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ABSTRACT

Mechanisms Underlying Fetal Alcohol Spectrum Disorders: Ovine Model. (May 2008)
Jayanth Ramadoss, B.E. (Hons.), BITS, Pilani, India; M.Sc. (Hons.), BITS, Pilani,
India

Chair of Advisory Committee: Dr. Timothy Cudd

Maternal alcohol abuse during pregnancy can result in a range of structural and
functional abnormalities that include lifelong physical, mental, behavioral and learning
disabilities, now collectively termed as Fetal Alcohol Spectrum Disorders (FASD). The
incidence of FASD is now estimated be as high as 10 per 1000 live births. Each year,
40,000 babies are born with FASD in the United States at an estimated cost of $1.4
million per individual and total cost of $6 billion. Because of the magnitude of this
problem and because the incidence has not decreased in spite intensive efforts to educate
women to not abuse alcohol during pregnancy, ways to prevent or mitigate the effects of
prenatal alcohol exposure must be explored in addition to education. Therefore, we
wished to identify the precise mechanisms by which alcohol mediates the
neurodevelopmental damage in order to develop intervention/amelioration strategies.

The present study was conducted using an ovine model system. The large body
mass of the ovine fetus, the longer gestation that is more similar to that of humans, and
that all three trimester equivalents occur in utero, make the sheep an excellent model to

study the effects of alcohol on the developing fetus. Our study establishes that maternal



iv

alcohol exposure does not result in fetal cerebral hypoxia. Instead, alcohol results in
hypercapnea and acidemia leading to a cascade of events in the maternal and fetal
compartments that include deficits in the levels of glutamine and glutamine-related
amino acids, alterations in endocrine axes, oxidative stress, alteration in cardiovascular
homeostasis and fetal neuronal loss. Further, we demonstrate that inhibiting the novel
two-pore domain acid sensitive potassium channel (TASK) expressed in the cerebellar
granule cells and the peripheral and central chemoreceptors may prove to a be potential
therapeutic strategy. Preventive strategies that are safe to use in pregnant women and
that involve glutamine-related pathways are also suggested. Finally, the study also
establishes the beneficial effects of moderate alcohol consumption on the fetal skeletal

system.
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1. INTRODUCTION

FETAL ALCOHOL SYNDROME

The term Fetal Alcohol Syndrome (FAS) was coined by scientists nearly 40
years ago to describe a pattern of birth defects found in children of mothers who
consumed alcohol during pregnancy (Jones et al., 1973). Today, FAS remains the
leading known preventable cause of mental retardation in the Western world (Abel and
Sokol, 1991; Stratton et al., 1996); the national incidence of FAS is probably between 1
to 4.8 per 1000 live births in the United States (May and Gossage, 2001; Sampson et al.,
1997; Sokol et al., 2003). The three cardinal features of FAS include a specific facial
dysmorphology (midfacial hypoplasia, indistinct philtrum, thin upper lip, and short
palpebral fissure), pre- and postnatal growth deficiency and varying degrees of central
nervous system dysfunction (Jones et al., 1973; NIAAA, 2000; Sokol and Clarren, 1989;
Stratton et al., 1996). However, the scientific and clinical reports clearly show that FAS
is not the only outcome of prenatal alcohol exposure; it has been suggested that the
effects of developmental alcohol exposure lie on a continuum, and is termed as Fetal

Alcohol Spectrum Disorders (FASD) (Riley and McGee, 2005).

FETAL ALCOHOL SPECTRUM DISORDERS

The term Fetal Alcohol Spectrum Disorders (FASD) is an umbrella term that

This dissertation follows the style of Alcoholism: Clinical and Experimental Research.



describes the range of effects that can occur in an individual whose mother drank alcohol
during pregnancy (Riley and McGee, 2005; Sokol et al., 2003). Maternal alcohol abuse
during pregnancy can result in a range of structural and functional abnormalities in the
offspring that include lifelong physical, mental, behavioral and learning disabilities, now
collectively termed Fetal Alcohol Spectrum Disorders (FASD) (Riley and McGee, 2005;
Sokol et al., 2003). Despite this knowledge on the devastating outcomes of drinking
alcohol during pregnancy, and in spite of massive educational campaigns about the
adverse outcomes of alcohol consumption during pregnancy, the Centers for Disease
Control and Prevention (CDC) reports that greater than 50% of women in the United
States of childbearing age consumed alcohol in the month before their survey and that
approximately 13% of these could be considered moderate or heavy drinkers (CDC,
2004). The prevalence of FASD is now estimated to be nearly 1 in 100 births (Sokol et
al., 2003; May and Gossage, 2001), a number too high to deny the public health
concerns related to prenatal alcohol exposure (Riley and McGee, 2005). In terms of the
annual cost of FASD to the United States, each year, 40,000 babies are born with FASD
in the U.S. at an estimated cost of $1.4 million per individual and total cost of $6 billion

(Lupton et al., 2004).

Prenatal Alcohol Exposure and the Effects on Brain Structure
The most debilitating consequences of prenatal alcohol exposure are the ones

related to brain development. The autopsy and MRI data on the anatomy of FASD



brains clearly show that the effect of alcohol on the developing brain is not uniform but

varies depending on the brain region. Some of the key findings are listed below.

(1) Overall reduction of the cranial vault and a concomitant reduction in brain size
(Archibald et al., 2001; Mattson et al., 1996; Riley and McGee, 2005; Swayze et al.,
1997).

(2) Abnormalities in the perisylvian cortices in the parietal and temporal lobes: alcohol-
exposed patients exhibit relative increases in gray matter and decreases in white
matter in the perisylvian cortices of the temporal and parietal lobes (Sowell et al.,
2001).

(3) Regional reductions in volume and/or tissue shape, and their displacement in space
(Bookstein et al., 2002; Riley et al., 1995; Sowell et al., 2001; Sowell et al., 2002).

(4) Reduction in the volume of basal ganglia (Mattson et al., 1992).

(5) Cerebellar deficits (Autti-Ramo et al., 2002; Coulter et al., 1993).

Prenatal Alcohol and Neuronal Loss

One of the most severe forms of alcohol-induced central nervous system damage
is neuronal loss. Alcohol-induced loss of neurons is dependent on some key factors:
(1) Timing of exposure: In rats, neuronal loss in different brain regions has been
demonstrated to depend on the timing of alcohol exposure relative to the different phases
of brain development (Bonthius et al., 1992; Cragg and Phillips, 1985; Goodlett and
Eilers, 1997; Goodlett et al., 1998; Hamre and West, 1993; Livy et al., 2003; Maier and

West, 2001a; Maier and West, 2003; Marcussen et al., 1994; Pauli et al., 1995; West et



al., 2001). Alcohol may act by inhibiting neurogenesis (by inhibiting important growth
factors or second messenger systems that stimulate neurogenesis or preventing neuronal
stem cells from responding to such stimuli), by interfering with migration, and/or by
interfering with differentiation processes. For example, the developing cerebellar
Purkinje cells in rats are considered to be most vulnerable during the third trimester-
equivalent (Maier et al., 1999) and are susceptible to first trimester-equivalent alcohol
exposure only at exceptionally high doses (6.5 g/kg) (Maier and West, 2001b)
suggesting that the Purkinje cells are more vulnerable to alcohol-induced depletion
during differentiation than during neurogenesis (Marcussen et al., 1994).

2. Duration of exposure: One study demonstrated a greater reduction in fetal cerebellar
Purkinje cell number in all three-trimester alcohol exposed rats compared with that in
third trimester exposed subjects, but failed to detect deficits when alcohol was
administered during the first two trimester-equivalents (Maier et al., 1999).

3. Pattern of exposure: Binge-like drinking patterns, in which the fetus is exposed to
high blood alcohol concentrations over relatively short periods of time, are particularly
harmful, even if the overall alcohol amount consumed is less than those of more
continuous drinking patterns (Caetano et al., 2006; Ebrahim et al., 1999; Gladstone et al.,
1996; Maier and West, 2001a).

4. The brain region: Developmental alcohol exposure is documented to result in loss of
certain neuronal cell types in specific brain regions, especially the Purkinje cells and
granule cells of the cerebellum (Hamre and West, 1993; Goodlett and Eilers, 1997; West

et al., 2001). In fact, FASD studies conducted utilizing the rat model have shown that



the developing fetal cerebellar Purkinje cells are more vulnerable than any other cell
type to alcohol-induced cell loss resulting from alcohol exposure during the third
trimester-equivalent. Clinically, one of the most common abnormalities found in human
prenatal alcohol exposure pathology studies has been the dysgenesis of cerebellum
and/or brainstem (Clarren et al., 1978; Peiffer et al., 1979; Wisniewski et al., 1983). A
significantly smaller anterior cerebellar vermis has been noted in children who have
been exposed to large amounts of alcohol (Sowell et al., 1996). Recent MRI studies
have suggested that the cerebellum is the most sensitive morphological indicator of

prenatal alcohol exposure in children (Autti-Ramo et al., 2002).

Animal Model Systems for FASD

Apart from the clinical literature on the teratogenic effects of alcohol, much
about the specific effects of gestational alcohol exposure on the fetal brain has been
derived from animal model systems. Human studies on FASD include some intrinsic
disadvantages (Cudd, 2005):

(1) variable consumption patterns of alcohol.

(2) unreliable self-estimates of alcohol intake by pregnant women.

(3) abuse of drugs other than alcohol.

(4) Constraints on the use of human subjects to study the teratogenic impact of

alcohol.
The use of animal models circumvents many of these problems inherent in

human studies. One major advantage of utilizing animal models is that they allow for



control over important maternal and environmental variables such as genetic
background, nutritional status of the mother, dose and timing of alcohol exposure, as
well as allowing for questions to be addressed at a more mechanistic level (Cudd, 2007).
Animal studies have demonstrated that heavy alcohol exposure during development can
produce deleterious effects in most of the same brain regions and organ systems that
have been reported in humans with FASD. In addition, animal studies have expanded
upon the gross morphological studies of humans with FASD by identifying effects at

cellular (neuronal numbers) level in specific brain regions (Cudd, 2007).

The Sheep Model System

The sheep model possesses a number of advantages for the study of FASD.
First, the mother and the fetus are extremely tolerant of handling surgery and chronic
instrumentation.  Surgically placed indwelling vascular catheters can easily be
maintained for many months in adult ewe, enabling many questions in fetal physiology
to be answered. The ovine fetus weighs around 4.5 kg on gestational day 133, and the
adults weigh around 50 to 80 kg, comparable with that of human fetus and adult women
respectively. Third, the sheep possesses a long gestation (147 days) which allows the
investigator to intervene or perform experiments at specific times during gestation, and
mimicking some of the human drinking patterns. Finally, the peak velocity of the fetal
sheep brain growth occurs in utero as in humans. The maximum velocity of brain
growth occurs at the time of parturition in humans, whereas it occurs postnatally in rats

(Dobbing and Sands, 1973; Dobbing and Sands, 1979), requiring the assessment of the



response to alcohol administration during the third trimester-equivalent of human brain
development in rats to be conducted postnatally. Therefore, to extrapolate the findings
from rats to humans, one must assume that the intrauterine environment, placenta,

mother and parturition play a limited role in mediating the damage (Cudd, 2005).

Mechanisms Underlying Neuronal Deficits

Delineating the mechanisms underlying FASD is very important for devising
therapeutic strategies that are safe to use in pregnant women. Despite significant
knowledge on the teratogenic effects of alcohol, little is known about the mechanisms
involved. This is because numerous factors complicate this research (NIAAA, 2000).
First, the process of development itself is enormously complex and not yet fully
understood. Second, no single mechanism can account for the spectrum of deficits
observed in FASD. Third, alcohol-mediated deficits depend on several variables like the
timing of exposure, duration of exposure, frequency of consumption, amount of drinking
(blood alcohol concentration), the mother’s health, and the genetic makeup of the mother
and the fetus (NIAAA, 2000). Despite these difficulties, scientists have described a few
plausible mechanisms that can account for the FASD phenotypes:
(1) Interference with the cell-cell interaction: The brain abnormalities seen in children
with FASD can resemble those of children with L1 gene mutation (Chen et al., 2001).
Ethanol disrupts L1-mediated cell-cell adhesion (Charness et al., 1994) and this action is
prevented by 1-Octanol that antagonizes ethanol inhibition of LIl-mediated cell-cell

adhesion (Chen et al., 2003). However, the underlying mechanisms are largely unclear



and speculative. This mechanism was further tested by administering NAPVSIPQ
(NAP) and SALLRSIPA (SAL) (active peptide fragments of two neuroprotective
proteins) that potently and completely antagonized the inhibition of L1 adhesion
(Wilkemeyer et al., 2002). In contrast to these observations, others have reported that
ethanol does not inhibit the adhesive activity of drosophila neuroglia or human L1 in
drosophila s2 tissue culture cells (Vallejo et al., 1997). Clearly, more work is needed to
understand this mechanism.

(2) Alteration of intracellular calcium levels: Alcohol has been shown to alter calcium
levels through glutamate receptor mediated mechanisms (Gruol et al., 1996). However,
underlying mechanisms are still not very clear.

(3) Formation of oxygen free radicals: It is now widely known that prenatal alcohol
exposure increases reactive oxygen species levels as well as reduces endogenous anti-
oxidant levels leading to developmental oxidative stress (Cohen-Kerem and Koren,
2003; Goodlett et al., 2005).

(4) Alteration in the levels of growth factor and/or the cell’s ability to respond to these
factors: Maternal plasma insulin-like growth factor 1 (IGF-1) concentrations are reduced
by 51% in response to alcohol, with a 20% reduction in hepatic IGF-1 mRNA levels
(Breese and Sonntag, 1995), and these factors are responsible for cell proliferation and
survival in the developing fetus (NIAAA, 2000).

(5) Alteration in neurotransmitter systems: Two neurotransmitter systems are particular
targets of alcohol exposure: the glutamate and the serotonin system. Prenatal alcohol

exposure studies have repeatedly demonstrated NMDA (glutamate receptor) receptor



down regulation during the third trimester-equivalent of human brain development
(NIAAA, 2000), and modest NMDA receptor activation is essential as it has trophic
effects, and has permissive effect on the action of other neurotrophic factors (Tsai and
Coyle, 1998). Others have demonstrated that very early prenatal exposure to alcohol can
lead to delay in the development of the serotonergic system, leading to developmental
deficits.

(6) Alteration in gene expression and protein synthesis

(7) Alteration in maternal-fetal interaction and/or maternal conditions: This is a largely
overlooked area as the peak velocity of brain growth in the most widely used animal
model (the rat) occurs postnatally, requiring the investigator to perform experiments on a
neonatal model. This approach entirely ignores the role played by the mother, the
placenta, maternal-fetal interactions, and parturition in mediating the teratogenic effects
of alcohol.

(8) Alteration in nutrient levels: Alcohol could lead to fetal undernutrition by at least
three possible ways: reduced maternal dietary intake (Schenker et al., 1990), impaired
intestinal and/or placental transport of specific nutrients (Fisher et al., 1981; Henderson
et al., 1981; Lin, 1981; Polache et al., 1996), and altered maternal and/or fetal

metabolism and compartmentalization of nutrients (Schenker et al., 1990).

Gaps in Knowledge
Clearly, despite the vast clinical and experimental FAS literature, surprisingly

little is known of the mechanisms of damage. Alcohol is a ubiquitous drug that may



10

affect the brain at any or all stages of development, but its primary disruptive mechanism
during development is unknown. Whether deficits are produced by a single or by
multiple cascading mechanisms, is clearly a complex issue that needs to be addressed
(Abel and Hannigan, 1995). Until this issue is resolved, it will be extremely difficult to
develop successful therapeutic intervention strategies. This report addresses some of the
important questions regarding some key mechanisms underlying Fetal Alcohol Spectrum
Disorders using the ovine model where all three trimester-equivalents occur in utero.
Section 2 provides the background and sets the stage for the remainder of the report.
This section shows that the experimental evidence supporting alcohol-induced cerebral
hypoxia as a mechanism of FASD is largely indirect, and that moderate alcohol does not
result in fetal hypoxia; rather it results in maternal and fetal hypercapnea and acidemia.
This section also discusses the selective vulnerability of the fetal cerebellum in response
to third trimester-equivalent alcohol exposure. Sections 3, 4, and 5 examine the critical
windows of vulnerability during development and establish the similarities between the
structural deficits observed in the ovine model system and the humans. Section 6
evaluates the hypothesis that maternal alcohol acidosis could lead to nutritional deficits.
Section 7 discusses the role of acidemia in fetal neuronal loss and potential therapeutic
treatments that completely prevent alcohol-induced neuronal loss. Sections 8 and 9
discuss the effects of alcohol on fetal and maternal skeletal system. Section 10 lists the

conclusions of the report.
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2. BACKGROUND: FETAL ALCOHOL AND HYPOXIA"

INTRODUCTION

Ethanol has long been recognized as a neuroteratogen that can cause deficits in
motor coordination, behavior, cognitive and executive function, now referred to as Fetal
Alcohol Spectrum Disorder (FASD) (Sokol et al., 2003). Numerous hypotheses have
been proposed to account for these actions, of which cerebral hypoxia is one of the most
popular. The experimental evidence supporting ethanol-induced cerebral hypoxia as a
mechanism of FASD is largely indirect. For example, both hypoxia and ethanol
exposure during development induce similar craniofacial and neuronal deficits (Aitken
and Schiff, 1986; Bronsky et al., 1986). Direct evidence that cerebral hypoxia may be a
mechanism by which prenatal ethanol exposure causes FASDs was supplied by a report
that an intravenous bolus of ethanol in fetal primates resulted in fetal hypoxemia
(Mukherjee and Hodgen, 1982). However, the ethanol dose (3.0 g/kg) and
administration paradigm (intravenous bolus over two minutes) used in that study resulted
in exceptionally high blood ethanol concentrations (BECs) of ~500 mg/dl. Additionally,
that study was performed in anesthetized animals: anesthesia may have impeded the
normal protective cardiovascular homeostatic responses to the actions of ethanol. Other
studies have demonstrated that an acute (Falconer, 1990; Reynolds et al., 1996;
Med with permission from Parnell SE, Ramadoss J, Delp MD, Ramsey MW,
Chen WIJ, West JR, Cudd TA (2007) Chronic ethanol increases fetal cerebral blood flow
specific to the ethanol-sensitive cerebellum under normoxaemic, hypercapnic and

acidaemic conditions: ovine model. Exp Physiol 92(5):933-43, Copyright [2007] by
Blackwell Publishing Ltd.
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Richardson et al., 1985; Smith et al., 1989a) or a chronic ethanol exposure (1-3 g/kg) in
fetal sheep during all of (Cudd et al., 2001b) or during the last week (Patrick et al., 1985)
of the third trimester equivalent (Dobbing and Sands, 1979) does not result in
hypoxemia.

Taken together, these reports suggest that, at least with moderate doses, ethanol
does not create hypoxemia during the third trimester. However, ethanol may still induce
fetal cerebral hypoxia by reducing cerebral blood flow (CBF). Mann and coworkers first
demonstrated that an acute ethanol exposure in near-term sheep fetus under general
anesthesia resulted in increases in CBF (Mann et al., 1975). Gleason and Hotchkiss
(1992) utilized mid-gestation sheep and found no decreases in fetal CBF. Richardson
and coworkers (1985), again using near-term fetal sheep, observed decreased CBF,
oxidative metabolism, and brain activity in response to an acute dose of ethanol (1 g/kg).
However, no one had investigated the correlation between regional CBF changes and
regional differences in neuronal vulnerability in response to chronic ethanol exposure.
Animal studies conducted utilizing the rat model had repeatedly shown that the
teratogenic effects of ethanol are region-specific (Bonthius et al., 1992; Goodlett and
Eilers, 1997; Livy et al., 2003). Developmental third trimester-equivalent ethanol
exposure is documented to result in loss of certain neuronal cell types in specific brain
regions, especially the Purkinje and granule cells of the cerebellum (Hamre and West,

1993; Goodlett and Eilers, 1997; West et al., 2001). Therefore, we hypothesized that
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repeated ethanol exposures, 3 days in succession per week (a common binge drinking
paradigm) (Caetano et al., 2006; Ebrahim et al., 1999; Gladstone et al., 1996) throughout
the third trimester would: 1) result in a change in fetal CBF in response to acute ethanol
challenge following chronic binge exposure, 2) induce changes in CBF that are region
specific, occurring preferentially in brain regions that are vulnerable to ethanol-induced
injury and, 3) result in fetal normoxemia. The measurement of regional CBF was
performed using radiolabelled microsphere technique and the assessment of regional
differences in neuronal loss associated with chronic binge ethanol exposure was
conducted using a stereological cell counting technique. These experiments were
performed in the sheep fetus during a period of high velocity brain growth like that
during the third trimester in humans (Cudd, 2005), a period when it is known that the

brain is sensitive to ethanol mediated damage (Maier et al., 1999).
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METHODS
Subjects

The experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Texas A&M University. Suffolk ewes, aged 2-6 years
of age, were mated and pregnancies of known date of conception were confirmed as
previously described (Ramadoss et al., 2006a). The day of mating (the day that ewes
were marked by the ram) was designated as gestational day (GD) 0. Ewes were
maintained in shaded outdoor pens with herdmates from before mating until GD 90. On
GD 90, the ewes were relocated to an environmentally regulated facility (22°C and a
12:12 light/dark cycle) where they remained for the duration of the experiments.
Animals in all treatment groups were fed 2 kg/day of a “complete” ration (Sheep and
Goat Pellet, Producers Cooperative, Bryan, TX). All animals consumed all of the feed

offered.

Treatment Groups

For the CBF study, four treatment groups were used: a low ethanol dose, 0.75
g/kg (E075), a moderate ethanol dose, 1.75 g/kg (E175), a saline control (SC) group and
a normal control (NC) group. The potential confounding effect from the ethanol or
saline infusion procedure was controlled for by the NC group; this group was subjected
to surgery, instrumentation and microsphere injection but no ethanol or saline infusion.
On gestational day 109, the beginning of the third trimester equivalent in this species, an

intravenous catheter (16 ga., 5.25 inch Angiocath™, Becton Dickinson, Sandy, UT) was
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placed into the jugular vein in the ethanol and saline infusion subjects. Ethanol or saline
was administered intravenously (IV) over a one-hour period via a peristaltic pump
(Masterflex, Model 7014-20, Cole-Parmer, Niles, IL). The ethanol solution was
prepared by adding 95% ethanol to sterile 0.9% saline to achieve a 40% w/v ethanol
solution. Solutions were prepared under aseptic conditions and were administered
through a 0.2 pm bacteriostatic filter. This ethanol solution was then administered
according to the weight of the ewe in order to achieve the appropriate ethanol dosage.
The saline control group (SC) received an infusion of physiological saline (0.9%) that
was equal in volume to the 1.75 g/kg ethanol infusion. Pumps were calibrated before
each infusion. The pregnant ewes received ethanol or saline in a binge-like paradigm
(modeling weekend only binge drinking), consisting of three consecutive days of
exposure followed by four days without exposure. This pattern was repeated throughout
the third trimester equivalent (GD 109-132; term is 147 days) for a total of 12 ethanol
exposures. There were 8 fetuses in the E175 group, 7 fetuses in the EQ75 group, 8
fetuses in the SC group and 4 fetuses in the NC group. All pregnancies were monotocus
except for one twin pregnancy in each of the NC and E175 groups and two twin
pregnancies in the SC group. In cases of twins, only one fetus was studied.

The assessment of regional differences in neuronal loss in response to ethanol
was conducted utilizing 2 separate treatment groups: an ethanol group (E175) (n = 5)
and a saline control group (Control) (n = 5). The fetuses were not instrumented in this
study; instead only the ewes underwent surgery to chronically implant femoral arterial

and venous polyvinyl chloride catheters (0.050” inner diameter, 0.090” outer diameter)
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on gestational day 102 as previously described (Cudd et al., 2001b). The ethanol
exposure regimen was similar to the CBF study. At the end of the experiment, on
gestational day 133, the fetuses were removed from the uterus and perfused with saline
followed by cold fixative solution containing 1.25% paraformaldehyde and 3%
glutaraldehyde in phosphate buffer (pH, 7.4). The brains were removed and stored in

additional fixative until processed for stereological cell counting.

Fetal Surgery

Surgery was performed between GD 119 and 120 to implant chronic indwelling
catheters as previously described (Cudd et al., 2001b). In brief, a ventral midline
laparotomy was performed and the uterus and fetal membranes were incised. A catheter
(0.030” inner diameter, 0.050” outer diameter polyvinyl chloride) was passed from the
femoral artery into the inferior aorta. A catheter (0.040” inner diameter, 0.070” outer
diameter polyvinyl chloride) was passed from the saphenous vein into the inferior vena
cava. A catheter (0.030” inner diameter, 0.050” outer diameter polyvinyl chloride) was
passed from the brachial artery into the brachiocephalic trunk. A catheter (0.050” inner
diameter, 0.090” outer diameter polyvinyl chloride) was fixed to the exterior of the fetus
for the purpose of measuring amniotic cavity pressure. Catheters were passed through

the flank of the ewe and were stored in a pouch attached to the skin.
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Blood Flow Measurement

Blood flow was measured on gestational day 132 at 0, 1, and 2 hours relative to
the beginning of the final ethanol infusion using the radioactive microsphere technique
(Rudolph and Heymann, 1967). Radiolabelled microspheres, 15 um in diameter (Perkin-
Elmer, Boston, MA), 20 ul at a concentration of 25,000/ul, were suspended in a solution
of physiological saline and 0.01% Tween-80. The microsphere suspensions were
subjected to 10 min of sonication followed by 1 min of vortexing and then were injected
as a 1 ml bolus into the fetal inferior vena cava via saphenous vein catheter. A separate
radioisotope was used for each time point (57C0, 4S¢ and 85Sr). The reference blood
samples were withdrawn from the catheter in the femoral artery and brachial artery by
precision syringe pump (Harvard Apparatus, Holliston, MA) at 2 ml/min. After the final
microsphere injection, the ewes were euthanized using an intravenous injection of
sodium pentobarbital (75 mg/kg). The uterus was removed from the ewe, the fetus was
exteriorized and the brain was removed from the fetus and the rest of the fetus was
dissected to obtain the organ tissue samples. The brain was further dissected into 10
regions: frontal cortex, parietal cortex, temporal cortex, occipital cortex, subcortex,
cerebellum, white matter, midbrain, pons and the medulla. The samples were weighed,
placed into tubes and activity was measured (Packard Auto-Gamma 5780). Blood flow
in each tissue sample was calculated from the reference sample activity, withdrawal rate
and the tissue activity and weight. After calculation of blood flows, paired organs (e.g.
left and right kidneys) were compared to ensure proper mixing of the microspheres with

blood . In no cases was there evidence of incomplete mixing.
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Blood Gases and Blood Ethanol Concentration Measurements

Pa0O,, PaCO,, pH and hematocrit were measured from blood samples taken from
the fetal arterial catheter at 0, 1, and 2 hours relative to the beginning of the final ethanol
infusion. Maternal BECs were measured using head-space gas chromatography (Varian,
model #3900, Palo Alto, CA) as described before (West et al., 2001). Blood gases and
pH were measured using a blood gas analyzer (ABL 5; Radiometer, Westlake, OH).
Arterial PO, values were temperature corrected to 40°C (Lotgering et al., 1983). Fetal
arterial oxygen saturation was calculated after accounting for Bohr effect as described
before (Battaglia et al., 1970). Cerebral oxygen delivery was then determined from the

whole brain blood flow and arterial oxygen content measures.

Systemic Hemodynamic Measurements

Fetal heart rate and mean arterial pressure (MAP) were measured from the
beginning of the final one hour ethanol infusion until one hour after the infusion. Phasic
blood pressure was sampled at 60 hz beginning at time O for 2 hrs from the abdominal
aorta via the femoral artery catheter using a strain gauge transducer (Isotec, Quest
Medical, Allen, TX), analog-digital converter (DAQ Card-Al-16XE-50, National
Instruments, Austin, TX) and a notebook computer and heart rate and mean arterial
pressure were calculated (Labview, National Instruments, Austin, TX). Biventricular
output was calculated by summing the blood flows for each gross fetal region (brain,

heart, kidney etc.).
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Brain Tissue Processing and Assessment of Regional Differences in Neuronal Loss
The cerebellum was first dissected from the rest of the brain. The right olfactory
bulb was removed at the junction of the caudal olfactory bulb and olfactory tract. The
brain was then divided parasagittally and the right hippocampus was removed. The
cerebellum (embedded in 4% agar, and cut sagittally into five slabs), the olfactory bulb
and the hippocampus were dehydrated through increasing concentrations of ethanol (70,
95, 100%) and then infiltrated with increasing concentrations of infiltration solution (25,
50, 75, 100% methyl methacrylate; Historesin™ Embedding Kit, Leica, Wetzlar,
Germany). The tissue was embedded in a solution containing 1 ml dimethyl sulfoxide
(hardener) per 15 ml of 100% infiltration solution and allowed to harden. After
hardening, the cerebellar tissue was cut into 30 pum sagittal sections and the others
coronally by using a microtome (model RM2255, Leica, Nussloch, Germany). Sections
were saved, mounted on a glass slide, stained with cresyl violet, and coverslipped. The
total number of fetal cerebellar Purkinje cells, hippocampal pyramidal cells (CA1 and
CA2/3), dentate gyrus granule cells, and the olfactory bulb mitral cells were determined
using unbiased stereological cell counting techniques as described before (West et al.,
2001; Ramadoss et al., 2007a). In brief, the Nikon (Garden City, NY) Optiphot
microscope used in this study had a 40X objective lens for the cerebellar measurement
and a 60X lens for the olfactory and hippocampal tissues with a 1.4 numerical aperture
condenser. The microscope had a motor-driven stage to move within the x and y axes
and an attached microcator to measure the z axis. The image was transferred to a

personal computer (Millenium, Micron, Boise, ID) via a color video camera (model
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2040, Jai, Copenhagen, Denmark). The reference volume was estimated using
Cavalieri’s Principle and was calculated by the equation Vs = Xp; X A(pi) X t where Xp;
is the total number of points (p;) counted, A(p;) is the known area associated with each
point, and t is the known distance between two serial sections counted. The GRID®
software provided templates of points in various arrays that were used in point counting
for reference volume estimation. The neuronal cell density was determined by following
the optical disector method, which was calculated using the formula N, = 2Q /
(Zdisector X A(fr) X h) where X£Q is the sum of the neurons counted from each disector
frame, Xdisector is the sum of the number of disector frames counted, A(fr) is the known
area associated with each disector frame, and h is the known distance between two
disector planes. The placement of the disector frames was determined by the GRID®
software in a random manner. The estimated total number of neurons in the brain
structures were then calculated by multiplying the reference volume of the brain
structure and the numerical density of cells within this reference volume as described

before (West et al., 2001).
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Statistical Analyses

The data from the NC and SC groups for each dependent variable were compared
and no differences were detected. Therefore, these groups were combined to create a
single control group. Fetal biventricular output, mean arterial pressure, total peripheral
resistance, blood gases, arterial pH and organ blood flows were all analyzed using a two-
way ANOVA with treatment as a between factor and time as a within factor. When
appropriate (when significance of a factor or of interaction was established by the initial
analysis), an analysis of simple effect was performed for each time point using one-way
ANOVA. Further pair-wise comparisons were performed when appropriate using
Fisher’s protected least significant difference (PLSD). For heart rate and mean arterial
pressure, one min mean values were utilized for statistical analysis. Neuronal cell
number data was analyzed using one-way ANOVA with “treatment” as the sole
independent variable followed by protected Fishers LSD tests. The a level was

established a priori at p < 0.05 for all analyses.
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RESULTS

The experimental design of the CBF study included two control groups, one
receiving a saline infusion of equivalent volume and rate as the higher ethanol dose
group (E175) and a second control group (normal control), receiving neither ethanol nor
saline infusion. The data from the NC and SC groups for each dependent variable were
compared and in no cases were there differences between these two groups and were
therefore combined. For example, a two-ANOVA conducted on the whole brain blood
flow (ml/min/100 g) did not yield a significant main effect of treatment group or time or
an interaction between the two factors. Mean + SEM values at O, 1, and 2 hours were
139 + 19, 120 + 22, and 168 + 19 in the normal control group and 165 + 16, 153 + 17,

and 122 + 16 in the pair-fed saline control group respectively.

Blood Ethanol Concentration

The mean maternal blood ethanol concentration (BEC) measured at 0, 1 and 2
hours in the EO75 and E175 groups peaked at 1 hr which coincided with the end of the
infusion period. Peak BECs were 185 + 26 mg/dl and 85 + 6 mg/dl in the E175 and

EQ75 groups respectively.

Fetal Blood Gases
The fetal arterial pH (pH,) was significantly different among treatment groups
(Figure A-1). The pH, at one hour in the E175 group was significantly lower compared

with that in the control and EO075 groups. However, pH, in the EO75 group did not
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change significantly compared with that in the control. The arterial partial pressure of
carbon dioxide (P,CO;) was similarly different among groups. At one hour, the P,CO,
was significantly elevated in the E175 group compared to the control and EQ75 groups.
The E075 group was also different from the control group at one hour. There were no
significant differences among treatment groups or over time in hematocrit or arterial

partial pressure of oxygen (P,0O,).

Fetal Systemic Hemodynamics

Fetal mean arterial pressure at one hour was significantly lower in the E175
group compared with that in the control and the EO75 groups (Figure A-2). However,
the EO75 group was not different from the control group. The decrease in the mean
arterial pressure in the E175 group was also accompanied by an increase in fetal heart
rate. The heart rate was significantly elevated in the E175 group at one hour compared
to the control and the EQ75 groups; heart rate in the lower dose group was not different
from that in the control group.

Biventricular output was calculated from reference samples taken from the
brachial artery and femoral artery. Because these measures were not different at the 0™
hour and because the number of subjects from which brachial artery reference samples
were collected was lower compared with the femoral artery (brachial artery samples:
control group, n = 6; EQ75 group, n = 4; E175 group, n = 4; femoral artery samples:
control group, n = 12; EQ75 group, n = 7; E175 group, n = 8) as a result of sample

withdrawal failures, we only used the blood flows calculated from reference samples
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taken from femoral artery for all flow analyses. Biventricular output was significantly
elevated at one hour in the E175 group compared with that in the control group, whereas
the lower dose group was not different from the control group. Total peripheral
resistance, derived from the mean arterial pressure and the biventricular output
measures, was significantly decreased in the E175 group at one hour compared to the

control group.

Fetal Cerebral Blood Flow

The fetal whole brain blood flow at one hour was significantly higher (~ 37 %) in
the E175 group compared with that in the control group (Figure A-3). Analysis of
regional brain blood flow identified cerebellar blood flow in the E175 group to be
significantly higher (~ 44 %) at one hour compared to the control group, whereas the
EO075 group was not different from the control group (Figure A-4). Further, the blood
flow at one hour in the E175 group trended numerically upward in pons, medulla,
subcortex, frontal cortex and temporal cortex, contributing to the observed overall

increase in whole brain blood flow but the response was not statistically significant.



25

Cerebral Oxygen Delivery

Oxygen delivery (ml of O, /100 ml of blood / 100 g brain tissue / min) was
increased by 38% in the E175 group at 1 hour compared with that in the control group.
Despite a mild decrease in oxygen content due to Bohr effect at the peak hour in the
E175 group compared with that in the control group, there was an overall increase in

oxygen delivery due to a significant increase in whole brain blood flow.

