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ABSTRACT

Adolescent binge ethanol (EtOH) abuse induces long-term changes in gene
expression, resulting in an increased risk for the development of adult mood disorders.
microRNAs (microRNAs) are small, noncoding RNAs that regulate gene expression by
translational repression. microRNAs are implicated as important contributors to the
neural mechanisms underlying alcohol addiction and are also altered in response to EtOH
in the developing brain and can be expressed in sexually dimorphic manners. The
biogenesis of mature 22-24 nucleotide (nt), single-stranded microRNAs involves 1)
transcription of a 100-1000 nt primary-microRNA (pri-microRNA) product, 2) cropping
of the transcript by the enzyme Drosha into the preliminary-microRNA (pre-microRNA),
3) cleaving of the pre-microRNA by the enzyme Dicer and 4) loading of the mature
microRNA onto the RNA induced silencing complex (RISC). The microRNA/RISC
complex (miRISC) is guided to the microRNA target gene and induces either cleavage or
translational repression of the messenger RNA (mRNA) transcript. Our lab has found that
repeated binge EtOH exposure alters gene expression in the hypothalamus and
dysregulates the Hypothalamic-Pituitary-Adrenal (HPA) Axis in a sexually dimorphic,
long-term and gonadal hormone-dependent manner in Wistar rats, and that a subset of
microRNAs targeting brain-derived neurotrophic factor (BDNF) and sirtuin 1 (SIRT1)
are differentially expressed in the ventral hippocampus dependent on age and sex. We
examine whether microRNA expression, microRNA biogenesis enzymes Drosha and

Dicer, and microRNA target genes BDNF and SIRT]1 are altered by peripubertal binge

X



EtOH in the ventral and dorsal hippocampus. We also document sex differences in the
expression of microRNAs sensitive to EtOH and 17f-estradiol during pubertal
development. Overall, we demonstrate : 1) peripubertal binge EtOH exposure induces
long-term alterations in mature microRNA expression levels in the male rat
hippocampus, and has the potential to modulate the expression of their downstream target
genes, 2) expression profiles of EtOH-sensitive microRNAs, miR-10a-5p, miR-26a, miR-
32, miR-103 and miR-495, and their target genes, are dependent on sex and age in the
pubertal rat hippocampus and therefore may contribute to sexually dimorphic
hippocampus neurodevelopment, 3) expression profiles of E,-responsive microRNAS,
miR-7a, miR-9, miR-125a and miR-181a, are differentially dependent on sex and age
throughout pubertal development, suggesting that they play distinct developmental roles
during puberty and 4) EtOH-sensitive and E,-responsive microRNAs have distinct
expression profiles in the dorsal and ventral hippocampus throughout pubertal
development, suggesting that their respective functions are region-specific. This research
increases our understanding of how pubertal binge EtOH exposure affects microRNA
expression, provides evidence that microRNA are expressed in sexually dimorphic
patterns throughout pubertal development, and suggest that microRNAs play a role in
normal pubertal hippocampus development as well as hippocampus dysfunction

following adolescent alcohol abuse.

xi



CHAPTER ONE

STATEMENT OF THE PROBLEM

Introduction

A division of the Department of Health and Human Services, the Substance
Abuse and Mental Health Services Administration (SAMHSA) has documented that
alcohol is the most highly abused drug amongst adolescents, that binge drinking begins
and peaks during puberty and that underage drinkers have the highest rates of alcohol
dependence (SAMHSA 2000, 2002, 2003, 2008, 2009). Such reports led the U.S.
Department of Health and Human Services Office of the Surgeon General to announce a
call to action aiming to prevent and reduce underage drinking. Despite these efforts, more
current reports from the Centers for Disease Control and Prevention (CDC) indicate that
binge drinking is an even bigger problem than previously thought and that it is
particularly serious and yet under-recognized among women and girls (CDC 2012, 2013).
Indeed, binge drinking during puberty puts adolescents at an increased risk for
neurological complications later in life [1,2,3,4,5,6,7]. For example, adolescent alcohol
abuse has long-term consequences on many neurological systems responsible for
learning, memory and the regulation of the stress response [8,9,10,11,12]. Indeed,
research demonstrates that the pubertal brain continues to develop well into the twenties
[13]. Adolescent brain development is characterized by a remodeling of neural networks

established in the perinatal period [14,15,16] and the generation of new connections,



which together, refine the neural control of behavior [17]. Yet, despite our increased
understanding of how the adolescent brain develops and how alcohol abuse alters this
development, many questions remain about what regulates alcohol abuse-induced brain
damage, particularly with respect to gene expression regulation and possible sex

differences.

Hypothesis and Specific Aims

Pubertal brain development is characterized, in part, by sexually dimorphic
alterations in physiology and behavior and is predominantly thought to be regulated in a
sex biased manner, yet, precise sex-specific mechanisms of gene regulation remain
largely elusive. A major regulator of gene expression includes microRNAs (microRNAs),
which are small, noncoding RNA molecules that target and bind, via imperfect base
pairing, to protein-coding messenger RNA (mRNA) transcripts and lead to mRNA
degradation or translational repression. Despite the relatively short time during which
microRNAs have been researched (~12 years), they are currently recognized as regulators
of at least 70% of fundamental biological processes [18,19]. Development of the pubertal
brain is a dynamic biological process that involves sexually dimorphic anatomical
changes in grey and white matter and cellular strengthening of relevant neuronal
networks. Therefore, as master regulators of gene expression, microRNAs may play a
role in orchestrating the complex molecular adaptations taking place during adolescent
brain development. In this way, microRNAs may regulate the cellular, anatomical and
behavioral transformations manifested throughout this significant stage of brain

development.



Typical adolescent behaviors are often “high-risk,” such as binge drinking, and
moreover, can manifest in a sex-specific manner. Alcohol abuse induces particular
morphological, cellular and molecular damage to the hippocampus, which plays a pivotal
role in brain development, as it is the primary source of adult neurogenesis, spatial and
emotional memory, and is a major contributor to the regulation of mood. Importantly,
microRNAs have been linked to alcohol-induced neurological afflictions including
addiction and fetal alcohol spectrum disorder (FASD) and in addition, demonstrate age,
cell type and sex-specific expression profiles in multiple species. However, the normal
developmental expression profiles of microRNAs during puberty and how peri-pubertal
alcohol abuse alters these profiles, remains undocumented. Using multiple target
prediction algorithms, four microRNAs (miR-10a-5p, miR-26a, miR-103 and miR-495)
were identified to target the 3°’UTR of two genes important for hippocampus function and
development, BDNF and SIRTI. Importantly, miR-26a and miR-103 are in the top 15
most highly expressed microRNAs in the rodent hippocampus, miR-10a is important for
developmental processes as it regulates homeobox (Hox) gene expression [20],[21] and
miR-495 regulates the neuroprotective effects of mood stabilizing drugs [22]. Therefore,

I generated the following hypothesis that adolescent hippocampal microRNA expression

throughout pubertal development is sex biased, dependent on age, and altered by peri-

pubertal binge EtOH exposure. The following specific aims were developed to test this

hypothesis:

AIM 1: Determine whether peripubertal binge EtOH alters expression of

microRNA, microRNA processing enzymes and microRNA target genes throughout

pubertal development.




Pubertal binge drinking induces long-term changes in the expression of genes that
regulate the stress response. An altered stress response often underlies depression and
anxiety-related disorders. Importantly, these conditions are commonly experienced by
over 50% of alcohol-dependent patients and present in a sexually-dimorphic fashion. Sex
biased mood and memory impairments are often present in tandem with alcohol abuse
and neuropsychiatric illnesses that emerge post-puberty. Disruption of mature microRNA
expression and/or function has been linked to alcohol-induced neurological afflictions

including addiction and FASD.

The following questions were answered in this aim:

1) Is the normal expression profile of miR-10a-5p, miR-26a, miR-103 and miR-495
during pubertal development altered in response to peri-pubertal binge EtOH in

an immediate manner?

2) What is the long-term effect of peri-pubertal binge EtOH exposure on the

expression profile of miR-10a-5p, miR-26a, miR-103 and miR-495?

3) What are the expression profiles of microRNA biochemical processing enzymes
and the downstream target genes of miR-10a-5p, miR-26a, miR-103 and miR-495
(BDNF and SIRT1) throughout pubertal development immediately following

mid/peri-pubertal binge EtOH exposure as well as 30 days post EtOH?

In order to answer these questions, males were chosen for the binge studies in
order to avoid potential experimental design and data analysis complications due to the
effects that cycling hormone levels in females would have on the results. Male Wistar

rats were distributed into 3 groups: early pubertal (PND 30), peripubertal (PND 37), and



late pubertal (PND 73). The early, peripubertal and late pubertal age animals each had an
untreated group (N=10/age group) which were sacrificed at PND 30, PND 44 and PND
73, respectively. In addition to the untreated groups at each age, there were 2 groups
administered treatments at peripubertal age (N= 20/treatment group; total of 40 animals):
peripubertal water (control) and peripubertal binge EtOH treated. The water and EtOH
groups were handled for 5 minutes once/day beginning at PND 30 to eliminate non-
specific effects of handling stress. Peripubertal water or EtOH treatments were treated
with water or the following repeated binge alcohol (EtOH) paradigm via oral gavage
beginning at PND 37 (3g/kg; 1x/day/3days EtOH, +1x/day/2days water + 1x/day/3days
EtOH). Half of the peripubertal water/EtOH treated animals were sacrificed 60 minutes
following the last EtOH/water treatment at PND 44 (N = 10 water + N = 10 EtOH). The
remaining animals (N = 10 water + N = 10 EtOH) were left undisturbed following the
last EtOH treatment in their home cage until sacrificed at late puberty (PND 73). Brains
were sectioned at 200 pm on a freezing microtome and ventral and dorsal hippocampi
were microdissected using a 0.75 mm Palkovit’s brainpunch tool. Total RNA was
isolated and cDNA was made using Invitrogen’s NCode microRNA Frist-strand cDNA

synthesis kit.

In summary, the data from this aim demonstrate that the expression of each
microRNA tested (miR-10a-5p, miR-26a, miR-103 and miR-495) is dynamic across
pubertal development and that the developmental profiles for each microRNA are distinct
between the dorsal and ventral hippocampus. Moreover, peripubertal binge EtOH
exposure altered normal pubertal development expression patterns of miR-10a-5p, miR-

26a, miR-103, miR-495, Dicer, Drosha, BDNF and SIRT1 in an age- and brain region-



dependent manner. Most striking, our results showed that peripubertal binge EtOH
exposure had significant long lasting effects on several microRNAs studied, as well as
their processing enzymes and target genes. These effects were evident for as long as one-
month following the last EtOH exposure, suggesting that EtOH could have lasting
consequences on gene expression profiles in the male rat hippocampus through long-term

regulation of microRNA expression patterns.

AIM 2: Determine whether there are sex and brain region differences in EtOH-

sensitive microRNAs. microRNA processing enzymes and microRNA target gene

expression throughout pubertal development

Pubertal binge EtOH changes in expression of genes regulating the stress
response in a sexually dimorphic manner. microRNAs regulate gene expression by
targeting RNA transcripts and have recently been recognized as critical mediators of
nearly all basic cellular processes. microRNAs are small, non-protein coding RNAs
which are sequentially processed to their mature form by the enzymes Drosha and Dicer,
which allows them to bind their complementary mRNA sequences and lead to the
prevention of gene translation. microRNAs regulate neuronal development during
embryogenesis, postnatal neuronal maintenance and survival, and hippocampal
neurogenesis throughout life. Preliminary data generated using an RT-microRNA-PCR
array identified EtOH-sensitive hippocampal microRNAs and five microRNAs were
chosen for further analysis: miR-10a-5p, miR-26a, miR-32, miR-103 and miR-495.
Importantly, these microRNAs target mutual genes—BDNF and SIRT1—which regulate
synaptic plasticity [23,24,25,26,27] an essential element of hippocampus-dependent

memory and mood processing. Moreover, pubertal EtOH abuse can alter the expression



of genes important for mood regulation in a sexually dimorphic manner, and some brain
microRNAs are expressed differentially between males and females, but the fundamental
sex differences in microRNA expression throughout puberty for EtOH-sensitive

microRNAs is unknown.

The following questions were answered in this aim:

1) Are miR-10a-5p, miR-26a, miR-32, miR-103 and miR-495 expressed in sex, age

and brain region-dependent manners?

2) In the dorsal and ventral hippocampus, are Drosha and Dicer expressed in sex,
age, and brain region-dependent manners and do their expression profiles suggest
that they regulate miR-10a-5p, miR-26a, miR-32, miR-103 and miR-495

expression profiles throughout pubertal development?

3) Are BDNF and SIRT1 expressed in sex, age, and brain region-dependent manners
and do their expression profiles suggest that miR-10a-5p, miR-26a, miR-32, miR-
103 and miR-495 regulate their expression profiles throughout pubertal

development?

In order to answer these questions male and female Wistar rats at PND 30, PND
44 and PND 73 (N=10/group) were sacrificed by decapitation, brains were rapidly frozen
and sectioned at 200 um, and the ventral and dorsal hippocampus were microdissected
using a 0.75 mm Palkovit’s brainpunch tool. RNA was isolated using TriZol according to
manufacturers’ instructions, and used to reverse transcribe microRNA (NCode™
microRNA First-Strand) and mRNA (SuperScript® VILO™) into cDNA. microRNA and

mRNA expression levels were quantified using qRT-PCR with Fast Start Universal



SYBR Green Master Mix (Roche) and primers designed for the respective genes of

interest.

In summary, data from this aim demonstrate that miR-10a-5p and miR-103
expression in females and miR-26a and miR-495 expression in males was dynamic across
pubertal development in the dorsal hippocampus. In the dorsal hippocampus, the normal
expression profile throughout pubertal development was significantly different between
males and females at early puberty for miR-10a-5p and at each time point for miR-26a.
miR-10a-5p, miR-26a, miR-103 and miR-495 expression profiles were dynamic in males
as well as sexually dimorphic throughout pubertal development in the ventral
hippocampus. Expression of BDNF and SIRT1 in males and SIRT1 in females was
dynamic across pubertal development. Expression of BDNF and SIRT]1 is significantly
increased at peripuberty in males as well as sexually dimorphic in the ventral

hippocampus.

AIM 3: Determine whether there are sex and brain region differences in

expression of estrogen-responsive microRNAs throughout pubertal development.

Circulating levels of gonadal hormones increase rapidly throughout pubertal
development, particularly estradiol (E;) in females and play a role in the development of
sexually dimorphic behaviors. Interestingly, microRNA expression has been
demonstrated to be sensitive to E; in many systems. For example, Rao et al. demonstrated
that the expression of five microRNAs, including let-7i, miR-9, miR-125a and miR-181a,
are dependent on age and E; in female rats [28]. Furthermore, Morgan et al. demonstrated

that blocking E, synthesis can alter microRNA expression in neonates [29] and suggest



that microRNAs may play an important role in initiating brain sex differences during
fetal development. Overall, E; may modulate neuronal target genes using microRNAs as
a fine tuning mechanism and it is important to determine pubertal sex differences in the
expression of microRNAs sensitive to E,, as such information may yield insight into
whether microRNAs play a role in brain sex differences arising throughout pubertal

development.

The following questions were answered in this aim:

1) Are let-71, miR-7a, miR-9, miR-125a and miR-181a expressed in sex, age and

brain region-dependent manners?

2) In the ventral hippocampus, specifically, how are let-7i, miR-7a, miR-9, miR-
125a, miR-181a expressed in males and females throughout and is the expression

of each microRNA dynamic throughout pubertal development?

3) In the dorsal hippocampus, specifically, how are let-7i, miR-7a, miR-9, miR-
125a, miR-181a expressed in males and females throughout puberty and is the

expression of each microRNA dynamic througout pubertal development?

In order to answer these questions, male and female Wistar rats at PND 30, PND
44 and PND 73 (N=10/group) were sacrificed by decapitation, brains were rapidly frozen
and sectioned at 200 um, and the ventral and dorsal hippocampus were microdissected
using a 0.75 mm Palkovit’s brainpunch tool. RNA was isolated using Trizol according to
manufacturers’ instructions, and used to reverse transcribe microRNA (NCode™

microRNA First-Strand) into cDNA. qRT-PCR was performed with Fast Start Universal
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SYBR Green Master Mix (Roche), using primers designed for microRNAs of interest, to

quantify microRNA expression levels.

In summary, data from this aim demonstrate that miR-7a, miR-9, miR-125a and
miR-181a are expressed in sex, age and brain region-dependent manners. In the ventral
hippocampus, expression of miR-7a, miR-9, miR-125a, miR-181a are sexually dimorphic
throughout puberty, and miR-9 expression is dynamic throughout pubertal development.
In the dorsal hippocampus, expression of miR-7a, miR-9, miR-125a, miR-181a are
sexually dimorphic throughout puberty and expression of miR-7a, miR-9, miR-125a and

miR-181a in female and miR-7a in males is dynamic throughout pubertal development.



CHAPTER TWO

LITERATURE REVIEW

Adolescence

Propensity for Binge Drinking

Adolescence in humans comprises, on average, the years between 10-25 years of
age [30,31]. During this period, the brain is in an exceptionally plastic state, such that
morphological changes occur in gray matter, white matter and ventricle volume [32,33]
as well as in neural networks as due to highly active molecular events taking place
involving neurogenesis [15] and synaptogenesis [34,35] as well as apoptosis [36] and
synapse elimination [37,38]. This combination of complex molecular events gives rise to
the adolescents’ brain being extremely sensitive to environmental stimuli, yet, impulse
control and inhibitory drive are some of the last behaviors to develop [39]. Together,
these characteristics lend adolescents to engage in increased risky behaviors such as
binge drinking [17]. Binge drinking is defined as raising the blood alcohol concentration
(BAC) greater than the legal limit (>0.08 g/100 g) within a two-hour period, typically 3-4
servings of alcohol for a woman and 4-5 drinks for a man [40]. In 2007, SAMSA
documented that on average, binge drinking begins around age 13 and peaks between
ages 18-22 and that adolescents’ drink 2 times more EtOH per occasion than adults
(SAMSA, 2007). Using rat models of adolescent binge drinking, studies from our lab and

others have demonstrated that peripubertal binge drinking induces long-lasting alterations

11
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in hypothalamus and hippocampus gene expression, suggesting that this behavior impairs

normal brain development [8,10,11,12,41].

Alcohol Alters Neurodevelopment

Dysregulation of the Hypothalamic-Pituitary-Adrenal Axis

Alcohol is a potent physiological stressor, as it activates the neuroendocrine stress
response controlled by the hypothalamic-pituitary-adrenal (HPA) axis [42]. HPA axis
activation can be induced by acute psychological or physical stressors and entails
hypothalamic release of corticotrophin-releasing hormone (CRH), which stimulates the
release of adrenocorticotropic hormone (ACTH) from the anterior pituitary, and, in turn,
causes the release of adrenal glucocorticoids. Further activation of the HPA axis is
controlled by a negative feedback mechanism wherein the increased glucocorticoid
(cortisol (CORT) in humans and corticosterone (CORT) in rodents) that is released from
the adrenals inhibits further activation of the axis. Importantly, the development of HPA
axis and other brain circuits is incomplete during puberty [43], making these immature
neural networks at great risk for limited maturation and/or flawed development due to
environmental insults that affect the brain, such as binge drinking. Indeed, the
peripubertal rat is responsive acute EtOH, such that acute exposure significantly increases
plasma CORT levels. However, following repeated exposure to high doses of EtOH
(a.k.a. binge EtOH exposure) during puberty, HPA axis activation becomes desensitized,
demonstrated by significantly lower plasma CORT levels compared to rats treated with a
single high dose of EtOH [44]. Furthermore, EtOH abuse during puberty alters the

expression of CRH in both an immediate and long-term fashion [12,44,45]. Moreover,
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adult male rats exposed to peripubertal binge EtOH exhibit different responses to acute
EtOH exposure compared to adult rats never previously exposed to binge EtOH, as
indicated by different plasma CORT levels following a single dose of EtOH [12]. These
data provide physiologic evidence that peripubertal binge EtOH induces long-lasting
dysregulation of the neuroendocrine stress response, and suggest that peripubertal binge

EtOH can have long-lasting consequences on an individuals’ ability to respond to stress.

Interestingly, the effects of peripubertal alcohol abuse on the HPA axis are
sexually dimorphic [42,44,46] and dependent on gonadal hormones [47]. Moreover, a
dysregulated HPA axis is associated with mood disorders that present differentially in
males and females and are often comorbid with alcohol abuse [48,49,50,51,52,53,54]. In
females, fluctuating levels of circulating steroid hormones are associated with HPA axis
activation [55] and the dysregulation of the HPA axis observed in patients with major
depressive disorder (MDD) is associated with abnormal steroid hormone levels in women
compared to healthy individuals [56]. Overall, EtOH consumption alters the adolescent
stress response in a long-term manner which likely contributes to the development of
anxiety and related mood disorders, however the molecular mechanisms underlying these
events remain unclear. It is, therefore, possible that EtOH’s effects on other brain regions
such as the hippocampus, contribute to EtOH-induced HPA axis dysregulation, as the

hippocampus has major neural connections to the hypothalamus.

Hippocampus Malfunctioning: Ventral and Dorsal Perspectives

The hippocampus is a functionally and structurally complex brain region. It

traverses both the dorsal and ventral planes and has various connections to cortical and
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limbic areas, allowing the hippocampus to contribute to numerous neural networks
regulating a range of behaviors. The information flow into the hippocampus enters
through a restricted area, yet the monosynaptic outputs connect to a large variety of
cortical and subcortical regions and contribute to the complex network of hippocampus
circuit. Anatomical and genomic evidence supports the hippocampus playing a role in
regulating both memory and cognitive processing, as well as stress, emotion, sensory—
motor integration and goal-directed activity via its dorsal and ventral regions,
respectively [57,58,59]. Indeed, afferent and efferent connections to parahippocampal
regions gradually shift along the dorsal and ventral axis and gene expression profiles

differ between the two regions [60,61].

Importantly, alcohol abuse imparts particularly detrimental effects on both
memory and mood functions supported by the hippocampus. For example, hippocampus-
dependent memory capacity has long been evident in adults with a history of chronic
heavy drinking [62] and long-term impairments in executive functioning, motor control
and emotional memory capabilities following EtOH abuse are attributed to long-term
alterations in neurocircuitry [63,64] and brain morphology [65,66]. Moreover, alcohol
abusers often suffer from anxiety and other mood disorders [67,68,69,70,71,72], and both
alcohol abuse and mood disorders are associated with a dysregulated stress response
[73,74,75,76,77,78]. Therefore the effects of peripubertal binge drinking on the
neuroendocrine stress response may be controlled by upstream mechanisms initiated
within the hippocampus. Indeed, it is becoming more evident that heavy drinking during
adolescence also damages hippocampus morphology, gene expression and behavior. For

instance, adolescent rats previously exposed to EtOH perform worse on Morris water
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maze, indicating that EtOH impairs spatial learning in adolescents to a greater extent than
it does in adults [79]. Moreover, alcohol abuse by adolescents is also associated with a
reduction in hippocampus volume [3] and EtOH abuse alters gene expression
differentially in the ventral and dorsal hippocampus [8], but the mechanisms remain

unclear.

Many studies have identified genes essential for hippocampus development
including brain-derived neurotrophic factor (BDNF) which regulates dendritic branching,
spine density, learning and memory, and neuronal survival and sirtuin 1 (SIRT1), a class
111 nicotinamide-adenine dinucleotide (NAD")-dependent histone deacetylase recently
implicated in the regulation of hippocampal synaptic plasticity, neurogenesis and anxiety.
Importantly, both BDNF and SIRT1 expression levels are sensitive to EtOH, but what

regulates this sensitivity is less understood.
Hippocampal Brain-Derived Neurotrophic Factor Role in Development

BDNF is a member of the neurotrophin family and is essential for synaptic
plasticity—the alteration of the strength between two neurons—which involves
functional and structural changes at the synapse [80,81,82,83,84,85]. Synaptic plasticity
is required for the consolidation of hippocampal-dependent learning [24,26,27]. Indeed,
heterozygous BDNF knockout mice (+/-) have impaired learning and memory processing
which can be rescued with recombinant BDNF in the hippocampus [24,26,27]. The
hippocampus expresses an abundance of BDNF, which is particularly essential to
neuronal survival processes. BDNF is expressed in the astrocytes, fibroblast and various

types of neurons found within the hippocampus, hypothalamus, amygdala and neocortex.
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The highest expression of BDNF mRNA in the brain is found in the granule neurons of
the dentate gyrus and the pyramidal neurons of areas CA3 and CA2 in the hippocampus,
indicating that BDNF plays a critical role in hippocampus functions [86]. Indeed,
hippocampus-dependent memory can be disrupted by EtOH [87,88,89]. For example,
early postnatal pups exposed to EtOH vapor inhalation for 2 hours and 40 mins each day
on PND 4-10 had significantly increased BDNF protein expression [90]. However, other
studies suggest that the adolescent brain is particularly sensitive to EtOH-mediated
changes in the molecular mechanism underlying learning and memory [4,5,91].
Importantly, alterations in hippocampal BDNF expression lead to reduced hippocampal
volume and poor performance on declarative memory tasks and impaired fear extinction
[92]. Moreover, because BDNF expression is critical for memory formation and EtOH
increases BDNF levels while disrupting memory function, it is important to understand
how BDNF may play a role in the mechanisms underlying EtOH-mediated effects on
memory function. Importantly, EtOH’s effects on various brain functions are likely
mediated by multiple proteins with gene regulatory capacity, and interesting research
indicates the chromatin modifying enzyme sirtuinl (SIRT1) in the regulation of gene

expression following EtOH abuse [93].

Hippocampal Sirtuin 1 Role in Development

SIRT1 is a NAD+ - dependent protein deacetylase and therefore, has the potential
to regulate a large variety of biological functions by silencing the expression of genes
coding for a wide range of cellular processes. Indeed, sirtuins are involved in neuronal
development, neuroprotection, dendritic branching and neurogenesis

[94,95,96,97,98,99,100] as well as hippocampus-specific functions including memory
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performance and mood regulation. For example, SIRT1 expression in the hippocampus is
positively correlated with adult hippocampal-dependent learning and memory
[23,25,101], however, it is also mediates anxiety in mice [102]. These data suggest that
SIRT1 may play an important role in both dorsal and ventral hippocampus functions.
Moreover, SIRT1 gene variants are associated with a risk for anxiety [102], which is
often comorbid with alcohol abuse [67,68,69,70,71,72]. Indeed, adolescent binge
drinking in rats differentially alters SIRT1 expression levels in the male rat dorsal and
ventral hippocampus [8] and SIRT1 expression is altered in the hypothalamus of male
mice exposed to alcohol in utero [93]. Interestingly, many of the SIRT1 functions are
associated with changes in expression levels of microRNA (microRNA) [8,23], small
RNA molecules with gene regulatory potential. Indeed, the importance of SIRT1 in
mediating hippocampal development and functions, as well as its potential to do so via

microRNAs, requires future research to elucidate these mechanisms.

microRNA

What are microRNAs?

