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ABSTRACT

Ethanol-related teratogenicity is a major health concern, yet the underlying mechanisms
are not fully understood. Changes in maternal-foetal zinc homeostasis resulting in a
foetal deficiency may be an important contributing factor. Zinc is an essential trace
metal, fundamental for many metabolic processes, including those associated with
growth and development. Ethanol induces expression of hepatic metallothionein (MT), a
zinc-binding protein, causing zinc transfer from the plasma to the liver. The ethanol-
related reduction in the maternal plasma zinc concentration is critical in mediating a
teratogenic outcome. In normal (MT+/+) mice, ethanol causes a greater than 50%
decrease in plasma zinc levels, while the reverse occurs in mice that cannot express MT
(MT-/- mice). These changes in plasma zinc correlate with a high (24%) and normal
(3%) incidence of abnormal foetuses in MT+/+ and MT-/- mice respectively. The
importance of zinc and MT in mediating the teratogenic effects of ethanol was further
examined.

The increased plasma zinc concentrations in MT-/- mice following ethanol treatment
were found to be a consequence of zinc release from the muscle and skin as determined
using 657n labelling studies. In MT+/+ mice this zinc is rapidly sequestered by the liver
as zinc-MT, leading to a decreased plasma zinc concentration.

Zinc treatment in MT+/+ dams at the time of ethanol insult (gestation day, GD, 8)
prevented teratogenicity, with only 4.5% of the foetuses being abnormal, compared to
14.3% of foetuses from dams not supplemented with zinc.

Examination of the relationship between ethanol treatment and maternal and foetal
genotype revealed that teratogenicity in foetuses from MT+/- dams was intermediate (8%
abnormal foetuses) between MT+/+ (24%) and MT-/- (3%), while foetal genotype did

not have a major impact on outcome.
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The teratogenic effect of lipopolysaccharide (LPS), a potent MT inducer, was also
assessed, using the same protocol as the ethanol studies. Foetuses from LPS-treated
MT+/+ dams exhibited significantly more abnormalities, and were smaller than foetuses
from MT-/- dams. Zinc treatment on GD8 prevented the deleterious effects of LPS.

This work demonstrates a clear link between maternal hepatic MT induction, decreased
foetal zinc supply, and teratogenicity. This has major implications for binge alcohol
consumption in early pregnancy, as well as infection during pregnancy, as indicated by
the LPS studies. The demonstration that zinc treatment is effective in preventing

teratogenicity in both situations indicates potential treatment strategies.
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CHAPTER 1

Background

1.1 ETHANOL TERATOGENICITY

Alcohol (ethanol) is the most widely consumed and socially accepted drug in western
society. Perhaps because of this, the public awareness of alcohol as a teratogen is
poorly recognised when compared to other less commonly used drugs such as
cocaine, and in the past thalidomide. Underlying this statement is the observation that
15% of women in the United States consume alcohol at some stage during pregnancy
(Ebrahim et al, 1998). Furthermore, in a recent Danish study it was found that of a
cohort of pregnant women who consumed alcohol, 27% had at least one episode of
binge' drinking during the gestational period (Andersen et al, 2001). The significance
of these figures is emphasised by the fact that prenatal exposure to alcohol 1is
considered to be the leading cause of congenital mental retardation in the US (Abel

and Sokol, 1987).

1.1.2 Foetal alcohol syndrome

Foetal alcohol syndrome (FAS) was first described by Jones and Smith (1973) as “a
pattern of altered growth and morphogenesis” in children born to alcoholic mothers.
Since then there have been numerous human and animal studies published, clearly
demonstrating the teratogenic nature of ethanol (see reviews by Hannigan and

Armant, 2000; Becker et al, 1996; Streissguth et al, 1980). Furthermore, it is not

' A binge is defined as the consumption of 5 or more standard drinks in one session, where a standard
drink contains 14 g of absolute ethanol.
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exclusively the offspring of alcoholic mothers who are affected. It has been shown in
animal studies that binge drinking episodes can have equally severe ramifications for
the foetus as does chronic ethanol exposure, suggesting that the timing of alcohol
consumption is also a key teratogenic factor (Sulik and Johnston, 1983; Fermandez et
al, 1983). The period when the foetus is most susceptible to the disruptive impact of
ethanol is during organogenesis, a time when a multitude of critical morphological
events are taking place. In humans, organogenesis takes place between weeks 3 and 9
of gestation, while in rodents it begins on gestation day (GD) 7, and is complete by

GD12.

1.1.3 Manifestations of foetal alcohol exposure

The severity and type of abnormalities associated with foetal alcohol exposure are
highly varied, hence afflicted individuals are often phenotypically dissimilar.
However, there are 3 distinct components to the FAS, and in terms of diagnostic

criteria patients must display:

1) some degree of postnatal growth retardation
2) characteristic facial dysmorphologies

3) central nervous system (CNS) deficits

One of the major manifestations of foetal alcohol exposure is a low birth weight (<2.5
kg, where 3.5 kg is normal), which is indicative of intra-uterine growth restriction.
Furthermore in the postnatal environment there is no evidence of the ‘catch-up
growth’ often associated with low birth weight infants (Tenbrink and Buchin, 1975;

Kyllerman et al, 1985).



The facial components of FAS include having a thin upper lip, wide nasal bridge,
indistinct philtrum (the groove between the upper lip and nose), prominent epicanthic
folds (the skin over the inner corner of the eye), clefts of the palate and lip, and
microphthalmia, most of which are evident in Figure 1. Other abnormalities
commonly seen in individuals with FAS include heart (ventricular and atrial septal

defects), hearing, and urogenital defects.

Although the physical abnormalities are the most salient aspect of FAS, the brain
related problems are by far the more debilitating and cgstly both to the individual
concerned and the community in general. Recent investigations, undertaken in the
laboratory of John Olney, have demonstrated that ethanol has a significant
neurodegenerative effect in rodent brains (Ikonimidou et al, 2000; Olney et al, 2002).
In humans, magnetic resonance imaging of individuals with FAS has revealed
frequent underdevelopment of the brain (microcephaly), which may account for some
or all of the CNS related abnormalities (Sowell et al, 2001; Mattson et al, 1996). In
terms of CNS deficits resulting from these underlying effects, individuals with FAS
are often classified as mildly mentally retarded (IQ < 75), have problems existing
socially, and may exhibit a number of learning and behavioural disorders such as
attention deficit hyperactivity disorder and attention deficit disorder (Streissguth and

O’Malley, 2000).

Not all alcohol-exposed individuals meet the criteria necessary for the diagnosis of
FAS. Some may have only one or several components and hence are classified as
suffering alcohol related birth defects (ARBD). Similarly, alcohol induced brain
dysfunction without other aspects of FAS is termed alcohol related

neurodevelopmental disorder (ARND).



Figure 1. Pictures of a child taken at birth, 8 months and 4.5 years, displaying the

characteristic facial features of FAS.



1.1.4 Incidence of FAS

Recent estimates in the USA suggest that approximately 3 out of every 1000 children
born will suffer from FAS (Clarren et al, 2001), however, over the years there have
been estimates ranging from 0.5 up to 5 per 1000 births (reviewed by May and
Gossage, 2001). There are also marked differences in occurrence within different sub
populations in the community, with indigenous, low socioeconomic and minority
groups overrepresented (Burd and Moffatt, 1994; Abel, 1995; Viljoen et al, 2002).
Assuming an annual birth rate of 4 million in the USA, there are then approximately
2000 to 12000 babies born each year with FAS (National Academy of Sciences
report, 1996). This figure ignores individuals born with some, but not all, aspects of
FAS (i.e. ARBD and ARND) the incidence of which is much higher and has been
conservatively estimated to be in the vicinity of 1 in 100 births (Sampson et al, 1997).
The actual frequencies of FAS observed through general/passive observation are far
lower that what is seen in the specialised/active studies aforementioned (1 in 10,000
is typical), and this reflects the problematic nature of diagnosing FAS. Some features
of foetal alcohol exposure may be caused by other contributing factors such as drug
use and smoking, hence it can be difficult to single out alcohol as the offending
teratogen. Problems in recognising FAS at birth mean that it’s prevalence in the
general community is almost certainly underreported, particularly in poorer countries
and indeed some western countries where the general awareness of FAS is less
prominent than in countries such as the USA and Canada. For example, in the state of
South Australia there were only 9 recorded cases of FAS between 1986 and 1998, in
which time there were approximately 240,000 births, thus giving an incidence far
below even the most conservative estimates in previous studies (South Australian
Birth Defects Register report, 2000). There are also difficulties in ascertaining

whether a mother has consumed alcohol during gestation, as women are often



reluctant to discuss their drinking habits with health authorities. Furthermore, there is
also a broad spectrum in the severity of abnormalities, from slight to extreme, making
definitive diagnosis problematic. However steps are being taken to standardise the
assessment of FAS (Astley and Clarren, 1999), and this will likely lead to more
comprehensive identification of afflicted individuals, and hence an increased ability

to deal with the problem, and prevent the development of secondary disorders.

1.1.5 Cost to the community

The most recent cost estimates for dealing with FAS alone in the USA come from a
National Institute on Drug Abuse report regarding alcohol abuse and alcoholism
which puts the total at around $1.9 billion per annum (National Institute on Drug
Abuse, 1992). By far the bulk of this amount is associated with the ongoing costs of
institutionalisation for mentally retarded individuals with FAS, and special education
programs for mildly retarded individuals. There are also the more immediate costs of
caring for low birth weight infants, and surgically repairing FAS related physical
defects. Something that has not previously been discussed is the cost of drugs to treat
behavioural disorders such as attention deficit disorder and the like, which are now
known to be common in FAS. It should be noted that these estimates are for full FAS,
and do not include the costs associated with ARBD and ARND. Hence one would
expect the total cost of the teratogenic effects of alcohol to be far in excess of the

estimates thus quoted.

1.1.6 Rodent studies
Ethanol teratogenicity has also been investigated quite extensively using rodent
models of experimentation (reviewed by Becker et al, 1996). These studies have

demonstrated the full spectrum of effects seen in humans, ranging from an increased



incidence of spontaneous abortion to the facial dysmorphologies characteristic of
FAS (Chernoff, 1977; Sulik and Johnston, 1983). Both chronic and acute models of

ethanol administration have been developed and utilised to good effect.

Chronic models, designed to mimic alcoholism in humans, are typically manifested in
the form of a liquid diet containing ethanol (DeCarli and Lieber, 1967). Experimental
dams are maintained on the diet during gestation, while control dams are also fed a
liquid diet containing an isocaloric substitute for ethanol. There is also often a second

control group where dams are pair fed the amount of diet consumed by the ethanol

group.

Acute, or binge-type models of ethanol exposure usually involve two intraperitoneal
(ip) injections of ethanol, administered on a specific day during the organogenic
period (Webster et al, 1980; Webster et al, 1983). While chronic treatment is
associated with moderate blood alcohol concentrations (BAC), acute injection results
in significantly higher levels, and is analogous to what occurs in a human binge
drinking episode. Although ethanol administration by oral gavage is more comparable
to human consumption, it is difficult to attain relevant BACs by this method without
compromising the health of the animal. In mice, the stomach has a capacity to hold
0.2 mL of liquid, meaning that the solution gavaged has to contain approximately
60% ethanol to reach BACs comparable to those achieved following ip injection. This
dose is know to damage the mucosa in both the stomach and small intestine

(Kawashima et al, 1975; Takano et al, 2000).



1.1.7 Aetiology

We do not yet fully understand the mechanisms that underlie ethanol teratogenicity.
There is little doubt that there are multiple factors involved, including both direct
effects of ethanol on the foetus, and indirect effects mediated by associated changes
in maternal-foetal homeostasis. There is also the argument that a significant
proportion of ethanol teratogenicity is associated with the effects of its intermediate
metabolite, acetaldehyde. As yet it has not been determined if there is one dominant
factor responsible. Some of the more prominent indirect effects proposed include;
interference with retinoic acid synthesis, altered prostaglandin metabolism,

hypoxaemia, and impaired nutrient delivery.

1.1.7.1 Inhibition of retinoic acid synthesis

The binding of retinoic acid (RA) to specific retinoic acid receptors initiates a cascade
of events that ultimately impinge on gene expression, and consequent embryogenesis
and cellular differentiation (Kastner et al, 1994; Chytil and Haq, 1990; Maden et al,
1989). RA is a metabolite of retinol (or vitamin A), and is formed by two oxidation

steps shown below.

Retinol Retinol Dehydrogenase Retinal Retinal Dehydrogenase Retinoic Acid

Alcohol Dehydrogenase

The rate limiting step in this process is the conversion of retinol to retinal.
It seems likely that there is some degree of functional overlap in the ability of retinol
and alcohol dehydrogenase to catalyse the precursor alcohols to aldehydes (Connor

and Smit, 1987; Yang et al, 1994), leading to the suggestion that competition between



ethanol and retinol for enzyme catalysis leads to a deficit in RA accumulation, and

consequent foetal dysmorphology.

For more detail on this topic see reviews by Napoli, 1999 and Zachman and

Grummer, 1998.

1.1.7.2 Altered Prostaglandin metabolism

Prostaglandins are known to play a role in stimulating parturition, however in excess
they are teratogenic (Persaud, 1975; Collins and Mahoney, 1982). There is evidence
to suggest that ethanol causes an increase in endogenous levels of prostaglandins as a
result of increased cellular release and/or decreased catabolism (see reviews by Smith

et al, 1991; Randall et al, 1987).

1.1.7.3 Altered blood flow

As the foetus is wholly reliant on maternal blood for supply of nutrients and oxygen,
any impediment to delivery is likely to have significant implications for growth and
development. It has been reported that maternal ethanol exposure is associated with
foetal hypoxaemia (Mukherjee and Hodgen, 1982), as well as decreased transfer of
amino acids (Lin, 1981) and glucose (Singh et al, 1989) to the foetus. All of these
effects could be accounted for by changes in foetal blood flow. Other investigations
have failed to find an effect of ethanol on these physiological processes (Patrick et al,

1985; Schenker et al, 1989).

1.1.7.4 Direct effects of ethanol on the foetus
In vitro experiments have demonstrated that ethanol, which freely crosses the

placenta (Wilkening et al, 1982; Clarke, 1986), has direct deleterious effects on foetal



tissue. These effects, most likely mediated by reactive oxygen species (ROS)
generated during the metabolism of ethanol, include the inhibition of DNA
methylation and thymidine incorporation (and consequent decreased DNA and
protein synthesis) (Garro et al, 1991; Dreosti et al, 1981), and alterations in
membrane integrity (as a result of lipid peroxidation) leading to inevitable changes in
transport mechanisms and receptor dynamics (Kotch et al, 1995; Chen and Sulik,

1996).

For more detailed reviews on this topic see Henderson et al., 1999, and Brooks, 1997.

1.1.7.5 Acetaldehyde

Acetaldehyde has demonstrated teratogenic effects when administered as an
independent agent (O’Shea and Kaufman, 1979; Sreenathan et al, 1982). This has led
to the proposition that acetaldehyde, formed by the alcohol dehydrogenase-mediated
oxidation of ethanol, is one of the underlying mediators of ethanol teratogenicity

(Dreosti et al, 1981).

Although this is an attractive and logical mechanism, there is a scarcity of data from
in vivo experiments supporting this assertion. It is unlikely that concentrations of
acetaldehyde in this setting would reach a level comparable to the experiments where
acetaldehyde was administered as a sole agent. Furthermore it has been reported that
the peak concentrations of acetaldehyde in maternal and foetal blood following
ethanol administration are some 1000-fold less than corresponding ethanol
concentrations (Brien et al, 1983). In addition, investigations utilising the
acetaldehyde dehydrogenase inhibitor disulfiram have failed to demonstrate any

increase in teratology following ethanol treatment (Webster et al, 1983), while use of

10



the alcohol dehydrogenase inhibitor 4-methylpyrazole further increases the
teratogenic outcome as compared to ethanol treatment alone (Blakely and Scott,

1984).

It should be stressed that none of the mechanisms discussed have been proven, and
therefore remain viable hypotheses rather than fact. Hence this thesis focuses on
another potential mechanism: ethanol-induced foetal zinc deficiency. To understand
why this could be a significant factor in the underlying teratology it is first necessary
examine in some detail the general characteristics of zinc and why it is so important

in all aspects of life, not the least being early foetal development.

1.2 ZINC

Behind iron, zinc is the most abundant trace element in the body, and is essential for a
whole range of processes underlying general functioning in both humans and animals.
The importance of zinc is perhaps best exemplified by its presence in over 300
enzymes, where it conveys both catalytic activity and structural stability. Structurally,
zinc atoms are also present in cell membranes and DNA binding domains. It is
primarily through these enzymes and binding domains that zinc plays a critical role,

not only in general metabolic processes, but also in growth and development.

1.2.1 Biochemistry

In the physiological setting zinc exists almost exclusively as a divalent cation (Zn™).
There are several basic properties of zinc that make it extremely prominent in
biochemical systems. Firstly, zinc does not undergo either oxidation or reduction, and

thereby confers a high degree of stability to complexes in environments where there

11



is a continual flux between the oxidised and reduced state. Secondly, zinc ion
complexes can rapidly exchange ligands (this being an essential characteristic for
catalycity). Thirdly, zinc can assume multiple coordination geometry’s, thus allowing
for a high degree of flexibility with respect to structural conformation. In short, the
stability and versatility of zinc enables it to interact with a wide range of ligands, and

play a key role in normal functioning.

1.2.2 Zinc enzymes

Over 60 years ago, carbonic anhydrase was the first zinc-containing enzyme to be
discovered (Kielin and Mann, 1940). Since that time there have been hundreds of
other zinc enzymes reported in all 6 enzymatic classification groups. For the vast
majority of zinc containing enzymes, the zinc atom itself (with its highly localised
charge and electron affinity) plays a direct catalytic role whereby the metal ion binds
to specific ligands. Prominent examples of catalytic zinc enzymes include angiotensin
converting enzyme, collagenase, carboxypeptidases, phospholipase C, and
dipeptidase. There are several enzymes directly involved in regulating the mechanics
of gene expression, which also fall in this category. These include RNA polymerase,
reverse transcriptase, DNA topoisomerase, and tRNA synthetase. In other enzymes
zinc plays a structural role, conveying stability to quaternary structural formations.
Protein kinase C, aspartate transcarbamylase, and alcohol dehydrogenase (note:
alcohol dehydrogenase also contains catalytic zinc atoms) are examples of enzymes
in this category. Zinc is also known to play coactive roles in some enzymes, where its
presence, although not absolutely essential, may facilitate or depress catalytic

function.

12



1.2.3 Zinc proteins

As well as in enzymes, zinc plays a critical role in proteins modulating gene
expression. Nearly 20 years ago it was discovered that transcription factor IIIA
(TFIIIA) from Xenopus oocytes requires zinc to enable binding to RNA (Hanas et al,
1983). Several years later, TFIIIA was found to contain characteristic zinc-binding
motifs, which were later named zinc fingers (Miller et al, 1985). Structuraily TFIIIA
consists of a pattern of amino acids, with conserved cysteine and histidine residues to
which zinc binds, forming a tetrahedral arrangement (Diakun et al, 1986). The
binding of zinc to the amino acid sequence of TFIIIA conveys stability to the
underlying structure, and allows binding to RNA and consequent transcription in the
presence of RNA polymerase III. In simple terms, a zinc finger can be described as ‘a
polypeptide loop folded back on itself with the aid of a zinc ion’ (Klug and Schwabe,
1995). Since the structural elucidation of TFIIIA, numerous other transcription factors
have been discovered to contain, what is now considered, the ‘classic’ zinc finger
motif, Prominent examples include; in humans Sp1 (Kadonaga et al, 1987), in mice
Zif268 (Pavletich and Pabo, 1991), and in drosophila Kruppel (Rosenberg et al,

1986).

Shortly after the discovery of zinc finger proteins, other proteins were also found to
contain similar, yet conformationally different zinc binding motifs. The proteins, also
involved in initiating transcription, contain zinc atoms tetrahedrally bound to cysteine
residues. Differences in zinc interatomic distances, and surrounding amino acid
conformation, have led these motifs to be termed zinc clusters, and twists (Vallee et
al, 1991). The steroid hormone receptors for glucocorticoids and oestrogen have
several binding domains; one each for the hormone itself, DNA, and RNA

polymerase. The DNA binding domain contains 2 zinc atoms, encaptured in a twist

13



formation. The removal of these zinc atoms by chelation prevents DNA from binding,
and halts transcription (Freedman et al, 1988). The GAL4 protein in yeast, which is
involved in initiating galactose metabolism, exhibits a prototypic zinc cluster
formation. As with the oestrogen and glucocorticoid receptors, the removal of zinc

stops transcription at the DNA binding step (Johnston, 1987).

1.2.4 Antioxidant properties of zinc

It well accepted that zinc deficiency leads to increased production of free radicals,
and susceptibility to oxidative damage. It follows that supplementation with zinc
(both acute and chronic) leads to significant antioxidant effects. Zinc, with only one
valence state, is not a traditional antioxidant, in that it is not directly involved in
negating hydroxyl radical ("OH) formation. Zinc is known to induce metallothionein
(MT), a cysteine rich protein which has antioxidant properties (discussed further on
page 29). Furthermore, superoxide dismutase, a zinc containing enzyme/free radical
scavenger, displays increased activity on relief of the deficient state (Shaheen and el

Fattah, 1995).

There are two mechanisms through which zinc exerts acute antioxidant influence.
These are firstly by stabilising sulphydryl groups, and secondly by inhibiting the
production of *OH from H,O; and O, as catalysed by redox-active transition metals
(Powell, 2000). As previously mentioned, the chemical stability of zinc is a key
reason for its presence in numerous enzymes and proteins. Therefore it is not
surprising that the binding of zinc to sulphydryl groups, or nearby proteins, is thought
to reduce sulphydryl reactivity, and hence decrease susceptibility to oxidation. Both

copper and iron have been demonstrated to catalyse the formation of "OH radicals,

14



which in turn can promote lipid peroxidation. Zinc acts as a competitive antagonist

with these other transition metals, thus negating the process (Korbashi et al, 1989).

A more in depth discussion on zinc and antioxidation appears in the review by Powell

(2000).

1.2.5 Zinc homeostasis

In humans, the major sources of dietary zinc are (in decreasing order) lean red meat,
pork, legumes, cheese, and whole grain products. Absorption of zinc occurs in the
upper portion of the small intestine, however the mechanisms underlying this process
are not fully understood. Transport from the lumen to the vasculature is thought to be
mostly transcellular, and both a passive and/or facilitated process (Hoadley et al,
1988a; Hoadley et al, 1988b; Steel et al, 1985). A number of specific zinc transporters
(ZnT-1 to ZnT-5) have been identified in the last decade, and it appears that these
proteins are involved in cellular absorption, processing, and secretion of zinc in the
small intestine and other tissues (Palmiter and Findley, 1995; Palmiter et al, 1996a;
Palmiter et al, 1996b; Huang and Gitschier, 1997, McMahon and Cousins, 1998;

Kambe et al, 2002).

Excretion, rather than absorption, is the major physiological mediator of zinc balance,
although in times of deficiency intestinal absorption is upregulated (review:
Hambidge and Krebs, 2001). Cells in both the intestinal serosa and the pancreas
secrete zinc into the lumen, with the content in the faeces changing with respect to

dietary intake.
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There is approximately 2.5 g of zinc in the body, most of which is concentrated in the
muscle, bone, skin and liver (Table 1). Only a small percentage zinc is contained
within the blood plasma, rendering this compartment exquisitely sensitive to rapid

changes in zinc distribution between tissues and organs.

1.2.6 Zinc deficiency in humans

The importance of zinc is perhaps best demonstrated by examining the plethora of
effects deficiency has on normal body functioning. It is generally accepted that zine
deficiency is endemic in many third world countries, and even (albeit with a lower
incidence and to a milder degree) in western nations. Pioneering work in this area was
conducted by Prasad and co-workers in the middle east, where severe dietary zinc
deficiency was found to be associated with dwarfism, hypogonadism and poor skin
condition (Prasad et al, 1961; Prasad et al, 1963). Supplementing the diet with zinc

alleviated these problems.

Since these early studies, zinc deficiency has been implicated in causing and
exacerbating a variety of conditions, the more prominent of which will be mentioned

here.

The skin appears to be the first tissue affected, with development of dermatitis around
the nose and mouth. With continued deficiency the dermatitis spreads, and
hyperkeratotic lesions may develop (Aggett, 1989). Gastrointestinal functioning is
also altered, with resultant diarrhoea. Long-term zinc deficiency can have serious
inhibitory effects on growth and development, as noted above. Zinc deficiency is also

associated with compromised CNS functioning, specifically mood changes,

16



Table 1. Percentage distribution of total body zinc in

human tissues. Data taken from Jackson (1989).

Tissue % of total zinc (2.5 g)
Muscle 57

Bone 29

Skin 6

Liver 5

Brain L5

Heart 0.4

Other 1.0

Plasma 0.1

17



learning and behavioural difficulties, as well as emotional instability (Hambidge and

Walravens, 1982; Wallwork, 1987).

Much of what we now know about the effects of zinc deficiency has come from
observing individuals with acrodermatitis enteropathica, a congenital disorder of zinc
metabolism where intestinal absorption is inadequate for bodily requirements. As one
would predict, the classic symptoms of this affliction include: severe dermatitis,
alopecia, conjunctivitis, diarrhoea and other gastrointestinal disorders, retarded
growth, and cognitive deficits. Treatment with oral ZnSO, is completely successful in

relieving these symptoms, without which individuals would not survive past infancy.

1.2.7 Zinc deficiency during pregnancy

As previously discussed, zinc plays integral roles in growth and development. As
such it should come as no surprise that maternal zinc deficiency during pregnancy has
profound effects on foetal development. Studies utilising animal models have been
prolific in this area and provide undeniable evidence of the link between zinc
deficiency and teratology. Hurley et al. (1971), found that when rats were fed a diet
containing 0.3 parts per million (ppm) of zinc (vs. a control of 100 ppm) for differing
lengths of time during pregnancy there was significant foetal resorption, as well as
developmental abnormalities, particularly involving the brain, eyes, tail, urogenital
system and limbs. Similarly, Hickory et al. (1979), using a less severe zinc restriction
(1.3 ppm), demonstrated that rat foetuses in the zinc deficient group weighed some
15% less than controls, and also displayed evidence of retarded bone development as

indicated by decreased calcification and ossification.
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Gross abnormalities of the brain such as microcephaly and exencephaly are
traditional observed teratogenic outcomes of maternal/foetal zinc deficiency. More
recently however, it has become apparent that in addition to these gross deformities,
zinc deficiency may exert a more subtle, but nevertheless significant, influence on
brain development. Wang and colleagues (2001) fed mice a zinc deficient diet (1
ppm) from the beginning of pregnancy onwards, and then examined foetal brains at
various times from GD10.5 to postnatal day 10 for the expression of nestin, a marker
of proliferation in neuroepithelial stem cells. At all time points nestin levels were
found to be significantly lower in the zinc deficient compared to the control groups
(fed either 30 or 100 ppm zinc), prompting the authors to conclude that zinc
deficiency impedes the normal development of neural stem cells, and that this in turn
may become manifest in later life in the form of ‘neuroanatomical and behavioural

abnormalities’.

In humans, mild maternal zinc deficiency (as assessed by serum zinc or hair zinc
concentrations) has been associated with below average birth weight, and an
increased frequency of neural tube defects (Neggers et al, 1990; Srinivas et al, 2001).
However the more telling findings again come from studying the pregnancy outcomes
of women with acrodermatitis enteropathica. To this extent, Hambidge and colleagues
(1975) found that out of the seven pregnancies assessed, three were abnormal as
evidenced by instances of spontaneous abortion, anencephaly, low birthweight and

perinatal death.

1.2.8 Teratogenicity: zinc deficiency vs. ethanol exposure
The teratogenic outcomes of prenatal ethanol exposure and zinc deficiency as

separate events are very similar (Table 2). Not only do both interfere with general
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Table 2. Similarities in rodent foetal outcome following maternal zinc

deficiency, or ethanol exposure during gestation.

