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INTRODUCTION

The importance of the nervous system in the homeostatic
regulation of the body functions in higher vertebrates is well
known. The nervous system in the same is made up of the
central and peripheral systems, the former consisting of the
brain and the spinal cord; and the latter, conéisting of
sensory ‘and motor nerves which carry impulses between the

brain and the sense organs and/or the effector organs,

The cells in nervous iigsue have unique characteristies
which ensble them to carry out their functions of transmission
of the nerve impulse, the storage and retrﬂ?al of information
and the use of the same for maintaining homeosiasis, for
rogulating behaviour and for higher inteéllectual fumections,
Nervous tissue consists broadly of two categories of eells,
namely, neurons and glia, the former, concerned with the
above functions with the close conperation of the latter
(liyden, 1967). The structure of the neunronal ecell isg well
suited for its funetion, the same consisting of a cell bhody
and fibriilar processes in the form of branched fibers
called dendrites and a long fiber called axon which may have

collaterals.

During the development of the CNS in vertebrates, the

vertebral central canal gets lined by a clliated columnar



epithelinm termed @pendyma, The formation of neurobiasts
which give rise to neurons and spongioblasts or glioblasts
whiech give rise te glia take place in the ependyma followed
by their multiplieation, polerization, differentiation and
migration to appropriate regiorns, The changes at the
celluiar level include increase in the volume and diameter of
the e¢011 bhody, axonal growth, dendritic proliferation and
synapse formation (Purpura et al, 1964). PThe above changes
are asgociated with o deorease in. the proporvtional volume of
the ecll body and increase in that of membrane bscause of the
iarge inerease in axons and dendrites (Brizze et al, 19643
Ford, 1973). The above changes are associated with myelination
the onset of which is preceded by a remarkable increase in
giinl e¢ell number and metébolic activity of the sanme
{(dJacobson, 1970}, The myelin sheath is formed by the
spiralling of myelin around the axon so as to form a
lamellar structure bypligodendrocytes in the CNS., Macro-
neurcns with longer axons are myclinated first. Myelination
in the CRS proceeds from_ the phylogeéﬁioally older rogions
(Jacobson, 19070), Thus in the CNS, myelination starts first
in the cord followsd by the different areas of the brain in
the caundocranial order {(Jaocobson, 1970; Smith, 1973; Banik

and Smith, 1977).

Neuronal conduction is normally frow cell body via the

axon to the dendrites or cell bhody of the cosmneeting ncuron



{Worwick and Willioms, 1973), Trensmission along the axon

is made more efficient by the nmyolin sheath whioh is formed

by oligodendrocytes surrounding the axon in the CNS and
Schwann cells in the PNS and which not only offers insulation
but also makes more sﬁeeﬁierlconﬁuetion hecause of the gaps in
the sheath(nodes of Ranvier) where the axon comes into contact
with the surrounding fluid causing changes in the polarity so
that the impulse jumps from node to node. (Noxrton, 1956; Moreil

and Norton, 1986),

Not all the axons ayre myelinated in the CNS, In certain
rogions such as the cerebral cortex, the microncurons have
short unmyelinated axons whereas in other regions such as the
corpus oalilosum, the éxans are highliy myelinated. The axons of
the same neuron may be unmyelinated in onme region and beecone
myelinated as it leaves that region, Depending upon the
predomiganee of npon-myelinated and myelinated nerve fibers,
the CNS can be grossly differentiated as gray matter and

white matter.

Gray matter consists of : (a) the cell bodies, dendritic
trees and the initial segments of neurons (b} the torminal
segments and synaptic endings of axons, {c¢) variety of glial
cells such as protoplasmic astroeytes, which are attached to
the blood vesséls and satellite oligodendracyies associated

closely with the surface of the ncuron and (d) intercalatoed
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Fl6.1. DIAGRAMATIC REPRESENTATION OF THE MAJOR COMPONENTS
OF GRAY & WHITE MATTER. (ADAPTED FROM FIG 1-1, BASIC
NEUROCHEMISTRY & FI6. 7-22, GRAY'S ANATOMY).
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neurons with short a#ons which réﬁain within the gray matter.
The white metter mainly consists of : (a) myelinated axons;
(b) interfascicular oligodendrocytes whioh makes the myelin
sheath, and (c) fibrous astrocytes attached to the blood

vessels (Fig. 1).

The gray matter (on a dry weight basis) consists of
less than 8% of glial eells (astroeytes, microglis and oligo~
dendrocytes) and 75-80% of cell body and axon dendritic mesh
work (B:ante, 1949), The white matter contains 40-50% myelin
ond the rest includes glizl ecells (oligodendroecytes and
fibrous astrocytes), axons and blood vesséls {(Brante, 1949;
Norton and Autilio, 1966). Thus gray matter contains predomi-
nantly of neuronal eell‘bodies‘and neuropil (network of

dendrites, synaptic cemple;es and astrocytes) whereas white

natter contains myelin and the myelin meking oligodendrocytes.

The proportions of gray and white matter vary in differont
regions of the nervous system as the degree of myelination
varies, In general, the periphcral nerves have a higher degrece
of myelination than the spinal cord, which in turn has a higher
degree of myelination than the brain. Hegions such as the
brain stem and cerebelluﬁ are myelinated to a greater degree
than higher regions such as the eerebral cortex. The proportions
of gray and white matter are abount equal in the adult human

brain (Brante, 1949), but the same vary in the cersbral



hemisphores (60 end 40% rospectively) {Jun and Peigin, 1973}
and the spinal cord (20 amd 80%) (Friede, 1975). Even in the
same rogion the proportions of gray and white metter may vary
Coffe in ihe rat spinal cérd, the thoracic, cervical and lunmber
regions contain 75, 65 and BO% of white matter (Zeman and
Innes, 1963). The proportions of the two also vary with age.
For instence, in the hueman spinal cord the ratio of whife to
gray metter is 1:1 at the 4th month of. fetal 1life, 2:1 at

birth, and 4.5:1 in the adalt (Priede, 19075).