Whole-genome sequencing data from a variety of species have underscored the
importance of post-transcriptional and post-translational modifications needed to achieve
extensive phenotypic diversity. microRNAs (microRNAs) are small, non-protein coding
RNAs (~22-nt long) and contribute to the complexity of the regulation of gene
expression by mediating downstream target gene expression via translational repression
and/or degradation. In this fashion, they can regulate virtually all biological processes

[18,19]. 50% of microRNA genes are located in intergenic regions of the genome, 40%
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within gene introns, and 10% are situated in exons, and thus, some microRNA expression
mimics that of their host gene(s), however, much remains to be discovered regarding how
microRNA expression is regulated. Evolutionarily, the emergence and conservation of
microRNA genes localized within host protein-coding genes suggests that this
localization emerged in response to environmental pressures that required tight control of
gene expression and coordination of specific cell functions [103]. Importantly,
microRNAs expression profiles are region-specific in the brain and
[8,104,105,106,107,108,109,110] play critical roles in neuronal growth and synaptic
plasticity [111,112,113,114,115,116] and their dysregulation has been implicated as a
causative factor in a variety of neuropathologies [117,118,119,120,121,122]. Therefore, it
is important to determine the mechanisms of microRNA biogenesis, regulation and
dysregulation in both healthy and pathological tissues in order to better understand the
mechanisms of microRNA-based regulation of gene expression and the consequences on

biological phenotypes [123,124].

microRNA Biogenesis

The biogenesis of most mature 22-24 nucleotide (nt) single stranded microRNAs
involves 4 processes: 1) transcription, 2) cropping, 3) dicing and 4) loading. microRNAs
are transcribed in an RNA Polymerase II-dependent fashion which produces an intergenic
pri-microRNA, about 100-1000 nt in length which forms a stem-loop structure [125,126].
Cropping of microRNA is performed by the microprocessor complex, composed of Di
George Syndrome critical component 8 (Dgcr8), which recognizes the stem-loop
structure, and the RNase III enzyme Drosha, which contains the catalytic component

important for cleaving the double stranded stem, removing the loop, and generating the
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pre-microRNA product [127,128]. The pre-microRNA is ~ 70-100 nt in average length
and are exported from the nucleus. In the cytosol, the dicing step occurs via the RNase III
enzyme Dicer, which catalytically cleaves the pre-microRNA into a double-stranded ~22
nt-long product, one strand of which is the mature microRNA. In the loading step, the
single-stranded mature microRNA is transferred to the RNA-induced silencing complex
(RISC), which comprises the microRNA-RISC complex (miRISC) which allows
microRNAs to locate specific messenger RNA transcripts target genes and this leads to
either translation repression or mRNA degradation. Interestingly, microRNAs
imperfectly bind small (~6 nt) seed sequences on the 3’ UTR of their gene targets,
permitting promiscuity to microRNAs, as a single microRNA can target multiple genes
[129]. Likewise, one gene can be targeted by multiple microRNAs. Such features enable
microRNAs to mediate quick, post-transcriptional gene silencing which would be

particularly useful in the regulation of synaptic plasticity.

microRNAs Regulate Neurodevelopment

The central nervous system (CNS) development requires a precise temporal
orchestration of events that is uniquely suited for the fine-tuning attributes of
microRNAs. The importance of microRNAs in embryonic nervous system development
was originally demonstrated using transgenic animal models that manipulated microRNA
biosynthetic processing enzymes, including Dicer. There is a single gene that encodes
Dicer in C. elegans, mice, and humans, and depletion of Dicer results in severe
developmental consequences. Studies in Dicer-mutant zebrafish showed that they had
disrupted embryonic morphogenesis and neural differentiation [130]. More specifically,

the brains lacked ventricles, neuronal positioning was disrupted suggesting migration
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defects, and many neurons had defasciculated axons [130]. Strikingly, injections of
microRNAs from the miR-430 family (miR-430a/b/c) reversed many of the brain
morphogenic defects that resulted from Dicer deletion in the zebrafish, revealing a direct
connection between mature microRNAs and Dicer during development. The partial
rescue of neuronal defects in this study also provided some of the first evidence for
tissue-specific effects of microRNAs [130,131]. Global Dicer deletion in mice is
embryonic lethal [132] prompting the generation of tissue-specific conditional Dicer-null
mouse models. In the developing neocortex, the absence of Dicer resulted in a smaller
cortex, improper cortical layering, increased apoptosis, as well as an overall reduction in

neural progenitor cells and oligodendrocytes [133,134,135].

microRNAs and their biogenesis enzymes are found enriched in the synapto-
dendritic compartments of neurons [113,136,137,138] indicating their potential role in
regulating synaptic plasticity. Indeed, rapid changes in local protein synthesis triggered
by synaptic activation [139,140,141] may rely on the function of microRNAs [142]. It
has been demonstrated that expression of the important synaptic plasticity molecule
BDNEF is regulated by miR-26a which targets the conserved sequences of the BDNF
3’UTR [143]. Moreover, miR-26a and BDNF expression have been implicated in the
vulnerability and onset of schizophrenia, alcohol abuse and mood disorders in both
human patients and rodent models [143,144,145,146,147,148]. In the brain, it has been
demonstrated that microRNAs play a role in synaptic plasticity [113,136,137,138,149]
are expressed in a sexually dimorphic manner [150] and that their expression is
dependent on steroid hormones [28]. Lamina-specific expression of miR-495 was

observed to be complementary to the BDNF expression in human prefrontal cortex [151].
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Furthermore, miR-495 has been associated with the mechanism whereby the mood
stabilizers valproate and lithium exert their neuroprotective effects [152]. Overall,
microRNAs have the capacity to regulate neuronal development and maintenance—
essential processes for a functioning nervous system and they also demonstrate sensitivity

to mood altering substances, including EtOH.

Alcohol Effects on microRNA

The effects of alcohol on brain microRNA remains an ongoing investigation,
however many recent developments have pointed towards the sensitivity of microRNA
expression in response to EtOH. In early life development, fetal brain microRNA
expression levels are altered by high levels of alcohol consumption by the pregnant
mother, and importantly, these changes in microRNA expression following maternal
EtOH abuse have been implicated in the teratology of EtOH-induced malformations in
fetal brain development [153,154]. Furthermore, microRNA expression levels are known
to exhibit differential expression profiles in fetal vs. postnatal brain, suggesting that
microRNAs are fundamentally involved in regulating developmental processes in the
brain [80,105,155,156] and suggest that alterations in microRNA expression in response
to EtOH can impart damage to brain development. microRNA expression levels in the
adolescent rat brain are also altered following peripubertal binge drinking [8] and in the
rat prefrontal cortex in alcohol dependent rats [157]. Importantly, peripubertal or adult
alcohol abuse in rats does not impart global changes in microRNA expression levels, but
rather alters the expression of specific microRNAs in distinct regions of the brain. This
specificity suggests that EtOH alters specific microRNA expression levels in order to

damage specific brain functions. microRNA expression profiles are also distinct in
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human alcoholic prefrontal cortex, providing further evidence that EtOH mediates brain
damage by altering microRNA expression [ 158]. Identifying the effector functions of the
target genes of EtOH-sensitive microRNAs is indeed a more challenging task, however,
in both rat prefrontal cortex and hippocampus, BDNF has been identified as a target gene
of EtOH-sensitive microRNA [157], suggesting the importance of the microRNA-
mediated regulation of BDNF in the brain, and the potential for alcohol abuse to disrupt
this regulation. How microRNA expression levels throughout the lifespan are expressed
and what regulates their expression still remains unclear, however much evidence
suggests the importance of gonadal hormones in this process. Indeed, gonadal hormones
levels themselves are dynamic throughout different developmental stages of life as well

as responsive to changes in the environment.

Gonadal Hormone Effects on microRNA

Steroid hormone regulation of microRNAs has been documented in a variety of
sex-specific cancer models such as breast, prostate and endometrial cancer
[159,160,161,162,163], however, less is known about steroid hormone regulation of
microRNA expression in brain tissue. Nonetheless, studies examining the effects of sex
steroid-induced microRNA regulation using in vivo models have indicated that sex-
steroid regulation of microRNA expression in the brain differs across the lifespan and
support the theory that sex steroid functions in the brain evolve with age. For example,
blocking synthesis of E; in the neonate brain induces sexually dimorphic patterns of
microRNA expression, such that males and female microRNA expression profiles
become indistinguishable [29]. In the aging female brain multiple microRNAs were

identified as E,-responsive in the hippocampus, central amygdala and the paraventricular
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nucleus, some of which were differentially regulated by E, dependent on age [28].
Despite these informative studies demonstrating steroid-mediated microRNA expression

regulation in the brain, the mechanism remains unresolved.

microRNA expression changes in response to differential hormone environments
indicate that hormones may mediate changes in microRNA expression via their nuclear
receptors. Steroid hormone receptors (i.e. nuclear receptors (NRs) classically function as
transcription factors, by binding to promoter elements and recruiting coactivators and
corepressors, together, induce gene activation or suppression. Because microRNA genes
often lie within the protein-coding regions of genes, NRs can thereby regulate
microRNAs in this way. Alternatively, downstream target genes regulated by NRs may,
themselves, influence subsequent microRNA gene expression in an indirect fashion.
Indeed, many NR target genes are transcriptionally regulated via secondary effects [164].
Another indirect manner in which microRNA expression can be regulated is via the
proteins required for microRNA biogenesis and RNA interference (RNA1) activity,
including the RNase III enzymes Drosha and Dicer which are responsible for the
sequence-specific cleavage of complementary RNA targets. Indeed, E, has been
demonstrated to mediate expression of these proteins [165], however, no such regulation

has been documented in the brain.

Summary

Peripubertal neurodevelopment is an important period of brain development
wherein increased synaptic plasticity lends environmental exposures to play a large role

in shaping how the neural circuitry develops. A common environmental exposure in the
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United States is engagement in binge EtOH drinking behavior, which has been
demonstrated to have sexually dimorphic, long-lasting neurological consequences in
hippocampus-mediated functions. Neurological consequences of EtOH abuse have been
recently demonstrated to alter microRNA expression, which have also recently been
discovered to play vital regulatory roles in neuronal maintenance. Therefore, we conclude
the introduction with the following hypothesis and aims to investigate microRNA
expression in male and female pubertal hippocampus development as well as investigate

the effects of peripubertal binge EtOH.



CHAPTER THREE

LONG-TERM EFFECTS OF PERIPUBERTAL BINGE ETOH EXPOSURE ON
HIPPOCAMPAL MICRORNA EXPRESSION IN THE RAT

Introduction

Heavy episodic alcohol consumption (i.e. binge drinking) has been steadily
increasing among adolescents in recent decades [40,166]. Indeed, data from the
Department of Health and Human Services: Substance Abuse and Mental Health Services
Administration (SAMHSA 2005) showed that an alarming 90% of the alcohol consumed
by youth occurs in a binge-like pattern, defined as raising the blood alcohol concentration
(BAC) above the legal driving limit (0.08%) within a 2 hour time period (NIAAA, 2012).
Extensive remodeling of the brain occurs during adolescence, which includes changes in
cortical gray and white matter, synaptic connectivity, and increased neurogenesis
[167,168,169,170,171] and alcohol exposure during this critical time can have severe
detrimental effects on brain function [44,172,173,174,175,176]. Studies from our
laboratory and others have demonstrated that adolescent binge-pattern alcohol exposure
results in long-term dysregulation of the neuroendocrine stress response, memory
impairments and behavioral deficits [12,67,177,178,179].An altered stress response often
underlies depression- and anxiety-related disorders and importantly, these conditions are
commonly experienced by over 50% of alcohol-dependent patients [67,180,181]. Indeed,

mood and memory impairments are often present in tandem with alcohol abuse and
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neuropsychiatric illnesses that emerge post-puberty [182,183].The hippocampus is an
important brain region that mediates learning, memory, and mood and it has been well
established that hippocampus structure and function is impaired by EtOH abuse
[10,11,184,185,186,187,188]. Notably, pubertal EtOH abuse inhibits adult neurogenesis,
impairs learning and memory in adulthood, and impairs information retention. The
precise molecular mechanisms mediating the long-term effects of adolescent binge EtOH
exposure are poorly understood, however short non-coding regulatory RNAs are sensitive
to EtOH and have recently been recognized as critical mediators of nearly every basic
cellular process [154,189]. In particular, microRNAs (microRNAS, ~22 nucleotide
single-stranded non-coding RNA) regulate the translation of proteins important for
neuronal development during embryogenesis, postnatal neuronal maintenance and
survival, and hippocampal neurogenesis throughout life [112,113,190,191,192,193].
Moreover, disruption of mature microRNA expression and/or function has been linked to
alcohol-induced neurological afflictions including addiction and fetal alcohol spectrum
disorder (FASD) [194,195]. In this study we used a Wistar rat model to identify EtOH-
sensitive microRNAs that target genes involved in regulating hippocampal processes,
such as memory and mood. Using multiple target prediction algorithms (Targetscan:
www.targetscan.org; microRNA database: www.miRDB.org) [129,196,197], we
identified brain-derived neurotrophic factor (BDNF) as a target gene of miR-10a-5p,
miR-26a, miR-103, and miR-495, synapsin-2 (SYN2) as a target gene of miR-32, and
sirtuin 1 (SIRT1) as a target gene of miR-26a, miR-103 and miR-495. BDNF and SYN2
are both critical regulators of synaptic plasticity. For example, BDNF is a neurotrophic

factor instrumental in neurodevelopment and alterations in its expression are evidenced in
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numerous psychiatric disorders, SYNZ2 is a synaptic vesicle phosphoprotein that
modulates neurotransmitter release onto the post-synaptic membrane and its
dysregulation disrupts the delicate balance of excitatory and inhibitory neurotransmission
throughout the brain whereas SIRT1 is a class Il protein deacetylase that has been

recently associated with anxiety behavior [102,180,181,198,199].

We tested the hypothesis that mid/peripubertal binge EtOH exposure alters
hippocampal microRNA expression and that this leads to changes in the expression of
their target genes. Importantly, the normal expression profile of these particular
microRNAs during pubertal development has not been reported in any species studied to
date. Therefore, we quantified the normal developmental expression profile of miR-10a-
5p, miR-26a, miR-103 and miR-495 in the rat hippocampus at three time points in
pubertal development (early, peri, and late). Next, we determined how peri-pubertal
binge EtOH exposure altered those normal expression levels immediately following
EtOH exposure, as well as 30 days after the last EtOH dose using a binge pattern that is
reliable for testing the effects of typical adolescent alcohol abuse [44,200]. Gene
expression levels of microRNA processing enzymes, Drosha and Dicer, were also
quantified at each time point in order to determine a possible molecular mechanism for
binge EtOH effects. Lastly, to determine the downstream physiological effects of
alterations in microRNA target gene transcription, we quantified the gene expression
levels of putative microRNA target genes, BDNF and SIRT1 as well as their protein
expression levels. Overall, our data provide evidence that peripubertal binge EtOH

exposure induces long-term alterations in mature microRNA expression levels in the rat
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hippocampus, which has the potential to modulate the expression of their downstream

target genes.
Approach

Figures 2 and 3: Male Wistar were handled daily beginning at PND 30 and
given one of the following treatment paradigms starting on PND 37 (n=6/group): 1)
saline control (1x/day/8days), 2) acute EtOH (saline 1x/day/7days + 1x/day/1day EtOH)
or 3) binge EtOH (1x/day/3days EtOH + 1x/day/2days saline + 1x/day/3days EtOH) via
intraperitoneal injection. One hour after the last dose, brains were collected, rapidly
frozen, sectioned at 200 um on a freezing microtome and the whole hippocampus was
microdissected using a 0.75 mm Palkovit’s brainpunch tool. The array was performed
using SABiosciences RT? miRNA PCR Array. Quantitative real-time reverse
transcription PCR (QRT-PCR) was used to quantify the expression levels of six
microRNAs: (miR-10a-5p, miR-26a, miR-32, miR-103, mmiR-423 and miR-495) as well

as BDNF and SIRT1 mRNA.

Figures 4-13: The dorsal and ventral hippocampus were microdissected from
male Wistar rats that were either untreated or treated with an EtOH paradigm
administered via oral gavage beginning at PND 37 (3g/kg; 1x/day/3days EtOH,
+1x/day/2days water + 1x/day/3days EtOH) . Brains collected at three different ages
during pubertal development (early puberty, PND 30; mid/peripuberty, PND 44; late
puberty, PND 71; N=10/group). Importantly, peripuberty in rats is considered to be ~
PND 30-45 [201,202]. Quantitative real-time reverse transcription PCR (gRT-PCR) was

used to quantify the expression levels of a total of five microRNAs: (miR-10a-5p, miR-
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26a, miR-32, miR-103 and miR-495) and four genes (Drosha, Dicer, BDNF and SIRT1).

Western Blot was used to detect protein expression of pro-BDNF, BDNF and SIRTL.

Results

Blood alcohol concentrations following peripubertal binge EtOH exposure

In order to model typical pubertal binge alcohol drinking behavior, we utilized an
8-day binge EtOH exposure paradigm that has been used previously to mimic the pattern
of alcohol consumption commonly observed in human adolescents (Fig. 1A) [8,44].
Experimentally, this paradigm does not affect body weight/growth curves during pubertal
development in male rats [8,44,200]. Blood alcohol concentrations (BAC) were measured
on the final day of treatment (day 8) 60 minutes following the last dose. The BAC in
EtOH treated animals was 190 + 21 mg/dl which was consistent with our previous studies
using this peripubertal binge EtOH paradigm (Fig. 1B) [8,44,200]. Overall, our observed

BAC levels fall within the defined BAC threshold of binge drinking.

miR-10a-5p, miR-26a, miR-103, miR-32 and miR-495 expression levels are sensitive

to peripubertal binge-pattern EtOH exposure in the rodent hippocampus.

In the brain, microRNAs play an important role in neurodevelopment and
neurogenesis, two processes that continue to occur throughout adolescent development
[203] and microRNAs are implicated in the teratology of EtOH-induced malformations
infetal brain development [153,154]. Importantly, our understanding of microRNAs in

the brain during adolescent development is severely limited and there is little to no data
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Figure 1: Peripubertal repeated binge EtOH paradigm alters blood

alcohol concentration. On PND 37, male Wistar rats are given 3g/kg
EtOH (20% v/v in water), or water alone, via oral gavage at 10AM

and this process is repeated according to the following schedule: 3d
EtOH, 2d water, 3d EtOH (A). Blood alcohol concentrations (BAC)
1.0 h following the last dose of water (control) or peripubertal binge
EtOH (B). Data expressed as mean BAC (mg/dl). *Statistically

significant difference via Student’s T-test N=6 (p<0.05).
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describing how EtOH might affect microRNAs during this critical developmental period.
microRNA expression was measured in the hippocampus of male rats treated with an 8-
day binge EtOH paradigm (see Fig. 1A) using a microRNA RT-PCR profiling array
containing a genome-wide panel of the 88 most well-researched rat microRNAs (as
annotated by the Sanger miRBase Release 14). We identified 2 novel EtOH-sensitive
microRNAs (miR-10a-5p and miR-423) which demonstrated altered expression levels
following an 8-day peripubertal binge-pattern EtOH exposure. Specifically, miR-10a-5p
and miR-423 expression levels were increased >10-fold in the hippocampus of binge-
EtOH treated rats (Fig. 2). We next designed our own primers to validate the array-
generated results with gRT-PCR and when using these primers, the expression level of
miR-10a-5p increased in the binge-treated animals as it did in the array (Fig. 3A).
However, miR-423 expression levels did not change when using the new primers, and
therefore, miR-423 was not further studied. To add depth to the study, we also quantified
the expression levels of additional microRNAs, miR-26a, miR-32, miR-103 and miR-495
that were predicted to target genes which regulate hippocampus functions. These data
revealed that peripubertal binge-pattern EtOH exposure increased miR-32, miR-103 and
miR-495, and decreased miR-26a expression levels in the male rat whole hippocampus
(Fig. 3A). Using the target prediction algorithms available via Targetscan:
www.TargetScan.org and microRNA database: www.miRDB.org [129,196,197], we
identified BDNF and SIRTL1 as a putative target genes of miR-10a-5p, miR-26a, miR-103

and miR-495. These computer algorithms identify predicted microRNA target genes
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Figure 2. Peripubertal binge EtOH increases miR-10a-5p and miR-423
expression in the male rat whole hippocampus. Scatter plot data represents
microRNA expression levels in binge EtOH treated rats relative to controls
(open circles). miR-423 and miR-10a-5p (red) expression levels increased >

10-fold in binge EtOH-treated rats compared to control (one-way ANOVA,

*p<0.05).
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Figure 3: Peripubertal binge-pattern EtOH exposure alters microRNA and target gene
expression in male rat hippocampus. microRNA (A) and target gene (B) expression levels
1.0 h following the last dose of water or EtOH. Data represent mean fold change = SEM as
compared control. * indicates significance between groups (one-way ANOVA, p<0.05).

target gene. Analysis of the potential target genes for these EtOH-sensitive microRNAs,
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we identified one reported binding site for miR-10a-5p, miR-26a and miR-103 within the
3’UTR of BDNF and four for miR-495. One binding site was reported within the 3’UTR
of SIRT1 for miR-26a, mir-103 and miR-495. Importantly, the number of predicted

binding sites is indicative of the relative specificity of the microRNA for that gene.

We next quantified the expression levels of the EtOH-sensitive microRNA gene
targets, BDNF and SIRT1, which displayed strong decreasing trends in the binge EtOH-
treated animals, but did not reach not statistical significance (Fig. 3B). Importantly, the
male rat brain displays both age-, cell type- and region-specific microRNA expression
profiles and the hippocampus consists of functionally distinct ventral and dorsal regions
[57,58,105,204,205]. Therefore, we next aimed to determine the potential for peripubertal

binge EtOH to induce region-specific alterations in the ventral and dorsal hippocampus.

Mature miR-10a-5p, miR-26a, and miR-495 expression levels in the dorsal

hippocampus of untreated male rats are age dependent.

Expression levels of these specific mature microRNAs in the brain during
pubertal development have not been previously described. Therefore, we first determined
the normal developmental profile of mature miR-10a-5p, miR-26a, miR-103 and miR-
495 expression in the dorsal hippocampus using untreated male Wistar rats. miR-32
expression levels were not significantly altered in the dorsal or ventral hippocampus by

age or EtOH, and therefore, it was not further studied. Mature microRNA expression
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Figure 4. Diagram of experimental paradigm. Diagram depicting the age of sacrifice and
specific treatment paradigms for each group of male Wistar rats. 3 groups received no
treatments (A). 4 groups received water or binge EtOH treatments at peripuberty, for a

total of 2 control and 2 EtOH groups (B). N=10/group.
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Table 1. Statistical Analysis of Gene Expression Levels in the Dorsal Hippocampus

microRNA | MAIN EFFECT OF | MAIN EFFECT OF | INTERACTION: AGE
AGE TREATMENT X TREATMENT
miR-10a- Yes: F(2,33) = No No
5p 12.293 p < 0.001
miR-26a Yes: F(2,44) =3.222 | Yes: F(1,44) =5.212 Yes: p <0.001
p <0.049 p <0.027
miR-103 No No No
miR-495 Yes: F(2,37) =4.923 | Yes: F(1,37) =59.23 Yes: p < 0.001
p <0.013 p <0.001
GENE MAIN EFFECT OF | MAIN EFFECT OF | INTERACTION: AGE
AGE TREATMENT X TREATMENT
Drosha Yes: F(2,54) = No Yes: p=0.008
24.906 p < 0.001
Dicer Yes: F(2,54) = No Yes: p <0.001
18.725 p < 0.001
BDNF Yes: F(2,52) = Yes: F(1,52) = 6.574 No
12.845 p < 0.001 p <0.013
SIRT1 No Yes: F(1,54) = Yes: p <0.001

110.941 p < 0.001
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Figure 5. Peripubertal binge EtOH exposure alters microRNA expression during pubertal
development in the dorsal hippocampus. miR-10a-5p (A), miR-26a (B), miR-103 (C),
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line) pubertal male rats. N=10/group. Data represent mean fold change £ SEM as
compared to untreated PND 30 animals. Dissimilar letters indicate a statistically

significant difference between groups (2-way ANOVA, p<0.05).
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levels were measured using gRT-PCR at three time points throughout pubertal
development(early = 30 d, peri = 44 d, late = 73 d) (Fig. 4A). In the dorsal hippocampus,
a two-way ANOVA revealed a main effect of age on the expression levels of all
microRNAs tested, except miR-103 (Table 1). Each of the three microRNAs that showed
a significant effect of age in the dorsal hippocampus had a distinct developmental pattern.
For instance, miR-10a-5p expression decreased significantly between early and
peripuberty, and remained lower than early puberty levels until late puberty (Fig. S5A,
solid line). By contrast, miR-26a expression did not change between early and
peripuberty, but significantly decreased at late puberty (Fig. 5B, solid line). Finally, a
significant increase was observed in miR-495 expression between early and peripuberty

and these levels remained high until late puberty (Fig. 5D, solid line).

Binge EtOH exposure during peripuberty significantly alters normal developmental

profile of microRNAs in the dorsal hippocampus.

Next, we determined the effects of repeated binge EtOH exposure during
peripuberty on these microRNA levels in the brain. Rats were administered our repeated
binge-pattern EtOH exposure paradigm (Fig. 1A) and dorsal hippocampal microRNA
expression of miR-10a-5p, miR-26a, miR-103 and miR-495 was compared with untreated
rats/water-treated rats immediately following binge EtOH exposure and one-month post-
EtOH exposure. Our results demonstrated a significant main effect of EtOH treatment on
the expression of miR-26a and miR-495 and there was also a significant interaction
between age and treatment, demonstrating that the effects of EtOH were age dependent
(Table 1). Although there was no main effect of EtOH treatment on the expression of

miR-10a-5p, and there was no immediate change following EtOH exposure at
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peripuberty, by late puberty its expression was significantly increased compared to
untreated rats/water-treated rats (Fig. 5A). miR-26a expression levels significantly
decreased immediately following binge EtOH exposure at peripuberty, however this
difference did not persist and was equivalent to those of untreated animals by late puberty
(Fig. 5B). miR-103 was not significantly altered by peripubertal EtOH treatment in the
dorsal hippocampus, similar to the results observed with age alone (Fig. 5C). Most
striking were the results of EtOH exposure on miR-495. Similar to miR-26a, miR-495
was significantly decreased as a result of binge EtOH exposure at peripuberty. Notably
however, expression levels remained significantly below normal even one-month post
EtOH exposure (Fig. 5D), suggesting a potential long-term effect of pubertal binge EtOH

exposure on miR-495 in the dorsal hippocampus.

