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Abstract
Despite efforts by several groups of workers over the last several
years, the deleterious effects of a nutritional zinc deficiency on the
development of rat embryos and fetuses is yet to be completely understood,

This thesis details the results of in vitro and in vivo studies by the

author which provide new insights into the mechanisms whereby a maternal
zinc deficiency evokes a teratogenic response in developing rat embryos.

Initial studies in vitro using normal 9.5 d rat embryos and zinc-
deficient rat serum indicated that it was not possible to directly induce
a teratogenic zinc deficiency using embryo culture. Subsequent
investigations into the development of zinc-deficient rat embryos in vitro
revealed that approximately half the embryos explanted appeared abnormal
at day 9.5, and continued to develop abnormally in vitro regardless of the
zinc status of the medium. The remaining embryos were morphologically
normal, and continued to develop normally in culture.

In order to understand the appearance of two populations of zinc-
deficient 9.5 d rat embryos, further studies were carried out in vivo,
These experiments confirmed observations of others that zinc-deficient
rats consumed their diet cyclically over a 4-day period, during which time
the circulating zinc levels fluctuated according to the anabolic or
catabolic state of the dam. Morphological studies by the author, using a
variety of techniques, established for the first time that during the
critical periods of organogenesis (day 9.5 to 11.5), low maternal serum
zinc levels were associated with the appearance of dysmorphologies and
also with unscheduled cell death in the embryonic tissue, particularly in
the neural tube, limb-buds and somites.

In further studies it was found that, although morphological
anomalies could be induced as early as day 3 of gestation, these appeared
to be reversible, with no lasting effect being observed until the embryos

were exposed to zinc deficiency during the post-implantation period.



Further experiments into the development of zinc-deficient fetuses
showed that the capacity for repair was limited, and litter loss was a
common occurrence. Examination of zinc-deficient fetal rat brains has
since revealed areas of abnormal cellular necrosis in regions of extensive
mitotic activity.

From these studies it can be concluded that, in rats, zinc deficiency
induces a cyclical feeding pattern accompanied by fluctuations in the
circulating zinc levels. During periods of low zinc availability to the
embryo, abnormal cell necrosis occurs within the embryonic or fetal tissue
leading to the observed terata. The precise timing of the feeding cycle
with respect to the gestational age of the Titter dictates the organs

affected, and the degree to which they are malformed.
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CHAPTER 1 \ \

ZINC AS AN ESSENTIAL TRACE ELEMENT

1.1 INTRGDUCTION

Siince 1500 BC, zinc (in the form of calomine) has been used as E
topical aid to wound healing. It was not until 1337 that RAULIN
recognised that zinc was essential for the Jrowth af Aspergillus niger and
ascribed saome physiolcgical importance to  the metal. Sikty-five years
later, two independent groups of workers (BERTRAND & EBHATTACHERJEE 1934;
TODD &¢ al 1934) demonstratad that the metal was essential for the growth
of rats, At the time this was regarded as an interesting biological
quirk, but was thought not to be of human (or animal) significance dus to
the high level of zinc in soils and foodstuffs. However in the early
1960's, a clinician working in Iran treated a humber of hypogonadal dwarts
with zinc, and attributed their ogrowth failure and lack of sexual
cempetence  to a dietary deficiency of the mstal (PRASAD ef 2/ i541). This

1

H]

r9ely serendipitous finding damonstrated that zinc deficiency was not

n

anly a theoretical possibility, and was directly responsible for focussing
attentien on the rcle of zinc in the gi-owth, develcpment and well-being of
bothk  humans and arimals, As a result of intessive investigatichn by many
groups of workers, it is now apparent that the metal plays a major role in
every aspect of cellular metabolism.

It is the purpose of this chapter to review the existing literature on
the physiclogical, bicchemical and nutritional roles and regquirements of
zinc with special reference to embryonic and fetal 3rowth and cell
division. At this point it should be noted that the literature regarding
zint deficiency is large (more than 1350 articles in the years 1976 -

1983). The author has made every effort to include reference to all
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relevant publications by others in the body of the thesis, howsver space
precludes mention of all such articles in the introduction, thus preference
has been given to recent; key or historic studies relevant to the present

investigatian.

1.2 CLINICAL MANIFESTATICONS GF ZINC DEFICIENCY

The absence of sufficient dietary zinc can preduce a wide range of
symptems  in  humans and animals and this fact has bsen reviswed thoroughly
by UNDERWCOD (1%77), PRASAD (1979} and BERGLUND {1984}, Features of this
deficiency include ancrexia, growth retardation (e.g. TODD ef al 1%34;
MILLS &¢ al 1%4%), paraksratosis (e.g9. TUCKER & SALMON 1955; BARNEY et al
1947,1248%97 DIAMOND =¢ a3l 19715 ALVAREZ & HMEYER 1973), alopacia (DAY &
McCOLL!MM 1940), delaved wound healing (PORIES e&f al 1947; PRASAD & OBERLEAS
1974), impaired spermatogenesis (FOLLIS &¢ a/ 1941; UNDERWOOD & SOMERS
12677 DIAMOND &t &l 17711, failure to maintain pregnancy and induction of
fetal malformations (BLAMBERE &f al 19405 HURLEY & SWENERTGON 1944; HICKORY
et al 17475 MILLS et al 1949; APGAR 1770; HURLEY % SHRADER 1972; WARKANY &
PETERING 1972; APGAR 1973; DRECSTI ef al 1985a), increased sensitivity to
both teratcgens (JACKSON % SCHUMACHER 197%; HACKMAN & HURLEY 1%81a,bj;
PECORD o4 al 1982a,b; MILLER &¢ al/ 19337 SATQ eé al 1783) and also
carcinogens (FONG e¢ a/ 1978}, depressed immunocompetance (GROS5 &t &l
1979) and various bshavicural abnormalities (PRASAD ef al 19813 CATALANCTTO
19787 WALRAVENS ef a2/ 1978a; BURNET 1981;HLSSON 1781).

Frobably one of the first noticeable é%+ects cf zinc deficiency is a
reduction irn food intake, closely follcwed by a cessation of growth {(TODD
er al 19345 MILLS &¢ al 1%94%; MNILLER 1971). Force  fesding of
zinc-deficient animals has shown that the growth retardation is not solely
due to inanition (MILLS &¢ a! 1969; CHESTERS & GQUARTERMAN 19705 MILLER
19717 MASTERS et al 1983) but appears to be a specitic metabolic response

to & lack of zinc, possibly associated with a reduced rate of food
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utilisation (CHESTERS & GUARTERMAN 1970; MILLER 1971) leading to the
observed defects in the synthesis of DNA, RNA and protein. There is also
mounting experimental evidence to suggest that the inanition and subsequent
maternal catabolism caused by zinc deficiency might have a protective role
during fetal development (MASTERS ef¢ al 19837 HURLEY 1983; RECORD et al
1928%b,c,d, ,1984,this thesis).

Skir lesions are amongst the most prominent signs of a severe zinc
deticiency. Parakeratosis in swine was recognised as a symptom of zinc
deficiercy as early as 1955 (TUCKER & SALMCN 1933} and has been
characterised as a thickening of the skin with excessive keratinisation and
the retention of epithelial cell nuclei (MILLER & WMILLER 19625 UNDERWOCD
1977) which has besen detected in the cesgphagus and skin of rats, mice,
swine and monkeys (FOLLIS ef &7 1741 TUCKER & SALMON 193535 BARNEY &t al
1967,1969; DIAMOND &¢ a/ 1971; ALVAREZ & MEYER 1973). This condition has
also been found in humans suffering from acroderpatiiis enteropathica, a
genetic disease characterissd by the lack of an intestinal zinc-binding
protein {FREIER &f al 1973:% THYRESSON 19743 WALRAVENS &f &l 1978).

Impzired wound healing in humans is ancther important aspect of zinc
impoverishment, PORIES ef al! (1987} were the +First to demonstrate a
significant increase in the rate of wound healing compared with untreated
controls, wher subjects were given 150mg zinc daily following siurgery for
pilincdal sinuses. Similar results were ootained ia studies invelving
severe burrs  and maior surgsry (CALHOUN & SNITH 174687 HENZEL &t al L770),

ard ulcers cf the leg (HALLEOJCK 2 LANMER 1972} and stemach (FROMMER L773).

i

In animal studies the svidence for a theraputic effact of zinc is
equivocal, NCRMAN =t 3/ (1975) and SAMDSTEADR &¢ al (1970) were unable to
demonstrate any bensficial effect of zinc on experimzntal wound healing in
rnormally nourished animals, however LAVY (1972) reported a significant
increase in the rates of wound healing in rats. FPRASAD & OBERLEAS (1974)

have demonstrated that in zinc-deficient animals wound healing is
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significantly retarded, and attributed this to a reduction in thymidine
kinase activity, DNA synthesis and cell division.

In animal models, spermatogenssis and the development of primary and
secondary sexual characteristics in the male (FOLLIS ét al 19413 UNDERWOOD
8. SOMERS 195%9; BARNEY &¢ al 1946%; DIAMOND =¢ al 1971; NEATHERY et &/ 1973)
and all phases of reproduction in the female (HURLEY & SHRADER 1972 ; APGAR
1975; WATAMNABE 1983) can be affected as a result of zinc impoverishment.

pside from the more morphological and physiclogical effects of zinc
deticiency other, perhaps more subtle but nevertheless important defects in
both hekaviour and learning have been reported. Disturbances of taste and
smell acuity are consequences of zinc deficiency in both humans and animals
(CATALANGTTO 1978}, Mental lethargy has been reported to occur in
zinc-deticient human subjects in Egypt and Iran (PRASAD e&f al 1941} as well
as in cases of acrodermatitis snteropathica (WALRAVENS et al 1978aj OHLSSON
1egt), Other reported neurological features include jitteriness, impaired
Edncentratinn, depression and mpod lability in both children and adults
(HENKIN af 3! 1975; SIVASUERAMANIAN & HENKIN 1978), Table 1.l details some

of the repcrted effects of zinc iwnpoverishment.
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corgerital abrormalities
growth retardation
hyposcnadism/delayed sexual waturaticn
hyposgernia
alopecia
skin lesions
diarrhoea
immune deficiencies
phageccyte chemctactic defects
cellular immune defects
behavioural disturbances
night blindness
impaired taste acuity (hypogeusia)
impaired collagen synthesis and wound healing
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It has been suggested that zinc is associated with brain function at a
neurophysiological level, principally in relation to the hippocampus which
is involved in memory, cognitive function and the in;egratinn of emotion
(SAHGAL 1980). This evidence is largely circumstantial, and it is thought
that the metal plays an important role in the metabolism of glutamic acid
in the mossy fibre layar, or it may be involved in a stable zinc-glutamate

storage complex in the giant terminal boutons (DREOSTI & RECORD 1934).

1.3 AETIOLOGY OF ZINC DEFICIENCY

SANDSTEAD et al (1974) suggested that the majority o©f human zinc
deficiencies are conditioned rather than frank, ard proposed that many of
the mors commen cenditianing factors influence the zinc status by chelating
dietary zinc and trendering it less available. The possible pathogenic
factors have been thoroughly listed by BERGLUND (1984} and ars reproduced
in Table 1.2, Whilst it is true that many of these factors will influence
the zinc status, 2pidemiological studies suggest that many individuals,
even in the world’s more affluent areas regularly ingzst amounts of zinc
close tc or below the estimated minimum reguirement (WHITE 19795 LYON e?
=L 19797 HOLDEN &t al 1979; HUNT e¢ al 197%; RECORD ot al 1983a). It is
possible therefore that a trus zstimate of the zinc status of an individual

cannct be made unless zll such factars are corsidered.



Table 1.2 Astiology of human zinc deficiency.?@

——— -

DECREASED INTAKE
anorexia nervosa
chronic uraemia
abnormal food pattern selection
experimental depletion
total parenteral nutrition without added zinc

DECREASED ABSGRBTICN
high-phytate diet
high-fibre diet
high dietary ironizinc ratio
geophagia
acrodermatitis enteropathica
coeliac disease
short-bowsl syndrone
jejeunc-ileal bypass
slecoholic cirrhosis
cahcreatic insufficiency
steatorhcea

DECREASED UTILISATICON
protein deficiency (7)
alcoholic cirrhosis
acute infection/intlammation (%)

INCREASED LRSS
diarrhoeal fluid loss
ilecstomy fluid loss
coeliac disease
inflanmatory bowel disease
intestinzl parasitosis
pancreatic-cutanszous fistula
pancreato-coeliac fistula
rnephrotic syndrome
thiazide diuretics
psrenteral EDTA administration
oral D-penicilliamine therapy
viral hepatitis
alcohalism
acuts sleoholic pancreatitis
alcoholic cirrnpsis
hiasmolytic anasmias
pzst-surgery/post-trauma
extra corporeal dialysis {cccasianall
thermal burn exudation
exfoliative dermatitis

IMCREASED REQUIREMENT
recplastic dissases
post-burn re-epithelialisation
growth spurts
pregnancy
lactation
psporiasis (7)

(a) After Berglund 1934,



1.4 ZINC REQUIREMENTS AND INTAKES

Establishment of a reliable figure for the human zinc requirement has
been based largely on isotopic balance studies on different populations
which indicated an approximate metabolic requirement in excess of 4 mg/day
(SAMDSTEAD 1982)., Estimates of zinc balance in patients undergoing total
parenteral nutrition sugoested that the requirement was between 2 and &
mg/day, or around 73 ug Zn/Kg. (LOWRY &t 2/ 197937 PHILLIPS 1982). These
values have been accepted by wvarious bodies as an indication of the
metabolic reguiremsnt of normal adults, althoush reguirements +For zinc
depend greatly upon the dietary availability cof the metal and have been the
subject of several ian vive and in vitro studies (PECAUD &t al 1975;
REINHOLD ¢ al 1976},

Estimates of the ovsrall bioavailability of zinc are varied, however
SANDSTROM & CEDERBLAD (1980Q) suggest that the availability of zinc is
seldom above 30%, and wmay even bes less. UOther physiclogical parameters
such as pregnancy might increase zinc absorbticn (SWANSOW & KING 1982), and
there is evidence to show that absorbtion is alsc increased during zipc
deticiency (WILKINS et al 1972},

The significance and relaticnship pf various dietary param=ters which
might +acilitate or hinder zinc abscorbtion &nd utilisation in man are
unclear, as ars chanjging reguiremsnts during growth, pregrancy and
iactation, The Natisnal Health and Medical Resgairch Council in Australia
kas recently accepted figures for the Recommended Dietary Allowance of zinc
for varicus popualations, in which they have taken into account the
estimated m=tabolic reguirsments and bioavailability together with a 350%
safety margin (DREOSTI 1932). This author has used these published figures
to estimate the metabolic reguirements for individuals of different ages

(Table 1.3).
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Table 1.3 Apparent metabolic and dietary allowances of zinc
for different ages.?

Age Estimated Dietary allowance for bioavailability of
Metabolic  Sseemsemoesmpsssearsmrnrrsnarnm i
Fequirement .
(mg) 10% 20% 40%
0-4 mo. 1 12 é 3
S-12 mo. 2 20 10 3
1-10 yr. 4 40 20 10
11-17 vyr. 4 60 30 i3
18+ yr male & &0 30 15
18+ yr female é 60 30 i3
pregnancy g a0 40 20
lactaticn 10 100 40 20

(a) modified from Dreosti 1952,

These levels of zinz are not readily met by the dverage western diet
(Table 1.4) and it is pessible that subclinical or frank zinc deficiencies
do cccur with much greater freguency than Is currently thought (FRASAD
1979), In a recent study, the zinc intakes of some premenDpausal women in
Couth Australia wsre fcund to be significantly lower than the estimated

daily requirement (RECORD &f &7 1985al

Table 1.4 Zinz lsvels {mg/l00g edible portionl in
zcme common focdstuffs,

Oysters up to 106 Brealkfast cereal 1 - 3
Eeedf 4 Bread 1 -2
Lamb, bacon 3 -4 Sausageas 1 -2
Ehelltish 3 - 4 Pies, pasties 1t -2
Cheess 3 -1 Egss, tish i -2
Muts, beans 2 -4 Biscuits, sweets <1
Kidney, Liver 9 Fruit {1
Heart 2 Beverages 1
Ferk 2

SOURCE: McCance and Widdowson’s "The Cqmﬁosition of Foods®j
ed. Paul, A.A. & Southgate, D.A.T., HM50 London 1977,
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1.5 INTERACTICONS OF ZINC WITH OTHER SUBSTANCES

Interactions between zinc and other essential and toxic trace
elements, hormones, vitamins and other substances such as alcohol, fibre
and drugs abound in the literature. The location of interactions can be at

cne or more separate or related sites within the living animal (Table 1.3).

Table 1.5 FPossible sites aof interaction between zinc and
other substances.

LOCATION EXAMPLE EFFECT

Foodstuffs Phytate Influences bicavailability

Intestinal Mucosa Cu,Ca Competition for absorbtive sites or
effects on absorbtive capacity of
NUCOS2

Transport Cu Competition for sites on

transport proteins, e.g. albumin

Intracellular Cd,alcoho! Antagonism or synergism of metabolic
processes or interference with

r -4

integrity of structural proteins

Dietary calcium and copper both iaterfere with zinc absorbtion (VAN
CAMPEM 19493 EECKER & HOEKSTRA 1971) when present at excessive levels.
Coeper zcts by direct compstition for  intestinal binding and transport

cites (DAVIES 1980} whereas cal

la]

ium as well as phytate form insaluble
complexes in the alkaline intsstine (GBERLEAS ef al 1946). Distary +ibre
has also been shown tc decrease the availability of zinc (REINHOLD ef al
1974), It is possible that both dietary fibre and phytate may contribute
to the occurrence of zinc deficiency in populations subsisting largely on
bread and the products rich in fibre and phytate (REINHOLD 1971). It is of
interest in this context to note that the Iranian dwarves subsisting on

similar diets consumed levels of zinc above the current RDA (13 mg/day)
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even though clinical studies and trials showsd them to be zinc-deficient
(FRASAD =2 al 1943). CASEY and HAMBIDGE (1980) provided an interesting
contrast as these workers found the Tokelau islanders had an extremely low
zinc intake (4.5 mg/day) with no apparent adverse effe;ts.

Some workers have found pronounced changes in the zinc content of
tissues and the metabolism of zinc associated with alcohol ingestion,
whilst others have found lesser effects (DREQSTI 1984 (review)). Chronic
effects of alcchal on zing metabolism are howsver more likely to be
associated with severe liver damage.

Additional factors, perhaps rnot apparently concerned with such

mechanisms can have profound influences on the interactions (Table 1.8).

Table 1.6 Factors which might influence interactions between zinc
and othetr substances.
Species
Individual (?genetic)
Chemical form of the substancze
Environmental conditions
Etage of maturity
Sex
Fhysiclogical state (pregnancy, lactation, catabolism, anabolism)
Subclinical disease
Foute of exposure
Recycling of substances within the body

Substances which have been consistently reparted toc interact with zinc
ara presented in Table 1.7, Most of these interacticns fall outside the
direct scope of this thesis, and have been reviewsd or discussed thoroughly
in the indicated rzfsrences as well as in other places, e.g9. UNDERWGCD

(1977), PRASAD (197%). LEVANDER & CHENG (1930), BERGLUND (1934).



Table 1,7 Interaction of cther substancaes ﬁith zinc.

Substance Possible interaction
VITAMINS
A Alcohol (retinpl) reductase
El Decreased Bl status
increases tissue zinc
levels
Eé6 Bé6 may affect tissue

Zinc status

E Both protect against
peroxidative damage

ESSENTIAL TRACE ELEMENTS

Manganese Direct competiticn or
substitution

Copper Competition for binding
and transport sites

Iron Competetion for binding
and transport sites

Calcium Competition for binding
sitas
Selenium Involvement with

selenamathionine and
SH gqroups

TOXIC METALS

Cadmium Compatition for enzyme
and binding sites

Lead Competition for binding
sites

COTHER NUTRIENTS

Fhytate Chelation of zinc

Fibre Chelatiaon of zinc

Essential fatty Possible antioxidants
acids

Citrate Zinc chelation

Frotein Reduced zinc availability

Smith 1930

Gershoff 1948

Gershoff 1968; Iksda
et a1l 1979

Bettger &t al 1980

Wallwork ef a2l 1983;
Kirchgessner et sl 1931
Wallwork of 2/ 1983
Rama & Flanes 19g1;
Fairweather-Tate ef af

1784

Record ef al 1982c;
frasad 1979

Whanger &t z/ 19580

Samarawickrama & Webb 1977

rrazier 1981
Record et al 1932a,b

Cerclewski & Forbes 1974

Reinhald &t af 1974
Reinhold =¢ 3/ 1976

Bettger & 0’Dell 1981

Lonnerdal & Hurley 1984

Van Campen & House 1974
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DRUGS
Acetazolamide ? Carbonic anhydrase Hackman & Hurley 198la
inhibition
Alcohol Membrane lipid peroxidation Dreosti 1984
Increased excretion Lindeman ef al 1978
Corticosteroids ? Increased excretion Flynn &t al 1971
Fenicillamine Chelation and excretion Klingberg et al 1978
falicylate Mediated through Hackman & Hurley 1931b
prostaglandins
Chelation of zinc Varmann et al 1936
Thzlidomide ? Chelation of zinc Jackson & Schumacher 1979
Valproic acid ? Chelatian of zinc Hurd &¢ al 19383

1.6 AEBSORBTION AMND INTERMEDIARY METABOLISM GF ZINC

Absorbtion of zinc in rats occurs mainly from the ducdenum, jejeunum
and ileum , with very little being absorbed from the stomach or colon
{SAHAGIAN &f al 19647 METHFESSEL & SPFENCER 1%73) although FEARSGN &¢ al
(19464} provided svidence that zinc was actively transporied against a
concentration agradisnt in distal gut segments., BECKER & HGEK3TRA (1971)
were much meore eguivocal and stated that "zinc absorbtion is variable inm
axtent =znd highly dependent upon a variety of octher factors®. These other
factors included body size, lsvel of distary zinc and the pressnce of other
potentially interfsring substances. Zinc absaebtion is  also  under
hcmeostatic control. SCHWARZ & KIRCHGESSNER (1974} found the absorbtion of
6%7n by zinc-deficient rats tc be double that of control animals. WILKINS
et a2l (1972) also reported similar effects.

Serum zinc is available to and incorporated by different tissues at
different rates,. Uptake by bone and brain is relatively slow, as is its

subseguent release, thus thoss pocls are not readily available For other

tissues (MACINTOSH & LUTWAK-MANN 1972}, Liver, kidney, spleen and
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pancreatic cells have relatively high rates of zinc turnover, while the
pools in muscle and erythrocytes have a lower exchange rate. Radioactive
zinc is also rapidly transported through the placenta to the developing
fetus (BERGMAN & SOREMARK 1943).

Excretion of zinc occurs primarily via the +faeces, with lesser
proportions being lost in urine, perspiration and menstrual +luid. Much ot
the +{aecal zinc is exogenous, that is unabsorbed in the gut, and therefore
varies greatly within and between individuals. The remaindsr occurs
through ths loss of pancreatic enzymes and the sloughing off of intestinal
cells. In healthy humans, urinary loss is less than 1 mg/day, compared
with th= dietary intake of 10-13 mg (ROBINSON e 2l 19735 SPENCER =&f al
1978). Patients with kidney damage, or recovering from major sdrgery or
burns can have increased rates of urinary loss (SULLIVAN & LANKFORD 17462
FRASAD et al 1945).

SZignificant losses of zinCc can occur in  perspiration, especially in
hot weather. A normal individual in the tropics excreting 4 L/day of sweat
could lose about dmg zinc/day, although zinc-deficient subjects can exert
homeostatic zontrol over this loss (MILNE e&f¢ al 1983), and reduce thg
amount tc about 2 mg/davy (PRASAD =¢ a/ 1943}, Menstrual losses are small,
but in the short term might be of significance in a zinc-impoverishsd
individual, UNDERWOCD ¢1977) sstimates the total zinc loss during  the
menstrual pericd tg bes about 430 ug Zn, which averages cut at about 1é ug

Zn/day over the cycle, or approximately 43 ug/day during menstruation,

1.7 BIOCHEMICAL ROLES GF ZINC

The first demanstration of a zinc metallosrzyme was reported by KEILIN
t: MANN in 1940 when they showed that carbonic anhydrase contained zinc,
Since then this list has grown substantially and currently over 100 zinc
netalloenzymes from different spscies are recorded. Each of the six

categaories of enzymes nominated by the International Union of Biochemistry



(IUB) Commission on 2nZyme

metalloenzymes (Table 1.8).

Table 1.2 Zinc-metalloenzymes.a

nomenclature contain examples of

zinc

Class I - Oxidoreductases
alcohol dehydrogenase
D-lactate dehydrogenase
D-lactate cytochrome reductase
superoxide dismutase

Class II - Transferases
transcarboxylase
zspartate transcarbamylase
phosphaglucomutase
FENA polymerase
DMNA paymarase
reverse transcriptase
rnuclear poly(A)polymerase
terminal dNT transferzss
mercaptosyruvate sulphur trans-

ferase

thymidine kinase

Class II] ~ Hydrolases
alkaline phosphatase
' nucleotidase
fructose {,4-biphosphatase
phosphodiesterase (exonuclease)
phospholipase C
cyclic nuclepntide phosphodiest-

erase

nuclease
x-amylases
x-D-mannosidass
amingpeptidase
aninctripeptidase
dipeptidase
angictensin-converting enzyme
procarboxypsptidase A
procarboxypsotidase B
carbocxypeptidase A
carboxypeptidase B
carboxypeptidase (other)

DD-carbozypeptidase
Elastase

neutral protease
collagenase
aminocyclase

yeast, liver

barnacles, bacteria

y2ast

vertebrates, plants, fungi,
bacteria

P. shermanil

£. coli

yeast

whzatgerm, bacteria, viruses
sea urchin, £. cali, T4 phage
oncogenic viruses

rat liver, viruses

calf thymus

£. coli

rat liver, fetuses

mammals, bacteria

bacteria, lymphoblast, plasma
mammals

shake vencm

8., csreus

yeast

micyobes

B. subtilis

mammals, plants

mammals, fungi, bacteria

rabbit intestine

mammals, bacteria

mammals

pancreas

pancreas

vertebrates, crustacea

mammals, crustacea

mammals, crustacea, plants,
bacteria :

5. albus

P. aeruginosa

vertebrates, fumngi, bacteria

marmals, bacteria

pig kidney, micraobes



dihydropyrimidine aminchydrolase
dihydroorotase

p-lactamase II

creatininase

AMP deaminase

inorganic pyrophosphatase
nucleotide pyrophosphatase

Class IV ~ Lyases

Class V -

Cla

fructose 1,48-diphosphate aldolase

L~rhamulose-1-phosphate aldolase
carbonic anhydrase

g-aminolaevulinic acid dehydratase

glyoxalase I

Isomerases
phosghonannose isomarase
ss VI - Ligases

t-REMA synthetase
pyruvate carbozylass

bovine liver
Clastridium oroticum
B. cereus

P. putida

rabbit muscle

yeast

yeast

yeast, bacteria

£. coli

animals, plants

mammaliarn liver, erythrocytes
mammals, vyeast

yeast

£. coli, B. stcarathermophilus
yeast, bacteria
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imidazole

(2) After Vallee, 1933

Zinc 2nzymes have been subdivided

metal,
inite stoichiometry, with a
those

whereas

3lloenzymes,

h a low

ortant role in both the

h attributes can bae found in
whick has 4 zinc ions

for catalytic activity

degree

specificity are termed zinc-enzyme

the

and

and two cystinyl groups and are much less susceptible to

on the basis of their affinity

Those with high affinity where the zinc is tightly bound

of specificity are termed

ccmplexes. Zinc

enzyme alccnci  denydrogenass

Tuc of these

bound to the enzyme

or extraction with ligands (DRUHM &¢f =2/ 1947 ECKLUND &t al 1973).

zinc-detficient

reductions in activity (Table

Externsive investigations into the reponses of

tizsues have

1.9).
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structure and function of enzyme complexes.

(EC

ionhs ars

&ati

exchange

in

iranging from none to rapid

in

their metabclic pathways, thus a reduction in activity has little effect an
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cell metabolism. As the fractional rate of degradation of ditferent enzymes
varies greatly, as does their affinity for zinc, it is hardly surprising
that the responses of individual enzymes to zinc defi;iency have been so

varied.

Table 1.9 Enzymes having decresased activity dus to zinc deficiency.