The complexity of the nervous systom incresses as we go
higher up on the phjlogenetic secale and this is associated
with a progressively increasing degree of myelinsation. In the
lewer veriehbrates such as frogs and fishes white matter~is not
well developed, The myelin isolated is found to be immature,
containing less 1lipid and more protein (Cuzner et al, 1965).
It is only in moapmals we find that groy and white matter are
well formed and the CNS contains a well-knit neuranaltéark

with long axors well insulated by myelin of white matter,

Some of the morphological features of the developing rat
brain are summarized in Table 1. From the table it can be
seen that the developmeni of neuronal ceoll hodies, dendritic
arborization, development of axons, formation of astroeytes
and synaptic connections which comprise gray matter is

completed by 30 days of age, whereas the differentiation of



Table 1 : Developmenial periods in the rat brain*,
- i i - i Develo \ j;
H : - i pment o
Period Duration g gi;%i§;OWth characte H gray aud
: § H i vwhite matter
i (a) 19-14 days of Formation and prolifera~

gestation

14th day of
gestation
to birth

(b)

Ix Birth te
10 days af

age

111 10~20 days

after birth

20-30 days
after birth

Iv.

tion of neuroepithelial
eells

Rapid phase of neuronal
¢sll division and
attainment of adult
number of long axon
macre nenrons at birth.

outTgrowth of dendrites
and axons aud establish»
ment of neuronal
connections (neuropil
development ), maltipli-~
cation of microneurons
anl spongioblasts,

Further extansion of
neuronal connecctions
and synaptogenesis:
differentiation and
paturation of glial
cells into astroeyies
end oligodendroeytes;
onset 0f myelination,

Betablishment of adult
number of oligodendro-
eytes; peak periocd of
myelination; completion
of gray matiber develop-
nent .

initiation of
development,
of gray matier

development of

‘Zray matter

Péak period of

gray matter
developnent,
onset of white
metter formation

completion of
gray matter
developnmoent,
Peak period of
whitematter
developuaent.

Ao s Wrn A

*  deta compiled from different sources,
Davison and Dobbing, 1068; Venier et al, 1971} Bangamina and

Mekhann, 1976,



oligodendrocytes, which predominate in white matter hegins

only after 10 dayé of birth and the rate of myelination, which
starts around this time, reaches a peak by 20 da&s of age, slows
down by 30 days of age (Norton and Podusio, 1073} but continues
till 365 days. Thus the gra& matter matures much earlicor %han

white matter.

The high proportion of membrane to ﬁell~body in nervens
tissue and the presence of myelin renders nervous tissue unique
in composition, chavactorized by a high concentration of lipids.
The fact that praetically all the lipids sre membranal and that
fat is not used by nervous tissue as fuel also ﬂiétinguishes it
from other tissues not only with fegard to iipid eontent but
also lipid composition {Tabies 2 and 3). Further, the functions
of nervous tissue neecessitate the maintenanee of a stable
chemical composition and this)in turn, necessiates the
maintenance of a mem?rane strecture with high integrity as’well
a8 the capseity for speedy and highi& selective ion transport
for neural travsmission, Not surprisingly, the 1lipids of
neuronal mewbranes differ from those of other membranes not
to meniion the myelin sheath which has o unique composition.
For imstance, the lipid-protein ratic is about half or less in
the plesma wmembrens of rat skeletal musele oy liver, abeu? two
thirds in humen erythroeytes, one in the axonal membrane and

around 3,5 in myelin {Rajalakshmi, 1980).
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From the foregoing it should be obvious that gray and
white matter differ appreciebly im 1lipid content amd composition,
., the 1lipids in the former being meinly in the wembrane whercas
those in fhe latber are derived from both the eell membranc and
myelin., These differences are Maturally esesociated with those
in other c¢onstituenis such as &oisture and protein., Gray matier
has a highér moisture content (82%) as éﬂmpéreﬁ to white matter
(72%) whereas white matter has higher concentration of lipids,
16%, as compared to 6% in gray matter (SuZukf, 1976). A1£hough'
the concentration of protein is similer in 6;;;, about 12%, the
ratio of lipid to protein is =x higher in white matter (1.3 as
against 0.5} as can be gxpeoted from its higher 1lipid content

(Toews and Horrocks, 1976)}.

Lipids are genarally membranal constituents and play an
impértaut role in the maintenance of membrane-bound ensymes,
changes in membrane permeability, ¢cll to cell tecogpiticn and
specific recoptors for toxins (Suzuki, 1976}. Further, lipids
form the major chemical constituents of {the myelin sheath
. whiﬁh noi only provides insulation for the axons hut also
enables & rapid trapsmission of the nerve impulse because of
the saltatory counduction facilitated by. the nodes of Ranvier

present in the myelin,

Although certain other tissues such as adipose tissne,

heart, bone and skin are also high in lipids (Table 3), the
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role and composition of lipids present in them differ from
those in@efvoua tissuve, The major lipid eomponentvof these
tissues is triglycerides which serve as a luhricatiﬁg and
insulating surface lipid im the skin, as a reserve of food
energy for the whole body in adipose tissue, and as an additional
fuel valuable during vigorous muscular exercise in muscle. As
glucose is the sole fuel u&ed'by the normal adult brain and
practically 211 the lipid in the brain is either in the neuronsl
membrane‘or nyelin and ss the major elassgs of wmembrane lipids
are cholesterol, phospholipids, galecteiipids and gangliesides,
it is not surprising‘that trigliyceride is practically absent in
the braip {Dickerson, 1968). On the other hond, nervous tissue
has high conccentrations of cholesterol, galactolipids and
gangliosides. The lipid composition of gray and white matﬁcr
algo differs (Table 4) as may be expectzd as the mémbranal
lipids predominant in gray matter have a role different from
that in amyelin lipids. Except for gangliosides and phospho-
inositides, white matter has higher concentrations of all the
iipid compeﬁénts. This is perticularly true of galaetolipids
whose concentration in white matter is 10 times that in gray
matter and which is thereforc comsidered 28 a 'marker' for both
white matier and myelin. Gangliosides whose concentration in
gray matter is 7 times that in white mattor are considered as
'markers! for gray matter, In this connection, the microsomal