Regional Differences in Cell Loss Associated with Chronic Binge Ethanol Exposure

The E175 group produced a significant loss of fetal cerebellar Purkinje cells
compared with that in the control group (Figure A-5). However, no such differences
between the ethanol treated group and the controls were observed in other brain tissues
like the hippocampus and the olfactory bulb. The hippocampal pyramidal cells in the
CALl and CA?2/3 field, the granule cells of the dentate gyrus as well as the mitral cells of

the olfactory bulb were not different between treatment groups.
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DISCUSSION
Ethanol Results in Fetal Normoxemia, Hypercapnea, and Acidemia

In this study, we hypothesized that fetal ethanol exposure would not result in
fetal hypoxemia. Consistent with previous findings, the mean P,O; did not decrease in
response to fetal ethanol exposure (Cudd et al., 2001b; Richardson et al., 1985). Even
though we previously reported mild maternal hypoxemia in response to ethanol, it has
been documented that the fetus is particularly adapted to protect itself from diminished
oxygen supply. Fetal differences from the adult are higher hemoglobin concentration,
left-shifted oxygen-hemoglobin saturation curve, and higher cardiac output per unit body
weight (Thornburg and Morton, 1994). Further, in spite of a mild decrease in fetal
arterial oxygen content due to the Bohr effect, the overall cerebral oxygen delivery was
actually increased in response to the moderate ethanol dose (E175) at one hour as the
brain blood flow was significantly increased. This finding coupled with reports by
others that fetal hemoglobin concentration is not altered in response to ethanol (Gleason
and Hotchkiss, 1992; Richardson et al., 1985) provide convincing evidence that oxygen
delivery to the brain is not compromised during the third trimester equivalent at these
BECs. Further, previous studies have demonstrated in rats during the third trimester
equivalent that ethanol doses capable of reducing fetal cerebellar Purkinje cell number
do not alter global brain intracellular high-energy phosphate concentrations (Cudd et al.,
2000), an indication that brain oxygenation is not altered and that ethanol does not
mediate hypoxic, anemic, ischemic or histotoxic hypoxia. The present study is the first

to demonstrate that cerebral oxygen delivery is not compromised in response to chronic
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binge ethanol exposure. Therefore, factors other than hypoxia are responsible for the
fetal neurodevelopmental damage in response to moderate doses of ethanol exposure
during the third trimester equivalent of human fetal development.

The present study also demonstrates an increase in fetal P,CO, and a fall in fetal
arterial pH following one hour infusion of ethanol. This finding is in agreement with a
number of previous reports from our laboratory showing that with each bout of maternal
ethanol, the mother and the fetus experience transient hypercapnea and acidemia (Cudd

et al., 2001b; Ramadoss et al., 2007b; West et al., 2001).

Ethanol Alters Fetal Systemic Hemodynamics

The fetal mean arterial pressure was significantly decreased at one hour in
response to the moderate ethanol dose (E175). This reduction in arterial pressure was
due to an ethanol-induced decrease in the total peripheral resistance as biventricular
output was elevated. The observed reduction in fetal total peripheral resistance and
increase in biventricular output was also accompanied by a simultaneous elevation in
fetal heart rate.

Moderate doses of ethanol have been demonstrated to modulate vascular
endothelial cell functions through a variety of mechanisms. First, ethanol may exert
most of its vasorelaxant effects via the nitric oxide system and/or dilatory prostanoids
induced by fetal hypercapnea and acidemia (Iadecola and Zhang, 1994; Leffler et al.,
1994). In the present study, the decrease in total peripheral resistance was significant

only in the E175 group and not in the EO75 group. This is likely because the fall in fetal
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pH. was significant only in the E175 group. Second, chronic ethanol may increase nitric
oxide activity by increasing plasma levels of estradiol 17f, either by increasing the
activity of aromatase or by decreasing the metabolism of estrogen (Chung, 1990; Turner
and Sibonga, 2001). Third, ethanol may decrease vascular tone by inducing nitric oxide
release resulting from ethanol mediated elevation in extracellular adenosine levels
(Kurth and Wagerle, 1992; Nagy et al., 1990; Orrego et al., 1988; Rekik et al., 2002).
Thus, adenosine, CO,, pH and perhaps other metabolites could reduce the tone of small
downstream arterioles which, in turn, could act to produce a lower intraluminal pressure
in intermediate-size arterioles upstream that possess a strong myogenic response (Kuo et
al., 1992). The myogenic dilation of these vessels would further reduce vascular
resistance and subsequently increase flow. The increased flow could initiate flow-
induced dilation in larger arterioles upstream, which are characterized by a less potent
myogenic response but possess a dominant flow-dependent vasodilatory mechanism
(Kuo et al.,, 1992). Therefore, ethanol may recruit metabolic, myogenic and flow
mediated mechanisms to decrease the total peripheral resistance.

We speculate that the increase in fetal heart rate observed in this study was in
response to an ethanol mediated fall in the mean arterial pressure via baroreflexes. Even
though acute fetal hypotension stimulates a reflex bradycardia, mild hypotension has
been shown to produce elevated heart rate in fetal sheep (Iwamoto and Rudolph, 1981;
Wood et al., 1989; Wood and Tong, 1999).

Biventricular output was assessed directly by summing the individual organ

blood flows (ml/min) rather than by calculating cardiac output from injected isotope



29

counts and counts from the reference blood withdrawal sample (Ishise et al., 1980); the
small numbers of microspheres that adhere to the inside of the catheters during the
infusion can result in an overestimation of cardiac output using this latter method (Delp
et al., 1991; Delp et al., 1998). The method of summing tissue blood flows to assess
biventricular output consists of tissue blood flows throughout the body, including that to
the adrenals, brain, heart, lungs, kidneys, spleen, thyroids, thymus and skeletal muscle.
The placental blood flow was not examined in this study due to difficulty in separating
fetal and maternal components but the placental vasculature does not autoregulate and is
considered a passive bed (Thornburg and Morton, 1994). Biventricular output to these
tissues at this stage of gestation in fetal sheep has been previously reported to be ~ 360
ml/min, as measured using radiolabelled microspheres and by electromagnetic flow
probe (Rudolph and Heymann, 1967, 1970). This is in close agreement with that
obtained in the present study under baseline conditions (SC, 331 ml/min; E075, 310
ml/min; E175, 406 ml/min). Thus, the baseline biventricular output in this study is

similar to that reported in classic chronically prepared fetal ovine studies.

Ethanol Alters Cerebral Blood Flow

The baseline fetal whole brain blood flow (around 150 ml/min/100 g of brain
tissue) in this study is in agreement with others utilizing near-term fetal sheep (Gratton
et al., 1996; Purves and James, 1969; Rudolph and Heymann, 1970). In this study, all
blood flows were calculated from reference samples taken from the femoral artery.

While brachial artery samples would have provided better absolute values for cerebral
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blood flow, all conclusions in this study were based on changes from baseline rather than
absolute flows, which could not have differed regardless of the location of the
withdrawal site (Edelstone and Rudolph, 1979; Reuss et al., 1981).

We hypothesized that an acute ethanol infusion following the chronic exposure
would alter CBF, and we found that whole brain blood flow increased in response to the
moderate ethanol dose. Mann and coworkers also found increased CBF in response to
an acute ethanol exposure in fetal sheep on a similar day of gestation (Mann et al.,
1975). However, their study was acute and was conducted on exteriorized fetal sheep
under general anesthesia, conditions that could have affected the responses to ethanol.
Gleason and Hotchkiss, 1992 reported that a single ethanol (1 g/kg) infusion did not alter
CBF in 92 day gestation fetal sheep. However, developmental differences in the fetal
vascular response to maternal ethanol consumption would be expected as for example,
NOS expression varies not only regionally but also temporally during development
(Northington et al., 1997). Therefore, experiments performed at different times of
gestation may not necessarily produce the same findings for a specific dependent
variable. Common to these studies is the finding that CBF is not decreased in response
to maternal ethanol consumption. Richardson and coworkers (1985) observed decreased
CBF, oxidative metabolism, and brain activity in response to an acute dose of ethanol (1
g/kg) in near term sheep. However, their subsequent study demonstrated that an ethanol
infusion following repeated ethanol exposures did not decrease fetal brain activity, due
to development of tolerance (Smith et al., 1989b). Though CBF was not measured in

this latter study, we predict that CBF would not have fallen due to close coupling of
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brain metabolism and CBF (Seisjo, 1978), an assertion that is also supported by the
present findings.  Our results further contribute to the existing literature by
demonstrating that CBF is increased in response to repeated moderate ethanol exposures
throughout the third trimester-equivalent, and that fetal cerebrovascular response to
acute and chronic ethanol consumption are very different. The dosing paradigm used in
the present study models a common drinking pattern in humans and therefore better
represents what occurs in the fetus of women who binge drink during pregnancy.
Furthermore, the increase in CBF observed in this study could be part of a vicious cycle;
ethanol mediated increase in CBF would further increase the brain ethanol delivery,

exacerbating the neuroteratogenic effects.

Ethanol Alters CBF in Regions Vulnerable to Prenatal Ethanol Exposure

We also hypothesized that ethanol induced alterations in brain blood flow would
be region specific, occurring preferentially in ethanol sensitive regions. The baseline
blood flows in the different brain regions in this study were comparable to those reported
in a previous study utilizing near-term fetal sheep (Richardson et al., 1985). Fetal
cerebellar blood flow was increased significantly at one hour in response to the moderate
ethanol dose (E175) (Figure A-5) while other brain regions, the subcortex, frontal cortex,
temporal cortex, pons and medulla, showed a similar but non-significant pattern of
change in response to ethanol, contributing to an increase in total brain blood flow.
Interestingly, this finding is strongly correlated with the cell count data. A significant

reduction in the cerebellar Purkinje cell number in response to ethanol was observed but
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cell loss was not observed in other brain tissues that were examined. Animal studies
have repeatedly demonstrated differences in regional and temporal vulnerability of the
brain to developmental ethanol exposure (Bonthius et al., 1992; Goodlett and Eilers,
1997; Livy et al., 2003). Developmental ethanol exposure is documented to result in
loss of certain neuronal cell types in specific brain regions, especially the Purkinje cells
and granule cells of the cerebellum (Hamre and West, 1993; Goodlett and Eilers, 1997,
West et al., 2001). In fact, the developing fetal cerebellar Purkinje cells are more
vulnerable than any other cell type to ethanol induced cell loss resulting from ethanol
exposure during the third trimester-equivalent. In the present study, CBF changes were
specific to brain regions that were found to be especially sensitive to developmental
ethanol exposure, namely the fetal cerebellum, demonstrating that the physiological
response to ethanol may not be the same in different vascular beds within the fetal brain.
Vasculature in the different regions of the developing fetal brain may behave differently
because of altered release of local factors from differentially vulnerable neurons or glia.
We propose that fetal hypercapnea and acidemia may be an important cause of increases
in CBF as well as for the neuronal damage; however, more studies need to be conducted

to identify specific mechanisms that contribute to the observed regional differences.
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SUMMARY

We conclude that chronic prenatal ethanol exposure in sheep, during a period of
brain development equivalent to third trimester in humans, produces regional differences
in neuronal loss, decreases in mean arterial pressure and fetal total peripheral resistance
and increases in CBF selectively in the ethanol-sensitive cerebellum, where neuronal
loss was observed. Our study demonstrates that the fetal cerebrovascular response to
chronic ethanol exposure is very different from acute ethanol exposure responses
reported by others. These hemodynamic alterations in the fetus are not accompanied by
fetal hypoxia, but rather by hypercapnea and acidemia. We also propose that ethanol
mediated fetal hypercapnea and acidemia may be the principle mechanism behind
alterations in CBF as well as in producing fetal Purkinje cell loss. Thus, this study
provides a strong causal link among prenatal ethanol exposure, increases in CBF and

fetal brain injury in the absence of hypoxia.
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3. THREE TRIMESTER ALCOHOL EFFECTS ON THE CEREBELLUM"

INTRODUCTION

Maternal alcohol consumption during pregnancy can result in a range of
debilitating outcomes in the offspring that include physical, mental, behavioral and/or
learning disabilities, now termed Fetal Alcohol Spectrum Disorder (FASD). The
incidence of FASD has not decreased in spite of significant efforts in educating women
to not drink during pregnancy (Institute of Medicine, 1996; MCH data report, 2003;
NIAAA, 2000). Women who drink while pregnant are at a high risk of giving birth to
children with neurodevelopmental disorders, and the affected children may display
abnormal development of the cerebellum (Archibald et al., 2001; Sowell et al., 1996;
Swayze et al., 1997). Cerebellar Purkinje cell loss and disorientation has been noted in
an infant whose mother binged during the first trimester of pregnancy (Coulter et al.,
1993). Although no quantitative data regarding cerebellar neuronal loss are currently
available from human FAS studies, extensive data derived from animal models have
shown that prenatal alcohol exposure causes significant reduction in the cerebellar
Purkinje cell number (Chen et al., 2003). In rats, the reduction in neurons in different
brain regions has been demonstrated to depend on the timing of alcohol exposure

relative to different phases of brain development (Bonthius et al., 1992; Cragg and

*Reprinted with permission from Ramadoss J, Lunde ER, Pina KB, Chen WJ, Cudd TA
(2007) All three trimester binge alcohol exposure causes fetal cerebellar purkinje cell
loss in the presence of maternal hypercapnea, acidemia, and normoxemia: ovine model.
Alcohol Clin Exp Res 31(7):1252-8, Copyright [2007] by Blackwell Publishing Ltd.
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Phillips, 1985; Goodlett and Eilers, 1997; Goodlett et al., 1998; Hamre and West, 1993;
Livy et al., 2003; Maier and West, 2001a; Maier and West, 2003; Marcussen et al., 1994;
Pauli et al., 1995; West et al., 2001). The third trimester-equivalent has been found to be
the most critical period of vulnerability in the rat model (Goodlett and Eilers, 1997;
Goodlett et al., 1998; Hamre and West 1993; Maier et al., 1999). However, the third
trimester-equivalent with regard to brain development occurs after parturition in the rat.
Therefore, to extrapolate these findings to humans, one must assume that the intrauterine
environment, placenta, mother and parturition do not play an important role in mediating
the damage (Cudd et al., 2005). Previously, we reported that third trimester equivalent
alcohol exposure in an ovine model, where cerebellar development occurs prenatally to
the extent that it does in humans, produces a 25% reduction in fetal cerebellar Purkinje
cell number (West et al., 2001). In the present study, we hypothesized that all three
trimester prenatal alcohol exposure in utero would result in a greater magnitude change
in cerebellar Purkinje cell number compared with third trimester exposure only, by
disrupting events occurring antecedent to the third trimester and thus enhancing the
neuronal damage. While this question has been previously addressed in the rat model, it
has not been addressed in an animal model where all three trimester equivalents occur in

utero.
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In addition to the determination of critical windows of vulnerability, we
examined potential mechanisms that may be involved in the fetal brain injury seen in
FASD. A previous report from our laboratory has shown that with each bout of maternal
alcohol abuse, the mother and the fetus experienced transient hypercapnea and acidemia
(Cudd et al., 2001b), and acidosis has been documented to cause cell losses both in
neurons and glial cells (Goldman et al., 1989; Kraig et al., 1987; Nedergaard et al., 1991;
Staub et al., 1990). Therefore, a secondary goal in this study was to assess the changes
in maternal blood gases and pH following a binge-like alcohol exposure throughout
gestation. We employed a weekend binge pattern, a drinking pattern common in women
who use alcohol during pregnancy (Caetano et al., 2006; Cudd et al., 2001a; Ebrahim et
al., 1999; Gladstone et al., 1996; Maier and West, 2001a) and who are more likely to
refrain compared to everyday drinkers, if convinced that drinking poses a hazard to their

baby.
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METHODS
Animals and Breeding

The experimental procedures employed in this study were approved by the
University Laboratory Animal Care Committee at Texas A&M University. Suffolk
ewes (aged 2 to 6 years) maintained on coastal Bermuda grass pasture and supplemented
with alfalfa hay were bred under controlled conditions. Time dated pregnancies were
achieved by controlling the estrous cycle through the use of progesterone impregnated
vaginal implants (EAZI-BREED™, CIDR®, Pharmacia & Upjohn Ltd., Auckland New
Zealand). Implants were removed 11 days after placement at which time prostaglandin
Fyq (20 mg; LUTALYSE®, Pharmacia & Upjohn, Kalamazoo MI) was intramuscularly
administered. The following day, ewes were placed with a ram fitted with a marking
harness for a period of 24 hours. Marked ewes were assessed ultrasonographically on
25, 60 and 90 days to confirm pregnancy. On day 4 of gestation, the saline control and
alcohol group subjects were moved into individual pens but were able to have visual
contact with herdmates in the adjacent pens at all times. Conditions of constant
temperature (22 °C) and fixed light dark cycle (12:12) were maintained. Once confined,
the saline and alcohol treatment group subjects received 2 kg/day of a complete ration
(Sheep and Goat Pellet, Producers Cooperative Association, Bryan, TX). Daily feed
consumption was monitored; subjects in the alcohol and saline treatment groups
consumed all of the food offered. Subjects in the normal control group remained in the

pens with herdmates throughout the study. Subjects in this group were offered, as a
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group, an equivalent amount of feed compared to subjects in the saline and alcohol

control groups. However, individual feed consumption was not monitored.

Alcohol Dosing Protocol

In the alcohol treatment group (alcohol dosage of 1.75 g/kg body weight), and
the saline control (0.9% saline) groups, infusion solutions were delivered intravenously
by peristaltic pump (Masterflex, model 7014-20, Cole parmer, Niles IL) through a 0.2
um bacteriostatic filter. Pumps were calibrated before infusion. Alcohol infusions were
40% W/V in sterile saline administered over one hour. Alcohol was administered on
three consecutive days beginning on day 4 of gestation followed by 4 days without

alcohol.

Experiment Protocol

Details of the experiment protocol have been described earlier (Ramadoss et al.,
2006a). In brief, the experiments began on day 4 and were terminated on day 133 of
gestation. On gestational day 4, an intravenous catheter (16 gauge, 5.25 in Angiocath™
Becton Dickinson, Sandy, UT) was placed percutaneously into the jugular vein. On the
day of infusions, ewes were connected to the infusion pump by 0830 hr and alcohol was
infused continuously over 1 hr. On gestational day 42, after pregnancy was confirmed
ultrasonographically, the ewes underwent surgery to chronically implant femoral arterial

and venous vascular access ports (V—A—PTM, Model CP 47P, Access Technologies,

Skokie IL). The ewes were not surgically instrumented until after the first trimester to
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avoid early embryonic losses. Infusions were then given through the venous port and
blood was sampled from the arterial port.

Blood was drawn from the jugular vein catheter on gestational days 6 and 40 and
from femoral artery catheter on days 90 and 132 every 30 min for 2 hr and at 6 and 24
hrs beginning with the commencement of alcohol infusions for the measurement of
blood alcohol concentration (BAC). A 20 pl aliquot of blood was collected into
microcapillary tubes and transferred into vials that contained 0.6 N perchloric acid and 4
mM n-propyl alcohol (internal standard) in distilled water. The vials were tightly
capped with a septum sealed lid and were stored at room temperature until analysis by
headspace gas chromatography (Varian Associates, model 3900, Palo Alto, CA) at least
24 hr after collection. The basic gas chromatographic parameters were similar to those
reported by Penton (1985), with the exception of the column (DB-wax, Megabore, J&W
Scientific Folsum, CA) and the carrier gas (helium) used (West et al., 2001).
Arterial blood (1 ml) was withdrawn for the measurement of partial pressures of blood
gases and pH. Samples were collected anaerobically in chilled, heparinized 3 ml
syringes, capped, and immediately analyzed using blood gas analyzer (ABL-5,
Radiometer, Westlake, OH). The fetuses were harvested on gestational day 133. The
brains were removed. The cerebellum was dissected, embedded in 4% agar, and cut
sagittally into five slabs. These slabs were dehydrated through increasing concentrations
of ethanol (70, 95, 100%) and then infiltrated with increasing concentrations of
infiltration solution (25, 50, 75, 100% methyl methacrylate; Historesin™ Embedding kit,

Leica, Wetzlar, Germany). The tissue in each slab was embedded in a solution
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containing 1 ml dimethyl sulfoxide (hardener) per 15 ml of 100% infiltration solution
and allowed to harden. After hardening, the tissue was sectioned into 30 pm sagittal
sections by using a microtome (model RM2255, Leica, Nussloch, Germany). Sections
were saved, mounted on a glass slide, stained with cresyl violet, and coverslipped.

The total number of fetal cerebellar Purkinje cells was determined using unbiased
stereological cell counting techniques. The Nikon (Garden City, NY) Optiphot
microscope used in this study had a 40X objective lens with a 1.4 numerical aperture
condenser. The microscope had a motor-driven stage to move within the x and y axes
and an attached microcator to measure the z axis. The image was transferred to a
personal computer (Millenium, Micron, Boise, ID) via a color video camera (model
2040, Jai, Copenhagen, Denmark). The reference volume was estimated using the
Cavalieri’s Principle and was calculated by the equation Vs = Xp; X A(pi) X t where Xp;
is the total number of points (p;) counted, A(p;) is the known area associated with each
point, and t is the known distance between two serial sections counted. The GRID®
software provided templates of points in various arrays that were used in point counting
for reference volume estimation. The Purkinje cell density was determined by following
the optical disector method, which was calculated using the formula N, = 2Q /
(Zdisector X A(fr) X h) where 2Q is the sum of the Purkinje cells counted from each
disector frame, Xdisector is the sum of the number of disector frames counted, A(fr) is
the known area associated with each disector frame, and h is the known distance
between two disector planes. The placement of the disector frames was determined by

the GRID® software in a random manner. The estimated total number of Purkinje cells
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in the cerebellum was then calculated by multiplying the reference volume of the
cerebellum and the numerical density of cells within this reference volume as described

before (West et al., 2001).

Data Analysis

Two-way ANOVA with within factors of “time interval” and “day of gestation”
was performed to compare BACs at different times during gestation. Fetal brain and
body weights and the stereology data were analyzed using one-way ANOVA with
“treatment” as the sole independent variable followed by protected Fishers LSD tests.
Analyses of maternal arterial blood gases and pH were performed using a mixed
ANOVA with “treatment” (only saline control and alcohol group as the normal control
group was not instrumented) as the between factor and “time” as the within factor. In
cases where there was a main effect, protected Fishers LSD was performed. Scheffé’s
test was performed to compare cell numbers of alcohol exposed fetal brains in this study
and that in our third trimester study. Statistical significance was established a priori at p

<0.05.
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RESULTS

A total of 8 ewes were initially assigned to each group. Animals were lost from
the study as a result of fetal, but not maternal demise. The number of ewes that
completed the study was similar among groups (normal control, n = 5; saline control, n =
6; alcohol, n = 5). In ewes with twin pregnancies, the fetus with the larger body weight
was selected for neuronal counting (number of ewes with twins: normal control, n = 4;
saline control, n = 4; alcohol, n = 2). Brains from triplets were not processed (number of
ewes with triplets: saline control, n = 1). The final number of fetal brains that were
processed was 5 in each of the three treatment groups (one subject in the normal control
group where the cerebellum was mechanically damaged during processing was not

included for statistical analysis).

Blood Alcohol Concentration (BAC)

The mean BACs measured on days 6, 40, 90 and 132 of gestation for alcohol
group peaked at 1 hr (~ mg/dl) which coincided with the end of the infusion period. The
blood alcohol concentrations on the different days for alcohol group did not differ

significantly and were therefore combined (Figure A-6).

Fetal Brain and Body Weights
The one-way ANOVA performed on the fetal body weight data did not yield a
significant main effect of treatment (normal control, 4.9 + 0.1 kg; saline control, 4.6 +

0.4 kg; alcohol, 5.0 + 0.4 kg). Similarly, the ANOVAs conducted on the whole fetal
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brain and cerebellum weight data showed no difference in weights among groups (whole
brain: normal control, 51.6 + 1.4 g; saline control, 50.8 + 1.2 g; alcohol, 50.2 + 1.3;

cerebellum: normal control, 4.4 + 0.2 g; saline control, 4.1 + 0.2 g; alcohol, 3.9 + 0.1 g).

Stereology Data

Estimated mean fetal cerebellar Purkinje cell numbers were significantly
different among groups (F,;; = 9.15, p = 0.005) (Figure A-7). Post-hoc tests revealed
that the alcohol group had a significantly lower number of Purkinje cells compared with
the normal control group (p = 0.002) and the pair-fed saline control group (p = 0.01).
This loss in the total number of Purkinje cells was not accompanied by a change in the
Purkinje cell density. However, binge alcohol exposure during all three trimesters of
gestation resulted in a significantly smaller cerebellar volume reference (F, ;= 16.63, p
< 0.001). When comparing the cerebellar Purkinje cell numbers of alcohol exposed fetal
brains in this study with that from our previous study but limiting exposure to the third
trimester, we did not detect a difference (Scheffé’s test; percentage loss of Purkinje cells
in alcohol exposed fetuses compared with that in pair-fed saline control subjects: third

trimester study, 25%; all three trimester study, 27%).

Maternal Blood Gases
The maternal arterial blood gases and pH measured from samples collected on
different days of gestation were combined as they were not different. The mean + SEM

maternal arterial pH for 24 hours in response to one hour saline or alcohol infusion is
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shown in Figure A-8 (top). A significant interaction was found between “time” and
“treatment” (Fg 137 =4.64, p < 0.001). There was also a main effect of treatment (F; ;37=
40.47, p < 0.001) and time (Fe 137 = 5.27, p < 0.001). Simple effect analysis indicated
that the pH value at the 1 hour after the beginning of the treatment was significantly
decreased in the alcohol group (p < 0.001) and these decreases persisted for an hour
beyond the end of infusion i.e. till the 2" hour.

The fall in pH was accompanied by a simultaneous increase in arterial partial
pressure of carbon dioxide (P,CO,) in the alcohol group compared with that in saline
control group (F; 137=18.09; p < 0.001) (Figure A-8 bottom). A main effect of time was
also noted (Fs 137 = 3.6; p = 0.002). In contrast, the maternal arterial partial pressure of
oxygen (P,O,) was not significantly different between treatment groups or between any

two time points (Table B-1).
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DISCUSSION

The present findings demonstrate that binge alcohol exposure in an ovine model,
where all three trimester equivalents occur in utero, produces a significant reduction in
fetal cerebellar volume and Purkinje cell number. Even though the effects of prenatal
alcohol exposure on different brain regions and cell types have been extensively studied
in the rat model (Bonthius et al., 1992; Goodlett and Eilers, 1997; Hamre and West,
1993; Livy et al., 2003; Miller and Potempa, 1990; Pauli et al., 1995; West et al., 2001),
this is the first stereology report on the effects of binge-like alcohol drinking throughout
pregnancy on the total fetal cerebellar Purkinje cell number utilizing a model where all
three trimester-equivalents of gestation occur prenatally.

When comparing Purkinje cell deficits in response to all three trimester exposure,
the present findings, to those reported in our previous study utilizing the same animal
model but limiting exposure to the third trimester, we did not detect a significant
difference, 27% and 25% respectively. The current findings are in agreement with
others who have found the third trimester-equivalent to be the most critical period of
vulnerability in the rat model (Maier et al., 1999). Studies utilizing the rat model have
demonstrated that alcohol administered at a dosage much higher than that used in our
study (4.5 g/kg) during first two trimesters does not produce a reduction in cerebellar
Purkinje cell number in rats (Maier and West, 2001b) further strengthening the
conclusion that the third trimester equivalent is the period of greatest cerebellar
vulnerability. One study demonstrated a greater reduction in fetal cerebellar Purkinje

cell number in all three-trimester alcohol exposed rats compared with that in third
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trimester exposed subjects, but failed to detect deficits when alcohol was administered
during the first two trimester-equivalents (Maier et al., 1999). All these studies have lent
support to the conclusion that Purkinje cells are more vulnerable to alcohol-induced
depletion during differentiation than during neurogenesis (Marcussen et al., 1994).
However, it is still possible that alcohol at higher doses may interfere with events that
occur antecedent to Purkinje cell differentiation. The cerebellar volume deficits
observed in the alcohol administered group in this study may suggest a significant loss
of granule cells, the most abundant cell type in the cerebellum, in addition to the
Purkinje cell loss. Prenatal alcohol exposure studies utilizing the rat model have
demonstrated that losses in these two cell populations are closely correlated, likely a
function of Purkinje cells being synaptic targets of granule cells (Hamre and West, 1993;
Maier et al., 1999).

While much has been learned concerning critical windows of vulnerability and
vulnerability of different brain regions, very little is known about the underlying
mechanisms involved in alcohol mediated neuronal loss. Therefore, a secondary aim of
this study was to examine the part played by arterial pH and blood gases during prenatal
alcohol exposure. Our results demonstrate that the neuronal loss was accompanied by
maternal normoxemia, hypercapnea and acidemia. Tissue hypoxia has been proposed as
a mechanism involved in prenatal alcohol mediated injury. This hypothesis is supported
by the observation that both hypoxia and fetal alcohol exposure induces similar
craniofacial defects and neuronal deficits (Bronsky et al., 1986; Cudd et al., 2001b). The

hippocampal CA1 pyramidal cells and the cerebellar Purkinje cells are both vulnerable
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to hypoxia (Aitken and Schiff, 1986; Auer et al., 1989; Rees et al., 1999) as well as to
alcohol. Studies in fetal sheep show that development of fetal brain is significantly
affected by hypoxemia at mid-gestation (Rees et al., 1997). At this developmental stage,
the developing cerebellum exhibits reductions in Purkinje cell number and mitosis in the
external granule layer in response to hypoxemia (Rees et al., 1999). In contrast, a recent
report showed that in utero intravenous infusion of alcohol (1.75 g/kg body weight)
during the third trimester equivalent results in cerebellar Purkinje cell loss in the absence
of fetal hypoxemia (Cudd et al., 2001b). Furthermore, Reynolds and colleagues (1996)
found that alcohol in fact increases uterine blood flow and fetal arterial oxygen tension
in near-term pregnant ewes. The findings from the present study add to the belief that
the Purkinje cell loss should be attributed to mechanisms other than fetal hypoxemia.
Interestingly, the present study also demonstrates a fall in maternal arterial pH following
one hour infusion of alcohol. In the present study, fetuses were not instrumented and
therefore fetal arterial pH and blood gases were not measured, as it is not possible to
chronically instrument fetuses before mid-gestation. However, we have previously
demonstrated that alcohol-mediated changes in maternal P,CO, and pH, are reflected in
the fetal measurements of these variables during the third trimester (Cudd et al., 2001b).
Therefore, the maternal pH, and P,CO; served as an index of these measures in the fetus
in this study. Thus, the alcohol induced maternal hypercapnea in this study would
directly result in fetal hypercapnea producing both intracellular and extracellular brain
acidosis. Brain acidosis has been documented to cause neuronal and glial death

(Goldman et al., 1989; Kraig et al., 1987; Staub et al., 1990) via multiple mechanisms
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that may involve exacerbation of free radical mediated injury (Ying et al., 1999),
alteration of gene expression and protein synthesis by perturbing intracellular signal
transduction pathways (Siesjo et al., 1996), alteration of protein and amino acid
metabolism (Milley, 1997; Safranek et al., 2003), decrease of serum IGF-1
concentrations (Brungger et al., 1997; Challa et al., 1993; Wiederkehr and Krapf, 1996),
increase of glucocorticoid levels (Perez et al., 1979; Wiederkehr and Krapf, 1996; Wood
and Chen, 1989). It should be noted that the threshold for acidemia or acidosis-induced
death in neurons and glia is not a fixed value (Nedergaard et al., 1991). Rather, cell
death is a combinatorial function of time and the degree of intracellular acidification
(Nedergaard et al., 1991). Here, we propose that in addition to the duration and level of
acidosis, the pattern of exposure may play a role in brain injury. To test this hypothesis,
we are currently investigating if repeated periods of moderate hypercapnea and
acidemia, will produce cerebellar Purkinje cell deficits, similar to that observed in
response to alcohol, by manipulating the partial pressures of the maternal inspired gases.
We conclude that fetal cerebellar Purkinje cells are more sensitive to the timing
of alcohol exposure and less so to the duration of exposure. The absence of decreases in
maternal PaO, suggests that maternal hypoxia does not play a role in fetal Purkinje cell
loss. And finally, we conclude that maternal arterial pH alterations mediated by alcohol

exposure may play a role in alcohol-mediated damage of the developing fetal brain.
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4. TEMPORAL VULNERABILITY OF PURKINJE CELLS"

INTRODUCTION

Alcohol is now broadly acknowledged to be the most prevalent human teratogen
(Caetano et al., 2006; Gladstone et al., 1996). Maternal alcohol exposure can lead to a
range of debilitating outcomes in the offspring that include physical, mental, behavioral
and/or learning disabilities, now referred to as Fetal Alcohol Spectrum Disorder (FASD)
(Riley and McGee, 2005; Sokol et al., 2003). Despite this knowledge, and after
significant efforts in educating women to not drink during pregnancy, the prevalence of
alcohol consumption among women of child-bearing age remains essentially unchanged
(Caetano et al., 2006; CDC, 2004; Institute of Medicine, 1996; Maternal and Child
Health (MCH) Data Report, 2003; NIAAA, 2000).

FASD is characterized by central nervous system (CNS) damage, at a gross, as
well as microscopic level (Chen et al., 2003), and the affected children may exhibit
abnormal development of the cerebellum (Archibald et al., 2001; Sowell et al., 1996;
Swayze et al., 1997). The anterior cerebellar vermis is disproportionately reduced in
size in the alcohol exposed subjects compared with age-matched controls (Sowell et al.,
1996). Extremely small and poorly formed cerebella have been noted on autopsy in

children born to alcoholic mothers (Clarren, 1977; Clarren et al., 1978; Wisniewski et

*Reprinted with permission from Ramadoss J, Lunde ER, Chen WJ, West JR, Cudd TA
(2007) Temporal vulnerability of fetal cerebellar Purkinje cells to chronic binge alcohol
exposure: ovine model. Alcohol Clin Exp Res 31(10):1738-45, Copyright [2007] by
Blackwell Publishing Ltd.



50

al., 1983; Roebuck et al., 1998). An important question has been the identification of the
timing of cerebellar vulnerability and whether the cerebellum is spared in women who
drink early in gestation but stop by the end of the first trimester of gestation. This is a
very practical question as many women who drink might stop drinking once they learn
they are pregnant and are convinced that by stopping that the conceptus will be spared
from damage. A number of animal studies have supported this possibility and that the
cerebellum is vulnerable especially during the third trimester-equivalent.  Third
trimester-equivalent of human brain development alcohol exposure is considered to be
especially deleterious to brain development in rats (Bonthius et al., 1992; Cragg and
Phillips, 1985; Goodlett and Eilers, 1997; Goodlett et al., 1998; Hamre and West, 1993;
Livy et al., 2003; Maier and West, 2001b; Maier and West, 2003; Marcussen et al.,
1994; Pauli et al., 1995) and the developing cerebellar Purkinje cells are reported to be
susceptible to first trimester-equivalent alcohol exposure only at exceptionally high
doses (6.5 g/kg) (Maier et al., 2001b). However, human studies demonstrate that the
developing cerebellum is vulnerable at all times during gestation (Peiffer et al., 1979)
supporting the conclusion that even if women reduce or stop drinking after knowing that
they are pregnant, injuries to the fetal cerebellum may have already occurred. Cerebellar
Purkinje cell loss and disorientation have been noted in an infant whose mother binged
only during the first trimester (Coulter et al., 1993). Cerebellar developmental disorders
have also been identified in children by MRI, who had been exposed to alcohol
prenatally during first, first and second, or all three trimesters of gestation (Autti-Ramo

et al., 2002).
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Although no quantitative data regarding neuronal loss are available from human
FAS studies, data from rat studies have shown that alcohol exposure causes a significant
reduction in cerebellar Purkinje cell number but only if the alcohol administration period
includes the period of brain growth spurt like that during the third trimester in humans.
The maximum velocity of brain growth occurs at the time of parturition in humans,
whereas it occurs postnatally in rats (Dobbing and Sands, 1973; Dobbing and Sands,
1979), requiring the assessment of the response to alcohol administration during the third
trimester-equivalent of human brain development in rats to be conducted postnatally.
Therefore, to extrapolate the findings from rats to humans, one must assume that the
intrauterine environment, placenta, mother and parturition play a limited role in
mediating the damage (Cudd, 2005). We conjectured that damage from prenatal alcohol

exposure may involve the intrauterine environment and maternal interactions and
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therefore chose the sheep model, where the entire gestational equivalent of human brain
development occurs in utero, to address the question of temporal vulnerability of the
cerebellum. We hypothesized that maternal alcohol binging during the first or third
trimester-equivalents would result in damage of the cerebellar Purkinje cells. We also
wished to compare the fetal cerebellar Purkinje cell number with those from an earlier
study (Ramadoss et al., 2007b), where the sheep received alcohol in utero throughout
gestation. In all studies, a weekend binge pattern was employed, a drinking pattern
common in women who use alcohol during pregnancy (Caetano et al., 2006; Cudd et al.,
2001a; Ebrahim et al., 1999; Gladstone et al., 1996; Maier and West, 2001a). A dose of
1.75 g/kg of alcohol was used to achieve blood alcohol concentrations (BACs) between
200 and 300 mg/dl; values that have been reported for mothers of children with FAS

(Church and Gerkin, 1988) and in women who abuse alcohol (Urso et al., 1981).
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METHODS
Animals and Breeding

The experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Texas A&M University. Suffolk ewes (aged 2 to 6
years) were bred under controlled conditions as described elsewhere (Ramadoss et al.,
2006a). The day of mating (the day that ewes were marked by the ram) was designated
as gestational day (GD) 0. Ewes were then maintained in an environmentally regulated
facility (22°C and a 12:12 light/dark cycle) where they remained for the duration of the
experiments. Animals in all treatment groups were fed 2 kg/day of a “complete” ration
(Sheep and Goat Pellet, Producers Cooperative, Bryan, TX) and they consumed all of

the feed offered.