Enzyme reference

Alcohel dehydrogenase Frasad & Gherleas {971

ENA polymerase Terhune & Sandstead 1972

DMA polymerase Duncan & Hurley 1978a

Alkzline phosphatase Igbal 1971, Drecsti et al 1780a

Leucine amincpeptidase Park &t al 1933

Carboxypeptidass A,B Hsu et a2/ 19646

Maltass Park et xI 1985

Lactase Fark &t al 1983

Sucrase Fark et ai 1983

Ornithine carbamoyl! transferase Rabbari & Prasad 1978

Carbonic anhydrase Ighal 1971

2?3'cyclic nuclectidase Prohaska ef al 1774

Glutamate dehydrolenase Dreosti et al 1931a

Dopamine beta hydroxylase Wenk & Stemmer 1982

Fhenyiethanolamine N-methyl Wenk & Stemmer 1982
transferass

Thyridine kinase Record & Dreosti 1977

%’ phosphokydrolass Drecsti et 2! 1%731a

1.8 ZINC IN CELL REFLICATION AND DIFFEREMTIATIGN
Althoush most studies intc the teratology of zinc deticiency have been

carried put vsing rate, other species suchk as wice (DRESETI ef¢ & 1788),

(£

nonkeys  (SWEMERTCM & HURLEY 19356) and chicksers (BELAMBERG &f s/ 17460C) chow

LI

11

ilar =ffects. The +irst rteport of & teratological wmwaternal  zinc

-
e
m

i

=]

[«

eficiency in mammals appears in 17448 when HURLEY & SWENERTON maintained
rats from weaning to maturity on diets containing @ ug Zn/g. After mating
the <females "were placed on diets complstely deficient in zinc for the
duration of pregnancy. In this study 28% of the zinc-deficient fetuses
were grossly malformed and growth retarded. In subseguent studies this

group demonstrated not only that the period of zinc deprivation could be
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commenced at the time of conception (HURLEY ef af 1971), but that
relatively short periods of zinc deficiency (4 days) around the time of
organogenesis could induce lasting malformations (HURLEY & SHRADER 1972).
Studies by other workers (e.9. MILLS &¢ al 19497 WARKANY & PETERING 1972;
VOINICK & HURLEY 1977; HICKORY eof al 19795 RUTH & GOLDSMITH 1981; RUBINSON
& HURLEY 1981(a,b); RECORD e# a!l 1985b,c,d,1786,this thesis) have contirmed
and extended these observations te show that all organ systems can be
affected both biochemically and morpholeogically, even to the esxtent of
demcnstrating that 3 days of maternal dietary deficiency affected
pre-implantation smbryos (HURLEY & SHRADER, 1775).

Histolpogical sxaminaticn of malformed fetuses (DIAMGND & HURLEY 17703
HURLEY & SHRADER 1%72; WARKANY & FETERING 1972) and autoradicgraphic
studies (SWENERTON =¢ a/ 194%9; ECKHERT & HURLEY 1977) have nclt reported any
cellular or sub-cellular changes due to zinc deficiency, however it was
reported (SWENERTON =¢ &/ 194897 HURLEY & SHRADER 1972 ECKHERT & HURLEY

1?77} that there was an increased number of mitotic figures in certain

~
-

issues suggesting that cells were being blocked in mitosis and failing to
cemplete c=ll divisicn. Whilst confirming Gthese earlier cbssrvations,
studies conducted as part cof this thesis suggest there iz not a specitic
inkibition of mitosis,

Thers kave bzen numerous attempts to distinguish between reduced rates

=}

~tn

incrzass of cell number and cell size (MACAPINLAC &t &/ 19485 WILLIAMS &

)

CHESTER: 19707 HSU &t al [94%), Most studies of this type have involved
labelling newly synthesised DMA, RNA or protein with a suitable radiocactive
precuyrsor, followed by subseguent detesrmination of the specific activity of
the product (HSU &f a/ [%6%; SWENERTGON & HURLEY 17695 GREY & DREGCSTI 1772;
FERNANDEZ-MADRID ef &/ 1973} DUNCAN & DREOSTI 1973,1974; ECKHERT & HURLEY
19775 DREOSTI =¢ al 1980a; RECORD 1980).

In general, studies on the concentration of DNA in organs of

zinc-deficient animals have failed to find any real differences (WILLIAMS &
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CHESTERS 1970; McKENZIE of a/ 1975; RECORD 19805 RECORD &¢f al 1980a)
howaver this is not unequivocal as other groups (e.g. HIRSCH & HURLEY 1978)
have found reduced concentrations as well as total levels of DNA in
zinc-deficient rat embryos. Several groups of workers (PRASAD & OBERLEAS
1974; DREOSTI & HURLEY 1973; DUNCAN & HURLEY 1978a; RECORD & DREGSTI 1979;
RECCRD 1980) have reported decreased activities of thymidine kinase and DNA

polymerass in zinc-dsficient fetal tissues., Whilst the latter enzyme is

e

essential for DNA synthesis, the role of thymidine kinase is not well

(]

understood. Although the snzyme is synthesised in response to a mitogenic
etimulus, the product, TMP, can be synthesised either d= nmove +rom dUMP or

by ths

Ui

alvages pathway +rom endogenous thymidine. Studies from  thic
laboratory (RECORD 1980; RECORD &f a2/ 1980b: DREQSTI &f =27 [9285a) hkava
indicated that in zinc-deficient fetal =a% liver. tre “artrihutionr of the
galvage pcathwav to DNA svathesiz dozlired by the same amount as the‘de
rove path (70%), whar23s in the brain, the toctal DMNA synthesis decreased by
40%, and the contributions of the salvags and de nove paths declined by 70%

and 1&% respectively. It would appear thersfore that DNA synthesis is

spared in  the fetal brain relative ta ths liver and that the coatributicon

[{(]

of the salvage pathway reflects mcre reliance upon the activity of
thymidine kinase in the central nervous system. It was however observed

o . . . . .
that the 4lux of SH-thymidine increas=sd following methotrexate treatment in

both  replst

w

and  zinc-deficient animals, indicating that the activity of
thymidine kinass was not the rate limiting stezp in ithe synthesis of DMA and
suggesting that other enzymes such as DNA polymerase might be involved.

CHESTERS (1973,1732

T
[w]
—
-
(1Y
(=8
(4]
[t
Pl
i

that bath thymidine kinase and DNA
polymsrase activities are reduced by sinilar exteats in zinc-deficient
tiscues. Since thymidine monophosphate can be derived from de noveo
syrthesis, it is not obvious why a reduced thymidine kinase activity should

be linked to DNA polymerase activity. In addition, the inhibition of

3H—thymidine incorporation by lack of zinc is paralleled by a reduction in
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the number of cells whose DMA became labelled (FUJIOKA & LIEEERMAN 1944;
RUBIN 19725 SARYAN et al 1979). This suggests that such zinc-deficient
cells either synthesised DNA at a normal rate or not at all. It has been
suggested (CHESTERS 1982) that lack of zinc abolishes the establishment of
the metabolic pathways for DNA synthesis within a proportion of the cells
while the remainder develcp normally.

The patterns of r-RNA synthesised after addition of EDTA to coultured
cells by incorporation of 3H-uridine have been studied (CHESTERS 1%75).
The results suggested that synthesis of r-RNA and processing of 32-5 to
28-5% r-RNA was reduced, as was the survival of 28-5 r-RMA. SOMERS &
UMDERWCOD (1%94%) reported that the activity of RNAase was increased as a
result of zinc deficiency, which could account +or the subseguent
cheervations.

From the evidence presented above it can be argusd that reduced
cellular proliferation casnst be explained on the basis of a Jenaral
reduction of DNA or RMNA palymerase activities, but occurs at the level of
the individual cell. Studies by FALCHUK e &l (1975a,b) demcnstrated that,
in fuglena gracilis, dsplation of the zinc content af the mediuwm resulted
in arrsst of the cell in GZ. This group subsequently showsd that zinc was
also required for transition from GL to S, S to 62, and G2 to M (FALCHUK et
2l 1977}, More recently it has besr proposed that zinc icne act as a second
messenger in the process of mitogenic induction (BRUMMT =¢ al 1584).

It would therefore appear that zinc may play a role in the processes
eltering the gerstic potential of the cell and permitting the synthesis of
new shzymes and proteins.  DNA synthesis is particularly sensitive, because
the enzymes reouired for it are not constitutive, but are induced at the
appropriate stage of the czll cycle. These enzymes may however be
constitutive in permanently dividing cells, such as malignant cells and

those of the basal layers cf the cescphagus.
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1.9 HUMAN BIRTH DEFECTS AND MATERNAL ZINC STATUS

Despite the great emotional, intellectual and economic cost to
society, little is known about the cause of human congenital abnormalities
and spontaneous abortions.

Many groups of workers (Table 1.10) have implicated low maternal serum
zinc levels with spontansous abortion, congenital malformations, atonic
bleeding and excessive duraticr of parturition. Wnilst some of these
studies were carried out in the less well developed areas of the world, it
is of relzvance to note that studies in the U.5.A., Sweden, Eritain and

West Germany have shocwn similar results.

Table 1.10 Adverse pregnancy outcomes and low zinc status in humans.

Condition Refzrence
Arencephalus Damyancv & Dutz 1971
Sevar & Emanusl 1973

e
avdar &t al 1980
Stewart et al 1981
Zoltan & Jenbiins 178

n

Myelomsningeocels Jameson 17764

Epina Bitfida

Anencephalus

Exencaghalus, microcephalus
Chronic bleeding

Small-for-age

Eclampsia

Bergmann ef al 1930
Hambidge =t a2l 1973
Hurd &¢ &/ 1983
Jamason 1774

Meadows et al 1931
Crosby et al 1977
Eimmer & Thompson 1283

Fatrick et al 1982

Bassiouni &t zl 1979
Cherry et al 1931
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To illustrate the magnitude ot the problem of fetal and neonatal loss,
the author has extracted information regarding the causes of death in
Australia for the year 1983 (Australian Bureau of Statistics 1985a).
Whilst it was reported that cardiovascular problems an& malignant disease
were the causes of 73% of the 110,000 deaths, about 1% (1000} were due to
congenital anomalies and a further 0.7% to other perinatal conditions
(Table 1.11), In the same year, approximately 1600 still-births (post-22
weeks of gestation) were reported. Whilst not all of "the deaths were
attributable top congenital defects or nutritional problems, it is of
interest tec note that the incidence of perinatal deaths is greater than
that due to motor vehicle sccidents (i.e. 2.6%).

Althougsh available data on the incidence of birth defects is scant,
data compilad since 1930 =suggest that the rates of such defects in
Australia are similar to those reported throughout the world. By caliatfng
such data from various sources, it can be estimated that of every 1,000
human conceptions, eonly about 34C give rise to "normal® children (Table
1.11)., 1Irdoed if minor or major anomalies are not detected until later in

lite were to be included, this figure would be substantially largar.
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Table 1.11 Fate of 1,000 human concepticns.

Fate Mumber Number Reference
lost remaining
Fresumptive unrecognisable loss 500 300 Craft 1982
Hertig 947
Spontaneous abortion (3-23 weeks) 73 425 W.H.0. 1970
Etillbirth (post 28& wesks) g 414 A.B.5. 193Sb
Early necnatal death 4 412 Machin £275

Bauld e al 1774

Major malformations detectsd 3 404 Perinatal Statistics Lnit
at
birth ’ 1985
Mzjcor walformations detected 14 372 Lamy & Frezal 196l
by 12 morths
Hinor walformaticns detzcted 54 338 Marden &f 2 1744

at birth
Due to difficulties in obtaining information from single groups of
workers regarding each stage of development, and alsc possible differences
in definition, leccality and time of the study, the data in Table 1.1 can
only b2 regarded as approximate.
The aetiology of birth defects is largely unknown, however BECKMAN &
ERENT (1984) have estimated the rezlative contributions due to various

teratogenic stinmuli (Table 1.2},

0]
m

latively few malformations can be attributed dirsctly to some cause

.4
1]

e.9. vitamin A excess, alcohcl, specific drugs or hyperthermia stc. The
majority of cases (65%) have an unknown aeticlogy, and sven though infants
with autoscmal genetic disease e.g9. Down’s, Turner’'s syndrome or
chromaosomal abnormalities (e.g., Fragile-X) can be identified, there are few
clues as toc why such defects should occur in these infants, but not
giblings. It is exceedingly unlikely that a single nutritional deficit
such as zinc deficiency could account for even the majority of these

unexplained events, but it is possible that a deficit of this metal
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contributes to the total number of defects, and may act synergystically

with other teratogenic stimuli.

Table 1.12 Aeticlogy of human malformations?.

Suspected cause %
Autosomal genetic disease 15-20
Chromcsemal abnormalities 5

Maternal conditions
diabetes
endocrinopathies
nutrition deticiencies
drug addictions

— e e —

(3 ]

Maternal infections
Machanical deformities 1-2
Chemicals, drugs, radiation, hyperthermia {1

Unknoin
? polvygenic
7 Multifactorial
{gere-environment interactions)
7 spontanebus
? synergystic action of teratogens

43

— e

{a) After Beckman % Brent 1934

1.10 AIMS OF THIS THESIS

Decspite the substantial efforte expended in the study of the
teratogenic respanse tog zinc deficiency, many gquestions remain unanswered,
Although evidence has been presented in the past to implicats zinc
deficiency 1in all aspects of cellular replication, the development of such
abnormalities during the critical periods cf organaogenssis has received
little attenticn, The aims of tke present study were two-fold. In the
first instance it was intended to examine' the in vive and in vitra

development of zinc-deficient rat embryos during the early critical period
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of organagenesis (from day 9.5 to 11.5 of gestation) in order to 3ain
further insights into the morphclogical aberrations and associated
physiological and biochemical changes. The second aim was to examine the
influence of maternal diestary zinc deficiency prior to day 9 and between
days 11 and 20 toc further elucidate the role of zinc in the development of
the embryos and fetuses over those periocds.

Early studies describsd in this thesis were performed using embryos
grawing both f» vive and in fora and a variety of biochemical and
merphelogical  technigues were applisd. Az a result of the cbservations
obtained in these studies, further experiments were carvied out to examine
the eftfects of mnaternal dietary zinc deficiency on the subssquent
develaopnent of the fetus until day 20 and zisoc sarly development prior to
day 9. In additicn, thz cpportunity was taker to study the mouse embryo
to examine some of the effacts of zinc deprivation on the development of
this species and to compars these observaticns with those made on the rat,

In order to make this thasis more readable, the authcr has elected to
precesd 2ach series of chapters with a description of the relevant
developnental events cccurring over that period. Each chapter ends with a
discussion of the aspectzs cavered, Chapter 10 presents an overall

discussion cf tne studies, together with the conclusions which can be

Full papers, and abstracts of commumications centaining work from this

thesis which have been presented at conferences constitute Appendix I.



CHAFPTER 2

MATERIALS AND METHCDS

2.1 ANIMALS

The rats used in these studies were of the Sprague-Dawley strain which
Mas Drigiﬁally obtained from the Animal Rescurce Cesntre, Perth, Western
Australia. Animals from the original stock were randomly mwmated and
subsequent generations maintained in the facilities of CSIRG Division of
Human Mutrition, Adelaide, South Australia,

Whern reguired for ecxperimental purposes, females of the desired age
were caged cvernight with males of the sams strain. The follawing marniﬁg,
successful matinge were determined by vagiral lavage. Copulation was
presumed to have taksn place at the wmid-point of the dark cycle
{approximat=ly midnight)., Thus the day of detection of sperm was taken to
be day 0.5 of gestation. Immediately thereafter the pregnant animals were
allottsd randomly to the appropriate experimental and control groups.

Whilst on tha distary regimes, animals were housed individually in
plastic boxes eguipped with stainless steel mesh +floors to prevent
coprophagy. Glass-distilled water w#ias allgwed ad libitum, and food was
provided according to the requirements of the iadividual study.

All animal experiments were carried out within the specification of
the CSIRO/MNH&MRC  guidelinses on the wuse of animals in scientific
experiments, and received oprior approval by the appropriate ethics

committee,

2.2 DIETS

Frior tao the experimental feeding period, animals were maintained con a
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commercially available pelleted diet (PRO-RAT, Milling Industries,
Adelaide, South Australia)., Briefly, the semi-synthetic zinc-deficient and
replete diets were prepared in the laboratory as Idescribed elsewhere
(RECORD 19803RECORD et a/ 1988), Soy flour (SOYBAKE, H.J.Langdon & Co,
Melbourns, Victoria) was heated in an oven at 1050C for 1hr to inactivate
the trypsin inhibitory +actor, Suitable amounts (typically 1.3K3) uwere
then extracted for Lhr with hct 95% alcoho! prior to filtration in a
Buchnar funnel, The material was then suspended in approximately B8l of
distilled water, 13g of ELTA added and the pH adjusted to 4.5. The mixture
wias then stirred for 2hr and filterad. This process was repeated twice
more, and then the flour was washed three times with metal-free distilled
water to rewmove traces o9f EDTA. After a further extraction with
re-distilled ethancl, the resultant metal-free {flour was air-drisd and
subsequantly stored at -208C until required.

The extraction procedure reduced the zinc caontent of the flour from an
initial 40-50 wg/g to less tham 0.3 ug/g. The final protein content was
about 4é%, the remaindeir being mainly insoluble carbohydrate. The {lour

ar the dist which contaiped, cn analysis, less

=i~

was then us2d as the basis

M

than 0.5 49 Zn/g. When required, zinc {(in the form of zinc sulphate) was
finely ground with sucrose and incorporated into the diet ta a final level
of 100Qua Zn/g pricr to additiorn of the cil (RECGRLD 1980;RECSORD et =/ 19341,
All batches of the semi-synthetic diet were assayed for zinc and copper
prior to use. The cowmposition of the diet is detailed in Table Z.1.

For cemparsative purpcses, the formulaticn of the commercial and

semi-synmthetic diets ars compared with the recowmmendation of the American

Institute of Nutritiaon (National Acadeny of Sci=nces 1978).
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Table 2.1 Comparison of commercial and semi-synthetic diets with
recommendations of the National Academy of Science.

Constituent Commercial Semi-synthetic N.A.S
Frotein 23%(mixed protein) 19%(Soy) 12%(ideal)
Crude +at 3.1% 8% 5%
Digestible energy 12800 KJI/Kg 16000 KJI/Kg 13200 KJ/Kg
Crude fibre 4.8% N.D. N.5.
Eucrose N.5. 44% N.5.
Calcium 1.1% 0.5% 0.3%
Phosphorus 0.76% 1.0% 0.4%
Zinc 41 mg 100 mgb 12 mg
Copper o Mg 12 mg S mg
Iron &4 mg 120 mg 35 mg
Manganese 102 wg 28 ng 50 mg
Malybdenum 1 mg N.D. N.5.
Iodine 2 mg 7 mg 0.15 mg
Zodium chloride 0.88% 0.6% 0.05%
Magnesium 421 mg 470 mg 400 mg
Choline chlorids 700 mg 200 m3 1000 mg
Methionine 4.2 g9 2.5 9 é 9
Vitamin A 22500 IU 7200 IU 40060 1U
Thiamine 38 mg 13 mg 4 mg
Fiboflavin S mg 3 mg 3 mg
Miacin 18 mg 15 mg 20 mg
Calcium Parntothenate 20 mg 23 m3 8 mg
Fyvridaxine S mg 153 mg 4 mg
Vitamin B2 120 ug 15 ug 30 ug
Ascorbic Acid N.D. S0 ng N.5.
Vitamin D3 4000 IU 730 IU 1060 IU
Vitamin E 346 IU 40 IU 30 14U
Vitamin K 8.3 mg 12.5 mg 30 ug
Folic acid 2 ng 0.3 mg 1 mg
Biotin 110 ug 125 ug MN.5.
Inositol MN.D. 230 mg M.5.
Para-aminc benzcic acid M. D. 3 w3 N.5.
M.D.: not determined

siuhflower oil

D
M.5.! not specitiad
2 &
o ¢ zint was omitted frem the zinc-deficieant diets
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In order to ensure that no essential components were omitted from the
soy-flour based diet, growth curves were obtained for weanling rats allowed
free access to diets containing different levels of zinc for 4 weeks and
compared with the growth rates obtained +from similar animals fed the
commercial diet ad I7b6itum (Figure 2.1). The results indicated that once
supplemented with zinc, the semi-synthetic diet was adequate in this

respect, and that omission of zinc did cause a rapid cessation in growth.

.Fig. 2.1 Growth of weanling rats fed diets
containing varying levels of zinc.

1201
100 ug Zn/g
100 10 ug Zn/g
:‘é; Colony
o 80 '
®))
c
£ 5 ug Zn/g
G 60} 9
]
2
© 40
=
20 [
O ug Zn /g

1 2 3 4
Weeks on Diet.

2.3 REMBVAL OF TISSUES
At the end of the experimental period, animals were anaesthetised with

ether and blood samples collected by cardiac puncture and allowed to clot
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prior to recovery of the serum. The uteri were then exposed and removed.
In the case of post-implantation rat and mouse embryos, the uterus was cut
lengthwise with fine scissors and the decidual tissues containing the
embryos progressively removed to a petri dish containing either Hank’s
balanced salt solution (HBSS) or phosphate-buffered saline (PBS) adjusted
to pH 7.3. ' The ovaries were also removed to count the number of corpora
lutea,

Once removed from the wuteri, the decidual tissue was divided into
halves using fine stainless steel forceps under a dissecting microscaope.
The embryo was teased away from the remainder of the decidual tissue, and
the pariestal yolk sac, trcophoblast and Reichert’s membranes removed. In
the case of 9.5 day rat embryos which were to be cultured, examination and
staging was carried cut as dsscribed in Chapter 3.

Oldar (11.5d) rat and 9.5d mouse embryos were examined +or fhe
presence of blocd islets and vessels in the visceral yolk sac, and the
degree of rotation of the smbryo was noted. The visceral yolk sac was then
removed, and, if regquired, retained for protein determination. The degree
of fusicn of the allantocis with the chorion (tc form the chorioc-allantoic
placenta) was examined then this and the amnion were removed., The
crown-rump length of the embryo was determined using an eye-piece graticule
in the microscoge, the numbsr of scomite pairs counted and the embryo
examined for the presence of merphological anomaliss and photographed if
required. In order to preserve uniformity, standard scaring sheets wers
used +cr’each litter., The procedures to this peint followed similar  lines
to those suggssted by BROWN B FABRQC (1281},

Embryos thus recoverad were either stored individually at -209C for
subsegquent protein analysis, or fixsd for histalogical (LM, TEM or SEM)
examination.

In the case of the 20d fetuses, the uteri and ovaries were removed,

the number of corpora lutea determined and the number and position of both
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fetuses and resorption sites noted. After removal of the fetal membranes,
fetuses and placentae were weighed individually and the fetuses examined
for the presence of external mal+urmatinﬂs.‘ Some fetuses and their
placentae werelretained for trace element analysis whilst the remainder
were decapitated and the tody cavity opened prior to immersion in Bouin's
fixative for at least 48h. After this period, the +Fixed carcasses were
examined for the presence of internal malformations and the heads sactioned
as sugg=sted by WILSON (1%435), Representative examples of defects were

photcgraphed when they wers observed.

2.4 BICCHEMICAL ANALYSIS
2.4.1 Protein,

tmbryonic and yolk-sac proteins were determined by & modification of
the wmethad of LOWRY ef &/ (1951). Once removed from the uterus, tiss;es
were stored frozen until  an experiment had besn completed. The tissués
were then digested in a solution containing O0.G3% Teiton X-{00. in 0.14
HalH. After digastion, the protein content of egual aliguots was

d

termi

H(

ned sxactly as described by LGWRY &f &l 1931), except that the

standard {(crystalline bovine serum albumin, Sigma, 3t. Louis) was dissolved

A1l trace element éna}yses were performed cn a Perkin-Elmer HG-3GO
Atomic Absecrbtisrn Spesctrophotomster (Ferkin-Elmer, Norwalk, N.J.}. Sera
and cther fluids were diluted with glass-distillsd water and the zinc and

copper  levels determined by the direct aspiration technique (WILKINS &¢ a!

197

3]

}. Tissues, diet samples and faeces were wet-ashed in a mixture of
nitric and perchloric acids. Residues were then diluted appropriately with
glass-distilled water prior to trace element determination (RECORD 1980;

FECORD &t al 1982a).



2.5 LIGHT MICRGSCOFY.
2.5.1 Paratfin Sections.

The +ixative and staining method described by FRASER (1932) was used
throughout. Briefly, embryos were %ixed for 48h in a modified Bouin’s
fixative, dehydrated and embedded in paraffin wax. Serial sections (suM)
were then cut and mounted on slides (12 sections/slide). Alternate slides
were then stained with either cresyl viclet for observation and counting of
mitotic figures, (FRASER 1932) or with Groat’'s haematoxylin and =osin for
gensral histological examination. The results of this technique are

desribed in Chapter 5,

2.3.2 Light and Transmission Electror Microscopy.

Embryos were fixed cvernight in cold (4BC) 0.IM sodium cacodylate
buffer containing 2% paratormaldehyde and 3% glutaraldehyde adjusted to pH
7.3, The embryos were then washed once in 0.iM cacodylate buffer,
post-tixed for 1h im 1% agueous osmium tetroxide, dehydrated through a
graded series of alcohals (850% - 1CG0%) and embedded in Spurr’s resin {TAAE,
Berks, U.X.). Semi-thin (0.5 - 1.0uM) sections (Porter-Blum HTZ2-B) wére
stained with kot toluidine blue (0.025%) - borax (0.5%). Thin sections
were stained with uranyl scetate and lzad citrate pricr to examimation with

e JEOL 1095 slzctron microscops abt 40 LV (TULSI 1933).

N

2,5.2 8canning Electron Miczroscopy.

Embryos were fixed, post fixed and dehydrated in the same manner as
those destined +cor TEM studiss, but were then critical-point dried from
isp-amylacetate using carbon dioxide as the transition fluid BALZERS-UNICN,
Liechtenstein), Specimens were then mounted on aluminium stubs using
either silver dag or double-sided tape, sputter coated with gold and
palladium to thickness of either 350 or 100 nM, and examined with an ETEC

scanning electron microscope at 5 or 20 KeV.



2.6 STATISTICS,

Experimental results were evaluated by either énalysis of variance
(ANDVA) or Pearson’s correlation techniques and were carried out using
either the Statistical Package for the Social Sciences (SPSS) Version 6.0
(Nie ¢ al 1975) and the facilities available through the CSIRONET computer
network (CSIRONET, Canberra, A.C.T.) or a smaller, purpose-written package

(STATSFACK) running on an APPLE-compatible micro-computer (LINGO PC-128).

2.7 MISCELLANECUS.
Technigues pertaining to only one study or chapter are described in the

body of the thesis,



CHAPTER 3

GROWTH AND DEVELOPMENT OF ZINC-DEFICIENT RAT EMBRYOS IN VITRO

3.1 INTRODUCTION

Investigations into the adverse effects of zinc deficiency using
pregnant animals are complicated by the possible mobilisation of maternal
zinc stores, and the influence of hormonal changes, Because of these
factors many efforts have been made in recent years to use cell or tissue
preparations to study the effects of zinc deficiency in vitro. The
advantage of such a technigue would be to render it possible and
practicable to control precisely the availability of zinc, eor of other
interacting substances to the cells in guestion.

Frobably the +irst efforts in this direction were by FUJIOKA &
LIEEERMAN (1964) who demonstrated a reduced incorporation of [ZHI-thymidine
intc the DNA cf rat liver after perfusion with EDTA. FALCHUK &t aZ {1975,
1977) have uced cultures of an eukariotic organism fuglena gracilis to
study the role of zinc in cell division with some success. This particular
organism was studied becauses it was capable of growing well in a chemically
defined medium and also could be synchronised in a specitic phase of the
cell cyclie by varying the lighting conditions. Although yielding wvaluable
insights into some of the actions of zinc during the cell cycle,
extrapolation from this model to either the animal or human setting is
unhcertain.

Geveral groups (CHESTERS 1972; WILLIAMS & LOEB 1973; DUNCAN & DREGSTI
1973) have studied the transformation and replication of mitogen stimulated
lymphocytes as well as other cell lines (LIEBERMAN & QOVE 19625 RUBIN 1972
GRUMMT e¢ al 1986) in zinc-deficient media. Whilst the model also provided

a relatively easy method of obtaining growing or synchronised cells with an
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appropriate decrease in the incorporation of [3H]-thymidine into DNA, these
studies did not have the capacity to identify the effects on the developing
embryo or fetus. Possibly the only satisfactory attempt to culture embryos
in a zinc-deficient environment was reported by INIGQEZ et al (1978) who
cultured chick embryos in media from which zinc was extracted by dithizone.
Although limited in extent, this study did demonstrate that growth and
development in vitro could be adversely atfected by zinc deficiency, and
that these effects could be reversed by addition of near-physiological
levels of zinc.