activity of the gliucosyl transferase, one of the enzymes
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involved in the gynthesis of gangliosides is shown to be higher
in gray matter than in white matter (Deshmukh et al, 1974).
Agtrocytes and neurons isolated éZEQ the gray matter show a
higher activity of this enzyme than oligodendroeytes isolated
from white matter‘(neshmakh et al, 1974}, Similarly, the miero~-
somal activity of galactosyl transferase, one of the key

enzymes in galaetolipid synthesis, is found to be higher in
white matter thoan in gray maetter. Further, the activity of

this enzyme is higher in oligodendrecytes isolated from white
matter than in astrocytes dr nenrons obtained from gray mattei

(Deshmukh gt al, 1974).

The sharp differences between gray matter and white
matter with regard to this lipids are consistent with their
-physicochenical properties and postulated roles. 6Galactolipids
generally contain long chain hydroxy fatty acid componcents
{624,h:0, 834,h:1), have o high stability and transition
tenperature, & slow turnover inwthe aduit and perhaps guard
the integrity of the membrane and the myelin sheath, Ganglio-
sides generally contain mainly stearic acid (618:0} as a fatty
acid component are highly concentrated in the syneptic membrane,
héve been implicated with synaptic activity and learning
(Weigandt, 1968; Irwin and Samson, 1971; Rehman, 1977).
Polyphosphoinositides, which contain stearic and oleic acids
as the major fatty acid eomponents (Kerr and Read, 1963), have &

high furnover rate and seem to play a strnetural as well as



Pt
<A

funetional role which involves their binding with cations at
the membrane surface (Hendrickson and Reinertsen, 1974; Michell,

1975 ).

The differenees in the lipid composition of gray and
white matter are refleoted in the molar ratios of cholesterol:
galastolipids:phospholipids, the same being 100:33:316 in the
former, and 100:96:167, in the = latter. Regardimg'the rolative
contribution of different phospholipids, the ratie of EPG to CFG
ig 0.83 in gray matter whereas it is 1,17 in white wmatter. The
percentage contribution of inositol phospheglyceridﬂ is alwmost

twice as much in gray matter as in white matter (Table 4).

nistoehemiealnobserVatinns suggeat that most of the lipids
are located in the neurepll in gray matter and myelin in white
matter (Lowry gt al, 1954; Friede, 1966). Data available on the
1ipid composition of different cell types in the braoin (rat and
bovine) are given in Table 5}, It can bo seen from the samo
that gréy matter lipidétﬁiflect to a eonsiderable exxeht tﬁe
1ipid pattern in neuronal cell Body and astroeyteg whereas
white matier lipids fefleot those in myelin. In this conneetion
it is of interest to note that the specific activity of CNP,
which is considered & 'marker! enzyme of myelin is 5~8 times
as much in white matter as in gray matter in the rat (Deshmukh
et al, 1974; Sabri and Davison, 1977}, rabbit (Kurihara and

Tankada, 1673) and human {Toews and Horroeks, 1976}, The
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oligodendrocytes and axons which also form part of the white
matter have a lipid composition different from that of myelin.:

They also differ from neurons (Table 5).

Sinee liplds form a major component of the brain, several
studies have beeﬁ made on changes in their composition during
development in different species such as the rat (Brante, 1949;
Kishimoto ot al, 1965; VWells aud Dittmer, 1967; Cuzner aund
Davison, 1068; Vanier ot al, 187i; Alling and Karisgson, 1973;
Norton and Pedgslo, 19733 deSouse and Horrocks, 1979; Karlsson
and Svennerholm, 1978), mouse (Folehpi, 1585), rabbit (Dalel
and Pnstein, 1569} and man {Brante, 10493 Rouser angd Yamamoto,
1969; Yasuf and Dickerson, 1977; Marting and Ballabrica, 1978).
The concentration of ganglicsides in the rat brain increoses
approximately 3 fold from bhirth to 17 days of age, the maximam
rate of increase being between 11 énd 13 days of age (Suzuki,
1965b; Vanier et al, 197i). Similarly, in mon the concentration
of gangliosides inerecses significantly in gray matter during
the first two postunatal months and reached adult levels by
2 years of age (Vanier et al, 1971; Svennerholm and Vanier,
1972). This increase in g&ngliosides coinecides with the peak
poriod of development of gray mattef with regard to dendritic
arborization and synaptogenesis in the rat brain (Vanier gt al,
1971). During this period the activity of glucosyltransferase,

one of the enzymes involved in the synthesis of gangliosides
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is also found to be very active {Shah, 1971). Incorporation of
labelled glucosamine into brain ganglicsides is also found to
be maximum during this period (Suszuki, 1967} Po Maceioni and

