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SUMMARY

This siludy was jnitiated fo Getermine the histopatholosical and
cytochemdicsl effec’s of ma*r~rnal pro.zin-dcoficiency on letal and neonatle

spinal cords of sguirrel munkeys (Saimiri gciureus).

Female squirrel monkeys were arrvanged in a byreeding colony with
proven males, and watehed over three estrus cycles. Prormnant monk:ys
were vandomly distributed into three grouvps and fed Tuarina monkoy chow
25 for abou: 45 days after concenbion during whiech time organogenesis
was thouznt to be complelted. Subsequently, two experimental groups were
fed restricted speclally orepared protein deficisnt diets of U percent
and 8 percent content respectively while the control eroup had essentially
the same diet excepl that the protein content was 29 perce- i, and all
Teeding was ad libitum.

A comprehensive examination in light microscopy of spinal cord
sectiuns during gestation awi parturition for the effects of protein
restriction was done. Cytocheadical variaticns in enzyme sctiviity on
fresh and fixed frozen sections as well as histochemical changes in
the morphology of paraffin embedded sections were studled.

The observations showed severe in situ changes in the morpholoric
and bicchemicel organization of spinal cord neurons during intra-
uterine dewvelopment of the experimental animals. There was proncunced
chromatolysis ot ribonuclaoprov=in complex in tne neuroplasm while
the nucleus showed roduced stainability with nuclear stains of VWema-

toxylin-easin, Feulgen and gallocyanin with RMAse digestion as control.



Many v:urcas exnibited disorgarization within them while others had a
general disorientation and condensaticn of chromatin material
regulting in pycnotic, nuecl ‘1 staining. An increase in the amcunts of
neurcglis surrounding chromatolysed meurons was noted.

M activities of several enzymes were exXamined and results
ahowed variable distribution. Some activity apparently was disturbed
(ATPase) or reduced (AC, IDrase and 1llase) while other distribu“ion
aoneared in inereased (LDH, SDH and g-3ly-TDY) and some remained
unchienged (AchE and AK).

The conclusion has been reacuaed that protein-deficlcicy of
pregnant mothers affects the fetal and neonatal squirrel monkey's
spinal cord development. It would seem that extremely severe
malnutrition results in an overwhelming distorbtion of the spinal cord
and tinat such a distortion can not be resisted by the juvenile
spinal cords. [he possibllity existls that protein deficiency at
periocds of active spinal cord growth and development (intrauterine
maturation) may cause permanent deficits if it is severe ard of long

duration.



CHAPTER T
INTRODUCTION

Protein malnutrition during pregnancy in mammals represents a
rather complex adaptaticn of both the maternal and fetal orgaus, not
only Lo low protein intakes bub also o altered tigsue biochemical
metsholism. The reduced protein levels ir the maternal diet induce
various pathophysioclegical and patacbhiochemical alterations in the
developing embryos. Tutratterine protein dificlency appesrs to
advergely affect the central nervous system's protein aynthesizing
mechianism ir addition to causine nerve ocell nonber reduction and
a decrease in zigfe. Inserference witn thae intracellular enzyme
mechanlsms may resull in pathological chanres within the neuron.

Subhuman primates provide a sultable model in +“ich the
patrorenesis of kwashiorkor may be suitably reproduced under defined
dietary conditlons, and the leglions induced carefully studied.
Malaoutrition in experimental animals may provide scome relevant data
that can e —xlrapolated to the human conditions resulting from
gimilar malnutrition. Unlike other species, the developing subhuman
primates iave g relatively slow growth rate and s gradual development
of a wide variety of behaviors. The processes and stages of develop-
ment in subhumen primates are similar to those found in human
develomment and show great regemblance to thogse of erildren (H. F.

Harlow, 1959; i, K. Harlow and Varlow, 1966; Kerr, et. al., 1969).



The develoulng rhesus monkey, Zor example, does not attaln 2 maximom
level of intellectual develcopment until sexual maturity while social
behavior cdntinues to develop and change from infancy through adolegceuce
te adulthood.

The aguirrsl monkey, 2 subluma: primate, because of itz size,
availaoilily, eage of housing and fecding irn comparison Lo o _rr lar.-.
nrimates provides an excellent model to study protein deficiencies
during fetal central nervous gyslem development. The simulation of
conditions similar to those in human kwashiorkor in sguirrel monkeys
may help to delineate some aspecis of protein deficiency. The squirrel
monkey is a hardy animal and can accommedate protein malautrition in a
manner reflective of the human conditions. The sguirrel monkey
gestgtion period is approximately 167 dayg wnich means CHS growth
rate is slowesr than other experimental specles such as the rat with a
gestation period of 21 days.

The »resent study was initiated Lo luvestigate the gpinal
cords of malnourished squicre. monkey fesuses and neonategs after
experimental maternal protein malnutrition. The gpecific purpose was
te study 1n a coherent ma ~_v the hisiopatholegical and cybocrnemical
alterationg induced 1n spinal cords of fetal and rnecnatal offsprings
whose maternal gg_libitum diet intakes al pregnancy contained 4 per-
cent and 8 percent protelin-calorie while the conirol Jier conbaliucd
25 percent protein-caloric content.

Whercas, 25 percent and I percent protein calories in the diet

renregent gquite high and very low levels of protein, a group oiven



8 pereent calories was introduced in order te see if they compensate
for thelr deiicilency by increasing the total food intake. Manochs
(unpublished data) revealed that in the foods containing lower protein
content, the total food intake 1s somewnhat increased to compensate to
some cxtent for the protein deficlency under the Impact and demand of
the growing fetus for more body building materials. Somewhat similar
chzervations on the milk intake have been recorded in the growing
roesus infants by Kerr and Waisman (1970). They found that when the
animalsg were fed the 1:1 dilution of the contrel. diet (containing per
liter: 25.4 gm fat, 70.5 gm lactose, 18.2 gm protein, and 5.2 gm
mincrals), they"immediately doubled their ad 1ibitum intake, reaching
agbout 300 percent of the normal volume inlake per kilogram hody
welsht during the Tirst two montns and between 300-%00 percent of the
normal volume intake during the rest of the deficiency phase of the

" which extended Lo Lwo years of thelr age.

experiment,’
her study was considered gignificant because the parameters
selected represented important metabolic signposts within the spinal
cord cytoarchitecture, especially in relation To neurcnal function.
Hydrolytic enzymes c¢atalize dephosphorylating activity through
replacement By water of peptide ester bonds while oxidative enzymes
functicn in tre reactions that cventually liberate electrong from
biochemical substrates, Acefylicholineesterase has Intimate association
with acetylcholine, tve lalter being lnvolved with nerve impulse
transmisgion. The guestion asked was what bearing dietary nrotein

restriction Lad on the normal development and functional maturity of

the cellular components.



CHAPTER L1

REVIEW O LT'TERATURE

Protein Malnufrilion

Protein malnutrition remains an overwielming and prevailing
nutritional deficiency. 'l'ie problem is identifiable nct conly in
developing nations but has, in reco:nt times, been assocliated wiuvn even
the technologically advanced countries (Behar, 1968; Jelliffe, 1963).
Protein deficiencies, as revealed by buwman and animal studies, have
been Linked with probable permancni changes in cognitive development
and in the firal level of intellectual growsh (Brockman and
Ricciubti, 1971; Cravioto and Robles, 196%). Esiimates suggested thatb
up te 70 percent of tne preschoel children in developing countries,
are in all probadility, suffering from some form of protein-calorie
malnutrition {Coursin, 1965; :anocha, 1972).