Mature miR-10a-5p, miR-26a, miR-103, and miR-495 expression levels in the

ventral hippocampus of untreated male rats are age-dependent

Distinct region and age-dependent expression of microRNAs has been
demonstrated in the brain of a variety of species [105,206,207]. Therefore, we quantified
the expression of miR-10a-5p, miR-26a, miR-103, and miR-495 in the ventral
hippocampus across pubertal development in untreated rats to determine if there were
region specific microRNA expression patterns in the hippocampus. In the ventral
hippocampus, there was a significant main effect of age in the untreated animals on all
four microRNA s tested, including miR-103, which previously did not show a significant

change across pubertal development in the dorsal hippocampus (Table 2). Specifically,



Table 2. Statistical Analysis of microRNA Expression Levels in the Ventral

Hippocampus
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16.484 p < 0.001

14.759 p < 0.001

microRNA MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE TREATMENT AGE X
TREATMENT
miR-10a- Yes: F(2,42) = Yes: F(1,42) = 8.847 No
5p 17.492 p < 0.001 p =0.005
miR-26a Yes: F(2,37) =5.064 No No
p=0.011
miR-103 Yes: F(2,54) =4.582 | Yes: F(1,54) =5.739 Yes: p <0.001
p=0.015 p=0.02
miR-495 | Yes: F(2,42) =8.359 | Yes: F(1,42) =5.998 Yes: p <0.001
p <0.001 p=0.019
GENE MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE TREATMENT AGE X
TREATMENT
Drosha Yes: F(2,54) = 4.650 No Yes: p <0.001
p=0.014
Dicer Yes: F(2,54) = No Yes: p <0.001
10.746 p < 0.001
BDNF Yes: F(2,41) = Yes: F(1,41) =9.109 Yes: p < 0.001
13.622 p < 0.001 p =0.004
SIRT1 Yes: F(2,43) = Yes: F(1,43) = Yes: p <0.001
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miR-10a-5p showed no change between early and peripuberty, but significantly increased
by late puberty in the ventral hippocampus (Fig. 6A, solid line). Also, in contrast to the
dorsal hippocampus miR-26a significantly decreased at peripuberty, but this change did
not persist and was equivalent to early pubertal levels by late puberty (Fig. 6B, solid
line). The ventral hippocampus levels of miR-103 and miR-495 had a similar profile.
Both had a statistically significant decrease, or a strong trend towards decreasing, at
peripuberty compared to early pubertal levels, but then the levels increased significantly
above that of early pubertal levels by late puberty (Fig. 6C, D, solid line). Notably, miR-
495 expression in the ventral hippocampus demonstrated the most dynamic expression
profile throughout pubertal development, as it had distinct expression levels at each time

point measured.

Repeated adolescent binge EtOH exposure differentially alters expression of miR-

10a-5p, miR-26a, miR-103 and miR-495 in the ventral hippocampus

We predicted that peripubertal binge EtOH exposure would alter the normal
developmental profile of microRNA expression in the ventral hippocampus, based on the
evidence obtained from the dorsal hippocampus. Indeed, there was a significant main
effect of treatment and a significant interaction between age/treatment for miR-10a-5p,
miR-103, and miR-495 in the ventral hippocampus (Table 2). Interestingly, the
magnitude of changes in microRNA expression was overall much higher in the ventral
hippocampus compared to the dorsal, with some microRNAs changing by as much as 5-
fold (Fig. 6). One example of a large fold change was observed with miR-10a-5p. The

mature expression levels of miR-10a-5p were significantly increased by an average of 3-5
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Table 3. Summary of peripubertal EtOH exposure on microRNA and mRNA gene

expression. Arrows indicate a statistically significant effect (increase/decrease) of EtOH

compared to age-matched water-treated controls.

Dorsal Hipp Dorsal Hipp Ventral Hipp | Ventral Hipp
microRNA immediate long-term immediate long-term
ETOH effect ETOH effect ETOH effect | ETOH effect
10a-5p - 1 1 -
26a l - - l
103 - - 1 !
495 ! l T 1
Dorsal Hipp Dorsal Hipp Ventral Hipp | Ventral Hipp
Gene immediate long-term immediate long-term
ETOH effect ETOH effect ETOH effect | ETOH effect
Drosha 0 1 1 !
Dicer 0 ! 1 !
BDNF 0 1 l _
SIRT1 1 1 ! -
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fold following peripubertal binge EtOH exposure (Fig. 6A, dashed line). Further, the
expression levels continued to show an increase at late puberty, paralleling the untreated
group at that same age (Fig. 6A). There was no observed statistical effect of peripubertal
EtOH treatment on miR-26a. Nevertheless, the expression levels in the EtOH-treated
group did not appear to follow the normal age-dependent increase observed by late
puberty (Fig. 6B). The most striking effects of peripubertal binge EtOH exposure in the
ventral hippocampus were observed in miR-103 and miR-495 expression, as their normal
developmental expression levels at both peripuberty and late puberty were opposite
following peripubertal binge EtOH exposure. Overall, our results demonstrate both
immediate and long-term effects of peripubertal binge EtOH exposure in the rat
hippocampus and these effects were distinct between the dorsal and ventral regions
(Table 3).

Mature microRNA biosynthetic processing enzymes are altered by peripubertal

binge EtOH exposure in the dorsal and ventral hippocampus

Primary microRNA transcripts are transcribed from the genome in a RNA
polymerase 11 dependent manner and sequentially cleaved by the nuclear enzyme Drosha
and the cytoplasmic enzyme Dicer to form the functionally mature single-stranded form
of the microRNA [127,208,209]. We next measured mRNA levels of both Drosha and
Dicer in our dorsal and ventral hippocampal tissue samples to better understand the
molecular basis of altered mature microRNA expression levels. Drosha and Dicer mMRNA
expression levels were measured using gRT-PCR in the untreated animals at early, mid

and late puberty and those levels were compared to animals that were administered our
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Figure 7. Peripubertal binge EtOH exposure differentially alters microRNA biosynthetic
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EtOH-treated (dashed line) pubertal male rats. N=10/group. Data represent mean fold
change £ SEM as compared to untreated PND 30 animals. Dissimilar letters indicate a

statistically significant difference between groups (2-way ANOVA, p<0.05).
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binge EtOH treatment paradigm at peripuberty. Our results showed a main effect of age
on Drosha in both the dorsal and ventral hippocampus (Tables 1, 2; Fig. 7A, B, solid
line). Specifically, Drosha mRNA levels were significantly decreased between early and
peripuberty in both regions of the hippocampus. The gene expression levels remained
low until late puberty in the dorsal hippocampus but returned to early pubertal levels in
the ventral hippocampus (Fig. 7A, B, solid line), thereby demonstrating region-specific
regulation. Further, there was a significant interaction between age and EtOH on Drosha
MRNA expression in both hippocampal regions and an overall main effect of EtOH
treatment in the ventral hippocampus (Table 1, 2; Fig. 7A, B, dashed line). In both
regions, peripubertal binge EtOH exposure significantly elevated Drosha mRNA levels
immediately following EtOH exposure, suggesting a potential for increased microRNA
biosynthetic processing. These increased levels persisted for up to one month (late
puberty, Fig. 7A) following EtOH exposure in the dorsal hippocampus, but were
significantly decreased at that same age in the ventral hippocampus (Fig. 7B). Dicer
MRNA expression followed the same pattern as Drosha in untreated animals for both
regions of the hippocampus and there was a statistically significant overall main effect of
age (Table 1, 2; Fig. 7C, D). Dicer mRNA levels decreased between early and
peripuberty in both regions and the levels remained low until late puberty in the dorsal
hippocampus (Fig. 7C). By contrast, at late puberty Dicer mRNA levels were no longer
significantly different from those in early puberty in the ventral hippocampus (Fig. 7D).
Binge EtOH exposure in peripuberty had the same effect on Dicer mRNA expression
levels in both regions of the hippocampus, with a statistically significant overall main

effect of treatment and a significant interaction between age and treatment (Table 1, 2;
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Fig. 7C, D). Dicer mRNA levels were immediately increased compared to untreated
animals following EtOH exposure at peripuberty, but then by late puberty had decreased
significantly to levels even lower than that of untreated animals at early puberty (Fig. 7C,
D). In sum, these results demonstrate that both Dicer and Drosha change dynamically
throughout pubertal development in the hippocampus and that these levels can be

dramatically altered by peripubertal binge EtOH exposure (Table 3).

Peripubertal Binge EtOH exposure alters putative target gene mRNA of EtOH-

sensitive microRNA in the dorsal and ventral hippocampus.

The most well understood mechanism of microRNA action is through microRNA
complementary binding to the 3’ untranslated region (UTR) of a primary gene transcript
and its subsequent facilitation of mMRNA degradation and/or inhibition of mMRNA
translation [210,211]. This miR-mediated degradation of MRNA target genes is
attributable to observed downstream phenotypic changes. We identified two genes that
were putative targets of all 4 EtOH-sensitive microRNAs in the dorsal and ventral
hippocampus using publically available software target prediction programs (Targetscan:
www.targetscan.org; miR database: www.miRDB.org) [129,196,197]. Our analysis of
potential targets for each EtOH-sensitive miR identified a single putative binding site in
the 3’UTR of BDNF for each miR-10a-5p, miR-26a, and miR-103 (Fig. 8). Also, there
were four possible binding sites on BDNF for miR-495, suggesting miR-495 might have
a stronger regulatory effect on BDNF than the other microRNAs. There were no potential

binding sites in the 3’UTR of SIRT1 for miR-10a-5p, but there was a single potential
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Figure 8. Diagram depicting predicted microRNA binding sites for BDNF and SIRT1.
Schematic diagram of the 3’UTR of (A) BDNF — 2,842 bp and (B) SIRT1- 1,607 bp. The
putative binding sites for each microRNA were predicted using Targetscan
(www.targetscan.org) and miRDB (www.miRDB.org) computer algorithm programs.
The binding sites were predicted based on the presence of an 8-mer or 7-mer conserved

microRNA seed sequence. Precise seed sequence positions are shown in parentheses.
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significant difference between groups (2-way ANOVA, p<0.05).
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binding site for each of the other microRNAs tested (miR-26a, miR-103 and miR-495;

Fig. 8).

To determine whether peripubertal binge EtOH exposure altered the normal
expression levels of BDNF and SIRT1 mRNA, we compared mRNA levels in untreated
animals at each age (early, mid, and late puberty) to animals that had been treated with
binge EtOH at peripuberty in both the dorsal and ventral hippocampus. Overall, there was
a significant main effect of age on BDNF mRNA expression in both regions of the
hippocampus (Tables 1, 2; Fig. 9A, B, solid line). By contrast, there was a significant
main effect of age on SIRT1 mRNA expression in the ventral, but not dorsal,
hippocampus (Tables 1, 2; Fig. 9C, D, solid line). There was also a significant main
effect of EtOH treatment on BDNF and SIRT1 mRNA expression in both hippocampal
regions (Tables 1, 2). A statistically significant interaction between age and EtOH
treatment was observed for SIRT1 in the dorsal hippocampus (Table 1) and BDNF and
SIRT1 in the ventral hippocampus (Table 2), demonstrating that the effects of binge
EtOH exposure on BDNF and SIRT1 mRNA expression was dependent on age.
Interestingly, EtOH exposure significantly increased BDNF and SIRT1 mRNA levels
compared to untreated animals at peripuberty in the dorsal hippocampus (Fig. 9A, C,
dashed line), while the opposite was observed in the ventral hippocampus (Fig. 9B, D,
dashed line). The effects of EtOH persisted for up to one-month post-EtOH exposure for
BDNF and SIRT1 in the dorsal hippocampus (Fig. 9A, C) and for BDNF in the ventral
hippocampus (Fig. 9A). Although the ventral hippocampus mRNA levels of SIRT1 were
not statistically different from untreated controls one-month following binge EtOH

exposure, the data suggest that the normal developmental profile of SIRT1 gene
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expression was retarded at a pre-pubertal phenotype as a result of peripubertal EtOH

exposure (Table 3).

We next investigated the effects of peripubertal binge EtOH exposure on BDNF
and SIRT1 protein expression. We quantified the dorsal and ventral hippocampus pro-
BDNF (the higher molecular weight precursor of mature BDNF), mature BDNF and
SIRT1 protein levels in peripubertal animals treated with water or binge EtOH one hour
following the last treatment.. In the ventral hippocampus, binge EtOH-treated animals
demonstrated a strong decreasing trend in expression of pro-BDNF, with a p-value = 0.05

(Fig. 10B).

Binge EtOH exposure did not alter circulating testosterone levels.

Increased gonadal steroid hormones during pubertal development can potentially
modulate microRNA and/or Drosha, Dicer, BDNF and SIRT1 mRNA levels. The animals
in this study were kept gonad-intact throughout puberty, however previous studies have
demonstrated that EtOH can alter gonadal steroid hormones [44]. To determine the
effects of binge EtOH exposure during puberty on circulating gonadal steroid hormone
levels in our system, plasma testosterone (T) was measured in each age group on the day
of sacrifice. As expected, circulating T levels continued to increase with age in all
animals (Fig. 11), demonstrating a normal progression through pubertal development.
Peripubertal EtOH exposure tended to decrease circulating T levels, but the differences

between EtOH-treated animals and controls of the same age group were not statistically
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Male dorsal and ventral hippocampus miR target protein expression following
repeated pubertal binge EtOH
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Figure 10. Assessment BDNF and SIRT1 protein expression levels following

peripubertal binge EtOH. Representative immunoblot for BNDF, pro-BDNF, SIRT1 and

B-actin expression in the dorsal hippocampus and the % change in BNDF, pro-BDNF and

SIRT1 expression normalized to f-actin (A). Representative immunoblot for BNDF, pro-

BDNF, SIRT1 and B-actin expression in the ventral hippocampus and the % change in

BNDF, pro-BDNF and SIRT1 expression normalized to B-actin (B). Quantification of

densitometric analysis of protein expression calculated from at least 3 independent

experiments (N=6). No significant difference between groups was observed (2-way

ANOVA, p<0.05).
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significant (Fig. 11). Moreover, there were no apparent long-lasting effects of
peripubertal EtOH treatment on circulating T levels measured at one month post EtOH

treatment (Fig. 11).

Discussion

Adolescent alcohol abuse has been shown to exert long-lasting detrimental effects
on brain function, neuronal gene expression and behaviors, yet the precise molecular
targets of EtOH remain poorly understood. Indeed, previous studies by our laboratory and
others have demonstrated both immediate and long-term effects of repeated peripubertal
binge EtOH exposure on genes that regulate the physiological stress response
[12,44,67,212,213]. Therefore, the goals of this study were to provide a potential
mechanistic explanation for EtOH-induced effects on gene expression by quantifying the
expression of EtOH sensitive microRNAs (miR-10a-5p, miR-26a, miR-103 and miR-
495) during normal pubertal development in the male rat hippocampus, and then
elucidate how peripubertal binge EtOH exposure alters the expression of those
microRNAs. Importantly, microRNAs have emerged as highly conserved critical
regulators of downstream gene expression in nearly all physiological systems. Genome-
wide microRNA expression profiles revealed that the microRNAs investigated in this
study, miR-103 and miR-26a, are among the top 15 most abundantly expressed
microRNAs in the rodent hippocampus [104]. Taken together our data revealed that the
expression of miR-10a-5p, miR-26a, miR-103 and miR-495 are dynamic across pubertal
development and that the developmental profiles for each microRNA are distinct between
the dorsal and ventral hippocampus. Moreover, peripubertal binge EtOH exposure altered

normal pubertal development expression patterns of miR-10a-5p, miR-26a, miR-103,



55

miR-495, Dicer, Drosha, BDNF and SIRT1 in an age and brain region-dependent
manner. Most striking, our results showed that peripubertal binge EtOH exposure had
significant long lasting effects on several microRNAs studied, as well as their processing
enzymes and target genes. These effects were evident for as long as one-month following
the last EtOH exposure, suggesting that EtOH could have lasting consequences on gene
expression profiles in the male rat hippocampus through long-term regulation of

microRNA expression patterns.

Quantifying EtOH-induced changes in Drosha and Dicer mRNA levels can yield
insight into the mechanistic actions of EtOH by revealing specific points of EtOH-
mediated perturbations along the microRNA biosynthetic pathway. The biogenesis of
mature 22-24 nucleotide (nt), single-stranded microRNAs involves the following
sequential processes: 1) transcription of a 100-1000 nt primary-microRNA (pri-
microRNA) product, 2) cropping of the transcript by the nuclear Rnase 11l enzyme
Drosha into the preliminary-microRNA (pre-microRNA), 3) cleavage of the pre-
microRNA by the cytoplasmic RNAse I11 enzyme Dicer and 4) loading of the mature
microRNA onto the RNA-induced silencing complex (RISC), which guides it to its
MRNA target for degradation or translational inhibition [210,211]. Notably, the
expression of microRNA biogenesis genes (i.e. Drosha, Dicer) was shown to be
significantly correlated with addiction-related phenotypes [214]. Our studies revealed the
interesting observation that both Drosha and Dicer mRNA significantly decreased
between early and peripuberty, although these results do not necessarily reflect changes
in enzyme catalytic activity. Regardless, decreased mRNA levels of microRNA

biosynthetic enzymes would theoretically result in reduced mature microRNA levels
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leading to increased translation of gene targets, consistent with the idea that there are
global changes in overall gene expression during adolescent development. The effects of
peripubertal binge EtOH exposure on Drosha and Dicer mRNA levels continued to
persist for as long as one-month after the last EtOH exposure, which raises the possibility
of a potential long-term EtOH-induced dysregulation of microRNA biosynthetic

processing.

One of the biggest challenges since the discovery of microRNAs has been the
identification of their target genes. In mammals, their imperfect base pair hybridization
with mRNA targets results in promiscuous binding, such that a single microRNA can
have multiple mRNA gene targets. For instance, miR-495 is predicted to target as many
as 754 genes in the rat genome (MiRDB). Similarly, a single mRNA transcript can be
regulated by several different microRNAs and whether multiple microRNAs must act in
concert to regulate a specific target gene remains unresolved. Indeed, BDNF is predicted
to be targeted by 51 microRNAs (miRDB), therefore the results shown herein are not
exhaustive of all potential regulators of BDNF. Nevertheless, our data demonstrating
differential expression of the same microRNA in functionally distinct hippocampal
regions strongly implied that the targets of these microRNAs may also be differentially
expressed. Therefore, we identified putative target genes of miR-10a-5p, miR-26a, miR-
103 and miR-495 that were relevant to known dorsal and ventral hippocampus functions
using target prediction software programs, Targetscan and MirDB. For instance, BDNF
was identified as a putative target gene for miR-10a-5p, miR-26a, miR-103 and miR-495.
BDNF plays a fundamental role in guiding neurodevelopment as well as in the fine-

tuning of synaptic plasticity, a critical event during adolescent brain development.
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Previous studies have demonstrated that regulation of BDNF expression is mediated by
miR-26a targeting the conserved BDNF 3’UTR sequence [143] and our data demonstrate
inverse relationships between miR-26a and BDNF expression in the dorsal hippocampus
(Fig. 5B, Fig. 9A). Together, these data suggest a role for miR-26a in the regulation of
BDNF expression levels in the pubertal dorsal hippocampus. Importantly, both BDNF
gene variants and miR-26a expression have been implicated in the vulnerability and onset
of schizophrenia, alcohol abuse and mood disorders in both human patients and rodent
models [143,144,145,146,147,148]. Moreover, these data serve as an important reminder
that the computer algorithm-predicted microRNA target genes do not always translate
into actual microRNA targets and that correlated changes in microRNA and target gene
MRNA expression levels do not always indicate causality. Taken together, peripubertal
disruption of miR-26a, miR-10a-5p and miR-495 expression following binge EtOH

exposure could result in altered BDNF expression in the pubertal hippocampus.

The histone deacetylase sirtuin 1 (SIRT1) was also predicted by computer
algorithms to be a putative gene target of miR-26a, mir-103 and miR-495 (Fig. 7B).
Immediate responses to peripubertal binge EtOH resulted in increased SIRT1 expression
in the dorsal hippocampus, and decreased SIRT1 expression in the ventral hippocmapus.
These data suggest that SIRT1 mRNA expression may be regulated by distinct
microRNAs in the dorsal and ventral hippocampus, a hypothesis consistent with studies
demonstrating that these two hippocampus regions are functionally distinct, as they have
dissimilar neuronal projection patterns [57,58,205]. Moreover, the ventral and dorsal
hippocampus may utilize different cellular mechanisms to mediate their respective

responses to EtOH. Our data further demonstrated that peripubertal binge EtOH exposure
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had long-lasting effects on SIRT1 gene expression, showing significantly increased
MRNA levels lasting until late puberty in the dorsal hippocampus. Similar to BDNF,
SIRT1 has recently been implicated as critical for mediating synaptic plasticity, one
mechanism underlying memory formation in rodent and human cell models [23,25].
Moreover, many studies have demonstrated that EtOH exposure has long-lasting
consequences on gene expression, which may be regulated, in part, by microRNAs

targeting chromatin-modifying enzymes, such as SIRT1.

Regulation of gene expression mediated by microRNAs is theoretically carried
out via the alterations in the microRNA target gene effector functions, i.e. the function of
the protein encoded by the microRNA target gene. Effector function is best understood to
occur following sequestration or degradation of the microRNA target gene mRNA.
However, a single gene can be targeted and, therefore, regulated by multiple microRNAs
suggesting that binding of multiple microRNAs to a single target gene’s 3°’UTR could be
necessary for alterations in protein expression to mimic changes in microRNA target
gene mRNA expression. Indeed, our data make evident that miR-10a-5p, miR-495, miR-
103 and miR-26a expression are sensitive to the presence or absence of EtOH depending
on age and brain region and that consequential alterations in BDNF and SIRT]1 target
gene expression are significantly correlated with observed EtOH-induced alterations in
the expression of some of the microRNAs that target them in an immediate manner. The
near significance values of BDNF and SIRT1 protein data suggest many different
possibilities. One interpretation is that the protein levels of BDNF and SIRT1 following
peripubertal binge EtOH may be altered to differing degrees amongst individuals. Indeed,

unlike other drugs such as cocaine, alcohol alters cells membranes, ion channels,
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enzymes, and receptors of neurons globally throughout the brain [215], and likely
contribute to evidenced individual, sex and racial variations in alcohol metabolism and
alcohol-induced neuroplastic changes [216,217] [218,219,220,221]. Importantly, the six
rats whose tissue was collected for protein analysis were not from the same cohort of
animals collected for RNA analysis. Furthermore, the groups of animals collected for
RNA analysis had an N=10, whereas the groups collected for protein analysis had N=6. It
is therefore, possible that there was not enough power to detect changes in protein
expression levels, especially considering that protein levels change at a kinetically slower
rate than mRNA. Alternatively, because any given miR targets multiple microRNAs, it is
possible that target genes other than BDNF and SIRT1 may be altered by peripubertal
binge EtOH exposure. For instance, miR-10a plays a role in regulating the homeobox
developmental genes [21], and has similar expression patterns to HOXB4 in the mouse
embryo suggesting that it may have similar important functional roles in development
[20,222], and therefore may have pubertal brain developmental functions. Furthermore, a
member of the Nkx family of homeobox genes, thyroid transcription factor 1 (TTF1), is
expressed in the postnatal hypothalamus and this expression is required for rodent
pubertal onset [222]. Therefore, it is possible that miR-10a-5p targets Hox gene
transcription factors expressed during pubertal development, and alterations of target
genes important for morphogenesis may contribute to disruption of brain development
following peripubertal binge EtOH abuse. Lastly, Overall, the molecular mechanisms
underlying differences in microRNA responses to pubertal binge EtOH warrant further
studies and as it is possible that changes in microRNA expression may lead to

complications in downstream target gene translation in some but not all individuals
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engaging in binge drinking behavior during adolescence. Therefore, given the strong
supporting evidence that changes it the expression of EtOH sensitive microRNAs
significantly correlate with changes in target gene mRNA, and that corresponding
changes in the protein expression reach near significance, it is important that further
experimentation explore the effects of peripubertal binge EtOH exposure on protein

expression changes in BDNF and SIRTT.

Overall, our data reveal novel findings about the age and brain-region specific
expression of miR-10a-5p, miR-26a, miR-103, and miR-495 during pubertal
development in male rats. Further, we showed that mid/peripubertal binge EtOH
exposure significantly alters the normal expression profile of these microRNAs, their
biosynthetic processing enzymes, and two of their putative target genes, BDNF and
SIRT1. However, it is important to note that these results are not necessarily predictive of
microRNAs in females or other species, as several studies have demonstrated both
species and sex-specific expression profiles for microRNAs [150,223,224]. Moreover,
the precise molecular targets of EtOH in the biogenesis of microRNAs remain unclear
and require further investigation. An important next step is the identification of specific
cell types (i.e. neurons vs. glia) in which microRNAs are affected by binge EtOH
exposure, as our study was limited to whole hippocampal tissue homogenates. Taken
together, our data raise the possibility that EtOH modulation of these fours microRNAS is
a potential cellular mechanism underlying long-term changes in gene expression induced

by adolescent EtOH abuse.



CHAPTER FOUR

SEXUALLY DIMORPHIC GENE EXPRESSION OF HIPPOCAMPUS ETOH-
SENSITIVE MICRORNA, MICRORNA TARGET GENES AND MICRORNA
PROCESSSING ENZYMES DURING PUBERTAL DEVELOPMENT

Introduction

Adolescent binge drinking is a major public health issue [40,166] that incurs
sexually dimorphic consequences on brain function and development
[44,225,226,227,228,229,230]. Both male and female adolescents engage in underage
drinking, and the Substance Abuse and Mental Health Services Administration
(SAMHSA) has reported that males begin drinking earlier, drink more frequently and
have a higher prevalence of binge drinking than their female counterparts (SAMHSA
2006) [231,232]. However, more recently the Center for Disease Control and Prevention
(CDC) reported that binge drinking among females--including young girls--is also a
serious, yet unrecognized, problem (CDC 2012). Moreover, studies have demonstrated
that females who abuse alcohol are more prone to developing alcohol addiction,
alcoholism and anxiety than men [68,72]. Sex hormones have been demonstrated to
mediate, in part, sexually dimorphic responses to EtOH [233,234,235,236,237], however,
a clear mechanism remains unknown.

