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ABSTRACT

Maternal alcohol binge drinking during pregnancy can be deleterious for the
developing foetus, leading to a wide range of long-lasting morphological and
neurobehavioural disabilities known as foetal alcohol spectrum disorders,
associated with a higher risk of developing substance use disorders later in life.
We sought to assess the effects of prenatal and postnatal alcohol exposure on
cognitive, emotional, motor and addictive behaviour in mice and its underlying
molecular mechanisms. Pregnant C57BL/6 female mice underwent a
procedure to model alcohol binge drinking either during gestation or
throughout both the gestation and lactation periods. Then, male offspring
were assessed for their behaviour at adulthood. Binge alcohol exposure during
early brain development induces cognitive deficits, increased anxiety-like
behaviour, motor coordination impairments, and age-dependent locomotor
activity alterations. Behavioural effects are associated with an upregulation of
pro-inflammatory signalling, gliosis, neuronal death, myelin impairments and
epigenetic modifications in the prefrontal cortex and hippocampus.
Furthermore, eatly alcohol exposed mice show alterations in brain network
connectivity. Curcumin treatment ameliorates anxiety and cognitive
dysfunctions, and rescues alcohol-induced neuroinflaimmation. In addition,
mice exposed to alcohol 7z utero and postnatally show increased susceptibility
to later alcohol and cocaine intake compared with their counterparts.
Molecular analyses of the prefrontal cortex and striatum of these animals
suggest alterations in the glutamatergic excitability —within the
mesocorticolimbic reward system following cocaine-induced reinstatement.
Altogether, our results reveal that maternal binge-like alcohol consumption
induces molecular alterations in offspring’s brain that may undetrlie the long-

lasting impairments in offspring’s behaviour.
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RESUM

El consum maternal d’alcohol en afartament durant ’'embaras pot resultar
perjudicial per al fetus en desenvolupament, donant lloc a una amplia gamma
de discapacitats fisiques 1 mentals conegudes com a trastorns de I'espectre
alcoholic fetal que persisteixen al llarg de la vida i estan associades a un major
risc de desenvolupar trastorns d’as de substancies en el futur. En aquesta tesi
hem tractat d’avaluar els efectes de I'exposicié prenatal i postnatal a I’alcohol
en la conducta cognitiva, emocional, motora i addictiva en ratolins i els
mecanismes moleculars subjacents a aquests. Les femelles de ratolins
C57BL/6 embarassades van ser sotmeses a un procediment per modelar el
consum d’alcohol en afartament durant la gestacié o bé, al llarg dels perfodes
de gestacié i lactancia. A continuacié es va avaluar el comportament de la
descendencia masculina a ’edat adulta. S’ha observat que 'exposicié d’alcohol
en afartament durant el desenvolupament cerebral indueix deficits cognitius,
augment de lansietat, alteracions de coordinacié motora i de Dactivitat
locomotora en funcié de ’edat. Els efectes del comportament estan associats
a un increment de la senyalitzacié proinflamatoria, gliosi, mort neuronal,
deteriorament de la mielina i modificacions epigenetiques en el cortex
prefrontal i hipocamp, aix{ com també alteracions en la connectivitat de la
xarxa neuronal. El tractament de curcumina alleuja 'ansietat i les disfuncions
cognitives, 1 restableix la neuroinflamaci6 induida per I’alcohol. A més, els
ratolins exposats a I’alcohol durant la gestacié i la lactancia mostren una major
susceptibilitat a la ingesta posterior d’alcohol i cocaina en comparacié amb els
seus homolegs. Els analisis moleculars de I'escorca prefrontal i de Destriat
d’aquests animals suggereixen la presencia d’alteracions en Dexcitabilitat
glutamatergica en el sistema de recompensa mesocorticolimbic després de la
recaiguda induida per cocaina. En conjunt, els nostres resultats indiquen que
el consum maternal d’alcohol en afartament provoca alteracions moleculars en
el cervell de la descendeéncia com a mecanisme subjacent a les alteracions

relatives al comportament persistents.
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INTRODUCTION

1. Alcohol

1.1. General properties

Alcohol (ethanol) is a two-carbon molecule that interacts with other
biomolecules via hydrogen bonding and weak hydrophobic interactions
(Abrahao et al., 2017). It is a product of vegetal sugar fermentation, coloutless
in liquid form, volatile, flammable, and with a slight chemical odour. It can be
used as a solvent, fuel or antiseptic. In addition, ethanol is the psychoactive

substance present in alcoholic beverages, fermented or distilled.

After consumption, alcohol is absorbed into the blood stream through the
stomach and intestines, and it readily crosses the blood-brain barrier (BBB).
Alcohol is distributed with body water and is found at approximately the same
concentration in all tissues, including the nervous system. Most of the
metabolism of alcohol occurs in the liver, where alcohol is converted to
acetaldehyde by multiple isoenzymes of alcohol dehydrogenase (ADH). This
oxidation is accompanied by the reduction of nicotinamide adenine
dinucleotide (NAD*) to NADH, generating a highly reduced cytosolic
environment in the hepatocytes (Zakhari, 2006). 90-95% of alcohol is
eliminated by oxidation and the rest is excreted through the kidneys, lungs and
skin (Deng and Deitrich, 2007). Alcohol’s metabolism in the brain is limited,
the mitochondrial cytochrome P450 2E1 (CYP2E1), catalase and other
pathways might generate acetaldehyde, which then is rapidly metabolized
further (Most et al., 2014). The mitochondrial aldehyde dehydrogenase
(ALDH) converts acetaldehyde to acetate resulting in the formation of

NADH, which is oxidized by the electron transport chain.

Acetaldehyde, the primary metabolite of alcohol, is highly reactive and toxic,
and it is responsible for the flushing effect that encompasses face flushing,
nausea, vomiting, headache, tachycardia and sweating. In addition,

acetaldehyde can cross the BBB and may have direct actions in the brain. Most
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of the acetate resulting from alcohol metabolism escapes the liver into the
blood. Eventually, it is metabolized to CO; by the Krebs cycle generating
acetyl-CoA in tissues like the heart, the skeletal muscle and the brain (Zakhari,
2013). Alcohol can also be non-oxidatively metabolized by two minor
pathways that end up with production of fatty acid ethyl esters or phosphatidyl
ethanol, which may play a role on alcohol-induced tissue damage (Zakhari,

2006).

Alcohol’s effects on brain function depend on its concentration in the blood
over time and occur across a range from the low millimolar range to 100 mM.
Low blood alcohol concentration (BAC) of ~28 mg/dL (~6 mM) can be
reliably distinguished in both humans and animal models (Abrahao et al.,
2017). Levels of 50-80 mg/dL ate associated with anxiolytic and euphoric
effects and lead to slowed reaction times, motor incoordination, and mild
speech, memory and attention impairments. At concentrations up to 230
mg/dL (50 mM), locomotor distuption, cognitive impairment and sedation
escalate. Above this level, strong sedation and respiratory depression can lead

to coma or death (Dasgupta, 2017).

In regards to alcohol’s pharmacological actions in the brain, it has putative
bindings sites with specific neuronal membrane proteins involved in signal
transmission, resulting in changes in neural activity, as shown in Figure 1
(Spanagel, 2009; Vengeliene et al., 2009). Acutely, alcohol acts as an inhibitor
of the N-methyl-D-aspartate (NMDA) glutamate receptor and enhances y-
aminobutyric acid (GABA) release, therefore acting as a depressor of the
central nervous system (CNS). In addition, alcohol affects other
neurotransmitter systems, including opioids, serotonin (5-HT), dopamine
(DA) and endocannabinoids. Non-ligand ion channels also constitute a
primary target of alcohol. However, these primary inhibitory or facilitatory
actions on ion channels and receptors depend on the alcohol concentration

and the subunit composition of a particular channel, which might explain the
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diversity of alcohol’s pharmacological actions (Erdozain and Callado, 2014;

Volkow et al., 2017).
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Figure 1. A representation of the great number of cellular components that are
modulated by alcohol exposure directly or indirectly: membrane receptors, cytosolic
signalling elements, and transcription factors in the nucleus. R, receptor; NPY,
neuropeptide Y; GABA, y-amino-butyric acid; NMDA; N-methyl-D-aspartic acid;
CREF, cortticotrophin-releasing factor; CB1, Cannabinoid Receptor 1; PKC and PKA,
protein kinase C and A; cAMP, cyclic adenosine monophosphate; ERK, extracellular-
signal-regulated kinase; CREB, cAMP-responsive element binding protein. Obtained
from Erdozain and Callado (2014).

1.2. Epidemiology and patterns of consumption

Alcohol is the psychoactive drug most consumed worldwide. In 2016, 32.5%
of the global population were current drinkers. By gender, 25% of women and
39% of men were current drinkers. The prevalence of alcohol consumption
varies considerably by geographic location (Figure 2). Drinking prevalence is
lowest in low-to-middle socio-demographic index locations, where larger
differences between men and women are also found. Conversely, in locations

with high socio-demographic index, the prevalence of current drinkers
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between genders is similar. Alcohol is consumed by more than half of the
population in the European region (59.9% of current drinkers), the Region of
the Americas (54.1%) and the Western Pacific region (53.8%) (World Health
Organization, 2018).

FE

: 5 : P
PRI

L

Current drinker prevalence (%)
0159

2 200-309

I 400-599

B 6007949

W A0 01000

i [
Barhadon | | Comanos

Current drinker prevalence (%)
Cloasg

2 200399

B 40 0-564

B 600759

. H00-1000

2 .
Ul"' | Rarbiachon
m H
| Dormindca.  Mabtigy
. :
E ﬁ )
LEA S iehes|

Figure 2. Age-standardised prevalence of current drinking for females (A) and males

(B) in 2016, in 195 locations. Current drinkers are defined as individuals who reported

having consumed alcohol within the past 12 months. ATG, Antigua and Barbuda;
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VCT, Saint Vincent and the Grenadines; Isl, Islands; FSM, Federated States of
Micronesia; LCA, Saint Lucia; TTO, Trinidad and Tobago; TLS, Timor-Leste.
Obtained from GBD 2016 Alcohol Collaborators (2018).

Alcohol use is a leading risk factor for global disease burden and causes
substantial health loss. Around 3 million people die each year as a consequence
of alcohol abuse, which represents 5.3% of total deaths (World Health
Organization, 2018). According to a recent systematic review and meta-
analysis, the risk of all-cause mortality rises with increasing levels of
consumption (GBD 2016 Alcohol Collaborators, 2018). Among the
population aged 15-49 years, alcohol use is the leading global risk factor for
risk-attributable disease burden, accounting for 2.2% of female deaths and

6.8% of male deaths.

In Spain, alcohol is the drug of abuse more consumed among the population
aged 15-64 years, with a prevalence of current drinkers of 75.2%. Its
consumption is widely socially accepted and the production of alcoholic
beverages, such as beer and wine, is an important source of economic activity.
Interestingly, the risk perceived by the society associated with alcohol
consumption is low, since only 25.6% of the population consider that the
consumption of 5-6 alcoholic drinks during the weekend can produce health
problems (EDADES, 2018). Among the Spanish adolescent population (aged
14-18 years), 75.6% reported drinking in the last 12 months and 67% during
the last 30 days. In addition, the average age of first alcohol use is at 14 years

old, being one of the drugs with an earliest age of onset consumption

(ESTUDES, 2017).

One of the most popular patterns of high-risk alcohol consumption is binge
drinking, which is defined as the consumption of four or more drinks for
women and five or more drinks for men in a single occasion (over 2 h or less).
The difference between males and females has been attributed to differences

in the distribution of body fat and lower gastric levels of the alcohol-
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metabolizing enzyme ADH in females (Koob et al., 2014). Specifically, the
National Institute on Alcohol Abuse and Alcoholism (NIAAA) considers
binge drinking when BAC reaches levels of 80 mg/dL (Wechsler and Nelson,
2001; NIAAA, 2016). But what is a ‘drink’? In order to normalize the quantity
of alcohol that contains each alcoholic beverage, the concept of ‘standard
drink unit’ is employed. However, different countries define standard drinks
differently. In United States (US), a standard drink contains roughly 14 g of
pure alcohol (NIAAA, 2019), while in Spain it contains 10 g of pure alcohol
(Rodriguez-Martos Dauer et al., 1999).

Binge drinking is the pattern of consumption more common among teenagers
and young adult population. Globally, approximately 40% of drinkers aged 15
years or above engage in heavy episodic alcohol drinking, being around 18%
among the total population. Also, heavy episodic drinking is particularly
prevalent (=20%) among young people (15-19-year-olds) in Europe and high-
income countries such as Australia, Canada, New Zealand and the US (World
Health Organization, 2018). In US, binge drinking is most common among
younger adults aged 18-34 years (CDC, 2017). In Spain, 31.7% of adolescent
population (aged 14-18 years) reported binge drinking in the last month
(ESTUDES, 2017).

1.3. Alcohol use among pregnant women

Historically, women have consumed less alcohol than men. Even though, over
time, the changing societal role of women has led to a rise in the frequency
and levels of alcohol consumption. Young women in Europe are becoming
more frequent binge drinkers (Wilsnack et al., 2009; Davoren et al., 2016).
According to the Centers for Disease Control and Prevention (CDC) of the
US, 46% of women of the general population reported alcohol drinking in the
last 30 days, and 12% of women engage in binge drinking 3 times per month

(CDC, 2017).
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Figure 3. Global prevalence (%0) of alcohol use during pregnancy among the general

population in 2012. Obtained from Popova et al. (2017a).

The global prevalence of women who consume alcohol while pregnant has
been estimated to be 9.8% (Figure 3). Alarmingly, a quarter of women in the
European region drink alcohol during pregnancy, being the highest prevalence
(25.2%), while the lowest prevalence was found in the Eastern-Mediterranean
region (0.2%), which includes most of the Muslim populations, a religion
associated with very high rates of abstention from alcohol (Popova et al.,
2017a, 2018). Ireland is the country with the highest prevalence of alcohol use
among pregnant women (60.4%), followed by Belarus (46.6%), Denmark
(45.8%), United Kingdom (41.3%) and Russia (36.5%). Furthermore, in
Europe, 10.7% of women who drank any amount of alcohol during
pregnancy, reported binge drinking. In Canada and US, about 10% and 15%
of pregnant women consume alcohol, respectively. Moreover, the prevalence
of binge drinking during pregnancy is estimated to be around 3% (Tan et al.,
2015; Popova et al., 2017b).

The highest prevalence of binge drinking during pregnancy worldwide is in

the African region (3.1%), while the Western Pacific region has the lowest one
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(1.8%) (Lange et al., 2017b). Remarkably, among women who engage in binge
drinking, pregnant women report a higher frequency of bingeing than non-

pregnant women (Tan et al., 2015).

Numerous risk factors are related with maternal alcohol consumption during
pregnancy and pre-conceptional binge drinking. These include maternal age,
unplanned pregnancy, substance use, marital status, history of physical and
emotional abuse, mental health, self-esteem, nutrition, and socioeconomic
status (Caetano et al., 2006). For instance, women with a substance use
disorder diagnosed reported a higher frequency of binge episodes during

pregnancy than non-diagnosed women (Bakhireva et al., 2018).

1.4. Alcohol use during breastfeeding

Alcohol consumed by a mother passes easily into her breast milk at similar
concentrations to those found in the bloodstream. It is estimated that a
nursing child is exposed to 5-6% of the weight-adjusted maternal alcohol dose
ingested, even though newborns metabolize alcohol at approximately half the
rate of adults (Koren, 2002). About half of all lactating women in Western
countries consume alcohol while breastfeeding, and 80% of the women who
drank alcohol during pregnancy continued to do so during lactation (Haastrup
et al., 2014), even though the prevalence varies across different countries (May
et al,, 2016). In France, 6.8% of women reported binge drinking during
breastfeeding, and 7.0 and 6.4% of nursing women reported light and

moderate drinking, respectively (Dumas et al., 2017).

Hence, the increasing rates of binge alcohol drinking in recent years among
young adult population, and especially amongst women of childbearing age, is
of special concern since alcohol consumption during pregnancy has been
established as a risk factor for adverse birth outcomes, including miscarriage,
stillbirth and premature delivery, and can result in a range of lifelong
disabilities known as Foetal Alcohol Spectrum Disorders (FASD), as discussed

below.
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2. Foetal Alcohol Spectrum Disorders

2.1. Historical background

First evidences of the association between maternal alcoholism and birth
defects can be found in the literature from centuries ago. In the biblical Book
of Judges 13:3-4, from the Old Testament, a statement linking drinking alcohol
during pregnancy and the well-being of the child is cited: “Thou shalt
conceive, and bear a son. Now therefore, beware, I pray thee, and drink not
wine nor strong drink, and eat not any unclean thing: For, lo, thou shalt
conceive, and bear a son; and no razor shall come on his head; for the child
shall be a Nazarite unto God from the womb”. Ancient Greek and Roman
philosophers/scientists were also concerned about the effects of alcohol
intoxication at the time of conception to induce deformities in offspring
(Calhoun and Warren, 2007). Aristotle’s quote in Problemata “foolish, drunken,
or haire-brain women most often bring forth children like unto themselves,
morosos et languidos” reveals his awareness about prenatal alcohol effects
(Burton, 1621). Also, there was a Carthaginian custom prohibiting the
consumption of alcohol on the wedding night “in order that defective children

might not be conceived” (Brown et al., 2019a).

However, it was not until the first half of the 18" century when the Royal
College of Physicians in London described children from alcoholic mothers
as “weak, feeble, and distempered children, who must be instead of an
advantage and strength, a charge to their Country” (Royal College of
Physicians of London, 1726). This report was published after the distilling
restrictions in England were lifted, which in turn flooded the market with gin,
leading to the so-called “gin epidemic”. From 1720 to 1750 birth rates dropped
and death rates increased, especially among children under 5 years of age. A
committee of the Middlesex Sessions reported in 1736, "Unhappy mothers
habituate themselves... children are born weak and sickly, and often look

shrivelled and old, as though they had numbered many years”. In 1751 an act

11
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of Parliament enforcing controls on the manufacture and sale of distilled

spirits effectively ended the epidemic (Warner and Rosett, 1975).
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Figure 4. Schematic timeline of FASD history.
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Even though, in the US, medical literature on alcohol and its action during
pregnancy was not developed until the 19% century. In 1826 the American
Temperance Society was founded, leading to the appearance of the
temperance movement, which promoted medical research linking prenatal
alcohol exposure (PAE) to adverse birth outcomes and pushed for the legal
prohibition of alcohol. In the mid-1800s physicians threw themselves into the
debate over the inheritance of alcohol effects on offspring. Evidence of
damage caused by maternal drinking was being used to encourage total
abstinence and throughout the mid-century, several reports and commentaries
continued to appear (Warner and Rosett, 1975). By 1899, a physician of the
Convict Prison in Liverpool (England) described the offspring of imprisoned
alcoholic women, concluding that alcohol had a direct toxic effect on the
foetus (Sullivan, 1899). Also, Nicloux (1900) demonstrated that alcohol

ingested by the mother was able to cross the placenta and reach the foetus.

At the beginning of the 20% century, the eugenics movement considered
alcohol as a “racial poison”. Many eugenicists stood up for alcohol
prohibition, arguing that alcohol was a dangerous substance which was leading
to the decline of civilization and causing the disintegration of the Anglo-Saxon
race. Several animal studies were reported demonstrating the adverse effects
of alcohol on offspring (Hodge, 1903; Ballantyne, 1904; Nice, 1912, 1917;
Stockard and Papanicolaou, 1916; Macdowell and Vicari, 1917). In 1920, the
production, importation, transportation and sale of alcoholic beverages was
prohibited in the US, Canada and some European countries for thirteen yeats.
During this time, scarce medical articles about alcohol and pregnancy were
published, and some scientists rejected the conclusions of their earlier studies
due to the controversial nature of the topic. Furthermore, obstetricians took
an ambiguous position towards alcohol, since they were using alcohol as an
anaesthetic (Brown et al., 2019a). Thus, the scepticism about earlier evidences
grew up during the late 1930°s and early 1940’s. Yet, the scientific and medical

communities renewed their interest for the teratogenic effects of alcohol after
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observing the disaster consequences of thalidomide and the atomic explosions

in Hiroshima in the 1950s-1960s.

The first observation of a pattern of symptoms that we now recognize as
FASD in a group of 127 children born to alcoholic mothers was attributed to
Paul Lemoine, a French paediatrician (Lemoine et al., 1968). Even though, his
article was not internationally recognized. In 1973, two American
paediatricians, Ken Jones and David Smith, also described a pattern of deficits
in children of women who had consumed alcohol during pregnancy and
introduced for the first time the term “Foetal Alcohol Syndrome” (Jones and
Smith, 1973), which focused new attention on alcohol use as a setious public
health issue. Their findings encouraged a series of case reports and postetior
research into the mechanisms of prenatal alcohol exposure (Jones et al., 1973).
In 1977, the first public awareness warning was issued by the US Food and
Drug Administration Drug Bulletin and by the NIAAA in the CDC Mortality
and Morbidity Weekly Report.

In the 1980’s several studies using animal models of FASD came out,
increasing the knowledge about the alcohol’s teratogenic effects (i.e. Daft et
al., 1986; Guerri and Grisolia, 1982; Guerri and Sanchis, 1986; Sulik et al.,
1981). In 1988 the Surgeon General of the US Public Health Service released
a federal-level warning against drinking alcohol during pregnancy, which was
required to be displayed on all alcoholic beverages. Later, in 1996, the Institute
of Medicine of the National Academies IOM) of the US launched new
diagnostic criteria with five categories differentiated under the FASD
umbrella: FAS with and without confirmed alcohol exposure, partial FAS
(PFAS), alcohol-related neurodevelopmental disabilities (ARND) and alcohol-
related birth defects (ARBD) (Stratton et al., 1996). PFAS was used for those
individuals with confirmed PAE, evidence of some facial characteristics and
either growth, CNS deficits, or a complex pattern of behavioural or cognitive
abnormalities. ARND refers to those with CNS deficits or a complex pattern

of behavioural or cognitive abnormalities, while ARBD includes individuals
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with congenital physical abnormalities. IOM’s diagnostic categories were

further revised and redefined by Hoyme and colleagues (2005, 2016).

Astley and Clarren introduced the 4-Digit Diagnostic Code (Astley and
Clarren, 1997, 2000) which provided standardized ordinal measurement scales
that increased the objectivity of diagnosis and reflected the diverse continuum
of disabilities found within FASD. However, difficulties in reaching a
consensus on categorization could arise from these guidelines. Thus, in 2005
the Canadian diagnostic guidelines were published, which unified the IOM’s
guidelines with the 4-Digit Diagnostic Code (Chudley et al., 2005). In 2013,
the 5% edition of the Diagnostic and Statistical Manual of Mental Disorders
(DSM-5) included for the first time the ‘Neurodevelopmental Disorder
Associated with Prenatal Alcohol Exposure (ND-PAE)’, which can be
diagnosed regardless of the presence of physical anomalies with confirmation

of maternal alcohol exposure.

Nowadays, the recognition of FASD as a clinical disorder is well established,
with scientific evidence of CNS damage induced by alcohol exposure 71 utero
in all the FASD subtypes which can be recognized using current diagnostic

tools.

2.2. Epidemiology of FASD

Estimating the prevalence of FASD is complicated due to the variability
between different diagnostic criteria and because of the heterogeneity in terms
of methodology of the studies to estimate the prevalence (Farag, 2014).
Furthermore, it is suggested that 80% of children with FASD are not
diagnosed or misdiagnosed (7%) (May et al., 2018).

Among children and youth in the general population, the global prevalence of
FASD is estimated to be 77.3 per 10,000 people (0.77%), and one in 13
pregnant women who consumed any amount of alcohol during pregnancy

delivers a child with FASD. In line with the prevalence of alcohol use during
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pregnancy, FASD is more prevalent in the European region (198.2 per 10,000
people; 1.9%) while the Eastern-Mediterranean region has the lowest
prevalence (1.3 per 10,000 population; 0.1%). Of 187 countries, South Africa
is estimated to have the highest prevalence of FASD (11.1% of the
population), followed by Croatia (5.3%) and Ireland (4.7%) (Lange et al.,
2017a). However, other studies estimate the global prevalence of FASD to be
about 2.3% among the general population (Roozen et al., 2016b) and to range
from 2% to 5% in a representative Midwestern US community of first-grade
students (6-7 years old) (May et al., 2014, 2018). Given that FASD is a life-

long disability, it is estimated that more than 11 million individuals between 0

and 18 years of age are affected in the general population worldwide (Popova
et al., 2017a).

Figure 5. Global prevalence (per 10,000 people) of FAS among the general
population in 2012. Obtained from Popova et al. (2017a).

The global prevalence of FAS, the most severe form into the FASD
continuum, is estimated to be 14.6 per 10,000 people (0.15%) (Figure 5). As
for FASD, the highest prevalence of FAS is in the European region (37.4 per
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10,000 people; 0.37%) and the lowest in the Eastern-Mediterranean region (0.2
per 10,000 people; 0.002%). Also, South Africa is the country with the highest
prevalence of FAS (585.3 per 10,000 people; 5.85%) (Popova et al., 2017a).

In addition, it is estimated that one in every 67 mothers who consume alcohol
during pregnancy deliver a child with FAS (Popova et al.,, 2017a). For the US,
the prevalence of FAS exceeds that of other birth defects, such as Down’s
syndrome, anencephaly or spina bifida, even though the prevalence ratio of
FAS to FASD is about two out of ten (Popova et al., 2018), indicating that
FAS is only the tip of the iceberg.

Among the general population of US, the pooled prevalence is estimated to
be about 2 per 1,000 for FAS and 15 per 1,000 for FASD, while in Canada,
the pooled prevalence of FAS and FASD is estimated to be about 1 per 1,000
and 5 per 1,000, respectively (Popova et al., 2017b).

Interestingly, a recent study reported that the pooled prevalence of FASD
among special subpopulations (children in cate, correctional, special
education, specialized clinical and Aboriginal populations) is higher compared
with the general population (Popova et al., 2019). In fact, the prevalence of
alcohol use during pregnancy in the Aboriginal populations is found to be

three to four times higher than in the general population.

FASD is the leading preventable cause of mental impairment and
developmental disabilities in the western world. It has been estimated that it
has an annual economic burden of $24,308 per adult and $22,810 per child
(Greenmyer et al., 2018), which could be minimised by eatly diagnosis and

interventions.
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2.3. Diagnosis of FASD

FASD is the umbrella term used to describe the physical, mental and
behavioural disabilities that can be present in children exposed prenatally to
alcohol (Clarke and Gibbard, 2003; Murawski et al., 2015). Mental alterations
can vary from learning deficits and mental retardation to behavioural and
psychiatric disorders so there is a wide variability in signs and symptoms
among the individuals affected (Jacobson and Jacobson, 2002). For this
reason, the assignment of a FASD is a complex medical diagnostic process
that requires a multidisciplinary approach (Cook et al.,, 2016). A lack of
accurate diagnosis can lead to inappropriate patient care, increased risk of
secondary disabilities, and inaccurate estimates for incidence and prevalence

(Benz et al., 2009; Brown et al., 2019b).

Assessment of maternal prenatal alcohol intake is an essential part of the
diagnostic process, which is measured by quantity of alcohol consumed
(standard drinks per day), frequency and timing during gestation. Then, the
presence or absence of the characteristic structural features of FASD must be
evaluated, as well as, the three cardinal facial characteristics (short palpebral
fissures, smooth philtrum and thin vermilion border of the upper lip). In
addition, a comprehensive neurodevelopmental evaluation is crucial. Once the
prenatal exposure history, dysmorphology assessment and neuropsychological
testing have been obtained, genetic testing is used if other teratogenic
conditions with similar facial phenotype are being considered for a differential
diagnosis (Sokol et al., 2003; Hoyme et al., 2016). Early identification of
prenatally exposed infants is critical to withhold the long-term behavioural
problems. The median age of diagnosis is at 3.3 years, 6.5% are diagnosed at
birth while 63% of FASD children are diagnosed at 5 years of age (Elliott et
al., 2008).
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Thus, the first step is the identification of prenatal exposure to alcohol.
Documented PAE is defined as the following (one or more conditions must

be met):

- Consumption of 26 drinks/week for 22 weeks during pregnancy

- Consumption of 23 drinks per occasion on =2 occasions during
pregnancy

- Documentation of alcohol-related social or legal problems in
proximity to (before or during) the index pregnancy

- Positive testing with established alcohol-exposure biomarkers during
pregnancy or at birth

- Increased prenatal risk associated with drinking during pregnancy as

assessed by a validated screening tool

There are some current available screening questionnaires for pregnant
women, such as the AUDIT (Alcohol Use Disorders Identification Test),
TWEAK (Tolerance, Worry about drinking, Eye-opener, Amnesia and Cut-
down) and the T-ACE (Tolerance, Annoyed, Cut-down, and Eye-Opener)
tests, aimed at differentiating at-risk from non-risk drinkers. Still, diagnosis
often relies on maternal self-report and some pregnant and nursing mothers
might underreport their drinking behaviour because of the stigma and fear of
punishment. For this reason, it is necessary to use objective diagnostic tools

to detect prenatal exposure to alcohol.