Reference
Foetal Defect Zinc Deficiency Ethanol
Resorptions Dreosti et al., 1986 Randall and Taylor, 1979
Low birth weight Hickory et al., 1979 Sauerbier, 1987
Exencephaly Keen and Hurley, 1989 Randall and Taylor, 1979
Anopthalmia Dreosti et al., 1986 Sauerbier, 1987
Cleft Lip/palate Hurley et al., 1971 Sulik et al., 1981
Neurobehavioral Halas et al., 1977 Krsiak et al., 1977
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growth and development of the foetus, but they also initiate abortion, and significant
malformations, most notably in the cranio-facial region. Furthermore, the
simultaneous insult of ethanol and zinc is synergistic, and results in an increased
incidence of foetal abnormalities compared to either agent alone (Keppen et al, 1985).
This fact and the similarities of individual teratogenic effects on the foetus are highly
suggestive of a common underlying zinc-related actiology. It is proposed that

metallothionein (MT), a zinc binding protein, plays a key role in this process.

1.3 METALLOTHIONEIN

MT is a low molecular weight (<7 kDa) intracellular metalloprotein, first isolated in
the equine renal cortex (Margoshes and Vallee, 1957). The 61-68 amino acid
sequence of MT is characterised by a predominance of cysteine residues (Figure 2),
imbuing the protein with a unique metal binding capacity. In the physiological setting
zinc, and to a lesser extent copper, are bound by MT, however a multitude of other
exogenous metals, most notably cadmium, are also MT ligands (Nielson et al, 1985).
In terms of affinity, copper has the highest stability constant, followed by cadmium
and then zinc (Waalkes et al, 1984a). A maximum of 7 divalent zinc or 12
monovalent copper atoms may bind to MT in tetrahedral and trigonal arrangements

respectively (Nielson et al, 1985).

As can be seen in Figure 2, MT has two distinct subunits, the o and -domains. The

carboxy terminal a-domain has the capacity to bind 4 divalent metal atoms, while the
amino terminal p-domain binds 3. These domains also differ in binding stability, with
the more stable a-domain exchanging ligands at a slower rate than the less stable and

hence more reactive B-domain (Kégi and Kojima, 1987).
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>.(N-terminal)

(C-terminal)
o-domain

Figure 2. Tertiary structure of MT. Note the two distinct domains, predominance of

cysteine residues, and tetrahedral binding of zinc.
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1.3.1 Isoforms

There are four currently known major isoforms of MT, termed MT-1 to —4. Although
all are expressed in humans and rodents alike, what follows focuses on the rodent (or
more specifically the mouse), as the vast majority of findings in this area pertain to
animal experimentation. The MT isoforms differ slightly with respect to amino acid
sequence, areas of expression and inducibility. MT-1 and —2 are the most abundant
isoforms, and are found in most tissues, with the highest areas of expression being in
the liver, pancreas, kidneys and intestine. MT-3 is predominantly expressed in the
brain (Palmiter et al, 1992), however MT-3 mRNA has been detected in a number of
other tissues (Hoey et al, 1997; Moffatt and Séguin, 1998). Message from MT-4, the
most recently cloned isoform, has been detected in stratisfied sqamous epithelia, and

the maternal deciduum (Quaife et al, 1994; Liang et al, 1996).

1.3.2 Induction

MT-1 and —2 are the only inducible isoforms of MT?. Expression of MT is most
dynamic in the liver, where a range of compounds have demonstrated MT inductive
properties. Inducers of MT can roughly be divided into 3 categories; metals, acute

phase or stress proteins, and xenobiotics.

1.3.2.1 Metals

Of the metals, zinc and cadmium have been the focus of many investigations, and
both are potent inducers. Copper, mercury, bismuth, and silver are also known to
induce hepatic MT to differing extents (Farr and Hunt, 1989; Piotrowski et al, 1974;
Naruse and Hayashi, 1989; Sugawara and Sugawara, 1984). As zinc is the major

physiological metal inducer of MT, there has been extensive investigation regarding

2 Note: from this point onwards, the term ‘MT’ refers collectively to the MT-1 and -2 isoforms.
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the molecular mechanisms leading to its expression. Zinc has been shown to bind to a
metal transcription factor (termed MTF-1), which in turn then associates with metal
response elements (MREs) on the MT gene itself, leading to expression (Westin and
Shaffner, 1988). It is not known precisely how other metals initiatt MT gene
expression, although the MRE step in the process appears to be a consistent one

(Palmiter, 1994).

1.3.2.2 Acute phase proteins

A number of cytokines and hormones released in large concentrations as a
consequence of inflammation or infection have significant MT inductive properties.
Cytokines such as interleukin (IL)-6, IL-1 and tumour necrosis factor alpha (TNF-a)
are particularly prominent in this respect, while glucocorticoids and catecholamines
are also effective inducers of hepatic MT (Coyle et al, 1993; Sato et al, 1992; Karin
and Herschman, 1980; Brady and Helvig, 1984; Bremner, 1987). These effectors
initiate transcription via interaction with response elements in the promoter region of
the MT gene, which are distinct from MREs. Environmental stressors such as cold,
heat and restraint also increase levels of hepatic MT, most likely via inflammatory

intermediates (Oh et al, 1978; Hidalgo et al, 1986; Hernandez et al, 2000).

1.3.2.3 Xenobiotics

A significant number of xenobiotics including paracetamol, ethanol, urethane, o-
hederin, lipopolysaccharide (LPS), and carbon tetrachloride have been shown to
induce MT (Wormser and Calp, 1988; Waalkes et al, 1984b; Brzeznicka et al, 1987;
Liu et al, 1993; Min et al, 1991). It is not known exactly how these substances
facilitate MT expression, although it would seem that there is no direct interaction

with the promoter region of the gene. Most likely it is as a result of associated
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increases in the release of inflammogens which would then promote transcription as

previously discussed.

In all cases, the induction of hepatic MT precedes a consequent movement of zinc
from the plasma into the liver where it is subsequently bound by MT. While the liver
zinc concentration rises, there is a significant decline in the plasma zinc
concentration, which can result in levels dropping from normal (approximately 13
pmol/L in mice) to 2 umol/L within 10 hr (Chapter 6). This is an extreme example,
and obviously the extent of the changes depend on the degree and duration MT
induction, which is in turn influenced by the concentration and type of inducer. A
single episode of induction may lead to hepatic MT and zinc levels being elevated for

up to 48 hr, while plasma zinc concentrations tend to return to basal within 12-20 hr.

As mentioned on page 16, only 0.1% of total body zinc is contained within the
plasma compartment. Therefore it is emphasised that even small changes in the
overall distribution of zinc can have a major effect on plasma zinc levels, while not

necessarily impacting on concentrations in other tissues such as the liver and muscle.

1.3.3 Transgenic Mice
A number of genetically modified mice have been generated, and subsequently

advanced our knowledge in the MT field considerably.

1.3.3.1 MT-null mice
MT-null mice (MT-/-) were produced by two independent laboratories in the early
90’s, by disrupting the MT-1 and -2 gene sequences (Michalska and Choo, 1993;

Masters et al, 1994). Late gestation MT-/- foetuses and newborns have lower basal
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levels of zinc in the liver than their wildtype (MT+/+) counterparts (Kelly et al, 1996;
Carey et al, 2000a), however, the observation that these mice grow, develop and
reproduce quite normally refutes the argument that MT has an essential function. The
only other difference between MT-/- and MT+/+ mice in the normal setting is that
older MT-/- mice tend to be more susceptible to obesity (Beattie et al, 1998). In
situations where the normal environment is compromised in some way, MT-/- mice

are often disadvantaged as will become evident in later discussion.

1.3.3.2 MT-overexpressing mice

Mice with multiple copies of the MT-1 gene (MT-TG mice) were engineered in 1995
(Iszard et al, 1995). MT-TG mice have quite significantly elevated basal levels of MT
expression in the liver, pancreas and stomach, and as one would predict liver zinc
concentrations which are 50% higher than in MT+/+ mice. These mice also have

pancreatic Zinc levels that are 300% greater than normal.

1.3.3.3 MT-3 knockout mice

Although not of specific relevance to this thesis, mice which lack expression of the
MT-3 gene have also been generated (Erickson et al, 1997). As previously mentioned,
MT-3 is expressed predominantly in the brain. MT-3 knockout mice have decreased
zinc levels in the hippocampal and other regions of the brain, and are more

susceptible to kainic acid induced seizures than are MT+/+ mice.

1.3.4 Function
There has been extensive debate as to what the primary function of MT is. Although
the zinc binding capacity of MT suggests involvement in the homeostatic regulation

of this metal, the unique chemical structure and amino acid composition of MT makes
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it a suitable candidate for a number of roles, none of which appear to be obviously

more integral than the next.

1.3.4.1 Zinc homeostasis

The interaction between MT and zinc implies a likely role for MT in mediating (at
least to some degree) zinc homeostasis. The observation that MT-/- mice are
unhindered in their development and functioning in the normal setting deems any role
to be of negligible importance. However, in situations of extreme zinc challenge
(excess or deficiency) MT+/+ mice have an advantage in dealing with the adversity.
Coyle et al. (2000a) found that in the zinc deficient state MT+/+ mice absorb a
greater proportion of an orally administered zinc solution than do MT-/- mice. This is
thought to be due to increased levels of MT expression in non-gut tissues, particularly
the liver. During pregnancy, the feeding of zinc deficient diets to dams severely
restricts zinc delivery to MT-/- foetuses, resulting in a higher rate of abnormal
development than that seen in MT+/+ foetuses (Andrews and Geiser, 1999; Rofe et al
1999a). Conversely in a state of excess zinc, MT+/+ mice are better able to restrict
zinc uptake and enhance its excretion than are MT-/- mice. High levels of oral zinc
induce MT in the intestine, leading to zinc binding. This decreases absorption, and it
is thought that the zinc-MT in the intestinal mucosa is later transported back into the
lumen and excreted (Hoadley et al, 1988b). In addition, MT appears to play a further
role in the removal of zinc via pancreatic secretions. De Lisle et al. (1996) found
elevated MT concentrations in pancreatic juice from MT+/+ mice treated with high
concentrations of ZnCl,. In short, MT-/- mice lack a fully functional mechanism to
prevent the accumulation of zinc, which if extreme can result in pancreatic damage

(Kelly et al, 1996).
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1.3.4.2 Heavy metal detoxicant

MTs capacity for binding metals has led researchers to focus on its involvement in
heavy metal detoxification, in particular with respect to cadmium, for which MT has
a high binding affinity. In both the initial studies where MT-/- mice were generated,
the susceptibility of these mice to CdSO, toxicity was also investigated (Michalska
and Choo, 1993; Masters et al, 1994). While Michalska and Choo (1993) observed
that MT-/- mice were physically more effected by cadmium treatment compared to
MT-+/+ mice, Masters et al. (1994) demonstrated increased lethality in MT-/- mice,
and also found evidence of severe liver damage in the form of necrosis and
haemorrhage. Park et al. (2001) demonstrated that the lethal dose 50 of cadmium was
some 6.2 times higher in MT+/+ mice than in MT-/- mice. Furthermore, the increased
level of MT expression seen in MT-TG mice offers an additional level of protection
from that seen in MT+/+ compared to MT-/- mice. In the in vitro setting MT-/- cells
also exhibit greater cytotoxic effects following cadmium exposure (Zheng et al, 1996;
Coyle et al, 2000b). MT also negates the severity of cadmium associated renal
damage. Liu et al. (2000a) found that MT-/- mice exposed to cadmium through
drinking water over a 6-month period developed significant nephrotoxicity as

indicated by increased levels of renal caspase-3, a marker of apoptosis.

Although the bulk of work in this particular area has focussed on cadmium, toxicity

associated with other heavy metals including arsenic and mercury appears to be MT

dependent (Liu et al, 2000b; Satoh et al, 1997).
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1.3.4.3 Antioxidant

The predominance of cysteine residues in MT not only provide the basis for metal
binding, but also facilitate the binding and neutralisation of free radical molecules to
an extent which (in the liver) is greater than that associated with glutathione (Miura et
al, 1997). Hence the suggestion that MTs primary function is that of an antioxidant. A
number of studies have addressed this issue by exposing normal and MT-/- mice to
different free radical producing agents. Liu et al. (1999) demonstrated that MT-/-
mice exposed to paracetamol presented with increased evidence of hepatotoxicity
corﬁpared to MT+/+ mice. Lipid peroxidation was more prominent in these mice, as
indicated by the high prevalence of 4-hydroxynonenal and malondialdehyde protein
adducts. The findings of a study by Rofe et al. (1998) were similar both in vivo, and
in vitro. Other agents including carbon tetrachloride, ultra violet B radiation, various
antineoplastic drugs, and gamma irradiation known to generate free radicals are also
more damaging in MT-/- mice (Klaasen and Liu, 1998; Hanada, 2000; Kondo et al,

1995; Deng et al, 1999).

1.3.4.4 Inflammation

The induction of hepatic MT during inflammation/infection is pronounced, and is
mediated by acute phase proteins, in particular IL-6. It is not clear whether the
associated zinc redistribution plays a part in the inflammatory response, or whether it
is just coincidental. Coyle et al. (2002) suggested three possible beneficial effects of
this process:

1) The lowering of plasma zinc modulates leukocyte function and cytokine

production.
2) The increased intracellular zinc pool (as bound by MT) facilitates enhanced

metabolism during the acute phase response.
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3) The binding of zinc by MT prevents zinc related inhibition of enzymes.
It is also possible that MT itself plays an important antioxidant role during

inflammation.

1.3.4.5 Redox sensitive zinc chaperone

The most recent theory links zinc binding and release from MT to the redox state of
the cellular environment, and hence designates MT a critical role in regulating zinc
homeostasis and delivery. Research has focussed on the interactions between MT and
the glutathione redox couple and the associated effects on MT bound zinc. Maret
(1994) found that all 7 radiolabelled zinc atoms were displaced from MT binding
sites in the presence of glutathione disulfide (GSSG). Reduced glutathione (GSH) on
the other hand inhibits the release of zinc and transfer to apo-sorbitol dehydrogenase
(a zinc requiring enzyme) from MT (Jiang et al, 1998a). However the binding of GSH
to MT (Brouwer et al, 1993) induces a conformational change in structure, such that
in the presence of GSSG the rate of zinc liberation is enhanced as compared GSSG
alone (Jiang et al, 1998a). Jiang and co-workers (1998b) demonstrated that ATP also
binds to MT, facilitating zinc release and donation to apo-sorbitol dehydrogenase,
prompting the suggestion that ‘both the redox and energy states of the cell seem to

control zinc distribution from MT".

1.3.5 Inappropriate MT induction and teratology

It is clear that MT+/+ mice maintain a survival advantage over MT-/- mice in certain
situations. However, there is evidence that inappropriate induction of MT during
pregnancy may have a negative impact on foetal development. Daston and colleagues
(1991) were the first to suggest this after examining the relationship between

urethane-induced teratology and changes in maternal-foetal zinc homeostasis.
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Urethane was found to significantly induce liver MT in GD11 rats, decrease maternal
plasma zinc concentrations by 30%, and inhibit the transfer of 5Zinc to foetal tissues
by 50% compared to controls. Foetuses examined on GD138 following maternal
urethane exposure on GD11 exhibited decreased weight, and delayed skeletal
ossification. This led the authors to conclude that the induction of liver MT by
urethane, and the associated decrease in plasma zinc, impaired foetal zinc transfer and
contributed to the abnormalities observed on GD18. A number of other teratogens
including o-hederin, TNF-o., and 2-ethylhexanoic acid have since been found to exert
similar effects on maternal MT and zinc homeostasis, and foetal outcome to those
observed with urethane (Daston et al, 1994; Taubeneck et al, 1994; Taubeneck et al,
1995; Bui et al, 1998). Although the findings of these studies strongly support the
concept that foetal zinc deficiency is a key factor in causing teratology, there is only
circumstantial evidence for the involvement of MT in regulating the changes in zinc
distribution. Controlling for the influence of MT, via the use of MT-/- mice, would

without doubt address the importance of MT in this regard.

1.4 SUMMARY

Both chronic and acute (binge) consumption of ethanol can severely impair foetal
development, resulting in spontaneous abortion and a variety of birth defects. The
birth defects associated with prenatal exposure to ethanol, collectively known as the
foetal alcohol syndrome, are low birth weight, central nervous system deficits, and
characteristic facial dysmorphologies. Despite the relatively high prevalence and cost
to the community of ethanol related birth abnormalities, the aetiology underlying this
teratology is not fully understood. Zinc is an essential trace element which is not only

critical for life, but plays an integral role in foetal (and adult) growth and
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development via its presence in a number of enzymes and proteins that regulate gene
expression. The significance of maintaining an adequate foetal zinc supply during
pregnancy is best exemplified by the observation that maternal zinc deficiency
impairs foetal development, evidenced by malformations at birth. Similarities
between the teratogenic effects of ethanol and zinc deficiency imply a degree of
actiological overlap. This thesis focuses on the impact of ethanol on maternal-foetal
zinc homeostasis, with the rationale being that ethanol induced foetal zinc deficiency
is one of the underlying mediators of teratology. Metallothionein is a cysteine rich,
intracellular zinc (and other metal) binding protein ascribed roles in the regulation of
zinc homeostasis, cellular metabolism, antioxidation, and heavy metal detoxification.
Expression of MT is most dynamic in the liver, an organ of high and labile zinc
content. Hepatic induction of MT in the liver is triggered by a multitude of
endogenous and exogenous mediators, which precedes movement of zinc from the
plasma into the liver (for incorporation into MT), thus depleting the plasma of zinc.
The observation that ethanol, along with a number of other teratogens, is a potent
inducer of MT has led to the suggestion that ‘the deleterious effects of ethanol on the
foetus are in part due to a metallothionein mediated decrease in maternal plasma zinc
which compromises foetal zinc supply’. Recent work in this laboratory using MT-/-
mice has provided strong support for this hypothesis. It was found that GD18 MT+/+
foetuses from dams exposed to ethanol on GD8 had significantly more external
abnormalities than did MT-/- foetuses (Carey et al, 2000a). Furthermore, the
incidence of abnormalities in MT-/- foetuses was no different from saline treated
controls of both genotypes. In another experiment conducted on GD12, ethanol was
found to severely impede the transfer of 8zinc to MT+/+ foetal tissue, while having

no effect on the delivery to MT-/- foetuses (Carey et al, 2000b).
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1.5 AIMS

With these findings, and the original hypothesis in mind, investigations in this thesis

were directed towards clarifying and extending the findings of earlier experiments

(Carey et al, 2000a,b). More specifically the major aims were to:

Determine whether zinc treatment at the time of ethanol exposure reduces

teratogenicity.

Assess the teratogenic effects of ethanol when administered later in gestation.

Explore the possibility that foetal MT genotype is an important factor in modulating

the teratogenic effect of ethanol.

Examine the how the maternal feeding of zinc deficient diets in combination with

ethanol treatment modulates foetal outcome (keeping in mind that MT-/- foetuses are

more susceptible to zinc deficiency induced teratology than are MT+/+ foetuses).

Investigate other potential mechanisms by which ethanol may interfere with foetal

development.

Assess whether MT-/- foetuses are afforded protection from lipopolysaccharide, a

known inducer of MT and teratogen.
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CHAPTER 2

Maternal metallothionein expression during pregnancy.

Amelioration of ethanol teratogenicity by zinc supplementation.

INTRODUCTION

Although the MT-1 and -2 isoforms are not critical for foetal development in the
normal setting, the observation that there is coordinated expression of these genes in
both maternal and foetal tissue during gestation implies a role for MT in the
regulation of zinc distribution. In the preimplantation mouse embryo, GD<4.5, MT-1
mRNA is expressed from the time of fertilisation (one cell), and is responsive to
metal induction by the blastocyst stage (Andrews et al, 1991). MT-1 and -2 proteins
have also been demonstrated in the preimplantation embryo (Vidal and Hidalgo,
1993). Post implantation, all 4 isoforms of MT mRNA have been detected in the
decidua, with increases in expression to maximum levels attained by GD10 (Liang et
al, 1996). At this point, levels of MT-1 and -2 mRNA in the placenta begin to rise,
peaking at GD16, as decidual levels decrease concomitantly (De et al, 1989; Andrews
et al, 1984). At the same time (GD12-16), there are high levels of MT-1 and MT-2
mRNA in both maternal and foetal liver, and the visceral yolk sac (Liang et al, 1996;
Andrews et al, 1984). MT mRNA is expressed in foetal liver shortly after formation
(around GD11), but it is maximal during latter gestation (GD16-17), after which there
is a gradual decline, such that by 12 days post partum basal adult levels are attained
(Andrews et al, 1984; Oullette, 1982; Quaife et al, 1986). Although MT mRNA

expression in some foetal and maternal tissues is well described during gestation,
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little is known about the ontogeny of MT protein expression in the maternal liver. To
this extent, it was found in an earlier study conducted in this laboratory that ethanol
did not have any inductive effect on hepatic MT at GD12 due to already raised levels
of expression (Carey et al, 2000b). Hence it is of critical importance with respect to
studies examining MT induction via external agents (such as ethanol), that the
ontogeny of pregnancy related hepatic MT expression is defined. Experimentation in
the first part of this Chapter examines the changes in maternal hepatic MT protein

content during gestation.

Tt has been suggested that ethanol related teratogenicity is partly a result of impaired
foetal zinc supply, however the actual mechanisms underlying this remain
unexplained. The induction of liver MT by ethanol leads to decreased plasma zinc
levels in MT-+/+ mice (Taubeneck et al, 1994; Carey et al, 2000a). This decrease is
sustained, and can result in zinc concentrations dropping by over 60%, 8 hr after
treatment (Carey et al, 2000a). MT-/- mice, that cannot express MT, do not exhibit a
decrease in plasma zinc concentration after ethanol injection. In fact the reverse is the
case, with plasma zinc levels increasing in these mice by approximately 50%. As the
teratogenic effects of ethanol are markedly reduced in the MT-/- setting, it is
suggested that a raised plasma zinc limits, and a decreased plasma zinc increases the
incidence of foetal abnormalities. If this is the case, then one would expect that
supplementing MT+/+ dams with zinc at the time of ethanol exposure, and hence
preventing the decrease in plasma zinc levels, would protect the foetuses from
incurring a zinc deficit, and reduce resultant teratology. The second part of this

Chapter aims to address this issue.
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MATERIALS AND METHODS

Animals and mating procedure

MT+/+ mice were of the C57BL6 strain, purchased from the Animal Resources
Centre, Canning Vale, Western Australia. Mice were maintained in an animal house
at 22°C, subject to a 14 hr light/10 hr dark cycle and given unrestricted access to
water and a commercial non-purified diet (Milling Industries, Adelaide, Australia),

except where indicated.

Mating was carried out by pairing females (aged 10-14 weeks) with a proven male
and examining the female every morning for the presence of a vaginal plug.
Confirmation of a plug was designated GD1, at which time females were removed

from males and housed individually until the time of experimentation.

Maternal MT expression during pregnancy

Pregnant mice at different stages of gestation (GD9-18) were anaesthetised with
halothane and blood taken via cardiac puncture prior to cervical luxation. Livers were
immediately removed, stored on ice, and then analysed for MT and zinc content.

Plasma zinc levels were also assessed.

Ethanol and zinc supplementation in non-pregnant mice: timecourse

Female mice were injected ip at 0 and 4 hr with 25% ethanol in 0.85% saline (v/v) at
a dose of 2.9 g/kg (0.015 mL/g). Immediately after the first injection, mice were
given an additional 250 uL subcutaneous (sc) injection in the nape of the neck of
ZnSO, in 0.85% saline, where the solution contained 50 mg/kg of zinc. Food was

removed following the first injection and replaced approximately 3 hr after the
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second. Over the following 16 hr mice were killed, as described on the previous page,

and plasma zinc concentrations quantified.

GD8 ethanol, zinc supplementation and teratogenicity
GD8 mice were treated with ethanol and ZnSO, as previously described. Control
mice were treated in an identical manner, but with 0.85% saline, while an additional

group of pregnant mice were injected with only ethanol on GDS.

Mice were killed on GD18 by cervical luxation following blood collection. Uteri
were immediately excised, examined for resorption sites, and the number of foetuses
noted. Individual foetuses and placenti were then separated, weighed and the foetal
crown to rump length measured. Foetuses were examined under low power
magnification to determine the incidence of anophthalmia, microphthalmia,
microcephaly, micrognathia and any other obvious external malformations. Multiple
comparisons were made to assess abnormalities. These were within litter
comparisons, between litter comparisons (i.e. ethanol exposed foetus vs. control

foetus), and bilateral and proportional comparisons of individual foetuses.

Metallothionein analysis

Maternal livers were diluted 1:5 (w/v) with TRIS-HCl (10 mM, pH 8.2), and
homogenised using a motor driven Potter-Elvehjem homogeniser (Wheaton, NIJ,
USA). After homogenisation, aliquots were boiled for 2 min, cooled (in water), and
then centrifuged for 4 min at 14 000 x g. The resultant supernatant was then diluted
1:25 with de-ionised water and assayed for MT using the method of Eaton and Toal
(1982).

The key steps in this process are illustrated in Figure 1.
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Figure 1. Key steps in the quantification of metallothionein.

Step 1: sample is incubated with 1%Cd which binds to MT, displacing zinc atoms in a
1:1 ratio.

Step 2: haemoglobin is added to the sample, binding any non-MT bound ¢,

Step 3: sample is centrifuged, and the 1%Cd-MT complex in the supernatant is passed

through a gamma counter.
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Zinc analysis

Liver samples were diluted 1:5 (w/v) with TRIS HCI (pH 8.2), and homogenised as
per the MT method. The homogenate was dried at approximately 65°C for 48 hr, and
digested with concentrated nitric acid whilst heating to evaporate the liquid. IM HCI
was then added to dissolve the remaining solid material and the resultant solution was
analysed for zinc content by flame atomic absorption spectroscopy (Perkin Elmer
Analyst 300, Uberlingen, Germany). Blood samples were centrifuged at 14 000 x g
for 4 min, and zinc concentrations in the plasma were determined by flame atomic

absorption spectroscopy.

Statistical analysis
Data were compared by two-way analysis of variance (ANOVA). A binomial
transformation was performed on data pertaining to foetal abnormalities before

analysis. Significance was determined using Tukey’s post hoc test.

All statistical analysis was performed using Minitab statistics software (Minitab Inc.,
State College, PA). Results are presented as mean + SEM. Differences were

considered to be significant at p < 0.05.

RESULTS

Maternal MT expression during pregnancy

Measurements were made on GD9, GD12, GD15 and GD18.

By GD9 liver MT concentrations were approximately 3-fold higher than the basal
levels of 4 nmol Cd bound/g wet weight (Figure 2). From GD9 to GD15 MT levels

increased dramatically, peaking between GD12 and GD15 at concentrations above 80
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nmol Cd bound/g wet weight, before decreasing to half peak values at GD18.

Liver and plasma zinc levels in these mice increased and decreased respectively in
accordance with the level of hepatic MT expression (Figures 3, 4). Plasma zinc
concentrations were lowest between GD12 and GD15, while the reverse was true for
liver zinc concentrations. Plasma zinc levels had returned to basal (GDO) levels by
GD18. At the same time liver zinc levels were still slightly elevated but tending

towards normal.

Ethanol and zinc supplementation in non-pregnant mice: timecourse

Following ethanol and zinc treatment, plasma zinc concentrations increased
dramatically, peaking within 2 hr at 61 + 5 umol/L. (Figure 5). Over the next 2 hr
plasma zinc levels declined by over 50% (to 26 = 3 umol/L), before gradually

returning towards basal levels over the succeeding 12 hr.

GD8 ethanol, zinc supplementation and teratogenicity
GD18 litters from dams treated with ethanol on GD8 had significantly fewer foetuses
and contained more resorption sites compared to litters from both ethanol and saline

injected dams that were supplemented with zinc on GD8 (Table 1).