Ceputto, 1968},

In the rat the conecentration of cholesterol increased by
60% between birth and 10 days of age (Cuzner and Daviason, 1968;
Alling and Xarlisson, 1973; Karlsson and Svennerholm, 1978
deSousa and Horrocks, 1979) and by 3007 Between 10 and 140
days of age (Norton anid Podunaslo, 1973}, These inereasQSvaré
agsociated with increases in the activities of enzymos involved
in chinlesterol synthesis and in the rate of incorporation of
labelled precursors intc brain cholesterol, The same are foéund
to he very low in the adult brain (Smith, 1965 and 1967; Jones

ot al, 1975),

Galactoliplds which are present in higher concentrations
in white matter are not detected hefore 10 days of age in the
rat brain, an observation consistent with the onset of myelina~
tion during this period (Cuzner snd Davison, 1968; Alling ami
Kerlsson, 19733 Harisson and Svannefholm, 1978}, The pereéntage
increase in the.same during devalapécut is much higher than in
tho cese of other lipids (Kishimoto et al, 1966; Wells end
Dittmer, 1987; Ouzner and Davison, 1968; Norton and Poduslo,
1978; deSousa and Horrocks, 19?5}. Similar observations have

been made with regard to galactolipids in humon hrain white
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matter during development (Vanier et al, 1971} Svennerholm,

and Vanier, 1972). The increase in galaetolipid concentration ‘
is 40 fold between 10 and 140 days of age in the rat brain and
is asscciated with a 20 fold inecrease in myelin contont (Norion
and Peoduslo, 19?5) and a marked ineresse in the apctivity of CNP.
which is manifest just before the onset of myelinmation i.e.
betore 10th day after birth (0lafson et al, 1969}, A marked
increaéé in the activities of the enzymes concerned with the
synthesis of galactolipids (Brenkert and Radin, 1972;
Constantioceccerini and Morell, 1972) aund the inereased

‘, ineorporation of labelled precursors into whole brain galocto-
lipids has been observed during this period (Burten et al,

1958; Kishimoto gt al, 1965; Mckhann and Ho, 1067).

A 30% increase is found in the concentration of total
phospholipids between birth and 10 days of age in the rat
{Cuzner and Davison, 1968; Alling and karlsson, 19735 Karlisson
and Svemﬁerholm, 1978; deSouse and Horrocks, 1679) and n 200%
increase between 10 days and 140 days (Cuzner and Davison,
1968; Norton and Poduslo, 1973; deSouss and Horrocks, 197%).
Similarly the concentration of phospholipids in the developing
human brain increases by 150% and 250% respectively in gray and
white matter between birth and 2 years of age (Vanier at al,
1971; Svennerholm and Vanier, 1972). As may be expecied, the

concentration of different phosphelipids also inerease with age,
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the increase being more in the case ef EPG and CPG. The ratio
of BPG to CPG increases from 0,56 ab 10 days to 1.0 in the
adult (Norton and Poduslo, 19?3};n This inocrease is accounted
for by that in white matter as the value remains less than one
in gray matter at all ages (Vanier et al, 1971; Svennerholn and
Vanier, 1972). Plasmalogens which are myelin specific phospho=
lipids increase signifieanﬁly during meturation (Cuzner ond
Davison, 1068; ﬁortgn and Poduslo, 1973; deSousa and Horrocks,

1979).

The increase in the concentrations of EPG and CPG ave
associ ated with incireases in the sotivities of phosphoethano~
iamine tronsferase {rat brain} and phosphocholine trunsferase
(rabbit brain} respeetively (McCaman and Cook, 19663 Ansell
and Meteslfe, 1971), Recently, it has been found that in the
dQVelnping chick brein nlerosomnes, a doubling in the specific‘
activities of phosphoethavolamine snd phosphocholine
tronsferases ocours during glial proiiferation which is also
msscciated with a higher accretion of LPG ond CPG during that
period (Freysz et al, 1978 and 1980}. It hga also been shown
that the phosphotrensferases (Strosznajder gt al, 197%a) and
phospholiphses A, amd A, (Woelk et al, 1973) are mores active
in neuronal cell bodies than in astrocytes‘obtained from rabbit
brain gray matter. Aeotivities of enzymes which synthesize and
degrade plasmalogens also increase éﬁring myelinotion {(Ansell,

1673; Dorman et al, 1977; Horrocks et al, 1978).
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Some of the changes in the lipid composition of the
- developing rat brain are snmmarized in Table 6. The changes
in the first 10 ﬂéys refleot the development of gray matter
and maturation of eells present in it. Those between 10 and
30 days reflect both myelination and the development of
neuropil whereas those after 30 days refleet the progress of

nyelination.

Since gray and white matter follow different patterns of
maturation the effects of nutritional defieciceneles on the
norphological and biochomical development of gréy matter and
white matier way be expected to vary with the timing and '
duration of the nutritional stress. Further, it may woll be
that the two are differentially affeeted if the maturation of
gray aatter énjays ontogenetic and metabolic priority. Since
the maturation of the brain is asscciated with changes in
morphological features and chemieal conmposition severai gstudies
have been muade on the effects of nutritional deficiencies
during the prenatal, neonatel amd paétweaning periods on the
whole brain and isolated myelin, Except for limited studies on
malnourished children pu studies have been made on the conmpara-
tive effects of nutritional stress on gray matber anl white

matter.

Prenatal undernutrition produced by feeding the mother a

low protein diet during gestation was associated with deficits
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composition of developing rat

Lipid component
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10-30 deys 338-140 days

_ 0-40 days
Total lipid- 38
Cholesterol 86
Galactolipids -
Phospholipids 22
Gangliosides 58
Flasmalogens 60
Ethanolamine 11
phosphoegliycerides .