Sex hormones can also influence microRNA expression in the brain [28,150].
microRNAs are small (~20 nt) non-coding RNA molecules encoded in the genome. Their

synthesis begins in the nucleus where RNA Polymerase II or III transcribes a primary-
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microRNA (pri-microRNA). The pri-microRNA is then processed by the nuclear
enzyme Drosha into the precursor-microRNA (pre-microRNA) which can exit the
nucleus. Once in the cytoplasm, the pre-microRNA is cleaved by the endoribonuclease
Dicer into a small duplex. One strand of this duplex is the mature microRNA that then
associates with the RNA-induced silencing complex (RISC) which guides the microRNA
to the 3’ untranslated region (UTR) of a target gene to ultimately induce gene silencing
by either translational repression or mRNA cleavage. In the brain, microRNAs have been
shown to regulate neuronal differentiation [238], neuronal survival [112] and synaptic
plasticity [113,136]. Interestingly, both sex hormones and microRNAs have been
demonstrated to govern synaptic plasticity and the development of sexually dimorphic
psychiatric disorders during puberty [113,151,239,240]. These data further suggest that
microRNAs, in addition to sex hormones, may work in concert to contribute to pubertal
brain development.

microRNA expression is sensitive to EtOH in a variety of species
[157,158,241,242], neural cultures [195,243,244], and at developmental stages
[193,245,246]. We previously identified 5 microRNAs as having age and brain region-
dependent expression profiles in the male rodent hippocampus that was also altered by
peripubertal binge EtOH [247]. Other studies have also demonstrated that hypothalamic
microRNAs are important regulators of pubertal onset in rats, and that this is true for both
males and females [248]. In order to better understand how microRNA-based regulation
of gene expression may play a role in the sexual dimorphic effects of EtOH abuse on
brain development and behavior, it is essential to first establish the normative expression

profile of microRNAs during healthy pubertal development in both sexes. In this pursuit,
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the current study tested the hypothesis that during pubertal development, microRNA
expression profiles of EtOH-sensitive microRNAs are sexually dimorphic. We further
hypothesized that these pubertal microRNA expression profiles will be different in the
ventral and dorsal hippocampus. In order to test our hypotheses, we quantified the
expression levels of five EtOH-sensitive microRNAs, miR-10a-5p, miR-26a, miR-103
and miR-495 [247], two target genes of the investigated microRNAs, neurotrophin brain-
derived neurotrophic factor (BDNF) and the histone deacetylase sirtuinl (SIRT1), as
well as the major microRNA biosynthetic processing enzymes, RNAse IlI-type
endonucleases Drosha and Dicer. Overall, we identified sex differences at multiple stages
of normal pubertal development and in multiple brain regions in the gene expression of
EtOH-sensitive microRNAs, their target genes and microRNA processing enzymes. We
conclude that throughout puberty, the hippocampal miRNome of EtOH-sensitive
microRNAs is dependent on sex and age, and suggest that both short and long-term
developments within the hippocampus during pubertal development may rely on changes
of microRNA expression over this period. Additionally, we determined that the
microRNA expression profiles in both the male and female throughout pubertal
development are distinct between the ventral and dorsal hippocampus.

Approach

The dorsal and ventral hippocampus were microdissected from untreated male
and female Wistar rats and collected at three different ages during pubertal development
(early puberty, PND 30; mid/peripuberty, PND 44; late puberty, PND 71;
N=10/sex/group). Importantly, peripuberty in rats is considered to be ~ PND 30-45

[201,202]. Quantitative real-time reverse transcription PCR (qQRT-PCR) was used to
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quantify the expression levels of a total of five microRNAs (miR-10a-5p, miR-26a, miR-
32, miR-103 and miR-495), and four genes (Drosha, Dicer, BDNF and SIRT1).
microRNAs were previously identified to be EtOH-sensitive in pubertal male Wistar rats

[247], and in Chapter 2 preliminary data.

Results

Dorsal hippocampus expression levels of EtOH-sensitive miR-10a-5p, miR-26a, and

mMiR-495 in untreated rats are age and sex dependent.

In the dorsal hippocampus, a 2-way analysis of variance (ANOVA) revealed
significant main effects of age or sex on the expression of miR-10a-5p, miR-26a and
miR-495 (Table 4). There was also a statistically significant interaction between age and
sex for these 3 microRNAs, indicating that the sex differences are dependent on age
(Table4). On the other hand, there was a main effect of age alone on miR-32 expression
(Table 4). miR-10a-5p and miR-32 expression levels demonstrated differences across
puberty in females but not males (Fig. 12A, C). Specifically, early puberty expression
levels of miR-10a-5p were significantly higher in females compared to males (Fig, 12A).
By mid-puberty, the female levels decreased to match the expression levels of miR-10a-
5p observed in males, which stayed constant from early to late puberty (Fig. 12A).
Expression of miR-32 in females remained constant between early and mid-puberty, after

which it increased significantly at late puberty (Fig. 12C). Interestingly, the expression of



Table 4. Statistical Analysis of Dorsal Hippocampus Gene Expression
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92.432 p<0.001

p < 0.001

microRNA MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE SEX AGE X SEX
miR-10a- Yes: F(2,39) = Yes: F(2,39) = 21.589 Yes: p = 0.005
5p 12.892 p < 0.001 p <0.001
miR-26a Yes: F(2,48) = Yes: F(1,48) = Yes: p <0.001
16.703 p < 0.001 138.623 p < 0.001
miR-103 No No No
miR-32 Yes: F(2,53) = 3.379 No No
p =0.042
miR-495 Yes: F(2,44) = Yes: F(1,44) = Yes: p <0.001
11.972 p < 0.001 174.639
p <0.001
GENE MAIN EFFECT MAIN EFFECT OF INTERACTION:
OFAGE SEX AGE X SEX
Drosha Yes: F(2,54) = Yes: F(2,54) = Yes: p <0.001
14.973. p < 0.001 45.914p < 0.001
Dicer Yes: F(2,54) = Yes: F(2,54) = Yes: p <0.001
10.769 p <0.001 145.010 p <0.001
BDNF Yes: F(2,54) = Yes: F(1,54) =90.143 Yes: p <0.001
10.779 p<0.001 p <0.001
SIRT1 Yes: F(2,54) = Yes: F(1,54) = 94.246 Yes: p <0.001
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Figure 12. Sexually dimorphic microRNA expression is evident during pubertal

development in the dorsal hippocampus. miR-10a-5p (A), miR-26a (B), miR-32 (C),

miR-103 (D) and miR-495 (E) expression levels in untreated male (grey line) and

untreated female (pink line) pubertal rats. N=10/group. Data represent mean fold change

+ SEM as compared to untreated PND 30 male animals. * Dissimilar letters indicate a

statistically significant difference between groups, two-way ANOVA (p<0.05).
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miR-26a and miR-495 in males was significantly higher than in females throughout the
entire duration of pubertal development (Fig. 12B, E). Moreover, relative to male at much
lower levels (Fig. 12B, E). In males, both miR-26a and miR-495 expression levels
increased between early and mid puberty, and by late puberty, miR-26a decreased
significantly to reach an expression level lower than the early puberty level (Fig.
12B).However, by late puberty, miR-495 continued to increase with age in the males
(Fig. 12E). miR-103 expression levels were not significantly different between the sexes

or between stages of pubertal development in the dorsal hippocampus (Fig. 12D).

Ventral hippocampus expression levels of EtOH-sensitive miR-10a-5p, miR-26a, and

mMiR-495 in untreated rats are age and sex dependent.

We next tested whether the expression levels of the five EtOH-sensitive
microRNAs were sexually dimorphic in the ventral hippocampus. RT-PCR analysis
followed by a 2-way ANOVA revealed that EtOH-sensitive microRNA expression
patterns were sexually dimorphic throughout pubertal development in the ventral
hippocampus. Furthermore, the sex difference patterns observed in the ventral
hippocampus of these microRNAs throughout puberty differed from those observed in
the dorsal hippocampus. For example, there was a significant main effect of age and sex
on expression levels of miR-26a, miR-103 and miR-495, and a significant interaction
between age and sex in miR-10a-5p, miR-26a, miR-103 and miR-495 (Table 5).
Specifically, miR-10a-5p expression levels did not change statistically over the course of
pubertal development in females, but miR-10a-5p expression did significantly increase
between mid and late puberty in males (Fig. 13A). Furthermore, no other EtOH-sensitive

microRNA demonstrated any change in the female ventral hippocampus over time and,
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similar to the dorsal hippocampus, female expression levels of miR-26a and miR-495
were very lowly expressed compared to the levels in males (Fig. 13B, E). Male
expression levels of miR-26a and miR-495 both decreased significantly between early to
mid pubertal levels, followed by a stabilization of miR-26a expression at late puberty
(Fig. 13B) and a significant increase in miR-495 expression between mid and late
puberty, with levels exceeding those expressed at early puberty (Fig. 13E). In contrast,
miR-103 expression levels in males remained stable between early to mid-puberty,

followed by a significant increase at late puberty (Fig. 13D).

Mature microRNA biosynthetic processing enzymes are altered by pubertal
development in a sexually dimorphic manner in the dorsal and ventral

hippocampus.

We next assessed the expression of Drosha and Dicer in male and female dorsal
and ventral hippocampus at early, mid and late puberty. We hypothesized that mature
microRNA biogenesis enzyme expression levels are sexually dimorphic during puberty.
Importantly, previous reports indicate that the expression of microRNA processing
enzymes may be regulated, in part, by sex hormones or their nuclear receptors. For
example, breast cancers can be distinguished by their estrogen receptor (ER) status (i.e.
can either be ER positive (ER+) or negative (ER-) and indeed, ERa breast cancer cell
lines and clinical mechanisms remains unknown [249]. Therefore, it is possible that
Drosha and Dicer levels correlate with pubertal changes in gonadal hormone levels. We

identified a significant main effect of both sex and age on Drosha and Dicer expression
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Table 5. Statistical Analysis of Gene Expression Levels in the ventral hippocampus

28.346 p <0.001

53.143 p < 0.001

microRNA MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE SEX AGE X SEX
miR-10a- No No Yes: p = 0.004
5p
miR-26a Yes: F(2,41) =9.600 Yes: F(2,41) = Yes: p =0.002
p <0.001 59.915
p <0.001
miR-32 No No No
miR-103 Yes: F(2,53) = Yes: F(1,53) = 8.244 Yes: p = 0.002
13.038 p < 0.001 p = 0.006
miR-495 Yes: F(2,41) = Yes: F(1,41)= Yes: p <0.001
22.776 p<0.001 136.974 p < 0.001
GENE MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE SEX AGE X SEX
Drosha Yes: F(2,54) = 4.401 Yes: F(2,54) = Yes: p = 0.006
p=0.017 21.607 p < 0.001
Dicer Yes: F(2,54) = 5.547 Yes: F(2,54) = Yes: p = 0.003
p = 0.006 53.759 p <0.001
BDNF Yes: F(2,45) = 4.310 Yes: F(1,45) = Yes: p = 0.009
p =0.019 14.607 p < 0.001
SIRT1 Yes: F(2,47) = Yes: F(1,47) = Yes: p <0.001
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Figure 13. Sexually dimorphic microRNA expression is evident during pubertal
development in the ventral hippocampus. miR-10a-5p (A), miR-26a (B), miR-32 (C),
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indicate a statistically significant difference between groups (p<0.05).
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levels, as well as a significant interaction between age and sex in both the dorsal and
ventral hippocampus (Table 4, Table 5). Interestingly, female expression levels of Drosha
and Dicer in the dorsal and ventral hippocampus were lower than the expression levels in
males (Fig. 14), except for one stage of pubertal development in the ventral hippocampus
wherein male and females had similar Drosha expression levels (Fig. 14B). Furthermore,
significant differences across age were apparent in male Drosha and Dicer expression
levels in both hippocampus regions. Between early and mid-puberty, the male Drosha
and Dicer expression levels decreased and remained decreased throughout late puberty in
the dorsal hippocampus (Fig. 164, C) and significantly increased between mid puberty to
late puberty in the ventral hippocampus (Fig. 14B, D). In stark contrast, the female
microRNA biogenesis enzymes varied very little throughout pubertal development, such
that only in the ventral hippocampus, did Drosha expression levels significantly decrease
between early and peripuberty, followed by a further decrease below early pubertal levels

at late puberty (Fig. 14B).

Expression levels of EtOH-sensitive microRNA target genes are differentially

dependent on age and sex in the dorsal and ventral hippocampus.

The neurotrophic factor BDNF and the histone deacetylase SIRT1 are both
neuroprotective. BDNF mediates synaptic plasticity and hippocampus-dependent
memory by supporting neurotransmitter release and inducing long-term potentiation
[84,85,253]. SIRT1 also contributes to hippocampus-dependent learning and memory as
well as regulates anxiety [23,25,102,254]. Importantly, memory and mood are partially

controlled by the dorsal and ventral hippocampus, respectively. We have previously
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and Dicer (B, D) expression levels in untreated male (grey line) and untreated female

(pink line) pubertal rats. N=10/group. Data represent mean fold change = SEM as

compared to untreated PND 30 male animals. Dissimilar letters indicate a statistically

significant difference between groups (p<0.05).
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demonstrated that alterations in the expression of microRNAs following peripubertal
binge EtOH exposure in the male hippocampus significantly correlated with alterations in
the expression levels of the microRNA target genes BDNF and SIRT1 [247]. The
regulation of memory and mood are impaired by adolescent EtOH abuse [255,256] and
such effects can also present in a sexually dimorphic manner [228,257] yet the
mechanisms governing such processes remain unclear. Therefore, we hypothesized that
the EtOH-sensitive microRNA expression previously reported in males would be
differentially expressed in females across pubertal development and that the ventral and
dorsal hippocampus would display region-specific sex differences. Our results indicate a
statistically significant main effect of both age and sex on the expression levels of SIRT1
and BDNF in both the dorsal and ventral hippocampus, as well as a statistically
significant interaction between age and sex (Table 4 and Table 5). In the female dorsal
hippocampus, SIRT1 expression was dynamic across puberty such that it decreased
between early and mid puberty and remained lowly expressed into late puberty (Fig.
15C). The same pattern throughout puberty was also observed for male ventral
hippocampus SIRT1 expression, however, the level of SIRT1 was greater in males than
in females at each time point (Fig. 15C). Overall, females expressed these EtOH-sensitive
microRNA target genes at much lower levels relative to males and furthermore,
expression levels in males demonstrated a great deal of variation over the course of
pubertal development (Fig. 15). Interestingly, the expression patterns of BDNF in the
ventral and dorsal hippocampus and of SIRT1 in the ventral hippocampus over puberty
were similar, such that between early and mid puberty there was an increased in

expression, which then lowered back to early pubertal levels at late puberty (Fig. 15A, B,
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Figure 15. Sexually dimorphic microRNA target gene expression is evident during

pubertal development in the dorsal and ventral hippocampus. BDNF (A, B) and SIRT1

(C, D) mRNA levels in the dorsal and ventral hippocampus in untreated male (grey line)

and untreated female (pink line) pubertal rats. N=10/group. Data represent mean fold

change £ SEM as compared to untreated PND 30 male animals. Dissimilar letters

indicate a statistically significant difference between groups (p<0.05).
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D). This similar pattern suggests that mid puberty is a possible critical window of time
during which high SIRT1 and BDNF expression is critical for developmental processes in

the male hippocampus.

Discussion

In the current study we tested the hypothesis that EtOH-sensitive microRNAs
exhibit sexually dimorphic expression profiles in the ventral and dorsal hippocampus
during pubertal development. The dorsal hippocampus primarily operates learning and
memory while the ventral portion regulates emotional memory and mood [57,58,258].
The continuous development of neuronal circuitry throughout pubertal development
[43,259] is partially regulated by gonadal hormones [47,233,236,260,261]. Gonadal
hormone signaling via nuclear receptors has also been demonstrated to influence the
expression of microRNAs [165,262,263,264,265,266]. Therefore, gonadal hormone
exposure may mediate hippocampal maturation during puberty via downstream
microRNA effector molecules. Furthermore, the rise in sex steroids during pubertal
development may contribute to a microRNA-mediated regulation of the sexually
dimorphic development of memory capacities and emotional responses during this
period. Bioinformatic analysis predicted that miR-10a-5p, miR-26a, miR-32, miR-103
and miR-495 bind to the 3’ UTRs of genes regulating synaptic plasticity, including
SIRT1, BDNF and synapsin Il (SYNZ2). Four of these five microRNAs have recently
been identified to demonstrate dynamic expression patterns throughout healthy pubertal
development in the male rat hippocampus and furthermore, their normal developmental
expression profile is disrupted following peripubertal binge EtOH, a typical adolescent

behavior [247].
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The main goal of this study was to quantify sex differences in the expression
levels of miR-10a-5p, miR-26a, miR-32, miR-103 and miR-495, the microRNA target
genes SIRT1 and BDNF and the major microRNA biosynthetic processing enzymes
Drosha and Dicer in the pubertal dorsal and ventral hippocampus. Overall, this study
demonstrates that miR-10a-5p, miR-26a, miR-32, miR-103 and miR-495 are expressed in
an age and sex-specific manner during intact pubertal development and that these sex
differences are distinct between the dorsal and ventral hippocampus. Furthermore, we
quantified, to our knowledge for the first time, sex differences in the expression levels of
BDNF, SIRT1, Drosha and Dicer mRNA in the dorsal and ventral hippocampus at three
stages of pubertal development, and identified significant sex differences in expression
levels throughout puberty and between the ventral and dorsal hippocampus. Taken
together, sexually dimorphic expression levels of EtOH-sensitive microRNAs, their gene
targets and microRNA processing enzymes during pubertal development suggests that the
expression of these microRNAs may be influenced by sex hormones. Furthermore, the
sex, age and hippocampus region-dependent fluctuations in EtOH-sensitive microRNAS
and their target genes suggest that sex differences in pubertal microRNA expression may
underlie the sexual dimorphisms observed in response to stress and alcohol abuse,
suggesting that they may influence the development of anxiety and depression-related

disorders during this period of life.

The hippocampus plays a major role in regulating sexually dimorphic behaviors,
such as learning, memory and the stress response. For instance, males perform better than
females on hippocampus-dependent spatial memory acquisition tests despite the well-

known positive effects that E, imparts on hippocampus-dependent function in females.
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Indeed, it has been proposed that E, and T differentially influence memory functions in
males and females [267,268]. Itis likely that the hormonal processes of sexual
differentiation during development creates organizational differences in neural substrates
and that these organizational differences underlie the sexually dimorphic effects of E, and
T on cognitive tasks in males and females as well as contribute to the different strategies
males and females use to solve similar tasks [269]. However, it is difficult to ascertain
clear sexually dimorphic effects that gonadal hormones have on hippocampus-mediated
cognition in males and females because hormonal influences can differ with task type,
task aspect and the degree to which the task relies on one or more brain region. In
contrast, clear responses to gonadal hormone treatment can be observed when
investigating morphological, anatomical and cellular aspects of hippocampus-mediated
functions. For instance, synaptic plasticity in males and females relies on gonadal
hormones. Gonadectomy (GDX) in males reduces spine density (structures that receive
excitatory inputs and therefore serve as a measurement of synaptic plasticity and
memory) and while E; treatment fails to restore this loss [270], androgen receptor
activation increases spine density via up-regulation of N-methyl-D-aspartate receptors
(NMDARSs) [270,271,272]. In contrast, female exposure to androgens and endogenous
and exogenous E; leads to increased spine density [270,272,273,274] and the
electrophysiological measurement of learning and memory, long-term potentiation (LTP)
[275,276]. These data demonstrate that differential mechanisms are initiated by AR and
ER activation to mediate synaptic plasticity in males and females. Therefore, it is not
unusual that we observed sex differences in the expression of hippocampal microRNAs

(Fig. 12 and Fig. 13), as they may play a role in mediating signaling pathways
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responsible for normal sexually dimorphic brain development during puberty as well as

in the sexually dimorphic responses to peripubertal binge EtOH [44].

Our current understanding of how peripubertal binge EtOH affects the male and
female developing brain differently is incomplete, and therefore requires further
investigation into the potential molecular targets of binge-pattern of EtOH abuse. In our
study we observed relatively low expression levels in the female hippocampus of the
microRNAS sensitive to pubertal binge EtOH compared to males (Fig. 12 and Fig. 13).
Indeed, it is possible that different microRNAs are sensitive to EtOH in males than in
females. Alternatively, microRNAs may not be involved in mediating the effects of binge
EtOH on the stress response or memory capacity in females, a theory in line with
previous findings that binge EtOH exposure-mediated alterations in genes regulating the
stress response were observed in pubertal males but not in females [44,47]. It is possible
that sex differences in microRNA expression results from differences in the rates by
which males and females reach sexual maturity, regarding reproductive function. Indeed,
females typically develop reproductive capacity earlier than males [17,277]. While the
rates of maturation for adult-like memory processing and stress responsiveness in males
and females are not clearly delineated, some studies support the notion that observed sex
differences in the pubertal stress response [278] are indeed established in the brain prior
to pubertal onset in females [279]. These data suggest that microRNAs, microRNA
biogenesis enzymes, BDNF and SIRT1 expression levels are sexually dimorphic during
pubertal development and distinct between the dorsal and ventral hippocampus. Because
the ventral hippocampus regulates the stress response, it is possible that the sexually

dimorphic expression levels of microRNAs may play a role in sex differences in mood
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and emotional memory regulation. A more completely developed female stress response
and/or synaptic plasticity at pubertal onset may also underlie observed sex differences in
the mechanisms employed by AR and ER activation-induced synaptic plasticity in the
male and female adolescent brain, respectively. Taken together, these data underscore the
need to better understand whether the observed sex differences in hippocampal
microRNA expression may contribute to the sexually dimorphic adolescent responses to

stressors such as binge alcohol exposure.

The biogenesis of mature microRNAs relies on the RNAse 111 enzymes, Drosha
and Dicer which generate the pre-microRNA and microRNA, respectively. In cancer cell
models, E; interferes with microRNA biogenesis by acting via estrogen receptors a and B
(ERa, ERP), transcription factors of the nuclear receptor family of homeostatic regulators
[161,264]. For instance, E,-induced ERp signaling in an Ep-responsive cancer cell line
lead to an accumulation of pre-microRNA transcripts, possibly due to an ERB-mediated
release of Drosha from sequestration in an inhibitory chromatin complex [161].
Castellano et al. also observed alterations in pri-microRNA precursors more often than in
the mature microRNAs derived from it following E,-induced nuclear receptor signaling
in breast cancer cell lines, which suggests that the regulation of microRNA expression
occurs at the level of microRNA biogenesis [264]. The details of how particular
microRNAs are altered by nuclear receptor-mediated regulation of Drosha and/or Dicer
activity remains unclear, yet these data set precedence for further investigation into the
mechanisms by which mature microRNA expression can be regulated. Importantly,
estrogen receptor-mediated regulation of microRNA expression has not been confirmed

in the brain. However, it is possible that sex differences in hippocampal microRNA
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expression throughout rat pubertal development are influenced by the regulation of the
microRNA biogenesis. We demonstrate here that expression levels of Drosha and Dicer
MRNA in males was overall much greater when compared to females (Fig. 14).
Furthermore, the male expression levels of these enzymes fluctuated over pubertal
development while the female expression levels of Drosha and Dicer had little to no
changes over time (Fig. 14). The fluctuations in expression levels of Drosha and Dicer, or
the lack thereof, in male and females respectively, do not correlate with the patterns of
microRNA expression level changes during pubertal development in either sex. However,
recent studies have repeatedly demonstrated in [280,281] multiple tissues, that models of
Drosha and Dicer knockouts, knockdowns or mutants alters the expression of only subset
of microRNAs [130,282,283]. For instance, homozygous Dicer mutant zebrafish
demonstrate arrested growth and early death, yet ablation of Dicer does not induce
complete abolishment of mature microRNA expression and the authors conclude that a
maternal contribution of Dicer may maintain the biogenesis mature microRNAs [284].
An additional study examined a Dicer exon 5-deficient colorectal cell line which
demonstrated once again, that only 57% of known microRNAs were downregulated in
their expression in the mutant cells compared to wild type [280]. In addition, Kuehbacher
et al. demonstrate that Drosha and Dicer siRNA downregulates expression of only two
microRNAs (let-7f and miR-27b) out of many (members of the let-7 family, miR-21,
miR-126, miR-221 and miR-222) that are highly expressed in endothelial cells [282].
Therefore, although it is surprising that Drosha and Dicer expression levels don’t
correlate with the observed changes in microRNA expression throughout pubertal

development in our study, it is becoming clear that a lack these biogenesis enzymes may
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not necessarily dictate a reduction in mature microRNA expression. Furthermore,
because the in vivo function of Drosha remains unknown and because Drosha belongs to
the same class of endonucleases as Dicer, it is not completely surprising that decreases in

Drosha expression also do not correlate with decreases in microRNA expression.

microRNAs are considered master regulators of the cellular transcriptome and
have been repeatedly demonstrated to play critical regulatory roles in synaptic plasticity.
Indeed, the highly plastic nature of the adolescent brain underlies the substantial brain
maturation that takes place at this time and plays a particular role in the formation and
consolidation of spatial and emotional memory. The evolutionary advantage to a
microRNA-mediated regulation of synaptic plasticity is that it enables a neuron to
quickly fine-tune its gene expression and protein composition in order to adapt to
different environmental stimuli. We not only focused our study on identifying the
expression pattern of microRNAs that are sensitive to EtOH exposure in the pubertal
hippocampus, but also on the microRNA target genes important for hippocampus
functions. Indeed, the two microRNA target genes of interest, BDNF and SIRT1, are also
both important mediators of synaptic plasticity. In the male ventral hippocampus we
demonstrated that the significantly dynamic expression patterns of BDNF and SIRT1
correlated with the significant changes in expression levels of miR-26a, miR103 and
miR-495 throughout pubertal development (Fig. 13B, D, E and Fig. 15B, D).
Importantly, using target prediction software programs, Targetscan and MirDB, we
identified BDNF and SIRT1 are targets of miR26a, miR-103 and miR-495. Moreover, in
the male dorsal hippocampus, decreased SIRT1 expression levels during pubertal

development correlated with increased miR-495 expression levels (Fig. 13E and Fig.
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15C). These data suggest that mir-26a, miR-103 and miR-495 mediate important
developmental roles in the pubertal male ventral and dorsal hippocampus, possibly by
regulating the expression levels of BDNF and SIRT1. Consistent with this interpretation,
previous studies have experimentally confirmed that miR-26a binds the 3’UTR of BDNF
[143]. Also a separate study, by using massive parallel sequencing demonstrated that
miR-26a is abundantly expressed in the mouse hippocampus and by using integrated
genomics demonstrated that miR-26a shares a seed sequence with other microRNAs
targeting genes important for hippocampus function [285]. Overall, female expression
levels of EtOH-sensitive microRNAs, BDNF and SIRT1 did not correlate with one
another in this study (Fig. 12, 13 and 15). Moreover, the expression levels of SIRT1 and
BDNF were extremely low and nearly unchanging in the female hippocampus compared
to males throughout pubertal development (Fig. 15). These “negative” data most likely do
not reflect a lack of dynamic synaptic plasticity, but rather suggest that SIRT1 and BDNF
are not the primary mediators of synaptic plasticity in the female pubertal hippocampus.
Indeed, the female hippocampus may utilize different mechanisms responsible for
synaptic plasticity. This interpretation is supported by previous work identifying that AR
and ER in males and females, respectively, initiate different mechanisms to regulate
synaptic plasticity [270,272,273,274,275,276]. Indeed, BDNF is well known to be
regulated by gonadal hormones and it is possible that the differences we detect in
pubertal male and female hippocampus BNDF expression is a reflection of respective
male and female gonadal hormones partially directing different mechanisms of synaptic
plasticity between the sexes. Importantly, gonadal hormone levels were not directly

tested because pubertal gonadal hormone levels have been well characterized
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[286,287,288]. Overall, this chapter determined that EtOH-sensitive microRNAs are
expressed in different developmental and regional patterns within the male and female
pubertal hippocampus, and suggests that these microRNAs may differentially regulate

their gene targets in the pubertal male and female brain.