There were no abnormal foetuses observed in the saline + zinc group (although 2
foetuses were extremely underdeveloped and would not have survived in the
postnatal environment), while the percentage of abnormal foetuses was 3-times
higher in the ethanol treatment group compared to ethanol + zinc (Table 1). The
specific abnormalities were: microphthalmia x 3 in the ethanol + zinc group, and
microphthalmia x 3, anophthalmia and micrognathia in the straight ethanol group.
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Figure 2. Liver MT concentrations in MT+/+ mice killed at different times

during gestation. Points represent the mean = SEM, n =4-5.
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Figure 3. Liver zinc concentrations in MT+/+ mice killed at different times

during gestation. Points represent the mean = SEM, n = 4-5.
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Figure 5. Effect of ethanol and zinc supplementation on plasma zinc concentrations
in non-pregnant mice over 16 hr. Mice were ip injected with 25% ethanol (0.015
mL/g) on one or two occasions (0 and 4 hr) depending on kill time, and injected sc
with 250 pL of ZnSOy4 (50 pg/g) after the first ethanol injection. Points represent the
means + SEM, n = 3-4. Plasma Zn concentrations were significantly higher than

basal levels at 2 and 4 hr (p < 0.05).
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Table 1. GD18 foetal data from MT+/+ dams treated with saline + ZnSO4 or

ethanol = ZnSO4 on GD8
Treatment
Saline + Zinc Ethanol + Zinc FEthanol
No. litters 6 7 6
No. foetuses 52 66 35
Litter size 8.8+0.9 9.4+0.7 58+1.2%
Resorptions sites per litter 04103 0.8+0.4 22407
No. abnormal foetuses 0 3 5
% Abnormal foetuses - 4.5 14.3
Weight 842 + 13 852+ 12 781 £ 13%
(mg)
Crown-rump length 19.3+0.2 19.2+0.1 18.4 +0.2%
(mm)
Placental weight 101 +2 96 +1° 95+1°
(mg)

Values represent the means + SEM where applicable.
Data was analysed by two-way ANOVA, and Tukey’s post-hoc test.
* Significantly different from saline + zinc group, p < 0.05.

® Significantly different from ethanol + zinc group, p < 0.05.
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GD18 foetuses exposed to ethanol on GD8 were smaller in terms of weight and
length compared to foetuses from zinc supplemented dams, regardless of treatment
(Table 1). Placenti from saline injected dams were heavier than those from ethanol

exposed dams.

DISCUSSION

During the gestational period MT mRNA concentrations in maternal and foetal
tissues fluctuate markedly. Experiments in this Chapter demonstrate that the
expression of MT protein in the maternal liver also changes dramatically during
gestation, the major difference from the mRNA being that the increases are more
sustained. MT levels in the maternal liver begin to rise shortly after implantation,
reaching 4-fold basal by GD9, and peaking at concentrations 20-fold basal near
GD14. Maternal liver mass also doubles over gestation. Over the last stage of
gestation, maternal hepatic MT begins a gradual decline, which although not assessed
here, is known to continue after parturition. Evidence from studies in the rat indicate
that there may be species differences with regard to the magnitude and timing of
changes in maternal liver MT, with those in the rat possibly being delayed and not as

marked compared to the mouse (Piletz et al, 1983; Hidalgo et al, 1988).

It seems highly likely that this induction of maternal MT is initiated at least in part by
circulating glucocorticoids and IL-6 released from the uterus, the concentrations of
which rise and fall over a similar time course during gestation (Quaife et al, 1986; De
et al, 1992). The probable reason behind the staged maternal hepatic MT induction
(and resulting zinc accretion) is at first to provide for the extreme metabolic and

growth demands of the dam and after, in late gestation when the foetal liver is
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developed and able to play a role in regulating zinc homeostasis, to release stored
zinc for placental transfer. This decline in maternal hepatic MT begins at a time when
the foetal liver appears to be anatomically fully developed and becoming functional.
MT concentrations in foetal liver are extremely high at GD18, 4-5 times higher than
the already elevated maternal levels (Carey et al, 2000a) but after birth fall to adult
levels by 4 weeks post-partum (Panemangalore et al, 1983; Bell, 1979). It seems
logical that placental MT would also play an important role, peaking early in
gestation (when maternal MT is low) and declining as maternal and foetal hepatic MT

concentrations increase.

These fluctuations in maternal and foetal liver, and placental MT are not critical for
successful pregnancy, as evidenced by the unhindered development of MT-/- foetuses
in a normal setting. However when the dam is exposed to a low zinc environment, the
importance of MT is manifested by a significant survival advantage in MT+/+

foetuses (Andrew and Geiser, 1999; Rofe et al, 1999a).

The key findings that ethanol causes a large increase in the plasma zinc levels in

MT-/- mice, and that foetuses born to these mice exhibit decreased teratogenicity
compared to MT-+/+ foetuses, designates the maternal plasma zinc concentration as a
major determinant of foetal outcome following ethanol exposure (Carey et al, 2000a).

Results from experiments conducted in this Chapter are supportive of this concept.

Co-administration of sc zinc with ethanol yielded a highly reproducible plasma zinc
response, maintaining concentrations above basal concentrations for up to 16 hr in
non-pregnant mice. This is in contrast to the normal situation where ethanol treatment

is associated with a significant reduction in the plasma zinc concentration (Carey et
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al, 2000a). The early ‘spike’ in the plasma zinc concentration observed at 2 hr may be
viewed as being non-physiological, and perhaps even deleterious. However there is
little evidence to suggest that zinc at this level in the blood is toxic, and indeed there
was no evidence of increased teratogenicity following zinc treatment (with saline
injection) in the present investigation. To the contrary, no abnormal foetuses were
seen in the control zinc treated group, thus implying a beneficial effect of zinc

supplementation on foetal development in the normal pregnancy setting.

Supplementing MT+/+ dams with ZnSO,4 immediately after the first of two ethanol
injections on GD8 decreased the percentage of abnormal foetuses seen on GD18 as
compared to foetuses from dams that were not supplemented. Although there were
more abnormal foetuses observed in the ethanol supplemented vs. the saline
supplemented group, this incidence is scarcely different from what would be
considered normal. Previously it was found that approximately 6% of foetuses from
dams exposed to saline on GD8 were abnormal, compared with 4.5% in the ethanol

supplemented group here (Carey et al, 2000a).

It is well recognised that one of the major outcomes of foetal ethanol exposure in
humans (and indeed animals) is low birth weight, and that this is indicative of
impaired intrauterine growth. Zinc supplementation in this study was found to
prevent ethanol-related deficits in foetal growth. The foetal weight and crown-rump
lengths in the supplemented groups were similar and comparable to previous findings
where dams were exposed to saline only on GD8 (Carey et al, 2000a), while foetuses

from the straight ethanol group exhibited delayed development.
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The general consensus of previous studies where zinc supplementation has been used
in an attempt to ameliorate the teratogenic effect of ethanol has been that
supplementation is of no benefit. Keppen et al. (1990) found that pregnant mice fed a
liquid diet containing ethanol with supplemental zinc (4-times the recommended daily
allowance) had foetuses that were not different from the non-supplemented group in
terms of developmental defects. While Tanaka and co-workers found both positive
and no effect when pregnant rats were given excess zinc in the diet (Tanaka et al,

1982; Tanaka et al, 1988; Tanaka, 1998).

The major difference between the present study and those discussed is the method of
administration. Here zinc was administered sc, while in the other investigations zinc
was delivered orally as part of a liquid or solid diet. Bypassing the gastrointestinal
processing step, as is achieved by the sc route, is critical in terms of resultant plasma
zinc concentration. There is good evidence demonstrating that mice fed diets with a
high zinc content do not exhibit particularly large increases in intestinal absorption
(Coyle et al, 2000a). In keeping with this, Tran et al. (1998) found that plasma zinc
concentrations in mice fed a diet containing 400 ppm zinc for one week increased by
only 1 pmol/L. It is evident that there are strong homeostatic mechanisms controlling
body zinc balance. Indeed, as mentioned on page 27, MT in the gastrointestinal tract
is thought to play a role in restricting zinc absorption in times of excess. It is therefore
unlikely that dietary zinc supplementation would raise maternal plasma zinc
concentrations to an extent that is comparable to the levels attained when zinc is
administered sc. It is important to realise that the purpose of this experiment was to
raise maternal plasma zinc to levels similar to those observed in MT-/- mice
following ethanol injection, with the rationale being that hyperzincaemia offers

significant protection from ethanol related teratogenicity.
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In conclusion, the results from this Chapter demonstrate that there is natural induction
of maternal hepatic MT during pregnancy resulting in associated changes in plasma
and liver zinc concentrations. It is suggested that this induction, mediated by
endogenous factors, is important for marshalling zinc stores to meet the heightened
metabolic demands associated with pregnancy. In addition it has been demonstrated
that supplementing pregnant MT+/+ mice with zinc at the time of ethanol exposure

on GDS8 significantly decreases foetal teratogenicity and growth impediments.
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CHAPTER 3

Ethanol-induced zinc release from tissues.
Effect of ethanol on zinc transfer to the foetus on gestation day 8.

Teratogenic effects of gestation day 12 ethanol treatment.

INTRODUCTION

Earlier work in this laboratory examined the effects of ethanol on maternal-foetal zinc
distribution and consequent teratogenicity in MT+/+ and MT-/- mice. Following
maternal ip exposure to 25% ethanol on GDS, it was found that on GD18, MT+/+
foetuses had a far greater incidence of external abnormalities than did MT-/- foetuses
(Carey et al, 2000a). In the same study, non-pregnant MT+/+ and MT-/- mice were
injected with ethanol in order to examine changes in zinc homeostasis. Predictably,
hepatic MT levels in MT+/+ mice increased significantly, causing plasma zine
concentrations to drop from 12.6 pmol/L to 4.6 pmol/L. One would assume that since
there is no possibility of a MT mediated zinc response in MT-/- mice, there would
have been no change in the plasma zinc concentrations. It was therefore surprising to
note that ethanol exposure was associated with increased plasma zinc levels in these
mice. Concentrations peaked at 20.8 pmol/L 4 hr after ethanol treatment, and were
sustained above normal for 12 hr. This finding has important implications for the
MT-/- foetus. In the MT+/+ setting the low maternal plasma zinc would favour
decreased foetal transfer, while the increase observed in MT-/- dams would maintain

or provide an excess of zinc for foetal transfer. In light of these findings it was
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deemed important to further investigate how ethanol alters zinc homeostasis in mice,
and more specifically to assess whether the raised plasma zinc concentrations in

MT-/- mice are due to release of zinc from other tissues.

Previous experiments in this laboratory have demonstrated that ethanol impairs the
transfer of zinc to GD12 MT+/+, but not MT-/- foetuses (Carey et al, 2000b). In the
study, pregnant mice were injected with 25% ethanol, in addition to a %57n solution,
and the distribution of radioactivity in foetal tissues was assessed. Over twice as
much %7Zn accumulated in MT-/- than MT+/+ foetuses, and MT-/- foetal tissue zinc
concentrations were also higher. Although these are impressive results, the timing of
the insult in this instance may be somewhat late, as organogenesis is largely complete
by GD11-12. Hence the relevance of linking the effect of ethanol on zinc transfer at
GD12 to abnormalities seen in GDI18 foetuses exposed to ethanol at GDS, is
questionable. Furthermore it is known that the timing of ethanol exposure during
organogenesis has a definite bearing on the type of abnormalities induced. Webster
and colleagues (1983) examined the teratogenic effects of ethanol administered on
GD7-GD10, and found that early exposure (GD7-8) was associated with craniofacial
anomalies such as micrognathia, and exencephaly, while treatment in later
organogenesis (GD9-10) caused a predominance of limb defects. Other studies are
also supportive of a distinctive difference in foetal outcome depending on whether

exposure is early or late (Sauerbier, 1987; Kronick, 1976).

The two further experiments in this Chapter were designed to mirror certain aspects

of previous work conducted in this laboratory (Carey et al, 2000a,b>). The first

3 It should be noted that this investigation was originally conducted on GD12 for reasons of foetal size.
It was thought that there would be insufficient foetal tissue at GD8 to adequately assess zinc transfer.
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examined the effect of ethanol on the distribution of %7n in GD8 MT+/+ and MT-/-

mice. The second assessed the teratogenic impact of exposure to ethanol on GD12.

MATERIALS AND METHODS

Animals and mating procedure

MT-/- mice were originally produced at the Murdoch Institute, Royal Children's
Hospital, Victoria and were from a mixed genetic background of OLAI129 and
C57BL6 strains (Michalska and Choo, 1993). They were subsequently backcrossed
with C57BL6 mice for five generations to minimise genetic differences between the

MT-/- and MT+/+ (C57BL6) populations.

See Chapter 2 (page 36) for information regarding MT+/+ mice, housing and mating.

GD8 ethanol and maternal-foetal zinc distribution

GD8 MT+/+ and MT-/- mice were injected with ethanol or saline using the
previously described dosing regimen (page 36). Immediately after the second
injection, mice were injected sc with 300 puL of 0.85% saline solution containing 37
kBq of ®Zn tracer (specific radioactivity >37 GBgq/g of zinc in 0.5MHCl; NEN Life
Science Products, Boston, MA). Three hours later, the mice were anaesthetised with
halothane and blood taken via cardiac puncture prior to cervical luxation. Concepti
and maternal organs were immediately dissected, weighed and counted for 857n
activity using a cassette fed Packard Auto-Gamma Counter (model 5650, Canberra-
Packard, Melbourne, Australia). Radioactivity in maternal skin and muscle was

ascertained by taking a 4 cm’ sample of skin and 200 mg of abdominal wall muscle.

53



On completion of counting, the maternal liver and concepti were processed for zine

and MT analysis where applicable.

Ethanol and tissue zinc release

To examine the effect of ethanol on tissue zinc release, non-pregnant mice of both
genotypes were injected sc with 857n tracer as described above. 72 hr later, mice were
injected on one occasion with 25% ethanol, and the differences in distribution of ®*Zn
in different organs and tissues were assessed at 2 and 4 hr post treatment. The end
point timing (after ethanol exposure) corresponds with the extremes of change in

plasma zinc levels.

GD12 ethanol and teratogenicity
Mice treated on GD12 (first injection 12:00 PM) were killed on GD18 by cervical
luxation following blood collection. Foetal tissues were processed as described in

Chapter 2 (page 37).

Metallothionein analysis
Maternal and foetal liver samples were diluted 1:5 (w/v) and 1:10 with TRIS-HCI,

and subsequently analysed for MT (see Chapter 2, page 37).

Zinc analysis

Tissue and plasma zinc concentrations were determined as described in Chapter 2,

page 39.
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Metabolite analysis: glucose, lactate & glycogen

Upon maternal blood collection, a 0.1 mL aliquot was immediately added to 0.4 mL
of ice cold 0.8 mol/L perchloric acid. Similarly, a 0.25 g portion of liver was excised
and homogenised in 1 mL of the perchloric acid solution. Both acidified liver and
blood samples were then centrifuged at 14,000 x g for 4 min, the supematant
removed and neutralised with saturated potassium bicarbonate. Glucose and lactate
levels in blood and liver, and glycogen concentrations in liver were assessed using an
Abbott bichromatic analyser 100 (Abbott Diagnostics, Pasedena, CA), as per the

method of Rofe and Williamson (1983).

Statistical analysis

Concentrations of plasma, liver and whole conceptus zinc, tests of metabolic function,
and all data pertaining to the distribution of 571 were compared by two-way analysis
of variance (ANOVA). Liver MT concentrations at GD8 were compared by Student’s

t-test. Significance was determined using Tukey’s post hoc test.

RESULTS

GDS8 ethanol and maternal-foetal zinc distribution

There were no differences in the amount of ®Zn transferred to concepti within
genotypes, however for both treatments MT+/+ concepti accumulated more
radioactivity than their MT-/- counterparts (Table 1). Similarly, MT+/+ whole
conceptus zinc concentrations were higher than MT-/-, while again there were no

within genotype effects of treatment.

Approximately two times as much 57n was found in the livers of MT+/+ compared
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Table 1. Distribution of **Zn radioactivity in GD8 MT+/+ and MT-/- maternal
tissues and concepti, 3 hr after subcutaneous injection of 57n and 7 hr after initial

ethanol or saline injection

Treatment
Saline Ethanol
Tissue Gt' % Total ®*Zn Counts/g tissue
Liver ++ 17.2+£0.72° 21.2+1.03*"
/- 9.9 +1.05 10.7 £0.39
Concepti +/+ 9.84+0.17° 9.74 +0.14°
-/- 5.90 +0.37 7.66 £ 0.40
Pancreas +/+ 21.0+1.33 23.1 £3.81
/- 133 +1.31 21.0 £1.32°
Kidneys +/+ 14.5 +0.62° 16.4 £ 0.53
== 9.9 +0.83 12.0+0.22

Values represent the means = SEM.

"Gt = genotype.

Data was analyzed by two-way ANOVA, with Tukey’s post hoc test.

Mice: n = 6 (MT+/+ Saline), 6 (MT+/+ Ethanol), 5 (MT-/- Saline), 6 (MT-/-
Ethanol). Concepti: n = 47 (MT+/+ Saline), 48 (MT+/+ Ethanol), 37 (MT-/- Saline),
59 (MT-/- Ethanol).

? Significantly different from saline exposed tissue of the same genotype, p < 0.05.

® Significantly different from MT-/- tissue of the same treatment, p < 0.05.
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with MT-/- dams. Genotypic difference were also seen in the kidneys, and the
pancreas (although only the saline comparison was significant, Table 1). Effects of
treatment were observed in the livers of MT+/+ and in the pancreas of MT-/- mice,

where ethanol was found to increase the retention of 87n.

Although liver MT concentrations were higher in ethanol injected MT+/+ compared
to MT+/+ saline injected mice, this failed to influence plasma zinc levels to any
noticeable extent (Table 2). Both MT+/+ saline and ethanol exposed dams had plasma
zinc concentrations which were lower than those seen in the corresponding MT-/-
treatment groups, while MT-/- mice injected with ethanol had plasma zinc
concentrations far in excess of MT-/- saline injected mice. Liver zinc levels were
lower in MT-/- ethanol treated mice as compared to MT+/+ ethanol and MT-/- saline

treated mice respectively.

Ethanol treatment resulted in marked decreases in liver and blood glucose levels, liver
lactate concentrations, and liver glycogen stores in both MT+/+ and MT-/- mice
(although the difference in liver glycogen levels was only significant in the MT+/+
comparison, Table 2). MT+/+ saline injected mice had higher liver glucose and

glycogen levels than did MT-/- saline injected mice.

Ethanol and tissue zinc release

Tissue levels of ®*Zn were examined in non-pregnant MT+/+ and MT-/- mice that had
been injected with 657n 3 days prior to ethanol administration. Prior experience with
this approach has shown that steady state labelling is achieved within 3 days. The
pancreata of MT+/+ mice demonstrated increased retention of %57n as previously

reported (Rofe et al, 1999b), with ethanol having no effect on this retention in either
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Table 2. Maternal metabolites, liver MT and zinc, plasma zinc and concepti zinc

concentrations from GD8 MT+/+ and MT-/- mice, 7 hr after initial ethanol injection.

Genotype and treatment

+/+ Saline  +/+ Ethanol  -/- Saline -/- Ethanol

Liver MT 35+£13 53+ 4° NA NA
(nmol Cd bound/g wet weight)
Liver zinc 551+12 534 +26° 532+£23 440 + 18°
(nmol/g wet weight)
Plasma zinc 79+03" 83+03° 114+06 228+14°
(umol/L)
Concepti zinc 543 +24° 587 +22° 338+6 364 £21
(nmol/g wet weight)
Liver glucose 502+6.6° 41+02° 21209 3.7+0.3°
(mM)
Blood glucose 8.7+1.0 41+0.2° 6.6+£0.3 3.8+0.3°
(mM)
Liver lactate 12.0+1.5 3.3+0.3° 11.9+0.8 2.4+0.1°
(mM)
Liver glycogen 384+9.8 1.2+0.6°  8.1+42 0.1+04
(mM)

Values represent the means = SEM

Data was analysed by two-way ANOVA (except for liver MT where Student’s t test
was used), with Tukey’s post hoc test.

Mice: n = 6 (MT+/+ saline), 6 (MT+/+ ethanol), 5 (MT-/- saline), 6 (MT-/- ethanol).
Foetuses: n = 47 (MT+/+ saline), 48 (MT+/+ ethanol), 37 (MT-/- saline),

59 (MT-/- ethanol).

@ Significantly different from saline treated mice of the same genotype, p < 0.05.

® Significantly different from MT-/- mice of the same treatment, p < 0.05.
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genotype (Table 3). Liver also showed greater retention of %71 in MT+/+ compared
to MT-/- mice. Muscle and skin showed a significant decrease in 657n over this time
in both genotypes, whereas other tissues examined, including the liver and kidney
were unaffected in this regard. While there were no significant differences between
genotypes with respect to zinc release from skin and muscle, there was a trend
towards greater %57n release from skin and muscle at an earlier time in MT-/- mice
i.e. 24% vs. 2% decrease (MT-/- vs. MT+/+) for muscle, and 28% vs. 15% decrease
(MT-/- vs. MT+/+) for skin at 2 hr. The 8571 in plasma was not significantly affected,
although the trend of increased (MT-/-) and decreased (MT+/+) plasma 87n at 4 hr is

consistent with previously observed findings for zinc concentration.

GD12 ethanol and teratogenicity

Only 1 MT+/+ foetus, from a dam treated with ethanol on GD12, exhibited an
external abnormality (this was microphthalmia). Both MT+/+ and MT-/- foetuses
exposed to ethanol had significantly lower body weights and crown-rump lengths
compared to their respective saline controls (Table 4). In addition, placenti from
MT+/+ ethanol foetuses were heavier than those from MT-/- ethanol foetuses.
Although there were no between group differences in litter size, resorption sites were

more prevalent in MT-/- ethanol pregnancies than in MT-/- saline.

DISCUSSION

Experimentation in this Chapter was directed towards clarifying and extending the
findings of earlier work conducted in this laboratory (Carey et al, 2000a,b).
Specifically, the following questions were addressed; does ethanol impair transfer of

zing to the foetus on GD8?, what is the source tissue of the excess zinc seen in the
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Table 3. Distribution of radioactivity in non-pregnant MT+/+ and MT-/- mice

prelabelled with 857n and killed after injection of 25% ethanol (2, 4 hr only)

% Total counts/g tissue

Tissue Gt 0 hr 2 hr 4 hr
Liver ++ 6.52 +0.54 6.68 + 0.24° 6.56 £0.17
/= 6.03 +0.41 5.35+0.38 5.69 +0.48
Skin +/+ 1.20+0.14 1.03 £0.08 0.73 +0.04*
o/ 1.23 +£0.06 0.88 +0.14° 1.03 £0.20
Muscle +/+ 1.46 + 0.06 1.43 £0.04 1.23 £ 0.04°
/- 1.70 £ 0.04 1.29 +0.02° 1.35+0.12°
Pancreas +/+ 5.92 £ 0.48° 7.04 £0.23° 6.62 £ 0.22°
/- 3.75+0.25 3.48+0.11 434+0.22
Kidneys +/+ 3.57+0.52 4.05+0.22 3.94+0.26
/- 3.37+0.05 3.44+0.22 3.81+0.23
Plasma +/+ 0.18 +0.01 0.21 +0.03 0.14+0.01
/- 0.14 +0.01 0.16 + 0.02 0.20 + 0.02

Values represent the means £ SEM.

"Gt = genotype.

Data was analysed by two-way ANOVA, with Tukey’s post hoc test.

There was a significant effect over time for both the skin and muscle (p = 0.028 and
0.004 respectively). There was a significant effect on genotype for the liver and
pancreas values (p = 0.01 and 0.001 respectively).

Mice (at each time point): n =4 (MT+/+), n = 3 (MT-/-).

® Significantly different from mice of the same genotype killed at O hr, p <0.05.

® Significantly different from MT-/- mice at the same time point, p < 0.05.
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Table 4. GD18 MT+/+ and MT-/- foetal parameters following GD12 maternal ethanol

or saline treatment

Genotype and treatment

+/+ Saline +/+ Ethanol -/- Saline -/- Ethanol
No. litters 6 5 6 6
No. foetuses 39 29 40 30
Litter size 6.710.5 6.0+£0.6 7.0x1.2 5.3+0.7
Resorptions/litter 1.5+04 2.8+0.7 1.0+ 0.8 43+1.1°
Weight 831 t14 778 £ 17° 863 +17 731+ 17%
(mg)
Crown-rump length 19.0+0.1 18.5+0.2% 19.2+0.2 18.3 £0.2°
(mm)
Placental weight 96+ 2 108 + 3° 99 +3 90 +2
(mg)

Values represent the means = SEM.

Data was analysed by two-way ANOVA, and Tukey’s post-hoc test.

? Significantly different from saline treated cohort of the same genotype, p < 0.05.

" Significantly different from MT-/- cohort of the same treatment, p < 0.05.
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plasma of MT-/- mice after ethanol?, does maternal ethanol given on GD12 exert a

significant teratogenic effect?

In accordance with previous investigations, ethanol was found to induce expression of
hepatic MT in GD8 mice (Carey et al, 2000a). Liver MT levels in saline treated mice
were higher than expected for the stage of gestation (see Chapter 2, page 41),
implying an inductive effect of the injection itself. Although there was still a
significant difference in MT levels between saline and ethanol exposed mice, this did
not impact on the respective plasma zinc concentrations, both of which were below
normal values (approximately 13 pumol/L). It is possible that the higher liver MT
concentrations in ethanol treated mice would have resulted in a further decrease in
plasma zinc levels at a later time, and hence a difference when compared to saline
injected mice. Indeed, it has previously been demonstrated that minimum plasma zinc

levels are attained 8 hr after the initial ethanol injection (Carey et al, 2000a).

The accumulation of ®Zn in maternal tissues following ethanol treatment was for the
most part dependent on genotype. The increased flux of radioactivity to the liver,
kidneys and pancreas of MT+/+ compared to MT-/- mice can be attributed to MT
expression in these organs. Ethanol did not appear to have an additional inductive
effect, except for in the livers of MT+/+ mice, where the increased expression of MT
was associated with a further increase in retention of ®*Zn. The findings with respect
to the maternal liver on GD8 are consistent with those obtained previously (Carey et
al, 2000b), where it was found that transfer of %7n was also directly related to MT
expression. In that study however, genotype had no effect on accumulation of zinc in

the kidneys and pancreas, which is contrary to what was seen here. One can only
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assume that at GD12, the concentration of MT in the kidneys and pancreas is lower,

and not a significant influence on zinc flux.

In contrast to the earlier work (Carey et al, 2000b), maternal ethanol administration
on GD8 did not impair the transfer of 857n to MT+/+ foetal tissue (in this case the
whole conceptus). Interestingly, there was a definite genotypic influence at this stage
of gestation, with MT+/+ concepti of both treatments retaining more radioactivity
than corresponding MT-/- concepti. This MT-related effect is further underlined by
the observed higher MT+/+ whole conceptus zinc concentrations, and can perhaps be
explained by placental MT. The conceptus typically weighs approximately 30 mg on
GDS8, at which stage the placenta is by far the largest component. Placental tissue is
likely to have a high level of MT expression around this time. Therefore one could
argue that the higher MT+/+ conceptus zinc concentrations and retention of ®*Zn are a
direct consequence of pervading placental MT concentrations, which are
superimposed upon and may augment ethanol related changes in maternal zinc
distribution. Ethanol may have had an effect on 87n transfer to the foetus itself,
however the small size of the foetus at this time makes dissection difficult and it is
unlikely that there would be sufficient accumulation of radioactivity to enable

meaningful measurement.

A finding consistent with previous‘ experimentation is the marked increase in plasma
zinc concentrations seen as a response to ethanol in MT-/- mice (Carey et al, 2000a).
The results from the experiment where mice were prelabelled with 57n, 3 days prior
to ethanol challenge, indicate that ethanol causes zinc loss primarily from the muscle
and skin. Direct effects of ethanol on skeletal muscle have been described (see

Amaladevi et al., 1995), including the release of creatine kinase, so it might be
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expected that zinc release may also occur in this setting. Indeed chronic ethanol
exposure has been shown to reduce muscle zinc concentrations in rats (Gonzalez-
Reimers et al, 1993). While it was initially thought that the absence of MT might
facilitate zinc loss from muscle or skin, the present study did not show any difference
between MT+/+ and MT-/- mice in the amount of zinc lost from these tissues
following acute ethanol exposure. The major difference in plasma zinc concentrations
between MT+/+ and MT-/- mice would therefore appear to reside in the ability of the
MT+/+ dams to sequester zinc in the liver due to greatly elevated MT concentrations.
Consequently, MT+/+ foetuses are exposed to much lower maternal plasma zinc

concentrations.