Choline phosphoglycerides 81
Sphingonmyelin 102
Inositol phosphoglyecerides 10
" Serine phosphoglycerides 69
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g5 29
125 a1
1373 140
71 8
63 0
152 24
07 | B
42 0
193 17
89 4
63 7
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¥  valucs calculated from Xarlsson and Svenncrholm, 19783
Norton and Poduslo, 1973; Cuzner and Davison, 1968,
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in body and brain weighis of newborn pups but no significant
ehanges were observed in the eonéentrations of DNA, ENA,
protein (Zamenhof et al, 1968; Envonwn et al, 1673; Karlason
and Svennerholm, 1978) and lipids (Rajelakshmi and Nekhasi,
1974; Karlsson arpd Svennerholm, 1978}. The reduced brain sige
and the normal concentration of DNA, RNA anl protein suggoest a
reduction in cell number rather than cell size. However, those
defficits wero aboiished with normal nutrition during the

postnatal and postweaning period {(Zamenhof et al, 1973),

Sinee the adult number of long axon macronenrons of the
br&in iz reached even at birth neonatal uvwndernutrition moy not
affect the pumber of maevoneurons hut may affect their develop~
ment {(Sugita, 1918; Shoemaker and Bloom, 1976}, but the number
of glial eells is found to be decreased (Siassi and Siassi,
1973). The reduction in brain weight has been explained in
terms of the retardation of neuronal developuent and delayed
myelination (Bass et al, 1970a and b; Krigman and Hugan, 1976;

Stewart et al, 1976; Griffins et al, 1977).

Histological examination of the cerebral cortex af rats
undernourished during the neonatal period suggests increased
cell density (increasc in cell nuwber/unit area) and reduetion
in dendritic arborization (Eayrs and Horn, 1955; Sima and
Pe¥sson, 1975; Cardero g&!g;, 1976) and dendritic area in the

Purkinji eells (Pysh et al, 1979} and non-neuronal cell count
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(8iassi and Siassi, 1973), Llectron mieroscopie studies
confirm a greater uneuronail cell density smggestive of a
retardation in neuropil development of the rat cortex (Gfagg,
19723, A deereaée in the size and densitby of présynaptic
endings (Gambetti ci al, 1974) and deficits in the number of
synapses per unit area of the brain have also been reported

(Burns et al, 1975; Shoemaker ani Bloom, 1976),

Eleetron microseopic studies also showed that the brain
of the undernourished rat is characterised by a decrease in the
nupber of astroeytes and\oligodenﬂrecytea in white matter
(Krigman and Hogan, 1976). A significaent reduetion in the
myelinated axons and an ineresse in promyelinating axons
have been observed (Krigman and Hogan, 1976). Thus prenatal
undernutrition is rouné to affect the cell number buit not cell
size whereas neonatal undevnutrition affectis the maturation of
neuronal cells and both oell division and cell growth in

non-nenronal cella.

The morphological changes have been found to be correlated
with chemical changes as might be expected. The reduction in
cell number is associsted with a reduction in tetal DNA content
(winick and Noble, 1965 and 1966), although DNA concentration
is not generally affccted (Fnwonwu et al, 1973; Patel gt al,
1973; Sobotka gt al, 1974; Karlsson and SVGnnerholﬁ, 1978},

The conceniration of RNA (Gugliemone et al, 1974} and protein



/ (Gambetti et 21, 1972; Enwonwu b al, 1974; Kerlsson and
Svennerholm, 1978} arc found to be unaffeeted with neonatal
undernutrition. The decrease in cell size is evident in the
decreesed ratio of RNA to DNA and protein to DNA (Gambetti

et al, 19T2; Fnwonwu et sl, 1974).

Some of the morphologieal changes observed such as poor
axonal and dendritic growth and delayed myelination,wouléﬁead
us to expeet changes in lipids. The 1lipid concentration of the
brain is affected in undernutrition the effects beinz wmost
evident bhetween 23~-3 weekg of age im rats, a fact consistent with
the sequence of events in the CNS. A significant decrease im
the concentration of gangliosides has bheen reported by several
suthors (Bass gt al, 1970; Ghittoni and DeRaveglia, 1972;

Merat and Dickerson, 1974; Krigman ond Hogan, 1976; Rajalakshmi
and Nakhasi, 1974; Reddy and Sastry, 1978). But such decrease
was not found by Geisor and Waismam, (1070) and Karlsson and
Svennerhoim (1978}, The inconsistency observed in the above
studies with regard to the concentration of gangliosides may
be because of the differences in the strain of the rats used
and the severity of the undernutrition achieved and variations
in the methodslogy. Even in studies reporting a deficit in
gangliosides, the constitution of difforent ganglioside
fractions to the total was not affected (Merat and Dickerson,

1974; Reddy and Sastry, 1978; Karlgson and Svennerholm, 1978},
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This suggests thet only & guantitative and not a qualitative
ficcrease has heen observed by sonme investigators. Studics
carried out on the human brain are not consistent. Fishmen

et al (1969} found the ganglioside concentration in the white’
matter of mainourished ¢hildren who had died between 4 oand 12
months of age to be not affected. On the contrary, Hokrady

at a1 {1572) reported a significant decrease in the concentra-
tion of gangliasideg in both gray and white matter of kwashiorkor
children who died at the age of 9 years. The differences
observed in the above two studies may be Because of diffecrences

in the age, severity, duration and type of malputrition,.

The enzyme CMP-NANA synthetase, which is involved in the
synthesls of gangliosides, and sialidase, an enzyme involved
in the degradaﬁion of gangliocsides were both found to be
greater with neonatal undernutrition, even though no
differences were observed in the concentrationms of the ganglio-
sides {(Morgan and Neismith, 1975}, Since the sbove enzymes
showed higher activities between 6 and 16 days after birth and
falls to a constant lele‘by the 16th day (Roakema gt al, 1970),
the authors attributed the higher activities of thesc enzynes

14

to delayed matnration. In vivo incorporation of C-gluncosanine

into gangliosides has not been affected with undermmtrition

(Reddy and Sastry, 1078},
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Noonatal undernutrition has been found to deerease
gignificantly the concentration of cholesterol in the rat
braﬁn {Culley amd Mertz, 1965; Dobbing and Sands, 1071;

Raj alakshmi and Nakhasi, 1974; Krigman and Hogan, 1976; Heddy
and Sastry, 1678) and spinal cord at 21 days of age

{Rajalakshmi and Nakhasi, 1976; Sharma, 1979). The in vive
incorporation of labelled glucose into brain cholesterol
(specific activity) is slso found to be deoresased (Agrawal

et al, 19Y2; Chase et al, 1976; Jailkhani end Subremanyam, 1977).
In the case of malnourished children the concentration of
cholestercl is not found to be affected in white matter

(Fishman b al, 1969), It is possible that the amount of

white matter rather than its composition gets affected first.

Among the other lipids, the deficit in galaebtolipids is
found to be greater (Culley and Mﬂrtg, 1965; Geison and
Waisman, 1970; Rajalakshmi and Nakhasi, 1974; Erigman and
Hogan, 1976; Ieddy and Sastry, 1678; Karlsson and Svennerholm,
1078). Similar deficits in galactolipids in both gray and
white matter have been found in autopsy studies of malnourished
children (Fishman ef ai, 1969; lokrady gt al, 1972}, The latter i
congistent with the deercased amount of myelin in malnourished
children (Fox et al, 1972) aund neonatally undernourished rats
(Fishman et al, 1971; Nakhasi et al, 1975; Simons and Johnston,

1976 Wiggins-qﬂé;, 1074 and 19763 Reddy et al, 19793



Wiggins and Fuller, 1979). A decrease in the concentration
and specific activity of CNP in the whole brain (Nakhesi gt al,
1977; Reddy et al, 1979) as well as isolated myelin (Nakhasi
et al, 1975; Simons and Johnston, 1976; Reddy et al, 1979} has

beon reported in raits.

Both in rats end children decreased concentration of
galactelipids found in malnutrition is assocliated with a lower
conecentration of the sotivity of galaetolipid sulfottransferase,
an enzyme involved in the synthesis of sulfatides (Chase et ai,
1967 and 1972)., In rats in vivo incorporation of labelied
precursors into galactolipids is ailso Tound to be decreased
(Chase et al, 1967; Agrawal et al, 1972; Chase et al, 1976;

Jailkhani and Subramanyamn, 1977).\ Using (33) and (14

C) seetate,
choline or glyoerol 8s preeursors, in vive incorporation of
isctopes into lipids of isolated myelin is depressed by about
60% as compared to incorporation in other subceliular fractions
(wiggins et al, 1976). The doerease was also observed in the
case of myelin isolatod from different brainm rogions (Wiggins

and Fuller, 1979).

Neonatal undemutriti m is found to decrease the concentra-
tiﬁn of total phospholipids in the ret brain at 21 days of age
(Cniley et al; 1966; Ghittoni and Delaveglia, 1072 and 1073;
Rajalakshmi and Nekhadi, 196743 Krigman and Hogan, 1976; Reddy

and Sastry, 1978). Among the different phospholipid components,
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plasmalogens which are considered to be the marker liplds for
myelin phospholipids are found to be decreased in the whole
brain os well es myelin in rats (Culley gt al, 1966; Geison

and Waisman, 1970; Ghittoni and deRaveglia, 1972 and 1673;

Reddy and Saat?y, 1978; Ghittoni, 1979} and in whit® matter in
malnourished children (Fishman et al, 1569} Fishman et al, 1971;
‘Nakbasi et al, 1975; Simons and Johnston, 1976). Ethanolanmine
and cheline phosphoglycerides are alsc found to be affected
the former being affected to a\greater extent, Consequently

the EPG to CPG ratio is deereased {Ghittoni and deRaveglia,
19727 Reddy and Sastry, 19783 Ghittoni, 1979). Regarding
phosphoinoesitides, while monephosphoinositides are not affected,
the concentrations of pelyﬁhnsphoinoaitiﬁaa {(DPI and TPI) are
found to decrease with undernutrition (sharma‘gg,gi. 1080),

The ineorporation of ﬂ*c glucose into differdnt phospholipids
is;fonnﬂ to be reduced in the undernourished rats (Agrawal

et al, 1972). On the other hand the incorporation of 32P into

phospholipids is found to be increased (Reddy and Sastry, 1978;

Sharma ot al, 1960),.

While neonatal undernntrition affects the concentration of
brain lipids, postweaning undernutrition or protein defieienoy
hae not been foumd to alter the concentrationse of different
lipids in the whole brain (Dobbing and Widdowson, 1065;

Rajalakshmi et al, 1974} or different parts of the brain
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(Dickerson et al, 1972; Rajalakshmi et al, 1974}. I% has alse
been shown that postweaning protein defieiency has no offeet on
the 1i§id concentration or composition in the white matter in
the case of pig brain (Sun and Taumblesson, 1972). This may he
because the peak inereaﬁes in lipides take plaee in the neonatal
period although they continue to show increases in the pgStw

weaning period..

Many studies have been earried out to find ont whether the
effects of neonatal undernutrition on the structure and chemieal
composition of the béain can be reversed by postweaning rehabi-
litation, I% iskgenerally obsarved that animals undernourished
iﬁ early life fail to catch up with control animals with regard
to body weight and this is also true of brain weight although
the deficits are much less in the rehabilitated animals
(Guthrie and Brown, 1268; Culley and Linenberger, 1968;
Rajalakshmi et al, 19?4: Reddy and Sestry, 1978), With regard
to brain lipids, however, the findings are oontlictiﬂg and the
reversibility perhaps depends op the size of the initial deficit
as well as the extent of rehabilitation. In some studies
ﬂefia$t9 are reported to persist even after rehabilitation in
the case of brain cholesterol (Culley and Linenberger, 1068;
Dobbing, 19068; Geison and Waismen, 1970; Dickevsen anl Jarvis,
1970; Smart et al, 19733 Rajalakshmi et al, 1974; Reddy and
Sastry, 1978}, galactolipids (Culley and Linenberger, 1968;
Geison and Walsman, 1970; Reddy and Sastry, 1978), gangliosides
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(Dickerson and Jorvis, 1970}, phospholipids {(Culley and
Lineunberger, 1068; Najalaksihmi et al, 1974; Reddy and Sastry,
1978) and plasmalogens (Geison and Waisman, 19703 Reddy and
Sastry, 1978).