The examination and measurement of known biomarkers in vatious bio-
specimens is the most reliably measure currently available (Joya et al., 2012;
Chabenne et al., 2014; Bager et al, 2017). Residual products of alcohol
metabolism that are stored in various tissues, such as fatty acid ethyl esters
(FAEES), ethyl glucuronide (EtG), ethyl sulfate (EtS) and phosphatidylethanol
(PEth), are direct biomarkers derived from alcohol. In addition, indirect
biomarkers, which are generated due to the toxic effect of alcohol on organ

systems, include the hepatic membrane glycoprotein enzyme gamma-glutamyl
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transpeptidase, the hepatic enzymes alanine aminotransferase and aspattate
aminotransferase, the glycoprotein carbohydrate-deficient transferrin, the
mean corpuscular volume of the erythrocytes, and whole-blood-associated
aldehyde. Recently, the use of insulin-like growth factors IGF-I and IGF-1I)
has also been proposed as surrogate biomarkers of alcohol damage during

foetal development (Andreu-Fernandez et al., 2019).

Biological matrices in which these biomarkers can be assessed include
maternal and neonatal blood samples, which reflect recent alcohol exposure,
as substances are constantly eliminated from the bloodstream. Urine also
reflects recent exposure and allows for the detection of EtG and EtS. Hair is
useful to reflect exposure over time since substances are stored as the hair
grows, such as FAEEs and EtG. The meconium allows the detection of
alcohol exposure during the last months of gestation, since FAEEs, EtG and
EtS do not cross the human placenta, causing meconium to serve as a reservoir
of foetal chemical exposures. Thus, the presence of FAEE in the meconium
reflects foetal alcohol metabolism. Actually, the prevalence of PAE measured
by meconium testing was 4 times higher than the prevalence measured by
maternal self-reports (Lange et al., 2014). FAEEs, EtG and EtS can also be
detected in the placenta, which reflects months of exposure. Recently, the
detection of the placental growth factor has been proposed as a reliably marker
of foetal brain defects after in wtero alcohol exposure, since its expression

correlates with placental vascular impairments (Lecuyer et al., 2017).

However, currently available screening questionnaires to diagnose and
confirm FASD are still unreliable, and biomarkers are insensitive for pregnant
women. Hence, there is a dire need to discover novel biomarkers with better
sensitivity and specificity for detecting even low-to-moderate drinking during

pregnancy (Chabenne et al., 2014).
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According to the updated clinical guidelines for diagnosis (Hoyme et al., 2016),
FASD includes FAS, PFAS, ARND and ARBD. A summary of the diagnostic

criteria for the four categories is presented in Table 1.

Categories

FAS

PFAS

ARND

ARBD

Criteria for diagnosis

Requires all features, A-D (with or without documented
PAE):

A. Pattern of minor facial anomalies

B. Prenatal and/or postnatal growth deficiency

C. Deficient brain growth, abnormal morphogenesis or
abnormal neurophysiology

D. Neurobehavioural impairment

For children with documented PAE, requires features A and
B:

A. Pattern of minor facial anomalies

B. Neurobehavioural impairment

For children without documented PAE, requires all features,
A-C:

A. Pattern of minor facial anomalies

B. Growth deficiency or deficient brain growth, abnormal
morphogenesis, or abnormal neurophysiology

C. Neurobehavioural impairment

Requires features A and B (this diagnosis cannot be made in
children <3 years of age):

A. Documented PAE

B. Neurobehavioural impairment

Requires features A and B:

A. Documented PAE

B. One or more specific major malformations demonstrated

in animal models and human studies to be the result of PAE

Table 1. Updated criteria for diagnosis of FASD [adapted from Hoyme et al. (20106)].

However, with the introduction of ND-PAE into the DSM-5, there has been

some controversy about the necessity of retaining both ARND and ND-PAE
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as diagnostic entities. ND-PAE was proposed to facilitate the identification of
those individuals affected by PAE (with confirmed alcohol history) with
behavioural and mental health problems (Doyle and Mattson, 2015; Kable and
Mukherjee, 2017). ND-PAE can be diagnosed cither in the presence or
absence of the physical effects of PAE (requires confirmation of minimal
PAE), and neurobehavioural problems must cause clinically significant

impairments in social, academic, occupational, or other areas of functioning.

PAE is associated with a broad spectrum of neurobehavioural impairments,
which were designated into three domains: neurocognition, self-regulation and
adaptive functioning. The neurocognitive domain includes five potential
symptoms, such as impairments in global intellectual functioning, executive
functioning, learning, memory, or visual-spatial reasoning. The self-regulation
domain includes three possible symptoms: mood or behavioural
dysregulation, attention deficits and impairments in impulse control. The
adaptive domain includes impairments in communication, social, daily living

skills or motor functioning (Mattson et al., 2013; Kable and Mukherjee, 2017).

ND-PAE requires =1 deficits in neurocognition and in self-regulation plus =2
deficits in adaptive functioning, while ARND can be diagnosed based on
global cognitive deficits alone or with evidence of 22 deficits in behavioural

domains in the absence of cognitive deficits (Kable et al., 2010).

Even though the morphological alterations can be already assessed in infants
and small children, the cognitive and neurobehavioural phenotypes might

evolve over time (Subramoney et al., 2018), as described in Table 2.

Among the birth defects and malformations, deficits in body weight and
height, small head circumference, volume reductions of the whole brain,
structural alterations of specific brain regions (corpus callosum, cerebellar
vermis, basal ganglia or hippocampus (HPC)), or abnormalities of grey and
white matter are the most commonly observed in children with FASD (Toga

et al., 2006; Sowell et al., 2008; Guerti et al., 2009; Jones et al., 2010; Lebel et
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al., 2011; Dérrie et al., 2014; Gautam et al., 2015). In addition, functional

deficits in the SNC have been documented by neuroimaging techniques in

FASD children (Fagerlund et al., 2006; Norman et al., 2009; Moore et al., 2014;

Donald et al., 2015).
Newborn Early
period and = childhood
early (3-5 years)

infancy (0-2

years)

Growth
deficits
Feeding
difficulties,

irritability

Sleep
disturbances
Congenital
anomalies,
delayed
cognitive

development

Epilepsy  or

seizures

Growth
deficits
Talkative,
intrusive,
friendly,
short-
tempered

Hyperactivity

Language
development
disorder, poor
fine and/or
gross  motor
skills
Comorbid
attachment

disorder

Middle
childhood (6-
12 years)

Growth deficits

Inattention,
impulsivity, poor
understanding of
social
interactions

Hyperactivity

Impaired
functional
communication
skills, impaired
coordination and
postural control
Deficits in
executive
functioning,
memory deficits

in learning

Adolescence
(13-21 years)
(in addition to
the symptoms
occurring  in
childhood)

Poor judgement

Poor
understanding
of abstract

COHCCptS

Conduct
disorder
Deficits in
language
processing,
inappropriate
sexual
behaviours
Dropping out of
school or
training
programs,

delinquency

Adulthood
(>21 years)
(in addition to
childhood and
adolescence

symptoms)

Reduced  daily
living skills
Impaired  peer
relationships,

susceptibility to

victimization

Precarious
employment
Psychiatric
disorders:

ADHD, panic or

mood  disorders,
substance use
disorders

Table 2. Developmental aspects of FASD [adapted from Dorrie et al. (2014)].

The pathognomonic pattern of facial dysmorphology includes short

palpebral fissures, thin upper lip and smooth philtrum (Del Campo and

Jones, 2017), among other features (Figure 6).
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low nasal bridge epicanthal folds
minor ear short
abnormalities palpebral fissures
flat midface
indistinct and short nose
philtrum
micrognathia thin upper lip

Figure 6. Facial characteristics associated with FAS (NIAAA, 2011).

The facial phenotype of FAS, although most commonly associated with PAE,
can also be observed in other genetic and teratogenic conditions, known as
phenocopies. The conditions to be considered in the differential diagnosis of
FASD include Cornelia de Lange, Velocardiofacial, 15q Duplication, Noonan,
Williams, Foetal Valproate Syndrome, Maternal Phenylketonuria effects or

Toluene embryopathy (Manning and Hoyme, 2007; Hoyme et al., 2016).

2.4. Factors affecting the extent of alcohol-induced

teratogenicity

The wide variability of phenotypes among individuals affected by PAE
suggests that alcohol’s teratogenic effects can be moderated or exacerbated by
the influence of some biological and environmental factors (Nguyen et al.,

2010; Alfonso-Loeches and Guerri, 2011; May and Gossage, 2011).

The quantity of alcohol ingested highly correlates with outcome severity; a
higher level of alcohol consumption, along with longer duration of exposure,
will generally lead to more adverse effects. However, a linear relationship
between dosage and severity may not always be expected (Nguyen et al., 2010);
as even low-to-moderate levels of alcohol can produce significant

neurobehavioural consequences (Mamluk et al., 2017; Sarman, 2018).
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The pattern of alcohol consumption can also modulate the severity of
resultant deficits; binge-like drinking resulting in more severe neuropathology
and behavioural alterations than chronic exposure (Flak et al., 2014). Thus, a
high peak of BAC appears to be a significant risk factor for prenatal damage,
correlating with increased child dysmorphology and negative cognitive

outcomes (May et al., 2013).

The developmental timing of alcohol exposure also accounts for phenotypic
differences. As different organ systems develop at different rates and times
during gestation, alcohol exposure during critical periods of development can
strongly influence the ontogeny of specific systems (Guerri et al., 2009; Sadrian
et al,, 2014). The CNS is developing throughout the gestation period and
continues to do so postnatally, with some neurodevelopmental processes
occurring until adulthood (Thompson and Nelson, 2001; Andersen, 2003; de
Graaf-Peters and Hadders-Algra, 2006; Semple et al., 2013). However, each
brain region has different developmental trajectories and therefore might be
vulnerable to the adverse effects of alcohol at different time points, as shown
in Figure 7 (Jacobson, 1997; Chen et al., 2003). For instance, craniofacial
dysmorphology appears to arise only when high levels of alcohol exposure
occur during the embryonic stage of gastrulation (corresponding to the third
week of human gestation), altering the neural crest development (Sulik, 2005;

Lipinski et al., 2012; Smith et al., 2014).

Typically, events that occur in the first trimester have a greater impact on
outcome than events occurring in the third trimester, including structural
embryogenesis, neurogenesis and cell migration. Thus, neural tube defects,
microcephaly and migration defects can cause severe neurodevelopmental
impairments, while disruptions of third-trimester developmental processes
may have a significant impact on neural circuit construction, which may not
become obvious for years but can account for later risk to psychopathology

(Georgieff et al., 2018).
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Figure 7. Sensitive periods of prenatal development to the exposure of teratogens in

humans and rodents. Adapted from Moore and Persaud, (1993).

Another critical period is the neuroepithelial cell proliferation and migration
stage, which occurs from week 7 to 20 of human gestation. Most of the brain
areas begin to differentiate at this stage, except the cerebellum. Alcohol
exposure during this period impairs neuronal migration, cell generation timing
and reduces the number of neurons and glial cells in the neocortex, the HPC
and the sensory nucleus (Rubert et al., 2006). Perturbation of neuroglial
proliferation and migration can lead to long-term abnormalities in the cerebral
cortex and brain size, as noted in FAS and FASD individuals (Shenoda, 2017;
Delatour et al., 2019). Furthermore, around the 7% week of human gestation,
the corpus callosum and the glial midline begin to develop. Thus, alcohol
exposure at this time point might disrupt the development of the callosal

formation, leading to agenesis, hypoplasia or other abnormalities.

Finally, alcohol also interferes with the brain growth spurt, a period
characterized by dendritic arborisation and development of glial cells, which
occurs during the third trimester of the human gestation and extends until two
years of life. Also, the cerebellum undergoes its most rapid period of

development during this stage. Thus, alcohol exposure at this period might
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produce microcephaly, neuronal cell loss and synaptogenesis and glial
derangements (Dikranian et al., 2005). The caudate nucleus, and the frontal
and parietal cortices are the most vulnerable regions at this time (Cortese et
al., 2000). Studies in rodents demonstrated that postnatal alcohol exposure
reduced the number of cortical pyramidal neurons and altered cortical and
striatal interneuron distribution and morphology, since these periods are most

similar to late gestational development in humans (Ross et al., 2015).

Thus, alcohol interferes with distinct ontogenetic stages of neural
development. Consequently, the pattern of structural and functional

abnormalities depends on the developmental timing of alcohol exposure.

In addition, the highest risk of giving birth to a child with FASD is reported
in mothers drinking during all trimesters of gestation, whereas the risk
decreases with earlier abstention from drinking during pregnancy (Delano
et al., 2019). Also, drinking during the first trimester increased 12 times the
likelihood of developing FASD, first and second trimester drinking
increased FASD outcomes 61 times, while drinking throughout the

pregnancy, 65 times (May et al., 2013).

The genetic background of both the mother and foetus influences the effect
of alcohol on the developing foetus. Alcohol’s metabolism and organism’s
functional sensitivity to alcohol is affected by genetic polymorphisms. Specific
alleles of ADH (ADHT7B*2 and ADH1B*3) encode for isoenzymes that allow
faster alcohol metabolism rates, thereby affording protection for FASD
outcomes. In addition, ALDHZ2*2, which encodes for a low activity variant of
the mitochondrial ALDH, confers protection against the development of
alcohol dependence, since it results in elevated levels of acetaldehyde following
alcohol consumption, causing an unpleasant physiological state. This
polymorphism has been found among 30% of the Asian population; although
no studies exploring the protective effect of the presence of this allele for

alcohol-induced teratogenesis have been conducted yet (Warren and Li, 2005).
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Experimental animal studies have also demonstrated differential vulnerability
to motor deficits in rat lines selectively bred for high and low alcohol

sensitivity (Thomas et al., 2003).

Environmental factors related to prenatal care and nutrition are also important
risk modifiers in FASD. A complex interaction exists between nutrition and
alcohol, since food affects the rate of alcohol absorption and metabolism, but
alcohol often alters the requirement for and absorption of nutrients. Alcohol
exposure in combination with low nutrient levels increases the risk for FASD.
Riboflavin, calcium, omega-3 fatty acids, zinc and B vitamins deficiencies are
the major nutritional deficiencies related with FASD risk. Other risk factors
for FASD include polysubstance abuse, maternal age, ethnicity, and

socioeconomic status (May and Gossage, 2011).

An age-related increase in BAC despite exposure to the same dose of alcohol
has been documented (Church et al., 1990). Thus, it is speculated that alcohol
absorption and metabolism are altered by age. Also, gravidity (number of
previous pregnancies) and parity (number of previous births) are maternal risk
factors; therefore, the risk of having a most severally affected child with FASD
is higher for those mothers who had one child with FASD previously (Jones,
2011).

2.5. Animal models of FASD

Preclinical studies have investigated the effects of foetal alcohol exposure on
the developing brain and the subsequent consequences to the adult brain.
Animal models, ranging from Caenorhabditis elegans, Drosophila, zebrafish and
Xengpus to rodents (mouse, rat or guinea pig) and non-human primates, have
been shown to mimic some aspects of the human condition (Patten et al.,

2014b; Barron et al., 2010).

Rodent models are useful for exploring basic biological questions that cannot

yet be explored in higher-order animals. Indeed, rodents are the most
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commonly used animal species in FASD research as their physiological
responses to alcohol are similar to that of humans and the neurobehavioural
outcomes of prenatal exposure to alcohol have been fairly consistent with

human studies (Gil-Mohapel et al., 2010).

Rodent models of FASD emerged rapidly after the first clinical publication
describing FAS. Various exposure paradigms have been used with rodents and
these vary in terms of timing of alcohol exposure, dose and pattern of alcohol
exposure, and route of administration of alcohol, which makes that the
findings from these models are not always consistent. Nevertheless, significant
face validity in terms of modelling many of the behavioural effects associated
with FASD in the clinical population has been found in a variety of animal

models (Petrelli et al., 2018).

The exposure window in which alcohol is administered can have a different
impact depending on the developmental timing of exposure, as mentioned
above. However, the gestation period of rodents is much shorter than that of
human beings, and brain development still occurs following birth in these
species. In rats and mice it is estimated that the first trimester equivalent to
human gestation is from gestational day (GD) 1-10, the second trimester
equivalent corresponds to GD 10-20 and the third trimester equivalent occurs

following birth, from postnatal day (PD) 1-10 (Patten et al., 2014b).

In addition to the timing of exposure, the route of administration is a critical
factor to consider when choosing a model of FASD, since the BAC curve
varies whether alcohol is consumed voluntarily or if it is administered in a
single bolus by oral intubation. For instance, data from rodent models have
shown that binge-type exposure induced by intragastric intubation of alcohol
produces higher peak BACs than a more continuous exposure with a higher
daily dose but lower peak BACs (Barron et al.,, 2016). In invertebrates and
simple vertebrates (C. elegans, Xenopus, zebrafish) alcohol exposure is usually by

bath application, while in rodents and non-human primates there are three
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major methods of alcohol administration: ingestion (through liquid, solid diet,

or intragastric intubation), injection, or inhalation (Figure 8).

Inhale

Figure 8. Common alcohol administration techniques in rodents used to examine the
effects of PAE in offspring. Alcohol can be ingested by the animal via gavage
administration (during gestation or during the early postnatal period) or orally ingested
as a liquid diet. Alcohol injections can be administered to pregnant dams or pups.
Also, dams with their litter can be placed in vapor chambers and be exposed to inhaled

gaseous alcohol. Adapted from Patten et al. (2014b).

Voluntary drinking models involve less handling of the animals and therefore,
less stress associated with the procedure. However, this method does not allow
for the precise control over dosage or timing of exposure, which can lead to
increased variability in the BACs achieved. A major advantage of intragastric
intubation is the precise control over the dose administered, even though this
is a much more invasive procedure. Alcohol administration by injection is a
useful method to evaluate the acute effects of alcohol with limited handling-
induced stress. Nevertheless, this method does not accurately resemble what
occurs following alcohol consumption in humans. The inhalation mode of
administration is the less commonly used, it does not mimic the route of intake

of humans and moreover, it can cause irritation to the upper respiratory tract.

Most studies using mouse models employ chronic exposure paradigms, but
intermittent exposure is also common, particularly in studies where critical
periods of vulnerability are being examined. Even though the third trimester
equivalent occurs following birth in mice, they are still used, resembling many

of the features of FASD observed in humans (Patten et al., 2014b).
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2.6. Mechanisms of alcohol-induced teratogenicity

The molecular mechanisms underlying the effects of developmental alcohol
exposure on the CNS are still not well understood, even though available
experimental and clinical data provide evidence that alcohol interferes with
several molecular and cellular events that play a role in the correct formation

of the developing CNS (Guerri, 2002; Alfonso-Loeches and Guerri, 2011).

Alcohol may have an impact on molecules that regulate key developmental
processes, interfering with cell proliferation, migration, growth and
differentiation, or even cell survival, depending on the developmental timing
and levels of alcohol exposure. During the first trimester equivalent to human
gestation, alcohol exposure can alter the development of the neural tube and
crest, leading to microcephaly, ocular malformations and facial
dysmorphology, which characterizes FAS. During the second trimester,
alcohol can affect the proliferation of neuronal precursors and the formation
of radial glia cells, leading to abnormalities in migration. Finally, alcohol can
induce cell death, synaptogenesis disruptions and persistent deficits in
neuronal plasticity during the period equivalent to the third trimester
(Brocardo et al,, 2016). Furthermore, many neurotransmitters, adhesive
molecules, transcription factors, and trophic factors can be modulated by
foetal alcohol exposure (Patten et al., 2014b; Ross et al., 2015). Here, some of
the molecular mechanisms that could be underpinning alcohol-induced

teratogenic effects will be highlighted.

2.6.1. Neuroinflammation

Neuroinflammation is the term used to describe the broad range of immune
responses that occur in the CNS, primarily concerning microglia and
astrocytes. It is considered a double-edged sword for the CNS, since acute
inflammatory response tends to be beneficial, while chronic inflammation is

most often detrimental and damaging to nervous tissue (Streit et al., 2004).
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Microglial cells, generally considered the main resident macrophage-like innate
immune cells of the brain, play an immune surveillance function in the healthy
CNS parenchyma, maintaining intact tissue homeostasis. Their cell bodies
remain stationary, but their processes are continuously elongating and
retracting to explore the surrounding extracellular space and communicate
directly with neurons, astrocytes, and blood vessels. Upon recognition of
damage or immunological stimuli, microglia switches from a ramified,
“resting’” state to an activated, amoeboid phenotype as it takes on a phagocytic
role. Activated microglia can serve diverse functions essential to neuron
survival, including cellular maintenance and innate immunity. During
development, microglial cells are involved in programmed elimination of
neural cells and neuronal survival, releasing trophic and anti-inflammatory
factors. In addition to clearance of dead cells, microglial phagocytic activity is
crucial for synaptic homeostasis, participating in the process of neuronal
pruning during development (Paolicelli et al., 2011; Bilbo et al., 2012; Nayak
et al., 2014; Cowan and Petri, 2018). In the mature brain, microglia facilitate
the migration of stem cells to the site of injury (Tay et al., 2017). The transition
from the resting but surveying microglial phenotype to an activated one is
tightly regulated by several intrinsic and extrinsic factors (Kierdorf and Prinz,
2013). However, microglia can become overactivated after adverse
environmental stimuli, neuronal death or damage cues. Excessive microglia
activation can induce detrimental neurotoxic effects by the excess production
of cytotoxic factors such as reactive oxygen species (ROS) and tumour
necrosis factor-o (TNF-o). Microglia can also cause excitotoxic neuronal death
directly by inducing the release of glutamate (Block et al., 2007; Hanisch and
Kettenmann, 2007; Hickman et al., 2018). Hence, even though microglial
activation is crucial for host defence and neuron survival, its overactivation

results in deleterious and neurotoxic effects (Czeh et al., 2011).

Astrocytes comprise the most numerous cell type of the glia family, which give

structural and metabolic support to surrounding neurons while maintaining
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homeostasis of the extracellular milieu through clearance of potassium and
neurotransmitters (Bélanger and Magistretti, 2009). Astrocytes can also
regulate excitability through the clearance of glutamate and glycine as well as
by the release of gliotransmitters (Adermark and Bowers, 2016). Furthermore,
they play a key role in regulating the formation, maturation, stability and
maintenance of synapses. Astrocytes are immunocompetent cells as well, and
like microglia, can become activated. Activated astrocytes contribute to
neuroinflammation releasing a wide array of immune mediators, such as
cytokines, chemokines and growth factors, and can modulate microglial
activation state (Colombo and Farina, 2016). In addition, activated microglia
can induce the activation of a subtype of reactive astrocytes which show
neurotoxic effects (Liddelow et al, 2017). Hence, both microglia and
astrocytes play a dual role in CNS immune response (Norden et al., 2016; Jha
et al., 2019). It is known that a dynamic crosstalk exists between glia, neurons
and BBB endothelial cells; thus, it is expected that the neuroinflammatory
response from one type of cell will directly influence another (Holm et al.,

2012; Tian et al., 2012; Jha et al., 2019).

Glial cell activation is triggered upon recognition of invading pathogens or
tissue damage by a plethora of subsets of immune receptors, such as Toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), scavenger receptors and numerous cytokine and chemokine
receptors, which are expressed in both microglia and astrocyte cells. TLRs
recognize pathogen-associated molecular patterns and danger-associated
molecular patterns and their activation (with the exception of TLR3) recruits
MyD88-dependent pathway, which triggers the transcription factor nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) signalling with
subsequent production of pro-inflaimmatory cytokines, including TNF-«,
interleukin (IL)-1f and IL-6 (Moresco et al, 2011; Lim and Staudt, 2013;
Takeda and Akira, 2015). Whereas TLRs are membrane-spanning receptors,

NLRs are cytoplasmic sensors that oligomerize to form a platform for the
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inflammasome, a multisubunit complex that processes pro-1L-1f into its
mature form via caspase-1 action (Franchi et al., 2009; Hanamsagar et al., 2012;
Guo et al, 2015). Of all the NLR genes identified, NLRP3 is the best
characterized inflaimmasome, which is capable to react to multiple distinct
stimuli and can be activated by a wide range of endogenous and environmental
signals (Tschopp and Schroder, 2010; Liu et al.,, 2013; Baroja-Mazo et al.,
2014). TLR agonists induce its expression in a NF-kB-dependent manner
(Bauernfeind et al., 2009; Qiao et al., 2012). Microglia and astrocytes express
the complete repertoire of identified TLRs and NLRs, however
inflammasome activity in astrocytes remains unclear (Shastri et al., 2013).
There is also evidence that both oligodendrocytes and neurons can express

TLRs, but their role in innate immune responses are less well defined

(Carpentier et al., 2008).

The ubiquitously expressed nuclear protein, high-mobility group box 1
(HMGB1) is an endogenous cytokine-like molecule expressed in all cell types
that upon release can directly activate TLRs. Preclinical models reveal that
alcohol increases the expression of HMGB1 and TLRs in the brain (Zou and
Crews, 2014; Wang et al., 2015b; Crews et al., 2017). Thus, alcohol exposure
may trigger the release of the endogenous TLR4 ligand HMGB1 from neurons
contributing to neuroimmune signalling through TLR4 receptor activation
(Vetreno and Crews, 2012; Crews et al., 2013; Wang et al., 2015b; Crews and
Vetreno, 2016). In addition, a second mechanism has been described to be
involved in alcohol-induced activation of the neuroimmune system.
Consumed alcohol makes the gut become permeable or “leaky” and release
HMGB1, which activates gut TLR4 receptors that allows bacterial endotoxins
such as lipopolysaccharide to enter the bloodstream, stimulating
proinflaimmatory cytokine production in the liver. Then, proinflaimmatory
cytokines in the blood can cross the BBB and increase neuroimmune gene
expression (Crews and Vetreno, 2014; Leclercq et al., 2014; de Timary et al.,
2017).
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Figure 9. Alcohol-induced neuroimmune signalling in the CNS.

In the brain, alcohol activates and recruits TLLR4 within the lipid rafts of glial
cells, triggering both microglia and astroglia activation (Fernandez-Lizarbe et
al., 2009; Alfonso-Loeches et al., 2010). Alcohol also up-regulates TLR2
expression in microglial cells and potentiates TLR4/TLR2 recruitment,
triggering the cascade to endorse microglia activation (Figure 9) (Fernandez-
Lizarbe et al., 2013). Evidences from zx vitro and in vivo studies indicate that
chronic alcohol treatment induces the activation of glial cells, upregulating the
production of inflaimmatory mediators in the brain, involving TL.LR4- and
TLR2-mediated signalling with the induction of NF-xkB (Vallés et al., 2004;
Blanco et al., 2005; Oak et al.,, 2006; Zou and Crews, 2010). Indeed, mice
lacking TLR4 or TLR2 were protected against alcohol-induced
neuroinflaimmation and induced cell death and behavioural associated effects
(Pascual et al., 2011, 2014a; Alfonso-Loeches et al., 2014). Similarly, inhibition
of TLR4-MyD88 pathway reduced alcohol-induced behavioural effects (Wu
et al., 2012); thus, supporting the role of alcohol in promoting deleterious
adaptations in neuroimmune signalling (Coller and Hutchinson, 2012;
Mayfield et al., 2013; Leclercq et al., 2014; Robinson et al., 2014; Montesinos
et al., 2016a; Ciafre et al., 2018; Erickson et al., 2019).
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Accordingly, prolonged alcohol consumption induces an activated state of
microglia, which is accompanied by an increase in microglia cell number
(Pascual et al,, 2014a; Pradier et al, 2018) and increased levels of pro-
inflammatory cytokines, such as TNF-o and IL-1p, in the cerebral cortex and
cerebellum (Qin et al., 2008; Alfonso-Loeches et al., 2010; Lippai et al., 2013b).
However, the chronic activation of glial cells may result in neuronal cell death,
since sustained exposure of neurons to pro-inflammatory mediators can cause
neuronal cell death (Figure 10) (Guerti and Pascual, 2010; Lehnardt, 2010;
Heneka et al., 2014; Yang et al., 2014). Multiple mechanisms might be involved
in alcohol-induced neurodegeneration. For instance, activation of the
microglial complement-phagosome pathway has been shown to lead to
dopaminergic neuron loss in a mouse model (Bodea et al., 2014) and increased
levels of advanced glycation end-product-albumin from activated microglial
cells have also been demonstrated to play an important role in promoting
alcohol-induced neurodegeneration in both rats and humans (Byun et al,
2014). Also, TLR4 signalling has been shown to increase synaptic NMDA
receptors, neuronal excitability and subsequent neurotoxicity through
activation of kinase cascades (Balosso et al., 2014). Another mechanism of
alcohol-induced hyperexcitability is through inhibition of glial glutamate

transporters (Zou and Crews, 2005).
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Figure 10. Gliosis-induced neuron cell death triggered by alcohol exposure.
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In accordance, binge alcohol exposure induced the activation of
neuroinflammatory pathways in rodent models, associated with increased
oxidative stress and neuronal degeneration (Collins and Neafsey, 2012;
Tajuddin et al., 2014). Therefore, excessive alcohol intake results in
neurodegeneration, which has been linked to a variety of cognitive deficits,
and neuroinflammation is thought to be a factor in alcohol-induced cell death.
Studies in alcoholic humans find cortical thinning in multiple brain areas which
overlap with the findings from rodent models of binge alcohol drinking

(Crews and Vetreno, 2014).