Jelliffe, {1963) first desisnated protein-calorie malnutrition
as a variable clinlcgl syndrome, and later, the Joint Ixpert Committee
on Nutritioa of tre FAO/WHO (1962) confirmed it. Described as
kwashicrkor, orotein malnutriticn may refer to a wide range of physic-
logical corditions whose clinical manifestations are associated
primarily with children who have had extensive malnourishment.
Edozien (1970} has indicated that protein drficiency, in its most
severe form, 1s only ldentified in conjunction with other types of

disorders. Mild forms of protein deficlency may he far more - ommon



and probably less detectable allhough these may cause devastating
damage to young children. The syndrome of protein malnutriilon
appears to develop as a result of imtalanced diet in the fetus

and sarly childhood. The diet may bhe adequate in carbohydrates to
supply calories but dnsufficiert in protein content,

Degpite variability in the manifestation of kwashiorkor
syndromes, slgnificant features have boeen establighed. Waybourne
{1968) indicates irritability and resentfulness in moderate cases
while apathy, misery and lethargy are significantly expressed in
extreme pathiologic stales (Taiaam, 1968; Waybourne, 1965). Several
investigators note retarded growth [fopalin. 1968; Whitehead and Dean,
1964) and molor development (Cerber and Dean, 195/; Yaterlow,

Cravioto, and Stephen, 1060) ir apparent zwashiorkor. .nss cof appetite,
reduced curiosity and inhibited explorative behavior, coupled with
psychological distuvrbances are also constant manifestatlons of the
syndrome (Clark, 1991; ‘roweil, et al., 1954; Cravioto, 1970). Te
child shows a lack of inlerest in his surroundings and has a very
limited abiention span (Buriess and Dean, 1971). In chronic cases,
edema (Srikanfia, 1968), brittle and sparse nair, (Jelliffe and Welbvourn,
1963 ; Monckeberg, 1968; Trowell, Davis and Dean, 1054%; Viteri et.

al.., 1964}, Jight coloured skin (Waybourne, 1968) with flaky rash
{Trowell, Davis and Dean, 1954; Jellifte, 1955) way develop. A
aynergistic relationship exists betweern secundary Infection and protein
deficicncy. Kwashiorkor may be further complicated by infestations

and infeciicns as fsevere anemla In hookworm infection, dehydration in



infective disrrhnes and Stuberculosis signs in the chest (Jelliffe and
Welbourn, 1963}.

Kwashiorkor may be regarded as a multiple etiology syndrome
with a sinrle pathogenesis. Lactating mothers, and children are
more susceptible to protein deficiency because of the hi fer
requirements for proteins rnzeded as precursors in the synthesis of
new body building blocks (WHC, 1965). 'te studies of Cabak and “ajdanvic
(1965) showed that, despite apparent normal physical measurements,
children malnourighed in lunfancy and born of malnourished mothers,
had inferior mental capacity. Children with histories of arder-
nourishment show inability to integrate sensory information (Cravioto
and Robles, 1965). Dven if sueh children become rehabilitazed, the
results of game permanent a_teraticn in mental development is indicated
by inadequate performance as measured by the Gessell Tnfant Scale.
(Cerber and Dean, 19%/). Craviote and Robles (196%) found zhat
areas of motor development, adequate responses, language, persconal

and soclal development were not equally affected,

Malnutrition and Central llervous System Development

Nutrition and the central nervous system develooment have been
exper’ wntally assocliated since the turn of the century. Donaldson,
et al..carried out extensive investications of the effects of
melnutrition on the nervous system of adult and young rats (Jackson,
1925). Brain weichts of weaned rats suffered very little from
malnutrition (Hatai, 1908; Donaldson, 1911; Jackson, 1915). Stewart

{1915) and Sugita (1918) independently observed that malrutrition



initiated hetween virth and weaning produced rat brainsg that weighed
below pormal For thelr corresponding wody weights. Woys and coworkers
(1950) investigated volunteer adult human sabjects under conditices

of sevrere malmatrition and conciuded vhat mental performance levels
were reduced in the subjects. 1iae effect, however, was transiiicral
in nature, and rehabilltation removed the transitory eifects. e
adult central nervous svstem wag not subject to permanent stress
regulting from malnutrition.

Experimental evidence has since accurmuiated to support these
earlier findirgs (Barncs, 196; Coursin, 1968; Dobbing, 1968, 1969,
19705 Miller, 1969; Platt and Stewart, 196G; Stewart, 1970; Winick,
1969,1970b, ). Malnutrition, it appears, may relard the process of
central nervous system doevolopment, especlially 1f it applied during
the active phase of cell division. Dobbing (1968) indicated that in
pigs and rats myelination was permanently reduced by malnutrition
during prain development. ‘e concluded that L-e brain, at its most
active prolirersgtive phase of growlin, was very vialnerable to
nulrition deficiency.

Mogt of bhe studies revieswed suggest that maliutrition,
egpecially maternal, Interferes with intrauterine growth and
developnment of the fetug. Although: 1t weuld seem that iLhe fetus
is prolected Ly the maternal covironment, the mother's condition
of hezlth and nutriticn at pregnancy mey adversely affect its
development (Winick, 1968). The brain is especially vulnerable

since most of it ig formed prenatally. @ae studies of Winick and Hoble



(1667} and Wirick and Rosso (1969) show that total DXA content is
reduced in chlidren and rats subjected fto sarly malnubtrition. ‘Thisg
can be exnlained in terrns of the curtailmen’ of cell divigion during
the artive cell preliferaticn gtage of the central nervous sysiem
develovment. ''le peak veried of human central rervous system growth
is prena’al (Dobbings, 1969) and malnutrition initiated during
pregnancy 1s more likely to yield permanent damage to the brain and
spinal cord {(Winick, 1969). The timing of malnutrition appears Lo be
signiflcant, whereas, adull Trains meayr suffer transitory eflects

only (Keys, et al., 1959), the infant central nervous system is very
vuinerable. Miller (1968) desoribed e brain as solely responsible
for perception, learning, problem solving and regulalting a number

of vital plysiologicel and endocrinologsizal Munctiong in the body.
Avy porspanent damage Lo the central nervous system would adversely
affect 1tg capacity to perform these Tunctions. Although the aduit
brain appears to be "spared” when compared to other organs in
nutritional deficiencies, the fsotal brain and spinal cord would seem
to be sdversely affected during gestatlon. The functional impairments
that are likely to regulb, may produce more serious conseguences in
later Iife. In addition, %1 dynamic equilibriie existing wil-in

the cellular components of the Lrain is alsce upset such that the RHA
and protein synthesizing mechardsms hecome disoriented. Winick, et al.,
{1569) further indicate that the cell number and iadividuial cell size
ig reduced permanently if malnuitrition is initiated duriung infra-

uterine growth.



The impairmenti that results from mefabolic inadequacies of
maternal focd supply, especially in the available protein precursors
within the growing febus, may laler bho reflecled in refarded mental
performances (Cravioto, et al., 196%: Craviclo, 1970). ialnutritvion
of the pregnant mother can have devastabting consequences in the off-
spring in later life.

Merphological alierationg occur in vericus organs including
the Lrain and spinel cord of animals after protein malnutrition
{Dobbing, 1965; Dobbing and Widdowson, 1965; Winick and Foble., 1966,
Bentor, et al., 19663 fhags, et al., 1967). Cats (~rrarc and
Roizin, 1¢L2), nige {Iui and windle, 19%0; Flatt and Stewart, 1960;
Lowery, &% al., 1962; Platt, el al., 1965; Dickerson, et al., 196€;
Stewart and latt, 1968) and dogs (FPlatl and Stewart, 1969) seem to

have similar structural effects from protein malnutrition. ‘'hege

23]

alteratiocns are more magnified if the animals are malnourished
vrenatally during thelr veriods of rapid growth.

Pig braing, affer one year of malnutrition, contain higher
cholesterol lewvels but resemblse brains of 10-12 week old piglets
(Dickerson, et sl., 1966). Spinal cords of malnourished vigs show
marked morphological alterations in the aniorior horn neurons (Stewart
and Platt, 1968}, while the brain tissuc is edamatous and myelln sheaths
are swollen. Platt and Stewart (1969) cbser—~d loss of “issl sub-
gtance from the mctoneurons and concowiiant hisher nunmhers of neuro-
glial cells arocund such neurons in mainaurisiied dogs. There ig logh or

reduced enzyme activity (glutamic and sueccinic dehydrogenases) and
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curtailment of RNA conbent within the moboneurons of these malnourisied
dogs. It is inewvitavle that these derangements in neurcral strvefural
may have fuicitional gignificances,

The unigue bilclogical properties of the peuron, particularly
regarding the dynamics of this speclalized cell, indicate that
concepts based on observations of the developnental processes of cther
cell types noed not bhe valid for the nerve cell {(Weiss, 1969),
Ultraviolat spectrographic and volumetric studles have l«d to the con-
clugion that ilhe enmbryonic mammalian nerve ceolls, unlike other somatic
cells, pass through a second period of growth, characterized by con-
tinuous accumulal.on of nucleclar and cytoplasmic nucleoctides and
proteins {Hydén, 19#3). Similar changes have been nolted in embryos of
chick anterdicr horn cells with regards to neuronal mass and nucleic
acid content (Sourander, 1063; Hughes, 1955).Rratigard (19%2) noticed
in rabblt reiinal garsilion cells differences of nuclecprolein
and protelin con¢entrations in yn mg and adulb or stimulated and vn-
stimulated animals. Ringuorg (1966) indicates gimilar changes in
RMA content and in base composition of pyramidal cells of rat
hippocampus .