For the purposes of the current study it was decided not to use this
madel, but to use the whole rat embryo culture procedure developed by NEW
et al (1966,1978), and successfully used by many other groups of workers to
study various other teratogens, This technique was felt to be of particular
relevance due to the high incidence of neural tube defects observed in zinc
deficient fetuses (HURLEY & SHRADER 1972) which arise during the times
covered by the incubation period.

These methods which have been developed over the last few years allow
early hesad-fold stage rat embryos (9.5 days) to be removed from the ﬁteri
and cultured in a wmedium compcsed of 0% rat serum with added antibiotics.
During the following 48h ot culture, the embryo undergoes development
comparable with that /in vitre (MEW &¢ al 1976). Brietly, the develcpmental
stages are as follows and are depicted diagrammatically in Figure 3.1,

After 9,5 days of gestation the embryoc is contained within a spongy
mass of decidual tissue. Surrounding the embryo  propet are the
trophoblast, parietal vyolk sac, Reichert’s membrane and the visceral yolk
sac., Within the visceral yolk sac the embryc is visible as a translucent
thickening of the yolk sac with a thinner neural groove. Above the embryo
is the amnion dividing the =99 cylinder with the allantpois visible as a
small bud. Over the next 24 hours (i/n vive or in vitra), the allantois

extends to fuse with the chorion to form the chorio-allantoic placenta.



Fig 3.1 Development of the rat embryo from day 9.5 to day 11.5.
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The embryo itselt begins to take form as the neural folds increase in
size and separate from the visceral yolk sac. The eyes and heart begin to
develop and the somites start to form. At this stage thg embryo is in a
dorsally concave position, but begins to rotate about its long axis to a
dorsally convex position as the neural tube begins to close. In the period
from day 10.5 to 11.5 rotation is completed, vitelline vessels connect the
embryo to the visceral yolk sac circulation and umbilical vessels connect
the embryo to the chorio-allantoic placenta. The neural tube has closed,
except for a small opening at the posterior end, the fore-limb buds are
visible at about the level of the tenth somite, the primitive heart is
functioning, the optic and otic vesicles are clearly defined and the
branchial bars are clearly visible.

Techniques of this type have proven valuable in studying the effects of
certain teratogens such as alcohol {(WYNTER et al 1983), acetaldehyde (POPGQ
19811, cadmium (Klein &¢ al/ 1930; RECORD e&f{ al 1932a,b), metabolic
inhibitors (WALSH & CHRISTIAN 1984; SCHMID 1985} and other fetotoxins.

The majority of such i» vitro studies have involved the addition of
potential teratogens to the incubation media, however relatively few have
attempted to use serum deprived of a growth factor. COCKROFT (1779)
successfully removed 3 range of small growth factors (ingsitocl, pantothenic
acid, folic acid) by dialysis of normal serum, and in an earlier study
STEELE =¢ al {1774) grew embryos in serum cbtained from vitamin E-deficient
rats and restored growth and development by the addition of the vitamin i»n
vitra.

In this, the first study presented in this thesis, the rat embryo
culture technique as described by NEW e¢ al (1978) was used to remove
embryos +from the influence of maternal zinc stores. The aims were to
establish whether a teratagenic zinc deficiency could be established in
vitro and by culturing normal rat embryos in zinc-deficient serum for 48h

to determine whether any developmental anomalies observed under such
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conditions reflected those observed i»n vrivo. This chapter presents in
greater detail the results of work already presented elsewhere (RECORD &t

8! 1984a,1983e).

3.2 MATERIALS AND METHODS

Virgin +female Sprague-Dawley rats (200-230g) were placed overnight
with males of the same strain. Mating was determined by vaginal smear and
was designated day 0.5 of gestation.

Animals used as embryo or serum donors were fed either a stock colony
diet (PRO-RAT diet, Milling Industries, Adelaide, 5. Australia) or a
zinc-deficient or replete diet‘prepared from EDTA-extracted soya-bean flour
(Chapter 2) from the day of mating. Animals were allowed free access to
the zinc-deficient diet, which contained less than 0.5u3 2Zn/g9. The
zinc-replete diet was prepared in the same manner, except that zincl
sulphate was added to a final level of 100ug Zn/g diet. The zinc-replete
animals received 129 fond daily, an amount based on the average daily +food
consumption of the zinc-deficient group. All animals receiving the
soya-flour-based diets were housed individually in stainless steel and
plastic cages throughout the experiment.

0n day 9.5 of gestation the dams were anaesthetised with ether and
serum samples collected for zinc determinations by flame atomic absorption
spectroscopy (WILKINS =¢ al 1972). The embiryos were remaved from the
uterus and the decidual tissue, trophcblast, parietal vyolk sac and
Reichert’s membrane were removed with fine forceps (NEW 1984). Undamaged,
early head-fold embryos wers placed in 60ml screw-capped bottles containing
3.0ml of prewarmed medium which had been equilibrated with 5% Op, 5% COp
and 90% Np. After 20h the medium was re-gassed with 20% Oz, 5% CO2 and 75%
Mp and at 40h with 40% Oz, 5% COp and 55% Nz. At the end of the 48h
incubation period, the embryos were examined for the presence o+

heart-beat, yolk-sac circulation and for morphological development (BROWN &
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FABRO 1981). Individual yolk sacs and embryos were stored frozen for
subsequent protein determination by the wmethod of LOWRY ef al (1951).

The media used in these studies consisted of 90% immediately
centrifuged, heat-inactivated pooled rat serum (STEELE & NEW 1974)
supplemented with streptomycin sulphate (&6ug/ml) and penicillin-G-sulphate
(6ug/ml), which was then made to volume with water (KLEIN &¢ al 1980).
Where appropriate, carrier-free 63Zinc (378mCi/mg Zny; Radiochemical Centre,
Amersham, UK) was added to the medium to a final specific activity of about
0.4uCi/ug. The radioactivity of the media and tissue samples uwas
determined using a Nuclear-Chicago model 1185 gamma counter. Results were

evaluated by analysis of variance.

3.3 REZULTS

The +irst phase of the study was aimed at discovering whether nurmai
embryos (i.2. cobtained from dams fed the colony diet) would grow in serum
cbtained from zinc-deficient animals. The concentration of zinc in the
zinc-deficient media, obtained as a pool from approximately 25 non-pregnant
animals fed the zinc-deficient diet for 20 days, was 0.54ug Zn/ml, less
than halt that of control cultures (Table 3.1}.

Embryos from zinc-replete dams cultured in zinc-deficient wmedia grew
and daveloped to the same extent as those cdltured in sera from
zinc-replete animals. The only major difference was a small decrease in
the protein content cf the yolk sac, It therefors appeared that sither the
7.5 day egg cylinders could maintain their growth on the stores o+ zinc
already present within the tissues, or that they were able to accumulate
sufficient zinc from the medium to continue their growth. These aspects

were explored in the next phase of the study.
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Table 3.1 Growth and development of normal embryos in zinc-deficient
and replete media?,

Medium
S e Replete Deficient
Zinc concentration (ug Zn/ml) 1.29 0.56
Mo. embryos 43 12
Embryo protein (ug) 114.6 2 5,4 114.8 £ 2,9
Somite number 22.3 2 0.4 22.8 £ 0.4
Yolk sac protein (ug) 103.0 = 3.5 89.5 = 5.4b
Abnormal vyolk sac circulation 4 2
Abncrmal rotation é ) 1
Abnormal allantoic fusion 3 0
Open nesural tubes 2 0

a: Means * SEM of the number of embryos indicated.
b &ignificantly less than control value p ¢ 0.05

In the second experiment embryos cbtained from either zinc-deficient
or replete dams were cultured in zinc-replete or deficient media. In
several incubations, extra zinc was added to the media in an attempt tox
overcome any potential growth retardation. During dissection of the 9.5
day zinc-deficient embryos it was noted that they +ell into two broad
morphelogical categories. The first group appeared normal when viewed
under the dissecting microscope (Fig. 3.Z2a). The second group were
generally smaller, and the embryonic pole of the egg cylinders were
developmentally abnormal cr retarded (Fig. 3.2b). Embrycs from any one dam
had similar characteristics, Both normal and abnormal embryos were
cultured but in order to reduce the chances of selecting immature ambtyos
only the larger and more normal of the latter group were chosen for

culture.
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Figure 3.2, a, normal 9.5 day egg cylinders removed from zinc-deficient
rats. b, grossly abnormal egg cylinders removed from other zinc-deficient
dams at the same gestational age. ¢, embryos grown from egg cylinders
similar to those in 3.2 (a). The embryos have developed normally, d,
embryos grown from egg cylinders similar to those in 3.2 (b). The embryos
are malformed in that they have failed to rotate, they are anophthalmic,
the neural tubes are open (arrowheads) and there are large fluid-+filled
vesicles on the heads (arrows). EC, ectoplacental cone; Am, amnion; E,
embryonic pole. Bar= lmm.
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As with the previous studies, zinc-replete embryas grew well in both

zinc-deticient and zinc-replete media. The apparently hormal

zinc-deticient embryos also grew well in both media (Fig. 3.2c). Those

embryos classed as abnormal at the start of the incubation were still

retarded in growth and development after d48h in culture, even in the

precence of physiological levels of zinc (Table 3.2, Fig 3.24).

Table 3.2 Growth of zinc-deficient or replete rat embryos in
zinc-deficient or replete media?.

Embryo Medium Zinc Ng. Embryo Yolk Sac Somites
Status cancen- embryos protein protein
tration {ug) {ug)
{ug Zn/ml}
Feplets Replets= 1.07 28 102,124 .9 24.2:2.4 21.420.35
Feplete Deticisnt 0,94 20 123.2:8.3b 104,.325.9 20.6%1.5
Deficient Deficient 0.54 50 111.9%24.5 £02.524.1 21,120,3
{normal)
Replete 1.07 16 122.7:5.8b 27.3%6.7 21.620.6
Deticisnt Deficient C.35 24 65,7:z.8C 76.7£3,2C 17.7:0.55\
{(abnormai)
Replete 1.07 8 51.52%.0C 50.4*5.0C 17.4%£1,4¢
e values are meansiSEM of the number of embryocs indicated

b: significantly greater than replete embryos in replete medium p < 0.03
£: signiticantly less than deficient (normal) or replete embryos p £ 0.03

Morpheological develapment of the embryos is presented in Table 3.3.
Of the abnormal 9.5 day embryes cultured for 48h, 57% had defective yolk
gac circulaticn, 24% had failed to complete rotation, the allantois had not
fused with the chorion in 52% and 57% had open neural tubes. On the heads
of several embryos there were large fluid-filled vesicles apparently
separating the endaderm and mescderm (Figure 3.2d),

The incidence of such detects in the zinc-replete embryos was minimal,
however there was a moderate increase in the number of deformities in the

more normal zinc-deficient embryos cultured in zinc-replete medium. Due to



the relatively small numbers involved the importance of this cannot be

assessed.

Table 3.3 Morphological development of zinc-deficient or replete embryos
in zinc-deficient or replete media?,

Embryo Medium No. Norma.l Normal Normal Gpen
Status Embryos Yalk sac Rotation  Allantoic Neural
Circulation Fusion Tubes
Replete Replete 28 27  (94) 21 (73) 27 (98) 1 (4)
Feplete Deficient 2 14 (20) 17 (83) 18 (0} 2 (10)
Deficient Deficient 30 50 (100} 43 {70} 446 (92) 3 (&)
{normal) Replets 14 14 (100) 14 (88) 14 (88) 4 (23)
Deficient Deficient 54 23 (43) 13 (29) 28 (52) 31 (57)
(abnormal) Raplete 8 0] (N 2 (235) 5 (43} 4 (30)

2 : pzrcentages of embryos in parentheses.

FRzdicactive 63Zinc was added to several of the latter incubations in
order to provide an estimate of the ability of the conceptus to acquire
zinc ¥rom the medium (Tabls 3.4). On the basis of the specific activity of
65Zirc  in the medium, the amcunt of zinc accumulated by the yolk-sacs and
embryos was calculated. Aside from a small reduction in the ability of the
yolk sac of the abnormal zinc-deficient embryos to accumulate zinc, the
leval of radicactivity in the zinc-deficient tissues was no different to
that of the contreols. It is, however of interest to note that the yolk sacs
accunulated approximnately twice as much zinc as the embryos (Table 3.4),
gven though the total protesin content cf the two tissues was similar (Table

2.3).
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Table 3.4 Accumulation of ©3Zinc by embryos and yolk sacs
cultured in vitra.

T e ——— - . - - - —

Embryo Medium Zinc No. Embryo Yolk sac
Status Cancentration Embryos
Feplete Replete 1.07 24 35.1 1.0 80.2 * 1.5
Deticient Deficient 0.54 24 38.2 2 1.9 80.1 * 3.%
(normal)

Replete 1.07 8 41.0 = 0.94 84.83 £ 2.9

ir

Deficient Deficient 0.34 14 34.5
(abrormal)

2.1 70.5 £ 3.7

3.4 DISCUSSION

The reasons as to why a dietary zinc deficiency can induce teratogenic
effects in vive but not in viéro are not entirely clear, but there would
appear to be some maternal effect which renders circulating zinc
vnavailable to the enmbrye. It is apparent frcm these studies that the
ability of zinc-deficient or replete embryos to acgquire sufficient zinc
from the medium is unaffectsd. From the results in Table 3.4 it can be
calculated that each conceptus accumulates approximatelv 70-80nz ni  zinac
during this period. Considering 4 embrvns cop incubatior, “thiz nazss 43t
up te 24009 of zinc are repitirsd ouvser tho 20, Faz incubation contains
Zml of medive at 2 leve) nf (ir *he zinc-deficient medium) C.36ug/ml, thus
there is 1.4ug zinc present. The growth over the 43h pericd tharefore
requires only 240/1600 i.s. about 15% of the total zinc present, or less
than 3% per zmbryo. Although the bioavailability cf the zinc pressnt  in
the serum is unknown, it can be sucgested that effects on Jgrowth are
unlikely until the zinc corcentration +alls below about 0.2ug/ml. In
addition it has since been shown (WYNTER ef &/ 1983) that in the case of
alcohol, the presence of the teratogen during the first 12h of culture is a
necessary prereguisite for a teratogenic response. Thus, ia retrospect, it

is extremely unlikely that a teratogenic zinc deficiency atfecting organs
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developing during this period could be induced within this time /7 vitro
unless the embryo already had a marginal zinc status at the time of
explantation.

It is possible however to suggest explanations for some of these
observations, some of which will be examined in Chapters 4 and 5 of this
thesis,

With the progression of zinc deficiency, zinc is lost first from the
circulating low molecular weight serum fractions such as albumin and amino
acids, but is more tightly bound by the much larger alpha-2-macrcglobulin,
(PARISI & VALLEE 1970; FRASAD & OEERLEAS 1970; PARRY 1977). Which accounts
for approximately 20% of the circulating zinc. it is possible that
Feichert’s membrane which is removed prior to culture in viére might act as
an ultra Filter 7n wviva, and exclude such large molecules from the
embrycnic environment, thus preventing their uptake and digestion by thé
visceral vyolk sac. The datza presented in Table 3.4 alsc suggest that the
yolk sac, which has first contact with zinc in the medium has a
significantly higher affinity for the metal than the embrys, and that under
conditions of zinc stress /n vivomight not be able toc meet both its  own
reguiremznts as well as those of the embryo. It is also possible that the
heat-treatment of serum which is reguired for satisfactcry embryonic
development might gzartially deraturs zinz-binding proteians rendering them
mare availabile for pinozytesis and digestion by ths visceral yGik sac

y encouhiered

o

{MZORE et 5! 1977} and allowing an uptaks of zinc not noemal

It should alszc be noted that not only is Reichert’s membrane removed
prior to culturs, but also the parietal yolk sacy trophoblast and the
decidual tissue are all present in vive. As each of these tissues, as well
as the wuterus is growing, there is a positive reguirement for zinc.
Although zinc reguirements of the uterus are met by the dam’s circulation,

passage of the maternal blood through the peri-embryonic sinuses is slow,
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and the uterine fl#id which is the sole source of nutrients for the
developing embryo must pass through these tissues (BECK 1931), It is
possible that during an in vive zinc deficiency, the flux of zinc into the
region might not be sufficient to meet the demands of both embryonic and
extra-embryonic tissues. By centrast, the embryo in culture is contipually
2xposed to a large volume of medium with relatively few barriers between it

and the zinc present in the medium.

3.3 CONCLUSIONS

Despite the lack of success in inducing a teratogenic zinc deficiency
in vitra, these studies have shown that some of the effects occur prior to
day 9.5 of gestation, and have provided the basis to facilitate the
investigations of abnormalities due to zinc deticiency which are discusssd

in subseguent chapters of this thesis.



CHAFPTER <

BIOLOGICAL AND MORPHOLOGICAL EFFECTS OF ZINC DEFICIENCY DURING PREGNANCY

4.1 INTRODUCTION

The purpose of the experiments reported in Chapter 3 was to remove the
maternal influence and grow rat embryos in a zinc-deficient environment
where the onset of teratogenesis could be studied. Due to the lack of
success in this respect, and the observation that some zinc-deficient
embryos were already malformed at day 9.5 of gestation, attention was
turned to the development of zinc-deficient embryos in vivo.

In the consideration of the teratogenic potential of any treatment,
whether it be a deprivation or an excess of a substance, the effect of the
treatment upon the mother must be considered. Maternal metabolism is of
particular importance when a dietary deficiency is being consider=d, as the
ability of the dam to mobilise tissue reserves of the nutrient in question
will influence the development of the embryo. Indeed, recent studies using
rats (MASTERS ef s/ 1983) and monkeys (GOLUE e¢ a! 1982; HURLEY 1985) have
provided substantial evidence to indicate that maternal catabolism
increases the availability of maternal zinc to the developing fetus, thus
compensating to some extent for a distary deficit cf the metal.

Except for serum and other body fluids, tissue zinc levels of adult
animals fed zinc-deficient diets generally do not appear to decrease unless
the deficiency extends for considerable periods of time (DREOSTI s=f al
1980b). This is probably due to the presence of the metal in stable
structural proteins or other macromolecules with slow turnover rates
(Chapter 1). Thus it would appear that, whilst the zinc-deficient animal
has large stores of zinc in such organs as liver, bone and muscle, these

reserves are largely unavailable for reutilisation by other tissues or the



developing embryo (HURLEY & SWENERTON 1971},
This chapter details studies performed on pregnant Sprague-Dawley rats
to discover any explanation for the difference in the appearance of

zinc-deficient embryos discussed in the previous chapter.

4.2 MATERIALS AND METHODS

All rats used in this study were of the Spragus-Dawley strain, bred in
the colony as described earlier. Until the commencement of the experiment
they were maintained on the coclony diet (Chapter 2) and allowed free access
to de-ionised water.

Whilst on the experimental diets {(Chapter 2), zinc-deficient rats were
housed in either stainless steel and plastic cages or in metabolism cages
of similar construction (TECHNIPLAST, Italy). Where appropriate urinary,
tascal and tissue samples were collected and zinc determinations performed
as described earlier {Chapter 2). At the 2nd of the study period the wuteri
of pregnant rats were removed and the embryos recovered and assessed as
described in Chapter 2.

The uptake of [12511-Polyvinylpyrollidone (PVP) was estimated as
described earlier (RECCRD e&¢ al 19382b). Briestly the procedure was as
follows: Visceral yolk sacs, still containing the embryos, were incubated
in 90% serum (3ml) equilibrated with 40% Oz, 5% COp, 55% Np for 30 min.
[12311-PVUP (44.6uCi/mg, M.W. 3C 000-40 000 daitons, Radiochemical Centre,
Amersham, U.K.) was addsd to the medium to a final conceatration of %ug/ml.
After 40 min incubation, the bottles were cooled rapidly in ice and the
yolk sacs washed 4 times with Sml portions of 0.9% NaCl. The yolk sacs
were then dissected free +from other embryonic tissues and counted
separately in a gamma counter (Muclear Chicago, model 1185, Des Plains,
Il1}. The protein content of each yolk sac was determined as described in
Chapter 2, As previously reported (RECORD &t al 1982b) the uptake of

[12511-PVP over this time is linear, and non-specific accumulation of the
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substrate is minimal at 40C. As pinocytosis involves the engulfment of
extracellular fluid, and any macromolecules contained within the medium,
the rate of this process was expressed as microlitres of wedium accumulated

per mg yolk-sac protein per hr (WILLIAMS &t al 1973).

4.3 RESULTS

The first experiment was designed as a preliminary study to assess the
in vive development of zinc-deficient and replete rats. All embryos were
assessed for marphological development, some were selected for TEM and LM
studies, but the majority were retained for protein estimation. Results

for the groups are presented in Table 4.1.

Table 4.1 Reproductive performance of zinc-deficient and replete dams@.

Zinc~-deficient Zinc-replete Zinc-replete
(ad 1ib fed) (restricted fed) {ad lib fed)

n 7 5 S
Maternal weight change -2.0%4,4C +21.4:4,2d N.D.
Maternal serum zinc 0.47:0, 08¢t 1.07:0.04d 1.1420. 064
Corpora lutea 14.3:0.5 15.820.7 N.D. .
Live embryos (deadb) 14.9%0,8(4) 12.221.11(2}) 10.221.81{4)
Yolk sac diameter (mm) 4,24:0,11C€ 4.4620.064d 4,.89:0,05¢€
Yolk sac protein (ug) 1468213 17325 14829
Embryo length (mm) 2.59:0,22C 3.56:0, 074 4.02:0.07®
Socmites 21.3+0,95 24,320.3d 24.3+0, 24
Embryo protein (ug) 141¢16F 242+ 254 239: 144

a: values are means * SEM of the number cof dams indicated.

b: total number of dead embryos

c-e: values in any ohe row with different superscripts are signiicantly
different p ¢ 0.095

N.D. not determined
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In the zinc-deficient group there were large variations in maternal
weight change, maternal zinc levels and embryonic size. Yolk sac diameter
was significantly reduced as a result of a maternal zinc deprivation,
however the protein content was not atfected. Embryonic growth was however
significantly reduced in terms of crown-rump length, somite number and
protein content (all p < 0.001). Further examination of parameters
affected by zinc deficiency showed some unhexpected correlations (Table

4.2},

Figure 4.1. One zinc-replete (a) and three zinc-deficient (b-d} 11.35-day
embryos taken +$rom different dams. Embryo b appears morphologically
normal embryo c has craniofacial abnormalities and an enlarged
pericardium, while embrys d has failed to rotate, has an enlarged
pericardium, open anterior neural tube and anophthalmia. Bar=lnm.

In this same series of animals there viere strong negative correlations
betweer the changes in maternal weight and the maternal serum zinc levels,
and between maternal zinc levels and both embryonic protein and length.
This was supported by a similar but non-significant relationship between
maternal serum zinc and somite number. In addition, maternal weight
changes were positively correlated with all parameters of embryonic growth
in the zinc-deficient group, but negatively correlated with the same
parameters in the zinc-replete group {although only the relationship with

somites was significant) (Table 4.2).
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Table 4.2 Correlation matrix for maternal and embryonic variables of
zinc-deficient, zinc-replete dams taken separately and together.

Maternal Live Yolk Yolk Embryo Somites Embryn
serum embryos sac sac length protei
zinc diam. protein

Maternal -Zn -.gSb .49 .44 .08 .87b . 688 .85b
Weight +Zn .64 .10 -.33 -.32 -.19 -.802 -.37
Change All .44 -.08 .41 -.03 .75b . 538 618
Maternal -Zn - -.19 -.21 -.03 -.5682 -. &7 -, 728
Serum +Zn ~ L4628 .20 -.24 . -.04 -.37 -.43
Zinc All - -.43 .65 - .04 .63b 572 .56
Live -Zn - o .22 .04 .38 -.44 . 37
Embryos +Zn . - .38 .33 .44 .36 . 20
All - - -.35 -, 08 -2 -.43 -.28
Yolk -Zn - - - . 752 61 .84b . 653
Sac +Zn - - - .35 .32b .29 .22
Diam. All - - - .47 .83C . 76C . 70C
Yolk ~Zn N - - - .42 .30 .30
Sac +Zn - N - - »46 . 708 . 74c
Protein All - - - . .31 .36 .49
Embroyo  -Zn - - - - - . 828 . ?8C
Length +Zn = N = = . .37 .44
All - - N - - - .88C . F0C
Somites -2Zn - - - - - - .8sb
+Zn - - - - - - -yt
All - - - - - - .84¢

e e . - = .

The inverse relationship between maternal weight change and the serum
zinc levels sujgested the possibility that the zinc-deficient dams might
have been utilising circulating zinc to maintain their own growth, leaving
less zinc for the developing litters. On the other hand, low serum zinc
levels were associated with larger embryos, which initially suggested that
the litters might have been draining the available pool of maternal zinc.
Evidence from the zinc-replete groups indicated less of an effect of

circulating zinc, but did suggest that embryonic growth was, to some extent



compromised by maternal growth.

It was also noted that there were large differences between individual
litters, although the differences between embryos of any one litter were
snaller. This can be seen in Table 4.3 where the cue+f{cients of variation
of embryonic protein between and within litters are compared.

Table 4.3 Co-efficient of variation between and within
litters of zinc-deficient and replete embryos.

A -

Within litters Between litters
Zinc-deficient 22.5 22.0
Zinc-replete 13.4 21.0
(restricted fed)
Zinc-replete 14.9 13.1

{ad 1lib ted)

Individual morphological abnormalities are presented in Table 4.4.
Several litters were free from malformations, i.e. defects which would have
caused intra-uterine death or substantial malformations at birth. A
further 16% had malformations which were considered minor at this stage_ Df.
development, but might have either developed into major defects later, or

been eliminated during a catch-up phase of growth.



Table 4.4. Defects in organ systems of individual
zinc-deficient litters.a

S e o o o o o o o o o o o o i o =

Rat i 2 3 4 5 6 7 TOTAL %
Total embryns 13 i9 14 15 14 14 15 104 100
Yolk-sac circulation 2 8 2 3 0 3 1 28 2?7
Allantoic function 1 13 i1 é 0 2 1 34 33
Flexion 2 17 12 ) 0 2 1 39 38
Heart 1 2 0 1 0 1 0 3 3
Caudal neural tube 0 1 6 1 0 0 0 8 8
Hind-brain 0 | 3 4 0 4 13 27 26
Mid-brain 0 2 7 4 0 4 14 31 30
Fore-brain 0 6 12 2 0 4 13 39 38
Optic vesicle 0 11 12 2 0 3 0] 28 27
Gtic vesicle 0 3 12 2 0 3 0 20 19
Fore-limbs 0 2 2 1 0 1 0 b 6
Dead 0 2 2 0 0 1 0 S S

(a) Of the 104 embryos 12% (i.e. 12) had open cranial neural tubes

The results from this phase of the study suggested that thé yolk sac
was largely unaffected by zinc deficiency. As the yolk sac accumulates
nutrients by pinocytosis, for subsequent digestion and transport of  the
materials to the developing embryo it was thought appropriate at this stage
to eliminate the possibility that the function of the yolk-sac was atfected
by zinc deficiency. Yolk sacs were obtained #rom separate groups of rats
(both zinc-deficient and replete) and incubated in either zinc-deficient,
zinc-replete or zinc-deficient serum + 2ppm zinc and the uptake of

£12511-PYP determined. The results are presented in Table 4.85.
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Table 4.5 Uptake of [12511-PVP by zinc-deficient and replete
yolk-sacs in vitro.

O ———— - ———

e L L T R ——

Zinc-deficient Zinc-replete Zinc-deficient
+ 2ug Zn/ml
Zinc-deficient
yolk-sacs 1.42£0.07 1.33£0.09 1.35%0.09
Zinc-replete
yolk-sacs 1.68%0.09b 1.47%0. 10 1.43%0.0%

(a) Values are means * SEM of 3-5 determinations per rat.
(b) Significantly greater than any other mean (p < 0.001)

There was no significant effect of maternal zinc deficiency on the
ability of the yolk sac to accumulate nutrients by pinocytosis, which is
thought to be the rate-limiting step of embryonic nutrition (WILLIAMS ef
&l 19765 MOORE et al 1978). The increased rate of pinocytosis of the
zinc-replete yolk sacs in the zinc-deficient medium was not expected and
cannot be explained, save to note that 92.5d zinc-replete embryos cultured
in zinc-deticient media also grew better than those cultured in
zinc-replete media (Chapter 3).

In order to discover the reasons for the variability between the
zZinc-deficient litters, several other studies were carried out.

