazs, 1970). A marked |
retarﬂ;tion in the development of this compartmenfation of
glutamie acid and GAPA has been found with thyroid'deféciency

(Patel and Balazs, 1971), : y
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and
GABA is uniquely present in the brain,so is the enzyme

glutamate decarboxylase involved in its formation from
glutamic acid. Further, the blood brain barrier operates
against this amino acid (Van Gelder and Elliott, 1958). It
has also been shown that the amount of GABA present in any
region of the brain varies with the .activity of glutamate
decarboxylase (Sisken, Roberts and Baxter, 1960). In the
developing brain the concentration of GABA is found'to be
related to glutamate decarboxylase activity {Rewers—1958;
(Roberts, 1;960) . |

The enzymes of the GABA shunt, namely, glutamate
decarhoxylase, GABA transaminase and succinate semiéldehyde
dehydrogenase increase during the pogtnatal pefiod in the rat
brain. (Van den Berg, Van Kempen and Veldstra, 1965). The
inerease ip GAD activity in the rat brain is maxiﬁumvbetween
2-3 weeks‘of age (Van den Berg, Van Kempen and Veldstra,

1065; Bayer and McMurray, 1967). Changes in GAD activity with
age in different areas of the brain are corrglatéq:hkghly with
the rapid growth of the surface area of the dendrites wﬁile
changes in GABAilevels are cqrrelated with the inerease in the
volume of dendrites. (Schade and Baxter, 1960; Sisken et al,
1960; Himwich, ;962; Roberts and Kuriyama, 1968). Again, it
is found that the appearance of adult EEG patterns and thé
maturation of cell body nucleus coincide with the attainment

of adult concentrations of GABA (Schade and Baxter, 1960).
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Both glutamate decarboxylase (Salvador and Albers,

1959) and GABA transaminase (Albers and Brady, 1959) are
found to be more in the grey matter of the central nervous
system. VYarious regions of the same exhibit widely~differing
activities (Albers and Brady, 1959; Rajalakshmi, Thrivikraman
and Remakrishnan, 1971). Miller and Pitts (1967) showed that
in the human brain the activity of suceinate semialdehyde
Qthdrogenase is high in the basal ganglia, thalamus,

hypothalamus and relatively low in white matter,

Reference has been made to the utilization of glutamic
acid in the absence of glucose. This must proceed either
through transamination with oxaloacetate or through the GABA
shunt. The former mechanism seems more likely on the basis
of several studies‘ (Krebs and Bellamy, 1960; Haslam and
Krebs, 1963? Balazs, 1965). However, it has been shown that a
substantial portion of giﬁcose is oxidised via the GABX.éﬁdnt'
and estimates of the proportion so oxidised vary from 16;40%
(M?khann and Tower, 1959; 1961; Elliott, 1965). A mofe recent
estimate obtained by foilowing the oxidation of glueose‘iﬁ'
brgin slices gave the flux through the GABA bypass as 8% of
tojal flux through the tricarboxylic acid cycle (Patel, ’
Balaz§ gnd Richter, 1970). However, no net change in GAB&
concentration is found when this is used as substrate

"(Elliott, 1965) although a negligible net consumption is found



in the presence of glucose (Elliott and Van Gelder, 1958).
This could be because of the continued synthesis of GABA
from glutamate formed during transformation and the reductive

deamination of o -ketoglutarate.

Studies reviewed by Spadoni and Gaetani (1972) suggest
that the formatioabi ;91ysomes and protein synthetic activity
in the ;iver depend on the free amino acid pool. The increase
in the free amino acid pool in many tissues including the
nervous tissue has been found to correlate with protein
synthetie aotiv1ty during development. (Miller,1969).  The
rate of protein synthesis and hence the phenomenon. of growth
may be affgcted‘by the maintenance of balanced proportions of
essential amino ééids. Amino’acid imbalance caused byﬁforéé
feeding (using tube or parenteral feeding) an imbalance&x
mixture of}ggsential amino acids resulted in growth arrest
and decreaéélin the content of DNA, RNA and protein in the
brain (Sengupta, 1971). The importance of amino acids and
protein metabol1sm in relation to the function of the brazn
is 1nd1eated by the experiments of Faulk and Horne (1954) who
found an excess of phenylalanine to affect learning performanee
in rats, They also found a deficieney of this amino acid to
have a similar effeet. The former observation is eonsistent
with the ;indingfof reduced protein synthesis (Takada and Tada,

1970) and altered amino acid composition of. the brain,

{
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including a decrease im GABA found with .exeess phenylalanine

and other emino acids (Teda, Takada and Arakawa, 1970).