Since Sugita (1917) repcrted i reduction in size of cortical
neurong in rats undernourighed from birth and Stewart, <5 al., (1969)
have observed consisten? abnormalifleg in spinal moloneurons of
protein defici.nt pigs and dows, it 1s pervinent that prenatal protein
restriections be examined in other species in order to determine 1f

mervholegical and functlional changes occur. Although, as peinted out
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by Altman and Das  (1966) ,rat macroneurons tend to form prenatally in
contrast 1o glial cells whickh contimwne cell division postnatally,

the very short gestatlion period and fast maturity of rats would
preclude extrapolatiaon of data ubtained from rats to ‘wuman siudies.

A zinllar conclusion may be reacied wilh regarvds to pigs, dogs and

otner gimilar spocles uged in maluautrition studies.

Frotein Malnutrition and Subkuman Primates

The protein requirements of subhuman primates have not been
determined accurateiy. However, Hodson, et. al. {1967) noted serum and
urine chayeos of growing chimpanzes which suggest mild protein
deficiercy. De la Ixlesla, et al. (1967) indicated that a soybean
diet supplemented with methionine produced satisfactory growth of
youns squirrel monkeys. Day (1962) concluded Trom studies of young
growing and adult rhesus monkeys that the vroteln requirements of
the young were far greater than thuse of adult monkeys. On the ather
hand, Kerr, et al. (1963) ncicd teat protein needs were reduccd as
month -old rhicsus morkeys matured tco one year of age.

The ¢wality of proteir ias an imrense effect on the utilization
of dietary pitrogen (Alligon, 1964; Muuro, 1964). Anemia has
resulted from interfervnce with intestinal ircn absorption in young
ricsus monkeys fed s diet contalning goy protein (Fiteh, et al.,
166, Tnfant monkeys fed a Jiet in which maize provided the only
source of protein developed apaiuy, hynoproteiremia and edema (Follis,

1957} . Rhesus wonkeys fed a diet defiiont in phenylalanine demon-

strated growoh failure, hypoporteinemia, edema and anemis that were



corrected by bilologlcally high quality proleln or by the additliaon of
phenylalanine to the diet{Kerr, et al., 1969).

e gpccific requirements of Individual animals may depend
on the total csloric intake, the gquality of dlefary protein, its
digestabilily, the age and general health of the individual animal,
feeding freguency and zcveral other factors. 'The subouman primate
that demorstrates normal growtl and normal paysical, vicechemical, and
hehavicral development is probanly receiving adequate protein
intakes. “The excess iantake of proteir ig not generally recognized
as a gigrificant health hazard except 1 sgtates of hepabic or renal
failure, therelore, in healthy individu .ls, excess intakes Lo a
certain degree will probably not hurt (Gault, et al.., 1968).
However, 1t appears that food intake may be depressed and growth

'

retarded when e diet 1s excessively high in protein content or
contains imbalances of amino acids (Asiida and flarper, 1961;
Sanshula and Harper, 1962, 1663). Alnquist {1954) believes that an
aeceumulation of amino acids witlch can not be synthesized into preteins
results in automatic impairments of appetite, thus reducing the insestion
of more amirio acids,

Protein deficiency iz = major v.ealth problem (Melaren, et al.,
1970; Scrimstaw, et al., 1967) and many investigators have indlcated
that the sequallae of experimental malnutrition in growing sub!.uman
primates are generally comparanle to thoese in malnovrisied ciildren
(Vollis, 1967; ¥err, et al., 106Y, 1966. 1970; Mann, 1966, 197;

Racela, et al., 19663 Ramalingaswami, 1954, 18685 Sood, et al., 19€5;



Waisman, et al., 1959; Guitis, et =al., 1963; Dec, et al., 1965;

Wilgram, 1959; Wilgram, et al., 1998; Marn, et al., 1956). “rom

all these studies, one may conclude that protein deficlency induces
in primates lesions that closely mimle those found in human protein
malnutrition.

Kerr, et al. (1970) studies of infant rhesus monkeys fed
milk diets containing only 25 percent of the normal protein content
tut made iscecaloric with lactoge and fed ad libitum indicate growth
failure, ancria, apaiby, Tatty liver metamorphosls, reduction in
cardiac and skeletal muscle mass, and deatil. Surviving animals
showed marked physical and behavioral'catch-up"” growil after
nutritional rehabilitation. Alftnough malrnutrition ir children is
rarely the result of a single deficiency of dietary protein, subhuman
primates studies may be utillzed advantageovrsly to define tne
vatiophysiology and blochemistry of amino acids as well as prolein

malnutrition in children at wvarious stazes of growth and development.

Subnuman Primates and Frotein Reguirements During Pregnancy

During pregnancy snd lactalion, melabolic rates rilse and sre
accompanied by augmented needs for essential nutrients (Rlaxter,
1964 Thomson, et al. 1.970). Iitroxen, either in the form of intact
protein or its constlituent amino acids is reeded in greater amounts
for the synthesls of 2ll gtructural cr functional proteins. MNo
definite dala are available on the prolteln requirements for pregnancy
and lactation in non-human primates; however, Portman (1970) hag

suggested that as in human requirements (Blaxter, 19¢€L), the rhesus



monkey's needs increase about 29% percent ivn pregnancy and 50 percent
for lactaticon. It is clearly difficult to ascertalr Lo any measurable
cegree the proteln needs occurring colncident to pregnancy. Though
changes in the blochemizal composition of the uterus, placents, fetus
and breast tilssue indicate increased needs, macry other changes occeur
in hormonal functicn, plasma binding proloins and metabolic activity
and tend to complicate the plcture,

Lekner, et al. (1967) havs reported that 16 percent and 28
perecent protein diets are Indistinguishable with regards to tho success
of breedlng squirrel monkeys, bubt Buss and Reed (1970) indicate that
baboons fed diets of 7.2 percent protein during the later half of
pregnancy and during lactalion had leszs than normal breast milk
while the growlh of breazt-fed infants baboons was substandard., Xerr
(1968) studied the free amino acids “n maternal ard fetal bloed ak
varicus stages of pregnancy and indicated that with lhe exception of
taurire , lysine, I-methyl-histidine ard arginine, all free amino
aclds ia maternal blocd were lower al full Lo-vm presnancy than in
nonpregnart adult femsles, Each free amiro auid had a higher fetal
tlood level fthan that observed in materrnsl blood.

Tigrris (1970) has summarized in great detail the eating
habits and nutrition of the lsboratory animal while Portman (1973)
noted the accumilated knowledge of the breeding and nutritional
needs of Lhe rhesus monkey. Tio contrast, the conclse nutritional

requirenents of the squirrel monkey are not pregently known but some

investizative efforts rave been made (vlarkson, et al., 1970;



Bulluck, et. al., 1969; Manning, et. al., 1969; Iehner, et. al.,
1967; Manocha and Olkowski, 1972a,b; Olkowski and Manccha, 1972).
These studieg show that adult squirrel monkeys maintained on low
protein diets show variable behavior. Animalsg become sluggish in
movement, have sparse hair and indications of dermatosis are evident.
ther changes include reduced chromatin and decreased RNA content of

apinal cord motoneurons.
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CHAPIER IT1

MATERTALS ALD METHODS

Animals and Breeding

A colony of 40 neslthy, sexually malure, female sguirrel
monkeys, maintained at Yerkes Reglounal Primate Research Center fleld
gtation, was used for breeding purposes in outdcor facilities.
Squirrel monkeys breed better in cutdoors and good results ave been
scnieved wiih this method (Clarkson, ¢ al. 1970). ‘fuimals were
randomly assigned intoc groups of 11 or 12 females to one proven
male over a breeding period laszting several estrus cycles. These
animgls were properly fed with Parina monkey ciiow 25 and well-cared
for during breeding. The day of conception was ascertained by
regular examinatiocn of vaginal smears as well as the presence of
copulation plugs. Pregnancy wags further ascertained by palpization
of the wlerus. By repgular exanmination and practice, the muscle tone
of the vierus indicates the prosression of ihe estrus cycle and
based on the presence of sperms 1n the vagina, it 1s possible Lo
vinvoint the day of conception with a falr desree of accuracy.
Thirty -four females became pregnanlt over ‘hrec cstrus cycleg of
about 17 days each. After the animals were prosnant for about 30
days, they were transferred into an air-conditicned traller which was
monitored for constant Lemmerature (76°F), relative humidity and

baromeftric pressure. The animals were rondomly reassigned to a control
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group of 12 and Lwo experimenltal groups of 11 animals each. Each
group was Turther scparated into submits of fhree or foir per cage
to allow for companionship yebt avelid overcrowding. Each group was
individualldy ideniified by a aumbered neck tag. Yuroughout gestation,
animals were obgerved abt leagt twice dally in the mornings and afler-
noons for gigns of abnormzl behavior other than that induced Ty
nutritional and other experimsental stresses. The veterinarian
regularly examined them for infections diseases. Individual animal
body weights, food and water intakes were measured at specified

intervals and their cages were regularly cleaned.