Ethanol administered on GD12 did not have any externally observable teratogenic
effect on MT+/+ or MT-/- foetuses as assessed on GD18. A study similar to this one
conducted by Kronick (1976) also failed to demonstrate a teratogenic effect of
ethanol at GD12 in mice. It is possible that the organogenic period was complete at
the time of exposure in this instance, hence explaining a lack of effect, or indeed there
may have been foetal abnormalities pertaining to the internal organs and central
nervous system which were not detected. What these findings do imply however, is
that the previously observed decrease in the transfer of 57n to MT+/+ foetuses on
GD12 (Carey et al, 2000b) is not an important determinant of foetal viability and
external teratology. More subtle damage, escaping detection by the assessment

criteria utilised here, cannot be ruled out.

Despite appearing morphologically normal, both ethanol exposed MT+/+ and MT-/-
foetuses were significantly smaller in terms of weight and crown-rump length than

saline controls. This is a well described, frequent outcome of prenatal ethanol
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exposure, but one that has not previously been demonstrated in this laboratory. The
smaller physical size of these foetuses is highly indicative of an ethanol induced
nutrient deficiency underlying the delayed development. To this extent, the findings
of the study conducted on GD8 show that ethanol has a significant effect on maternal
glucose homeostasis. Ethanol is known to alter the redox state in the liver, interfering
with gluconeogenesis and causing hypoglycaemia (Krebs et al, 1969; Madison et al,
1967). Both GD8 MT+/+ and MT-/- dams experienced pronounced hypoglycaemia as
a response to ethanol treatment, with decreases of approximately 50% observed at 7
hr. As the foetus is wholly reliant on the maternal blood for nutrient supply, this drop
in plasma glucose could well impair foetal supply, and be a contributing factor

underlying the growth deficits seen on GD18 in this study.

There were no differences in average litter size between the treatment groups
following GD12 ethanol, however compared to previous work where ethanol was
injected on GD8 (Carey et al, 2000a) it would seem that all are below what is
considered normal (control numbers were previously 8.9 and 8.2 in MT-+/+ and MT-/-
litters respectively vs. 6.7 and 7.0 in this instance). As the actual foetal size is
significantly larger on GD12 compared to GD8, one can speculate that the injection at
GD12 is directly causing damage, leading to fewer viable foetuses on GD18

regardless of the treatment.

As has previously been mentioned the timing of the teratogenic insult appears to be
critical, not only with respect to the resultant abnormalities, but also in relation to the
importance of the mediating influence of MT. Findings in this Chapter demonstrate
that exposure to ethanol on GD12 does not exert an observable teratogenic effect, but

does impair growth regardless of genotype. Previously, when administered on GD8,
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ethanol was found to cause abnormal development in MT+/+, but not MT-/- foetuses
(Carey et al, 2000a). Hence while MT expression in early organogenesis appears to
be detrimental to the foetus, later expression exerts no external teratogenic effect.
These observations are perhaps best explained by the natural induction of MT during
pregnancy presented in Chapter 2. The level of innate MT expression on GD12 is
such that ethanol does not cause significant additional induction (Carey et al, 2000b),
while at GD8 there is further induction. Consequently one would predict the
associated changes in maternal zinc distribution on GD8 to have a negative impact on
the transfer of zinc to MT+/+ foetuses. The findings from labelling studies conducted
in this Chapter did not demonstrate an effect to this extent. It may be that the method

used is not suitable for the small size of foetal tissues on GDS.

The abnormalities resulting from GD8 ethanol treatment were previously attributed to
changes in maternal plasma zinc concentrations, where in MT+/+ dams there was a
decrease, while in MT-/- dams there was a significant increase from basal levels
(Carey et al 2000a). The increase in plasma zinc in MT-/- dams was addressed in this
Chapter and found to be as a result of zinc release from the muscle and skin in the

absence of MT.
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CHAPTER 4

Co-teratogenic effects of maternal dietary zinc deficiency and
ethanol treatment.
Ethanol teratogenicity in metallothionein heterozygous mice.

The influence of foetal genotype in mediating teratogenicity.

INTRODUCTION

Zinc deficiency is a frequent phenomenon in both undeveloped and developed
societies (Prasad, 1996; Sandstead, 1991). Manifestation, however, may be subtle and
as a consequence remain undetected, especially in western populations where zinc
deficiency is generally mild. Conversely, the effects of extreme dietary zinc
deficiency have been documented almost exclusively in undeveloped countries and
are most apparent in the form of growth, development and cognitive deficits
(discussed in Chapter 1). Both human and animal studies have demonstrated that a
state of maternal zinc deficiency during pregnancy is also associated with a multitude
of negative outcomes that include foetal abortion, growth and development

impediments, and teratogenicity (reviewed by King, 2000).

MT plays an important role in maximising zinc retention during the deficient state,
where expression in non-gut tissues ultimately results in increased fractional
absorption. MT-/- mice have a decreased ability to maintain homeostasis in zinc
deficient environments. During pregnancy this is most evident in the observed

increase in the frequency of abnormal foetuses from MT-/- mice fed zinc deficient
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diets (Andrews and Geiser, 1999; Rofe et al 1999a). This finding is in direct contrast
to those associated with ethanol teratogenicity, where as demonstrated previously
(Carey et al, 2000a) and in Chapter 2, MT+/+ foetuses display an increased incidence
of abnormalities compared to MT-/- foetuses. Hence depending on circumstances, the

expression of MT can be either beneficial or deleterious to foetal development.

Current knowledge suggests that the foetal insult of maternal zinc deficiency (albeit
mild) coupled with ethanol exposure is a relatively common occurrence in many
pregnancies. In rodents this combined insult leads to further increased foetal
teratology as compared to either agent alone (Keppen et al, 1985; Miller et al, 1983).
It is not known how this effects foetuses from MT-/- dams. Individually these
teratogenic insults exert what would appear to be opposite effects on zinc homeostasis
in MT-/- mice. Ethanol causes zinc to be released from muscle and skin in MT-/-
dams, and the resultant increase in the maternal plasma zinc concentration appears to
be beneficial in maintaining foetal zinc supply which is otherwise compromised in the
MT-+/+ setting. While when MT-/- dams are maintained on a zinc deficient diet, the
lack of MT results in exacerbated zinc deficiency and resultant foetal teratogenicity
when compared to what occurs in the MT+/+ scenario. The first section of this
Chapter investigates the synergistic action of maternal dietary zinc deficiency and
ethanol exposure in mediating teratogenicity in MT+/+ and MT-/- foetuses. Both zinc
deficiency and ethanol are known to interfere with bone development, hence in
addition to the standard assessment of foetal teratology, bone development will be

examined in this study.

Investigation in the second half of this chapter addresses several issues via the use of

mice heterozygous for MT (MT+/- mice).
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The question as to how foetuses from MT+/- dams fare in response to ethanol insult,
and/or dietary zinc deficiency has not yet been addressed. Indeed there are few
reports of experimentation involving MT+/- mice in the wider literature, hence it is
not surprising that the MT response in these mice is poorly characterised. Experience
with MT+/- mice in this laboratory suggests that induction of MT (both protein and
mRNA) is approximately half that of MT+/+ mice. Changes in plasma and liver zine
concentrations are also less extreme than those that occur in MT+/+ mice following
ethanol treatment. One would therefore expect that, in relation to the teratogenicity of
ethanol, foetuses from MT+/- dams would be half as affected as MT+/+ foetuses,
while in a zinc deficient setting foetuses from MT+/- dams would display a degree of

teratology half of that seen in MT-/- foetuses.

Thus far investigation has revolved around the central hypothesis that ethanol-related
teratogenicity, and the importance of MT, are solely as a consequence of changes in
the maternal environment, which then impact deleteriously on the foetus.
Experimental evidence supports this notion. Nevertheless, the question as to whether
foetal genotype plays a role in mediating the outcome is one that should not be
ignored. This issue is also examined in this Chapter by employing breeding

combinations that result in differing maternal and foetal genotypes.
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MATERIALS AND METHODS

Synthetic diets
Synthetic diets were egg white based, and composed as seen in Tables 1, 2 and 3. The
constituents of the diet were combined in a large commercial dough mixer (OEM

VE201, Italy) in the following order:

Cellulose and starch added, mixed for 20 min.

Rest of dry ingredients added, mixed for 30 min.

Corn oil added, mixed for 30 min.

Water containing ZnSO, added (see below), mixed until smooth consistency

obtained.

The basic mixture (with no added zinc) was analysed by flame atomic absorption
spectroscopy, and found to have a zinc content of approximately 1 mg/kg (1 ppm).
Appropriate amounts of aqueous ZnSO4 were added to the mixture to produce
deficient and normal feed with zinc levels of 5 and 50 ppm respectively. For each kg
of dry mix, 600 mL of water (containing ZnSO4) was added. The mixture was placed
in plastic trays up to a thickness of approximately 10 mm, and dried for 7-8 days at

37°C. Zinc concentrations were confirmed via flame atomic absorption spectroscopy.
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Table 1. Composition of synthetic diet.

Ingredient g or mg/kg
Egg white (spray dried) 180 g
Starch 430 g
Sucrose 200 g
Cellulose 30g
Choline bitartrate 2g
Corn oil 100 g
Biotin 20 mg
Mineral mixture (AIN-93G) 35g
Vitamin mixture (AIN-93VX) 10g
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Table 2. Constituents of the mineral mixture used for the preparation of synthetic

diets.
AIN-93G mineral mixture
Ingredient g or mg/kg mixture
Calcium carbonate 357 g
Monopotassium phosphate 196 g
Potassium citrate monohydrate 70.78 g
Sodium chloride 74 g
Potassium sulphate 46.6 g
Magnesium oxide 24 g
Manganese carbonate 0.63 g
Copper carbonate 03g
Sodium metasilicate.9H,O 145¢g
Icing sugar 22097 g
Potassium iodate 10 mg
Sodium selenate (anhydrous) 10.3 mg
Ammonium molybdate.4H,0 7.95 mg
Chromium potassium sulphate.12H,O 275 mg
Lithium carbonate 15.1 mg
Boric acid 81.45 mg
Sodium fluoride 63.5 mg
Nickel chloride.6H,O 63.6 mg
Ammonium vanadate 6.6 mg
Ferric citrate.6H,0 6.06 mg
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Table 3. Constituents of the vitamin mixture used for the preparation of synthetic

diets.
AIN-93-VX vitamin mixture
Ingredient g/kg mixture
Nicotinic acid 3.00
D-Calcium pantothenate 1.60
Pyridoxine HCI 0.70
Thiamine HCl 0.60
Riboflavin 0.60
Folic acid 0.20
D-Biotin 0.02
Vitamin B12 (0.1% triturated in mannitol) 2.50
Alpha tocopherol powder (250 U/g) 30.00
Vitamin A polmitate (250,000 U/g) 1.60
Vitamin D3 (4,000,000 U/g) 0.25
Phylloquinone 0.075
Powdered sucrose 959.66

73



Animals and mating procedure

See page 36 for animal information.

Mice heterozygous for MT were produced by mating female MT+/+ mice with male

MT-/- mice.

Teratogenicity following maternal dietary zinc deficiency and ethanol treatment
Prior to mating, MT+/+ and MT-/- female mice were fed the normal synthetic diet
containing 50 ppm of zinc and distilled water for an acclimatisation period of 3
weeks. During the mating period male and female mice were fed the normal synthetic
diet, and distilled water. Following successful copulation, females were housed in
cages with stainless steel wire bottoms (to prevent coprophagy) and fed the zinc
deficient diet (5 ppm zinc) from GD1-GD9, and then the normal synthetic diet to
GD18. Maternal treatment with ethanol or saline was on GDS8 as in previous
experiments (see page 36). Processing of maternal and foetal tissues on GD18 is

described on pages 36, 37. Foetal bone development was also assessed.

Heterozygous cross studies

To determine whether foetal genotype is an important factor in mediating teratology,
GD18 foetuses from MT+/- dams (mated with MT+/- sires) were genotyped, and
examined following previously described maternal ethanol exposure on GDS, dietary
zinc deficiency (from GD1-GD9), and dietary zinc deficiency in addition to ethanol
treatment. Foetal liver MT and zinc levels were determined.

Note: foetal data was also pooled (irrespective of genotype) for comparisons of

maternal effect.
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Bone development
This staining method of Uriu-Adams et al. (2001) was slightly modified to assess the

extent of bone and cartilage development in GD18 foetuses:

Following external examination and growth measurements, foetuses were immersed
in 70°C water for 15 sec to facilitate the removal of skin. Eyes and viscera were also
removed. Evisceration was achieved by making a small slit at the base of the
abdomen, and then extruding internal organs, taking care not to cut or damage the ribs

or vertebrae.

Foetuses were fixed in approximately 10 mL of 95% ethanol for a minimum of 1
week, then placed in acetone (10 mL) for 24 hr to remove fatty tissue from the

carcass, and then in 1% KOH for 24 hr to facilitate soft tissue digestion.

Foetuses were then stained with Alizarin red and Alcian blue.

The staining solution (10 mL per foetus) contained the following:

0.3% filtered alcian blue in 70% ethanol: 1 volume
0.1% filtered alizarin red s in 95% ethanol: 1 volume
Acetic acid: 1 volume

70% ethanol: 17 volumes

Note: the stain solutions were saturated, and filtered through 5 pm Acrodisc syringe

filters.

Alcian blue 8 GX was obtained from Sigma Chemical Co., St Louis , MO.
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Alizarin red S was obtained from Searle Diagnostics, High Wycombe, England.

Duration of staining was 72 hr.

Following staining, de-colourisation and further maceration was achieved by placing

foetuses in:

10 mL of 20% 1 % KOH, 80% glycerol for 72 hr
10 mL of 50% 1 % KOH, 50% glycerol for 72 hr

10 mL of 100% glycerol indefinitely

Foetuses were then examined under low power magnification using the method of
Aliverti et al. (1979). This involved counting the number of ossification centres in
specific regions (see Figure 1), and counting the number of ribs. Centres were scored

as either 1 or 0, with 1 designated to centres containing any degree of ossification

Genotyping offspring of the heterozygote cross

Offspring of the MT+/- cross were genotyped using the method of Michalska and
Choo (1993). Briefly, this involved initial digestion of approximately 200 mg of
foetal tissue using proteinase K (Merck KgaA, Darmstadt, Germany), followed by
DNA extraction using phenol chloroform, and purification using ethanol. Polymerase

chain reaction (PCR) was then performed, using the mixture outlined in Table 4.
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Figure 1. Location of centres examined for evidence of ossification in GD18
foetuses stained with Alizarin red and Alcian blue. Note: cervical vertebrae

ossification was not assessed. Image taken from Aliverti et al, 1979.
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Table 4. The PCR mixture for genotyping foetuses from MT heterozygous

CTOSSES.
Component Volume (uL) per sample

Sterile water 30.5

10X PCR buffer 5

MgCl, 3

DNTP’s (2 mM mixture) 5
Primer 2 (100 ng/pL) 2.5
Primer 3 (100 ng/pL) 2.5
Gold TAQ polymerase (Perkin Elmer) 0.2
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Primer sequences were as followed:
P2 = TCGTCCAACGACTATAAAGA

P3 = AAGAAACCAGAGTTAGACTC

Thermal cycling consisted of:

1. 12 min at 95°C

2. 2 min at 95°C
2.5 min at 55°C
3 min at 72°C

Step 2 was repeated 35 times.

3. 7 min at 68°C

PCR product was cleaved using Xba 1 (New England Biolabs inc., Beverly, MA),

electrophoresed on a 2% agarose gel, and the resultant fragmentation visualised by

fluorescent imaging. Fragments were present at 260 base pairs (bp), 126 and 154 bp,

and 126, 154, and 260 bp for MT+/+, MT-/- and MT+/- foetuses respectively.

Metallothionein analysis

See page 37.

Zinc analysis

See page 39.

79



Statistical analysis

All data were compared by two-way ANOVA, except for that pertaining to the
observed vs. expected comparison for foetal genotype following the heterozygote
cross, where Chi-square analysis was used.

A binomial transformation was performed on data pertaining to foetal abnormalities

before analysis.

For further details regarding statistics see page 39.

RESULTS

Teratogenicity following maternal dietary zinc deficiency and ethanol treatment
Comparisons were made with previously obtained foetal data from MT+/+ and MT-/-
dams treated with ethanol or saline.

The feeding of a 5 ppm zinc diet from GD1 to GD9 did not significantly impact on
the size or the number of resorption sites (Table 5) in a litter. However, for all
comparisons (except for MT-/- ethanol vs. MT-/- ethanol + zinc deficiency)
regardless of treatment, there was a trend for litter size to be lower and the number of

resorptions sites increased as a consequence of gestational zinc deficiency.

MT+/+ foetuses from dams treated with ethanol on GD8 displayed increased
teratology compared to MT+/+ saline injected controls, and corresponding MT-/-
foetuses. There was no difference in the percentage of abnormal foetuses between the
MT+/+ ethanol group and the MT+/+ ethanol group where maternal dietary zinc

deficiency was an additional factor.
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Table 5. GD18 foetal data from MT+/+ and MT-/- dams fed normal or zinc restricted diets from GD1-GD9, and treated with ethanol or saline on GD&.

Genotype and Treatment

+/+ Saline +/+ Ethanol +/+ Saline, ZnD’ +/+ Ethanol, ZnD -/- Saline -/- Ethanol -/- Saline, ZnD -/- Ethanol, ZnD

No. litters 7 8 6 7 5 5 6 7

No. foetuses 62 50 46 38 41 37 42 55
Litter size 89+0.5 63x1.1 7.7+0.6 54108 82102 74104 7.0+1.1 79+0.7
Resorptions/litter 0.57+0.30 1.50+0.85 1205 23£0.7 1.0£0.55 2.0+045 20+£0.6 26+0.8

Abnormalities 3 12 2 7 3 1 1 4

% Abnormal foetuses 4.8 24% 43 18.4% 7.3 2.7 2.4 7.3
Weight 837+13 802 +13* 902 +17° 956 +27° 88023 869 £ 34 832+15 788 £13

Crown—((rI:lli%) length 19.08 £ 0.10 18.65 + 0.13" 19.43 £0.13 2035 +0.22® 19.26 £ 0.17 19.06 £ 0.31° 18.97£0.15 18.58 £0.12
mm

Values represent the means + SEM where applicable.

* ZnD = Zinc deficient diet

All data was analysed by two-way ANOVA, except for that pertaining to abnormalities, where a binomial GLM was used. Tukey’s post-hoc test was used.
* Significantly different from MT-/- foetuses of the same treatment and diet, p < 0.05.

® Significantly different from MT+/+ foetuses of the same diet, where dams were treated with saline, p < 0.05.

¢ Significantly different from foetuses of the same genotype and treatment, where dams were fed 5 ppm zinc, p < 0.05.
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MT-+/+ foetuses from dams fed 5 ppm dietary zinc from GD1-GD9 were heavier than
their MT-/- counterparts, regardless of maternal treatment on GD8. Foetuses in the
MT+/+ ethanol/zinc deficient group had larger crown-rump lengths than did MT+/+

ethanol, MT+/+ saline + zinc deficient and MT-/- ethanol + zinc deficient foetuses.

MT-/- foetuses from dams fed 5 ppm zinc and treated with ethanol were shorter than

MT-/- foetuses from dams exposed to ethanol and fed a diet containing normal zinc.

Bone development in GD18 foetuses following maternal dietary zinc deficiency
in addition to ethanol or saline injection on GD8

Ossification in the metacarpal bones was more pronounced in MT-/- compared to
MT-+/+ foetuses (Table 6). This effect was independent of maternal treatment. MT-/-
foetuses from dams treated with saline on GDS8 displayed greater metatarsal
ossification than their MT+/+ counterparts.

No effects of treatment or genotype were apparent in the other centres examined.

One foetus in each of the MT+/+ ethanol, MT-/- saline and MT-/- ethanol groups was

found to have a rudimentary rib.

Teratogenicity following GD8 ethanol exposure in heterozygous dams

Foetal data from the heterozygous cross in which dams were injected with ethanol on
GD8 was compared with previously obtained data concerning corresponding
teratology in the MT+/+ and MT-/- setting. This comparison was made to assess the
importance of maternal genotype, hence foetal genotype from the MT+/- cross was

not taken into consideration.
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Table 6. Extent of GD18 MT+/+ and MT-/- foetal bone ossification from dams fed a

diet containing 5 ppm zinc from GD1-Gd9, and injected with ethanol or saline on

GDs.

Maternal genotype and treatment

MT+/+ MT-/-
Ossification centre Saline Ethanol Saline Ethanol
Metacarpus 6.35£0.15 6.71 £ 0.24 7.61+0.18° 7.52+0.19°
Metatarsus' 8.00+0 8.47 £ 0.21 8.94 + 0.24* 8.24+0.14
Anterior phalanges1 0.46 £0.27 1.65 £ 0.58 2.83 £0.60 0.95£0.31
Posterior phalanges' 0 1.0 £0.58 0.17+0.17 0

Sternum 5.12+0.18 524+0.18 4,78 £0.29 4.81+£0.23
Caudate vertebra 2.58+0.16 3.18 £0.32 3.00+0.26 2.7110.21

Ribs (number)’ 2592+0.12  26.00+0.12 26.00+0 26.00£0

Values represent the means = SEM.

Data was analysed by two-way ANOVA, and Tukey’s post-hoc test.

! Left and right ossification centres and individual ribs were counted independently

and then added together.

2 Significantly different from corresponding MT+/+ group (p < 0.05).
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Following ethanol injection on GD8, maternal genotype did not significantly impact
on the litter size, number of resorption sites or foetal weight as assessed on GD18
(Table 7). The percentage of abnormal foetuses in the MT+/+ group was 8 and 3
times higher than in the MT-/- and MT+/- groups respectively. Although there were
more abnormal foetuses from MT+/- compared to MT-/- dams, the difference was not
significant. Foetuses in the MT+/+ group were shorter than foetuses from both other

groups, but significantly only from the MT+/- group.

Teratogenicity and foetal genotype following maternal ethanol treatment

In the control setting, where MT+/- dams were injected with saline on GDS3, there
was no bias towards foetuses of a particular genotype being less or more effected in
terms of abnormalities, weight or crown-rump length as assessed at GD18 (Table 8).
This was also found to be the case when dams were treated with 25% ethanol on GD8

(Table 9).

There was an insignificant tendency for MT-/- foetuses to be underrepresented and
MT+/+ foetuses overrepresented when dams were injected with saline, while when
dams were treated with ethanol MT-/- foetuses were overrepresented at the expense

of MT+/- foetuses.

Liver MT concentrations in MT+/- foetuses were approximately half those of MT+/+

foetuses, while liver zinc levels were almost linearly related to MT expression.
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Table 7. GD18 foetal data from MT+/+, MT-/- and MT+/- dams exposed to

ethanol on GD8
Maternal genotype
+/+ -/- +/-
No. litters 8 5 5
No. foetuses 50 37 50
Litter size 6.3+1.1 74104 8.0+04
Resorptions/litter 1.50 £ 0.85 2.0+0.45 1.6 £ 0.8
Abnormalities 12 1 4
% Abnormal foetuses 24 3? 8
Weight 802+ 13 869 + 34 832 +£20
(mg)
Crown—(rnl‘l;:l.ll)) length 18.65+0.13 19.06 + 0.31 19.3 £0.1°

Values represent the means £ SEM where applicable.

All data was analysed by two-way ANOVA, except for that pertaining to
abnormalities, where a binomial GLM was used. Tukey’s post-hoc test was used.

? Significantly different from MT+/+ group, p <0.05.
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Table 8. Measures of teratogenicity and development in GD18 foetuses from

MT+/- dams mated with MT+/- sires, and injected with saline on GD8.

Foetal genotype

Foetal genotype +/+ -/~ +/-
No. Foetuses 17 9 24

No. Foetuses expected 12.5 12.5 25
No. Abnormal foetuses 0 0 0

% Abnormal foetuses = a -

Weight 810 £ 21 846 + 26 807 £ 22
(mg)
Crown-rump length 18.80+0.22 19.37+£0.30 18.60+0.24

(mm)

Liver MT 126 + 8* NA 503

(nmol Cd bound/g wet weight)
Liver zinc 789+38"  408+17° 612124
(umol/L)

Values represent the means £ SEM where applicable.

Data was analysed by two-way ANOVA, except for the observed vs. expected
comparison for foetal numbers, where a Chi-square test was used. Tukey’s
post-hoc test was used.

* Significantly different from MT+/- group (p < 0.05).

® Significantly different from MT-/- group (p < 0.05).
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Table 9. Measures of teratogenicity and development in GD18 foetuses from

MT+/- dams mated with MT+/- sires, and injected with 25% ethanol GDS.

Foetal genotype

+/+ aofe +/-
No. Foetuses 11 15 14
No. Foetuses expected 10 10 20
No. Abnormal foetuses 2 2 0
% Abnormal foetuses 18 13 -
Weight 825 + 51 818 £ 29 852 £32
(mg)
Crown-rump length 19.43+0.33 19.16+0.10 19.37+0.31
(mm)
Liver MT 128 + 14° NA 505
(nmol Cd bound/g wet weight)
Liver zinc 756 £46° 391 +23° 699 + 68
(umol/L)

Values represent the means £ SEM where applicable.

Data was analysed by two-way ANOV A, except for the observed vs. expected

comparison for foetal numbers, where a Chi-square test was used. Tukey’s

post-hoc test was used.
* Significantly different from MT+/- group (p < 0.05).

® Significantly different from MT-/- group (p < 0.05).
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Teratogenicity and foetal genotype following maternal ethanol treatment and
dietary zinc deficiency

There were no teratogenic or developmental differences with respect to foetal
genotype in response to dams being fed 5 ppm zinc diets from GD1-GD9, with or

without ethanol treatment on GD8 (Tables 10, 11).

The number of MT-/- foetuses was slightly (but insignificantly) lower than expected,

while MT+/- numbers were elevated.

As in the experiments where dams were fed normal diets and treated with ethanol or
saline, liver MT concentrations in MT+/- foetuses were roughly half those of MT+/+
foetuses. However the hepatic MT levels in both MT+/+ and MT+/- foetuses from
dams fed the 5 ppm zinc diet were almost double the levels in corresponding foetuses
from dams fed the normal diet. Liver zinc concentrations were also altered with
respect to the level of MT expression. These differences in hepatic MT and liver zinc
were significant when compared by Student’s t-test (p < 0.05). For these
comparisons, as there were no treatment effects, maternal treatment on GDS8 was
disregarded and foetal MT and zinc data were pooled according to maternal dietary

zinc content.

DISCUSSION

Mild zinc deficiency is without doubt common in modemn society, as is the
consumption of ethanol during pregnancy. Although figures are not readily available
it seems logical that there are a significant number of zinc deficient females who also

consume ethanol during pregnancy. The teratogenic effects of zinc deficiency and
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Table 10. Measures of teratogenicity and development in GD18 foetuses
from MT+/- dams mated with MT-+/- sires, fed a synthetic diet containing 5

ppm zinc from GD1-GD9Y, and injected with saline on GDS.

Foetal genotype
R F +/-
No. Foetuses 7 8 21
No. foetuses expected 9 9 18
No. Abnormal foetuses 0 0 0
Weight 865 £ 17 866 + 44 842+ 14
(mg)
Crown-rump length 19.4 £0.16 19.23+.37 19.08x0.11
(mm)
Liver MT 202 £ 14° NA 115+9
(nmol Cd bound/g wet weight)
Liver zinc 887 +123° 328+34* 739152
(umol/L)

Values represent the means £ SEM where applicable.

Data was analysed by two-way ANOVA, except for the observed vs.
expected comparison for foetal numbers, where a Chi-square test was used.
Tukey’s post-hoc test was used.

? Significantly different from MT+/- group (p < 0.05).

® Significantly different from MT-/- group (p < 0.05).
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Table 11. Measures of teratogenicity and development in GD18 foetuses
from MT+/- dams mated with MT+/- sires, fed a synthetic diet containing 5

ppm zinc from GD1-GD?9, and injected with 25% ethanol on GD8.

Foetal genotype
+/+ -/- +/-
No. Foetuses 9 6 23
No. foetuses expected 9.5 9.5 19
No. abnormal foetuses 0 0 0
Weight 831 £25 790 27 820+ 17
(mg)
Crown-rump length 19.05+0.28 18.57+0.21 18.88+0.16
(mm)
Liver MT 182+ 17° NA 865
(nmol Cd bound/g wet weight)
Liver zinc 879+ 115®  483+36° 647140
(umol/L)

Values represent the means £ SEM where applicable.