The activation of glial cells and the upregulation of pro-inflammatory
mediators in the brain have been reported in rodents exposed to alcohol
during the third trimester equivalent period of human gestation (Drew and
Kane, 2014; Topper et al., 2015; Boschen et al., 2016; Terasaki and Schwarz,
2010), indicating an increase of the neuroinflammatory response. Also, # utero
alcohol exposure promoted microglia activation, produced abnormalities in
neocortical development (Komada et al., 2017) and evoked an astroglial
response (Brolese et al., 2014), with increases in glial fibrillary acidic protein
(GFAP) and its mRNA levels (Guerri and Renau-Piqueras, 1997). Thus,
alcohol-induced neuroinflammation has been established as a key factor in the
neurotoxicity observed in FASD models (Chastain and Sarkar, 2014; Wilhelm
and Guizzetti, 2015; Saito et al., 2016). The finding that alcohol induces
neuroinflammatory processes in FASD models is important, as even transient
neuroinflaimmation or alterations in glial cell function during the CNS
development can affect neural development and survival, impairing the proper
brain architecture and connectivity, which could be an underlying cause of
cognitive and psychiatric disorders in adults (Bodnar and Weinberg, 2013;
Guizzetti et al, 2014; Kane and Drew, 2016; Raineki et al, 2017).
Furthermore, alcohol not only affects signalling pathways within a cell type
but also strongly alters the ability of glial cells to send information to neurons

and wvice versa, disrupting the series of events that lead to the correct
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development of the brain and the proper formation of the brain circuit
architecture. It has been hypothesized that PAE leads to a long-term
sensitization of microglia resulting in persistent inflammatory signalling in the
brain following insult (Chastain and Sarkar, 2014; Wilhelm and Guizzetti,
2015). This priming hypothesis would be consistent with the studies that

report increased inflammation in the adult brain of PAE animals.

2.6.2. Oxidative stress

Evidence from animal models of PAE involve oxidative stress and
dysregulation of the endogenous antioxidant system in the mechanisms of
action of alcohol that may contribute to FASD pathology (Brocardo et al.,
2011). Alcohol metabolism induces the generation of ROS and reactive
nitrogen species (RNS) by activating the mitochondrial respiratory chain with
the subsequent formation of superoxide (O27), hydroxyl radical (OH),
hydrogen peroxide (H203), or nitric oxide ("NO), or via its oxidation by
enzymes such as CYP2E1, which generate hydroxyethyl radicals, leading to an
imbalance in the intracellular redox state (see Figure 11). Most part of alcohol
metabolism occurs in the liver, so its effects on the intracellular redox state in
the CNS most likely result from a direct dysregulation of mitochondrial

bioenergetics.

At physiological conditions, ROS participate in the signal transduction of
intracellular pathways by acting as messenger molecules affecting processes
such as the activity of enzymes involved in synaptic plasticity and modulating
learning and memory (Massaad and Klann, 2011). However, cell damage
occurs when ROS and/or RNS levels accumulate and self-perpetuate over
time, interacting with carbohydrates, proteins, lipids and nucleic acids. The
developing brain is particularly vulnerable to oxidative stress due to its high
concentrations of unsaturated fatty acids, high oxygen consumption rate and
high content of metals catalysing free radical formation. Furthermore, alcohol

exposure zn utero increases oxidative stress in the foetus, which compromises
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numerous intracellular signalling pathways, DNA integrity and causes genetic
alterations, which can ultimately culminate in cell death (Hansen, 2006; Bhatia
et al., 2019). The ability of the foetus to metabolize alcohol is limited, since
the activity of the metabolizing enzymes (ADH, CYP2E1) gradually increases
with gestational age, even though non-oxidative pathways (FAEE synthases)
are present in foetuses eatly in gestation. Moreover, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase enzyme activity was found to be
increased in alcohol-exposed embryos (Dong et al., 2010), which is the major
source of ROS in neurons, glia, and cerebral blood vessels (Infanger et al.,

20006; Sotce and Krause, 2009).

Cytosol
ROS
Mitochondria
NAD* NADH + H* ROS
NAD* NADH + H*
ADH \/
ALDH
CH;CH,OH CH;CHO CH;COO
CYP2E1

NADPH NADP

ROS

Endoplasmic reticulum

Figure 11. Production of ROS by alcohol metabolism. The enzymes ADH, CYP2E1
and catalase (not shown) contribute to oxidative metabolism of alcohol. ADH, present
in the cytosol, converts alcohol to acetaldehyde. This reaction involves an intermediate
carrier of electrons, NAD*, which is reduced by two electrons to form NADH. At

high levels of alcohol consumption, CYP2E1 present in the endoplasmic reticulum
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becomes involved in metabolizing alcohol to acetaldehyde. Acetaldehyde is further
metabolized mainly by ALDH2 in the mitochondria to form acetate and NADH. Both
alcohol metabolism by CYP2E1 and the re-oxidation of NADH via the electron

transport chain in the mitochondria results in the formation of ROS.

In order to prevent cell damage, the endogenous antioxidant system can
inhibit the formation of ROS or remove free radicals. Non-enzymatic
antioxidants include thiols and glutathione, while enzymatic antioxidants
include superoxide dismutase, catalase and the glutathione peroxidase system.
However, during prenatal and early postnatal development, levels of
antioxidants are much lower than in mature cells, being the developing
neurons much more susceptible to oxidative stress. Furthermore, several
studies have shown that the content and the activity of antioxidant enzymes is
reduced in the CNS of animals exposed to alcohol (Brocardo et al., 2011;
Fontaine et al., 2016). In addition, alcohol-induced dysregulations in redox
status during development can have long-lasting consequences in the adult
brain (Brocardo et al., 2016). For instance, PAE adult rats prenatally exposed
to alcohol presented higher levels of lipid peroxides and protein carbonyls in
the brain, as well as, decreased levels of glutathione (Dembele et al., 20006).
Hence, animals exposed to alcohol during the period of brain development
show increased lipid peroxidation, protein peroxidation and DNA damage,
suggesting that oxidative stress, and ROS in particular, might play a major role
in the neuropathology and the development of some of the behavioural
symptoms associated with FASD (Ramachandran et al., 2001; Heaton et al.,
2003; Smith et al., 2005; Perez et al., 2006; Patten et al., 2014a).

2.6.3.  Dysregulation of cell survival signalling

Several studies on experimental animal models of FASD have provided
evidence of the neurotoxic effects of alcohol, causing reductions in brain mass
and cell loss (Jaatinen and Rintala, 2008; Luo, 2012; Petrelli et al., 2018).

Alcohol promotes the activation of signalling pathways associated with cell
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death (Pascual et al., 2003; Young et al., 2003; Dong et al., 2010), leading to

neuronal cell death.

Increased activation of caspase-3, an executioner protease which triggers
apoptosis, was found in the brain after developmental alcohol exposure,
inducing the death of post-mitotic neurons in the cerebral cortex and
cerebellum (Olney et al., 2002a; Young et al., 2005). A single alcohol exposure
during the synaptogenesis period (first two postnatal weeks in rodents)
induced the neurodegeneration of Purkinje cells and other neurons in the
cerebellum and brainstem nuclei (Dikranian et al., 2005). Also, adult mice
exposed to a binge alcohol episode at PD7 showed reduced number of frontal
cortical parvalbumin interneurons and pyramidal neurons (Coleman et al.,
2012) and increased caspase-3 immunoreactivity in brain regions comprising
the extended hippocampal circuit (Wozniak et al., 2004). Furthermore, brain
and cerebral cortex volumes were reduced in adult mice after alcohol
treatment at PD7. In particular, calretinin and parvalbumin subtypes of
GABAergic neurons showed a striking reduction (Smiley et al., 2015).
Neuronal death induced by acute alcohol exposure at PD7 seems to be
mediated by the mitochondrial pathway of apoptosis, involving Bax activation,
cytochrome c release and caspase-3 activation (Mooney and Miller, 2001; Saito
et al., 2016), since alcohol-induced microglial activation associated with
apoptotic neuronal death was abolished in the knockout mouse for the
proapoptotic bax gene (Ahlers et al., 2015). In addition, the levels of ROS
following alcohol exposure were mitigated in Bax/- mice, conferring

neuroprotection (Heaton et al., 2000).

The up-regulation of caspase-3 in the brain has been associated with the
alteration of some neurotransmitter receptors. It has been postulated that
alcohol exerts its apoptogenic action by a dual mechanism: blockade of
NMDA glutamate receptors and hyperactivation of GABA, receptors (Olney
et al., 2002b). Hence, through its GABAmimetic and NMDA antagonist

effects, alcohol impairs the function of these receptors during brain ontogeny,
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which can lead to apoptotic neurodegeneration. These alterations could also
undetrlie some of the learning and memory deficits observed following foetal

alcohol exposure (Ikonomidou et al., 2000).

The NMDA receptor plays an important role in neuronal plasticity during
development and later in life during learning. However, its overactivation leads
to increases in intracellular calcium (Ca?") and consequent cell death, a process
named excitotoxicity (Lau and Tymianski, 2010; Collins and Neafsey, 2010).
Alcohol acutely blocks the NMDA receptor, but chronic exposure may lead
to a compensatory increase in either receptor number or glutamate release,
actions that may contribute to the excitotoxic cell death (Crews et al., 2004).
This process may also occur in the developing brain. Actually, an impairment
in the glutamatergic system after maternal alcohol exposure during gestation
and lactation has been described, associated with disruption of Ca?*
homeostasis, energy deficits and oxidative damage in the immature HPC of
rat’s offspring (Cesconetto et al., 2016). Further evidences of alcohol-induced
excitotoxic mechanisms were demonstrated in the perinatal brain, since
treatment with NMDA receptor antagonists (MK-801 or memantine) in rat

pups exposed to alcohol attenuated alcohol-induced behavioural impairments

(Thomas et al., 2002; Idrus et al., 2014).

Alcohol-induced neurotoxicity can also be related to oxidative stress and pro-
inflammatory factors. Alcohol increases DNA binding of NF-kB transcription
factor, known for its ubiquitous roles in inflammatory and immune responses
(O’Neill and Kaltschmidt, 1997, Mémet, 2006). In the CNS, NF-xB is
expressed in neurons and glia and is activated by stimuli of oxidative stress,
cytokines and glutamate. NF-kB activation induces a pro-inflammatory
cascade leading to the production of cytokines, which has been reported to
play a role in alcohol-induced neurotoxicity (Vallés et al., 2004; Crews et al.,
2006b; Crews and Nixon, 2009; Qin and Crews, 2012). For instance, TNF-a
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can directly potentiate glutamate neurotoxicity by inhibiting glutamate uptake

through NF-kB mechanisms (McCoy and Tansey, 2008).

A number of studies have indicated that alcohol promotes the signalling
pathways leading to cell death, but at the same time interferes with those
pathways involved in cell survival such as those associated with neurotrophic

factors action (Alfonso-Loeches and Guerri, 2011).

Alcohol inhibits cyclic adenosine monophosphate (cAMP) production, a
second messenger derived from ATP, probably either by reducing the activity
of adenylyl cyclase, which converts ATP to cAMP, or stimulating
phosphodiesterase activity, which catalyses the degradation of cAMP (Liu et
al., 2014). Consequently, alcohol interferes with the transcription factor cAMP
responsive element-binding protein (CREB) pathway. CREB family
transcription factors are activated by phosphorylation and promote neuronal
survival, protecting neurons from excitotoxicity and apoptosis through
regulating the transcription of pro-survival factors (Lonze and Ginty, 2002;
Mantamadiotis et al., 2002). CREB activation stimulates the expression of
brain-derived neurotrophic factor (BDNF), which is a crucial neurotrophin
that activates cell signalling pathways involved in cell survival, differentiation,
synaptic strength and plasticity, and dendritic out-growth (Barco et al., 2002;
Bramham and Messaoudi, 2005; Kowianski et al, 2018). Accordingly,
neuronal cells showed decreased levels of cAMP and BDNF following alcohol
treatment, increasing cellular oxidative status and apoptotic cell death
(Boyadjieva and Sarkar, 2013). It has also been shown that binge alcohol
treatment decreases phospho-CREB (pCREB) immunoreactivity in the brain
and reduces levels of BDNF, coinciding with the peak of neurodegeneration
(Crews and Nixon, 2009). Thus, reduced CREB transcription contributes to

alcohol-induced neurotoxicity (Zou and Crews, 2000).

Neurotrophin signalling plays an important role in neuronal survival,

proliferation, migration and differentiation in the developing brain (Park and
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Poo, 2013). It has been reported that alcohol exposure during the foetal
development diminishes the levels of neurotrophic factors, such as BDNEF,
impairing BDNF-mediated activation of survival pathways and leading to
neuronal cell death (Climent et al., 2002; Boschen and Klintsova, 2017). Other
neurotrophic factors, including IGF, nerve growth factor, and glial-derived
neurotrophic factor, might also be reduced in the presence of alcohol. In
addition, when immature neurons are exposed to alcohol, the newly developed
cells may respond abnormally to certain guidance or trophic factors (Lindsley
et al. 2003). Therefore, alteration by alcohol to either of these mechanisms
leads to a pathological cascade of events, which ultimately may contribute to
FASD. Indeed, alcohol exposure during the equivalent period to the third
trimester of human gestation inhibited CREB phosphorylation in neonatal and
adult mice, which was accompanied by impaired cognitive function (Subbanna

etal., 2014b).

Alcohol-induced loss of trophic signals combined with the induction of
oxidative stress and pro-inflammatory signals is one of the key mechanisms
underlying the neurodegeneration induced by alcohol. The mechanisms
leading to cell death can also be responsible for maladaptive neuroplastic
rearrangement of surviving neurons leading to functional deficits in the CNS,
representing one of the main pathogenetic mechanisms of alcohol-induced

damage to the developing brain (Granato and Dering, 2018).

2.6.4.  Interference with neural progenitors’ proliferation

The process of proliferation of pluripotent neural stem cells to give rise to
progenitor cells that differentiate into distinct lineages (neuronal, astroglial or
oligodendroglial) is known as neurogenesis/gliogenesis. After cell
differentiation, cells migrate and become fully functional neurons or glia that
are integrated into the brain circuitry. Neurogenesis primarily occurs during
embryonic development, although it also occurs in at least two brain regions

of the adult brain, the subgranular zone (SGZ) of the hippocampal dentate
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gyrus (DG) (Danglot et al, 2006; Spalding et al., 2013) and in the
subventricular zone of the anterior lateral ventricles, where olfactory bulb
neurons are generated (Alvarez-Buylla and Garcia-Verdugo, 2002).
Specifically, the pyramidal neurons that reside in the Cornu Ammonis areas CA1
and CA3 are generated during embryonic development, while the granule cell
population of the DG is initially produced during embryonic development and
continues to do so postnatally. Even though in the rodent brain a proliferative
SGZ. is well established to be maintained into adulthood, in adult humans
appears to be a decline of neurogenesis (Boldrini et al., 2018; Paredes et al.,

2018; Sorrells et al., 2018; Moreno-Jiménez et al., 2019).

Another mechanism of alcohol’s actions on the foetus is the disruption of
neurogenesis, which can lead to neuronal cell loss (Crews and Nixon, 2003;
Nixon, 2006; Geil et al., 2014). Binge alcohol exposure in adolescent and adult
rats decreased neural progenitor cell proliferation and survival (Nixon and
Crews, 2002; Crews et al., 2006a; Morris et al., 2010); as well, chronic alcohol
exposure reduced hippocampal neurogenesis and dendritic growth of
newborn neurons (He et al., 2005). Studies in non-human primates revealed
long-lasting reductions in neurogenesis due to alcohol consumption during
adolescence (Taffe et al., 2010). Furthermore, a reduction of neurogenesis in
the HPC of human alcoholics has been recently reported (Dhanabalan et al.,

2018; Le Maitre et al., 2018), consistent with animal studies.

Foetal exposure to alcohol has been shown to impact neurogenesis during
brain development and maturation in animal models. Thus, alcohol-induced
inflammation during development may also contribute to the detrimental
effects for hippocampal neurogenesis (Green and Nolan, 2014). Preclinical
studies demonstrated that postnatal alcohol administration reduced the
population of progenitor cells in the HPC (Redila et al., 2006; leraci and
Herrera, 2007; Klintsova et al., 2007; Uban et al., 2010; Hamilton et al., 2011;
Olateju et al., 2018). Even though, other studies reported no disruption of
hippocampal neurogenesis by PAE (Choi et al., 2005; Helfer et al., 2009; Gil-
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Mohapel et al., 2014; Hamilton et al., 2016) or even an increase (Gil-Mohapel
et al,, 2011; Coleman et al., 2012). Presumably, variations in alcohol dosage,
route of administration, developmental timing of exposure and age at the time
of assessment might account for this diverse range of findings observed

among different studies (Gil-Mohapel et al., 2010).

2.6.5.  Myelin impairments

Recent evidence suggests that deficits in white matter integrity found in
humans with FASD could be explained by myelin fibre disruptions. Myelin is
composed of dense layers of lipid membranes wrapped around the axons to
provide electrical insulation and can profoundly affect neural circuit
connectivity. The main constituents of myelin are glycolipids (70%) and
proteins (30%) (Baumann and Pham-Dinh, 2001). Bundles of myelinated
axons give rise to the appearance of the white matter, although many axons in
the grey matter that contain neuronal cell bodies and dendrites are also
myelinated (Nickel and Gu, 2018). Oligodendrocytes provide myelination and
trophic support for the maintenance of axonal integrity in the CNS (Aggarwal
etal.,, 2011). During embryonic development, oligodendrocyte progenitor cells
(OPCs) populate the forebrain from distinct telencephalic germinal regions.
At birth, the majority of forebrain OPCs and mature oligodendrocytes are
derived from the ventral telencephalic ventricular zone. However, this
population is almost entirely replaced by OPCs and oligodendrocytes
originated at more dorsal regions during the early postnatal period. Postnatally,
OPCs continue to populate the forebrain, where they contribute to neural
plasticity and repair. Upon differentiation, oligodendrocytes start to express
the myelinating genes, a process driven by promyelinating transcription factors
such as the myelin regulatory factor (MYRF), which directly regulates the
expression of genes underlying myelination and maintenance of mature
oligodendrocytes and myelin structure (Emery et al., 2009; Bujalka et al., 2013;
Mitew et al., 2014; Li and Richardson, 2016). In humans, the third trimester

of gestation represents a period of rapid oligodendrogenesis and myelination,
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which continues during the first few decades of life; whereas in mice,
oligodendrogenesis and myelination mostly occur during the first and second
weeks after birth. Notwithstanding, continued myelin remodelling throughout
lifetime has been reported in both animal models and humans, contributing

to plasticity in the brain (Purger et al., 2016).

Myelin sheath

[
Antigens resident in neurons
& Oligodendrocyte Antigens resident in oligodendrocytes

@ Proteins encoded by foreign DNA

Figure 12. Representation of the myelin sheath structure (Hemmer et al., 2002).

The impact of alcohol on myelin has been established in various animal
models. Acute exposure to alcohol during adolescence resulted in damaged
myelin in rats (Vargas et al, 2014). Also, adolescent rodents treated
intermittently with alcohol showed structural alterations of myelin (Pascual et
al., 2014b; Montesinos et al., 2015). Alcohol can affect myelination at multiple
stages of oligodendrocyte development through different potential pathways
(Rice and Gu, 2019). Alcohol can disrupt OPC differentiation and survival,
since OPCs that have yet to differentiate into oligodendrocytes are more
vulnerable to the excitotoxic damage induced by alcohol. Moreover, alcohol

can interfere with cell signalling pathways involved in early life brain
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development, such as Wnt or BDNF signalling, which play a key role in
myelination (Gaesser and Fyffe-Maricich, 2016). Mature myelinating
oligodendrocytes or myelin itself can also be affected by alcohol. The proteins
that constitute the actual myelin sheath (Figure 12), including myelin basic
protein (MBP), proteolipid protein (PLP), myelin-associated glycoprotein
(MAG), and myelin oligodendrocyte glycoprotein (MOG) have been evaluated
in preclinical studies as readout of alcohol-induced myelin damage.
Accordingly, reduced expression of myelin proteins was reported in the

human alcoholic brain (Lewohl et al., 2005).

Imaging studies revealed white matter abnormalities in children with FASDs,
associated with neurobehavioural dysfunctions (Sowell et al., 2008; Norman
etal., 2009; Lebel et al., 2011; Gautam et al., 2015; Fan et al., 2016). Gestational
alcohol exposure also reduced the expression of MBP in the brain of mouse
embryos (Ozer et al, 2000). In addition, alterations in oligodendrocyte
morphology, maturation, differentiation and survival have been reported in
third trimester-equivalent preclinical models of FASD), when oligodendrocytes
begin maturation and myelination. A reduced number of mature
oligodendrocytes and OPCs within the corpus callosum was found in alcohol-
exposed mice at PD16, with persistent abnormalities, such as reduced MBP
expression, until adulthood (Newville et al., 2017). Similarly, 7# utero exposure
of the foetal non-human primate brain to alcohol triggered oligodendrocyte
cell loss (Creeley et al., 2013). Altogether, these studies indicate that early-life
alcohol exposure affects oligodendrocyte development and survival and
myelination, which may have a great impact on axonal size and ability to

effectively transmit action potentials (Guizzetti et al., 2014).

2.6.6.  Epigenetic modifications

The role of epigenetics in alcohol-induced damage has been highlighted in
recent years (Shukla et al., 2008; Mahnke et al., 2017). Epigenetics refers to

changes in gene expression that do not involve DNA coding sequence
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modifications. Epigenetic marks can be transitory but can also be
transgenerationally transmitted. However, the mechanism by which an
epigenetic signature becomes heritable is still not well understood. Epigenetic
mechanisms  include DNA methylation, post-translational histone
modifications (acetylation, methylation, phosphorylation, ubiquitinylation,
ADP-rybosylation and sumoylation), and modifications in non-coding RNAs
(including microRNAs, long non-coding RNAs, and small interfering RNAs).
Modifications in DNA mostly occur by methylation at C5 position of cytosine
associated with CpG dinucleotides in the promoter regions of constitutively
active genes. DNA is methylated by DNA methyl transferases (DNMT) and

this process is reversed by demethylases.

Acetylated chromatin
Open and transcriptionally active

Histone acetyltransferases Historre deacetylases
HATT Class | (HDAC 1-3.8)

D s ‘ Chromatin Class lla (HDAC4,5.7.9)
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Figure 13. Histone acetylation, chromatin condensation and gene expression.
Acetylation targets Lys residues in the amino-terminal tails of core histone proteins,
which inhibits the folding of nucleosome arrays into secondary and tertiary chromatin
structures. Thus, histone tail acetylation results in chromatin decondensation, thereby
allowing access to transcription factors and other transcription co-activators. Adapted

from (Verdin and Ott, 2015).

The N-terminal tails of histone proteins can be modified by acetylation at
lysine (Lys) or methylation at Lys and arginine residues. Histones are acetylated
by histone acetyltransferases (HATSs) and deacetylated by histone deacetylases
(HDACs), whilst histone methylations are usually mediated by histone
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methyltransferases (Figure 13). Histone acetylation almost always correlates
with chromatin accessibility and transcriptional activity, while Lys methylation
can have different effects depending on which residue is modified.
Furthermore, distinct histone modifications can influence each other and may
also interact with DNA methylation (Bernstein et al., 2007; Latham and Dent,
2007).

Alcohol and/or its metabolites, acetaldehyde and acetate, may induce histone
acetylation and methylation changes by altering the activity of the enzymes
that mediate these processes, such as HDACs and HAT's (Zakhari, 2013). The
activity of these enzymes is regulated, in part, by the concentrations of their
required substrates and cofactors (Legube and Trouche, 2003). Thus, the cell’s
metabolic state is tightly related with the epigenetic regulation. The ratio of
NADH to NAD™ fluctuates in response to changes in metabolism. Alcohol
metabolism produces a significant increase in the NADH/NAD* ratio,
resulting in alterations of the carbohydrate and glucose metabolism. As
NADH accumulates, NAD* becomes depleted and the oxidation of acetyl-
CoA by the Krebs cycle is inhibited because of a lack of oxidized coenzymes.
Then, the acetyl-CoA is used by HAT' to acetylate histones as a substrate from
which to transfer the acetyl group (Chater-Diehl et al., 2017). In accordance,
alcohol was shown to increase HAT activity (Park et al., 2005). Histone
modifications by alcohol have been related with an upregulation of gene
transcription, such as acetylation of histone H3 at Lys 9 (H3K9), whereas
H3K9 methylation is repressive toward transcription. Increases in H3K9
acetylation, HAT activity, and p300 HAT protein were associated with chronic
alcohol feeding (Bardag-Gorce et al., 2007). In addition, acute alcohol
decreased HDAC activity and increased acetylation of histones H3 and H4, an
effect that was reversed during alcohol withdrawal, associated with anxiety-
like behaviours (Pandey et al.,, 2008; Berkel and Pandey, 2017). Increased
acetylation levels of histone 4 at Lys 5 and Lys 12 (H4K5 and H4K12,

respectively) have been reported in the prefrontal cortex (PFC) of adolescent
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mice after intermittent alcohol treatment (Pascual et al., 2009) and after binge
alcohol drinking (Montesinos et al., 2016b). Furthermore, chronic alcohol
abuse in humans may result in global increases in trimethylation levels of
histone 3 at Lys 4 (H3K4me3), which is a promoter-enriched chromatin mark

of actively transcribed genes (Ponomarev, 2013; Krishnan et al., 2014).

Early life experiences can modify epigenetic regulatory factors affecting gene
expression (Kundakovic and Champagne, 2015; McGowan and Roth, 2015),
such as alcohol exposure during development. Gestation and lactation periods
are significantly vulnerable to epigenetic alterations, as active changes occur in
the epigenome as part of neurodevelopmental processes (MacDonald and
Roskams, 2009; Keverne et al., 2015; Banik et al., 2017). First evidence of
alcohol-induced epigenetic modifications during embryogenesis was reported
by Garro et al. (1991), who described alterations in DNA methylation in
foetuses of alcohol-treated mice. Since then, numerous animal studies have
shown epigenetic alterations after iz utero alcohol exposure. Alcohol enhanced
the specific acetylation of Lys 14 on histone 3 (H3K14) at G9a exonl (Lys
dimethyltransferase) in the mouse brain during synaptogenesis leading to
neurodegeneration (Subbanna et al., 2014a), effects that were prevented with
the pre-administration of a G9a/GLP inhibitor (Subbanna and Basavarajappa,
2014). In addition, alcohol increased the acetylation of histone 4 at Lys 8
(H4KS8) at cannabinoid type 1 receptor exonl, upregulating its function and
causing neurobehavioural dysfunctions (Subbanna et al., 2014b). Elevated
mRNA levels of histone modifying genes (HDAC2, HDAC4 and G9a) were
also reported in the foetal brain of alcohol-exposed rats (Gangisetty et al.,
2015). A global decrease in histone H3 and H4 acetylation was reported in the
cerebellum of perinatally alcohol-exposed rats, which has been proposed to
account for the motor deficits associated with FASDs (Guo et al., 2011). In
another study, decreased histone activation marks (histone 3 Lys 4
trimethylation (H3K4me3) and H3K9 acetylation) and increased repressive

marks (H3K9 dimethylation; H3K9me2) were found in the rat hypothalamus
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after foetal alcohol exposure (Bekdash et al., 2013). Moreover, mice receiving
acute alcohol exposure on GD7 exhibited alterations in H3K9me2 and
acetylation, which strongly correlated with the development of craniofacial

anomalies (Veazey et al., 2015).