Diet and Feeding

The feading recimen included ar initial pericd of L7 days
gestation in which all presnant animals were Ted Purina monkey chow 25,
Presumably organogenesls should have been completed at whis sgestational
age. The two experimental groups were then subsecuently maintained on
a protein-deficient diet of 8 percent and & percent casein respectively
while Uhe controls were maintained on a 25 percent protein feed till
elther (aesarean sections were performed or parturition returned.

The synthetic diet, as supplied by Lhe manufacturer, was a pale
yellowish amorphous powder. The dietary composition cf the high protein
food consisted of 25 percent casein, 61 percent corm starch, & percent
vegetable oil, 2 perceny Brewer's yeast, L percent sals mixture USE #2
(per 100 1b. feed: calclum biphesvhate, 13.58 percent: calcium lactate,
32.70 vercent; ferric clirate, 2.97 percent; masnesium sulfate, 13.70

percent; potassiws phosphete, 23.98 percent; sodium biphosphate, 8.72



percent; and sodium chloride, 4.35 percent) and was forvified with
vitamins {per 100 1b. feed: vitamin A, 200,000 units/g, 4.5 g3 vitemin
D, 400,000 vnits /g, 0.2% g3 alphatocopherol, 5.0 g; ascorbic acid,
b5 .0 ¢y inceiwl, 9.0 g; choline chloride, 75.0 g; menadione, 2.25 g
v-aminobenzeic acid, 5.0 g3 niacin, 4.5 g; riboflavin, 1.0 g:
oyridoxine Yydrochloride, 1.0 g3 thiamine hydrochloride, 1.0 £, and
calcium pentotienate, 3.0 g), '~ low protein diets had exactly Lhe
same quantified composgiticn as the high protein one cxcept thax

corn starch was substltuted for the respective amounts of reduced
casein. Care was taken Lo give the squirrel monkeys vitamine D3

instoad of DE' The former is considered essential for thelr main-

tenance as well as breeding (Lehner, et al. 1967). Pollels were

made Ifrom the powder by adding a lixed amoun. of corn syrup o
measured quantities of the diet ard 1ts taste was avemented with an
imitation banana flavoring. ALl yroups cf animals were fed twice

daily at 9:00 a.m. and 4:00 p.n. The animale were glven accoss to

food and water ad libitum. The daily Tood ration was augmented with a
small quantity of fruit salad containing variahle combinaticns of

lettuce, hananas, oranges and apples or peaches.
] M N pa

Fetuses and NMeconateg

Fetugeg to be studied were obtalned througn Caesarean sections
hegiming wilh mouhiers whose pregnancy had lasted approximately 110
days (at least &5 days or more on control or experimental diel).

The second batcti was operated on at 140 days of preghancy, while the

necnate (newborn monkeys) specimens were avallable at term alter a
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gestabional ave of 147 £ 3 daye (125 or more days of respective diet).
Uaegarean geclions were carried out nder general ansssbthesia. The
fetuges were removaed and showed no asuertainable signg of bheing
affec’ad by the snsesthesia. Fetuseg were immediately perfused with
10cc of physiclogic saline soluticn (0.0% percent ®aCl) tnrough the
urhilical cord followed 2y 20 c¢ of paraformaldehyde-glutsraldetyds
fixative (4 percent paraformaldenyde and 0.5 perrent glutaraldehyde].
The durs mater was also slit oven, and the exposed bralin perfused with
fixative. .he entire perfusion procedure required speed and usually
lasbed noc more tnan three to four miazutcs in duraticon. The whole
Tetus was Lhen submerged in additional fixature for at least 2k hours.
Spinal ceords were subsequently dissected out of fetuses 1nfused with
minimam losz of time (two to three minu‘es approximalely). The cords
were cut inlo small secticns and parts were lmmediastely frozen in dry
ilce (—YBOC) and stored, after wrapping in aluminum fell, in stopped
bottles wiiech were frozor until needed for sectioning. The other
parts of the cord were xept in buffercd 10 mercent formalin, sub-
sequenlly procegsed and embedded in parafin. 'IMe neonates were
treated similarly excepl that the spinal cord was also removed pricr
to fixation and frozen ot dry ice lLemperatures. Secllons were pro-
cogsed in the manner alre dy described for the fetal cerd. listo-
and cytochemical studies were performed on fresh frozen 10 um-thick
cord sections cut at —QOOC in a llarris Tryostat then mounbed on glass
cover slips. Horpncloglce and hilstopatholegic invesiizations were

carried out on U4-6 pm-thick paraffin embedded Lissues cul with a
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Sponcer "020" microtome and mounted in emg sibumen on recular slides.
Sectlonsg woere studied in light microscopy and pictures taken will a
Zelss photomlcroscope locatbted in the [eurohistochemistry Taborataory,

Yerkes Regional Primale Research Conler.

Higtological Methods

The scctionsg were processed accordirs to a standard histologlceal
procedure, (Zarka and Anderson, 13963; Luna, 1968; Pearse, 1961;
Iillie, 1965). The following staining meviods were cmuloyed on paraffin
sectlong nelonging to fetuses and rnconates from different arimals.

Hematoxylin and Eosin (H & B), (Iuna, 1968)

Alum hematoxylin and Fosin ¥ 1s the method preferred for a
regsonable differenlation of nucleil and cytoplasm. Losin is used
ag a counter stain for the contrasting effect when hematoxylin is
uged as the primary stain. Therefore, its proper differentiation by
alconcl is very lmportant in producing an H & E staln of nigh
quality. Differentiation of botk stains ig equally gianificant and
pertinent to the quality cf stainiblli.y.

Periodic Acid Schiff (PAS) and PAS-Diastase (ZAS-D), {McManus, 1946)

e pericdic acid-Schiff reaction is basic to carbohydrate
histod' miceey, belne an adaptation of pericdic geid oxldation intro-
duced in cnemistry by rialaprade (1928). The Schiff's reagent demon-
strates aldehyde groups crealed by periodic acid oxidzilon in tiazsues.
The PAS reartion evolved as a modification of talaprade's metred
by e number of workers (McManus, 1946, 1048; ©Li 10ie, 1947, 1049, 1952

and Ceomori, 1952). Clycopen is dirsested vy diastase (0.8 percent
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diasiase for one ctr ab 3700). Diastase treated and untreated
gections are stalined together. If PAS staining is abolished by Lhe
enzyme treaiment, Lt indicates the presence of glycogen and no svidence
existas that glycogen normally resistg sueh digestlon.

EBinarson's Gallocyonin with Rase Digestion {(Einarson, 1932)

Gallocyanin i1g an oxazZine dye and acts in aqueous solubtion as
g weekly acid stain. The gallceyanin-chrome alum procedure does not
distinguish belween DNA and RIA.  Bracnet {21940) introduced the use of
Riage To digest RHA before staining as a control procedure. Tnis
elimlnates any significant staining due to the presence of A,
although the enzyme may rnot completely digest ENA from fixed btissues.
The enzyme 1z thermostabile in acid medium up to certain
temperatures, and desrrades ribomucleotldes in two steps. Initially,
a phusprodlesterase digestion rezults in pyrimidine nucleotide-gii
hydrogen phosphate end groups. A secondary step involves hydrolyses
of these groups to nucleoside~§ hydrogen phosptates whilch are readily
diffusivie. The definitive test for histochemical identification of
rivonucleic acld ig therefore its digostion by the enzyme ribonuclease.
Tillie (196%) pointed oul that long agueous formalin fixations make
Ligroid subsiances (Nissl) and ribonucleic ascid generally more resistant
while brief alccholic formalin fixation facilitates this ribonuclease

activity of dirastion.

Feulgen Reaction (Feulsgen and Rosenbeck, 192k)

The definitive methoed for deteclicn of DNA is the teulgen

reaction. L dig speciiically a WA test that ig dependent ov -, ntle
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and ri1ld acid hydrolysis (1N HCL for B to 12 mirues at 6OOC) of
fixed tissuwes to form aldenydes. OSubsequent applicaiion of Seniff's
reagent [leucofuschin-sulphurous acid) to o ie cxoused aldchydes
vields a deep red purple (magenla) color complex in the rmuclear
chromatin., Tu geems that tae “sulgen reacblon cccurg only with DNA
(nuclear chromatin) but not RWA (nuclevlus)} or the cytoplasmic
chromidial suustance (RNA).