Data was analysed by two-way ANOVA, except for the observed vs.
expected comparison for foetal numbers, where a Chi-square test was used.
Tukey’s post-hoc test was used.

® Significantly different from MT+/- group (p < 0.05).

® Significantly different from MT-/- group (p < 0.05).
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ethanol exposure as separate events have been described in previous Chapters. In
animal experiments it has been demonstrated that the combined maternal insult of
dietary zinc deficiency and ethanol exposure is associated with increased
teratogenicity as compared to either alone (Keppen et al, 1985; Miller et al, 1983).
Initial experiments in this Chapter examined the effects of maternal dietary zinc
deficiency with or without ethanol treatment on foetal outcome in MT+/+ and MT-/-

mice.

Pregnant MT+/+ and MT-/- mice were fed synthetic zinc diets containing 5 ppm zinc
from GD1 to GD9. This regimen of zinc content and duration of feeding was
designed to maintain pregnancy, whilst inducing a moderate deficient state in the dam
and foetus around the time of early organogenesis, hence exerting a teratogenic effect.
Foetuses from dams of both genotypes displayed no overt signs of teratogenicity
following application of this protocol. One can conclude that the feeding regimen did
not have a major impact on maternal and foetal zinc stores or homeostasis, and that
only a relatively mild deficiency was attained. There is certainly evidence for a mild
zinc deficient effect in the MT-/- setting. As previously mentioned, these mice are
more susceptible to the deleterious effects of zinc deficient environments than are
MT+/+ mice (Andrews and Geiser, 1999; Rofe et al 1999a). Here, although
teratogenicity was not observed, MT-/- foetuses from dams fed the zinc deficient diet
tended to be smaller in terms of weight and crown-rump length than corresponding

MT-+/+ foetuses, and MT-/- foetuses from dams fed the normal zinc diet.

Other studies of this nature have shown a definite teratogenic effect of maternal
dietary zinc deficiency in both normal and MT-/- mice. Sato et al. (1985) investigated

the teratogenic effects of feeding MT+/+ dams 0.5 ppm zinc from GD1-GD18 or
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from GD5-GD14. A very high degree of teratology was observed on GD18, where
100 and 96% of foectuses in the two groups respectively were malformed in some
manner (micromelia, exencephaly and oligocdactyly were most common). Similarly,
Dreosti et al. (1986) found that dams fed a diet containing 10 ppm zinc (or less) from
GD1 onwards gave rise to a high percentage of abnormal foetuses. In another study,
Dalton and co-workers (1996) maintained normal pregnant mice on a 0.5-1.5 ppm
zinc diet from GD1-GD14, examining foetuses on GD14. This protocol resulted in
50% foetal resorptions and significant dysmorphology, where neural tube,
craniofacial and limb bud defects were observed in 55% of surviving foetuses.
Andrews and Geiser (1999) fed MT+/+ and MT-/- dams diets containing 1 ppm or 5
ppm zinc from GD1-GD14, assessing foetal development on GD14. The 1 ppm diet
was highly teratogenic in both genotypes, however more so for MT-/- foetuses, where
dysmorphology was 53%, vs. 32% in MT+/+ foetuses. The 5 ppm regimen exerted a
slight effect in the MT+/+ setting compared to normal (4.7% of foetuses were
abnormal vs. 0% of controls), while again this effect was heightened in the MT-/-

setting where 13.6% of foetuses were abnormal.

There are several critical methodological considerations in studies of this nature,
which perhaps may explain why an effect was not observed in the present
investigation. The zinc content of the diet is one of these. A balance must be achieved
such that the deficiency induced is not so severe as to prevent pregnancy from
proceeding, while also restricting zinc availability such that an effect can be observed
without having to use excessive numbers of animals. Another important consideration
is the duration of feeding the zinc deficient diet, with the aim again being to reach a
balance between extreme deficiency and sufficiency. In all the studies mentioned

previously either the dietary zinc content was lower, or the duration of feeding was
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longer than what was used here. In short, the zinc deficient insult to the dam was
more extreme. One final issue worth addressing is the manner in which the
constituents of the basic diet affect zinc absorption. Experimentation utilising
synthetic diets generally use either an egg white, soy protein or casein base mix.
There are marked differences in the bioavailability of zinc depending on the base,
with egg white providing the highest (Uenishi et al, 1993). This study and all those
above, bar the work by Dreosti and colleagues (1986), used diets that were egg white
based. This perhaps explains why Dreosti was able to demonstrate teratology
following the feeding of soy based diet containing 10 ppm zinc, a level not

considered to be overly restrictive.

Assuming that MT+/+ dams in these experiments were at most only mildly zinc
deficient, it is hardly surprising to note that the double insult of ethanol injection and
dietary zinc restriction did not exert a synergistic teratogenic effect. The

abnormalities observed in this group can be attributed to the effects of ethanol alone.

A number of studies were conducted assessing the effects of maternal dietary zinc
deficiency and/or ethanol exposure in the MT+/- setting. Here the aims were two-
fold; firstly, to compare foetal outcome for all three maternal genotypes, and secondly
to assess, by use of a heterozygote cross, whether foetal genotype is a consideration in

resultant teratology.

Although ethanol did not exert a significant teratogenic effect on foetuses from
MT+/- dams (mated with MT+/- sires), there was a definite trend for these foetuses to
be more affected than those from MT-/- dams. Foetuses in the MT+/- group displayed

intermediate effects in terms of abnormalities and weight when compared to foetuses
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from MT+/+ and MT-/- dams as assessed on GD18. These findings are in turn
consistent with an intermediate ethanol induced change in MT+/- maternal-foetal zinc
homeostasis on GD8, in which liver MT induction and the subsequent decrease in

plasma zinc concentration is half of that seen in MT+/+ mice.

The notion that genotype and hence MT expression in the foetus may play a part in
mediating teratogenicity was examined with respect to maternal ethanol insult with or
without concurrent dietary zinc deficiency. Following heterozygote mating, none of
the four treatment paradigms was found to favour the survival of foetuses of a
specific genotype, or have any differential genotypic effects with respect to the
percentage of abnormal foetuses, weight or crown-rump length measures. It should be
noted that the maternal feeding of a 5 ppm zinc diet did not appear to have an effect
on the foetus. This is consistent with the already discussed findings in MT+/+ and
MT-/- mice, where it was concluded that only a mild (MT-/-) or very mild (MT+/+)
maternal zinc deficiency was achieved. Ethanol in concert with the maternal feeding
of 5 ppm zinc did not have a teratogenic effect in the MT+/- setting. This is a
somewhat puzzling outcome, and one that is difficult to explain. Perhaps subtle
changes in liver MT and plasma zinc levels induced by the consumption of the
deficient diet altered, or reduced the MT and zinc responses following the ethanol

challenge at GD8.

Nevertheless, these findings support the argument that the MT/zinc related aspects of
ethanol teratology are primarily dependent on maternal, and not foetal, genotype. This
makes sense in light of previous work, and other known functions of MT. Expression
of MT in the foetus would convey beneficial effects if anything. As discussed in

Chapter 1, MT has demonstrated antioxidant properties that in the foetus may help
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prevent damage attributed to free radicals liberated in the metabolism of ethanol.
Despite this, MT-/- foetuses are less susceptible to the deleterious of maternal ethanol
exposure than MT+/+ foetuses, hence designating any antioxidant function of MT in
the foetus to be of minimal importance. It should be emphasised that the relatively
small number of foetuses in each genotypic group, and the low number of
abnormalities observed in these studies preclude a categoric statement being made to

the point of totally ruling out foetal genotype as a mediating factor.

An interesting observation arising from the MT+/- studies was the increased liver MT
and zinc concentrations in MT+/+ and MT-/- foetuses from dams fed the zinc
deficient diet from GD1-GD9 compared to those where dams were fed the normal
diet. This up-regulated expression of MT at GD18 was independent of maternal
treatment on GD8, and hence can be designated a response to decreased available
zinc. The fact that liver MT concentrations were heightened well after the cessation of
maternal dietary zinc deficiency implies an effect on MT gene responsiveness. Foetal
liver formation begins around GD8 (the start of organogenesis), a time in these
studies where there was almost certainly a pervading mild maternal-foetal zinc
deficiency. With this in mind it makes sense for a compensatory up-regulation of MT
gene responsiveness to have occurred. If the zinc deficient setting were maintained
this would be an obvious benefit, particularly in late gestation where normal MT
related accumulation of zinc in the liver is thought to be important for postnatal
growth (Coyle et al, 2002). There is evidence suggesting that this purported change in
MT gene responsiveness is long lasting, or perhaps permanent. A study by Vruwink
et al. (1988) found that 10 week old pups originating from dams fed a 5 ppm zinc diet
from GD7 onwards displayed an enhanced liver MT response following zinc injection

when compared to pups from dams who were fed a normal diet during gestation. In
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light of the work conducted by Barker looking at the foetal origins of adult disease
(Barker et al, 1989; Barker, 1990), it would be of considerable interest to determine
whether this proposed increased MT gene responsiveness has any detrimental effect

in later life.

Experiments in the Chapter addressed several important issues. Firstly, the co-
teratogenicity effects of maternal dietary zinc deficiency and ethanol exposure were
examined in MT+/+ and MT-/- mice. The zinc deficient diet did not exert an
observable effect on MT+/+ foetal development, while only slightly retarding growth
in MT-/- foetuses. Evidently the dietary zinc content caused only a mild zinc deficient
state in the dams. Secondly, ethanol teratogenicity was assessed in foetuses from
MT+/- dams mated with MT+/- sires. In terms of teratogenicity and growth
impairment, there was a definite trend for foetuses from MT+/- dams to have effects
intermediate between foetuses from MT+/+ and MT-/- dams. Finally, the importance
of foetal genotype was assessed in terms of mediating ethanol teratogenicity, with the
findings offering support for the notion that maternal genotype is the key mediating

influence.
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CHAPTER 5

Effect of ethanol on placental blood flow, and glucose transfer to

foetal tissues.

INTRODUCTION

It has long been suspected that the teratogenic effects of ethanol are partly caused by
impaired placental blood flow, with consequent hypoxaemia and nutrient
insufficiency. The foetal outcomes associated with maternal ethanol exposure are
certainly consistent with nutrient deficiency. Whether or not this is due to decreased
blood flow, and/or other transport effects (such as changes in maternal stores in the
case of zinc), remains to be conclusively ascertained. The findings from a handful of
human and animal studies addressing this issue have been conflicting, with there
being evidence both for (Savoy-Moore et al, 1989; Falconer, 1990; Jones et al, 1981)
and against (Erskine and Ritchie, 1986; Leichter and Lee, 1982) an effect. Both of the
two studies undertaken using a mouse model examined placental blood flow
following chronic maternal ethanol exposure (Jones et al, 1981; Leichter and Lee,

1982).

There are a number of techniques commonly used for measuring blood flow,
including ultrasonic (typically Doppler flowmetry), electromagnetic and microsphere
based methods (Tabrizchi and Pugsley, 2000). Doppler flowmetry is the most widely
used of these, however the high associated costs have seen the more economically

affordable microsphere techniques routinely used in animal studies. Radiolabelled,
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coloured and fluorescent microspheres have all been utilised for quantifying blood
flow, with radiolabelled microspheres proving the most popular. Pioneering work in
producing radiolabelled microspheres was conducted by Grimm and Lindseth (1958),
who incubated glass microspheres in a nuclear reactor, facilitating the conversion of
2Na contained in the glass to 24Na. The major problem with these microspheres was
the lack of size uniformity and short half-life of *Na. The development of ceramic
microspheres overcame both of these problems (Hamlin et al, 1962), however both
glass and ceramic microspheres proved to be heavier than red blood cells, the
constituent of blood they were designed to mimic. Production of inert plastic
microspheres addressed this issue, and they have since been in use for over thirty

years.

The theory behind the use of radiolabelled microspheres as indicators of blood flow is
relatively simple. Microspheres are injected into the arterial systemic circulation
(usually via the left ventricle or atrium), distributed, and become lodged in small
capillary beds. Tissues of interest are then dissected and gamma counted to ascertain
radioactive (and hence microsphere) content. This does not give a measure of blood
flow in mL/min, however this can be determined by taking a reference blood sample
at the time of microsphere injection. Reference blood is sampled for a set period of
time, at a constant, predetermined rate downstream from the site of injection (such as
the femoral artery). Counting the radioactivity in the reference sample thereby
provides a measure of blood flow with respect to radioactivity, and specific
tissue/organ blood flow is then calculated using the following formula (Tabrizchi and

Pugsley, 2000):
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Tissue blood flow = tissue radioactivity x (reference sample flow + reference sample

radioactivity)

Much of the work using radiolabelled microspheres has been undertaken in larger
animals, most notably sheep. Although technically more challenging, experimentation
in rodents has been used to good effect in addressing a number of blood flow issues
(McDevitt and Nies, 1976; Wetterlin et al, 1977; Armstrong and Laughlin, 1984;
Sarin et al, 1990; Dowell et al, 1992; Gompertz et al, 1996). Studies in the laboratory
of Lee used °'Cobalt labelled microspheres to examine the effects of chronic maternal
ethanol exposure on placental blood flow in rats, with ambiguous results (Jones et al,
1981; Leichter and Lee, 1982). The effects of acute ethanol administration have not
previously been assessed in this setting or in mice at all. Hence one of the aims of this
Chapter was to set up and then use a radiolabelled microsphere technique to
determine the effects of acute maternal ethanol injection on placental blood flow in

mice.

Decreased foetal glucose transfer is often discussed as a contributing mediator of the
growth related deficits commonly associated with foetal ethanol exposure. Delivery
of glucose to the foetus is dependent on three primary factors; the concentration of
glucose in the maternal plasma, placental blood flow, and the activity of glucose
transport proteins in the placenta. Little is known about the effect of ethanol on
glucose transport mechanisms in the placenta, while the issue of blood flow has been
raised earlier in this Chapter. In Chapter 3 it was shown that liver and blood glucose
concentrations in mice at GD8 significantly decrease following maternal ethanol
injection (Chapter 3, page 58 ). Findings from other studies also demonstrate ethanol

induced hypoglycaemia (Madison, 1967). These changes in glucose homeostasis are
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related to alterations in the cellular redox state, where a reducing environment leads
to inhibition of gluconeogenesis (Krebs et al, 1969). With the decrease in maternal
plasma glucose concentration one could predict that foetal supply might be impaired.
To this extent several studies have indeed demonstrated decreased transfer of
radiolabelled glucose to foetal tissues following chronic maternal ethanol exposure in
the rat (Snyder et al, 1986; Singh et al, 1989). Investigation in the second half of this
Chapter examined the effect of acute ethanol treatment on maternal-foetal glucose

transfer in mice using a radiotracer technique.

MATERIALS AND METHODS

Animals and mating procedure

See page 36.

Radiolabelled microspheres

"3Tin (Sn) microspheres were used in these investigations as Sn is a relatively
unreactive clement in the body, and is not known to induce MT (Yamada and
Koizumi, 1991). Microspheres in saline were 15 pum in diameter, with a specific
radioactivity 500 MBg/g (Perkin Elmer Life Sciences, Inc., Boston MA). The half life

of '*Sn is 110 days.

Radiolabelled microsphere injection

Mice were anaesthetised with halothane, and a small piece of skin was removed
ventral to the ribcage just above the heart. The microsphere solution (warmed to
37°C) was vortexed, and 150 uL withdrawn using a 26 gauge needle. The needle was

then inserted between the ribs into the left side of the heart (approximately 1-2 mm
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deeper than the insertion point), and the solution was slowly expelled. It should be
noted that several different techniques were tested with respect microsphere injection,
including cutting into the thoracic cavity and directly visualising the heart, and
injecting with the skin intact. The final technique was a compromise in terms of being
less invasive and more reliable than the other methods respectively. Forty five sec
after the completion of the injection, mice were killed via cervical luxation, and the
placenti (if pregnant), maternal liver, kidneys, pancreas, gut, heart, lungs, brain,
muscle and skin were dissected, weighed and radioactivity measured using a gamma
counter (model 5650, Canberra-Packard, Melbourne, Australia). A skin sample of
approximately 2 cm? was removed from the dorsal side, while a 2 cm® section of
abdominal muscle was also dissected. Microspheres do not pass through the placenta,

hence radioactivity was not assessed in the foetus itself.

The calculation for organ/tissue blood flow was performed as followed:

[(Counts in tissue / total counts in all tissues measured) x 100]/ weight of tissue

To give % total counts retained/ g tissue, as an indicator of blood flow for each tissue.

There are two key issues with respect to successful injection of microspheres into the
circulation, these are; placing of the needle into the left side of the heart and hence the
systemic arterial circulation, and having adequate mixing of the microspheres such
that distribution in the blood is uniform. Injection into the right side of the heart
results in almost complete entrapment of microspheres in the lung, while a major
difference in the counts retained between the left and right kidney is indicative of

inadequate mixing (Heymann et al, 1977).
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Hence data was excluded if:
1. There was more than 12% total counts/g tissue in the lung.
2. There was a major difference between the counts retained in the left and right

kidney, defined as being equal to or greater than 10% total counts/g tissue.

Preliminary blood flow studies

The reproducibility and validity of the microsphere technique was investigated in
non-pregnant MT+/+ mice. The effect of ethanol on blood flow was also examined by
treating non-pregnant mice ip with 25% ethanol 45 min prior to microsphere
injection. Blood ethanol concentrations following this dose are known to peak after

approximately 45 min (Carey et al, 2000a).

Effect of ethanol on placental blood flow
GD14 MT+/+ and MT-/- mice were injected with ethanol or saline, and then 45 min
later with '"*Sn microspheres as previously described. Maternal tissues as well as

placenti were examined for changes in blood flow.

Effect of ethanol on foetal glucose transfer

The method of Rofe et al. (1988) was modified for these experiments.

Pregnant MT+/+ and MT-/- mice were injected with 25% ethanol or saline on GD14,
and then 45 min later with a radiolabelled glucose solution. 2-deoxy[*C]glucose
(specific radioactivity = 10.8 GBg/mmol; Amersham Life Science, Piscataway, NJ) in
0.85% saline containing 1pumol/mL of D-glucose was administered sc into the nape of
the neck. The 300 pL injection contained approximately 3,000,000 counts per minute.

Mice were killed (see page 36) 45 min after the injection of glucose and the placenti,
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foetuses, liver, kidneys, spleen, heart, brain and approximately 100 pL of blood were
placed in 1 mL of ice cold 5% HCIO,; and homogenised using an Ultra-Turrax
homogeniser (Janke and Kunkel, Staufen, Germany). Homogenates were centrifuged
(14 000 x g for 4 min), and 100 pL of supernatant was transferred to a glass vial
containing 10 mL of a liquid scintillation cocktail (Beckman Instruments Inc.,
Fullerton, CA). Sample radioactivity was quantified using a liquid scintillation

counter (Minaxip Tri-Carb 4000 series, Canberra-Packard, Melbourne, Australia).

Statistical analysis
Data were compared Student’s t-test and two-way ANOVA, using Tukey’s post-hoc

test to determine significance.

See page 39 for additional details regarding statistical analysis.

RESULTS

Preliminary blood flow studies

Injection of radiolabelled microspheres in non-pregnant MT+/+ mice resulted in a
distribution of radioactivity (giving an indication of blood flow) as can be seen in
Figure 1. The majority of the counts retained accumulated in the kidneys, heart and
brain (>70%). Injection of 25% ethanol 45 min prior to the injection of microspheres
did not significantly alter blood distribution except in the colon, where ethanol
treatment was associated with increased levels of radioactivity. There was however, a

trend towards increased gut blood flow after ethanol injection.
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Figure 1. Blood flow was assessed in non-pregnant MT+/+ mice 45 min after ip injection
of 25% ethanol. Microsphere injection was via the left ventricle, and mice were killed 45
sec after complete expulsion of the microsphere solution.

Points represent the mean + SEM, n = 4.

* Significant difference between normal and ethanol treated mice (p < 0.05).
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Percent successful injections

In total, 37 GD14 MT+/+ and MT-/- mice were used in experiments. Data was
excluded from 10 of these mice as a result of either right ventricular/atrial injection,
or poor mixing/uneven distribution between the left and right kidneys. Hence 73% of

the injections were classified as successful.

Effect of ethanol on placental blood flow

In MT+/+ GD14 mice, ethanol treatment did not significantly alter placental blood
flow, although the trend was for a slight decrease (Figure 2). Conversely, maternal
ethanol injection in MT-/- mice significantly increased the amount of radioactivity
retained in placental tissue by approximately 100 and 200% compared to placenti

from saline injected MT-/- controls, and MT+/+ ethanol injected dams respectively.

Several maternal organs displayed differential blood flow. Both kidneys in MT+/+
saline exposed dams exhibited higher levels of radioactivity when compared to
corresponding ethanol treated mice (Figure 3). MT-/- saline injected dams had
increased radioactivity in the brain compared MT-/- ethanol and MT+/+ saline treated
dams. While entrapment of microspheres in the caecum and colon of MT-/- ethanol
injected dams was significantly greater than that in MT+/+ ethanol injected dams

(Figure 4).

Effect of ethanol on foetal glucose transfer
Maternal ethanol injection did not effect the transfer of radiolabelled glucose to
MT+/+ or MT-/- foetuses and placenti on GD14 (Figure 5). These measures were

likewise unaffected by differences in genotype.
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Figure 2. Blood flow to Gd14 MT+/+ and MT-/- placenti as assessed by radiolabelled
331 microsphere distribution 45 minutes after maternal saline or ethanol injection.
Points represent the mean + SEM, n = 36-58.

* Significantly different from MT+/+ ethanol and MT-/- saline group (p < 0.05).
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Figure 3. Blood flow to GD14 MT+/+ and MT-/- maternal organs as assessed by

radiolabelled '*Sn microsphere distribution 45 min after saline or ethanol injection.

Points represent the mean + SEM, n = 4-6.

* Significantly different from ethanol treated dams of the same genotype (p < 0.05).

# Significantly different from MT+/+ dams of the same treatment (p < 0.05).
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Figure 4. Blood flow to GD14 MT+/+ and MT-/- maternal organs/tissues as assessed
by radiolabelled ''*Sn microsphere distribution 45 min after saline or ethanol injection.
Points represent the mean + SEM, n = 4-6.

# Significantly different from MT+/+ dams of the same treatment (p < 0.05).
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Figure 5. Effect of ethanol on foetal and placental glucose transfer in GD14 MT+/+
and MT-/- dams. Mice were injected with 25% ethanol or saline, and 45 min later sc
with a radiolabelled glucose solution (2-deoxy['*C]glucose, before being killed 90 min
after the initial injection.

Points represent the mean + SEM, n = 41-45 foetuses/placenti.
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Figure 6. Effect of ethanol on organ glucose transfer in GD14 MT+/+ and MT-/- dams.
Mice were injected with 25% ethanol or saline, and 45 min later sc with a radiolabelled
glucose solution (2-deoxy['*C] glucose, before being killed 90 min after the initial injection.
Points represent the mean + SEM, n = 6-7.

* Significantly different from saline treated mice of the same genotype (p < 0.05).

# Significantly different from MT-/- mice of the same treatment (p < 0.05).
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Ethanol treatment in dams was associated with increased accumulation of
radiolabelled glucose in the kidneys and blood of both MT+/+ and MT-/- dams when
compared to saline treated controls (Figure 6). Uptake of radiolabelled glucose to the
liver of MT++/+ ethanol injected dams was greater than that observed in corresponding

MT-/- dams.

DISCUSSION

Alterations in placental blood flow and foetal glucose transfer have long been
proposed as mechanisms by which ethanol exerts a teratogenic effect. MT+/+ and
MT-/- mice at GD14 were used to investigate these effects. These studies were
conducted in later gestation due to the larger conceptus size, thereby allowing for a

readily quantifiable transfer of radioactivity to the tissues of interest.

A method for assessing the impact of ethanol on placental blood flow was developed
using radiolabelled "39n microspheres. The technique of injecting a solution of '38n
microspheres into the left atrium/ventricle of the heart proved to give a reliable and
reproducible indication of tissue blood flow following entrapment of the
microspheres. The relatively non-invasive nature of the procedure used here is
advantageous in circumventing artifactual changes in blood flow distribution
associated with more invasive procedures, such as when the heart is visualised

directly.

In accordance with what has long been known regarding blood flow distribution to
different organs, the greatest accumulation of radioactivity (indicating blood flow)

was in the kidneys, heart and brain. In non-pregnant MT+/+ female mice ethanol
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injection 45 min prior to assessment did not significantly alter the pattern of blood
flow distribution, except for to the colon (although there was some suggestion of an

effect on other gut tissues, perhaps a direct effect of ethanol in the peritoneal cavity).

The observation that blood flow to GD14 MT-/- placenti was significantly increased
in response to maternal ethanol treatment is puzzling. This effect was not observed in
MT+/+ mice, where there was a trend for decreased placental blood flow following
maternal ethanol injection. Blood flow to the major maternal organs in MT-/- dams
after ethanol injection was no different from that observed in dams from the other
treatment groups, indicating that the increased placental flow was specific for this
tissue, rather than a consequence of shifts in maternal distribution. Currently,
however, there is no reason to believe that the vascular structure and underlying
regulatory mechanisms in MT-/- mice are any different to those in MT+/+ mice,
hence the possibility of a type-1 statistical error must be considered. An alternative
explanation is that differences in localised expression of nitric oxide (NO), a known
vasodilator, may have led to the variable placental blood flow observed. Ethanol is
known to stimulate the production of NO. It has been demonstrated that plasma NO
concentrations in rats increase by over 60% following ethanol treatment, resulting in
significant vasodilatation in the mesenteric vessels (Baraona et al, 2002). With this
finding in mind, placental blood vessels (which originate from the mesentery) could
well dilate following maternal ethanol injection, and increase blood flow. Obviously
this did not occur in the present MT+/+ setting. To this extent enhanced MT
expression, as occurs in MT overexpressing mice and following zinc and cadmium
treatment, is associated with decreased production of NO (Penkowa et al, 2002; Rana
and Kumar, 2001). It seems probable that MT induction associated with ethanol

exposure would also exert a similar effect. The mechanism underlying such an
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outcome may relate to competition between MT and nitric oxide synthases (NOS) for
zinc binding. The catalytic activity of all forms of NOS (neuronal, inducible and
endothelial) are dependent on the formation of a zinc-thiolate cluster (Zou et al,
2002). Hence a decrease in available zinc could conceivably result in diminished
NOS activity and consequently less production of NO. In the absence of MT, the lack
of competition for zinc between MT and NOS may lead to increased production of
NO, thus possibly explaining why blood flow to MT-/- placenti was increased

following maternal ethanol injection.

Although in general, blood flow distribution in the various groups was similar, there
were some effects, most notably where MT+/+ dams treated with saline displayed
increased renal blood flow. Other differences were; higher blood flow to the large
intestine in MT-/- dams injected with ethanol, and higher brain blood flow in MT-/-
saline injected dams. Part of the variability in these pregnancy studies may be
explained to some extent by slight differences in maternal size, litter size and extent
of development, which in turn may have influenced blood volume and distribution.
Preliminary experiments were undertaken using mice of similar weights and age in
order to reduce variability. It is difficult achieve this degree of uniformity in

pregnancy-related studies.

Maternal ethanol injection on GD14 did not effect the transfer of radiolabelled
glucose to foetuses or placenti. While other studies have examined the effects of
chronic maternal ethanol exposure on foetal glucose supply in rats (Snyder et al,
1986; Singh et al, 1989), this is the first to address the issue with respect to acute
exposure and indeed the first in which mice have been used as the experimental

animal. The chronic administration experiments, conducted in rats, involved dams
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being fed ethanol as part of a liquid diet throughout gestation, before foetal glucose
transfer was assessed in late gestation (Singh et al, 1989; Snyder et al, 1986).
Considering the way ethanol interferes with glucose metabolism it is hardly
surprising that long term treatment impairs foetal delivery. As mentioned in the
introduction, ethanol inhibits gluconeogenesis and leads to hypoglycaemia, which of
course has negative implications for the foetus. In Chapter 3 it was shown that acute
ethanol treatment also leads to maternal hypoglycaemia, hence the reasoning that this
may in turn restrict foetal glucose supply. There are several plausible reasons why an

effect was not observed in these experiments.