CHAPTER FIVE

SEX DIFFERENCES IN HIPPOCAMPUS 178-ESTRADIOL-RESPONSIVE
MICRORNA EXPRESSION DURING PUBERTAL DEVELOPMENT OF THE
WISTAR RAT

Introduction

Adolescence is a dynamic period of life during which the brain undergoes
countless physiological and psychological developments. Pubertal maturation is the most
clear physiological process that transpires during adolescence, one hallmark of which is
the rapid rise in the gonadal hormones 17-estradiol (E,) and testosterone (T) in females
and males, respectively. Puberty is initiated, in part, by activity of the neuroendocrine
hypothalamo-pituitary-gonadal (HPG) axis. In turn, gonadal hormones induce
physiological changes in brain structure and gene expression, which are ultimately
reflected in the functional development of adultlike behaviors. Indeed, differences in
circulating gonadal hormones between males and females has long been supported to
underlie sexually dimorphic brain morphology [289,290,291,292], neurochemistry

[293,294,295,296,297,298], and function [294,299] in most species.

Classical gonadal hormone action throughout the body and brain involves the
binding of gonadal hormones to nuclear receptors which, upon activation, can regulate
gene transcription. More recently, E;, has been of particular interest regarding its
influence on the transcription of microRNAs [19,223]. Recently, Rao et al. demonstrated

that microRNA expression is altered by E; in an age-dependent manner in the

84



85

hippocampus of young and aged female rats [28], which suggests that E, can
influence microRNA expression levels differentially throughout the lifespan. Indeed,
experimental manipulation of puberty at different ages also alters microRNA expression
in the male rodent [248]. Furthermore, alterations in brain microRNA expression are
associated with sexually dimorphic psychiatric disorders that develop during adolescence
[182]. For example, miR-30b expression is lower in female schizophrenic brains
compared to males and this expression is associated with mutations in the human
estrogen receptor gene, Esrl [151]. Moreover, miR-30b sensitivity to E; in the brain
suggests that E,-sensitive microRNA may play a role in the sexual dimorphic etiology of
psychiatric disorders. The adolescent alterations in neurocircuitry and neurochemistry
which contribute to the development of adultlike behaviors undoubtedly require a high
degree of finely orchestrated synaptic plasticity and regulation of gene expression during
this important developmental period. It is possible that the remarkable neuronal plasticity
observed in the adolescent brain is mediated, in part, due to gonadal hormone-signaling
via microRNAs.

Gonadal hormones and microRNAs have both been observed to influence
synaptic plasticity, however, whether they do so during adolescence is not known. In the
hippocampus, E; alters synapse formation by increasing expression of pre- and post-
synaptic proteins and thereby increasing dendritic spine formation in vivo
[300,301,302,303,304]. In addition, miR-132 promotes dendrite growth in response to
neuronal stimulation, regulating synaptic plasticity in a p250GAP-dependent mechanism
[305]. That microRNAs regulate synaptic plasticity and are differentially expressed in

psychiatric disorders suggests that they are active players in adolescent brain
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development. Moreover, differences in gonadal hormone levels between males and
females may reflect differences in microRNA expression.

Overall, the roles that microRNAs play in postnatal brain development and
maturation still requires a great deal of investigation. Given that the hippocampus plays a
critical role in synaptic plasticity, a process required for pubertal neuronal rewiring and
maturation of adultlike behaviors, it is possible that the expression of microRNAs in the
hippocampus are appropriately poised to play a crucial role in regulating the biological
processes involved in pubertal neuronal development. To explore this theory, we
hypothesized that hippocampal expression of E-sensitive microRNAs is sexually
dimorphic throughout pubertal development and that this expression is distinct between
the dorsal and ventral hippocampus. To test this hypothesis, we quantified the ventral and
dorsal hippocampus expression levels of 5 microRNAs discovered by Rao et al. to be
altered by E, dependent on age in the female brain: let-7i, miR-7a, miR-9, miR-125a and
miR-181a. The ventral and dorsal hippocampus were examined separately because the
dorsal hippocampus’ primary function is that of spatial memory acquisition,
distinguishing it from the ventral hippocampus which regulates emotional memory and
affective processing via its many projections to amygdalar nuclei [57,58,205].
Importantly, the normal developmental expression patterns these specific microRNAs
have not been documented in either sex at any stage of puberty, nor between distinct

functional regions of the hippocampus.

Approach

The dorsal and ventral hippocampus were microdissected from untreated male

and female Wistar rats and collected at three different ages during pubertal development
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(early puberty, PND 30; mid/peripuberty, PND 44; late puberty, PND 71;
N=10/sex/group). Importantly, peripuberty in rats is considered to be ~ PND 30-45
[201,202]. Quantitative real-time reverse transcription PCR (qRT-PCR) was used to
quantify the expression levels of a total of five microRNAs: (let-7i, miR-7a, miR-9, miR-
1253, and miR-181a). microRNAs were previously identified to be 17p-estradiol-

sensitive in female rats by Rao et al. [247].

Results

let-7i, miR-7a, miR-9, miR-125a, and miR-181a expression levels throughout

pubertal development in the dorsal hippocampus are dependent on age and sex.

microRNA expression can be regulated by E; in whole body homogenates [306]
as well as a variety of other tissues [165,307,308]. In the brain, expression levels of
mature let-7i, miR-7a, miR-9, miR-125a, and miR-181a are altered by E, dependent on
age in the adult female rat [28], however, the normal physiological expression profile of
these microRNAs throughout puberty, when circulating E; levels increase dramatically in
females, is unknown. Therefore, we measured the expression levels of 5 E,-responsive
microRNAs in the dorsal hippocampus using gRT-PCR at three time points throughout
pubertal development (early = 30 d, peri = 44 d, late = 73 d) in untreated male and female
rats (Fig. 16). In the dorsal hippocampus, a two-way ANOVA revealed a main effect of

sex in 4 out of the 5 microRNAs tested including miR-7a, miR-9, miR-125a, and miR-
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Figure 16. Diagram of experimental paradigm. Diagram depicting the age of sacrifice

for each group of male and female Wistar rats. N=10/group.
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Table 6. Statistical Analysis of microRNA Expression Levels in the Dorsal Hippocampus

microRNA MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE SEX AGE X SEX

let-7i No No No

miR-7a No Yes: F(1,46) = 10.138 Yes
p =0.003 p =0.015

miR-9 Yes: F(2,48) = Yes: F(1,48) = 13.933 Yes
20.038 p < 0.001 p <0.001 p =0.003

miR-125a | Yes: F(2,48) =4.984 | Yes: F(1,48) = 10.476 Yes
p=0.011 p = 0.002 p = 0.004

miR-181a Yes: F(2,45) = Yes: F(1,54) = 8.206 Yes
10.076 p < 0.001 p p=0.006 p <0.001
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1814, and 3 of these microRNAs, (miR-9, miR-125a and miR-181a) demonstrated a main
effect of age (Table 6). A statistically significant interaction between sex and age was
observed for miR-7a, miR-9, miR-125a, and miR-181a expression in the dorsal
hippocampus (Table 6), demonstrating that the sex differences in microRNA expression
is dependent on age. Interestingly, the only E,-responsive microRNA that was expressed
in a manner singly dependent on sex, miR-7a, demonstrated an expression pattern
throughout puberty that was different from the other 3 sex-dependent E,-responsive
microRNAs. Specifically, the expression levels of miR-9, miR-125a and miR-181a
significantly decreased in females between early and peripuberty, and remain decreased
until late puberty (Fig. 17C, D, E). In contrast, male expression levels of miR-9, miR-
181a and miR-125a remained constant. On the other hand, miR-7a expression did not
change between early and peripuberty, but significantly increased and decreased between
peripuberty and late puberty in females and males, respectively (Fig. 17B). These data
suggest that miR-9, miR-125a, miR-181a may play important roles in dorsal
hippocampus sexual dimorphisms during early puberty and that miR-7a may be
important for mediating sex differences in brain function during late puberty. Overall,
dorsal hippocampus microRNA expression levels that are dependent on sex and age
decrease over the course of puberty whereas the microRNAs dependent on sex alone

demonstrate divergent expression patterns between males and females.

Sexually dimorphic expression patterns of E,-responsive microRNAs throughout
pubertal development in the ventral hippocampus are distinct from the dorsal

hippocampus.
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pubertal development in the dorsal hippocampus. let-7i (A), miR-7a (B),
miR-9 (C), miR-125a (D) and miR-181a (E) expression levels in untreated
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microRNA expression levels in the brain can be dependent on age, sex and hormone
levels [309,310,311]. However, sex differences in microRNA expression during puberty
have not been compared between the anatomically and functionally distinct dorsal and
ventral hippocampus regions [57,58,205]. Therefore, we next quantified the expression
levels of the E,-responsive microRNAs let-7i, miR-7a, miR-9, miR-125a, and miR-181
[28] in the ventral hippocampus to determine if they are differentially expressed from the
dorsal hippocampus during pubertal development. In the ventral hippocampus there was a
significant main effect of sex, independent of age, in 4 out of the 5 microRNAs, miR-7a,
miR-9, miR-125a and miR-181a (Table 7). This is in stark contrast to the alterations in
E,-responsive microRNAs in the dorsal hippocampus, in which these microRNAs were
altered by sex dependent on age (Table 6). Interestingly, miR-7a, miR-125a and miR-
181a expression levels remained constant throughout pubertal development in both males
and females, yet female microRNA expression levels were significantly greater than
males throughout this time period (Fig. 18B, D, E). The expression level of miR-9
however, was dynamic across pubertal development in males and not in females.
Specifically, during early puberty, miR-9 expression levels were significantly greater in
males compared to females, after which miR-9 significantly decreased below female
levels at peripuberty and remained lowered until late puberty (Fig. 18C). Finally, no
interaction was detected between age and sex for the E,-responsive microRNAs in the
ventral hippocampus which demonstrated sexually dimorphic expression levels,

suggesting that these observed sex differences are not dependent on Eo.

Discussion



Table 7. Statistical Analysis of Gene Expression Levels in the Ventral Hippocampus
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p < 0.001

microRNA MAIN EFFECT MAIN EFFECT OF INTERACTION:
OF AGE SEX AGE X SEX

let-7i No No No

miR-7a No Yes: F(2,53) =5.319 No
p =0.008

miR-9 No Yes: F(1,53) = 25.571 No
p <0.001

miR-125a No Yes: F(1,47) = 71.900 No
p <0.001

miR-181a No Yes: F(1,45) = 20.266 No
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pubertal development in the ventral hippocampus. let-7i (A), miR-7a (B),
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Two novel findings emerged from these studies. First, 4 E,-responsive
microRNAs, miR-7a, miR-9, miR-125a and miR-181a, are differentially expressed
between males and females throughout pubertal development. Second, the degree to
which microRNA expression levels vary by sex differs between brain regions. To our
knowledge, these are the first studies to identify sexually dimorphic microRNA
expression within the ventral and dorsal hippocampus. Moreover, the regional expression
patterns of microRNAs in the hippocampus suggest that these microRNAs have distinct
roles in the ventral and dorsal hippocampus. Our study extends these findings by
determining that miR-7a, miR-9, miR-125a and miR-181a expression levels are
dependent on sex and age during pubertal development. Overall, we determined that E,-
sensitive microRNAs expression levels are distinct between three stages of pubertal
development and that these expression profiles are sexually dimorphic and brain region-

dependent.

Our data support the concept that microRNA expression levels are dynamic
during periods of significant hormone fluctuations (such as puberty), although more
experiments would be required to ascertain whether gonadal hormones directly regulate
these microRNA expression profiles. Importantly, E;and T levels are well characterized,
such that they increase during pubertal development [286,287,288] and recent studies
also indicate that periods of shifting gonadal hormone levels are associated with shifts in
microRNA profiles in the brain [28,29,312]. For example, perinatal exposure to T
associated with brain masculinization dramatically changes microRNA expression
patterns [29] and E, treatment in the aged female brain leads to different patterns of brain

microRNA expression in the aged compared to young female rats [28]. A recent miR RT-
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PCR array also revealed distinct microRNA expression profiles in the prefrontal cortex of
pre-pubertal (PND 28) male and female mice, providing further evidence that sexually
dimorphic gonadal hormones and/or sex can influence miR expression patterns in the
brain [312]. Therefore, our results which revealed that miR-7a, miR-9, miR-125a and
miR-181a are differentially expressed between males and females throughout pubertal
development suggests that the expression of these microRNAs may be regulated by

gonadal hormones.

The primary purpose of this study was to determine the effect of pubertal
development (i.e. age) on the expression levels of E,-responsive microRNAs [28] in male
and female rats, yet our data reveal that microRNA expression levels in the ventral
hippocampus are dependent on sex alone throughout pubertal development. This is in
contrast to the dorsal hippocampus, where none of the E,-responsive microRNAs were
dependent on sex alone. Therefore, these data reveal that sex is a critical factor in
determining the microRNA expression profile in the pubertal rat ventral hippocampus,
suggesting that these microRNAs may regulate the development of the ventral

hippocampus and the sexually dimorphic mood and memory behaviors that it mediates.

Our data also demonstrate regional differences in the expression levels of sexually
dimorphic E,-responsive microRNAs during puberty. For instance, in the dorsal
hippocampus, the expression levels of 3 microRNAs (miR-9, miR-125a and miR-181a)
are altered by sex dependent on age, whereas only one microRNA (miR-7a) is dependent
on age alone. These data indicate that the expression levels of miR-9, miR-125a and miR-
181a are likely to regulate key sexually dimorphic developmental processes in the dorsal

hippocampus occurring at distinct stages of puberty. This further suggests pubertal
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microRNA expression levels can be sensitive to alterations in hormonal signaling and
synaptic activation, two constantly evolving processes that shape the developing
adolescent brain [313]. Interestingly, the expression level of let-7i is not dependent on
sex or age in either the ventral and dorsal hippocampus, despite previous findings
indicating its E,-responsiveness in the hippocampus of older rats [28]. This discrepancy
underscores the concept that microRNAs can have very specific functions at different
stages of development and/or different stages of hormonal environments in the brain and
suggest that regional differences in ventral and dorsal hippocampus neurodevelopment
during puberty may be mediated, in part, by differential E,-responsive microRNA

expression

Currently, there is not much information regarding the functions of the
microRNAs measured in this study, particularly in the brain. Indeed, many efforts in the
microRNA field are focused on identifying the potential target genes of microRNAs in
different biological systems in order to elucidate their functions. However, most of these
studies rely largely on imperfect computer algorithms to predict gene targets, making it
difficult to draw compelling conclusions from such experimentally-derived data. For
example, current microRNA target prediction programs cannot determine cell-type
specificity nor indicate whether multiple microRNAs—as opposed to a singly identifiable
microRNA—may be required to act in concert to regulate the expression of a given target
gene, and indeed, complete mechanisms regarding microRNAs’ regulatory potential
remain to be elucidated. Of the 5 microRNAs Rao et al. found to be E,-responsive, miR-9
is by far the most widely researched regarding its neuronal functions including

neurogenesis and neuronal outgrowth. For instance, undifferentiated human [314] and
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mouse-derived [315] stem cells rely on miR-9 expression during neural progenitor cell
differentiation and miR-9 can also convert human fibroblasts into neurons [316,317].
miR-9 plays an instructive role in mediating neuronal cell fate by targeting transcription
factors[318,319], suggesting that miR-9 may influence hippocampal neurogenesis during
puberty. Moreover, miR-9 contributes to neuronal communication by regulating dendritic
branching [320]. Together, these studies reveal that miR-9 regulates the generation and
architecture of neuronal networks, linking miR-9 function to synaptic plasticity.
However, our limited understanding of microRNAs lends functional studies to appear far-
reaching. Therefore, documenting the developmental profiles of microRNAs in all
biological systems is a logical starting point towards the goal of identifying functional
capacity. Towards this aim, the current study identified both temporal and sex-specific
expression patterns of Ep-responsive microRNA in the adolescent brain, and provided
insight into their potential functions as being mediators of sexually dimorphic pubertal
brain development. Taken together, the data presented here establish fundamental
rationale for future studies aiming to classify the effector (i.e target gene) functions of

these microRNAs.



CHAPTER SIX
GENERAL DISCUSSION

Summary

The previous chapters have described the following four main findings: 1)
peripubertal binge EtOH exposure induces long-term alterations in mature microRNA
expression levels in the male rat hippocampus, and has the potential to modulate the
expression of their downstream target genes, 2) expression profiles of EtOH-sensitive
microRNAs, miR-10a-5p, miR-26a, miR-32, miR-103 and miR-495, and their target
genes, are dependent on sex and age in the pubertal rat hippocampus and therefore may
contribute to sexually dimorphic hippocampus neurodevelopment, 3) expression profiles
of Ez-responsive microRNAs, miR-7a, miR-9, miR-125a and miR-181a, are differentially
dependent on sex and age throughout pubertal development, suggesting that they play
distinct developmental roles during puberty and 4) EtOH-sensitive and E,-responsive
microRNAs have distinct expression profiles in the dorsal and ventral hippocampus
throughout pubertal development, suggesting that their respective functions are region-
specific. Taken together, these data chapters significantly contribute to the scientific
literature that the expression levels of microRNAs can vary throughout pubertal
development in brain region and sex-specific manner, and that distinct microRNAs are
sensitive to peripubertal binge EtOH. Global analysis of our findings suggest the
following two overarching possibilities that 1) peripubertal binge EtOH-mediated
alteration of microRNA expression and/or processing underlies long-term alcohol abuse-
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induced central nervous system impairments, and 2) that microRNAs may play a
regulatory role in sexually dimorphism of adolescents. Chapters 3-5 have delivered data
generating a framework from which one can further study the above two

theories/hypotheses.

Key Findings

= Chapter IlI:
A) Characterization of EtOH-sensitive microRNAS:

» dorsal hippocampus miR-10a-5p expression decreases between
early and mid puberty, remaining decreased until late puberty

» dorsal hippocampus miR-26a expression levels decrease between
mid and late puberty

» dorsal hippocampus miR-103 expression levels do not change
throughout pubertal development

» dorsal hippocampus miR-495 expression levels increase between
early and mid puberty, remaining increased until late puberty

» peripubertal binge EtOH increases miR-10a-5p expression levels
between mid and late puberty in the dorsal hippocampus

» peripubertal binge EtOH decreases miR-26a expression levels
immediately following the last treatment at mid puberty in the
dorsal hippocampus

» peripubertal binge EtOH does not alter miR-103 expression levels

during puberty in the dorsal hippocampus



101

» peripubertal binge EtOH decreases miR-495 expression levels
immediately following binge, remaining decreased until late
puberty in the dorsal hippocampus

» ventral hippocampus miR-10a-5p expression levels increase
between mid and late puberty

» ventral hippocampus miR-26a expression levels decrease between
early and mid puberty, and increase again by late puberty

» ventral hippocampus miR-103 expression levels increase between
mid and late puberty

» ventral hippocampus miR-495 expression levels decrease between
early and mid puberty and increase beyond early puberty levels by
late puberty

» peripubertal binge EtOH increases miR-10a-5p expression levels
immediately following the last treatment in the ventral
hippocampus

» peripubertal binge EtOH does not alter miR-26a expression levels
in the ventral hippocampus

» peripubertal binge EtOH increases miR-103 and miR-495
expression levels immediately following the last treatment, and the

levels are decreased by late puberty in the ventral hippocampus

B) Characterization of microRNA biogenesis enzymes:
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» dorsal hippocampus Drosha and Dicer expression levels decrease
between early and mid puberty, remaining decreased until late
puberty

» ventral hippocampus Drosha and Dicer expression levels decrease
between early and mid puberty, and increase by late puberty

» peripubertal binge EtOH increases Drosha expression levels in an
immediate and long-term manner in the dorsal hippocampus

» peripubertal binge EtOH increases dorsal hippocampus Dicer and
ventral hippocampus Drosha and Dicer expression levels
immediately following treatment and these levels are decreased
beyond untreated levels by late puberty

C) Characterization of microRNA target genes BDNF and SIRT1:

» dorsal hippocampus BDNF expression levels increase between
early and mid puberty, then decrease by late puberty

» dorsal hippocampus SIRT1 expression levels decrease between
early and mid puberty, and increase by late puberty

» ventral hippocampus BDNF and SIRT1 expression levels increase
between early and mid puberty then decrease by late puberty

» peripubertal binge EtOH increases BDNF and SIRT1 expression
levels in immediate and long-term manners in the dorsal

hippocampus
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» peripubertal binge EtOH decreases BDNF expression levels
between early and mid puberty, and levels increase beyond
untreated levels by late puberty in the dorsal hippocampus

» peripubertal binge EtOH decreases SIRT1 expression levels in an
immediate and long-term manner in the ventral hippocampus

= Chapter IV:
A) Characterization of sex differences in EtOH-sensitive microRNAs:

» dorsal hippocampus miR-10a-5p expression levels are increased at
early puberty in the female relative to male

» dorsal hippocampus miR-26a and miR-495 expression levels are
decreased throughout pubertal development in the female relative
to male

» dorsal hippocampus miR-32 and miR-103 expression levels are not
sexually dimorphic

» ventral hippocampus miR-10a-5p expression levels are increased
at early puberty, equivalent at mid puberty and decreased at late
puberty in the female relative to male

» ventral hippocampus miR-26a and miR-495 expression levels are
decreased throughout pubertal development in the female relative
to male

» ventral hippocampus miR-103 expression levels are increased at
mid puberty and decreased at late puberty in the female relative to

male
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» ventral hippocampus miR-32 expression levels are not sexually

dimorphic

B) Characterization of sex differences in miR biogenesis enzymes and

EtOH-sensitive miR target gene expression:

» Dorsal hippocampus Drosha and Dicer and ventral hippocampus

Chapter V:

Dicer expression levels are decreased in the females relative to
males throughout pubertal development

Ventral hippocampus Drosha expression levels are decreased at
early and late puberty, but equivalent at mid puberty in females
relative to males

Dorsal hippocampus BDNF and SIRT1 expression levels are
decreased throughout pubertal development in females relative to
males

Ventral hippocampus BDNF and SIRT1 expression levels are
equivalent at early and late puberty but decreased at mid puberty in

females relative to males

A) Characterization of sex differences in E,-sensitive microRNAs:

» Dorsal and ventral hippocampus let-7i expression levels are not

sexually dimorphic, nor do they change, throughout pubertal

development
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Dorsal hippocampus miR-7a expression levels increase and
decrease in females and males, respectively, between mid and late
puberty

Dorsal hippocampus miR-9, miR-125a and mir-181a expression
levels are increased at early puberty in females relative to males;
male expression levels do not change throughout puberty

Ventral hippocampus miR-7a, miR-125a and miR-181a expression
levels are not dynamic throughout puberty in males or females,
however, females expression higher levels relative to males
throughout pubertal development

Ventral hippocampus miR-9 expression levels in females is
increased at early puberty and decreased at mid and late puberty

relative to males

Selection of Model Organism

Rats demonstrate markers unique to an adolescent growth spurt such as

hyperphagia (developmental overeating) and accelerated growth [321], making them a

valuable model organism of choice for this study. Memory processes are more adversely

affected in adolescent rodents abusing alcohol than in the adults abusing the same dose

[5,79,322], highlighting the important need to study how alcohol alters the adolescent

brain, and the hippocampus in particular. Importantly, our lab has demonstrated that no

differences in body weight results from administering our binge EtOH paradigm in

adolescent Wistar rats and that the blood alcohol concentration does not significantly
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differ when administering EtOH via gavage or intraperitoneal injection [8,12,44].
Moreover, our binge EtOH exposure paradigm has been shown to be a reliable model for

administering amounts of EtOH typically consumed amongst adolescents [200].

microRNA Functions in the Brain: Relevance to Neuronal Development

The discrete biological functions of individual microRNAs during neuronal
development are not well understood. Lsy-6 was the first specific microRNA recognized
to have a role in nervous system development in vivo, where it was shown to regulate
left/right asymmetrical patterning of the taste receptor neurons in C. elegans [323]. Two
other microRNAs, miR-9 and miR-10, are highly expressed in the brain and have been
shown to play important roles in the brain development of many species including
humans, rodents, zebrafish, and drosophila, demonstrating a high degree of evolutionary
conservation among these microRNAs. Specifically, miR-9 promotes migration and
proliferation in human neural progenitor cells by targeting stathmin, a gene required for
microtuble assembly [314] and peripheral nervous system sensory organ development in
drosophila [324]. Further, miR-9 is significantly reduced in the presenilin-1 null mouse
model, which exhibits severe CNS developmental defects, during specific stages of
development compared with wild-type mice [325]. Although our microRNA RT-PCR
array experiment did not identify miR-9 as EtOH sensitive following peripubertal binge
EtOH, it is possible that by examining the whole hippocampus, we were unable to
delineate ventral vs. dorsal hippocampus EtOH-mediated alteration in miR-9 expression.
This is further supported by our experiments identifying ventral vs. dorsal differences in
miR-9 expression levels in untreated peripubertal rats. Another important microRNA

during development is miR-10, which targets members of the HOX gene family, a highly
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conserved group of transcription factors that coordinate anterior-posterior body axis
alignment in zebrafish and other species during development [326]. These studies have
revealed that specific microRNAs are critical for proper gene expression and brain
function throughout development, however, the role of microRNAs beyond early
developmental periods is just beginning to be investigated. Mature microRNA expression
is age-dependent, and accordingly, microRNAs regulate both early developmental gene
expression changes as well as those that occur throughout the lifespan in various species
[43, 46, 47, 111]. In our studies, miR-10a-5p was sensitive to EtOH in both a short and
long-term manner in the ventral and dorsal hippocampus, respectively. Moreover, as
microRNAs can regulate the expression of numerous target genes, it is extremely likely
that targets change as a function of age. Indeed, microRNAs have been demonstrated as
important regulators neuronal stem cell fate determination such as the SOX family of

transcription factors which control NSC differentiation and gliogenesis [327,328].