AmoﬁgAthe amjno.acids+both,giutamie aeid’and,ﬁABA are. of .
special interest as the concentrations :of these ‘amino acids
are high in the brain which also .has the enzyme systems
necessary for their metabolism. Aeidicxaqinekacids |
structdrelli related to .glutanie eeid=depoiarize neurons. and
are considered as excltatery suhstances . (Curtls, 1962;
Krnjevic, 1964' Curtis, 1965; Hebb, 1970} and the neutral .
amino acidsastructurally related to GABA which depress the
firing of neurons are consideren,es.inhibitery substances..
Thus glutamic acid is found .to have an excitatory action and
GABA an. inhibitory action. These two amino acids may be
considered to have mutually complementary fdiéé in the central
nervouehsystem. The eiementary eriteria ofne transmitter
substaeee are that it must be produced in the relevant tissue
at the appropriate time, stored, released to exert an
apprOprlate ?et1on, and be removed (Elliott, 1965) All the
crlterla except that of release are met by both (E111ott,
1965). ﬁven this criterion appears to be met by GABA as in
: studies mede;on Grustacean nervous\system GAéA leaks from the

¢

punctured cortical ‘surface (Otsuka, Iversen, Hall and
Kravitz, 1966) The rate of release of GABA was increased by
about 50% when the electroencephalographic pattern indicated

arousal (Jasper, Khan and Elliott, 1965).
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The powerful depressant action of GABA when applied on
cortical neurons and its presence in large qnanﬁities in the
brain have led to the suggestion that GABA may be a
postsynaptic inhibitory transmitter substance (Krnjevic, 1964),
A stereospecificity of cortical receptors for GABA has also
been shown on the basis that amino acidic groups are less
potent in blocking cortical neuron aetlvity (Krnjevxo, 1964).
However, some invespigators rule out such a role on the ground
that GABA does nﬂt act on the same site as strychnine but
believe that it may be involved inm presymaptic imhibition
(e.g. Curtis, 1963). However, there is a conséhsusvingfavour
of the view that GABA does have an impoftant electiophyéiological

role.

The amount of glutamate and GABA in yhe synaptosome
is very small but may be functionally most important. Kxnjeiic
and Whittaker (1965) obtained excitant v effects with glutamate
and depressant effects with GABA with the rates of release
corresponding to about 700 and 350 synaptosomeé per second.
This is important since éynaptic activation at these rates is
considered to be well within the possible physiological limit
(Whittaker and Sheridan, 1965).

The exaet mechanism of acetion of GABA is not understood.
From studies on the localization of enzymes of glutamate and

GABA metabolism (Salganicoff and DeRobertis, 1965) GABA may be



‘ 48

acting in either of the two %ays described below (Himwich
and Agrawal, 1969). One possibility is a trans-synaptic
diffusion of GABA to regulate the exnitabilit& of adjacent
neurons, It has also been suggested that the GABA bound to
the synaptic vesicles is released when an impulse arrives in
a neuron and as a result, it crosses the synaptic cleft to

%

exert its effects on the postsynaptic membrane.

GABA may be acting as. a synaptic feed back inhibitor.
According to Roberts (1966) when an excitatory transmitter
affécts a postsynaptic"membr?ne"and depolarization results,
there is an instantansous postsynaptic release of GABA from
'a‘bound or stored form into the extraneuronal synaptic '
envifonmént and this acts as a synaptic fgédback transmitter.
Such an inhibitory transmi?ter could be bound to both
presynaptic and postsynaptic membrane on the sides facing the
synaptie cleft and thus accelerate the rate of return to the
resting potential of all depolarised menbrane sectors. Once
the releaaed GABA is taken up by the membranes it is metabolized
and the energy produced is utilised for bringing back the

resting condition\of the nenbrane.

Indirect evidence regarding the role of GABA as an
inhibitory transmitter is to be found ryom the lowered

concentrations of this amino acid in epileptic seizures and
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in seizures induced by convulsive agents (Roberts and Baxter,

1959).

Intravenous administration of GAﬁA to man causes
transitory paraesthesia and produces a fall in blood pressure
and respiratory rate in man, dog and rabbit (Elliott and
Hobbiger, 1959; Tower, 1960). This is believed to be due to
the peripheral action of GABA as it does not cross the blood

brain barrier (Van Gelder and Elliott, 1958).

In contrast to GABA, glutamic acid ;s believed to have an
excitatory effect, There is no strong evidence against the
possibility that L-glutamie acid may be the prineipal
exoitatofy transmitter in the central nervous system (Krnjevie,
1965), Recent studies have shown a similarity between the
action of glutamate on the Grustacean neuromuscular Junction’
and that of acetyleholine on the vertebrate end-plate
(Takeuchi and Takeuchi, 1964). Krmjevic and Schwartz (1967)
showed that in the cat pericruciate cortex glutamic acid is
more seleetive in its action than aeetylcholine. They were
also able to sho; by means of intracellular recordlng that the
depolarizing act;on of glutamate on corticallnerie cells is

[

accompanied by a fall in membrane resistance; the mechanism

: o4 R s
of its depolarizing action is therefore more in accordance
with the expected behaviour of an excitatory transmitter than

is the case for acetylcholine. Thus the concentrations of GABA
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and glutamate in the central nervous system are probably
very critical as any disturbance in them may change the
electrophysiological status resulting in abnormai function

of the brain.