The first of these relates to possibly confounding differences in specific radioactivity
in the maternal blood. In both MT+/+ and MT-/- dams treated with ethanol prior to
glucose administration the specific activity in the blood was significantly higher than
in saline injected controls. This is most likely related to decreased maternal blood
glucose levels, resulting in a relatively more concentrated pool of radiolabelled
glucose in the blood. Hence although there may have been an effect of ethanol on
placental blood flow (as indeed there was in MT-/- mice), the higher specific
radioactivity in maternal blood resulted in a seemingly normal transfer of glucose to

foetal tissues, when in fact there could well have been a reduction.

The second explanation concerns glucose transport. Perhaps the nature of the acute
insult is such that, despite a maternal blood glucose decrease, there is a compensatory
upregulation of transport mechanisms in the placenta which serve to maintain supply.
Future investigation could examine the effect of ethanol on the expression and

activity of glucose transporters in the placenta.
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There was a consistent effect of ethanol on GD14 dams, independent of genotype,
leading to increased transfer of radiolabelled glucose to the kidneys and accumulation
in the blood. The probable reasons underlying this effect on the level of blood
radioactivity have already been discussed. A similar argument could also be put forth
with regard to the kidneys, in that ethanol is known to inhibit gluconeogenesis (Krebs
et al, 1969). In this respect, the lower glucose concentrations in the kidneys would

favour the transfer of radiolabelled glucose from the blood to the kidneys.

A technique for assessing blood flow was developed in this Chapter, and utilised to
assess the impact of ethanol on placental blood flow. Surprisingly, maternal ethanol
treatment led to increased MT-/- placental blood flow, while there was no such effect
in the MT+/+ setting. This unexpected finding may be a consequence of increased
NO expression in the placental region, which in the absence of MT would result in
vasodilatation. Further experimentation is required to confirm the findings here, and

if replicated to examine the possible mediating influence of NO.

The second component of this Chapter examined foetal and placental glucose
uptake/transport in response to maternal ethanol injection. Ethanol was found to have
no effect to this extent, however between treatment differences in specific

radioactivity in the maternal blood may have confounded the results to some extent.
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CHAPTER 6

Teratogenic effects of lipopolysaccharide

INTRODUCTION

Bacterial lipopolysaccharide (LPS, or endotoxin) is a component of the gram-
negative bacterial wall, and a potent inflammogen. During pregnancy in mice,
exposure to LPS can lead to abortion/intra-uterine foetal death (IUFD) or preterm
delivery, depending on the timing of the event (Kohmura et al, 2000; Silver et al,
1995; Kaga et al, 1996). In humans, elevated levels of LPS are seen with bacterial
vaginosis (BV), a condition in which the normal vaginal flora of hydrogen peroxide
producing lactobacilli are overwhelmed by aerobic and anaerobic bacteria (Platz-
Christensen et al, 1993). BV is commonly associated with preterm birth and low birth
weight (Romero et al, 1988; Gravett et al, 1986; Holst et al, 1994). There is some
debate as to how LPS mediates these effects on pregnancy, but there is little doubt
that LPS itself is an intermediate and not directly responsible. To this extent, it has
been suggested that LPS-induced increases in TNF-o, eicosanoids, and NO may
contribute to the resultant pathology (Silver et al, 1994; Platz-Christensen et al, 1992;

Silver et al, 1995; Athanassakis et al, 1999).

Relatively few animal studies have examined the teratogenic effects of low dose LPS
treatment, instead research in this area has tended to focus on the mechanisms
underlying the abortigenic nature of LPS. This is somewhat surprising considering
the prevalence of BV is quite high in pregnant women with estimates of incidence

ranging from 9 to 23% of pregnancies (Guise et al, 2001). Several investigators have
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examined teratogenicity in golden hamsters, and found that while higher intravenous
doses of LPS administered on GD$ resulted in significant IUFD, lower dosing
regimens led to the development of malformed foetuses as assessed in late gestation
(Lanning et al, 1983; Collins et al, 1994). The types of abnormalitics observed
included limb, eye, neural tube defects, and cleft palate. In another study, mice given
sc LPS on GD13 had significant foetal resorptions (IUFD), while the surviving
foetuses were phenotypically normal (Coid, 1976). This is perhaps not unexpected
considering that the time of exposure was outside the critical organogenic period

(GD7-12 in mice).

None of these studies examined what the mechanism(s) underlying LPS

teratogenicity may be.

It has previously been demonstrated that ethanol teratogenicity is linked to the
expression of MT. LPS is a very potent inducer of liver metallothionein (De et al,
1990; Philcox et al, 1995), hence it is predicted that, as with ethanol, LPS mediated
changes in maternal-foetal zinc distribution may contribute to resultant foetal

dysmorphology. The following presents evidence to this effect.
MATERIALS AND METHODS

Animals and Mating

See page 36.
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LPS treatment

Mice were injected sc into the nape of the neck with 0.5 pg/g body weight of LPS in
0.85% saline. Control mice were injected with saline only. E. Coli LPS (serotype
O111:B4) was purchased from Sigma Chemical Co. (St. Louis, MO). To control for
any nutritional related confounding effects, food was removed for 4 hr following

treatment.

Previous studies in this laboratory found this dose and route of administration to
initiate highly reproducible induction of hepatic MT and associated hypozincaemia.
There is also the further advantage of avoiding potential complications associated

with ip injection in pregnant mice.

Effects of LPS on metallothionein and zinc homeostasis

Non-pregnant MT+/+ and MT-/- female mice were injected with LPS, and the
timecourse of changes in liver MT, and liver and plasma zinc were assessed.
Measurements were made at 0, 6, 16, 24 and 48 hr. Following treatment, dams did
not exhibit any behavioural abnormalities, or overt signs of toxicity (such as
piloerection or diarthoea). For each time point 4-6 mice were anaesthetised using
halothane, bled by cardiac puncture, and killed by cervical luxation. Livers were
immediately dissected and processed for MT and zinc analysis, while blood plasma

was frozen at —20°C for later zinc measurement.

LPS and foetal dysmorphology
MT+/+ and MT-/- mice were injected with LPS or saline on GD8, and subsequently
killed (as previously described) on GD18. Uteri were then excised and the number of

foetal resorption sites ascertained. Individual foetuses were separated and examined
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for dysmorphology (see page 37). Foetuses from dams exposed to LPS were further

processed to ascertain any differences in bone development (see page 75).

LPS, zinc treatment and foetal dysmorphology

A further subset of MT+/+ dams were injected with LPS and ZnSO4 on GDS8, as
described in Chapter 2 (page 36), and killed on GD18 to examine the effect of zinc
treatment on teratogenicity. Findings were compared with those where MT+/+ dams

were injected with saline, or LPS.

Metallothionein and zinc analysis

See pages 37, 39.

Statistical analysis

MT concentrations were compared by one-way ANOVA, as were the variables
pertaining to zinc treatment, where the MT+/+ groups were saline, LPS and LPS +
zine injected. All other data was compared by two-way ANOVA. Further statistical

details are described on page 39.

RESULTS

Liver metallothionein, and plasma and liver zinc

LPS administration caused a rapid increase in liver MT levels in non-pregnant MT+/+
mice (Figure 1). Concentrations peaked at 155 nmol Cd bound/g wet weight 24 hr
after the initial injection, and declined thereafter, although at the last time point
assessed (48 hr), levels were still above basal. Plasma zinc concentrations in these

mice fell from 13.7 pmol/L to 1.6 pmol/L at 6 hr, and remained significantly below
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Figure 1. Effect of LPS on liver MT concentrations in nonpregnant MT+/+ mice over
48 hr. Mice were injected subcutaneously with LPS in saline (0.5 pg/g body weight).
Each point represents the mean + SEM, where n = 4-6. MT concentrations were

significantly raised from baseline levels from 6 hr onwards (p < 0.05).
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basal levels for 24 hr, before recovering over the ensuing 24 hr (Figure 2). Conversely
in MT-/- mice, plasma zinc concentrations were significantly increased between 6 and
16 hr, before returning to normal by 24 hr. In keeping with the high liver MT levels,
liver zinc concentrations in MT+/+ mice were also significantly elevated from 6 hr
onward, with peak values of 666 nmol/g wet weight attained 16 hr after LPS injection
(Figure 3). Liver zinc levels in MT-/- mice did not differ from baseline over the 48 hr,

but were significantly lower than MT+/+ levels from 6 hr onwards.

Pregnancy success, and GD18 foetal dysmorphology

MT+/+ mice treated with LPS on GD8 completed pregnancy 7 out of the 21 times a
plug was detected (33% success), while for MT-/- mice it was 7 out of 17 (41%).
MT+/+ dams that were injected with LPS and ZnSO4 completed pregnancy on 6 out
of 9 occasions (67%). The normal % success rate as assessed over a number of years
in this laboratory is between 80 and 90%. Both MT+/+ and MT-/- saline injected

control groups fell within this range.

MT+/+ foetuses from dams treated with LPS on GD8 had by far the greatest
incidence of external abnormalities, whereas MT-/- foetuses from the same treatment
cohort exhibited abnormalities at a frequency that was no different from saline treated
controls (Table 1). Of the abnormal MT+/+ foetuses, 45% had eye deformities (either
microphthalmia or anophthalmia), while 36% were exencephalic. Other defects
observed included micromelia, micrognathia and syndactyly. MT+/+ foetuses
exposed to LPS also were also significantly lighter and shorter than control foetuses
of the same genotype, while MT-/- LPS foetuses remained unaffected in terms of

weight, but were also shorter than MT-/- controls.
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Figure 2. Effect of LPS on plasma zinc concentrations in nonpregnant MT+/+ and
MT-/- mice over 48 hr. Mice were injected subcutaneously with LPS in saline (0.5
png/g body weight). Each point represents the mean £ SEM, where n = 4-6. Plasma
zinc concentrations in MT+/+ mice were significantly lower than basal levels
between 6 and 24 hr, and higher at 48 hr. Plasma zinc concentrations in MT-/- mice

were significantly higher than basal levels between 6 and 16 hr.

*Significant difference between MT+/+ and MT-/- (p < 0.05 for all comparisons).
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Figure 3. Effect of LPS on liver zinc concentrations in nonpregnant MT+/+ and
MT-/- mice over 48 hr. Mice were injected subcutaneously with LPS in saline (0.5
ng/g body weight). Each point represents the mean + SEM, where n = 4-6. Liver zinc
concentrations in MT+/+ mice were significantly higher than basal levels from 6 hr
onwards, while in MT-/- mice there was no change.

"Significant difference between MT+/+ and MT-/- (p < 0.05 for all comparisons).
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Table 1. GD18 MT-+/+ and MT-/- foetal parameters, following GD8 maternal LPS or saline treatment.

Genotype and treatment

-/ -/- +H+ ++ ++

Saline LPS Saline LPS LPS +Zn
No. litters (] 7 8 7 6
No. fetuses 54 38 69 36 49
Litter size 7.7+0.5 54+1.0 8.6+0.5 5.1+1.0° 8.2+0.7
No. resorptions 7 10 4 22
Resorption sites per litter 1.0+04 1.4£0.6 0.5+£03 3.1+1.3% 05103
No. abnormal fetuses 4 1 3 11 2
No. litters with abnormal fetuses 3 1 1 5 2
% Abnormal fetuses per litter 6734 4.8+438 42+42 32.4+9.2% 54136
Weight (mg) 872 +20 838+ 13 846 £ 13 798 + 19° 825+ 14
Crown-rump length (mm) 1924+0.16 18.88+0.09° 19.12+0.09 18.62+0.16* 19.19+0.09

Values represent the means + SEM where applicable.

Data analysed by two-way ANOVA and Tukey’s post hoc test, except for the comparisons between MT+/+ dams that
were treated with saline, LPS and LPS + ZnSO, respectively, in which case one-way ANOVA was used.

® Significantly different from saline treated foetuses of the same genotype, p < 0.05.

® Significantly different from MT-/- foetuses of the same treatment, p < 0.05.

° Significantly different from MT+/+ foetuses from dams treated with LPS and ZnSOy, p < 0.05.
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MT+/+ foetuses from dams treated with ZnSO4 in addition to LPS exhibited
significantly fewer birth defects, and were developmentally more advanced (although
only significantly so for crown-rump length) than MT+/+ foetuses from dams treated
with LPS alone. There were no significant differences between the MT+/+ saline and

MT+/+ LPS + zinc groups for any of the variables compared.

Both MT+/+ and MT-/- LPS exposed dams had decreased foetal numbers per litter
compared to control levels. However this decline was only significant in the MT+/+
group. There was an approximate 6-fold increase in the presence of foetal resorption
sites in MT+/+ LPS dams, as compared to saline treated controls. Zinc treatment in
MT+/+ dams attenuated both the decrease in litter size, and the increase in the

number of resorption sites.

Bone ossification in GD18 MT+/+ and MT-/- foetuses from dams treated with
LPS on GD8

Within the LPS treatment groups there was significantly less ossification in the
metacarpal bones from MT+/+ compared to MT-/- foetuses, whereas ossification in

the posterior phalanges was less pronounced in MT-/- foetuses (Table 2).

DISCUSSION

Prior work in this laboratory demonstrated a link between the teratogenic effects of
ethanol and changes in maternal-foetal zinc homeostasis (Carey et al, 2000a). It was
found that this teratology was dependent on the induction of MT by ethanol in the
maternal liver, leading to movement of zinc from the maternal plasma into the liver,

hence decreasing the zinc pool available for foetal transfer. MT-/- foetuses exposed to
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Table 2. Extent of GD18 MT+/+ and MT-/- foetal bone

ossification from dams injected with LPS on GDS8.

Foetal genotype

Ossification centre MT+H+ MT-/-
Metacarpus 6.769 + 0.290°  7.529 £ 0.194

Metatarsus' 8.269+0.171 8.0%0
Anterior phalanges' 1346 £0.490  0.706 + 0.418

Posterior phalanges'  1.577 £ 0.606° 0+0

Sternum 2.842 £ 0.377 3.400 £ 0.335
Caudate vertebra 2.115£0.202 1.705 £ 0.166

Values represent the means + SEM.

Data was analysed by Student’s T-test.

' Left and right

ossification centres

independently and then added together.

were counted

? Significantly different from MT-/- group (p < 0.05).

® Significantly different from MT-/- saline group (p < 0.05).
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ethanol in early gestation fared no worse than saline controls in terms of the
frequency of birth defects. It was hypothesised that other substances known to be
inducers of MT, may in turn exert similar effects on maternal-foetal zinc homeostasis

and result in teratogenicity.

Foetal exposure to endotoxin during pregnancy is known to trigger abortion, and is
also associated with the development of birth defects. BV is one such human
condition in which the associated release of LPS may jeopardise the foetus. Despite
the relative frequency of BV, and hence the increased risk of LPS related
teratogenicity, we do mnot fully understand the underlying mechanisms.
Experimentation in this chapter has endeavoured to address this issue, by examining
how LPS alters aspects of maternal-foetal zinc homeostasis with respect to resultant

teratology.

A single sc dose of 0.5 pg/g LPS was found to significantly induce hepatic MT in
non-pregnant female mice, increasing levels from basal by a maximum of 30-fold 24
hr after treatment. The change in hepatic MT expression also had dramatic effects on
both the liver and plasma zinc concentrations over time. The flux of zinc from the
plasma into the liver (for incorporation into MT), resulted in a severe and sustained
fall in plasma zinc concentration (80% by 6 hr). Other studies examining the
inductive effect of LPS on MT have employed different routes of administration
(mainly ip), hence it is important to note that the MT and zinc responses elicited in
this investigation are typical (Abe et al, 1987; Rofe et al, 1996; Philcox et al 1995).
Furthermore, the changes are also comparable to those triggered by ethanol exposure,
although the MT response to LPS is more exaggerated (Carey et al, 2000a). The time

disparity between maximal liver MT induction and minimum plasma zinc
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concentration (i.e. liver MT was maximal at 24 hr, while plasma zinc was lowest at 6
hr) is not unusual, and most likely reflects compensatory release of zinc from other

tissues to bolster the depleted plasma reservoir.

The sustained rise in plasma zinc concentration following LPS treatment in MT-/-
mice has not previously been demonstrated. However, this finding has strong
parallels with the ethanol effect in these mice, where a similar increase in plasma zinc
concentration is observed following ethanol treatment (Carey et al, 20002). In the
case of ethanol, this is related to release of zinc from the skin and muscle into the
plasma compartment (Chapter 3). Although this also occurs in MT+/+ mice, the
raised hepatic MT levels direct zinc away from the plasma into the liver. LPS has
demonstrated hepatotoxic properties (Aschkenasy, 1978; Hewett and Roth, 1995),
therefore it is plausible that in MT-/- mice there is a release of zinc from the liver
following exposure, leading to plasma accumulation. Furthermore, the inflammatory

response initiated by LPS may elicit additional tissue zinc release.

In accordance with other studies, we found LPS to have a significant teratogenic
impact on the MT+/+ foetus (Lannings et al 1983; Collins et al 1984). More
importantly, and in agreement with the previous study on ethanol teratogenicity
conducted in this laboratory (Carey et al, 2000a), the implicit involvement of MT in
this teratology was evidenced by the observation that MT-/- foetuses were not
effected by this treatment. Furthermore, foetal teratogenicity was reduced to basal
levels when MT+/+ dams were treated with ZnSO, at the time of LPS injection.
These findings lend very strong support to the suggestion that LPS related
abnormalities are in part caused by the previously discussed MT induction and

associated changes in maternal (and hence foetal) zinc homeostasis.
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As previously seen with ethanol, LPS treatment resulted in a high prevalence of
exencephaly and ophthalmic defects in MT+/+ foetuses, which is suggestive of
underlying interference with optic cup invagination and neural tube closure. LPS was
also associated with decreased growth in GD18 MT+/+ foetuses, as indicated by
lower weight and crown-rump lengths. This finding is consistent with prior studies
utilising both LPS (Ornoy and Altshuler, 1976; Lanning et al, 1983) and ethanol
(Hickory et al, 1979; Sauerbier, 1987). Furthermore, the general teratogenic and
growth and development impediments seen here with LPS have parallels with the
foetal dysmorphology associated with maternal consumption of zinc deficient diets
during pregnancy (Keen and Hurley, 1989; Dreosti et al, 1986; Hickory et al, 1979).
This fact further supports the notion that LPS teratogenicity is at least in part caused

by an underlying foetal zinc deficiency.

The abortigenic nature of LPS was also evident in this study. Following detection of a
vaginal plug, both MT++ and MT-/- dams treated with LPS on GD8 were
considerably less successful in completing pregnancy compared to controls (30-40%
compared to normal 80-90%). This is indicative of complete IUFD and subsequent
resorption of foetal tissue. Furthermore, in successful MT+/+ pregnancies, not only
were there significant foetal anomalies, there was also an increased number of
resorption sites. These findings are interesting in that on one hand MT-/- and MT+/+
foetuses appear to be equally vulnerable to complete foetal resorption, while on the
other (when pregnancy is successful) there is a greater degree of IUFD in MT+/+
foetuses. Perhaps the LPS exposure can be viewed as a double insult, with direct
effects on the foetus causing IUFD, and indirect effects associated with the changes in

maternal-foetal zinc homeostasis causing abnormal development, and/or IUFD.
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Assuming the foetus survives the direct effect of LPS, the MT-/- foetus is then at an
advantage, while its MT+/+ counterpart is further compromised as a consequence of

the inadequate maternal plasma zinc concentration.

The most important findings from experiments conducted in this Chapter are those
indicating that zinc treatment at the time of LPS injection in MT+/+ dams
ameliorates, almost completely, the deleterious effects otherwise associated with LPS
exposure. The dose of zinc injected is identical to that used in Chapter 2, where zinc
treatment was also found exert beneficial effects in reducing ethanol teratogenicity.
The injection itself increases concentrations of zinc in the maternal plasma, thereby
preventing the normal decline in plasma zinc levels associated with MT induction.
This undoubtedly leads to adequate foetal transfer, improved zinc nutrition and

unhindered growth and development.

Experiments in this Chapter have demonstrated that MT-/- foetuses are afforded a
significant degree of protection from the teratogenic effects of LPS compared to
MT+/+ foetuses. The changes in materal-foetal zinc homeostasis leading to a foetal
zinc insufficiency in MT+/+ foetuses appears to be the key factor, particularly in light
of the observation that zinc treatment at the time of LPS injection ameliorates
resultant teratology. In short, findings in this Chapter lend support for a new
aetiological model of LPS teratogenicity, whereby MT induced changes in zinc

homeostasis lead to impaired foetal zinc supply.
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CHAPTER 7

SUMMARY

Prenatal ethanol exposure is associated with a myriad of costly negative outcomes
including spontaneous abortion, low birth weight, physical defects and cognitive
abnormalities. Most dramatically, maternal consumption of ethanol during gestation
had been quoted as being the leading cause of mental retardation in the US (Abel and
Sokol, 1987). Traditionally research in this area has focussed on how chronic
maternal ethanol exposure effects the foetus, however acute, or binge type episodes of
consumption can also have equally severe consequences depending on the timing of
the insult. The foetus is most vulnerable to teratogenic insult during the period of
organogenesis, which encompasses weeks 3 to 9 in humans. Hence it is possible that
a woman, not knowing she is pregnant, may inadvertently compromise the

developing foetus in a single drinking session.

It is probable that there are a number of causative factors underlying ethanol
teratogenicity. Recent work in this laboratory has focussed on the changes ethanol
causes in maternal-foetal zinc homeostasis in mice, with the rationale being that a
transient foetal zinc deficiency may eventuate. Zinc is essential for a multitude of
processes that underlie growth and development, and a deficiency per se (as occurs
with maternal zinc deficiency) is associated with the development of birth defects,

similar to those that occur following ethanol exposure.
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Alterations in zinc homeostasis after ethanol treatment are mediated by heightened
expression of MT in the liver. This leads to a net movement of zinc out of the plasma,
into the liver where it is bound by MT, with the result being a significant decrease in
the plasma zinc concentration. Hence the following hypothesis was proposed: the
deleterious effects of ethanol on the foetus are in part due to a MT mediated decrease
in maternal plasma zinc which compromises foetal zinc supply. Earlier work in this
laboratory demonstrated that foetuses from MT-/- dams are significantly less
susceptible to the teratogenic effects of ethanol than are foetuses from MT+/+ dams,
thereby lending strong support to the hypothesis (Carey et al, 2000a). This thesis

focussed on a number of important additional issues pertaining to the hypothesis.

During gestation, MT expression in both dam and foetus is known to change quite
dramatically. In the foetus, liver MT concentrations are particularly high in late
gestation and early postnatal life. Changes in dam MT levels have been well
characterised in terms of mRNA (Liang et al, 1996; Andrews et al, 1984), however
information is lacking as to exactly when protein concentrations begin to rise, peak
and fall. With respect to the working hypothesis, it was therefore important to assess
the ontogeny of MT protein expression in the dam. If liver MT concentrations at GD8
were maximally induced as a consequence of pregnancy itself, then the argument that
‘MT induction by ethanol is a major mediator of resultant teratogenicity’ would be
invalid. Findings in Chapter 2 demonstrated that although liver MT levels in MT+/+
dams were indeed naturally elevated at GD9, the increase was only 3-4 fold basal,
and hence would not have significantly impacted on the MT inductive capacity of

ethanol on GDS8.
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It was interesting to note that administration of ethanol to GD12 dams resulted in the
development of lighter and shorter GD18 foetuses regardless of genotype (Chapter 3).
Observable teratogenicity was minimal. It would appear that the impact and
interference of ethanol with foetal development at this time is independent of MT.
When one considers that maternal hepatic MT concentrations at GD12 are naturally
higher (Chapter 2) than those attained following ethanol treatment, this is hardly
surprising. On GD12 ethanol does not have the capacity to further induce liver MT in
the dam, and therefore the alterations in maternal zinc homeostasis seen at GDS8 are

not apparent.

The key argument for the involvement of zinc, and foetal zinc deficiency per se, in
mediating the teratogenicity of ethanol is that ethanol causes the maternal plasma zinc
concentration to decrease dramatically. Critically, in MT-/- dams, ethanol has the
opposite effect, leading to large increases in plasma zinc levels (Carey et al, 2000a).
In Chapter 3 this increase was shown to be due to release of zinc from the major
stores in the muscle and skin, presumably as a result of damage in these tissues.
Although ethanol exerted a similar effect in MT+/+ mice, the concurrent high liver
MT concentrations prevented accumulation of zinc in the plasma. So while in the
MT+/+ setting the decreased maternal plasma zinc levels would lead to decreased
foetal transfer, in the MT-/- scenario the raised plasma zinc concentrations would

maintain, or perhaps even increase delivery of zinc to the foetus.

The high plasma zinc levels in MT-/- dams following ethanol injection appears to be
the key factor in protecting foetuses. Logically then, and in keeping with the original

hypothesis, averting the drop in plasma zinc in MT+/+ dams should also prevent/or
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reduce the teratogenic effect of ethanol by increasing the amount of zinc transferred
to the foetus. Experiments in Chapter 2 provided critical evidence to this effect.
MT+/+ dams were treated with ZnSO, such that 8 hr after the first injection of
ethanol, plasma zinc concentrations were around 20 pmol/L, a level which is
comparable to what is seen in MT-/- mice at that time following ethanol injection
alone. Most importantly, this injection of zinc at the time of the first ethanol exposure
in MT+/+ dams resulted in a significant reduction in teratogenicity such that the
percentage of abnormal foetuses was not different from control levels. Furthermore
foetal development, with respect to weight and crown-rump length, was comparable
to that seen in foetuses from saline injected control dams. These findings represent
conclusive evidence that foetal zinc deficiency is the predominant mediator of the

ethanol related teratogenic outcomes assessed in this thesis.

Theoretically any substance which induces maternal liver MT and thereby disrupts
zinc homeostasis should also exert a teratogenic effect in MT+/+, but not MT-/-
foetuses. In Chapter 6 experiments were conducted to confirm this assertion using
LPS as the agent of MT induction. LPS was chosen, not only because it is a potent
inducer of hepatic MT, but also because its affects have definite parallels with the
common human condition of bacterial vaginosis (BV), which is associated with
preterm labor (Romero et al, 1988). As with ethanol, LPS administered to dams on
GDS8 was found to cause significant teratogenicity in GD18 MT+/+, but not MT-/-
foetuses. In fact, the percentage of abnormal foetuses (32%) was in excess of that
associated with ethanol teratology (14-24%, Chapter 2; Carey et al, 2000a). This is
most likely a result of the heightened hepatic MT induction and more exaggerated
decrease in plasma zinc concentration associated with LPS treatment. Despite this,

zinc treatment (identical to that given to dams in the ethanol studies in Chapter 2) at
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the time of LPS injection in MT+/+ dams still greatly reduced teratogenicity, foetal

resorptions, and retardation of growth and development.

The evidence presented thus far clearly shows that maternal genotype is the critical
factor in mediating ethanol teratogenicity. Nevertheless it was deemed important to
search for any possible influence of foetal genotype. To this extent MT+/- dams and
sires were mated, leading to the conception of embryos from all three genotypes
within a given litter (Chapter 4). Although numbers were relatively small, and
perhaps best viewed as preliminary, the treatment of dams with ethanol on GD8 did
not appear to favour the development of foetuses from one particular genotype over

another. This finding is consistent with the original hypothesis.

While the results from the investigations regarding the involvement of MT in ethanol
teratogenicity are compelling, the possibility that ethanol may be differentially
affecting placental blood flow and glucose uptake was considered (Chapter 5) . It was
thought that any effect with respect to blood flow would be independent of genotype.
Quite unexpectedly, however, blood flow to MT-/- placenti was found to be increased
after dams were injected with ethanol. Ethanol increases the synthesis of NO (a
vasodilator), while MT has been shown to inhibit the generation of NO (Baraona et
al, 2002; Penkowa et al, 2002; Rana and Kumar, 2001). Therefore the heightened
MT-/- placental blood flow may have been due to increased activity of NO, in turn
leading to mesenteric vasodilatation in the absence of MT. Despite the increased
blood flow to MT-/- placenti, there was no follow on alteration in glucose transfer to

the foeto-placental unit (Chapter 5).
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CLINICAL APPLICATIONS

Obviously maternal abstinence is the only way to completely prevent the occurrence
of FAS and the like. Despite the simplicity of this solution, an alarming percentage of
women continue to consume alcoholic beverages whilst pregnant (Ebrahim et al,
1998). This implies that there is a lack of understanding in the general community
with respect to the critical nature of this issue (Kaskutas, 2000). It would seem that
many women believe that problems only occur with long term consumption (i.e.
alcoholism), when in reality there is no known safe level. In short, there is a need for
further public education outlining the specific effects that ethanol has on the foetus,

and stressing the point that all manner of drinking should be avoided during

pregnancy.