In the first of these, pregnant rats were confined to metabolism cages
for the first 11 days of gestation, and fed either the zinc-deficient diet
ad lib, or the zinc-replete diet at the average daily quantity consumed by
the zinc-deficient group. Food intakes, maternal weight, urinary and
faecal gquantities as well as zinc balance were monitored for the whole
period. At sacrifice, after 11.5 days gestation, embryos were removed from
the uteri for morphological and biochemical examination and serum trace
element levels determined. The average food intake was 11.é9/day, although

this fluctuated extensively (Fig 4.2).



Fig 4.2 Voluntary food intakes of individual pregnant rats fed zinc—deficient diets.
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Maternal weight also fluctuated on a daily basis, in line with the
alterations in both dietary intake and faecal and urinary output. The
average weight gain in the zinc-replete group (allowed a constant {29
food/day) was 199, wherease the average weight change iﬁ the zinc-deficient
group was only +35g, although this varied between -149 and +209.

Faecal zinc concentration declined throughout the experimental period
in the zinc-deficient animals, but the urinary zinc excretion remained
relatively constant. In contrast, possibly due to altered biopavailability,
the +aecal =zinc concentration in the contrpl animals increased once they
were placed on the soya-bean based diet. Calculation of the total zinc
output showed that the zinc-deficient 9group were in a nhegative zinc
balance, whereas the zinc-replete group were in positive balance throughout

the study period (Table 4.,4).

Table 4.6 11-Day zinc balance for zinc-deficient (ad 1lib fed)
and replete (restricted fed) pregnant rats.2

Dietary Weight Total food Faecal Urinary Balance2
zinc change consumption zinc < zinc (ug)
{ug/g) (g) output putput
{ug) {ug)
¢ 0.5 1.8*5.46 12926.4 1177£199 53.823 ~-1167:200
100 18.7%3.0 132 10720:514 66.8%4.4 2414:514

a: Based on dietary zinc contents of 0.5ug9 Zn/9 and 100ug 2Zn/g respectively.

As with the previous study, there was a profound effect of maternal

zinc deficiency on both embryonic size and development (Table 4.7).
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Table 4.7 Reproductive performance of zinc-deficient and zinc-replete
{restricted-fed) dams confined to metabolic cagesa,
Zinc-deficient Zinc-replete
{restricted-fed)

S ————————— e e et e et

Maternal serum zinc (ug/ml) 0.63:0,.11C 1.07£0.03

Live embryos (total dead)

13.420,7 (5)b

10.8:1.1 (0)b

Yolk sac diameter (mm) 4,.33:0.0%F 4.64:0.03
Yolk sac protein(ug) 12324C 2049
Embryo Length (mm) 3.13%0.25C 3.82:0.08
Somites 21.1z21,1C 24.4:0.2
Embryo protein (ug) 205:21cC 34518

a: Values are means:SEM of the number of dams indicated.
: Total number of dead embryos.
c: Signiticantly less than zinc-replete values p ¢ 0.03

In this study there was also a small decrease in yolk sac size (both
diameter and protein content), although the effect on the embryo was not as
pronounced as that observed earlier. The type and distribution of the
malformations noted in these embryos was also similar to the previous stu&y
(Table 4.8). Of the {12 zinc-deficient embryos examined, 38 (34%) were
either dead or malformed. Only two of the zinc-replete embryos (3%) showed

any sign of dismorphagenesis.



Table 4.8. Detfects in organ systems of zinc-deficient embryos
{(experiment 2).

e

No. with defect total %
Rat no. 1 2 3 4 S b 7 8
Yolk sac circulation 0 0 12 0 0 1 0 1 14 13
Allantoic fusion 0 2 3 0 1 i 0 0 7 7
Flexion 0 0 1! 1 1 1 0 0 14 13
Heart 0 2 1 1 i i 0 0 6 é
Cranial neural tube 0 0 2 0 2 0 0 0 11 10
Caudal neural tube 0 0 0 0 1 0 0 0 1 1
Optic system 0 0 ) 0 1 6 0 2 14 13
Fore-limb 0 0 9 0 1 0 0 0 10 9
Total Malformed Q 3 14 1 3 7 0 3 31 29
Total live 14 11 14 12 16 11 14 15 1072 (100)

There was a strong (r = 0.91; n=8; p { 0.0001) negative correlation
between the serum zinc levels on the day the zinc-deficient dams were
killed with the food intake over the previous night (Fig 4.3). There was
little correlation between the serum zinc levels and food intake for the
period 72-48h before killing, but the earlier 24h +ood consumption was
directly correlated (Fig. 4.3). It was also apparent that there was an
inverse relationship between serum zinc levels and the size of the embryos
when they were removed from the uterus after 11.5 days of gestation (Fig.
4.4).

In order to ascertain that the correlation between serum zinc levels
and dietary intake was not artefactual, the study was repéated using
non-pregnant animals. As with the first group, the relationship was highly
significant (r=-0.97; n=16; p < 0.0001) ( Fig 4.5). The serum copper
concentrations showed no relationship to the dietary intake or the zinc

levels.



Fig. 4.3 C.o_'rre!ation of serum zinc levels with food consumption
on various nights prior to bleeding.
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Fig. 4.4 Relationships between maternal serum zinc levels
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Fig. 45 Correlation between intakes of zinc—deficient diet
and serum zinc levels.
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The next study was aimed at determining whether the serum zinc level

of zinc-deficient animals could be manipulated by dietary control after 11
days on the diet. In this experiment animals were divided intp three
groups. One was fed the zinc-replete diet on an ad lib basis for 1t
nights. The second group (of zinc-deficient animals) was fasted on the
10th night and allowed food ad 1ib on the l1th, but the last group (also
zinc-deficient) was fasted on the 1lth night (prior to bleeding). Zinc and
copper levels were determined on serum samples obtained the next morning

{(Table 4.9).

Table 4.9 Serum zinc and copper levels of animals after
i1 days of dietary treatment.a

e -

Group n Serum zinc Serum copper
(ug/ml) {ug/ml)
Zinc-replete & 1.60%0.08 1.69%0.06b
(ad 1lib)
Zinc-deficient 6 0.66%0. 06b 2.17:0.14

(fasted night 10,
fed night 11)

Zinc-deficient 4 1.3820.06 1.97:20.10

(fed night 10,
fasted night 11)

T - -

{a) values are means*SEM of the number of animals indicated.
(b) significantly less than other groups. p<{0.005

The results suggested that serum zinc levels could be controlled (to a
certain extent) by dietary manipulation, and that it would be practicable
to regulate the serum zinc levels by dietary means alone.

Further studies were undertaken to confirm the report by WILKINS et
al (1972) as to the rapidity with which low serum zinc could be induced.
Animals were allowed 209 of either the zinc-deficient or replete diet on

the first night. Half of each group was fasted on the next night whilst
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the other half received 209 of the appropriate diet., Animals fed the
replete diet, as well as the zinc-deficient animals which were fasted had
normal serum zinc levels on the next day. Those which received 209 of
zinc-deficient diet had, however, significantly reduce& levels of serum

zinc (Table 4.10).

Table 4.10 Response of serum zinc to short-term feeding and fasting?,

-.---.-..——..-—.....—._...--—..-—-....-—--—-....--.......—...—-.....—.._--...—-....---.-——..-—_—-—-._--....—.....—

Diet Serum zinc Serum copper
ist night 2nd night (ug/ml) {ug/ml)
+Zn +Zn 1.45:20.06 1.7020.02
+Zn o] 1.4520.06 1.2120.03
-Zn -Zn 0.8820.07 1.4420.07
-Zn 0 1.5020.05 1.8220.10

- - ._—.....-..--.-—---——-._-_-.--.-.—-—---.-....---._—.....--._—.-_--.....——.._—-..._.—__..-.._._-._--..-

(a) Values are means*SEM of 4 animals per group.
(b) Significantly less than other groups p<0.00S.

In this experiment alone the serum copper levels also declined along
with the zinc. The explanation of this phenomena is uncertain. The results
suggested that serum zinc levels could be controlled (to a certain extent)
by dietary wmanipulation, and that it would be practicable to regulate the
serum zinc levels by controlling the food intakes. Accordingly two other
studies on pregnant animals were carried out. In the +irst, zinc-deficient
{and replete) animals were placed on a dietary regime which was identical
to that followed by the dam showing the greatest degree of teratology in
the previous study (Fig. 4.2c). Cresyl red (a faecal marker) was added to
the first two days’ food to allow faeces generated from the colony diet to
be distinguished from those derived from the semi—synthetic diet. Animals

were housed in metabolism cages and faecal samples collected daily, the
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"colony-diet faeces® being collected separately from those from the soy

diet.
All animals were in a negative balance throughout the experiment. Qver

the 11 days the average loss was 800:50ug of zinc. Faecal zinc

concentrations dropped rapidly from a mean of about 273ug Zn/9 wet weight

to a minimum of 1%ug Zn/g. As with the first study, the faecal zinc

concentration paralleled the tood intake to a certain extent (Table 4.11),

The maternal serum zinc levels at the end of the experiment were

normal (1.30220,03ug Zn/ml) yet embryonic development was poor and the

incidence of teratology high (data not shown).

Table 4.11 Food intake, faecal output and zinc excretion of
cyclically fed zinc-deficient dams.2
Day of Food Faecal Zinc Zinc
study intake weight excretion concentration
(g) {(g9) (ug) fug/qg)
1 16.820.59 Colony (8) 1.29:0.41 269.4244.5 271.2236
Deficient (5) 1.28:0.25 125.4:16.4 106.5:12.3
2 16,5%0.346 Colony (3) 0.63:0.26 178.7:69.0 287.2:9.2
Deticient (8) 1.54:0,20 104.5:21.5 91.3£29.6
3 S5.020.03 1.43:£0.32 S5l.1218.5 35.726.7
4 16.4:0.07 2.00:0,23 3%7.4%11.1 29.123.3
S 17.6%0.58 1.6:0,264 29.623,2 20.2%1.8
b 3.120.02 0.26:0.19 19.523.7 20.%%1.1
7 1.420.03 0.43:0.11 11.522.8 18.624,2
& 15.020.04 2.04:0, 18 92.6%6.9 31.522.6
4 13.620,15 1.71:0.30 30.922.2 18.9£2.3
10 4.420.07 1.01¢0.22 22.3:5.9 19.3:22.1
11 1.820.17 1.23:0.09 5.6%2.8 30.127.0

- ..._-.-..---__—--..———--.—-—_—-..—-—-.--—._—....-——..-—-...---——-

-
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The studies conducted thus far suggested that the teratogenic effect

of zinc deficiency was not simply due to a dietary deficit of the metal,
but could be modified by the food intake. it seemed 1likely that the
specific feeding cycle o+ an individual rat could induce low circulating
maternal zinc levels at critical periods of organogenesis, thus producing a

preponderance of specific malformations.

In the next study it was decided to examine more thoroughly the effect
of cyclical feeding on pregnant dams. Accordingly a total of 25 dams were
allotted to one of 4 groups at random. Group 1 (8 dams) was fed the
zinc-deficient diet in a similar pattern to that which was followed by the
dam which had the most severely affected litter (Fig 4.4a). Group 2 dams
(4) were fed to the same schedule but allowed zinc-replete diet. Group '3
animals (9) were fed to a schedule designed to be the inverse of the first
cycle and were paired with Group 4 (4 dams) fed the zinc-replete diet (Fig
4.6b). After 11.5 days gestation the dams were killed and the embryos
removed for examination as described earlier. The results are p?esented in

Tables 4.12 and 4.13.

Fig. 4.6 Feeding regime of zinc—deficient and replete dams.
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Table 4.12 Growth and development of zinc-deficient and replete rat
embryos from cyclically fed dams.

-

- —

No. dams with total

resorptions

Maternal serum zinc
(ug Zn/ml)

Total no. embryos
Dead embryos (%)

Live embryos/dam

Mal formed embryos
Yolk sac protein (ug)
Crown-rump length (mm)
Somite no.

Embryo protein

Group 1
deficient

0/8

1.1320.04
103
4
13.120.7
67
16112
1.5620.062
17.4:0.52

1282292

Group 2
replete

0/4

1.0420.05
42
0
10.5¢1.4
2
145213
3.67%0.08
23.720.2

2147

Group 3
deticient

———

479

0.5020, 062
76
6
8.3:2.92
2
14424
2.5320, 102
21.8:0,32

1752132

Group 4
replete

- - -

0/4

1.06:0.03

92

4

12.320.7

2

172:13

3.6220.10

23.4:0.4

2316

S - —

a: Signiticantly less than respective control value p ¢ 0.05

Table 4.13

Detects in organ systems of 11.5 day embryos obtained

from cyclically fed zinc-deticient or replete dams.2

Total live embryos

Yolk sac circulation
Allantoic fusion
Rotation

Open cranial neural tube

Anophthalmia
Heart
Fore-1limbs

29

29
27
St
32
21
10
26

Group 2 Group 3 Group 4
42 70 48
2.3 1. 1.9
2.3 1. 1.9
4.4 1, 1.9
0 1. 0
0 1. 0
0 1. 0
0 1. 3.8

T e - ———— -

a: percentage of embryos atfected.

These results showed that high intakes of zinc-deficient diets on days

8 and 9 of gestation (Group 1) increased the degree of

the litters,

and also increased the rate of malformations.

uniformity between

Specifically,
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the total malformation rate (including embryonic death) was about 70%, with
32% of the embryos having open neural tubes. Embryonic growth, as judged
by crown-rump length, somite number and protein content was greatly reduced
in this group as compared to the pair-fed controls (Grdup 2). Even though
the embryos were grossly undersized and malformed, the maternal serum zinc
level was normal.

There was also a high incidence of total embryonic loss in the
zinc-deficient group fed higher amounts of the diet on days &6 and 7 of
gestation. The remaining litters were morphologically normal, although
slightly growth retarded.

A further short study was undertaken to discaver whether the zinc
levels in the uteri, embryos and other tissues of cyclically +fed
zinc-deficient dams were substantially altered after 9.5 days gestation.
These results are presented in Table 4.14.

The zinc-deficient dams failed to gain weight and the concentrations
of zinc in serum, kidney, and the products of conception (embryos plus
decidual tissue) were significantly lower than either the pair-fed or ad
lib +ed control group. Uterine zinc content was lower, but not
signiticantly so, due to the large variation in one of the control groups

(Table 4.14).
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Table 4.14 Zinc concentration in tissues of pregnant rats fed
zinc-deficient diets in a cyclical manner for 2.5 days.

- ——— . - -

Group

S Deficient Replete Replete

(cycled) (ad 1lib)
Weight change (g) -0.526,82 92.321.7 34.0:2.0
Serum zinc (ug/ml) 0.4520.062 1.1720.03 1.0720.05
Conceptus weight (mg) 35:2 403 404
Conceptus zinc (ug Zn/g) 12.920,32 16.2%0.3 16.3%20.4
ug Zn/conceptus 0.457:0.0452  0.645%0.061 0.62720.051
Uterus (ug Zn/9g) 12.120.3 14.9%1.8 14.120.5
Liver (ug Zn/q) 24.6%1.1 27.321.2 28.220.3
Kidney 19.10,32 24.2:0.7 24,7:0.8
Bone 16213 16026 170:%
Muscle 12.222.0 13.122.0 10.621.0

e e T I T S S S SRS ——

a: Significantly less than either control p € 0.05

4.4 DISCUSSION

The In vive studies reported in this chapter not only provide
explanations for and contfirmation of some of the observations reported in
Chapter 3, but are also pertinent to findings by other workers.

The fact that a dietary zinc deficiency can be established rapidly is
well documented (DREOSTI &¢ al 19485 WILKINS et al 19723 HURLEY et al
1282). It is not therefore surprising that after only a +ew days of
dietary zinc deprivation, there will be little circulating zinc available
for the developing embryo. Indeed it has been demonstrated (HURLEY &
SHRADER 1975) that a maternal zinc deficiency can have serious consequences
after only three or four days.

These facts are complicated by the observation that zinc-deficient

rats have a cyclical feeding pattern with a period of about 4 days
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(CHESTERS & QUARTERMAN 1970; WILLIAMS & MILLS 19705 GRIFFITH & ALEXANDER
19727 CHESTERS & WILL 1973; WALLWORK et al 1981,1982;WALLWORK & SANDSTEAD
1983). Reports relating the cyclical feeding pattern to changes in serum
zinc concentratipa are, however, infrequent. CHESTéRS & WILL (1973)
reported a high correlation between the dietary intake of a zinc-deficient
animal and the serum zinc concentrations on the following day. WALLWORK et
al (1981) also noted that animals at the high point of the +feeding cycle
had significantly lower serum zinc levels than those in the anorexia phase.
This aspect has been expanded upon in this thesis and in associated
publications (RECORD ef{ al 1935b,c,d,e,1986; DREOSTI ef a/ 1985a).
| A study by MASTERS e? al (1983) produced the first indication that the
tfeeding/fasting cycle might be important in the fetal response to zinc
deficiency when they noted that the incidence and severity of teratogenic
malformations in zinc-deficient rats was enhanced when the dams were
force-ted zinc-deticient diet to maintain their food intake during the
latter part of pregnancy. Conversely zinc-deficient rats which were fasted
tended to have more normal fetuses. These results were attributed to an
increase in maternal catabolism during the +fasting state, leading to a
release of zinc from tissue stores (HURLEY 1985). In the force-fed animals
maternal catabolism was increased, leading to a depletion of the serum zinc
levels,

From the studies reported in this chapter it is apparent that
zinc-deficient dams regulate their food intake for some as yet undefined
reasaon. During this time large fluctuations occur in the the serum zinc
levels, probably as a result of changes in the maternal
anabolism/catabolism (GIUGLIANO & MILLWARD, 1983,1984). Thus it can be
suggested that while the dam restricts her food intake, zinc is released
from maternal stores, and is available to the embryo or fetus. When the
dam returns to an anabolic state and increases her food intake, the serum

zinc levels fall resulting in a reduced availability of zinc to the fetus.
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In this way, production of specific malformations are linked intimately to
the feeding and fasting stages of the cycle.

It would seem that animals with a high food intake on days é and 7 of
gestation (and hence low serum zinc levels) had a significant loss of
embryos without evidence of implantation having occurred. I+ the feeding
phase was delayed until days 8 and 9 (that is, the beginning of the
organogenesis phase) when the embryo is most susceptible to teratogenic
stimuli (BEAUDOIN 1979) then multiple gross abnormalities were produced
which probably would have resulted in intra-uterine death. This could be
of major significance when the defects involved included one or more
defects such as open neural tubes, failure to rotate or failure of the
allantois to fuse with the chorion to form the chorio-allantoic placenta.

It was also notable that, as was the case in the studies reported in
Chapter 3, the yolk sac size was relatively unaftfected by maternal zinc
deficiency. Indeed the smallest group of zinc deficient yolk sacs contained
only 16% less protein than the equivalent controls (Tables 4.7 and 4.13),
whereas the embryonic protein content was reduced by 40%. Yolk sac function
{as measured by [12511-PVP uptake was also unaffected. These observations
lend further support to the hypothesis that the yolk sac removes zinc from
the wuterine fluid, but retains the metal at the expense of the embryo, and
furthermore provides evidence to refute any notion that the yolk sac is

involved in this teratological response.

4,5 CONCLUSIONS.

In this study it is probable that, during the feeding cycle,
zinc-deficient animéls alternate between a fasting, catabolic state when
maternal tissues release zinc into the serum, and a feeding, anabolic state
accompanied by a nett uptake of zinc from the serum to the maternal
tissues.

I+ allowed to continue their pregnancy, each dam would undergo 4 or S5
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waves of low serum zinc, each exerting its influence on the developmental
events occurring at that time, and so contribute to the wide range of
deformities observed near term. These aspects uil} be discussed in

Chapters 6 and 7.



CHAPTER S

HISTOLOGICAL APPEARANCE OF ZINC-DEFICIENT EﬁhRYOS

3.1 INTRODUCTION

Despite the large number of studies conducted into the teratogenic
effects of a wmaternal dietary zinc deficiency, there there have been few
reports of any histopathological changes in embryonic or fetal tissues. In
the majority of studies <(e.g9. DIAMOND & HURLEY 1970; WARKANY & PETERING
1972; HURLEY & SHRADER 1972; ECKHERT & HURLEY 1977) examination of
zinc-deficient embryos and fetuses +$rom day 12 to day 20 of gestation
showed nnly_reflectiuns of the gross morphological abnormalities. It was
reported, however, that despite the reduced labelling of cells by
[3H]-thymidine, there was an apparent increase in the mitotic index of
zinc-deficient embryonic tissue (HURLEY & SHRADER 1%72; ECKHERT & HURLEY
1977), leading to the proposal that the primary effect of zinc deprivatjun
was to cause a blockage in mitosis; and a disruption of the order of cell
division resulting in the observed terata.

Other studies have haowever shown cellular and subcellular
abnormalities in zinc-deficient three and four day old embryos (HURLEY &
SHRADER 1975) and a reduction of cell density in regions of the hippocampi
of 20-day fetal rats (DREOSTI & FRASER 1984). 1In studies on other tissues
and species, subcellular changes due to zinc deficiency have been observed
repeatedly. These include chromosomal abnormalities in sperm and ova
(WATANABE. e¢ a/ 1983), testicular atrophy (DIAMOND & HURLEY 1920),
apoptosis in the intestine (ELMES 1977; KOO & TURK 19727 ELMES & JONES
1980) and pancreas( FELL o¢ a/ 1973; KOD & TURK 1977).

In accordance with the aims of this thesis, embryos collected +from

studies reported earlier, as well as those from specifically designed
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histooatholaogical studies have been examined at the level of the light
microscope (LM) and also using transmission (TEM) and scanning electron

microscope (SEM) techniques.

5.2 MATERIALS AND METHODS.

All methods of animal husbandry, diet preparation and tissue recovery
and preparation have been described earlier. Where required, animals were
cyclically fed to the schedules depicted in Figures 35.1a,b, and embryos
were removed at 9.9, 10.5 or 11.3 days of gestation. Embryos taken for LM
studies were fixed and stained according to the method of FRASER (1932) as
detailed in Chapter 2. Sections were stained with both cresyl violet to
enhance the mitotic figures and haemotoxylin and eosin to aid cytological
assessment. Semithin sections (lum) were also taken prior to TEM studies
and also used for LM observations, |

Fig. 5.1 Feeding regime of zinc—deficient and replete dams:
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.3 RESULTS.

In the first study, embryos were removed from zinc-deficient( ad
libland zinc-replete (restricted-fed) dams after 11.5wdays of gestation.
Representative embryos from each litter were processed for TEM, SEM and LM
(plastic and paraffin) observation after examination and photography under
the dissecting microscope.

Scanning electron micrography of abnormal zinc-deficient embryos
failed to reveal any major pathologies or defects not demonstrable using
light microscopy. Figure 5.2a shows a typical zinc-replete 11.5 day embryo
which has completed rotation. The neural tube has fused, the fore-limb buds
are clearly visible and the heart and brachial bars are well formed.
Figures 3.2b and c show earlier stages of development. The first of these
(Fig. 5.2b) shows a-late 10-day embryo which was at the start of rotationy
and the neural tube had fused, except for small regians at the crania; and
caudal extremities. The other embryo (Fig. 5.2c) was removed +4rom the
uterus earlier on day 10, be+uré rotation had commenced and while the
neural folds were still elevated. Figure 5.2d is is a higher power
micrograph of the cranial nsurcpore in Figure 3.2b, showing the junction
between the neuroderm and endoderm as well as the point of closure of the
neural tube,

Figure 3.3a shows a typical grossly malformed ziac-deficient 1i.9-day
enbryo which has not rotated, the allantois had not fused with the chorion
to form the checric-allantoic placenta and is clearly visible. At the time
of recovery the embryo had an enlarged pericardium (since collapsesd) and a
poorly developed head, principally in the mesencephalic region. There were
no apparent otic pits or optic placodes and only one brachial bar had
formed. Comparison of Figure 5.3a with figures 5.2a,b or ¢ shows that the
abnormalities are not merely reflections o+ a reduced rate of growth of the

embryos due to zinc deprivation,



Figure 35.2. a. Zinc-replete 11.5 day embryo. S, somite; F, fore-limb bud;
H, heart; 1,2,3, brachial bars. b. Late 10.5 day zinc-replete embryo with
an open anterior neuropore (arrow). The embryo had not completed rotation
and the fore-limb buds are not visible.P, posterior neuropore} Y, visceral
yolk sac. c. Zinc-replete early 10.% day embryo showing the cranial neural
folds (arrows) and caudal neural folds (arrowheads). The surface ot the
neural epithelium is clearly visible (N), d. Higher magnification of the
region indicated by the arrow in (b) showing the point of closure of the
neural tube. E, endoderm; N, neuroderm. Magnifications as indicated.



Figure 5.3. a. Grossly malformed 11.5 day zinc-deficient embryo showing
lack of rotation, unfused allantois (A), emlarged pericardium (H) and only
one brachial bar (1). No optic or otic vesicles were seen and the neural
tube was open (not visible). b. Point of clasure of the neural tube of a
similar. embryo, shaowing the endoderm (E) and cells budding and blebbing
into the lumen (L) from the neuroderm (M), Magnifications as indicated.
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The region at the neuroepithelial/endodermal junction at the open
neural tube of a similar embryo was photographed at a higher magnification
(Fig. 5.3b). Comparison of the micrographs in Figures 5.2d and 5.3b show
that the lumenal surface of neural epithelium of the zf&c-deficient animal
was much rougher than that of the control embryo, and instead of a smooth
border between the neuroepithelium and the eﬁdnderm s there was a ruftled

edge with cell blebbings and budding into the lumen.

In an exploratory procedure a portion of the endoderm caudal to the
position of the optic vesicle was litted o+f several embryos {(using
adhesive tape) to allow examination of the mesoderm. As can be seen in
Figure 5.4a, the mesoderm of the control embryo appears more closely packed
with cells and there are more intracellular projections and connections

than in the zinc-deficient embryo (Fig. 5.4b).

Light microscopy (paraffin sections) ot grossly mal formed
zinc-deficient embryos again reflected the abnormal morphology seen under
the dissecting microscope and the scanning electron microscope. Sections
through the cranial region of a zinc-replete 11.5d embryo (Figs. 35.95a,b)
chow an essentially smooth lumenal surface witﬁ the neurpepithelial cells
arranged in a regular pattern with mitotic cells visible at the lumenal
border. Outside the n2uroepithelium the irregqular-shaped mesodermal cells
are relatively close-packed with a dense extra-cellular fibrillar network.
Early blood vessels are also present. The deformed zinc-deficient embryos
(Figs 5.5c,d), sectioned at approximately the same region, showsed a highly
convoluted lumenal surface with evidence of cells blebbing and budding into
the neural tube lumen. The basal margin of the neural epithelium was also
convoluted in the same manner. Mitotic figures were visible in the

appropriate position along the lumenal border.
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Figure 5.4. Scanning electron micrographs of (a} cranial mesodernm of a
zinc-replete 11.5 day embryo and (b) a similar region of a zinc-deficent
embryo of the same age showing a reduction in the density and extent of the
extra-cellular $ibrillar network. c, cell bodies. Magnifications as
indicated.
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Figure 5.5. Light micrographs of the cranial regions of zinc-replete and
deficient {(abnormal) embryos. a,b. Zinc-replete embryo showing the
neuroepithelium (Ne) and a portion of the mesoderm (Me). Mitotic figures
are clearly visible at the lumen (L) of the neurcderm (MF), c,d. Section
through the open cranial neural tube of an 11.5 day zinc-reficient embryo
showing the distorton of the neural tube with cells entering the lumen
(arrows). Mitotic figures are still present (MNF). e,f. Comparable section
through a 10.5 day zinc-repl#te embryo showing a much more organised
neuroepithelium. Fraser’s cresyl violet stain, magnifications as indicated.
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The mesoderm was more sparsely populated with cells than the control
embryos, and the cells were rounded rather than irregular and. with fewer
inter-cellular projections. Again, to demonstrate that the abnormal
zinc-deficient embryos were not merely grnwth-retarded,%normal zinc-replete
10.5-day embryos were sectioned and photographed at the same level (Fig.
S.5e and +). These sections showed a highly organised cellular
arrangement, completely unlike that presented in Figures 3.5c and d.

In this phase of the study, apparently normal zinc-deficient embryos
were also sectioned (Fig. 5.4). Unlike the abnormal embryos, these showed
evidence of severe cellular changes. Dark staining inclusions were visible
in the neural epithelium in both cranial and caudal regions with major
tissue disruption producing occlusion of the caudal neural tube in some
rases. The somites, brachial bars and limb-buds were also severely

affected, although other areas of the mesoderm appeared normal.