The origin of oligodendroglial fate determination has been historically
controversial in the literature, and interesting recent studies implicate microRNAS in this
process. For example, in a mouse model of Dicerl KO specific to oligodendrocytes, miR-
219 and miR-338 expression is absent, whereas they are abundantly expressed in
wildtype oligidendrocytes [329,330]. Moreover, manipulation of these microRNAS in
oligodendrocyte precursor cells demonstrates that they are essential for the differentiation
of oligodendrocyte precursors into myelinating oligodendrocytes. Myelination of neurons
by oligodendrocytes is essential for the process of salutatory nerve conduction and many

studies have implicated reduced myelination as a mediator of neurological insults during
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adolescence. Therefore, the control of oligodendrocyte maturation via microRNAS

highlights yet another important role of microRNAs in brain development.

How microRNA expression changes over time is another active area of research
in the microRNA field. A deep sequencing study recently highlighted 75 microRNAs that
were differentially expressed in the brain with age [206]. Interestingly, let-7 microRNAs
are inhibited by the RNA binding protein Lin28 in the reproductive areas of the neonate
rat brain, yet, upon progression towards puberty, this expression pattern is reversed with
increasing and decreasing expression of let-7 and Lin28, respectively, in the rat
hypothalamus [248]. These data suggest a role for microRNA in the regulation of
pubertal onset and highlight the potential for microRNAs to regulate pubertal brain
development. Moreover, our data demonstrating that in the healthy adolescent brain,
microRNA expression is dynamic at 3 distinct time points during pubertal development
suggests that microRNAs are important for brain development at this time. Much still
remains to be discovered regarding the role of microRNAs in regulating brain
development, however, compelling data suggests that negative effects of alcohol on the
developing brain may be mediated by alterations in brain microRNA expression and/or

the mechanisms of their transcriptional regulation.

The Role of microRNAs in Ethanol Neurotoxicity During Development

Neurological consequences of alcohol abuse (repetitive and heavy drinking) occur
throughout the lifespan, and an emerging role for microRNAs in mediated alcohol’s
effects on addiction, toxicity and teratology is becoming evident. The long-term

consequences of alcohol exposure during important neurodevelopmental time periods has
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recently become widely discussed, particularly with regards to prenatal EtOH exposure
leading to fetal alcohol spectrum disorder (FASD). FASD describes a wide range of
effects that a mother drinking alcohol during pregnancy can inflict upon the developing
fetus and symptoms of FASD range from physical abnormalities, identified as fetal
alcohol syndrome (FAS), to neurobehavioral alterations including depression,
hyperactivity, learning disabilities and psychosis [331,332,333]. microRNAs have been
implicated in the development of FASD. For example, a murine miR-9 (KO) model
results in FASD phenotypes and growth retardation presumably by inhibiting the miR-9-
mediated inhibition of Foxgl, a gene that promotes proliferation and prevents
differentiation and whose mutation also leads to fetal growth retardation, microcephaly
and mental retardation [318,334].This miR-9 KO leads to increased Foxgl expression
and inhibits maturation of neuronal populations. Interestingly, a subset of EtOH-sensitive
microRNAs that play a role in cell and tissue maturation, miR-10a/b, miR-21 and miR-
335, demonstrate developmental stage-specificity in their sensitivity to EtOH in neuronal
stem cells (NSCs) [193]. This finding provides support to our observation that expression
of a subset of microRNAs is dependent on age, sex and EtOH. As mentioned previously,
miR-9 was not altered by peripubertal binge EtOH in males however it is possible that in
females, miR-9 may be sensitive to EtOH. For instance, we observe sex differences in
steady-state miR-9 expression in our untreated peripubertal rats and it is possible that
miR-9 operates the peripubertal neuronal differentiation (i.e. peripubertal neuronal
growth) in female rats. If so, the sex-differences observed in binge EtOH-exposed rats
may be explained by a sensitivity of miR-9 to EtOH in females and not males. Future

studies can investigate this possibility further with binge-EtOH-exposed female rodents.
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Interestingly, Sathyan et al. demonstrated that miR-10a demonstrated senisitiviy to EtOH
in NSC’s as we did in peripubertal male rats. However, different target genes are
implicated in these two EtOH studies. This difference may be due to EtOH-sensitive
microRNAs identified in these two studies being responsible for regulating unique sets of
developmental genes, supported by the fact that 5p- and 3p-microRNAs are expected to

be complementary to different target genes.

The neurochemical mechanisms responsible for such EtOH-induced anatomical
and behavioral alterations remain unclear. It is compelling to suggest that the mechanism
of binge EtOH effects on the pubertal brain—such as an increased risk of adult alcohol
abuse [335], spatial learning impairments [79], reduced hippocampus volume [3]—are
carried out by microRNA-mediated regulation of gene expression. Our studies
demonstrate that peripubertal binge EtOH leads to long-term alteration in microRNA and
BDNF expression, suggesting a potential long-term effect of peripubertal binge drinking
on microRNA-mediated regulation of synaptic plasticity (of which BDNF is a primary
mediator). Moreover, differential effect of EtOH on microRNAs and target gene BDNF
expression between the ventral and dorsal hippocampus in the peripubertal male rat
suggest that EtOH may disrupt both ventral and dorsal hippocampus functions. In support
of this possibility, others have demonstrated that EtOH alters mood and memory in
response to peripubertal binge EtOH and have also described conflicting data regarding
expression levels of BDNF mRNA and protein expression following EtOH. For instance,
one study investigated early postnatal pups exposed to EtOH vapor inhalation for 2 hours
and 40 mins each day on PND 4-10 and reported a significant increased BDNF protein

expression [90]. Other studies also describe that BDNF increases in its expression in the
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hippocampus following EtOH exposure and suggest that these effects lead to changes in
synaptic plasticity leading to behavioral responses to EtOH [147]. Indeed, ethanol has
been shown to increase neuronal synaptic adaptation [336] but also decrease hippocampal
LTP [4,91,337] and CA3 BDNF mRNA expression [338]. Based on our data, such
inconsistencies in the literature may be due to different responses of the ventral and
dorsal hippocampus to EtOH, however, factors including experimental design, model
organisms, EtOH paradigm, age and sex of test subjects cannot be ruled out. Controversy
also exists regarding whether an ethanol-induced increase or decrease in hippocampal
BDNF expression during developmental periods is neuroprotective or neurotoxic. Our
data also indicate that this may also depend on whether the ventral or dorsal region is
under consideration, as our data indicate that EtOH increases and decreases BDNF
expression in a long-term manner differently in the dorsal and ventral hippocampus,
respectively. Although we do not know from our studies whether these results directly
result in reduced hippocampal functional capacity, it is compelling to suggest that our
observed increases in the dorsal hippocampus BDNF and decreases in the ventral may
correlate with the known impairment in mood and memory following EtOH abuse. It is
important to continue to tease out the mechanisms behind EtOH-mediated effects and the

potential role of BDNF expression in the hippocampus.

It is also possible that microRNA processing is broadly influenced by EtOH. Our
data demonstrate that that Drohsa and Dicer expression are altered in both short and long-
term fashions following binge EtOH. It has also been previously demonstrated in
zebrafish embryos that pre-miR-9-3 transcripts accumulate in response to EtOH [194]. In

our study, it is possible that the pri- and pre-microRNA transcripts are differentially
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altered by binge EtOH and leads to altered mature microRNA expression. However,
because binge EtOH doesn’t alter global microRNA expression, it remains unclear
whether microRNA processing is a mechanism by which EtOH alters expression of

mature microRNAs.

Chapter 3 data introduces the novel finding that pubertal miR expression profiles
for miR 10a-5p, miR-26a, miR-103 and miR-495 are altered by peripubertal binge EtOH
exposure differentially in the dorsal and ventral hippocampus. The hippocampus is
involved in learning and in consolidation of explicit memories from short-term to long-
term memory storage in the cortex. Importantly, stress impairs hippocampal-dependent
memory in both human and rats [339,340,341]. Its sensitivity to stress is thought to be
due to its high expression of glucocorticoid receptors through which it participates in the
termination of stress responses via the glucocorticoid-mediated negative feedback of the
hypothalamo-pituitary-adrenal (HPA) axis [342,343]. Interestingly, studies have
demonstrated a dissociation of stress-induced increases in corticosterone levels and the
ability to induce hippocampal long-term potentiation (LTP) (the cellular process
underlying memory), suggesting stress-induced effects on the hippocampus may extend
beyond cellular LTP. Indeed, other studies have implicated that peripubertal binge EtOH
imparts dysregulation of the neuroendocrine stress axis in a long-term manner [12]. The
adolescent stress response is still maturing, evidenced by enhanced stress reactivity
[344](Dahl RE and Gunnar, 2009, [345,346,347], suggesting that an altered development
of the stress response following adolescent alcohol abuse may increase the risk of
developing mood disorders commonly associated with alcohol abuse. Our studies

suggest that the physiological stress of adolescent binge EtOH may incur long-lasting
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stress-induced molecular alterations via changes in the expression levels of microRNAs
that target genes important for synaptic plasticity. However, it has long been noted that
changes in long-term potentiation LTP and/or dendritic spine density in the hippocampus
are believed to demonstrate stress-induced hippocampal effects at the anatomical and
cellular level [348,349,350,351]. Taken together, these studies demonstrate that high
levels of alcohol consumption during adolescence lead to permanent adolescent-like brain
function, such that the brain does not reach full maturity or that its development is

altered.

EtOH-Induced Changes in Hippocampal microRNA Correlate with Altered BDNF and

SIRT1 mRNA: Proposed Role of Ethanol Metabolism

The hippocampus is particularly sensitive to the negative effects of EtOH
[62,352,353] and oxidative stress has been implicated in mediating EtOH’s neurotoxicity
[354], however, the complete neurobiological mechanism remains unclear. In this study
we observe binge EtOH-mediated changes in hippocampal microRNA expression, and
therefore, it is possible that this may be due to increased oxidative stress of hippocampal
mitochondria. For example, ethanol metabolism begins with its conversion into
acetaldehyde, which in the brain of binge drinkers, is accomplished largely by
microsomal enzyme cytochrome (CYP2E1) [355]. This is because alcohol dehydrogenase
(ALDH) becomes saturated under conditions of heavy alcohol consumption. CYP2EI, in
turn, generates superoxide and hydrogen peroxide reactive oxygen species (ROS) leading
to EtOH-induced oxidative DNA damage [356,357]. Mitochondrial oxidative stress
disrupts the permeability of the inner and outer mitochondrial membrane, which leads to

an increase in cytochrome c release and overproduction of ROS, which together, increase
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DNA damage and programmed cell death or apoptosis [358]. It is unlikely that our
paradigm of binge drinking increases programmed cell death because we do not see
global decreases in microRNA expression and moreover, one would also expect that the
control gene, U6, would also be decreased under conditions of global apoptosis. Based
on evidence that EtOH induces mitochondrial oxidative stress response in the brain [359],
it is possible that EtOH-mediated oxidative stress may be a mechanism through which
microRNAs regulate expression of SIRT1 and BDNF in our study. For example, it has
been demonstrated that microRNAs can be primarily expressed in the mitochondrial
genome [360], that mature microRNAs can even localize to the mitochondria [361] and
that these mitochondrial microRNAs may play a role in apoptosis. Under such
circumstances, EtOH-mediated oxidative stress in neuronal mitochondria could release
mature microRNAs into the cytoplasm where they can regulate the expression of target
genes. Our observation that microRNAs increase following binge EtOH in the ventral
hippocampus may do so via mitochondrial pore formation following an oxidative stress
response, allowing microRNAs to leak into the cytosol where they can associate with
RISC and regulation expression of BDNF and SIRT1 mRNA. In support of this theory,
mitochondrial disruption has previously been reported to mediate translational repression,
one of the mechanisms through which microRNAs postranscriptionally regulate gene
expression [362]. Overall, our data identifying EtOH-sensitive microRNAs in the
hippocampus and correlative alterations in BDNF and SIRT1 expression may be specific
to repeated heavy (binge) EtOH consumption leading to an oxidative metabolic response.
To further investigate this theory, one could fractionate cell lysate and run expression

analysis on mitochondrial RNA. In summary, EtOH metabolism disrupting mitochondrial
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membrane permeability demonstrates a targeted approach in which heavy doses of EtOH
can disrupt gene regulation of a variety of cellular processes, as it may unleash the

mitochondrial genome-containing epigenetic regulatory agents such as microRNAS.

However, it remains necessary to identify whether our observed EtOH-mediated
microRNA changes directly alter the expression of BDNF and SIRT1. One way to test
this is to assay for direct binding of these microRNAs to the target gene 3’UTR following
EtOH exposure, as successfully demonstrated previously by Caputo et al. using luciferase
reporter assays for the binding of miR-26a to the BDNF 3° UTR [143]. If direct
microRNA-3’UTR binding is indicated, then to take this research one step further and
test the functional effect of altered BDNF and SIRT1 mRNA in response to peripubertal
binge EtOH. For example, performing behavioral assays which measure learning, anxiety
and memory behavior may indicate whether CNS impairments occur as an extension of
with EtOH-induced alterations in microRNA and BDNF and SIRT1 expression in our

peripubertal binge EtOH paradigm.

Finally, given the developmental nature of the peripubertal period and the
promiscuous nature of microRNAs, it is plausible that EtOH-sensitive microRNAs
regulate the expression of a host of additional developmental genes. On that order, a
microarray can efficiently identify potential additional target genes. However, an
alternate hypothesis to EtOH-induced alterations in microRNA expression regulating the
correlative changes in BDNF and SIRT1 mRNA is that these microRNAs are performing
unconventional regulatory functions. For instance, it is becoming clear in the literature
that microRNA functions are not restricted to mMRNA degradation and translational

repression but also orchestrate alternate gene regulatory mechanisms. For example,



116

epigenetic gene regulation by microRNAs include binding to the 5’UTR of mRNA
targets to enhance translation [363], tethering Argonaute proteins to promoter regions to
enhance or inactivate gene transcription [364,365], secretion into plasma to alter target
cell behavior [366,367] which suggest microRNAs as potential endocrine factors. These
additional functions of microRNAs demonstrate that microRNAs are not limited to
regulating gene expression in the typical method of 3°’UTR binding and therefore future
experiments testing for BDNF and SIRT1 3’UTR binding will not exhaust all of the

possible ways in which EtOH-sensitive microRNAs may regulate these gene targets.

Possible Role for Gonadal Hormones in Mediating Sexually Dimorphic Pubertal miR

Expression

Puberty is a period of life associated with an increased risk of developing
psychiatric disorders, most likely due to the incomplete maturation state of the brain in
addition to increased risky behaviors common amongst adolescents. We have identified
that the expression levels of 10 microRNAs (let-7i, miR-7a, miR-9, miR-10a-5p, miR-
26a, miR-32, miR-103, miR-125a, miR-181a and miR-495) are specific to sex, stage of
puberty and brain region, indicating that they play specific roles in the brain development
of males and females during puberty. Moreover, normal fluctuations of brain microRNAs
during puberty and their apparent sensitivity to EtOH, targets them as mediums through
which noxious environments or genome may disrupt gene expression. To that end, it is
possible that the regulation of miR expression levels may not only play a large role in
normative brain maturation, but may also underlie the molecular mechanisms leading to
psychiatric disorders. In agreement with this theory, we have recently shown that

peripubertal exposure to repeated episodes of binge EtOH alters the normal
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developmental profiles of microRNAs in the hippocampus [247], a brain region
susceptible to alcohol-abuse and suggested to be damaged in a host of neuropathologies
[11,338,358,368,369,370]. Furthermore, many studies in rodents and humans
demonstrate that substance abuse during puberty leads to altered adult gene expression,
memory dysfunction and continued substance abuse and dependence
[4,5,10,11,12,79,247,371]. Therefore, microRNAs altered by EtOH may have a variety of
negative (or positive) neurological consequences including impaired memory and stress

response regulation, however the mechanisms remain unclear.

Sexually dimorphic expression levels of microRNAs may be due to differences in
circulating gonadal hormones between males and females. It has been recently reported
that gonadal hormone-mediated generation of sexually dimorphic physiology is, in part,
due to their ability to influence miR expression. microRNAs are important regulators of
the genome, but what controls their regulation is not well understood. Studies using both
in vivo and in vitro systems have demonstrated that miR expression profiles (miRNomes)
can be altered by T, E; and their respective nuclear receptors (androgen receptor and
estrogen receptor ) in healthy and cancerous tissues, as well as during different stages of
development [28,150,151,161,165,264,372,373]. These studies suggest that microRNAs

may contribute to the development of typical adolescent sexual dimorphisms.

Gonadal steroids can also influence the miR target genes we tested in our studies.
For instance, female levels of circulating E, is much higher in females than in males and
E, replacement following GDX restores levels of BDNF mRNA and protein in the
postnatal developing rat hippocampus, indicating that E,regulates the expression of

BDNF factor mRNA and protein in the rat hippocampus [374]. How E; regulates the
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expression of BDNF is not known, but it is possible that Esregulates peripubertal BDNF
expression in a sexually dimorphic manner. For instance, in the second postnatal week
male rodents express higher levels of aromatase, the enzyme that converts T to E,, as
well as ERo/f in the hippocampus, suggesting a greater effect of E, signaling in males
than in females at this developmental period [375]. Indeed, BNDF mRNA in the
hippocampus is increased by E, [376], and peripubertal males may have greater local
E,synthesis in hippocampal neurons and this may increase the levels of BDNF during the
mid-phase of pubertal development. Furthermore, BDNF mRNA is known to fluctuate
across the estrous cycle, in correspondence with the changing levels of E, [377] and it is
possible that the lack of BDNF mRNA changes observed in our females compared to
males may have occurred due to the females being in diestrus stage of their menstrual
cycle when E, levels are lower. The consequences of differences in circulating E; levels,
is that both E, and BDNF positively affect synaptic plasticity, and therefore, the dynamic
expression of microRNAs throughout pubertal development in males may correspond
with alterations in the BDNF and/or SIRT]1 target genes and ultimately play a role in

mediating the formation of long-term alterations in brain development during puberty.

The role of gonadal hormones and their influence on growth-promoting signals
may underlie the necessity of peripubertal exposure to E, and T for development of
adultlike mating, social and cognitive behaviors. For instance, ovariectomized (OVX)
reduces mRNA and protein expression of (BDNF) and this is reversed with E;
replacement [378,379]. The hippocampus is also a rare site wherein de novo synthesis of
E. occurs outside of the gonads, and its expression is implicated in regulating local

synaptic plasticity in dendritic spines [380]. Indeed, our data demonstrate clear sex
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differences in the miR expression throughout pubertal development in multiple brain
regions. In stark contrast to E, effects on BNDF and synaptic plasticity, gonadectomy
(GDX) in adult male rats increases BDNF protein expression and synaptic plasticity in
hippocampus mossy fibers [381] and the same pattern was observed in PND 90 male rats
that gonadectomized at early puberty (PND 30) [86], suggesting that T represses
hippocampal BDNF protein during puberty. Indeed, the author concludes the effects of
gonadectomy are independent of pubertal status, however, because the immediate effects
of PND 30 GDX on BNDF expression was not measured, it is impossible to know
whether levels of BDNF were increased during peripuberty. Given that GDX incurs a
reduction in BDNF protein measured at 4, 7 and 10 days post-GDX [374], it is clear that
GDX at different developmental ages can have differential effects on BDNF protein
expression. Furthermore, our data reveal that BDNF mRNA in male dorsal and ventral
hippocampus is significantly increased at peripuberty compared to early puberty,
suggesting that the rising levels of T correlate with rising BDNF mRNA. Our observed
correlation in levels of T and BDNF are in contrast to experiments demonstrating that
GDX increases BDNF protein levels. However, Solum and Handa have previously
observed that neonatal GDX decreases BDNF mRNA yet increases BDNF protein levels
in the same animals [374], demonstrating that BDNF mRNA levels do not always
correspond with protein levels. VVariable measurements of BDNF expression may also
reflect differences in expression within the whole hippocampus vs. the isolated
hippocampal subregions, the ventral and dorsal hippocampus. Indeed, differences in brain
region expression levels of BDNF are to be expected, evidenced by T levels in the pelvic

ganglia being correlated with BDNF protein expression following adult male GDX, such
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that GDX decreased the number of BDNF-immunoreactive neurons [382]. In addition, T
has been shown to contribute to the anxiogenic effect of exposure to a novel environment
observed in male rodents as well as contribute to their social behavior [383,384], whereas
in male Syrian hamsters, pubertal exposure to T contributes to aggressive, sexual and
communication behaviors [385]. Lastly, T exposure during puberty in humans is
necessary for the sex differences observed in spatial memory, performance of which is
primarily controlled by the dorsal hippocampus [386,387]. Overall, the hippocampus
plays a clear role in contributing to the gonadal hormone-mediated alterations in synaptic
plasticity throughout pubertal development and as microRNAs can regulate gonadal
hormone receptors, it is possible that microRNAs help to orchestrate the role that gonadal

hormones play in the development of the adolescent brain.

Overall, female expression levels of EtOH-sensitive microRNAs and their target
genes, BDNF and SIRT1, did not correlate with one another in this study. Moreover, the
expression levels of SIRT1 and BDNF were extremely low and nearly unchanging in the
female hippocampus compared males throughout pubertal development. These data most
likely do not reflect a lack of dynamic synaptic plasticity. Indeed, the female expression
levels of EtOH-sensitive microRNAs, BDNF and SIRT1 demonstrating no correlation
whereas they did in the males (Chapter 4, Fig. 12, 153and 14), it is important to point out
that these EtOH-sensitive microRNAs were identified in male specimens in (see Chapter
3, Fig. 3). Therefore, it is possible that future studies using the same approach which was
used in Chapter 3 males (aka the microRNA array) in females, would indeed discover a

set of different EtOH-sensitive microRNAs that is specific to females. Moreover, due to
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the promiscuous nature by which microRNAs bind their mRNA target genes, it is very

likely that potential female-specific EtOH-sensitive would also target BDNF and SIRT].

Gonadal hormones also influence behavioral systems required for learning and
memory. For instance, it has been demonstrated in multiple species that T acts via
NMDAR circuits to alter synaptic plasticity and learning [388,389,390]. Specifically in a
rodent model, males that are not exposed to androgen receptor (AR) activation during
puberty exhibit altered hippocampal CA1 synaptic plasticity, as measured by social
recognition memory [388]. Together these data suggest that organizational events
mediated by T activation of ARs during puberty are required for the development of
adultlike social behaviors and effective hippocampal-dependent learning and memory
processes.

Adolescent EtOH abuse-induced disruption of neurodevelopment occurs in both
males and females [391,392,393], although often times to different magnitudes [46], as
well as in one sex and not the other. These studies implicate a role for the involvement of
circulating gonadal steroids, yet the causality of these sexually dimorphic effects remain
unclear. Evidence from both rodent and human studies supports the theory that gonadal
hormones play a role in mediating the sex differences observed in EtOH consumption, a
typical adolescent behavior. Indeed, T moderates EtOH intake in male rodents, such that
pre- or post-pubertal castration increases adult EtOH intake and dihydrotestosterone
(DHT) or T replacement following castration sufficiently increases EtOH intake back to
intact, GDX, and sham-GDX male and female controls [236,394]. Furthermore, this
increased EtOH consumption in adult male rats that were GDX either pre- or post-

puberty, is not due a weakened aversion to the taste of EtOH over time as conditioned
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taste aversion (CTA) experiments demonstrated an increased CTA in males GDX in pre-
puberty compared to post-puberty [395], whereas GDX at either time point resulted in a
similar increase in EtOH intake [236,260]. Interestingly, in adult male rodents bred
selectively for high EtOH preference compared to those bred to not prefer EtOH, high T
levels are strongly correlated with a preference for EtOH throughout the day when not
intoxicated [396]. In human male twin studies, following individual analysis and
adjustment for pubertal stage, a higher T levels correlated with a greater number of
alcohol symptoms as well as diagnosis for alcohol dependence [397]. Indeed, T is
positively correlated with EtOH consumption not only in males but also in females. In
self-report studies, higher levels of T and E, in male and female adolescents, was
positively associated with alcohol use [398]. Furthermore, female rodent consumption
also varies across the estrous cycle, such that during proestrus (slowly rising E;) and
estrus (high E») there is a decrease in total alcohol consumption [399,400]. Potential
neural mechanisms underlying sex differences in alcohol drinking behavior involves
dopamine release, which is greater in the female rat nucleus accumbens [401]. These data
underlie the importance of distinguishing sex differences regarding substance
abuse.Although steroid hormones are likely not an exclusive factor, an important next
step is to determine whether E, and/or T are responsible for mediating the sex-specific
differences in EtOH-sensitive miR expression.