Magzon's Irichrome(Masson,1929)

The effectiveness of this techknique depends con the guccesgful
gelectivity and specific uptake of molyhodic and tungstic acids by
the fibers and subscqguent bicding of the sulfonated amino briphenyl-

methane dyes by theilr M, groups (Puchtler, 1958). The acid and

2
fibres stairs are used sequeniially while a mordanl Bouin's fixative
erhiances stalning of cytoplasm aft the expense of other tissues

{e. g., conneriive tissue) which renders them more difficull to stain
fully. The trichrome method stalns fiures of neuromlia, fMhroslia

nuclei, mitochondria and axis - slinders (axons). the wmuzlei are

gtained black wiile collagen red and mucus are black.

Inzyme Histochemical Methads

Standard histo- and eytochemical techniques were used to
process sections and study ernzyme activity (Manocha and Shanbtha, 1970;
Pearse, 1961; Burstone, 1962: Barka and Anderson, 1963; Adaws, 1963).
The following histochemical methods were employed on fresh frozer and
fixed frozen sections. A list of enzymes studied ard methods used

iz suwmmarized in Table 1.
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Acld ‘hogp' atase (AC)

Two proceduras were used to demonstrate AC activity. The
first procedure was the simulianesus coupling azo dye meitod as outlined
oy Barka and Anderson (1963) and Grogg and Pearse (1952). The second
technique wags *the simultaneous coupling azo dye procedure used by
Barka (1960).

Adenosine Triphosphatase {(ATPase)

The lead method of Wachstein ard Meisel (1957) was vsed to
demong trate the ATPase activity. This procedure is a modificalbion of
Gomori's lead nitraite method.

Alkaline Pnosphatase (AK)

Two techniques were employed to show AK activity. The
alpha-naphthyl vhosphate m=thod as usel by Gomori (1951, 1952) was
uged first. A second mcbaod was tne raphthol AS-RBI phogphate azo dye
technique as ouvtlined by Burstone (1958, 1962).

Tnosire Divhaosphatase {(IDPase)

The %Lechnique as ocutlined by Novikoff and Coldfischer (1961) was
used. IDPage acilivity was demonstrated with sodlum inosine dinhosphate
as a substrate.

Thiamine Uyrophosphatase (TPPase)

The aclivity of TiPase was demonstrated wi'h thlamine pyro-
phoschase as the substrate, The method of Hovikof! and woldiischer
(1961) was ervioyed for TPFase.

Acetylcholinesterase (AchE)

The activity of Acii was lunvestigated with two procedures. The
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first technique was the direct coloring thiocholine method as used by
Karnovsky and Roots (1964). The other procedure was the modified
Koelle and Friedenwald (1949) method as outlined by Coupland and
Holmes (1957).

Alpha-Clycerophosphate Dehydrogenase (o-Gly-DH)

The enzyme was demonstrated by the Titro BT method as outlined
by Hess, et. al., (1958). The substrate used was sodium DL-w-glycera-

phosphate.

Tackic Dehydrogenase (LDH)

The activity of ILDH was demonstrated by the Nitro BT method
used by Hess, et. al., (1958). Sodium lactate served as the
substrate.

Succinic Dehydrogenase (SDH)

The Nitro BT method of Nachlas, et. al., (1957) was used to

demonstrate SDH activity. The substrate used was sodium succinate.



CHAPTER IV

OBSERVATION

Morphological and Histochemical Studieg

Morpnological snd higtochemical obgerwvations were made on fixed
spinal cords sections of both healiny and protein deficient fetal and
recnatal squi-rel monkeys.

Hemabtoxylin and Tosin Reaction
Gy

Svwingl ened preparations from control anipnals ghow neurong that
contain many uniformly spread chromatin granules in the nucleua. Lae
prominent ricleolus 1s intensely stained and is certrally located
within the nucleus. The neuroplasm hag dizscrete, variably stained
patches of flaky chromatin throughout with a greatcr concenfration
along the cell membrzne. Some eosinophilic gramiles are visible in the
proximal paris of dendrites. <« few cligodendroglia show intenge
bascpnilia and are noted 1a the vicinity of the neurons., Veatral
horn cells have stronger hematoxylin-sosin resaciicns than du the
dorsal horn cells. Ependymal cells are characterized by strong
basophilia as well as nucleil distributed near the cell base (Ticures
1 and 3).

The nucieus of experimcentel animals shows a distinet ne'work
of crigscrossing strands of chromatin ohat radiastes from the nu-lear
membrane to anchor the deeply stained wuciecolus in eltkher a central

or an eccentric pogltion. The neuroplism containg eocsinophill -~ material



Figures 1-4.

Photomicrographs of Spinal Cord Neurons.
Hematoxylin and Eosin Stain (see s vi).

Harris
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that varics in staining intensity from a faint through moderate to
strong reaction. The granuies are disperced in ne definite pattern in
the majority of nerve cells. Oli-odendrocytes show deep pasophilic
nuclei and many of these cells are located within the vicinity of
neurons . Some olicodendroglia are either in direcl cortact with the
nerve cell membrances or are spread In rows aad Dunches along nerve
processes (Flaoure 2. iere is some wild rather than negligible
eosinophilic reaction within the neurcphil (Figure W).

Tn most neurons, with the excepiion of The very strong reaction
in the nuecleolus, the nuclecplasm staing wvery weak, and the amount of
chromatin granules is decreased. Othi:r motoneurons show a stain
gradiont between the cell membrane and the nuclear menmbrane. Eosino-
philia develops in favour of elther membrane areas where darker parchy
flakes of dissl substance are geen, however, this is seen only in a
small number of motoreurons. he strands of rucleoplasmic material
thal anastumose the nucleolus to the nuclear membrane diminish in
number and intensity. Cell outlines apmear fuzzy or blurred, ragged
and become generally indistinguisghable from uhe surroundlag neuropil,
The neuropll staing wmoderately and more cell processes become visible
witizin the nevropil. A considerable number of neurons has atiained
the''ghest cell” shasge with Just remnants of issl subsiance stained
wnile only the bhare outlines of the nucleus show. The loss of
chromatin from the nucleus is evident wicre unly fainl or opague
stalning cceurs.

There ig a prepouderant increase in neuroglia, particularly
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those 1n contact cr only a short digtance away from nerve cell bodies.
Both the gray and wiite malier ghow mmicense increase in numbers of
glial cella. Their nucleil ar: usually strongly stained. Other nerve
cells have rather few glial cells arcund ihem or along thelir processes.
The ependymal cells ere mildly chromatolysed.

Tn contrast vo the clear and distinet cell feafures of uealthy
spinal cord neurons, the malnourished neurcns show significant
vacuolation in the ¢ 211 cytoplasm (Firsure 4).

Teriodic Aclid Schiff Reaction

In control animal cells, PACD-posiftive granules are uniformly
digstribusted within (e neuronal cytoplasm. Some granules are denzely
clugrered arcund the nuelenr membrane., A majority of the gramiles
are digested by the enzyme diastase, indicating fthe pres nce aof
glycomen (Figure 12)}. Tt ia poted hovever that only partial dicestion
cceurs within the cells and especislly since hematoxylin was tsed as a
nuclear coupter stain. The glisal cells have a small amoun® of D2AS-
pesitive granules, walch disappear after digestion with diastase. The
neuropil and blovd vessels show mild positive reaction to the stain
(Figure 9 and 11},

In comparison Lo control sections, walnourished animals have a
greater amoun'. of PAS-positive granulesz, especially within the neuro-
plaam where the reacticon is very intenge. The grarules range from
many large positive ones to few small-size types Lhat are infer-
spersed within the former. Diastase dimestion 1s only partially

successiul in those nmeurons that have slrong posltive reactions.
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Figures 9-12.

Photomicrographs of Spinal Cord Neurons.
PAS-PAS-D Stain (see p. vi).
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Rlood vessels and the czell procesges stow moderate ?As;positiVE
reactions. T neurons -~ ~re large cilusters of positive glycosen
exist, the majority appear Lo he in the area Just perinuclear while in
cthers it is in Lhe srea Jjuzt witnin the cell membrane. Other

neurons snow a strong positive actlvity throushout the cell. 1In

the geverely malnourished animals, the c¢cll processes are very
densely sftained ag are the glial cells. Diastase digeslion is lgast
effective ir this group when compared to the control animals. The
neuropil and pla mater are stained bul not as intensely as are most of
the other structures (Figure 10).