Figure 5.6. Sections through the cranial (a) and caudal (b) regions of an
apparently normal zinc-deficient embryo showing darkly staining cells in
the neural epithelium (arrow, a), limb bud (large arrow, bl and saomite
{(small arrow, b). The caudal lumen of the neural tube is completely
pccluded (X). The asterisk indicates the rostral closure of the neural tube

where natural cell death is sometimes observed. Bar= Z5um.
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Transmission electron microscopy of these embryos showed a large
variety of cells, extrusions, inclusions and extracellular debris, some
aspects of which are illustrated in Figures 5.7 and 5.8. The #$irst three
of these micrographs (Figs. 5.7a,b,c) show regions ofwthe neural epithelium
with large extracellular spaces. The extracellular material appéared to
censist of cells and cell particles of varying size and staining intensity.
Cellular inclusions alsc ranged from light, frothy material to dense bodies
containing degenerating intracellular organelles (Fig. 5.7d),and under
higher magnification other cells showed evidence of swollen rough
endoplasnic reticulum and occasionally distended mitochondria. Many
apparently normal cells, including those undergoing mitosis contained such
debris and inclusions, thus it is probable that many of the particles were
the remains of fragmented dead cells which had been phagocytosed by healthy
cells, Similar effects were also seen in the mesoderm (Fig. 5.8). In
contrast, the only region of control (zinc-replete) embryos to show any
similar signs of cell death was the area in the mid-line of the rostral
part of the telencephalon consistent with that occurring after the fusion
of the neural tube.

Mitotic counts were performed on sections D# the cranial and caudal
rneural tubes as well as the limb-bud region of zinc-replete and
zinc-deficient rat embryos. Because the morphologically normal embryos
contained large areas of necrotic cells which on occasion appeared similar
to mitotic figures, or obscure the mitoses, only the morphologically

abnormal zinc-deficient embryos were included (Table 5.1il.
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Figure 35.7. Transmission electron micrographs of the cranial neural
ectoderm of an animal similar to that in Figure 5,6, showing what appear to
be fragments of dead cells engulfed by apparently normal ne2ighbours (a,b).
Large extra-cellular spaces are visible (¥, and $ragments ot cells also
appear in the lumen. Figure 5,.7c shows a tragment of a dead or dying cell
containing & wide variety of inclusions such as degenerating organelles
{large arrow) and swollen rough endoplasmic reticulun (small arrowl. Figure
5.7d is a higher magnification o another cell ceontaining & wide variety of
inclusions. L, lumen; M, mitotic cellj M, hnucleus. Magnifications as

indicated.
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Figure ©5.8. Transmission electron micrographs of mesodermal cells from the
cranial region of an apparently normal 11.5 day zinc-deficient embryo
showing (a) cells containing a large number of vesicles and (b) a cell
containing a large amount of flocculent material. Except for the floc,
which is similar to that shown in Figure 5.7, the cytoplasm of this cell
appears normal, unlike that in (a).
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Table S5.1. Mitotic indices of zinc-deficient and replete
11.5d rat embryos.®

——— -

Maternal serum zinc (ug/ml) 0.72:0.06b 1.08£0.03
Cranial neural tube (total cells counted) 6.820.4P(5842) 9.020.2 (5838)
Caudal neural tube (total cells counted) 8.120.65(1579) 6.920.4 (2934)

Limb-buds (total cells counted) 6.5:0.3€(37%0) 5.420.3 (4484)

& ¢ MeanstSEM of 10 zinc-deficient and 7 zinc-replete embryos
b: p < 0.005
c:p<0.05

In addition, the length of the lumenal border in both cranial and
caudal sections, and the areas of the limb-buds were determined. From
these measurements, the estimates of cell density in the neuroepithelium
{in terms of cells/1000um) were calculated, as were cell densities in the
limb-buds (cells/1000um?) (Table 5.2).

Table 5.2. Estimates of cell densities in the cranial and caudal

neuroepithelium and in the limb-buds of zinc-deficient
and replete embryos.?®

Zinc-deficient Zinc-replete
Cranial nesural tube (cells/1000um) 643267 8467125
Caudal neural tube (cells/1000um) ba6+sgb 829:28
Limb-buds {cells/1000ume) 7.68:0.42b 7.69+0,20
a : Means*SEM of 1G,zinc-deficient and 7 zinc-replete embryos.
b : p <0.09

In order to determine whether the increased mitotic index associated
with zinc deficiency arose as a result of a blockage at some specific stage
of mitosis, differential counts were performed on the mitotic +figures.

These results (Table 3.3) suggest that the ratio of prophase nuclei might



S-14
have been reversed as a result of zinc deficiency, however this difference
was hot statistically significant.

Table 5.3. Ditterential mitotic counts of zinc-deficient and replete
rat embryos.2

Frophase Metaphase Anaphase Telophase
Cranial
Replete (7) 41.622.3 43.0:2.8 8.620.5 6.8x1.3
Deficient (10) 43.3:1.5 40.8:1.3 8.820.5 7.1%0.5
Caudal
Replete (7) 41.0%1.7 42,0:3.2 10.5%1.7 6.5%1.3
Deficient (10) 43.7%:2. 6 40.3:3.2 2.0:0.6 &.0%0.8
Limb-buds
Replete (7) 41.2£3.6 42.6%2.4 4.7:0.9 11.622, 6
Deficient (10) 44,2*2,3 34.0:2,3b 6.1%20.8 13.0:1.8

o ——

8 : Mean:SEM of the number of embryos indicated
b ¢ Significantly less than control p £ 0.05
Consideration of these results, together with the other observatinné
on the induction of malformations by the imposition of specific feeding
cycles led to the hypothesis that periods of low circulating maternal zinc
levels induced by high intakes of zinc-deficient diet were capable of
inducing abnormal cellular necrosis during the ocrganogenetic period. Once
the food intake of the dam declined and levels increased due to release of
zinc from the maternal stores, cellular growth and differentiation
proceeded normally. This hypothesis was tested by feeding pregnant animals
the zinc-deficient or replete diet to the cycles depicted in Figure 5.1 to
induce minimal serum zinc levels on days 8 and % (Group A} or days 10 and
1t (Group B). Embryos were removed at 2.3, 10.5 or 11.5 days gestations
for examination by light and transmission electron microscopy to detect
cellular and subcellular anowmalies. Table 5.4 lists the food intakes of
the dams on the night before they were killed and the maternal serum zinc

concentration at the time of death.
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Table 5.4 Maternal serum zinc concentrations and food
intakes of cyclically fed dams.2

- —— - —

?.5 10.5 11.9
Groun Food  Serun  Food  Serum  Food | Serum
intake zinc intake Zinc intake zinc
{gm) {ug/ml) {gm) {ug/ml) {gm) {ug/ml)
-Zn A 14 (4) 0.37:0,2 4 (3) 0.9020.07 2 {5) 1.09%0.04
+Zn A 14 (2) 1.2720.2 4 (5) 1.0020,03 2 (4) 1.1620.04
-Zn B 5 (4) 1.28:20.1 15 (3) 0.44%0,08 13 (3) 0.36:0.04
+Zn B S (2 1.31£0,6 15 (3) 1.2720.01 15 (3) 1.17:0,05
+Zn Ad 1ibb - (3) 1.05z0.1 - (3) 1.1920.11 - (3) 1.16%0.06

a ¢ Values are means:SEM of the number of dams in parentheses
b ¢ Food intake not determined
Under the dissecting microscope, Group B zinc-deficient embryos at 9.5
days were morphologically identical to zinc-replete embryos, whereas those
from Group A had underdeveloped embryonic poles similar to those described
in Chapter 3. At 10.3 days Group A zinc-deficient embryos were smaller
than their controls and appeared developmentally retarded. Gboup B
zinc-deficient embryos on the other hand were normal although small. After
11.5 days gestation the embryos from Group A dams were still abnormal,
whereas those from Group B still appeared morphologically normal.
Microscopic exawmination of the 9.5 day embryos from group A
zinc-deficient dams showed substantial arsas of necrosis within the embryo,
but primarily in the neural folds (Fig. 5.9a). Cellular debris apparently
extruded from the neural epithelium was visible within the lumen of the €99
cylinder. Other cell types such as the mesoderm and yolk-sac endoderm
appeared relatively unaffected. Group b embryos were totally unaffected at

this stags (Fig. 5.%b).



Figure3.9. (a), transverse section through a Group A zinc-deficient 9.5 day
€99 cylinder showing cell necrosis in the folds (arrow) and extensive cell
debris in the lumen . (b}, a similar zinc-deficent Group B embryo
apparently unaffected by zinc-deficiency. (c), 10.5 day Group A
zinc-deficient embryo prior to closure of the neural tube. Large
extra-cellular spaces are visible (arrow) and some discharge of material
into the lumen is evident. (d), a similar secticn through a Group B
zinc-deticient embryo showing some apparently necrotic cells (arrow). E,
yolk sac endoderm; M, mesoderm; N, neural ectaderm; L, lumen,
Magnifications as indicated.
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Isolated foci of necrotic cells were occasionally observed in the
neural epithelium of zinc-deficient Group A empryus at 10.9 days of
gestation as well as in the mesoderm. Extracellular spaces were more
apparent in this region and cellular extrusions could be seen in the lumen
of the neural tube. Group B embryos showed limited evidence of necrosis in
the neural epithelium, although not in the mesoderm {(Figures 5.%c,d).
The histological appearance of 11.3-day embryos taken +from Group A
zinc-deficient dams was identical with the grossly malformed zinc-deficient
embryos described earlier, whilst the Group B zinc-deficient dams showed

large areas of cellular necrosis, as described earlier.

3.4 DISCUSSION

The cellular necrosis described in these zinc-deficient embryos was
more pronounced and extensive than the programmed cell death which is a
normal feature of embryonic development. At this stage (11.5d) in the
rormal rat embryo, cell death is limited to a small line of cells in the
region where the neural tube mast recently closed (SCHLUTER 1973; GEELAN &
LANGMAN 1977). The necrosis induced by zinc deficiency was widespread
throughout the neurcepithelium, somites and limb-buds as well as some other
mesodermal areas. Histologically the dead, dying cells and inclusions
appeared similar to those produced as a result of teratogens such as
cadmium (WEBSTER & MESSERLE 1930), ethanol (BANNIGAN & BURKE 1982),
ethylnitrosourea (FUJIWARA 1930) and arsenic (MORRISSY & MOTTET 1983). To
the author’s knowledge the only other reported instances of embryonic cell
necrosis due to a dietary insufficiency are limited to deficits of
riboflavin (SHEPARD 1948), vitamin A (PALLUDAN 1?44), pantothenic acid
(GIROUD &t al 1955) and folate (JOHNSON 15&4).

Mecrosis caused by a dietary zinc deficiency has previously been
described in the small intestine (ELMES 19775 ELMES & JONES 1980), the

pancreas (FELL ef al 1973} KOO & TURK 1977) and testes (UNDERWOOD & SOMERS
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196%), but not in embryonic or fetal tissue. Examination of the published
electron micrographs of these other workers suggested that the events
leading to cell death might be similar to those observed in this study.

Although it 1is premature to speculate aon thé\ reasons for the
cytotoxicity of zinc deficiency in these tissues, the histological
appearance suggests some metabolic derangement. Whether this is due to an
inability of the cells to synthesise DNA (e.g.ECKHERT & HURLEY 1977), or to
effects on the synthesis or degradation of RNA (SGMERS & UNDERWOOD 1249),
or the induction of membrane lipid peroxidation (CHVAPIL 1574) causing
membrane damage remains unclear. Some of these possibilities will be
discussed in Chapter 0.

Zinc deficiency seemed to atfect particular cells or groups of cells
in regions of the embryo undergoing especially rapid cell division, such as
the lateral portion of the rostral neural tube, and the caudal regich
(neural tube, somites, limb-buds) in the {1.5d embryos and analagous
regicns in earlier embryos. Even in severely necrotic regions of the
developing embryo occasional apparently normal cells and mitotic figures
were cbserved, suggesting either that the deficit of zinc acts at a
specific time during the cell cycle, or that some cells are able to
accumtlate and wtilise zinc released as a result of the death of a nearby
cell. Except for the increased mitotic index of the zinc-deficient tissues
which contirmsed previous observations (HURLEY & SHRADER 1972; FELL =f a!
19737 ECKHERT & HURLEY 1977), there was no evidence of a significant
increase in the proportion of cells in any stage of mitosis. Indeed it can
be sujgested that the increased rate of proliferation (at the time of high
maternal serum zinc levels) is dus to an increased availability of zinc to
the embryonic tissue and an attempt té re-establish the population of
cells, The reduced cell density in the neural epithelium is probably as a
result of the cell necrosis in the 9.5 or 10.5 day embryos’ neural +folds.

The absence of any similar reduction in cell density in the limb-buds is
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probably due to the fact that the limb-bud primordia do not start to
differentiate wuntil day 10, when the maternal serum zinc levels are
increasing.

Cell death has not been reported in even the most extensive studies of
other zinc-deficient embryos and fetuses (DIAMOND & HURLEY 1970; HURLEY &
SHRADER 19725 ECKHERT & HURLEY 1977). It is possible that in these earlier
studies, only grossly malformed embryos were selected for histological
study or that after day 11, when the placenta has become fully functional,
the ewmbryo or fetus has easier access to the relatively large pool of
circulating maternal zinc. 1In addition, after day 11 the decidual tissue,
which has a large mass compared with the embryo regresses and possibly
contributas to the nutrient requirement of the embryo. Furthermore the
growth rate of the embryo or fetus decreases with age in mid-gestation
(KOHLER &¢ al 1972), thus the proportion of cells for which extra zinc is
required declines. Although larger cell numbers are involved it is
possible that these dividing cells acquire sufficient zinc from other
guiescent cglls within the embryo to maintain their integrity. It does
appear hawever that even in older (17-day) fetuses, limited cell death can
be observed in the ependymal region of zinc-deficient fetal rat brains

(DREOSTI et &, unpublished observations).

5.5 CONCLUSICNS

From the observations in this and preceding chapters, the following
sequence of events leading to the production of cangenital anomalies
produced by zinc deficiency can be suggested. Once +$ed a zinc-deficient
diet, dams enter a cyclical feeding pattern, the exact timing of which is
influenced by poorly defined metabolic parameters. This cycle, which has a
period of about 4 days, is accompanied by inverse fluctuations in the
naternal serum zinc levels (CHESTERS & WILL 1973; RECORD et al

1985b,c,d,f,1984; Dreasti e&f al 1935). Prior to the formation of the
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chorio-allantoic placenta, at about day 11 in the rat, the embryo derives
its nutrients, including zinc, +rom the uterine fluid which is a plasma
exudate sensitive to changes in the maternal serum zinc concentration
(GALLAGHER & HURLEY 1980). During periods in which the maternal serum zinc
level is low, foci of rapidly proliferating cells underga necrosis,
possibly as a result of damage to lysosomal or other intracellular
membranes (CHVAPIL 1976) or because of an inability to replicate or
differentiate. As a result of this necrosis, neighbouring cells engulf the
debris thus producing large extracellular spaces affecting the +final
structure of the argan. The location of the necrosis, and hence the
structure affected depends on the gestational time at which the maternal
zinc level 1is minimal. When the dam enters a fasting, catabolic state,
zinc is released fraom maternal tissue stores and becomes available to the
embryo (MASTERS &t 3!/ 1983; RECORD e¢ a! 1985b,d, 1984) allowing the embryo
to resuma2 both cell division and differentiation at an increased rate
producing an elevation in the mitotic index. Material from the fragmented
cells would also become available through phagocytosis for re-utilisation
in other non-necrctic cells within the embryo, thus allowing such cells to
continue growth and differentiation.

Although cell death is not a prerequisite for a teratogenic response
such events have been reported to occur as a result of a wide range of
treatments (SCCTT 1977). It is possible that, in the case of maternal zinc
deficiency, necrosis is responsible for early effects on the embryc, but
that in later develcpment inhibition of growth or cell division is

responsible for some of the more subtle defects.
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EFFECTS OF CYCLICAL FEEDING OF ZINC-DEFICIENT DIETS FOR THE FIRST HALF OF

GESTATION OM FETAL OUTCOME IN RATS

6.1 INTRODUCTION

Frevious chapters of this thesis have described the effects of cyclical
feeding of zinc-deficient diets on the development of the rat embryo prior
to day 11.5 of gestation. Embryos exposed to low maternal serum zinc levels
on gestational days 8 and 9 were grossly malformed on day 11.3. Typical
deformities included failure of the allantois and chorion to fuse to form
the chorio-allantoic placenta, open neural tubes as well as other defects
which could prove fatal toc the developing embryo. Embryos exposed to normal
maternal zinc levels on gestational days 8 and ?, but subjected to low
levels of zinc availability on days 10 and 11 were morphologically normal
but contained large areas of necrotic cells (vide supra) in the lateral
region of the cranial neural tube, as well as in the fore-limb buds, somites
and neural tube throughout the caudal region.

The purposes of this study were firstly to assess the subsequent
development of zinc-deficient rat embryos exposed to specific feeding cycles
during the first hal¥ of gestation and allowed a commercial zinc-replets
ration until just pricr to delivery. Particular attention was paid to the
presence of vrescrption sites in an attempt to correlate the embryonic
survival at day 11 with that of day 20 fetuses. A second purpose was to
confirm, if possible, previous epidemiological (JAMESON 1974; METCOFF 1980;
McMICHAEL et al 19825 FEHILY et 2! 1984) and experimental (DREOSTI et al
1983a) associations of small-for-age babies or fetuses with higher maternal

serum zinc levels at the end of gestation.

During the period from day 1l to day 20 the embryo continues its rapid
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growth and development. Over this time the wet weight increases from less
than 3mg to in excess of 39 at day 20. Many of the external features which
have already appeared continue to develop and tbe internal organs
differentiate and become functional.

The posterior neuropore closes at about 25 somites (1! days), the lens
placodes of the eye form, Rathke’s pouch contacts the infundibulum and the
diencephalon and the hypothalamus can be distinguished. The heart continues
its development from an s-shaped tubule, and the intra-ventricular septum
forms. .In the developing kidney, the mesonephron and gonadal ridges appear
and lung buds and the liver anlage are present.

At about 13 days, or shortly after, the nasal processes fuse ventral
to the nasal pits, the medial processes fuse with the maxillary processes to
farm the upper lip, and the mandibular arches have fused to form the lower
jaw. Falatine processes appear on the maxillary arches and the primaéy
palate +forms on the frontonasal process. The mandibular processes fuse to
farm the +Floor of the mouth and the tongue bud appears. The
plevroperitoneal +old which later encloses the viscera appears, and the
Cloaca has begun to form and partition. 1In the nervous system the cerebral
hemispheres are visible, the auditory portion of the ear develops, the
metencephalon thickens in & region which will become the cerebellum.

Individual digits start to form in first the front, then the hind
limbs and skeletal cartilage appsars in the ribs at about déy 15. The
mandible starts the process of cssification and the mandibular and hyoid
cartilages merge. Externally the eyelids begin to form and hair papillae
form on the maxillary processes and trunk. Chloroid plexuses appear in the
ventricles and the lens wvesicles are completed and detach +from the
epidermis. In the circulatory system the aorta separates from the pulmonary
artery, the aortic arches adopt the adult cohnfiguration and the heart is
completely partitioned except for the foramen ovale. At this stage the

gonads become identifiable as ovaries or testes, and the cloaca becomes



divided into the urcgenital sinus and rectum.

On day 16 the digits in the fore-paws separate, with the hind paws
following a day later. Pinnae cover the ears, the eyelids fuse, papillae
appear on the tongue, the palatal shelves elevate ;nd fuse, and the
umbilical hernia is withdrawn. In the nervous system the choroidal fissure
forms, the hippocampal formation becomes distinguishable and the corpora
quadrigemina are recognizable in the mesencephalon. The renal glomeruli and
tubules are distinguished and f#luid begins to accumulate in the kidney. The
paramesonephric ducts unite to form the utero-vaginal canal. 1In the male,

the testes lie behind the bladder, the seminal vesicles appear on the walls

of the deferens and the prostatic buds appear in the urethra.

6.2 MATERIALS AND METHODS

Preparation of the diets and animal husbandry techniques were aé
described in Chapter 2. In this study pregnant Sprague-Dawley - rats
(200-2209) were randomly allotted to one or other of the treatment groups as

follows:

Group A: Zinc-replete, semi-synthetic diet ad lib throughout
gestation,

Group B! Zinc-replets, semi-synthetic diet in restricted
amounts (129/d) throughout gestation.

Group C: Zinc-deficient, semi-synthetic diet ad lib throughout
gestation.

Group DI Zinc-replete, semi-synthetic diet as in Figure 6.1a from
detection of sperm to day 11, then commercial diet ad lib.

Group E: As per Group D, but were supplied the zinc-deficient diet.

Group F: Zinc-replete, semi-synthetic diet as in Figure &.1b from
detection of sperm to day 11, then commercial diet ad lib.

Eroup G: As per Group F, but were supplied the zinc-deficient diet.
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Fig. 6.1 Feeding regime of zinc—deficient and replete dams.
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The commercial diet contained 62ug 2Zn/g and the zinc-replete and
deficient diets 100 and <0.5ug Zn/g respectively (Chapter 2).

On the 20th day of gestation dams were anaesthetised with ether, blood
samples collected by cardiac puncture for serum zinc estimation and the

uteri and ovaries removed. Each uterus was examined for the presence of
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fetuses and resorptian sites. Where possible these were counted. I+ no
such sites were visible, the ovaries were examined for the presence of
degenerating corpora lutea to confirm that the animal had been pregnant.
Surviving fetuses were weighed and examined for the presénce ot internal and
external malformations by the method of WILSON (1945).

For calculation of the results, those animals which had lost the entire
litter were excluded, except where specified. Statistics were evaluated by

analysis of variance, and where appropriate the standard Fearson correlation

was used.

6.3 RESULTS

of the dams which carried +etuses to day 20, those +fed the
zinc-deficient diet throughout gestation had significantly lower serum zinc
levels than similaF animais fed the zinc-replete diet (in either ad lib br
restricted amounts) (Table 6.1). Dietary zinc deficiency during the . first
half of pregnancy (Groups E and G) was associated with a higher maternal
serum zinc level on day 20 than éimilar ahimals fed zinc-replete dists
throughout gestation (Groups D and F).

Group C animals wvere the only group to fail to gain weight, even when
the total mass of the litter was included. Indeed when the litter mass was
discounted there was a large (approximately 235%) weight loss. The only
other agroup to show a reduced weight gain was that fed the zinc-replete diet

in restricted amounts throughout pregnancy (Group B).
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Table 6.1 Reproduction in zinc-deficient and replete pregnant rats,

Treatment No. of No. of Maternal weight Maternal serum
group rats rats with change (g) ~zinc (ug/ml)
mated live young tlitter ~lLitter
A , 4 4 - 10824 6322 0.8620.14
B é 6 J3z7a  12+¢3a 0.5620, 0528
c 8 7 -4:78. -24252 0.36:0.052
D 5 5 ?4:15 47:11% 0.85:0.05
E 2 5 10214 5%9:10 0.92:0.09
F 3 3 8034 29:24 0.8020.01
G 5 4 8313 55t 4 0.95%0.01

S S D - - - —

a: Significantly less than zinc-replete, ad lib fed group, p<0.05,

There was 1little difference in the number of implantation sités
{including animals with and without surviving fetuses) due to any dietary
treatment. The average number of surviving fetuses was significantly less
in the zinc-deticient Groups C and G, but not Group E. Fetal and placental -
weights were however significantly reduced nﬁly in Group C, as was the total
mass of the conceptuses (fetal and placental tissue).

The incidence ot gross fetal malformations ranged from 84% in Group C
(fed exclusively the zinc-deficient diet) to 45% and 37% respectively in
Groups E and G (fed zinc-deficient diet in the #irst half of gestation) to
an average of 3.7% in the combined zinc-replete groups. When the number of
resorption sites in all dams was included, %1% of the implants in Group C
were affected, 73% and 61% in Groups E and G, but only 10.6% in the control
animals. Only single defects were found in the zinc-replete groups, whereas
nultiple defects were common in those fetuses exposed to some period of

maternal zinc deficiency (Fig. 6.2).
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Figure 6.2. Representative defects observed in rat +tetuses exposed to
maternal zinc deprivation for 20 days. Fetus (a) is a normal zinc-replete
fetus; Fetus (b) has ecirudactyly, clubbed feet and a missing tailj Fetus
{c) has ectrodactyly and bilateral cheiloschisisj (d) shows an umbilical
hernia, clubbed feet and short tailj (e) shows cleft palate and () shows

hydrocephalus.
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Table 6.2 Growth and development of zinc-deficient and replete rat fetuses?,

Treatment Implant Live Fetal Placental Malformations  Total
group sites fetuses weight(g) weighti(g) No. (% live) affected
(dams) per dam ; sites
A 12.3 (40 11.3 (4) 3.36 0.52 3 (6.7) 7 (14.3)
1.0 0.9 *0.07 £0.02
B 13.2 (6) 12.35 (6) 3.07 0.44 1 11.3) 5 (6.3)
*1.5 *155 *0.08b £0.02P
c 12.1 {8) 7.9 (7) 2,14 0.36 46 (83) 88 (90¢.7)
*0.8 £1.7b £0.15b *0.02b
D 12.6 (5) 12.0 (5) 3.38 0.35 2 (3.3) 3 (7.9)
£21.2 1.5 *0.10 20.03
E 12,64 (2) 11.2 (5) 3.34 0.53 23 (49) 82 (72.6)
*0.8 2.3 0. 10 0,03
F 14.0 (3) 12.7 (3] 3.47 0.57 2 {3.3) 6 (14,3)
0.7 *1.8 *0.40 *0.06
G 12.2 (3) 7.6 (3) 3.09 0.45 14 (37) 37 (60.7)
*2.4 £2.0 £0.12b *0.05

a ¢ values are means:SEM of the number of dams with Iive young
b : significantly less than zinc-replete, ad lib fed group, p<0.05.
Comparisons were also made between the types of malformations observed
in the three groups of litters exposed to the zinc-deficient diets (Table
6.3), Detects of all organ systems examined were found in Group C litters(
Fig. &.2). Palatal and mandibular defects as well as herniations were
absent in the fetuses from Groups E and G. The incidence of tail and
urogenital defects were similar in Groups E and G, but none of the Group E
fetuses had a- or syndactyly whereas 249% of the Group G fetuses were
affected. The inciderce of brain defects was higher in Group E, although
this was largely due to the presence of mild to moderate hydrocephalus in
all 15 fetuses of one dam. The incidence of any defect in Groups E and G
was substantially less than that of Group C. These results compare well
with those reported by HURLEY & SHRADER (1972) for fetuses delivered +rom
dams fed the zinc-deficient diet for 2! days or for the first 10 and 12 days

of gestation.
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Table 6.3 Incidence of major malformations in fetuses from dams fed
zinc-deficient or replete diets.

Group +Zn c E G
Live fetuses

examined 218 53 94 38
Incidence % % % %
Micro- or

anophthalmia 0. 12.7 1.8 2.7
Erain 0. 70.9 28. 6% 15.8
Falate 0.9 47.3 0. 0.
Micro- or

agnathia 0. 14.5 0. 0.
A- or

syhdactyly 0. 20.0 0. 23.7
Club Foot 0.9 27.3 1.8 0.
Tail 1.0 47.3 14.3 13.49
Umbilical

HEI’I’Iia 0- 12-7 0- Ov
Urogenital 2.0 23.3(21) 3.6(4) 10.5

¥! Includes 15 mild-moderate hydrocephalies from 1 dam.

Correlations were also observed between the maternal serum zinc levels
of dams and various growth parameters of their litters. In Group A, the ad
1ib fed zinc-replete contro! animals, there was no apparent relationship
between maternal serum zinc levels and maternal body weight changes, litter
weight or fetal number. There were strong correlations between the littep

parameters and and maternal serum zinc in all other groups (Fig. &.3).



Rg. 6.3 Relationship between maternal serum zinc levels
at day 20 and litter growth in dams fed the zinc
deficient diet for the first half of pregnancy.
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In Group B, the zinc-replete restricted-fed animals, there also
appeared to be a significant correlation between maternal weight change and

the serum zinc level, however, this was not apparent in the other groups .

6.4 DISCUSSION

The teratological features of zinc deficiency observed in this study
agree well with those described by HURLEY & SHRADER (1972) and subsequently
by ROGERS &f al (1985) and DREOSTI e¢ al (1985). When zinc-deticient diets
were fed to rats according to different cycles for only the first 11 days of
pregnancy, marked differences were observed between the two sets of litters.
Group E dams, which were fed the zinc-deficient diet to induce low maternal
serum zinc levels on days 8 and ? of gestation had a higher incidence of
total litter resorption than either of the other two zinc-deficient groups.
This was probably due to the induction of gross, fatal wmalformations,
including absence of neural tube closure and failure of the allantois to
fuse with the chorion to form the chorio-allantoic placenta (Chapter 4;
RECORD ¢ al! 1985b,c,$;1984). The principal defect in the live fetuses of
this group involved the tail which is most sensitive to teratogenic insult
around 10.5 of gestation (BARR 1973).

The other cycled group fed the zinc-deficient diet to induce low serum
zinc levels on days 10 and 11 not only had an appreciable level of tail
abnormalities, but a high incidence of fore-limb defects. In contrast to
the other studies reported in this thesis, there did not appear to be any
loss of litters due to the period of low maternal zinc status around the
time of implantation. As expected, fetuses from dams fed the Zinc-deficient
diet ad lib throughout gestation showed a wide range of malformations which
were induced at varying developmental stages.

The results from the section of the study on the animals fed the colony
diet (containing &2ug Zn/q), as well as those from the animals +ed the

zZinc-replete diet in restricted amounts (Group B) provide strong



6-12
experimental evidence linking the number of fetuses (and the total mass of
the conceptuses) with the level of circulating maternal serum zinc.

At day 20, the normal litter of 12 fetuses contains._ approximately 800ug
of zinc (this thesis, Chapter 7), most of which is éccumulated during the
last 48h. Assuming the dam consumes 409 of food over this period, the
colony diet (62ug 2Zn/g9) would supply approximately 23500ug of zZinc.
Cbligatory urinary and +faecal losses over this period appear to be
approximately 2000ug (DREOSTI &t al 1980b; Chapter 4), thus it can be seen
that this level of dietary 2inc is marginal. Animals ted the zinc-replete
diet in restricted amounts {(12g/day o+ 100ug Zn/g) would acguire about
2400ug zinc from dietary sources. It can be suggested therefore that the
requirements of the litter are a major determinant in the level of
circulating zinc as evidenced by the strnné relationships between littgr
mass and maternal serum zinc levels. This aspect will be explored in

greater detail in Chapter 7.

6.5 CONCLUSICNS.

Even though dietary zinc deticiency was used as the teratogenic agent
in the early stages of gestation, such treatment was unlikely to have had
any prolonged effect on the zinc status of the dams, as evidenced by the
higher serum zinc levels in these dams when comparsd with the pair-fed
controls at the end of pregnancy. Indeed it would seem likely that most
agents which reduce either final litter weight or 1litter number during
gestation might have a similar effect on the maternal serum zinc status.

Although extrapolation from animal to human studies is difficult,
previous clinical studies (JAMESON 1974F McMICHAEL e¢ a/ 19823 METCOFF 1983;
FEHILY &t al 1986) have suggested that in the case of small-for-age babies,
there is also an inverse relationship between the weight of the newborn and
the maternal serum zinc concentration. It can therefore be suggested that

events in early gestation which retard embryonic or fetal growth might be
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retlected at the end of pregnancy in the smaller baby exerting less demand
on the circulating zinc pools of the mother. This effect could be of
considerable clinical significance if the mother’s. zinc intake was

marginal.



CHAFTER 7~

EFFECT OF MATERNAL AGE ON THE TERATOGENICITY OF ZINC DEFICIENCY

7.1 INTRODUCTION

In the previous chapter attention was drawn to the effect of litter
size on maternal serum zinc concentration at the end of gestation. These
observations suggested that, in the case of zinc, the metabolic stress
produced by the litter during the latter part of pregmnancy could only just
be met by the dam. Other chapters of this thesis and earlier studies
(MASTERS et¢ al 19337 HURLEY 1985} have provided evidence to show that
maternal catabolism and anabolism have profound effects on the supply of
zinc to the litter. This second study of fetal deQelupﬁent was desighed to
investigate other parameters such as maternal weight and the levels of
trace element stores which it was felt might influence embryonic and fetal
development. On the basis of previous evidence it was thought that older,
heavier rats growing at a slower rate would firstly require less zinc for
growth, and secondly be able to mobilise more zinc from their own dietary
supply and tissue reserves. On the other hard, young dams undergoihg a
relatively rapid increase in body weight would have both smaller available
zinc pools and a greater zinc reguirement for growth. It was therefore
suggested that the litters of young zinc-deficient dams would be affected

earlier, and to a greater extent than those of clder animals.

7.2 MATERIALS AND METHODS.

Animal husbandry and analytical techniques have been described in
Chapter 2. For the purpose of this study, mature (av. wt. 3209) and
juvenile (av. wt. 1809) dams were placed on a strict diet regime from the

time of detection of pregnancy (Fig. 7.1a,b).
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Fig 7.1 Feeding regime of zinc—deficient and replete mature and immature dams.
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To compensate for differences in body weight, the quantities of diet
(either zinc-deficent, containing less than 0.3ug Zn/g9 or zinc-replete,

containing 100ug Zn/g9) allowed to animals of each group were adjusted on a

(body-weight)0.75 basis as suggested by MILLWARD et al (1981). The feeding
patterns chosen were designed to elicit the maximal teratological response
on day 11 (Cycle A) or the minimum response (Cycle B). Dams were killed on
either day 11 of gestation to allow examination of the embryps, or on day
20 to examine the fetuses and to collect fetal and maternal tissues for

trace element analysis.

7.3 RESULTS.

7.3.1 Embryonic development.

Of the 25 animals in this section of the study, tws (both juvenile,
one +rom each zinc-deficient group) had observable degenerating corpora
lutea, but no implantation sites and were excluded from the study. Only
minor, non-significant maternal weight changes were detected. Maternal
serum zinc levels were reduced marginally as a result of dietary zinc
deficiency, but the only major decline was in the Group B animals which had
been ted the night before. There were no significant differences in the
number of live embryos per dam, although the zinc-deficient Group A embrvyos
from young dams were swaller in terms of length, somite number and protein
than their recpective pair-fed contrels. Embryos from the mature dams,
whether zinc-detiicient or replete were significantly larger than embryos
from comparably cycled juvenile mothers (Table 7.1).

As can be seen from Table 7.2, embryos fram Group A zinc-deficient
dams were morphologically normal. Similar embryos from the juvenile group
were however grossly malformed with rotational defects predaminating,

followed by anophthalmia, open neural tubes and placental defects.
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Table 7.1 Growth and development of zinc-deficient and replete rat embryos
at day 11.3.

Group n  Maternal Live Maternal Crown- Somite Protein
weight embryos serum rump No. {ug)
change per dam zinc length

MATURE

A -Zn 3 #1.,7%2.3 12.0z1.41 1.00z0.06 3.42:0.30 23.9:1.3 1662368
A +Zn 3  +5.7%4.1 12.0x1.9 1.3120.08 3.561:0.17 24.3%1.5  248%55
JUVENILE

A -Zn 5 -11.4:5.7 10.0z2.,8 1.010.10 2.0120.62 15.4:5.4% 83:403
A +Zn 3 -0.724,7 12.,3%1.1 1.19:0.11  3.2920.3 21.422.5 189:17
B -Zn 5§ -0.221.6 13.6%*0.8 0.43%0.03% 3.28:0,2 23.121.2  210:39

E +Zn 4 +1.022.4 12.5x2.1 1.1920.03 3.1720.3 22.0:1.7 199248

e . S S -

a: Signiticantly less than the respective control p<0.03.

Table 7.2 Malformations observed in zinc-deficient rat embryos at day 11.5.

- ——

MATURE JUVENILE

""""""""" A-zn A<z A-Zn A+zn B-zn B4z
No. Dams s s s s s a
No. Embryos 37 44 61 39 71 50

Dead (%) 1 (3) 8 (18) 11 (18} 2 (3 3 4 0

Allantoic 0 1 34 0 2 0

fusion %
Flexion % c 1 68 7 3 0
Neural tube 0 1 41 3 3 0

closure %

Optic % 0 0 47 0 2 0
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7.3.2 Fetal development.

Reproductive performances of the rats allowed to continue their pregnancy
until the 20th day of gestation are presented in Table 7.3. All animals had
either normal or degenerating corpora lutea in their ovaries, however there
was a substantial loss of litters in both juvenile zinc-deficient groups.
Only the results from animals with surviving fetuses have been included.

There was no alteration in the gross body weight of the juvenile groups,
however the mature zinc-deficient dams lost weight. The pair-fed zinc-replete
animals gained weight, and both ad 1ib fed zinc-replete groups gained
signiticantly more than any other group. When the mass of the litter (total
weight of fetuses and litters) was included, only the ad 1ib fed groups
increased their body mass. The number of live fetuses was significantly
reduced in both juvenile zinc-deficient groups, but not in the mature dams.
Maternal serum zinc levels were significantly reduced in all zinc-deficient
groups, although due to the dietary cycling, those of Group B (i.e. animals
fasted on the previous night) were slightly higher than those of Group A
(animals +ed on the previous night).

As with the embryos, fetuses and placentae from the juvenile ad 1lib fed
group were smaller than those of the older dams. Dietary restrictions also
reduced fetal weights, and a superimposed zinc deficiency caus=d even greater
reductions. Placental weights were not significantly affected, except by food
restriction.

The incidence cof fetal malformations was negligible in the =zinc-replete
litters, however B89% of the fetuses from the mature zinc-deficient dams and
65% from the juvenile groups were seversly malformed (Table 7.4). Brain
defects {(principally hydrocephalus) were comman  On bath juvenile
zinc-deficient groups, with the only other significant cluster being a high
incidence of tail defects in Group A. Fetuses from Group A mature dams had a

high incidence of caudal defects (tail and clubbed feet), and 46% had brain
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Those fetuses from Growp B also had a large number of tail defects,

but the incidence of clubbed feet was less whilst that of a- or syndactyly was

greater,

Table 7.3 Growth of zinc-deficient and replete rat fetuses at day 20.

MATURE

& -Zn

A +Zn

B -Zn

B +Zn

Ad lib +Zn

JUVENILE

A -Zn

A +Zn

B +Zn

Ad lib +Zn

Carcass Maternal No. Ave, Ave. Total
weight serum live fetal placental litter
change zinc fetuses weight weight weight
(g) (ug/ml) (g) {g) {g9)
-37.3 0.39b g.sc  z.0b 0.35 19.4b
*12.9 20.05 3.1 *0.22 20.04 5.8
-19.3 0.82 16.3 3.11 0.42 59.7
*17.3 20.13 *2.7 :0.39 $0.01 14,9
-49.0b  0.s0b 6.7b  2,24b  0.38 15.9b
*15.0 *0.07 3.2 20.34 20.06 6,3
16.8 0.86 163.8 3.04 0.44 58.6
:37.9 20.0%9 0.9 0.10 0.0l 24,1
g88.52 0.97 12.5 3.96 0.572 52.2
216.3 20.06 2. :0.15 0,05 *10.7
-32.2 0.30b  11.4 2.27 0.34 23.9
5.8 20.10 1.5 :0.17 20.03 3.0
-15.6 0.42€C 15. 4 2.23 0.30 3%.6
ra.8 *0.07 0.4 *0.14 £0.02 x2.8
-31.3 0.34b 13.8 1.88 0.30 30.0
7.0 £0.30 0.3 20.04 0.02 1.0
-24.8 0.87 11.4 2.32 0.34 29.7
5,3 *0.12 :Z2.0 :0.16 *0.03 4,3
60.42 0.89 13.0 3.192 0.478 47,28
*12.5 *0.09 0.8 $0.13 £0.02 2.4
greater than any other group P { 0.035

n Maternal
weight
change

(g}
q -18.0b
7.1

3 39.7
*31.

3 -33.3b
*12.3

4 75.5
*35.5

4 140.82
*t146.1

5 -3.4

5.4

9 24.0

5.7
4 -1.3
7.6
5 4.8
*4.5

5 107.83
*13.0

Significantly

Significantly less than pair-fed control
: Significantly less than ad lib control P { 0.05

p < 0.05
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Table 7.4 Incidence of Malformations in fetuses of rats fed zinc-deficient
diets cyclically throughout gestation.

JUVENILE MATURE

"""""""""""""" Zinee | Zimc-deficient  Zine-  Zinc-deficient

replete A B replete A B
Mo. of dams 15715 5/8 4/8 11/15 4/3 3/4
with live fetuses
Mo. of dams 1715 4/5 3/4 o/11 4/4 3/3
with abnormal fetuses
No. of fetuses 201 57 33 177 35 20
"""""""""" N % No. % Ne. % Ne. % MNo. % No. %
Mo of fetuses 1 0 36 63 37 &7 0 0 32 71 17 85
Eye 1 0.5 g 0 1 2 0 0 14 40 0 0
Brain 0 0 35 &l 37 67 0 0 16 46 0 0
Agnathia o 0 0 0 1 2 ¢ 0 1 3 o 0
A~ or syndactyly 0 0 o 0 0O 0 o 0 2 () 3 IS
Club feet 0 0 o 0 0 0 0 0 32 %1 5 25
Tail ¢ 0 3 14 0 0 0 0 32 91 17 835
Umbilical hernia 0 0 0o o0 o 0 0 0 1 3 0 o0
Urogenital 0o 0 o 0 1 2 0 0 3 9 00

Despite the small sample size in some of the groups, the zinc
concentrations in maternal and fetal tissues revealed some interesting
trends. There were no significant differences in maternal muscle and
bone zinc concentrations, however in both mature and juvenile animals,
maternal liver zinc concentratians were reduced in Group A dams when
compared with Group B. Fetal brain and placental zinc concentrations
were unattected by the experimental treatments. Liver zinc
concentrations were marginally reduced by dietary restriction and
significantly reduced by maternal zinc deficiency. In this latter
respect, fetuses from the younger dams were much more affected than those

of the older animals. Carcass (body-liver-brain) zinc concentrations
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were also affected in the juvenile groups but mnot in the mature groups.
Total +fetal zinc (fetus + placenta) was significantly reduced in both

groups by dietary limitation and even more by zinc deficiency.

Table 7.5 Maternal and fetal tissue zinc concentrations.

S ———————————— T A ]

Maternal Fetal
Group Liver Muscle Bone Brain Liver Carcass Placenta Total
ug/g ug/g ug/q ug/g ug/g ug/q ug/g (ug)
MATURE
A -Zn 24.4 17.1 177 2.2 43.4 14.0 2.7 39.4
*2.5 1.7 10 0.2 4.6 0.2 0.7 3.3
A +Zn 23.8 17.6 199 9.2 50.1 13.3 10.4 58.4
2.1 0.8 =9 0.3 8.6 0.4 0.3 £11.3
B -Zn 31.5 15.0 178 8.3 43.5 13.9 2.9 41.6
*2.5 1.0 211 0.7 6.3 *0.5 0.5 *7.3
E +Zn 30.1 17.5 174 8.9 65.8 14.3 11.5 - 62.0
1.1 0.1 7 *0.4 5.2 0.3 0.6 5.1
+Zn ad 1lib  28.2 17.2 144 €.4 73.3 15.4 11.4 84.3
0.5 0.8 26 *0.2 5.9 0.4 0.3 8.7
JUVENILE
A -Zn 22.95 16.7 119 2.2 20.3 11.1 11.8 30.4
3.7 1.7 ti8 0.5 0.2 0.2 1.6 3.7
A +Zn 23.9 18.4 160 9;4 56.9 14.4 12.0 43.4
1.2 0.8 18 0.2 2.8 0.4 0.2 4.2
E -Zn 28.4 20.0 174 8.7 14.9 2.8 11.5 24.7
1.1 0.6 33 0.1 1.1 0.2 | 1.3
E +Zn 29.0 18. 6 154 ?.2 61.4 15.0 12.0 48.2
*1.4 0.8 3 0.1 2.7 0.7 0.4 5.0
+Zn ad lib 25.4 164.7 143 9.2 73.8 15.6 12.4 74.64
£2.3 0.5 4 0.2 4,3 1.4 *0.3 6.9

As with the previous study (Chapter &) correlation between various
fetal and maternal parameters were examined. Maternal serum zinc levels in
the zinc-replete pair-fed groups were inversely related to both total

conceptual mass and total conceptual zinc although there was no apparent
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relationship between these parameters in the other groups (Figure 7.2).
Maternal serum 2zinc was also the only pérameter pbserved to be correlated

(directly ar inversely) with litter size or zinc content.

Fig 7.2 Relationship between total conceptual zinc, total

conceptual weight and maternal serum zinc levels.
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7.4 DISCUSSION, .

Results of this study demonstrate clearly the differences in sensitivity
to the teratogenic effects of zinc deficiency between older (heavier) and
younger (lighter) animals, and enlarge on the observations of others {(MASTERS
et al 1983; HURLEY 1985), In the +irst part of this study, apart from
contirming the observations in Chapter 4 and subsequent publications (RECORD
et al 1935b,c,d,1984; DREOSTI &t ai 1983), it was apparent that even under the
most teratogenic conditions (food cycle A}, embryos from older zinc-deticient
dams were morphologically normal, although retarded in growth, Embryos from
the younger dams subjected ta the same feeding cycle were, on the other hand,
grossly malformed and stunted. Also in accord with previous studies,‘ynung
animals subjected to the reverse cycle (B} were slightly smaller than their
controls, but otherwise unaffected.

From the large number of juvenile animals which had lost their litters by
day 20 of gestation, it can be deduced that the major deformities observed on
day 11 proved 1lethal to the developing fetuses. This was understandable in
the case of Group A dams whose embryos had ? high incidence of rotational,
placental and neural tube defects. Less expected was the high rate of
embryonic or +fetal loss in the Group B zinc-deficient juvenile group.
Frevious observations (Chapter 5; RECORD ef a? 1983b,c,d) have shown that such
embrycs contain large areas of necrotic cells in the neural epithelium,
comites and limb buds. It would seem therefore that this degree of damage
cannot be accomodated by the embryo which subsequently perishes, Many embryos
from the mature dams managed to survioe the critical periods of organogenesis,
and developed less severe, but still major, defects. By comparing the periods
of minimal wmaternal serum zinc levels with the known times of maximum
sensitivity of organ systems (Fig. 7.3), it can be seen that most of the

observed defects occurred during the period of 11 to 14 days. Due to the
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juxtaposition of the feeding cycles (as one group was entering a fast and the
other leaving), as well as the extended period over which the organs develop,
it is not surprising that both groups displayed some similarities in the types
of malformation. _

As was observed by other workers using either marginally zinc-deficient
diets (HALAS e¢ 2!/ 1982; GREELEY 1984; HERZFELD 1985; FAIRWEATHER-TATE 1985b)
or essentially zinc-free diets (HURLEY & SWENERTON 19443 HURLEY & SWENERTON
19715 APGAR 1975; MASTERS &f al 1983; REINSTEIN e¢ 2l 1984; ROGERS et al 1935)
concentrations of zinc in the livers and carcasses of all zinc-deficient
tfetuses were reduced when compared with the pair-fed controls. In the present
experiment there were also large differences between fetuses from young and
old zinc-deticient dams fed to the same schedules. The extra zinc available
to the fetuses probably arises as a result of tissue catabolism resulting in a
nett weight loss of the older dams. Younger dams are probably more under .the
intluence of hormones such as growth hormones thus do not catabolise tissue as
readily (MILLWARD et al, 1981). This provides further evidence to support the
suggestion that maternal-fetal =zinc transfer is limited in the case of the
juvenile dam.

There is no clear explanation for the reductions in maternal liver zinc
concentrations in all Group A animals. As these dams were allowed the maximal
amount of diet on the night before they were killed, it is possible that all
were forced into an anabolic state, with zinc either being redistributed to
other organs and used for tissue growth, or passed to the intestinal tract and
subseguently excreted. Indeed balance studies (Chapter 4) showed that faecal

zinc excretion increased during the feeding phase of the cycle.
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Maternal muscle and bone zinc concentrations did not alter significantly
as a result of dietary zinc deficiency, an observation which agrees with other
reports (HURLEY & SWENERTON 1746463 APGAR 197355 HERZFELD e¢ al 19835). However
it must be considered that the “average” 2309 rat contains approximately
5800ug of zinc (WILLIAMS et al, 1977), and the "average" zinc-deficient litter
in this study contained only 300ug zinc, i.e. about 5% of the total, it is
unlikely changes would be detected unless zinc were lost preferentially from a
particular tissue.

The lack ot correlation between maternal serum zinc levels and either
mass or zinc content of the conceptuses in the ad 1lib and zinc-deficient
groups suggests that, in the first instance sufficient zinc was ingested to
meet the requirements of the litter, and in the secpnd that the maternal serum
zinc levels had decreased to a functional minimal value. The fact that a
negative correlation exists between these parameters in the restricted fed
animals suggests that the dietary intake of these animals.is maréinal for
tetal development. Calculations performed in Chapter 6, and evidence +rom
both HURLEY & SWENERTON (1971) and WILLIAMS &¢ al (1977) show that during the
last few days of gestation, approximately 200-250ug zinc is transferred to the
litter Each day. Data from Chapter 4 showed that, over the first half of
pregnancy, rats consuming 129 diet/day (i.e. 1200ug Zn/day) excreted
approximately 1000ug/day, leaving only 200ug/day for tissue growth. Over the
Z4hr betore death, young rats in this study were allaowed either 400 or 1200ug
zinc and the older animals either 730 or 2000ug zinc. Even if all the dietary
zinc could be absorbed, rather than the more usual estimates of 10-40%, it can
be seen that a majcr proportion of the zinc would be required for fetal
development. This suggests that even with an appropriate dietary zinc

concentration, the absalute amount of zinc may limit fetal growth.
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7.3 CONCLUSIONS.

From these studies it can be seen clearly that it is not only the dietary
zinc concentration which has a profound effect on embryonic and fetal
development, but that the metabolic state of the dam, and her requirements
tfor, or ability to relase zinc also play a significant role in the development
ot the litter. It is possible that these observations may have some relevance
in the human situatiuﬁ when the dietary zinc intake is marginal, and may help
to provide an indication of the type of woman most likely to be at risk of

complications during pregnancy.



CHAFPTER 8

EFFECT OF ZINC DEFICIENCY ON THE RAT EMBRYO PRIOR TO DAY 9.5

8.1 INTRODUCTION

) The studies reported in this chapter were carred out in order to
expand some of the observations reported in the earlier chapters. 1In the
initial studies on day 11.5 embryos it was noted that, on some occasions,
zinc-deficient dams allowed access to relatively large amounts of diet
around day 6 (the time of implantations in the rat) had no implantation
sites in the uteri, although corpora lutea were present (e.g. Table 4.13).
As will be discussed in Chapter 9, there is also a substantial embryonic
loss in zinc-deficient mice, with no evidence of implantation having
occurred.

It was felt that there were three major events which could be affected
by maternal zinc deficiency and lead to the loss of embryos. The first was
fertilisation, which has been shown to be sensitive to zinc deficiency
(HURLEY & SWENERTON 1968). In order to avoid complications of this type,
it has been found necessary to refrain from instituting the zinc-deficient
regime wuntil after mating. It is therefore unlikely that this process was
affected in any of the studies reported in this thesis. It was also
thought possible that early embryonic development might be compromised with
the embryo perishing pricr to implantation. Indeed it has already been
reported (HURLEY & SHRADER 1975) that three and four-day-old rat embryos
show abnormalities due to a maternal zinc deficiency. The third
possibility was that the process of implantation was inhibited by zinc
deficiency, either by affecting the priming of the uterus by progesterone

and oestrogen (NALBANDOV 1971) or by inhibiting trophoblastic outgrowth or

uterine stromal proliferation.
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It was therefore decided to place pregnant rats oh cycled
zinc-deficient or replete diets for the ¢first 3, 5, 7 or @ days of
gestation, then allowing them to return to a zinc-replete diet until day
11.53 when the embryos would be removed and assessed for any effects on
growth and morphology. In addition, embryos were also +$lushed +from the
fallopian tubes of some dams after 3 days of gestation in order to
establish firstly that fertilisation and ovulation had taken place, and
secondly to confirm the findings of HURLEY & SHRADER (1975) that such
embryos were affected by zinc deficiency and could resume hormal
development. In this way it was hoped to ascertain whether the time of
implantation was particuiarly sensitive to a reduction in circulating
zinc.

The deQelnpmental changes which are encompassed in this study are as
follows.

The first cleavage of the fertilised ovum wusually occurs about 24k
after copulation, although some eg99s do not divide until 48h after
ovulation (NICHOLAS 1962). As the zygotes progress towards the uterus,
they undergo more or less regular cell divisions, so that at the end of 4
days the embryo is composed of about 16 cells arranged around a blastocyst
cavity. This stage probably represents the first morphogenetic change in
the development of the embryo (DUCIBELLA e¢ af 1975). Until the formation
of the blastocyst cavity, the cells of the morula are totipotent, but once
the cavity has formed, the position of the cell largely determines its
fate.

The blastocyst "hatches" from the zona pellucida on the fifth day of
pregnancy, an event which may be initiated by endaogenous hormone secretions
of the embryo (DIKMANN & DEY 1974).

Implantation of the embryo into the uterine wall at about day &
requires a complex set of interactions between the trophectoderm and the

uterine tissue. Implantation appears to rely heavily upon hormonal
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conditions of the uterus which must occur during a 12h period soon after
the zona pellucida have been shed. The rat appears to be unique in that
the uterus must have been primed with progesterone for at least 48h,
followed by a burst of oestrogen (NALBANDOV 1971), prior to implantation

which occurs progressively during the next 24-48h.

8.2 MATERIALS AND METHODS

In order to elicit the greatest response, dams weighing between
170-1909 wvere used as they appeared to have a greater sensitivity to low
zinc status (Chapter 7). Animals were mated as described in Chapter 2 and
fed either the zinc-deficient or replete diet in a cyclical manner similar
to that described earlier, except that the dams were allowed alternate
periods of unrestricted access to food or were completely fasted (Table
8.1). In this manner it was hoped to elicit maximal fluctuations in serum
zinc levels. Dams were allowed unrestricted access zinc-replete diet from
days 3, 3, Z or 9 in order to ascertain the subsequent effects of a

transitory zinc deficiency.

Table 8.1 Feeding regime of zinc-deficient and replete rats.

Day Cycle
[ B

0 Ad Lib Ad Lib
1 Ad Lib Fast
2 Ad Lib Fast
3 Fast Ad Lib
4 Fast Ad Lib
S Ad Lib Fast
6 Ad Lib Fast
7 Fast Ad Lib
8 Fast Ad Lib
9 Ad Lib Fast
10 Ad Lib Fast
11 Sacrifice

In addition several animals (zinc-deficient and replete) were killed
on day three and their +fallopian tubes and uteri +lushed with Hanks

Balanced Salt Solution from the fimbriated ostium to recover and examine
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the early embryos (HURLEY & SHRADER 1975). The remainder of the animals
were killed on day 11 and the embryos removed for examination as described

earlier (Chapter 2).

&.3 RESULTS

8.3.1 3 Day rat embryos.

As can be seen from Table 8.2 there were a large number of abnormal

S&-day embryos in the zinc-deficient group compared with those from the

zinc-replete dams.

Table 8.2 Effects of maternal zinc deficiency on rat embryos after 3 days

gestation.

""""""""""""""""""""""""""""" orowp
e e

Mo. dams with corpora lutea 10 9

Corpora lutea/dam 14,7:0.7 14.020.9

Ewbryos recovered/dam 8.6%0.7 7.3:1.0

% recovery o9 92

Malformed embryos/dam 1.1%0.6 5.7%1.32

% Malformed embryos 13 77

Maternal serum zinc 1.2620.03 0.78:0.083

a : Significantly difterent to control value p ¢ 0.001

The major abnormalities in the zinc-deficient embryos included slow
development (approximately 20% of the recovered embryos were of only ! or 2
cells) whilst the remainder of the abnormal embryos showed gross
tragmentation of most blastomeres as reported by HURLEY & SHRADER (1975),

however there was usually at least one normal blastomere.
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8.3.2. 11.35 Day rat embryos

As can be seen from Table 8.3, the feeding of a zinc-deficient diet
(irrespective of the cycle) did not cause a signiticant reduction in either
the number of dams continuing their pregnancy (as judged by the number of
dams with corpora lutea but no embryos) or the number of embryos
implanting., The food intake did however seem to atfect the implantation
rate. Those dams fasted on day 7 (both zinc-replete and deficient) had a
lower implantation rate, although this was not consistent as the animals
fed the zinc-deficient diet (Cycle A) until day 9, then allowed

zinc-replete diet suffered no apparent implantation loss.

Table 8.3 Reproductive perfaormance of zinc-deficient and replete rats.

S —————————————————————————— e e e

Group
Days of cycled AtZn A-Zn B+Zn B-2Zn
Feeding
Dams with corpora lutea S 6 - -
0-3 Dams with embryos S 6 - -
Inplantation rate (%) 21 84 B .
Dams with corpora lutea b 6 S 7
0-35 Dams with embryos 6 4 ) 4
Inplantation rate (%) 83 ol 83 84
Dams with corpora lutea 13 14 10 12
0-7 Dams with embryos 11 4 10 10
Implantation rate (%) 63 63 21 84
Dams with corpora lutea 4 6 ] 4
0-9 Dams with embryos 3 4 4 3
Implantation rate (%) 67 100 81 81

- ————— T T N -

Growth of the embryos decreased marginally with the length ot time the
dams were fed the zinc-deficient diets (Table 8.4). The incidence of
nalformations observed in both groups ot zinc-deficient embryos at day 11.5
was greater than the pair-fed animals in all cases, although the incidence

increased sharply when the animals continued their zinc-deficient regime
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until day 9. There was however no apparent increase in the mortality rate.
It was also of interest to note that the growth of the zinc-replete group A
embryos maintained on the regime until day 9 was also slightly retarded
when compared to the other zinc-replete group.

Table 8.4 Growth and development of zinc-deficient
and replete rat embryos.

-

Group
Days of cycled A+Zn A-Zn B+Zn B-Zn

Feeding
Ewnbryos 6% &5 - =
Length (mm) 3.4520.10 3.34%0,.32 - -

0-3 Somites 24.7:0.3 23.6%1.8 - -
Dead 0 b B =
Malformed 1 % 7 (11%) = -
Embryos 59 99 43 3!
Length (mm) 3.4020.10 3.12:0.28% 3.4720.10 3.25+0.192

0-5 Somites 23.7:0.4 22.6%1.5 24,.4:0.5 22.5¢1.18
Dead 2 9 S 4
Malformed 1 (2%) 6 (10%) 0 3 (6%)
Ewmbryos 110 118 118 139
Length (mm) 3.3220.09 3.12:0.10% 3.50%0.07 2.77%0.142

0-7 Somites 24.3:0.5 22.9:0.52 24.3%0.4 20.01.12
Dead 5 2 g 10 -
Malformed 5 (9% ? (8%) 1 % 16 (12%)
Embryos 33 a3 48 39
Length (mm) _2.54%0.23 2.85%0.3 3.70:0.3 3.17%0.62

0-9 Somites 19.4=21.9 21.4%1.06 25.4z1.1 21.4:3.43
Dead 5 1 2 4
Malformed 4 (12%) 29 (44%) 0 7 {18%)

e ——

a : signiticantly less than the respective control group p<0.05.

8.4 DISCUSSION
Although the results of this
evidence
be adversely attected by zinc deficiency, even though the dams were
considerable
highliéhted.
In the first instance, the effect of a 'maternal

very early

metabolic

stress,

study did

several

(3.5 day) embryos has been confirmed.

not provide experimental

to support the suggestion that the process of implantation could

under

important effects have been

zinc deficiency on

This was first reported
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by HURLEY & SHRADER (1975) but to the author’s knowledge has not been
repeated. The reasons for the apparent fragmentation or death of the
blastomeres is not known, however it might be attributable to the same
eftect that was observed in the older rat and mouse embryos (Chapters 5 and
2).

In other studies (HURLEY & SHRADER 1%972) dams fed a zinc-deficient
diet for only the first 4 days of pregnancy had normal fetuses at day 21,
suggesting that the pluripotent nature of the pre-implantations blastomers
allowed complete recovery. In this study it was apparent that there were
significantly more malformed embryos at day 11.5 in the 9group exposed to
zinc deficiency for the first 3 days of gestation than in the control
group. The possibility exists that, in the current study, the dams, due to
their age and metabolic reguirement for zinc, were unable to supply
sufficient metal to the embryos to continue normal development.

Until atter day 7? the incidence of malformations remained relatively
constent, despite the cyclical feeding. This is in accord with previously
established principles that the effect of a teratogenic stimulus applied
before about day 8 of gestation is either embryotoxic or has little effect
{BEAUDOIN 1978). There was however a dramatic increase in the number of
abnormal embryos in the rats fed the zinc-deticient diet until day 2,

confirming the observations discussed in Chapters 3 and 5.

8.5 CONCLUSIONS

It was apparent from this study that a zinc deficiency during the
period 7-9 days was sufficient to cause a large increase in the incidence
pf abnormalities observed at day 11, thus confirming findings reported
earlier in this thesis. It was also confirmed that pre-implantation embryos
could be affected by maternal zinc deprivation, but the majority had
sufficient regenerative capacity to develop normally. No specific effect

on the process of implantatiaon was detected.
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GROWTH AND DEVELOPMENT OF THE ZINC-DEFICIENT MOUSE EMBRYO

2.1 INTRODUCTION

Despite the extensive investigations into the effects of a maternal
dietar§ zinc  deficiency on the in wuterc development of the rat,
surprisingly little is known about a deficit of this metal on the mouse.
The teratogenicity of zinc deficiency in this species has been described in
conjuction with acetazolamide (HACKMAN & HURLEY 1981a) and as a
co-teratogen with alcohol (MILLER &¢ al 1983; KEPPEN &¢ a2/ 1985) and alone
(SATO &t al 19855 DREOSTI &f al 1984).

The latter report was based upon the results of studies reported in
this thesis (Chapters 4 and 3) and elsewhere (RECORD &¢ al
1985b,c,d, ¥,1986; DREOSTI ef al 1985) and established that thé strain of
mice wused (C57B2/6J) were highly sensitive to zinc deficiency and required
at least 5 ugZn/g diet to retain any fetuses and more than {0ug 2Zn/g diet
to avoid the occurrence of malformations. These observations are in
agreement with those of previous studies (HACKMAN & HURLEY 1981a; MILLER et
&l 19835 KEPPEN et al 1985; SATO &t al 1935). O0f particular impurténce wWas
the previous study from this laboratory (DREQOSTI e&f 2l 1934) which showed
clearly that, unlike rats, mice consumed their diet on a constant basis,
with no cyclical feeding pattern. The suggestion was made that due to the
absence of food cycling, and the transient rises in maternal serum zinc
levels associated with a maternal fast, the mouse embryos were subjected to
extended periods of zinc impoverishment.

The studies described in this chapter were conducted both to confirm
these earlier findinﬁs (DREOSTI &t al 1984) and to compare the effects of
naternal zinc deprivation with the effects reported for the rat in Chapters

4 and 5. Accordingly pregnhant mice were allowed free access to diets of



9-2
varying zinc contents ( <0.3ug Zn/g, 5.0ug Zn/g or 100ug Zn/q) and the
embryos removed for examination after 9.25d gestation (equivalent to 11.5d

in the Sprague-Dawley rat).

2.2 MATERIALS AND METHODS

Mice of the C37Bl/6J] strain were obtained at 8-10 weeks of age from
the Gilles Plains Animal Resource Centre, Adelaide, South Australia, and
allowed +free access to food and water as described in Chapter 2. Female
mice were placed in a darkened cage with males (4 females/2 males) +or 2h
from 08.30 to 10.30h each morning and examined hourly for the presence of a
vaginal plug. Thereafter they were housed individually in stainless steel
and plastic cages and allowed free access to various diets containing
either <0.5, 5 or 100ug Zn/g diet. On the 9%th day of gestation (after
220hr gestation) dams were anaesthetised with ether, maternal blood samples
collected by cardiac puncture and the ovaries and uteri excised. The
number of corpora luteae were counted, and embryos removed from the uterus
and dissected away +ro the extra-embryonic tissues for morphological
assessment and protein determination. Representative embryos from each
dietary group were also fixed in Karnovsky’s fixative for light microscopy

as described earlier (Chapter 2).

2.3 RESWLTS

In common with rats, the serum zinc level of mice decreased rapidly
following institution of a zinc-deficient regime, and rose over an
overnight fast -(Fig. 9.1). In the mice fed the two lower levels of zinc
there was a substantial pre-implantation embryonic loss and also a small
decrease in the number of implanted embryos. There was a surprisingly high
proportion of dead embryos in the control (100 ppm zinc) group, however the
incidence of malformations was considerably higher in the groups fed low

levels of zinc and ranged from 100% in the zinc-deficient group to 36% in
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the group fed Sug Zn/g diet. In general the malformations were very
similar to those observed in rats (Chapter 4), although in contrast to
rats, which do not respond in this manner until the dietary zinc level
talls below lug Zn/g9 (ROGERS e&¢ al 1985), a dietary zinc concentration of

Sug Zn/g produced a high incidence of developmental anomalies in mice.

Fig. 9.1 Changes in mouse serum zinc levels

following supply of a zinc—deficient diet.
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In terms of size, the embryos from zinc-deprived dams were extremely
emall. Those embryos from dams fed Sug Zn/g were significantly shorter and
contained much less protein than the control embryos, although the somite
number was not greatly affected. Photographs of the representative embryos
are presented in Figures 9.2a,b,c.

Embryos from each group were also sectioned and examined under the
light microscope. In common with the zinc-deficient rats, embryos from
both the zinc-deprived and low zinc dams had extensive areas of necrosis,

unlike the control embryos which showed no such effect (Fig. 9.2c,d,e)



Figure 9.2.Embryos from mice fed the zinc-replete diet (a) or {(b)5Sug Zn/9g

or (c) zinc-deficient diet. Embryo a is normal, embryo b is poorly
rotated, anophthalmic and has an open neural tube (arrow). Embryo c has
not started to rotate, the neural tube is open and there are cranio-facial
detects. Bar=1imm.
Figures 9.2 d-f show sections (lum) through the cranial regions of embryos
similar to those in a,b and c. Section d shows a normal neural epithelium
and mesoderm, whereas e shows limited evidence of cell death and large
extra-cellular spaces. Section f shows extensive cell necrosis in both the
neural epithelium and mesoderm. Bar=23um. )
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Table 9.1 Effects of feeding diets containing different levels
of zinc on embryonic development in pregnant mice.

T — o ——— o —————

{ 0.9 5.0 100

Dams with corpora luteae é 11 b
Dams with embryos 3 é ]
Maternal serum zinc (ug/ml) 0.41%0.0%b 0.80%0.03Dd 0.96%0.03
Total number of embryos ' 16 47 34
Dead embryos 3 ] 10
Malfcrmed embryos 11 15 1
Defects:

Chorio-allantoic fusion 11 0 1

REotation 1 1 1

Open neural tube 11 ? 0

Other (anophthalmia, distorted (a) =) 0

head, neural tube)

Crown-rump length (mm) 0.71+0,08b 2.0920.07b  2.5120.07
Samite number (a) 22.4:0.4 23.6%0.4
Frotein (ug/embryo) 25:14b 107+7b 152£10

- —

{(a) ! Due to the severity of the malformations, these values could
not be determined.
(b) : Significantly less than control group (100 ug/g) P{0.03.
2.4 DISCUSSION.

As with rats, the serum zinc level of mice fed a zinc-deficient diet
fell rapidly. However, as has been shown previously, the +ood intake of
mice dpes not fluctuate in a cyclical manner (DREOSTI ef al 19868). This
absence of food cycling implies that the serum zinc levels do not fluctuate
as they do in rats. Indeed in this study there was no evidence of
significant fluctuations in serum zinc levels (Fig. 9.1), even though +ood
deprivation following a period of zinc deficiency did lead to an increase
in serum zinc levels. It has been suggested (DREOSTI et al 1986) that the
continued exposure of the embryos to low maternal serum zinc levels is a
major factor in the increased sensitivity of this strain to low maternal
dietary zinc levels which have been observed in a number of other studies

(HACKMAN & HURLEY 1981aj MILLER &¢ al 1983; KEPPEN &f al 1985; SATO et al
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1985). The 1large litter 1loss prior to day 9 suggests that had similar
studies to those conducted on rats and discussed in Chapter 8 been
performed wusing wice, indications as to any effects of zinc deficiency on
the process of implantation might have been observed.

It is alsp of interest to note that the serum zinc levels of the dams
ted Sug Zn/g were only warginally below those allowed the zinﬁ-replete
ration, and the embryonic size was only slightly reduced, vet the incidence
of malformations was high, Whether the increased sensitivity of this
strain was due to a poor transfer of the metal from the dam to the embryo,
or teo some other metabolic factor remains unclear, The observation that
cell necrosis in the mouse was found in similar embryonic regions to the
rat embryc also provides additional evidence to support the contention that

a maternal zinc deticit has a similar mode of action in both species.

2.5 COMCLUSIONS.

The current study has not only confirmed these +findings, and has
demonstrated that zinc deficiency in mice can severely affect the embryo
befcre implantation, but has also provided evidence to show that the
cellular necrosis induced by zinc deficiency in rats (Chapter 5) also
occurs in the mouse embryo. This demonstration that the cytotoxic effects
of zinc deprivation leading to the observed terata are not
species-specific, and indeed even occur at dietary zinc.levels of Sug 2Zn/g
tould be interpreted to suggest that this model might more suitably
represent the human situation where (in Western societies) frank =zinc
deficiency is rare, but marginal dietary zinc intakes are common (RECORD et

al 1985a)
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GENERAL DISCUSSION

10.1 IﬁTRODUCTIGN.

Since the initial observations that a maternal dietary zinc deficiency
was highly teratogenic in rats (HURLEY & SWENERTON 1956) there have been
many studies into both the occurrence and the reasons for the wide variety
ot defects observed. The most detailed study of the dysmorphologies
(HURLEY AMD SHRADER 1%72) illustrates the range of terata and also the
rapidity with which they can be produced. Despite the immense number of
biochemical studies conducted on zinc-deficient tissue, it has not been
possible to isolate the primary locus of action whereby zinc - or a deficit
of the metal - exerts its effects on cell replication or embryonic and
fetal growth and development.

In this chapter it is the intention of the the author to draw together
the wvarious aspects of the effects of a dietary zinc deficiency which have
been described in this thesis, as well as in writings by other workers,
firstly to describe the events leading to the production of teratogenic
abnormalities, secondly to propose biochemical or physiological
explanations for the phenomena and finally to suggest how these

observations might be of relevance the human situation.

10.2 DEVELOPMENT OF THE TERATA INDUCED BY MATERNAL ZINC DEPRIVATION.

The studies reported in Chapter 3 of this thesis demonstrated that it
was not possible to induce a teratogenic zinc deficiency in vitro by simply
culturing embryos in serum obtained from zinc-deficient dams . There was
however a very significant finding that some, but not all, embryos removed
from zinc-deficient dams after 9.5 days of gestation were malformed at that

stage. It was also discovered that these embryos continued to develop
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abnormally, even in zinc-sufficient medium, over the next 48h. On the
other hand, apparently normal embryos removed <from zinc-deficient dams
continued to develop normally, and indeed grew to the same extent as the
zinc-replete embryos.

This diversity in appearance of 9.5-day embryos prompted the studies
reported in the next two chapters (Chapters 4 and S) of this thesis. In
Chapter 4 it was demonstrated that the phenomenon of cyclical feeding which
becomes apparent after about three days of consumption of a zinc-deficient
diet was intimately linked with maternal serum zinc levels and the
appearance of the embryos at day 11.5 of gestation. It is of interest to
note that, although this eating pattern has been observed and studied by
several other groups of workers (CHESTERS & QUARTERMAN 197035 WILLIAMS &
MILLS 19705 GRIFFITH & ALEXANDER 1972; CHESTERS & WILL 1973; WALLWORK et
al 1981,1982;WALLWORK & SANDSTEAD 1983), this is, to the author’s knowledge
the tirst instance where the effect has been linked to embryonic or fetal
dysmorphologies. From these studies it can be suggested that, as the dam
feeds and fasts, alternating between anabolic and catabolic states, so the
circulating zinc levels alter, thus exposing the embryo or fetus to
approximately two days of zinc deprivation followed by two days of
comparative zinc repletion. Indeed reports from other workers suggest that
such rats do fluctuate between anabolic and catabolic states (GIUGLIAND &
MILLWARD 1983,1984). Furthermore it has been shown {(MASTERS ef al 1983;
HURLEY 1985) that force-feeding of pregnant zinc-deficient dams late in
gestation adversely affects the developing litter, and conversely, fasting
can ameliorate the problems. Similar effects have also been reported to
occur in monkeys (GOLUB e¢ 27 19825 HURLEY 1983).

Histological examination of zinc-deficient and control embryos taken
during the period from day 9.5 to day 1175 yielded more valuable
information about the teratogenic response. From the information presented

in Chapter 5, it can be seen that periods of low circulating maternal zinc
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levels were associated with the appearance of unscheduled cell death within
the embryonic tissues.

Although cell death has been reported to occur in the intestines and
pancreas of zinc-deficient animals (ELMS 1977; KOO & TURK 1977; ELMS &
JONES 1980) and other subcellular changes such as testicular atrophy
(DIAMOND & HURLEY 1970), chromosomal abnormalities in sperm and ova
(WATANABE &t a! 1983) and also in fetal liver and bone marrow (BELL et al!
1975) have been described, to the author’s knowledge the experiments
reported in Chapters 5 and ? and elsewhere (RECORD et al 1986a,b) are the
first to describe unscheduled cell death in the zinc-deficient embryo of
any species. The pathologies observed are similar to those described by
ELMS (1977), KOO & TURK (1977) and ELMS & JONES (1980) for zinc deficiency,
and also to those described for many other teratuéens e.g. alcohol
(BANNIGAN & BURKE 1982) arsenic (MORRISSEY &k MOTTET 1983) cadmium (MESSERLE
& WEBSTER 1980) ethylnitrosourea (FUJIWARA 19680) as well as many others
(reviewed by SCOTT 1977). Although in this case it seems reasonable to
propose that the cellular necrosis is largely responsible for the terata,
as the foci of necrosis correlate well with subsequently observed
nalformations, SCOTT (1977) has pointed out that not all embryonic necroses
preceed dysmorphologies, nor do all teratogens induce necrosis. The
mechanisms of cell necrosis in this study are not clear, however as
discussed later, the author feels that membrane lipid peroxidation might be
a factor.

The increase in the mitotic index of cells in the neuroepithelium and
limb-buds of worphologically normal embryos (take when the maternal serum
zinc levels were high) was in agreement with the observations of others
(HURLEY & SHRADER 19727 ECKHERT & HURLEY 1977). However, there did not
appear to be an accumulation of cells at any particular stage of mitosis as
night be expected if there was a blockage in this stage of the cell cycle.

Although it is recognised that this increase in the mitotic index might
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might reflect a general lenghthening of the cell cycle time, this author
tfeels that this increased mitotic rate is a real expression of a "catch-up®
growth phase occurring as a response to a greater .availability of
tirculating zinc or of material salvaged from enqulfed cells and cellular
debris. |

The informatiun accumulated in these chapters formed the basis for
further studies into the effects of a maternal zinc deprivation during
other periods ot gestation. In Chapter 6, the ability of the embryos to
recover after an ll-day period of zinc deficiency was studied. Apart <+rom
a. large litter loss in one group of zinc-deficient animals, the most
striking observation in this study was the inverse correlation between the
surviving conceptual mass on day 20 and the maternal serum zinc levels at
that time. In this study the dams were returned to a zinc-replete diet
after 11 days of gestation, thus it is unlikely that a transient zinc
deprivation could have exerted a direct influence on the circulating zinc
levels after this period. Indeed the only conclusion which can be drawn
from this study is that the size of the litter has a profound influence on
the maternal serum zinc levels when the dietary zinc intake is marginal.
This aspect will be discussed in the context of human zinc metabolism late
in this chapter.

Chapter 7 provides further evidence to support the hypothesis espoused
here and elsewhere (MASTERS &¢ 2/ 1983; RECORD &t al 1983b,+,19846; HURLEY
1985) that the maternal mwetabolic state is of great importance in both
embryonic and fetal deve&opment. The studies reported here demonstrate
that vyounger, 9growing dams have a greater zinc requirement for their own
anabolism, thus limiting fhe amount of zinc available to the litter. OQlder
dams, on the other hand, do not require as much zinc for their own tissues
and are more able to meet the needs of the embryos. As pregnancy
progressed, the grossly malformed embryos from the young dams died and were

resorbed, whereas those of the older dams continued development, albeit
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more slowly, giving rise to a large number of grossly malformed embryos at
the end of gestation.

In Chapter 4 it was noted that several zinc-deficient dams allowed
their food cyclically to induce low serum zinc levels at about the time of
implantation had no observable implantation sites, and it was proposed that
the process of implantation might be affected adversely. This possibility
was addressed in Chapter 8. Institution of a zinc-deficient regime shortly
after the time of mating did not reduce the number of ova fertilised, as
judged by the number of embryos recovered on day 4. In this study the
earlier +findings of HURLEY & SHRADER (1973) were confirmed in that it was
apparent that embryos recovered on day 2 were abnormal and fragmenting.
The pluripotent nature of the blastomeres and early embryps was illustrated
by the ability of embryos exposed to a zinc-deficient environment to
recover by day 11 of gestation. Indeed it was demonstrated in this study
that the majority o{_dysmurphnlugies did not arise uptil after day 7. The
reasons for the peri-implantation loss observed in Chapter 4 remain
unclear.

In order to ascertain whether or not the embryonic cell necrosis was
confined to only this one species, similar studies were repeated on mice
(Chapter 9). In this strain of mice, which does not consume the
zinc-deficient diet in a cyclical manner (DREOSTI e&f &l 1986), there was a
high incidence of pre-implantation loss in the group fed diet containing
less than 0.5ug Zn/g. The tew surviving embryos from this group, as well
as those recovered from dams fed diets containing 5Sug 2Zn/9 were grossly
malformed and showed areas of necrosis similar to that observed in rats.
These observations provide strong evidence to support the contention that
these necroses observed as a result of maternal zinc deprivation are not
peculiar to one species.

The sequence of events leading to the production of congenital

abnormalities and intra-uterine growth retardation by maternal zinc
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deprivation can be summarised in the following manner:

It is apparent that after consumption of a zinc-deficient diet for 2-3
days, rats become anorexic and reduce their food consumption. While the
food consumption is normal, the dam is still in an anabolic state.
Apparently due to the maternal demand for zinc and the requirement for
digestive enzymes, the serum zinc level falls rapidly. If the onset of the
zinc-deficient regime coincides with the time of conception, then the
developing embryo (which derives its nutrients from the uterine $luid) is
also subjected to a reduction in the amount of available zinc, resulting in
fragmentation of the blastomeres.

As is the case with other teratogens a tramnsient zinc deficiency at
this point does not appear to have any lasting influence on embryonic
developméent. This is most probably due to the pluripotent nature of the
embryonic cells whose fate does not appear to be determined until the time
of cavitation. In the rat, however, +{ood consumption declines and the
maternal serum zinc level increases, presumably due to maternal tissue
catabolism causing the uterine fluid zinc concentration to increase and
allowing embryonic growth and differentiation to Euﬁtinue.

Once implanted in the uterine wall, the embryo undergoes a phase of
rapid growth and differentiation when the organ anlagen appear and the
embryo is most sensitive to teratogenic stimuli (BEAUDOIM 1979). During
this time {(in particular before day 11 or 12 when the placenta becomes
functional) periods of low circulating zinc levels are associated with the
death of dividing and differentiating embryonic cells . Fragments of dead
cells are engulfed by healthier neighbours. Cell death at this stage can
result in both a reduction in the +inal size of the organ and
dysmorphologies, depending upon the cells affected (SCOTT 1977). The
remnants of the dying cells, together with any zinc they contain, will

undoubtedly be available for re-utilisation by healthy cells, thus allowing
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those to proliferate, possibly at an increased rate .

It is perhaps most likely that this is the critical time for embryonic
survival. I+ the chorion and the allantois +fail to fuse to form the
chorio-allantoic placenta, or if the vitelline vessels connecting the
embryo to the visceral yolk sac do not form, then the embryo will perish
due to lack of nutrients in general. Other gross defects, such as open
neural tubes may also contribute to embryonic death.

In the ¢etal period cellular necrosis is not as obvious, although
isolated foci of necrotic cells are detectable until just prior to delivery
(DREQSTI &¢ al, unpublished results). This apparent reduction in cell
death is probably due to several factors. Firstly the proportion of cells
within the #fetus undergoing division and differentiation decreases. As
will be discussed later, this appears to be the critical stage for the
survival of the cell. It is also possible that other established cells
within the fetus have accumulated zinc during the previous maternal
catabolic phase, and that these cells can, to some extent, meet the
requirements of the neighbouring cells. Over the period from day 11 to 15
the decidual tissue surrounding the embryo regresses and disappears. It is
not unlikely that the zinc contained in this tissue can be re-utilised by
the fetus to supplement that derived directly from the maternal
circulation. In this way the embryo can obtain sufficient zinc to support
limited growth until term. As the conceptual mass increases so does the
demand on the maternal zinc supply. If the zinc supply to the dam is
limited, then she must rely on tissue catabolism to meet the needs of the
litter. Smaller dams have lesser zinc stores than larger dams and
therefore are more likely to lose their litters. The larger dams are more
able to meet the demands, and carry their fetuses to term.

It can be appreciated that, in zinc-deficient pregnant ratg, the exact
timing of the peaks and troughs of the feeding cycle have a profound effect

on the development of individual organs. In studies involving
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zinc-deficient rats it is not sufficient to use only pair-fed controls, but
attention must be paid to ensure that such animals are in comparable stages
of the feeding cycle.

In contrast to rats, zinc-deticient mice do not consume their food
cyclically, thus the dams to not alternate between anabolic and catabolic
states. Theretore at no stage is the mouse embryo or fetus able to enjoy

an adequate zinc supply.

10.3 MODE OF ACTION OF ZINC DEFICIENCY.

While the reasons for the death of the cells remain unclear, it is
tempting to speculate that the cause might lie in the vulnerability of cell
membranes to peroxidative damage in zinc-deficient tissue. It has 1long
been suggested (CHVAPIL 1976; BETTGER & O'DELL 1981) that zinc ions play an
important role in the structure and functions of biomembranes, and studies
from this laboratory have shown that free superoxide radicle production is
increased as a result of zinc deficiency (DREOSTI & RECORD 1978) and the
levels of walondialdehyde (an indicator of membrane damage) in fetal rat
liver microsomes were elevated as a result of both zinc deficiency and
alcohol (DREOSTI et al 1983).

It can be suggested therefore that the picture of intracellular damage
and subsequent cell death which is a feature of both zinc deficiency - and
alcohol damage arises as a result of intracellular membrane damage. There
is also a mounting body of evidence +rom other. workers to support the
suggestion that zinc deficiency can affect biomembranes. It has been shown
(BETTGER &t al 1978) that erythrocytes from zinc-deficient rats showed
increased osmotic <fragility and that supraphysiological levels of zinc
protect normal erythrocytes from such damage (CHVAPIL et ai 1974). As
mentioned in Chapter 1, the antioxidant vitamin E reduces the degree of
lipid peroxidation in zinc-deficient chickens (BETTGER &¢f a/ 1980) although

supplementation with this vitamin failed to reduce the incidence of
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teratology in zinc-deficient rats (HURLEY et al 1983). It has been
suggested (BETTGER & O’DELL 1981a) that institution of a zinc-deficient
regime +irstly depresses the extracellular 2zinc concentration, then
tirculating zinc-depleted ligands re-extract zinc from the cellular plasma
nembranes resulting in a reduction in membrane integrity, specifically in
an increased sensitivity to peroxidative damage and other functional
deficits followed by a need to increase energy expenditure to maintain
cellular integrity, decreased macromolecular biosynthesis and altered
lipid, carbohydrate and protein metabolism and water balance.

The suggestion that zinc ions are of critical importance in cell
replication has also been made (CHESTERS 1978,1982). As has been discussed
in Chapter 1, zinc plays an important role in every facet of cell division,
including protein, RNA and DNA synthesis. Much attention has Been placed
on the observation that the incorporation of [3HI-thymidine into newly
synthesised fetal DNA (SWENERTON &¢f al 1969; ECKHERT & HURLEY 1977; DREOSTI
et 2l 19835) and the activities of two metalloenzymes thymidine kinase
{DREOSTI & HURLEY 19735 DUNCAN & HURLEY 1978; RECORD & DREOSTI 1979) and
DNA polymerase (DUNCAN & HURLEY 1978) are significantly reduced as a result
of a dietary zinc deficiency. It has been demonstrated (RECORD 1980;
RECORD et al 1980; DREOSTI 1985) that the activity of thymidine kinase, the
enzyme responsible for re-utilising preformed thymidine to synthesise new
DNA was not the rate-limiting step in DNA synthesis and that the activity
of some other enzyme e.g. DNA polymerase might be of greater significance.
Indeed, as CHESTERS (1982) has pointed out, the reduction in thymidine
incorporation induced by zinc deficiency is paralleled by the decrease in
the number of cells with labelled DNA (FUJIOKA & LIEBERMAN 1%964; RUBIN
19723 SARYAN et al 1979). This would not be expected if a general
reduction in the synthesis of zinc metalloenzymes ~necessary for DNA
synthesis had occurred. In fact it would appear that zinc-deficient cells

either synthesise new DNA or they do not. Inspection of the micrographs in
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Chapter 5 also shows apparently healthy, normal mitotic cells next to
fragmenting or dying cells, which tends to support this view.