It is clear that gonadal hormones contribute to the exceedingly plastic nature of
the adolescent brain as they contribute to neurite outgrowth, increases in neurogenesis
and alterations in steroid receptor expression [240]. Moreover, the effects of sex

hormones on synaptic plasticity are sexually dimorphic [402], yet the mechanism remains
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unclear. It is possible that microRNA-mediated regulation of gene expression has evolved
to adapt to changing hormonal environments during puberty (and menstrual cycle),
however, contemporary lifestyles of adolescents including experimentation with binge
drinking and the use of oral contraceptives may have detrimental effects on microRNA
expression that is critical for adolescent brain development. Chapter 5 data demonstrate
that there are clear sex differences in the expression of 5 E,-responsive microRNAs, let-
71, miR-7a, miR-9, miR-125a and miR-181a, throughout pubertal development. We also
demonstrated that their expression is distinct between the functionally dimorphic
hippocampal regions, the ventral and dorsal hippocampus. In conclusion, we have
identified that males and females express E,-responsive microRNAs in an age and sex
dependent manner throughout pubertal development and that the expression patterns are
unique between the dorsal and ventral hippocampus. However, it remains unclear
whether the pubertal expression levels of E,-responsive microRNAs are correlated with
gonadal hormone levels in a sexually dimorphic manner. Therefore, it will be important
to determine how pre-pubertal removal of endogenous hormones and subsequent
exogenous treatment with E; alters the expression of these microRNAs in the male and
female dorsal and ventral hippocampus in future studies. It will be important to monitor
the stage of the estrus cycle in female rats and the analysis of expression levels of
microRNAs should be separate for females in different estrous cycle stages. It is
important to note that symptoms of depression, schizophrenia and anxiety fluctuate
across the menstrual cycle [403,404,405,406,407,408,409], and puberty is period of life
wherein there is an increased risk for developing anxiety and other related mood

disorders. Moreover, the course and prevalence of mood disorders are sexually
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dimorphic, and it is possible that microRNAs expressed differentially between males and
females in the mood-regulating ventral hippocampus target genes important for
regulating mood. In addition, gonadectomy (GDX) followed by T treatment would be
important to determine T effects on microRNA expression levels as gonadal androgen
exposure during puberty is required for male-typical behaviors associated with the stress
response such as anxiety-related decrease in social behavior in an unfamiliar environment
[384]. Lastly, target genes of these microRNAs, such as GABA, SIRT1, BDNF and GR,
could be measured in male and female hippocampi to identify potential mood-regulating
target genes that these microRNAs may control the expression of during pubertal
development. Indeed, puberty is a period of continuous sexual differentiation in the brain
[410]and pubertal development is controlled by functionally connected networks
coordinated by epigenetic mechanisms [411], indicating that miR expression levels can
influence the establishment of neural networks during puberty which can have long-
lasting consequences on adult brain function.

The dorsal hippocampus reduction of microRNA expression in females contrasts
rising levels of circulating E; in females at this time. Furthermore, the dorsal
hippocampus microRNA expression in males remains stable and indeed, males exhibit an
increase in T throughout puberty but not E,. These data would suggest that the decrease
in these female microRNAs during pubertal development is E,-dependent, however, one
would also expect the early puberty levels of male microRNASs to be similar to the female
early puberty levels. Overall, the lack of change in microRNA expression levels in males
mimics their lack of exposure to changes in circulating E, throughout puberty. Of note,

the early pubertal expression level of these 3 microRNAs is significantly increased in
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females, but this may be due to the fact that it is not typical for males and females to
exhibit similar levels of circulating E; at this time age [286,287,288]. Indeed, activation
of the HPG axis in females can occur before males, and could explain the differences
observed in E,-responsive miR expression at early puberty between males and females.
However, reduced miR expression over time as E; levels rise in females does not agree
with the sex differences observed at early puberty such that female miR expression is
high as their E; levels begin to rise. It is possible that ligand-independent effects can be
regulating miR expression levels before the rise in gonadal hormones at pubertal onset,
such that the estrogen receptor (ER) acts on the miR promoters to increase their
transcription. Indeed, ERP has been shown to have transcriptional activity in rodent
neuronal cell lines [412,413] and protein-protein interactions in the female rodent ventral
hippocampus [414] that are altered in the presence of E,, suggesting that ER[ has ligand-
independent functions in the female brain. Overall, it is possible that E, regulation of
microRNAs can be dynamic throughout pubertal development, however, more
experiments a required to adequately address this theory.
Take Home Message

In summary, adolescent alcohol abuse is strongly associated with multiple other
health risk behaviors including alcohol-related motor-vehicle accidents, alcohol-related
sexual assault, suicide and weakened learning and memory capacities [415,416,417,418]
supporting the role that adolescence is a sensitive period with regards to brain
organization. The mechanisms regulating EtOH abuse-induced brain changes remains
unclear. These studies provide important data that peripubertal binge EtOH alters

microRNA expression in both an immediate and long-term fashion. Our data also suggest
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that BDNF and SIRT1 are potential effector molecules of microRNAs altered by EtOH.
However, the mechanisms regarding miR biogenesis as well as their regulation of target
genes expression remains controversial [223,419], and thus, the mechanisms underlying
EtOH-mediated regulation of miR expression as well as whether changes in miR target
gene expression plays a role in altering mood or memory function requires more studies.
Future studies are important in order to increase our understanding of the molecular
events leading to the maturation of an organized and functional brain and therefore,
increase the capacity for human livelihood.
Future Directions

One of the most interesting findings regarding microRNAs gene regulatory
capacity is that their mechanisms of gene regulation and even their biogenesis can me
mediated by different mechanisms. In particular, the potential for microRNAs to function
as endocrine molecules is an exciting new prospect. In this respect, circulating
microRNAs are suggested to mediate cell to cell communication in a long-distance
fashion to various cells and organs throughout the body. Moreover, the potential for
microRNAs to be able to function as biomarkers and as tools for disease prevention. Just
in this past year, studies have highlighted microRNAs as biomarkers for various
neurological impairments including but not limited to autism [420], glioblastoma [421],
neurodegeneration [422], stroke [423,424] and neurotoxicity [425]. Therefore,
microRNAs provide promising opportunities for better understanding and potentially

treating or preventing ETOH abuse-mediated neurological impairments.



CHAPTER SEVEN
GENERAL METHODS

Animals

All Wistar rats were purchased from Charles River Laboratories (Wilmington,
MA) at weaning (postnatal day (PND) 23)) and allowed to acclimate for 7 days, after
{hich they were randomly distributed into 3 groups: early pubertal (PND 30),
peripubertal (PND 37), and late pubertal (PND 73). For Chapter 2 and 3 experiments
there were male and female early, peripubertal and late pubertal grouped animals which
were left untreated (N=10/age group) until euthanized at PND 30, PND 44 and PND 73,
respectively. For Chapter 3 whole hippocampus experiments, there were 2 male groups,
one administered treatments of peripubertal water (control) at peripubertal age and the
other administered treatments of peripubertal binge EtOH (see methods below) (N=
6/treatment group; total of 12 animals). These 2 groups of animals were euthenized 1 hr.
following the last treatment.For Chapter 3 dorsal and ventral hippocampus experiments,
there were 3 male groups left untreated and euthenized at early (PND 30), mid (PND 44)
and late (PND 73) puberty. In addition, there were 2 male groups administered treatments
of peripubertal water (control) at peripubertal age (N= 10/treatment group; total of 20
water-treated animals) and 2 male groups administered treatments of peripubertal binge
EtOH (N= 10/treatment group; total of 20 EtOH-treated animals) (Fig. 19B). The water
and EtOH groups were handled for 5 minutes once/day beginning at PND 30 to eliminate

non-specific effects of stress associated with handling. Peripubertal water or EtOH
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treatments (see methods below) began on PND 37, an age which has been
previously defined as peripuberty based on circulating gonadotropin levels and stages of
spermatogenesis [286,287,288]. One group each from of the mid/peri-pubertal water and
EtOH treated animals were sacrificed 60 min. following the last water and EtOH
treatment, respectively, at PND 44 (N= 10 water + N= 10 EtOH). The remaining 2
groups (N= 10 water + N= 10 EtOH) were left undisturbed following the last EtOH
treatment in their home cage until sacrificed at late puberty (PND 73). All animals were
pair-housed on a 12:12 light/dark cycle with lights on at 07.00 h. Food and water were

available ad libitum.

Ethics Statement

All animal protocols were approved by the Institutional Animal Care and Use
Committee at Loyola University Chicago permit #2011002. All measures were taken to

minimize animal numbers and suffering.

Binge Exposure Paradigm and Treatment Design

For Chapter 3 whole hippocampus experiments, peripubertal (PND 37) male
animals were randomly assigned to either 1) peripubertal water (N = 6) or 2) peri-
pubertal binge EtOH (N = 6) treatment groups, such that a total of 12 animals were used
in these experiments. For Chapter 3 dorsal and ventral hippocampus experiments,
peripubertal (PND 37) male animals were randomly assigned to either 1) peripubertal
water (N =20) or 2) peripubertal binge EtOH (N = 20) treatment groups. These animals
were compared to the untreated groups (N=10) at each age, such that a total of 70 animals

were used in these studies.
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All animals in the binge EtOH group received the following 8-day peripubertal
repeated binge-pattern EtOH paradigm: on PND 37, animals are given 3g/kg EtOH (20%
v/v in water), or water alone, via oral gavage at 10.00 hr. This process is repeated
according to the following schedule: 3d EtOH, 2d water, 3d EtOH (i.e. a total of 6 EtOH
treatments over the course of 8 days). This binge exposure paradigm has been used
previously to mimic the pattern of binge alcohol consumption typically observed in
adolescents [44,200]. Moreover, our previous studies have shown that this repeated
binge-pattern EtOH paradigm did not affect body weight/growth curves during pubertal
development and consistently resulted in similar blood alcohol concentrations (BAC)
[8,44,200]. The water group was administered room temperature tap water via oral
gavage once/day for 8 consecutive days. The animals were anesthetized with inhalation
of isoflorane then euthanized by rapid decapitation 60 minutes following EtOH treatment
(PND 44, “immediate EtOH effects”) or [in the Chapter 3 ventral and dorsal
hippocampus experiments] 30 days following the last day of treatment at late puberty
(PND 73, “long-term EtOH effects”). The blood alcohol concentration in EtOH treated
animals was 190 + 21 mg/dl, which is consistent with our previous reports using this
peripubertal binge EtOH paradigm [12]. It is important to note that the untreated and the
water-treated mid/peri- and late-pubertal groups were not statistically different for any
parameter measured and were therefore, combined into one group for further statistical

analyses.

Tissue Collection

Trunk blood and brains were collected immediately following decapitation. Trunk

blood was collected on ice into heparinized glass tubes, centrifuged at 4000 rpm for 10
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minutes, plasma separated and stored at -20°C until processed for testosterone levels
using enzyme immunoassay (EIA, see below). Brains were rapidly dissected, flash-frozen
in isopentane (-35°C) on dry ice, and stored at -80°C until further processing. Frozen
brains were sectioned at 200 um on a freezing microtome, mounted onto glass slides, and
the ventral and dorsal hippocampi were microdissected using a 0.75 mm Palkovit's brain
punch tool (Stoelting Co., Wood Dale, IL). The coordinates of the microdissected regions
was determined using The Rat Brain in Stereotaxic Coordinates, Fourth Edition Atlas (G.
Paxinos and C. Watson). The ventral hippocampus was defined as being located between
1.8 mm to 3.8 mm posterior to Bregma, 3 mm below the top of the brain and 6.6 mm
from the bottom of the brain. The dorsal hippocampus was defined as being located
between 4.16 mm and 6.05 mm posterior to Bregma, 3 mm below the top of the brain and
2 mm above the bottom of the brain. Brain tissue punch samples were collected on ice
into microcentrifuge tubes containing 1 ml of TriZol reagent (Invitrogen, Inc., Carlsbad,

CA). Tissue samples were sonicated on ice prior to total RNA isolation.
RNA Isolation

Total RNA was isolated from micropunched tissue samples using Trizol reagent
(Invitrogen Inc., Carlsbad, CA) according to the manufacturer's directions. All RNA
samples were analyzed for quality by Nanodrop spectrophotometry and by visualization

of the RNA on a 1.5% agarose gel.
Rat RT?microRNA PCR Array

The Rat RT? microRNA PCR array (SABiosciences) was performed according to

manufacturer’s instructions. Briefly, the cDNA was combined with RT2 SYBR Green
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gPCR Master Mix, RT> microRNA universal primer and water. Next, the mixture was
aliquoted across the 96-well RT?> microRNA PCR Array platform containing a panel of
primers for 88 well-researched microRNAs in the rat genome followed by quantitative
reverse transcription PCR quantification of gene expression using the AACt method
[426]. Data analysis was performed using the free Web and Excel based microRNA PCR
Array Data Analysis Software. (Importantly, the RNA population used for this
experiment was a microRNA population isolated from total RNA using Qiagen’s
MiRNeasy Mini Kit and cDNA synthesis was performed using SABiosciences RT?

microRNA First Strand Kit (MA-03) according to the manufacturer’s instructions).
Quantitative Reverse Transcription PCR (gQRT-PCR)

Following RNA isolation, 1.0 pg total RNA was reverse transcribed using the
First Strand Synthesis SuperMix for gRT-PCR (Invitrogen, Inc., Carlsbad, CA) for
mMRNA quantification, and 1.0 pg total RNA was used for NCode microRNA First-Strand
cDNA Synthesis Kit for microRNA quantification. microRNA and mRNA gRT-PCR was
performed with Fast Start Universal SYBR Green Master Mix (Roche) on an Eppendorf
Realplex4 with a silver block. Forward primers for specific microRNAS were designed as
described in the Ncode™ microRNA First-Strand cDNA synthesis kit handbook
(Invitrogen, Inc., Carlsbad, CA) and using miRBase 18 as a sequence reference. The
small RNA, U6 and housekeeping gene hypoxanthine guanine phosphoribosyl transferase
1 (HPRT) were used as a loading control and to normalize the data for microRNA and
MRNA analysis, respectively, as neither were altered by EtOH treatment [44]. The
following thermocycler program was used for mMRNA target genes: 1) 95°C for 10

minutes, 2) 95°C for 30 seconds, 3) 59°C for 30 seconds, 4) 72°C for 30 seconds, and
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melting curve analysis. The following thermocycler program was used for microRNA: 1)
95°C for 10 minutes, 2) 95°C for 30 seconds, 3) 65.3°C for 20 seconds, 4) 72°C for 12
seconds. Quantification of the gene expression was achieved using the AACt method
[426]. Importantly, all miR and mRNA fold change values were generated using the
normalized expression levels of untreated male PND 30 rats as a baseline value. The
following intron-spanning primers were used for analysis of selected microRNA target

genes and for microRNA processing enzymes:

SIRT1:5°GCGGCCGCGGATAGGTCCATA, 3’ TCCCACAGGAGACAGAAACCCCA,
BDNF: 5’AGCCTCCTCTGCTCTTTCTGCTGGA,

I’ CTTTTGTCTATGCCCCTGCAGCCTT,

Drosha: 5’ GAAGTCACCGTGGAGCTGAGTA,

3’ATCATTGCATGCTGACAGACATC,

Dicer: 5>GGGAAAGTCTGCAGAACAAAC AND

3’GGCTGTCTGAGCTCTTAGTTC.

The following forward primers were used for analysis of selected mature microRNA
along with a universal reverse primer provided in the NCode microRNA First-Strand

cDNA Synthesis Kit:

miR-10a-5p: S’CGCTACCCTGTAGATCCGAATTTGTG,

miR-26a: 5>CCGGGTTCAAGTAATCCAGGATAGGC,

miR-103: 5> GGAGCAGCATTGTACAGGGCTATGA,

miR-495: 5>CGCGAAACAAACATGGTGCACTTCTT.
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let-7i: S’>CGCGTGAGGTAGTAGTTTGTGCTGTT

miR-7a: 5’GCGCTGGAAGACTAGTGATTTTGTTCT

miR-9: 5> CGCGTCTTTGGTTATCTAGCTGTATG

miR-125a: 5’>CGTCCCTGAGACCCTTTAACCTGTGA

miR-181a: 5’>CGAACATTCAACGCTGTCGGTGAGT

Hormone Measurements

Plasma levels of testosterone were measured using a commercially available EIA
kit (Cayman Chemical, Ann Arbor, MI) according to manufacturer's instructions. The
range of detection was between 3.9 and 500pg/ml and the intra-assay CVs was 2.2.
Briefly, blood samples were collected in heparinized tubes and centrifuged at 3,000 rpm
for 10 min. at 4°C, and plasma was stored at —20°C. Plasma samples were combined
with a testosterone-acetylcholinesterase (AChE) conjugate (testosterone tracer) as well as
testosterone EIA antiserum and incubated in a 96-well 1gG-coated plate for 2.0 hr. at
room temperature. Samples were washed 5 times with provided wash buffer then
combined with Ellman’s reagent containing the substrate for AChE, and the plate was
developed for 60 minutes, shaking and covered, at room temperature. Absorbance was
read at 412 nm on a multimode Synergy HT plate reader (BioTek Instruments, Inc.,

Winooski, VT).

Blood Alcohol Concentration Assay

Trunk blood samples were collected into heparinized tubes, centrifuged at 3000

rpm for 10 min. at 4°C; and plasma stored at —20°C. Blood alcohol levels were
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determined by measuring the change in absorbance at 340 nm following enzymatic
oxidation of EtOH to acetylaldehyde (Point Scientific Alcohol Reagent Kit). Assay range

is 0 to 400 mg/dl and intra and interassay CV = 6.4% and 7.9%, respectively.

Western Blot

Total protein is isolated using Tissue Protein Extraction Reagent (Thermo
Scientific, Waltham, MA) supplemented with protease inhibitor cocktail (Roche
catalogue #04693159001; 7x stock solution), according to manufacturer's instructions
and boiled at 95° C for 5 mins. 10 pg of protein was loaded onto 10% SDS-PAGE gel
and then transferred onto a PVDF membrane (Millipore, Billerica, MA). The membrane
was blocked with 5% bovine serum albumin (BSA) for 0.5 hr. and incubated with the
following primary antibodies: SIRT1 (Santa Cruz Biotechnology, H-300) at 1:200 or
BDNF (Santa Cruz Biotechnology, N-20) at 1:200 in TBST for 2 hr. at 4°C. Following
primary antibody incubation, the membrane was washed three times for 10 min. each in
10 ml TBST (Tris Base Solution containing 0.1% Tween 20), incubated in secondary
antibody (HRP conjugated goat anti rabbit IgG, Santa Cruz Biotechnology) at 1:5000
concentration in TBST for 1.5 hr., and washed three times for 10 min. each in TBST.
Stripping blots was performed with 6 M GnHCI, 0.2% Triton 100, 20mM Tris-HCI pH8,
two times at RT for 5 min. each followed by two 10 min. washes with TBSTr. In order to
control loading efficiency, blots are stripped as described above, re-blocked with 5%
BSA and incubated in primary rabbit -actin antibody (Cell signaling, 4970S) at 1:3000
dilution in TBST for 1.0 hr., washed three times for 10 min. each in TBST, incubated in
HRP conjugated goat o rabbit 1gG (Santa Cruz Biotechnology, sc-2004) at 1:5000

dilution in TBST for 1.5 hr., and washed three times for 10 min. each in TBST.
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Following antibody applications and washes, each blot was imaged on the Biorad

Chemidoc XRS+ imager using ECL Chemiluminescent substrate (Pierce).

Statistical Analysis

Statistical analyses were performed by the Biostatistics Core Facility at Loyola
University Stritch School of Medicine in consultation with Dr. James Sinacore. Data
obtained from gRT-PCR or blood alcohol and hormone concentration assays were
analyzed by a one-way Analysis of Variance (ANOVA) when EtOH was a single
variable factor or by a two-way ANOVA when age and EtOH or age and sex were the
two variable factors followed by Tukey’s posthoc test for all pair-wise comparisons when
there was a significant main effect and interaction. The above tests were performed using
SigmasStat Statistical Analysis Software. A p-value of less than 0.05 was designated as
significant. Exclusion criteria comprised outliers greater than or equal to 2 times the
standard deviation of the mean. Please note that all qRT-PCR age-dependent miR and
mMRNA fold change values were generated using the normalized expression levels of
untreated male PND 30 rats as a baseline value. Importantly, the untreated and the water-
treated peri and late pubertal groups were not statistically different for any parameter

measured and were therefore, combined into one group for statistical analyses.

Data obtained from western blotting were subject to densitometry analysis using
ImageLab software. Lanes were detected manually and bands were detected using the
‘high sensitivity’ detection limit and lane-based background subtraction was applied.
Statistical significance was analyzed by a two-way ANOVA followed by Tukey’s post-

hoc test using an average of 3 independent blots containing samples from 6 different
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animals per treatment group (N=3, p<0.05). Western blotting data analysis tests were
performed using SigmaStat Statistical Analysis Software. A p-value of less than 0.05 was
designated as significant. Exclusion criteria comprised outliers greater than or equal to 3

times the standard deviation of the mean.



REFERENCE LIST

. Brown SA, Tapert SF, Granholm E, Delis DC (2000) Neurocognitive functioning of
adolescents: effects of protracted alcohol use. Alcohol Clin Exp Res 24: 164-171.

. Crews FT, Braun CJ, Hoplight B, Switzer RC, 3rd, Knapp DJ (2000) Binge ethanol
consumption causes differential brain damage in young adolescent rats compared with
adult rats. Alcohol Clin Exp Res 24: 1712-1723.

. De Bellis MD, Clark DB, Beers SR, Soloff PH, Boring AM, et al. (2000) Hippocampal
volume in adolescent-onset alcohol use disorders. Am J Psychiatry 157: 737-744.

. Swartzwelder HS, Wilson WA, Tayyeb MI (1995) Age-dependent inhibition of long-
term potentiation by ethanol in immature versus mature hippocampus. Alcohol Clin
Exp Res 19: 1480-1485.

. Swartzwelder HS, Wilson WA, Tayyeb M1 (1995) Differential sensitivity of NMDA
receptor-mediated synaptic potentials to ethanol in immature versus mature
hippocampus. Alcohol Clin Exp Res 19: 320-323.

. Tapert SF, Brown SA (1999) Neuropsychological correlates of adolescent substance
abuse: four-year outcomes. J Int Neuropsychol Soc 5: 481-493.

. White AM, Swartzwelder HS (2005) Age-related effects of alcohol on memory and
memory-related brain function in adolescents and adults. Recent Dev Alcohol 17: 161-
176.

. Walker BM, Ehlers CL (2009) Age-related differences in the blood alcohol levels of
Wistar rats. Pharmacol Biochem Behav 91: 560-565.

. Morris SA, Kelso ML, Liput DJ, Marshall SA, Nixon K (2010) Similar withdrawal
severity in adolescents and adults in a rat model of alcohol dependence. Alcohol 44:
89-98.

10. Morris SA, Eaves DW, Smith AR, Nixon K (2010) Alcohol inhibition of
neurogenesis: a mechanism of hippocampal neurodegeneration in an adolescent
alcohol abuse model. Hippocampus 20: 596-607.

11. Richardson HN, Chan SH, Crawford EF, Lee YK, Funk CK, et al. (2009) Permanent
impairment of birth and survival of cortical and hippocampal proliferating cells
following excessive drinking during alcohol dependence. Neurobiol Dis 36: 1-10.

137



138

12. Przybycien-Szymanska MM, Mott NN, Paul CR, Gillespie RA, Pak TR (2011)
Binge-pattern alcohol exposure during puberty induces long-term changes in HPA axis
reactivity. PLoS ONE 6: e18350.

13. Giedd JN (2004) Structural magnetic resonance imaging of the adolescent brain. Ann
N Y Acad Sci 1021: 77-85.

14. Arnold AP, Breedlove SM (1985) Organizational and activational effects of sex
steroids on brain and behavior: a reanalysis. Horm Behav 19: 469-498.

15. Schulz KM, Molenda-Figueira HA, Sisk CL (2009) Back to the future: The
organizational-activational hypothesis adapted to puberty and adolescence. Horm
Behav 55: 597-604.

16. Romeo RD (2003) Puberty: a period of both organizational and activational effects of
steroid hormones on neurobehavioural development. J Neuroendocrinol 15: 1185-
1192.

17. Spear LP (2000) The adolescent brain and age-related behavioral manifestations.
Neurosci Biobehav Rev 24: 417-463.

18. Kim VN (2005) Small RNAs: classification, biogenesis, and function. Mol Cells 19:
1-15.

19. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116: 281-297.

20. Mansfield JH, Harfe BD, Nissen R, Obenauer J, Srineel J, et al. (2004) MicroRNA-
responsive 'sensor' transgenes uncover Hox-like and other developmentally regulated
patterns of vertebrate microRNA expression. Nat Genet 36: 1079-1083.

21. Ohuchida K, Mizumoto K, Lin C, Yamaguchi H, Ohtsuka T, et al. (2012)
MicroRNA-10a is overexpressed in human pancreatic cancer and involved in its
invasiveness partially via suppression of the HOXAL gene. Ann Surg Oncol 19: 2394-
2402.

22. Hunsberger JG, Fessler EB, Chibane FL, Leng Y, Maric D, et al. (2013) Mood
stabilizer-regulated miRNAs in neuropsychiatric and neurodegenerative diseases:
identifying associations and functions. Am J Transl Res 5: 450-464.

23. Gao J, Wang WY, Mao YW, Graff J, Guan JS, et al. (2010) A novel pathway
regulates memory and plasticity via SIRT1 and miR-134. Nature 466: 1105-11009.

24. Liu 1Y, Lyons WE, Mamounas LA, Thompson RF (2004) Brain-derived neurotrophic
factor plays a critical role in contextual fear conditioning. J Neurosci 24: 7958-7963.

25. Michan S, Li Y, Chou MM, Parrella E, Ge H, et al. (2010) SIRT1 is essential for
normal cognitive function and synaptic plasticity. J Neurosci 30: 9695-9707.



139

26. Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, et al. (1996) Recombinant
BDNF rescues deficits in basal synaptic transmission and hippocampal LTP in BDNF
knockout mice. Neuron 16: 1137-1145.

27. Tyler WJ, Alonso M, Bramham CR, Pozzo-Miller LD (2002) From acquisition to
consolidation: on the role of brain-derived neurotrophic factor signaling in
hippocampal-dependent learning. Learn Mem 9: 224-237.

28. Rao YS, Mott NN, Wang Y, Chung WC, Pak TR (2013) MicroRNAs in the aging
female brain: a putative mechanism for age-specific estrogen effects. Endocrinology
154: 2795-2806.

29. Morgan CP, Bale TL (2011) Early prenatal stress epigenetically programs
dysmasculinization in second-generation offspring via the paternal lineage. J Neurosci
31:11748-11755.

30. Baumrind D (1987) A developmental perspective on adolescent risk taking in
contemporary America. New Dir Child Dev: 93-125.

31. Arain M, Haque M, Johal L, Mathur P, Nel W, et al. (2013) Maturation of the
adolescent brain. Neuropsychiatr Dis Treat 9: 449-461.

32. Giedd JN, Clasen LS, Lenroot R, Greenstein D, Wallace GL, et al. (2006) Puberty-
related influences on brain development. Mol Cell Endocrinol 254-255: 154-162.

33. <pubertal onset in primates.pdf>.

34. Bourgeois JP, Rakic P (1993) Changes of synaptic density in the primary visual
cortex of the macaque monkey from fetal to adult stage. J Neurosci 13: 2801-2820.