Experimental Protocol
Treatment groups

There were four treatment groups ( n = 5 for each treatment group) in this study:
first trimester-equivalent pair-fed saline control group, first trimester-equivalent alcohol
group (1.75 g/kg), third trimester-equivalent pair-fed saline control group, and third
trimester-equivalent alcohol group (1.75 g/kg).
First trimester-equivalent groups

In the first trimester-equivalent groups, on gestational day 4, the beginning of the
first trimester-equivalent in this species, an intravenous catheter (16 ga., 5.25 inch

Angiocath™, Becton Dickinson, Sandy, UT) was placed into the jugular vein of the
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subjects. Alcohol or saline was administered intravenously (IV) over a one-hour period
via a peristaltic pump (Masterflex, Model 7014-20, Cole-Parmer, Niles, IL) in a binge-
like paradigm (modeling weekend only binge drinking), consisting of three consecutive
days of exposure followed by four days without exposure and this pattern was repeated
beginning on gestational day (GD) 4 until GD 42 (Figure A-9). Subjects were sacrificed
on day 133 (term is 147 days) for fetal brain processing. The alcohol solution was
prepared by adding 95% alcohol to sterile 0.9% saline to achieve a 40% w/v alcohol
solution. Solutions were prepared under aseptic conditions and were administered
through a 0.2 pm bacteriostatic filter. The pair-fed saline control group (SC) received an
infusion of isotonic saline (0.9%) that was equal in volume to the 1.75 g/kg alcohol
infusion. Pumps were calibrated before each infusion.
Third trimester-equivalent groups

In the third trimester-equivalent groups, on gestational day 102, the ewes
underwent surgery to chronically implant femoral arterial and venous polyvinyl chloride
catheters (0.050” inner diameter, 0.090” outer diameter) as previously described (Cudd
et al.,, 2001b). In brief, anesthesia was induced by administering diazepam (0.2 mg/kg
intravenously, Abbott Laboratories, North Chicago, IL) and ketamine (4 mg/kg
intravenously, Ketaset®, Fort Dodge, IA). The ewes were intubated and a surgical plane
of anesthesia was maintained using isoflurane (0.5-2.5%, IsoFlo®, Abbott Laboratories,
North Chicago, IL) and oxygen. Arterial and venous catheters were advanced into the
aorta and vena cava via the femoral artery and vein respectively. At the end of surgery,

the ewes received an injection of flunixin meglumine (1.1 mg/kg intramuscularly,
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Banamine®, Scherring-Plough, Union, NJ), a prostaglandin synthase inhibitor, to reduce
postoperative pain. Ewes also received postoperative antibiotics (ampicillin trihydrate,
polyflex®, Aveco, Fort Dodge, 1A, 25 mg/kg administered subcutaneously for 5 days
and gentamicin sulfate, Gentavet®, Velco, St.Louis, 2 mg/kg administered
intramuscularly twice daily for 5 days). Alcohol or saline was then administered
intravenously (IV) over a one-hour period similar to the first trimester-equivalent groups
in a binge-like paradigm, beginning on GD 109 till 132. Subjects were sacrificed on day
133.
Blood alcohol concentration (BAC) measurement

Blood was drawn for the measurement of BAC from the jugular vein catheter in
the first trimester-equivalent groups and from the femoral artery catheter from the third
trimester-equivalent groups at both the commencement and the end of alcohol infusion
(one hour), when the BAC is known to reach its peak level (Cudd et al., 2001b; West et
al., 2001; Ramadoss et al., 2007b). A 20 pl aliquot of blood was collected into
microcapillary tubes and transferred into vials that contained 0.6 N perchloric acid and 4
mM n-propyl alcohol (internal standard) in distilled water. The vials were tightly
capped with a septum sealed lid and were stored at room temperature until analysis by
headspace gas chromatography (Varian Associates, model 3900, Palo Alto, CA) at least
24 hr after collection. The basic gas chromatographic parameters were similar to those
reported by Penton (1985), with the exception of the column (DB-wax, Megabore, J&W

Scientific Folsum, CA) and the carrier gas (helium) used (West et al., 2001).
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Fetal Cerebellar Tissue Processing

On GD 133, the ewes were euthanized using sodium pentobarbital (75 mg/kg,
intravenously), and the fetuses were removed from the uterus and perfused with saline
followed by cold fixative solution containing 1.25% paraformaldehyde and 3%
glutaraldehyde in phosphate buffer (pH, 7.4). The brains were removed and stored in
additional fixative until processed for stereological cell counting.

The cerebellum was dissected, embedded in 4% agar, and cut sagittally into five
slabs. These slabs were dehydrated through increasing concentrations of ethanol (70, 95,
100%) and then infiltrated with increasing concentrations of infiltration solution (25, 50,
75, 100% methyl methacrylate; Historesin™ Embedding kit, Leica, Wetzlar, Germany).
The tissue in each slab was embedded in a solution containing 1 ml dimethyl sulfoxide
(hardener) per 15 ml of 100% infiltration solution and allowed to harden. After
hardening, the tissue was sectioned into 30 um sagittal sections by using a microtome
(model RM2255, Leica, Nussloch, Germany). Every twentieth section was saved,

mounted on a glass slide, stained with cresyl violet, and coverslipped.

Stereological Cell Counting

The total number of fetal cerebellar Purkinje cells was estimated using unbiased
stereological cell counting techniques as described previously (Ramadoss et al., 2007b).
In brief, the Nikon (Garden City, NY) Optiphot microscope used in this study had a 40X
objective lens with a 1.4 numerical aperture condenser. The microscope had a motor-

driven stage to move within the x and y axes and an attached microcator to measure the z
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axis. The image was transferred to a personal computer (Millenium, Micron, Boise, ID)
via a color video camera (model 2040, Jai, Copenhagen, Denmark). The reference
volume was estimated using the Cavalieri’s Principle and was calculated by the equation
Vier = Zpi X A(pi) X t where Zp; is the total number of points (p;) counted, A(p;) is the
known area associated with each point, and t is the known distance between two serial
sections counted. The GRID® software provided templates of points in various arrays
that were used in point counting for reference volume estimation. The Purkinje cell
density was determined by following the optical disector method, which was calculated
using the formula N, = 2Q / (Zdisector X A(fr) X h) where ZQ is the sum of the Purkinje
cells counted from each disector frame, Xdisector is the sum of the number of disector
frames counted, A(fr) is the known area associated with each disector frame, and h is the
known distance between two disector planes. The placement of the disector frames was
determined by the GRID® software in a random manner. The estimated total number of

Purkinje cells in the cerebellum was then calculated by multiplying the reference volume
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of the cerebellum and the numerical density of cells within this reference volume as

described before (West et al., 2001).

Data Analysis

Fetal growth parameters and the stereology data were analyzed using a two-way
ANOVA with “treatment” (saline or alcohol) and “exposure period” (first or third
trimester-equivalent) as between factors. Simple effect analysis was performed should
there be an interaction between “treatment” and ‘“exposure period”. Scheffé’s test was
performed to identify differences in the estimated total cerebellar Purkinje cell numbers
between the first and third trimester-equivalent alcohol exposed fetal brains in this study
with that in our all three trimester-equivalent study. Statistical significance was
established a priori at p < 0.05 while p values between 0.05 and 0.10 were considered

trends.
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RESULTS
Blood Alcohol Concentration (BAC)

The mean + SEM maternal BACs at the end of alcohol infusion (1 hr; the time
point when BACs were known to peak) (Cudd et al., 2001b; West et al., 2001; Ramadoss
et al., 2007b), were 206 + 12 mg/dl and 260 + 10 mg/dl in the first and third trimester-
equivalent alcohol exposed subjects respectively. The subjects remained conscious
throughout and after the alcohol infusion but appeared ataxic if encouraged to walk

shortly after the end of the infusion.

Fetal Growth Measurements

A two-way ANOVA performed on the fetal body weight and length data did not
identify a significant main effect of treatment, exposure period, or an interaction
between the two factors (weight: first trimester-equivalent saline control, 5.1 + 0.4 kg;
first trimester-equivalent alcohol, 4.8 + 0.4 kg, third trimester-equivalent saline control,
4.7 + 0.3 kg; third trimester-equivalent alcohol, 4.9 + 0.2 kg; length: first trimester-
equivalent saline control, 49.7 + 1.3 cm; first trimester-equivalent alcohol, 49.5 + 1.6
cm; third trimester-equivalent saline control, 54.4 + 0.9 cm; third trimester-equivalent

alcohol ,52.0 + 0.7 cm).

Stereology Data
A two-way ANOVA conducted on the total fetal cerebellar Purkinje cell number

revealed a main effect of treatment (F; 16 = 37.92, p < 0.001) (Figure A-10). However,
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there was no significant main effect of the exposure period (F; ;6 = 0.49, p = 0.495) or an
interaction between the two factors (F; 16 = 1.49, p = 0.25). The alcohol treated subjects
had a significantly lower number of Purkinje cells compared with those in the pair-fed
saline control group (p < 0.001) regardless of the period of exposure. The loss in the
total number of Purkinje cells was also accompanied by a significant change in the
cerebellar Purkinje cell density (Figure A-11). The two-way ANOVA analysis
conducted on the cell density data revealed a significant main effect of treatment (F; ;6 =
20.37, p < 0.001), but did not yield a main effect of the exposure period (F; ;6 =0.12, p =
0.734) or an interaction between the two factors (F; 16 = 2.52, p < 0.14). The alcohol
exposed fetuses had a significantly lower cell density compared with the controls (p <
0.001) irrespective of the period of exposure. With regard to the cerebellar volume
reference, an interaction between the exposure period and treatment was observed (Fj ;¢

=9.16, p = 0.008) (Figure A-12). A significant main effect of treatment (F; 16 =4.72, p
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= 0.045), but not the period of administration (F; ;6 = 0.007, p = 0.935) was noted.
Simple effect analysis showed that third trimester-equivalent alcohol treated subjects had
a smaller cerebellar volume reference compared with that in the third trimester-
equivalent saline control group. However, such differences were not found while
comparing between the first trimester-equivalent pair-fed saline control and first
trimester-equivalent alcohol exposed subjects. In general, no differences in any of the
stereology measures were found between the first trimester-equivalent and third
trimester-equivalent saline control subjects. When comparing the present findings to
those from our previous study but extending the duration of alcohol exposure to all three
trimester-equivalents of gestation, we did not detect a difference in fetal cerebellar
Purkinje cell number (Scheffé’s test; total cell number: first trimester-equivalent alcohol
exposed subjects, 4.9 x 10%; third trimester-equivalent alcohol exposed subjects, 4.6 x

10°; all three trimester-equivalent alcohol exposed subjects, 4.8 x 10%.
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DISCUSSION
The Cerebellum Is an Important Target in FASD

Consistent with previous FASD literature, this study demonstrated a significant
reduction in cerebellar Purkinje cell number in the alcohol exposed fetuses compared
with those in the controls. Cerebellar anomalies have been a common finding in human
as well as animal studies in response to developmental alcohol exposure. Clinically, one
of the most common abnormalities found in human prenatal alcohol exposure pathology
studies has been the dysgenesis of cerebellum and/or brainstem (Clarren et al., 1978;
Peiffer et al., 1979; Wisniewski et al., 1983). A significantly smaller anterior cerebellar
vermis has been noted in children who have been exposed to large amounts of alcohol
(Sowell et al., 1996). Autti-Ramo and colleagues (2002) suggest that the cerebellum is
the most sensitive morphological indicator of prenatal alcohol exposure in children. A
positron emission spectroscopy study by Hannigan and coworkers (1995), similarly
demonstrated that three of the four alcohol exposed children exhibited lower levels of
glucose metabolism in the cerebellum than control subjects. Complementing these
human studies, quantitative stereology studies conducted utilizing animal models,
especially the rat, further support this teratogenic effect of alcohol on the developing
cerebellum. Findings from West and his research group have demonstrated the
cerebellum to be more vulnerable to developmental alcohol exposure than any other
brain structure and the cerebellar Purkinje cells to be more susceptible than any other

cell type (Bonthius and West, 1991; Maier et al., 1997; Maier and West, 2001b).
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First Trimester-Equivalent Alcohol Exposure Reduces Fetal Cerebellar Purkinje
Cell Number

A significant finding from this study is that fetal cerebellar Purkinje cell loss
occurs in response to alcohol exposure limited to the first trimester-equivalent, a finding
that strongly supports a number of human studies. Peiffer and coworkers (1979) first
suggested that the teratogenic effects of alcohol may involve a broad period of exposure
and that drinking during the first trimester of gestation can cause significant CNS
damage. Later, Coulter et al., 1993 reported significant cerebellar Purkinje cell loss
accompanied by misalignment of Purkinje cells and abnormal dendritic structure from an
autopsy case of a 2.5 month-old girl whose mother’s drinking was limited to the first
trimester of pregnancy. Cerebellar hypoplasia was identified by MRI in school children
who had been exposed to alcohol prenatally during the first trimester only, and these
cerebellar deficits were closely correlated with poor results on the repetition of Nonsense
Words subtest and Visual Attention subtest (Autti-Ramo et al., 2002). Even though a
broad period of vulnerability has similarly been suggested by animal studies utilizing the
rat model (West and Ward, 1992), the reduction in neurons has been shown to depend
heavily upon the timing of alcohol exposure relative to different phases of brain
development (Bonthius et al., 1992; Cragg and Phillips, 1985; Goodlett and Eilers, 1997;
Goodlett et al., 1998; Hamre and West, 1993; Livy et al.,, 2003). The developing
cerebellar Purkinje cells in rats are considered to be most vulnerable during the third
trimester-equivalent (Maier et al., 1999) and are susceptible to first trimester-equivalent

alcohol exposure only at exceptionally high doses (6.5 g/kg) (Maier et al., 2001b)
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suggesting that the Purkinje cells are more vulnerable to alcohol-induced depletion
during differentiation than during neurogenesis (Marcussen et al., 1994) and that the rat
first trimester-equivalent is vulnerable, albeit only at high alcohol doses. Further, when
alcohol was administered during all three trimester-equivalents of gestation, the cell
numbers were significantly lower compared with that when the period of exposure was
restricted to the third trimester-equivalent, even though the alcohol exposure during the
first or second trimester-equivalent only did not result in a significant cell loss per se
(Maier et al., 1999). Thus, studies utilizing the rat model differ somewhat from the
present study and from clinical reports with respect to the identification of a most
sensitive period of development. We speculate that this difference may be due to at least
two reasons: 1) all three trimester-equivalents are in utero in sheep, as in humans, but the
third trimester-equivalent is a postnatal event in rats, 2) there are differences in the

ontogeny of cerebellar Purkinje cell among species.

Maternal-Fetal Interaction Plays a Role in Alcohol Mediated Fetal Cerebellar
Damage

The maximum velocity of brain growth occurs at parturition in humans, whereas
it occurs postnatally in rats (Cudd, 2005; Dobbing and Sands, 1973; Dobbing and Sands,
1979). Therefore, the use of the rat third trimester-equivalent model involves postnatal
alcohol exposure which requires the assumption that the intrauterine environment,
placenta, maternal interactions and parturition do not play an important role in mediating

the damage (Cudd, 2005). Third trimester-equivalent binge exposure produces similar
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Purkinje cell losses in rats and sheep, but at lower peak BACs in the sheep (peak BAC:
sheep, 260 mg/dl; rat, 374 mg/dl, Goodlett and Eilers, 1997). While one explanation for
this difference when comparing between species is that rat Purkinje cells are inherently
less sensitive to alcohol, we have provided evidence that intrauterine mechanisms and
maternal-fetal interactions play a role in mediating fetal cerebellar Purkinje cell loss
(Cudd et al., 2001b; Ramadoss et al., 2007a; West et al., 2001). Binge drinking alters
maternal ventilation, acid-base balance, cardiovascular homeostasis, uterine blood flow,
and endocrine function during gestation, actions that result in changes in the fetus that
may play an important role in prenatal ethanol mediated injury (Cudd et al., 2001a; Cudd
et al., 2001b; Ramadoss et al., 2007b; Ramadoss et al., 2006b; Reynolds et al., 1996).
While these actions could explain the species differences in sensitivity to third trimester-
equivalent exposure, it does not explain the species differences in response to first

trimester-equivalent exposure.

A Note on the Ontogeny of the Ovine Cerebellar Purkinje Cell

In order to reasonably extrapolate findings from animal studies to humans, it is
important to consider the differences in the ontogeny of cerebellar Purkinje cells when
comparing among species. The development of Purkinje cells in sheep is much more
advanced than that in humans as well as in monkeys, just prior to birth, and remarkably
more developed than that in the rat (Rees and Harding, 1988). The cerebellar Purkinje
cells begin to differentiate rapidly between postnatal day 4 and 20 in the rat. In humans,

Purkinje cell differentiation begins in fetal month 4 (Jacobson, 1991), and by parturition



66

have completed the second stage of maturation consisting of arrangement of Purkinje
cells in monolayer, formation of dendritic processes and formation of spines in
secondary and tertiary dendrites (Rees and Harding, 1988). In sheep, the development
of the Purkinje cell is even more advanced than in humans; they in fact acquire the adult
form by day 140 of gestation (Rees and Harding, 1988). The birth date of the cerebellar
Purkinje cell in sheep is not well documented. However, it is speculated that the birth
date of the cerebellar Purkinje cell in this species is similar to that in calves
(proportionate to the length of gestation); the relatively advanced degree of motor
coordination demonstrated by both species at birth likely closely correlates with the state
of maturation of Purkinje cells. The formation of Purkinje cells is completed by about
day 100 of gestation in calves (parturition: GD, 285), and they continue to differentiate
in conjunction with the development of the cerebellum (de Lahunta, 1983). However,
based on the current findings and the data from human studies, it still cannot be ruled out
that alcohol may interfere with events that occur antecedent to Purkinje cell
differentiation. Alcohol may alter cell cycle kinetics during Purkinje cell neurogenesis,
as well as cell migration and very early differentiation (Marcussen et al., 1994).
Therefore, it is possible that the mechanisms responsible for alcohol mediated Purkinje
cell loss may be different in late and early exposures, differentially affecting the
differentiating neurons and the neuronal precursor cells respectively. However, clearly
further investigation of the ontogeny of the ovine fetal Purkinje cells is warranted in
order to better understand the mechanisms behind first and third trimester-equivalent

damage.
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Cerebellar Purkinje Cells Are Not Completely Depleted

A nearly identical magnitude of cell loss was seen in alcohol group subjects
regardless of the time of exposure; i.e. the number of Purkinje cells lost in the all three
trimester-equivalent alcohol exposed subjects was not the sum of the numbers lost
during the first and the third trimester-equivalent: rather it was a similar number. This
finding is in agreement with a number of studies conducted utilizing the rat model where
the cerebellar Purkinje cells were never completely depleted irrespective of the dosage
or the duration of alcohol exposure (Goodlett and Eilers, 1997; Goodlett et al., 1998;
Maier et al., 1999; Maier and West, 2001b). Studies conducted using the rat model have
suggested that within the cerebellum, there is a difference in vulnerability; lobules I, IX
and X are more vulnerable than lobules VI and VII (Bonthius and West, 1990; Maier et
al., 1997). Thus, this would suggest that irrespective of the duration or level of alcohol
administered, a certain number of Purkinje cells would remain. Alternately, it can be
stated that only a certain population of Purkinje cells are susceptible to alcohol induced
depletion, supporting our findings that alcohol exposure at any time during pregnancy
results in loss of a fixed number of cells. Future studies will investigate lobule-specific
differences in Purkinje cell loss in the first, third, and all three trimester-equivalent

alcohol exposed ovine fetuses.
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SUMMARY

This is the first animal study to report a loss in fetal cerebellar Purkinje cells,
irrespective of the period of alcohol consumption, in a model where all three trimester-
equivalents of gestation occur in utero, as occurs in humans. These findings suggest that
there is no safe period for drinking. Thus, women who engage in binge drinking during
the first trimester are at a high risk of giving birth to children with cerebellar damage
even if drinking ceases after the first trimester. Finally, these results support the
hypothesis that not all cerebellar Purkinje cells are depleted irrespective of the duration
of drinking, and only a certain population of cells are vulnerable to alcohol induced

depletion.
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S. THREE TRIMESTER ALCOHOL EFFECTS ON THE HIPPOCAMPUS

INTRODUCTION

Maternal alcohol exposure can lead to debilitating outcomes in the offspring that
range from severe physical and mental deficits to milder behavioral and learning
disabilities, now referred to as Fetal Alcohol Spectrum Disorders (FASD) (Riley and
McGee, 2005; Sokol et al., 2003). Serious behavioral problems and altered performance
in learning and/or memory tasks in FASD children have been reported (for review, see
Mattson et al., 2001), and these deficits have been closely related to hippocampal injury.
For instance, it has been documented that prenatally alcohol exposed children exhibit
deficits in spatial memory as well as delayed object recall (Uecker and Nadel, 1996),
impairments thought to be closely associated with hippocampal function. Another study
conducted in FASD children reported deficits in place learning and spared cue-
navigation, suggesting hippocampal damage (Hamilton et al., 2003). These behavioral
studies are further supported by MRI studies where FASD children have been shown to
display volume asymmetries in the hippocampus, with the volume of the left
hippocampus being smaller than its counterpart in the right lobe (Riikonen et al., 1999).

Although there is no quantitative study in the human literature regarding altered
number of hippocampal neurons that could explain the behavioral deficits in prenatally
alcohol exposed children, a number of animal studies utilizing the rat model have
reported differences in the number of neurons in alcohol exposed subjects compared

with that in the controls. West and coworkers (1986) reported a 10% increase in the
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granule cell number in response to third trimester-equivalent alcohol exposure. Miller
(1995) demonstrated an increase in dentate gyrus granule cell number in postnatal rat
pups in response to moderate alcohol exposure and a decrease in their number in
response to higher blood alcohol concentrations (BACs). Further, they also observed
decreased CA1 pyramidal cell number in response to moderate doses of prenatal alcohol
exposure, and no decreases to these same BACs when exposed postnatally. Another
recent study by Livy and coworkers demonstrated decreased number of granule cells,
CAl, and CA3 pyramidal cells in response to high doses of alcohol (BAC, 339 mg/dl),
but only when the exposure period included the third trimester-equivalent (Livy et al.,
2003). Similar to the results of Livy et al., Maier and West (2001b), demonstrated no
reductions in hippocampal cell numbers when the alcohol administration period included
only the first two trimester-equivalents. One reason for these differences among studies
is the methodology used to estimate the number of cells in the hippocampal formation.
Some of the above studies used only density measures, and others used stereological
techniques with or without optical disector procedure. The other reasons could be
differences in the exposure paradigm (chronic as against binge), the mode of
administration, and alcohol dosage.

It should be noted that the rat third trimester-equivalent occurs postnatally. The
maximum velocity of brain growth occurs at the time of parturition in humans, whereas
it occurs postnatally in rats (Dobbing and Sands, 1973; Dobbing and Sands, 1979),
requiring the assessment of the response to alcohol administration during the third

trimester-equivalent of human brain development in rats to be conducted postnatally.
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Therefore, to extrapolate the findings from rats to humans, one must assume that the
intrauterine environment, placenta, mother and parturition play a limited role in
mediating the damage (Cudd, 2005; Ramadoss et al., 2007a). We conjectured that
damage from prenatal alcohol exposure may involve the intrauterine environment and
maternal interactions and therefore chose the sheep model, where the entire gestational
equivalent of human brain development occurs in utero, to address the question of
hippocampal vulnerability in response to alcohol exposure throughout gestation. We
hypothesized that maternal alcohol binging during all three trimester-equivalents would
result in reduced cell numbers in the hippocampal formation. We specifically examined
the effect on the pyramidal cells of the CA1-3 field, and the granule cells of the dentate
gyrus. We employed a weekend binge pattern, a drinking pattern common in women
who use alcohol during pregnancy (Caetano et al., 2006; Ebrahim et al., 1999; Gladstone
et al., 1996; Maier and West, 2001a; Ramadoss et al., 2007a) and who are more likely to
refrain compared to everyday drinkers, if convinced that drinking poses a hazard to their

baby.
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METHODS
Animals and Breeding

The experimental procedures employed in this study were approved by the
University Laboratory Animal Care Committee at Texas A&M University. Suffolk
ewes (aged 2 to 6 years) maintained on coastal Bermuda grass pasture and supplemented
with alfalfa hay were bred under controlled conditions. Time dated pregnancies were
achieved by controlling the estrous cycle through the use of progesterone impregnated
vaginal implants (EAZI-BREED™, CIDR®, Pharmacia & Upjohn Ltd., Auckland New
Zealand). Implants were removed 11 days after placement at which time prostaglandin
Foq (LUTALYSE®, Pharmacia & Upjohn, Kalamazoo MI, 20 mg) was intramuscularly
administered. The following day, ewes were placed with a ram fitted with a marking
harness for a period of 24 hours. Marked ewes were assessed ultrasonographically on
25, 60 and 90 days to confirm pregnancy. On day 4 of gestation, the saline control and
alcohol group subjects were moved into individual pens but were able to see herdmates
in the adjacent pens at all times. Conditions of constant temperature (22 °C) and fixed
light dark cycle (12:12) were maintained. Once confined, the saline and alcohol
treatment group subjects received 2 kg/day of a complete ration (Sheep and Goat Pellet,
Producers Cooperative Association, Bryan, TX). Daily feed consumption was
monitored; subjects in the alcohol and saline treatment groups consumed all of the food

offered.



73

Alcohol Dosing Protocol

Two treatment groups, an alcohol group (alcohol dosage of 1.75 g/kg body
weight), and a saline control group that received 0.9% saline of a volume of and at an
infusion rate equivalent to that of the alcohol dose were studied. Infusion solutions were
delivered intravenously by peristaltic pump (Masterflex, model 7014-20, Cole parmer,
Niles IL) through a 0.2 um bacteriostatic filter. Pumps were calibrated before infusion.
Alcohol infusions were 40% w/v in sterile saline administered over one hour. Alcohol
was administered on three consecutive days followed by 4 days without alcohol

beginning on day 4 of gestation.

Experiment Protocol

Details of the experiment protocol have been described earlier (Ramadoss et al.,
2006a). In brief, our experiments began on day 4 and were terminated on day 133 of
gestation. On gestational day 4, an intravenous catheter (16 gauge, 5.25 in Angiocath™
Becton Dickinson, Sandy, UT) was placed percutaneously into the jugular vein. On the
day of infusions, ewes were connected to the infusion pump by 0830 hr and alcohol was
infused continuously over 1 hr, between 0830 and 0930 hr. On gestational day 42, after
conception and pregnancy was confirmed ultrasonographically, the ewes underwent
surgery to chronically implant femoral arterial and venous vascular access ports (V-A-
PTM, Model CP 47P, Access Technologies, Skokie IL). The ewes were not surgically

instrumented until after the first trimester to avoid early embryonic loses. Infusions

were then given through the venous port and blood was sampled from the arterial port.
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Blood Alcohol Concentration (BAC) Measurement

Blood was drawn from the jugular vein catheter on gestational days 6 and 40 and
from femoral artery catheter on days 90 and 132 every 30 min for 2 hr and at 6 and 24
hrs beginning with the commencement of alcohol infusions for the measurement of
BAC. A 20 pl aliquot of blood was collected into microcapillary tubules and transferred
into vials that contained 0.6 N perchloric acid and 4 mM n-propyl alcohol (internal
standard) in distilled water. The vials were tightly capped with a septum sealed lid and
were stored at room temperature until analysis by headspace gas chromatography
(Varian Associates model 3400, Palo Alto, CA) at least 24 hr after collection. The basic
gas chromatographic parameters were similar to those reported by Penton (1985), with
the exception of the column (DB-wax, Megabore, J&W Scientific Folsum, CA) and the

carrier gas (helium) used (West et al., 2001).

Fetal Hippocampal Tissue Processing

On GD 133, the ewes were euthanized using sodium pentobarbital (75 mg/kg,
intravenously), and the fetuses were removed from the uterus and perfused with saline
followed by cold fixative solution containing 1.25% paraformaldehyde and 3%
glutaraldehyde in phosphate buffer (pH, 7.4). The brains were removed and stored in
additional fixative until processed for stereological cell counting.

The fetal brain was divided parasagittally and the right hippocampus was
removed. The hippocampal tissue was then dehydrated through increasing

concentrations of alcohol (70, 95, 100%) and then infiltrated with increasing
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concentrations of infiltration solution (25, 50, 75, 100% methyl methacrylate;
Historesin™ Embedding kit, Leica, Wetzlar, Germany). Following infiltration, the
tissue was embedded in a solution containing 1 ml dimethyl sulfoxide (hardener) per 15
ml of 100% infiltration solution and allowed to harden. After hardening, the tissue was
sectioned coronally into 30 pm sections by using a microtome (model RM?2255, Leica,
Nussloch, Germany). Sections were mounted serially on glass slides, stained with cresyl

violet, and coverslipped.

Stereological Cell Counting

The total number of fetal hippocampal pyramidal cells in the CA1, CA2/3 fields,
and the granule cells in the dentate gyrus were determined using unbiased stereological
cell counting techniques as described before (Ramadoss et al., 2007b; West et al., 2001).
The term CA2/3 refers to the combined measure of the CA2 and CA3 fields due to the
difficulty in differentiating these two fields accurately by stereological procedures. The
Nikon (Garden City, NY) Optiphot microscope used in this study had a 4X objective
lens for volume measures and a 60X objective lens with a 1.4 numerical aperture
condenser for density measures. The microscope had a motor-driven stage to move
within the x and y axes and an attached microcator to measure the z axis. The image
was transferred to a personal computer (Millenium, Micron, Boise, ID) via a color video
camera (model 2040, Jai, Copenhagen, Denmark). The reference volume was estimated
using the Cavalieri’s Principle and was calculated by the equation V. = Zp; X A(p;) X t

where Xp; is the total number of points (p;) counted, A(p;) is the known area associated
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with each point, and t is the known distance between two serial sections counted. The
GRID® software provided templates of points in various arrays that were used in point
counting for reference volume estimation. The cell density was determined by following
the optical disector method, which was calculated using the formula N, = 2Q /
(Zdisector X A(fr) X h) where XQ is the sum of the hippocampal cells counted from
each disector frame, Xdisector is the sum of the number of disector frames counted, A(fr)
is the known area associated with each disector frame, and h is the known distance
between two disector planes. The placement of the disector frames was determined by
the GRID® software in a random manner. The estimated total number of cells in the
dentate gyrus, CAl, and the CA2/3 fields were then calculated by multiplying the
reference volume of the respective regions and the numerical density of cells within this

reference volume as described before (West et al., 2001).

Data Analysis
Data are presented as mean + SEM. All stereology measures were analyzed
using a one-way ANOVA with treatment group as ‘between’ factor. Statistical

significance was established a priori at p < 0.05.



77

RESULTS

A total of 8 ewes were initially assigned to each group. Animals were lost from
the study as a result of fetal, but not maternal demise. The number of ewes that
completed the study was similar among groups (saline control, n = 6; alcohol, n =5). In
ewes with twin pregnancies, the fetus with the larger body weight was selected for
neuronal counting (number of ewes with twins: saline control, n = 4; alcohol, n = 2).
Brains from triplets were not processed (number of ewes with triplets: saline control, n =

1). The final number of fetal brains that were processed was 5 in each of the groups.

Blood Alcohol Concentration
The mean BACs measured on days 6, 40, 90 and 132 of gestation for alcohol
group peaked at 1 hour which coincided with the end of infusion. The mean peak BAC

was 189 + 19 mg/dl.

Stereology Data
The estimated mean total number of fetal dentate gyrus granule cells was not

different among groups (F;g=0.113, p = 0.746) in response to maternal alcohol binging
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throughout gestation (Figure A-13). The volume of the dentate gyrus was also not
altered (F; g = 2.349, p = 0.164). However, all three trimester-equivalent fetal alcohol
exposure resulted in a significant increase (~20%) in the density of the granule cells
compared with that in the pair-fed saline control group (F; 3= 7.295, p = 0.027).

The estimated mean total number of fetal hippocampal pyramidal cells in the
CA2/3 field was also not different among groups (F; s = 0.044, p = 0.839) (Figure A-14).
Further, neither the volume (F;g = 0.015, p = 0.906) of the CA2/3 pyramidal field nor
the cell density (F; 3= 0.174, p = 0.688) were decreased in response to alcohol.

The estimated mean total pyramidal cell number in the CA1 field was also not
different in the alcohol group compared with that in the pair-fed saline control group
(Fi1s = 1.346, p = 0.279) (Figure A-15). Similar to the results of the CA2/3 field, the
volume reference of the CAl field (F;g= 0.570, p = 0.472) and the cell density (F;s =

0.236, p = 0.640) were not different between the groups.
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DISCUSSION
The Effects of Three Trimester-Equivalent Alcohol Exposure on the Ovine Fetal
Hippocampal Formation

To our knowledge, this is the first report on the effects of binge-like alcohol
drinking throughout pregnancy on the fetal hippocampal cell numbers utilizing
stereology and a model where all three trimester-equivalents of gestation occur
prenatally. Here, we report a selective increase in the density of granule cells in the
dentate gyrus, although the total number of cells was not altered. Further, the pyramidal
cell number in the CA2/3 field and the CA1 field were not decreased in response to all
three trimester-equivalent alcohol exposure in fetal sheep. This is a very important
finding as FASD children are associated with behavioral deficits, that include altered
performance in tasks such as learning and memory (Mattson et al., 2001). Children
exposed to alcohol prenatally exhibit hippocampus-associated impaired learning
(Hamilton et al., 2003), and memory deficits (Uecker and Nadel, 1996), and these
impairments have been correlated to hippocampal structural deficits (Riikonen et al.,
1999). Although no quantitative data regarding neuronal loss are available from human
FAS studies, data from rat studies have shown that developmental alcohol exposure
causes alterations in neuronal numbers of different cell types within the hippocampal
formation and these alterations are shown to be dependent on the period of alcohol
exposure. However, it should be noted that the third trimester-equivalent in rats occurs
postnatally, and that any extrapolation from the cell count studies conducted utilizing the

rat model to humans would require the assumption that maternal-fetal interactions,
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placenta and parturition play no role in fetal neuronal damage. Therefore, we performed
this study to examine the effects of alcohol on fetal hippocampal cell types in sheep,

where the entire gestational-equivalent of human brain development occurs in utero.

The Effect of Three Trimester-Equivalent Binge Alcohol Exposure on the Fetal
Dentate Gyrus Granule Cells

Similar to our results, several studies utilizing the rat model have demonstrated
altered number and/or density of dentate gyrus granule cells following developmental
alcohol exposure. West and coworkers (1986) reported a 10% increase in the granule
cell number in response to third trimester-equivalent alcohol exposure (BAC, 380
mg/dl). However, this study did not use stereological cell counting techniques and the
result was based on density measures. Miller (1995) used stereological techniques but
not the optical disector method to demonstrate an increase in dentate gyrus granule cell
number in postnatal rat pups in response to moderate alcohol exposure (BAC, 132
mg/dl), and a decrease in their number in response to BACs of 339 mg/dl. Further, first
two trimester-equivalent alcohol exposure did not alter the cell number. Similarly, Livy
and coworkers (2003), using stereological optical disector method, showed decreased
granule cell numbers in response to a high BAC of 339 mg/dl, but only when the
exposure period included the third trimester-equivalent. Maier and West (2001b), again
using stereological optical disector technique, showed that none of the hippocampal cell
types were altered in response to alcohol exposure during the first two trimester-

equivalents. Consistent with these findings in the rat model, we have shown that a BAC
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of 189 mg/dl increased the packing density of granule cells in fetal sheep, but the total
number was not altered. Thus, we and others have shown an increase in density and/or
number in response to moderate alcohol exposure and a decreased number in response to
higher BACs during the third or all three trimester-equivalents, but none of these
alterations are observed when the exposure period does not include the third trimester-

equivalent.

The Effects of Three Trimester-Equivalent Binge Alcohol Exposure on the Fetal
Hippocampal Pyramidal Cells

Our study also demonstrates no alteration in the total number of hippocampal
CA1l and CA2/3 field pyramidal cell numbers in response to all three trimester-
equivalent binge alcohol exposure in fetal sheep. A careful comparison with the
neuroanatomical studies conducted using the rat model reveals that these findings are not
different from earlier reports. Miller (1995) demonstrated no reductions in CAl
pyramidal cell number in response to third trimester-equivalent alcohol (BAC, 222
mg/dl) and decreases at much higher does (BAC, 339 mg/dl). Similarly, Bonthius and
West (1990) demonstrated decreased CA1l pyramidal cells in response to postnatal
alcohol exposure at the highest dose (BAC, 361 mg/dl), while no such reduction was

found in response to a BAC of 190 mg/dl. The recent study by Livy and coworkers also
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demonstrated decreased number of CA1 and CA3 pyramidal cells in response to high
doses of alcohol (BAC, 339 mg/dl), but these effects were again not observed when the
exposure period did not include the third trimester-equivalent (Livy et al., 2003). These
findings are further supported by another study where first two trimester-equivalent
alcohol exposure did not result in any difference between the alcohol and the control
groups (Maier and West, 2001b). Taken together, all three trimester-equivalent
exposure to moderate doses of alcohol does not alter the number of pyramidal cells in
the developing hippocampus, whereas exceptionally high BACs may selectively reduce
CAl pyramidal cell number. Interestingly, we recently reported that the estimated
number of cerebellar Purkinje cells were reduced in response to all three trimester-
equivalent alcohol exposure (BAC, 189 mg/dl) in the sheep model (Ramadoss et al.,
2007b), a finding taken together with this report demonstrates the highly selective

actions of alcohol on the fetal brain.
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CONCLUSIONS

We conclude that all three trimester-equivalent binge alcohol exposure in utero
results in a selective increase in the density of the granule cells of the fetal dentate gyrus,
without any change to its overall number. We also demonstrate that a moderate dose of
alcohol administered throughout gestation alters neither CA2/3 nor CA1l pyramidal cell
numbers in the fetal hippocampus. However, rodent FASD studies clearly show that
exceptionally high BACs may reduce the numbers of all cell types within the
hippocampal formation. Therefore, our study suggests that impairments associated with
the hippocampal function and behavioral modifications related to learning and memory
in children prenatally exposed to alcohol may result from decreased number of neurons

in the hippocampal formation only if they were exposed to very high BACs.
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6. ALCOHOL INDUCED ACIDOSIS AND GLUTAMINE

INTRODUCTION

The teratogenic effects of ethanol, collectively referred to as Fetal Alcohol
Spectrum Disorder (FASD), include physical, mental, behavioral and/or learning deficits
of which Fetal Alcohol Syndrome (FAS), a severe form of FASD, is the most well
known consequence (Riley and McGee, 2005; Sokol et al., 2003). Although
considerable efforts have been made to educate women to not drink during pregnancy,
the incidence of prenatal ethanol exposure has not declined (Caetano et al., 2006; CDC,
2004; NIAAA, 2000; Stratton et al., 1996). Currently, there are no known effective
treatments, though some amelioration has been reported in a few individuals (Institute of
Medicine, 1996).

A cardinal feature of FAS is growth deficiency (Sokol and Clarren, 1989).
Prenatal ethanol exposure retards both growth and development of the fetus and progeny
in rats (Lee and Leichter, 1983; Leichter and Lee, 1979). In children, prenatal ethanol
exposure has been associated with growth retardation that can persist through 14 years of
age (Day et al., 2002), suggesting that ethanol exposure during a sensitive or critical
period of development has long-term implications for the offspring. The mechanisms by
which in utero ethanol exposure induces fetal growth deficits are not well understood
though fetal malnutrition is considered a major candidate. Ethanol could lead to fetal
undernutrition by at least three possible ways: reduced maternal dietary intake (Schenker

et al., 1990), impaired intestinal and/or placental transport of specific nutrients (Fisher et
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al., 1981; Henderson et al., 1981; Lin, 1981; Polache et al., 1996), and altered maternal
and/or fetal metabolism and compartmentalization of nutrients (Schenker et al., 1990).
The consequences of any of these mechanisms by which the fetus is deprived of
nutrients could lead to altered development and programming (Barker, 1994; Wu et al.,
2004).

Normal fetal growth and development depend on a continuous supply of amino
acids from the mother to the fetus. A number of amino acids have been demonstrated to
be reduced in the maternal and the fetal compartments in response to gestational ethanol
exposure in rodents. Acute ethanol exposure in the pregnant mouse results in a
significant reduction in the plasma concentrations of threonine, serine, glutamine,
glycine, alanine, and methionine (Padmanabhan et al., 2002). Chronic ethanol exposure
during the first two trimester-equivalents of human brain growth (12) modeled in the rat
has been shown to reduce maternal plasma proline concentration (Marquis et al., 1984).
Utilizing a chronic paradigm during the first two trimester-equivalents of human brain
growth, Karl and coworkers (Karl et al., 1995) found altered plasma glutamate in the
fetal rat, but not in the mother. However, none of these studies have provided a coherent
explanation for ethanol induced alterations in plasma concentrations of amino acids
during pregnancy.

A series of studies from our laboratory have demonstrated that with each bout of
maternal ethanol exposure, the mother and the fetus experience transient increases in
arterial partial pressure of carbon dioxide (P,CO,), resulting in a reduction in arterial pH

(pH,) (Cudd et al., 2001b; Ramadoss et al., 2006b; Ramadoss et al., 2007b; West et al.,
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2001). Acute pH changes are known to alter glutamine/glutamate metabolism and
transport across cell membranes (Curthoys and Watford, 1995; Nissim, 1999).
Glutamine is a major nutrient required by the fetus for growth (Kwon et al., 2003), and a
reduction in its maternal plasma concentration might be detrimental to the normal
growth and development of the fetus. Moreover, a disturbance in glutamine homeostasis
could also lead to alterations in the levels of several other amino acids like arginine and
citrulline whose biosyntheses depend on glutamine. Therefore, we hypothesized that
ethanol mediated acidosis is a candidate mechanism governing alterations in maternal
amino acid homeostasis, and that by creating the same magnitude and pattern of
acidemia, independent of ethanol exposure, in pregnant ewes (see “Critique of the
methods” below for the rationale for choosing this animal model) as that produced by
ethanol would result in similar alterations in the circulating concentrations of glutamine
and the amino acids that are glutamine-dependent. The experimental paradigm was
designed to study the response to an acute dose of ethanol, following four weekly three
day binge exposures (a drinking pattern common in women who use ethanol during
pregnancy) (Caetano et al., 2006; Cudd et al., 2001a; Ebrahim et al., 1999; Gladstone et
al., 1996; Maier and West, 2001), lasting the third trimester-equivalent of human brain
development in sheep, a period of high velocity brain growth when it is known that the

brain is sensitive to ethanol mediated damage (Cudd, 2005; Dobbing and Sands, 1979).
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METHODS
Subjects

The experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Texas A&M University. Suffolk ewes, aged 2-6 years
of age, were mated and pregnancies of known date of conception were confirmed as
previously described (Ramadoss et al., 2006a). In brief, time dated pregnancies were
achieved by controlling the estrous cycle through the use of progesterone impregnated
vaginal implants (EAZI-BREED™, CIDR®, Pharmacia & Upjohn Ltd., Auckland New
Zealand). Implants were removed 11 days after placement at which time prostaglandin
Fyq (20 mg; LUTALYSE®, Pharmacia & Upjohn, Kalamazoo MI) was intramuscularly
administered. The following day, ewes were placed with a ram fitted with a marking
harness for a period of 24 hours. Marked ewes were assessed ultrasonographically on
gestational days (GD) 25, 60 and 90 to confirm pregnancy. Ewes were maintained in
shaded outdoor pens with herdmates from before mating until GD 100. On GD 100, the
ewes were relocated to an environmentally regulated facility (22°C and a 12:12
light/dark cycle) where they remained for the duration of the experiments. Animals in
all treatment groups were fed 2 kg/day of a “complete” ration (Sheep and Goat Pellet,

Producers Cooperative, Bryan, TX). All animals consumed all of the feed offered.

Experiment Protocol
Animals were divided into three experimental groups: an ethanol group, an

acidemic group, and a pair-fed saline control (SC) group. A week before the start of the
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experiment, on GD 102, the ewes underwent surgery to chronically implant femoral
arterial and venous catheters (0.050” inner diameter, 0.090” outer diameter polyvinyl
chloride). Details of the surgery protocol have been described earlier (Cudd et al.,
2001b). The experiments were conducted on three consecutive days beginning on GD
109 followed by 4 days without treatment with the weekly pattern being repeated until
GD 132. In all treatment groups, the infusion solutions were delivered intravenously
over an hour by peristaltic pump (Masterflex, model 7014-20, Cole parmer, Niles IL)
through a 0.2 um bacteriostatic filter. Pumps were calibrated before infusion. Ewes in
the ethanol treatment group received ethanol at a dosage of 1.75 g/kg body weight, as a
40% w/v solution diluted in 0.9% saline. Subjects in the pair-fed saline control and the
acidemic groups received saline (0.9% saline) at a rate and volume equivalent to that of
the ethanol group on a per kg basis.

On the day of an experiment, ewes were placed in a modified metabolism cart so
that the animal’s head was inside a plexiglass chamber (Figure A-16). A vinyl
diaphragm attached to the open side of the chamber was drawn around the animal’s neck
to isolate the atmosphere in the chamber from ambient air. In the acidemic group,
subjects were exposed to increased inspired fractional concentrations of carbon dioxide
for 6 hours, to create a similar magnitude and pattern of reduction in the arterial pH
compared to that produced by ethanol in previous studies (Cudd et al., 2001b) (see
“Critique of the methods” for the rationale for using respiratory manipulation of arterial
pH). The rate at which CO; was introduced into the chamber in the acidemic group was

determined by monitoring maternal arterial pH; the CO, inflow rate was adjusted so that
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maternal arterial pH in the acidemic and ethanol groups were matched over the duration
of the 6 hour experimental period on all 12 experimental days. The percentage of
oxygen and carbon dioxide in the chamber was measured using a gas monitor (oxygen,
model S-3A; carbon-dioxide, model CD-3A, Applied Technologies, Pittsburgh, PA).
Normoxemic conditions were maintained throughout the experiment in the acidemic
group. Subjects in the ethanol and the saline groups had their heads inside the plexiglass
chamber, but the chamber bottom was removed to allow breathing of room air.

Blood (1 ml) was drawn from the femoral artery catheter at 0, 0.5, 1, 1.5, 2, 3, 4,
5, and 6 hours for blood gas analysis on all experiment days. Samples were collected in
heparinized 3 ml syringes, capped and immediately analyzed using a blood gas analyzer
(ABL 5; Radiometer, Westlake, OH). Blood ethanol concentration (BEC) was measured
at 0 and 1 hour. A 20 pl aliquot of blood was collected into microcapillary tubes and
transferred into vials that contained 0.6 N perchloric acid and 4 mM n-propyl ethanol
(internal standard) in distilled water. The vials were tightly capped with a septum sealed
lid and were stored at room temperature until analysis by headspace gas chromatography
(Varian Associates, model 3900, Palo Alto, CA) at least 24 hr after collection. The basic
gas chromatographic parameters were similar to those reported by Penton (Penton,
1985), with the exception of the column (DB-wax, Megabore, J&W Scientific Folsum,
CA) and the carrier gas (helium) used (West et al., 2001).

Assessment of plasma amino acid, lactate, urea and glucose concentrations in
response to the acute challenge following chronic exposure was performed on GD 132,

the last day of the study, by withdrawing blood samples (1 mL) at the beginning and at
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the end of the infusion (1 hour), the time at which peak BEC is achieved (Cudd et al.,
2001b). Samples were immediately centrifuged for 10 minutes at 3000 X g and 4°C.
Plasma was acidified with 1 mL of 1.5 mol/L HCIO4 and then neutralized with 0.5 mL of
2 mol/L K,COs. The supernatant was used for amino acid analysis by HPLC, as
previously described (Wu et al., 1997). Plasma levels of glucose, lactate, and urea were
analyzed by spectrophotometric enzymic methods (glucose, using hexokinase and
glucose 6P dehydrogenase; urea, using urease; lactate, using lactate dehydrogenase) as

previously described (Fu et al., 2005; Wu et al., 1995).

Statistical Analyses

The percentage change in the levels of the nutrients/metabolites at one hour (the
end of ethanol/saline infusion) compared with that at 0 hour (baseline), were analyzed
using a one-way ANOVA with treatment group as the sole dependent factor. Post-hoc
tests were conducted using Fishers protected LSD test. The a level was established a
priori at p < 0.05 for all analyses; p values between 0.05 and 0.10 were considered

trends.
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RESULTS
The saline control, ethanol, and acidemia groups consisted of 6, 5 and 6 subjects
respectively and the data from all subjects were used for analysis of blood gases, plasma

amino acids.

Maternal Arterial Blood Gases and Lactate Levels

Arterial pH at the 1* hour after the beginning of the treatment was reduced in the
ethanol and the acidemic groups, compared to the pair-fed saline control group and these
decreases persisted for 5 hours after the end of infusion (Figure A-17). The magnitude
of pH reduction in the acidemic group was nearly identical to that in the ethanol group at
all time points. This nearly identical decrease in the maternal arterial pH in the acidemic
group was created by increasing the inspired partial pressure of carbon dioxide,
independent of ethanol. Maternal P,CO, similarly peaked at the 1*" hour in the ethanol
and the acidemic groups compared to the pair-fed saline control group, while
measurements at 0™ hour were not different among groups (baseline P,CO,, SC, 34 + 0
mm Hg; ethanol, 33 + 0 mm Hg; acidemia, 34 + 1 mm Hg). P,CO, values at the 1*" hour
were 35 + 0 mm Hg, 39 + 0 mm Hg, and 52 + 1 mm Hg in the saline control, ethanol,
and acidemia groups respectively. Lactate levels were elevated at the 1* hour in the
ethanol group (~ 100%), but not in the acidemic or the pair-fed saline control group
(Figure A-18), explaining why a greater P,CO, elevation was required to produce a
similar magnitude of acidemia as that in the ethanol group. Consequently, ethanol

mediated acidemia had both a respiratory and a metabolic component associated with it,
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while the acidemia group was not subjected to metabolic acidosis. The maternal arterial
partial pressure of oxygen (P,O,) at the 0™ hour was 97 + 1 mm Hg, 90 + 1 mm Hg, and
87 + 2 mm Hg in the saline control, ethanol, and acidemia groups respectively. P,0,
decreased significantly in the ethanol group to 83 + 1 mm Hg at the 1* hour, but no such

reduction was found in the saline control or the acidemic groups.

Plasma Glucose and Urea

No differences were detected in the maternal plasma glucose level at the
beginning of the last day of treatment (SC, 45 + 3 mg/dl; ethanol, 46 + 5 mg/dl;
acidemia, 53 + 4 mg/dl) or at the end of the last acute challenge among treatment groups
(Figure A-18). Plasma urea concentrations were not different when comparing among

groups.

Maternal Plasma Concentrations of Amino Acids

Maternal plasma concentrations of most amino acids at the beginning of the last
day of the experiment were not different among groups (Table B-1). However, some
differences were noted: glutamine and glutamate were significantly reduced in the
ethanol group; arginine, asparagine, and serine were significantly elevated in the
acidemic group, while branched chain amino acids (BCAAs) were significantly higher in
the ethanol as well as the acidemic groups, compared with that in the pair-fed saline

control group.
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A significant reduction in the maternal plasma concentrations of amino acids in
response to an acute exposure following the chronic exposure was observed in the
ethanol and the acidemic groups compared with those in the pair-fed saline control group
(Figure A-19). The reductions in the levels of arginine (~ 42%), citrulline (~ 25%),
asparagine (~ 44%), serine (~ 30), threonine (~ 44%), tryptophan (~ 24%), methionine
(~ 46%), leucine (~ 31%), histidine (~ 14%), tyrosine (~ 24%), valine (~ 53%), and
isoleucine (~ 35%) were significant at one hour in the ethanol group. The same specific
amino acids were reduced significantly in the acidemic group. Glutamine was
significantly reduced (~ 40%) in the ethanol group, whereas it trended lower (~ 25%) in
the acidemic group. The only amino acid that exhibited a significant increase in
response to ethanol was glutamate (~ 58%). In the acidemia group, glutamate was
elevated (~ 30%) but the response was not statistically significant. Post-hoc analysis did
not identify differences between the ethanol and acidemia groups for any of these amino
acid concentrations. In contrast, glycine, taurine, alanine, ornithine, and phenylalanine
were not different among groups. The pair-fed saline control group exhibited no

alterations in any of the amino acids at the 1* hour, compared with baseline values.
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DISCUSSION
Critique of the Methods
Rationale for the pattern and timing of exposure

We used a chronic weekly-weekend binge ethanol exposure paradigm, a common
pattern of drinking in women who abuse ethanol during pregnancy (Caetano et al., 2006;
Cudd et al., 2001a; Ebrahim et al., 1999; Gladstone et al., 1996; Maier and West, 2001a).
In humans, the velocity of fetal brain growth increases throughout the third trimester to
peak at parturition (33). This period of third trimester high velocity brain growth is a
time when it is known that there is a high sensitivity to ethanol mediated brain damage
(Dobbing and Sands, 1979; West et al., 2001). In order to extrapolate this timing of
exposure from sheep to humans, we differentiated the equation reported by Richardson
and Herbert that predicts ovine fetal brain weight as a function of gestational age, with
respect to time, and the first order velocity curve was plotted similar to that of Dobbing
and Sands (Dobbing and Sands, 1979; Richardson and Hebert, 1978) (Figure A-20). In
the sheep, the velocity of brain growth declines significantly after GD 132. Therefore,
the experiment was performed in pregnant sheep from GD 109 to GD 132 (term is 147
days) in order to best model the period of human third trimester high velocity brain

growth.

Rationale for the use of the sheep model
The sheep was chosen because the third trimester equivalent of brain

development in this species occurs in utero, as it does in the human and not postnatally
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as occurs in rats. Using a postnatal model of third trimester-equivalent of human brain
development like the rat or mouse would add the potential confounds of eliminating
maternal, placental and fetal interactions or a role of parturition in mediating the
damage. In addition, we have previously established that the third trimester equivalent
in sheep is a period of increased vulnerability to ethanol as it is in humans and in other
animal models (Livy et al., 2003; West et al., 2001). Further, the sheep was utilized
because of the robustness of this species in experiments requiring chronic
instrumentation. We chose not to instrument the fetuses because the studies lasted from
GD 109 until GD 132, the end of the third trimester equivalent of human brain
development. Instrumenting the fetuses before the beginning of the experiments (in
order to allow recovery from surgery) and then extending the preparations until GD 132
would have involved unacceptable wastage with respect to addressing our primary
question, the effects of chronic ethanol and pH changes on maternal amino acid

concentrations.

Rationale for using a respiratory manipulation to create acidemia

We hypothesized that alcohol induced maternal acidosis would alter maternal
glutamine homeostasis. Ethanol exposure results in mixed respiratory and metabolic
acidosis in the mother and fetus (Cudd et al., 2001b; Gleason and Hotchkiss, 1992;
Ramadoss et al., 2007d).  We mimicked the pH pattern produced by ethanol by
manipulating maternal P,CO; rather than by using an exclusively metabolic or a mixed

respiratory/metabolic approach for the following reasons: 1) altering CO, affects pH in
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all fetal and maternal body fluid compartments and 2) precise manipulation of arterial
pH could be maintained over 6 hours by respiratory means without the potential
confounds of creating fluid volume or electrolyte changes that might occur in response
to prolonged acid infusions. And finally, it has been demonstrated in other animal
model systems that the renal glutamine uptake in respiratory and metabolic acidosis is

comparable (Gougoux et al., 1982; Windus et al., 1984).

Ethanol Alters Maternal Plasma Amino Acid Levels

To our knowledge, this is the first study to identify dynamic changes in maternal
plasma concentrations of amino acids in response to an acute challenge of ethanol
following a chronic exposure throughout the third trimester-equivalent of human brain
growth. The maternal plasma amino acid concentrations in this study in the pair-fed
saline control group were similar to those reported previously in normal pregnant ewes
on a similar day of gestation (Kwon et al., 2003). The concentrations of most amino
acids at the beginning of the last day of experiment were not different among the
treatment groups though glutamine and glutamate concentration were reduced in the
ethanol group and BCAA concentrations were elevated in the ethanol and the acidemic
groups. A final acute challenge of ethanol or acidemia following the chronic exposure
resulted in a significant reduction of glutamine, arginine, citrulline, asparagine, serine,
threonine, tryptophan, methionine, leucine, histidine, tyrosine, valine, and isoleucine,
compared with that at baseline, while glutamate was elevated. Glucose, in contrast, was

not altered in response to ethanol, a finding that is consistent with previous reports;
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maternal ethanol consumption reduces fetal, but not maternal plasma glucose levels
(Falconer, 1990; Marquis et al., 1984; Richardson et al., 1985). Utilizing a chronic, but
not a binge ethanol exposure during the first two trimester-equivalents of human brain
growth in rats, Karl and coworkers (Karl et al., 1995) found increased fetal glutamate
levels, but glutamine was not altered in the mother or the fetus. Other rat studies
involving a similar exposure paradigm have demonstrated a decrease in maternal plasma
proline levels (Marquis et al., 1984), as well as reduced sodium dependent intestinal
absorption of methionine (Polache et al., 1996), and taurine (Martin-Algarra et al.,
1998). In contrast to these chronic exposure studies, an acute ethanol study in the
pregnant mouse resulted in a significant reduction in the plasma concentrations of
several amino acids, including threonine, serine, glutamine, glycine, alanine, and
methionine (Padmanabhan et al., 2002). The potential adverse effects of these decreases
in maternal amino acid levels would be further compounded by ethanol mediated
reductions in transplacental amino acid transport (Fisher et al., 1981; Henderson et al.,
1981; Lin, 1981; Schenker et al., 1990), leading to further decreased availability of fetal

nutrients.

Acidemia Is a Central Mechanism Governing Ethanol Mediated Alterations in
Amino Acid Levels

Ethanol induced a mixed respiratory and metabolic acidosis in this study. This
finding is consistent with previous reports from this laboratory where we have shown

that with each bout of ethanol, the mother and the fetus are subjected to transient
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hypercapnea and acidemia, irrespective of the period of gestation (Cudd et al., 2001b;
Ramadoss et al., 2007b). The current study extends our previous work by demonstrating
that an acute acidemic challenge (independent of ethanol), of a nearly identical
magnitude to that brought about by ethanol, resulted in similar amino acid alterations as
in the ethanol treatment group. The same specific amino acids were altered in both
groups suggesting that acidemia is the central mechanism mediating these changes in
amino acid concentrations. We propose the following model to explain the amino acid

dynamics in ethanol induced acidemia.

The Ethanol-Glutamine Model
The role of the kidney

The maternal kidney is one of two organ systems that are largely responsible for
alterations in maternal amino acid levels in response to acidosis (Figure A-21). In the
present study, we observed a significant decrease in glutamine levels in response to an
acute challenge following the chronic exposure, a finding that is consistent with previous
reports where acidosis has been shown to decrease plasma glutamine levels (Heitmann
and Bergman, 1980) due to increased renal glutamine uptake, by 365% in nonpregnant
sheep (Heitmann and Bergman, 1980), and by even higher values in humans and rats
(Welbourne, 1987; Welbourne et al., 1986). The kidneys extract and catabolise more
than one third of plasma glutamine in a single pass through the organ (Taylor and
Curthoys, 2004). Twenty percent of glutamine is known to be filtered and reabsorbed

and, within 1 to 3 hours of acidosis, renal extraction of plasma glutamine exceeds the
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percent filtered by glomeruli (Hughey et al., 1980; Taylor and Curthoys, 2004). Several
factors contribute to this increased renal absorption of plasma glutamine (Brosnan,
1987). First, acidosis stimulates glutamine uptake by renal mitochondria and its
metabolism via the phosphate-dependent glutaminase (PDG) pathway (Nissim, 1999).
Second, acidosis elicits increased expression of the system N glutamine transporter
SNAT3 (SLC38A3) in basolateral membrane of the late proximal tubule S3 segment
(Moret et al., 2007). This alteration in the renal glutamine transporter is glucocorticoid
dependent (Karinch et al., 2007). Previous studies conducted in our laboratory have
demonstrated that ethanol increases fetal as well as maternal cortisol levels (Cudd et al.,
2001a). Therefore, these increases in cortisol would be expected to increase the
glutamine uptake by the kidneys (Karinch et al., 2007), further contributing to the
observed decreases in plasma glutamine levels in acidotic ewes. Third, formation of
glutamine from glutamate and ammonia is negligible in the kidneys, especially in
acidosis (Nissim, 1999). Taken together, these three processes explain the decreased
plasma glutamine levels. Even though the gut and liver of the sheep also play a role in
utilizing plasma glutamine, the intestinal extraction does not change in response to
acidosis and the hepatic uptake of glutamine decreases in chronic acidosis (Heitmann
and Bergman, 1980). It is worthy of note that in humans, the kidney is the only organ

that is involved in plasma glutamine extraction during acidosis (Welbourne, 1987).



100

A reduction in plasma glutamine concentration will directly affect the levels of
several other amino acids that are synthesized from glutamine (Wu and Morris, 1998);
these include ornithine, citrulline (an intermediate in arginine synthesis from glutamine
and proline), and arginine (Wu and Morris, 1998). In addition, elevated levels of lactate
can reduce intestinal synthesis of citrulline and arginine from proline by inhibiting
proline oxidase activity (Dillon et al., 1999). The glutamate formed from glutamine in
the kidney is removed by glutamate dehydrogenase, by transamination reactions, and by
transport from the intracellular (ICF) to the extracellular (ECF) compartment (Nissim,
1999), explaining the observed increases in plasma glutamate level in this study.
Finally, an acidemia mediated increase in expression of renal glutamine SNAT3
transporter would result in increased renal uptake of histidine and asparagine, probably
accounting for their decreased availability in maternal plasma (Chaudhry et al., 2001;

Karinch et al., 2002).
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The role of the skeletal muscle

The major source of plasma glutamine in sheep and humans is skeletal muscle
(Welbourne, 1987). Some evidence suggests that glutamine release from muscle is not
altered in response to acidosis in sheep (Heitmann and Bergman, 1980), a finding that
would explain the observed decreases in plasma glutamine concentration. In the
presence of ethanol mediated increases in glucocorticoids (Cudd et al., 2001a), acidosis
would up-regulate the transamination of BCAAs with a-ketoglutarate to form glutamate
and branched chain o-ketoacids (BCKAs) and would also directly stimulate the
oxidative catabolism of BCKAs through the activation of BCKA dehydrogensase,
ultimately leading to decreased plasma levels of BCAAs (May et al.,, 1987).
Interestingly, plasma concentrations of BCAAs at the beginning of the last ethanol or
acidemia treatment were elevated (Table B-1), suggesting a decrease in their

intramuscular catabolism or an increase in net proteolysis.
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CONCLUSION AND PERSPECTIVES

Results of this study support the conclusion that chronic binge ethanol induced
acidosis alters amino acid homeostasis in pregnant ewes. These novel findings may help
explain intra-uterine growth retardation and structural damage to the nervous system
observed in FASD. Women who drink during pregnancy may exhibit decreases in
plasma amino acid concentrations and thus availability of glutamine and related amino
acids with each bout of ethanol consumption. Repeated perturbations in the fetal
availability of specific nutrients due to altered concentrations in maternal plasma could
result in impaired development and altered programming with life-long consequences
for the offspring. Therefore, we conclude that maternal acidosis and glutamine
dependent pathways should be taken into consideration in the development of effective

therapeutic measures for FASD.
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7. EFFECTS OF ACIDOSIS ON THE CEREBELLUM

INTRODUCTION

Ethanol abuse during pregnancy can result in a variety of deleterious effects
that include physical, mental, behavioral, and/or learning deficits, collectively referred to
as Fetal Alcohol Spectrum Disorders (FASD) (Riley and McGee, 2005; Sokol et al.,
2003). Heavy maternal drinking is the leading cause of birth defects in the western
world, accounting for 1 case of FASD per 100 live births (Sokol et al., 2003; Stratton et
al., 1996). Broad public health measures to prevent maternal ethanol consumption have
met with limited success (Cudd, 2005; Stratton et al., 1996); the incidence of FASD has
not decreased (Caetano et al., 2006; CDC, 2004; NIAAA, 2000; Stratton et al., 1996).
Therefore, in addition to education, ways to prevent or mitigate the effects of prenatal
ethanol exposure must be explored (Cudd, 2005).

Fetal cerebral hypoxia is one of the most cited mechanisms for the teratogenic
effects of ethanol. However, the experimental evidence supporting ethanol-induced
cerebral hypoxia as a mechanism of FASD is largely based on indirect observations. For
example, both hypoxia and ethanol exposure during development induce similar
craniofacial and neuronal deficits (Aitken and Schiff, 1986; Bronsky et al., 1986). More
recent studies have demonstrated that ethanol exposure (1-3 g/kg) in sheep during the
third trimester-equivalent does not result in fetal hypoxemia, despite a mild transient
reduction in the maternal arterial partial pressure of oxygen (P,O,) to around 83 mm Hg

(Cudd et al., 2001b; Falconer, 1990; Patrick et al., 1985; Richardson et al., 1985; Smith
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et al., 1989a). In fact, chronic ethanol (1.75 g/kg) results in decreases in the fetal total
peripheral vascular resistance, leading to increased cerebral blood flow and oxygen
delivery (Parnell et al., 2007), a set of findings that do not support the cerebral hypoxia
theory.

Though ethanol does not lead to fetal hypoxemia or hypoxia, it has been
demonstrated to result in maternal and fetal hypercapnea and acidemia (Cudd et al.,
2001b; Parnell et al., 2007; Ramadoss et al., 2007a; Ramadoss et al., 2007d), and
interestingly fetal acidosis has been suggested to be a potential mechanism underlying
the teratogenic effects of ethanol (Horiguchi et al., 1971) even before Fetal Alcohol
Syndrome (FAS), was described by Jones and Colleagues (Jones et al., 1973). Severe
brain acidosis has been documented to cause neuronal and glial death (Goldman et al.,
1989; Kraig et al., 1987; Staub et al., 1990), and some candidate mechanisms include
exacerbation of free radical mediated injury (Ying et al., 1999),), alteration of gene
expression and protein synthesis by perturbing intracellular signal transduction pathways
(Siesjo et al., 1996), decrease of serum IGF-1 concentrations (Brungger et al., 1997;
Challa et al., 1993; Wiederkehr and Krapf, 2001), and increase of glucocorticoid levels
(Perez et al., 1979; Wiederkehr and Krapf, 2001; Wood and Chen, 1989). We also
recently reported that ethanol-induced acidemia decreases the concentrations of
glutamine and glutamine-related amino acids, resulting in decreased bioavailability of
nutrients to the fetus (Ramadoss et al., 2007d), while glutamate is elevated. Therefore,
we speculated that chronic binge alcohol exposure mediated acidemia may be

deleterious to fetal brain development.
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Developmental third trimester-equivalent ethanol exposure is documented to
result in loss of certain neuronal cell types in specific brain regions, especially the
Purkinje and granule cells of the cerebellum (Goodlett and Eilers, 1997; Hamre and
West, 1993; Ramadoss et al., 2007a; West et al., 2001). Therefore, we hypothesized that
repeated ethanol exposures leading to acidemia, 3 days in succession per week (a
common binge drinking paradigm) (Caetano et al., 2006; Ebrahim et al., 1999;
Gladstone et al., 1996) throughout the third trimester would lead to fetal cerebellar
Purkinje cell loss. The corollary hypotheses are that the ethanol-mediated transient
reduction in maternal P,O, and acidemia play a role or that blood gases do not play a
role. The measurement of neuronal loss was conducted using a stereological cell
counting technique.

A second goal in this study was to examine the cerebellum upon inhibition of
ethanol-induced fetal acidemia by selective blockade of the novel TWIK acid sensitive
potassium channels (TASK) expressed in the peripheral and central chemoreceptors
(Duprat et al., 1997). TASK channels express a standing outwardly rectifying potassium
current. They depolarize upon inhibition and thus increase firing rate to the respiratory
control centers, and thus increase the tidal volume and the respiratory rate. (Han et al.,
2002; Millar et al., 2000; Duprat et al., 1997). These experiments were performed in the
sheep fetus during a period of high velocity brain growth like that during the third
trimester in humans (Cudd, 2005), a period when it is known that the brain is sensitive to

ethanol mediated damage (Maier et al., 1999).
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METHODS
Subjects

The experimental procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Texas A&M University. Suffolk ewes, aged 2-6 years
of age, were mated and pregnancies of known date of conception were confirmed as
previously described (Ramadoss et al., 2006a). The day of mating (the day that ewes
were marked by the ram) was designated as gestational day (GD) 0. Ewes were
maintained in shaded outdoor pens with herdmates from before mating until GD 90. On
GD 90, the ewes were relocated to an environmentally regulated facility (22°C and a
12:12 light/dark cycle) where they remained for the duration of the experiments.
Animals in all treatment groups were fed 2 kg/day of a “complete” ration (Sheep and
Goat Pellet, Producers Cooperative, Bryan, TX). All animals consumed all of the feed

offered.

Treatment Groups

Nine treatment groups were used in this study (Table B-1): (1) an untreated
normal control group, (2) a pair-fed saline control (received 0.9% saline at a rate and
volume equivalent to that of the ethanol group on a per kg basis) that served as a control
for nutrition, instrumentation and the volume of infusion delivered, (3) an ethanol group
that received ethanol at a dosage of 1.75 g/kg body weight, as a 40% w/v solution
diluted in 0.9% saline, (4) an ethanol-normoxemic (ethanol-normox) group, where a

transient decrease in the maternal arterial partial pressure of oxygen (P,0;) produced at
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the end of each ethanol infusion was abolished by providing increased inspired fractional
concentration of oxygen, (5) an acidemic-normoxemic (acidemic-normox) group, where
the arterial pH (pH,) pattern produced by ethanol was mimicked for the whole of the
third trimester-equivalent independent of ethanol (received saline), (6) an acidemic-
hypoxemic (acidemic-hypox) group, where the maternal fall in pH, and the mild
decrease in maternal P,0, was mimicked, (7) an ethanol-TASK inhibitor (ethanol-TI)
group, where the ethanol-induced acidemia was prevented by modulating pathways that
control respiration, (8) a saline-TASK inhibitor (saline-TI) group that served as a control
for the ethanol-TI group, (9) and a fetal instrumented group, in order to measure fetal
blood gases. The fetuses were not instrumented in the first six treatment groups because
the studies lasted from GD 109 until GD 132, the end of the third trimester equivalent of
human brain development. Instrumenting the fetuses before the beginning of the
experiments (in order to allow recovery from surgery) and then extending the
preparations until GD 132 would have involved unacceptable wastage with respect to
addressing our question, the effect of alcohol-induced alterations in maternal blood gases
on fetal brain. The mothers in the fetal instrumented group were randomized so that
subjects received each of the four treatments (saline, alcohol, acidemia-normox, or

acidemia-hypox) on GD 118, GD 123, GD 125, and GD 132.

Maternal and Fetal Surgery
In all groups, except the normal control and fetal instrumented groups, a week

before the start of the experiment, on GD 102, the ewes underwent surgery to
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chronically implant femoral arterial and venous catheters (0.050” inner diameter, 0.090”
outer diameter polyvinyl chloride). Details of the surgery protocol have been described
earlier (Cudd et al., 2001Db).

In the fetal instrumented group, surgery was performed on GD 113 to implant
chronic indwelling catheters as previously described (Cudd et al., 2001b). In brief, a
ventral midline laparotomy was performed and the uterus and fetal membranes were
incised. A catheter (0.030” inner diameter, 0.050” outer diameter polyvinyl chloride)
was passed from the cranial tibial artery into the abdominal aorta. Catheters were passed

through the flank of the ewe and were stored in a pouch attached to the skin.

Experiment Protocol

The experiments were conducted on three consecutive days beginning on GD
109 followed by 4 days without treatment with the weekly pattern being repeated until
GD 132. In all treatment groups, the infusion solutions were delivered intravenously
over an hour by peristaltic pump (Masterflex, model 7014-20, Cole parmer, Niles IL)
through a 0.2 um bacteriostatic filter. Pumps were calibrated before infusion.

On the day of an experiment, ewes were placed in a modified metabolism cart so
that the animal’s head was inside a plexiglass chamber (Ramadoss et al., 2007d). A
vinyl diaphragm attached to the open side of the chamber was drawn around the
animal’s neck to isolate the atmosphere in the chamber from ambient air (Table B-1). In
the acidemic (acidemic-normox and acidemic-hypox) groups, subjects were exposed to

increased inspired fractional concentrations of carbon dioxide for 6 hours, to create a
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matching magnitude and pattern of reduction in the arterial pH (pH,) compared to that
produced by ethanol in previous studies (Cudd et al., 2001b) and in he present study.
The rate at which CO, was introduced into the chamber in the acidemic groups was
determined by monitoring maternal arterial pH, (ABL 5, Radiometer, Cleveland, OH);
the CO, inflow rate was adjusted so that maternal pH, in the acidemic and ethanol
groups were matched over the duration of the 6 hour experimental period on all 12
experimental days. The percentage of oxygen and carbon dioxide in the chamber was
measured using a gas monitor (oxygen, model S-3A; carbon-dioxide, model CD-3A,
Applied Technologies, Pittsburgh, PA). Normoxemic conditions were maintained
throughout the experiment in the acidemic-normox group. In the acidemic-hypox group,
in addition to replicating the acidemia, the mild transient reduction in the maternal P,0,
observed at the 1* hour in response to ethanol (the end of ethanol infusion) (Cudd et al.,
2001b) was mimicked by increasing the inspired fractional concentration of nitrogen. In
the ethanol-normox group, the transient reduction in maternal P,O, was abolished by
increased inspired fractional concentration of oxygen. Subjects in the ethanol and the
saline control groups had their heads inside the plexiglass chamber, but the chamber
bottom was removed to allow breathing of room air. In the ethanol-TI group, a selective
TASK channel blocker (Doxapram hydrochloride, Dopram-V, 20 mg/mL, Fort Dodge,
Iowa) was administered to prevent the ethanol-induced decreases in pH. The rate at
which TI was infused was empirically adjusted by withdrawing maternal blood samples

every 15 minutes for 6 hours on every day of the experiment.
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Manipulation of Maternal Acid-Base Status

Blood (1 ml) was drawn from the femoral artery catheter at 0, 0.5, 1, 1.5, 2, 3, 4,
5, and 6 hours for blood gas analysis on all experiment days. Samples were collected in
heparinized 3 ml syringes, capped and immediately analyzed using a blood gas analyzer
(ABL 5; Radiometer, Westlake, OH). Arterial pH (pH,) at the 1* hour after the
beginning of the treatment was reduced in the ethanol, ethanol-normox, acidemic-
normox, and the acidemic-hypox groups, compared to the pair-fed saline control,
ethanol-TI, and saline-T1 groups and these decreases persisted for 5 hours after the end
of infusion (Figure A-22). The fall in pH, induced by ethanol was inhibited
administering T in the ethanol-TI group. Further, the magnitude of pH, reduction in
both the acidemic groups was nearly identical to that in the two ethanol groups at all
time points. This nearly identical decrease in the maternal arterial pH in the acidemic
group was created by increasing the inspired partial pressure of carbon dioxide,
independent of ethanol. Maternal P,CO, similarly peaked at the 1*" hour in the ethanol
and the acidemic groups compared to the pair-fed saline control group, while
measurements at 0" hour were not different among groups (baseline P,CO,, saline
control, 34 + 0 mm Hg; ethanol, 32 + 1 mm Hg; ethanol-normox, 34 + 0 mm Hg;
acidemic-normox, 34 + 1 mm Hg; acidemic-hypox, 34 + 0 mm Hg; ethanol-TI, 34 + 1
mm Hg; saline-TI, 34 + 1 mm Hg). P,CO, values at the 1*" hour were 35 + 0 mm Hg, 40
+ 1 mm Hg, 40 + 1 mm Hg, 45 + 1 mm Hg, 52 + 1 mm Hg, 34 + 1 mm Hg, and 32 + 1
mm Hg in the saline control, ethanol, ethanol-normox, acidemic-normox, acidemic-

hypox, ethanol-TI, and saline-TI groups respectively. Maternal lactate levels were
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increased (by ~ 100%) only in the ethanol groups, and not in response to acidemia
produced by hypercapnea, explaining why a greater P,CO, elevation was required to
produce a similar magnitude of acidemia as that in the ethanol group. Consequently,
ethanol mediated acidemia had both a respiratory and a metabolic component associated
with it, while the acidemia groups were not subjected to metabolic acidosis. The
maternal arterial partial pressure of oxygen (P,0,) at the 0™ hour was 96 + 1 mm Hg, 90
+ 1 mm Hg, 97 + | mm Hg, 91 + 2 mm Hg, 91 + 1 mm Hg, 99 + 2 mm Hg, and 96 + 3
mm Hg in the saline control, ethanol, ethanol-normox, acidemic-normox, and acidemic-
hypox, ethanol-T1, and saline-TI groups respectively. P,0O, decreased in the ethanol
group to around 85 mm Hg at the 1* hour in ethanol, and acidemic-hypox groups, but no
such reduction was found in the other treatment groups. Further, no biologically
significant alterations were seen in P,O; in any of the groups at any other time point.
Blood ethanol concentration (BEC) was measured at O and 1 hour. A 20 pl
aliquot of blood was collected into microcapillary tubes and transferred into vials that
contained 0.6 N perchloric acid and 4 mM n-propyl ethanol (internal standard) in
distilled water. The vials were tightly capped with a septum sealed lid and were stored
at room temperature until analysis by headspace gas chromatography (Varian
Associates, model 3900, Palo Alto, CA) at least 24 hr after collection. The basic gas
chromatographic parameters were similar to those reported by Penton, with the
exception of the column (DB-wax, Megabore, J&W Scientific Folsum, CA) and the

carrier gas (helium) used (Penton, 1985).
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Fetal Cerebellar Tissue Processing

On GD 133, the ewes were euthanized using sodium pentobarbital (75 mg/kg,
intravenously), and the fetuses were removed from the uterus and perfused with saline
followed by cold fixative solution containing 1.25% paraformaldehyde and 3%
glutaraldehyde in phosphate buffer (pH, 7.4). The brains were removed and stored in
additional fixative until processed for stereological cell counting.

The cerebellum was dissected, embedded in 4% agar, and cut sagittally into five
slabs. These slabs were dehydrated through increasing concentrations of ethanol (70, 95,
100%) and then infiltrated with increasing concentrations of infiltration solution (25, 50,

75, 100% methyl methacrylate; Technovit 7100™

Embedding kit, Leica, Wetzlar,
Germany). The tissue in each slab was embedded in a solution containing 1 ml dimethyl
sulfoxide (hardener) per 15 ml of 100% infiltration solution and allowed to harden.
After hardening, the tissue was sectioned into 30 pm sagittal sections by using a

microtome (model RM2255, Leica, Nussloch, Germany). Every twentieth section was

saved, mounted on a glass slide, stained with cresyl violet, and coverslipped.

Stereological Cell Counting
The total number of fetal cerebellar Purkinje cells was estimated using unbiased

stereological cell counting techniques as described previously (Ramadoss et al.,
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2007b). In brief, the Nikon (Garden City, NY) Optiphot microscope used in this study
had a 40X objective lens with a 1.4 numerical aperture condenser. The microscope had
a motor-driven stage to move within the x and y axes and an attached microcator to
measure the z axis. The image was transferred to a personal computer (Millenium,
Micron, Boise, ID) via a color video camera (model 2040, Jai, Copenhagen, Denmark).
The reference volume was estimated using the Cavalieri’s Principle and was calculated
by the equation V¢ = Zp; X A(pi) X t where Xp; is the total number of points (p;)
counted, A(p;) is the known area associated with each point, and t is the known distance
between two serial sections counted. The GRID® software provided templates of points
in various arrays that were used in point counting for reference volume estimation. The
Purkinje cell density was determined by following the optical disector method, which
was calculated using the formula N, = £Q / (Zdisector X A(fr) X h) where ZQ is the sum

of the Purkinje cells counted from each disector frame, Zdisector is the sum of the
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number of disector frames counted, A(fr) is the known area associated with each disector
frame, and h is the known distance between two disector planes. The placement of the
disector frames was determined by the GRID® software in a random manner. The
estimated total number of Purkinje cells in the cerebellum was then calculated by
multiplying the reference volume of the cerebellum and the numerical density of cells

within this reference volume as described before (West et al., 2001).

Data Analysis

The stereology data were analyzed using a one-way ANOVA with “treatment” as
the sole independent variable followed by protected Fishers LSD tests. Analyses of fetal
arterial P,O, and pH were performed using a mixed ANOVA with “treatment” as a
between factor and “time” as a within factor. Statistical significance was established a

priori at p < 0.05.
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RESULTS
Ethanol and Fetal Acid-Base Status

The fetal arterial pH, was significantly lower in the ethanol, acidemic-normox,
and acidemic-hypox groups compared to the pair-fed saline control group (Figure A-23).
Further, the pH, at 1* hour was significantly lower than at all other time points. In
contrast to these alterations in fetal pH,, no such alteration in fetal arterial partial

pressure of oxygen (P,0,) was found among the treatment groups or among time points.

Stereology Data

The estimated total number of fetal cerebellar Purkinje cells was significantly
lower in the ethanol, and the ethanol-normox groups compared with that in the pair-fed
saline control, and the normal control groups (Figure A-24). The mild transient decrease
in the maternal P,O, at the end of ethanol infusion was abolished in the ethanol-normox
group, by increased inspired fractional concentration of oxygen; albeit this did not alter
the number of Purkinje cells lost in response to ethanol. The acidemic-normox, and
acidemic hypox groups also exhibited significantly lower number of cerebellar Purkinje
cells compared to the two control groups. However, despite mimicking the fetal pH, for
6 hours during the whole month third trimester-equivalent of chronic infusion, acidemia
could not account for all of the cell loss; the number of cerebellar Purkinje cells in the

acidemia groups was significantly different from the ethanol and ethanol-normox
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groups. In the acidemic-hypox group, in addition to pH,, the transient decrease in the
maternal P,0, at the 1% hour was mimicked. However, this did not result in any
difference compared to when the pH, alone was mimicked. This is understandable as
the decrease in the maternal P,0, at the 1* hour did not result in a similar decrease in
fetal P,O, in the ethanol group or the acidemic-hypox group. Most importantly, when
ethanol was supplemented with TI, the ethanol-induced loss in cerebellar Purkinje cells
was no more observed. Ethanol-TI group was not different from the normal and pair-fed
saline control group. However. the ethanol-TI group was also significantly different
from the ethanol, ethanol-normox and the two acidemia groups. When TI was
administered with saline, no further significant increases in the Purkinje cell number was
observed. The saline-TI group was not different from the control groups. No differences
were noted between the two control groups, between the two ethanol groups, between

the two acidemia groups, or between the two TI groups. Though the total number of
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fetal cerebellar Purkinje cells was reduced in response to ethanol-induced acidemia, an
overall statistical difference among groups in the cerebellar volume was not detected
(Figure A-25). The cell density in the ethanol and acidemia groups was significantly
lower compared with that in the normal control group (Figure A-26). The ethanol
groups also had a significantly lower density compared to the saline control group.
However, the acidemia group was not different compared to the saline control as well as
the ethanol groups. When the ethanol group subjects were supplemented with TI, the
ethanol-induced decrease in cerebellar Purkinje cell density was no more observed.
TASK channel inhibition completely inhibited the teratogenic effects of ethanol on the
fetal cerebellar Purkinje cells. No differences in cell density were detected between the
controls, between the ethanol groups, between the acidemic groups, or between the TI

groups.
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DISCUSSION
The Cerebellum Is Vulnerable to Prenatal Ethanol Exposure

The present study used a quantitative stereological cell counting technique to
demonstrate that chronic binge ethanol consumption during the third trimester-
equivalent of human brain development results in a significant reduction in cerebellar
Purkinje cell number in an ovine model, where all three trimester-equivalents occur in
utero. FASD is characterized by central nervous system damage, at a gross, as well as
microscopic level (for review, see Chen et al., 2003), and the affected children may
exhibit abnormal development of the cerebellum (Archibald et al., 2001; Sowell et al.,
1996; Swayze et al., 1997). Clinically, one of the most common abnormalities found in
human prenatal ethanol exposure pathology studies has been the dysgenesis of
cerebellum (Clarren et al., 1978; Peiffer et al., 1979; Wisniewski et al., 1983). MRI
studies have clearly demonstrated a significantly smaller anterior cerebellar vermis in
children who have been exposed to ethanol prenatally (Sowell et al., 1996), and it has
been suggested that the cerebellum is the most sensitive morphological indicator of
prenatal ethanol exposure in children (Autti-Ramo et al., 2002). Complementing these
human studies, quantitative stereology studies conducted utilizing the rat model, further
support this effect of ethanol on the developing cerebellum; it has been demonstrated
that the cerebellum is more vulnerable to developmental ethanol exposure than any other
brain structure and that the cerebellar Purkinje cells are more susceptible than any other
cell type (Bonthius and West, 1991; Maier et al., 1997; Maier et al., 1999). The findings

from the present study are in agreement with reports on humans and rodent models, that
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the cerebellar Purkinje cells are vulnerable to alcohol exposure during the third

trimester-equivalent of human brain development.

Hypoxia Is Not a Mechanism in FASD

In this study, we show that every bout of maternal ethanol consumption leads to a
mild reduction in P,0O, at the end of infusion. However, this mild fall in maternal P,O,
did not result in a fall in fetal P,O, showing that the fetus is well adapted to these mild
decreases in maternal oxygen levels. Fetal differences from the adult are higher
hemoglobin concentration, left-shifted oxygen-hemoglobin saturation curve, and higher
cardiac output per unit body weight (Thornburg and Morton, 1994). Further, when we
supplemented the ethanol-fed ewes with oxygen to abolish any mild decreases in the
maternal P,O,, we observed no improvement in the cerebellar Purkinje cell number. The
cerebellar Purkinje cell numbers were also not different when we mimicked fetal
acidosis with or without the mild fall in maternal P,0,. This set of findings provide
conclusive evidence that fetal hypoxia is not a mechanism in ethanol mediated fetal
neuronal damage. In fact, the experimental evidence supporting ethanol-induced
cerebral hypoxia as a mechanism of FASD is largely indirect. For example, both
hypoxia and ethanol exposure during development induce similar craniofacial and
neuronal deficits (Aitken and Schiff, 1986; Bronsky et al., 1986). Direct evidence that
cerebral hypoxia may be a mechanism by which prenatal ethanol exposure causes
FASDs was supplied by a report that an intravenous bolus of ethanol in fetal monkeys

resulted in fetal hypoxemia (Mukherjee and Hodgen, 1982). However, the ethanol dose
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and administration paradigm (intravenous bolus over two minutes) used in that study
resulted in exceptionally high blood ethanol concentrations (BECs) of ~500 mg/dl.
Additionally, that study was performed in anesthetized animals: anesthesia may have
impeded the normal protective cardiovascular homeostatic responses to the actions of
ethanol. Other studies have demonstrated that an acute or a chronic ethanol exposure
during brain growth spurt does not result in fetal hypoxemia (Cudd et al., 2001b;
Falconer, 1990; Patrick et al., 1985; Reynolds et al., 1996; Richardson et al., 1985;
Smith et al., 1989a). In contrast, it has been demonstrated that chronic binge ethanol
during the third-trimester-equivalent of human brain development leads to hypercapnea
and acidosis-mediated increased cerebral blood flow leading to increased oxygen
delivery (Parnell et al., 2007). This finding coupled with reports that fetal hemoglobin
concentration is not altered in response to ethanol (Gleason and Hotchkiss, 1992;
Richardson et al., 1985) provide convincing evidence that oxygen delivery to the brain is
not compromised during the third trimester equivalent at these BECs. Further, studies
have also demonstrated in rats during brain growth spurt that ethanol doses capable of
reducing fetal cerebellar Purkinje cell number do not alter global brain intracellular high-
energy phosphate concentrations (Cudd et al., 2000), an indication that brain
oxygenation is not altered and that ethanol does not mediate hypoxic, anemic, ischemic
or histotoxic hypoxia. Therefore, factors other than hypoxia are responsible for the fetal
neurodevelopmental damage in response to moderate doses of ethanol exposure during

the third trimester equivalent of human fetal development.
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Ethanol-Induced Fetal Acidemia Is an Important Mechanism in Fetal Cerebellar
Purkinje Cell Loss

Another finding in this study is that chronic binge ethanol mediated acidosis
results in fetal cerebellar injury. When the pH, pattern produced by ethanol was
mimicked for 6 hours throughout the third trimester-equivalent of human brain
development, it resulted in a reduction in fetal cerebellar Purkinje cell number. At least
nine mechanisms have been proposed to explain the role of ethanol-induced acidemia in
brain injury. First, acidosis results in alterations in amino acid homeostasis. We
previously reported that an ethanol-induced fall in maternal pH, by around 0.15 units
results in a decrease in the concentrations of maternal glutamine and those amino acids
that are synthesized from glutamine like arginine and citrulline, while the only amino
acid that was elevated was glutamate (Ramadoss et al., 2007d) (Figure A-19). In support
of these findings, others have reported that a decrease in pH by around 0.06 units, results
in increased expression of renal glutamine system N transporter (SNAT 3), and
increased renal extraction of glutamine (Karinch et al., 2007). Such decreases in amino
acids during critical periods of fetal development may be very deleterious to fetal growth
and development, and most significantly, several reports have suggested that decreases
in glutamine leads to apoptosis and that glutamine supplementation prevents cell death
by maintaining the levels of the anitoxidant glutathione, and by regulating signal
transduction pathways for cellular proliferation and apoptosis (Mates et al., 2002).
Second, both ethanol and acidosis induce increases in maternal and fetal glucocorticoid

levels. Appropriate cortisol concentrations during gestation are essential for normal fetal
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brain growth, and increases in cortisol during development could interfere with neuronal
proliferation and differentiation (Bohn, 1984). Maternal ethanol consumption leading to
a fall in maternal pH, by around 0.15 units results in increased maternal and fetal ACTH
and cortisol concentrations (Cudd et al., 2001a; Ramadoss et al., 2007c) (Figures A-27
and A-28), while acidemia (a fall in pH, between 0.1 and 0.2 units), independent of
ethanol has been demonstrated to increase ACTH and cortisol levels in adult dogs and in
fetal sheep (Perez et al., 1979; Wiederkehr and Krapf, 2001; Wood and Chen, 1989).
Third, both acidosis and ethanol enhances free radical production in brain homogenates
as evidenced by increased lipid peroxidation (Ying et al., 1999) (Figures A-29 and A-
30). Fourth, both ethanol and decreases in pH result in low serum IGF-1 concentrations.
Maternal plasma IGF-1 concentrations were reduced by 51% in response to ethanol, with
a 20% reduction in hepatic IGF-1 mRNA levels (Breese and Sonntag, 1995), and
acidosis resulting from a fall in pH from 7.42 to 7.31 leads to a 36% reduction in plasma
IGF-1 concentrations in adult non-pregnant humans (Brungger et al., 1997; Challa et al.,
1993; Wiederkehr and Krapf, 2001). Fifth, cerebellar granule cell NMDA receptors are
inhibited by a mild fall in extracellular pH with an ECsy of 7.3 (Traynelis et al., 1990;
Traynelis et al., 1991). Therefore, a decrease in pH by around 0.15 units in response to
alcohol may substantially affect the synaptic transmission to the Purkinje cells (Low et
al., 2003). Moderate N-methyl D-Aspartate (NMDA) receptor (glutamate receptor)
activation during development has trophic effects on the action of other neurotrophic
factors (Langlais and Mair, 1990) and inhibition of these receptors may cause cell death.

Sixth, acid sensitive ion channels called TASK (TWIK K¥) that are extremely sensitive
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to variations in extracellular pH in a narrow physiological range (Duprat et al., 1997) has
been identified in the cerebellar granule cells (Millar et al., 2000), and has been
implicated in apoptosis in response to minute variations in extracellular pH (Lauritzen et
al., 2003). Though it should be noted that this could not have been a mechanism of
injury; actions of protons on these channels may only be potentially beneficial as they
depolarize the granule cell leading to prevention of alcohol-induced decreases in NMDA
receptor inhibition. Seventh, it has been suggested that there are ultrasensitive pH
switches in proteins (for review, see Srivastava et al., 2007). In the cytosol, proteins
have striking changes in activity over a few tenths of a pH unit and it has been suggested
that structural changes induced by protons could promote phosphorylation, by making
the site of phosphorylation accessible to a kinase (Srivastava et al., 2007). Eighth, we
have demonstrated that respiratory acidosis similar to that induced by alcohol can have
effects on multiple organ systems including renal function (Figure A-31). We found that
the fractional clearance of chloride was increased with respect to sodium in response to
acidosis. Finally, it has long been suggested that the threshold for acidemia or acidosis-
induced death of neurons and glia is not a fixed value (Nedergaard et al., 1991). Rather,
cell death is a combinatorial function of time and the degree of intracellular acidification
(Nedergaard et al., 1991). Here, we propose that in addition to the duration and level of
acidosis, the pattern of exposure may play a role in brain injury. Additional studies are
required to understand how ethanol-induced acidosis mediates cell death, especially

during brain growth spurt.



124

TASK Channel Inhibitor (TI) Prevents Prenatal Alcohol-Induced Purkinje Cell
Death

The most important finding in this study is that inhibition of the novel tandem
two pore domain acid sensitive potassium channel (TASK) completely prevents ethanol-
induced Purkinje cell loss in the fetal cerebellum (Duprat et al., 1997). This protective
effect could occur at least by two major mechanisms. First, TASK channels are
abundantly expressed in the CNS, principally in the cerebellar granule cells (the
excitatory interneurons that relay mossy fiber input to the Purkinje cells) (Millar et al.,
2000; Plant et al., 2002). Cerebellar granule cells are one of the most populous cells in
the mammalian brain and they express a standing outwardly rectifying potassium current
(TASK current) which does not inactivate and is responsible for the large negative
resting membrane potential in these cells (Watkins and Mathie, 1996; Han et al., 2002).
They control the firing threshold and the firing frequency. They are insensitive to the
classical broad spectrum potassium channel blocking drugs 4-aminopyridine and
tetracthylammonium ions. It has also been reported that these channels cannot be
considered as an ‘M’-current or a delayed rectifier or a calcium activated current or a
leak current (Watkins and Mathie, 1996). In this context, it should be noted that
moderate N-methyl D-Aspartate (NMDA) receptor (glutamate receptor) activation

during development has trophic effects on the action of other neurotrophic factors
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(Langlais and Mair, 1990) and it is well known that developmental alcohol exposure
induces arrest of cell differentiation through inhibition of NMDA receptor (Robbinson
and Mair, 1992). Therefore, TI-induced depolarization of the cerebellar granule cells
leading to increased excitability (Millar et al., 2002) and NMDA elicited calcium signals
(Netzeband et al., 1999) may prevent ethanol-induced cell death. Second, TASK
channels are abundantly present in the peripheral and central chemoreceptors and they
control minute-minute ventilation in response to minute alterations in extracellular pH in
adults. TIs act on these channels to increase the firing rate of action potentials in the
afferent pathways leading to increased tidal volume and respiratory rate. This action of
TI would directly prevent the fall in pH and thus prevent acidosis-induced nutrient and
endocrine imbalance. In summary, this TASK channel blockade serves as a novel
therapeutic target in treating FASD and may serve as an important means to prevent fetal

neuronal loss in response to developmental alcohol exposure.



126

SUMMARY

Several important conclusions can be made from this study. First, the fetal
cerebellum is an important target for ethanol teratogenesis. Second, maternal ethanol
consumption does not lead to fetal hypoxia, and that hypoxia is not a mechanism
involved in FASD. Third, prenatal ethanol exposure leads to significant hypercapnea
and acidemia in the mother as well as in the fetus, and mimicking this pattern of acidosis
produced by ethanol during the whole of the third trimester-equivalent partially accounts
for the reduction in the fetal cerebellar Purkinje cell number. Finally, inhibiting the
novel two pore domain acid-sensitive potassium channels expressed in the
chemoreceptors and the cerebellar granule cells completely prevents the Purkinje cell
loss elicited by alcohol. Future investigations will focus on interventions that involve a
multimechanistic approach, and that are safe for use in pregnant women; we will inhibit
pathways at the level of ethanol-induced acidosis (by increasing minute ventilation using
a chemoreceptor stimulant) as well as downstream pathways that involve glutamine

homeostasis, free radical injury, and glucocorticoid activity.
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8. THREE TRIMESTER ALCOHOL EFFECTS ON THE BONES"

INTRODUCTION

Alcohol abuse during pregnancy can result in a variety of deleterious effects on
the developing fetus including Fetal Alcohol Syndrome (Jones et al., 1973). In spite of
significant efforts in educating women to not drink during pregnancy, the incidence of
fetal alcohol effects has not decreased, making alcohol abuse during pregnancy an
important health issue for women as well as the unborn child (Maternal and Child Health
(MCH) data report, 2003; Institute of Medicine, 1996).

A cardinal feature of Fetal Alcohol Syndrome (FAS) is growth deficiency (Sokol
and Clarren, 1989). Chronic heavy drinking during pregnancy is known to be
deleterious to fetal bone development in both humans and laboratory animals. Growth
deficits in children through 14 years of age have been associated with prenatal exposure
to alcohol (Day et al., 2002). Chronic heavy drinking retards fetal skeletal development
(Lee and Leichter, 1983; Keiver et al., 1996) and reduces ossification of fetal bones
(Keiver et al., 1996) in rats. Even, moderate levels of developmental alcohol exposure
have site-specific effects on the fetal skeleton (Simpson et al., 2005).

Although, previous studies have investigated the effects of developmental

alcohol exposure on fetal skeletal ossification, no study has examined the effects of

*Reprinted with permission from Ramadoss J, Hogan HA, Given JC, West JR, Cudd TA
(2006) Binge alcohol exposure during all three trimesters alters bone strength and
growth in fetal sheep. Alcohol 38(3):185-92, Copyright [2006] by Elsevier Inc.
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maternal alcohol binging on functional bone measurements. To date, there has been no
study to compare the effects of moderate and heavy alcohol consumption on fetal and
maternal bone strength. Largely for practical reasons, rats have been the most
commonly used model to study the effects of prenatal alcohol exposure on the
developing skeleton. However, a number of factors make the sheep arguably a better
model for this purpose. The longer gestation in sheep (147 days) makes it easier to
experimentally replicate human drinking patterns during pregnancy. The pattern of
gestational development in sheep is more like that in the human; the rat is less mature at
the time of parturition as demonstrated by the fact that the third trimester equivalent of
brain growth occurs postnatally. And finally, the body mass of sheep is comparable to
the human. Taken together, these differences make it easier to extrapolate bone strength
and growth results between the sheep and the human. Our study is aimed at
investigating, using a sheep model, the effects of moderate and high dose alcohol
exposure throughout gestation on fetal and maternal bone strength and dimensions
employing a weekly binge pattern, a drinking pattern common in women (Gladstone et
al., 1996; Ebrahim et al., 1999; Maier and West, 2001a) who may have a greater

likelihood of abstaining from drinking during pregnancy if convinced of it’s importance.
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METHODS
Animals and Breeding

The experimental procedures employed in this study were approved by the
University Laboratory Animal Care Committee at Texas A&M University. Suffolk
ewes (aged 2 to 6 years) maintained on coastal Bermuda grass pasture and supplemented
with alfalfa hay were bred under controlled conditions. Time dated pregnancies were
achieved by controlling the estrous cycle through the use of progesterone impregnated
vaginal implants (EAZI-BREED™, CIDR®, Pharmacia & Upjohn Ltd., Auckland New
Zealand). Implants were removed 11 days after placement at which time prostaglandin
Foq (LUTALYSE®, Pharmacia & Upjohn, Kalamazoo MI, 20 mg) was intramuscularly
administered. The following day, ewes were placed with a ram fitted with a marking
harness for a period of 24 hours. Marked ewes were assessed ultrasonographically on
25, 60 and 90 days to confirm pregnancy. On day 4 of gestation, the saline control and
alcohol group subjects were moved into individual pens but were able to see herdmates
in the adjacent pens at all times. Conditions of constant temperature (22 degree Celsius)
and fixed light dark cycle (12:12) were maintained. Once confined, the saline and
alcohol treatment group subjects received 2 kg/day of a complete ration (Sheep and Goat
Pellet, Producers Cooperative Association, Bryan, TX). This meets the daily feed
requirements of pregnant sheep as recommended by Nutrient Requirements of Sheep
(1985) (American Sheep Industry Association Inc, 2002). Daily feed consumption was
monitored; subjects in the alcohol and saline treatment groups consumed all of the food

offered. Subjects in the normal control group remained in the pens with herdmates



130

throughout the study. Subjects in this group were offered, as a group, an equivalent
amount of feed compared to subjects in the saline and alcohol control groups. However,

individual feed consumption was not monitored.

Alcohol Dosing Protocol

Four groups, including two alcohol treatment groups: EQ75 (alcohol dosage of
0.75 g/kg body weight) and E175 (alcohol dosage of 1.75 g/kg body weight), a saline
control group that received 0.9% saline of a volume of and at an infusion rate equivalent
to that of the high alcohol dose, and a normal control group were studied. Infusion
solutions were delivered intravenously by peristaltic pump (Masterflex, model 7014-20,
Cole parmer, Niles IL) through a 0.2 pm bacteriostatic filter. Pumps were calibrated
before infusion. Alcohol infusions were 40% W/V in sterile saline administered over
one hour. Alcohol was dosed to mimic a common human binge pattern of drinking
where ewes received alcohol on three consecutive days (Gladstone et al., 1996; Ebrahim
et al., 1999; Cudd et al., 2001a; Maier and West, 2001a) followed by 4 days without

alcohol beginning on day 4 of gestation.

Experiment Protocol

Subjects in the saline or alcohol group received infusions on three consecutive
days per week followed by 4 days without infusion beginning on day 4 of gestation, a
binge drinking paradigm. Our experiments began on day 4 and were terminated on day

133 of gestation. On the day of infusions, as on every other day, investigators entered
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the room that housed the ewes at 0800 hr. Ewes were connected to the infusion pump by
0830 hr and alcohol was infused continuously over 1 hr, between 0830 and 0930 hr. On
gestational day 4, an intravenous catheter (16 gauge, 5.25 in Angiocath™ Becton
Dickinson, Sandy, UT) was placed percutaneously into the jugular vein. On gestational
day 42, after conception and pregnancy was confirmed ultrasonographically, the ewes
underwent surgery to chronically implant femoral arterial and venous vascular access
ports (V—A—PTM, Model CP 47P, Access Technologies, Skokie IL). In brief, anesthesia
was induced by administering diazepam (0.2 mg/kg intravenously, Abbott Laboratories,
North Chicago, IL) and ketamine (4 mg/kg intravenously, Ketaset®, Fort Dodge, 1A).
The ewes were intubated and a surgical plane of anesthesia was maintained using
isoflurane (0.5-2.5%, IsoFlo®, Abbott Laboratories, North Chicago, IL) and oxygen.
Arterial and venous vascular access ports were placed subcutaneously in the flank region
and the catheters were advanced into the aorta and vena cava via the femoral artery and
vein respectively. At the end of surgery, the ewes received an injection of flunixin
meglumine (1.1 mg/kg intramuscularly, Banamine®, Scherring-Plough, Union, NJ), a
prostaglandin synthase inhibitor, to reduce postoperative pain. Ewes also received
postoperative antibiotics (ampicillin trihydrate, polyflex®, Aveco, Fort Dodge, 1A, 25
mg/kg administered subcutaneously for 5 days and gentamicin sulfate, Gentavet®,
Velco, St.Louis, 2 mg/kg administered intramuscularly twice daily for 5 days).
Infusions were then given through the venous port and blood was sampled from the

arterial port.
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Blood alcohol concentrations (BAC) were measured every 30 min for 2 hr and at
6 and 24 hrs beginning with the commencement of alcohol infusions on days 6, 40, 90
and 132. Blood was drawn from the jugular vein catheter on gestational days 6 and 40
and from femoral artery catheter on days 90 and 132 for the measurement of BAC. A 20
ul aliquot of blood was collected into microcapillary tubules and transferred into vials
that contained 0.6 N perchloric acid and 4 mM n-propyl alcohol (internal standard) in
distilled water. The vials were tightly capped with a septum sealed lid and were stored
at room temperature until analysis by headspace gas chromatography (Varian Associates
model 3400, Palo Alto, CA) at least 24 hr after collection. The basic gas
chromatographic parameters were similar to those reported by Penton (1985), with the
exception of the column (DB-wax, Megabore, J&W Scientific Folsum, CA) and the
carrier gas (helium) used (Cudd et al., 2001b).

The fetuses were harvested on gestational day 133. The maternal and fetal
femurs and tibias were collected, cleaned and stored at -20 degree celcius. Femur length
was measured from the tip of the greater trochanter to tip of lateral condyle. Tibial
length was measured from tip of the medial tubercle of the intercondyloid eminence to
the tip of the medial malleoulus. Anterior-posterior as well as medio-lateral diameters
were measured at mid-diaphyseal region using a precision caliper and the average
diameter was calculated. Thawed bones were mechanically tested using a three-point
bending procedure, which exclusively tests cortical bone in the mid-diaphysis region.
For femur tests, the bones were placed on two lower supports centered with the anterior

surface contacting the lower supports. For tibia tests, the lateral surface contacted the
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lower supports. For fetal bones (femur and tibia), the distance between the lower
supports was 4 cm, whereas for maternal bones (femur and tibia) this distance was 10
cm. Load was applied through the single upper contact that was centered between the
two lower supports. The upper contact was advanced at a slow, quasi-static
displacement rate of 5.08 mm/min (0.2 in/min) until complete fracture of the bone
specimen occurred. Tests were conducted on an Instron (Norwood, MA) 1125 load
frame with force measured by a load cell attached to the upper contact. The maximum
force during the test was recorded for each bone. Displacements were not recorded.
After the test, a thin cross-section was cut adjacent to the fracture location and a digital
image was made of this cross-section. This image was analyzed to determine the cross-
sectional moment of inertia (CSMI). Bone strength can be quantified in terms of both
extrinsic, whole-bone, structural properties, such as maximum force, and in terms of
intrinsic, tissue-level, material properties. A simple way to estimate intrinsic properties
is to normalize the maximum force to body weight. A more detailed and comprehensive
approach is to determine the material-level stress using appropriate engineering

mechanics calculations. In this study, the stress corresponding to the maximum force is
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referred to as bone "strength" and was calculated by classical beam theory analysis using
the following equation:

S=FLd/ (8]
where S is the bone strength (MPa), F is the maximum force (N), L is the distance
between the lower supports (40mm or 100mm), d is the mid-diaphysis diameter (mm),

and I is the cross-sectional moment of inertia (mm4).

Data Analysis

Data are presented as the mean + SEM. Group differences were determined by
one-way ANOVA followed by Student Newman-Keuls test. Statistical significance was
established a priori at p<0.05 while p values between 0.05 and 0.10 were considered
trends. A two-way ANOVA for the factors time interval and the day of gestation was
performed to compare BACs at different times during gestation. Maternal body weights

were analyzed by two-way ANOVA for the factors group and day of gestation.
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RESULTS

A total of 10 ewes were assigned to each group. Animals were lost from the
study as a result of fetal, but not maternal demise. The incidence of fetal demise was
similar among all treatment groups (Final numbers; normal control group, n = 8; saline
control group, n = 7; EO75 group, n = 8; E175 group, n = 6) suggesting that losses were

unrelated to the alcohol treatment.

Blood Alcohol Concentration

The mean BACs measured on days 6, 41, 90 and 132 of gestation for EO75 and
E175 groups peaked at 1 hr which coincided with the end of the infusion period. The
blood alcohol concentrations on the different days for either EO75 or E175 group did not
differ significantly (two-way ANOVA, E075 group, p = 0.695; two-way ANOVA, E175

group, p = 0.477) and were therefore combined (Figure A-32).

Growth

Fetal body weights (normal control group, 4.7 + 0.2 kg; saline control group, 4.3
+ 0.3 kg; EO75 group, 4.7 + 0.2 kg; E175 group, 4.6 + 0.4 kg) and lengths (normal
control group, 50.4 + 0.7 cm; saline control group, 50.1 + 1.2 cm; E075 group, 50.0 +
1.4 cm; E175 group, 49.5 + 2.1 cm) were not different among groups (one-way
ANOVA, fetal body weight, p = 0.647; one-way ANOVA, length, p = 0.973). Fetal
femoral lengths significantly differed among groups (one-way ANOVA, p = 0.042).

Post-hoc tests indicated that fetal femurs in the E175 group were shorter than in the
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normal control group (p = 0.039) while the EO75 group showed a trend towards shorter
lengths (p = 0.079) (Figure A-33). However, the fetal femoral lengths in the alcohol
exposed groups were not significantly different from the saline control group. Mean
fetal tibial lengths did not exhibit dose-dependent changes (Figure A-34). The
differences among treatment groups approached significance (one-way ANOVA, p =
0.057). However, the alcohol groups, when combined, had shorter fetal tibias (one-way
ANOVA, p = 0.030). The mean fetal tibial lengths were 11.7 + 0.2 cm, 11.8 + 0.2 cm,
10.7 + 0.3 cm for normal control group, saline control group and the combined alcohol
groups respectively. The fetal tibias in the alcohol exposed fetuses showed significantly
shorter mean lengths compared to the normal control group (p = 0.031) and a strong
trend toward shorter lengths compared to the saline control group (p = 0.067).

Neither fetal nor maternal mean diameter or cross sectional moments of inertia
for both femur and tibia exhibited any significant change compared to the control groups
at either doses (Tables B-1 and B-2 respectively). Maternal body weights measured at
the beginning of the study (gestational day 4) were not different between groups and did
not change significantly at gestational day 42. Maternal body weights were
progressively higher at day 70, 90 and 132 in the individuals where weights were
recorded (3 in the EO75 group and 1 in the E175 group). Ewes in the normal control
group were not weighed. All ewes were judged to be of normal body condition at the

time of sacrifice.
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Bone Strength

For all of the fetal bones, there were no significant differences among all of the
groups for the maximum force, which is an extrinsic property and indicative of the
contributions of both tissue mineralization and bone size and shape. Upon normalization
by body weight, however, the maximum force per unit fetal body weight showed a
strong trend toward differences (femur, one-way ANOVA, p = 0.065; tibia, one-way
ANOVA, p = 0.065), with similar patterns for the fetal femur (normal control group,
183.6 £ 10.6 N/kg; saline control group, 171.6 = 9.3 N/kg; E075 group, 193.6 + 13.3
N/kg; E175 group, 135.9 + 24.8 N/kg) and fetal tibia (normal control group, 204.6 +
13.1 N/kg; saline control group, 196.0 £ 15.1 N/kg; EO75 group, 209.1 + 14.5 N/kg;
E175 group, 148.9 + 24.0 N/kg).

The more detailed and comprehensive determination of intrinsic tissue-level
strengths from beam bending theory indicated that prenatal binge alcohol exposure
resulted in significant differences in fetal femoral strength (one-way ANOVA, p=0.004)
(Figure A-35). The higher dose (E175) group had significantly lower femoral strength
compared to the lower dose (E075) group (p = 0.006) and strong trend towards lower
strengths compared to the pair-fed saline control group (p = 0.089). The lower dose

(E075) group showed significantly higher femoral strength compared to both the normal
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control group (p = 0.008) and the higher dose alcohol (E175) group (p = 0.006).
However, the lower dose (E075) group did not exhibit higher femoral strength compared
to the saline control group (p = 0.15).

The mean fetal tibial strength was greatest for the normal control group (one-way
ANOVA, p = 0.016) (Figure A-36). The lower dose group (E075) did not cause any
deleterious effect on the tibial strength but the higher dose group (E175) was decidedly
lower in strength. Fetal tibial strength of the E175 group was significantly lower
compared to both the normal control group (p = 0.019) and the EO75 group (p = 0.082)
but was not different compared to the saline control group. However, the saline control
group trended to have a lower strength compared to the normal control group (p =
0.056).

Binge alcohol exposure throughout gestation did not produce statistically

significant differences on the maternal bones (Tables B-1-3).
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DISCUSSION

Binge consumption of alcohol throughout gestation produced alterations in fetal,
but not maternal bone. The most important finding in this study is that the higher
alcohol dose resulted in reduced fetal femoral strength. Tibial strengths were also lower
in the higher alcohol dose group when compared with the normal control group and the
lower alcohol dose group. In contrast, the lower alcohol dose increased fetal femoral
strength compared to the normal control subjects. It should be recalled that there were
no differences in extrinsic, whole-bone properties (maximum force), and that "strength"
in this context refers to the intrinsic, tissue-level stress associated with the maximum
force. It is also worth noting that simply normalizing maximum force to body weight
revealed trends similar to the bone strength (stress) results, which tends to confirm the
findings of material-level effects despite no whole-bone effects. Alcohol exposed
fetuses had shorter femurs compared to the normal control group but the tibia exhibited
shorter lengths only when the alcohol groups were combined. However, the effects of
alcohol on the bone were independent of the effects on overall growth (as measured by
body weight and length) as the alcohol exposed fetuses were not smaller than the control
fetuses. This is consistent with findings in a recent study (Simpson et al., 2005) where
moderate levels of maternal alcohol consumption had effects on fetal skeletal
development independent of its effects on overall fetal body weight and length.

The finding that the tibial strength in the higher dose group was different from
the normal control group but not from the pair-fed saline control group could suggest

that reduced tibial strengths are attributable to instrumentation and nutrition. However,
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it should be noted that the lower dose group which was instrumented and also received a
feed equivalent to the saline control group trended to exhibit higher tibial strength
compared to the higher dose group. Thus, it is difficult to interpret whether reduced
tibial strength was due to alcohol versus nutrition and instrumentation. Further, it should
also be noted that the failure to reach significance may have been due to the relatively
low statistical power of this experiment. Further, the normal control subjects in this
study were fed as a group and thus, individuals in this group may have received an
amount of feed different from the treatment groups while the saline subjects received a
daily amount of feed equivalent to the alcohol treatment groups. The higher dose group
subjects also displayed shorter femurs but only when compared to the normal control
group subjects. Fetal tibias trended to be different among treatment groups but fetal
alcohol exposure resulted in lower lengths only when the two alcohol groups were
combined.

Developmental alcohol exposure is complicated by the existence of multiple
mechanisms by which alcohol mediates damage, depending upon the dose and the
pattern of exposure and the timing of exposure relative to development (Cudd, 2005).
Pre- (Lee and Leichter, 1983; Keiver et al., 1996, Keiver et al, 1997) and postnatal (Lee
and Leichter, 1980) growth deficits in rats are associated with alcohol exposure in utero.
Though human studies show the effects of alcohol on body length (Day et al., 1989;
Jacobson et al., 1994; Day et al., 2002), it should be noted that human studies depend on
unreliable self-reporting, and most heavy drinkers also use tobacco or other drugs that

alone or together with alcohol may interfere with fetal development. Further, nutrition is
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also difficult to control in human studies (Cudd, 2005). Maternal alcohol consumption
has been shown to reduce fetal skeletal ossification (Lee and Leichter, 1983; Keiver et
al., 1996, Keiver et al, 1997; Keiver and Weinberg, 2004). Though, a number of studies
have reported the effects of prenatal alcohol exposure on fetal skeletal ossification, no
previous study had examined the effects on functional measures that include the strength
of the bone. This is the first study to examine the effects of maternal alcohol
consumption during all three trimesters on fetal and maternal bone strength.

The three point bending procedure tests primarily cortical, rather than trabecular,
bone. The decreased cortical bone strength in the higher alcohol dose group may have
important consequences as a decrease in cortical envelope may have a persistent effect
on trajectory of bone growth later in childhood (Tobias et al., 2004). There are
numerous potential mechanisms by which alcohol might affect fetal bone development
and strength, including direct and indirect effects on placental function, bone/cartilage
cell function, differentiation etc. It has been reported that prenatal alcohol exposure
impairs calcium homeostasis, possibly by altering maternal serum levels of vitamin D
(Keiver et al.,, 1996). It has been proposed that alcohol influences fetal bone
development through actions on parathyroid hormone-related peptide (PTHrp) (Keiver et
al., 1997; Keiver and Weinberg, 2004). PTHrp gene depleted mice show a defect in
endochondral bone formation (Amizuka et al.,, 1994). The ovine fetal and maternal
parathyroid gland and the placental extracts show the presence of PTHrp (Rodda et al.,
1988) but the effects of prenatal alcohol exposure on ovine fetal PTHrp have not been

investigated.
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In contrast, the lower dose group showed significantly higher femoral strength
compared to both the normal control group and the higher dose group but not the saline
control group. Even though, the increased strength was not relative to the saline control
group, it is nevertheless an interesting observation. This suggestion, that a low alcohol
dose may enhance aspects of fetal bone development, is not without precedent as another
study has found that moderate alcohol consumption increased bone chemistry and
histomorphometric values for both tibia and femur in rats (Sampson et al., 1999).
Mechanisms that involve alcohol mediated increases in estrogen, nitric oxide or IGF II
could be attributed to the higher fetal bone strength in the lower dose group as all of
these have been demonstrated to have a positive influence on skeletal development
(Migliaccio et al., 1996; Aguirre et al., 2001; McCarthy et al., 1989). Enhanced estrogen
exposure during the prenatal period increases bone mass in mice (Migliaccio et al.,
1996). Elevated levels of estrogen enhance the anabolic actions of parathyroid hormone
on bone (Xiao-yi et al., 1994). Alcohol increases circulating estrogen levels by
increasing aromatization of androgen to estrogen (Chung, 1990; Turner and Sibonga,
2001). It is also hypothesized that alcohol may also increase circulating estrogen levels
by decreasing the metabolism of estrogen (Turner and Sibonga, 2001). Nitric oxide has
recently been found to have important effects on bone (Evans et al., 1996) with
endothelial NOS gene-deficient mice having marked abnormalities including significant
retardation in bone formation (Aguirre et al., 2001). Moderate alcohol consumption
increases the expression of endothelial NOS (Venkov et al., 1999) and binge drinking

causes a rise of serum nitric oxide concentration (Oekonomaki et al., 2004). In addition,
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estrogen treatment increases the endothelial constitutive NOS expression in human
osteoblast-like cells (Armour et al., 1998). Further, there is evidence that IGF II may
also have a role in influencing prenatal growth as plasma IGF II levels are higher in the
fetus than in the adults (Gluckman and Butler, 1983). Plasma IGF II concentration was
found to be increased nearly by 100% in alcohol fed pregnant rats (Breese and Sonntag,
1995) and this may be responsible for the increased bone strength observed in our study
as alteration of plasma IGF regulation may contribute to changes in maternal and
placental metabolism and hormone regulation during pregnancy (Breese and Sonntag,
1995). Therefore it is possible that the potential protective effects of estrogen, nitric
oxide and IGF II may be important mechanisms by which moderate maternal alcohol
consumption results in higher fetal bone strength.

We did not observe significant differences in bone strength in the mother at
either dose. Previous studies showed that alcohol-exposed, young, actively growing rats
had lower bone strengths (Hogan et al., 1997), but mechanical properties of the femoral
diaphysis were largely unaffected in alcohol exposed adult rats (Hogan et al., 2001).
The three point bending procedure tests only the cortical bone whose primary function is
strength and support in contrast to cancellous bone that functions more prominently in
metabolic activities with a combined mechanical role of energy absorption. Previous
studies have demonstrated that the mechanical properties of the cancellous bone in
alcohol-fed adult rats were significantly diminished in the distal femur but alcohol-
exposed cortical bones were largely unaffected (Hogan et al., 2001) as was the case in

the present study. This negative finding also may be due to the relatively low peak
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blood alcohol concentrations (189.02 + 16.85 mg/dl) and because of the relatively
restricted pattern of exposure (3 consecutive binges per week over the length of the
gestation).

Pre- and postnatal growth deficiency is a cardinal feature of FAS, but little is
known about the mechanisms responsible for such deficits. Our investigation
demonstrated that binge alcohol exposure throughout gestation can influence fetal bone
development. There is a strong need for further research to determine the specific
mechanisms by which alcohol mediates the changes in fetal skeletal development. The
effects of alcohol were site-specific which is consistent with findings by others where
prenatal alcohol exposure affected some bones more than the others (Simpson et al.,
2005). Because the effects of alcohol on fetal bone strength are dose-dependent and site

specific, likely the actions of alcohol on bone involve multiple mechanisms.
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9. FIRST TRIMESTER ALCOHOL EFFECTS ON THE BONES

INTRODUCTION

A cardinal feature of Fetal Alcohol Syndrome (FAS) is growth retardation (Jones
et al., 1973). Prenatal alcohol exposure has been demonstrated to affect size at age 14
years in children followed since their fourth month of gestation (Day et al., 2002).
Decreased whole body weight and length are observed in human and animal model
systems (Day et al., 2002; Jones et al., 1973; Keiver and Weinberg, 2004). In addition to
the adverse outcomes on the whole body growth parameters, chronic heavy drinking
during pregnancy is known to be deleterious to fetal bone development in both humans
and animals. Prenatal alcohol exposure has been shown to impair skeletal development
through impairment of calcium homeostasis (Keiver and Weinberg, 2004) regardless of
the duration of consumption (Keiver and Weinberg, 2003) in rats. These impairments
result in retarded prenatal and postnatal skeletal development (Lee and Leichter, 1979,
1983). We previously reported that all three trimester binge alcohol exposure results in
reduced fetal bone strength at higher doses and enhanced bone strength at lower doses in
a sheep model. The large body mass of the ovine fetus, the longer gestation that is more
similar to that of humans, and that all three trimester equivalents occur in utero, make
the sheep a good model for studying the effects of maternal alcohol consumption on the
fetal skeleton. In this study, we wished to examine the effects of first trimester moderate

and heavy alcohol binging on the mechanical properties of the bone.



146

METHODS
Animals and Breeding

The experimental procedures employed in this study were approved by the
University Laboratory Animal Care Committee at Texas A&M University. Suffolk
ewes (aged 2 to 6 years) maintained on coastal Bermuda grass pasture and supplemented
with alfalfa hay were bred under controlled conditions. Time dated pregnancies were
achieved by controlling the estrous cycle through the use of progesterone impregnated
vaginal implants (EAZI-BREED™, CIDR®, Pharmacia & Upjohn Ltd., Auckland New
Zealand). Implants were removed 11 days after placement at which time prostaglandin
Foq (LUTALYSE®, Pharmacia & Upjohn, Kalamazoo MI, 20 mg) was intramuscularly
administered. The following day, ewes were placed with a ram fitted with a marking
harness for a period of 24 hours. Marked ewes were assessed ultrasonographically on
25, 60 and 90 days to confirm pregnancy. On day 4 of gestation, the saline control and
alcohol group subjects were moved into individual pens but were able to see herdmates
in the adjacent pens at all times. Conditions of constant temperature (22 degree Celsius)
and fixed light dark cycle (12:12) were maintained. Once confined, the saline and
alcohol treatment group subjects received 2 kg/day of a complete ration (Sheep and Goat

Pellet, Producers Cooperative Association, Bryan, TX).

Experiment Protocol
Three groups, including two alcohol treatment groups: EQ75 (alcohol dosage of

0.75 g/kg body weight) and E175 (alcohol dosage of 1.75 g/kg body weight), and a



147

saline control group that received 0.9% saline of a volume of and at an infusion rate
equivalent to that of the high alcohol dose were studied. Infusion solutions were
delivered intravenously by peristaltic pump (Masterflex, model 7014-20, Cole parmer,
Niles IL) through a 0.2 um bacteriostatic filter. Pumps were calibrated before infusion.
Alcohol infusions were 40% W/V in sterile saline administered over one hour. Alcohol
was dosed to mimic a common human binge pattern of drinking where ewes received
alcohol on three consecutive days (Gladstone et al., 1996; Ebrahim et al., 1999; Cudd et
al., 2001a; Maier and West, 2001a) followed by 4 days without alcohol beginning on day
4 of gestation till day 41 of gestation. On GD 133, the ewes were euthanized using
sodium pentobarbital (75 mg/kg, intravenously), and the fetuses were removed from the
uterus and perfused with saline followed by cold fixative solution containing 1.25%

paraformaldehyde and 3% glutaraldehyde in phosphate buffer (pH, 7.4).

Bone Testing

The maternal and fetal femurs and tibias were collected, cleaned and stored at -
20 degree celcius. Femur length was measured from the tip of the greater trochanter to
tip of lateral condyle. Tibial length was measured from tip of the medial tubercle of the
intercondyloid eminence to the tip of the medial malleoulus. Anterior-posterior as well
as medio-lateral diameters were measured at mid-diaphyseal region using a precision
caliper and the average diameter was calculated. Thawed bones were mechanically
tested using a three-point bending procedure, which exclusively tests cortical bone in the

mid-diaphysis region. For femur tests, the bones were placed on two lower supports
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centered with the anterior surface contacting the lower supports. For tibia tests, the
lateral surface contacted the lower supports. For fetal bones (femur and tibia), the
distance between the lower supports was 4 cm, whereas for maternal bones (femur and
tibia) this distance was 10 cm. Load was applied through the single upper contact that
was centered between the two lower supports. The upper contact was advanced at a
slow, quasi-static displacement rate of 5.08 mm/min (0.2 in/min) until complete fracture
of the bone specimen occurred. Tests were conducted on an Instron (Norwood, MA)
1125 load frame with force measured by a load cell attached to the upper contact. The
maximum force and the displacement during the test were recorded for each bone. After
the test, a thin cross-section was cut adjacent to the fracture location and a digital image
was made of this cross-section. This image was analyzed to determine the cross-
sectional moment of inertia (CSMI). Bone strength can be quantified in terms of both
extrinsic, whole-bone, structural properties and in terms of intrinsic, tissue-level,
material properties. In this study, we examined the following extrinsic and intrinsic
properties: yield force (N), stiffness (N/mm), ultimate load (N), energy-to-ultimate (mJ),

and bone strength (MPa). In this study, the stress corresponding to the maximum force
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is referred to as bone "strength" and was calculated by classical beam theory analysis
using the following equation:

S=FLd/ (8]
where S is the bone strength (MPa), F is the maximum force (N), L is the distance
between the lower supports (40mm or 100mm), d is the mid-diaphysis diameter (mm),
and I is the cross-sectional moment of inertia (mm®*). A representative sample of a tibial

test is shown in figure A-37.

Data Analysis

Femur and tibia bone properties were analyzed using a one-way ANOVA with
treatment group as between factor. Post-hoc was performed using Student Newman-
Keuls test. Statistical significance was established a priori at p<0.05. Data are

presented as the mean + SEM.
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RESULTS

A total of 22 ewes were assigned to each group. The incidence of fetal demise
was similar among all treatment groups (Final numbers; saline control group, n = 20;
EOQ75 group, n = 16; E175 group, n = 17) suggesting that losses were unrelated to the

alcohol treatment. The mean peak BAC was 210 mg/dl.

Growth Parameters
There were no differences in the length and weight for any of the fetal bones

among groups.

Extrinsic Bone Properties
For all of the fetal bones, there were no significant differences among the groups

for the yield force (Figure A-38), stiffness (Figure A-39), and maximum force (Figure
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A-40). However, the values for the energy to ultimate (Figure A-41) was different
among groups (F» 49 =3.77, p = 0.03). Post hoc tests showed that the lower alcohol dose
was significantly higher compared with the control (p = 0.009). This is indicative of the
role of a lower dose alcohol in both tissue mineralization and bone size and shape.
Further, no differences were detected in any of the mechanical properties for the fetal

tibia.

Intrinsic Properties

The more detailed and comprehensive determination of intrinsic tissue-level
strengths from beam bending theory indicated that prenatal binge alcohol exposure
resulted in significant differences in fetal femoral strength (F,43 = 3.404,, p=0.014)
(Figure A-42). The higher dose group had a significantly stronger bone strength
compared to the control (p = 0.004). No differences were detected in tibia among

groups.
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DISCUSSION

This is the first study to our knowledge that has examined the functional
properties of the bone in response to alcohol restricted to the first trimester of gestation
in a model where all three trimester-equivalents occur in utero. The most important
finding in this study is that the higher alcohol dose resulted in increased fetal femoral
strength, and the lower dose group resulted in increased values for the energy to
ultimate. Tibial properties were not altered among groups, showing site specific effects
of alcohol.

This observation that alcohol leads to enhanced mechanical properties is not
without precedent as another study has found that moderate alcohol consumption
increased bone chemistry and histomorphometric values for both tibia and femur in rats
(Sampson et al., 1999). Mechanisms that involve alcohol mediated increases in
estrogen, nitric oxide or IGF II could be attributed to the higher fetal bone strength in the
lower dose group as all of these have been demonstrated to have a positive influence on
skeletal development (Migliaccio et al., 1996; Aguirre et al., 2001; McCarthy et al.,
1989). Enhanced estrogen exposure during the prenatal period increases bone mass in
mice (Migliaccio et al., 1996). Elevated levels of estrogen enhance the anabolic actions
of parathyroid hormone on bone (Xiao-yi et al., 1994). Alcohol increases circulating
estrogen levels by increasing aromatization of androgen to estrogen (Chung, 1990;
Turner and Sibonga, 2001). It is also hypothesized that alcohol may also increase
circulating estrogen levels by decreasing the metabolism of estrogen (Turner and

Sibonga, 2001). Nitric oxide has recently been found to have important effects on bone
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(Evans et al., 1996) with endothelial NOS gene-deficient mice having marked
abnormalities including significant retardation in bone formation (Aguirre et al., 2001).
Moderate alcohol consumption increases the expression of endothelial NOS (Venkov et
al., 1999) and binge drinking causes a rise of serum nitric oxide concentration
(Oekonomaki et al., 2004). In addition, estrogen treatment increases the endothelial
constitutive NOS expression in human osteoblast-like cells (Armour et al., 1998).
Further, there is evidence that IGF II may also have a role in influencing prenatal growth
as plasma IGF II levels are higher in the fetus than in the adults (Gluckman and Butler,
1983). Plasma IGF II concentration was found to be increased nearly by 100% in
alcohol fed pregnant rats (Breese and Sonntag, 1995) and this may be responsible for the
increased bone strength observed in our study as alteration of plasma IGF regulation

may contribute to changes in maternal and placental metabolism and hormone regulation
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during pregnancy (Breese and Sonntag, 1995). Therefore it is possible that the potential
protective effects of estrogen, nitric oxide and IGF II may be important mechanisms by
which moderate maternal alcohol consumption results in higher fetal bone strength.

Pre- and postnatal growth deficiency is a cardinal feature of FAS, but little is
known about the mechanisms responsible for such deficits.  Our investigation
demonstrated that binge alcohol exposure throughout gestation can influence fetal bone
development. There is a strong need for further research to determine the specific
mechanisms by which alcohol mediates the changes in fetal skeletal development. The
effects of alcohol were site-specific which is consistent with findings by others where
prenatal alcohol exposure affected some bones more than the others (Simpson et al.,
2005). Because the effects of alcohol on fetal bone strength are dose-dependent and site

specific, likely the actions of alcohol on bone involve multiple mechanisms.
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10. SUMMARY AND CONCLUSIONS

In summary, these set of experiments establish the ovine model system as an
excellent model for FASD research; alcohol administration to pregnant ewes can
produce deleterious effects in most of the same brain regions and organ systems that
have been reported in humans with FASD. These studies also establish the similarities
in the temporal vulnerability of neuronal populations between humans and sheep; the
brain growth spurt occurs in utero in sheep as in humans and the role played by the
mother and the placenta are taken into consideration. The experiments also answer some
key questions regarding the mechanisms underlying FASD involving maternal-fetal
interactions in the ovine model system.

We conclude that chronic alcohol does not lead to hypoxic, anemic, ischemic or
histotoxic cerebral hypoxia. Instead, it leads to increased oxygen delivery, increased
cerebral blood flow specific to the fetal cerebellum, hypercapnea, acidemia, and fetal
cerebellar Purkinje cell loss. Alcohol-induced hypercapnea and acidemia further result
in a cascade of events in the maternal and fetal compartments that include deficits in the
levels of glutamine and glutamine-related amino acids, alterations in endocrine axes,
oxidative stress, alteration in cardiovascular homeostasis and fetal neuronal loss.
Finally, the experiments demonstrate and/or suggest potential therapeutic strategies that
involve the two pore domain acid sensitive channels and glutamine-related pathways to
prevent or mitigate some of the devastating effects of chronic prenatal alcohol exposure

on the fetal brain.
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Therefore, these findings may be useful to develop intervention/amelioration
strategies, a goal that is consistent with the NIAAA FY 08-12 Strategic Plan that
encourages researchers to “Use knowledge gained in uncovering target sites for alcohol's
action on the embryonic and fetal stages of life to begin developing potential therapeutic
or preventative interventions, including dietary supplements (e.g., antioxidants and
choline) that are safe for use in pregnant women”. We also predict that a more effective
intervention will likely require a combination of compounds that address the
multimechanistic alcohol damage through more than one approach. The findings from
these set of experiments will place us in an excellent position to understand the
multimechanistic causes of alcohol damage and therefore to correctly predict and
propose in the future a combined therapy that will have real promise as a preventative

strategy.



157

REFERENCES

Abel EL, Hannigan JH (1995) Maternal risk factors in fetal alcohol syndrome:

provocative and permissive influences. Neurotoxicol Teratol 17(4):445-62.

Abel EL, Sokol RJ (1991) A revised conservative estimate of the incidence of FAS and

its economic impact. Alcohol Clin Exp Res 15(3):514-24.

Aguirre J, Buttery L, O'Shaughnessy M, Afzal F, Fernandez de Marticorena I, Hukkanen
M, Huang P, MacIntyre I, Polak J (2001) Endothelial nitric oxide synthase gene-
deficient mice demonstrate marked retardation in postnatal bone formation, reduced
bone volume, and defects in osteoblast maturation and activity. Am J Pathol 158(1):247-

57.

Aitken PG, Schiff SJ (1986) Selective neuronal vulnerability to hypoxia in vitro.

Neurosci Lett 67(1):92-6.

American Sheep Industry Association Inc (2002) Sheep Production Handbook. C&M

Press, Denver, CO.



158

Amizuka N, Warshawsky H, Henderson JE, Goltzman D, Karaplis AC (1994)
Parathyroid hormone-related peptide-depleted mice show abnormal epiphyseal cartilage

development and altered endochondral bone formation. J Cell Biol 126(6):1611-23.

Archibald SL, Fennema-Notestine C, Gamst A, Riley EP, Mattson SN, Jernigan TL
(2001) Brain dysmorphology in individuals with severe prenatal alcohol exposure. Dev

Med Child Neurol 43(3):148-54.

Armour KE, Ralston SH (1998) Estrogen upregulates endothelial constitutive nitric
oxide synthase expression in human osteoblast-like cells. Endocrinology 139(2):799-

802.

Auer RN, Jensen ML, Whishaw 1Q (1989) Neurobehavioral deficit due to ischemic brain

damage limited to half of the CA1 sector of the hippocampus. J Neurosci 9(5):1641-7.

Autti-Ramo I, Autti T, Korkman M, Kettunen S, Salonen O, Valanne L (2002) MRI

findings in children with school problems who had been exposed prenatally to alcohol.

Dev Med Child Neurol 44(2):98-106.

Barker DP (1994) The fetal origins of adult life. Fetal Matern Med Rev 6:71-80.



159

Battaglia FC, McGaughey H, Makowski EL, Meschia G (1970) Postnatal changes in
oxygen affinity of sheep red cells: a dual role of diphosphoglyceric acid. Am J Physiol

219(1):217-21.

Bohn M (1984) Glucocorticoid induced teratologies of the nervous system, in
Neurobehavioral teratology, (J Yanai ed), pp 365-387. Elsevier Science Publishers, New

York.

Bonthius DJ, Bonthius NE, Napper RM, West JR (1992) Early postnatal alcohol
exposure acutely and permanently reduces the number of granule cells and mitral cells in

the rat olfactory bulb: a stereological study. J Comp Neurol 324(4):557-66.

Bonthius DJ, West JR (1990) Alcohol-induced neuronal loss in developing rats:

increased brain damage with binge exposure. Alcohol Clin Exp Res 14(1):107-18.

Bonthius DJ, West JR (1991) Permanent neuronal deficits in rats exposed to alcohol

during the brain growth spurt. Teratology 44(2):147-63.

Bookstein FL, Streissguth AP, Sampson PD, Connor PD, Barr HM (2002) Corpus
callosum shape and neuropsychological deficits in adult males with heavy fetal alcohol

exposure. Neuroimage 15(1):233-51.



160

Breese CR, Sonntag WE (1995) Effect of ethanol on plasma and hepatic insulin-like

growth factor regulation in pregnant rats. Alcohol Clin Exp Res 19(4):867-73.

Bronsky PT, Johnston MC, Sulik KK (1986) Morphogenesis of hypoxia-induced cleft lip

in CL/Fr mice. J Craniofac Genet Dev Biol Suppl 2:113-28.

Brosnan JT (1987) The 1986 Borden award lecture. The role of the kidney in amino acid

metabolism and nutrition. Can J Physiol Pharmacol 65(12):2355-62.

Brungger M, Hulter HN, Krapf R (1997) Effect of chronic metabolic acidosis on the
growth hormone/IGF-1 endocrine axis: new cause of growth hormone insensitivity in

humans. Kidney Int 51(1):216-21.

Caetano R, Ramisetty-Mikler S, Floyd LR, McGrath C (2006) The epidemiology of

drinking among women of child-bearing age. Alcohol Clin Exp Res 30(6):1023-30.

CDC (2004) Alcohol consumption among women who are pregnant or who might

become pregnant -United States, 2002. MMWR 53(50):1178-1181.

Challa A, Chan W, Krieg RJ, Jr., Thabet MA, Liu F, Hintz RL, Chan JC (1993) Effect of
metabolic acidosis on the expression of insulin-like growth factor and growth hormone

receptor. Kidney Int 44(6):1224-7.



161

Charness ME, Safran RM, Perides G (1994) Ethanol inhibits neural cell-cell adhesion. J

Biol Chem 269(12):9304-9.

Chaudhry FA, Krizaj D, Larsson P, Reimer RJ, Wreden C, Storm-Mathisen J,
Copenhagen D, Kavanaugh M, Edwards RH (2001) Coupled and uncoupled proton

movement by amino acid transport system N. Embo J 20(24):7041-51.

Chen WIJ, Maier SE, Parnell SE, West JR (2003) Alcohol and the developing brain:

neuroanatomical studies. Alcohol Res Health 27(2):174-80.

Chen YC, Kung SS, Chen BY, Hung CC, Chen CC, Wang TY, Wu YM, Lin WH, Tzeng
CS, Chow WY (2001) Identifications, classification, and evolution of the vertebrate
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor subunit

genes. J] Mol Evol 53(6):690-702.

Chung KW (1990) Effects of chronic ethanol intake on aromatization of androgens and

concentration of estrogen and androgen receptors in rat liver. Toxicology 62(3):285-95.

Church MW, Gerkin KP (1988) Hearing disorders in children with fetal alcohol

syndrome: findings from case reports. Pediatrics 82(2):147-54.



162

Clarren SK (1977) Central nervous system malformations in two offspring of alcoholic

women. Birth Defects Orig Artic Ser 13(3D):151-3.

Clarren SK, Alvord EC, Jr., Sumi SM, Streissguth AP, Smith DW (1978) Brain

malformations related to prenatal exposure to ethanol. J Pediatr 92(1):64-7.

Cohen-Kerem R, Koren G (2003) Antioxidants and fetal protection against ethanol
teratogenicity. I. Review of the experimental data and implications to humans.

Neurotoxicol Teratol 25(1):1-9.

Coulter CL, Leech RW, Schaefer GB, Scheithauer BW, Brumback RA (1993) Midline
cerebral dysgenesis, dysfunction of the hypothalamic-pituitary axis, and fetal alcohol

effects. Arch Neurol 50(7):771-5.

Cragg B, Phillips S (1985) Natural loss of Purkinje cells during development and

increased loss with alcohol. Brain Res 325(1-2):151-60.

Cudd TA (2007) Animal models for studying Fetal Alcohol Syndrome, Alcohol-Related
Birth Defects, and Alcohol-Related Neurodevelopmental Disorder. Humana Press,

Totowa, NJ.



163

Cudd TA (2005) Animal model systems for the study of alcohol teratology. Exp Biol

Med (Maywood) 230(6):389-93.

Cudd TA, Chen WJ, West JR (2001a) Fetal and maternal sheep hypothalamus pituitary
adrenal axis responses to chronic binge ethanol exposure during the third trimester

equivalent. Alcohol Clin Exp Res 25(7):1065-71.

Cudd TA, Chen WIJ, Parnell SE, West JR (2001b) Third trimester binge ethanol
exposure results in fetal hypercapnea and acidemia but not hypoxemia in pregnant sheep.

Alcohol Clin Exp Res 25(2):269-76.

Cudd TA, Wasser JS, Chen WJ, West JR (2000) Brain high energy phosphate responses
to alcohol exposure in neonatal rats: an in vivo 31P-NMR study. Alcohol Clin Exp Res

24(6):865-72.

Curthoys NP, Watford M (1995) Regulation of glutaminase activity and glutamine

metabolism. Annu Rev Nutr 15:133-59.

Day NL, Leech SL, Richardson GA, Cornelius MD, Robles N, Larkby C (2002) Prenatal
alcohol exposure predicts continued deficits in offspring size at 14 years of age. Alcohol

Clin Exp Res 26(10):1584-91.



164

Delp MD, Evans MV, Duan C (1998) Effects of aging on cardiac output, regional blood

flow, and body composition in Fischer-344 rats. J Appl Physiol 85(5):1813-22.