Therapeutic intervention is not something that is commonly discussed with regard to
preventing the occurrence of ethanol teratogenicity. This is perhaps because many of
the underlying mechanisms proposed are not amenable to therapy as such. In this
thesis it was demonstrated in mice that maternal zinc treatment significantly
ameliorated teratogenicity, as well as the foetal growth and development impairments
associated with ethanol exposure. This encouraging finding suggests that zinc therapy
may also be of benefit in the human situation. In a controlled clinical setting, it would
be a relatively simple process to administer aqueous zinc via the intravenous route,
thereby rapidly bolstering plasma zinc levels and helping maintain foetal supply. In
the studies conducted in this thesis, zinc was injected within minutes of ethanol
treatment. Obviously this regimen would not be applicable to the human setting,

where the timing of zinc treatment would without doubt be hard to control. Further
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work using animal models is required to determine whether zinc treatment at later

(and variable) times after ethanol exposure is beneficial in preventing teratology.

The observation that zinc treatment reduces LPS related teratology in mice is of
perhaps more immediate clinical relevance. As previously mentioned, BV in humans
is associated with increased levels of LPS, and more importantly preterm birth and
low birth weight (Platz-Christensen et al, 1993; Romero et al, 1988; Gravett et al,
1986; Holst et al, 1994). It is conceivable that BV may also be associated with an
increased incidence of birth defects. The high prevalence of this condition in both
pregnant and non-pregnant women denote it to be a significant health concern (Guise
et al, 2001), particularly in light of its problematic treatment (Ugwumadu, 2002). The
negative pregnancy outcomes associated with BV may in part be due foetal zinc
deficiency, secondary to maternal hepatic MT induction by LPS. If this is the case
then maternal zinc therapy, perhaps in conjunction with antibiotic treatment, would

be of benefit to both mother and foetus.

FUTURE DIRECTIONS

There are a number of important studies that could be conducted in light of findings

in this thesis.

Perhaps the most pressing of these is to address the issue as to whether zinc treatment
at later times after ethanol exposure is of benefit to the foetus. As already mentioned,
the answer to this question is of relevance to human pregnancy. A mouse model could
be used to determine the exact time frame within which zinc treatment exerts a

positive effect. It is possible that zinc treatment, even many hours after the initial
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ethanol exposure, may prove beneficial. If this were the case, intervention and testing

in the human setting would be warranted.

The possibility of implementing dietary zinc supplementation to offset the deleterious
effects of ethanol on the foetus was briefly discussed in Chapter 2. It is questionable
whether excess zinc in the diet would be sufficiently absorbed so as to raise plasma
zinc concentrations to any great extent. The handful of investigations conducted
addressing this issue have for the most part failed to demonstrate an effect (Keppen et
al, 1990; Tanaka et al, 1982; Tanaka et al, 1988; Tanaka, 1998). Nevertheless,
because a successful form of this therapy would be particularly relevant to humans,
further animal experimentation is warranted. In particular, it needs to be established
which zinc compounds are absorbed most efficiently, and what other factors
influence/enhance absorption. In doing this it may be possible to optimise a dietary
(or oral) zinc formulation such that plasma zinc concentrations can be increased, and
ethanol teratogenicity decreased. To this extent, unpublished data from this laboratory
indicates that it is possible to rapidly increase plasma zinc concentrations in mice by
bolus oral gavage of aqueous zinc. An analogy here can be made to the fortification
of human beverages with zinc. This would be a relatively simple and cheap
intervention, perhaps most applicable for use in alcoholic women. Of course, one
would have to be wary in promoting a therapy such as this, in that some women may
see it as an opportunity to continue drinking whilst pregnant, when otherwise they

may have abstained.

Ethanol and LPS are both potent inducers of hepatic MT. As discussed in Chapter 1,
there are a multitude of compounds which have the capacity to induce MT. To further

validate the proposed model, it would be prudent to determine whether other agents
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of induction, for instance dexamethasone, alpha-hederin, and cadmium, also exert less

of a teratogenic effect on MT-/- compared to MT+/+ foetuses.

The induction of MT associated with LPS administration is thought to be mediated by
cytokines, in particular IL-6 and TNF-o (De et al, 1990; Liu et al, 1991). It is possible
that other infectious conditions, which increase release of these substances, may also
indirectly interfere with foetal development via the induction of MT and alterations n
maternal-foetal zinc homeostasis. More specifically the so-called TORCH syndrome
may manifest effects in this manner. The TORCH acronym refers to a group of
maternal infections that can ultimately result in birth defects, and include
toxoplasmosis, rubella, cytomegalovirus and herpes. It would be of considerable
interest, using animal models, to examine whether changes in MT and zine
homeostasis are apparent in these conditions, and if so, whether zinc treatment has an

ameliorating effect.

This thesis has provided strong evidence that foetal zinc deficiency is a key mediator
of ethanol teratogenicity. Exactly which combination of the multitude of zinc
dependent enzymes, proteins and processes this deficiency is interfering with is
unknown. Gene array technology has recently been used to assess how dietary zinc
deficiency in rats impacts on the expression of specific genes in the intestine
(Blanchard et al, 2001). There is no reason why similar methodology could not be
employed with respect to ethanol teratogenicity, whereby the expression of genes in
the foetus could be examined following maternal ethanol exposure, with or without

concurrent zinc treatment.
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It should be emphasised that only gross external abnormalities were considered in the
studies undertaken in this thesis. As previously mentioned, there are a myriad of other
less subtle external, internal and cognitive defects commonly associated with
gestational exposure to ethanol, which were without doubt present in many of the
foetuses examined. Future work might incorporate additional histological,
morphological and indeed behavioural (with respect to detecting CNS impairment)

examinations to detect these dysmorphologies.

CONCLUDING STATEMENT

The precise mechanisms underlying ethanol teratogenicity are unclear. This thesis
presents strong evidence that ethanol-induced alterations in maternal-foetal zinc
homeostasis, leading to foetal zinc deficiency, are paramount in mediating this
teratogenicity. Zinc supplementation proved to be beneficial in preventing ethanol
teratology in mice, hence therapeutical intervention in humans may help decrease the

occurrence of foetal alcohol syndrome and the like.

140



REFERENCES

Abe S, Matsumi M, Tsukioki M, Mizukawa S, Takahashi T, Iijima Y, Itano Y,
Kosaka F. Metallothionein and zinc metabolism in endotoxin shock rats. Experientia

Suppl 52:587-594, 1987.

Abel EL. An update on incidence of FAS: FAS is not an equal opportunity birth

defect. Neurotoxicol Teratol 17:437-443, 1995.

Abel EL, Sokol RJ. Incidence of fetal alcohol syndrome and economic impact of

FAS-related anomalies. Drug Alcohol Depend 19:51-70, 1987.

Aggett PJ. Severe zinc deficiency, in Zinc in human biology (Mills CF, ed). Springet-

Verlag, London, pp 259-279, 1989.

Aliverti V, Bonanomi L, Giavani E, Leone VG, Mariani L. The extent of fetal
ossification as an index of delayed development in teratogenic studies on the rat.

Teratology 20:237-242, 1979.

Amaladevi B, Pagala S, Pagala M, Namba T, Grob D. Effect of alcohol and electrical

stimulation on leakage of creatine kinase from isolated fast and slow muscles of rat.

Alcohol Clin Exp Res 19:147-152, 1995.

141




Andersen AM, Olsen J, Gronbaek MN. Did the changed guidelines on alcohol and
pregnancy by the National Board of Health and Welfare change alcohol consumption

of pregnant women?. Ugeskr Laeger 163:1561-5, 2001.

Andrews GK, Adamson ED, Gedamu L. The ontogeny of expression of murine
metallothionein: comparison with the alpha-fetoprotein gene. Dev Biol 103:294-303,

1984.

Andrews GK, Geiser J. Expression of mouse metallothionein-I and —II genes provides
a reproductive advantage during maternal dietary zinc deficiency. J Nutr 129:1643-

1648, 1999.

Andrews GK, Huet-Hudson YM, Paria BC, McMaster MT, De S K, Dey SK.
Metallothionein gene expression and metal regulation during preimplantation mouse
embryo development (MT mRNA during early development). Dev Biol 145:13-27,

1991.

Armstrong RB, Laughlin MH. Exercise blood flow patterns within and among rat

muscles after training. Am J Physiol 246:H59-68, 1984.

Aschkenasy A. Effects of a protein deprived diet on the hepatotoxicity, and the DNA
synthetic, mitogenic, and immunological actions of microbial lipopolysaccharides in

the rat. J Nutr 108:1527-1539, 1978.

142



Astley SJ, Clarren SK. Diagnostic guide for fetal alcohol syndrome and related
conditions: the 4-digit diagnostic code, second edition. FAS diagnostic and

prevention network, University of Washington, 1999.

Athanassakis I, Aifantis I, Ranella A, Giouremou K, Vassiliadis S. Inhibition of nitric
oxide production rescues LPS-induced fetal abortion in mice. Nitric Oxide 3:216-224,

1999.

Baraona E, Shoichet L, Navder K, Lieber CS. Mediation by nitric oxide of the

stimulatory effects of ethanol on blood flow. Life Sci 70:2987-2995, 2002.

Barker DJ. The fetal and infant origins of adult disease. BMJ 301:1111, 1990.

Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME. Growth in utero, blood
pressure in childhood and adult life, and mortality from cardiovascular disease. BMJ

298:564-567, 1989.

Beattie JH, Wood AM, Newman AM, Bremner I, Choo AH, Michalska AE, Duncan
JS, Trayhurn P. Obesity and hyperleptinemia in metallothionein (-I and —II) null

mice. Proc Natl Acad Sci 95:358-363, 1998.

Becker HC, Diaz-Granados JL, Randall CL. Teratogenic actions of ethanol in the

mouse: a minireview. Pharmacol Biochem Behav 55:501-513, 1996.

Bell JU. Native metallothionein levels in rat hepatic cytosol during perinatal

development. Toxicol Appl Pharmacol 50:101-107, 1979.

143



Blakely PM, Scott WJ. Determination of the proximate teratogen of the mouse fetal

alcohol syndrome. Toxicol Appl Pharmacol 72:355-363, 1984.

Blanchard RK, Moore JB, Green CL, Cousins RJ. Modulation of intestinal gene
expression by dietary zinc status: effectiveness of cDNA arrays for expression
profiling of a single nutrient deficiency. Proc Natl Acad Sci USA 98:13507-13513,

2001.

Brady FO, Helvig B. Effect of epinephrine and norepinephrine on zinc thionein levels

and induction in rat liver. Am J Physiol 247:E318-E322, 1984.

Bremner L. Nutritional and physiological significance of metallothionein. Experientia

52:81-107, 1987.

Brien JF, Loomis CW. Pharmacology of acetaldehyde. Can J Physiol Pharmacol

61:1-22, 1983.

Brooks PJ. DNA damage, DNA repair, and alcohol toxicity: a review. Alcohol Clin

Exp Res 21:1073-1082, 1997.

Brouwer M, Hoexum-Brouwer T, Cashon RE. A putative glutathione-binding site in
Cd, Zn-metallothionein identified by equilibrium binding and molecular modelling

studies. Biochem J 294:219-225, 1993.

144



Brzeznicka EA, Lehman LD, Klaassen CD. Induction of hepatic metallothionein

following administration of urethane. Toxicol Appl Pharmacol 87:457-463, 1987.

Bui LM, Taubeneck MW, Commisso JF, Uriu-Hare JY, Faber WD, Keen CL. Altered
zinc metabolism contributes to the developmental toxicity of 2-ethylhexanoic acid, 2-

ethylhexanol and valproic acid. Toxicology 126:9-21, 1998.

Burd L, Moffatt ME. Epidemiology of fetal alcohol syndrome in American Indians,

Alaskan Natives, and Canadian Aboriginal peoples: a review of the literature. Public

Health Rep 109:688-693, 1994.

Carey LC, Coyle P, Philcox JC, Rofe AM. Maternal ethanol exposure is associated
with decreased plasma zinc and increased fetal abnormalities in normal by not

metallothionein-null mice. Alcohol Clin Exp Res 24:213-219, 2000a.

Carey LC, Coyle P, Philcox JC, Rofe AM. Ethanol decreases zinc transfer to the fetus

in normal but not metallothionein-null mice. Alcohol Clin Exp Res 24:1236-1240,

2000b.

Chen SY, Sulik KK. Free radicals and ethanol-induced cytotoxicity in neural crest

cells. Alcohol Clin Exp Res 20:1071-1076, 1996.

Chernoff GF. The fetal alcohol syndrome in mice: an animal model. Teratology

15:223-229, 1977.

145



Chytil F, Haq R. Vitamin A mediated gene expression. Crit Rev Eukaryotic Gene

Express 1:61-73, 1990.

Clarke DW, Steenaart NA, Slack CJ, Brien JF. Pharmacokinetics of ethanol and its
metabolite, acetaldehyde, and fetolethality in the third-trimester pregnant guinea pig
for oral administration of acute, multiple-dose ethanol. Can J Physiol Pharmacol

64:1060-1067, 1986.

Clarren, SK, Randels, SP, Sanderson, M, Fineman RM. Screening for fetal alcohol

syndrome in primary schools: a feasibility study. Teratology 63: 3-10, 2001.

Coid CR. Bacterial endotoxin and impaired fetal development. Experientia 32:735-

736, 1976.

Collins FS, Mahoney MJ. Hydrocephalus and abnormal digits after failed first

trimester abortion attempt. J Pediatr 102:620-621, 1982.

Collins JG, Smith MA, Amold RR, Offenbacher S. Effects of Escherichia coli and
Porphyromonas gingivalis lipopolysaccharide on pregnancy outcome in the golden

hamster. Infect Immun 62:4652-4655, 1994.

Connor MJ, Smit MH. Terminal-group oxidation of retinol by mouse epidermis:

inhibition in vitro and in vivo. Biochem J 244:489-492, 1987.

Coyle P, Philcox JC, Carey LC, Rofe AM. Metallothionein: the multipurpose protein.

Cell Mol Life Sci 59:1-21, 2002.

146



Coyle P, Philcox JC, Rofe AM. Metallothionein induction in freshly isolated rat

hepatocytes. Biol Trace Elem Res 36:35-49, 1993.

Coyle P. Philcox JC, Rofe AM. Zn-depleted mice absorb more of an intragastric Zn
solution by a metallothionein mediated process than do Zn-replete mice. J Nutr

130:835-842, 2000a.

Coyle P, Niezing G, Shelton TL, Philcox JC, Rofe AM. Tolerance to cadmium
hepatotoxicity by metallothionein and zinc: in vivo and in vitro studies with MT-null

mice. Toxicology 150:53-67, 2000b.

Dalton T, Fu K, Palmiter RD, Andrews GK. Transgenic mice that overexpress

metallothionein-I resist dietary zinc deficiency. J Nutr 126:825-833, 1996.

Daston GP, Overmann GJ, Taubeneck MW, Lehman-McKeeman LD, Rogers JM,
Keen CL. The role of metallothionein induction and altered zinc status in maternally
mediated developmental toxicity: comparison of the effects of urethane and styrene.

Toxicol Appl Pharmacol 110:450-463, 1991.

Daston GP, Overmann GJ, Baines D, Taubeneck MW, Lehman-McKeeman LD,
Rogers JM, Keen CL. Altered Zn status by alpha-hederin in the pregnant rat and its

relationship to adverse developmental outcome. Reprod Toxicol 8:15-24, 1994.

De SK, McMaster MT, Andrews GK. Endotoxin induction of murine metallothionein

gene expression. J Biol Chem 265:15267-15274, 1990.

147



De SK, McMaster MT, Dey SK, Andrews GK. Cell-specific metallothionein gene

expression in mouse decidua and placentae. Development 107:611-621, 1989.

De M, Sanford TH, Wood GW. Detection of interleukin-1, interleukin-6 and tumor
necrosis factor-o in the uterus during the second half of pregnancy in the mouse.

Endocrinology 131:14-20, 1992.

DeCarli LM, Lieber CS. Fatty liver in the rat after prolonged intake of ethanol with a

nutritionally adequate new liquid diet. J Nutr 91:331-336, 1967.

De Lisle RC, Sarras MP, Hidalgo J, Andrews GK. Metallothionein is a component of
exocrine pancreas secretion: implications for zinc homeostasis. Am J Physiol

271:C1103-C1110, 1996.

Deng DX, Cai L, Chakrabarti S, Cherian MG. Increased radiation-induced apoptosis

in mouse thymus in the absence of metallothionein. Toxicology 134:39-49, 1999.

Diakun GP, Fairall L, Klug A. EXAFS study of the zinc-binding sites in the protein

transcription factor IIIA from Xenopus oocytes. Nature 324:698-699, 1986.

Dowell RT, Gairola GC, Diana JN. Reproductive organ blood flow measured using

radioactive microspheres in diestrous and estrous mice. Am J Physiol 262:R666-

R670, 1992.

148



Dreosti IE, Ballard JF, Belling BG, Record IR, Manuel SJ, Hetzel BS. The effect of
cthanol and acetaldehyde on DNA synthesis in growing cells and on fetal

development in the rat. Alcohol Clin Exp Res 5:357-362, 1981.

Dreosti IE, Buckley RA, Chem HCA, Record IR. The teratogenic effect of zinc
deficiency and accompanying feeding patterns in mice. Proc Soc Exp Biol Med

128:168-174, 1986.

Eaton DL, Toal BF. Evaluation of the Cd/hemoglobin assay for the rapid
determination of metallothionein in biological tissues. Toxicol Appl Pharmacol

66:134-142, 1982.

Ebrahim SH, Luman ET, Floyd RL, Murphy CC, Bennett EM, Boyle CA. Alcohol
consumption by pregnant women in the United States during 1988-1995. Obstet

Gynecol 92:1887-1892, 1998.

Erickson J, Hollopeter G, Thomas SA, Froelick GJ, Palmiter RD. Disruption of the

metallothionein-III gene in mice: analysis of brain zinc, behaviour and neuron

vulnerability to metals, aging and seizure. J Neurosci 17:1271-1281, 1997.

Erskine RL, Ritchie JW. The effect of maternal consumption of alcohol on human

umbilical artery blood flow. Am J Obstet Gynecol 154:318-321, 1986.

Falconer J. The effect of maternal ethanol infusion of placental blood flow and fetal

glucose metabolism in sheep. Alcohol Alcohol 25:413-416, 1990.

149



Farr C, Hunt DM. Genetic differences in zinc and copper induction of liver

metallothionein in inbred strains of the mouse. Biochem Genet 27:199-217, 1989.

Fernandez K, Caul WF, Boyd JE, Henderson GI, Michaelis RC. Malformations and
growth of rat fetuses exposed to brief periods of alcohol in utero. Teratog Carcinog

Mutagen 3:457-460, 1983.

Freedman LP, Luisi BF, Korszun ZR, Basavappa R, Sigler PB, Yamamoto KR.The
function and structure of the metal coordination sites within the glucocorticoid

receptor DNA binding domain. Nature 334:543-546, 1988.

Garro AJ, McBeth DL, Lima V, Lieber CS. Ethanol consumption inhibits fetal DNA
methylation in mice: implications for the fetal alcohol syndrome. Alcohol Clin Exp

Res 15:395-398, 1991.

Gompertz RHK, Mathie RT, Michaloski AS, Spencer J, Baron JH, Williamson RCN.
The role of blood flow in chronic duodenal ulcer. Scand J Gastroenterol 31:44-48,

1996.

Gonzalez-Reimers E, Conde-Martel A, Santolaria-Fernandez F, Marinez-Riera A,
Rodriguez-Moreno F, Gonzalez-Hernandez T, Castro-Aleman VV. Relative and
combined roles of ethanol and protein malnutrition on muscle zinc, potassium,

copper, iron and magnesium. Alcohol Alcohol 28:311-318, 1993.

150



Gravett MG, Nelson HP, DeRouen T, Critchlow C, Eschenbach DA, Holmes KK.
Independent associations of bacterial vaginosis and Chlamydia trachomatis infection

with adverse pregnancy outcome. JAMA 256:1899-1903, 1986.

Grim E, Lindseth EO. Distribution of blood flow to the tissues of the small intestine

of the dog. Univ Minn Med Bull 30:138-145, 1958.

Guise JM, Mahon SM, Aickin M, Helfand M, Peipert JF, Westhoff C. Screening for

bacterial vaginosis in pregnancy. Am J Prev Med 20(Suppl):62-72, 2001.

Halas ES, Reynolds GM, Sandstead HH. Intra-uterine nutrition and its effects on

aggression. Physiol Behav 19:653-661, 1977.

Hambidge KM, Krebs NF. Interrelationships of key variables of human zinc

homeostasis: relevance to dietary zinc requirements. Ann Rev Nutr 21:429-452, 2001.

Hambidge KM, Neldner KH, Walravens PA. Zinc, acrodermatitis enteropathica, and

congenital malformations. Lancet 1: 577-578, 1975.

Hambidge KM, Walravens PA. Disorders of mineral metabolism. Clin Gasteroenterol

11:87-118, 1982.

Hamlin RL, Marsland WP, Smith CR, Sapirstein LA. Fractional distribution of right

ventricular output in the lungs of dogs. Circ Res 10:763-766, 1962.

151



Hanada K. Photoprotective role of metallothionein in UV-injury - metallothionein-
null mouse exhibits reduced tolerance against ultraviolet-B. J Dermatol Sci 23:S51-

S56, 2000.

Hanas JS, Hazuda DJ, Bogenhagen DF, Wu FY, Wu CW. Xenopus transcription
factor A requires zinc for binding to the 5 S RNA gene. J Biol Chem 258:14120-

14125, 1983.

Hannigan JH, Armant DR. Alcohol in pregnancy and neonatal outcome. Semin

Neonatol 5:243-254, 2000.

Henderson GI, Chen J, Schenker S. Ethanol, oxidative stress, reactive aldehydes and

the fetus. Front Biosci 15:D541-D550, 1999.

Hernandez J, Carrasco J, Belloso E, Giralt M, Bluethmann H, Kee Lee D, Andrews
GK, Hidalgo J. Metallothionein induction by restraint stress: role of glucocorticoids

and IL-6. Cytokine 12:791-796, 2000.

Hewett JA, Roth RA. The coagulation system, but not circulating fibrinogen,

contributes to liver injury in rats exposed to lipopolysaccharide from gram-negative

bacteria. ] Pharmacol Exp Ther 272:53-62, 1995.

Heymann MA, Payne BD, Hoffman JIE, Rudolph AM. Blood flow measurements

with radionuclide-labeled particles. Prog Cardiovasc Dis 20:55-79, 1977.

152



Hickory W, Nanda R, Catalanotto FA. Foetal skeletal malformations associated with

moderate zinc deficiency during pregnancy. J. Nutr. 109:883-891, 1979.

Hidalgo J, Armario A, Flos R, Garvey JS. Restraint stress induced changes in rat liver

and serum metallothionein and in Zn metabolism. Experientia 42:1006-1010, 1986.

Hidalgo J, Giralt M, Garvey JS, Armario A. Differences between pregnant and
nulliparous rats in basal and stress levels of metallothionein. Biol Neonate 53:148-

155, 1988.

Hoadley JE, Leinart AS, Cousins RJ. Kinetic analysis of zinc uptake and serosal

transfer by vascularly perfused rat intestine. Am J Physiol 252:G825-G831, 1988a.

Hoadley JE, Leinart AS, Cousins RJ. Relationship of 87n absorption kinetics to
intestinal metallothionein in rats: effects of Zn depletion and fasting. J Nutr 118:497-

508, 1988b.

Hoey JG, Garrett SH, Sens MA, Todd JH, Sens DA. Expression of MT-3 mRNA in
human kidney, proximal tubule cell cultures, and renal cell carcinoma. Toxicol Lett

92:149-160, 1997.

Holst E, Goffeng AR, Andersch B. Bacterial vaginosis and vaginal microorganisms
in idiopathic premature labor and association with pregnancy outcome. J Clin

Microbiol 32:176-186, 1994.

153



Huang L, Gitschier J. A novel gene involved in zinc transport is deficient in the lethal

milk mouse. Nat Genet 17:292-297, 1997.

Hurley LS, Gowan J, Swenerton H. Teratogenic effects of short term and transitory

zinc deficiency in rats. Teratology 4:199-204, 1971.

Ikonomidou C, Bittigau P, Ishimaru MJ, Wozniak DF, Koch C, Genz K, Price MT,
Stefovska V, Horster F, Tenkova T, Dikranian K, Olney JW. Ethanol-induced
apoptotic neurodegeneration and fetal alcohol syndrome. Science 287:1056-1060,

2000.

Iszard MB, Liu J, Liu Y, Dalton T, Andrews GK, Palmiter RD, Klaassen CD.
Characterization of metallothionein-I transgenic mice. Toxicol Appl Pharmacol

133:305-312, 1995.

Jackson MJ. Physiology of zinc: general aspects, in Zinc in human biology (Mills CF,

ed). Springer-Verlag, London, pp 1-14, 1989.

Jiang L-J, Maret W, Vallee BL. The glutathione redox couple modulates zinc transfer

from metallothionein to zinc-depleted sorbitol dehydrogenase. Proc Natl Acad Sci

95:3483-3488, 1998a.

Jiang L-J, Maret W, Vallee BL. The ATP-metallothionein complex. Proc Natl Acad

Sci 95:9146-9149, 1998b.

154



Johnston M. Genetic evidence that zinc is an essential co-factor in the DNA binding

domain of the GAL4 protein. Nature 328:353-355, 1987.

Jones KL, Smith DW. Recognition of the foetal alcohol syndrome in early infancy.

Lancet 2; 999-1001, 1973.

Jones PJ, Leichter J, Lee M. Placental blood flow in rats fed alcohol before and

during gestation. Life Sci 29:1153-1159, 1981.

Kadnonaga JT, Carner KR, Masiarz FR, Tjian T. Isolation of ¢DNA encoding
transcription factor Spl and functional analysis of the DNA binding domain. Cell

51:1079-1090, 1987.

Kaga N, Katsuki Y, Obata M, Shibutani Y. Repeated administration of low-dose
lipopolysaccharide induces preterm delivery in mice: a model for human preterm

parturition and for assessment of the therapeutic ability of drugs against preterm

delivery. Am J Obstet Gynecol 174:754-759, 1996.

Kigi JHR, Kojima Y. Chemistry and biochemistry of metallothionein. Experientia

Suppl 52:25-61, 1987.

Kambe T, Narita H, Yamaguchi-Iwai Y, Hirose J, Amano T, Sugiura N, Sasaki R,
Mori K, Twanaga T, Nagao M. Cloning and characterization of a novel mammalian
zinc transporter, ZnT-5, abundantly expressed in pancreatic beta cells. J Biol Chem

277:19049-19055, 2002.

155



Karin M, Herschman HR. Glucocorticoid hormone receptor mediated induction of

metallothionein synthesis in HeLa cells. J Cell Physiol 103:35-40, 1980.

Kaskutas LA. Understanding drinking during pregnancy among urban American
Indians and African Americans: health messages, risk beliefs, and how we measure

consumption. Alcohol Clin Exp Res 24:1241-1250, 2000.

Kastner P, Chambon P, Leid M. Role of nuclear retinoic acid receptors in the
regulation of gene expression, in Vitamin A in health and disease (Blomhoff R, ed).

Marcel Dekker Inc., New York, pp 189-238, 1994.

Kawashima K, Jerzy Glass GB. Alcohol injury to gastric mucosa in mice and its

potentiation by stress. Am J Dig Dis 1975 20:162-172, 1975.

Keen CL, Hurley LS. Zinc and reproduction: effects of deficiency on fetal and
postnatal development, in Zinc and Human Biology (Mills CF, ed). Springer-Verlag,

London, pp183-200, 1989.