35. Benes FM, Taylor JB, Cunningham MC (2000) Convergence and plasticity of
monoaminergic systems in the medial prefrontal cortex during the postnatal period:
implications for the development of psychopathology. Cereb Cortex 10: 1014-1027.

36. Nunez JL, Lauschke DM, Juraska JM (2001) Cell death in the development of the
posterior cortex in male and female rats. J Comp Neurol 436: 32-41.

37. Andersen SL, Thompson AT, Rutstein M, Hostetter JC, Teicher MH (2000)
Dopamine receptor pruning in prefrontal cortex during the periadolescent period in
rats. Synapse 37: 167-169.

38. Gerocs K, Rethelyi M, Halasz B (1986) Quantitative analysis of dendritic protrusions
in the medial preoptic area during postnatal development. Brain Res 391: 49-57.

39. Lewis DA, Cruz D, Eggan S, Erickson S (2004) Postnatal development of prefrontal
inhibitory circuits and the pathophysiology of cognitive dysfunction in schizophrenia.
Ann N Y Acad Sci 1021: 64-76.



140

40. White AM, Kraus CL, Swartzwelder H (2006) Many college freshmen drink at levels
far beyond the binge threshold. Alcohol Clin Exp Res 30: 1006-1010.

41. White AM, Bae JG, Truesdale MC, Ahmad S, Wilson WA, et al. (2002) Chronic-
intermittent ethanol exposure during adolescence prevents normal developmental
changes in sensitivity to ethanol-induced motor impairments. Alcohol Clin Exp Res
26: 960-968.

42. Ogilvie KM, Rivier C (1997) Gender difference in hypothalamic-pituitary-adrenal
axis response to alcohol in the rat: activational role of gonadal steroids. Brain Res 766:
19-28.

43. Romeo RD, Bellani R, Karatsoreos IN, Chhua N, Vernov M, et al. (2006) Stress
history and pubertal development interact to shape hypothalamic-pituitary-adrenal axis
plasticity. Endocrinology 147: 1664-1674.

44. Przybycien-Szymanska MM, Rao YS, Pak TR (2010) Binge-pattern alcohol exposure
during puberty induces sexually dimorphic changes in genes regulating the HPA axis.
Am J Physiol Endocrinol Metab 298: E320-328.

45. Rivier C, Lee S (1996) Acute alcohol administration stimulates the activity of
hypothalamic neurons that express corticotropin-releasing factor and vasopressin.
Brain Res 726: 1-10.

46. Rivier C (1993) Female rats release more corticosterone than males in response to
alcohol: influence of circulating sex steroids and possible consequences for blood
alcohol levels. Alcohol Clin Exp Res 17: 854-859.

47. Przybycien-Szymanska MM, Gillespie RA, Pak TR (2012) 17beta-Estradiol is
required for the sexually dimorphic effects of repeated binge-pattern alcohol exposure
on the HPA axis during adolescence. PL0oS One 7: €32263.

48. Herman JP, Figueiredo H, Mueller NK, Ulrich-Lai Y, Ostrander MM, et al. (2003)
Central mechanisms of stress integration: hierarchical circuitry controlling
hypothalamo-pituitary-adrenocortical responsiveness. Front Neuroendocrinol 24: 151-
180.

49. Barden N (2004) Implication of the hypothalamic-pituitary-adrenal axis in the
physiopathology of depression. J Psychiatry Neurosci 29: 185-193.

50. O'Toole SM, Sekula LK, Rubin RT (1997) Pituitary-adrenal cortical axis measures as
predictors of sustained remission in major depression. Biol Psychiatry 42: 85-89.

51. Muller MB, Holsboer F (2006) Mice with mutations in the HPA-system as models for
symptoms of depression. Biol Psychiatry 59: 1104-1115.



141

52. Bradley AJ, Dinan TG (2010) A systematic review of hypothalamic-pituitary-adrenal
axis function in schizophrenia: implications for mortality. J Psychopharmacol 24: 91-
118.

53. Tsigos C, Chrousos GP (2002) Hypothalamic-pituitary-adrenal axis, neuroendocrine
factors and stress. J Psychosom Res 53: 865-871.

54. Landgraf R, Wigger A, Holsboer F, Neumann ID (1999) Hyper-reactive
hypothalamo-pituitary-adrenocortical axis in rats bred for high anxiety-related
behaviour. J Neuroendocrinol 11: 405-407.

55. Goldstein JM, Jerram M, Abbs B, Whitfield-Gabrieli S, Makris N (2010) Sex
differences in stress response circuitry activation dependent on female hormonal cycle.
J Neurosci 30: 431-438.

56. Holsen LM, Lee JH, Spaeth SB, Ogden LA, Klibanski A, et al. (2012) Brain
hypoactivation, autonomic nervous system dysregulation, and gonadal hormones in
depression: a preliminary study. Neurosci Lett 514: 57-61.

57. Moser MB, Moser EI (1998) Functional differentiation in the hippocampus.
Hippocampus 8: 608-619.

58. Fanselow MS, Dong HW (2010) Are the dorsal and ventral hippocampus functionally
distinct structures? Neuron 65: 7-19.

59. Lau JY, Goldman D, Buzas B, Hodgkinson C, Leibenluft E, et al. (2010) BDNF gene
polymorphism (Val66Met) predicts amygdala and anterior hippocampus responses to
emotional faces in anxious and depressed adolescents. Neuroimage 53: 952-961.

60. Dong HW, Swanson LW, Chen L, Fanselow MS, Toga AW (2009) Genomic-
anatomic evidence for distinct functional domains in hippocampal field CA1. Proc
Natl Acad Sci U S A 106: 11794-11799.

61. Thompson CL, Pathak SD, Jeromin A, Ng LL, MacPherson CR, et al. (2008)
Genomic anatomy of the hippocampus. Neuron 60: 1010-1021.

62. Grant | (1987) Alcohol and the brain: neuropsychological correlates. J Consult Clin
Psychol 55: 310-324.

63. Pfefferbaum A, Rosenbloom M, Deshmukh A, Sullivan E (2001) Sex differences in
the effects of alcohol on brain structure. Am J Psychiatry 158: 188-197.

64. Sullivan EV, Harding AJ, Pentney R, Dlugos C, Martin PR, et al. (2003) Disruption
of frontocerebellar circuitry and function in alcoholism. Alcohol Clin Exp Res 27:
301-309.



142

65. Pfefferbaum A, Sullivan EV, Hedehus M, Adalsteinsson E, Lim KO, et al. (2000) In
vivo detection and functional correlates of white matter microstructural disruption in
chronic alcoholism. Alcohol Clin Exp Res 24: 1214-1221.

66. Pfefferbaum A, Lim KO, Desmond JE, Sullivan EV (1996) Thinning of the corpus
callosum in older alcoholic men: a magnetic resonance imaging study. Alcohol Clin
Exp Res 20: 752-757.

67. Conway KP, Compton W, Stinson FS, Grant BF (2006) Lifetime comorbidity of
DSM-1V mood and anxiety disorders and specific drug use disorders: results from the
National Epidemiologic Survey on Alcohol and Related Conditions. J Clin Psychiatry
67: 247-257.

68. Epstein EE, Fischer-Elber K, Al-Otaiba Z (2007) Women, aging, and alcohol use
disorders. J Women Aging 19: 31-48.

69. Rohde P, Lewinsohn PM, Seeley JR (1996) Psychiatric comorbidity with problematic
alcohol use in high school students. J Am Acad Child Adolesc Psychiatry 35: 101-109.

70. Ross HE, Glaser FB, Germanson T (1988) The prevalence of psychiatric disorders in
patients with alcohol and other drug problems. Arch Gen Psychiatry 45: 1023-1031.

71. Silberman Y, Bajo M, Chappell AM, Christian DT, Cruz M, et al. (2009)
Neurobiological mechanisms contributing to alcohol-stress-anxiety interactions.
Alcohol 43: 509-519.

72. Zilberman ML, Tavares H, Blume SB, el-Guebaly N (2003) Substance use disorders:
sex differences and psychiatric comorbidities. Can J Psychiatry 48: 5-13.

73. Blume A, Bosch OJ, Miklos S, Torner L, Wales L, et al. (2008) Oxytocin reduces
anxiety via ERK1/2 activation: local effect within the rat hypothalamic paraventricular
nucleus. Eur J Neurosci 27: 1947-1956.

74. Madeira MD, Andrade JP, Lieberman AR, Sousa N, Almeida OF, et al. (1997)
Chronic alcohol consumption and withdrawal do not induce cell death in the
suprachiasmatic nucleus, but lead to irreversible depression of peptide
immunoreactivity and mRNA levels. J Neurosci 17: 1302-1319.

75. Merlo Pich E, Lorang M, Yeganeh M, Rodriguez de Fonseca F, Raber J, et al. (1995)
Increase of extracellular corticotropin-releasing factor-like immunoreactivity levels in
the amygdala of awake rats during restraint stress and ethanol withdrawal as measured
by microdialysis. J Neurosci 15: 5439-5447.

76. Ogilvie KM, Lee S, Rivier C (1997) Role of arginine vasopressin and corticotropin-
releasing factor in mediating alcohol-induced adrenocorticotropin and vasopressin
secretion in male rats bearing lesions of the paraventricular nuclei. Brain Res 744: 83-
95.



143

77. Rivier C, Bruhn T, Vale W (1984) Effect of ethanol on the hypothalamic-pituitary-
adrenal axis in the rat: role of corticotropin-releasing factor (CRF). J Pharmacol Exp
Ther 229: 127-131.

78. Tabakoff B, Jafee RC, Ritzmann RF (1978) Corticosterone concentrations in mice
during ethanol drinking and withdrawal. J Pharm Pharmacol 30: 371-374.

79. Markwiese BJ, Acheson SK, Levin ED, Wilson WA, Swartzwelder HS (1998)
Differential effects of ethanol on memory in adolescent and adult rats. Alcohol Clin
Exp Res 22: 416-421.

80. Kang HJ, Schuman EM (1995) Neurotrophin-induced modulation of synaptic
transmission in the adult hippocampus. J Physiol Paris 89: 11-22.

81. Kang H, Schuman EM (1995) Long-lasting neurotrophin-induced enhancement of
synaptic transmission in the adult hippocampus. Science 267: 1658-1662.

82. Kang H, Jia LZ, Suh KY, Tang L, Schuman EM (1996) Determinants of BDNF-
induced hippocampal synaptic plasticity: role of the Trk B receptor and the Kinetics of
neurotrophin delivery. Learn Mem 3: 188-196.

83. Kang H, Schuman EM (1996) A requirement for local protein synthesis in
neurotrophin-induced hippocampal synaptic plasticity. Science 273: 1402-1406.

84. Schuman EM (1999) Neurotrophin regulation of synaptic transmission. Curr Opin
Neurobiol 9: 105-109.

85. Schinder AF, Poo M (2000) The neurotrophin hypothesis for synaptic plasticity.
Trends Neurosci 23: 639-645.

86. Scharfman HE, MacLusky NJ (2014) Differential regulation of BDNF, synaptic
plasticity and sprouting in the hippocampal mossy fiber pathway of male and female
rats. Neuropharmacology 76 Pt C: 696-708.

87. Sutherland RJ, McDonald RJ, Savage DD (1997) Prenatal exposure to moderate
levels of ethanol can have long-lasting effects on hippocampal synaptic plasticity in
adult offspring. Hippocampus 7: 232-238.

88. Titterness AK, Christie BR (2012) Prenatal ethanol exposure enhances NMDAR-
dependent long-term potentiation in the adolescent female dentate gyrus.
Hippocampus 22: 69-81.

89. Sickmann HM, Patten AR, Morch K, Sawchuk S, Zhang C, et al. (2014) Prenatal
ethanol exposure has sex-specific effects on hippocampal long-term potentiation.
Hippocampus 24: 54-64.



144

90. Heaton MB, Mitchell JJ, Paiva M, Walker DW (2000) Ethanol-induced alterations in
the expression of neurotrophic factors in the developing rat central nervous system.
Brain Res Dev Brain Res 121: 97-107.

91. Pyapali GK, Turner DA, Wilson WA, Swartzwelder HS (1999) Age and dose-
dependent effects of ethanol on the induction of hippocampal long-term potentiation.
Alcohol 19: 107-111.

92. Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, et al. (2003) The
BDNF val66met polymorphism affects activity-dependent secretion of BDNF and
human memory and hippocampal function. Cell 112: 257-269.

93. Agapito MA, Zhang C, Murugan S, Sarkar DK (2014) Fetal Alcohol Exposure
Disrupts Metabolic Signaling in Hypothalamic Proopiomelanocortin Neurons via a
Circadian Mechanism in Male Mice. Endocrinology 155: 2578-2588.

94. Codocedo JF, Allard C, Godoy JA, Varela-Nallar L, Inestrosa NC (2012) SIRT1
regulates dendritic development in hippocampal neurons. PL0oS One 7: e47073.

95. Chen J, Zhou Y, Mueller-Steiner S, Chen LF, Kwon H, et al. (2005) SIRT1 protects
against microglia-dependent amyloid-beta toxicity through inhibiting NF-kappaB
signaling. J Biol Chem 280: 40364-40374.

96. Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F, et al. (2007) SIRT1
deacetylase protects against neurodegeneration in models for Alzheimer's disease and
amyotrophic lateral sclerosis. EMBO J 26: 3169-3179.

97. Sakamoto J, Miura T, Shimamoto K, Horio Y (2004) Predominant expression of
Sir2alpha, an NAD-dependent histone deacetylase, in the embryonic mouse heart and
brain. FEBS Lett 556: 281-286.

98. Parker JA, Arango M, Abderrahmane S, Lambert E, Tourette C, et al. (2005)
Resveratrol rescues mutant polyglutamine cytotoxicity in nematode and mammalian
neurons. Nat Genet 37: 349-350.

99. Saharan S, Jhaveri DJ, Bartlett PF (2013) SIRT1 regulates the neurogenic potential of
neural precursors in the adult subventricular zone and hippocampus. J Neurosci Res
91: 642-659.

100. Libert S, Cohen D, Guarente L (2008) Neurogenesis directed by Sirtl. Nat Cell Biol
10: 373-374.

101. Heyward FD, Walton RG, Carle MS, Coleman MA, Garvey WT, et al. (2012) Adult
mice maintained on a high-fat diet exhibit object location memory deficits and reduced
hippocampal SIRT1 gene expression. Neurobiol Learn Mem 98: 25-32.

102. Libert S, Pointer K, Bell EL, Das A, Cohen DE, et al. (2011) SIRT1 activates MAO-
A in the brain to mediate anxiety and exploratory drive. Cell 147: 1459-1472.



145

103. O'Carroll D, Schaefer A (2013) General principals of miRNA biogenesis and
regulation in the brain. Neuropsychopharmacology 38: 39-54.

104. Juhila J, Sipila T, Icay K, Nicorici D, Ellonen P, et al. (2011) MicroRNA expression
profiling reveals miRNA families regulating specific biological pathways in mouse
frontal cortex and hippocampus. PL0oS One 6: e21495.

105. Olsen L, Klausen M, Helboe L, Nielsen FC, Werge T (2009) MicroRNAs Show
Mutually Exclusive Expression Patterns in the Brain of Adult Male Rats. PLoS ONE
4:e7225.

106. Amar L, Benoit C, Beaumont G, Vacher CM, Crepin D, et al. (2012) MicroRNA
expression profiling of hypothalamic arcuate and paraventricular nuclei from single
rats using lllumina sequencing technology. J Neurosci Methods 209: 134-143.

107. Bak M, Silahtaroglu A, Moller M, Christensen M, Rath MF, et al. (2008)
MicroRNA expression in the adult mouse central nervous system. RNA 14: 432-444.

108. He M, Liu Y, Wang X, Zhang MQ, Hannon GJ, et al. (2012) Cell-type-based
analysis of microRNA profiles in the mouse brain. Neuron 73: 35-48.

109. Hua YJ, Tang ZY, Tu K, Zhu L, Li YX, et al. (2009) Identification and target
prediction of miRNAs specifically expressed in rat neural tissue. BMC Genomics 10:
214.

110. Parsons MJ, Grimm CH, Paya-Cano JL, Sugden K, Nietfeld W, et al. (2008) Using
hippocampal microRNA expression differences between mouse inbred strains to
characterise miRNA function. Mamm Genome 19: 552-560.

111. Konopka W, Kiryk A, Novak M, Herwerth M, Parkitna JR, et al. (2010) MicroRNA
loss enhances learning and memory in mice. J Neurosci 30: 14835-14842.

112. Schaefer A, O'Carroll D, Tan CL, Hillman D, Sugimori M, et al. (2007) Cerebellar
neurodegeneration in the absence of microRNAs. Journal of Experimental Medicine
204: 1553-1558.

113. Schratt GM, Tuebing F, Nigh EA, Kane CG, Sabatini ME, et al. (2006) A brain-
specific microRNA regulates dendritic spine development. Nature 439: 283-289.

114. Lambert TJ, Storm DR, Sullivan JM (2010) MicroRNA132 modulates short-term
synaptic plasticity but not basal release probability in hippocampal neurons. PLoS One
5:e15182.

115. Magill ST, Cambronne XA, Luikart BW, Lioy DT, Leighton BH, et al. (2010)
microRNA-132 regulates dendritic growth and arborization of newborn neurons in the
adult hippocampus. Proc Natl Acad Sci U S A 107: 20382-20387.



146

116. Wu D, Raafat A, Pak E, Clemens S, Murashov AK (2012) Dicer-microRNA
pathway is critical for peripheral nerve regeneration and functional recovery in vivo
and regenerative axonogenesis in vitro. Exp Neurol 233: 555-565.

117. Baudry A, Mouillet-Richard S, Schneider B, Launay JM, Kellermann O (2010)
miR-16 targets the serotonin transporter: a new facet for adaptive responses to
antidepressants. Science 329: 1537-1541.

118. Haramati S, Navon I, Issler O, Ezra-Nevo G, Gil S, et al. (2011) MicroRNA as
repressors of stress-induced anxiety: the case of amygdalar miR-34. J Neurosci 31:
14191-14203.

119. Miller BH, Zeier Z, Xi L, Lanz TA, Deng S, et al. (2012) MicroRNA-132
dysregulation in schizophrenia has implications for both neurodevelopment and adult
brain function. Proc Natl Acad Sci U S A 109: 3125-3130.

120. Moreau MP, Bruse SE, David-Rus R, Buyske S, Brzustowicz LM (2011) Altered
microRNA expression profiles in postmortem brain samples from individuals with
schizophrenia and bipolar disorder. Biol Psychiatry 69: 188-193.

121. Packer AN, Xing Y, Harper SQ, Jones L, Davidson BL (2008) The bifunctional
microRNA miR-9/miR-9* regulates REST and CoREST and is downregulated in
Huntington's disease. J Neurosci 28: 14341-14346.

122. Sethi P, Lukiw WJ (2009) Micro-RNA abundance and stability in human brain:
specific alterations in Alzheimer's disease temporal lobe neocortex. Neurosci Lett 459:
100-104.

123. Kawahara H, Imai T, Okano H (2012) MicroRNAs in Neural Stem Cells and
Neurogenesis. Front Neurosci 6: 30.

124. Treiber T, Treiber N, Meister G (2012) Regulation of microRNA biogenesis and
function. Thromb Haemost 107: 605-610.

125. Lee Y, Kim M, Han J, Yeom KH, Lee S, et al. (2004) MicroRNA genes are
transcribed by RNA polymerase 1. EMBO J 23: 4051-4060.

126. Lee Y, Jeon K, Lee JT, Kim S, Kim VN (2002) MicroRNA maturation: stepwise
processing and subcellular localization. EMBO J 21: 4663-4670.

127. Lee Y, Ahn C, Han J, Choi H, Kim J, et al. (2003) The nuclear RNase Ill Drosha
initiates microRNA processing. Nature 425: 415-419.

128. Han J, Lee Y, Yeom KH, Kim YK, Jin H, et al. (2004) The Drosha-DGCR8
complex in primary microRNA processing. Genes Dev 18: 3016-3027.



147

129. Lewis BP, Burge CB, Bartel DP (2005) Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets. Cell 120:
15-20.

130. Giraldez AJ (2005) MicroRNAs Regulate Brain Morphogenesis in Zebrafish.
Science 308: 833-838.

131. Plasterk RHA (2006) Micro RNAs in Animal Development. Cell 124: 877-881.

132. Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, et al. (2003) Dicer is
essential for mouse development. Nature Genetics 35: 215-217.

133. De Pietri Tonelli D, Pulvers JN, Haffner C, Murchison EP, Hannon GJ, et al. (2008)
miRNAs are essential for survival and differentiation of newborn neurons but not for
expansion of neural progenitors during early neurogenesis in the mouse embryonic
neocortex. Development 135: 3911-3921.

134. Kawase-Koga Y, Otaegi G, Sun T (2009) Different timings of dicer deletion affect
neurogenesis and gliogenesis in the developing mouse central nervous system.
Developmental Dynamics 238: 2800-2812.

135. McLoughlin HS, Fineberg SK, Ghosh LL, Tecedor L, Davidson BL (2012) Dicer is
required for proliferation, viability, migration and differentiation in
corticoneurogenesis. Neuroscience 223: 285-295.

136. Siegel G, Obernosterer G, Fiore R, Oehmen M, Bicker S, et al. (2009) A functional
screen implicates microRNA-138-dependent regulation of the depalmitoylation
enzyme APTL1 in dendritic spine morphogenesis. Nat Cell Biol 11: 705-716.

137. Lugli G, Torvik VI, Larson J, Smalheiser NR (2008) Expression of microRNAs and
their precursors in synaptic fractions of adult mouse forebrain. J Neurochem 106: 650-
661.

138. Kye MJ, Liu T, Levy SF, Xu NL, Groves BB, et al. (2007) Somatodendritic
microRNAs identified by laser capture and multiplex RT-PCR. RNA 13: 1224-1234.

139. Huber KM, Kayser MS, Bear MF (2000) Role for rapid dendritic protein synthesis
in hippocampal mGIluR-dependent long-term depression. Science 288: 1254-1257.

140. Martin KC, Casadio A, Zhu H, Yaping E, Rose JC, et al. (1997) Synapse-specific,
long-term facilitation of aplysia sensory to motor synapses: a function for local protein
synthesis in memory storage. Cell 91: 927-938.

141. Sutton MA, Schuman EM (2006) Dendritic protein synthesis, synaptic plasticity,
and memory. Cell 127: 49-58.



148

142. Kim J, Krichevsky A, Grad Y, Hayes GD, Kosik KS, et al. (2004) Identification of
many microRNAs that copurify with polyribosomes in mammalian neurons. Proc Natl
Acad Sci U S A 101: 360-365.

143. Caputo V, Sinibaldi L, Fiorentino A, Parisi C, Catalanotto C, et al. (2011) Brain
derived neurotrophic factor (BDNF) expression is regulated by microRNAs miR-26a
and miR-26b allele-specific binding. PLoS One 6: €28656.

144. Hansen T, Olsen L, Lindow M, Jakobsen KD, Ullum H, et al. (2007) Brain
expressed microRNAs implicated in schizophrenia etiology. PL0S One 2: e873.

145. Karege F, Perret G, Bondolfi G, Schwald M, Bertschy G, et al. (2002) Decreased
serum brain-derived neurotrophic factor levels in major depressed patients. Psychiatry
Res 109: 143-148.

146. Krebs MO, Guillin O, Bourdell MC, Schwartz JC, Olie JP, et al. (2000) Brain
derived neurotrophic factor (BDNF) gene variants association with age at onset and
therapeutic response in schizophrenia. Mol Psychiatry 5: 558-562.

147. McGough NN, He DY, Logrip ML, Jeanblanc J, Phamluong K, et al. (2004)
RACK1 and brain-derived neurotrophic factor: a homeostatic pathway that regulates
alcohol addiction. J Neurosci 24: 10542-10552.

148. Montag C, Basten U, Stelzel C, Fiebach CJ, Reuter M (2010) The BDNF Val66Met
polymorphism and anxiety: Support for animal knock-in studies from a genetic
association study in humans. Psychiatry Research 179: 86-90.

149. Park CS, Tang SJ (2009) Regulation of microRNA expression by induction of
bidirectional synaptic plasticity. J Mol Neurosci 38: 50-56.

150. Morgan CP, Bale TL (2012) Sex differences in microRNA regulation of gene
expression: no smoke, just miRs. Biol Sex Differ 3: 22.

151. Mellios N, Huang HS, Grigorenko A, Rogaev E, Akbarian S (2008) A set of
differentially expressed miRNAs, including miR-30a-5p, act as post-transcriptional
inhibitors of BDNF in prefrontal cortex. Hum Mol Genet 17: 3030-3042.

152. Hunsberger JG, Fessler EB, Wang Z, Elkahloun AG, Chuang DM (2012) Post-insult
valproic acid-regulated microRNAs: potential targets for cerebral ischemia. Am J
Transl Res 4: 316-332.

153. Miranda RC (2012) MicroRNAs and Fetal Brain Development: Implications for
Ethanol Teratology during the Second Trimester Period of Neurogenesis. Frontiers in
Genetics 3.

154. Miranda RC, Pietrzykowski AZ, Tang Y, Sathyan P, Mayfield D, et al. (2010)
MicroRNAs: master regulators of ethanol abuse and toxicity? Alcohol Clin Exp Res
34: 575-587.



149

155. Chan AW, Kocerha J (2012) The Path to microRNA Therapeutics in Psychiatric and
Neurodegenerative Disorders. Front Genet 3: 82.

156. Kapsimali M, Kloosterman WP, de Bruijn E, Rosa F, Plasterk RHA, et al. (2007)
MicroRNAs show a wide diversity of expression profiles in the developing and mature
central nervous system. Genome Biology 8: R173.

157. Tapocik JD, Barbier E, Flanigan M, Solomon M, Pincus A, et al. (2014) microRNA-
206 in rat medial prefrontal cortex regulates BDNF expression and alcohol drinking. J
Neurosci 34: 4581-4588.

158. Lewohl JM, Nunez YO, Dodd PR, Tiwari GR, Harris RA, et al. (2011) Up-
regulation of microRNAs in brain of human alcoholics. Alcohol Clin Exp Res 35:
1928-1937.

159. Lam EW, Shah K, Brosens JJ (2012) The diversity of sex steroid action: the role of
micro-RNAs and FOXO transcription factors in cycling endometrium and cancer. J
Endocrinol 212: 13-25.

160. Kuokkanen S, Chen B, Ojalvo L, Benard L, Santoro N, et al. (2010) Genomic
profiling of microRNAs and messenger RNAs reveals hormonal regulation in
microRNA expression in human endometrium. Biol Reprod 82: 791-801.

161. Paris O, Ferraro L, Grober OM, