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Abstract

Background: Fetal Alcohol Spectrum Disorder (FASD) is one of the leading causes of
neurodevelopmental impairment. FASD is the diagnostic term to encompass the range of physical,
cognitive, or emotional impairments due to prenatal ethanol exposure (PNEE). One of the most
notable consequences of PNEE are deficits in hippocampal synaptic plasticity, and consequently,
learning and memory impairments. Currently, there is no treatment for FASD. However, there are
promising data to demonstrate that the essential nutrient choline may improve outcomes following
developmental ethanol exposure. Questions remain as to how postnatal choline supplementation
improves hippocampal outcomes at a synaptic level, whether these occur in a sex-dependent

manner, and if any changes will persist into adulthood.

Methods: This dissertation employed a first-two trimester moderate model of PNEE
(Gestational day 1-22). Offspring were supplemented with choline chloride (100 mg/kg/day) from
postnatal day (PND) 10-30, then tested either immediately following treatment (PND 31-36) or in
adulthood (PND 60-90). In juvenile offspring bidirectional plasticity was evaluated, as well as
behavioural changes using the Radial Arm Maze. In adulthood, saturating and subthreshold long-

term potentiation (LTP) was evaluated, as well as alterations in GIuN2B functionality.

Results: PNEE reduced the magnitude of LTP in male juvenile offspring, but not in
females. Choline treatment increased LTP in both male and female PNEE offspring. However,
choline treatment insignificantly decreased the amount of long-term depression (LTD) in male
offspring, regardless of prenatal environment. Improvements in PNEE male LTP did not translate
to behavioural improvements in the Radial Arm Maze, either in the working or reference memory
performance. Female juvenile offspring did not learn the task over the course of the five trials and
this lack of learning was not due to differences in search strategy. In adulthood, there were no



evident changes in LTP with PNEE or with choline treatment in either sex. Despite the lack of
deficit or improvement, choline treatment altered the LTP threshold, such that lower frequency
stimulating protocols still resulted in LTP in choline treated offspring. While it is not clear why
this change in LTP threshold occurred, it could be due to alterations in GIUN2B functionality;
GIuN2B antagonism increased field excitatory postsynaptic potential (fEPSP) size in control

offspring, but not in saline treated PNEE adults.

Conclusion & Significance: This dissertation demonstrated that postnatal choline
supplementation ameliorated the deficits in LTP in PNEE males and further increased LTP in
PNEE females. However, these changes in synaptic plasticity did not persist in adulthood when
using a saturating conditioning stimulus. There may still be alterations in hippocampal LTP
threshold after treatment cessation, but the exact locus of action remains to be uncovered. These
data further support choline as a treatment for PNEE, but also suggest that extended choline

treatment may produce more long-lasting changes.
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CHAPTER 1: INTRODUCTION

1.1 Fetal Alcohol Spectrum Disorder (FASD)

Fetal Alcohol Spectrum Disorder (FASD) is the clinical term to encompass the range of
cognitive, social, and physical consequences when exposed to alcohol in the womb. The term ‘fetal
alcohol syndrome’ (FAS) was first characterized in the 1970s by American doctors Jones and
Smith (Jones and Smith, 1973; Brown et al., 2019) and in the decades to follow the term FASD
was issued to include the less severe partial FAS (pFAS), alcohol-related birth defects (ARBD),
and alcohol related neurodevelopmental disorder (ARND) (Manning and Eugene Hoyme, 2007;
Chudley, 2018). These diagnostic terms are characterized based on the continuum of physical and
cognitive symptoms, including facial abnormalities (short palpebral fissures, thin upper vermilion
border, and smooth philtrum), growth retardation, cognitive disabilities, and often require

confirmation of alcohol consumption during pregnancy (Manning and Eugene Hoyme, 2007).

The psychosocial factors surrounding alcohol consumption during pregnancy and FASD are
complex. It has been well established that alcohol is teratogenic to the developing brain, yet alcohol
consumption during pregnancy has remained at approximately 10% for several decades (Denny et
al., 2019). While it might appear straightforward to place the burden of responsibility on the
pregnant individual, many factors contribute to the steady prevalence of FASD, including domestic
abuse, violence, and inadequacies in birth control or sex education to prevent unwanted
pregnancies (Skagerstrom, Chang and Nilsen, 2011; Walker et al., 2011). Despite there being
evidence for alcohol exposure in around 1 in 10 pregnancies, current estimates of FASD in North
America range from 1-5% (May et al., 2009; Popova et al., 2017, 2019; Flannigan, Unsworth and
Harding, 2018), highlighting the nonlinear relationship between alcohol consumption and FASD

diagnosis. There are several factors that may make some pregnancies, and not others, vulnerable

1



to prenatal ethanol exposure, including the pattern of consumption (i.e. binge versus continuous),
developmental timing, the medical history of the pregnant individual, their metabolism/nutrition,
and genetic profile (May and Gossage, 2011). Take for instance the pattern of consumption.
Seminal work by Bonthius and West (1990) exposed rodent offspring from postnatal day (PND)
4-10 with the alcohol in three unique patterns: two doses of ethanol (4.5 g/kg/d) two hours apart,
four doses of ethanol (4.5 g/kg/d) over eight hours, or 12 exposures (6.6 g/kg/d) over the course
of 24 hours. As expected, peak blood alcohol content was highest when the alcohol was provided
in a higher concentration and decreased in a dose-dependent manner. Similarly, brain weight
decreased as a measure of blood alcohol content and thus pattern of exposure, demonstrating that
how alcohol is consumed is important when considering teratogenic outcomes (Bonthius and West,
1990). There are also social factors to be taken into consideration with the estimated prevalence of
FASD, namely the high levels of stigma and shame associated with FASD that could prevent an
individual from admitting to consuming alcohol (May and Gossage, 2011), the financial cost of
receiving a professional diagnosis (Popova et al., 2013), and lack of education or discomfort in
assigning a FASD diagnosis from medical professionals (Petrenko et al., 2014; Howlett et al.,
2019). Both the biological and social factors make it difficult to achieve a true estimate of the

impact of prenatal alcohol exposure.

Individuals with FASD experience a myriad of lifelong cognitive impairments that can include
issues with attention, learning and memory, problem solving, and decreased general intelligence
(Mattson, Bernes and Doyle, 2019). These neurodevelopmental consequences often lead to
secondary dysfunction. The majority of individuals with FASD have comorbid mental health
disorders (Pei et al., 2011), are ten times more likely to have attention deficit hyperactivity disorder

(ADHD) (Weyrauch et al., 2017), disproportionately enter foster care (Tenenbaum et al., 2020),



and face more difficulties in the legal system (Fast and Conry, 2009). Alcohol use during
pregnancy should not be considered completely preventable, as evidenced by the consistent
consumption rates and the complex social influences surrounding the decision to consume alcohol
during pregnancy. As even low amounts of ethanol exposure can lead to lifelong social and

cognitive difficulties, it is of increased importance to investigate treatments for FASD.

1.1.1 Ethanol, Metabolism & the Placenta
Ethanol has a simple structure that allows it to diffuse into all the cells of the body and have
pervasive effects. The ethanol molecule is polar due to the hydroxyl (-OH) group, yet lipophilic
due to the short carbon chain (C2Hs). This unique combination of structural properties is the reason

ethanol can pass through lipid membranes, including through the blood brain barrier and placenta
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Figure 1 Ethanol Metabolism. Ethanol is metabolized through either (1) an oxidative pathway into
acetaldehyde, acetate and finally acetyl-CoA or carbon dioxide; or (2) a non-oxidative pathway, generating
FAEE and phosphatidyl ethanol. ROS (Reactive oxygen species), ADH (alcohol dehydrogenase),
CYP2E1 (cytochrome P450 2E1), NAD (nicotinamide adenine dinucleotide), ALDH (aldehyde
dehydrogenase), ACS (Acetyl CoA synthase), FAEE (fatty acid ethyl ester), PLD (phospholipase D).



(Little and VVanBeveren, 1996), without requiring a specific receptor or other form of transporter.
Therefore, when alcohol is consumed during pregnancy, the fetus quickly reaches similar blood
alcohol concentrations as the maternal blood (Idanpé&éan-Heikkila et al., 1972; Espinet and Argileés,

1984).

Ethanol is metabolized through three main pathways (Figure 1) (Zakhari, 2006). The major
ethanol metabolism pathway involves the oxidation of ethanol into acetaldehyde by the enzyme
alcohol dehydrogenase (ADH) and nicotinamide adenine dinucleotide (NAD+). During high levels
of alcohol consumption, however, ethanol is metabolized by the cytochrome P450 2E1 enzyme
(CYP2EL) into acetaldehyde. Acetaldehyde is then further oxidized to acetate by acetaldehyde
dehydrogenase (ALDH) and finally into acetyl-CoA through acetyl-CoA synthetase (ACS) or into
carbon dioxide. Ethanol can also be broken down through non-oxidative pathways using fatty acid
ethyl ester (FAEE) synthase to generate FAEEs or through phospholipase D to generate
phosphatidyl ethanol (Zakhari, 2006; Cederbaum, 2012). The generation of FAEEs is
translationally relevant, as it can be used as a biomarker of fetal alcohol exposure, such as in the
meconium, following birth (Ostrea et al., 2006). The molecular damage caused by ethanol does
not occur through the ethanol molecule alone, but also through the products generated as it is
metabolized. Ethanol metabolic pathways generate reactive oxygen species (ROS), either directly
in the CYP2EL pathway or indirectly through the regeneration of NAD+, and acetaldehyde has

been shown to cause similar morphological impairments to ethanol (Shabtai et al., 2018).

During prenatal development the fetus does not yet fully possess the enzymes required to
metabolize alcohol. The fetal liver is thought to function at 5-10% of the adult capacity
(Pikkarainen and Rélh&, 1967; Pikkarainen, 1971); ADH is at approximately a quarter of the adult

capacity at birth and only reaches full functionality in the postnatal period (R&ih&, Koskinen and



Pikkarainen, 1967; Zorzano and Herrera, 1989) and CYP2EL begins to be present in the second
trimester but is not near adult levels until several months after birth (Johnsrud et al., 2003).
Furthermore, while the placenta does contain ethanol metabolizing enzymes, the clearance rate of
the placenta is relatively low (Burd, Blair and Dropps, 2012). This results in amniotic accumulation
of ethanol (Guerri and Sanchis, 1985), prolonging the exposure of ethanol to the fetus even after
alcohol is no longer detected in the maternal blood (Tranmer, 1985). Therefore, the fetus is reliant

on the metabolic clearance of the pregnant individual.

1.1.2 Animal Models of FASD

Many animal models of FASD have been developed to further understand the associated
neurodevelopmental changes. These paradigms include the liquid diet model, gavage, vapor
exposure, and injection. Each model has its own advantages and translational barriers. A
commonly used model, and the model used in this dissertation, is the liquid diet model (Lieber and
DeCarli, 1982). This model administers an ethanol-containing diet throughout gestation and results
in moderate blood alcohol concentrations (BAC; 80-180 mg/dl). A potential limitation of this
design is that there may be nutritional deficiencies due to the change in diet (Patten, Fontaine and
Christie, 2014). The change to a liquid diet is often controlled for by adding in a pair fed diet
control which is fed an equivalent number of liquid calories per body weight of a non-ethanol
containing diet. However, it has been recognized that the pair fed diet likely induces an additional
stress due to the food restriction and produces a phenotype unique to that of PNEE (Weinberg et
al., 2008). Additionally, nutritional deficits are a consequence of chronic alcohol consumption, as
alcohol interferes with either the availability or absorption of many key nutrients including vitamin
A, zinc, DHA, folic acid, and choline (Young et al., 2014). A second commonly used model is the

gavage ethanol administration. This technique involves the insertion of a thin, flexible tube into



the stomach of newborn pups and results in relatively a high BAC (up to approximately 400 mg/dl),
due to the lack of fetal alcohol enzymes discussed above. However, this technique is stressful and
may involve the pup being reared artificially, with the pup-in-a-cup method (Patten, Fontaine and
Christie, 2014). Finally, researchers have implemented vapor exposure and injection models.
These techniques allow for precise BACs and controlled timing, however do not model
translational methods of ethanol consumption (Patten, Fontaine and Christie, 2014). There is no
model of FASD that will encompass all aspects of the human condition; each model provides

additional and valuable insight into the mechanisms behind developmental ethanol exposure.

1.1.3 Effects of Ethanol are Impacted by Stage of Brain Development

The specific deficits associated with perinatal ethanol exposure are dependent on the timing of
ethanol exposure in relation to the stage of brain development. Human and rats follow similar
developmental trajectories, albeit with markedly different durations (Rice and Barone, 2000). The
beginning of nervous system development occurs at neurulation, in which the ectoderm
invaginates to form the neural tube and neural crest. This process occurs around GD 10.5-11 in
rodents and within the first gestational month in humans (Rice and Barone, 2000). As the neural
crest cells are heavily involved in the formation of the craniofacial bones (Dubey and Saint-Jeannet,
2017), alcohol exposure immediately preceding (i.e. GD 7-9) can result in the facial abnormalities
characteristic of FAS (Sulik, 2005). Subsequently, the neural tube begins differentiating and
expanding into the prosencephalon, mesencephalon, and rhombencephalon; these areas will

become the forebrain, midbrain, and hindbrain, respectively (Stiles and Jernigan, 2010).

The developmental timing of the hippocampus confers specific vulnerability to ethanol
exposure. The cornu ammonus (CA) region begins to form during GD 15-20 in rats and weeks 7-

12 in humans, while the dentate gyrus (DG) forms from GD 19 into early postnatal development,



or weeks 12 to 40 in humans. These timelines are followed by a rapid growth period from postnatal
day (PND) 1-10 (Rice and Barone, 2000). These dates are of particular importance when
considering the behavioural and functional consequences of developmental ethanol exposure on
the hippocampus. Ethanol exposure only during the second trimester-equivalent period reduced
DG long-term potentiation (LTP) (Helfer, White and Christie, 2012), which was hypothesized to
be due to an insult to the granule cell progenitors. Deficits in synaptic plasticity due to third
trimester equivalent exposure are more variable (Bellinger et al., 1999; Izumi et al., 2005; Puglia
and Valenzuela, 2010; Helfer, White and Christie, 2012; Anna R. Patten, Brocardo, et al., 2013)
and will be discussed at length in section ‘1.2.9 Changes in Synaptic Plasticity with PNEE .
Similarly, timing of developmental ethanol exposure correlates with behavioural changes
(Reviewed in Schneider, Moore and Adkins, 2011). When offspring were exposed in either the
prenatal period (GD 8-20) or in the third trimester equivalent period (PND 4-9) and tested on a
spatial discrimination task, juvenile male offspring were impaired but only if they were exposed
during neonatal development (O’Leary-Moore et al., 2006). Conversely, ethanol exposure during
either the first or second trimester resulted in increased locomotive and anxiety-like behaviours,
which were not evident with third trimester equivalent exposure (Mantha, Kleiber and Singh,
2013). These parameters are critical when considering the heterogeneity of preclinical PNEE data

and when considering the efficacy of any treatments to human populations with FASD.

1.1.4 Developmental Ethanol Exposure Alters the Brain
When ethanol reaches the brain, it can quickly pass through lipid membranes and alter a myriad
of processes within the neuron (Figure 2). Ethanol increases the generation of reactive oxygen

species (ROS), alters the functioning of many receptors or channels, causes cell death, disrupts the



methylation signature, and impacts immune and supportive cells (Reviewed in (Fontaine et al.,

2016)).

Part of the etiology of prenatal ethanol exposure involves the formation of ROS (Brocardo,

Gil-Mohapel and Christie, 2011). ROS are unstable and reactive molecules containing an oxygen

and an unpaired electron, such as hydrogen peroxide (H202). ROS are naturally occurring in the

cell, such as in the mitochondrial electron transport chain, but result in oxidative stress when the

levels of ROS are at an imbalance of the antioxidant capacities of the cell. The unstable nature of

ROS results in broad damage to all molecules, including DNA, RNA, lipids, and proteins (Auten

and Davis, 2009). As
ethanol metabolism leads
to the generation of ROS
(see 1.1.1  Ethanol,
Metabolism &  the
Placenta), a marked
oxidative imbalance is
characteristic of prenatal
ethanol exposure
(PNEE) (Henderson et
al., 1995; Brocardo et al.,
2012). Indeed, many
treatment options have
arose from the oxidative

stress model of FASD,

Figure 2 PNEE disrupts a myriad of processes in the brain. Ethanol can
readily cross through the placenta where it disrupts neural development. These
impairments include altering the methylation signature in the epigenome,
generating reactive oxygen species (ROS), as well increasing GABA receptor
activity (yellow neuron) an decreasing NMDA receptor function (blue).



including supplementing omega-3 fatty acids (Anna R. Patten, Sickmann, et al., 2013; Patten,
Brocardo and Christie, 2013), vitamin E (Marino, Aksenov and Kelly, 2004; Shirpoor et al., 2009),

resveratrol (Kumar et al., 2011), and epigallocatechin-3-gallate (Almeida-Toledano et al., 2021).

Ethanol can also modulate the functioning of many receptors and channels which can
contribute to long-lasting alterations in synaptic plasticity (Fontaine et al., 2016). Perhaps the most
notable example of the modulatory role of ethanol is on the GABAA receptor. Ethanol can directly
bind to the GABAA receptor (reviewed in Forstera et al., 2016), with specific sensitivity to the 6-
subunit (Wallner, Hanchar and Olsen, 2003). Ethanol has been considered a GABAmimetic, as
binding can stimulate GABAA receptors, as well as increase channel open time and frequency
(Suzdak et al., 1986; Tatebayashi, Motomura and Narahashi, 1998), GABA release is excitatory
during gestational development and into the first postnatal week in rodents (Valeeva, Valiullina
and Khazipov, 2013). The depolarizing actions of the GABAA receptor occurs until there is an
upregulation of the KCC2 transporter (the potassium chloride cotransporter 2), known as the
‘GABA switch’ (Rivera et al., 1999). Until this developmental timepoint there is a relatively
increased chloride ion (CI") concentration in the intracellular space, therefore CI- will exit the cell
down its electrochemical gradient causing depolarization (Valeeva, Valiullina and Khazipov,
2013). While ethanol-induced activity of GABAA receptors during gestational development could
lead to excitotoxicity, this is unlikely as ethanol also inhibits NMDA receptors (Lovinger, White
and Weight, 1990; Wright, Peoples and Weight, 1996). Ethanol acts in a non-competitive manner
to decrease NMDA receptor activity, specifically the frequency and duration of channel opening
(Wright, Peoples and Weight, 1996). Ethanol can also modulate the activity of nicotinic
acetylcholine (nACh) receptors, although the directionality is dependent on the subunits present

(Aistrup, Marszalec and Narahashi, 1999). For instance, a7 nACRs, which are a-bungarotoxin



sensitive, are inhibited by ethanol (Yu et al., 1996; Aistrup, Marszalec and Narahashi, 1999; Oz et
al., 2005) while a-bungarotoxin insensitive nACh receptors (likely a4p2-containing receptors)
were potentiated by ethanol exposure (Aistrup, Marszalec and Narahashi, 1999). Additionally,
while ethanol is known to inhibit voltage-gated calcium channels in neuronal culture (Walter and
Messing, 1999), during the embryonic period ethanol potentiates L-type voltage-gated calcium
channels which impedes neuronal migration (Lee, Yeh and Yeh, 2021). Finally, ethanol can
potentiate serotonin (5HT-3) receptors (Yu et al., 1996), which may contribute to anxiety-like

behaviours later into adulthood in ethanol-exposed offspring (Oubraim et al., 2022).

Prenatal ethanol exposure can also lead to cell loss, including in the hippocampus (Reviewed
in Gil-Mohapel et al., 2010), cerebellum (Chen, Berryhill and West, 2001; Klintsova et al., 2002)
and prefrontal cortex (Mihalick et al., 2001). This cell loss is partly due to the increase in oxidative
stress (Ramachandran et al., 2001) but also due to the combined stimulation of GABAA receptors
and inhibition of NMDA receptors (lkonomidou et al., 2000). While ethanol-induced
neurodegeneration is widespread, there are specific spatial and temporal windows of vulnerability.
For instance, the thalamus and hypothalamus are more sensitive to ethanol exposure around the
end of the gestational period, damage in the hippocampus peaks around PND 3, and cortical
neurodegeneration peaks around PND 7 (Ikonomidou et al., 2000). Despite cell death being
evident in all developmental ethanol exposure, the third trimester-equivalent brain growth spurt is
regarded as a period of particular vulnerability (Ikonomidou et al., 2000; Olney et al., 2000). This
neurodegeneration is not thought to occur due to excitotoxicity, but the lack of synaptic input to
developing neurons signals acts as an apoptotic cue (Olney et al., 2002). Interestingly, the CAl
subregion of the hippocampus is often more affected by ethanol-induced cell loss than the DG

(Barnes and Walker, 1981; Miller, 1995; Tran and Kelly, 2003). This may be due to the capacity
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for neurogenesis in the DG. A recent systematic review by Reid et al. (2020) supports this
hypothesis, as it did not find convincing evidence for a negative effect of perinatal ethanol

exposure on neurogenesis (Reid et al., 2020).

Prenatal ethanol exposure also has the potential to disrupt the methylation signature of the
epigenome (Zeisel, 2011; Mandal et al., 2017). Ethanol ingestion can interfere with many
components of the 1-carbon metabolism cycle, which generates methyl groups. Ethanol impairs
folate uptake in the digestive tract (Hamid and Kaur, 2009), directly inhibits 1-carbon metabolism
enzymes (Kenyon, Nicolaou and Gibbons, 1998), and reduces glutathione content (Patten,
Brocardo and Christie, 2013). While there are many ways in which ethanol disrupts methylation,
the data examining disruptions in the epigenetic signature in PNEE have many inconsistencies that
make overall trends difficult to assess (Bestry et al., 2022). A more broad examination of ethanol-
induced alterations point to a decrease in methylation (Garro et al., 1991), but regional and gene-
specific examinations detail the complexity of PNEE. For instance, Otero and colleagues
unexpectedly found that postnatal ethanol exposure induced a hypermethylation in the
hippocampus and prefrontal cortex (Otero et al., 2012). Examining changes at the epigenetic level
demonstrated that embryos bathed in an ethanol-containing medium had an approximately
equivalent number of genes hypomethylated and hypermethylated (Liu et al., 2009; Alberry and
Singh, 2020). The consequences of high-level analysis of complex methyl alterations are difficult
to discern, therefore it may be more useful to focus on individual genes of importance, such as the
insulin-like growth factor 2 (1gf2) gene which is involved in the proliferation and survival in
neuronal development (D’Ercole et al., 1996). In this instance, binge ethanol exposure resulted in
hypomethylation of the 1gf2 gene and a subsequent reduction in mRNA transcript expression

(Downing et al., 2011).
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The alterations in the methylation signature are so profound that several groups have examined
this area of study to develop a potential biomarker for FASD. An advantage of epigenetics to
traditional biomarkers is that they can be utilized long past when FAEEs are found in nails, hair,
and meconium (Portales-Casamar et al., 2016; Lussier et al., 2018; Cobben et al., 2019). A model
by Lussier et al. (2018) analyzing the epigenetic signature was able to predict FASD diagnosis
with a sensitivity of 0.877 and a specificity of 0.944. Additionally, this model was almost
completely successful in distinguishing between children with FASD and those with autism
spectrum disorder (Lussier et al., 2018), which would have great translational applications as these
neurodevelopmental disorders have many overlapping symptoms. While these studies show great
promise in the eventual use of epigenetics as a biomarker for FASD, there are still limitations. For
instance, Cobben et al. (2019) similarly identified loci distinct in FASD, but very few overlapped
with previous reports (Cobben et al., 2019). Lastly, a separate study analysing methylation in
maternal alcohol consumption, although not necessarily resulting in FASD, did not find a
correlation between groups (Sharp et al., 2018). These studies once again highlight the stochastic
nature of FASD and the complex influence of environment, maternal factors, timing, and dose on

establishing a global biomarker.

Finally, it is important to also consider the effects on glial cells within the brain, which are
likewise impacted by developmental ethanol exposure (Wilhelm and Guizzetti, 2016). Microglia
are mesodermal-derived, formed in the yolk sac, and migrate into the developing brain early in
gestational development (Tay et al., 2017). These critical immune cells in the brain replicate
infrequently (Réu et al., 2017), and therefore an early life insult may have long-lasting effects on
neuronal immune function. While total number of microglia are not reduced following

developmental ethanol exposure, more subtle properties are impacted (Komada et al., 2017). These

12



include an increase in pro-inflammatory cytokine release, a shift towards a more activated state,
and an exaggerated response to a secondary immune challenge (Drew et al., 2015; Terasaki and
Schwarz, 2016; Komada et al., 2017). Astrocytes also have a critical role in the brain, they form
part of the tripartite synapse, process neurotransmitter, maintain the blood brain barrier, and
contribute to energy homeostasis (Perea, Navarrete and Araque, 2009; Sofroniew and Vinters,
2010). PNEE alters astrocyte reactivity, as evidenced by a regionally-specific increase (Goodlett
etal., 1993; Topper, Baculis and Valenzuela, 2015) or decrease (Vallés et al., 1997; Li et al., 2021)
in glial fibrillary associated protein (GFAP). However, an increase in astrogliosis could be a

protective measures against the ethanol insult (Watts et al., 2005).

The acute molecular consequences of developmental ethanol exposure culminate with long-
term effects at an anatomical level. PNEE causes a temporary reduction in spine density in
adolescent development, but not in adulthood (Reyes et al., 1983; Pentney, Cotter and Abel, 1984;

Lopez-Tejero et al., 1986; Galofré et al., 1987; Berman et al., 1996), and decreases dendritic

complexity (Whitcher and Klintsova, 2008; Hamilton, Whitcher and Klintsova, 2010; Rice et al.,
2012). The combination of the consequences of developmental ethanol exposure converges on

severe functional deficits, which are discussed in more detail below.

1.1.5 Sex Differences with Prenatal Ethanol Exposure & FASD
Perhaps one of the most intriguing factors surrounding developmental disorders is that of
biological sex (Summarized in Figure 3). Many neurodevelopmental disorders, including autism
and ADHD, appear to predominantly affect male offspring (Arnett et al., 2015; Loomes, Hull and
Mandy, 2017). Sex differences are also apparent in the case of FASD (Thanh et al., 2014). For
instance, one study demonstrated that girls are more likely to be exposed to high levels of binge
alcohol and be classified as having FAS, despite lower overall incidence of FASD (May et al.,
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2017). This could be that the historical FASD diagnostic criteria for less severe presentations were
centered around male experiences; perhaps girls with low ethanol exposure are missed and thus do
not receive the support they need. A more recent investigation further delved into potential sex
differences with FASD. Flannigan and colleagues examined over 2,500 records of prenatal alcohol
exposure from the Canadian national FASD database and determined there was indeed an
equivalent rate in each diagnostic criteria for male and female children, but the physical, cognitive,
and social outcomes were significantly different with biological sex: male children had more
cognitive impairments, higher rates of ADHD, and had more problems in school and experienced
incarceration; female children with prenatal alcohol exposure had an increased incidence of
endocrine problem and mood disorders, and experienced more incidences of trauma, abuse, and

problems with custody (Flannigan et al., 2023). These works demonstrate that the relationship
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Figure 3 Sex Differences in Gestational Ethanol Exposure. Both biological and physiological factors

contribute to sex differences following prenatal ethanol exposure. These include rates of ethanol exposure
in humans, the reaction of the placenta, outcomes in neurological function, and hormonal interactions.
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between sex-specific vulnerabilities to prenatal ethanol exposure and social outcomes are complex

and constantly evolving.

Evidence in rodents also suggests that there is a sex-specific vulnerability to ethanol
exposure. Indeed, only male mice exposed to ethanol during the third trimester-equivalent period
exhibited deficits in hippocampal-dependent spatial memory tasks (leraci and Herrera, 2020).
These deficits in spatial memory may not persist, as aged ethanol-exposed males and females (8-
18 months old) did not have any impairments in the Y maze or water maze as compared to non-
exposed animals (Cullen et al., 2014). Many anxiety-like behaviours, however, persist into
adulthood, but whether PNEE animals display decreased or increased behaviours, as well as sex-
specific effect, varies with methodological design (Weinberg et al., 2008). For instance, leraci &
Herrera (2020) found decreased anxiety-like behaviours in both male and female offspring, while
Cullen and colleagues (2013) determined PNEE was anxiogenic (Cullen et al., 2013; leraci and

Herrera, 2020).

The reason for the differential effects in male and female offspring exposed to ethanol
remains unclear. One hypothesis that could account for differences in outcomes following PNEE
is that the male and female placenta responds in a sex-dependent manner. The placenta is an organ
that develops from trophoblasts within the zygote to provide oxygen and nutrients, therefore the
placenta is either male or female and is unique to each fetus. Work from Kwan and colleagues
(2020) found that the male and female placenta react differently to developmental ethanol exposure;
the male placenta did not alter with PNEE, while the female placenta compensated to maintain
vital organ growth (Kwan et al., 2020). In additional to a placental origin, sex differences following
PNEE could also be due to an interaction with gonadal hormones. Estrogen is considered in many

cases neuroprotective, such as in cases of ischemic stroke or neurodegenerative disorders
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(reviewed in Brann et al., 2007). Indeed, estrogen has an intimate role in modulating synaptic
plasticity (reviewed in Sheppard, Choleris and Galea, 2019). Few studies have examined naturally
circulating hormones, but available results indicate estrogen increases spine density in a regional-
specific manner (Woolley et al., 1990), modulate long-term potentiation (Warren et al., 1995; Bi
et al., 2001) and influence neurogenesis (Tanapat et al., 1999). While PNEE has been shown to
slightly delay puberty, as evidenced by vaginal opening, PNEE does not cause long-term changes
in estrus cycling nor did it change basal levels of estradiol (Lan et al., 2009). Therefore, the sex
differences between males and females exposed to ethanol gestationally could stem from an altered

placental response, as well as the neuroprotective effect of estrogens later in postnatal development.

1.2 Synaptic Plasticity

This dissertation will examine the effects of PNEE and choline supplementation on
synaptic plasticity in the dentate gyrus during adolescence and adulthood. Therefore, the
foundational principles around synaptic plasticity will be introduced and then discussed in the

context of the ethanol-exposed brain.

1.2.1 Glutamatergic Transmission

Glutamate is the main excitatory neurotransmitter in the brain and plays a critical role in
neuroplasticity at excitatory synapses. Glutamate can be formed through many intermediately
components of the Kreb’s cycle, as well as from glutamine. The enzyme phosphate-activated
glutaminase converts glutamine to glutamate via a deamidation reaction in both glutamatergic
neurons and astrocytes. Glutamate is packaged into vesicles by the vesicular glutamate transporters
(VGLUTS), where it is then released into the synaptic cleft (Andersen et al., 2021). Glutamate
activates a variety of receptors, including AMPA (a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptors, NMDA (N-methyl-D-aspartate) receptors, as well as kainite
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receptors and perisynaptic metabotropic receptors (mGIuRs) (Scheefhals and MacGillavry, 2018).
The unique chemical structure of each of these receptors lends to their specific role in synaptic
transmission and will be discussed below. After being released, extracellular glutamate can be
taken back into either the presynaptic neuron or into astrocytes via the glutamate transporter-1
(GLT-1). Astrocytes are the only cells in the brain to contain the enzyme glutamine synthase,
which converts glutamate into glutamine. Glutamine can then be transported back into
glutamatergic neurons to continue the glutamate-glutamine cycle (Andersen et al., 2021). A
discussion on the influence of PNEE on glutamatergic transmission is found below and

summarized in Figure 4.

The AMPA receptor is one of the main glutamatergic receptors involved in synaptic
plasticity. As reviewed in Chater & Goda (2014), the AMPA receptor is a tetramer, containing
four subunits (GluA1-4) which form a “dimer of dimers”. Activation of AMPA receptors with
glutamate release initiates the influx of Na* and efflux of K*, resulting in depolarization of the
neuron (Chater and Goda, 2014). Generally, AMPA receptors do not flux Ca®* due to RNA editing
processes on the GIuA2 subunit which result in the pore lining being more positively charged.
However, a class of AMPA receptors which have not undergone editing, or GluA2-lacking AMPA
receptors, are calcium-permeable (CP-). These role of these CP-AMPA receptors in adulthood is
still being uncovered, however they are likely involved early in synapse development (Stubblefield
and Benke, 2010; Park et al., 2018). AMPA receptors also interact with a series of proteins, such
as Glutamate receptor-interacting proteins (GRIPs), protein kinase interacting with C kinase
(PICK1), postsynaptic density 95 (PSD95) and stargazin. These proteins intricately regulate the
trafficking, removal, and stabilization of AMPA receptors at the synapse (Bissen, Foss and Acker-

Palmer, 2019).
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As reviewed in Paoletti and colleagues (2013), the NMDA receptor is also critical for many
forms of synaptic plasticity. The NMDA receptor is unique as it is a ‘coincidence detector’; it
requires both postsynaptic depolarization and glutamate release in order to activate. This is due to
a magnesium ion (Mg?*) resting within the pore of the NMDA receptor, which is removed by
postsynaptic depolarization following AMPA receptor activation. The NMDA receptor also
requires glycine or D-serine to be released as co-agonist and is permeable to Ca?*. The NMDA
receptor consists of four subunits from three classes of subunits: GIuN1-3. All NMDA receptors
contain two obligatory GIuN1 subunits, which binds glycine/D-serine, and two GIuN2 or GIuN3
subunits which bind glutamate. The two elective subunits dictate the functional properties of the
receptor, including channel conductance, efficacy of the Mg?* block, localization, and binding
properties of agonists or antagonists. GIuUN2A-containing NMDA receptors have a higher open
probability and a faster decay time than GIuN2B-containing NMDA receptors. It has been
speculated that due to these distinct functional properties GIUN2A and GIuN2B subunits
participate differentially in plasticity, specifically that the former is predominantly involved in
LTP while the latter is involved in LTD. However, this relationship has been debated and likely is
more complex (Paoletti, Bellone and Zhou, 2013). There is also a developmental regulation of
NMDA receptor expression. The GIuN2B receptor is the dominant form of GIuN2 subunits during
brain development and expression decreases into adulthood. Expression of GIUN2A follows the
inverse pattern, with low expression into the first postnatal week and dominant hippocampal
expression in adulthood (Monyer et al., 1994). The localization of NMDA receptors has also been
thought to regulate its functionality, with synaptic NMDA receptors promoting survival while

extrasynaptic NMDA receptors initiate an apoptotic cascade. The regulation of synaptic or extra-
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synaptic localization is dependent on protein interactions, including PSD-95 and synapse-

associated protein 102 (SAP-102) (Gladding and Raymond, 2011).

Finally, glutamate can activate mGIluRs and kainite receptors. mGIluRs are G-protein
coupled receptors (GPCR) and their function is dependent on the type of associated G-protein.
There are three classes of mGIuRs: class 1 (mGIluR1 and 5) are Gg-coupled and are involved in
excitatory transmission, and class 2 (mGIluR2 and 3) and class 3 (mGIuR4 and 6-8) are Gio-coupled
and are involved in inhibitory transmission. Class 1 mGIuRs are typically found in the perisynaptic
zone, while class 2 and 3 mGIluRs are found presynaptically; both function to modulate synaptic
activity (Bodzeta, Scheethals and MacGillavry, 2021). Indeed, mGIluRs are involved in some
forms of LTD (Fontaine et al., 2020). Notably, mGIuRs are also found on glial cells, where they
contribute to a neuroprotective role (Spampinato et al., 2018). Kainate receptors are ionotropic
glutamate receptors that largely found on the mossy fibers projecting to CA3 pyramidal cells.
Kainate receptors are found both pre- and post- synaptically and regulate many aspects of

neurotransmission (Vissel et al., 2001; Carta et al., 2014).

1.2.2 PNEE alters glutamatergic signalling.

As glutamatergic signalling is one of the most critical and metabolically demanding
components of cognition, it is unsurprising that it is negatively affected by PNEE at many levels.
In a zebrafish model of PNEE, increasing ethanol exposure resulted in reduced activity of both
Na*/K* ATPase and glutamine synthase, decreased glutamate uptake, and decreased glutamate
binding (Baggio et al., 2017, 2020). Interestingly, ethanol exposure did not alter VGLUT2
expression nor mitochondrial function in ethanol-exposed zebrafish (Baggio et al., 2020), but
rodent models of FASD demonstrated reductions in hippocampal VGLUT2 (Zhang et al., 2015).

Therefore, the model utilized must be carefully considered when translating results between animal
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models and clinical research. Additionally, a separate study in rodents found an increase in

glutamine synthetase expression, but only in female offspring (Sickmann et al., 2014).

There is also evidence that PNEE alters glutamatergic receptor expression. However,
results in the hippocampus, and especially in the DG, are mixed. In one study, low to moderate
maternal ethanol exposure (60-90 mg/dl) decreased overall synaptic AMPA receptors (Staples,
Porch and Savage, 2014) and GIuN2B expression, but increased GIuN1 and GIUN3A expression
(Brady et al., 2013). A separate study of moderate PNEE (~140 mg/dl) found no change in
expression of GIuN1, GIuN2A, or GIuN2B (Sickmann et al., 2014), while another found a decrease
in GIuN1, GIuN2A and GIuN2B with moderate ethanol exposure (4 g/kg/d; estimated BAC 120-
180 mg/dl) (Lu et al., 2018). With postnatal ethanol exposure, hippocampal GIuUN2B expression
may be unaffected (Nixon et al., 2002, 2004) or altered (Hughes et al., 1998; leraci and Herrera,
2020); similarly, GIuUN2A expression can be altered (Nixon et al., 2004) or unchanged (Nixon et
al., 2002; leraci and Herrera, 2020). Conversely, in the cortex there were often no change in the
expression of AMPA receptors, most NMDAR subunits, mGIuRs, or kainate receptors (Dettmer
et al., 2003; Nixon et al., 2004; Bird et al., 2015). However, some studies report cortical changes
in GIUN2B expression, such as increased specifically in the agranular insular cortex (Bird et al.,
2015) or decreased expression in guinea pig offspring (Dettmer et al., 2003). A lack of change in
total expression does not necessarily equate to no change in local expression, as the transport of
NMDA receptors may also be impacted by developmental ethanol exposure (Hughes, Wilson and
Leslie, 2001). As GIuN2B receptor expression is dominant in development (Monyer et al., 1994)
and the switch to GIUN2A receptors requires synaptic activity (Barria and Malinow, 2002), it can

be theorized that PNEE delays this developmental switch by depressing synaptic activity.
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Alterations in glutamatergic receptors also occur at a functional level, but differing
experimental parameters and regional vulnerability can make determining trends difficult. For
instance, the basolateral amygdala and dorsomedial striatum are areas that have increased
spontaneous and miniature excitatory postsynaptic currents (SEPSCs and mEPSCs, respectively)
(Baculis, Diaz and Valenzuela, 2015; Cheng et al., 2018). Conversely, in the hippocampus the
CAL1 region has decreased excitation (Vaglenova et al., 2008; Wijayawardhane et al., 2008), while
no overall changes are evident in the CA3 (Krawczyk et al., 2016) nor in the DG (Kajimoto et al.,

2016). Similarly, the prefrontal cortex can also be highlighted as an area of increased vulnerability
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Figure 4 Glutamatergic Signaling Alterations Following PNEE. PNEE reduces
VGLUT expression, and alterations in glutamine synthase, NMDA receptors, and
excitatory postsynaptic currents (EPSCs).
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(Skorput et al., 2015; Skorput and Yeh, 2016). The discrepancy in regional EPSC outcomes may
closely model behavioural changes characteristics of FASD, such as decreased learning, memory,
and executive functioning (Mattson, Crocker and Nguyen, 2011), in addition to increased anxiety

and hyperactivity (Nanson and Hiscock, 1990; Barr et al., 2006).

1.2.3. Inhibitory Transmission

The main inhibitory neurotransmitter in the brain is GABA (y-aminobutyric acid) which
acts on ionotropic GABAA receptors and metabotropic GABAg receptors to dampen neuronal
activity. GABA is synthesized from glutamate by the enzymes glutamic acid decarboxylase (GAD)
65 and GADG67 (Deidda, Bozarth and Cancedda, 2014). While in some areas of the brain, such as
the cerebellum (Greif et al., 1991) and barrel cortex (Kiser, Cooper and Mower, 1998), expression
of GADG5 lags behind that of GADG67, this trend does not appear in the hippocampus (Dupuy and
Houser, 1996). GADG67 is critical in early development, as GAD67 double knockout is lethal, while
GADG65 double knockout mice can survive into adulthood (Asada et al., 1996, 1997). The
functional roles of GAD67 and GADG65 differs, although the distinct role for these enzymes is still
being uncovered. Generally, GAD67 is thought to maintain basal formation of GABA while
GADG5 increases synthesis GABA in an activity-dependent manner (Asada et al., 1997; Deidda,
Bozarth and Cancedda, 2014; Jiang et al., 2022), however others have demonstrated a decrease in
basal GABA content with GAD65 knockout models (Stork et al., 2000). Following synthesis,
GABA is packaged into vesicles by vesicular GABA transporter (VGAT), released into the
synaptic cleft to activate GABA receptors, then transported back into neurons or astrocytes via
GABA transporters (GATSs). GABA can then be degraded into succinic semialdehyde by GABA-
transaminase (Deidda, Bozarth and Cancedda, 2014). A discussion on the influence of PNEE on

GABAergic transmission is found below and summarized in Figure 5.
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GABA release into the synaptic cleft can activate two main classes of GABA receptors,
both which function to decrease the activity of the postsynaptic neuron. As reviewed by Ghit and
colleagues (2021), the GABAA receptor is a heteropentamer, typically formed with two a, two ,
and one y subunits. However, there is substantial diversity in subunit classes as well as isoforms
due to alternative splicing leading to many possible receptor compositions (Ghit et al., 2021). Of
note, d-containing GABAA receptors are typically found extrasynaptically and are involved in

tonic inhibition. This class of GABAA receptors are important, as they are particularly sensitive to
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ethanol (Wallner, Hanchar and Olsen, 2003). Upon GABA binding at the a-f junction, the GABAA
receptor opens and allows selective passage of ClI°, hyperpolarizing the neuron in the adult brain
(Ghit et al., 2021). GABAG& receptors are metabotropic and coupled to the Gij protein. GABAg
receptors are found both pre- and post- synaptically, where they function to reduced
neurotransmitter release and hyperpolarize the neuron by inhibiting voltage-gated calcium

channels and inhibiting adenyl cyclase (Heaney and Kinney, 2016).

1.2.4. PNEE alters GABAergic signalling.

PNEE has been demonstrated to alter the function of GABAergic transmission into
adulthood. The number of GABAergic neurons is altered in a regional-specific manner. PNEE
increased the number of GABAergic neurons in CA3 and DG (Lu et al., 2018), as well as calretinin
positive neurons in the female orbitofrontal cortex (Kenton et al., 2020). In the cerebellum,
however, PNEE decreased GABAergic interneurons density (Nirgudkar et al., 2016). PNEE
decreased GADG65 expression in the hypothalamus and increased GADG67 expression in the
hippocampus (Lu et al., 2018). Additionally, PNEE decreased expression of the a5, but not al or
B2/3, GABAA receptor subunit in the embryonic and neonatal brain, however GABAAa subunit
expression was increased as compared to control offspring in adulthood (Igbal et al., 2004; Toso
et al., 2006). With GABAGg receptors there is similarly a developmentally regulated, but complex,
change in receptor expression with PNEE (Li et al., 2005; Lee et al., 2008). In terms of
functionality, if inhibitory postsynaptic currents (IPSCs) are demonstrated to be altered with PNEE,
consistently IPSC amplitude and frequency are increased (Skorput and Yeh, 2015; Skorput et al.,

2015; Montgomery et al., 2018; Delatour, Yeh and Yeh, 2019, 2020; Kenton et al., 2020).
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1.2.5 Excitatory/Inhibitory Imbalance following PNEE.

The excitatory/inhibitory (E/I) balance is critical and disruptions in this delicate
equilibrium may underlie the pathophysiology of neurodevelopmental disorders, including autism,
schizophrenia (Gao and Penzes, 2015), and FASD. While generally studies show an increase in
inhibition and variable alterations in excitation, few studies examine both excitation and inhibition
within the same study. Despite the paucity of data some conclusions can be drawn and, like many
results in PNEE models, the results are regionally specific. Layer V of the prefrontal cortex and
the basal forebrain have been demonstrated to have an shift towards inhibition with low (BAC 20-
80 mg/dl) and moderate (264 mg/dl) PNEE models, respectively (Skorput and Yeh, 2015; Skorput
et al., 2015). This shift in the E/I balance could underlie deficits in attentional processes in PNEE
offspring. However, the basolateral amygdala, somatosensory cortex and CA3 region of the
hippocampus demonstrate a shift towards excitation (Baculis, Diaz and Valenzuela, 2015;
Krawczyk et al., 2016; Delatour, Yeh and Yeh, 2019). The shift towards excitation could
contribute to anxiety-like phenotypes, hyperactivity, and learning impairments. It should be noted
that not all studies find an E/I imbalance following PNEE, specifically in layer V/VI of the
somatosensory cortex in juveniles (Delatour, Yeh and Yeh, 2020) and in the DG of adult PNEE
offspring (Kajimoto et al., 2016). Despite the variability in E/I outcomes, exploring this imbalance

will be an interesting area to examine in future studies.

1.2.6 Cholinergic Transmission
Another aspect of neurotransmission that is important to consider in the context of FASD
is the modulatory role of the neurotransmitter acetylcholine. Cholinergic neurons are found in the
brainstem, cortex, as well in subcortical areas, including the medial septum and the diagonal band

of Broca (MS/DB). It is the MS/DB that projects to the hippocampus (Li et al., 2017).
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Acetylcholine (ACh) is produced in cholinergic neurons from acetyl CoA and choline with the
enzyme choline acetyltransferase (ChAT). ACh is then packaged into vesicles through vesicular
ACh transporter (VAChT) and released into the synapse. Unlike glutamatergic and GABAergic
signaling, ACh is not taken back into astrocytes or neurons, but is metabolized with
acetylcholinesterase into acetate and choline. Choline can then be transported back into the neuron

through the Na*/Choline transporter (Purves et al., 2001).

There are two main types of ACh receptors: the ionotropic nicotinic ACh (nACh) receptor,
and the metabotropic ACh receptor (mMAChR). The nACh receptors are in the same family as
GABAA receptors; nACh receptors are composed of five subunits (combinations of o and f
subunits) which create a centralized pore permeable to Na*, K*, and Ca?*. The subunit composition
also dictates sensitivity to ethanol; a7 nACh receptors are inhibited with ethanol while a2 and o4-
containing nACh receptors can be potentiated with acute ethanol (Yu et al., 1996; Aistrup,
Marszalec and Narahashi, 1999; Hendrickson, Guildford and Tapper, 2013). mACh receptors are
GPCRs that can be further subdivided into excitatory (M1/M5) and inhibitory (M2/4) which are
Gq or Gin coupled, respectively. nACh and mACh receptors can be found pre- and post-
synaptically and therefore can modulate diverse aspects of neurotransmission and synaptic

plasticity (Picciotto, Higley and Mineur, 2012).

1.2.7 PNEE alters cholinergic transmission.
The cholinergic system may be particularly vulnerable to gestational ethanol exposure and
thus is interesting in terms of the efficacy of choline supplementation as a treatment (Figure 6).
Historically, PNEE has decreased the concentration of ACh in both fetal and neonatal brains,
altered ChAT activity, but did not alter ChAT+ neuron density in the medial septum (Rawat, 1977;

Swanson et al., 1995, 1996). More recent work has found cell loss in the medial septum with
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postnatal exposure, as a single binge ethanol
exposure on PND 7 (estimated BAC 350-
450 mg/dl) resulted in a 42% sex-
independent decrease in hippocampal-
projecting ChAT positive neurons, but not
cholinergic neurons in the brainstem
(Smiley et al., 2021). Similarly, cortical-
projecting ChAT positive neurons in the
nucleus basalis of Meynert were reduced
with postnatal ethanol exposure (Milbocker
and Klintsova, 2020). This reduction is not
always seen, however, as a similar exposure
(PND 2-10; BAC 318 mg/dl) did not result
in any change in ChAT positive cells in the
medial  septum, nor in  choline
acetyltransferase, a7 nACh receptors, or
VAChHT. Interestingly, ACh efflux was

reduced in ethanol intubated offspring
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Figure 6 Cholinergic transmission is altered with PNEE.
Developmental ethanol exposure decreases cholinergic neuron

density,  acetylcholine  production,
acetyltransferase and the M1:M2/4 ratio.

alters choline

(Perkins, Fadel and Kelly, 2015). Within the hippocampus, PNEE increased the combined M1 and

M2 expression (Carneiro et al., 2005). When examining specific receptor types, ethanol exposure

from PND 4-9 (BAC ~330 mg/dl) decreased expression of M1 receptors and increased M2/4

expression, significantly altering the M1/M2 balance (Monk, Leslie and Thomas, 2012). M1

functionality may also be altered with developmental ethanol exposure, as PNEE offspring have
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an exaggerated acute depression following M1 activation as compared to control offspring (Grafe

etal., 2021).

1.2.5 The Hippocampal Formation
This dissertation examines changes in synaptic plasticity within the DG of the hippocampus.
As the hippocampal formation is foundational and already described in numerous places in the

literature, only a brief overview will feature here (Andersen, 2007).

Hippocampal inputs originate in layer Il and 111 of the entorhinal cortex (EC; Figure 7), which
project to the DG/CA3 and CAl/subiculum, respectively. The fibers projecting to the DG are
classified according to their location in the EC, as the more medially located fibers form the Medial
Perforant Pathway (MPP) and terminate in the middle third of the molecular layer and the more
laterally located fibers form the Lateral Perforant Pathway (LPP) which terminate in the outer third
of the molecular layer. The MPP and LPP, despite their proximal location, have different
functional properties. The MPP is more likely to potentiate while the LPP tends to depress
following stimulation (Collitti-Klausnitzer et al., 2021), the LPP more reliably demonstrates paired
pulse facilitation as compared to the MPP (Petersen et al., 2013), and the MPP is involved in
allocentric representations while the LPP is involved in egocentric representations of spatial
environments (Wang et al., 2018). The inner third of the molecular layer receives input from
GABAergic interneurons, contralateral hippocampal cells, and septal cholinergic projections. The
principal cell of the DG, the granule cell, reside in the granule cell layer. The final layer of the DG
is the polymorphic layer, which contains many types of interneurons as well as mossy cells. Mossy
cells are the only excitatory non-principal cell in the hippocampus and provides feedback to both

ipsilateral and contralateral granule cells. Interestingly, mossy cells are particularly vulnerable to
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injury (Scharfman, 2016). The sparse firing of granule cells, as well as the feedback from mossy

cells, is thought to contribute to the DG role in spatial pattern separation (Yassa and Stark, 2011).

The DG granule cells then project to the CA3 pyramidal cells via mossy fibers. The CA3 and
CAL regions are comprised of the stratum oriens, where the basal dendrites are located, the strata

radiatum, lacunosum, and moleculare which house the apical dendrites of the pyramidal cells.
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Figure 7 Simplified Hippocampal Diagram. The molecular layer of dentate gyrus (DG) is divided into
the inner, middle, and outer layers (IML, MML, OML). The OML and MML receive inputs from the lateral
and medial perforant pathway, respectively (purple arrow). The IML receives inputs from external regions,
mossy cells, and interneurons. The DG projects to the stratum lucidum (SL) of the CA3 via mossy fibers
(yellow arrow). The CA3 also receives inputs from largely external regions in the stratum radiatum (SR)
and the stratum oriens (SO), and the entorhinal cortex (EC) in the stratum lacunosum-moleculare (SLM).
The CAS3 projects to CAL via Schaffer Collateral fibers (green arrow) into the SO and SR layers. CAl
neurons also receive inputs from Layer 11 EC into the SLM. CAL projects to the subiculum (Sub.) and
Layer V of the EC.
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CAZ3 neurons also receive strong input from associational and commissural connections. The CA3
pyramidal cells project to the CA1 pyramidal cells via Schaffer Collaterals. Finally, the CA1 fibers

project to the subiculum, as well as back to layer V/VI of the EC.

1.2.6. Long-Term Potentiation (LTP)

The concept of ‘memory’ has fascinated scientist for centuries. While many theories were
generated, it was the discovery of long-term potentiation (LTP) that finally began to answer the
question of, how do we remember? This historic discovery was made by Bliss and Lemo in the
early 1970s. In this seminal work, Bliss and Lemo found that repeated stimulation would result in
the potentiation of excitatory postsynaptic potentials (EPSP) in the DG of anesthetized rabbits that
could persist for hours (Bliss and Lemo, 1973). Since the 1970s, the understanding of LTP and

synaptic plasticity has grown exponentially to our current understanding today.

The classical process of LTP (Figure 8) has been reviewed extensively (Lisman, Yasuda and
Raghavachari, 2012; Nicoll and Roche, 2013; Herring and Nicoll, 2016; Bugra Baltaci et al., 2019).
Glutamate release activates AMPA receptors which begin to influx Na*. The resulting
depolarization of the neurons expels the Mg?* blockade in NMDA receptors to allow Na+ and,
critically, Ca?*, to influx through the NMDA receptor pore. Ca?* forms a complex with calmodulin
(Ca?*/CaM) which binds to the regulatory domain of the kinase CaMKII. Binding of Ca?*/CaM
triggers autophosphorylation of CaMKII on threonine 286/287 which allows the kinase to remain
in a constitutively active state. CaMKII can then bind to the NMDA receptor and phosphorylate
both accessory proteins and serine 831 on the GIuR1 subunit of AMPA receptors. PKA (protein
kinase A) can also phosphorylate serine 845, which is a necessary component for LTP. These
phosphorylation events result in an increased conductance through the AMPA receptor.

Additionally, structural changes are evident in early-LTP as the synapse enlarges to accommodate
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an increase in AMPA receptor insertion through exocytosis and lateral diffusion. While early-LTP

is dominated by kinase activity, the maintenance of late-L TP is caused by the change in translation
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Figure 8 Simplified Long Term Potentiation (LTP). Glutamate release activates AMPA receptors which
causes a depolarization of the postsynaptic neuron. Sufficient depolarization expels the magnesium block
in the NMDA receptors which then influxes calcium. An increase in intracellular calcium will activate the
kinase CaMKII, which will initiate downstream cascades. Final increase in synaptic strength is due to the
insertion of AMPA receptors, an increase in conductance due to phosphorylation, and a change in protein
synthesis.
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of new proteins. This can occur through several mechanisms. Ca?*/CaM can activate adenyl
cyclase which increase production of cyclic AMP (cCAMP). cAMP then activates PKA.
Additionally, CaMKII can also activate MAPK (mitogen-activated protein kinase). Both PKA and
MAPK can translocate to the nucleus to stimulate transcription regulatory proteins such as CREB
(cCAMP response element-binding protein) through phosphorylation. CREB acts as a transcription
factor for intermediate early genes, such as Zif268 (Zinc finger-containing transcription factor 268)

and Arc (activity-regulated cytoskeletal).

1.2.7. Long-Term Depression
Following the old adage, what goes up must go down, an increase in synaptic strength must
also have an ability to weaken synaptic strength. The process of decreasing the efficacy of synaptic
strength is known as long-term depression (LTD; Figure 9). LTD plays an important role in
hippocampal spatial memory by fine tuning synaptic circuits to prevent memory generalization

and flexibility in memory reversal tasks (Stacho and Manahan-Vaughan, 2022).

LTD can be induced through many mechanisms, mainly through the activation of the NMDA
receptor or mGIluRs (Collingridge et al., 2010). NMDA receptor-dependent LTD involves many
of the same components as LTP: glutamate activates AMPA receptors which depolarizes the
postsynaptic neuron and expels the Mg?* block, which then begins to influx Ca2*. However, the
intracellular Ca?* concentration remain low and thus activates the more sensitive phosphatase
calcineurin. Calcineurin then activates inhibitor-1, which subsequently activates protein
phosphatase 1 (PP1), ultimately dephosphorylating serine 845 on the GIuA1l subunit of the AMPA
receptor. Low levels of calcium can also activate other proteins, including hippocalcin and protein
interacting with C kinase 1 (PICK1), to induce endocytosis of AMPA receptors from the synapse.

In addition to changes in protein synthesis, it is these mechanisms which function to weaken
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synaptic strength. mGluR-dependent LTD functions in a similar, yet distinct, mechanism. mGIuRs
activate phosphate lipase C (PLC) which hydrolyzes PIP2 into DAG and IP3. Both IP3, which
stimulates Ca?* from intracellular stores, and DAG can lead to the activation of protein kinase C
(PKC), ultimately phosphorylating serine 880 on the GIuA2 subunit of the AMPA receptor. This

phosphorylation events leads to the removal of AMPA receptors from the synapse.
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Figure 9 Simplified Long Term Depression (LTD). LTD begins in a similar fashion as LTP, with
glutamate release which activates AMPA receptors and causes depolarization of the postsynaptic neuron.
However, in this instance there are lower levels of glutamate release which results in a smaller increase in
intracellular calcium concentration. Low intracellular calcium will activate phosphatases, which will
remove phosphorylated sites. The final result is a removal of AMPA receptors at the synapse and reduction
in overall synaptic strength.
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It should be noted that several other forms of LTD are possible, including M1-dependent LTD
(Auerbach and Segal, 1996; Grafe et al., 2021) and presynaptic endocannabinoid LTD (Pefiasco
et al., 2019; Fontaine et al., 2020). However, as these are not explored directly in the current

dissertation they will not be further discussed.

1.2.8 Sex-differences in Synaptic Plasticity

While the mechanisms of synaptic plasticity are fairly well conserved in males and females,
there are differences to note between the sexes. In many instances adult males have increased LTP
as compared to age-matched females (Summarized in Table 1) (Maren, De Oca and Fanselow,
1994; Maren, 1995; Yang et al., 2004; Monfort et al., 2015; Safari et al., 2021; Le et al., 2022).
However, this is not always true when the estrous cycle is considered. In the female rat, the estrous
cycle occurs over 4 or 5 days and involves four distinct phases. (1) Proestrus is the stage in which
estradiol levels peak and occurs for approximately 14 hours. (2) Estrus lasts for 24-48 hours and
is characterized with high progesterone levels. (3) Metestrus is the shortest phase, lasting 6-8 hours
and is sometimes omitted due to the relatively short duration. (4) Diestrus is the longest phase of
the estrus cycle and occurs for 48-72 hours (Cora, Kooistra and Travlos, 2015). Estrogen has the
potential to impart a large impact on plasticity. In the canonical pathway estradiol binds to estrogen
receptors (ERa or ERB) which then dimerize, translocate to the nucleus, and bind to estrogen
response elements to modulate transcription. Estrogens can also act through a separate and more
rapid pathway which involves the activation of difference signalling cascades, such as through
adenyl cyclase or PLC (Bean, lanov and Foster, 2014). There are many studies examining
exogenous estradiol on learning and memory, however these data are complicated by the timing,
dose, and duration of treatment (Sheppard, Choleris and Galea, 2019). Generally, low or high doses

of estrogen impair learning and memory processes, while doses falling in the middle of a
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normalized curve improve outcomes (Bean, lanov and Foster, 2014; Sheppard, Choleris and Galea,
2019). While there are few studies examining the effects of endogenous hormones on synaptic
plasticity, there is some evidence demonstrating elevated CA1 and CA3 LTP in adult females
during proestrus which is either equivalent or surpasses male LTP (Warren et al., 1995; Bi et al.,
2001; Harte-Hargrove et al., 2015). Additionally, cyclic changes are evident in CAL1 spine density,
however there were no changes in spine density in CA3 or the DG (Woolley et al., 1990). Notably,
there is a distinct paucity of data examining estrous-dependent changes in LTP in the DG and little
evidence to conclusively say the natural fluctuations in hormones confer increased variability in
naturally cycling females (Prendergast, Onishi and Zucker, 2014). Differences in synaptic
plasticity are evident before puberty and thus there is a strong potential for age- and sex-dependent
factors to influence hippocampal outcomes. A recent study by Le and colleagues (2022) found that
female adolescent rats had greater LTP than male adolescent rats. However, into adulthood this
outcome was reversed and adult female rats had reduced LTP as compared to adult males (Le et
al., 2022). While there is a paucity of evidence examining sex-dependent LTD, females generally
have increased LTD as compared to males in both the juvenile (Titterness and Christie, 2008) and

adult timepoints (Dursun et al., 2018).

These sex dependent outcomes in plasticity may originate from differences in receptor
composition. Le and colleagues (2022) found an age-dependent increase in the a5-GABA receptor
subunit in females only, which, when antagonized, increased LTP in adult females (Le et al., 2022).
However, others have demonstrated that the increased LTP in males was related to increased
GIuR1 insertion and serine 845 phosphorylation as compared to females (Monfort et al., 2015).
Finally, another study concluded the sex difference in plasticity involved the NMDA receptor.

Although males and females were not directly compared, Monfort & Felipo (2007) demonstrated
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that age (2 vs 8 month old) decreased the amount of LTP in males but not in females, which was

thought to be associated with a lower density of GIuN1 and GIUNN2 receptor subunits in aged

males as compared to young males (Monfort and Felipo, 2007). Therefore, while the mechanism

of sex-differences is not completely elucidated, it is clear that males generally have increased LTP

as compared to females which may originate at the level of the receptor and may be influenced by

gonadal hormone levels.

Table 1 Summary of sex differences in LTP. LTP is presented as a percent change from baseline (0%).
PND: postnatal day; P or pro: proestrus; E: estrous; D: diestrus.

Redion Age Male Female Male Ref
g (PND) | LTP LTP Female |
P: 25-75%
90-100 | 20-75% | E:-10-50% | M = Fpro (Warren et al., 1995)
D: -20-25%
60-90 125% 59% M>F (Monfort et al., 2015)
CAl
Adult 49% -1% M>F (Yang et al., 2004)
21-28 4% 29% F>M
(Leetal., 2022)
56-70 35% 8% M>F
P: 40%
CA3 60-120 | 9% U (z'gigf'Hargrove ot al.
D:11-15% | ™°
15-20 0% 0% M=F
3235 | 20% 5-10% M >F (F?r?;:I';W i;; N Oca  and
. 55-60 25% 5% M >F ’
55-60 40% 20% M>F (Maren, 1995)
60 60% 40% M>F (Safari et al., 2021)
60-120 30% 20% M=F (Dursun et al., 2018)
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1.2.9 Changes in Synaptic Plasticity with PNEE

PNEE results in synaptic plasticity changes which are sex-dependent (summarized in
Table 2). In male offspring, PNEE consistently decreases magnitudes of LTP (Sutherland,
McDonald and Savage, 1997; Puglia and Valenzuela, 2010; Varaschin et al., 2010; Titterness and
Christie, 2012; An, Yang and Zhang, 2013; Anna R. Patten, Sickmann, et al., 2013; Helfer, White
and Christie, 2014; Kervern et al., 2015; Subbanna and Basavarajappa, 2022) and often increases
the amount of LTD (An and Zhang, 2013; An, Yang and Zhang, 2013; Kervern et al., 2015;
Silvestre de Ferron et al., 2017; Subbanna and Basavarajappa, 2022), but not always (Titterness
and Christie, 2008; Fontaine et al., 2019). This may indicate an age-dependent influence on LTD,
as the reported decrease or no change in LTD occurred in adolescent animals. In females, however,
PNEE often results in an increase in LTP (Titterness and Christie, 2012; An and Zhang, 2013,
2015) or does not change LTP (Anna R. Patten, Sickmann, et al., 2013; Patten, Brocardo and
Christie, 2013; Helfer, White and Christie, 2014; Sickmann et al., 2014). Few studies have
examined the effects of PNEE specifically on female LTD, however, females had less
depotentiation (An and Zhang, 2015) or no change in LTD (Titterness and Christie, 2008; Fontaine
et al., 2019) when compared to control offspring. These data indicate an impairment in

bidirectional plasticity in ethanol exposed male offspring, but not always in female offspring.

Table 2 Summary of hippocampal synaptic plasticity changes following PNEE. GD: gestational day;
IP: intraperitoneal; LD: liquid diet; W: ethanol in water; IT: intragastric intubation; M: males; F: females;
PND: postnatal day; TBS: theta burst stimulation; HFS: high frequency stimulation; T = study conducted in
guinea pigs; Depot: depotentiation experiment; T; number of trains

. Ethanol Age
Region paradigm (BAC) Sex (PND) LTP LTD Ref.
GD8&12 M&F ~90 1 (TBS) 1 (1 Hz) (Subbanna and
CAl (IP; 300 £ mg/dL) Basavarajappa,
2022)
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GD-7-22 F 36+ 1 (HES) | Depot.(1 Hz) | (An and
(W; ~258 mg/dl) Zhang, 2015)
GD-7-22 M 36+ I M (HFS) | 1 Depot.(1 Hz) | (An, Yang and
(W; ~258 mg/dl) Zhang, 2013)
GD-7-22 M, F 36+ ! M;t F| 1 Depot. M; | (An and
(W; ~258 mg/dl) (HFS) | F (1 Hz) Zhang, 2013)
GD 5-PND 7 Unclear | 17-30 =/ | (HFS) | - (De La Fuente-
(W; 62 mg/dl) Ortega et al.,
2019)
GD 2-67 M&F | ~40-80 | | (HFS) - (Richardson et
(IT; 416 mg/dl) al., 2002)
GD 2-67 T M&F ~40-80 | = (HFS) - (Byrnes et al.,
(IT; 416 mg/dI) 2004)
GD -28 — lactation | M ~50 | (HFS) T (1 Hz; 600 | (Kervernetal.,
(W; ~100 mg/dI) pulses) 2015)
GD -28 — lactation | M 45-55 - _ (Silvestre  de
(W; ~100 mg/dl) gul(sles)HZ’ 600 Ferron et al.,
2017)
GD 1-21 M, F 30-35 - =M,=F (Titterness and
(LD; 192 mg/dl) (3H2) Christie, 2008)
PND 2-9 (V; 124 | M&F | 7-9 = (124) - (Puglia  and
or 340 mg/dl) 1(340; Valenzuela,
HFS) 2010)
GD 1-21 M 120-150 | | (HFS) - (Sutherland,
(LD; 83 mg/dl) McDonald and
Savage, 1997)
GD 1-21 M, F 30-35 I M ;1 F |- (Titterness and
(LD; (87 mg/dL) (TBS) Christie, 2012)
GD 1-21 M, F 50-70 | M; = F|- (Helfer, White
(LD; 145 mg/dI) (TBS) and Christie,
2014)
bG GD 1-21 M, F 55-70 | M; = F|- (Sickmann et
(LD; 146 mg/dI) (TBS) al., 2014)
GD 1-21 M, F 21-28 ! M; | F||M;=F(1Hz) | (Fontaine et
(LD) (HFS) al., 2019)
GD 1-21 M, F 55-70 =M, = F|- (A R Patten et
(LD; 101 mg/dl) (TBS) al., 2013)
GD 1-21(LD; 135 | M,F 55-65 IM;=F - (Anna R.
mg/dl) Patten,
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Sickmann, et
al., 2013)
GD-5-22 M&F 60-300 | | (TBS) - (Brady et al.,
(W; 69 mg/dl) = (HFS) 2013)
GD 1-22 M 105-140 | =(HFS - (\Varaschin et
(W; 84 mg/dl) 10T) al., 2010)
| (HFS 37)

1.3 Choline as a Treatment for FASD

Despite the relatively high prevalence of FASD globally, there is no specific treatment for
individuals who were exposed to alcohol in the womb. Current therapeutic options for individuals
with FASD, as listed by the Centre for Disease Control and Prevention (CDC), involve symptom
management, such as medications to reduce hyperactivity, anxiety, and depression, and
behavioural therapies (CDC, 2022). However, none of these options address the underlying

pathophysiology of developmental ethanol exposure.

1.3.1 Choline: an Essential Nutrient

Adequate choline intake is fundamental throughout the lifespan and consequently was
designated an essential nutrient by the Food and Nutrition Board of the National Academies of
Medicine in 1998 (Table 3) (Leermakers et al., 2015; Wallace et al., 2018). Despite the importance
of choline, many individuals do not meet these adequate intakes (Al) (Wallace and Fulgoni, 2017).
There are several factors that contribute to the individual required amount of dietary choline,
including sex, age, and genetic profile. For instance, a single nucleotide polymorphism in a the
promoter region of a gene involved in de novo choline synthesis, phosphatidylethanolamine N-
methyltransferase (PEMT), can confer individual vulnerability to organ dysfunction during
periods of choline deficiency (Costa et al., 2006). There is also an increased need of choline during
fetal growth and the immediate postnatal period for optimal brain development (Zeisel and da

Costa, 2009; Derbyshire and Obeid, 2020). During these times the recommended Al increases
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from 425 mg/day for non-pregnant individuals to 450 mg/day in pregnancy and 550 mg/day while
lactating (Institute of Medicine Food and Nutrition Board, 1998). The need for choline early in
perinatal development is emphasized by the six to seven-fold increase in choline concentration in
the fetus and neonates (Zeisel and Wurtman, 1981; Ozarda llcol, Uncu and Ulus, 2002) which
facilitates cell division and tissue growth (Albright et al., 1999; Craciunescu et al., 2003; Wang et
al., 2016), neural tube closure (Shaw et al., 2009; Imbard, Benoist and Blom, 2013), as well as
enhanced neurogenesis and hippocampal function later in life (Mellott et al., 2004; Glenn et al.,
2007; Meck et al., 2008). There also exists a correlative relationship between maternal choline
intake and cognitive outcomes. When choline intake in pregnant women was increased to 930
mg/day during the third trimester, supplemented children had faster information processing speeds
13 months after birth (Caudill et al., 2018). Finally, increased maternal choline intake has been
related to improved outcomes following second trimester infections (Freedman et al., 2019) which
could be beneficial for long-term mental health (Bergdolt and Dunaevsky, 2019). These studies
highlight the essential role of choline during early development and have motivated experts in the
field to advocate for improved education and policies surrounding choline supplementation during

critical time windows (Caudill et al., 2020; Wallace et al., 2020).

Information regarding choline in adolescence and young adulthood is lacking. The Institute of
Medicine set the Al at 400 mg/day and 550 mg/day for female and male youth (14-18 years old),
respectively. Once again, actual choline intake is estimated to be much lower than the
recommended Al. One study of European diets determined young males were consuming 309-373
mg/day and young females ranged from 244-335 mg/day (Vennemann et al., 2015). Similarly, a
study of American choline consumption found that youth (14-18) were the least likely age group

to be consuming adequate choline (Wallace and Fulgoni, 2017). As there is significant growth
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during puberty, it is likely choline plays an important role in adolescent development. The paucity
of data at this timepoint poses a significant gap in our understanding of choline requirements

throughout puberty.

Sufficient choline intake remains of importance into and throughout adulthood. A systematic
review conducted by Leermakers and colleagues (2015) examined 50 studies which explored
choline in the diet, blood levels of choline, or choline supplementation. These data determined
potential benefits of elevated choline for cognitive health and insulin sensitivity, however
inconsistencies made it difficult to determine whether benefits exist in cardiovascular health, body
composition, or lipid levels (Leermakers et al., 2015). Additionally, recent evidence supports
adequate choline intake in improving cognitive performance as elevated phosphatidylcholine
levels are correlated with reduced dementia risk (Ylilauri et al., 2019). Evidence in mouse models
of Alzheimer’s disease have shown improvements in spatial memory tasks and a decrease in
amyloid-f plaque following choline supplementation from 2.5 to 10 months of age (Velazquez et
al., 2019). While choline plays a vital role during pregnancy and in the maintenance of long-term
cognitive health, gaps remain in the understanding of the importance of choline in adolescence,
healthy adulthood, and in the normal aging processes, emphasizing the need for longitudinal

studies.

Despite the many benefits of sufficient choline intake, there are some potential harms from
excessive choline intake, which is above the tolerable upper limit of 3.5g in adults. These side
effects include a fishy body odor, nausea, liver toxicity, and hypotension (Institute of Medicine
Food and Nutrition Board, 1998). Choline is also involved in the formation of Trimethylamine-N-
Oxide (TMAO) (Zhu et al., 2017). High levels of TMAOQO due to increase choline intake can lead

to cardiovascular disease, including formation of atherosclerotic plaques (Wang et al., 2011).
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Therefore, while there are many benefits of choline supplementation, especially for those are
consuming inadequate amounts, it should be evaluated on a personalized basis to limit

consequences for individuals who may be at risk for cardiovascular disease.

Table 3 Adequate Intakes (Al) of choline across the lifespan by sex.

Age Al for Males (mg/kg) Al for Females (mg/kg)
0-1 year old 125 - 150 125 - 150

1-8 years old 200 - 250 200 - 250

9-18 years old 375 - 550 375 - 400

19 + years old 550 425

Pregnancy (any age) - 450

Lactation (any age) - 550

1.3.2 The Role of Choline during Development

Adequate choline is essential throughout perinatal development (Derbyshire and Obeid,
2020). Low maternal choline consumption is thought to be related to failed neural tube closure
(NTC), as choline and folate have similar roles in the 1-carbon metabolism cycle (Shaw et al.,
2009). However, others have not found an association between choline intake and NTC and instead
found a relationship between single nucleotide polymorphisms in PEMT and NTC (Mills et al.,
2014). In terms of cognitive outcomes, supplementing twice the recommended choline during the
third trimester improved visual processing speeds in infants (Caudill et al., 2018). The benefits of
choline during prenatal development may only occur when it is in excess of the set Al, as there
was no correlation between estimated choline consumption during the second trimester and
measures of cognitive development at 3-5 years of age (Irvine et al., 2023). In rodents, adequate
choline is necessary for proper cell proliferation and preventing apoptosis within the hippocampus
and cortex (Craciunescu et al., 2003; Wang et al., 2016). These changes in hippocampal anatomy
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may underlie long-term changes in spatial memory and synaptic plasticity (Pyapali et al., 1998;

Meck et al., 2008).

1.3.3 From Gut to Brain: Choline Transport in the Body

Due to its chemical structure (CsH14NO), choline cannot pass through membranes by
simple diffusion and thus uses a variety of transporters to access target tissues. There are three
main classes of choline transporters: the high-affinity choline transporter (CHT1), the choline
transporter-like proteins (CLT1-5), and the organic cation transporter (OCT1-2). These
transporters vary in their localization and affinity for choline. The main choline transporters in the
adult brain are CHT1, CLT1, and CLT2 (Reviewed in Inazu, 2019) . In development there are
significant elevations of choline concentrations in newly born rodents (Zeisel and Wurtman, 1981)
that are maintained via the placental CTL-1 and CLT-2 (Baumgartner et al., 2015) with minimal
action of OCTs (Kekuda et al., 1998). There also exists a relationship between maternal choline
intake and transport to the fetus. Transcript levels of Ctl1 and Oct3 were increased with maternal
choline supplementation in a dose-dependent and time-dependent manner (Kwan et al., 2017).
Permeability of the blood brain barrier has also been shown to be altered in new born rabbits and
during the first week postnatally to allow for increased choline transport (Cornford, Braun and
Oldendorf, 1982). However, increased maternal choline intake does not necessarily lead to a
prolonged increase in the concentration of choline in fetal brain tissue. Kwan and colleagues
(2017) supplemented choline to either two or four times the adequate levels in the diet of pregnant
Swiss non-albino mice and found that, while male fetal tissue at GD 15.5 demonstrated a dose-
dependent increase in choline, this was no longer evident at GD 18.5. Choline was also converted

to acetylcholine, phosphocholine and betaine in a sex-dependent manner (Kwan et al., 2017).
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Into adulthood the blood brain barrier permeability of choline is decreased as compared to
neonates (Cornford, Braun and Oldendorf, 1982) however choline can still cross via CLT-1 and
CLT-2 (Inazu, 2019). The blood brain barrier has an efficient and saturable mechanism of choline
transport with a maximal transport capacity of 3 nmol/min/g (Allen and Smith, 2001). The high
affinity of this process possesses the potential for choline supplementation from the diet to impact

choline concentrations within the brain into adulthood.

1.3.4 Potential Mechanisms of Choline as a Treatment
One of the intriguing possibilities of choline as a treatment for FASD rests in the multitude

of processes choline is involved in (Figure 10), as this mirrors the myriad of disruptions caused
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Figure 10 Mechanism of choline as a treatment. Choline and ethanol interact in many similar pathways
which is one rationale for choline as a treatment for FASD. These events can be grouped as synaptic changes
(receptor functioning, cholinergic transmission), anatomical changes (spine density, phospholipid
membrane), intracellular alterations (epigenetic signature and mitochondrial ROS generation), and immune
response.
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by prenatal ethanol exposure. The four most relevant functions of choline are (1) formation of the
phospholipid phosphatidylcholine, (2) epigenetic signature alterations through methyl donation in

the 1-carbon metabolism cycle, (3) acetylcholine formation, and (4) anti-inflammatory effects.

Choline is required for the formation of phosphatidylcholine, which comprises
approximately 40-50% of cell membranes (Zeisel et al., 1991; Zeisel and da Costa, 2009). Meck
and colleagues (2008) supplemented choline through distinct time windows including embryonic,
early postnatal, juvenile and into adulthood. Only when choline was supplemented during GD 12-
17 or PND 16-30 did animals exhibit an increase in spine density in CA1 and the DG at adulthood,
as well as an improvement in performance on the radial arm maze (Meck et al., 2008). The authors
suggested these periods correlate with depletion of maternal stores of choline (Zeisel et al., 1995)
and a deficiency in the diet during weaning, respectively, as well as critical times for brain
development, and thus restricting the window when additional nutrients could be beneficial. To
the best of our knowledge, there has not been an investigation into the effects of postnatal choline
supplementation on dendritic spine density or dendritic complexity with PNEE. However, Goeke
and colleagues (2019) did determine that choline supplementation (100 mg/kg/day) provided
simultaneously to ethanol exposure (5 g/kg/day; BAC 60-65 mM) from PND 4-9 did not
ameliorate increases in apical complexity. Choline supplemented in controls did decrease many
basal dendritic parameters (Goeke et al., 2018). Whether similar results will also appear when

choline is supplemented after the ethanol exposure has ceased is yet to be seen.

Choline can be acetylated to form the neurotransmitter acetylcholine in cholinergic neurons,
but also in non-neuronal tissues, including the placenta (Bhuiyan, Murad and Fant, 2006) and
lymphocytes (Cox et al., 2019). Increased choline consumption may not necessarily lead to

increased levels of acetylcholine in the brain. Although there are some reports to indicate an
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accumulation of ACh following supplementation (Cohen and Wurtman, 1976), increased choline
availability may more likely influence ACh synthesis after heavy acetylcholine activity (Zeisel,
1994). Additionally, while lifelong choline supplementation may not increase the total number of
ChAT positive neurons in the MSDB (Wang et al., 2019), others have reported a lasting change in
the morphology of MSDB neurons with perinatal choline supplementation (Williams et al., 1998;
Kelley et al., 2014). Interestingly, there are many ways in which the body and brain adapt to
deficient levels of choline to maintain proper functioning of the cholinergic system. For instance,
during embryonic development and lactation the maternal stores of choline are depleted to ensure
adequate choline levels for the offspring (Zeisel, 2006). If a completely choline deficient diet is
fed to gestating rats, while ACh levels may be lower, there is a remarkable level of plasticity
through adjusting ACh recycling to maintain ACh signalling (Cermak et al., 1998). These studies
indicate the importance of choline for normal developing brain and long-term brain health.
Maternal choline supplementation can also decrease the threshold, not the absolutely magnitude,
of LTP in the CA1 of adult offspring (Pyapali et al., 1998). In the context of age-related disease,
a murine model of Alzheimer’s disease demonstrated that lifelong choline supplementation (2-11
months) increased the density of ChAT positive neurons. Although the density did not resume
back to control levels, it did correlate with improved performance on hippocampal and amygdala-
dependent tasks (Wang et al., 2019). Maternal choline supplementation is also being actively
explored in mouse models of Down Syndrome, where it was found to increase the number of basal

forebrain cholinergic neurons in (Ash et al., 2014; Kelley et al., 2014).

One of the metabolites of choline, betaine, actively participates in the methylation of DNA.
Betaine can donate one of its three methyl groups to homocysteine to form methionine in a reaction

catalyzed by betaine homocysteine methyltransferase (BHMT). Methionine can further be
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converted into s-adenosylmethionine (SAM), the most prominent methyl donor in the body
(Obeid, 2013). Choline and methyl-donor availability in diet can alter gene expression. For
example, Wolff and colleagues (1998) fed pregnant a/a dams diets with varying methyl-donor
concentrations and determined the degree of epigenetic modulation in offspring through the degree
of eumelanic mottling in their coat, which would occur by differing epigenetic-controlled
expressions of the agouti gene. Dams fed methyl-donor enriched diets had more offspring with
brown coats (Wolff et al., 1998), showing that the nutritional environment during development
can influence gene expression. It is likely that the window of greatest efficacy for choline to restore
effects on methylation patterning may occur during gestation (Zeisel, 2011) and therefore may
pose a critical difference between the mechanism of prenatal choline supplementation and

postnatal choline supplementation.

As PNEE results in changes to methylation patterns and a metabolite of choline, betaine,
is a methyl donor, it is hypothesized that choline supplementation will restore a normal epigenetic
signature. Paradoxically, a study with alcohol exposure from PND 2-10 found hypermethylation
induced by PNEE that was reverted by choline supplementation from PND 2-20 (100 mg/kg/day)
in the prefrontal cortex and hippocampus (Otero et al., 2012). While the reason for this unexpected
result is still not clear, it provides a foundation that postnatal choline supplementation can mitigate
adverse effects of PNEE and provides motivation for more targeted investigations at specific genes
of interest. For example, gestational choline supplementation (642 mg/L) once again reduced
hypermethylation of POMC genes caused by moderate PNEE (Bekdash, Zhang and Sarkar, 2013).
However, as Akison and colleagues (2018) noted, choline itself has an effect on several mRNA
levels of histone-modifying enzymes, including reducing G9a levels in supplemented PNEE

animals and pair-fed controls, reducing Setdbl and Dnmtl in choline supplemented PNEE
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animals, increasing Dnmt3 above control levels in all choline supplemented animals and
decreasing MeCP2 in pair-fed choline-supplemented animals (Bekdash, Zhang and Sarkar, 2013).
Therefore, in future work it will be crucial to study the effects of choline supplementation at the
level of single gene or transcript level, as well as the effects of choline itself, which may be exerting

an effect separate from its actions mitigating PNEE-induced deficits.

Choline has been studied as an anti-inflammatory mechanism in many models of
neurodegeneration (Pavlov and Tracey, 2005; Maurer and Williams, 2017). This is in large part to
the fact that microglia, as well as astrocytes, express a7 nicotinic ACh receptors (Suzuki et al.,
2006; Shen and Yakel, 2012; Egea et al., 2015) as well as ol receptors (Jia et al., 2018).
Subsequent activation of a7 nicotinic ACh receptors alters cytokine production to induce an anti-
inflammatory effect (Parada et al., 2013; Egea et al., 2015). Cholinergic action on glial cells within
the hippocampus likely contributes to neuronal firing (Maurer and Williams, 2017), and thus the
actions of glia within the brain would be misrepresented if its functionality was limited to only
inflammatory action. Additionally, there likely exists a relationship between TLR4 (Toll like
receptor 4) and choline in microglia and macrophages, as TLR4-activated macrophages increase
the amount of choline taken into the cell to metabolize into phosphatidylcholine for proper
mitochondrial function (Sanchez-Lopez et al., 2019). Therefore, there is exists a complex
relationship between choline and glia cells in the balance between acting on ACh receptors to
mediate cytokine production and uptake to maintain microglia function. While there are no studies
examining postnatal choline supplementation on microglia in models of PNEE to date, choline
supplementation has been studied within the context of two other disease models: traumatic brain
injury (TBI) and Alzheimer’s disease. In the former study, a choline-rich diet (increased choline

component from 0.2% to 2%) was supplied for two weeks prior to a controlled cortical impact and
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within the recovery period. Animals supplemented choline had slightly improved scores on the
Morris Water Maze, and perhaps more importantly, had reduced inflammation, as characterized
by decreased microglial activation and attenuated the decreased a7 nicotinic ACh receptor binding
seen in the non-supplemented impacted group (Guseva et al., 2008). In the latter study, a choline
supplemented diet (increased choline volume from 1.1 g/kg to 5.0 g/kg) from 2.5 to 10 months in
a mouse model of Alzheimer’s disease reduced microglial activation and expression of microglial

a7 nicotinic ACh receptors (Velazquez et al., 2019).

1.3.5. Choline Supplementation in Clinical Trials

Clinical trials have begun examining the potential of choline as a treatment for FASD. There
are two time periods in which this treatment is being explored: gestational choline supplementation
and postnatal choline supplementation. Both periods target the brain at distinct periods of
development and also differ in the social context of treatment feasibility. For instance, within the
context of FASD, there is a high stigma surrounding alcohol use during pregnancy and this may
prevent individuals from seeking medical information and some doctors from offering treatment
(Howlett et al., 2019). It is not uncommon for many children to not be diagnosed with FASD until
they begin falling behind, academically or socially, in school (Alberta Medical Association, 2003).

Thus, treatment options for both maternal and postnatal time periods are necessary.

There have been several studies examining maternal choline supplementation which have
provided promising results. Firstly, there are clear benefits of maternal choline supplementation in
children not exposed to ethanol. For instance, third trimester choline supplementation (930 mg/day)
improved saccade reaction time within the first year of life, a developmental test for memory
performance and visual processing, as compared to the control choline intake group (480 mg/day)

(Caudill et al., 2018). At a seven year follow up, choline supplemented children continued to
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outperform on memory and visual attentional tasks (Bahnfleth et al., 2019, 2022). As such, health
care experts in the United Kingdom feel that the evidence that choline is critical to fetal
development is overwhelming and have recommended to the NHS to include choline in prenatal

supplements, equivalent to that of folic acid (Caudill et al., 2020).

Results in ethanol-exposed offspring are similarly as promising. This work largely stems from
studies conducted in Cape Town, South Africa. South Africa has the highest known rates of FASD
globally with an estimated prevalence between 13-20% (May et al., 2013). Furthermore, women
with children who have FASD often have a dietary profile that is deficient in many key nutrients,
including choline (May et al., 2014). Thus, this population of women is one in which choline
supplementation may be exceptionally beneficial. Studies by the Jacobson & Jacobson laboratory
have demonstrated that maternal choline supplementation (2 g/day until parturition) resulted in
improved eyeblink conditioning, faster body weight and head circumference growth, improved
visual memory, as well as an increase in volume of six brain region (Jacobson et al., 2018; Warton
etal., 2021). Studies on maternal choline supplementation have also been conducted in the Ukraine,
a country which has an estimated FASD prevalence four times that of the global average (Lange
et al., 2017). While choline was not supplemented alone in the study by Coles and colleagues
(2015), prenatal vitamins and minerals improved scores on the Bayley Scales of Infant
Development in alcohol-exposed offspring. However, the addition of choline (750 mg/day) had no
further benefit. Of note, there was a trend to negative scores on motor testing at 6 months in the
choline supplemented group that should be considered in future studies (Coles et al., 2015). In a
separate study from the same laboratory, the addition of choline to prenatal vitamins improved a
visual-based cognitive task while vitamins alone had no significant benefit (Kable et al., 2015).

These clinical data provide evidence that choline supplementation during brain development may
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be particularly beneficial for improving cognitive outcomes in both the exposed and non-exposed

brain.

Since not all individuals who consume alcohol during pregnancy will be able to supplement
choline during the gestational period, there is an essential need for treatments which are effective
during childhood. Wozniak and colleagues supplemented choline (500 mg/day for nine months)
in young children with FASD (2.5 to 5 years old) and examined the effects on cognitive outcomes
immediately following the treatment, as well as at a four and seven year follow up. Younger
choline supplemented children (2.5 — 4 years old) had an improved performance on some cognitive
measures, in such as in the delayed memory task, but there were no changes in scores of global
cognition (Wozniak et al., 2015). At the four-year follow up, some improvements were still evident,
including in non-verbal 1Q, working memory, and in one memory task. However, there was no
change in other forms of 1Q, executive functioning, most memory tasks, or behavioural functioning
(Wozniak et al., 2020). At the seven year follow up there were no longer benefits in working
memory but choline treatment did result in long-lasting changes in visuo-motor performance and
improved white matter ultrastructure (Gimbel et al., 2022). The age in which choline is
supplemented appears to be critical, as a trial with older children with FASD (6-10 years old),
found that choline supplementation (625 mg/day for six weeks) resulted in no improvements in
memory, attention, or executive functioning tasks (Nguyen et al., 2016). There are a couple of
caveats and limitations to highlight with these findings. For one, Nguyen and colleagues
supplemented choline for a shorter period, six weeks versus nine months, which may contribute to
the lack of significant findings. Furthermore, neither study analyzed the data by biological sex. As

discussed earlier, preclinical work has demonstrated that male offspring are more vulnerable to
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developmental ethanol exposure, therefore stratifying data by sex may be important, especially as

puberty is reached in this cohort.

1.3.6. Choline Supplementation in Preclinical Trials

The promising results in clinical trials is further supported by preclinical research, which
will also help to elucidate the mechanism behind choline supplementation in the ethanol-exposed
brain. Behavioural tests have examined the effects of choline supplementation on learning and
memory, executive functioning, anxiety, and in motor functioning (Reviewed in Akison et al.,
2018). Choline supplementation at doses of 10, 50, and 100 mg/kg all improved performance in
the Morris Water Maze in ethanol exposed females. Interestingly, in this study males were not
impaired with postnatal ethanol exposure (PND 4-9) and had no further benefit with choline
(Thomas et al., 2007). Choline-treated animals also had a shorter path length in the Morris Water
Maze when choline was supplemented from PND 10-30 or from PND 10-20. Interestingly, choline
from PND 21-30 or from PND 40-60 had no benefits on spatial memory (Ryan, Williams and
Thomas, 2008; Schneider and Thomas, 2016). Choline supplementation also improved other
cognitive factors in ethanol exposed offspring, including working memory (Waddell and Mooney,
2017), anxiety-like behaviour (Monk, Leslie and Thomas, 2012), and motor development (Bearer
et al., 2015). Choline supplementation has been demonstrated to ameliorate changes in the
methylation signature (Otero et al., 2012) and modulate both the neural and peripheral response to
immune challenge (Baker et al., 2022). While these data indicate that postnatal choline
supplementation may be beneficial to hippocampal functioning when provided during adolescent

brain development, it is unknown as to the changes at a synaptic level, nor the mechanism of action.
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1.4 Project Aims

This dissertation aims to understand how postnatal choline supplementation alters synaptic
plasticity in the PNEE brain. Throughout all aims both male and female offspring will be utilized
to further explore sex-dependent effects in PNEE and choline efficacy. This dissertation can be

further stratified into three questions:

1. Can postnatal choline supplementation improve long-term potentiation and long-term
depression in the juvenile PNEE dentate gyrus?

2. Do any changes in juvenile hippocampal plasticity result in parallel changes in learning
and memory performance?

3. Do the improvements seen in juvenile hippocampal synaptic following the treatment

persist into adulthood?
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CHAPTER 2: METHODS

2.1 Animal Generation

All procedures were approved by the UVic Animal Care Committee. A summary of animal
generation can be seen in Figure 11. Sprague Dawley adult males and nulliparous females were
housed together overnight. The following morning pregnancy was determined through the
detection of sperm in a vaginal lavage. The day of sperm detection was marked as Gestational Day
(GD) 1. Females were singly housed and randomly assigned to either control or ethanol conditions.
Control dams remained on the rat chow (PicoLab Rodent Diet 5053 or Lab Diet Rodent 5001, Lab
Diets, St. Louis, MO) and had ad libitum access to both chow and water. Ethanol dams had their
food removed and were provided an ethanol-containing liquid diet (35.5% ethanol-derived calories;
Dyets Inc, Bethlehem, PA) in addition to ad libitum access to water. Ethanol dams were weaned
onto the liquid diet, beginning with 1/3 ethanol diet and 2/3 a pair-fed liquid diet on GD 1, 2/3
ethanol diet and 1/3 pair-fed liquid diet on GD 2, and finally 3/3 ethanol diet on GD 3. The amount
of diet provided and the amount remaining after 24 hours was weighed daily. Diet consumption
was analyzed by subtracting the amount of provided diet by the amount of remaining diet. Dams
were weighed on GD 1, 8, 15 and 21. Ethanol dams were transferred back to the control rat chow
on GD 21 and remained on this diet for the remainder of their lives. All dams typically gave birth
in the evening of GD 22. Offspring were sexed and assessed on PND 2 for signs of health,
including clear milk lines, pink colour, and movement. Any pups that did not meet these health
requirements were culled on PND 2. Offspring and dams were weighed on postnatal day (PND) 2,
4, and daily throughout the injection period. On PND 22, offspring were weaned into sex-matched,

like-condition cages.
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Offspring were pseudo-randomly assigned to either a saline control or choline injected
group on PND 10, such that there were representative saline and choline pups from all litters, when
possible. Pups were weighed daily and received a subcutaneous injection of either sterilized saline
(0.9% NaCl, volume matched to choline offspring) or choline chloride (100 mg/kg/day, dissolved
in sterile saline) from PND 10 until PND 30. Two adult females were only injected with saline
from PND 10-21 but were included as there was no change in magnitudes of LTP with the
shortened saline exposure into adulthood (30.2 £ 17.4% vs 38.7 £ 12.7%, p = 0.703). During the
injection period (between 2-5 pm PST), eye opening was assessed in later litters as a developmental
marker. Eye opening criteria was set such that it was an all-or-nothing event requiring both eyes
to be fully open.

r\ Prenatal Ethanol Exposure // In Vitro electrophysiology

- (GD1-22) or RAM
&=l BAC: 80-180 mg/dl PND 31-36 & 60-90

SL\ Choline supplementation w
— ! (PND 10-30) _— ——
T 100 mg/kg/day o

Figure 11 Summary of animal generation. Pregnant dams begin liquid ethanol diet procedure following sperm
detection and throughout the entirety of gestation (gestational day; GD1-22). Beginning on postnatal day (PND)
10 until PND 30, offspring are randomly assigned to saline or choline (100 mg/kg/day) treatment. Offspring are
analyzed for behaviour or in vitro electrophysiology from PND 31-36 or PND 60-90.

2.2 Hippocampal Slice Preparation

Offspring were examined in adolescence, between PND 31-36, and in early adulthood,
PND 60-90. Animals were deeply anesthetized with isoflurane until toe pinch and tail pinch
reflexes were no longer evident. They were then quickly euthanized with decapitation and the brain
was carefully extracted. The extracted brain was placed into ice cold (4°C), oxygenated (95% O3,
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5% COy) artificial cerebral spinal fluid (aCSF; 125 mM NaCl, 2.5 mM KCI, 1.25 mM NaH2POg,
25 mM NaHCOs, 2 mM CaClz, 1.3 mM MgClz and 10 mM Dextrose) to remove any additional
debris. The brain was then placed on filter paper dampened with aCSF on an inverted petri dish.
The cerebellum and prefrontal cortex were removed and the brain was hemisected. Each
hemisphere was placed onto its medial surface. A portion of the dorsal surface was the brain was
removed at approximately a 30° angle to provide a flat surface and optimal orientation of fibers.
Each hemisphere was rotated 90° onto the newly cut dorsal surface of the brain, the white matter
was then removed, and each hemisphere was fixed to a vibratome chuck with VetBond™. After a
brief drying period, the chuck was secured in the Vibratome filled with ice cold, oxygenated aCSF.
Each hemisphere was sliced into 400 um sections. Slices containing the hippocampus were
transferred to a prepared holding container, containing warmed (32°C), oxygenated aCSF. Slices

were allowed to recover for one hour before electrophysiology experiments.

2.3 In Vitro Electrophysiology

An upright microscope (Olympus BX50WI) was used to place the concentric bipolar (FHC,
Bowdoinham, ME) and glass micropipette recording electrodes in the medial perforant pathway
of the dentate gyrus (Figure 12). Electrodes were situated such that a minimum field excitatory
postsynaptic potential (fEPSP) of 0.7 mV was generated. The maximum fEPSP was determined
by increasing the magnitude of the provided current until the fEPSP stopped increasing in size.
Slices used in LTP experiments were set at 50% of the maximum fEPSP amplitude and slices used
in LTD experiments were set at 70% of the maximum fEPSP amplitude. A stable preconditioning
baseline was recorded by delivering a 0.12 ms pulse of current at a frequency of 0.067 Hz for 20
minutes either in the presence of PTX (100 puM) or in aCSF for LTP and LTD experiments,

respectively. Following the preconditioning recording, a paired pulse test and input/output curve
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were run. The paired pulse test consisted of two pulses delivered 50 ms apart repeated six times.
The average slope of the second pulse was divided by the average slope of the first pulse to
determine the paired pulse ratio. The input/output curve consisted of ten pulses of increasing pulse
width from 0.3 ps to 300 ps. The amplitude of the fiber volley and the fEPSP were analyzed for

each pulse.

A conditioning stimulus was then applied to the tissue that corresponded to the either LTP (high
frequency stimulation (HFS), 50 pulses @ 100 Hz, repeated 4x with a 30 second intertrain interval)
or LTD (low frequency stimulation (LFS), 900 pulses @ 1 Hz). Slices were included in the data

set if the amount of potentiation 50-60 minutes following the HFS exceeded 10%, or else were
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Figure 12 Summary of electrophysiology procedure. 1A. Schematic of electrodes are placed in the
medial perforant pathway (MPP) of the dentate gyrus (DG). 1B. Photograph of electrode placement in a
hippocampal slice. 2. Representative fEPSP representing signal acquisition. 3-7. Protocol steps, including
preconditioning recording, paired pulse test, input/output curve, high frequency stimulation (HFS), and pos-
conditioning recording. 8. Representative cursor placement for fEPSP slope analysis. 9. Slope is presented
as a percent change from preconditioning average. 10. Statistical analysis using JASP software.

57



considered a return to baseline and thus not potentiated. Following the conditioning stimulation,
all slices were returned back to the 0.12 ms @ 0.067 Hz protocol on aCSF for an additional 60
minutes. The slope (between 10% - 90% of the rising phase of the fEPSP slope) of the fEPSP was
analyzed using pClamp 11 software (Molecular Devices, San Jose, California) and binned to 1
minute intervals. The postconditioning recording was plotted as a percent change from the average

preconditioning slope.

For the threshold experiments, all of the previously described experiments remained the
same, however the frequency of the HFS conditioning stimulation was reduced to either 30, 50 or
70 Hz. All protocols continued to deliver 50 pulses four times with a thirty second intertrain

interval.

For GIuN2B isolation experiments, the original signal was collected in regular aCSF and
set to 70% of the maximum. The aCSF was replaced with an aCSF containing low Mg?* (0.1 uM),
glycine, and NBQX (2,3-dioxo0-6-nitro-7-sulfamoyl-benzo[f]quinoxaline;10 uM) for 12 minutes.
After the signal was no longer visible due to the AMPA receptor antagonism, the stimulation
intensity was increased to evoke the maximum fEPSP. After 12 minutes stimulating with a 0.12
ms pulse width at a frequency of 0.067 Hz, a paired pulse test was performed. The aCSF was
replaced with an aCSF containing low Mg?*, glycine, NBQX, and ifenprodil (10 uM) for 12
minutes on the 0.12 ms pulse width at a frequency of 0.067 Hz protocol. Following drug
application, an additional paired pulse test was performed. Finally, this paradigm was repeated in
the presence of APV (2R)-amino-5-phosphonovaleric acid; 50 puM) to determine the resulting

signal was NMDA receptor dependent.
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2.4 Radial Arm Maze

A subset of animals were tested on their spatial memory using the 8-arm radial arm maze
(RAM; Maze Engineers, Cambridge, MA) from PND 28-34 (Figure 13). All experiments occurred
in the dark phase of the light cycle to increase animal activity. Animals were habituated from PND
28-30. Animals were brought into the procedure room in a darkened box and placed into the centre
of the maze. Habituation consisted of 5 minutes over three days of exploration with treats (Froot
Loops™, Kellogg’s) randomly distributed throughout the maze. For all non-habituation trials, the
food rewards were placed in a paper cup and spatial cues were visible above arms 3 and 7.
Additional treats were placed outside of all arms to interfere with any scent cues and the maze was
wiped down with Virkon™ disinfectant between trials. All videos were recorded with EthoVision
XT 11.5 software (Noldus, Netherlands). Prior to the task the food was removed from offspring

cages to increase motivation and was provided again immediately following task completion.

A working memory task was performed on PND 31. In the working memory task all 8 arms
were baited with a food reward in paper cups. The animal was placed in the center of the maze and
allowed to explore for 5 minutes. A successful completion of the task occurred once all arms were
visited at least one time. Number of entries to complete the task, time required to enter all arms at
least once, and total number of arms visited in the 5 minute allotted time were recorded. The
distance the animal travelled during the five minutes was analyzed with EthoVision software after

all animals had completed the task.

The reference memory task ran from PND 32 until PND 34. In this task, 4 pseudo-randomly
chosen arms were baited for each animal. Some arm combinations were assigned to ensure that
there was at least one animal in every condition performing the maze at each complexity level.

The baited arms stayed consistent throughout the trials for each animal for the remainder of the
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task. The animal was placed in the center of the maze and given 5 minutes or 3 minutes to explore
for Trials 1 and 2-5, respectively. A successful task was determined to be when all 4 of the baited
arms were visited at least once. On days in which two iterations of the task were performed, a
minimum of 1 hour separated each trial. The number of entries until the task was completed, time

to finish, and search strategy was recorded. Search strategies were defined as follows:

(1) Serial exploration: over 2/3 of entries consisted of turns in single direction (i.e., traveling
from arm 1 to 2 to 4);

(2) Direct exploration: the animal travelled directly to the baited arms in less than 6 entries;

(3) Random exploration: the animal explored the arms with no discernable pattern (i.e.,

sporadic left and right turns or crossing the center of the maze to a non-baited arm).

Habituation Working Memory Reference Memory
Treats randomly distributed All 8 arms baited Same 4 arms baited
throughout trials

1 x 5 minute trial
4 x 3 minute trials
PND 32-34
Figure 13 Radial arm maze procedure overview. The Radial Arm Maze (RAM) takes place from PND
28-34. Habituation occurs over 3 days where rewards are randomly distributed over the maze to encourage
exploration and decrease anxiety. Spatial cues (circle and triangle) are placed over two arms. Working
memory takes place on PND 31. In this task, all arms are baited and placed in Dixie cups. The reference

memory task takes place over PND 32-34. In this task, four arms are pseudo-randomly selected to be baited
and stay constant over the remainder of the trial.

3 x 5 minute trials 1 x 5 minute trial
PND 28-30 PND 31
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If an animal failed to complete the task their score was penalized. 10 seconds of time was added
for each arm not explored and their number of entries increased by 1/(# of arms completed). For
example, if 3 out of 4 arms were explored in the 3 minutes of Trial 3 with 20 entries, the final score
was logged as 190 seconds (180+10) and 27 entries (20 +20/3). The number of failed tasks was
recorded and compared between conditions, but there was no difference in the prevalence of failed
trials between groups. Occasionally no exploration would occur. In these instances, the data were
removed from analysis. Finally, data were segregated into difficulty of task. As the arms were
randomly baited, the task could either have 0 arms of separation (i.e., baited arms 3, 4, 5, and 6),

up to 3 arms of separation on the shortest path (i.e., baited arms 2, 4, 6, and 8).

2.5 Statistical Analysis
Statistical analysis was performed with JASP (ANOVAS) or Excel (Student t-tests and chi

squared tests). Statistical significance was established a priori as p < 0.05.

Litter characteristics and initial deficits in LTP between control and PNEE offspring were
compared using a student’s t-test. Normality was examined with a Shapiro-Wilkes test and
homogeneity of variance was assessed with Levene’s Test. Effect sizes were represented as
Cohen’s d (d). For electrophysiology experiments and the working memory data, a 2-way ANOVA
was used to analyze the data, using prenatal environment (Control, PNEE) and postnatal treatment
(Saline, Choline) as factors. Data were analyzed for male and female offspring separately.
Normality was examined with a Shapiro-Wilkes test and homogeneity of variance was assessed
with Levene’s Test. If assumptions were not met a transformation was applied and is noted in the
respective results section. In rare instances where transformation of the data did not meet
requirements, a non-parametric Kruskal-Wallis test was used. Effect sizes were reported as partial

eta squared (np?). When a positive interaction was found, a Tukey post hoc analysis was utilized.
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A Repeated-Measures ANOVA was used to analyze input/output curves, weight gain, and
reference memory performance. For input/output tests the assumption of sphericity was not met
and therefore a Greenhouse-Gessier correction was applied. Effect sizes were reported as partial
eta squared (ny?). When a positive interaction was found, Bonferroni correction for multiple
comparisons was utilized as a post hoc analysis. A chi squared test or Fisher’s exact test (if any
values were less than 5) were performed in Excel to determine patterns in discrete data, such as in
the case of eye opening, number of slices demonstrating depression, and search strategy. The chi

(0-E)?
2 ~2 7

squared value was calculated using the following formula: x? = =
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CHAPTER 3: RESULTS
Some of the following work has been published in different formats and has been adapted for this

dissertation.

Juvenile LTP data: Grafe, E. L. Wade, M.M.M. Hodson, C.E., Thomas, J.D., Christie, B.R.
(2022) ‘Postnatal Choline Supplementation Rescues Deficits in Synaptic Plasticity Following

Prenatal Ethanol Exposure’, Nutrients, 14(10). doi: 10.3390/NU14102004.

Design Animal Data Data Manuscript
Generation Collection Analysis | Preparation
Grafe, E.L. Yes Yes Yes Yes Yes
Wade, M.M.M. - Yes - - -
Hodson, C.E. - Yes Yes - -
Thomas, J.D. - - - - Yes
Christie, B.R. Yes - - - Yes

3.1 Prenatal Ethanol Consumption Does Not Alter Maternal or Litter Characteristics

Control and ethanol dams were weighed throughout gestation. While the average dam
weight at the beginning (GD1) and end of gestation (GD22) were similar between groups (Table
4; p >0.05), dams fed the ethanol-containing diet had a significantly overall lower percent weight
gain than control dams (p = 0.018, Cohen’s d = 0.130, Student’s two tailed t-test). On average,
PNEE dams consumed a daily average of 64.9 + 2.2 g of diet, resulting in a consumption of 12.1
+ 0.2 g/kg of ethanol per day. Dams from both conditions had similar gestational lengths of 22
days (p > 0.05) and the ethanol diet throughout gestation also did not change the number of pups
born (p > 0.05), nor the ratio of male to female offspring (p > 0.05). Offspring in the ethanol-
exposed offspring did not weigh differently than control offspring at PND 2 nor at PND 4 (p >

0.05).
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Dams Control Diet (n=15) PNEE Diet (n=15) p value
Weight at GD1 259.3 + 10.0 273.9 +11.0 0.349
(grams)
Weight at GD21 388.8 + 10.2 3745 +17.0 0.479
(grams)
Weight Gain 151.2 + 3.9% 139.2 + 2.6% 0.018*
(% from baseline)
Gestational Length 218402 990+ 0.0 0.343
(days)
# Pups born 10.7+0.6 9.7£0.6 0.289
Male:Female ratio 1.0+0.2 1.0+£0.1 0.954
. _ Female _ Female
Offspring Male (n=19) (n=19) Male (n=22) (n=23) p value
PUpWEIGNtPND 2 | o0 0os | 729+023 | 7132023 | 673+021 | M-0-184
(grams) F:0.108
PUpWeightPND 4 | o2\ 038 | 914+027 | 9642037 | 8974037 | M- 0327
(grams) F: 0.356

Table 4. Maternal characterics during and follow pregnancy. * indicates significance p < 0.05. PND:
postnatal day. Offspring n = number of litters, as pup weight is averaged across all males and females.

3.2 PNEE Delayed Development in Exposed Offspring

All offspring were weighed daily throughout the injection period from PND 10 until PND

30. There was a significant effect of PNEE on weight gained in males (Figure 14A; F(1,29) =6.70,

p = 0.015, np? = 0.188), but there was no main effect of choline supplementation (F(1,29) = 0.59,

p = 0.449, np? = 0.020). There was a significant interaction between prenatal condition and

postnatal day (F(2.64,76.55) = 7.39, p < 0.001, np? = 0.203). Post hoc analysis determined that

PNEE males weighed less than controls on PND 26 (p < 0.1), PND 27 (p < 0.05) and PND 28-30

(p < 0.01). Similarly in females (Figure 14B), there was a significant main effect of prenatal

exposure (F(1,36) = 9.02, p = 0.005, np? = 0.200), but no effect of choline treatment on weight gain
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(F(1,36) = 0.82, p =0.371, np? = 0.022). There was a significant interaction of prenatal environment

and day (F(2.19,78.86) = 7.44, p < 0.001, ny? = 0.171). Post hoc analysis determined PNEE

A. Male Offspring
100 - >
90 -
2L 80 -
2 6 |
5 i
2 50 -
2 40 -
g 30 - =O~Control + Saline
20 —0~Control + Choline
10 A ~0—-PNEE + Saline
0 =@-PNEE + Choline
10 15 20 25 30
Postnatal Day
B. Female Offspring
100 - e
_ 90 n *k*k
22 80 A
%ﬁ 70 -
s 60 -
= 50 A
2 40 -
f'-‘g 30 =CO~Control + Saline
20 © =o=Control + Choline
10 4 PNEE + Saline
0 —0-PNEE + Choline
10 15 20 25 30

Postnatal Day

Figure 14 PNEE decreased weight gain in offspring. PNEE decreased
weight gain in both male (A) and female (B) offspring. N=7-13 animals for
males and N=9-14 animals for females. # p <0.1, * p < 0.05, ** p < 0.01,
and *** p < 0.001.
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offspring weighed less than control offspring on PND 24 (p = 0.040), PND 26 to 27 (p < 0.1),

PND 28 (p = 0.01) and PND 29-30 (p < 0.001).

Eye opening was recorded as a measurement of neuronal development. The a priori criteria
required both eyes to be fully open and, as no sex differences were evident, male and female
offspring were combined for this measurement. Due to the discrete nature of the data and the low
N in some groups (N less than 5), the data were also collapsed by postnatal treatment in order to
perform a Fisher exact test. While this limits the ability to determine an interaction between ethanol
exposure and choline treatment, there was no evidence of an effect choline treatment. PNEE

delayed eye opening on PND 16 as compared to control offspring (Figure 15; p < 0.001).
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O L \ 4 T !
14 15 16 17
Postnatal Day (PND)
-O-Control + Saline -0-Control + Choline
PNEE + Saline --PNEE + Choline

Figure 15 Eye opening is delayed in PNEE offspring. Eye opening was assessed as a
binary event. The percent of pups with their eyes open is reported by discrete postnatal
day. Male and female pups were combined. N = 18-27 per group.
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Aim 1. Can postnatal choline supplementation improve long-term potentiation and long-

term depression in the juvenile PNEE dentate gyrus?

3.3 PNEE Increased Basal Excitability in Juvenile Females

Initial analysis of basal synaptic properties between conditions was conducted, including
paired pulse ratios (PPR) and input/output curves (I/O), to determine changes in presynaptic and
postsynaptic properties, respectively. On average, PPR showed slight paired pulse facilitation in
all groups. In juvenile male offspring (Figure 16A) there was no effect of prenatal exposure

(F(1,59) = 0.09, p = 0.768, np> = 0.001), postnatal treatment (F(1,59) = 0.61, p = 0.440, np2= 0.010),
Control + Saline  Control + Choline  PNEE + Saline PNEE + Choline
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Figure 16 Juvenile paired pulse ratios did not differ between conditions. Paired pulse ratios for
males (A) and females (B) demonstrate equivalent amounts of facilitation in all experimental
conditions. Representative traces are located above graphs. Each point is the PPR per slice and the
bars represent the average PPR. All error bars are + SEM.
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or experimental condition (i.e. set to 50 or 70% of the maximum; F(1,59) = 0.06, p = 0.805, ny*=
0.001) on the PPR. Similarly in female offspring (Figure 16B) there was no effect of prenatal
exposure (F(1,66) = 0.70, p = 0.404, np,®> = 0.011), postnatal treatment (F(1,66) = 0.60, p = 0.441,

np? = 0.009), or experimental condition (F(1,66) = 0.02, p = 0.668, 1,>=0.003) on the PPR.

I/O tests, however, uncovered sex-specific effects of PNEE and postnatal choline

supplementation. In all conditions, there was a significant overall effect of pulse width on fEPSP
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Figure 17 Increase in FV amplitude in PNEE males. Analysis of fiber volley (A) and fEPSP amplitude
(B) across increasing pulse widths. Each point is averaged across slices and error bars are + SEM.
Representative traces for each condition are visible above (C) and (D). The relationship between fiber
volley and fEPSP amplitudes for saline-treated (C) and choline-treated juvenile male offspring (D). Each
point represents a single waveform, therefore each slice is represented by ten points (1 per pulse width). *
p < 0.05.
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amplitude (p < 0.001). In the male LTP condition (fEPSP set to 50% of the maximum and in the
presence of PTX), there was a significant between-subject interaction with prenatal exposure and
postnatal treatment in fiber volley amplitude (Figure 17A; F(1,39) =6.20, p =0.017, np?= 0.137).
Follow up Tukey post hoc analysis determined this effect was between choline-treated and saline-
treated PNEE males (p = 0.039).When considering pulse width as a factor, there was again a
significant interaction between prenatal environment and postnatal treatment (F(1.43,55.61) = 5.33,
p = 0.015, np? = 0.120). The Bonferroni correction for multiple comparisons, however only
indicated a significant different between saline-treated and choline-treated PNEE offspring at the
300 ps pulse width ( p = 0.037). There was no effect of either prenatal condition nor postnatal
treatment on the fEPSP amplitude (Figure 17B; Prenatal: F(1,42) = 0.07, p = 0.791, np? = 0.002;
Postnatal: F(1,42) = 0.86, p = 0.360, 1y>=0.020). This relationship can be seen when the FV is
directly compared to the fEPSP amplitude (Figure 17C & D) — choline-treated PNEE males
overall have a wider range of FV amplitudes which is not seen to the same extent in other treatment

conditions and does not increase excitability.

In the male LTD condition (fEPSP set to 70% of the maximum without PTX), there was
no effect of prenatal diet nor postnatal choline treatment on fiber volley (Figure 18A; Prenatal:
F(1,31) = 0.534, p = 0.471, np?2 = 0.017; Postnatal: F(1,31) = 0.237, p = 0.629, n,2 = 0.008) or
fEPSP amplitude (Figure 18B; Prenatal: F(1,32) = 0.069, p = 0.794, np?=0.002; Postnatal:
F(1,32)=2.680, p = 0.111, n,>=0.077). While it may appear that choline-treated increased fEPSP
amplitude, following the Greenhouse-Geisser correction there was no effect of treatment with
increasing pulse width (F(1.20,38.43) = 3.60, p = 0.058, np? = 0.101). The relationship between

fiber volley and fEPSP is represented in (Figure 18C & D).
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Figure 18 No change in basal excitability when set to 70% of maximum. Analysis of fiber volley
(A) and fEPSP amplitude (B) across increasing pulse widths. Each point is averaged across slices
and error bars are £ SEM. Representative traces for each condition are visible above (C) and (D).
The relationship between fiber volley and fEPSP amplitudes for saline-treated (C) and choline-
treated juvenile male offspring (D). Each point represents a single waveform; therefore each slice
is represented by ten points (1 per pulse width).

In female offspring a different picture emerges. Within LTP conditions, there was not a
significant effect of prenatal condition or choline treatment on fiber volley amplitude (Figure 19A;
Prenatal: F (1, 40) = 3.08, p = 0.087, ny? = 0.007; Choline: F (1,40) = 0.43, p=0.518, 1> = 0.001).
When examining fEPSP amplitude across pulse width (Figure 19B), there was a significant
interaction between prenatal exposure and choline treatment (F (1.44, 60.32) = 6.21, p = 0.008, 1>

= 0.130). Post hoc analysis determined that saline-treated PNEE females were significantly
70



different than choline-treated PNEE females at 240 us (p=0.044), 270 us (p=0.025), and 300 ps
(p=0.020). The relationship between fiber volley and fEPSP amplitude is evident in Figure 19C
and 19D, as saline-treated PNEE females generally had increased fEPSP amplitude for the
corresponding fiber volley. In the LTD condition (i.e. fEPSP set to 70% of maximum and no

GABAA receptor antagonism), there was no change in fiber volley amplitude with either prenatal
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Figure 19 Increased excitability in saline treated PNEE offspring. Analysis of fiber volley (A) and
fEPSP amplitude (B) across increasing pulse widths. Each point is averaged across slices and error bars
are £ SEM. Representative traces for each condition are visible above (C) and (D). The relationship
between fiber volley and fEPSP amplitudes for saline-treated (C) and choline-treated juvenile female
offspring (D). Each point represents a single waveform; therefore each slice is represented by ten points
(1 per pulse width). * p < 0.05.
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condition (Figure 20A. F(1,35) = 0.03, p = 0.856, 1p> = 0.00) or choline treatment (F(1,35) = 5.15,
p = 0.478, np? = 0.014). Despite a similar trend of saline-treated PNEE offspring having an
increased fEPSP amplitude at higher pulse widths, there was no change in fEPSP amplitude across
conditions (Figure 20B. Prenatal: F(1,39) = 3.35, p = 0.075, np? = 0.079; Choline: F(1,39) = 2.56,
p =0.117, np? = 0.062). The lack of clear relationship between fiber volley and fEPSP amplitude

is displayed in Figure 20C and 20D.
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3.4 Choline Restored LTP in Juvenile PNEE Male, But Not Female, Offspring

To determine whether postnatal choline supplementation could improve synaptic plasticity,
long-term potentiation (LTP) was analyzed in juvenile offspring following the cessation of the
choline treatment (PND 31-36). A summary of average LTP across all conditions, as well as slice,

animal and litter numbers are found in Table 5. In juvenile male offspring (Figure 21A), the
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magnitude of post-tetanic potentiation (PTP; Figure 21B) was decreased with PNEE, albeit non-

significantly (p = 0.055, Cohen’s d = 0.77; Student’s two-tailed t-test). However, there was a

significant decrease in the magnitude of LTP with PNEE in male offspring (Figure 21C; p =0.047,

Cohen’s d = 0.50).
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Choline treatment was next examined to determine if it could ameliorate deficits due to
PNEE (Figure 22A). PNEE decreased PTP as compared to control animals (Figure 22B; F(1, 46)
=4.35, p =0.043, no? = 0.09); choline treatment did not alter magnitudes of PTP (F (1, 46) = 2.90,
p = 0.096, ny? = 0.06). However, there was a significant interaction between PNEE and choline
treatment in the magnitude of LTP (Figure 22C; F (1, 46) = 4.17, p = 0.047, n® = 0.11). Further

post-hoc analysis determined there was a significant increase in LTP in choline-treated PNEE male
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offspring as compared to saline-treated PNEE males (p = 0.039).

Female PNEE offspring were also examined for effects of PNEE (Figure 23A). Unlike in
male offspring, there was no decrease in the degree of PTP in due to PNEE in female offspring
(Figure 23B; p = 0.376, Cohen’s d= 0.53, two-tailed t-test). Additionally, there was no difference

in overall magnitudes of LTP in PNEE offspring (Figure 23C; p = 0.577, Cohen’s d= 0.25, two-
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% Change fEPSP Slope

tailed t-test).

Finally, LTP was evaluated in female PNEE offspring treated with choline (Figure 24A).
There was no main effect of prenatal condition (Figure 24B. F (1,46)=0.02, p=0.888, n,>=0.00)
nor postnatal treatment (F(1, 46) = 0.34, p = 0.557, np? = 0.010) on PTP. However, there was a
main effect on prenatal condition on LTP, such that that PNEE increased LTP in female offspring
(Figure 24C. F (1, 46) = 4.20, p = 0.046, np> = 0.080). While choline-treated female PNEE
offspring increased LTP as compared to saline-treated PNEE females, there was no effect of

choline treatment (F(1, 46) = 0.87, p = 0.356, np? = 0.050).

Table 5 Juvenile LTP Summary for male and female offspring. LTP: long-term potentiation, SEM:
standard error of the mean, s: slice number, a: animal number, I: litter number.

Male Offspring Female Offspring
LTP+SEM | N(s, a, I) LTP + SEM N (s, a, 1)
Control + Saline | 63.9+11.5% 14s, 5a, 4l 47.4 £ 8.2% 11s, 6a, 5|
Control + Choline | 52.7 + 11.7% 10s, 4a, 3l 45.9 +5.8% 14s, 6a, 3l
PNEE + Saline 36.0+5.4 % 13s, 4a, 4l 52.9+4.6 % 13s, 4a, 4l
PNEE + Choline | 76.0 £ 10.1% 13s, 64, 5l 69.5 + 10.9% 13s, 5a, 4l
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Figure 25 No correlation evident between ethanol consumption and synaptic plasticity outcomes.
Correlative outcomes for (A) male and (b) female offspring across average daily ethanol consumption by
maternal weight. Each point represents an individual slice.

77



It was unclear whether the amount of ethanol consumption during gestation could impact synaptic
plasticity later in development. Therefore, a correlative analysis was performed comparing the
amount of LTP with average daily consumption of their respective dam. However, no correlation
was evident for males (Figure 25A) or females (Figure 25B) between maternal ethanol

consumption and the magnitude of LTP.

3.5 Choline Supplementation Did Not Increase the Magnitude of Long-Term Depression

The increase in LTP in PNEE male offspring initiated two hypotheses regarding the
mechanism of choline supplementation as a treatment for ethanol-dependent deficits in
hippocampal synaptic plasticity. The first possibility was that choline supplementation was
improving hippocampal synaptic plasticity, i.e., both LTP and long-term depression (LTD), by
potentially increasing the overall plastic nature or health of the tissue. The second possibility was
that choline supplementation was biasing the hippocampal network towards excitation. These two
hypotheses were tested by analyzing the effects of choline supplementation on the magnitude of

LTD.

In male offspring, there was no effect of prenatal condition or choline treatment on short-
term depression (Figure 26A & 26B; Prenatal: F(1,34)=0.62, p = 0.436, np? = 0.018; Treatment:
F(1,34)=0.15, p=0.703, np?= 0.004). LTD was also not reduced by PNEE (Figure 26C; F(1,39) =
0.019, p = 0.892, 1,>=0.000), but LTD did not occur in both choline-treated groups. While the
main effect of choline treatment was not significant (F(1,39) = 3.97, p = 0.053, np?=0.092), it is
evident that postnatal choline supplementation did not improve overall bidirectional synaptic
plasticity. This is further evidenced by examining the cumulative probability (Figure 27). Within
both conditions, control (Figure 27A) and PNEE (Figure 27B), choline treatment shifted the

cumulative probability towards the right, towards more excitation. Additionally, examining the

78



percentage of slices that had any depression (i.e., percent change fEPSP less than 0%), it is clear

that the majority of slices in the saline-treated groups depressed (72.7%), while ~60% of choline-
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treated slices did not. Collapsing the data by choline or saline treatment and analyzing the
categorical variables number of slices depressed vs potentiated, there is a significant effect of

treatment X?(1, N=43) = 3.92, p = 0.048 using chi-square analysis.
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Figure 27 Cumulative probability shifted to the right with choline treatment. Probability that the
magnitude of LTD would fall into each 10% bin for control (A) and PNEE (B) offspring.

In female offspring (Figure 28) there was a significant increase in the degree of short-
term depression due to ethanol exposure (Figure 28A, F(1,44)=4.83, p=0.033, 1,>=0.099).
However, there was no effect of either prenatal diet (F(1,44)=0.26, p=0.614, np>=0.006) or choline
treatment on the degree of LTD (Figure 28C; F(1,44)=0.049, p=0.825, np2=0.001). Interestingly,
none of the female conditions had a significant amount of depression after one hour of post-
conditioning recordings, as all groups had on average depression less than 10% LTD. There was
no shift in the cumulative probabilities for female control (Figure 29A.) and PNEE offspring
(Figure 29B.). When collapsing across treatment condition, the ratio of the number of successful
to unsuccessful slices was similar between conditions (p > 0.05). Data of slice, animal, and litter

number are summarized in Table 6.
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A. Juvenile Female LTD
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Figure 28 Increase in short-term depression with PNEE. A. Summary change in fEPSP slope
for juvenile males, including in the preconditioning period (-20 to O minutes) and post-
conditioning (15 to 60 minutes). The black bar represents the LFS. Representative traces are to the
right for pre-conditioning (1) and post-conditioning (2). Average short-term depression (B) and
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error bars are = SEM. *p<0.05.

81



A. Control Cumulative Probability

Cumulative Probability

1 -~

B. PNEE Cumulative Probability

1_

PNEE + Saline

PNEE + Choline

0.9 - Eo,g
0.8 2 0s
0.7 4 2 o
0.6 A _g 06
=
0.5 4 I
03 ] 204 4
8; : —0O—Control + Saline “a 0.3 A
0:1 7 =0O=—Control + Choline E 8? '
0 ' ' T T T 1 =] 0 |
U T
80 60 40 200 20 40 -30

Change in fEPSP Slope

-60

-40 -20 0 20
Change in fEPSP Slope

40

Figure 29 No change in cumulative probability in female offspring. Probability that the magnitude of LTD
would fall into each 10% bin for control (A) and PNEE (B) offspring.

Table 6 Summary data from LTD experiments. LTD: long-term depression, SEM: standard error of the
mean, s: slice number, a: animal number, I: litter number. The final column is the percentage of slices that

depression in the last 10 minutes of post-conditioning recording.

Male Offspring
LTD + SEM N (s, al % depressed slices
Control + Saline -11.0 £6.3% 11s, 4a, 4l 72.7%
Control + Choline +3.3+£7.9% 11s, 3a, 3l 36.4%
PNEE + Saline -11.8+7.1% 11s, 33, 2| 72.7%
PNEE + Choline +6.3+11.0% 10s, 4a, 3l 40.0%
Female Offspring
LTD £ SEM N (s, a, 1) % depressed slices
Control + Saline -6.3 £5.0% 12s, 33, 3l 75.0%
Control + Choline -0.5+5.5% 13s, 4a, 4l 61.5%
PNEE + Saline -5.1+84% 12s, 5a, 3l 58.3%
PNEE + Choline -8.1£6.0% 11s, 3a, 3l 72.7%

Finally, the amount of maternal ethanol consumption was correlated with amount of LTD
in the PNEE groups. There was no correlation between ethanol consumption and LTD in saline-

treated PNEE males, however there was a moderate correlation in choline-treated PNEE males
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A. Ethanol Consumption vs. Synaptic Changes
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(Figure 30A. R? = 0.673). This correlation indicated that offspring which had the potential to be
more exposed to ethanol had greater LTD magnitudes following treatment. In females (Figure
30B), there was a weak correlation between saline-treated PNEE females and ethanol consumption

(R?=0.323), such that increased exposure resulted in poorer LTD. There was no correlation in

choline treated PNEE females.
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Figure 30 No correlation evident between ethanol consumption and LTD outcomes. Correlative outcomes for
(A) male and (b) female offspring across average daily ethanol consumption by maternal weight. Each point
represents an individual slice.
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Aim 2: Do any changes in juvenile hippocampal plasticity result in parallel changes in

learning and memory performance?

3.6 Choline supplementation improved working memory in control females
To determine whether alterations in hippocampal synaptic plasticity resulted in behavioural
improvements, offspring performed the Radial Arm Maze (RAM). The first phase of the RAM

involved a working memory task. In male offspring, choline-treated offspring explored the arms
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Figure 31 Working Memory Performance was Equivalent Across Groups. Activity across the entire
trial (5 minutes) was analyzed as number of arm entries (A) and total distance traveled (B). Task
performance was assessed as number of entries (C) and time until all 8 arms were explored (D). # Main
effect of choline treatment p < 0.05. * Main effect of PNEE p < 0.05. Each point is an individual animal.
All error bars are £ SEM.
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of the maze less than saline-treated offspring (Figure 31A; F(1,33) = 4.591, p = 0.040, n,%=0.122),
however PNEE males traveled a longer distance in the maze than control males (Figure 31B;
F(1,28) = 5.93, p = 0.022, np? = 0.175). Distance traveled was not altered with choline-treatment
(F(1,28) = 3.03, p = 0.093, np? = 0.098). When considering task performance, all groups completed
the task equally well when considering the number of arm entries (Figure 31C; Prenatal: F(1,33)
=2.159, p = 0.151, % = 0.061; Postnatal: F(1,33) = 0.263, p = 0.611, np? = 0.008), as well as the
time to complete the task (Figure 31D; Prenatal: F(1,33) = 0.865, p = 0.359, n,?> = 0.026; Postnatal:
F(1,33) = 1.556, p = 0.221, np? = 0.046). Of note, working memory task entries in male offspring

was skewed (Shapiro-Wilkes test p<0.05) and therefore reciprocal transformed data were analyzed.

In females there was no effect of prenatal exposure (Figure 32A; F(1,35)=0.02, p=0.878,
np2=0.00) nor postnatal treatment (F(1,35)=0.42, p=0.519, n,?>=0.012) on total exploration of the
maze. Similarly, there was no difference in the distance travelled between groups (Figure 32B;
Prenatal: F(1,33)=0.92, p=0.343, np?=0.027; Postnatal: F(1,33)=0.16, p=0.692, 1p>=0.005). As
many female offspring completed the working memory task in approximately 8 entries by using a
serial strategy, the task completion data were heavily skewed and transformations were applied.
However, the transformed entry data were still not normally distributed (Shapiro-Wilkes p=0.049),
therefore a Kruskal-Wallis test was utilized. All female offspring completed the task in a similar
number of entries (Figure 32C; Prenatal: H(1)=2.46, p=0.117, Postnatal: H(1)=0.61, p=0.435).
Finally, while there was no main effect of prenatal environment on the time to complete the
working memory task (Figure 32D; F(1,35)=1.86, p=0.182, 1,=0.050) nor postnatal treatment

(F(1,35)=0.11, p=0.742, 1,%=0.003), there was a significant interaction between the two (PNEE *
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Choline: F(1,35)=0.5.68, p=0.023, n,?=0.140). Post-hoc analysis determined this difference was

between choline-treated control offspring and choline-treated PNEE offspring (p=0.052).
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Figure 32. Choline-treated PNEE females performed working memory task slower. Activity across
the entire trial (5 minutes) was analyzed as number of arm entries (A) and total distance traveled (B).
Task performance was assessed as number of entries (C) and time until all 8 arms were explored (D).
Each point is an individual animal. All error bars are + SEM.

3.7 No effect of PNEE or choline treatment on reference memory performance

Subsequently, offspring performed the reference memory RAM task over three days. In

male offspring there was a significant effect of trial for both the number of entries (Figure 33A;

F(2.9, 85.1) = 2.86, p = 0.043, np? = 0.090) and time to complete the task (Figure 33B; F(2.6,

76.3) =4.03, p = 0.013, np?=0.122). Post hoc analysis determined that performance was the most
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poor on the first trial (p<0.05), indicating a degree of learning after the initial day. However, there
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Figure 33 No effect of PNEE or choline treatment on reference memory performance in males.
Reference memory performance was assessed by number of entries (A) and time (B) to complete the
task over the course of five trials. The grey and white bars represent different days. Performance was
averaged across trials and error bars are £ SEM. A representative performance from a saline-treated
control male is located to the right, with a heat map (top two figures) and path trace (bottom two figures)
for trial 1 and trial 5. Stars indicate the baited arms.
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was no effect of prenatal condition (Entries: F(2.9, 85.1) = 0.26, p = 0.848, np? = 0.009; Time:
F(2.6, 76.3) = 0.10, p = 0.944, ny? = 0.003) nor choline treatment (Entries: F(2.9, 85.1) = 0.50, p

= 0.677, mp?>=0.017; Time: F(2.6, 76.3) = 0.20, p = 0.874, np? = 0.007) on task performance.
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Figure 34. No improvement in female reference memory. Reference memory performance was
assessed by number of entries (A) and time (B) to complete the task over the course of five trials. The
grey and white bars represent different days. Performance was averaged across trials and error bars
are £ SEM. A representative performance from a saline-treated control female is located to the right,
with a heat map (top two figures) and path trace (bottom two figures) for trial 1 and trial 5. Stars
indicate the baited arms.
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In female offspring there was no effect of trial number on the number of entries to finish
the task (Figure 34A; F(3.24, 110.40)=0.26, p=0.870, 1% = 0.008), but there was a significant
effect of trial when the time to complete the task was analyzed (Figure 34B; F(3.40, 115.74)=4.35,
p=0.004, ny% = 0.113). Time to complete trial 2 was significantly longer than on trial 3 (p=0.003)
and trial 5 (p=0.042), indicating these offspring were completing the task quickly but still making
the same number of errors. There was no overall effect of prenatal condition (Entries: F(1,34)=0.46,
p=0.505, np? = 0.013, Time: F(1,34)=0.60, p=0.674, 0> = 0.005) nor postnatal treatment (Entries:
F(1,34)=0.05, p=0.825, np? = 0.001, Time: F(1,34)=0.45, p=0.446, np? = 0.017) on reference
memory performance in female offspring. Data were also analyzed without any penalty applied

for failed trials (Supplementary Figure 2), but this did not alter any outcomes.

3.8 Relationships between task performance, complexity, and search strategies

One advantage of the RAM task, and a factor that was considered when choosing a spatial
memory task, is that the difficulty level of the task can be altered to further probe learning and
memory differences. In this task the baited arms were pseudo-randomized and stratified by
complexity in terms of the degree of separation (i.e., no separation of arms = complexity 0, while
maximum separation = complexity 3). It was hypothesized that there would be a correlation
between performance and complexity, such that increasing complexity would translate to a poorer
task performance. However, in male offspring there was no relationship between task performance
and time (Figure 35A) or number of entries (Figure 35B). In females, while there was no
correlation between performance and time (Figure 35C), there was a weak correlation in saline-
treated PNEE females with the number of entries and complexity (Figure 35D), such that saline-
treated PNEE females performed better with increasing maze complexity. Therefore, the female

data were separated into low complexity (0-1 separation of baited arms) and high complexity (2-3
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separation of baited arms) trials for additional post hoc analysis. Since dividing the data in this

way decreased the N, assumptions for use of ANOVA were violated and the nonparametric

Kruskal-Wallis test was used. Low complexity trials in female offspring demonstrated a potential

trend of PNEE (Figure 36A; H(1) = 3.25, p = 0.072), with female PNEE offspring potentially

performing more poorly in these trials. There was no difference in female offspring performance

in high complexity trials (Figure 36B; H(1) = 0.01, p = 0.922).
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Figure 35 Limited correlation between task complexity and performance. Maze complexity was binned
by the minimum degree of separation between baited arms. In males, there was no relationship between
maze complexity and time (A) or entries (B). In female offspring, there was no correlation with time (C),
but PNEE females had a weak correlation with number of entries and complexity (D).
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It was also hypothesized that the lack of learning in female offspring was due to the
employment of an alternative learning strategy as compared to male offspring. Three search
strategies were used to characterize each trial: serial, random, or direct (summarized in Figure
37A). As search strategy varied within animal across the trials, the data were recorded by trial
rather than collapsing by animal. There was no difference in the search strategy used within male
(Figure 37B. X? (6, N = 180) = 4.12, p > 0.05) or female offspring (Figure 37C. X? (6, N = 196)
= 2.68, p > 0.05). While more males employed the direct strategy and more females utilized the
serial strategy, there was no significant sex difference in strategies used (Figure 37D. X? (2, N =

376) = 4.84, p > 0.05).
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Figure 36 Potential relationship with female performance and maze complexity. Female task
performance was separated by low (A) and high complexity trials (B).
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Finally, rates of trial failure and success were compared across condition. There was once
again no significant difference in males (data not shown; X2 (3, N = 180) = 4.06, p > 0.05) or in

females (X2 (3, N = 196) = 5.49, p > 0.05).

A. Review of Search Strategy Criteria
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Figure 37 Search strategy utilized to complete the RAM was similar across conditions. A. Summary of
search strategies. The percent of all trials that utilized each search strategy in male (B.) and female (C.) offspring,
as well as a comparison between male and female search strategy.
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Aim 3: Do the improvements seen in juvenile hippocampal synaptic following choline

treatment persist into adulthood?

3.9 PNEE alters basal excitability into adulthood.

The final aim of this project was to determine if changes in synaptic plasticity would persist
following treatment cessation. The first measure examined was basal excitability, as there were
marked sex and treatment dependent effects in juvenile offspring. Therefore, input/output tests
were performed in adulthood to determine if changes in basal excitability persisted. In male adult
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Figure 38 PNEE does not change excitability in adult male offspring. Input/output curve for male
offspring did not demonstrate significant changes in either fiber volley (A) or fEPSP (B). The relationship
between fiber volley and fEPSP are represented for saline-treated (C) and choline-treated adult males (D).
Each point represents a single waveform fEPSP at its corresponding fiber volley, such that each slice is
represented with ten points (1 per pulse width). Error bars are £ SEM.
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offspring, there were no changes in either fiber volley (Figure 38A) or fEPSP amplitude (Figure
38B) with increasing pulse width with PNEE (FV: F(1.18, 155.75) = 0.32, p = 0.323, ny% = 0.004;
fEPSP: F(1.18, 101.61) = 3.16, p = 0.072, np? = 0.035) or choline treatment (FV: F(1.18, 155.75)
= 055, p = 0.564, 12 = 0.006; fEPSP: F(1.18, 101.61) = 0.37, p = 0.578, np2 = 0.004). The
relationship between fiber volley and fEPSP is represented for saline-treated (Figure 38C) and

choline-treated male offspring (Figure 38D).

In adult females, however, both fiber volley (Figure 39A) and fEPSP amplitude (Figure
39B) were increased in PNEE females with increasing pulse width (Main effect of PNEE. FV:
F(1.71, 121.63) = 17.79, p < 0.001, np? = 0.200; fEPSP: F(1.21, 93.13) = 8.87, p = 0.002, ny* =
0.103). Post hoc analysis determined this was occurred with fEPSP amplitude at the pulse widths
240 ps (p = 0.097), 270 ps (p= 0.047) and 300 ps (p = 0.041). Similarly, PNEE fiber volley was
increased at 150 ps (p = 0.055), 180 us (p = 0.036), and 210-300 ps (p < 0.001). There was no
effect of choline treatment on either measure (FV: F(11.71, 121.63) = 0.80, p = 0.436, np? = 0.011;
fEPSP: F(1.21, 93.13) = 0.07, p = 0.832, np? = 0.00). The relationship between fiber volley and
fEPSP is represented for saline-treated (Figure 39C) and choline-treated female adults (Figure
39D). These correlations demonstrate that, even though fEPSP is increased with PNEE, this largely
appears to be due to an increase in fiber volley input and is not necessarily indicative of increased

basal excitability.
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Figure 39 PNEE increases excitability in adult female offspring. Input/output curve for female offspring
demonstrates a significant increase in fiber volley (A) and fEPSP (B) amplitude with PNEE. The
relationship between fiber volley and fEPSP are represented for saline-treated (C) and choline-treated adult
females (D). Each point represents a single waveform fEPSP at its corresponding fiber volley, such that
each slice is represented with ten points (1 per pulse width). Error bars are £ SEM. # p < 0.1, * p < 0.05,
and *** p < 0.001.
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3.10 Benefits of choline supplementation do not persist into adulthood.

While there were fewer changes in basal excitability into adulthood, it was next to
determine if changes in synaptic plasticity would persist into adulthood. Following the injection
period, offspring were allowed to age up into adulthood (PND 60-90) and synaptic plasticity was
examined (Figure 40A & Figure 41A). Of note, male LTP and female PTP data were not normally

distributed (Shapiro-Wilk’s test p < 0.05) and therefore analysis was performed on transformed
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Figure 40. No long-term changes in adult male LTP. (A) Average change in fEPSP slope. The black
arrow represents the HFS. Each point is the average change in fEPSP slope binned per minute. Error bars
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data. Additionally, since there was not an equal number of slices demonstrating less than 10% LTP

across conditions, all slices were included in this analysis. In adult males offspring there was no

effect of PNEE (Figure 40C F(1,35)=1.794, p=0.189, n,°>=0.049) nor choline treatment

(F(1,35)=0.038, p=0.846, 1,>=0.001) in the magnitude of LTP. However, control adult males had
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Figure 41. No changes in adult female LTP with PNEE or choline treatment. (A)
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LTP (average change in fEPSP slope 50-60 minutes following HFS).
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a non-significant increase in the magnitude of PTP, which was largely due to an increase in

choline-treated controls (Figure 40B F(1,35)=3.961, p=0.054, 1,=0.102).

Similarly in adult female offspring (Figure 41A), there was no significant effect of PNEE
(Figure 40B. F(1,30)=0.171, p=0.682, n,>=0.006) nor choline treatment (F(1,30)=0.112, p=0.740,
np2=0.004) on PTP. Additionally, neither PNEE or choline treatment altered LTP in adult females
(Figure 41C. Prenatal: F(1,30) = 1.193, p = 0.283, n,>=0.038; Choline: F(1,30) =0.519, p = 0.477,

np? = 0.017).

Table 7 Adult Saturating LTP Summary. LTP: long-term potentiation, SEM: standard error of the mean,
s: slice number, a: animal number, I: litter number.

Male Offspring Female Offspring

LTP + SEM N (s, al) LTP + SEM N (s, a,l)
Control + Saline | 38.3+10.7% 10s, 3a, 3l 42.8 +7.3% 9s, 4a, 3l
Control + Choline | 49.4 + 9.7% 11s, 5a, 4l 51.3+9.9% 7s, 3a, 21
PNEE + Saline 33.1+7.4% 7s, 4a,3l 326+11.2% 8s, 4a, 41
PNEE + Choline | 29.3 +8.7% 11s, 64, 5I 39.2 +9.5% 13s, 5a, 4l

3.11Alterations in LTP threshold evident in adulthood

Despite the lack of changes in LTP evident with either PNEE or choline treatment into
adulthood, it was hypothesized that more subtle changes in LTP threshold induction might be
present. Therefore, the frequency of the HFS was decreased to 70, 50, and 30 Hz to determine the
LTP induction threshold. The other properties of the conditioning stimulus, including the number
of pulses, the number of trains, and the intertrain interval, were kept consistent. As it was the
intention that some slices would not potentiate, there was also no minimum potentiation
requirement for inclusion. However, slices were considered outliers and thus excluded if they were

more than twice the standard deviation from the average. With this criteria, two male slices were
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removed (one PNEE + Saline at 50 Hz and one PNEE + Choline at 70 Hz) and one female slice

(Control + Choline at 50 Hz).

In adult male offspring, there were no differences in LTP or PTP at 70 Hz between control

and PNEE offspring (Figure 42A-C. LTP: F(1,33)=0.412, p=0.526, 1p>=0.012; PTP: F(1,34) =

B. 70 Hz PTP C.70 Hz LTP

. 140-
l 120-
100

g=-., En 10 .

20 -10 0 ]_0 20‘ 30 40 S0 60 Control  Control  PNEE  DPNEE Control  Conol  PNEE  PNEE
Time (minutes) tSaline +Choline + Saline + Choline +Saline +Choline +Saline  + Choline
D. 50 Hz E. 50 Hz PTP N F. 50 Hz LTP *

2004
(g

i TS tflu (% I».* qu‘"t"f.'.“ | ],
i e 201 . .

ke h“ T o . . =

e € L

|1b IJ 0! 7 o] 5 T

u i M oq . o .

& | ) < -
' ' ' " ! -804 - -25

g

ge fEPSP Slope
2

% Change fEPSP Slope

)

_20 T T T T
20 -10 0 10 20 30 40 50 60 : _m
Time (minutes) Control  Control PNLE PNEL Control  Control PNEE PNEE
+ Saline + Choline  + Saline + Choline + Saline + Choline + Saline + Choline
G. 30 Hz H. 30 Hz PTP 1.30 Hz LTP
150 . .
80
125 *
5 . :
2 -
177} 2 2
W 2 B
£ g . g !
= P - & T
@ E 25 ;E o
5}
2 : =5
'g ’ I 20
U =25 = [
© 40 |
M -850 ~ -
. . Control  Control PNEE PNEE Control ~ Control PNEE PNEE
Time (minutes) +8alinc + Choline  + Saline  + Choline +Saline + Choline + Saline + Choline

Figure 42 Postnatal choline supplementation alters LTP threshold. Male LTP threshold was analyzed using
a conditioning stimulus at 70 Hz (A), 50 Hz (D), and 30 Hz (G). Each point is the average percent change in
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0.949, p=0.337, np?>=0.027) or with choline treatment (LTP: F(1,33)=0.010, p=0.0920, 1,?=0.00;
PTP: F(1,34) = 2.035, p = 0.163, 1p?=0.056). While it appeared that there may be an interaction
between prenatal condition and choline treatment with PTP, this interaction was not significant
(F(1,34) = 3.349, p = 0.076, 1p?>=0.090). In saline-treated controls, 70 Hz and 100 Hz protocols
produced the same amount of LTP and therefore was not subthreshold (Student’s t-test, p=0.591).
Using a 50 Hz stimulation protocol (Figure 42D-F), differences between conditions emerged.
Control adult males had significantly more LTP than PNEE males (F(1,35)=4.426, p=0.043,
np?=0.112). Additionally, choline treatment significantly increased the amount of LTP
(F(1,35)=9.925, p=0.003, np>=0.221). There was no interaction between prenatal and postnatal
conditions (F(1,35) = 0.87, p = 0.868, 1,=0.024). Similarly, PTP was increased with prenatal
(F(1,31) = 4.28, p = 0.047, np?>=0.121) and postnatal conditions (F(1,31) = 6.64, p = 0.015,
np?=0.176). However, in saline-treated control animals there was no significant difference in the
amount of LTP between 50 Hz and 100 Hz (Student’s t-test, p=0.537). Finally, at the 30 Hz
conditioning stimulus there was only a significant effect of PNEE on PTP (F(1,21) = 6.18, p =
0.021, n,?=0.227), however there was not a significant effect of prenatal ethanol exposure Figure
42G-1. Prenatal: F(1,22)=0.504, p=0.485, np>=0.022), nor choline treatment on LTP

(F(1,22)=0.742, p=0.398, 1,?>=0.033). Interestingly, in saline-treated control males there was no
difference in the magnitude of LTP at 30 Hz or 100 Hz (Student’s t-test, p=0.619), suggesting this

protocol may not be subthreshold in adult males. Therefore, as an additional pilot experiment a 10
Hz HFS was run in adult males and this protocol produced no LTP in saline-treated control males

(Supplementary Figure 3).
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70 Hz 50 Hz 30 Hz

LTP N (s, al LTP N (s, al LTP N (s, al
Control + 47.9 + | 10s, 5a, 3l 29.7 + | 10s, 64, 4l 31.7+7.7% | 6s, 23, 1l
Saline 13.9% 8.8%
Control+ 42.2 + | 11s, 5a, 41 78.9 + | 12s, 5a, 4l 11.6 +16.1% | 6s, 2a, 1l
Choline 14.1% 12.2%
PNEE + 53.7 + | 9s, 5a, 4l 156 £ 9s, 64a, 4l 13.6 +16.0% | 6s, 3a, 2I
Saline 10.4% 10.8%
PNEE + | 56.3 + | 8s, 4a, 4l 423 | 7s,4a, 4l 119+7.4% | 8s, 4a, 2I
Choline 21.6% 15.5%

Table 8 Summary of subthreshold LTP in adult male offspring. LTP: long-term potentiation, SEM:
standard error of the mean, s: slice number, a: animal number, I: litter number.

In females, delivering an HFS at 70 Hz (Figure 43A-C) did not result in significant changes
in LTP or PTP due to prenatal condition (LTP: F(1,30) = 0.00, p=0.984, n,?>=0.00; PTP: F(1,28) =
0.53, p = 0.473, n1p?=0.019) nor with choline treatment (LTP: F(1,30) = 3.62, p=0.067, n,>=0.108;
PTP: F(1,28) = 0.56, p = 0.462, 1,>=0.019). When the conditioning stimulus frequency was
decreased to 50 Hz, there was a significant interaction between prenatal exposure and postnatal
treatment (Figure 43D-F. F(1,27) = 6.50, p=0.017, np?=0.194). Further Tukey post hoc analysis,
however, did not find any significant differences between conditions (p > 0.05). There was also
no effect on PTP (Prenatal: F(1,28) = 0.03, p = 0.872, ny? = 0.00; Postnatal: F(1,28) = 0.12, p =
0.735, np? = 0.004). Similar to male offspring, control females had similar levels of LTP at 100 Hz
and 70 Hz (Student’s t-test, p=0.208), as well as 50 Hz (Student’s t-test, p=0.708), demonstrating
that neither protocol was subthreshold. Finally, adult female offspring were stimulated with a
conditioning stimulus at 30 Hz (Figure 43G-1). In control females, this protocol produced
significantly less LTP in controls than the HFS at 100 Hz (Student’s t-test, p=0.004). While there
was no effect of prenatal exposure (F(1,17)=0.158, p=0.696, 1np>=0.009), choline treatment

significantly increased the magnitude of LTP at the subthreshold stimulation (F(1,17) = 4.67, p =

101



0.045, np? = 0.216). There was no change in magnitudes of PTP (Prenatal: F(1,17) = 1.14, p =

0.300, np? = 0.063; Postnatal: F(1,17) = 0.03, p = 0.871, ny? = 0.002). These data are summarized

in Figure 44.

A. 70 Hz B. 70 Hz PTP C.70 Hz LTP
140 - o
£120 1
72 e
& 100 ~ . )
£ 80 . D I
E 60 B
& 40 ’i‘ g . : .
£ é :
2] ol :
20 fommaga al 1 C
L) -
'20 T T T T T T
-20 -10 0 10 20 30 6 Control+  Control+ PNELH PNEE+ Control+  Control+  PNEE+ PNEE+
Time (mln uies) Saline Choline Saline Chaline Saline Choline Saline Choline
D. 50 Hz E.50 Hz PTP F.50 Hz LTP
o 100 I ” I
2.1 50
7z 8 . . . :
X _ o =
B 40 i) - B8 B e .
o H z ., .
2 20 E 0 ) E — =
2 0 : : : .
2010 1020030 6l Comtol+ Controlt PNEE+  PNEE* Contol  Conolt PNEE+  PNEE:
Time (minutes) Saline  Choline  Saline  Choline Saline  Choline  Saline  Choline
E.30 Hz H. 30 Hz PTP I. 30 H% LTP .
50 - o
L%
£ 40 [ ! 0]
= 30 s m]ﬂ i £ s
¢ e g
= 201 "56*'"fl¢s‘¢3¢:¢g¢t“iil L £ g
PR i N Rl
& J : . : .
g ST M } H o S é;l §° t H
= eyt s | w &2 : S 5
~ - 1 (@ 401 20

Control~  Control+ PNEE+ PNEE+ Controll  Control+  PNEE+ PNEE+

Time (minutes) Saline Choline Saline Choline Saline Choline Saline Choline

Figure 43 Choline supplementation alters LTP threshold in female adults. Female LTP threshold was analyzed
using a conditioning stimulus at 70 Hz (A), 50 Hz (D), and 30 Hz (G). Each point is the average percent change in
fEPSP slope binned to a 1-minute interval. Error bars are £ SEM.PTP (B, E, F) was calculated as the average change
of fEPSP slope from baseline during the first minute. LTP (C, F, I) was calculated as the averaged percent change of
fEPSP slope from baseline during the last ten minutes. Each bar is the average PTP or LTP and the points represent
individual slices. * p < 0.05 main effect of choline treatment. (Figure on previous page).
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Table 9 Summary of subthreshold LTP in adult female offspring. LTP: long-term potentiation, SEM:

standard error of the mean, s: slice number, a: animal number, I: litter number.

70 Hz 50 Hz 30 Hz
LTP N(s,al) |LTP N(s,al) |LTP N (s, a,l)
Control + 62.7 + | 11s, 6a, 41 | 48.3+ 10s, 6a, 41 | 5.9 + | 65, 24, 2|
Saline 13.3% 12.4% 5.9%
Control+ 41.0 + | 8s, 5a, 3l 17.9 + | 65, 3a, 3l 22.3 £ 6s, 34, 2l
Choline 15.5% 6.5% 9.4%
PNEE + 79.0 + | 65, 5a, 3l 20.8 + | 8s, 4a, 3l -6.5 + | 4s, 23, 2|
Saline 29.7% 12.8% 11.3%
PNEE + | 29.8 + | 8s, 64, 3l 50.3 + | 8s, 4a, 3l 25.8 + | 5s, 3a, 2|
Choline 8.6% 10.1% 16.1%
A. Male Summary B. Female Summary
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Figure 44 Summary of LTP threshold experiments. A summary of the average (A) male and (B) female

LTP with varying conditioning stimulus frequency. All points are the average across slices and error bars
are £ SEM.

3.12 GIuN2B functionality is altered with PNEE.
The change in LTP threshold with choline supplementation could be due to alterations in
receptor activity and therefore the GIUN2B contribution to the fEPSP was assessed. In this
experiment, the fEPSP was analyzed in a low Mg?* aCSF with the AMPA receptor antagonist and

compared with the fEPSP after the addition of the GIuN2B-specific antagonist ifenprodil. Baseline
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properties were compared between fEPSP waveforms with the AMPA receptor antagonist NBQX
and fEPSP waveforms with NBQX and the GIuN2B antagonist ifenprodil. The onset latency (time
from fiber volley peak to fEPSP initiation) was not altered with GIuN2B antagonism (Figure 45A.
F(1,24) = 0.50, p = 0.484, np?> = 0.021), nor with prenatal condition (F(1,24) = 0.85, p = 0.366, 1>
= 0.034) or postnatal treatment (F(1,24) = 2.84, p = 0.105, n,®>= 0.106). Upon measuring the peak
latency (FEPSP initiation to peak fEPSP), there was a significant main effect of drug, such that

ifenprodil increased peak latency (Figure 44B. F(1,24) = 29.16, p < 0.001, np? = 0.549). There was
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Figure 45 GIuN2B antagonism increased peak latency. A. Onset latency and B. peak latency in the
presence of the AMPA receptor antagonist NBQX (left) and NBQX with GIuN2B antagonist IFE (right).
Each bar is the average latency and slices are represented by individual points. n = 4 per group (2 male and
2 female slices). Error bars are + SEM. *** p < 0.001. Representative traces are featured to the right.
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no main effect of PNEE (F(1,24) = 1.25, p = 0.276, np? = 0.049) nor choline supplementation

(F(1,24) = 1.76, p = 0.198, ny? = 0.068). While the interaction between prenatal treatment and

ifenprodil drug application was not significant (F(1,24) = 3.21, p = 0.086, ny? = 0.118), this could

be an interesting relationship to explore in future experiments.

A paired pulse ratio was assessed in the presence of NBQX and then again in NBQX and

ifenprodil. There was no change in the PPR with ifenprodil (Figure 45 F(1,24) = 0.11, p = 0.739,

np? = 0.005). Similarly, there was no main effect of PNEE (F(1,24) = 1.84, p = 0.188, ny>= 0.071)

or choline supplementation (F(1,24) = 1.01, p = 0.325, np? = 0.040).
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Figure 46 Paired pulse ratio did not change with GluN2B antagonism. PPR was
calculated as the amplitude of pulse 2 divided by pulse 1. Each bar is the average PPR per
group and slices are represented by individual points. n = 4 slices (2 male and 2 female
slices). Error bars are = SEM.
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Finally, the area under the first pulse in the paired pulse test was analyzed to determine the
degree of potentiation or depression with GIUN2B antagonism (Figure 47). fEPSP area was
significantly increased with ifenprodil as compared to fEPSP area without GIuUN2B antagonism
(F(1,24) = 27.35, p < 0.001, np? = 0.533). Furthermore, fEPSP potentiation was significantly
reduced with PNEE (F(1,24) = 9.69, p = 0.005, np? = 0.288) but not significantly ameliorated by
choline treatment (F(1,24) = 1.55, p = 0.225, n? = 0.061).When the degree of potentiation was
examined (Figure 47B), there was a significant interaction between prenatal environment and
postnatal treatment (F(1,12) = 6.26, p = 0.028, np? = 0.343), such that saline treated PNEE offspring
had less of an increase in fEPSP area than saline-treated controls (p=0.024), and an insignificant

decrease from choline-treated controls (p=0.071) or choline-treated PNEE offspring (p=0.055).
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Figure 47 PNEE reduced fEPSP potentiation following GIuN2B antagonism. A. fEPSP area during
NBQX (left) or NBQX + ifenprodil (right) application. B. The percent change in fEPSP area after ifenprodil
application. Each point is an individual slice (n = 4 slices; 2 male and 2 female slices). Representative traces
are displayed for all treatment conditions on the bottom, such that the larger black waveform represents the
fEPSP with ifenprodil application. All error bars are + SEM. ** p < 0.01 and *** p < 0.001.
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Finally, it was queried whether the resulting fEPSP following NBQX application in the
low Mg2+ aCSF was indeed due NMDA receptor activation. Therefore, the following experiment
was performed in which DL-APV (D-2-amino-5-phosphonovalerate) was washed over the slice
either following the ifenprodil application (Figure 48A) or immediately after the NBQX
application (Figure 48B). Of note, the following data presented was performed in males only and
the control was a cage control rather than a saline-injected offspring. In all groups there was an
increase in fEPSP area with ifenprodil and a reduction with DL-APV. There were two interesting
outcomes in this pilot experiment. The first was that saline treated PNEE males had a more blunted
effect on fEPSP area with either drug application. Choline-treated PNEE slices mimicked either
the control or PNEE waveform. The second outcome was that DL-APV did not completely reduce

the fEPSP waveform, despite causing a great reduction.
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Figure 48 Resulting fEPSP area after DL-APV application. A. fEPSP area in low Mg?* aCSF with NBQX (10
pM), ifenprodil (10 uM), and NBQX, and finally DL-APV (50 uM), ifenprodil, and NBQX. Each point represents
a single slice (ngice = 2 per condition). A representative trace from a control male is located in the top right inset.
B. fEPSP area in low in low Mg?* aCSF with NBQX or NBQX and DL-APV. A representative trace from a choline
treated PNEE male is located in the top right inset.
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CHAPTER 4: DISCUSSION

4.1 Summary of Major Findings

The data within this dissertation support the conclusion that PNEE delays
neurodevelopmental processes and therefore creates a therapeutic window in which choline
supplementation can be beneficial (Figure 49). This conclusion is evidenced by several key
findings. The first is that PNEE delays eye opening and weight gain, demonstrating early signs of
developmental delay. LTP is decreased in PNEE males and not in females. This deficit in synaptic
plasticity is recovered into adulthood as PNEE animals ‘catch up’ to control offspring. LTP is
increased in male and female PNEE juvenile offspring with choline treatment. However, control

animals do not consistently have benefits in behavioural or physiological outcomes, which could

Gestation Adolescence Adulthood Aging
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Functional Capaci
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Figure 49 PNEE delays cognitive development which creates a therapeutic window for choline
treatment. (1) PNEE delays eye opening and (2) weight gain as compared to control offspring. In
adolescence, LTP is decreased in male (3) but not female offspring. However, in adulthood PNEE offspring
“catch up” to controls (4).
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indicate that the therapeutic window for hippocampal improvements in control animals has closed.
Choline-treated control female offspring did demonstrate improvements in working memory

performance, highlighting potential regional difference in the effects of choline treatment.

4.2 PNEE delays markers of neurodevelopment

The ethanol exposure paradigm used in this study is a well established, moderate ethanol-
exposure paradigm (Weinberg, 1985). Previous work has determined that this paradigm produces
blood alcohol content been 80-180 mg/dl (Christie et al., 2005; Uban et al., 2010; Anna R. Patten,
Sickmann, et al., 2013); in humans this range is equivalent to the legal intoxication level to being
classified as ‘impaired’. Blood alcohol content was not assessed in this study as the stress of the
blood collection during pregnancy had a negative impact on maternal and offspring outcomes.
However, due to the significant historical foundation of this paradigm and consistent maternal
consumption of the diet, there is confidence the offspring in this study were exposed to a moderate
amount of prenatal ethanol resulting in deficits. Dams on the ethanol diet gained less weight as
compared to control dams (Table 4). A significant effect of the ethanol liquid diet on dam weight
gain is commonly reported (Lan et al., 2009; Sliwowska et al., 2010; Uban et al., 2010; Titterness
and Christie, 2012), but this reduction is not always significant (A R Patten et al., 2013; Anna R.
Patten, Sickmann, et al., 2013). Despite the decrease in maternal weight, PNEE did not result in
significant changes in pup number, male to female ratio, or pup weight at PND 2 and 4. A decrease
in weight in PNEE offspring was evident following weaning in both male and female offspring
(Figure 14). Previous data has described different patterns in offspring weight gain using the first-
two trimester ethanol exposure paradigm. Some report a reduction in weight gain specifically in
males and only from PND 2-4 (Fontaine et al., 2019), a reduction in both sexes from PND 2 -22

(Lan et al., 2009; Anna R. Patten, Sickmann, et al., 2013), a reduction in males beginning on PND
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14 (Sliwowska et al., 2010), and a reduction in females at PND 1 and PND 22, but not time points
in between (Uban et al., 2010). Therefore, while there is no specific date range in which PNEE
offspring consistently weigh less than controls, PNEE generally results in slower weight gain at

some point during postnatal development.

This moderate exposure paradigm also resulted in markers of developmental delay. Delayed
eye opening has been utilized as a potential marker in other models of neurodevelopmental
disorders, including in an autism-like model (Ruhela et al., 2019) and prenatal exposure to
methamphetamine (Riedi-Bettschen and Platt, 2017). These data support that, despite the
relatively moderate ethanol exposure paradigm, there were significant neural impacts. It also
important to note that choline supplementation did not alter eye opening in either PNEE or control
offspring. This is likely due to the short duration of choline treatment at the time of opening (eye
opening occurred around PND 15 or 16 and choline treatment began at PND 10) and thus suggests

sustained, rather than acute, choline treatment is required for positive effects in PNEE offspring.

4.3 PNEE and choline alters basal synaptic transmission in a sex-specific manner.

Both PNEE and choline treatment had a significant effect on basal transmission that were
sex specific. In juvenile males choline-treatment with PNEE increased FV amplitude with
increasing pulse width (Figure 17A). The FV represents the deflection of current across the
presynaptic fibers (Mikulec et al., 1998) and an increase in FVV amplitude could suggest that more
presynaptic fibers were recruited in the choline PNEE males. Interestingly, however, chronic
choline treatment did not increase postsynaptic responsiveness with increasing pulse width
(Figure 17B). This relationship is unlikely to be a measure of poor slice health due to the
significant increase in LTP in choline treated PNEE males (Figure 21C). As there is the premise

that choline is necessary for neuronal health, this conclusion is not supported. The picture is
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perhaps clarified when the fiber volley is used as the input to fEPSP amplitude rather than pulse
width (Figure 17C & 17D). The re-organization of data this way demonstrates that choline-treated
PNEE males have decreased synaptic efficacy, as choline-treated PNEE males have a decreased

fEPSP amplitude for the corresponding fiber volley.

These patterns in male neuronal excitability are no longer evident when the technical
parameters are set for long-term depression experiments, meaning that the stimulation is set to a
higher magnitude to elicit a response 70% of the maximum and is not conducted in the presence
of a GABAA receptor antagonist. In these experiments, there was no significant difference in fiber
volley (Figure 18A) or fEPSP amplitude, although there appeared to be a trend in an increase in
fEPSP amplitude with choline treatment (Figure 18B). However, when considering the
contribution of fiber volley to fEPSP in male offspring, it appears that PNEE or choline may
increase synaptic efficacy. This poses a limitation of the excitability analysis. There was an
unequal representation for corresponding fiber volley and therefore it was not possible to run a
statistical analysis using FV as the input. Future experiments could use fiber volley amplitude

instead of pulse width as the dependent variable to explore this relationship further.

In female offspring, saline-treated PNEE offspring had a significant increase in fEPSP
amplitude (Figure 19B) that was still evident when considering fiber volley amplitude as the input
mechanism (Figure 19C & 19D). This trend was present in the long-term depression conditions,
despite not being significant, signifying that this is not necessarily due to a change in inhibition
due to the presence of picrotoxin. The increase in excitability in PNEE females has not been
reported previously, but could explain the lack of deficit in PNEE females at this age as
demonstrated in this study and in others (Titterness and Christie, 2012). Interestingly, no changes

in baseline excitability were previously reported in PNEE females from PND 21-28 and these
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offspring had decreased LTP (Fontaine et al., 2019). Therefore, there may be an age-dependent

increase in excitability in PNEE females that could correspond with recovered LTP.

4.4 Sex-dependent changes in juvenile synaptic plasticity

There were sex-specific effects of synaptic plasticity following PNEE and choline
treatment. Male PNEE offspring demonstrated deficits in LTP (Figure 21C) which was not seen
in females (Figure 23C). Previous in vivo electrophysiology work from the Christie laboratory
which examined LTP in PNEE offspring within the same juvenile period supports this finding
(Titterness and Christie, 2012). The deficit in male PNEE offspring was ameliorated with postnatal
choline treatment, such that magnitudes of LTP were equivalent to control males. These data are
the first to demonstrate an improvement in LTP in PNEE male offspring with choline treatment.
Control males treated with choline did not similarly benefit with postnatal choline treatment.
Rodent studies examining behavioural outcomes of postnatal choline supplementation do not
always exhibit further improvements in control offspring (Thomas et al., 2000), however prenatal
choline did improve performance on the Morris Water Maze (Thomas et al., 2010). This evidence
contributes to the conclusion that PNEE delays cognitive development and, as such, extends the
therapeutic window for intervention (Figure 49). This window in PNEE offspring is not infinite,
however, as choline supplementation from PND 40-60 in developmentally exposed offspring did
not improve hippocampal-dependent spatial memory performance (Schneider and Thomas, 2016),
nor did clinical trials of postnatal choline supplementation in older children with FASD (5-10 years
old) display benefits in learning and memory tasks (Nguyen et al., 2016). Nonetheless, the
extended window of development and the unique neuronal environment of the ethanol-exposed

brain provides a promising opportunity for intervention.
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The mechanism behind improvements in LTP in choline treated PNEE offspring is
currently unknown. As discussed previously, choline and ethanol parallel in the multitude of
neuronal and developmental process that they can alter. While this makes choline a promising
treatment for PNEE, this also generates many hypotheses as to its mechanism of action. Due to the
limitations in the scope of a dissertation, only two overarching hypotheses were tested to narrow
the possible mechanisms. The first option was that the improvement in LTP was due to an overall
improvement in brain health, for instance due to phospholipid generation, reduction in ROS
generation, or epigenetic changes. The second hypothesis was that the increase in LTP was a result
of the fine balance of synaptic plasticity favouring excitatory action following choline treatment.
The subsequent LTD experiment was performed, as an increase in LTD would support the former

hypothesis while a decrease in bidirectional plasticity would suggest the latter.

In this study PNEE did not alter the magnitude of LTD in either male (Figure 26) or female
offspring (Figure 28). Previous work has demonstrated decreased DG LTD in younger PNEE
males (PND 21-28), but not in age-matched PNEE females (Fontaine et al., 2019). The reason for
the difference between the aforementioned study and the data in this dissertation could be that
LTD mechanisms recover in the PNEE brain in the time between the two experimental groups.
Indeed, an age-dependency of the magnitude of 1 Hz LTD has been shown in the non-exposed
brain, such that LTD is greater in young animals (12-20 days old: 24 + 3%) as compared to juvenile
animals (31-40 days old: 11 + 3%) (Kemp et al., 2000). This aligns with work completed in the
CAZ1 subregion of the hippocampus in which there were no deficits in LTD in juvenile (PND 30-
35) PNEE males or females (Titterness and Christie, 2008). Furthermore, in this dissertation
choline treatment in both control and PNEE male offspring caused a subtle decrease in the amount

of LTD (Figure 26). While this was not significantly different than saline-treated males, it can be
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concluded that choline treatment did not increase the amount of LTD and thus did not improve
overall bidirectional synaptic plasticity. Furthermore, the cumulative probabilities demonstrate a
shift rightwards, as well as a decreased percentage of slices that displayed any depression,
indicating that choline treatment may be shifting the balance towards excitation in male offspring.
In female offspring there were similarly no deficits due to PNEE nor any improvement with
choline treatment (Figure 28). Despite the majority of slices showing a slight level of depression
(i.e., a negative change from baseline fEPSP slope), the average magnitude of LTD was less than
-10% for all conditions and thus can be considered a return to baseline. Choline treatment did not
further decrease the amount of LTD in female offspring. While there is a paucity of data examining
sex differences in LTD at the juvenile timepoint, previous work found that females may exhibit
greater LTD than males, although males and females were not directly compared (Titterness and
Christie, 2008). This study also explored the sex-specific effect of acute stress; LTD was increased
in males following an acute stressor, but LTD was eliminated in stressed female offspring
(Titterness and Christie, 2008). This finding could indicate that the lack of LTD in female offspring
in this dissertation was due to the stress of repeated injections. However, a small pilot study of
control female offspring that did not receive any injections also did not display a significant

amount of LTD (Supplemental Figure 1).

The proposition that postnatal choline supplementation increases excitation in PNEE
offspring should be further explored in future research. Two initial targets would be to examine a
change in the cholinergic inputs to the hippocampus and changes in NMDA receptor functioning
or composition. In regards to the former, third-trimester equivalent ethanol exposure decreased
hippocampal-projecting cholinergic cells (ChAT+) in the medial septum/diagonal band of Broca

by 42% (Smiley et al., 2021), as well as cortically-projecting cholinergic neurons in the nucleus
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basalis of Meynert in the basal forebrain (Milbocker and Klintsova, 2020). The timing of the
postnatal choline treatment (PND 10-30) overlaps with the development of cholinergic neurons in
the basal forebrain; ChAT and AChE functionality begins late in gestational development and
continues to increase until around PND 30 (Thal et al., 1992). Therefore, increased availability of
choline may help to protect these wvulnerable cholinergic neurons. Secondly, choline
supplementation may influence the balance of excitation/inhibition in PNEE offspring. Future
research should explore changes in NMDA receptor subunit composition, specifically in the
developmental timeline of GIUN2B and GIUN2A, and alterations in excitatory and inhibitory

currents in choline treated PNEE offspring.

4.5 Sex-specific outcomes in synaptic plasticity

In the LTP experiments there were sex-dependent effects of PNEE. Juvenile female
offspring had an overall main effect of prenatal treatment, such that PNEE females had increased
LTP as compared to control females (Figure 24). This sex-specific invulnerability to PNEE in the
juvenile brain has been demonstrated previously in the literature (Titterness and Christie, 2012;
An and Zhang, 2015). The juvenile time period used in this dissertation is around the time of sexual
maturation in the female rat, which occurs around PND 32-34 and coincides with vaginal opening
(Lewis et al., 2002). Vaginal opening was monitored in these juvenile animals to limit the
confounds of pubertal hormones. Therefore it is unlikely that influxes of estrogen may account for
the lack of deficit in juvenile females in this study, despite a decrease seen previously at PND 21-
28 (Fontaine et al., 2019). Another explanation for these sex-differences originates much earlier;
fundamental differences in the male and female placenta may account for sex-differences in the
effects of PNEE. An important note, the placenta forms during the blastocyst phase of embryonic

development, around GD 3.5-4.5 in rodents, and therefore the placenta is also of male or female
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origin (Kalisch-Smith et al., 2017; Woods, Perez-Garcia and Hemberger, 2018). The sexual
dimorphism of the placenta is thought to convey unique susceptibility and protection to
environmental conditions (Kalisch-Smith et al., 2017). Indeed, in the context of PNEE the female
placenta adapts differentially than the male placenta to preserve organ development (Kwan et al.,
2020). This early compensation in the female fetal environment could be the reason for lifelong

benefits seen in many studies of PNEE.

4.6 Working Memory Performance Was Unchanged in Choline-Treated Animals

While changes in prefrontal cortex physiology were not examined in the synaptic plasticity
experiments, working memory was analyzed as part of the training paradigm for the reference
memory task. In male offspring there were no alterations in working memory performance with
either PNEE or choline treatment (Figure 31C & D). It is perhaps not surprising that choline-
treatment did not improve prefrontal-dependent behaviours, as previous work has found that
choline treatment later in adolescent development improved working memory. Specifically
choline treatment from PND 40-60 rescued ethanol-induced impairments in working memory, but
not hippocampal-dependent memory (Schneider and Thomas, 2016), suggesting that the prefrontal

cortex is can be modulated by choline supplementation later in the postnatal period.

There were significant effects of PNEE and choline treatment on hyperactivity and anxiety-
like behaviours. PNEE males were hyperactive as compared control offspring (Figure 31B), which
was not significantly ameliorated with choline treatment. Furthermore, choline-treated male
animals explored fewer arms of the maze over the course of the entire trial (Figure 31A). There
could be an increased stress response in choline treated males, either from a direct alteration of
choline on the HPA (hypothalamus — pituitary — adrenal) axis or a heightened stress reaction to the

injection protocol. The increase in anxiety-like behaviour may have prevented beneficial effects
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of the treatment to be evident. Interestingly, the inverse was true for female offspring. There were
no changes in anxiety-like behaviours in female offspring, as the total number of arm entries and
distance travelled during the working memory task was equivalent between groups (Figure 32A
& B). This sex difference has been noted in the literature previously, as male PNEE offspring are
more likely to have a hyperactive HPA axis response to stressors than female PNEE offspring
(Weinberg et al., 2008). However, choline-treatment impaired working memory performance in
female PNEE offspring. While there was a trend, but not a significant difference, in the total
number of arm entries to complete the task (Figure 32C), choline-treated PNEE females required
more time to complete the working memory task as compared to choline-treated female controls
(Figure 32D). Importantly, choline-treated females did not differ from saline-treated offspring,
showing a distinct response to choline treatment as a factor of prenatal environment rather than
ameliorating or creating deficits in performance. The reason for this differential response to
choline treatment is as of yet unknown. As previously mentioned, PFC-dependent behaviours were
improved with choline treatment from PND 40-60 in PNEE offspring (Schneider and Thomas,
2016), therefore improvements in working memory tasks in control offspring could be due to the
timing of choline treatment utilized in this study (PND 10-30) overlaps with the fine tuning of

prefrontal circuitry (Kolb et al., 2012).

The performance of all animals in the working memory task were above random chance.
A simulated Radial Arm Maze was generated using RStudio (Version 1.4.1106; see
Supplementary Text 1) and run 10,000 times. In this model each ‘arm’ was selected with pseudo-
randomization, meaning that choices were limited as to not re-enter the arm currently ‘resided’ in
and with an increased probability to choose an arm immediately adjacent. This was intended to

mimic natural rodent behaviours as closely as possible. The simulated task was completed on
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average in approximately 19 arm entries. In the experimental trials, each group completed the task
in 11-15 entries on average, indicating that there was indeed the use of working memory processes

and was not due to random chance.

4.7 Parallels between changes in synaptic plasticity and reference memory

Following habituation and the working memory task, a reference memory task was
performed over the course of three days. In this task the same four arms were baited for each
animal across trials and therefore this task analyzed the ability to discriminate between similar
spatial inputs. Male offspring improved in their performance of this task; the number of entries
and time to complete the maze decreased over the trials (Figure 33). However, there were no
deficits in reference memory performance due to PNEE or improvements with choline treatment.
While it is difficult to make direct comparisons between electrophysiological data and behavioural
performance due to the multifold of regions and circuitry that are involved in each process, some
hypotheses can be made when examining both pieces of evidence together. In particular, male
offspring treated with choline did not outperform saline treated offspring on the radial arm maze,
despite the significant increase in LTP in these animals. The bidirectional aspect of hippocampal
plasticity may be critical in this aspect, as choline treatment decreased the magnitude of LTD. This
could suggest that the fine tuning of synapses was altered and the ability to update the neural
network from the previous working memory task, a task in which all arms contained a reward, was
impaired. Previous work using a Delayed Non-Matching to Place (DNMP) version of the radial
arm maze found that decreasing the amount of separation between the baited and sample arms
uncovered differences between control animals and those with decreased adult neurogenesis.

Differences in performance did not occur in these animal with the “easier” version of the task

118



where there was a large degree of separation (Clelland et al., 2009). Interestingly, the complexity

of the task had no bearing on task performance in male offspring (Figure 35).

In females there was no significant effect of trial in terms of the number of entries required
to complete the task, but the task was completed in a shorter amount of time. This indicates that
while female offspring may have learned that some arms were baited, they did not improve in
spatial memory specific task performance over time. Sex differences in spatial memory have long
been reported (Safari et al., 2021) and therefore this finding is not surprising. It was supposed that
this lack of learning was due to an altered search strategy utilization, specifically, that female
offspring adopted a serial search strategy. This would prevent the direct formation of spatial
memory, as it would be simpler to learn “to always turn left” and still receive all rewards. Despite
this hypothesis, there were no sex difference in the search strategies used to complete the task over
the course of all five trials (Figure 37). The search strategies utilized in this dissertation were
generated based on the patterns of task completion witnessed. Perhaps sex differences would
emerge with more strict criteria for serial exploration. Unlike in males, in PNEE female offspring
there was a weak correlation with maze complexity and performance, but not in the direction
predicted. Female PNEE offspring performed more poorly when the baited arms were closer
together, and thus more separated from the non-baited arms (Figure 35 & Figure 36). It is not
clear why a worse performance occurred with a lower amount of separation between baited arms
but could be due to overlapping inputs of the closely adjacent arms. Unfortunately, due to the lower
number of animals in each group resulting from dividing the data by complexity, this finding was

not powered to determine if this trend is significant but could be followed up in future work.

Similar to the working memory task, a simulated RAM reference memory task was created

with the same previous parameters but with the addition of only four distinct arms randomly
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chosen for each ‘animal’ to be the correct arms. After 10,000 simulated trials, on average this task
could be randomly completed in approximately 14-15 entries (Supplementary Text 2),
demonstrating that, while improvements were not seen in all groups, task performance was better

than random chance.

4.8 Deficits due to PNEE and benefits of choline did not persist into adulthood.

One of the major advantages of preclinical models of FASD is that long-term changes due
to treatment can be explored. Therefore, benefits of postnatal choline supplementation in PNEE
offspring were assessed into adulthood. Unexpectedly, there were no effects of PNEE on LTP
magnitudes in animals from PND 60 to 90 (Figure 40 & Figure 41). Previous work has often
indicated that ethanol-exposed male offspring have deficits in LTP that persist into adulthood
(Sutherland, McDonald and Savage, 1997; Anna R. Patten, Sickmann, et al., 2013; Sickmann et
al., 2014) while adult females show no deficits (A R Patten et al., 2013; Anna R. Patten, Sickmann,
et al., 2013; Sickmann et al., 2014) or even an increase in LTP with PNEE (Anna R. Patten, Gil-
Mohapel, et al., 2013). There are few reported instances in which PNEE did not cause long-term
changes in adult male LTP, although these instances include some important caveats. For instance,
previous work using the same paradigm from this study found no significance in male PNEE LTP,
however, the analysis included treatment with N-Acetyl-Cysteine which may have occluded
deficits that could have been evident with a direct comparison (A R Patten et al., 2013).
Additionally, another study which did not see deficits in LTP used only a single trimester ethanol

exposure (Helfer, White and Christie, 2012; Anna R. Patten, Gil-Mohapel, et al., 2013).

Alterations in synaptic plasticity due to postnatal choline supplementation were not evident
in adulthood. It is likely that nutritional treatment should be continued throughout the lifespan in

order for benefits to persist. Previous nutritional interventions performed in the Christie laboratory
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have utilized omega-3 supplementation and in this paradigm the treatment spanned the entirety of
the postnatal period. Benefits due to the prolonged treatment in adult male LTP were observed
(Anna R. Patten, Sickmann, et al., 2013). Similarly, a model of lifelong choline supplementation
in a mouse model of Alzheimer’s Disease found a reduction in amyloid beta plaque and improved
spatial memory performance at 10 months of age (Velazquez et al., 2019). Future experiments
should therefore explore the effects of continued supplementation with choline on synaptic
plasticity in ethanol exposed offspring. It would be suggested that method of administration be
revised from subcutaneous injections to a choline-supplemented diet. While this would reduce the
precision of the amount of administered choline, it would eliminate the stress from repeated

injections and reduce the need for continued experimenter handling of the offspring.

4.9 Subtle changes are evident in LTP threshold.

After determining that there was no effect on LTP with PNEE and choline treatment, it was
theorized that potential effects may be at a more subtle level. Previous work in non-exposed
offspring has indicated that maternal choline supplementation (GD 12-17) decreased the induction
threshold for LTP into adulthood (Pyapali et al., 1998). Furthermore, Meck and colleagues found
that maternal choline supplementation (GD 12-17) or postnatal choline treatment (PND 16-30)
improved spatial memory performance on the 12-arm radial maze in seven-month-old offspring.
These choline-treated animals also had increased spine density in the CAl and in the DG (Meck
et al., 2008). Gestational and postnatal development are both demanding developmental times in
terms of maternal supply of choline for offspring growth (Garner, Mar and Zeisel, 1995; Zeisel et
al., 1995), therefore choline treatment during these critical time windows may compensate for the
nutritional depletion of maternal stores, even in non-exposed offspring. The cumulative evidence

from these previous works prompted the exploration of changes in LTP threshold. As it was not
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clear from the literature as to what would be considered a subthreshold LTP protocol when
utilizing a high frequency stimulation protocol, several stimulation paradigms were tested. There
were four main parameters that could have been altered: the number of pulses, the number of trains,
the intertrain interval, and the frequency of the pulses. It was decided to alter the frequency of the
pulses, as there are many studies which can still exhibit LTP with fewer trains and longer intertrain
intervals. Frequency was decreased in incremental steps while maintaining all other parameters
consistent. While there were no differences between conditions at 70 Hz, choline-treated groups
had increased LTP at 50 Hz for male offspring (Figure 42) and 30 Hz in female offspring (Figure
43). These data confirm that choline supplementation during critical windows can still convey
long-term changes in synaptic plasticity, but the effects are do not occur at saturating levels of
stimulation. While subthreshold induction may be less clear in terms of the translational benefit to
individuals with FASD, subtle changes in synaptic plasticity may in fact have a large impact in

real world functioning.

An additional consideration is the potential effects in the aged brain, as adequate choline
supplementation is important for long-term cognition (Tabassum et al., 2017). There is a paucity
of data examining bidirectional plasticity in aged PNEE offspring and therefore it is unknown if
deficits in synaptic plasticity re-emerge into aging. Unfortunately, this experimental question may
also have translational limitations. A 2016 study analyzing life expectancy for people FAS in
Alberta, Canada found that the life expectancy for individuals with FAS was 34 years old and the
average age of death was 28 years old (19 years standard deviation) (Thanh and Jonsson, 2016).
While there may be interesting biological potential for choline supplementation into adulthood
with prenatal ethanol exposure, research into FASD should ultimately be focused on problems that

concern individuals with FASD. Therefore, before research resources are invested into aged
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research, it is perhaps more critical to investigate leading causes of death in individuals with FAS,

which include suicide, accidents, and drug or alcohol use (Thanh and Jonsson, 2016).

4.10 Potential Role of GIUN2B in deficits following PNEE.

While the original aim of this dissertation was to determine changes in synaptic plasticity
following PNEE and choline supplementation, and thus the efficacy of choline as a treatment, a
final pilot experiment was conducted to begin to unravel a potential mechanism for future study.
The relative contribution of GIuUN2A and GIuN2B subunits has been suggested to alter the
properties of a synapse, such that more GIuN2B subunit expression will decrease the LTP
threshold (Brigman et al., 2010). However, this is not always seen (Fox et al., 2006) and thus is
likely a simplification of the complex picture of synaptic transmission. However, the properties of
GIuN2A and GIuN2B containing NMDA receptors do in fact differ. GIUN2A subunits have a
higher open probability, faster magnesium unblocking, and faster activation and deactivation
kinetics than GIuN2B-containing NMDA receptors (Clarke, Glasgow and Johnson, 2013). In this
dissertation, the GIUN2B antagonist ifenprodil did not alter the onset latency (the time from FV
peak to the beginning of the fEPSP) but did increase the peak latency (the time from the start of
the fEPSP to the peak amplitude). Unlike previous reports, which found that GIuN2B antagonism
caused a depression of the fEPSP area (Brady et al., 2013), ifenprodil increased the area of the
fEPSP (Figure 47). This could be due to the localization of GIuN2B-containing NMDA receptors
in the extrasynaptic space where they provide a “brake” in instances of high amount of glutamate
spillover (Vizi, Kisfali and Lorincz, 2013). In saline treated PNEE offspring the degree of fEPSP
area growth was significantly decreased as compared to all other groups. While the number of
slices were limited in this pilot experiment, and thus sexes were combined, this change in GIuN2B

potentiation could suggest a mechanism by which choline-treatment is acting in PNEE offspring
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to decrease the threshold for LTP induction. Interestingly, there was no further increase in choline-
treated control offspring and therefore the mechanism behind any change in LTP threshold
induction in control offspring is still unknown. If future works continues this line of investigation,

both sexes should be included in sufficient power to determine sex-dependent differences.

4.11 Future experiments & Limitations

This work provides many opportunities for future exploration that could further uncover
the mechanism by which postnatal choline supplementation alters synaptic plasticity in the PNEE
brain. It was suggested that choline may alter the excitatory/inhibitory balance, as evidenced by
the increase in LTP and the decrease in LTD, therefore subsequent work could use whole cell
electrophysiology to examine the changes in E/I balance at a cellular level. Changes in plasticity
could also be due to the cholinergic system. Examination of key cholinergic proteins, ChAT
positive neuron densities in the medial septum/diagonal band of Broca, or antagonism of
cholinergic receptors during HFS could provide evidence for this hypothesis. Additionally, as
benefits did not persist when examined at PND 60-90, choline could be supplemented into
adulthood. This would also provide an interesting model to examine the effects of PNEE and

choline supplementation into aging.

This work possesses several limitations that should be discussed. The first limitation is the
nutritional profile of the ethanol-containing diet. The Dyets Inc. High Protein Ethanol Diet
contains 0.53 g/L of choline bitartrate, which is 0.218 g/L of choline. The Lab Diet Rodent 5001
contains an estimated 2.25 g/kg choline chloride. Factoring in the relative difference in
consumption on the two diets (60 g/day on the ethanol diet and an estimated 15 g/day on the control
diet), PNEE dams are likely consuming less choline than control dams. Controlling for this

nutritional difference is difficult, as the classically used pair fed controls produce alterations
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distinct from ethanol exposed offspring (Titterness and Christie, 2008; Weinberg et al., 2008). It
is thought that the stress of food deprivation negatively impacts fetal development in a unique
manner and should be considered a maternal-stress model. However, providing ad libitum access
to the currently available non-ethanol containing liquid diet would not control for choline intake.
Thus, a choline-deficient liquid diet could be formulated, or the ethanol diet could be further
supplemented with choline during prenatal development. Conversely, maternal choline stores
could be examined between control and ethanol dams to determine the level of choline depletion.
It could be argued, however, that pregnant individuals who are consuming alcohol are more likely
to be simultaneously consuming a diet that is deficient in key nutrients (May et al., 2014), in
addition to the fact that the majority of pregnant individuals (alcohol consumption not considered)
do not meet the recommend choline adequate intakes in pregnancy or during lactation (Wallace
and Fulgoni, 2017). Therefore, there are translational parallels between this model and the real
world. Nonetheless, the factor of nutrition should be considered when interpreting these results

and applying them to future clinical research.

4.12 Translational applications

The objective of this work was to further understand the mechanisms of postnatal choline
supplementation such that it can be applied to clinical studies involving individuals with FASD.
The work in this dissertation provides several points to be considered. The first is that sex
dependent effects should continued to be explored in clinical studies of FASD, as much of this
work described unique changes in synaptic plasticity and behavioural performance between male
and female offspring. This may also necessitate that clinical definitions of FASD be re-examined
as current definitions may neglect to include some girls with alcohol exposure who may express

distinct symptoms. The second important consideration is that the length of choline
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supplementation should be continued. Choline is an essential nutrient which has few negative side
effects when consumed in excess (Institute of Medicine Food and Nutrition Board, 1998) and is
vastly under consumed in the majority of the population (Wallace and Fulgoni, 2017). Therefore,
lifelong choline supplementation poses a small but manageable risk. This also may influence
policy surrounding supplementation of choline in prenatal or children’s vitamins. The final point
to consider when translating this work to clinical research is that, while effects of choline treatment
may be more subtle, any positive improvement early in vulnerable times may in fact be cumulate
to produce large improvements in quality of life. Not to mention that other critical areas of the
brain, such as the prefrontal cortex or the amygdala, may similarly show some level of benefit that
could be meaningful when considering the large incidence of mental health problems in individuals

with FASD.

5. Conclusion

The objective of this dissertation was to determine the effects of postnatal choline
supplementation on hippocampal synaptic plasticity following prenatal ethanol exposure. This
objective was divided into three main aims. The first aim was to explore changes in bidirectional
plasticity in the juvenile offspring immediately following treatment. In this population, male, but
not female, PNEE offspring had a deficit in LTP, but postnatal choline supplementation increased
LTP in both sexes. This did not seem to be due to an overall improvement in brain health as LTD
was not increased in either sex or, in fact, appeared to be decreased with choline treatment. The
second aim was to determine if changes in hippocampal synaptic plasticity translated to
improvements in spatial learning and memory. Other than hyperactivity in male PNEE animals,
there were no clear deficits in learning or memory with PNEE, nor did choline treatment further

improve task performance. Finally, the third aim was to determine if the benefits evident
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immediately following choline treatment persisted into adulthood. While the 100 Hz saturating
protocol demonstrated no deficits with PNEE, there were benefits of choline supplementation
using a subthreshold stimulation protocol. This indicates that deficits due to PNEE and benefits of
nutritional supplementation may be more subtle but are likely still impactful when considering the
translational aspect of this research. The cumulative data displayed in this research supports the
hypothesis that prenatal ethanol exposure delays neurodevelopment, but this delay provides a
window of opportunity for treatments such as choline supplementation to be effective in improving

hippocampal-dependent outcomes.
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Supplementary Content

Supplementary Figure 1. Female control LTD without injections.

Saline injections did not decrease the amount of LTD in juvenile female offspring. Of note, slices
were derived from four untreated female offspring (N=4, L=1) and therefore these data should be

replicated in a separate litter to support these preliminary findings.
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Supplementary Figure 1 Female LTD is not increased without stress. A. Summary change in fEPSP slope
for untreated control female offspring. Average short-term depression (B) and long-term depression (C) are
represented by bars. Individual slices (n=4) are represented by a point. All error bars are £ SEM. *p < 0.05,
Student’s two-tailed t-test.
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Supplementary Figure 2. Reference Memory Performance without Penalization

The reference memory task was additionally analyzed without a penalty applied for when
the task was not completed. However, this did not change the overall outcomes seen in Aim 2. In
male offspring, there was no change in number of entries (Sup Fig 2A. Prenatal: F(2.82, 81.79) =
0.42, p = 0.730, np? = 0.014; Treatment: F(2.82, 81.79) = 0.54, p = 0.647, %> = 0.018) and time to
complete the task (Sup Fig 2B. Prenatal: F(2.62, 75.97) = 0.07, p = 0.962, np? = 0.003; Treatment:
F(2.62, 75.97) = 0.23, p = 0.854, np? = 0.008). Similarly, in female offspring there were no change
in term of number of entries (Sup Fig 2D. Prenatal: F(4, 136) = 0.54, p = 0.707, ny? = 0.016;
Treatment: F(4, 136) = 1.13, p = 0.346, n,®> = 0.032) or time to complete the task (Sup Fig 2E.
Prenatal: F(4, 136) = 0.45, p = 0.774, n® = 0.013; Treatment: F(4, 136) = 0.30, p = 0.876, np> =
0.009). Finally, the number of errors was assessed as an additional measure to determine if PNEE
or choline treatment altered reference memory performance. Errors were defined as entries into
arms that were not a ‘correct’/baited arm. In this measure, there was once again no differences in
male offspring (Sup Fig 2C. Prenatal: F(4, 108) = 0.26, p = 0.902, np? = 0.010; Treatment: F(4,
108) = 0.63, p = 0.645, % = 0.023) or female offspring (Sup Fig 2F. Prenatal: F(4, 116) = 1.07, p

= 0.375, 1,2 = 0.036; Treatment: F(4, 116) = 0.86, p = 0.488, 1,2 = 0.029).
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Supplementary Figure 2. Reference Memory Performance without Penalization. Reference memory
task performance, including number of entries ( A. Male, D. Female), time (B. Male, E. Female), and
number of errors (C. Male, F. Female). Number of errors are classified as entries into arms that were not a
‘correct’ arm. Grey/white bars represent separate days. Error bars are £ SEM.
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Supplementary Figure 3. Male subthreshold LTD (10 Hz)

As the 30 Hz HFS protocol still produced a level of potentiation in saline-treated control males,

several slices were stimulated at 10 Hz to determine if this would be considered subthreshold. In

control + saline adult males, there was no degree of potentiation. However, results were more

variable in choline-treated offspring, but due to the low number of slices, it cannot be said yet if

this is a meaningful increase in variability or a product of low power.
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Supplementary Figure 3. Subthreshold LTD in control males occurs at 10 Hz. A. Saline-injected
control males (Nsiices = 4, Nanimais = 2). B. Choline-injected control males (Nsiices = 4, Nanimais = 2). C. Saline-
injected PNEE males (Nsiices = 2, Nanimais = 1). D. Choline-injected PNEE males (Nstices = 2, Nanimais = 1).
Each slice is represented by a grey line and the average is represented by circular points. Error bars for
control graphs are £ SEM but are omitted in the PNEE graphs due to the low slice n.
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Supplementary Text 1. Working Memory Simulation

final <- matrix(ncol=10000) #create matrix for all 10,000 trial outcomes
total_trials_run<-0
repeat{
total_trials_run <- total_trials_run + 1
total <- 0 #count number of arms traveled
current_matrix <- matrix(0, ncol=8) #create matrix to hold the current "animals" results
p<-c¢(1,1,1,1,1,1,1,1) #set probability of all arms to 1

repeat{

current_arm <- sample(1:8, 1, prob=p) #select a random "arm" from 1-8

p<-c¢(1,1,1,1,1,1,1,1) #reset probability to be equal
p[current_arm]<- 0 #set current_arm probability to be O for next time
#set adjacent arms to be twice as likely
if(current_arm !=8){p[c(current_arm+1, current_arm-1)]<- 2}
if(current_arm == 8){p[c(1,7)]<- 2}
if(current_arm == 1){p[c(2,8)]<-2}

#if animal hasn't explored that arm yet, put it in matrix
if(current_matrix[1,current_arm] == 0){current_matrix[1,current_arm]<- current_arm}
total <- total + 1

#end trial When all 8 "arms" are explored end trial & record number of trials
if (rowSums(current_matrix) == 36){final[1,total_trials_run] <- total
break}}

if(total_trials_run == 10000){break}}
rowMeans(final) #calculate average of all the trials
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Supplementary Text 2. Reference Memory Simulation

final <- matrix(ncol=10000) #create matrix for all trial outcomes
total_trials_run<-0

repeat{
total_trials_run <- total_trials_run + 1
total <- 0
correct_arms <- matrix(sample(1:8,4,replace=F)) #pick different 4 arms
p<-c(1,1,1,1,1,1,1,1) #set probability

repeat{
current_arm <- sample (1:8, 1, prob=p) #select a random "arm" from 1-8
p<-c¢(1,1,1,1,1,1,1,1) #reset probability

#If correct arm is chosen, reset that value in the matrix to 0
if(current_arm == correct_arms[1]){correct_arms[1] <- 0}
if(current_arm == correct_arms[2]){correct_arms[2] <- 0}
if(current_arm == correct_arms[3]){correct_arms[3] <- 0}
if(current_arm == correct_arms[4]){correct_arms[4] <- 0}
total <- total + 1

p[current_arm]<- 0 #set current_arm probability to be O for next time, no re-entries
#set adjacent arms to be twice as likely

if(current_arm !'=8){p[c(current_arm+1, current_arm-1)]<- 2}

if(current_arm == 8){p[c(1,7)]<- 2}

if(current_arm == 1){p[c(2,8)]<-2}

#end trial when all correct_arms are chosen & record total number of trials
if (colSums(correct_arms)== 0){final[1,total_trials_run] <- total
break}}

if(total_trials_run == 10000){break}}

rowMeans(final) #calculate average of all the trials
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