Consistent with this is the observation that the deficit
in the amount of myelin was found to persist although it
inereased from 70% to 80% of control velue in terms of amount
per gram brain (Simons and Johmston, 1976; Reddy et al, 1279).
In other studies complete ‘catch-up' regarding lipid concentra-
tions has been reported (hentqn‘gg,gg, 1966; Guthrie and

Brown, 1968).

Most of the studies on the eifects of nutritional
deficiencies in experimental onimals have bheen carried out om
' the effects of protein or calorie defieciencies and qnly a few
studies arc concerned with vitamin q@ficieneies,xin spite of
the well known CNS and PNS symptoms associated with the same

even in adulis,

Thiamind has received greator attention than other
B-vitamins because of the known neurological involvement in
beriberi in both infants and adults. Perinatal thiamine
deficiency has been found to decrease the body and brain
wifeights of weanling rats (Geel emnd Dreyfus, 1975; Trostler

et al, 1977), However, as food intake also deersasesin



thiamine deficiency a question arises as to whether the changes
observed arc due to underuntrition or thismine deficiency. The
thiamine content of the brain is also found-to be‘reéueed and
specific sites of histological lesions hab;\been identified
(Dreyfus and Victor, 1961). \ \

A reduetion in brain transketolase was observed in a
nunber of studies (Dreyfus and Hauser, 1965; Kaufaann, 10723
Geal and Dreyfus, 1974; Trostler ot al, 1977; Prasanna, 1978},
In the studies of Geel and Dreyfus (1975), in which a pair fed
control group was used a signifiocant decrease in the concentra-
tion of cholesterol was observed in the food resirioted group
but not in the thiamine deficient group. An inorease was found
in ganglioside concentration in both groups. This observation
is certainly éurpriagng in the ease of the food resibrioted
Eroup as it is in vafianae with the observations of others
(Merat and Dickerson, 1974; Reddy and Sastry, 1978). Recently
Trostler ot al (1877) reported a decremsed concentration ef
of cholestercil, gglactelipiﬁs and phospholipids in both pair fed
and thiamine deficient rats at weaning. But the deficliis were
greater im the thiamine deficient group., These observebions
suggest that the deficits observed in the case of thicmine
deficiency may not be entirely due to food restriction. Howﬁver,
the degree of undernutrition wos somewhat more severe in

thiomine deficiency, the values for body and brain weights
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being 45% and 86% of conbtrol values as compared to 53% and
89% in the food restricted group (Trostler et sl, 1977). The
deficits in galactolipids perisisted in the thiamine deficient
rats even after rehabilitation for 3 weeks, wherecas they were

sbolished in the food restricted group (Trostler gt al, 1977).

Pyridoxine has come in for some attention pefhaps because
of its role in the synthesis of GABA, transamination reactions
and lipid metabolism. Reduced levols of GABA have been found in
pyridoxine deficiency assoeciated with convulsions {Dakshinamorti,
1917}. P&ridnx&l phosphate concentrations in different arcaes
of the rat brain are also found to be rodueced with pyridoxine
deficieney (Bhagaven et al, 1977}, Reduced concemtrations of
linoleie,; arachidoniec, lignoeceric and mnervonic acid in the rat
brain with doficiency during the suckling pericd have been
reported (Dakshinamurti, 1073; Thomas and Kirks&y, 1976},
Similar ohservapions have been made with regard to gengliosides
and galactolipide (Thomas and Kirksey, 1976). Significant
deecrcases @ have aisa heen found in the incorporation of
149~acetate into cholesterol, galaetolipids and phospholipids
in the rat brain (Stephens and Dokshinamurti, 1975). The
nusber of oligodendrocytes is found te be reduced {Yonezawa
et al, 1969}, an nbservation consistent with a reduced myelin
content (Xurtz ard Kanfer, 1973). Abnormal LEEG patterns,
gonvuleions and delayed anditory evoked potentials are known to

result from pyridoxine deficieney (Stephens, et al, 1971),
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The role of pantothenie aeid in the formation of acetyl
CoA which oceupies a key poéition in the metabolism of anmine
acids, fatty acids and cafhahydrates is well-known. Mitchell
(1964) has pointed out the critical need for pantothenic acid
for fetal development snd the fact that fetal tissues contain
mich greater concentrations of the same than maternal liver, a
pattern not found in the case of other fitamins. Pantothenie
acid deficieney during gestation is found to result in severe
inpairment of reproductive performance in raxskand guines pigs
{Nelson et al, 1957). Mental depression and neuyomoior disorders
have been found ir man due to pantothenate doficiency (Bean
et -al, 1955), Though there was a significant reduction in the
eoncentrations of“eholest§rnl.‘galaetelipids ang phﬁspholipids
in the pantothenate deficient rat brain, no differences were
observed between the pair-fod and pantothenate deficient group
(Rejalakshmi and Nakhasi, 1975}, However, subsequent stadies
in this laborstory showed a gsignificant deerease in the '
concentrations of PG and CPG when eompared to pair~fed group

(Jarori, 1976).