{

The rapid flux of glucose carbon to amino acids is found
oniy at about 10;15 days after birth, when the cerebral cortex
becomes functionally mature, and is not found in the fetal or
neonatal brain (Gaitonde and Richter, 1966). The supply of
glucose as a precursor for amino acids becomes therefore a
eriticaltfactér after 10 days of age, Theréfqre any condition
in which ﬁlucose metabolism is hampered might be expected to
affect the concentration of glutamic acid in the brain. Thus
insulin induced hypoglycemia causesna reduction in glutamie
acid and GABA in the central nervous system (Dawson, 1950;

Cravioto, Massieu and Izquierdo, 1951; Dawson, 1953).

The learning process is believed_to involve the repeated
firing of groups of neurons or neuronal assgmblies (Hebb,
1949). Such firing camnot be efficient if the background
electrical activity is too low, in which case it may not take
place, -or too high in which case the sequential firimng of
particulaf groups of neurons may become disqrganised. We may
therefore presume that an optimum level of d;ﬁéritic activity

is crucial for efficient CNS function. This may involve the



maintenance of critical levels of glutamic acid and GABA ¢
o lﬂ N ﬁv (S /‘gs:
(Rajalakshmi, Govindarajan and Ramakrishnan, 1965; Hebb," - Mgt

1970).

Some definite correlations have been observed between
the ratio of GABA to glutamic acid in the brain anﬁ some
behavioural characteristics of the rats. Emotionally stable
strains of rats had slightly higher levels of GABA in the
brain while a more reactive strain of rats and generally in a
higher state of arousal had relatively low ratios of GABA to
glutamate. (Rick, Huggins and Kerkut, 1967). In another
series o{ experiments a definite correlation was seen between
choline gsterase activity and GABA~product16n in the cerebral
cortex in 5 difierent strains of rats (Rick; Morris and

Kerkut, 1968).

The 'above considerations led to the choice of (.. enzymes
of glutamate metabolism as the metabolic parameters in studies .
carried out on the effects of nutritional deficiency in this

laboratory.

Previous studies in this laboratory showed defieits in
the activity of glutamate dehydrogenase (GDH) and glutamate
decarboxylase (GAD) in the brain of rats fed a low protein
diet, but no change in ghe activity of GABA transaminase
(GABA-T) (Rajalakshmi et -al, 1969). Diets composed of cereals
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and millets of very poor protein quality such as kodri
8corbiculatuml)

(Paspaluny and maize/produced effects similar to a low
(Zzea mays)

protein diet. Undernutrition during the neonatal period

induced by manipulating litter siée»alse produced similar

defiecits in diff@rent regions of the brain (Rajalakshmi and

Ramakrishnan, 1969a). : -

In these studies decreased enzyme levels weré associated
with impaired performance in behavioural meaiures such as
performance on the'water maze, the Hebb-Williamsmaze, visual
diserimination and reversal learning, locomotion scores and
tasks involving motor coordination. (Rajalakshmi and

Ramakrishnan, 1969a).
H

The present studies were designed as an extension of
these studies  and sought to answer questions .such as the

following raised by the pre%ious studies.

'

e ~ 1 [
1. What is the amount of good quality protein needed in the

diet to prevent the brain enzyme deficits observed in
protein deficiency?

2, Is the amount of protein sufficient for preventing these
deficits'also sufficient for reversing the effects of
previous defiéiency or is a higher level of protein.
required for such re§ersa1? -

3. What hdppens when a more severe deficiency of protein is

induced?
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4, VWhat is the time course of‘the changes observed with
protein deficieney?

5. How do the effects of undernutrition compare with those
of protein deficiency?

6. How does neonatal undernutrition affect the wvulnerability

of the brain to the effects of postweaning deficiency?

Different experiments aimed at seeking answers to the
above questions were carried out. The brain enzymes gyndied
were glutamate dehydrogenase (L—glntaﬁate:NAD oxidoreductase,
E.C., 1.4.1.2), glutamate decarboxylase (L-glutamate-1
carboxylyase, E.C., 4.1.1,15) and GABA transaminase
(4-amino putyratezz oxoglutarate aminétransferase, E.C.,
2.6.1.19). Additional studies were made on liver protein
and glutathione in some experiments. The results of these

studies are incorporated in this thesis.