Ggllocyanin Reactilon

Control animals show gallocyarin-pocitive material avoul the
cell nuclei, oligedendroglial nuclei and mild activity in Lhe neuropil.
A variable intensity is seen in the distribition of tne granular
substance. 'The ventral norn cells, because of thnelr large size, show
the strongest chromalum staining. The nucleolus is very positively
glained while the nuecleus is moderate in contrast. The neuroplasm
alsc shows moderate chromop:ilic intensity, particularly just within
the perinuclear area. The chromatin supstance 1s nolt Intensely
stained 1n the neuroplasm proper bubt alone the inner c¢zll membrane
surface concentrated chromslum-positive material can ne geen. The
few olivodendroglise within the vicinity of most of the neurons siaow
strong hasophilic ruclel while olhier similarly stained neuroglial
cells are located in the white matter. The ependymal cells of the

central canal show very strong gallocyanin staining (Tigure 5).
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Figures 5-0.

Photomicrographs of Spinal Cord
Gallocyanin Stain (see p. vi).

Neurcns.
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Tifferent stames of chrvomatolyvsis are observed in the nouronal
eytoplasm of protein malnourisghed animal spinal cords. The nueleclius
generally, 1s more eccerniric and 1s Jocated ftoward the nuclenr
membrane in its positlior wilhin the nucleug. Thin strands of
gallcoryanin positive material radiate from the nucleclus to the
chiromatin granules located near the nu:olear membrane (Figure 8).

Sors: gallocyanin positive deposite cluster in small granular form on
both the inner and outer surface areca of the nuclear membrane. The
karyoplasm is genarally chromophobic. Oligodendroglia prolifcrvate
the nerve cell area and some come in cloge contact with the

chromatelytic n urons. Thne neuroglia nuclel are strougly chromophllic
(Figure 8).

Althiough the majorivy of gevere proteln deficient gpinal cord
sectionsg represent an exargersted state of the moderate deficlilency,
gsome unique features are observed in the neuron populations. Seversl
neurons ghow dark, intensely stained neurons with the pycnotic
nuclei also intensely stained {Figure 7). This may represent a
condensation of chromalin material due o possinle cell shrinkage or
discrzanization witin Lhe nerve cell. Other neurons have heterc-
serneously sftalned basophilic s mstance in the nevroplasm. The
digestlion of issl suostance with RNAse removes all of tagophilic
material from the cytoplasm and part from the nucleus. This indicates

that the materisl is BWA in nature (Figure 6).

Feulgen Reaction

There ig very little distiuriion in “he Feulgern reactiorn bnetween



Lhealtny and provein doeficlent animals. The control animalg have
well stained nuclei and it is difficult to distinguish the nucleolius
from the regt of Lhe nmuclens. The dlstribution of Teulgen-pesitive
material in the nuclel i3 generally irrepiiar although sone homogenelty
may be seen in a few nuclel.

Lxperimental animals show within the auclel of some veurons
an apparcrt decreass lo slainability as compared to L. corfirol group,
However, coanclusions about DNA content in these ar'mals can only he
gpevizlative since no guantitative sludies were made.

Masson's Trichrome Reacticon

Magsgon's trichrome technique stairs the neuroplasm rather
uniformly and blue granules are evenly distributed in neurons of control
animals. Prominent with the ftrichrome gtaing are the cell procesgses,
These procesges can be geen to radiat: in all directions from the
nerve cell bodies and wlthin the white matter from the glial cells,
Allhough, the nucleolus is steined a dosp pinkish brown, the nucleus
shows & pale more or leas colorless structure. 2lood vwesgsels are
well stained and can be seen In all areas of the cord gections. The
neuropil stains red and may denote myeclin, cspecially in the sizaths
of axons {Figure 13},

Sninal cords of cxperimental animals have a variable trirhromic
reaciion. serve and glial cell processes are well stained (Vixvre 15).
Tendricic and glial processes can be seen originating from cell bodies
in a1l directions and covering fairly lovsz distances {Figure 16).

The neuroplasm sghows different staining characlherisiics to that of
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Figures 13-16.

Photomicrographs of Spinal Cord Neurons.
Masson's Trichrome Stain (see p. vi).
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convrel animals with a few excoptions. The decreage in nuwber of
basophilic granules in the cyloplasm is obvious and is in agreerent
witii ‘he previous obszervalions on chroralytic neurons {rigure 14},
Glial cells proliferztion in malnourished animals is zignificant

and thelr minlei are sirongly sta)ncd.

Enzyme Cytochemical Studieg

Cytochemical observalions of onzyme activities included
certain selected phosphatases, esterascs and dehydrogenases.,
Significant amouris of ftlssue were verfused with fixatlve before the
cybochenmical evaluaticn was inlsiated. PFlxatives adversely affect
oxldative and (¢ a Jesser extent hydrolytic enzyme acltlvity.
Therefore, crnly preliminary results are given and ro conclusions are
dravn from tue comparison between enzyme aciiviby in experimerntal
and control animals. furtiermore, since nce distinctive differences in
the reaction of ile spinal cord Lo protein diliciency were indicased
within particular experimcntal groups, all cbhservations descrived
represented date for all animals studied withlin the group. In
addition, there were, ubviously, some developmental differences
between Lhe particular groups studied as far as morphological changes
are concerned. 'These were evaluated In terme of thelr severity and
variabion from control groups in relationsiiip to the duration of
protein dellciency. Table 2 represents results of enzyme activity
studies,

Fhosvhatases

Acld phogphatase acuvivity 1g strong in tie cyioplasm of



neurcons particularly Lhat of large ventral horn neurons of countrol
arnimals. The neuronsg in the dorsal norns ahow Trom mederate Lo
girong reactions. The maln reposgitories of this enzyme sre lysosomes

which are evenly disiributed in the perikaryon and t©

N
¥

2 proxXimal parts
of tne dendrites of motoneurons in healthy animals (Figure 27).

Malnourished animals show a patterr of acld phuspnatase tiat is
not sisrificanily altered from that of healthy monkeys. The neurons
show moderate to streng acuivity while z1ial cells and rouropil show
negligible to mild activity (Figure 28).

Alkaline phosphatage acvivity isg very similar in all animals
(Figure 23, 24). Cavillaries are the mainglay of i1is enzyme's
activity and itae ventral fisgsure with its mary blood vessels shows
typical alkeline vhosphatase reaction which range from mild to
moderate .

Adernsine triphosphalase shows 1ts strongest actlvity within
the neuropil and the peripheral areas of the neuroplasm (rFigure 17).
Cell membranses have slrong positive aclivity while the nucleus acd
mucleolus have negligible or negative vractions. The activity of
ATPase in «lial cells 1s wery stronm In tie white mater in all
animals although in the healthy animals the reacticn appears more
preciscly localized (Figure 19).

Protein deficient animals siow irregular distributlon of Al'Rasge
actlivity and could be congidered as reduced activwiiy. Such a shift
from the original 2ites may represent some functional adjustmernts or

have significance in the total cell «arrgy ulilization {Figure 13, 20).



Figures 17-20.

Photomicrographs of Spinmel Cord Neurons.
ATPase Activity (see p. vi).
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Figures 21-22,

Figures 23-24,

Inosine Diphosphatase (IDH) Activity, (see p. vi).
AK Activity, (see B vi).
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LDH Activi
AC Activity,

=6

Figures 25

i)

v

see p.

(

-28.

Figures 27




Lo

Inogine diphosphatase acllvity 1z strongest in the neurons
egpeclally the neuroplasm. Ventral horn neurons have s stronger
activity than the dorsal narn neurons. The nucleolus shows negative
activity wiile the nucleus has negligible activity (Tigure 21).

The activity of TDPase in protein deficient animals ig variable
and ranges from a moderate activity in some neurons to a strong
activity in others. Glial :ells show a strong activity and those
clogely avposed Lo neurcons witn weak activity show a musi gtronger
activity fthemselves. The neuropil has uegligihle to mild activity.
Thig lecalization renreserts the distribution of Lhe endoplaswmic
reticulun (Figure 22).

Thiarine pyrophouspihate activity appears strong in the moto-
neurons whilc a wvariable activity 1s notired in dorsal horn cells.
The aculvity extends considi.rably into cell processes. The TPFasge
activity is distributed In relationshin to fhe presence of the
Golgl complex within thoe neuropnlasm. Oense, darkly stalned areag of
Golgl networi. are plentiful in the noloneurons. The glial cellis also
react strongly to “Thkase actlvity while the neurcopil shows a mild
reaction.