Delp MD, Manning RO, Bruckner JV, Armstrong RB (1991) Distribution of cardiac

output during diurnal changes of activity in rats. Am J Physiol 261(5 Pt 2):H1487-93.

Dillon EL, Knabe DA, Wu G (1999) Lactate inhibits citrulline and arginine synthesis

from proline in pig enterocytes. Am J Physiol 276(5 Pt 1):G1079-86.

Dobbing J, Sands J (1973) Quantitative growth and development of human brain. Arch

Dis Child 48(10):757-67.

Dobbing J, Sands J (1979) Comparative aspects of the brain growth spurt. Early Hum

Dev 3(1):79-83.

Duprat F, Lesage F, Fink M, Reyes R, Heurteaux C, Lazdunski M (1997) TASK, a
human background K+ channel to sense external pH variations near physiological pH.

Embo J 16(17):5464-71.

Ebrahim SH, Diekman ST, Floyd RL, Decoufle P (1999) Comparison of binge drinking
among pregnant and nonpregnant women, United States, 1991-1995. Am J Obstet

Gynecol 180(1 Pt 1):1-7.



165

Edelstone DI, Rudolph AM (1979) Preferential streaming of ductus venosus blood to the

brain and heart in fetal lambs. Am J Physiol 237(6):H724-9.

Evans DM, Ralston SH (1996) Nitric oxide and bone. J Bone Miner Res 11(3):300-5.

Falconer J (1990) The effect of maternal ethanol infusion on placental blood flow and

fetal glucose metabolism in sheep. Alcohol 25(4):413-6.

Fisher SE, Atkinson M, Holzman I, David R, Van Thiel DH (1981) Effect of ethanol

upon placental uptake of amino acids. Prog Biochem Pharmacol 18:216-23.

Fu WJ, Haynes TE, Kohli R, Hu J, Shi W, Spencer TE, Carroll RJ, Meininger CJ, Wu G
(2005) Dietary L-arginine supplementation reduces fat mass in Zucker diabetic fatty rats.

J Nutr 135(4):714-21.

Gladstone J, Nulman I, Koren G (1996) Reproductive risks of binge drinking during

pregnancy. Reprod Toxicol 10(1):3-13.

Gleason CA, Hotchkiss KJ (1992) Cerebral responses to acute maternal alcohol

intoxication in immature fetal sheep. Pediatr Res 31(6):645-8.



166

Gluckman PD, Butler JH (1983) Parturition-related changes in insulin-like growth

factors-I and -II in the perinatal lamb. J Endocrinol 99(2):223-32.

Goldman SA, Pulsinelli WA, Clarke WY, Kraig RP, Plum F (1989) The effects of
extracellular acidosis on neurons and glia in vitro. J Cereb Blood Flow Metab 9(4):471-

1.

Goodlett CR, Eilers AT (1997) Alcohol-induced Purkinje cell loss with a single binge
exposure in neonatal rats: a stereological study of temporal windows of vulnerability.

Alcohol Clin Exp Res 21(4):738-44.

Goodlett CR, Pearlman AD, Lundahl KR (1998) Binge neonatal alcohol intubations

induce dose-dependent loss of Purkinje cells. Neurotoxicol Teratol 20(3):285-92.

Goodlett CR, Horn KH, Zhou FC (2005) Alcohol teratogenesis: mechanisms of damage

and strategies for intervention. Exp Biol Med (Maywood) 230(6):394-406.

Gougoux A, Vinay P, Cardoso M, Duplain M, Lemieux G (1982) Immediate adaptation

of the dog kidney to acute hypercapnia. Am J Physiol 243(3):F227-34.



167

Gratton R, Carmichael L, Homan J, Richardson B (1996) Carotid arterial blood flow in
the ovine fetus as a continuous measure of cerebral blood flow. J Soc Gynecol Investig

3(2):60-5.

Gruol DL, Netzeband JG, Parsons KL (1996) Ca2+ signaling pathways linked to
glutamate receptor activation in the somatic and dendritic regions of cultured cerebellar

purkinje neurons. J Neurophysiol 76(5):3325-40.

Hamilton DA, Kodituwakku P, Sutherland RJ, Savage DD (2003) Children with Fetal
Alcohol Syndrome are impaired at place learning but not cued-navigation in a virtual

Morris water task. Behav Brain Res 143(1):85-94.

Hamre KM, West JR (1993) The effects of the timing of ethanol exposure during the
brain growth spurt on the number of cerebellar Purkinje and granule cell nuclear

profiles. Alcohol Clin Exp Res 17(3):610-22.

Han J, Truell J, Gnatenco C, Kim D (2002) Characterization of four types of background

potassium channels in rat cerebellar granule neurons. J Physiol 542(Pt 2):431-44.

Hannigan JH, Martier SS, Chugani HT, Sowell RJ (1995) Brain metabolism in children
with fetal alcohol syndrome (FAS): A positron emission tomography study. Alcohol

Clin Exp Res 19(53A).



168

Heitmann RN, Bergman EN (1980) Integration of amino acid metabolism in sheep:

effects of fasting and acidosis. Am J Physiol 239(4):E248-E254.

Henderson GI, Turner D, Patwardhan RV, Lumeng L, Hoyumpa AM, Schenker S (1981)
Inhibition of placental valine uptake after acute and chronic maternal ethanol

consumption. J Pharmacol Exp Ther 216(3):465-72.

Hogan HA, Argueta F, Moe L, Nguyen LP, Sampson HW (2001) Adult-onset alcohol

consumption induces osteopenia in female rats. Alcohol Clin Exp Res 25(5):746-54.

Hogan HA, Sampson HW, Cashier E, Ledoux N (1997) Alcohol consumption by young
actively growing rats: a study of cortical bone histomorphometry and mechanical

properties. Alcohol Clin Exp Res 21(5):809-16.

Horiguchi T, Suzuki K, Comas-Urrutia AC, Mueller-Heubach E, Boyer-Milic AM,
Baratz RA, Morishima HO, James LS, Adamsons K (1971) Effect of ethanol upon
uterine activity and fetal acid-base state of the rhesus monkey. Am J Obstet Gynecol

109(6):910-7.

Hughey RP, Rankin BB, Curthoys NP (1980) Acute acidosis and renal arteriovenous
differences of glutamine in normal and adrenalectomized rats. Am J Physiol

238(3):F199-204.



169

Iadecola C, Zhang F (1994) Nitric oxide-dependent and -independent components of

cerebrovasodilation elicited by hypercapnia. Am J Physiol 266(2 Pt 2):R546-52.

Institute of Medicine (1996) Fetal alcohol Syndrome. Diagnosis, epidemiology,

Prevention, and Treatment. National Academy Press, Washington DC.

Ishise S, Pegram BL, Yamamoto J, Kitamura Y, Frohlich ED (1980) Reference sample
microsphere method: cardiac output and blood flows in conscious rat. Am J Physiol

239(4):H443-H449.

Iwamoto HS, Rudolph AM (1981) Role of renin-angiotensin system in response to

hemorrhage in fetal sheep. Am J Physiol 240(6):H848-54.

Jones KL, Smith DW, Ulleland CN, Streissguth P (1973) Pattern of malformation in

offspring of chronic alcoholic mothers. Lancet 1(7815):1267-71.

Karinch AM, Lin CM, Meng Q, Pan M, Souba WW (2007) Glucocorticoids have a role
in renal cortical expression of the SNAT3 glutamine transporter during chronic

metabolic acidosis. Am J Physiol Renal Physiol 292(1):F448-55.



170

Karinch AM, Lin CM, Wolfgang CL, Pan M, Souba WW (2002) Regulation of
expression of the SN1 transporter during renal adaptation to chronic metabolic acidosis

in rats. Am J Physiol Renal Physiol 283(5):F1011-9.

Karl PI, Kwun R, Slonim A, Fisher SE (1995) Ethanol elevates fetal serum glutamate

levels in the rat. Alcohol Clin Exp Res 19(1):177-81.

Keiver K, Ellis L, Anzarut A, Weinberg J (1997) Effect of prenatal ethanol exposure on

fetal calcium metabolism. Alcohol Clin Exp Res 21(9):1612-8.

Keiver K, Herbert L, Weinberg J (1996) Effect of maternal ethanol consumption on

maternal and fetal calcium metabolism. Alcohol Clin Exp Res 20(7):1305-12.

Keiver K, Weinberg J (2004) Effect of duration of maternal alcohol consumption on

calcium metabolism and bone in the fetal rat. Alcohol Clin Exp Res 28(3):456-67.

Kraig RP, Petito CK, Plum F, Pulsinelli WA (1987) Hydrogen ions kill brain at

concentrations reached in ischemia. J Cereb Blood Flow Metab 7(4):379-86.

Kuo L, Davis MJ, W.M. C (1992) Endothelial modulation of arteriolar tone. Int. Union

Physiol. Sci./Am. Physiol. Soc. 7(Feb):5-9.



171

Kurth CD, Wagerle LC (1992) Cerebrovascular reactivity to adenosine analogues in 0.6-

0.7 gestation and near-term fetal sheep. Am J Physiol 262(5 Pt 2):H1338-42.

Kwon H, Spencer TE, Bazer FW, Wu G (2003) Developmental changes of amino acids

in ovine fetal fluids. Biol Reprod 68(5):1813-20.

Langlais PJ, Mair RG (1990) Protective effects of the glutamate antagonist MK-801 on
pyrithiamine-induced lesions and amino acid changes in rat brain. J Neurosci

10(5):1664-74.

Lauritzen I, Zanzouri M, Honore E, Duprat F, Ehrengruber MU, Lazdunski M, Patel AJ
(2003) K+-dependent cerebellar granule neuron apoptosis. Role of task leak K+

channels. J Biol Chem 278(34):32068-76.

Lee M, Leichter J (1980) Effect of litter size on the physical growth and maturation of

the offspring of rats given alcohol during gestation. Growth 44(4):327-35.

Lee M, Leichter J (1983) Skeletal development in fetuses of rats consuming alcohol

during gestation. Growth 47(3):254-62.



172

Leffler CW, Mirro R, Pharris LJ, Shibata M (1994) Permissive role of prostacyclin in
cerebral vasodilation to hypercapnia in newborn pigs. Am J Physiol 267(1 Pt 2):H285-

91.

Leichter J, Lee M (1979) Effect of maternal ethanol administration on physical growth

of the offspring in rats. Growth 43(4):288-93.

Lin GW (1981) Effect of ethanol feeding during pregnancy on placental transfer of

alpha-aminoisobutyric acid in the rat. Life Sci 28(6):595-601.

Livy DJ, Miller EK, Maier SE, West JR (2003) Fetal alcohol exposure and temporal
vulnerability: effects of binge-like alcohol exposure on the developing rat hippocampus.

Neurotoxicol Teratol 25(4):447-58.

Lotgering FK, Gilbert RD, Longo LD (1983) Exercise responses in pregnant sheep:

blood gases, temperatures, and fetal cardiovascular system. J Appl Physiol 55(3):842-50.

Low CM, Lyuboslavsky P, French A, Le P, Wyatte K, Thiel WH, Marchan EM, Igarashi
K, Kashiwagi K, Gernert K, Williams K, Traynelis SF, Zheng F (2003) Molecular
determinants of proton-sensitive N-methyl-D-aspartate receptor gating. Mol Pharmacol

63(6):1212-22.



173

Lupton C, Burd L, Harwood R (2004) Cost of fetal alcohol spectrum disorders. Am J

Med Genet C Semin Med Genet 127(1):42-50.

Maier SE, Chen WJ, Miller JA, West JR (1997) Fetal alcohol exposure and temporal
vulnerability regional differences in alcohol-induced microencephaly as a function of the
timing of binge-like alcohol exposure during rat brain development. Alcohol Clin Exp

Res 21(8):1418-28.

Maier SE, Miller JA, Blackwell JM, West JR (1999) Fetal alcohol exposure and
temporal vulnerability: regional differences in cell loss as a function of the timing of

binge-like alcohol exposure during brain development. Alcohol Clin Exp Res 23(4):726-

34.

Maier SE, West JR (2001a) Drinking patterns and alcohol-related birth defects. Alcohol

Res Health 25(3):168-74.

Maier SE, West JR (2001b) Regional differences in cell loss associated with binge-like
alcohol exposure during the first two trimesters equivalent in the rat. Alcohol 23(1):49-

57.



174

Maier SE, West JR (2003) Alcohol and nutritional control treatments during
neurogenesis in rat brain reduce total neuron number in locus coeruleus, but not in

cerebellum or inferior olive. Alcohol 30(1):67-74.

Mann LI, Bhakthavathsalan A, Liu M, Makowski P (1975) Effect of alcohol on fetal

cerebral function and metabolism. Am J Obstet Gynecol 122(7):845-51.

Marcussen BL, Goodlett CR, Mahoney JC, West JR (1994) Developing rat Purkinje
cells are more vulnerable to alcohol-induced depletion during differentiation than during

neurogenesis. Alcohol 11(2):147-56.

Marquis SM, Leichter J, Lee M (1984) Plasma amino acids and glucose levels in the rat

fetus and dam after chronic maternal alcohol consumption. Biol Neonate 46(1):36-43.

Martin-Algarra RV, Polache A, Fernandez-Villalba E, Pla Delfina JM, Guerri C (1998)
Influence of chronic alcohol intake on intestinal taurine and antipyrine transport in

pregnant rats. Alcohol Clin Exp Res 22(2):463-7.

Maternal and Child Health (MCH) Data Report (2003) Alcohol use during pregnancy.

Washington State Department of Health.



175

Mates JM, Perez-Gomez C, Nunez de Castro I, Asenjo M, Marquez J (2002) Glutamine
and its relationship with intracellular redox status, oxidative stress and cell

proliferation/death. Int J Biochem Cell Biol 34(5):439-58.

Mattson SN, Riley EP, Jernigan TL, Ehlers CL, Delis DC, Jones KL, Stern C, Johnson
KA, Hesselink JR, Bellugi U (1992) Fetal alcohol syndrome: a case report of
neuropsychological, MRI and EEG assessment of two children. Alcohol Clin Exp Res

16(5):1001-3.

Mattson SN, Riley EP, Sowell ER, Jernigan TL, Sobel DF, Jones KL (1996) A decrease
in the size of the basal ganglia in children with fetal alcohol syndrome. Alcohol Clin Exp

Res 20(6):1088-93.

Mattson SN, Schoenfeld AM, Riley EP (2001) Teratogenic effects of alcohol on brain

and behavior. Alcohol Res Health 25(3):185-91.

May PA, Gossage JP (2001) Estimating the prevalence of fetal alcohol syndrome. A

summary. Alcohol Res Health 25(3):159-67.

May RC, Hara Y, Kelly RA, Block KP, Buse MG, Mitch WE (1987) Branched-chain
amino acid metabolism in rat muscle: abnormal regulation in acidosis. Am J Physiol

252(6 Pt 1):E712-8.



176

McCarthy TL, Centrella M, Canalis E (1989) Regulatory effects of insulin-like growth
factors I and II on bone collagen synthesis in rat calvarial cultures. Endocrinology

124(1):301-9.

Migliaccio S, Newbold RR, Bullock BC, Jefferson WJ, Sutton FG, Jr., McLachlan JA,
Korach KS (1996) Alterations of maternal estrogen levels during gestation affect the

skeleton of female offspring. Endocrinology 137(5):2118-25.

Millar JA, Barratt L, Southan AP, Page KM, Fyffe RE, Robertson B, Mathie A (2000) A
functional role for the two-pore domain potassium channel TASK-1 in cerebellar granule

neurons. Proc Natl Acad Sci U S A 97(7):3614-8.

Miller MW (1995) Generation of neurons in the rat dentate gyrus and hippocampus:
effects of prenatal and postnatal treatment with ethanol. Alcohol Clin Exp Res

19(6):1500-9.

Miller MW, Potempa G (1990) Numbers of neurons and glia in mature rat
somatosensory cortex: effects of prenatal exposure to ethanol. ] Comp Neurol 293(1):92-

102.

Milley JR (1997) Ovine fetal leucine kinetics and protein metabolism during acute

metabolic acidosis. Am J Physiol 272(2 Pt 1):E275-81.



177

Moret C, Dave MH, Schulz N, Jiang JX, Verrey F, Wagner CA (2007) Regulation of
renal amino acid transporters during metabolic acidosis. Am J Physiol Renal Physiol

292(2):F555-66.

Mukherjee AB, Hodgen GD (1982) Maternal ethanol exposure induces transient
impairment of umbilical circulation and fetal hypoxia in monkeys. Science

218(4573):700-2.

Nagy LE, Diamond I, Casso DJ, Franklin C, Gordon AS (1990) Ethanol increases
extracellular adenosine by inhibiting adenosine uptake via the nucleoside transporter. J

Biol Chem 265(4):1946-51.

Nedergaard M, Goldman SA, Desai S, Pulsinelli WA (1991) Acid-induced death in

neurons and glia. J Neurosci 11(8):2489-97.

Netzeband JG, Conroy SM, Parsons KL, Gruol DL (1999) Cannabinoids enhance
NMDA-elicited Ca2+ signals in cerebellar granule neurons in culture. J Neurosci

19(20):8765-77.

NIAAA (2000) Underlying mechanisms of alcohol-induced damage to the fetus, in
Tenth Special Report to the U.S. Congress on Alcohol and Health, pp 285-322. U.S.

Department of Health and Human Services, Bethesda, MD.



178

Nissim I (1999) Newer aspects of glutamine/glutamate metabolism: the role of acute pH

changes. Am J Physiol 277(4 Pt 2):F493-7.

Northington FJ, Tobin JR, Harris AP, Traystman RJ, Koehler RC (1997) Developmental
and regional differences in nitric oxide synthase activity and blood flow in the sheep

brain. J Cereb Blood Flow Metab 17(1):109-15.

Oekonomaki E, Notas G, Mouzas IA, Valatas V, Skordilis P, Xidakis C, Kouroumalis
EA (2004) Binge drinking and nitric oxide metabolites in chronic liver disease. Alcohol

Alcohol 39(2):106-9.

Padmanabhan R, Ibrahim A, Bener A (2002) Effect of maternal methionine pre-
treatment on alcohol-induced exencephaly and axial skeletal dysmorphogenesis in

mouse fetuses. Drug Alcohol Depend 65(3):263-81.

Parnell SE, Ramadoss J, Delp MD, Ramsey MW, Chen WJ, West JR, Cudd TA (2007)
Chronic ethanol increases fetal cerebral blood flow specific to the ethanol-sensitive
cerebellum under normoxaemic, hypercapnic and acidaemic conditions: ovine model.

Exp Physiol 92(5):933-43.



179

Patrick J, Richardson B, Hasen G, Clarke D, Wlodek M, Bousquet J, Brien J (1985)
Effects of maternal ethanol infusion on fetal cardiovascular and brain activity in lambs.

Am J Obstet Gynecol 151(7):859-67.

Pauli J, Wilce P, Bedi KS (1995) Acute exposure to alcohol during early postnatal life
causes a deficit in the total number of cerebellar Purkinje cells in the rat. ] Comp Neurol

360(3):506-12.

Peiffer J, Majewski F, Fischbach H, Bierich JR, Volk B (1979) Alcohol embryo- and

fetopathy. Neuropathology of 3 children and 3 fetuses. J Neurol Sci 41(2):125-37.

Penton Z (1985) Headspace measurement of ethanol in blood by gas chromatography

with a modified autosampler. Clin Chem 31(3):439-41.

Perez GO, Oster JR, Katz FH, Vaamonde CA (1979) The effect of acute metabolic

acidosis on plasma cortisol, renin activity and aldosterone. Horm Res 11(1):12-21.

Pierce DR, Goodlett CR, West JR (1989) Differential neuronal loss following early

postnatal alcohol exposure. Teratology 40(2):113-26.

Plant LD, Kemp PJ, Peers C, Henderson Z, Pearson HA (2002) Hypoxic depolarization

of cerebellar granule neurons by specific inhibition of TASK-1. Stroke 33(9):2324-8.



180

Polache A, Martin-Algarra RV, Guerri C (1996) Effects of chronic alcohol consumption
on enzyme activities and active methionine absorption in the small intestine of pregnant

rats. Alcohol Clin Exp Res 20(7):1237-42.

Purves MJ, James IM (1969) Observations on the control of cerebral blood flow in the

sheep fetus and newborn lamb. Circ Res 25(6):651-67.

Ramadoss J, Hogan HA, Given JC, West JR, Cudd TA (2006a) Binge alcohol exposure
during all three trimesters alters bone strength and growth in fetal sheep. Alcohol

38(3):185-92.

Ramadoss J, Lunde ER, Chen WJ, West JR, Cudd TA (2007a) Temporal vulnerability of
fetal cerebellar Purkinje cells to chronic binge alcohol exposure: ovine model. Alcohol

Clin Exp Res 31(10):1738-45.

Ramadoss J, Lunde ER, Pina K.B, Chen WJ, Cudd TA (2006b) Role of hypercapnea and

acidemia in alcohol mediated fetal cerebellar injury. Alcohol Clin Exp Res 30(229A).

Ramadoss J, Lunde ER, Pina KB, Chen WJ, Cudd TA (2007b) All three trimester binge
alcohol exposure causes fetal cerebellar purkinje cell loss in the presence of maternal

hypercapnea, acidemia, and normoxemia: ovine model. Alcohol Clin Exp Res



181

31(7):1252-8.

Ramadoss J, Tress U, Chen WJ, Cudd TA (2007c) Adrenocorticotropin, cortisol and
thyroid hormone responses to all three trimester-equivalent chronic binge alcohol

exposure: ovine model. Alcohol. In Press.

Ramadoss J, Wu G, Cudd TA (2007d) Chronic binge ethanol mediated acidemia reduces
availability of glutamine and related amino acids in maternal plasma of pregnant sheep.

Exp Biol. Med. In review.

Rees S, Breen S, Loeliger M, McCrabb G, Harding R (1999) Hypoxemia near mid-
gestation has long-term effects on fetal brain development. J Neuropathol Exp Neurol

58(9):932-45.

Rees S, Stringer M, Just Y, Hooper SB, Harding R (1997) The vulnerability of the fetal

sheep brain to hypoxemia at mid-gestation. Brain Res Dev Brain Res 103(2):103-18.

Rekik M, El-Mas MM, Mustafa JS, Abdel-Rahman AA (2002) Role of endothelial
adenosine receptor-mediated vasorelaxation in ethanol-induced hypotension in

hypertensive rats. Eur J Pharmacol 452(2):205-14.



182

Reuss ML, Rudolph AM, Heymann MA (1981) Selective distribution of microspheres
injected into the umbilical veins and inferior venae cavae of fetal sheep. Am J Obstet

Gynecol 141(4):427-32.

Reynolds JD, Penning DH, Dexter F, Atkins B, Hrdy J, Poduska D, Brien JF (1996)
Ethanol increases uterine blood flow and fetal arterial blood oxygen tension in the near-

term pregnant ewe. Alcohol 13(3):251-6.

Richardson BS, Patrick JE, Bousquet J, Homan J, Brien JF (1985) Cerebral metabolism

in fetal lamb after maternal infusion of ethanol. Am J Physiol 249(5 Pt 2):R505-9.

Richardson C, Hebert CN (1978) Growth rates and patterns of organs and tissues in the

ovine foetus. Br Vet J 134(2):181-9.

Riikonen R, Salonen I, Partanen K, Verho S (1999) Brain perfusion SPECT and MRI in

foetal alcohol syndrome. Dev Med Child Neurol 41(10):652-9.

Riley EP, Mattson SN, Sowell ER, Jernigan TL, Sobel DF, Jones KL (1995)
Abnormalities of the corpus callosum in children prenatally exposed to alcohol. Alcohol

Clin Exp Res 19(5):1198-202.



183

Riley EP, McGee CL (2005) Fetal alcohol spectrum disorders: an overview with

emphasis on changes in brain and behavior. Exp Biol Med (Maywood) 230(6):357-65.

Rodda CP, Kubota M, Heath JA, Ebeling PR, Moseley JM, Care AD, Caple IW, Martin
TJ (1988) Evidence for a novel parathyroid hormone-related protein in fetal lamb
parathyroid glands and sheep placenta: comparisons with a similar protein implicated in

humoral hypercalcaemia of malignancy. J Endocrinol 117(2):261-71.

Roebuck TM, Mattson SN, Riley EP (1998) A review of the neuroanatomical findings in
children with fetal alcohol syndrome or prenatal exposure to alcohol. Alcohol Clin Exp

Res 22(2):339-44.

Rudolph AM, Heymann MA (1967) The circulation of the fetus in utero. Methods for
studying distribution of blood flow, cardiac output and organ blood flow. Circ Res

21(2):163-84.

Rudolph AM, Heymann MA (1970) Circulatory changes during growth in the fetal

lamb. Circ Res 26(3):289-99.

Safranek R, Holecek M, Kadlcikova J, Sprongl L, Mislanova C, Kukan M, Chladek J
(2003) Effect of acute acidosis on protein and amino acid metabolism in rats. Clin Nutr

22(5):437-43.



184

Sampson HW, Gallager S, Lange J, Chondra W, Hogan HA (1999) Binge drinking and
bone metabolism in a young actively growing rat model. Alcohol Clin Exp Res

23(7):1228-31.

Sampson PD, Streissguth AP, Bookstein FL, Little RE, Clarren SK, Dehaene P, Hanson
JW, Graham JM, Jr. (1997) Incidence of fetal alcohol syndrome and prevalence of

alcohol-related neurodevelopmental disorder. Teratology 56(5):317-26.

Schenker S, Becker HC, Randall CL, Phillips DK, Baskin GS, Henderson GI (1990)
Fetal alcohol syndrome: current status of pathogenesis. Alcohol Clin Exp Res 14(5):635-

47.

Seisjo BK (1978) Brain energy metabolism. Wiley, New York.

Siesjo BK, Katsura K, Kristian T (1996) Acidosis-related damage. Adv Neurol 71:209-

33; discussion 234-6.

Simpson ME, Duggal S, Keiver K (2005) Prenatal ethanol exposure has differential

effects on fetal growth and skeletal ossification. Bone 36(3):521-32.



185

Smith GN, Brien JF, Carmichael L, Clarke DW, Patrick J (1989a) Effect of acute,
multiple-dose ethanol on maternal and fetal blood gases and acid-base balance in the

near-term pregnant ewe. Can J Physiol Pharmacol 67(6):686-8.

Smith GN, Brien JF, Carmichael L, Homan J, Clarke DW, Patrick J (1989b)
Development of tolerance to ethanol-induced suppression of breathing movements and
brain activity in the near-term fetal sheep during short-term maternal administration of

ethanol. J Dev Physiol 11(3):189-97.

Sokol RJ, Clarren SK (1989) Guidelines for use of terminology describing the impact of

prenatal alcohol on the offspring. Alcohol Clin Exp Res 13(4):597-8.

Sokol RJ, Delaney-Black V, Nordstrom B (2003) Fetal alcohol spectrum disorder. Jama

290(22):2996-9.

Sowell ER, Jernigan TL, Mattson SN, Riley EP, Sobel DF, Jones KL (1996) Abnormal
development of the cerebellar vermis in children prenatally exposed to alcohol: size

reduction in lobules I-V. Alcohol Clin Exp Res 20(1):31-4.

Sowell ER, Mattson SN, Thompson PM, Jernigan TL, Riley EP, Toga AW (2001)
Mapping callosal morphology and cognitive correlates: effects of heavy prenatal alcohol

exposure. Neurology 57(2):235-44.



186

Sowell ER, Thompson PM, Mattson SN, Tessner KD, Jernigan TL, Riley EP, Toga AW
(2002) Regional brain shape abnormalities persist into adolescence after heavy prenatal

alcohol exposure. Cereb Cortex 12(8):856-65.

Srivastava J, Barber DL, Jacobson MP (2007) Intracellular pH sensors: design principles

and functional significance. Physiology (Bethesda) 22:30-9.

Staub F, Baethmann A, Peters J, Weigt H, Kempski O (1990) Effects of lactacidosis on

glial cell volume and viability. J Cereb Blood Flow Metab 10(6):866-76.

Stratton K, Howe C, Battaglia F (1996) Fetal Alcohol Syndrome. Diagnosis,
Epidemiology, Prevention and Treatment. Institute of Medicine. National Academy

Press, Washington D.C.

Swayze VW, 2nd, Johnson VP, Hanson JW, Piven J, Sato Y, Giedd JN, Mosnik D,
Andreasen NC (1997) Magnetic resonance imaging of brain anomalies in fetal alcohol

syndrome. Pediatrics 99(2):232-40.

Taylor L, Curthoys NP (2004) Glutamine metabolism Role in acid-base balance.

BAMBED 32(5):291-304.



187

Thornburg KL, Morton MJ (1994) Development of the cardiovascular system, in
Textbook of fetal physiology, (Thorburn GD, Harding R eds), vol 1, pp 122, 132-135.

Oxford University Press, New York.

Tobias JH, Cooper C (2004) PTH/PTHrP activity and the programming of skeletal

development in utero. J Bone Miner Res 19(2):177-82.

Traynelis SF, Cull-Candy SG (1990) Proton inhibition of N-methyl-D-aspartate

receptors in cerebellar neurons. Nature 345(6273):347-50.

Traynelis SF, Cull-Candy SG (1991) Pharmacological properties and H+ sensitivity of
excitatory amino acid receptor channels in rat cerebellar granule neurones. J Physiol

433:727-63.

Turner RT, Sibonga JD (2001) Effects of alcohol use and estrogen on bone. Alcohol Res

Health 25(4):276-81.

Uecker A, Nadel L (1996) Spatial locations gone awry: object and spatial memory

deficits in children with fetal alcohol syndrome. Neuropsychologia 34(3):209-23.

Urso T, Gavaler JS, Van Thiel DH (1981) Blood ethanol levels in sober alcohol users

seen in an emergency room. Life Sci 28(9):1053-6.



188

Vallejo Y, Hortsch M, Dubreuil RR (1997) Ethanol does not inhibit the adhesive activity
of Drosophila neuroglian or human L1 in Drosophila S2 tissue culture cells. J Biol Chem

272(18):12244-7.

Venkov CD, Myers PR, Tanner MA, Su M, Vaughan DE (1999) Ethanol increases
endothelial nitric oxide production through modulation of nitric oxide synthase

expression. Thromb Haemost 81(4):638-42.

Watkins CS, Mathie A (1996) A non-inactivating K+ current sensitive to muscarinic
receptor activation in rat cultured cerebellar granule neurons. J Physiol 491 ( Pt 2):401-

12.

Welbourne TC (1987) Interorgan glutamine flow in metabolic acidosis. Am J Physiol

253(6 Pt 2):F1069-76.

Welbourne TC, Phromphetcharat V, Givens G, Joshi S (1986) Regulation of interorganal

glutamine flow in metabolic acidosis. Am J Physiol 250(4 Pt 1):E457-63.

West JR, Hamre KM, Cassell MD (1986) Effects of ethanol exposure during the third
trimester equivalent on neuron number in rat hippocampus and dentate gyrus. Alcohol

Clin Exp Res 10(2):190-7.



189

West JR, Parnell SE, Chen WJ, Cudd TA (2001) Alcohol-mediated Purkinje cell loss in
the absence of hypoxemia during the third trimester in an ovine model system. Alcohol

Clin Exp Res 25(7):1051-7.

West JR, Ward GR (1992) Effects of alcohol on the developing brain, in
Encephalopathies of infancy and childhood, in Static encephalopathies of infancy and

childhood, (Miller G, Ramer JC eds), pp 311-318. Raven press, New York.

Wiederkehr M, Krapf R (2001) Metabolic and endocrine effects of metabolic acidosis in

humans. Swiss Med Wkly 131(9-10):127-32.

Wilkemeyer MF, Menkari CE, Charness ME (2002) Novel antagonists of alcohol
inhibition of 11-mediated cell adhesion: multiple mechanisms of action. Mol Pharmacol

62(5):1053-60.

Windus DW, Klahr S, Hammerman MR (1984) Glutamine transport in basolateral

vesicles from dogs with acute respiratory acidosis. Am J Physiol 247(3 Pt 2):F403-7.

Wisniewski K, Dambska M, Sher JH, Qazi Q (1983) A clinical neuropathological study

of the fetal alcohol syndrome. Neuropediatrics 14(4):197-201.



190

Wood CE, Chen HG (1989) Acidemia stimulates ACTH, vasopressin, and heart rate

responses in fetal sheep. Am J Physiol 257(2 Pt 2):R344-9.

Wood CE, Chen HG, Bell ME (1989) Role of vagosympathetic fibers in the control of
adrenocorticotropic hormone, vasopressin, and renin responses to hemorrhage in fetal

sheep. Circ Res 64(3):515-23.

Wood CE, Tong H (1999) Central nervous system regulation of reflex responses to

hypotension during fetal life. Am J Physiol 277(6 Pt 2):R1541-52.

Wu G, Bazer FW, Cudd TA, Meininger CJ, Spencer TE (2004) Maternal nutrition and

fetal development. J Nutr 134(9):2169-72.

Wu G, Davis PK, Flynn NE, Knabe DA, Davidson JT (1997) Endogenous synthesis of
arginine plays an important role in maintaining arginine homeostasis in postweaning

growing pigs. J Nutr 127(12):2342-9.

Wu G, Knabe DA, Yan W, Flynn NE (1995) Glutamine and glucose metabolism in

enterocytes of the neonatal pig. Am J Physiol 268(2 Pt 2):R334-42.

Wu G, Morris SM, Jr. (1998) Arginine metabolism: nitric oxide and beyond. Biochem J

336 (Pt 1):1-17.



191

Xiao-yi Z, Yu-bin T, Zhi-ling P, Wen-zhi Z, Jie Z (1994) Effects of parathyroid
hormone and estradiol on proliferation of human osteoblasts from fetal long bone. An in

vitro study. Chin Med J 107:600-603.

Ying W, Han SK, Miller JW, Swanson RA (1999) Acidosis potentiates oxidative

neuronal death by multiple mechanisms. J Neurochem 73(4):1549-56.

SUPPLEMENTAL SOURCES

Abel EL (1980) Fetal alcohol syndrome: behavioral teratology. Psychol Bull 87(1):29-

50.

Abel EL (1996) Alcohol-induced changes in blood gases, glucose, and lactate in

pregnant and nonpregnant rats. Alcohol 13(3):281-5.

Amores-Sanchez MI, Medina MA (1999) Glutamine, as a precursor of glutathione, and

oxidative stress. Mol Genet Metab 67(2):100-5.

Battaglia FC (2000) Glutamine and glutamate exchange between the fetal liver and the

placenta. J Nutr 130(4S Suppl):974S-78S.



192

Beitins IZ, Kowarski A, Shermeta DW, De Lemos RA, Migeon CJ (1970) Fetal and
maternal secretion rate of cortisol in sheep: diffusion resistance of the placenta. Pediatr

Res 4(2):129-34.

Bodnoff SR, Humphreys AG, Lehman JC, Diamond DM, Rose GM, Meaney MJ (1995)
Enduring effects of chronic corticosterone treatment on spatial learning, synaptic
plasticity, and hippocampal neuropathology in young and mid-aged rats. J Neurosci 15(1

Pt 1):61-9.

Bonthius DJ, Bonthius NE, Napper RM, Astley SJ, Clarren SK, West JR (1996) Purkinje
cell deficits in nonhuman primates following weekly exposure to ethanol during

gestation. Teratology 53(4):230-6.

Bookstein FL, Sampson PD, Streissguth AP, Connor PD (2001) Geometric
morphometrics of corpus callosum and subcortical structures in the fetal-alcohol-

affected brain. Teratology 64(1):4-32.

Burrow GN, Fisher DA, Larsen PR (1994) Maternal and fetal thyroid function. N Engl J

Med 331(16):1072-8.



193

Byrnes ML, Reynolds JN, Brien JF (2003) Brain growth spurt-prenatal ethanol exposure
and the guinea pig hippocampal glutamate signaling system. Neurotoxicol Teratol

25(3):303-10.