Genome-wide analysis of DNA methylation patterns in the adult mouse brain
revealed widespread differences between alcohol-exposed mice and their
counterparts, indicating long-lasting epigenetic alterations following prenatal
alcohol exposure (Chater-Diehl et al, 2016). Decreased global DNA
methylation levels and suppressed DNMT expression were found in a mouse
model of FASD (Abbott et al, 2018), although other studies reported
increases in DNMT activity in the HPC of rodents perinatally exposed to
alcohol (Perkins et al., 2013). Also, distinct whole-genome DNA methylation
patterns were identified in children with FASD, associated with the long-term

adverse effects of PAE (Frey et al., 2018; Cobben et al., 2019).

In addition, gestational alcohol exposure altered the expression of microRNAs
(miRNAs) and target gene expression in foetal mouse brains (Wang et al.,
2009). In vivo and zn vitro models of FASD have identified numerous miRNAs
that are impacted by developmental alcohol exposure, including miR-9, miR-
20a, miR-21, miR-30, miR-103, miR-151, miR-153, miR-335, and miR-140-3p
(Boschen et al., 2018). It also has been shown that binge prenatal alcohol
exposure induced changes in the expression of genes associated with
apoptosis, cellular redox and inflaimmation as a short-term effect, while
differential expression in brain miRNAs was maintained into adulthood
(Mantha et al., 2014). Plasma miRNAs in alcohol drinking pregnant women
have been assessed to predict infant outcomes, since their dysregulation during
development play a significant role in the aetiology of FASDs (Balaraman et
al., 2013, 2010).
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Figure 14. Role of epigenetic processes in the development of FASD. Iz vivo and in
vitro studies have shown evidence that early developmental alcohol exposure alters
DNA methylation, histone modifications and miRNAs. These epigenetic
modifications are involved in mediating the development of FASD symptoms.

Obtained from Chastain and Sarkar (2017).

Collectively, these results indicate that alcohol exposure during development
may have an impact on the epigenetic regulation of genes involved in several
key developmental processes, underlying one of the mechanisms of alcohol-
induced teratogenesis in FASD (Figure 14) (Haycock, 2009; Basavarajappa
and Subbanna, 2016; Liyanage et al., 2017; Lussier et al., 2017; Mandal et al.,
2017a; Boschen et al., 2018). Indeed, early alcohol exposure has been shown
to alter the epigenetic regulation of genes involved in imprinting, neural and
glial development, cell cycle regulation and nervous system growth (Ramsay,
2010; Kleiber et al., 2014; Resendiz et al., 2014). Furthermore, alterations in
DNA methylation profiles have been found in alcohol-exposed rodent
offspring, associated with changes in the expression of several genes involved

in multiple biological functions and have been proposed as biomarkers of
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prenatal alcohol exposure (Liu et al., 2009; Ungerer et al., 2013; Marjonen et
al., 2015; Laufer et al., 2017). Recently, the first report describing a global
decrease in DNA methylation, histone methylation and a global increase in
histone acetylation in the human brain associated with 2z utero alcohol exposure

has been published (Jarmasz et al., 2019).

2.6.7. Other mechanisms

Long-term alterations to brain anatomy, including atypical developmental
cortical thinning and abnormal subcortical development as a result of
intrauterine alcohol exposure have been broadly described in FASD models
(Abbott et al, 2016, 2018), which could be explained by some of the
mechanisms described above. Other mechanisms mediating alcohol’s adverse
effects on neurobiological and neurobehavioural outcomes include
neuroendocrine dysfunction, alterations in gene expression, cell morphology,

migration and neurotransmission.

The hypothalamic-pituitary-adrenal (HPA) axis is a complex neuroendocrine
system involved in adaptation to stressful situations (Armario, 2010). Early-
life stress is associated with alterations of the HPA axis functioning (Ros-Simé
and Valverde, 2012; Maccari et al., 2014; Spanagel et al., 2014). In that sense,
foetal alcohol exposure could be considered a stressor. Alcohol consumption
during pregnancy can induce changes in maternal endocrine function,
disrupting the hormonal interactions between maternal and foetal systems.
Moreover, because alcohol can readily cross the placenta, maternal alcohol

consumption can result in direct alteration of foetal neuroendocrine function

(Weinberg et al., 2008; Workman et al., 2015).

Clinical studies indicated that neuroendocrine disruptions may occur in
children with FASD (Keiver et al., 2015; McLachlan et al., 2016). Animal
models of PAE strongly support these findings, demonstrating impaired HPA
axis responsivity in adulthood (Zhang et al., 2005; Hellemans et al., 2010;

Comeau et al., 2014), associated with molecular and behavioural changes.
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Acute alcohol administration at GD7 in mice caused HPA axis dysfunction,
showing elevated corticosterone and adrenocorticotropic hormone levels
following a restraint stress exposure (Wieczorek et al., 2015), promoting the
release of glucocorticoids. A decrease in proopiomelanocortin gene expression
-induced by hypermethylation of the promoter- and a decrement in the levels
of its derived peptide B-endorphin were reported in adult offspring after foetal
alcohol exposure, resulting in hyperresponsiveness to stress in adulthood
(Bekdash et al., 2014; Gangisetty et al., 2014). Thus, HPA axis hyperactivity in
PAE animals is expected to increase the likelihood to develop

psychopathologies after adolescent stress exposure (Raineki et al., 2014, 2016).

Preclinical research has demonstrated that early alcohol exposure can also
induce alterations in gene expression (Eberhart and Parnell, 2016). Studies
utilizing DNA microarray analyses have shown dysregulations of genes
involved in neurodevelopment, apoptosis and energy metabolism (Kleiber et
al., 2012; El Shawa et al., 2013; Mantha et al., 2014; Lussier et al., 2015; Mandal
et al.,, 2015) in different brain areas of PAE animals. Further, developmental
timing-dependent gene expression alterations have been found in adult PAE
mice (Kleiber et al., 2013). Recently, a study using high-throughput RNA-
sequencing revealed a range of transcriptome-wide effects on the developing
HPC after chronic binge alcohol exposure during gestation, involving key

global pathways for healthy foetal development (Lunde-Young et al., 2019).

In addition, alcohol affects neuronal migration along radial glia fascicles
(Guerri, 1998; Thompson and Nelson, 2001; Suzuki, 2007). During
embryogenesis, radial glial cells provide physical support and chemical
guidance for the migration of neuroblasts, the precursors of neurons. As
observed in autopsies of children with FAS and in animal models of FASD,
foetal alcohol exposure induces alterations in radial glia guiding fibres leading
to disruptions in neuronal migration and subsequent abnormalities in the

morphology of the cerebral cortex (Zhou et al., 2001; Guerri, 2002; Rubert et
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al., 2006; Skorput et al., 2015; Louth et al., 2018; Delatour et al., 2019).
Accordingly, alterations in radial glial cell populations delayed neuronal

migration in rats exposed to alcohol during gestation (Aronne et al., 2011).

Neuronal migration along the radial glial scaffold is regulated by complex
molecular interactions between neuronal and glial cells. Various molecules play
a role in these cell-cell interactions, such as glycoproteins, membrane lipids,
and both GABA and glutamate acting as chemical attractants (de Graaf-Peters
and Hadders-Algra, 2000). In line with this, iz utero alcohol exposure promoted
premature migration by potentiating GABA signalling (Shenoda, 2017).
Alcohol may also interfere with cell-to-cell contact by its ability to specifically
inhibit cellular adhesive properties (Chen et al., 2003). Animal research
demonstrated that alcohol exposure 7 utero alters the expression of cell
adhesion molecules, affecting neuron-glia interactions and subsequently,

migration, synaptogenesis and plasticity (Bearer, 2001; Mifiana et al., 2002).

Alterations in cell morphology, synaptic plasticity and neurotransmission have
also been reported in animal models of FASD (An et al., 2013; An and Zhang,
2015). Moderate levels of alcohol during gestation affected the dendritic
length, branching and spine density of neurons in the nucleus accumbens
(NAc) and dorsal striatum (dSTR) of adult rats (Rice et al., 2012), as well
chronic alcohol exposure decreased dendritic spine density of newborn
neurons, interfering with synaptic connectivity (Golub et al, 2015).
Morphometric changes in hippocampal neurons were also found after a binge-
type alcohol exposure during the prenatal period (Jakubowska-Dogru et al.,
2017). These morphological changes could be explained by disruption of the
cytoskeleton homeostasis (Reis et al., 2015) or by inhibition of astrocyte-
mediated neurite outgrowth by alcohol during development (Guizzetti et al.,
2014). Furthermore, early alcohol exposure can induce changes in synaptic
plasticity by modulating the receptor subunit expression and activity of

receptors at the synapse (Fontaine et al., 20106).
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Thus, structural alterations at the synapse level could be underlying the
functional changes found in PAE models (Berman and Hannigan, 2000; Wang
et al., 2006; Krawczyk et al., 2016; Ma, 2019). For instance, animal studies
demonstrated that PAE attenuated GABAergic inhibition, leading to neuronal
hyperexcitability during development (Galindo et al., 2005; Toso et al., 20006;
Zhou et al., 2010; Nirgudkar et al., 2016), altered glutamatergic (Toso et al.,
2005; Samudio-Ruiz et al., 2009, 2010; Brady et al., 2013; Brolese et al., 2015)
and dopaminergic neurotransmission (Schneider et al., 2005; Sobrian et al.,
2005; Fabio et al., 2015b). Dysfunctions in other neurotransmitter systems
were also reported (Lee et al., 2008; Ohta et al., 2010; Olateju et al., 2017,
Seleverstov et al., 2017). Further, alterations in neuronal Ca?" dynamics were
found in a mouse model of FASD, which could explain the hyperexcitability
of Purkinje cells (Servais et al., 2007).

2.7. Treatments and interventions for FASD

No effective treatment is currently available for FASD, since alcohol-induced
damage seems to be irreversible. The most effective strategy to prevent FASD
is abstinence from alcohol during pregnancy and breastfeeding periods, and
some preventive interventions including education and media campaigns
aimed at increasing knowledge of FASD and the harmful effects of alcohol
consumption during pregnancy have been developed (Roozen et al., 2016a;
Symons et al., 2018). Also, interventions aimed at reducing alcohol intake in
women at risk of PAE have been conducted. However, researchers have been
working for years to develop some therapeutic strategies in order to counteract
or ameliorate the neurobehavioural outcome and improve the quality of life

of individuals affected by FASD.

Parent education and training are essential to promote a nurturing home
environment, which has been proved to be protective against secondary
conditions associated with FASD. In addition, a number of intervention

programs have been developed to address cognitive, attention and self-

57



INTRODUCTION

regulation deficits that usually accompany children with FASD (Paley and
O’Connot, 2011; Petrenko and Alto, 2017).

One pharmaceutical approach would be the use of stimulant medications,
which have been successful in treating attention-deficit/hyperactivity disorder
(ADHD). These drugs may reduce hyperactivity and impulsivity, as assessed
in preclinical studies (Juirez and Guerrero-Alvarez, 2015). Atomoxetine
(Strattera), a noradrenaline reuptake inhibitor clinically prescribed for ADHD,
has now been tested in a phase III clinical trial for children with FASD and

ADHD (ClinicalT'rials gov Identifier- NCT00418262).

NMDA receptor antagonists, such as MK-801 and memantine, have been
demonstrated to attenuate alcohol-induced hyperactivity and motor
coordination deficits, with concomitant neuroprotective effects when
administered during the withdrawal phase (Idrus and Thomas, 2011).
Moreover, administration of a histamine H3 receptor antagonist, ABT-239,
improved the retention of acquired information in PAE animals (Savage et al.,

2010).

Preclinical models of FASD have also used neuroprotective peptides to
mitigate neuropathologies and behavioural impairments resulting from
developmental alcohol exposure. The neuroactive peptides NAP and SAL,
which are derived from activity-dependent neuroprotective protein and
activity-dependent neurotrophic factor, respectively, administered in pregnant
dams prevented alcohol-induced damage in the offspring (Incerti et al., 2010).
NAP might protect against alcohol’s teratogenesis by antagonizing alcohol’s
inhibition of L1 cell adhesion molecule, which is implicated in cell-to-cell
contact (Idrus and Thomas, 2011). Administration of neuroactive peptides in
adolescents exposed to alcohol prenatally can reduce behavioural deficits in
memory and learning tasks. Obestatin, a newly discovered peptide with anti-
inflammatory and antioxidant activities, which is encoded by the ghrelin gene

and released from the gut, has been demonstrated to improve spatial memory
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deficits in a rat model of FASD (Toosi et al., 2019). Similarly, neurotrophic
and growth factor administration might reduce alcohol-induced adverse

effects on insulin-dependent signalling pathways and apoptosis (Gupta et al.,

2016).

In addition, pharmacological modulation of nuclear receptors has been
proposed as potential targets, since they simultaneously regulate the
expression of several genes. The activation of the alpha isoforms of the
peroxisome proliferator-activated receptor (PPAR-o) by fenofibrate
administration prevented the expression of hyperactivity in a rat model of early

alcohol exposure (Marche et al., 2011).

Since neuroinflammation contributes to alcohol-induced neurodegeneration,
it has been suggested that anti-inflammatory agents could be effective in the
treatment of FASD. PPAR-y agonists, including pioglitazone, inhibit microglia
activation and the production of pro-inflammatory mediators. In a mouse
model of FASD, PPAR-y agonists prevented alcohol-induced neuron cell

death and blocked microglia activation (Kane et al., 2011).

The pharmaceutical vinpocetine, a vasodilator and anti-inflammatory agent,
inhibits the enzyme phosphodiesterase type 1, an action that stimulates cAMP
signalling pathway and prolongs CREB protein activation and thereby
strengthens synaptic connections, facilitating long-term potentiation (LTP).
Animal studies showed that vinpocetine attenuates alcohol-related
impairments in cortical plasticity and reduces learning and memory deficits
associated with developmental alcohol exposure (Medina et al., 2006; Krahe
etal., 2009; Nunes et al., 2011). However, clinical studies with this drug remain

to be evaluated (Murawski et al., 2015).

Deficiencies in micronutrients contribute to abnormal foetal development and
exacerbate the damaging effects of alcohol on the developing foetus
(Sebastiani et al., 2018). Hence, nutritional supplementation during pregnancy

may attenuate alcohol’s teratogenic effects.
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Some nutritional interventions target oxidative stress. Administration of
nutrients with high antioxidant properties (vitamin C, vitamin E, omega-3 fatty
acids) in pregnant rodent females reduced the alcohol-induced oxidative
stress, cell loss and behavioural impairments in offspring (Tiwari et al., 2012).
Even though, a clinical trial using high doses of vitamins C and E in women
with alcohol-exposed pregnancies was terminated because of safety concerns
(Goh et al., 2007). In preclinical studies, antioxidant treatment also had a
positive impact at the neuroanatomical level (Joya et al., 2015). Astaxanthin
(AST) is a carotenoid pigment with anti-inflammatory and antioxidant
properties. Preclinical research indicates that AST might mitigate embryonic
growth retardation induced by PAE, as well alcohol-induced oxidative stress
and inflammation (Zheng et al., 2014; Zhang et al., 2018). Anthocyanins, a
class of flavonoids present in various foods, counteracted the inhibition of
glutamatergic neurotransmission, synaptic dysfunction, GABAgR activation
and neuronal apoptosis induced by developmental alcohol exposure in the rat
brain (Shah et al., 2015). Another antioxidant with natural origin is curcumin,
the main curcuminoid found in turmeric (Curcuma longa). It has been shown
that curcumin presents protective effects against alcohol-induced apoptosis,
in addition to its antioxidant and anti-inflammatory effects in preclinical
models of FASD (Tiwari and Chopra, 2012; Muralidharan et al., 2017). Also,
the flavonoid (-)-Epigallocatechin-3-gallate (EGCG) is a powerful antioxidant
extracted from green tea which has been shown to ameliorate growth
retardation in embryos caused by alcohol (Long et al., 2010). Nowadays,
clinical studies are using EGCG as a promising tool for the improvement of
cognitive performance in FAS patients, as it has previously shown efficacy for

Down’s syndrome (Clinicallvials.gov Identifier: NC102558933).

Other nutrients such as choline, betaine, folic acid, methionine, and zinc can
influence the epigenetic profiles and potentially attenuate alcohol-induced
changes to the epigenome. Preclinical research demonstrated that

supplementation with 3-carotene (provitamin A), nicotinamide (the amide of
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vitamin B3) and zinc all may reduce alcohol’s effects on foetal development
(Summers et al., 2008). Folic acid deficiency during pregnancy induces neural
tube defects; thus, folate supplementation can help to protect against these
congenital malformations. Prenatal folic acid administration mitigated
alcohol’s teratogenic effects, including growth retardation, physical anomalies
and neuronal loss (Shrestha and Singh, 2013). Choline is the precursor for the
synthesis of acetylcholine and acts as an essential amino acid that plays an
important role in CNS development (Zeisel, 2011; Barron et al., 2016). The
feasibility and acceptability of maternal choline supplementation in heavy
drinking pregnant women was evaluated in a clinical trial, since findings from
animal studies suggested that choline can mitigate the alcohol-induced adverse

effects on growth and neurocognitive function (Jacobson et al., 2018).

In addition, subjects with FASD ingest inadequate levels of certain nutrients,
such as omega-3 fatty acids, vitamin D, and choline (Werts et al., 2014).
Therefore, they may benefit from nutrient supplementation (Bastons-Compta
et al., 2018). Postnatal omega-3 supplementation restored glutathione levels
and reduced lipid peroxidation in PAE animals, reducing oxidative stress in
the brain (Patten et al., 2013). Also, acute treatment with omega-3 after a binge
alcohol neurotoxic exposure in neonates reduced hyperlocomotion and
anxiety-like behaviours (Balaszczuk et al., 2019). It has also been demonstrated
that postnatal choline administration can attenuate alcohol’s adverse effects
on working memory deficits in adolescent rats (Schneider and Thomas, 2016;
Waddell and Mooney, 2017). Current clinical studies are examining the
effectiveness of choline supplementation as a neurodevelopmental

intervention in children with FASD (Wozniak et al., 2015).

Melatonin is also a highly effective antioxidant which is secreted by the pineal
gland under physiological conditions. It has been reported that melatonin
treatment prevents oxidative damage induced by maternal alcohol
administration and reduces homocysteine levels, providing neuroprotective

effects in the cerebellum of animal models (Bagheri et al., 2015). Moreover,
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lithium could be considered a neuroprotectant against foetal alcohol toxicity,
since lithium treatment in mice exposed to a postnatal binge alcohol episode
reduced a broad range of anatomical, physiological and behavioural effects

induced by alcohol during development (Sadrian et al., 2012).

Other studies suggest that exercise interventions may enhance learning and
memory in rodents prenatally exposed to alcohol (Klintsova et al., 2012). The
beneficial effects of physical activity on cognitive function are associated with
increasing levels of growth factors, such as BDNF, and neuronal plasticity
enhancements. Moreover, environmental enrichment has been shown to
improve behavioural outcomes associated with PAE in animal models
(Hamilton et al., 2014). Clinical studies are developing motor training and
exercise interventions to investigate their efficacy in individuals with FASD

(Murawski et al., 2015).

Regenerative medicines, such as the use of stem cells, are novel strategies
starting to be explored in FASD. In that sense, transplantation of neural stem
cells in rodent models attenuated the alcohol-induced impairments in
cognitive function and social interaction behaviour (Shirasaka et al., 2012;

Poulos et al., 2014).

Furthermore, the pharmacological inhibition of the Lys dimethyltransferase
G9a, which mediates the H3K9me2 mark, prior to alcohol exposure in
neonatal mice prevented alcohol-induced deficits in memory and social
recognition in adult mice, indicating an epigenetic origin of alcohol’s effects

(Subbanna and Basavarajappa, 2014).

Overall, multiple interventions strategies (such as nutritional and exercise
interventions) as well as more traditional interventions (educational,
occupational and/or physical therapies) may mitigate a wider range of
cognitive impairments when translated to clinical cases of FASD (Murawski

et al., 2015; Wilhoit et al., 2017).
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3. Drug addiction

Individuals with FASD display higher vulnerability to develop secondary
neuropsychiatric disabilities later in life, such as substance use disorders
(Popova et al., 2016). Previous clinical studies have suggested that 7z utero
alcohol exposure may increase the risk for later alcohol abuse and other drug
dependencies (Baer et al., 2003; Alati et al., 2000). Preclinical research also
shows that animals prenatally exposed to drugs of abuse are more responsive
to such drugs and other psychotropic substances. The neurobiological
substrates involved in the vulnerability to drug abuse attributable to early-life
alcohol exposure are still not fully understood, although the main mechanism
presumably involved is the dysfunction of the mesocorticolimbic

neurocircuitry, the brain reward system (KKoob and Le Moal, 2001).

Drug addiction is a chronically relapsing disorder that has been characterized
by i) compulsive drug-seeking and drug-taking behaviour, ii) loss of control
over limiting drug intake, and iii) emergence of a negative emotional state
(dysphoria, anxiety or irritability) reflecting a motivational withdrawal
syndrome when access to the drug is prevented (KKoob and Volkow, 2010). It
has been further conceptualized as a progression from impulsive to
compulsive behaviour, ending in chronic, relapsing drug taking (Koob and Le
Moal, 2005). The transition from occasional, controlled drug use to the loss of
control over drug-seeking and drug-taking and to chronic relapse even after
protracted abstinence is a hallmark of addiction, which involves
neuroplasticity, and may begin with initial drug use in vulnerable individuals

or individuals at particularly vulnerable developmental periods.

Approximately 5.5% of the adult population (271 million people) has engaged
in nonmedical or illicit drug use at least once in the previous year, with
approximately 13% among the estimated past-year users (35 million) going on

to substance dependence on illicit drugs. This corresponds to a prevalence of
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drug use disorders of 0.71% globally among the population aged 15-64
(UNODC, 2019).

After cannabis, the most commonly used illicit drugs are psychostimulants
(amphetamine, cocaine, LSD, “ecstasy” and other hallucinogens). Globally, it
is estimated that 18 million people are past-year users of cocaine,
corresponding to 0.4% of the global population (UNODC, 2019). In Spain,
cocaine is the second most consumed illicit drug; 10% of the population (aged
15-64 years) reported cocaine consumption at least once in their lives, and

around 2% have consumed cocaine in the last 12 months (EDADES, 2018).

3.1. Neurobiological substrates of drug addiction

The brain reward system (Figure 15) is originated in the ventral tegmental area
(VTA), a DA-rich nucleus located in the ventral midbrain which provides
dopaminergic innervation to limbic structures (that is, mesolimbic pathway,
such as the amygdala, ventral pallidum, HPC and NAc) and cortical areas (that
is, mesocortical pathway, including the PFC, the orbitofrontal cortex and the

anterior cingulate) (Feltenstein and See, 2008).

The primary reward circuit includes dopaminergic projections from the VT'A
to the NAc, which release DA in response to reward-related stimuli (and in
some cases, aversion-related stimuli). However, dopaminergic transmission
does not fully account for the acute reinforcing effects of addictive drugs,
other neurotransmitter systems including glutamate, GABA, opioid peptides,
cannabinoids and 5-HT are also involved. In this sense, the NAc receives
glutamatergic projections from the medial PFC (mPFC), HPC and amygdala,
as well as other regions. The VTA receives such inputs from the lateral dorsal
tegmentum, the lateral habenula (LHb) and the hypothalamus, as well as both
GABAergic and glutamatergic innervations from the extended amygdala.
There are also GABAergic projections from the NAc to the VT'A; projections

through the direct pathway directly innervate the VT'A, whereas projections
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through the indirect pathway innervate the VTA via intervening GABAergic

neurons in the ventral pallidum (Russo and Nestler, 2014).

@< Glutamatergic
‘@< Dopaminergic
‘@ GABAergic

Figure 15. Sagittal section of a representative rodent brain illustrating the major
dopaminergic, glutamatergic and GABAergic pathways to and from the VTA and
NAc involved in the acute reinforcing actions of drugs of abuse. The dashed lines
indicate internal inhibitory projections. mPFC, medial prefrontal cortex; Hipp,
hippocampus; LLHb, lateral habenula; NAc, nucleus accumbens; Amy, amygdala; LH,
lateral hypothalamus; LDTg, lateral dorsal tegmentum; RMTyg, rostromedial

tegmentum; VTA, ventral tegmental area. Obtained from Russo and Nestler (2014).

The NAc and the ventral pallidum appear to be involved in the primary
reinforcing effects of drugs of abuse, the amygdala and HPC play an important
role in conditioning learning, while the cortical areas regulate emotional
responses, cognitive control and executive function, with repeated drug
exposure leading to cellular adaptations in the prefrontal-NAc glutamatergic
pathway, which mediate persistent addictive behaviours. In other words, the
mesolimbic pathway is involved in the acute reinforcing effects of drugs and
various conditioned responses related to craving and relapse, whereas changes
in the mesocortical pathway mediate the conscious drug experience, drug
craving and a loss of behavioural inhibition related to compulsive drug-seeking

and drug-taking behaviouts.
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The transition from controlled to compulsive drug-taking behaviour has been
associated with a shift at the neural level from prefrontal cortical to striatal
control, as well as with a progression from ventral (including the NAc) to
dorsal subregions of the striatum (STR), which is associated with habit

formation (Gerdeman et al., 2003; Everitt and Robbins, 2005, 2013).

All drugs of abuse, despite their initial effects on distinct molecular targets,
exert a series of common functional effects on the reward circuitry to impair
its function, causing an individual to lose control over drug consumption
(Nestler, 2005). Within the population of VT A DA neurons, those projecting
to the medial NAc shell appear to be the primary target of addictive drugs,
producing an enhancement of dopaminergic signalling from the midbrain

VTA to the NAc in ventral STR (vSTR).

In terms of their neurochemical actions, psychostimulants increase the
synaptic availability of several monoamines, including 5-HT, DA and
norepinephrine, either indirectly by inhibiting their reuptake (for example,
cocaine) or directly by enhancing their release from presynaptic terminals (for
example, amphetamines). The acute reinforcing effects of cocaine appear to
be mediated primarily by increasing synaptic levels of DA in the NAc through
blockade of the presynaptic DA transporter (DAT) (Ikegami and Duvauchelle,
2004; Dong and Nestler, 2014). In contrast, alcohol activates GABAa
receptors or GABA release in the VT'A, NAc, and amygdala by either direct
actions at the GABAa receptor or through indirect release of GABA.
However, alcohol might also facilitate the release of opioid peptides in the
VTA, NAc and central nucleus of the amygdala, and the release of DA in the
NAc through a direct action either in the VTA or the NAc (Figure 16).
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Figure 16. All reinforcing drugs increase DA transmission in the mesocorticolimbic
DA system, but they use different mechanisms. Psychostimulants, such as cocaine,
interact with the DAT to elevate extracellular DA levels. Opiates, alcohol and
cannabinoids are believed to decrease GABA transmission in the VTA, thereby
disinhibiting DA neurons. However, alcohol can also directly excite DA neurons via
voltage-gated ion channels. Dopamine-independent mechanisms also may contribute

significantly to the reinforcing effects of drugs of abuse. Adapted from Wolf (2012).

Natural rewards, including food, sex or interpersonal relationships can activate
this system, although drugs of abuse promote this activation with higher
intensity than natural rewards (Wolf, 2002). Consequently, the overactivation
of the reward system by drugs of abuse induces neuroadaptations that alter
the normal function of this system modifying the natural rewarding properties

in drug abusers (IlKoob and Le Moal, 2008).
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Chronic exposure to drugs of abuse induces adaptive changes in different
components of the dopaminergic system, such as alterations in DA receptors.
G protein-coupled DA receptors are divided into two subclasses: the Di-type
and Da-type receptors. Di-type receptors (D1 and D5) are primarily coupled
to Ga, and induce the production of cAMP. Ds-type receptors (D2, D3 and
D4) are Gai/o-coupled and inhibit the production of cAMP. In the CNS, D;-
like receptors display a post-synaptic anatomical distribution, while Da-type
receptors are both pre- and post-synaptic located. Both are expressed in brain
regions that receive dopaminergic inputs, such as dSTR and NAc, and in a
lesser extent, in the HPC, neocortex, hypothalamus and thalamus (Vallone et

al., 2000; Beaulieu and Gainetdinov, 2011).

Furthermore, long-term drug consumption can result in strengthening or
weakening of synaptic connectivity, affecting monoamine and glutamatergic
neurotransmitter signalling. Synaptic strength is controlled by the insertion or
removal of  glutamate  receptors,  a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and NMDA. As for their subunit
composition, a shift in the AMPA receptors (AMPAR) subunit composition,
from calcium-impermeable GluA2-containing to calcium-permeable GluA2-
lacking  AMPARs, has been reported to facilitate AMPAR currents,
contributing to LTP in animal studies of addiction (Woodward Hopf and
Mangieri, 2018). Changes in GluA1/GluA2 ratio may be associated with
addictive-like conduct, such as the incubation of cocaine-secking behaviour
(Wolf, 2016). The up-regulation of AMPA/NMDA ratio increases the
responsiveness of the NAc to glutamate, which is released by cortical and

limbic terminals when exposed to drugs or drug cues (Conrad et al., 2008).

In addition, several drugs of abuse upregulate the cAMP pathway and cause
CREB protein activation in the NAc, although such changes are generally
short. In contrast, AFosB isoforms are highly stable products of the fosB gene
that accumulate following chronic drug exposure and remain high after a long

period, regulating complex behaviours related to the addiction process
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(McClung and Nestler, 2003; Nestler, 2008). Changes in gene expression
initiated by these transcription factors contribute to ‘sensitizing’ adaptations
that promote drug-taking as well as ‘compensatory’ adaptations that oppose

drug-taking.

These neuroadaptations caused by chronic drug exposure induce tolerance to
the rewarding effects, resulting in the need to consume higher doses of the
drug to produce the same euphoric feelings. Therefore, as drug use duration
increases, the positive reinforcing effects are diminished resulting in dysphoria

states, contributing to the development of addictive behaviour.

Even though, it is estimated that only 10-20% of people who use drugs
ultimately become addicted (Warner, 1995). Many genetic, environmental, and
social factors contribute to the determination of a person’s unique
susceptibility to using drugs initially, sustaining drug use, and undergoing the

progressive changes in the brain that characterize addiction.

Factors that increase vulnerability to addiction include family history, eatly
exposure to drug use (adolescence is among the periods of greatest
vulnerability to addiction, but also foetal development), exposure to high-risk
environments, and certain mental illnesses (such as mood disorders, ADHD,

psychoses, and anxiety disorders) (Volkow et al., 2016).

3.2, FASD as a risk factor for drug addiction

As mentioned above, it has been suggested that alcohol exposure during
development can account for an increased risk to develop substance use
disorders later in life. Even though, there is still scarce research on the
neurobiological mechanisms underlying the association between prenatal
substance exposure and subsequent drug abuse in exposed offspring (Behnke
and Smith, 2013). In this thesis, we focused on the effects of FASD on later

alcohol and cocaine abuse vulnerability.
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3.2.1. Alcohol

Clinical data support an increased risk of alcohol abuse later in life following
prenatal exposure (Yates et al., 1998; Baer et al., 2003; Streissguth et al., 2004;
Alati et al., 20006; Pfinder et al., 2014; Parolin et al., 2016), since alcohol intake
by offspring is predicted more effectively by prenatal exposure to alcohol than
by family history. This epidemiological evidence has also been suggested in

preclinical studies.

Studies with rodents during the third-trimester equivalent period to human
gestation demonstrated that prenatal exposure to alcohol increased the
response to alcohol’s flavour and odour, attenuating the sensitivity to its
aversive effects, which was confirmed by tests with human neonates of
mothers reporting moderate alcohol intake during pregnancy (Spear and
Molina, 2005; Youngentob and Glendinning, 2009; Gore-Langton and Spear,
2019). In addition, early alcohol exposutre can yield later enhancement of
alcohol intake in rodents (Chotro and Arias, 2006; Chotro et al., 2007; Fabio
et al., 2013; Patker et al., 2016; Brancato et al., 2018).

Enhanced alcohol intake is not the only consequence of early alcohol exposure
that could increase risk for abuse among adolescents or adults. Tolerance to
alcohol, and physiological responses to alcohol such as hypothermia, alcohol
intake associated with stress or social circumstances, or susceptibility to
alcohol reinforcement are factors that could promote later abuse of alcohol.
Some preclinical studies have shown altered temperature regulation after
prenatal exposure to alcohol, as well as, heightened responsivity to stress due
to HPA axis hyperactivity (Spear and Molina, 2005). Also, long-lasting
alterations in neurotransmitter systems, such as GABA and glutamate systems,
can account for postnatal differences in the reinforcement effects of alcohol.
Thus, foetal alcohol exposure could sensitize the brain regions and the
developmental processes involved in drug addiction, causing long-lasting

alterations on neurobehavioural functions and increasing propensity to later
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abuse, as it is hypothesized to occur when drinking during adolescence (Guerri

and Pascual, 2010).

3.2.2. Cocaine and other psychostimulants

Preclinical research indicates that PAE animals as adults are more responsive
to alcohol as well as to other psychoactive drugs. Intrauterine drug exposure
might predispose animals to increased reward-driven behaviours and

increased self-administration of drugs (Glantz and Chambers, 2000).

Previous studies have shown that psychostimulants can restore the alterations
of neuronal activity in the VT'A in rodent models of FASD (Xu and Shen,
2001; Choong and Shen, 2004a), thus suggesting that animals exposed
prenatally to alcohol may respond differently to the reinforcing effects of
psychostimulant drugs. Accordingly, an increased sensitivity to cocaine
reinforcing effects in the conditioned place preference (CPP) and augmented
cocaine consumption in a free two-bottle choice paradigm (Barbier et al.,
2008), in addition to enhanced locomotor sensitization to cocaine and
amphetamine (Barbier et al., 2009), were reported in adult male offspring rats
exposed to alcohol. Recently, increased amphetamine-induced CPP and
amphetamine intravenous self-administration (SA) have been reported in a rat
model of FASD (Wang et al., 2019b). Moreover, rats receiving alcohol during
gestation self-administered more amphetamine and exerted greater effort to
obtain the drug under a progressive ratio (PR) schedule (Hausknecht et al.,
2015; Wang et al., 2018), suggesting increased psychostimulant addiction risk
in individuals with FASD later in life. However, the molecular mechanisms
underlying the behavioural alterations caused by psychostimulants in PAE

animals remain to be elucidated.
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1. Hypothesis

Considering the theoretical frame exposed in the Infroduction, we
hypothesized that binge alcohol drinking during critical periods for brain
development, such as gestation and lactation, produces behavioural and
molecular alterations in the brain increasing the vulnerability to develop
secondary neuropsychiatric disorders later in adolescence or adulthood, such

as drug addiction.
2. Objectives

In accordance with our hypothesis, the main aim of this thesis was to
investigate the long-term consequences of maternal binge alcohol
consumption during critical periods for brain development on cognitive,
motor, emotional and addictive behaviour in adult male mice. Behavioural
studies were combined with biochemical analysis in order to achieve our main

objective.
The specific objectives of the present work were the following:

Objective 1. To assess the effects of binge-like alcohol consumption during
gestation and lactation on cognitive, motor and anxiety-like behaviour in adult

offspring mice.

a) To establish a model of maternal binge-like alcohol drinking during
prenatal period or both prenatal and lactation periods using the
Drinking-in-the-Dark test.

b) To evaluate the spontaneous maternal care behaviour along the first
postnatal week and the consequences on body weight and litter size
in our experimental conditions.

c) To assess the spontaneous locomotor activity and locomotor

coordination using the rotarod in offspring mice.
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d) To determine the effects of maternal binge-like alcohol consumption

on cognitive performance in adult offspring. Specifically, evaluation
of working memory, object recognition memory and left-right
discrimination reversal learning.

To study the long-term consequences of early alcohol exposure on

anxiety-related behaviour using the elevated plus maze.

Objective 2. To study the underlying molecular mechanisms to the

behavioural alterations observed. We were particularly interested in

neuroinflimmation, neuronal cell death, myelin damage, alterations in

neurogenesis, epigenetic modifications and brain network connectivity

alterations.

a)

b)

To analyse the pro-inflammatory response in the brain due to early
alcohol exposure. To study the involvement of the TLRs,
inflammasome, and pro-inflammatory mediators, such as IL-1(.

To determine whether prenatal and lactational alcohol exposure
induces alterations in adult hippocampal neurogenesis using the BrdU
assay.

To evaluate the integrity of the myelin sheath by analysing the
expression of myelin proteins in adult offspring mice.

To study the effects of alcohol exposure on epigenetic post-
translational modifications in the brain by analysing the activity of the
enzymes involved in this process and histone acetylation marks.

To assess the brain network connectivity in adult mice exposed to
alcohol during development using the cytochrome-c oxidase (CCO)

labelling.

Objective 3. To evaluate the effects of curcumin as a therapeutic strategy to

counteract the behavioural and molecular alterations in offspring mice

exposed to alcohol during development.
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To assess the putative therapeutic effects of a curcumin treatment
during the adolescence period on cognitive performance in adult
offspring. Evaluation of spatial working memory, object recognition

memory and left-right discrimination reversal learning.

b) To evaluate the effects of curcumin on anxiety-related behaviour

)

using the elevated plus maze.

To examine the potential effects of curcumin on counteracting the
molecular alterations found in early alcohol exposed mice, focusing
on epigenetic modifications and neuroinflammatory processes.
Evaluation of HAT enzyme activity, as well as, glial cell activation
(microglia and astrocytes) and production of pro-inflammatory

mediators.

Objective 4. To investigate the increased risk to develop addictive behaviours

after developmental alcohol exposure later in life and its underlying molecular

mechanisms. Specifically, we were interested in the vulnerability to alcohol and

cocaine addiction.

a)

b)

d)

To evaluate the rewarding properties of alcohol in adult offspring
mice using the conditioned place preference.

To assess the rewarding properties of cocaine in adult offspring mice
using the conditioned place preference.

To examine the effects of alcohol exposure during gestation and
lactation periods on cocaine-induced locomotor sensitization.

To study the reinforcing effects of cocaine using the operant self-
administration paradigm during acquisition, extinction and
reinstatement phases. To analyse the neuroadaptations in the
dopaminergic and glutamatergic systems in our experimental

conditions.
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1. Experimental procedure

To reproduce an episodic pattern of binge alcohol drinking during pregnancy
and lactation periods, we exposed pregnant and nursing C57BL/6 female mice
to an alcohol solution using the drinking-in-the-dark (DID) test paradigm,
which has been proposed as a useful binge drinking model of FASD (Boehm
et al., 2008). Subsequently, male offspring were assessed for their cognitive,
emotional and motor function, as well as, addictive-like behaviours at
adulthood. Furthermore, neurochemical alterations in the brain of alcohol-

exposed offspring mice were investigated, as explained below (see Figure 17).

GD-0 PD-0 PD-21 PD-30 PD-60
Week 1 - Week 2 -~ Week 3 + Week 4 - Week 5 - Week 6 I - I _ I
PRENATAL PERIOD i POSTNATAL PERIOD Behavioural Behavioural
. testing testing
| Maternal ! l
el - Curcumin
treatment lissue
extraction
Blood Blood l
extraction extraction
Biochemical
analyses
DID test Days M T W Th

Week cycle

20% (viv) alcohol access 2h ;|

Figure 17. Schematic representation of experimental design.

2. Animals

Twelve-week-old male and female C57BL/6 inbred mice were purchased
from Charles River (Barcelona, Spain) and shipped to our animal facility
(UBIOMEX, PRBB) to be used as breeders. Upon arrival, they were housed
in standard cages at constant temperature (21 £ 1°C) and humidity (55 + 10%),
under a reversed light-dark cycle (white lights on 20:00-08:00 h). After one
week of acclimatization, breeding pairs were mated, and pregnant females
were observed daily for parturition. For each litter, the date of birth was
designated as postnatal day (PD) 0. Pups remained with their mothers for 21
days and were then weaned (PD21). After weaning, male offspring were

housed in groups of 4. Food and water were available ad /ibitum except during
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the DID procedure, as described below. Every effort was made to minimize
the number of animals used and their suffering. All animal care and
experimental procedures were approved by the local ethics committee
(CEEA-PRBB) and conducted in accordance with the European Union
Ditective 2010/63/EU guidelines on the protection of animals used for

scientific purposes.

3. Drugs

Ethyl alcohol was purchased from Merck (Darmstadt, Germany) and diluted
in tap water in order to obtain a 20% (v/v) alcohol solution for the Drinking-
in-the-dark test. For the conditioned place preference, absolute alcohol was
dissolved in sterile 0.9% NaCl (physiological saline, pH=7.4) in order to obtain
1 or 2 g/kg body weight solutions. Cocaine hydrochloride was purchased in
Alcaliber S.A. (Madrid, Spain) with the authorization of the “Agencia
Espafiola del Medicamento y Productos Sanitarios” (Ministerio de Sanidad,
Consumo y Bienestar Social) and prepared in 0.9% NaCl immediately before
administration. Curcumin (Turmeric) (Sigma-Aldrich, Madrid, Spain) was
prepared in 20% dimethyl sulfoxide (DMSO) and 80% sterile saline solution

in order to obtain a 100 mg/kg body weight solution.

4. Behavioural tests

4.1.  Drinking-in-the-dark (DID) test

This procedure was conducted as previously reported (Rhodes et al., 2005;
Esteve-Arenys et al., 2017), commencing two days after mating. Pregnant
females were randomly assigned to two groups: alcohol and water-exposed
(control). Briefly, water bottles were replaced with 10-ml graduated cylinders
fitted with sipper tubes containing either 20% (v/v) alcohol in tap watet or
only tap water 3h after the lights were turned off. Following a 2h-access
period, individual intake was recorded, and the original water drinking bottles

were returned to the home cage. During this period, female mice were

82



MATERIALS AND METHODS

individually housed, and each corresponding male breeding pair was removed
from the home cage for the DID procedure. This procedure was repeated on
days 2 and 3 and fresh fluids were provided each day (from Monday to
Wednesday). On day 4 (Thursday), alcohol or water cylinders were left for 4h
and fluid intakes were recorded. Food was removed during the alcohol
exposure periods and then, returned to the home cage. Two empty control
cages (water and alcohol) were placed in the rack to measure general liquid
loss (leakage/evaporation) and drip values were subtracted from the drinking
values. Fluid intakes (g/kg body weight) were calculated on the basis of
average 2-day body weight values, as dams were weighed at 2-day intervals
(Mondays and Wednesdays). The procedure was maintained throughout the
3-week gestation and/or 3-week lactation periods. Food and water
consumption during ad /bitum periods were measured in both pregnant and

nursing female mice.

4.2.  Neonatal offspring assessment

Litters were left undisturbed until PD5, when litter size was determined. The
weights of the entire litter were collected on PD5 and PD21 and average pup
weight was determined by dividing the total litter weight by the number of

pups present in each litter, as previously described (Brady et al., 2012).

4.3. Maternal care behaviour

Spontaneous maternal behaviour was recorded 3 times per day (08:00, 13:00
and 17:00) from PD1 to PD7 as previously reported, with minor modifications
(Fodor et al., 2012; Gracia-Rubio et al., 2016b). In short, the behaviour of each
mother (n=6 per group) was scored 20 times at 3-minute intervals (20
observations x 3 periods per day x 7 days = 420 observations/mother). The
following behaviours were scored as present or absent and quantified in a
checklist: 1) mother licking and grooming offspring; 2) mother nursing

offspring in an “arched-back” posture with rigid limbs; 3) mother nursing in a
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“blanket” posture; 4) mother nursing in a “passive” posture; 5) mother “out

of the nest” (no maternal contact); and 6) “nest-building”.

4.4.  Spontaneous locomotor activity

Offspring mice were evaluated for their basal locomotor activity during
adolescence (PD30) and adulthood (PDG60). Animals were placed in
locomotor activity boxes (24x24x24 cm) (LE8811 IR, Panlab s.Lu., Barcelona,
Spain) and horizontal (deambulations) and vertical (rearings) movements were
automatically recorded for 45 min as previously described (Gracia-Rubio et

al., 2016b).

4.5. Rotarod

Late adolescent mice (PD48) were trained at a fixed speed (4 rpm) on the
accelerating rotarod apparatus (five-line accelerating rotarod; LE 8200, Panlab
s.l.u.) as previously reported (Bilkei-Gorzo et al., 2005; Moscoso-Castro et al.,
2016). The rotarod accelerated from 4 to 40 rpm over 2 min. Motor
coordination was measured in a session comprising ten consecutive trials
interleaved by 30-s breaks. The mean of rpm achieved prior to falling in the

last four trials was averaged as a measure of motor coordination.

4.6. Elevated plus maze

Elevated plus maze (EPM) was performed to evaluate anxiety-like behaviour
in the offspring at PD30 and PD60 as previously reported (Gracia-Rubio et
al., 2016b). The apparatus (Panlab s.l.u.) consisted of a black maze with four
arms (16X5 cm) set in the form of a cross from a neutral central square (5%5
cm). Two arms were closed up by vertical walls (closed arms) while the other
two perpendicular arms had open edges (open arms). The maze was elevated
30 cm above the floor in dim lighting conditions (30 lux). At the outset of the
5-min observation session, each mouse was placed in the central area, facing

an open arm. The total number of entries (placing all four paws into the arm)
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and the time spent in the open and closed arms (as a percentage of the total

test time) were recorded by automated tracking software (Smart, Panlab s.Lu.).

4.7.  Spontaneous alternation Y-maze test

Adult mice (PD60) were assessed for spatial working memory as previously
reported (Arai et al., 2001). Briefly, mice were placed in the centre of a Y-
shaped maze with two equal arms, each 395 mm long and separated by 120°
angles, and were allowed to freely explore for 8 min. Arm choices were
manually recorded. Three consecutive choices of three different arms were

counted as an alternation. The score was obtained following this formula:

S V= Number of alternations x 3 100
core (V)= Total number of choices - 2 *

4.8.  Novel object recognition (NOR) test

Recognition memory, a hippocampal-dependent task, was evaluated in PLAE
mice and their counterparts (PD60) as previously reported (Maccarrone et al.,
2002), with minor modifications. The test was performed in a white Plexiglas
box (50 x 50 x 30 cm) with white vertical walls under dim light intensity (30
lux) in the middle of the field. The objects to be discriminated were a black
plastic object (Object A) and a red wooden object (Object B). Firstly, mice
were individually habituated to the box for 15 min. After 24 h, the acquisition
trial took place and mice were allowed to explore the box for 10 min in the
presence of either object A or object B alone (counterbalanced). A 10-min
retention trial occurred 24 h later with the presence of objects A and B in the
open-field. The time spent by the animal exploring object A (tA) and object B
(tB) was recorded using Smart software (Panlab s.L.u.). The recognition index
(%) was defined as [tB/(tA + tB)] x 100 for the animals exploring object A in
the acquisition trial or [tA/(tA + tB)] x 100 for the mice exploring object B
during the acquisition trial, being ‘t' the time each subject spent exploring an

object.
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To evaluate the effects of curcumin treatment on recognition memory in adult
offspring mice (PD60), NOR test was conducted as previously described
(Moscoso-Castro et al., 2016; Lujan et al., 2019), with minor modifications.
First, mice were placed in the centre of an empty black open field (27 x 31 x
25 c¢m) with moderate luminosity (100 lux) and allowed to freely explore it for
15 min. Next day, they were presented with two identical objects for 8 min
and exploration time was recorded. The retention trial took place 72 h later,
in which one of the familiar objects was replaced by a novel object and animals
were allowed to explore for 8 min. Exploration time was recorded and
discrimination index (%) was defined as [(tnovel object = tamiliar object) / (Enovel object

tramiliar nbiect)] .
4.9. T-maze alternation test

Adult offspring male mice (PD60) were assessed for left-right discrimination
learning using a T-maze (length of stem 30 cm, length of arms 30 cm, width
12 cm, wall height 16 cm) filled with water (23 + 2°C) as previously described
(Filali and Lalonde, 2009). A platform (11 x 11 cm) was submerged at the end
of each arm 1 cm beneath the surface. Turning preference was tested during
the first two trials. The platform was then placed on the least preferred arm,
counterbalancing the number of mice reinforced on either side. Mice were
placed in the stem of the T-maze and swam either to the left or to the right
until finding the submerged platform for a maximum of 60 s. After reaching
the platform, mice were removed from the maze to allow them to recover and
then placed back in the maze for up to a maximum of 25 trials. Acquisition
criterion was achieved when a mouse reached the platform in 5 consecutive
trials. Once the acquisition criterion was acquired, animals did not perform
any other trial. After 48 h, the reversal learning phase was conducted, in which
the escape platform was placed on the opposite arm. Latency to reach the

platform and number of trials to reach criterion were recorded.
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4.10. Conditioned place preference (CPP)

Adult offspring mice (PD60) were tested for the rewarding properties of food,
alcohol or cocaine using an unbiased CPP paradigm. Different sets of animals
were used for each experiment. The apparatus consisted of two equally sized
compartments (30x29x35 cm), differing in terms of visual and tactile cues,
connected by a corridor (14x29x35 cm) (Cibertec S.A., Madrid, Spain). One
compartment had white-painted walls with prismatic textured flooring while
the other had black walls with a smooth floor. Both compartments were
equipped with infrared emitter/detector paits which allowed us to record the

position of the animal and its crossings between compartments.

4.10.1. Food-induced CPP

For the food-induced CPP, mice were first food-deprived to 80-85% of their
baseline body weight with limited-access to standard chow pellet (2-3 g/day
per animal) for 4 days prior to commencing preconditioning and throughout
the procedure, as previously described with some minor modifications
(Valverde et al., 2004). The CPP procedure consisted of three different phases:
preconditioning (one session), conditioning (six sessions) and testing day (one
session). During preconditioning, mice could freely explore both
compartments for 20 min. Mice showing strong unconditioned aversion
(<33% of the session time) or preference (>67%) for either compartment
were excluded from the study. Conditioning training began on the following
day. Food-paired mice were confined, for 30 min, to one compartment, in
which they had access to palatable food (1g; Cheerios, Nestlé®) on days 2, 4
and 6. On alternate days (3, 5 and 7), mice were confined to the other chamber
with no food available. Food-unpaired mice were alternatively placed in each
compartment without receiving any food. During conditioning, the central
area was blocked by guillotine doors. Finally, the testing session (day 8) was

conducted under the same conditions as in the preconditioning phase.

87



MATERIALS AND METHODS

Time spent in each compartment was recorded during the preconditioning
and testing sessions. The CPP score for each subject was calculated as the
difference between the time spent in the drug-paired compartment during the

test and the pre-conditioning phase.

4.10.2. Alcohol-induced CPP

The same procedure was followed for alcohol-induced CPP, but in this case
mice were not food-deprived, as previously described with minor
modifications (Roger-Sanchez et al., 2012). The conditioning phase consisted
of four pairings: mice received an ip. injection of 1 or 2 g/kg alcohol
immediately prior to being confined to the drug-paired compartment for 5
min on days 2, 4, 6 and 8. On the alternate days (3, 5, 7 and 9), mice received
physiological saline before confinement to the vehicle-paired compartment for
5 min. Treatments were counterbalanced between compartments. Non-drug
paired mice were administered saline prior to confinement to one of the two
compartments every day. The test (day 10) was conducted in the same

conditions applied in the pre-test session.

4.10.3. Cocaine-induced CPP

A similar procedure was followed for cocaine-induced CPP, with no food-
deprivation, as previously described (Lujan et al., 2018). The conditioning
phase consisted of four pairings: mice received an 1.p. injection of 5 or 10
mg/kg cocaine immediately prior to confinement to the drug-paired
compartment for 30 min on days 2, 4, 6 and 8, while on alternate days (3, 5, 7
and 9) mice received physiological saline before being confined to the vehicle-
paired compartment for 30 min. Treatments were counterbalanced between
compartments. Non-drug paired mice were administered saline prior to
confinement to one of the two compartments every day. The testing session

(20 min) took place on day 10.
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4.11. Drug-induced behavioural sensitization

The sensitization to hyperlocomotor responses elicited by cocaine was
assessed in adult offspring mice (PD60) as previously described with minor
modifications (Gracia-Rubio et al., 2016a). The sensitization procedure
consisted of three phases: habituation, acquisition and challenge. In the
habituation phase, mice were placed individually into locomotor activity boxes
(24 x 24 x 24 cm) (LE881 IR, Panlab, slu.) for 30 min immediately after
receiving an i.p. saline injection. On the following five days (acquisition phase),
mice were treated daily with cocaine (7.5 or 10 mg/kg; i.p.) or saline
immediately prior to confinement in the locomotor activity boxes for 30 min.
Following a drug-free period of 8 days after the last cocaine treatment, mice
were injected with cocaine (7.5 or 10 mg/kg; i.p.) and the locomotor activity

was recorded for 30 min (challenge phase).

Saline Saline or cocaine (7.5 or 10 mg/kg; i.p.) Cocaine

| ] ] ] | | |

I I | [ I I I

0 1 2 3 4 5 14
Habituation Acquisition Challenge

Figure 18. Schematic representation of drug-induced sensitization procedure.
4.12. Operant self-administration paradigm
Catheter implantation surgery

An indwelling Silastic catheter was surgically implanted into the right jugular
vein under isoflurane anaesthesia (1.5-2.0%). During surgery, mice were
treated with an analgesic (Meloxicam; Metacam, Boehringer Ingelheim,
Barcelona, Spain; 0.5 mg/kg injected in a volume of 0.1 mL./10 g, s.c.) and an

antibiotic solution (Enrofloxacin; Baytril, Bayer, Barcelona, Spain; 7.5 mg/kg
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injected in a volume of 0.03 mI./10 g, i.p.). Following surgery, mice were
individually housed and allowed to recover for at least 3 days prior to
commencing SA training. During recovery, mice were treated daily with the
analgesic and the antibiotic solutions. The home cages were placed upon

thermal blankets to avoid post-anaesthesia hypothermia.
Acquisition of self-administration

The SA experiment was carried out in mouse operant chambers (Model ENV-
307A-CT, Med Associates, Inc. Cibertec S.A., Madrid, Spain), as previously
described with some minor modifications (Soria et al., 2008; Lopez-Arnau et
al., 2017; Lujan et al., 2018). The chambers were housed in sound- and light-
attenuated boxes and contained two holes, one of which was defined as active
and the other as inactive. Nose-poking into the active hole produced a cocaine
infusion (reinforcement) that was paired with a stimulus light placed above the
active hole. Nose-poking into the inactive hole had no consequences. The side

on which the active/inactive hole was situated was counterbalanced.

Mice were trained for 2 h per day to nose-poke in order to receive a cocaine
infusion (0.75 mg/kg) under a fixed ratio 1 (FR1) schedule of reinforcement
for 10 consecutive days (acquisition phase). When mice responded on the
active hole, cocaine was delivered in a 20 uL infusion over 2 s via a syringe
mounted on a microinfusion pump (PHM-100A, Med-Associates, Georgia,
VT, USA) connected via Tygon tubing (0.96 mm outer diameter, Portex Fine
Bore Polythene Tubing, Portex Limited, UK) to a single-channel liquid swivel
(375/25, Instech Laboratoties, Plymouth Meeting, PA, USA) and to the
intravenous catheter implanted in the mice. Each infusion was followed by a
15-s time-out period during which nose-poking on the active hole had no
consequences. Each acquisition-phase session began with a priming infusion
of the drug, with the box light turned on for 3 s and then deactivated for the

rest of the session.
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Acquisition criteria were met when: 1) mice performed at least 5 cocaine
infusions per session, 2) = 65% of responses were received at the active hole,
and 3) the number of reinforcements deviated less than 20% from the mean
number of reinforcements in two consecutive days. After 10 days of training,
mice achieving the acquisition criteria were moved to a PR session. In the PR
session (2 h), the response requirement to earn an injection escalated
throughout the following series: 1-2—-3-5-12—18-27—-40-60-90-135-200—
300—450-675-1000.

The number of cocaine infusions received on the last day of the acquisition
phase was used as the baseline to determine extinction criteria in each mouse.

Non-acquiring animals were excluded from the study.
Extinction and reinstatement

Once acquisition criteria were met, the cocaine was removed, and mice were
tested for latency to extinguish nose-poking behaviour over successive once-
daily 2 h sessions. During the extinction phase, nose-pokes into the active hole
produced neither cocaine infusion nor stimulus light presentation. Extinction
criteria were met when response levels decreased to <40% of the acquisition
baseline levels in two consecutive days for each mouse. Twenty-four hours
after achieving the extinction criteria, mice underwent a cocaine-primed
reinstatement session. Mice were confined to the operant chambers for 2h
immediately after being administered cocaine (10 mg/kg; i.p.). Nose-poking

had no consequences in any of the holes.

E Reinstatement

Acquisition (FR1) PR Extinction Cocaine priming
l/ \l l | (10 mg/kg; i.p.)
| I 1
1 10 11 12 36 37

Cocaine (0.75 mg/kg/inf)

Figure 19. Schematic representation of cocaine self-administration procedure.
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5. Biochemical assays

5.1.  BAC analysis

Blood was collected from the tail vein of the female mice immediately after
the final alcohol intake session of gestation or lactation (4th day of third week).
Samples were placed on ice for slow coagulation and were centrifuged at
10,000 xg for 40 min at 4°C to obtain cell-free plasma, which was stored at -
80°C until the alcohol quantification analysis was performed. 5 ul aliquots of
each sample were transferred to sample microvials, combined with 5 pl of
internal standard solution (0.2 g/1 isopropanol) and placed in a water bath at
50°C for 5 min. Then, 1 ml of the headspace gas was injected manually with a
Hamilton syringe into the gas chromatograph (Agilent 7890A GC-system)
equipped with a flame ionization detector (GC-FID). Alcohol and internal
standard were separated on a capillary column (Supelcowax-10®, 30m x
250um x 0.25um) using helium as a catrier gas at a constant flow rate of
2.0ml/min (split ratio 20:1). The column oven temperature was isothermal at
55°C and the injector and the FID system were set at 150 and 200°C,
respectively. Alcohol concentrations were quantified from linear standard
curves (10 — 200 mg/dl alcohol) using the peak area ratios of alcohol to the

internal standard using Agilent Chemstation software.

5.2.  Extraction and preparation of tissue samples

To evaluate the expression of pro-inflaimmatory mediators, myelin proteins
and epigenetic marks, as reported in Article 1 and Article 3 of this thesis, total
protein extracts were isolated from PFC and HPC brain areas (250 mg
tissue/0.5 ml lysis buffer) extracted from adult mice (PD70) after behavioural
testing in the Y-maze and the object recognition test. The tissue was first
homogenized in cold lysis buffer (1% Nonidet P-40, 20 mM Tris-HCI pHS,
130 mM NaCl, 10 mM NaF, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 10 mM
DTT, 1 mM Na3VO4 and 1 mM PMSF). Homogenates were kept on ice for
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30 min, centrifuged at 15,000 xg for 15 min, and the supernatant was collected
to determine protein concentration. Also, to determine nuclear proteins, the
cytoplasmic and nuclear extracts were isolated using the Epiquik Nuclear
Extraction kit, according to manufacturer’s instructions (Epigentek,
Farmingdale, NY). The lysate protein concentration was measured by the

Pierce BCA (bicinchoninic acid) assay kit (Thermo Fisher Scientific, Spain).

To evaluate the effects of curcumin on PLAE mice, mice were sactificed by
cervical dislocation after behavioural testing (Y-maze, NOR test and EPM)
and PFC and HPC structures were obtained, as reported in Article 4 of this
thesis. For the analysis of brain samples from animals in the cocaine SA
experiment, mice were sacrificed 30 min after the cocaine-primed
reinstatement session, and PFC, STR and HPC were extracted, as reported in
Article 5 of this thesis. After extraction, brain areas were quickly frozen in dry
ice and stored at -80°C until used, as previously described (Moscoso-Castro et
al., 2017). Tissue was homogenized in 30 pL of lysis buffer [0.15 NaCl, 1%
TX-100, 10% glycerol, ImM EDTA, 50 mM TRIS pH=7.4 and a phosphatase
and protease inhibitor cocktail (complete ULTRA Protease Inhibitor Cocktail
Tablets and PhosSTOP Inhibitor Cocktail Tablets, respectively; Roche, Basel,
Switzerland)] per mg (wet weight). Homogenates were centrifuged at 15,000
xg for 15 min at 4°C and the resulting supernatants were collected for protein
quantification. The lysate protein concentration was determined using a stock

solution of 5 mg/mL bovine serum albumin (BSA) as a protein standard.

5.3. Western Blot

As reported in Article 1 and Article 3 of this thesis, brain lysates were separated
by SDS-PAGE gels and immunoblotting was performed as previously
described (Alfonso-Loeches et al, 2010). Membranes were incubated
overnight at 4°C with primary antibodies (see Table 3). After washing with
Tris-buffered saline (TBS) (100 mmol/1. NaCl, 10 mmol/L Ttis, pH=7.4) and
0.1% Tween-20 (ITBS-T), blots were incubated with their respective HRP-
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conjugated antibodies: anti-rat (1/1000, Santa Cruz Biotechnology), anti-
mouse (1/5000, Sigma-Aldrich) or anti-rabbit (1/20000, Sigma-Aldrich). Blots

were developed using the ECL system (ECL Plus, Amersham Biosciences).

Some membranes were stripped for 1 h at 60°C in SDS solution (2% SDS,
0.85% 2-ME, and 65 mM Tris-HCI (pH 6.8), washed and incubated with anti-
GAPDH (1/3000, Chemicon), anti-Lamin A/C (LMNA; 1/1000, Cell
Signalling) or anti-Vinculin (1:10000, Abcam) for 2 h as loading controls. A

densitometry analysis was assessed with Alpha-Fase FC, version Alpha Imager

2200 (Alpha Innotech Corporation). For comparative purposes, control values

were normalized to 100% and the respective protein expression values were

adjusted according to the normalization factor.

Antibody

Caspase-1

Caspase-3

GAPDH

GFAP
H3K9ac
H4Kb5ac

H4K12ac
H3K4me3
K-Ac
LMNA

MAG

Description

Caspase-1/ Interlenkin-1
converting engyme (ICE)

Caspase-3 p17 subunit

(active)

Glyceraldehyde 3-phosphate
debydrogenase

Glial fibrillary acidic protein
Histone H3 Acetyl-K9
Histone H4 Acetyl-K5

Histone H4 Acetyl-K12
Histone H3 (tri-methyl &4)
Acetyl Lysine
Lamin A C

Mpyelin-associated glycoprotein
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Host

Rabbit

Rabbit

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Rabbit

Dilution

1:100

1:1000

1:3000

1:500

1:1000

1:10000

1:1000

1:1000

1:1000

1:1000

1:5000

Company

Santa Cruz

Biotechnology

Cell Signaling

Chemicon

Sigma-Aldrich
Cell signalling
Abcam
Cell signalling
Abcam
Abcam
Cell Signalling

Abcam
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MBP Mpyelin Basic Protein Rat 1:1000 Abcam
MYRF Mpyelin Regulatory Factor Rabbit 1:1000 Millipore
NeuN Nenronal Nuclei Mouse 1:100 Chemicon
NF-xB Nuclear factor NF-Kappa-B  Rabbit 1:50 Santa Cruz

P65 P65 subunit Biotechnology
NLRP3 Nod-like receptor family, Goat 1:1000 Abcam
Pyrin Domain Containing
protein 3

PLP Myelin proteolipid protein Rabbit 1:1000 Abcam

TLR2 Toll-like receptor 2 Rabbit 1:200 Santa Cruz
Biotechnology

TLR4 Toll-like receptor 4 Mouse 1:200 Santa Cruz
Biotechnology

VCL Vinenlin Rabbit = 1:10000 Abcam

Table 3. Primary antibodies used in chemiluminescent immunoblotting.

As reported in Article 4 and Article 5 of this thesis, fluorescent Western Blot
technique was used to determine protein expression in tissue homogenates.
Equal amounts of protein (16 pg) for each sample were mixed with loading
buffer (153 mM TRIS pH=6.8, 7.5% SDS, 40% glycerol, 5 mM EDTA, 12.5%
2-B-mercaptoethanol and 0.025% bromophenol blue) and loaded onto 10%
polyacrylamide gels, and transferred to PVDF sheets (Immobilion-P, Merck,
Burlington, USA). Membranes were blocked with 5% BSA in TBS-T for 1 h
and then immunoblotted using the primary antibodies listed in Table 4
overnight at 4 °C. Finally, membranes were incubated for 1 h with their
respective secondary fluorescent antibodies: anti-mouse (1:2500, IRDye 800,
Rockland) and anti-rabbit (1:2500, IRDye 680, Rockland). Protein expression
was quantified using a LI-COR Odyssey scanner and software (LI-COR

Biosciences, Lincoln, USA). Protein densities were normalized to the
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detection of the housekeeping control gene in the same samples and expressed

as a fold-change of the control group.

Antibody Description Host Dilution Company
B-tubulin beta-tubulin Mouse 1:5000 BD Pharmingen
B-tubulin class 111 beta-tubulin Rabbit 1:1000 Abcam

AFosB delta FosB Mouse 1:250 Abcam
CREB ¢AMP response element-  Rabbit 1:500 MERCK
binding protein
Di1R dopamine receptor 1 Rabbit 1:500 Abcam
D2R dopamine receptor 2 Rabbit 1:500 MERCK

DARPP-32 dopamine- and ¢AMP—  Rabbit 1:1000 Cell Signaling
regulated phosphoprotein

GAPDH hyceraldehyde-3-phosphate . Mouse 1:2500 Santa Cruz
debydrogenase Biotechnology
GluAl AMPA receptor subunit 1 Rabbit 1:1000 MERCK
GluA2 AMPA receptor subunit 2 Rabbit 1:1000 MERCK
IL-6 Interlenkin-6 Mouse 1:500 Santa Cruz
Biotechnology
NFxB/p65 = Nuclear factor NF-Kappa-  Mouse 1:100 Santa Cruz
B p65 subunit Biotechnology
pPCREB phosphorylated CREB Rabbit 1:1000 MERCK
PDARPP- | phosphorylated DARPP- = Rabbit 1:1000 MERCK
32 (Thr34) 32(Thr34)
TNF-« Tumor necrosis factor alpha =~ Rabbit 1:500 Abcam

Table 4. Primary antibodies used in fluorescent immunoblotting.
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5.4. Interleukin-1f enzyme-linked immunosorbent assay

(ELISA)

Brain tissue was homogenized in cold lysis buffer (1% Nonidet P-40, 20 mM
Tris-HCI pHS8, 130 mM NaCl, 10 mM NaF, 10 pg/ml aprotinin, 10 pg/ml
leupeptin, 10 mM DTT, 1 mM Na3VO4 and 1 mM PMSF) (250 mg tissue/0.5
ml). Lysis samples were kept on ice for 30 min and centrifuged at maximum
speed (13,000 rpm) for 15 min. The supernatant was collected for protein and
cytokine determination. Protein was determined by using the Pierce BCA
assay kit (Thermo Fisher Scientific, Spain). The cytokine levels of IL-13 were
measured using the ELISA kit (Bender MedSystems GmbH, Austria),
following the manufacturer’s instructions, as previously reported (Alfonso-

Loeches et al., 2016). IL-1B levels were expressed as pg/mg of protein.

5.5. Measurement of HDAC and HAT enzymatic
activities

The activity of HAT and HDAC was measured in the nuclear fraction using
the EpiQuik™ HAT Activity/Inhibitor Assay Kit (Epigentek, Madrid, Spain),
and the Epigenase HDAC Activity/Inhibition Direct Assay Kit (Epigentek),
respectively. In these kits, the microplates contain the respective substrates
stably coated onto the wells. The nuclear extract samples of PFC and HPC
were added to catalyse the intended reaction. The products were then detected
in ELISA-like reactions using specific antibodies, as indicated in the
manufacturer’s instructions. Each sample’s optical density (OD) was

measured at 450 nm and the results were expressed as OD/h/mg protein.

5.6. Cytochrome c oxidase histochemistry

Adult mice (PDG60) were sacrificed and their brains were quickly removed,
frozen in isopentane (Sigma—Aldrich) at —70°C and stored at —40°C to
preserve brain tissue and enzyme activity. Next, 30 um-thick coronal brain

sections were obtained using a cryostat microtome (Microm International
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GmbH, model HM 505-E, Heidelberg, Germany). The sections were
mounted on slides and stored at —40°C ptior to processing with quantitative

cytochrome-c oxidase (CCO) histochemistry.

A modified version of the quantitative CCO histochemical method developed
by Gonzalez-Lima and Jones (1994) was used. Staining variability across
different staining baths was controlled by including sets of tissue standards.
These standards were obtained from sections of brain homogenates of
previously known CCO activity determined spectrophotometrically.
Following the previously described protocol by Conejo et al. (2013), sets of
standards cut at different thicknesses (10, 30, 50 and 70 pm) were included
with each batch of slides. Each set of slides was fixed for 5 min with a 0.5%
glutaraldehyde solution, rinsed three times in phosphate buffer (PB) and
preincubated during 5 min in a solution containing 0.05 M Tris buffer at pH
7.6 with 275 mg/l cobalt chloride, 10% (w/v) sucrose, and 5 ml
dimethylsulfoxide. The sections were then rinsed in PB (pH 7.6; 0.1 M) and
were incubated at 37°C for 1 h in the dark and with continuous stirring, in a
solution containing 50 mg 3,3'-diaminobenzidine, 15 mg cytochrome ¢ (Sigma-
Aldrich) and 4 g sucrose per 100 ml PB (pH 7.4; 0.1 M). The reaction was
stopped by fixing the tissue in buffered formalin (10% w/v sucrose and 4%
formaline) for 30 min at room temperature. The slides were then dehydrated,
cleared with xylene and coverslipped with Entellan (Merck, Darmstadt,

Germany).
Evaluation of regional brain cytochrome c oxidase activity

CCO histochemical staining intensity was measured by densitometric analysis
using a computer-assisted image analysis workstation (MCID, InterFocus
Imaging Ltd., Linton, England), which includes specific image analysis
software. Four measurements of relative optical density in three consecutive
sections were obtained for each region, making up a total of twelve measures

per region. To establish comparisons and consider possible staining variations
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across brain sections from different staining baths, measurements were also
obtained from CCO-stained brain homogenate standards. Regression curves
between section thickness (10, 30, 50, 70 micrometer-thick sections) and CCO
activity, previously measured by spectrophotometric assay in each set of
standards were calculated. Finally, average relative optical density measured in
each brain region was converted into CCO activity units (1 unit: 1 pmolL of
cytochrome ¢ oxidized/min/g tissue wet weight at 23°C) using the previously
calculated regression curve in each homogenate standard. The average
measure per region was carried out for each section and animal. These
included cingulate, prelimbic, and infralimbic areas of the medial prefrontal
cortex and primary motor cortex. In addition, the following regions were also
analysed: STR, NAc, lateral septal nucleus, bed nucleus of the stria terminalis,
ventral pallidum (substantia innominata), anterodorsal and anteroventral
thalamic nuclei; hippocampal subfields including CA1, CA3 and DG of the
dorsal and ventral HPC; lateral and medial habenula; medial, basal, lateral and
central amygdaloid nuclei; medial, medial lateral part and lateral nuclei of the
mammillary bodies; pars reticularis and pars compacta of the substantia nigra
and ventral tegmental area. Likewise, granular and molecular layers of the
central (lobules II, IIT), culmen (lobules IV-V) and uvula (lobules IX) of the
cerebellum were taken into account. The selected brain regions were defined
according to an interactive online atlas, the Allen Mouse Brain Atlas (version

2, 2011; http:/ /atlas.brain-map.otrg/).
5.7.  BrdU immunofluorescence labelling

On PD60, neurogenesis was evaluated in the DG of the HPC. Animals were
injected three times at 2h intervals with a thymidine analogue, 5'-bromo-2'-
deoxyuridine (BrdU, Sigma-Aldrich; 100 mg/kg; i.p.) as previously described
with minor modifications (Chen et al., 2012; Johansson et al., 2015). Brain
tissue was collected 3 or 30 days after the last BrdU injection to determine
neural cell proliferation and survival, respectively. Mice were anesthetized and

transcardially perfused with 0.1M PB followed by ice-cold 4%
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paraformaldehyde PB solution. Brains were removed, postfixed in 4%
paraformaldehyde PB solution overnight at 4 °C and stored in 30% v/v
sucrose in 0.1M PB at 4 °C. After freezing in dry ice, 30 um-thick coronal
tissue sections were obtained using a microtome. Subsequently, floating brain
sections were washed three times in 0.1M phosphate saline buffer (PBS),
treated with 2N HCI for 30min at 37°C and neutralized in tap water, followed
by immunofluorescent staining. After extensive washes in PBS, sections were
blocked with a PBS solution containing 0.25% Tween 20 and 5% normal goat
serum for 1h at room temperature. The following primary antibodies were
then incubated in the same solution for 48h at 4°C: rat anti-BrdU (1:300;
Abcam, Cambridge, UK), mouse anti-neuronal specific nuclear protein
(NeuN) (1:1000; Merck). After three washes in PBS, floating sections were
incubated with fluorescent secondary antibodies for 2h at room temperature
without light: goat anti-rat IgG Alexa Fluor 488 (1:500; Invitrogen, Barcelona,
Spain), goat anti-mouse IgG Alexa Fluor 555 (1:500; Invitrogen). Finally,
sections were mounted on slides using Fluoroshield (Sigma-Aldrich) and a

coverslip was placed on top for microscopy imaging.

Image analysis

Six brain sections containing the DG of the HPC of each subject were
analysed bilaterally. Samples were visualized and digitized under a 20x
objective using a laser scanning confocal microscope (Leica TCS SP5;
Mannheim, Germany). Z-plane image stacks (1,024x1,024 pixels) were taken
at 2 pm. BrdU+ cells with NeuN colabelling in the DG of the HPC were
quantified using Image] software (NIH, Bethesda, MD, USA) and the average

of each sample was calculated.

5.8.  Iba-1and GFAP immunofluorescence staining

Microglia and astrocyte activation in the DG of the HPC was evaluated using

ionized calcium-binding adapter molecule 1 (Iba-1) and GFAP markers. The
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immunodetection of Iba-1+ (microglia) and GFAP+ (astrocytes) cells was
followed as previously described (Gracia-Rubio et al., 2016b). Mice were
anesthetized and transcardially perfused with 0.1M PB followed by ice-cold
4% paraformaldehyde (Merck) PB solution. Brains were quickly removed,
postfixed in 4% paraformaldehyde PB solution overnight at 4 °C and stored
in 30% v/v sucrose in 0.1M PB at 4 °C. After freezing in dry ice, 30 um-thick
coronal tissue sections were obtained using a microtome. Then, free-floating
brain sections were washed three times in 0.1M PBS and then were blocked
with a PBS solution containing 0.3% Triton X-100 (Sigma-Aldrich) and 3%
normal goat serum (Vector Laboratories Inc., Burlingame, CA) for 2h at room
temperature. The following primary antibodies were then incubated in the
same solution overnight at 4°C: rabbit polyclonal anti-Ibal (1:500; Wako Pure
Chemical Industries, Japan), rabbit polyclonal anti-GFAP (1:500; Dako,
Glostrup, Denmark). After three washes in PBS, floating sections were
incubated with fluorescent secondary antibodies for 2h at room temperature
without light: goat anti-rabbit IgG Alexa Fluor 488 (1:500; Invitrogen,
Barcelona, Spain), goat anti-rabbit IgG Alexa Fluor 555 (1:500; Invitrogen).
Then, slides were washed three times for 10 min and incubated with Hoechst
33258 (1:10.000; Invitrogen) for 5 min to visualize cell nuclei. Finally, sections
were mounted on slides using FluorSave (Calbiochem, Darmstadt, Germany)

and coverslipped for microscopy.

Image analysis

A minimum of three images were taken for each subject bilaterally. Sample
areas were visualized under a 20x objective in a Leica DMR microscope, and
digitized using a digital camera Leica DFC 300 FX (Vashaw Scientific Inc,
Atlanta, GA). Immunoreactive cells were quantified using Image] software
(NIH, Bethesda, MD). The background was subtracted by adjusting the
detection threshold density, and we only considered the signal density above

the threshold. The investigator was blind to the groups analysed. The number
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and percentage of stained pixels per area was measured and the average of

each sample was calculated.

6. Statistical analysis

Data obtained from the DID test were analysed using two-way analysis of
variance (ANOVA) with group (alcohol vs. water) as a between-subject factor
and day as a within-subject factor, followed by Bonferroni post-hoc
comparisons when required. One-way ANOVA with repeated measures was
used to analyse alcohol intake during the DID test. Correlations between
maternal alcohol intake levels and behavioural and neurochemical results were
performed by Pearson’s correlation analyses. Maternal care data were analysed
using two-way ANOVA with repeated measures. Subsequent Bonferroni
post-hoc comparisons were calculated when required. Data from Y-maze,
object recognition, rotarod test and EPM were analysed using unpaired or
paired (as corresponding) two-tailed Student’s t-test. Locomotor activity
results were analysed using two-way ANOVA with group and time as factors
of variation or by unpaired two-tailed Student’s t-test to compare total
deambulations and rearings between groups. Results obtained in the BrdU
assay and immunoblotting were analysed using unpaired two-tailed Student’s
t-test. Iba-1 and GIFAP quantification and protein expression of pro-
inflammatory mediators in curcumin experiment were analysed by two-way

ANOVA with group and freatment as factors of variation.

Data from CPP were evaluated using two-way ANOVA with group and
treatment as factors of variation. We calculated a three-way ANOVA with
repeated measures for the locomotor sensitization with group and freatment as
between-subject factors and day of test as a within-subject factor. To analyse
the acquisition, extinction and reinstatement of the SA, a three-way ANOVA
with repeated measures was performed with group as a between-subject factor
and day of training and nose-poke (active vs. inactive holes) as within-subject

factors. When required, ANOVA analyses were followed by Bonferroni post-
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hoc tests. The unpaired two-tailed Student t-test was used to analyse the
differences between groups in the total of active nose-pokes, total of cocaine
consumption, day of acquisition, PR test and day of extinction. The area under
the curve was calculated for extinction curve and compared between groups

using the Student t-test.

Group differences in mean brain CCO activity measured in each brain region
were analysed by Student’s t-tests. In order to evaluate possible changes in
functional relationship between regional brain activity caused by the DID test,
regional CCO activity data were analysed in terms of pair-wise correlations
within each experimental group (Puga et al., 2007). Pearson product—moment
correlations were calculated for interregional correlation analysis, including
pair-wise comparisons of each region showing a mean between-group
difference as revealed by Student’s #tests. CCO activity values were
normalized by dividing the measured activity of each brain region by the
average CCO activity value of the hippocampal areas measured for each
animal. This was done in order to reduce possible differences in the intensity
of CCO staining not resulting from experimental manipulations. To ensure
the reliability of correlations, a jackknife’ procedure (Shao and Tu, 1995) was
performed based on the calculation of all possible pair-wise correlations
resulting from the removal of one subject each time and only considering the
correlations that remained significant (p<0.01) across all possible
combinations. This is a conservative method, sensitive to outliers, which
avoids magnified type-1 errors caused by the large number of interregional
correlations computed in relation to the sample sizes. This statistical analysis
was performed using the statistics module featured in SigmaPlot 12 software

(Systat Software Inc., Germany).

Statistical analyses were performed using SPSS Statistics v23. Data were
expressed as mean T standard error of the mean (SEM). The a-level of

statistical significance was set at p<0.05.
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Alcohol is one of the most detrimental neurotoxic compounds to affect the
developing foetus. Of the various organ systems affected, the brain is the most
severely impacted (Caputo et al., 2016). Alcohol drinking during pregnancy,
even at low-to-moderate doses, can have deleterious effects on the eatly
development of the foetus and continued growth (Valenzuela et al., 2012;
Subramoney et al., 2018). Exposure to alcohol during foetal development can
impair brain ontogeny, leading to a wide range of long-lasting physical,
neurocognitive and behavioural dysfunctions collectively known as FASD
(Sokol et al., 2003; Dérrie et al., 2014). The CNS is particularly vulnerable to
the teratogenic effects of alcohol owing to its extended developmental period.
Therefore, alterations related with the CNS are among the most common and
severe manifestations of FASD, impairing a wide range of functions, such as
learning, memory attention, fine motor coordination, judgement, social
interaction and emotional behaviour (Riley et al., 2011). Even though, the
subsequent behavioural outcome is markedly influenced by several factors
including dosage, pattern and developmental timing of alcohol exposure, as
reviewed in the Introduction. Binge alcohol drinking has recently emerged as a
popular pattern of consumption among teenagers and young adult population,

including pregnant women (Popova et al., 2017b), which is of great concern.

To our knowledge, the effects of prenatal and lactational binge alcohol
exposure using an animal model of voluntary alcohol consumption have been
scarcely addressed, since most of the previous studies used a parenteral route
of alcohol administration to reproduce a binge episode (Mantha et al., 2014;
Wagner et al., 2014; Jakubowska-Dogru et al., 2017). Furthermore, most of
them focused on different stages of gestation or postnatal period but did not

cover for the full length of gestation and lactation periods.

The molecular mechanisms underlying alcohol-induced neuroteratogenesis
are complex. Therefore, the long-lasting consequences of maternal alcohol

binge drinking on the adult offspring brain are still not fully understood.
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Furthermore, binge alcohol drinking during pregnancy has been identified as
a risk factor for the development of mental disorders later in life, such as
substance abuse (Barr et al.,, 2006). However, the increased vulnerability to
drug addiction in binge alcohol-exposed offspring and the neurobiological

mechanisms underlying the heightened risk have been scarcely addressed.

Hence, this thesis has been focused on evaluating the long-term consequences of
maternal binge alcobol consumption during critical periods for brain development -prenatal
and lactational periods- on cognitive, motor, emotional and addictive behaviour in adult male

miice and its underlying mechanisms.

1. Behavioural characterization of our FASD model

There are no current animal models that completely recapitulate all the
characteristic features of FASD present in humans (Gil-Mohapel et al., 2010).
Thus, different models are continuously being developed in animal studies
with variations in the developmental timing of alcohol exposure, the duration
and the mode of administration. In this thesis, we chose a voluntary
consumption strategy for alcohol exposure instead of intraperitoneal
injections or intragastric intubation in order to produce the least amount of
maternal stress. The oral route of administration has the advantage that it
better resembles the human situation, in which alcohol is being consumed
orally, and therefore enters the blood stream through the same mechanisms
by which it occurs in humans. Furthermore, there are a limited number of
rodent studies in which alcohol is administered both pre- and postnatally as a

model of alcohol exposure during the period equivalent to all three trimesters.

To reproduce an episodic pattern of excessive alcohol drinking during
pregnancy and lactation periods, we exposed pregnant and nursing C57BL/6
female mice to an alcohol solution using the DID paradigm (Rhodes et al.,
2005; Thiele and Navarro, 2014; Thiele et al., 2014). In addition, we chose a

dose of 20% (v/v) alcohol in accordance with previous studies from our
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laboratory showing that higher levels of alcohol intake were found with this
dose compared with 30% (v/v), and mice exposed to 20% (v/v) achieved
BAC:s higher than 80 mg/dL (Esteve-Arenys et al., 2017). Few studies have
previously used the DID procedure as a model of prenatal and postnatal
binge-like alcohol exposure. Boehm et al. (2008) employed the DID test
paradigm throughout the gestational period to model binge drinking in
C57BL/6 mice and proposed it as a useful model of FASD. Our study differs
from this in that we extended maternal alcohol consumption until weaning
(PD21), given that a significant phase of brain development occurs after birth
in rodents. Furthermore, our procedure better mimics the human condition in
which some alcoholic mothers continue to drink throughout the breastfeeding
period (Breslow et al., 2007; Haastrup et al., 2014; May et al., 2016). When a
lactating woman consumes alcohol, it is transferred into the milk, equalling the
levels found in maternal blood (Guerti and Sanchis, 1986). Thus, alcohol can
be transferred through the breast milk to the pups, but scarce research data is
available regarding the long-term effects of binge-like alcohol drinking during
lactation (Mennella, 2001; Haastrup et al., 2014).

Few rodent strains voluntarily consume alcohol to reach similar levels of BACs
as that achieved by humans, but C57BL/6 mice are known for its drinking
preference for alcohol over water and DID has been proved to mimic binge
drinking in C57BL/6 mice and allowing them to reach high BACs (Rhodes et
al., 2007; Crabbe et al., 2011). In our study, C57BL/6 females consumed
higher amounts of alcohol during the binge drinking sessions (4h-access)
compared with the three previous days (Zh-access) of each DID weekly cycle.
During gestation, females were exposed to three binge episodes, while females
exposed during gestation and lactation periods underwent a total of six binge
episodes, reaching BACs of 80 mg/dL approximately after the binge drinking
sessions, which are defined as binge intoxication levels (NIAAA, 2016). In
addition, we found a positive correlation between alcohol intake levels, volume

consumed and BACs, indicating that females drinking higher amounts of
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alcohol may result in more defects on their progeny as alcohol swiftly crosses
the placenta and can be detected in the foetus almost immediately after a peak
rise in maternal BAC (Burd et al., 2012). Interestingly, we found an increase
of water consumption in the control group during the lactational DID
procedure compared with the gestation period, but this effect was also
observed in alcohol-exposed females during ad /ibitum access periods.
Therefore, we attributed this to an increased physiological demand of fluid

intake to support milk production after parturition (Bentley, 1998).

The levels of alcohol consumption achieved by females in this study were
consistent with values for C57BL/6 mice in previous studies (Allan et al.,
2003; Boehm et al., 2008; Brady et al., 2012). Even though the levels of BAC
were not determined in all the experiments of this study, the amount of alcohol
intake by females was comparable to that assessed from females producing

BAC:s of 80 mg/dL.

Food intake and maternal body weight gain were not affected by alcohol
consumption as no differences were observed between females exposed to
water or alcohol during the DID test. Similarly, offspring of alcohol-drinking
dams did not differ in weight, litter size or pup mortality compared with their
counterparts, yet later behavioural assessment yielded to long-lasting cognitive
deficits, motor coordination impairments, and anxiety-related behaviour. The
overall pattern of behavioural alterations was consistent and reproducible
across the different experiments, indicating that although alcohol exposure by
voluntary maternal consumption may be variable from litter to litter, this
model produces subtle, reproducible, and long-lasting effects in the adult
brain. Further, it is likely that BACs reached by dams are pharmacologically

relevant given the behavioural alterations obsetved in their offspring.

In agreement with our findings, preclinical studies reported no differences in

litter size or pup weight in rodent models of alcohol exposure 7 utero (Savage
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et al., 2002; Allan et al., 2003; Choi et al., 2005; Barbier et al., 2009; Kleiber et
al., 2011; Brady et al., 2012; Cullen et al., 2014). In contrast, other reports have
shown reductions in brain and body weight and reduced litter size in alcohol-
exposed offspring (Chappell et al., 2007; Dasgupta et al., 2007; El Shawa et al.,
2013; Comeau et al., 2014; Helfer et al., 2014; An and Zhang, 2015; Abbott et
al.,, 2016), consistent with human findings in neuroimaging studies revealing
global brain volume reductions in FASD patients (Donald et al., 2015).
Interestingly, Boehm et al. (2008) reported reduced body weight in adolescent
alcohol-exposed offspring mice, but not in adult mice, suggesting that this
deficit was reversed by compensatory mechanisms. Such discrepancies in the
literature might be explained by differences in alcohol dosage and timing of

exposure.

In addition, we evaluated the maternal care behaviour, since there are
evidences that maternal care-taking behaviour can be disrupted in alcoholic
mothers (Jacobson, 1997; Christensen and Bilenberg, 2000). Mother-pup
interaction plays an important role during the first period of postnatal life, as
variations in maternal behaviour can induce alterations in endocrine,
emotional and cognitive responsivity to stress in offspring. Indeed, animals
experiencing non-nurturing maternal care show increased anxiety-like
behaviour and enhanced stress responses in addition to epigenetic alterations
(Weaver et al., 2004; Meaney and Szyf, 2005; McGowan et al, 2011).
Observations of rodents during the postpartum period indicate that offspring
receiving greater levels of maternal care, evaluated by ‘pup licking and
grooming’ and ‘arched-back nursing’ behaviours, show more modest HPA
stress responses, a phenomenon involving epigenetic rearrangements
(Kundakovic and Champagne, 2015). The quality of maternal care during early
postnatal period can be modulated by a variety of environmental
manipulations, such as social isolation or environmental enrichment. Notably,
our results do not show robust alterations in maternal care behaviour due to

maternal binge alcohol drinking during gestation and lactation periods.
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Furthermore, there is no compromised nurturing effect on pup’s body growth,
indicating that maternal care is appropriate in our experimental model. In
agreement with our findings, Raineki et al. (2017) reported that maternal
licking and grooming and self-directed behaviour were not affected by alcohol
consumption during pregnancy in mice. Similarly, no differences in pup
retrieval and time spent on the nest were found between alcohol-exposed and
control mice (Brady et al., 2012). Thus, behavioural alterations observed in
PAE offspring (Weinberg et al., 2008; Hellemans et al., 2010; Schneider et al.,
2011) might be primarily due to the direct effects of alcohol exposure and not
to altered maternal behaviour. However, a previous study showed alterations
in nursing behaviour and increased negative maternal care in female rats
exposed to alcohol during gestation (Workman et al., 2015); even though, the
frequency of licking and grooming was not affected. In addition, low-levels of
alcohol administered via gavage during late gestation increased arched-back
nursing and affected pup retrieval in Sprague-Dawley but not in Long Evans
rats, indicating a strain-specific effect (Popoola et al., 2015). Also, maternal
behaviour was disrupted after first-experience with alcohol intoxication in
lactating rats, but repeated exposures to alcohol led to maternal tolerance and
decreased the behavioural reactivity of infants to alcohol (Pepino et al., 2002).
Hence, variations in alcohol dosage, route and pattern of administration, and

strain differences can have a different impact on maternal behaviour.

Behavioural assessment of PAE and PLAE offspring revealed a significant
long-lasting impact of maternal binge-like alcohol drinking during prenatal
and/or postnatal periods on the motor domain, cognitive function and

emotional behaviour in offspring mice.

A subtle range of cognitive defects has been described in children with PAE,
including disabilities in learning and memory, social interaction and attention
deficits (Clarke and Gibbard, 2003; Zuccolo et al., 2013; Murray et al., 2010).

Thus, we evaluated spatial working memory in PAE and PLAE mice using the
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Y-maze spontaneous alternation test, which is mainly dependent on PFC
function (Lalonde, 2002; Yoon et al., 2008). Even though we did not find
differences between PAE mice and their counterparts in the cognitive
performance, a reduced score in PLAE mice was found, indicating a deficit in
working memory as assessed with the Y-maze task. Deficits in spatial learning
and memory have also been reported in other preclinical models of PAE
(Berman and Hannigan, 2000; Marquardt and Brigman, 2016). Rats prenatally
exposed to alcohol showed spatial working and reference memory
impairments that became more evident as task difficulty increased (Popovié et
al., 20006). Also, executive function impairments assessed by reversal learning
in the Y-maze were found in PAE adolescent and adult mice (Allan et al., 2014;
Marquardt et al., 2014), supporting our findings. However, prenatal chronic
moderate alcohol exposure (6% v/v alcohol) did not impair the performance
in the Y-maze task neither in adult or aged rats (Cullen et al., 2014). Such
discrepancies with our results might be attributed to the lower concentration
of alcohol used, the lower maternal BACs achieved (~30 mg/dL) and the
different ages at which offspring were tested. Indeed, the amount of maternal
alcohol intake appears to be related with the behavioural outcome observed
in the offspring. Accordingly, the score obtained in the Y-maze task by PLAE
mice in our study correlated with each corresponding maternal BAC, whereas
no significant correlation was found in PAE mice, which did not show any

impairment.

We also evaluated PAE and PLAE mice in the NOR test, a hippocampal-
dependent task (Barker and Warburton, 2011). No evidences of object
recognition memory impairment were found 24h after the acquisition trial as
assessed in Article 1, even though we found a reduced discrimination index in
PLAE mice 72h following the first exposure in the NOR test as described in
Article 4. In Article 1, NOR test was performed in a white open field arena and
only one object was displayed during the acquisition trial, introducing a novel

object in the retention trial 24h later. In contrast, in Article 4 the NOR test was
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performed in a black open field and two identical objects were presented on
the acquisition trial, and one of the familiar objects was replaced with a novel
object on the retention trial, that took place 72h later. Thus, it is plausible that
differences in methodology and timing of assessment may account for such
discrepancies. Interestingly, Allan et al. (2003) reported increased novelty
exploratory behaviour in a mouse model of PAE using a voluntary drinking
paradigm, whereas reduced exploration of the novel object was reported in
rats exposed to alcohol during prenatal and preweaning periods (Popovi¢ et

al., 2006; Marche et al., 2011).

Another study of our group evaluated spatial and working memory using the
radial arm maze, showing a higher number of errors in PLAE mice than in the
control group, in addition to corroborating the findings in the NOR test
(Montagud-Romero et al., 2019). Also, spatial working memory impairments
in the radial arm maze were found in rats exposed to alcohol during the second
quarter of prenatal life (Salami et al., 2004). Other studies reported deficits in
spatial memory tasks, such as the Barnes maze or the delay-non-match-to-
place test (Kleiber et al., 2011; Brady et al.,, 2012; Houlé et al., 2017), in
C57BL/6 mice.

We also reported subtle alterations in spatial working memory and cognitive
flexibility in PLAE mice as assessed by the left-right discrimination task, in
which different brain areas are involved, including the PFC and the HPC
(Deacon and Rawlins, 2006). The number of trials needed to reach learning
criterion in the acquisition phase was higher in PLAE mice, revealing
impairments in the acquisition of learning. Also, an effect of PLAE in the
latency to reach the platform was found in both acquisition and reversal

phases, indicating mild cognitive deficits in PLAE adult offspring mice.

Deficits in fine motor control tasks and postural balance have been reported

in FASD patients (Connor et al., 2006; Lucas et al., 2014). Consistent with
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these findings, we found motor coordination impairments in both PAE and
PLAE mice at late adolescence as assessed by a reduced latency to fall in the
accelerating rotarod test, which involves a whole network of motor skill
learning-associated brain areas, including cerebellum (Shiotsuki et al., 2010;
Scholz et al., 2015). Accordingly, motor deficits were found in rats exposed
chronically to 24% v/v alcohol duting gestation (Tong et al., 2013) and in mice
prenatally exposed to 18% v/v alcohol (Cebolla et al., 2009). In addition,
mouse pups receiving alcohol injections from PD4-9 showed deficits in
rotarod and balance beam performance (Bonthius et al., 2015). Also,
adolescent rats exposed daily to 4g/kg alcohol from GDG6 to PD21 showed
reduced motoric capacity in the rotarod (Bagheri et al., 2015). Nevertheless,
neither adolescent nor adult offspring mice exposed to alcohol prenatally
showed alterations in the rotarod performance (Boehm et al., 2008). Likewise,
chronic intragastric administration of 6 g alcohol/kg/day throughout
gestation did not produce rotarod impairments in adult rat offspring (Dursun
et al., 20006), albeit higher maternal BACs were recorded in these studies.
Hence, in that case, a linear correlation between the levels of alcohol ingested

and the outcome severity should not be expected.

ADHD is often diagnosed as a comorbid condition in FASD-affected
individuals (Popova et al., 2016). Therefore, we evaluated spontaneous
locomotor activity in PLAE mice at different time points, adolescence (PD30)
and adulthood (PD60). We found age-dependent alterations in locomotor
activity, with adolescent PLAE mice showing hyperactivity while adult PLAE
mice showed diminished locomotor activity compared with control group.
Noteworthy, such differences were only significant when data were analysed
by collapsing the whole 45-min period. As indicated by some studies, it is
during adolescence that hyperactivity is more often diagnosed in FASD
patients and the alteration may become less pronounced during adulthood
(Kleiber et al., 2011). In accordance with our findings, previous studies have

reported locomotor activity to be increased by alcohol dosage and reduced
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with age in PAE rats (Kim et al., 2013; Mufioz-Villegas et al., 2017). Similarly,
hyperactivity in juvenile but hypoactivity in adult rats as a consequence of early
exposure to alcohol has been previously reported (Marche et al., 2011). The
differences obtained between pre- and post-pubertal stages could most
probably be explained by the major brain maturation processes that occur
during adolescence (Sisk and Foster, 2004; Fuhrmann et al., 2015). Also,
diminished locomotor activity was appreciated when assessed at adulthood in
other rat studies (Dursun et al., 2006; Ohta et al.,, 2010). Hypoactivity at
adulthood may be a result of damage to the developing frontal cortices,
affecting the frontostriatal circuitry, like others pointed out (Alberry and
Singh, 2016; Schambra et al., 2016). However, other studies using a lowest
dose of alcohol and shorter periods of alcohol exposure reported no
differences in basal locomotor activity after developmental alcohol exposure
in mice (Brady et al., 2012; Alberry and Singh, 2016) or even a decrease in
locomotion in adolescent rats (Abate et al., 2017), suggesting that a higher dose
of alcohol and longer periods of exposure are required to induce changes in

locomotor activity.

Finally, anxiety-like behaviour was assessed using the EPM. PLAE mice
showed a reduced percentage of the time spent in the open arms of the maze
at adolescence (PD30) and adulthood (PD60), indicating a long-lasting
anxiogenic effect of binge-like developmental alcohol exposure. Furthermore,
these findings were replicated in subsequent studies (Montagud-Romero et al.,
2019). Consistently, an increase in anxiety-like behaviour following foetal
alcohol exposure has been reported in mouse (Kleiber et al., 2011; El Shawa
et al., 2013; Abbott et al., 2016; Schambra et al., 2016) and rat (Dursun et al.,
2006; Cullen et al., 2013; Baculis et al., 2015) studies. However, other studies
showed no effect on anxiety-related responses in mice (Boehm et al., 2008;
Sanchez Vega et al., 2013; Alberry and Singh, 2016) and rats (Barbier et al.,
2008; Mufioz-Villegas et al., 2017) or even an anxiolytic effect in rats (Ohta et

al., 2010). Such differences might be attributed to the pattern and route of
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alcohol administration, the period of exposure, the species and the strain used.
Notwithstanding, higher rates of anxiety have been found among FASD

patients (Hellemans et al., 2008).

Overall, greater behavioural alterations in the motor and cognitive domains
were found in PLAE mice than in PAE group, possibly owing to a cumulative
effect of alcohol exposure or the developmental timing of alcohol exposure
during early postnatal development. Indeed, some brain areas including the
HPC, are perinatally developed in both rodents and humans (Semple et al.,
2013).

2. Molecular alterations in the brain induced by

developmental binge-like alcohol exposure

Early alcohol exposure can elicit a neuroimmune response in the developing
brain involving changes in intracellular pathways, which could be one of the
mechanisms underlying the behavioural and cognitive alterations observed. In
accordance, we found enhanced expression of pro-inflammatory factors in the
PFC and the HPC of PAE and PLAE adult mice, indicating that maternal
binge alcohol drinking induces persistent neuroimmune alterations that persist
until adulthood. TLR4, NF-kB/p65, NLRP3, caspase-1 and IL-18 levels
increased mainly in the PFC after foetal alcohol exposure, while pre- and
postnatal alcohol exposure led to an increase in all the aforementioned
markers, in addition to TLR2, in the PFC and HPC. Furthermore, a positive
correlation was found between the levels of expression of the neuroimmune
markers and the maternal BACs, indicating that higher amounts of alcohol
intake would lead to greater activation of the pro-inflaimmatory pathways. In
addition, we reported an increase in GFAP expression in the PFC of PAE
mice, and in both PFC and HPC of PLAE mice, suggesting an activation of
astrocytes that persists until adulthood. Also, a diminished expression of the

neuronal marker NeuN associated with an increase of caspase-3/pl7, an
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apoptotic biomarker, was found in the PFC of PLAE mice. Thus, our results
demonstrate that maternal binge-like alcohol drinking induces a persistent
deregulation of the neuroimmune response in the offspring’s brain that
culminate with neuronal apoptotic cell death. These alterations would lead to
long-term alcohol-related impairments in learning, memory and behavioural

dysfunction, such as the deficits in executive functioning.

Indeed, developmental alcohol-induced neuroinflammation can contribute to
neuron cell loss and subsequent impairment of brain functioning (Glass et al.,
2010; Chastain and Sarkar, 2014; Guizzetti et al., 2014; Heneka et al., 2014;
Wilhelm and Guizzetti, 2015; Saito et al., 2016). The sustained activation of
microglia and astrocytes increases the release of pro-inflammatory and
neurotoxic factors, including cytokines, chemokines and ROS, which may
result in neurodegeneration by promoting apoptotic cell death (Simi et al.,
2007; Lehnardt, 2010). Consistently, previous studies reported widespread
apoptotic-induced neurodegeneration in the rodent brain after alcohol
exposure during the brain growth spurt period (Ikonomidou et al., 2000;
Olney et al., 2002a, 2002b). Furthermore, increased levels of pro-inflammatory
factors in the maternal serum and offspring’s brain associated with a long-
lasting increase of microglia markers and reduction of synaptic markers were
reported in a mouse model of FASD, effects that were prevented in TLR4 /-
mice (Pascual et al., 2017). These tesults corroborate that the innate immune
response through TLR4 activation might play an important role in the alcohol-

induced neurodevelopmental defects.

In addition, since the immune system plays a key role during CNS
development, deregulation or overactivation of immune functions during early
brain development may cause long-term effects on both neuronal function
and cognitive impairment. For instance, IL-1@ within the HPC seems to be
required for the maintenance of LTP, even though elevated levels of this

cytokine might impair learning and memory processes (Bilbo et al., 2012).

234



DISCUSSION

Recently, it has been reported that moderate PAE in rats upregulates TLR4
signalling enhancing TNF-« and 1L-1@ expression but suppresses the TLR4-
mediated innate immune response to lipopolysaccharide in the HPC (Wang et
al, 2019a). Presumably, PAE challenges the immune system during
development, which may result in attenuated innate immune response to later

pro-inflammatory stimuli in the brain.

Abnormalities in white matter structure associated with poorer myelination
have been reported in children with FASD (Sowell et al., 2008). Accordingly,
in our study we found reduced expression of protein components of the
myelin sheath in the PFC and the HPC of alcohol-exposed offspring mice.
MAG and PLP proteins were reduced in the PFC and HPC of PAE mice,
while MBP levels were not modified by iz wutero alcohol exposure alone.
However, gestational and lactational alcohol exposure decreased the levels of
MAG, MBP and PLP in both brain areas assessed, probably because it is
during the third trimester-equivalent period that myelination mostly occurs in
rodents (Semple et al, 2013). In addition, the expression of one of the
promyelinating transcription factors, MYRF, was reduced in the PFC of PAE
mice and in both PFC and HPC of PLAE mice. Remarkably, the protein
expression levels correlated negatively with the levels of maternal alcohol
intake, which suggests that the effects of alcohol on myelin disruptions might
be dose dependent. Thus, combined pre- and postnatal binge alcohol exposure
leads to persistent myelination deficits, which can affect the correct neuronal
transmission and cognitive function. Alcohol-induced myelin disruptions may
also impair the neurotransmission in corticocerebellar projections having an
impact on motor skill learning (McKenzie et al., 2014), as observed in our
mouse model of FASD at late adolescence. In fact, impaired rotarod learning

has been associated with hypomyelination (Kuhn et al., 1995).

In addition, the involvement of pro-inflammatory signalling in myelination

defects has been reported in rodent models of maternal immune activation,
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which show myelin and axonal abnormalities in the SNC (Makinodan et al,,
2008; Farrelly et al., 2015). Indeed, we have found negative correlations
between the expression of inflammatory markers and myelin proteins
analysed, indicating that an enhanced expression of pro-inflammatory factors
is associated with a reduction in the expression of constitutive myelin proteins.
The involvement of alcohol-induced TLR4 pro-inflammatory signalling in
myelin derangements has already been observed in the brain of adolescent and
adult mice after alcohol binge drinking (Alfonso-Loeches et al., 2012; Pascual
et al., 2014b; Montesinos et al., 2015), revealing a role for TLR4-mediated
immune response in the myelin alterations induced by alcohol. Similarly, it has
been shown that inhibition of TLR4-MyD88 signalling pathway reduces acute
alcohol-induced motor impairments in mice (Wu et al., 2012). In addition, it
has been recently shown that myelin disruptions are prevented in mice
deficient in the TLR4 function exposed to alcohol during gestation and
lactation periods (Pascual et al., 2017). Therefore, these results suggest that
alcohol creates a pro-inflammatory microenvironment in the developing brain,
which affects the myelinization process, leading to behavioural dysfunctions,

including motor coordination alterations.

Furthermore, we provide evidence of persistent epigenetic alterations in the
brain of our mouse model of FASD including post-translational histone
modifications and changes in the activity of HAT and HDAC enzymes.
Increased acetylation levels of H4K5 and H4K12 and total K acetylation were
found in the PFC of PLAE mice, while in the HPC just H4K5 acetylation
levels were increased. Moreover, the levels of H4K5 acetylation in the PFC
correlated positively with maternal alcohol intake levels, indicating a dose-
dependent effect of alcohol exposure on the acetylation of H4K5. Histone
acetylation has been generally associated with an open chromatin structure.
Hence, our results would indicate that pre- and postnatal binge-like alcohol
exposure induces brain region-specific epigenetic modifications associated

with an active state of gene transcription in the PFC of adult offspring mice.
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Accordingly, increased levels of H4K5 and H4K12 acetylation have been

reported after binge alcohol drinking in adolescent rodents (Pascual et al.,
2009; Montesinos et al., 2016b).

As a result of alcohol metabolism, the levels of acetyl-CoA may increase,
which in turn can promote histone acetylation, as acetyl-CoA acts as a
substrate from which to transfer the acetyl group and as a limiting factor for
the activity of the HAT enzyme, which mediates histone acetylation (Legube
and Trouche, 2003). Also, alcohol metabolization to acetaldehyde consumes
NAD++ and produces NADH, attenuating the activity of NAD+-dependent
enzymes. The sirtuin family of HDACs is NAD+-dependent; thus, alcohol
could inhibit HDAC activity. In order to elucidate the mechanism underlying
such epigenetic changes, we measured the activity of HAT and HDAC
enzymes. PLAE mice showed enhanced HAT activity in the PFC, indicating
that a deregulation of such chromatin-modifying enzyme might be involved in
the epigenetic alterations found in the PFC of PLAE mice. Thus, alcohol
exposure during foetal development may increase the levels of acetyl-CoA
leading to increased HAT activity and subsequent histone acetylation (Chater-
Diehl et al., 2017). Still, the mechanism involved in the augmented H4K5

acetylation in the HPC remains to be elucidated.

Consistent with our findings, preclinical research has shown increased
acetylation levels of H3K14 and H4KS8 in mice after early postnatal alcohol
exposure (Subbanna et al., 2014a, 2014b) and increased acetylation of H3K9
in mouse foetuses encountering an acute alcohol exposure on GD7 (Veazey
et al., 2015). Similarly, increased levels of H3K9 and H3K14 acetylation have
been found in the cardiac tissue of FASD rodent models (Zhang et al., 2014;
Peng et al., 2015), associated with an upregulated HAT activity without
affecting HDAC. However, a global decrease in histone H3 and H4 acetylation
in the cerebellum has been reported after perinatal alcohol vapour exposure

(Guo et al,, 2011) and decreased H3K9 acetylation levels were found in the
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hypothalamus of rats exposed to alcohol during gestation (Bekdash et al.,
2013). Furthermore, increased HDAC2 and HDAC4 expression has been
reported in female offspring rats after foetal alcohol exposure (Gangisetty et
al., 2015). Nevertheless, in our study no changes in H3K9 acetylation and
H3K4me3 were found in the brain areas assessed. Such contrasting findings
suggest that the epigenetic modifications induced by iz #tero alcohol exposure
might be organ- or cell type-specific (Liyanage et al., 2017; Mandal et al.,
2017b).

Recent evidence indicates that the adverse consequences of eatly alcohol
exposure in cognition and behaviour might be associated with persistent
histone modifications. Epigenetic regulatory mechanisms play a key role in
memory and learning processes (Nelson and Monteggia, 2011; Sen, 2015).
Acetylation of H4K5 and H4K12 is considered a key mark of active
transcriptional activity of genes associated with long-term memory formation
and synaptic plasticity (Peleg et al., 2010; Park et al., 2013; Peixoto and Abel,
2013). In addition, supporting the idea that histone acetylation acts as a
molecular memory aid, it has been demonstrated that promoting histone
acetylation through HDAC inhibition improves memory formation in rodents
(Guan et al., 2009; Griff and Tsai, 2013; Penney and T'sai, 2014; Volmar and
Wabhlestedt, 2015; Villain et al., 2016). The specific class 1la HDAC4 is
required for learning and memory in mice (Kim et al., 2012). In accordance,
we have recently reported that increased HDAC4 activity is associated with
the cognitive impairments present in PLAE mice, which were reversed by
trichostatin A treatment, an inhibitor of HDACs (Montagud-Romero et al.,
2019). Even though we have shown significant elevated HAT activity
associated with increased histone acetylation in the brain of PLAE mice,
HDAC inhibition, which prevents histone deacetylation, ameliorated the
cognitive performance in PLAE mice; therefore, a broader complexity of
mechanisms might be involved in the cognitive deficits induced by

developmental binge alcohol exposure.
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Furthermore, epigenetic mechanisms have been shown to regulate
neuroinflimmation (Garden, 2013). For instance, the modulation of
neuroinflammatory responses through pharmacological blockade of HDAC
activity has demonstrated an important role for HDACs in the regulation of
gene expression related with CNS inflammation (Suh et al., 2010; Licciardi et

al.,, 2013).

Changes in histone acetylation and HAT activity were found in adult mice
drinking alcohol, in addition to cognitive and anxiety-related behavioural
impairments. However, these changes were not observed in mice lacking
TLR4, demonstrating that TLR4 signalling via alterations of chromatin
structure can promote the inflammatory damage observed after chronic
alcohol exposure (Alfonso-Loeches et al., 2010; Pascual et al., 2011). Likewise,
the epigenetic changes induced by intermittent alcohol treatment were
abrogated in adolescent TLR4~/-mice (Montesinos et al., 2016b). Therefore, it
is plausible that the long-lasting epigenetic changes induced by pre- and
postnatal binge alcohol exposure in the brain might be contributing to the
neuroimmune alterations found in PLAE mice. Recently, it has been shown
that neonatal alcohol exposure induces epigenetic modifications related with
microglia priming (Chastain et al., 2019). Alcohol-exposed adult rats showed
enduring increases in H3K9 acetylation enrichment at TNF-« and IL-6
promoter regions, suggesting a possible epigenetic mechanism for the long-
term immune disruption associated with microglial priming, which could lead

to exaggerated immune response to stress in adulthood.

Moreover, the alterations in myelin proteins reported in our FASD model
could be related to epigenetic changes. Oligodendrocyte development and
myelination in the CNS are tightly regulated by epigenetic mechanisms,
including DNA methylation, histone modifications and miRNAs (Emery,
2010; Liu and Casaccia, 2010; Liu et al., 2016; Koreman et al., 2018). Indeed,

intermittent alcohol treatment during adolescence in mice led to reductions of
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myelin-related gene expression and altered chromatin modifying genes
involved in histone modifications in the PFC (Wolstenholme et al., 2017). In
addition, it has been shown that HDAC inhibition prevents white matter
injury in a murine model of traumatic brain injury by promoting microglia
polarization toward the beneficial M2 phenotype (Wang et al., 2015a). Hence,
binge alcohol exposure during early brain development could induce
derangements in the myelin sheath through epigenetic mechanisms that

promote neuroinflammation and in turn, affect myelin formation.

All together, these alterations in myelin integrity, neuroinflammation, neuron
cell loss and epigenetic modifications induced by early alcohol exposure may
lead to aberrant functionality in the brain. Indeed, we have found cumulative
changes in the baseline metabolic capacity of different brain regions, as
assessed by CCO immunoreactivity quantification. The mitochondrial enzyme
CCO is used as a metabolic marker of neuronal activity since it is linked with
ATP generation within the mitochondria of neurons (Wong-Riley, 1989).
Therefore, quantitative CCO histochemistry is a reliable method for
measuring neuronal oxidative metabolic capacity of brain regions (Gonzalez-
Lima and Cada, 1998; Riha et al., 2011). Furthermore, CCO activity may be
sensitive to the oxidative stress induced by 7 #tero alcohol exposure, as it can
produce mitochondrial dysfunction leading to apoptotic neuron cell death
(Ramachandran et al., 2001; Reddy et al., 2013). To our knowledge, this is the
first study reporting changes in regional brain CCO activity in adult offspring

mice exposed to alcohol during gestation and lactation periods.

Accordingly, increased CCO activity has been reported in the DG of the HPC,
the central nucleus of the amygdala, the medial lateral nucleus of the
mammillary bodies and the granular and molecular layers of the central lobules
of the cerebellum, whilst a diminished CCO immunoreactivity was found in
the VT'A and the LHb of PLAE mice compared with their counterparts. Some

of these brain areas are associated with emotional and reward processing, such
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as the central nucleus of the amygdala which processes emotionally relevant
sensory information and its dysfunction has been associated with anxiety and
alcohol dependence (Gilpin et al., 2015). In fact, PAE has been reported to
attenuate GABAergic inhibition in the basolateral amygdala, which projects to
the central amygdala and other brain regions, leading to neuronal
hyperexcitability and anxiety-like behaviour in rats (Zhou et al., 2010). This
finding agrees well with the increased anxiety-like behaviour observed in

PLAE mice at both adolescence and adulthood.

The mammillary bodies have been related with anxiety as well, as they
constitute a critical brain region to the effects of anxiolytic drugs (Kataoka et
al., 1982; Gonzalez-Pardo et al., 2006). Increased CCO activity in the medial
lateral nucleus of the mammillary bodies has been found following chronic
alcohol exposure in rats (Rubio et al., 1996) and consistent with our findings,
increased brain glucose utilization in the mammillary bodies, the central
amygdala and the HPC has been reported in rats after a history of alcohol
consumption (Williams-Hemby et al, 1996). Therefore, increased CCO
activity in these limbic structures may be associated with increased emotional

and anxiety-like behaviour in PLAE mice.