Kelly EJ, Quaife CJ, Froelick GJ, Palmiter RD. Metallothionein I and II protect

against zinc deficiency and zinc toxicity in mice. J Nutr 126:1782-1790, 1996.

Keppen LD, Moore DJ, Cannon DJ. Zinc nutrition in fetal alcohol syndrome.

Neurotoxicology 11:375-380, 1990.

Keppen LD, Pysher T, Rennert OM. Zinc deficiency acts as a co-teratogen with

alcohol in foetal alcohol syndrome. Pediatr Res 19: 944-947, 1985.

156



Kielin D, Mann J. Carbonic anhydrase: purification and nature of the enzyme.

Biochem J 34:1163-1176, 1940.

King JC. Determinants of maternal zinc status during pregnancy. Am J Clin Nutr

71:1334S-13438S, 2000.

Klaassen CD, Liu J. Induction of metallothionein as an adaptive mechanism affecting

the magnitude and progression of toxicological injury. Environ Health Perspect

106:297-300, 1998.

Klug A, Schwabe JWR. Zinc fingers. FASEB J 9:597-604, 1995.

Kohmura Y, Kirikae T, Kirikae F, Nakano M, Sato I. Lipopolysaccharide (LPS)-
induced intra-uterine fetal death (IUFD) in mice is principally due to maternal cause

but not fetal sensitivity to LPS. Microbiol Immunol 44:897-904, 2000.

Kondo Y, Woo ES, Michalska AE, Choo KH, Lazo JS. Metallothionein null cells

have increased sensitivity to anticancer drugs. Cancer Res 55:2021-2023, 1995.

Korbashi P, Katzhandler J, Saltman P, Chevion M. Zinc protects E. Coli against

copper-mediated paraquat-induced damage. J Biol Chem 264:8479-8482, 1989.

Kotch L, Chen SY, Sulik K. Ethanol-induced teratogenesis: free radical damage as a

possible mechanism. Teratology 52:128-136, 1995.

157



Krebs HA, Freedland RA, Hems R, Stubbs M. Inhibition of hepatic gluconeogenesis

by ethanol. Biochem J 112:117-124, 1969.

Kronick JB. Teratogenic effects of ethyl alcohol administered to pregnant mice. Am J

Obstet Gynecol 124: 676-680, 1976.

Krsiak M, Elis J, Poschlova N, Masek K. Increased aggressiveness and lower brain
serotonin levels in offspring of mice given alcohol during gestation. J Stud Alcohol

38:1696-1704, 1977.

Kyllerman M, Aronson M, Sabel KG, Karlberg E, Sandin B, Olegard R. Children of
alcoholic mothers. Growth and motor performance compared to matched controls.

Acta Paediatr Scand 74:20-26, 1985.

Lanning JC, Hilbelink DR, Chen LT. Teratogenic effects of endotoxin on the golden

hamster. Teratogen Carcinogen Mutagen 3:145-149, 1983.

Leichter J, Lee M. Method of ethanol administration as a confounding factor in

studies of fetal alcohol syndrome. Life Sci 31:221-227, 1982.

Liang L, Fu K, Lee DK, Sobieski RJ, Dalton T, Andrews GK. Activation of the
complete mouse metallothionein gene locus in the maternal deciduum. Mol Reprod

Dev 43:25-37, 1996.

Lin GJ. Effect of ethanol feeding during pregnancy on placental transfer of o-

aminoisobutyric acid in the rat. Life Sci 28:595-601, 1981.

158



Liu J, Choudhuri S, Liu Y, Kreppel H, Andrews GK, Kiaassen CD. Induction of

metallothionein by alpha-hederin. Toxicol Appl Pharmacol 121:144-151, 1993.

Liu J, Liu YP, Sendelbach LE, Klassen CD. Endotoxin induction of hepatic
metallothionein is mediated through cytokines. Toxicol Appl Pharmacol 109:235-

240, 1991.

Liu J, Liu Y, Goyer RA, Achanzar W, Waalkes MP. Metallothionein-I/II null mice
are more sensitive than wild-type mice to the hepatotoxic and nephrotoxic effects of

chronic oral or injected inorganic arsenicals. Toxicol Sci 55:460-467, 2000b.

Liu J, Liu Y, Hartley D, Klaassen CD, Shehin-Johnson SE, Lucas A, Cohen SD.
Metallothionein-I/II  knockout mice are sensitive to acetaminophen-induced

hepatotoxicity. ] Pharmacol Exp Ther 289:580-586, 1999.

Liu Y, Liu J, Habeebu SM, Waalkes MP, Klaassen CD. Metallothionein-I/II null

mice are sensitive to chronic oral cadmium-induced nephrotoxicity. Toxicol Sci

57:167-76, 2000a.

McDevitt DG, Nies AS. Simultaneous measurement of cardiac output and its

distribution with microspheres in the rat. Cardiovasc Res 10:494-498, 1976.

McMahon RJ, Cousins RJ. Regulation of the zinc transporter ZnT-1 by dietary zinc.

Proc Natl Acad Sci 95:4841-4846, 1998.

159



Maden M, Ong DE, Summerbell D, Chytil F. The role of retinoid binding proteins in
the generation of pattern in the developing limb, the regenerating limb and the

nervous system. Development 107(Suppl):109-119, 1989.

Madison LL, Lochner A, Wulff J. Ethanol-induced hypoglycemia. II. Mechanism of

suppression of hepatic gluconeogenesis. Diabetes 6:252-258, 1967.

Maret W. Oxidative metal release from metallothionein via zinc-thiol/disulfide

interchange. Proc Natl Acad Sci USA 91:237-241, 1994.

Margoshes M, Vallee BL. A cadmium protein from equine kidney cortex. J Am

Chem Soc 79:4813-4814, 1957.

Masters BA, Kelly EJ, Quaife CJ, Brinster RL, Palmiter RD. Targeted disruption of
metallothionein I and II genes increases sensitivity to cadmium. Proc Natl Acad Sci

91:584-588, 1994.

Mattson SN, Riley EP, Sowell ER, Jernigan TL, Sobel DF, Jones KL. A decrease in

the size of the basal ganglia in children with fetal alcohol syndrome. Alcohol Clin

Exp Res 20:1088-1093, 1996.

May PA, Gossage JP. Estimating the prevalence of fetal alcohol syndrome. A

summary. Alcohol Res Health 25:159-167, 2001.

160



Michalska AE, Choo KH. Targeting and germ-line transmission of a null mutation at
the metallothionein I and II loci in mouse. Proc Natl Acad Sci USA 90:8088-8092,

1993.

Miller J, McLachlan AD, Klug A. Repetitive zinc-binding domains in the protein

transcription factor ITIA from Xenopus oocytes. EMBO J 4:1609-1614, 1985.

Miller ST, Del Villano BC, Flynn A, Krumhansl M. Interaction of alcohol and zinc in

fetal dysmorphogenesis. Pharmacol Biochem Behav 18:311-315, 1983.

Min KS, Terano Y, Onosaka S, Tanaka K. Induction of hepatic metallothionein by
nonmetallic compounds associated with acute-phase response in inflammation.

Toxicol Appl Pharmacol 111:152-162, 1991.

Miura T, Muraoka S, Ogiso T. Antioxidant activity of metallothionein compared with

reduced glutathione. Life Sci 60:PL301-309, 1997.

Moffatt P, Seguin C. Expression of the gene encoding metallothionein-3 in organs of

the reproductive system. DNA Cell Biol 17:501-510, 1998.

Mukherjee AB, Hodgen GD. Maternal ethanol exposure induces transient impairment

of umbilical circulation and fetal hypoxia in monkeys. Science 218:700-702, 1982.

National Academy of Sciences report. Fetal alcohol syndrome: diagnosis,
epidemiology, prevention and treatment (Stratton K, Howe C, Battaglia F, eds).

National Academy press, Washington, 1996.

161



National Institute on Drug Abuse report. The economic costs of alcohol and drug

abuse in the United States- 1992. National Institutes of Health, Bethesda, 1992.

Napoli JL. Retinoic acid: its biosynthesis and metabolism. Prog Nucleic Acid Res

Mol Biol 63:139-188, 1999.

Naruse I, Hayashi Y. Amelioration of the teratogenicity of cadmium by the

metallothionein induced by bismuth nitrate. Teratology 40:459-465, 1989.

Neggers YH, Cutter GR, Acton RT, Alvarez JO, Bonner JL, Goldenberg RL, Go
RCP, Roseman JM. A positive association between maternal serum zinc

concentration and birth weight. Am J Clin Nutr 51: 678-684, 1990.

Nielson KB, Atkin CL, Winge DR. Distinct metal-binding configurations in

metallothionein. J Biol Chem 260:5342-5350, 1985.

Oh SH, Deagen JT, Whanger PD, Weswig PH. Biological function of
metallothionein. V. Its induction in rats by various stresses. Am J Physiol 234:E282-

285, 1978.

Olney JW, Tenkova T, Dikranian K, Qin YQ, Labruyere J, Ikonomidou C. Ethanol-

induced apoptotic neurodegeneration in the developing C57BL/6 mouse brain. Brain

Res Dev Brain Res 133:115-126, 2002.

162



Omoy A, Altshuler S. Maternal endotoxemia, fetal anomalies, and central nervous
system damage: a rat model of a human problem. Am J Obstet Gynecol 124:196-207,

1976.

O’Shea K, Kaufman M. The teratogenic effect of acetaldehyde: implications for the

study of the fetal alcohol syndrome. J Anat 128:65-76, 1979.

Ouellette AJ. Metallothionein mRNA expression in fetal mouse organs. Dev Biol

92:240-246, 1982.

Palmiter RD. Regulation of metallothionein genes by heavy metals appears to be
mediated by a zinc-sensitive inhibitor that interacts with a constitutively active

transcription factor, MTF-1. Proc Natl Acad Sci USA 91:1219-1223, 1994.

Palmiter RD, Cole TB, Findley SD. ZnT-2, a mammalian protein that confers

resistance to zinc by facilitating vesicular sequestration. EMBO J 15:1784-1791,

1996a.

Palmiter RD, Cole TB, Quaife CJ, Findley SD. ZnT-3, a putative transporter of zinc

into synaptic vesicles. Proc Natl Acad Sci USA 93:14934-14939, 1996b.

Palmiter RD, Findley SD. Cloning and functional characterization of a mammalian

zinc transporter that confers resistance to zinc. EMBO J 14:639-649, 1995.

163



Palmiter RD, Findley SD, Whitmore TE, Durnam DM. MT-III, a brain-specific
member of the metallothionein gene family. Proc Natl Acad Sci USA 89:6333-6337,

1992.

Panemangalore M, Banerjee D, Onosaka S, Cherian MG. Changes in the intracellular
accumulation and distribution of metallothionein in rat liver and kidney during

postnatal development. Dev Biol 97:95-102, 1983.

Park JD, Liu Y, Klaassen CD. Protective effect of metallothionein against the toxicity

of cadmium and other metals. Toxicology 163:93-100, 2001.

Patrick J, Richardson B, Hanson G, Clarke DW, Wlodek M, Bousquet J, Brien J.
Effects of maternal ethanol infusion on fetal cardiovascular and brain activity in

lambs. Am J Obstet Gynecol 151:859-867, 1985.

Pavletich NP, Pabo CO. Zinc finger-DNA recognition: crystal structure of a Zif268-

DNA complex at 2.1A. Science 252:809-817, 1991.
Penkowa M, Giralt M, Camats J, Hidalgo J. Metallothionein 1+2 protect the CNS
during neuroglial degeneration induced by 6-aminonicotinamide. J Comp Neurol

444:174-189, 2002.

Persaud TVN. The effects of prostaglandin E; on pregnancy and embryonic

development in mice. Toxicology 5:97-101, 1975.

164



Philcox JC, Coyle P, Michalska A, Choo KH, Rofe AM. Endotoxin-induced
inflammation does not cause hepatic zinc accumulation in mice lacking

metallothionein gene expression. Biochem J 308:543-546, 1995.

Piletz JE, Anderson RD, Birren BW, Herschmann HR. Metallothionein synthesis 1n

neonatal and maternal rat liver. Eur J Biochem 131:489-495, 1983.

Piotrowski JK, Trojanowska B, Wisniewska-Knypl JM, Bolanowska W. Mercury
binding in the kidney and liver of rats repeatedly exposed to mercuric chloride:
induction of metallothionein by mercury and cadmium. Toxicol Appl Pharmacol

27:11-19, 1974.

Platz-Christensen JJ, Brandberg A, Wiqvist N. Increased prostaglandin

concentrations in the cervical mucus of pregnant women with bacterial vaginosis.

Prostaglandins 43:133-134, 1992.

Platz-Christensen JJ, Mattsby-Baltzer I, Thomsen P, Wiqvist N. Endotoxin and

interleukin-1 alpha in the cervical mucus and vaginal fluid of pregnant women with

bacterial vaginosis. Am J Obstet Gynecol 169: 1161-1166, 1993.

Powell SR. The antioxidant properties of zinc. J Nutr 130:1447S-14548S, 2000.

Prasad AP. Zinc in growth and development and spectrum of human zinc deficiency.

J Am Coll Nutr 7:377-384, 1988.

165



Prasad AS. Zinc deficiency in women, infants and children. J Am Coll Nutr 15:113-

120, 1996.

Prasad AS, Halsted JA, Nadimi M. Syndrome of iron deficiency anemia,
hepatosplenomegaly, hypogonadism, dwarfism and geophagia. Am J Med 31:532-

546, 1961.

Prasad AS, Miale A, Farid Z, Schulert A, Sandstead HH. Zn metabolism in patients
with the syndrome of iron deficiency anemia, hypogonadism and dwarfism. J Lab

Clin Med 61:531-537, 1963.

Quaife CJ, Findley SD, Erickson JC, Froelick GJ, Kelly EJ, Zambrowicz BP,
Palmiter RD. Induction of a new metallothionein isoform (MT-IV) occurs during

differentiation of stratified squamous epithelia. Biochemistry 33:7250-7259, 1994.

Quaife C, Hammer RE, Mottet KN, Palmiter RD. Glucocorticoid regulation of

metallothionein during murine development. Dev Biol 118:549-555, 1986.

Rana SV, Kumar A. Effect of cadmium and zinc-metallothionein on methemoglobin

and nitric oxide in dimethylnitrosamine treated rats. Indian J Exp Biol 39:487-489,

2001.

Randall CL, Anton RF, Becker HC. Alcohol, pregnancy, and prostaglandins. Alcohol

Clin Exp Res 11:32-36, 1987.

166



Randall CL, Taylor WJ. Prenatal ethanol exposure in mice: teratogenic effects.

Teratology 19:305-311, 1979.

Rofe AM, Barry EF, Shelton TL, Philcox JC, Coyle P. Paracetamol toxicity in

metallothionein-null mice. Toxicology 125:131-140, 1998.

Rofe AM, Bourgeois CS, Bais R, Conyers RAJ. The effect of tumour-bearing on 2-
deoxy[U-"*C]glucose uptake in normal and neoplastic tissues in the rat. Biochem J

253:603-606, 1988.

Rofe AM, Philcox JC, Coyle P. Trace metal, acute phase and metabolic response to

endotoxin in metallothionein-null mice. Biochem J 314:793-797, 1996.
Rofe AM, Philcox JC, Sturkenboom M, Coyle P. Zinc homeostasis during pregnancy
in metallothionein-null mice on a low zinc diet, in Metallothionein IV (Klaassen C,

ed). Birkhauser Verlag, Basel, Switzerland, pp 309-313, 1999a.

Rofe AM, Williamson DH. Metabolic effects of vasopressin infusion in the starved

rat: reversal of ketonaemia. Biochem J 212:231-239, 1983.

Rofe AM, Winters N, Hinskens B, Philcox JC, Coyle P. The role of the pancreas in

intestinal zinc secretion in metallothionein-null mice. Pancreas 19:69-75, 1999b.

Romero R, Roslansky P, Oyarzun E, Wan M, Emamian M, Novitsky TJ, Gould MJ,

Hobbins JC. Labor and infection. II. Bacterial endotoxin in ammniotic fluid and its

167



relationship to the onset of preterm labor. Am J Obstet Gynecol 158:1044-1049,

1988.

Rosenberg UB, Schroder C, Preiss A, Kienlin A, Cote S, Riede I, Jickle H. Structural
homology of the product of the Drosophila Kruppel gene with Xenopus transcription

factor IIIA. Nature 319:336-339, 1986.

Sampson PD, Streissguth AP, Bookstein FL, Little RE, Clarren SK, Dehaene P,
Hanson JW, Graham JM Jr. Incidence of fetal alcohol syndrome and prevalence of

alcohol-related neurodevelopmental disorder. Teratology 56(5):317-26, 1997.

Sandstead HH. Zinc deficiency, a public health problem? Am J Dis Child 145:853-

859, 1991.

Sarin SK, Sabba C, Groszmann RJ. Splanchnic and systemic hemodynamics in mice

using a radioactive microsphere technique. Am J Physiol 258:G365-G369, 1990.

Sato F, Watanabe T, Hoshi E, Endo A. Teratogenic effect of maternal zinc deficiency

and its co-teratogenic effect with cadmium. Teratology 31:13-18, 1985.

Sato M, Sasaki M, Hojo H. Tissue specific induction of metallothionein synthesis by

tumor necrosis factor-alpha. Res Commun Chem Pathol Pharmacol 75:159-172,

1992.

168



Satoh M, Nishimura N, Kanayama Y, Naganuma A, Suzuki T, Tohyama C. Enhanced
renal toxicity by inorganic mercury in metallothionein-null mice. J Pharmacol Exp

Ther 283:1529-1533, 1997.

Sauerbier I. Circadian modification of ethanol damage in utero to mice. Am J Anat

178:170-174, 1987.

Savoy-Moore RT, Dombrowski MP, Cheng A, Abel EA, Sokol RJ. Low dose alcohol

contracts the human umbilical artery in vitro. Alcohol Clin Exp Res 13:40-42, 1989.

Schenker S, Dicke JM, Johnson RF, Hays SE, Henderson GL Effects of ethanol on
human placental transport of model amino acids and glucose. Alcohol Clin Exp Res

13:112-119, 1989.

Shaheen AA, el-Fattah AA. Effect of dietary zinc on lipid peroxidation, glutathione,
protein thiols levels and superoxide dismutase activity in rat tissues. Int J Biochem

Cell Biol 27:89-95, 1995.

Silver RM, Edwin SS, Trautman MS, Simmons DL, Branch DW, Dudley DIJ,
Mitchell MD. Bacterial lipopolysaccharide-mediated fetal death. Production of a
newly recognized form of inducible cyclooxygenase (COX-2) in murine decidua in

response to lipopolysaccharide. J Clin Invest 95:725-731, 1995.

Silver RM, Lohner WS, Daynes RA, Mitchell MD, Branch DW. Lipopolysaccharide-
induced fetal death: the role of tumor necrosis factor alpha. Biol Reprod 50:1108-

1112, 1994.

169



Singh SP, Snyder AK, Pullen GL. Maternal alcohol ingestion inhibits fetal glucose

uptake and growth. Neurobehav Toxicol Teratol 11:215-219, 1989.

Smith GN, Patrick J, Sinervo KR, Brien JF. Effects of ethanol exposure on the
embryo-fetus: experimental ~considerations, mechanisms, and the role of

prostaglandins. Can J Physiol Pharmacol 69:550-569, 1991.

Snyder AK, Singh SP, Pullen GL. Ethanol-induced intrauterine growth retardation:

correlation with placental glucose transfer. Alcohol Clin Exp Res 10:167-170, 1986.

Sowell ER, Mattson SN, Thompson PM, Jernigan TL, Riley EP, Toga AW. Mapping
callosal morphology and cognitive correlates: effects of heavy prenatal alcohol

exposure. Neurology 57:235-244, 2001.

South Australian Birth Defects Register report. 1998 annual report of the South

Australian Birth Defects Register. Women’s and Children’s hospital, Adelaide, 2000.

Sreenathan R, Padmanabhan R, Singh S. Teratogenic effects of acetaldehyde in the

rat. Drug Alcohol Depend 9:339-350, 1982.

Srinivas M, Gupta DK, Rathi SS, Grover JK, Vats V, Sharma JD, Mitra DK.

Association between lower hair zinc levels and neural tube defects. Indian J Pediatr

68:519-522, 2001.

170



Steel L, Cousins RJ. Kinetics of zinc absorption by luminally and vascularly perfused

rat intestine. Am J Physiol 248:G46-G43, 1985.

Streissguth AP, Landesman-Dwyer S, Martin JC, Smith DW. Teratogenic effects of

alcohol in humans and laboratory animals. Science 209:353-361, 1980.

Streissguth AP, O’Malley K. Neuropsychiatric implications and long-term
consequences of fetal alcohol spectrum disorders. Semin Clin Neuropsych 5:177-190,

2000.

Sugawara N, Sugawara C. Comparative study of effect of acute administration of
cadmium and silver on ceruloplasmin and metallothionein: involvement of

disposition of copper, iron, and zinc. Environ Res 35 :507-515, 1984.

Sulik KK, Johnston MC. Sequence of developmental alterations following acute

ethanol exposure in mice: craniofacial features of the fetal alcohol syndrome. Am J

Anat 166:257-269, 1983.

Sulik KK, Johnston MC, Webb MA. Fetal alcohol syndrome: embryo genesis in a

mouse model. Science 20:936-938, 1981.

Tabrizchi T, Pugsley MK. Methods of blood flow measurement in the arterial

circulation. J Pharmacol Toxicol Methods 44:375-384, 2000.

171



Takano H, Satoh M, Shimada A, Sagai M, Yoshikawa T, Tohyama C. Cytoprotection
by metallothionein against gastroduodenal mucosal injury caused by ethanol in mice.

Lab Invest 80:371-377, 2000.

Tanaka H. Fetal alcohol syndrome: a Japanese perspective. Ann Med 30:21-26, 1998.

Tanaka H, Iwasaki S, Nakazawa K, Inomata K. Fetal alcohol syndrome in rats:
conditions for improvement of ethanol effects on fetal cerebral development with

supplementary agents. Biol Neonate 54:320-329, 1988.

Tanaka H, Nakazawa K, Suzuki N, Arima M. Prevention possibility for brain
dysfunction in rat with fetal alcohol syndrome- low zinc status and hypoglycemia.

Brain Dev 4:429-438, 1982.

Taubeneck MW, Daston GP, Rogers JM, Keen CL. Altered maternal zinc metabolism
following exposure to diverse developmental toxicants. Reprod Toxicol 8:25-40,

1994.

Taubeneck MW, Daston GP, Rogers JM, Gershwin ME, Ansari A, Keen CL. Tumor
necrosis factor-o. alters maternal and embryonic zinc metabolism and is

developmentally toxic in mice. ] Nutr 125:908-919, 1995.

Tenbrinck MS, Buchin SY. Fetal alcohol syndrome: report of a case. JAMA

232:1144-1147, 1975.

172



Tran CD, Butler RN, Philcox JC, Rofe AM, Howarth GS, Coyle P. Regional
distribution of metallothionein and zinc in the mouse gut: comparison with

metallothionien-null mice. Biol Trace Elem Res 63:239-251, 1998.

Uenishi K, Horio H, Manabe S, Sakamoto S. Effect of dietary proteins on zinc

bioavailability in pregnant rats. Tokushima J Exp Med 40:147-158, 1993.

Ugwumadu AH. Bacterial vaginosis in pregnancy. Curr Opin Obstet Gynecol 14:115-

118, 2002.

Uriu-Adams JY, Reece KC, Nguyen LK, Horvath BJ, Nair R, Barter RA, Keen CL.
Effect of butyl benzyl phthalate on reproduction and zinc metabolism. Toxicology

159:55-68, 2001.

Vallee BL, Coleman JE, Auld DS. Zinc fingers, zinc clusters, and zinc twists in

DNA-binding protein domains. Proc Natl Acad Sci USA 88:999-1003, 1991.

Vidal F, Hidalgo J. Effect of zinc and copper on preimplantation mouse embryo

development in vitro and metallothionein levels. Zygote 1:225-229, 1993.

Viljoen D, Croxford J, Gossage JP, Kodituwakku PW, May PA. Characteristics of

mothers of children with fetal alcohol syndrome in the Western Cape Province of

South Africa: a case control study. J Stud Alcohol 63:6-17, 2002.

173



Vruwink KG, Hurley LS, Gershwin ME, Keen CL. Gestational zinc deficiency
amplifies the regulation of metallothionein induction in adult mice. Proc Soc Exp

Biol Med 188:30-34, 1988.

Waalkes MP, Harvey MJ, Klaassen CD. Relative in vitro affinity of hepatic

metallothionein for metals. Toxicol Lett 20:33-39, 1984a.

Waalkes MP, Hjelle JJ, Klaassen CD. Transient induction of hepatic metallothionein

following oral ethanol administration. Toxicol Appl Pharmacol 74:230-236, 1984b.

Wallwork JC. Zinc and the central nervous system. Prog Food Nutr Sci 11:203-247,

1987.

Wang FD, Bian W, Kong LW, Zhao FJ, Guo JS, Jing NH. Maternal zinc deficiency
impairs brain nestin expression in prenatal and postnatal mice. Cell Res 11:135-141,

2001.

Webster WS, Walsh DA, Lipson AH, McEwen SE. Teratogenesis after acute alcohol

exposure in inbred and outbred mice. Neurobehav Toxicol 2:227-234, 1980.

Webster WS, Walsh DA, McEwen SE, Lipson AH. Some teratogenic properties of

ethanol and acetaldehyde in C57BL/6J mice: implications for the study of the fetal

alcohol syndrome. Teratology 27:231-243, 1983.

174



Westin G, Shaffner W. A zinc-responsive factor interacts with a metal-regulated
enhancer element (MRE) of the mouse metallothionein-I gene. EMBO J 7:3763-3770,

1988.

Wetterlin S, Aronson KF, Byorkman I, Ahlgren L Studies on methods for
determination of the distribution of cardiac output in the mouse. Scan J Clin Lab

Invest 37:451-454, 1977.

Wilkening RB, Anderson S, Martensson L, Meschia G. Placental transfer as a

function of uterine blood flow. Am J Physiol 242:H429-36, 1982.

Wormser U, Calp D. Increased levels of hepatic metallothionein in rat and mouse

after injection of acetaminophen. Toxicology 53:323-329, 1988.

Yamada H, Koizumi S. Metallothionein induction in human peripheral blood

lymphocytes by heavy metals. Chem Biol Interact 78:347-354, 1991.

Yang ZN, Davis GJ, Hurley TD, Stone CL, Li TK, Bosron WE. Catalytic efficiency
of human alcohol dehydrogenases for retinol oxidation and retinal reduction. Alcohol

Clin Exp Res 18:587-591, 1994.

Zachman RD, Grummer MA. The interaction of ethanol and vitamin A as a potential

mechanism for the pathogenesis of fetal alcohol syndrome. Alcohol Clin Exp Res

22:1544-1556, 1998.

175



Zheng H, Liu J, Liu Y, Klaassen CD. Hepatocytes from metallothionein-I and II
knock-out mice are sensitive to cadmium- and tert-butylhydroperoxide-induced

cytotoxicity. Toxicol Lett 87:139-145, 1996.

Zou MH, Shi C, Cohen RA. Oxidation of the zinc-thiolate complex and uncoupling

of endothelial nitric oxide synthase by peroxynitrite. J Clin Invest 109:817-826, 2002.

176



PUBLICATIONS

Carey LC, Coyle P, Philcox JC, Rofe AM. Zinc supplementation at the time of
ethanol exposure ameliorates teratogenicity in mice. Submitted to Alcohol Clin Exp

Res.

Carey LC, Coyle P, Philcox JC, Rofe AM. Lipopolysaccharide teratogenicity in mice

is mediated by a metallothionein dependent mechanism. Submitted to Teratology.

Coyle P, Philcox JC, Carey LC, Rofe AM. Metallothionein: the multipurpose

protein. Cell Mol Life Sci 59:627-647, 2002.

Carey LC, Coyle P, Philcox JC, Rofe AM. Ethanol decreases zinc transfer to the

fetus in normal but not metallothionein-null mice. Alcohol Clin Exp Res 24:1236-

1240, 2000.

177




178



179