Although the role of vitamin Bia in the metabolism of
myelin in the nervous system is not identified, a lack of the
sane in man ha%been found to reselt in a demyclinating
disease of the spinsl cord referred to as “"subacube combined

degeneration® (Dayan nnd Ramsey, 1974). A decrease in the



ethanolamine phosphoglycerides and sphingonyelin in white
matter and a marked fall in the content of unsaturated fatty
acids in all the phospholipida of gray matter have been reported
in the braiﬁ of & T year old child who died aof methyl malonic
aciduria and megaloblastic anemia (Dayaen and Ramsey, 1974},
\Induction of vitamin 312 deficleney in oxperimentnal animals is
rather difficult but has been induced in rats by foeding them
a By free diet for 6-8 months from weaning (Feh}&ng at al,
1978a). The deficiency was judged by estimating the methyl-
melonic aecid in;urine and the tissue concentrations of vitamin 813.
No significant differences were fourd in the concentrations o
of lipids but a significant incresses were found in old e¢hain
(Cyy and C . )fatty acids (Fehling et al, 1978 snd b}, A
condition similar to vitanin ”12 deficiency has been sought to
be induced by injeeting massive doses oi cycloleuncine {a
compound which inhibits S-methyl tetrahydrofolate-methyl -~
transforase whioh requivesvitamin 312 as a cofactor) in rats
during the suckling period. This is found to result in
significaont decresse in total phospholipids and plasmalogen
concentrations in the brain and spinal cord (Ramse& and
Fischer, 1978}, Deecreased contents of protein and sulfatide

have also been reported in the adult wice brain (Nixon, 1976).

Vitamin A is necessary for the formation and maturation of

the neural tube. Ir experimental animﬁle vitamin A deficioncy
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is associated with the poor developmont of the vertebrae amd
the skrll and & resulting pressure on the rervous system
{Fell, 1960). Degenerative changes also occur independently
of the wmalformation of bones. Degencration of the nerve in
the optic thalamus, the optic, femoral and sciatie nerves and

spinel cord was also observed (Rao, 1936; Ridgon, 1942).

Deereased concentrations of cholestercl, galactolipids
ond ped gangliosides in the rat brain (Bhat and Rama Rao,
1972, 19678} and & signif;eant reduection in the concentration
of galaetoliipids in the rat spinal cord (Sharma, 1979) sk \
have been observed at 21 days of age in vitemin A deficient

146-giucose into brain

rats. Deoreased incorporation of
cholesterol, galactolipids and gangliocsides has also been
ocbserved in the vitamin A deficient rats (Bhat and Hama Qao,
1976). Impairment of myelination in the brain has been shown
Dy hiétologieal studies (Bhat and Rama Rao, 1278). A reduction
in speeifl ¢ agtivity and coneentration of the myeliw marker

enzyme, CNP (Nakhasi, ggggl, 1977} amd a lower yield of myelin

(Bhat and Rema Rao, 1978) have been reported.

Essentinl fatty aeid (EFA) deficiency was induced by
feeding Yats for two gﬁneratianﬂ'on‘dﬁ'EFA)defieiant diet
{Alling et al, 19?2).~ In the third generation a yeductior in
body ani brain weights‘ﬁuuld be ohserved (Karlsson and

Svennerheln, 1978). Paoletti and Galli (4%72) have Tound with
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a prolonged EF& deficlency, a reduced brain weight and iipid
content and altered fatty aecid composition of phospholipids,
particularly LPG (Galll et al, 1970] White et al, 1971),
Similar observations were made by SVeﬁnerhalm'and'asseciates,
who alse found deficits in the concentration of galactolipids
(Svennerholm gt al, 1972; Al}ing‘gg,g;, 19723 Alling gg_gg,
1974; Kerisson and Svenrerholn, 1978}; No differences were
found in the 1ipld compositi m of isolated myelin and
synaptosomal plasma membyxrane Bumxbut the amount of myelin was

found to0 be reduced {(Xarlsson, 1975).

Bffects of mineral deficiencgies on the,chemical’qompasition
of the CNS have received very little attention, Copper
deficiency is Imown to ilead to 2 gondition callaﬂ "Sway back”
in the developing lambs (Lewis gt al, 1967), pigs (McGavin
et al, 1962) and goats (Owen et al, 1965), In experimentally
induceé copper aeficienpy, & significant deérease in the
concentration of cholegﬁerol and galac%olipids (Dipacle ot al,
1974) and reduced concentration and specifie setivity of Cap

{(Prohaska and Wells, 1974} have been reported in the rat brain.

The lipid studies deseribed gboye were earried out on
elther the whole brain or myelin; Studies on the comparabive
effects of deficieney in gray matiter aml white matter wounld he
of interest as the two differ in 1ipid composition, mature at

ditforent ratos anl at aifferaont stages and are lilkely tn have
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different metabolie priorities., Svennerholm and Venier (1972)
pointed owt in this commeetion that “the use of whole brain
instead of separated cercbral cortex and whiite matter has
several disadvantages. The concomitant déte;mination of the
1ipid composition of gray and white matter during\pétuQatﬁon
will provide fundamental knowledge on the lipid ﬁiéehemical
events at the out growth of the neurons end the myelinatién.

That information will be missed if total brain is used,

The preéent studies were designed in this conbext to
understand the patterns of maturation of gray ami whii%&atter
with regard to lipid eomposition, changes in the proportions
of the same with development and the effects of matritional

deficiencies during the neonatal periocd on the above,

The liﬁid components studied‘were e¢holesterol, galacto-
lipids, gangliosides, total phospholipids and phospholipids
components . Sihce ONP is known to be a marker engyme for
myelin which is a major source of lipids in white matter, the
activity of this engyme wns alse studied, Since EFG and CPG
form around 80% of phospholipids in gray avd white matter guﬁ
phosphoethanolamine and phosphocholine transferase are the
key enzymes involved in the synthesis of these lipids,
detailed kinetic studies of these two enzymes were also

carried out.
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Studies were also made of the effects of thiamine
deficiency and uvndernutrition during the neonetal period on
the lipid composition of the gray and white matter. Additiongl
studies were alse made of the effects of thiamine deficiency
on the whole brain and spinal coxrd lipids. The details of

these studies are incorporated in thie thesis,