Caso G, Garlick BA, Casella GA, Sasvary D, Garlick PJ (2004) Acute metabolic
acidosis inhibits muscle protein synthesis in rats. Am J Physiol Endocrinol Metab

287(1):E90-6.

Caso G, Garlick BA, Casella GA, Sasvary D, Garlick PJ (2005) Response of protein
synthesis to hypercapnia in rats: independent effects of acidosis and hypothermia.

Metabolism 54(7):841-7.

Castells S, Mark E, Abaci F, Schwartz E (1981) Growth retardation in fetal alcohol
syndrome. Unresponsiveness to growth-promoting hormones. Dev Pharmacol Ther

3(4):232-41.

Chen SY, Sulik KK (1996) Free radicals and ethanol-induced cytotoxicity in neural crest

cells. Alcohol Clin Exp Res 20(6):1071-6.

Chen WA, Parnell SE, West JR (1999) Early postnatal alcohol exposure produced long-
term deficits in brain weight, but not the number of neurons in the locus coeruleus. Brain

Res Dev Brain Res 118(1-2):33-8.



194

Clarren SK, Smith DW (1978) The fetal alcohol syndrome. N Engl J Med 298(19):1063-

7.

Coles C (1994) Critical periods for prenatal alcohol exposure. Alcohol Health and

Research World 18:22-29.

Cudd TA, Chen WJ, West JR (1996) Acute hemodynamic, pituitary, and adrenocortical

responses to alcohol in adult female sheep. Alcohol Clin Exp Res 20(9):1675-81.

Cudd TA, Chen WJ, West JR (2002) Fetal and maternal thyroid hormone responses to
ethanol exposure during the third trimester equivalent of gestation in sheep. Alcohol Clin

Exp Res 26(1):53-8.

Cynober L, Boucher JL, Vasson M-P (1995) Arginine metabolism in mammals.

Nutritional biochemistry 6:402-413.

Dumaswala UJ, Zhuo L, Mahajan S, Nair PN, Shertzer HG, Dibello P, Jacobsen DW
(2001) Glutathione protects chemokine-scavenging and antioxidative defense functions

in human RBCs. Am J Physiol Cell Physiol 280(4):C867-73.

Fang YZ, Yang S, Wu G (2002) Free radicals, antioxidants, and nutrition. Nutrition

18(10):872-9.



195

Fisher SE, Atkinson M, Jacobson S, Sehgal P, Burnap J, Holmes E, Teichberg S, Kahn
E, Jaffe R, Vanthiel DH (1983) Selective fetal malnutrition: the effect of in vivo ethanol
exposure upon in vitro placental uptake of amino acids in the non-human primate.

Pediatr Res 17(9):704-7.

Forhead AJ, Curtis K, Kaptein E, Visser TJ, Fowden AL (2006) Developmental control
of iodothyronine deiodinases by cortisol in the ovine fetus and placenta near term.

Endocrinology 147(12):5988-94.

Freeman JH, Jr., Barone S, Jr., Stanton ME (1995) Disruption of cerebellar maturation
by an antimitotic agent impairs the ontogeny of eyeblink conditioning in rats. J Neurosci

15(11):7301-14.

Furukawa S, Saito H, Inaba T, Lin MT, Inoue T, Naka S, Fukatsu K, Hashiguchi Y, Han
I, Matsuda T, Ikeda S, Muto T (1997) Glutamine-enriched enteral diet enhances bacterial
clearance in protected bacterial peritonitis, regardless of glutamine form. JPEN J

Parenter Enteral Nutr 21(4):208-14.

Glinoer D, de Nayer P, Bourdoux P, Lemone M, Robyn C, van Steirteghem A, Kinthaert
J, Lejeune B (1990) Regulation of maternal thyroid during pregnancy. J Clin Endocrinol

Metab 71(2):276-87.



196

Goodlett CR, Johnson TB (1997) Neonatal binge ethanol exposure using intubation:

timing and dose effects on place learning. Neurotoxicol Teratol 19(6):435-46.

Goodlett CR, Leo JT, O'Callaghan JP, Mahoney JC, West JR (1993) Transient cortical
astrogliosis induced by alcohol exposure during the neonatal brain growth spurt in rats.

Brain Res Dev Brain Res 72(1):85-97.

Goodlett CR, Marcussen BL, West JR (1990) A single day of alcohol exposure during
the brain growth spurt induces brain weight restriction and cerebellar Purkinje cell loss.

Alcohol 7(2):107-14.

Gordon BH, Streeter ML, Rosso P, Winick M (1985) Prenatal alcohol exposure:
abnormalities in placental growth and fetal amino acid uptake in the rat. Biol Neonate

47(2):113-9.

Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo L, Marcussen N, Moller A,
Nielsen K, Nyengaard JR, Pakkenberg B, et al. (1988) The new stereological tools:
disector, fractionator, nucleator and point sampled intercepts and their use in

pathological research and diagnosis. Apmis 96(10):857-81.

Gundersen HJ, Bendtsen TF, Korbo L, Marcussen N, Moller A, Nielsen K, Nyengaard

JR, Pakkenberg B, Sorensen FB, Vesterby A, et al. (1988) Some new, simple and



197

efficient stereological methods and their use in pathological research and diagnosis.

Apmis 96(5):379-94.

Gunzerath L, Faden V, Zakhari S, Warren K (2004) National Institute on Alcohol Abuse

and Alcoholism report on moderate drinking. Alcohol Clin Exp Res 28(6):829-47.

Hannigan JH, Martier SS, Naber JM (1995) Independent associations among maternal
alcohol consumption and infant thyroxine levels and pregnancy outcome. Alcohol Clin

Exp Res 19(1):135-41.

Hay WW, Jr. (1984) Fetal and neonatal glucose homeostasis and their relation to the

small for gestational age infant. Semin Perinatol 8(2):101-16.

Henderson GI, Patwardhan RV, Hoyumpa AM, Jr., Schenker S (1981) Fetal alcohol

syndrome: overview of pathogenesis. Neurobehav Toxicol Teratol 3(2):73-80.

Heymann MA, Payne BD, Hoffman JI, Rudolph AM (1977) Blood flow measurements

with radionuclide-labeled particles. Prog Cardiovasc Dis 20(1):55-79.

Itskovitz J, Goetzman BW, Roman C, Rudolph AM (1984) Effects of fetal-maternal
exchange transfusion on fetal oxygenation and blood flow distribution. Am J Physiol

247(4 Pt 2):H655-60.



198

Jacobson SW, Bihun JT, Chiodo LM (1999) Effects of prenatal alcohol and cocaine

exposure on infant cortisol levels. Dev Psychopathol 11(2):195-208.

Kwong WY, Wild AE, Roberts P, Willis AC, Fleming TP (2000) Maternal
undernutrition during the preimplantation period of rat development causes blastocyst
abnormalities and programming of postnatal hypertension. Development 127(19):4195-

202.

Lee M, Wakabayashi K (1986) Pituitary and thyroid hormones in pregnant alcohol-fed

rats and their fetuses. Alcohol Clin Exp Res 10(4):428-31.

Lemoine P, Harousseau H, Borteyru JP, J.C. M (1968) Les enfants de parents

alcooliques: anomalies observees, a propos de 127 cas. Ouest Med 21:476-482.

Lin GW, Lin TY, Jin L (1990) Gestational ethanol consumption on tissue amino acid
levels: decreased free histidine and tryptophan in fetal tissues with concomitant increase

in urinary histamine excretion. Alcohol Clin Exp Res 14(3):430-7.

Lloyd B, Burrin J, Smythe P, Alberti KG (1978) Enzymic fluorometric continuous-flow
assays for blood glucose, lactate, pyruvate, alanine, glycerol, and 3-hydroxybutyrate.

Clin Chem 24(10):1724-9.



199

May RC, Kelly RA, Mitch WE (1986) Metabolic acidosis stimulates protein degradation

in rat muscle by a glucocorticoid-dependent mechanism. J Clin Invest 77(2):614-21.

Miller MW, Nowakowski RS (1991) Effect of prenatal exposure to ethanol on the cell
cycle kinetics and growth fraction in the proliferative zones of fetal rat cerebral cortex.

Alcohol Clin Exp Res 15(2):229-32.

Mittendorfer B, Volpi E, Wolfe RR (2001) Whole body and skeletal muscle glutamine

metabolism in healthy subjects. Am J Physiol Endocrinol Metab 280(2):E323-33.

Napper RM, West JR (1995) Permanent neuronal cell loss in the cerebellum of rats
exposed to continuous low blood alcohol levels during the brain growth spurt: a

stereological investigation. J Comp Neurol 362(2):283-92.

Neu J (2001) Glutamine in the fetus and critically ill low birth weight neonate:

metabolism and mechanism of action. J Nutr 131(9 Suppl):2585S-9S; discussion 2590S.

Ouellette EM, Rosett HL, Rosman NP, Weiner L (1977) Adverse effects on offspring of

maternal alcohol abuse during pregnancy. N Engl J Med 297(10):528-30.

Ramachandran VS, McGeoch PD, Williams L, Arcilla G (2007) Rapid relief of thalamic

pain syndrome induced by vestibular caloric stimulation. Neurocase 13(3):185-8.



200

Richardson B, Patrick J, Homan J, Carmichael L, Brien J (1987) Cerebral oxidative
metabolism in fetal sheep with multiple-dose ethanol infusion. Am J Obstet Gynecol

157(6):1496-502.

Riley EP, McGee CL, Sowell ER (2004) Teratogenic effects of alcohol: a decade of

brain imaging. Am J Med Genet C Semin Med Genet 127(1):35-41.

Robinson JK, Mair RG (1992) MK-801 prevents brain lesions and delayed-
nonmatching-to-sample deficits produced by pyrithiamine-induced encephalopathy in

rats. Behav Neurosci 106(4):623-33.

Root AW, Reiter EO, Andriola M, Duckett G (1975) Hypothalamic-pituitary function in

the fetal alcohol syndrome. J Pediatr 87(4):585-8.

Rosett HL, Weiner L (1983) Alcohol and the fetus. Oxford University Press, New York.

Rosett HL, Weiner L, Edelin KC (1983) Treatment experience with pregnant problem

drinkers. Jama 249(15):2029-33.

Roti E, Gardini E, Minelli R, Bianconi L, Flisi M (1991) Thyroid function evaluation by
different commercially available free thyroid hormone measurement kits in term

pregnant women and their newborns. J Endocrinol Invest 14(1):1-9.



201

Rudolph AM (1985) Distribution and regulation of blood flow in the fetal and neonatal

lamb. Circ Res 57(6):811-21.

Rurak DW, Richardson BS, Patrick JE, Carmichael L, Homan J (1990) Oxygen
consumption in the fetal lamb during sustained hypoxemia with progressive acidemia.

Am J Physiol 258(5 Pt 2):R1108-15.

Segar JL (1997) Ontogeny of the arterial and cardiopulmonary baroreflex during fetal

and postnatal life. Am J Physiol 273(2 Pt 2):R457-71.

Self JT, Spencer TE, Johnson GA, Hu J, Bazer FW, Wu G (2004) Glutamine synthesis

in the developing porcine placenta. Biol Reprod 70(5):1444-51.

Shetty AK, Burrows RC, Wall KA, Phillips DE (1994) Combined pre- and postnatal
ethanol exposure alters the development of Bergmann glia in rat cerebellum. Int J Dev

Neurosci 12(7):641-9.

Sies H (1999) Glutathione and its role in cellular functions. Free Radic Biol Med 27(9-

10):916-21.

Sulik K, Lauder J, Dehart D (1984) Brain malformations in prenatal mice following

acute maternal ethanol administration. Int. J. Develop. Neurosci 2:203-214.



202

Tannen RL, Hamid B (1985) Adaptive changes in renal acidification in response to

chronic respiratory acidosis. Am J Physiol 248(4 Pt 2):F492-9.

Tran TD, Jackson HD, Horn KH, Goodlett CR (2005) Vitamin E does not protect against
neonatal ethanol-induced cerebellar damage or deficits in eyeblink classical conditioning

in rats. Alcohol Clin Exp Res 29(1):117-29.

Tsai G, Coyle JT (1998) The role of glutamatergic neurotransmission in the

pathophysiology of alcoholism. Annu Rev Med 49:173-84.

Van Bel F, Roman C, Klautz RJ, Teitel DF, Rudolph AM (1994) Relationship between

brain blood flow and carotid arterial flow in the sheep fetus. Pediatr Res 35(3):329-33.

Vaughn PR, Lobo C, Battaglia FC, Fennessey PV, Wilkening RB, Meschia G (1995)
Glutamine-glutamate exchange between placenta and fetal liver. Am J Physiol 268(4 Pt

1):E705-11.

Weinberg J, Bezio S (1987) Alcohol-induced changes in pituitary-adrenal activity during

pregnancy. Alcohol Clin Exp Res 11(3):274-80.



203

Zhou FC, Sari Y, Zhang JK, Goodlett CR, Li T (2001) Prenatal alcohol exposure retards
the migration and development of serotonin neurons in fetal C57BL mice. Brain Res

Dev Brain Res 126(2):147-55.



204

APPENDIX A



205

738 1 22
an
7.36 1 T
<
o E
T 7.34 s
S O
S 732 2,
53 - 18 A
7.30 - s
ie
728 1 £ | | | L6
0 1 2 0 1 2
—— C(Control
5350 - 40
= =
£ 48 | L 36 O
£ g
& 46 L §
Q T
= =
44 L8 S
s ie
[P]
a2l | | | | Lo
0 1 2 0 1 2

Time (hours) Time (Hours)

Figure A-1: Fetal arterial blood gases and hematocrit. Arterial pH (pH,) was
significantly (*) lower and partial pressure of carbon dioxide (P,CO,) was significantly
higher at one hour in the E175 group (received 1.75 g/kg ethanol over one hour)
compared to the control and the EQ75 groups (received 0.75 g/kg ethanol over one hour).
P,CO, was significantly elevated (&) in the EQ75 group also at the peak hour compared
with that in control. The hematocrit and arterial partial pressure of oxygen (P,0,) were
not different among groups.
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Figure A-2: Fetal hemodynamic variables. The E175 group (received 1.75 g/kg ethanol
over one hour) exhibited significantly elevated (*) heart rate, decreased mean arterial
pressure, elevated biventricular output and decreased total peripheral resistance at one
hour compared to the control group. The E075 group (received 0.75 g/kg ethanol over
one hour) was not different from the control group.
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Figure A-3: Fetal whole brain blood flow (ml/min/100 g tissue). The E175 group
(received 1.75 g/kg ethanol over one hour) exhibited significantly elevated (*) whole
brain blood flow at one hour compared to the control group. The E075 group (received
0.75 g/kg ethanol over one hour) was not different from the control group.
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Figure A-4: Fetal regional brain blood flow (ml/min/100 g tissue). Blood flow in the
E175 group (received 1.75 g/kg ethanol over one hour) was significantly elevated (*)
only in the cerebellum at one hour compared to the control group. The values in pons,
medulla, subcortex, frontal cortex, and temporal cortex trended numerically upwards at
one hour in the E175 group, but the effect did not reach statistical significance.
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Figure A-5: Regional vulnerability in response to chronic binge ethanol. The E175
group (received 1.75 g/kg ethanol over one hour) displayed significantly lower (*)
number of cerebellar Purkinje cells compared with that in the control group.
However, no such differences were observed in other brain regions like the
hippocampus CA1 and CA2/3 pyramidal cells, dentate gyrus granule cells (DG) or
the olfactory bulb (mitral cells). These data demonstrate the extereme regional
differences of the teratogenic effects of ethanol and the strong correlation between
regional blood flow and neuronal loss.
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Figure A-6: Maternal blood alcohol concentrations.  Maternal blood alcohol
concentrations in response to a one hour intravenous infusion of alcohol at a dosage of
1.75g/kg of body weight peaked at 1 hour in the alcohol group. Values measured from
samples collected on days 6, 40, 90 and 132 were combined as they were not different
from one another. Values are mean + SEM.
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Figure A-7: Effect of all three trimester alcohol on cerebellar Purkinje cells. Estimated
total number of fetal cerebellar Purkinje cells (top), cell density (middle) and reference
volume (bottom) in normal control (NC), saline control (SC) and alcohol groups.
Binging throughout gestation significantly decreased (*) the total number of fetal
cerebellar Purkinje cells and the cerebellar reference volume compared with the normal
and pair-fed saline control groups. No significant differences were found in the Purkinje
cell density. Values are mean + SEM.
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Figure A-8: Maternal arterial pH (top) and P,CO, (bottom) over time. Values measured
from samples collected on different days of gestation were combined as they were not
different. The pH value at the 1% hour was significantly decreased (*) in the alcohol
group (p < 0.001) and such decreases persisted at least one hour after the end of infusion.
Values are mean + SEM.
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Figure A-9: The experimental paradigm. Alcohol or saline was administered
intravenously (IV) over a one-hour period in a binge-like paradigm (modeling weekend
only binge drinking), consisting of three consecutive days of exposure followed by four
days without exposure and this pattern was repeated throughout the first or third
trimester-equivalent (first trimester-equivalent, GD 4-42; third trimester-equivalent, GD

109-132; term is 147 days) and were sacrificed on day 133.
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Figure A-10: Estimated total fetal cerebellar Purkinje cell number. Binging during the
first or the third trimester-equivalent of gestation significantly decreased (*) the total
number of fetal cerebellar Purkinje cells compared with those in the pair-fed saline
control subjects. No differences were found between the two alcohol treatment groups.
Values are mean + SEM.
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Figure A-11: Fetal cerebellar Purkinje cell density. The fetal cerebellar Purkinje cell
density was significantly lower (¥) in the alcohol administered groups irrespective of the
period during which they received treatment. No differences were found between the
first and third trimester-equivalent alcohol treatment groups. Values are mean + SEM.
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Figure A-12: Fetal cerebellar volume. Third trimester-equivalent alcohol treated
subjects had a smaller cerebellar volume reference compared with that in the third
trimester-equivalent saline control group (a). Such differences were not found when
comparisons were made between the saline controls and the first trimester-equivalent
alcohol exposed subjects. Values are mean + SEM.
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Figure A-13: Dentate gyrus (DG) measurements. The estimated total number of fetal
granule cells and the volume of the dentate gyrus were not different between groups. All
three trimester binge alcohol exposure significantly increased (*) the packing density of
granule cells in the dentate gyrus compared with that in the saline control group (SC).
Values are mean + SEM.
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Figure A-14: CA2/3 field measurements. All three trimester-equivalent binge alcohol
exposure did not alter fetal hippocampal CA2/3 field measures. The total number of the
fetal CA2/3 pyramidal cells, their density, and the volume of the CA2/3 field was not
different between the alcohol and the saline control groups (SC). Values are mean +
SEM.
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Figure A-15: CAl field measurements. All three trimester-equivalent binge alcohol
exposure did not alter fetal hippocampal CAIl field measures. The total number of the
fetal CA1 pyramidal cells, their density, and the volume of the CAl field was not
different between the alcohol and the saline control groups (SC). Values are mean +
SEM.
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Figure A-16: Illustration of the ventilation chamber. Maternal blood gases in the
acidemic group were manipulated for 6 hours by placing the ewe in a chamber and
manipulating the inspired gases to mimic the change in maternal arterial pH produced by
ethanol. The front half of the subject was confined inside the plexiglass chamber, while
the rear half was accessible to the investigator for sampling blood. The fractional
concentrations of oxygen and carbon dioxide in the chamber were measured using gas
monitors.
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Figure A-17: Maternal arterial pH (pH,). The magnitude decrease in the maternal pH,
produced by ethanol was created in the acidemic subjects by increasing the inspired
partial pressure of carbon dioxide independent of ethanol.
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Figure A-18: Maternal plasma glucose, lactate, and urea responses. Maternal plasma
glucose, lactate, and urea responsesto 1 hour ethanol, acidemia, or control manipulations
following a chronic weekly weekend binge exposure is depicted. Lactate was
significantly elevated (*) in the ethanol group compared to the acidemic and saline
control (SC) groups. Maternal plasma glucose and urea concentrations were not
different when comparing between groups.
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Figure A-19: Maternal plasma amino acid responses. Maternal plasma amino acid
responses to 1 hour ethanol, acidemia, or control manipulations following a chronic
weekly weekend binge exposure is depicted. Significant reduction (*) in specific amino
acids were observed in the ethanol and acidemia groups compared with that in the pair-
fed saline control group (SC). Glutamine was significantly decreased (#) in the ethanol
group whereas the acidemia group trended lower compared to the control group. The
only amino acid that exhibited a significant increase in response to ethanol was
glutamate (#). In the acidemia group, glutamate trended higher compared to the control
group. No differences were detected between the ethanol and the acidemic groups.
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Figure A-20: Fetal sheep brain growth velocity. The ethanol exposure paradigm was
designed to occur during the period of peak brain growth velocity like that during the
third trimester in humans, a period when it is known that the brain is sensitive to ethanol
mediated damage. In order to reasonably extrapolate the timing of exposure from sheep
to humans, we differentiated the equation reported by Richardson and Herbert (1978)
that predicts ovine fetal brain weight as a function of gestational age, with respect to
time, and the first order velocity curve was plotted in a manner similar to that of
Dobbing and Sands (1979).
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Figure A-21: The ethanol-glutamine model. The ethanol-glutamine model illustrates
putative maternal amino acid homeostatic responses to an acute challenge of ethanol
following chronic exposure. The kidney acts as a major sink for glutamine during
ethanol induced acidosis. Increased renal extraction of plasma glutamine results in
decreased availability of arginine and citrulline whose syntheses are glutamine
dependent. Acidemia induced elevations in renal glutamine SNAT3 transporter
expression result in increased renal uptake of histidine and asparagine. In the muscle,
ethanol induced acidosis up-regulates the transamination of branched chain amino acids
(BCAA) with o-ketoglutarate to form glutamate and branched chain a-ketoacids

(BCKA) and also directly stimulates the oxidative catabolism of BCKAs, leading to
decreased plasma levels of BCAAs.
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Figure A-22: Maternal acid-base status. The magnitude decrease in the maternal arterial
pH (pH,) produced by ethanol was created in the acidemic-normox and acidemic-hypox
subjects, by increasing the inspired partial pressure of carbon dioxide independent of
ethanol. In the ethanol-TI group, the TASK inhibitor was infused to prevent ethanol-
induced decreases in pH,,



227

Time (hour)

o

o

(e)
|

-0.05 ~

-0.10 A

20.15 T
mmmm Saline Control
Ethanol
BN Acidemic-Normox
¥ Acidemic-Hypox

Change in Fetal pH,; Compared to 0 min

10

-10

Change in Fetal P,O» compared to 0 min

0.5 1 2

Time (hour)
Figure A-23: Fetal blood gases and pH. Fetal arterial pH (pH,) and partial pressure of
oxygen (P,0,) are depicted. The fetal pHa was significantly decreased (*) in ethanol,
acidemic-normox, and acidemic-hypox groups compared to the pair-fed saline control
group. The pHa at the end of the infusion (1 hour) was different (#) from that at all other

time points. The fetal P,O, was not different among groups or among time points.
Values are mean + SEM.
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Figure A-24: Effect of ethanol-induced acidosis on Purkinje cell number. The effects of
ethanol, acidemia, hypoxemia and TASK inhibition (TI) on the estimated total fetal
cerebellar Purkinje cell number. Same letters are different. Values are mean + SEM.
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Figure A-25: Effect of ethanol-induced acidosis on cerebellar volume. The effects of
ethanol, acidemia, hypoxemia and TASK inhibition (TI) on the cerebellar volume.
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Figure A-26: Effect of ethanol-induced acidosis on cell density. The effects of ethanol,
acidemia, hypoxemia and TASK inhibition (TI) on the fetal cerebellar Purkinje cell
density. Same letters are different. Values are mean + SEM.
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Figure A-27: Maternal plasma ACTH concentrations. Maternal plasma ACTH
concentrations (pg/ml + SEM) were measured from the beginning of the infusion period
every 30 min for 2 hours and then at 6 and 24 hours on gestational days (GDs) 6, 40, 90
and 132 and the responses to alcohol were not different when compared between GD.
The infusion of 1.75 g/kg of alcohol significantly increased maternal plasma ACTH
concentrations at 1 and 1.5 hours compared to all other treatment groups except for the
1.25 g/kg group (#) and compared to all other treatment groups at 2 hours (*).
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Figure A-28: Maternal plasma cortisol concentrations. Maternal plasma cortisol
concentrations (ng/ml + SEM) were measured from the beginning of the infusion period
every 30 min for 2 hours and then at 6 and 24 hours on GDs 6, 40, 90 and 132 and
responses to alcohol were not different when compared between GD. The infusion of
1.75 g/kg of alcohol significantly increased maternal plasma cortisol concentrations at 1,
1.5 and 2 hours compared to all other treatment groups (*).
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Figure A-29: Regional brain oxidative stress. The concentrations of malondialdehyde
(MDA) were examined in the cerebellum, hippocampus, and cortex, and we found that
the cerebellum selectively exhibited increased (*) oxidative stress as indicated by the
changes in the MDA concentration. A significant change was not observed in the other
examined tissues.
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Figure A-30: The effect of acidosis on oxidative stress. The concentration of MDA in
the maternal plasma in response to acidosis was examined, and we found that acidosis
resulted in significant increases (*) in MDA levels compared to the controls.
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Figure A-31: Acidosis and renal fractional clearance of chloride. Renal fractional
clearance of chloride with respect to sodium was significantly increased at 30 and 60
minutes in response to acute respiratory acidosis. The clearance returned to baseline at
90 and 120 minutes when arterial PCO, and pH were 37 + 0.5 mm Hg and 7.49 + 0.1
respectively.
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Figure A-32: Maternal blood alcohol concentrations. Maternal blood alcohol
concentrations in response to one hour intravenous infusion of alcohol. Mean blood
alcohol concentrations peaked at 1 hour for both the lower dose (E075) and higher dose
(E175) groups. Values measured from samples collected on days 6, 40, 90 and 132 were
combined as they were not different from one another. E075, E175: alcohol dosage 0.75
and 1.75 g/kg of body weight respectively. Values are mean + SEM.
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Figure A-33: Effect of alcohol binging on fetal femoral length. Effect of alcohol binging
throughout gestation on fetal femoral length is depicted. Fetal femurs in the higher dose
group (E175) were shorter than the normal control group (a: p = 0.039) with the lower
dose group (E075) showing a trend toward shorter lengths (b: p = 0.079). The alcohol
groups were not different from the saline control group. NN: normal control group; SC:
saline control group; EO075, E175: alcohol dosage 0.75 and 1.75 g/kg of body weight
respectively. Values are mean + SEM. Values given in the bars represent the number of
bones. Groups sharing the same letter are significantly different in bone length.
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Figure A-34: Effect of alcohol consumption on fetal tibial length. Effect of alcohol
consumption throughout gestation on fetal tibial length is depicted. Mean fetal tibial
lengths did not exhibit dose-dependent changes (one-way ANOVA, p = 0.057).
However, the alcohol groups, when combined, showed significantly shorter mean
lengths compared to the normal control group (one-way ANOVA, p = 0.030). NN:
normal control group; SC: saline control group; Alcohol: alcohol dosage groups (0.75
and 1.75 g/kg of body weight) when combined. Values are mean + SEM. Values given
in the bars represent the number of bones.
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Figure A-35: Effect of moderate and heavy binging on fetal femoral strength. The
lower dose group (E075) showed significantly higher bone strength compared to the
normal control group (a: p = 0.008). The higher dose (E175) group had lower femoral
strength compared to the lower dose (E075) group (b: p = 0.006) and trended lower
compared to the saline control group (c: p = 0.089). NN: normal control group; SC:
saline control group; E075, E175: alcohol dosage 0.75 and 1.75 g/kg of body weight
respectively. Values are mean + SEM. Values given in the bars represent the number of
bones. Groups sharing the same letter are significantly different in bone strength.
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Figure A-36: Effect of moderate and heavy binging on fetal tibial strength. The higher
dose group exhibited significantly lower strength compared to the normal control group
(a: p = 0.019) and trended lower than the lower dose group (c: p = 0.082). The saline
control group trended to have a lower strength compared to the normal control group (b:
p = 0.056).NN: normal control group; SC: saline control group; E075, E175: alcohol
dosage 0.75 and 1.75 g/kg of body weight respectively. Values are mean + SEM.
Values given in the bars represent the number of bones. Groups sharing the same letter
are significantly different in bone strength.
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Figure A-37: Representative illustration of a tibial test. Representative illustration of a
tibial test using a three point bending procedure is depicted. Force was applied through
a single upper contact that was centered between the two lower supports, the maximum
force and the displacement were recorded for each bone during the test. Data were
analyzed to determine both extrinsic (whole bone), and intrinsic (of the bone tissue)
properties.
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Figure A-38: The yield force. The yield force (N) was defined to be the point of
intersection between the force curve and a straight line with a slope of 90% of the
stiffness. First trimester maternal alcohol binging did not effect the yield force recorded
during the mechanical test for both the fetal femur and tibia.
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Figure A-39: Bone stiffness. First trimester fetal alcohol exposure did not alter the fetal
femoral and tibial stiffness (N/mm). Stiffness was calculated from the slope of the
force-displacement curve in the linear region and was determined from linear regression
analysis.
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Figure A-40: The energy absorbed by the fetal bones. The total energy (mJ) absorbed
by the fetal femur to the ultimate point was significantly higher (*) for the E075 (0.75
g/kg) group compared with that in the control group. No differences were observed for
the fetal tibia. This value was calculated as the area under the force displacement curve.
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Figure A-41: Maximum force. For all of the fetal bones, there were no significant
differences among groups for the maximum force (N). This value is an extrinsic
property and is indicative of the contributions of both tissue mineralization and bone size
and shape.
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Figure A-42: Bone strength. First trimester maternal alcohol consumption altered fetal
bone strength (MPa). The E175 (1.75 g/kg) group exhibited significantly higher (*)
bone femoral bone strength compared with that in the control group whereas the tibial
strength was not altered. The E075 (0.75 g/kg) was not altered. Alcohol improved fetal
femoral strength (MPa) while tibial strength was not altered. This value was calculated
as the material strength at the point of ultimate force as bone strength equal to FSD/8I,
where F is the ultimate force, S is the span (4 cm), D is the anterior-posterior diameter,

and I is the cross sectional moment of inertia.
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APPENDIX B



Table B-1: Maternal P,O, (mm Hg)

248

Time (min) Saline control Alcohol
P,0; (mm Hg) P,0; (mm Hg)
0 100 98
30 97 99
60 102 97
90 98 103
120 100 96

Values measured from samples collected on days 90 and 132 of gestation were
combined as they were not different. No statistically significant differences were found
between alcohol and saline groups, and among different time points. Similarly no
interaction between these two factors was revealed.




Table B-2: Maternal plasma amino acid concentrations
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Amino acids SC Ethanol Acidemia
ARG 142 + 10 148+ 13 204 + 24%
GLU 106 + 14 64 + 8* 99 + 20
ASP 8+0 5+1 8+1
SER 62 +4 60 + 8 85 + 8*
THR 45 +4 52+8 62+ 10
CIT 119 + 17 123 + 15 145 + 25
ALA 97 +7 77 + 12 102 + 4
TRP 20+ 1 22 +1 27 +4
ASN 23+1 26 +4 37 + 3%
GLN 179 + 16 112 + 15% 165 + 12
THR 45+ 3 52+ 8 62+ 10
MET 13+0.5 20 + 2% 23 + 2%
LEU 66 +7 84 + 7* 83 + 7*
HIS 22+3 23+1 23+1
TAU 76 + 12 62 +11 75+ 18
TYR 36 +2 40+ 3 48 +5
VAL 79 +3 148 + 24%* 170 + 19*
PHE 20 +1 28+ 0 32+2
ILE 59+3 66 + 6 69 +3
ORN 3543 35+4 44 + 4

BCAA 204 + 11 298 + 35% 322 +22%

Maternal plasma amino acid concentrations (umol/L) at the beginning of the last day of

experiment were not different among groups for most amino acids.

Glutamine and

glutamate were significantly (*) reduced in the ethanol group; arginine, asparagine,
serine were significantly elevated in the acidemic group, while valine, methionine, and
total branched chain amino acids (BCAA) were significantly higher in the ethanol and
the acidemic groups compared with that in the pair-fed saline control group (SC).




Table B-3: Treatment conditions and their acid-base status
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Treatment Maternal Maternal acid Fetal Fetal
arterial base status arterial | acid-base
oxygen status oxygen status
status
Normal control Not measured
Pair-fed saline Normox No change No change No
control Change
Ethanol Mild transient Acidemic No change | Acidemic
reduction in
PaOZ
Ethanol- No change Acidemic No change | Acidemic
Normox
Acidemic- No change Acidemic No change | Acidemic
Normox
Acidemic- Mild transient Acidemic No change | Acidemic
hypox reduction in
PaOZ
Ethanol-TI Normox No change No change No
Change
Saline-TI Normox No change No change No
Change

Nine treatment groups were used in this study: (1) an untreated normal control group, (2)
a pair-fed saline control, (3) an ethanol group (produced fetal normoxemia and acidemia
and a mild transient reduction in maternal P,0O,), (4) an acidemic-normox group,
(produced fetal and maternal normoxemia and acidemia), (5) an ethanol-normox group
(produced fetal and maternal normoxemia and acidemia), (6) an acidemic-hypox group
(produced fetal normoxemia and acidemia and a mild transient reduction in maternal
P,O,), (7) an ethanol-TI group, and (8) a saline-TI group and (7) a fetal instrumented
group, in order to measure fetal blood gases and acid-base status.



Table B-4: Fetal and maternal bone diameter (cm)
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Group Fetal Femur Fetal Tibia Maternal Maternal
Diameter (cm) | Diameter (cm) Femur Tibia
Diameter (cm) | Diameter (cm)
NN 1.01 £0.02 0.93 +0.02 2.23 +£0.07 1.89 £0.07
SC 0.95+£0.03 0.93 £0.02 2.33+£0.09 2.01 £0.06
E075 0.97 £0.01 0.91 £0.01 2.28 £0.04 1.92 £0.05
E175 0.91 £0.07 0.85 +0.06 2.33+£0.04 1.95 +£0.02

NN: normal control group; SC: saline control group; E0Q75, E175: alcohol dosage 0.75
and 1.75 g/kg of body weight respectively. Values are mean + SEM. No significant

differences were found among groups.
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Table B-5: Fetal and maternal bone cross sectional moment of inertia (cm®)

Group Fetal Femur Fetal Tibia Maternal Maternal
CSMI (cm*) CSMI (cm*) Femur CSMI | Tibia CSMI
(em®) (em*)
NN 0.0456+ 0.003 0.032 +0.002 0.79 +0.10 0.52 +0.07
SC 0.034 +0.003 0.036 + 0.004 0.91 +0.12 0.66 + 0.07
E075 0.038 + 0.002 0.035 +0.002 0.88 + 0.06 0.52 +0.05
E175 0.032 +0.007 0.036 + 0.007 0.87 +0.03 0.54 +0.04

NN: normal control group; SC: saline control group; E075, E175: alcohol dosage 0.75
and 1.75 g/kg of body weight respectively. Values are mean + SEM. No significant
differences were found among groups.




Table B-6: Maternal bone Strength (MPa) and length (cm)
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Group Maternal Maternal Maternal Maternal Tibia
Femur Tibial Strength | Femur Length Length (cm)
Strength (MPa) (cm)
(MPa)
NN 53.2+7.2 80.8 £3.2 20.4 + 0.6 23.4+0.7
SC 53.0+ 3.0 75.5+4.9 21.3+0.6 24.6 £0.7
E075 442 +3.3 87.5+6.6 20.6 +0.4 23.8+0.4
E175 46.4 + 3.7 88.7+4.6 21.5+0.3 24.5+0.3

NN: normal control group; SC: saline control group; E0Q75, E175: alcohol dosage 0.75
and 1.75 g/kg of body weight respectively. Values are mean + SEM. No significant
differences were found among groups.
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