There is also good evidence to show that zinc deficiency delays the
tells at the G2/M boundary, although other transitions such as Gl to § and
S to 62 are also delayed (FALCHUK et al 1975). It is possible that, in the
case of the embryonic rat, zinc released from dying cells may allow nearby
cells to continue their cycle. Othgr cells might accumulate at a boundary
and be released once the maternal serum zinc level rises, resulting in a
more synchronous passage through mitosis and producing an increased mitotic
index (HURLEY & SHRADER 19755 RECORD e¢ al 1985; Chapter 5) rather than a
blockage in mitosis as was proposed earlier (SWENERTON & HURLEY 1969;
HURLEY & SHRADER 1972). Although the possibility cannot be discounted that
the cells are merely progressing through their cycle at a slower rate, this
would appear unlikely as the dams do have normal circulating zinc levels at
this stage.

As has been discussed in Chapter 1, it can be argued that there exists
& role for +#ree zinc ions in the reversible denaturation of DNA (EICHORN
1973) and also the initial phase of thermal -unwinding (SUBIRANA 1973)
probably relating to the removal of the Hl histone (BARRETT 1976) and
phosphorylation which is related to DNA synthesis (SLUYSER 1977). More
recent evidence shuwé that zinc ions might be a specific second messenger
pf mitogenic induction (GRUMMT et ail 1986). Indeed these observations
might explain the observed chromosomal abnormalities in zinc-deficient
sperm and ova (WATANABE e¢ &/ 1983) and fetal liver and bone marrow (BELL
et al 1975). Although the above studie§ were carried out in vitro, it
these processes require free or loosely bound (e.g9. metallothionine-bound)
zinc, it would explain the major effects of zinc deficiency which are
accompanied by only small changes in tissue zinc concentrations.

Indeed the requirement for zinc ions would explain why, under certain

circumstances other divalent metals such as cadmium can substitute for
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zinc, and also why these elements are antagonistic towards zinc. -

The precise role of zinc in cell division and differentiation remains
wnclear. 14, however, zinc ions or at least readily exchangeable zinc is
essential for these processes described above it is tempting to speculate
that in the cell undergoning division or differentiation zinc is required
for DNA unwinding, replication and re-association, and in the absence of
sutficient +free zinc, sequesters the metal from various membranes. As a
consequence of the metabolic activities, the membranes undergo peroxidative
damage and the cell perishes. In the case of a quiescent cell, there is
little need for zinc in the replicative process, except to allow normal
protein synthesis. Should such a cell be stimulated to divide in some way
(e.9. by lectin activation or partial hepatectomy) then, the process
leading to cell division cannot commence until sufficient zinc is acquired
by the cells. This hypothesis would explain the cell death occurring in
normally rapidly dividing tissues such as in the embryo, the testes and

small intestine, and the lack of cell death in other non-dividing tissues.

10.4 ZINC DEFICIENCY IN THE HUMAN SITUATION.

Although extrapolation of animal studies to humans is fraught with
danger, it seems appropriate top attempt to place the observations detailed
in this thesis in a human context. It has been stated in Chapter 1 that
the majority of human zinc deficiences are conditioned rather than frank,
even though the dietary zinc intake of many women is marginal, It is also
apparent that about 60% of all human conceptions do not give rise to
healthy, normal children. In the view of the author, it is possible that
nany instances of human reproductive +failure, particularly in early
gestation might result from a2 low to marginal zinc intake, exacerbated by
one or more of the factors listed in Table 1.2. Other factors having a
bearing on the materno-fetal relationship have been described in Chapters 6§

and 7.
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In the +first of these (Chapter 6) it was described how, in the
presence of limited dietary zinc intake, the demands of the conceptual mass
had a profound effect on the maternal serum zinc levels which provided an
explanation for the observed inverse relationship between birthweight and
maternal - serum zinc levels previously observed (JAMESON 1976; McMICHAEL et
2! 1982; METCOFF 19835 FEHILY e¢ al 1986). Although in this study zinc
deticiency prior to day 11 produced the variation in fetal number and
weight necessary to obtain a correlation, it is more than likely that any
such effect in early pregnancy unrelated to zinc metabolism, could produce
similar results. It can therefore be proposed that elevated matehnal zinc
levels associated with a small fetus need not be indicative of some defect
in the transport of zinc from the mother to the fetus.

The second study (Chapter 7) provided good evidence to show that the
size of the mother, and hence her zinc stores, could profoundly affect the
develupment of the embryo and fetus. In the +first +facet vyoung (1809)
zinc-deficient females had a far greater incidence of embryonic
sbnormalities than the older (310g9) females, although those younger dams
lost their liiters shortly aftterwards. The older dams on the other hand
managed to retain their litters, although the majority of +fetuses were
nalformed. It is possible that human studies would show that either young,
growing women are more at risk of having complications of pregnancy if the
dietary is marginal than older women who are not growing, or subject to a
weight loss during pregnancy, but consume similar amounts of zinc. To the
knowledge of the author these factors during pregnancy have not yet been
investigated.

In addition there is no evidence that humans fed a zinc-deficient diet
consume their food cyclically. In this respect perhaps mice provide a more
appropriate model. From the information in Chapter ? it can be seen that
mice are mucth more sensitive to zinc deficiency than rats, and that the

incidence of embryonic and fetal malformations is high even when the diets
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contain 3ug Zn/g. On a daily basis this is equivalent to about 0.5mg Zn/Kg
body weight. The human RDA is about 0.2mg/Kg body weight. Even allowing
for the differences in conceptual mass at term between the species (the
mouse litter weight being about 23% of the total body weight at .term versus
about 10% for the human) it can be suggested that the human fetus is only
just being supplied with sufficient zinc. If the human mother is hersels
in an anabolic state, or has limited zinc reserves, then fetal growth and
development ﬁay be at risk.,

In summary then, it can be suggested that the bhuman female most at
risk of having complications at any stage of preghancy due to a deficit of
zinc (a) has a marginal zinc intake (b) is at risk from an induced zinc

deficiency (c) is unable to catabolise her own tissues to release zinc.

10.5 CONCLUSIONS

The studies reported in this thesis have shown for the first time
that, in preghant rats and mice, maternal dietary zinc deprivation induces
abnormal cell death in ewbryonic tissues during the critical periods of
organogenesis. Furthermore the importance of the maternal feeding cycle in
the teratological response has also been elucidated. As a corpllary to
these studies, some interactions between maternal and fetal metabolism in

the latter part of gestation have been studied.
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Teratological Influence of the Feeding Cycle in
Zinc-deficient Rats |

L.R. RECORD'", L.E. DREOSTI', S.J. MANUEL', R.A. BUCKLEY' and RS,
TULSI*

'CSIRO Division of Human Nutrition, Kintore Avenuc. Adclaide. S. Australia 5000

*Department of Anatomy, University of Adelaide, North Terrace, Adelaide. S. Australia $000

* Maternal dietary Zn deficiency during the whole or part of gestation has been shown to be highly
teratogenic in rats (Hurley & Shrader, 1972). Zn deficiency also results in the establishment of a cyclical
feeding pattern with a period of about 4 days, over which the food intake fluctuates dramatically (Williams
& Mills, 1970) and is accompanied by changes in the plasma Zn concentration (Wallwork er al.. 1981). Ina
previous study (Record ef al., 1983) we noted an apparently anomalous inverse relationship between
maternal scrum Zn levels and embryonic development mid-way through pregnancy, as well as large



differences between the growth and development of individual Zn-deficient litters. In order to help explain
some of these observations we have investigated aspects of cyclical fecding and maternal Zn metabolism in
Zn-deficient rats during the first half of pregnancy.

I. Materials and Methods

Virgin female Sprague-Dawley rats (200-230g) were confined overnight with malces of the same strain.
From the day of detection of sperm (day 0.5 of gestation) they were fed a soya-bean based diet containing
cither less than 0.5 ug Zn/gor 100 ug Zn/g. In the first experiment Zn-deficient dams were allowed the diet
ad-lib.. but the control animals were fed only 12 g/day (the average daily amount consumed by the Zn-
deficient group). Food imake was monitored daily. In the second study, Zn-deficient animals and their
controls were presented with their diets in a systematic, cyclical manner designed to reproduce complemen-
tary patterns of the feeding cycle observed in the first experiment. Over the 11 d period food intake averaged
12 g/d although daily intakes ranged from 1.4 to 19.6 g.

After 11.5 d of gestation, all animals were anacsthetised with cther, scrum samples obtained after
cardiac puncture, and the embryos removed for morphological cxamination and protein determination to
evaluate embryonic growth.

II. Results

In the first experiment, Zn-deficicnt rats rapidly entered individual cyclical fceding patterns, cach with a
period of about 4 d, but without any real degree of synchrony. Maternal scrum Zn levels on the morning of
day 11 were inversely correlated with the dictary intake during the previous night (r = -0.95; P<<0.001).
There was a high degree of variability between the embryos of dilferent litters, both in terms of cmbryonic
size and development, however variation within the individual litters was less. The cocflicient of variation
(CV) of embryonic protein between the litters was 36%, however, within the litters this was reduced to 25%.
The CV between control litters was 16% and within the litters 13%. Overall, the protcin content of the Zn-
deficient embryos was significantly less (P<<0.001) than the Zn-replete embryos (Table 1). In the Zn-
deficient group the incidence of major malformations (including anophthatmia and acural tube defects)
ranged from 100% in enc litter to nil in  two litters, with an overall rate of 30%. Comparison of the [ceding
cycles with the known time of development of individual organ systems suggested that a period of high food
intake (and hence low maternal serum Zn levels) was related to the production of specific organ malforma-
tions and the overall prevalence of terata.

Table 1. Growth and Elcvclopmcnt of Zn-dcficient and replete rat embryos®

Zn-deficient Zn-replete

Total embryos (dams) 112(8) 65 (6)
Protein (ug) 204 + 9.9V 351296
Open neural tubes 10 (970) 1 (1.5%)
Other major defects 24 (21%) 2 (3D
Total major defects 34 (300 3 (4.5%)
Maternal serum Zn (gg/mh 0.63 £0.10° 1.07 £0.03

a: Values are means £ SEM. Zn-deficient dams were allowed free access to the diet, Zn-replete dams were limited
to 12 ¢ dict/day.
b: P<0.001

This suggestion received experimental support when. in a separate study, pregnant dams were led the
Zn-deficient dict systematically to represent the cycle of feeding which induced a low maternal serum Zn
level on days 8 and 9 of gestation. Another pattern was induced to produce adequatc levels on these days, but
decreased levels on days 6, 7. 10 and 11 (Fig. la, 1b).
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Fig.1. Feeding evele presented 1o dams to induce peak consumption and hence low serum zine levels on turdays N and 9,
thi davs 6, 7, 10, and 11.

Induction of fow maternal serum Zn levels on gestational days 8 and 9 further decreased the size of the
embryos and increased the incidence of open ncural tubes to 32%, with a total of 72% of the embryos
exhibiting major malformations (Table 2). The dams fed the Zn-deficient dict in the reverse cycle had
larger embryos with only a 2% malformation rate, although there was an increased loss of embryos close to
the time of implantation {Tablc 2).

I11. Discussion

References

Recent work (Masters ef al.. 1983) has demonstrated that force-feeding of anorexic, pregnant Zn-deficient
rats produces deleterious effects on both the dam and developing fetus by inducing an anabolic state in the
force-fed animals. In this study it is probable that during the feeding cycle of ad-lib fed Zn-deficient
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Table 2. Growth and development of Zn-deficient and replete rat embryos of cyclically-fed dams?

Peak food intakes on davs

8and 9 6.7,10,11

Deficient Replete Deficient Replete

No. dams with total
resorptions 0/8 0/4 4/9 0/4

No, embryos 10§ 42 76 52
Protein (ug) 128 £24b 216 +7 175 £13b 251 6
Open neural tubes 34 (329) 0 1 (1.379) 0
Other major defects 42 (40%) 0 1 (1.3%) 2 (3.8%)
Total major defects 76 (7127) [} 2 (2.6%) 2 (3.8%)
Maternal secrum Zn 1.13£0.04 1.04 £0.05 0.51 £ 0.06 1.06 £0.03

(day 11.5) ugfml

a: Values arec means 2 SEM.
b: P< 0.001 vs the respective Zn-replete group.

Discussion

WHITE (Perth. W.AL): Did youmeasure the Zn content of embryos from the two treatments (o see if it was getting
through.

RECORD (Adeclaide): No, but we are looking at this by radicisotope methods.

M. GOLDEN (Kingston, Jamaica): What was the protcin content of your dicts and did you try an cxperiment with
constantly restricted amounts of Za-deficicnt dict so that animals received the mean intakes of other low-Zn treatments.

RECORD (Adeclaide): No, we wanted to get the fluctuations in daily food intake characteristic of Zn deficiency that
we feel arc important in its teratogenic cffects. Dictary protcin was 20-25%.
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ABSTRACT

The teratogenic effects of a dietary zinc deficiency in rats are
well established. There are comparatively few reports regarding
similar effects on mice, however it has been established that mice are
much more sensitive to a dietary deficit of the metal than rats.

Recent studies from this laboratory have shown that, in rats,
during the periods of organogenesis, cellular death arising as a
result of low zinc levels is responsible for the observed terata. The
present studies using C57BL/6J mice demonstrate. that necrosis also
occurs in the embryo of this species and is probably associated with
the observed dysmorphologies.

Key words: zinc deficiency, mice, teratogenesis, cell necrosis

INTRODUCTION

Despite the extensive investigations into the effects of a maternal dietary
zinc deficiency on the in utero development of the rat (1), surprisingly little
is known about a deficit of this metal on the mouse. Demonstrations of the
teratogenicity of zinc deficiency in this species have been limited to
interactions with other teratogens such as acetazolamide (2), alcohol (3,4) and

cadmium (5).

More recently a report from this Taboratory (6) has established that the
strain of mice used (C57BL/6J) were highly sensitive to zinc deficiency and
required at least 5 ug In/g diet to retain any fetuses and more than 10 wg Zn/g
diet to avoid the occurrence of malformations. In addition, this latter study
(6) showed clearly that, unlike rats, mice consumed their zinc-deficient diet on
a constant basis, with no cyclical feeding pattern. The suggestion was made
that due to the absence of fluctuations in food intake and the transient rises
in maternal serum zinc levels associated with a maternal fast, the mouse embryos
were subjected to extended periods of zinc impoverishment leading to an
increased incidence of fetal dysmorphologies. However the etiology of the
terata produced in mice by a deficit of the metal has not previously been

investigated.

Correspondence to I R Record. Division of Human Nutrition (CSIRO) Aust.



The purpose of this current study was to confirm voth the earlier fingdings
(6) and to assess the morphological and histological appearance of mouse embryos
at the time of organogenesis to discover whether cellular necrosis attributed to
maternal zinc deprivation in rats (7) also occurred in this species.

MATER IALS AND METHODS

Animals

Mice of the C57B1/6J strain were obtained at 8-10 weeks of age from the
Gilles Plains Animal Resource Centre, Adelaide, South Australia, and allowed
free access to food and water. Female mice were placed in a darkened cage with
males (4 females/ 2 males) for 2h from 08.30 to 10.30 each morning and examined
hourly for the presence of a vaginal plug. Thereafter they were housed
individually in stainless steel and plastic cages and allowed free access to
various soy-flour-based diets containing either <0.5, 5 or 100 pg Zn/g diet (8).
On the 9th day of gestation (after 220hr gestation) dams were anaesthetised with
ether, maternal blood samples collected by cardiac puncture and the ovaries and
uteri excised. The ovaries were examined for the presence of corpora lutea and
the embryos removed from the uterus and decidual tissue for assessment (8) and
protein determination (9). Representative embryos were also fixed in
Karnovsky's fixative for histological assessment.

RESULTS

In common with rats, the serum zinc level of mice decreased rapidly
following institution of a zinc-deficient regime and rose after an imposed
overnight fast (Fig. 1). However no evidence was seen of significant
fluctuations in serum zinc levels accompanying feeding cycles as has been
reported in rats (7,8) which supports the notion (5) that mouse embryos are
exposed to continuous lTow circulating zinc levels.

1.0 ¢

_\é 0.8 ﬁ)Fa'sted o/n
@]

e

o 0.6

£

N

'5 0.4

)

N

1 2 3 4 5
Days on Diet.

FIG. 1
Changes in mouse serum zinc levels following supply of a zinc-deficient
diet and the response to an overnight fast. Means % SEM of 4

animals/group.



In the mice fed the lTowest level of zinc recovery of embryos was substantially
decreased (Table 1). This was primarily due to the failure of a large
proportion of pregnant dams (as judged by the presence of corpora lutea) to
carry their embryos until day 9. The absence of implantation sites suggested
that this loss occurred in early gestation. There was a surprisingly large
proportionof dead embryos in the control (100 ppm zinc group) however the
incidence of malformations was considerably higher in the groups fed low Tlevels
of zinc and ranged from 100% in zinc-deficient group to 36% in the group fed 5
ug Zn/g diet. In general the malformations were very similar to those observed
in rats fed diets devoid of zinc (7), although a level of only 5 ug Zn/g diet
proved to be highly teratogenic in this species. Indeed, due to the degree of
the deformities it is unlikely that many of the embryos in this group would have
survived until the end of gestation. In terms of size, the embryos from zinc-
deprived dams were extremely small. Those embryos from dams fed 5 ug Zn/g were
significantly smaller and contained much less protein than the control embryos,
although the somite number was not greatly affected (Table 1). Photographs of
the representative embryos are presented in Fig. 2A,B,C.

TABLE 1
Effects of feeding diets containing different levels of zinc on
on embryonic development in pregnant mice

Qutcome Dietary zinc level (ug/g)
<0.5 5.0 100

Dams with corpora luteae 6 11 6
Dams with embryos 3 6 5
Total number of embryos 16 47 34
Dead embryos 5 5 10
Malformed embryos 11 15 1
Defects:

Chorio-allantoic fusion 11 0 1

Rotation 1 1 1

Open neural tube 11 9 0

Other (anophthalmia, distorted (a) 5 0

head, neural tube)

Maternal serum zinc (ug/ml) 0.410.09°  0.80£0.03® 0.96£0.03
Grown-rump length (mm) 0.7120.08°  2.09:0.07° 2.51+0.07
Somite number (a) 22.4+0.4 23.6+0.4
Protein (ug/embryo) 25+162 107472 152+10

(a) : Due to the severity of the malformations, these values could not be
determined.

(b) : Significantly less than control (100 ng/g) group P<0.05.



Embryos from each group were also sectioned and examined under the light
microscope. While control animals were entirely normal histologically, (Fig.
2D), in common with the zinc-deficient rats, embryos from both the zinc-deprived
and low zinc dams were grossly abnormal (Figs. 2E, F). In the Tatter groups
there were extensive areas of cells containing dark-staining inclusions
representative of engulfed cellular material which were identical with the
necrosis previously described for zinc-deficiency (7) and other (10, 11)
teratogens. Regions of both the neural epithelium and mesoderm showed some
degree of involvement. Large extra-cellular spaces, probably arising as a
result of the removal of dead cells were also observed, particularly in the 5

ug/g group (Fig. 2E).

DISCUSSION

As with rats, the serum zinc level of mice fed a zinc-deficient diet fell
rapidly. However, as has been shown previously, the food intake of zinc-
deficient mice remains relatively constant, at least for the 9-day period of the
study, although food deprivation following a period of zinc deficiency does lead
to an increase in serum zinc levels. This absence of food cycling would imply
that the serum zinc levels do not fluctuate as they do in rats, a suggestion
supported by the data in the present study. Thus it appears that the continued
exposure of mouse embryos to a level of maternal serum zinc restriction may be a
major factor in the increased sensitivity of this species to low maternal
dietary zinc levels which would not be teratogenic to rats.

The current study confirms that the mouse embryo is extremely sensitive to
maternal zinc deprivation, and also provides evidence that the cellular necrosis
induced by zinc deficiency in rats also occurs in the mouse embryo. This
demonstration that the cytotoxic effects of zinc deprivation leading to the
observed terata are not species-specific, and indeed even occur at dietary zinc
levels of 5 ug Zn/g could be interpreted to suggest that this model might more
suitably represent the human situation where (in the Western society) frank
zinc-deficiency is rare, but marginal dietary zinc intakes are more widespread

(1).



FIG. 2
Terata in zinc-deficient mouse embryos. A - control showing normal station and
growth. B - (5ug Zn/g diet) showing open cranial neural tube (arrow) and poor
rotation. C - (<0.5 ug Zn/g) showing multiple defects. D-F 1M sections
through the cranial regions of embryos similar to those in A-C. D - control.
E - (519 Zn/g diet) with 1imited areas of necrosis (arrow) and large extra-
cellular spaces (arrowhead). F - (<0.5 ug Zn/g) showing extensive necrosis in
both the neural ectoderm (arrow) and mesoderm (arrowhead).
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‘DEVELOPMENT OF ZINC-DEFICIENT RAT EMBRYOS IN CULTURE
I.R. RECORD*, I.E. DREOSTI*, S.J. MANUEL* and R.S. TULSI**

In rats, a maternal dietary zinc deficiency has been shown to be highly
teratogenic, resulting in developmental abnormalities in every organ system.
Many of these abnormalities arise during the critical periods of organogenesis,
especially during the time of closure of the neural tube (about 4 11 in the
rat). Advances in technique have now made it possible to remove rat embryos
from the dam after 9.5 days gestation, and to culture egg cylinders in vitro
for up to 48 h, during which time development proceeds at the same rate as in
vivo. Use has been made of this technique to study the development of the zinc
deficient rat embryo during the time when the embryo is most susceptible to
teratogenic stimuli.

Normal 9.5 d embryos obtained from Sprague-Dawley rats grew and developed
normally in sera obtained from both zinc-deficient and replete rats. Embryos
from some dams fed the zinc-deficient diet since mating were found to be
morphologically normal, whilst other dams provide embryos which appeared
stunted and/or malformed. These latter embryos developed abnormally in
culture, regardless of, the serum in which they were incubated. Morphologically
normal zinc-deficient embryos, however, grew and developed to ghe same extent as
control embryos, even in zinc-deficient sera. Inclusion of €°zinc in the
medium showed that all embryos were able to obtain sufficient zinc from the
media to maintain growth over this period. The results of these studies
suggest that abnormal embryonic development due to zinc deficiency cannot be
induced in vitro, however, it would appear that a maternal zinc deficiency can
exert its effect prior to day 9.5 of gestation, and that these effects are not
easily reversible.

*CSIRO Division of Human Nutrition, Kintore Avenue, Adelaide,South Australia
**Department of Anatomy, University of Adelaide, South Australia 5000
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CYCLICAL FEEDING PATTERNS AND TERATOGENESIS IN ZINC-DEFICIENT RATS
I.R. RECORD*, I.E. DREOSTI*, R.S. TULSI** and S.J. MANUEL*

In rats, zinc deficiency results in the establishment of individual 4-day
cyclical feeding patterns which are inversely related to fluctuations in the
maternal serum zinc levels. A maternal dietary zinc deficiency has also been
shown to be highly teratogenic in rats, producing abnormalities in every organ
system. Taken together, these observations suggest that during development,
the zinc-deficient rat embryo might be exposed to several waves of zinc
deficiency, interspersed with adequate supplies of zinc. We have examined
aspects of cyclical feeding in zinc~deficient and control rats, and the effects
on the morphological development of the embryo over the first 11.5 days of
gestation. .

Pregnant animals fed the zinc-deficient diet since mating produced 11.5
day litters with varying degrees of malformation, at an overall rate of about
30%. Presentation of the diet in a systematic fashion intended to induce a low
maternal serum zinc concentration on days 8 and 9 of gestation increased the
rate of major malformations observed on day 11.5 to about 70%. When low
maternal serum zinc levels were induced on days 6, 7, 10 and 11, the number of
implantation sites was decreased, as was the incidence of major and minor
malformations.

Further studies were performed in which single feeding cycles were timed
to provide peak intakes of food on days 7 and B8 of pregnancy in one case and on
days 9 and 10 in another. While 1n both cases the prevalence of terata was
high (49% and 67% respectively) at the end of gestation, the type of
abnormality differed between groups from a predominance of skeletal
malformations in the day 7 and 8 group to mainly palatal and soft tissue
defects in the day 9 and 10 animals.

These results demonstrated that judicious requlation of the food intake of
zinc-deficient rats can influence the maternal serum zinc levels, and hence the
availability of zinc to the embryo at selected stages of development, thus
producing specific malformations of the organs developing at that time.

*CSIRO Division of Human Nutrition, Kintore Avenue, Adelaide, South Australia
**Department of Anatomy, University of Adelaide,South Australia 5000
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THE INFLUENCE OF MATERNAL AGE ON THE TERATOGENICITY OF ZINC DEFICIENCY
IN THE RAT

I.R. RECORD*, I.E. DREOSTI*, R.S. TULSI** AND S. LEOPARDI*

Cyclical feeding of a zinc-deficient diet to pregnant rats in order to
induce low maternal zinc levels on days 8 and 9 of gestation has been shown to
produce a high degree of embryonic dysmorphogenesis (Record et al. 1985). It
would appear from these, and other studies (Masters et al. 1983) that during
the feeding cycle, the zinc-deficient dam alternates between a catabolic state
(when the dam reduces her food intake), and an anabolic state (when the dam is
feeding). It is this latter phase, which is associated with the onset of
developmental anomalies. These observations suggested to us that the litters
of young, growing rats would be more susceptible to the teratogenic effects of
zine than older dams of more stable weight.

In order to establish the validity of this hypothesis, young (175 g)
rats were fed zinc-deficient diets to produce a maximal teratogenic response,
and at 11.5 days of gestation the litters were compared with those from
similarly treated older (315 g) rats. :

Embryos from the older zinc-deficient dams were smaller than those from
the pair-fed zinc-replete dams, but were morphologically normal. The embryos
from the younger zinc-deficient dams were significantly smaller than any from
zinc-replete controls or even those from the older zinc-deficient dams. In .
addition, 18% of the embryos were dead and a further 68% of the live embryos
mal formed.

These results indicate that the ability of the growing dam to apportion
stores of labile zinc between her own tissues and those of the developing
litter is a major determinant of embryonic development, and is probably of
even more significance in later gestation when the fetuses acquire most of
their zinc.

MASTERS, D.G., KEEN, C.L., LONNERDAL, B. and HURLEY, L.S. (1983). J. Nutr.

10:  905.
RECORD, I.R., TULSI, R.S., DREOSTI, [.E. and FRASER, F.J. (1985).

Teratology (in press).

*CSIR0O, Division of Human Nutrition, Kintoie Avenue, Adelaide, S.A. 5000
**Dept. Anatomy, University of Adelaide, North Terrace, Adelaide, S.A. 5000



Record,I.R., Dreosti, I.E. and Tulsi, R.S. (1985). Fetal outcome following transient
zinc deficiency in the pregnant rat. In Genes, environment and mankind : a joint
scientific meeting and annual scientific meetings of Australia New Zealand
Environmental Mutagen Society, Australian Teratology Society, Human Genetics

Society of Australasia, Genetics Society of Australia : programme and abstracts,
University of Sydney, August 26th-30th, 1985.

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.




Record,I.R., Tulsi, R.S. and Dreosti, I.LE. (1985). Dietary zinc deficiency induces cell
necrosis in rat embryos. In Genes, environment and mankind : a joint scientific
meeting and annual scientific meetings of Australia New Zealand Environmental
Mutagen Society, Australian Teratology Society, Human Genetics Society of
Australasia, Genetics Society of Australia : programme and abstracts, University of
Sydney, August 26th-30th, 1985.

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.




Record,I.R., Tulsi, R.S. and Dreosti, I.LE. (1985). Abnormal cell death in zinc-deficient
rat embryos. Journal of Anatomy, 143, 221-222.

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.




Record,I.R., Tulsi, R.S. and Dreosti, I.LE. and Manuel, S.J. (1985). Induction of
teratogenic abnormalities in rats by maternal dietary zinc deficiency. Journal of
Anatomy, 142, 223.

NOTE: This publication is included in the print copy of the thesis
held in the University of Adelaide Library.