In malnourished animals, blocd capillaries show strong
activity. Dorsal neurons neve a modivrate rozetion while motoneurons
have from moderate fto strong actlivity. Some sectionn asppear to have
lost a congsiderable amount of cenosition buit the glial «:1ls have

gtrong activity both in white and gray mater.



Egterase

Acetylcholinesterase activity ip healthy monkeys ranges from
mild in certain neurons through moderate in some to strong in a sub-
stantial number of others. Thig strong activity is located primarily
in e lateral column, especilally in the neuroplasm and cell membrane
and processes, Variable activity is noticed in individual moto-
neurcns and is probably relafed to the functional state of each
neurcn. Both mild and mederately stained cells are «isible in all
arezs of the spinal cord.

Tn malnourished animals some reduction in reuroplasmic deposition
is Indicated, although the activity near cell memhranes remains fairly
unchanged. Ine surrcunding neuropil has mild activity. Sulgtantia
gelatinosa of the ex'erior horn exhibits a diffuse activity of the
enzyme. The neuroglia and ependymal celils appear to have nensative
activity. Ho activity is eviw-~t in ithe nucleus or nucleclus.

Dechydrogenases

Juccinic dehydrogenage shows moderate tc ghrong activity in the
perikaryon of motoneurons in healthy animals while the gensory
neurong have primarily moderate activity.

The mainourished group seems U6 have reduced 8DV actlivity.
Even the apparent reduacfion does not dimivnisik to any greal exftent the
intensity of the actlivity. More activity exists in the gray than the
white mater slfthough 1ial eells show a2 moderate reasctlon. Tateral
neurons siow mild to moderate staining wiilc tie substartia zelalinosa

and neurapll show mild activity with a few cells showing a strong
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rea=tion. The glial cells that are cliosely apposed to chrometnlysed
rneurons have a strong reaction. This may represent some type of meta-
bolic egailibrivm between the neuron and surrounding glial zells as a
structural functional unit.

Lactic dehydrogenase in the nealthy animals is strornz within
the neurcplasm. There lg souc difference in the gstrengti of activity
between ventral and dorsal horn cells. The nucleus and nucleolus
have negative activity. The glial cells exhibit mild activity whil
neuropil has & moderate reaction. Blood vessels have mild actlivity in
the vascular endothelium. Epenaymal cells have wmiid activity within
their boarders but nc Tigible within “ e cells (Migure 25, 26).

Alpha-glycerophosphate dehydrogenase activity is moderate tc
strong in the neurons, The nucleus ana nucleolus show negative
activity. 'The neurownil also ghows moderate activity while glial cells
show negligible activity. ioth blood vessels and the ependymal cells
have mild aclbivity. The ventral aneurons show a gtronc=r cytoplasmic

activity tian do the dorssel horn cells in the healthy snimals,
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CHAPIER V

DISCUSSION

The vhysiologleal alterations ovroduced by a certain degree
of protein deficlency are difficuli Lo explain in any gatisfactory
manner . It probably is easier to explain the physiclogical deficiency
of cne defiied compound, such as a trace element, in terms of meta-
bollc reactions specifically affected by tne deficiency than = more
generalized deficiercy of protein, 7. is rather not easy to identify
the compound in terms of any cvue metaholiic reactlon.

Tne present study, rowever, shows a paltern of changss in the
morpholeogy of celis that underwent protein defleiencies. This
pattern illugtirates sgevere chromatolysis in the rneuronal cyltoplasm
and the enzymes show slterations that may have significant bearings
on function. The enzymes charces may affncet thelr ability to mediate
important meiabolic remctions taking part in =zdaptation procesc:.s to
chanced protein conient in the diet.

Since nucleic acids are of fundamental importance ag genetic
and intracellulsr messengers for controlliny metabolic processesg, the
chanse In thelr content should reflect a shift in the protein syn-
thegizing mechanism of t.z nerve cells. Also the duplication of [NA
as well as the coding for RWA probably becor:s affected to some
axcent. Ordinarily ke Lody iz capable of adapting itsell to protein

intakes at levels muech lower than usually rscommendsd provided that



calorie requirementz are supplied by carbohydrates and other nucrients
are sufficiently avallable. The body can still compensate for proftein
Jeficiency of fairly drastic proporticie by a certain degree of
adaptablliity of the cellular metabolic maclinery provided that the
deticiency is not of long duration. Severs and long lasting proteln
deprivetion may cause irreversible demage to ive blochemical aciivity
within the cellular milieu. .uring perlods of rapld braian frowth,
protein deficlencey, 1T initlasied at .ch periods, may have devastaling
effects on the cell sive and pomilalion finally artained (Dobbing,
1968; winick, 1969, 1970).

The studies cn the spinal cords of young squlrrel movkeys s ow
that the neurons respond Lo deficicepy in terms of lLhe individual
metabolic aclivitlies of each cell. This pogsibly accounts for variance
in degree of chromatin leoss in somc cells within tie msalnouris ed
animels. e rivonucleoprotein complex in different cells may be
involved in metabolic activities of varylns rates and thus explain the
different degrees of wecuolation in even adjacent reurons (Olkowski
and Yanocha, 1972).

Ag has been noted by a nuwber of workers the differeniial
staining paitlerrnz of nerve erlls' IMigsl substance, represent differ-
ences in metabolism and function (Hocaherg, 1995%: TPackenberg, 1967
Lavelle ard Ia¥elle, 1971). The chromalum-gallocyanin stainability
may represgant the differenli stages of meisghclic fuaciion or The result
of certain physiclogical manipnlations such & nutrition. "hile the

adult Lndy may utillze small, labile protein reserves, mainly from Lhe
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liver, to alleviate severe protein deficlencies, it is questionable
1f Lhe growing Tetus bhas such regerves from which to draw nceded
proteins. ‘2 maternal diet is thus the main source cf protein
regerv.s and in depletsd dletg, their limited supplies might affect
the acquisition of protein precursors reeded ©o gynthesize new
struciural and functioral proveinsg within Lhe fetus or younz srowing
arimal.

Although liydén (1967) indicatcs that the amount of riborurleo-
protein complex in the neuroplasm changes with the functicnal state of
the neurors, 1t isg doubt. il that chrematolysis of tids substanec in the
courae of ovrotein deficlency during development has the same Implication.
A3 shown by both the hematoxylin-eosin, chromalum-gallocyanin and the
Feulgen reaction for DNA: there is a loss of nucleic acids in severe,
long lasting protein deficiency. “hese staining technigues show a
lack of positive depogitlon within certain cells while in others only
a mild or mederate amount is irdicated. In control animal preperaiticns,
nege hisgbochewlcal Gechnlgues reveal a gubstantial sbundance of rnucleice
acids and MNissl's subgtance deposition. Studies of LaVelle and LaVelle
(1971) show that Nigsl gubgtance cuniains uvrotelin,therefore any
lack of protein in dlets of young animals may affect the forma.icn of
Niggl substance.

The changes that may result 'rom geverely chromatclysed neurons
can be and probably have Tar reaching effects. Some cells are pyenotbic
and the condensation of chromabtin may cause drastic functicrnal dlg-

organization of the ribeonucleoprotein complex and a complete dls-



ruption of cellular enzyme makeup and activity. Although cells can
and do adjust to rmesabolic changes, 1t is diff -ult to predict
whether they will or will not adapt indefinitely, particularly to
severe proLein deficiency.

The observaticn that in severcely chromatolysed n w.rons, many
reurogllia can be scen in ¢lose contact or within thelr vicinity has
some Implications. 1h appears that the neurons and glial celly lave
a dynamic functional relationship, since the latfer cells stain not
only strongly for nuclear maberial whon cnromalysis 1ls indicated within
adjacen® neurons, but alsc become vlentiful in such situations
(Hydén, 1967). The neurcglia therefore may be considered as
auxillary wetabolic units that are called upon fto aurment the needs
of neurong in pathologic situations.

'he PAS-pogitive reaction fér glycornr, eagpecially strong in
nrotein depleted celis, indicates that the energy nesds of fthese cells
may be increased. Although the spival cord and confral nervous tissue

in general use glucose as the primary source of enersy, it must be
remembered that glycogen is a pulymer of glucose. L protein danleted
diets, tie amount of carwvonydrabes is substantlial and these animals
probably convert 1:-e ex-eag glucose into glycozen for storage.