The cerebellum is involved in motor learning and coordination, and its
dysfunction produces alterations in movement coordination. Thus, we
postulated that the increased CCO activity found in the cerebellum could be
related with the impairment in the rotarod performance reported in PLAE
mice. Furthermore, a role for the cerebellum in non-motor functions, such as
emotion regulation and social cognition has been recently recognised (Shakiba,
2014; Strata, 2015; Adamaszek et al., 2017), which lead us to hypothesize the
involvement of cerebellar dysfunction in the anxiety effects of developmental

alcohol exposure.
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The DG neural circuitry mediates a variety of mnemonic processes (Kesner,
2018). Therefore, alterations in the DG activity may account for memory
impairments. However, as the subgranular zone of the DG is the major brain
region where new neurons are generated at adulthood (Chambers et al., 2015),
we speculated that the increase in hippocampal CCO activity observed in
PLAE mice could be the result of an increase in neurogenesis. Accordingly,
we found a higher number of BrdU+ cells in the DG of adult PLAE mice
compared with control group, suggesting an increase in proliferation and
survival of newly born neurons in the adult HPC following pre- and postnatal
alcohol exposure. However, this issue has yielded some discrepancy in the
literature, since previous studies have reported a reduction in hippocampal
neurogenesis, no alterations or even an increase following developmental
alcohol exposure (Boehme et al., 2011; Hamilton et al., 2011; Gil-Mohapel et
al., 2014), as mentioned in the Introduction. Actually, some authors pointed out
that moderate alcohol exposure during gestation has no effect on the
generation of new neurons in the adult DG when mice are housed under
standard conditions, but leads to marked impairment in the ability to mount a
neurogenic response to enriched environments (Choi et al., 2005; Kajimoto et
al., 2013). This effect might be related with the impaired ability to integrate
newborn neurons into the hippocampal network. Interestingly, the
quantitative analysis of doublecortin immunoreactivity in the DG led to a
reduction of newly differentiated and migrating neuroblasts in PLAE mice,
associated with diminished levels of BDNF (Montagud-Romero et al., 2019),
according with preclinical studies demonstrating that alcohol exposure inhibits
neurogenesis (Mortis et al., 2010; Anderson et al., 2012; Campbell et al., 2014;
Golub et al,, 2015). Thus, our results may be interpreted as a compensatory

mechanism to the neuroadaptations caused by early alcohol exposure.

The analysis of interregional within-group correlations in CCO  activity
showed alterations in functional brain connectivity in PLAE mice when

compared to control mice. Three discrete and parallel closed reciprocal
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functional brain networks were detected involving the amygdala complex, the
cerebellum and the ventral HPC together with brainstem regions. Conversely,
a more complex single brain network was detected in the control group, with
numerous cross-correlations between anatomically related brain regions
comprising the prelimbic cortex, dorsal and ventral hippocampal regions, the
amygdala complex, the mammillary body, brainstem regions (including the
VTA) and cerebellar regions. The only negative cross-correlation was found
between the prelimbic region and the lateral septum in PLAE mice. Since the
prelimbic cortex indirectly projects to the lateral septum via the infralimbic
region (Vertes, 2004), the negative correlation found in CCO activity could be
related with an abnormal modulation of the lateral septum affecting

motivation and anxiety-like behaviour (Jonsson et al., 2017).

Such results indicate that PLAE mice display distupted functional brain
network connectivity as compared with control mice. In accordance, altered
fronto-cerebellar and cortico-limbic connectivity has been reported in human
alcoholics (Herting et al., 2011; Rogers et al., 2012) and in rats exposed
intermittently to alcohol during adolescence (Broadwater et al., 2018). In
addition, disrupted functional brain connectivity has also been reported in
humans (Donald et al., 2015; Infante et al., 2017) and rodents (El Shawa et al.,
2013; Louth et al., 2016; Rodriguez et al., 2016) with PAE using neuroimaging
techniques, leading to reduced coordinated activity between spatially distinct
brain areas. Therefore, functional connectivity derangements could be
underlying some of the neurobehavioural alterations, including cognitive,
emotional, and motor deficits described in PLLAE mice, as well in human

studies of FASD (Moore et al., 2014).
3. The therapeutic use of curcumin for FASD

Curcumin is a yellow-pigmented spice derived from the rhizomes of Curcuma

Jonga that has been widely used in food for flavour and colour and as an herbal
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medicine in ancient China and India (Begum et al., 2008; Jurenka, 2009).
Numerous pharmacological activities have been attributed to curcumin,
including antioxidant, antimicrobial, anti-inflammatory and antineoplastic
properties. Research has shown curcumin to be a highly pleiotropic molecule
capable of interacting with numerous molecular targets (Deguchi, 2015).
Furthermore, curcumin’s molecular structure and its ability to cross the BBB
provide a promising avenue for neuroprotection (Sarker et al., 2015). Indeed,
the neuroprotective role of curcumin against alcohol-induced brain damage
has been described (Rajakrishnan et al., 1999), as has its effectiveness in
preventing cognitive deficits and reducing the oxidative stress and
neuroinflimmation associated with chronic alcohol exposure (Tiwari and
Chopra, 2013; Yu et al.,, 2013a; Ikram et al., 2019). There is evidence that
curcumin diminishes alcohol-induced inflammation through the inhibition of
NF-xB (Singh and Aggarwal, 1995; Nanji et al.,, 2003; Cho et al., 2007),
attenuating the expression of pro-inflammatory molecules, such as cytokines
and chemokines (Chen et al., 2018; Kahkhaie et al., 2019), and thus, preventing
microglia activation (Karlstetter et al., 2011; Ghasemi et al., 2019). Moreover,
curcumin can modulate epigenetic mechanisms by inhibiting the activity of the
p300/CBP HAT enzyme, preventing histone hyperacetylation (Marcu et al.,
20006; Hassan et al., 2019).

Several clinical and preclinical studies have shown beneficial effects of dietary
curcumin in neurodegenerative diseases, including Alzheimer’s and
Parkinson’s diseases, cancer, inflammatory gastrointestinal conditions and
mood disorders (Chandra et al., 2001; Lim et al., 2001; Ishrat et al., 2009; Xu
et al., 2009; Chimakurthy and Talasila, 2010; Hoppe et al., 2013; Agrawal et al.,
2015; Zhang et al., 2015; Montagud-Romero et al., 2016; Bassani et al., 2017,
Panahi et al., 2018).

Based on these considerations, we tested curcumin for its ability to inhibit

inflammation and oxidative damage, as well for its epigenetic effects on HAT,
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in our mouse model of FASD. Our results show that curcumin treatment
during the peri-adolescence period (PD28-35) can ameliorate the cognitive
deficits present in adult PLAE mice (PD060), including spatial working
memoty, object recognition and left-right discrimination reversal learning.
Furthermore, curcumin had an anxiolytic effect, as assessed in the EPM.
Regarding the molecular alterations, we found that the alcohol-induced glia
activation (assessed by GFAP and Iba-1 expression) and subsequent elevation
of pro-inflammatory factors (NF-kB and IL-6) in the brain was rescued by

curcumin treatment in PLLAE mice; but it was not able to reverse the increased

HAT activity in PLAE mice.

Inhibition of histone acetylation by curcumin has been shown to rescue
histone acetylation levels in the mouse foetal heart (Zhang et al., 2014) and
reduce alcohol-induced foetal cardiac apoptosis (Yan et al., 2017), indicating
that curcumin can be protective against the detrimental effects of foetal
alcohol exposure. However, scarce experimental studies investigating the
effects of curcumin in FASD models are available. In rats exposed to alcohol
postnatally, chronic curcumin treatment was found to attenuate oxidative
stress, neuroinflaimmation, and apoptosis, mitigating the behavioural deficits
induced by alcohol (Tiwari and Chopra, 2012). Similarly, curcumin rescued
alcohol-induced developmental defects in a zebrafish model of FASD
(Muralidharan et al., 2017).

In our study, although curcumin could ameliorate the cognitive deficits
induced by alcohol exposure during gestation and lactation periods in adult
mice, its ineffectiveness in reversing the HAT activity could be attributed to
the dosage and duration of the treatment. Notwithstanding its action through
epigenetic mechanisms cannot be discarded, since no post-translational

histone modifications were evaluated following curcumin treatment.
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Therefore, our results suggest that curcumin’s ability to protect against the
effects of developmental alcohol exposure is mainly based on its anti-
inflammatory and neuroprotective properties. Thus, the polyphenol curcumin
could be used as a therapeutic agent to ameliorate the cognitive deficits and

attenuate the pro-inflaimmatory response induced by alcohol exposure in

FASD-affected individuals.

4. Vulnerability to alcohol and cocaine consumption

and its neurobiological substrates in PLAE mice

Alcohol exposure 7z utero produces persistent alterations in brain areas
controlling motivational and reward circuits. Indeed, alcohol exposure during
the prenatal period seems to be predictive of adolescent and adult alcohol use
and misuse (Baer et al., 2003; Alati et al., 2006). Premature exposure to alcohol
in rodents promotes a heightened affinity for the drug later in life (Spear and
Molina, 2005; Chotro et al., 2007). However, the neurobiological mechanisms

underlying such susceptibility are still not well understood.

To date, few studies have assessed the effects of foetal alcohol exposure on
the rewarding properties of alcohol in adult offspring using the CPP paradigm.
Our results show an attenuation of the conditioned response to the alcohol-
paired compartment in adult PLAE mice. This effect is more pronounced at
the highest dose of alcohol administered (2 g/kg), although both doses used
in the present study are effective doses for control mice. Such results led us to
hypothesize that pre- and postnatal alcohol exposure reduces the sensitivity to
the rewarding effects of alcohol in adult mice, which may need higher doses

of alcohol to obtain the same rewarding effect as control mice.

Barbier et al. (2008) reported no differences in the conditioned response to 1
g/kg alcohol in the CPP paradigm in 2-month old rats exposed to alcohol
throughout gestation and lactation. However, a significant increase in the time

spent in the alcohol-paired compartment (at both 2 and 3 g/kg alcohol doses)
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in early alcohol-exposed rats was reported, while the control group did not
show any conditioned response (Barbier et al., 2009). Such contrasting
findings could be explained by variations in the alcohol exposure pattern,

alcohol dosing, and the rodent strain used.

In addition, voluntary alcohol intake, as assessed in the two-bottle choice and
oral SA paradigms, was found to be increased in adolescent PLAE mice
(Montagud-Romero et al., #nder review). Such data are in accordance with
previous studies showing an increase in alcohol consumption. Preclinical
findings showed that a single binge-like alcohol exposure, during a period
equivalent to third-trimester of neural development, would seem to be enough
to exacerbate dependence-like alcohol consumption in mice (Bosse et al.,
2019). Similarly, rats with PAE showed exhibited increased alcohol
consumption and preference in a two-bottle choice paradigm during
adolescence (Fabio et al., 2013, 2015a; Chang et al., 2015). Also, when adult
rats were submitted to a forced 10% alcohol solution exposure for 3 weeks,
early life alcohol-exposed rats displayed an increase in alcohol consumption.
Similar results were obtained in rats exposed to a free choice paradigm (Barbier
et al., 2009). Furthermore, eatly-alcohol exposed rats were more resistant to
the hypnotic effects of alcohol, as assessed by the loss of the righting reflex.
Hence, the susceptibility to ulterior alcohol intake in rodents exposed to
alcohol during developmental stages seems to be associated with a decreased

sensitivity to the aversive effects of alcohol, such as sedation and hypothermia

(Abel et al., 1981; Arias et al., 2008).

The acute pleasant effects of alcohol result from activation of dopaminergic
pathways in the mesocorticolimbic system. The VTA plays a central role in
reward processing, with its dopaminergic projections to the NAc, the
amygdala and the PFC. In this study we found decreased neuronal activity in
the VTA in PLAE mice, as assessed by CCO activity, which could be related
to the reduced sensitivity to the rewarding effects of alcohol. Indeed, it has

been previously reported that PAE induces alterations in the
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mesocorticolimbic system in rodents, including the reduced electrical activity
of DA neurons located in the substantia nigra and the VI'A (Choong and
Shen, 2004b; Shen and Choong, 2006) caused by an overexcitation that blocks
depolarization, contributing to the reduced dopaminergic function. Such
mechanism is also observable following repeated exposure to drugs of abuse
after prolonged withdrawal, as a transient increase first occurs in neuronal
activity. Accordingly, our results support the hypothesis that the
mesocorticolimbic system is functionally impaired in PLAE mice, which might
explain the increased drug-secking and drug-taking behaviour in subjects

exposed to alcohol during early development.

We have also reported a reduced neuronal activity in the LHb of PLAE mice,
an epithalamic structure connecting forebrain to midbrain regions with a
crucial role in the regulation of midbrain monoaminergic systems (Lecca et al.,
2014). Descending projections from the LHb inhibit a proportion of VTA
dopaminergic neurons through a selective GABAergic innervation to the VTA
(Ji and Shepard, 2007; Omelchenko et al., 2009). Although VTA dopaminergic
neurons reciprocally project to the LHb, inhibiting the LHb to promote
reward (Stamatakis et al., 2013). Indeed, habenula neurons are usually inhibited
by reward-predicting cues and excited by the absence of reward (Matsumoto
and Hikosaka, 2007). Dysfunctions of the LHb have been implicated in
depression and drug addiction, particularly in alcohol use and withdrawal
(Velasquez et al., 2014; Shah et al., 2017). Lesions of the LHb increase
voluntary alcohol intake in rats (Haack et al., 2014). Therefore, the attenuated
conditioned response to alcohol in the CPP paradigm of PLAE mice could be
related to a diminished activity of the LHb as assessed by CCO

immunoreactivity.

Besides, epigenetic mechanisms may contribute to the increased vulnerability
to later alcohol abuse in FASD patients. Epigenetic modifications play an
important role in neurodevelopment, and changes induced by alcohol

exposure during development in key brain regions can lead to adult
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psychopathology, such as increased risk for substance use disorders (Kyzar et
al., 2010). In recent years, alterations in the enzymes responsible for chromatin
remodelling have been identified as molecular mechanisms for alcohol-related
disorders (Pandey et al., 2008; Krishnan et al., 2014). HDAC activity has been
reported to be inhibited following acute alcohol exposure in the amygdala,
associated with increased global histone acetylation (Moonat et al., 2013).
Following withdrawal from chronic alcohol exposure, animals display
increased anxiety-like behaviour and increased HDAC activity. Blocking
HDAC activity prevents the development of alcohol withdrawal-related
anxiety in rats (Palmisano and Pandey, 2017). Hence, the alterations that we
reported in HDAC and HAT enzymatic activity might underlie the enhanced
risk to alcohol abuse in PLAE mice. Furthermore, epigenetic modifications
induced by PAE have been reported to alter the proopiomelanocortin gene
expression and other genes related with HPA axis function, altering HPA
reactivity and consequently, contributing to the risk for stress-related alcohol

addiction (Ngai et al., 2015; Pandey et al., 2017).

In addition, preclinical studies have shed light on the increased vulnerability
to psychostimulant drug addiction in individuals with FASD (Glantz and
Chambers, 20006). In this study, we evaluated the long-term effects of pre- and
postnatal binge alcohol exposure on the reinforcing effects of cocaine in adult
offspring mice. To our knowledge, this is the first study to demonstrate

increased cocaine-taking behaviour in a mouse model of FASD.

An increased conditioned response to the cocaine-paired compartment in the
CPP paradigm was found in PLAE mice when compared to their counterparts,
based on the lowest dosage of cocaine used (5 mg/kg), whilst no differences
were found in the 10 mg/kg cocaine-induced CPP between PLAE and control
group. This effect is specific for cocaine’s rewarding effects, as developmental
alcohol exposure does not alter the CPP to food, which is a natural reward. In
addition, such results would indicate that PLAE mice do not show anhedonia-

like behaviour, as, like their counterparts, they show an enhanced motivation
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towards the food-paired compartment. Furthermore, we evaluated
behavioural sensitization to repeated administration of cocaine in PLAE and
control adult mice. An attenuated locomotor sensitization to the lowest dose
of cocaine used (7.5 mg/kg) was observed in mice exposed to alcohol during
early development, while no differences between groups were observed in
mice sensitized to a repeated treatment of 10 mg/kg cocaine. The findings
obtained in the CPP paradigm suggest that pre- and postnatal binge alcohol
exposure increases the sensitivity to the conditioned rewarding effects of

cocaine.

Subsequently, we evaluated PLAE mice in an operant SA paradigm, which
allows us to study drug-secking and drug-taking behaviour, hallmarks of the
addictive behaviour in humans. PLAE mice show an increased drug-seeking
and drug-taking behaviour during the acquisition phase of the SA procedure
receiving cocaine infusions of 0.75 mg/kg. However, no differences are found
in the PR session between PLAE and control mice, which is an indicator of
the effort level each subject is willing to exert in order to gain another drug
infusion. PLAE animals extinguished drug-seeking behaviour and relapsed
after a 10 mg/kg cocaine priming similarly to the control group. Nevertheless,
the number of active nose-pokes on the first day of extinction and at

reinstatement is lower in PLAE mice than in control group.

Our results illustrate that maternal binge alcohol drinking during gestation and
lactation periods increases the reinforcing effects of cocaine in adult offspring
and diminishes cocaine-induced locomotor sensitization. Given that different
neural substrates are involved in drug-induced behavioural sensitization and
in the associative learning processes that lead to CPP or drug SA, our findings
are conceivable (Runegaard et al, 2018). In agreement with our results,
previous research has shown increased cocaine intake and cocaine-induced
CPP in adult offspring rats exposed to alcohol during gestation and lactation
periods (Barbier et al., 2008). Likewise, increased sensitivity in the CPP

induced by amphetamine, another psychostimulant drug, was observed in
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PAE rats upon reaching adulthood (Wang et al., 2019b). In addition, they self-
administered more amphetamine under a PR schedule of reinforcement
(Hausknecht et al., 2015; Wang et al.,, 2018). In contrast to our findings,
increased locomotor sensitization to psychostimulants, such as cocaine and
amphetamine, was described in adult rats exposed to alcohol during gestation
and lactation periods (Barbier et al., 2009). Interestingly, Macht et al. (2017)
reported sex-specific effects of developmental alcohol exposure on cocaine-
induced CPP in adulthood, since male offspring rats showed a reduced
sensitivity, whilst their female counterparts displayed increased sensitivity to

cocaine cues.

In order to elucidate the neural mechanisms underlying the behavioural
alterations found in response to cocaine in PLAE mice, molecular changes in
the PFC and the STR were evaluated after cocaine-induced reinstatement in
the SA procedure. Our findings show alterations in the GluA1/GluA2 ratio
in these brain areas in PLAE mice compared with their counterparts following
cocaine-primed reinstatement. Although PLAE mice show an increase in the
GluA1/GluA2 ratio in the PFC, connotative of enhanced glutamatergic
excitability, a reduction is found in the STR, revealing diminished neuronal
excitability therein. It has been reported that drug exposure evokes
glutamatergic synaptic plasticity in the brain’s reward circuitry (Thomas et al.,
2008; Liuscher, 2016; Cooper et al., 2017). Indeed, neuroadaptations in the
PFC to enhance excitatory output have been associated with drug-seeking
behaviour (Van den Oever et al., 2010). Glutamatergic projections from the
mPFC to the NAc have been reported to mediate cocaine-induced behavioural
neuroplasticity (Kalivas, 2004; Zhang et al., 2019) and specifically, cocaine-
primed reinstatement of drug-seeking behaviour (McFarland et al., 2003).
Cocaine SA in mice has been shown to reduce excitatory glutamatergic
signalling in the NAc shell (Schramm-Sapyta et al., 20006). In addition, GluA2-
lacking AMPARs in the NAc regulate the incubation of cocaine craving after

prolonged withdrawal (Conrad et al., 2008).
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In a rodent model of FASD, Hausknecht et al. (2015) reported a persistent
augmentation of calcium-permeable AMPAR expression in VTA
dopaminergic neurons, which could lead to an enhanced excitatory synaptic
strength. Moreover, binge alcohol exposure during the third trimester-
equivalent period increased the frequency of spontaneous excitatory
glutamatergic postsynaptic currents in the basolateral amygdala (Baculis et al.,

2015).

In our study, no changes in the phosphorylation of CREB were found in
PLAE mice, but surprisingly, a decreased protein expression of AFosB in the
STR was observed. Drugs of abuse induce a short-term CREB activation,
whereas chronic drug treatment induces an accumulation of AFosB in the
NAc that persists after weeks of withdrawal (McClung and Nestler, 2003). We
expected that alcohol exposure during development would induce the
accumulation of AFosB in the NAc, thus resulting in greater cocaine-induced
reward and intake. However, we found a decreased AFosB expression in the
STR of PLAE mice. Notwithstanding, we should consider that brain areas
were extracted after cocaine-induced reinstatement, which was lower in PLAE
mice. Therefore, we cannot discard the role of AFosB in the heightened
sensitivity to cocaine reinforcing effects in PLAE mice, even though other

mechanisms might be involved.

Addictive drugs stimulate striatal dopaminergic receptors inducing changes in
intracellular pathways that may wundetlie functional and structural
neuroplasticity (Philibin et al., 2011). However, no significant differences were
found in our study regarding the protein expression of D1R and D2R between
PLAE and control mice. Similarly, no changes were observed in the
phosphorylation of the dopamine- and cyclic AMP-regulated phosphoprotein
of 32 kDa (DARPP-32), which plays a key role in the integration of
dopaminergic and glutamatergic signalling in the STR (Gould and Manji, 2005;
Zachariou et al., 2000).
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As mentioned earlier, previous studies have shown that PAE causes a
persistent reduction in the spontaneous electrical activity of midbrain
dopaminergic neurons (Choong and Shen, 2004b) and a lower frequency of
evoked action potentials, leading to decreased excitability of the VTA (Wang
et al., 2000). Furthermore, an imbalance between D1R and D2R has been
found in the dSTR of PAE rats, resulting in alterations of corticostriatal
synaptic plasticity (Zhou et al., 2012). However, inconsistent findings have
been described regarding D1R and D2R expression in FASD studies. Boggan
et al. (1996) reported an elevation of D1R binding in adolescent PAE mice,
but not in adulthood, while D2R binding was not affected. In contrast,
decreased D1R binding in the STR and increased D2R mRNA levels were
observed in adult PLAE rats (Barbier et al., 2008). Furthermore, a report in
rhesus monkeys showed that moderate alcohol exposure during early gestation
reduced the striatal D2R binding in adulthood, whereas middle-to-late alcohol
gestation exposure heightened dopaminergic function, suggesting a time-

dependent effect (Schneider et al., 2005).

An increased expression of DAT in the PFC and the STR of PAE mice has
also been reported (Kim et al., 2013), whilst a decrease in DAT binding in the
STR was found in rats with foetal alcohol exposure (Barbier et al., 2009).
Interestingly, higher DA levels in the NAc were found in PAE rats when
compared to controls, presumably as a result of a down-regulation of post-
synaptic receptors or desensitization of presynaptic receptors (Mufioz-Villegas
et al., 2017). Adolescent PAE rats displayed greater dopaminergic activity in
the VTA after receiving a postnatal challenge of alcohol than controls (Fabio
et al., 2015b). However, a lower baseline level of striatal dopaminergic activity
has been reported in other models of FASD (Catneiro et al., 2005). So, as
Fabio et al. (2015) proposed, animals exposed to alcohol 7z #tero might have
similar or lower dopaminergic function compared to controls and, when re-

exposed to the drug, they exhibit heightened DA activity.
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In short, our findings demonstrate that binge-like alcohol exposure during
pregnancy and breastfeeding in a mouse model alters the sensitivity to the
reinforcing effects of alcohol and cocaine in adulthood, leading to increased
drug-taking behaviour. Neuroadaptations affecting the glutamatergic
excitability within the mesocorticolimbic reward system could be mediating

these behavioural alterations.
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The main conclusions of this Doctoral Thesis can be summarized as follows:

1. Drinking-in-the-dark test is a useful procedure to mimic binge-like
alcohol consumption during pregnancy and breastfeeding periods in
a mouse model of FASD.

2. Maternal binge-like alcohol consumption during gestation and
lactation periods induces cognitive deficits, increased anxiety-like
behaviour, age-dependent alterations in locomotor activity and motor
coordination impairments in adult offspring mice.

3. Maternal care behaviour, body weight and litter size are not affected
by binge alcohol exposure during prenatal and lactation periods.

4. Prenatal and postnatal binge alcohol exposure induces petsistent
upregulation of TLR4-dependent pro-inflammatory factors and glial
cells activation, leading to neuronal cell death in the PFC and HPC of
adult offspring mice.

5. Reduced expression of myelin proteins is found in the PFC and HPC
of adult mice exposed to binge alcohol during prenatal and lactational
petiods.

6. Mice with pre- and postnatal binge alcohol exposure show epigenetic
modifications at adulthood, including increased histone acetylation
and increased HAT activity in the PFC.

7. Long-lasting effects on neuronal oxidative metabolism in some brain
areas in addition to alterations in functional brain networks were
found in adult mice following maternal binge-like alcohol drinking
during prenatal and lactational periods.

8. Curcumin treatment during the periadolescence ameliorates the
cognitive deficits and reverses the pro-inflammatory effects induced
by prenatal and postnatal alcohol exposure in our mouse model.

9. Prenatal and lactational binge-like alcohol exposure alters the
sensitivity to the rewarding effects of alcohol later in life, leading to

increased alcohol intake in adult offspring mice.
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Mice with pre- and postnatal binge alcohol exposure show increased
conditioned response to the rewarding effects of cocaine but
diminished behavioural sensitization following repeated cocaine
treatment.

Increased cocaine-seeking and cocaine-taking behaviour in the
operant SA paradigm was found in mice exposed to binge-like alcohol
exposure during gestation and lactation periods.

Alterations in AMPAR subunits GluA1/GluA2 ratio in the PFC and
STR of adult PLAE mice following cocaine-induced reinstatement
were found, suggesting that glutamatergic neuroadaptations in the
mesocorticolimbic system might underpin the increased vulnerability

to cocaine abuse.
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Les principals conclusions d’aquesta Tesi Doctoral es poden resumir a

continuacio:

1. El procediment de Drinking-in-the-dark és 1t per a modelar un
consum d’alcohol d’afartament durant embaras i la lactancia en un
model muri de trastorn de I'espectre alcoholic fetal.

2. El consum maternal d’alcohol en forma d’afartament durant els
periodes de gestacio6 i lactancia provoca deficits cognitius, augment de
Pansietat, alteracions de l’activitat locomotora en funcié de I’edat i
alteracions de la coordinacié motora en ratolins descendents adults.

3. El comportament maternal, el pes corporal i la mida de les ventrades
no es veuen afectats per 'exposicié a ’alcohol durant el periode
prenatal 1 la lactancia.

4. L’exposici6 prenatal i post-natal d’afartament a ’alcohol indueix una
regulacié a l'alca de factors proinflamatoris dependents del TLR4 1
Pactivacié de les cel-lules glials, que condueixen a una mort neuronal
a I’escorca prefrontal i a ’hipocamp en ratolins descendents adults.

5. Els ratolins exposats a I’'alcohol seguint un patré d’afartament durant
el periode prenatal 1 el de lactancia presenten una disminucié en
Pexpressié de proteines de la mielina a 'escorga prefrontal i a
Phipocamp.

6. Els ratolins exposats a I’alcohol en forma d’afartament durant el
petiode prenatal i el de lactancia presenten modificacions
epigenétiques a letapa adulta, incloent un augment en ’acetilacié
d’histones i en 'activitat enzimatica de la HAT a I’escorc¢a prefrontal.

7. S’han trobat canvis persistents al llarg del temps en el metabolisme
neuronal oxidatiu en algunes arees del cervell, aixi com alteracions en
les xarxes funcionals del cervell en ratolins adults exposats a I’alcohol
durant el perfode prenatal i el de lactancia.

8. Eltractament amb curcumina durant ’adolescencia millora els deficits

cognitius i, al mateix temps, contraresta els efectes proinflamatoris
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induits per 'exposicié prenatal i postnatal a I'alcohol en el nostre
model murf.

L’exposicié prenatal i postnatal a I’alcohol en forma d’afartament
altera la sensitivitat als efectes reforcants de I’alcohol, donant lloc a un
augment de la ingesta d’alcohol en la descendéncia a etapa adulta.
Els ratolins exposats a I’alcohol sota un patré d’afartament durant el
periode prenatal 1 el de lactancia presenten un major condicionament
als efectes reforcants de la cocaina i una disminucié de la
sensibilitzacié locomotora en resposta a un tractament repetit de
cocaina.

Els ratolins exposats a I'alcohol en forma d’afartament durant el
petiode prenatal i el de lactancia presenten un increment del
comportament de cerca i consum de cocaina en el paradigma operant
de Pautoadministracio.

Els ratolins exposats a I'alcohol en forma d’afartament durant el
periode prenatal i el de lactancia presenten alteracions en la proporcid
de les subunitats GluA1/GluA2 del receptor AMPA a lescorca
prefrontal i a I'estriat després de la recaiguda induida per cocaina, la
qual cosa suggereix que canvis neuroadaptatius en lexcitabilitat
glutamatérgica en el sistema mesocorticolimbic podrien estar

explicant la major vulnerabilitat a ’abts de cocaina.
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