The spinal cord controls eimple reflexes which develop during
intrauterine growth (Todian, 1966) and since reflex activity involves
energy, the high concentration of glycogen may be cxplained. Tarther-

nore, the development of thegse reflexes iz deperndent on synaptic

formaticn and synthesis of high quality specific enzymatic proteins
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together with phosphate esters of adenine. These activities, when
taken together, help to generale Uhe energy needed for the funeltion of
the neurons. The ability for Lhe syswem's development depends on the
available supply of basically high guality proteins, carbohydrates,
lipids and minersls. The impact of the protsins have been nssesszsed in
terms of deflclency on growti. and development.

The morpholougical c anges cobg-rved in this study are similar
witn findings i malnourished pigs and dogs (Platt and 8- wart,

1969, 1971; Stewart and Platt, 1968). Their studies show logs of
Nisgel subgiance in motorcurons and increased number of perineuronal
oligoderdrocytes. 1Ihls, 1n addition to the pathelogy of sguirrel
monkey neurons s observed ln the pregent study, indicateg drasiic
functional alferations in the cells and their ability to synthesise
proteins in a normsl manner,

The interpretation of enzyre deata, particularly that of cuwldative
and hydrolytic enzymesg 1s cautious. Allhough observabls differences
have been obgerved in enzymes activity between healliy and malnourished
animals, the effects of fixatives on the acltlvity cannct be over
emvhasized {Manocha, 1870}.

The activities of the nhosphatases show that certain metabolic
activities are initiated rather early in squirrel monkey development.
Thiamine phyophosphatase acltivity estanlished the Involvement of the
Golgl complex. L6 dig apparent that the enzyme “as a variacle reaction
under different experimental condlitions, inciuding malmitrition {ulkowski,
et. al., 1972). The Golgi complex has varied roleg in the neuren, guch

as synthesls or packaging of polysaccherides or both (Pelurson ard
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Leblond, 196h), condensation of proteins synthesized oa riboscmes
{Caro and Palladc, 1064; tadler, et. al., 14AH), or Lthe formation of
mexbranes (Whaley, et. al., 19A4). whe apparent strong activity in
protein depleted snimals is di{ficult to understand. Normally
neurons have a high rate of proteln synthesls in the well developed
endoplasmic reticulum. Tioe decrease in Inasine diphosphatase which
is leecated at the subecellular level ol fie Golgl complex-enno--
nlastic reticulum-lysosomes system (NHovikoff, 1967) must be signi-
ficant althowrh tihe implicailons are not kriown. Acid phospnatase 1a
loeated within the lysosomes 1n malnourished ard healthy animals.
Koenig (1969) indicates taat acid hydrolases within the lysosomes
are in a latent state and can be called upon to split hydrolytlcally

most cellular macromolecules. 1. is pessible that in long protein

depletion, the activity of these Lydrolases 1s triggered and ¥
release splits mucopolysaccharides. This excessive activity may
affect proper protein transport after synthesis has occurred in the
rivosomes (Manocha and Olkowski, 1672). The AlTase activity seems to
e reduced in depleted animals possibly because of the slow down of
metabolic activity within the neuronsg of these animals.

Succinic delydrogenase of the Kreb's cycle has been iuvestigated
gince the cycle ig responsgible tor a sirmificant source of free snergy
in higher arimals as primates. These enzymes are located primarily
within the mitoriondria and show a reduction in activity in the
severely malnourighed stale., Il appears a compensatory role 18 indicaved

by glia adjioining chromatelysed neurons since these gshow rallier glhrong



activity. It seems as though the role of glia in severe malimirition
is limited, Inspite of their apparenl role in the energy requirements.
Hydén (1967) has stated that "the neurcn and its glia are interlocked
in an energy system,which may swing between the two positicns.”

The epparent increagsed lactate dehyvdrogenase is probably an
irdication c¢f increcased activity in arsercpic metabolism bubt as Iin the
caze of !ne wvariable distribution of w-glycercovhosphate dehydronenase,
inig irterprotation is only speculative.

Acetyleholinesterase dizstribution implicates acetylcholine
metabolism in the svinal cord. The enzyme activity is not significantly
difverent in eiiper meinourished or hesglfhy animals at Lhe membrane

areasg. This may wenan impulse transmission is not severely affreted by

malnutrition,
Conelusicons
The implicetion of ihls study ¢ protein depletion during

intrauterine growth of fetal squirrel wonkeys is sienifi ant in that
certalin histopathological alterations have been noticed. lhese
allerationg bring to bear cerlain biochomical adaptions but in severe
derangerent of ribonucieoprouuin complex or in that or chromatin, it
ig likely that the fetuses can no longer withstand such drastic changes.
The fetuses are not protu-:led from any adverse conditicns of
nutrition that affect the mother during presunancy. Yrom tne histo-
chemical and cytochemical sgtudies, 1t is obviocus that the degree to
which Tetuses can be subjected to both morpholegic and funclional

disorders is severe. If these effects are not corrected in infancy,



they can have serious consequences in later life, particularly

for the human being.
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CHAPTER VI,

RECOMMENDATTONS

The study of prenatal protein deficiency in squirrel monkeys
shows the sgpinal cord ag a highly wvulnerable organ to protein
restrictlion. The experimental protein diets fed were started about
45 days after pregnancy and it would be interesting to find out
whether malnutrition at the onset of pregnancy has the game or a more
severe consequence on the spinal cord or other nervous tissue. The
use of histo- and cytochemical technigues for in sifu localization
helps to pinpoint any variation in the distribution of nucleic acids,
riponucleo-protein complex, proteins, enzyme distribution and other
celiular constituents within the spinal cord neurons.

Such a problem appears interesting and I recommend that more

work be done in this area.
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Encyme Cytochemical Methods Used

Enzrme

Technigues

RefTerenceg

Acid phosphatase (AC)

Adencsine triphosphatase (ATPase)}
Alkaline phosphetase (AK)
Inosine diphosphatase (ATPase)
Thiamine pyropLosphatase (TPPase)
Acetyicholinesternse (ACHT)
Alpho-glycerophorphate
dehydrogerase {a-Gly~P DH)

lactic dehydrogenaze [TDH}

Succinie dehydrogenase (SDH)

Simzltaneous coupling azo-aye

lead method
a-naphithyl phosphatuse method,

Raphthol AS-Bi phosphete
azo~-dye

Direet colering thiecholine
Koelle and Friedewald (195\193

Wivre RT method

Hitre BT method

Witro BT methcd

Barka and arnderson {1963)
Gregg und Pearse (1952)
Barka {1560}

Wachsteln and Meisel {1957)
Gemeri (1951, 1952)
Burstone (1958 a,p)
Rovilkoff end Goldfischer

(1561)

Horiwnl 2ned Coldfiseher
(1561)

Karnovsky and Roots {1GA4)
Coupland &nd Holmes (1257)

Hess 2t al. (1558)

Hess et al. (1958

wachlas et 4l. (1957)

24



Tablie 2

Cytochemical Observaticns on the Enzyme Activities in Henlthy and Malnourished Animals

25% Proteln &h Protein . 44, Protein
lilstochemical Henction Histochemiénl Reaction lidptechenicn) Ronction
: Vcn‘tml-norsa.l Glinl Neureopil Ventral Dorsald Clial Neuropil Ventral [lorsal Glisl Neurepll
Enzymes horn horn  cells horn horn cells horn horn cells
cells @ cells cells -celle cells - celln
Acid phosphatase i+ ++ +, + - . ++ k Tto s e B ¥ Tt +
to .
e+
Akaline phosplintose % s t —+ * * + 5% + + + .
Inocine diphoeophatase e o A4 ++ o 44 ++ ++ + s + &
to
it
Thiomine provhosphatase +++ 4 i + o ++ At ¥ i z s )
’ to 10 ' te io to
+4+ +++ + + *
Adenosine triphosphatase ++ +F et ++ ++ ++ T ++ + A+ ] +F
. ; 1o to
e+ +++
Acetylchollnesterase +t+ ok + + ++ 4 * + ek 4 il +
ta to
. 44+
Succinie dehydrogenase +hd ++ ++ ++ Lo T ++ + + L ++ + +
‘ to to to ta
44 ++ ot 1+
o -glyeercdehydrogenase  ++ ++ P + ++ 4 ¥ + + + i i
to
i
lactic dehydrogenase i HE + At e i + & o - " "
to to te to to to
+i+t ++ At it ++ +k
Legendy =~ = regative reaction ++ = moderate activity o "'—"‘nuclcua
£ = negliglble notdvity +++ = strong netivity Nu = nueleolus
+

= mild activity ++ = very strong activity C = cytoplasmic activity
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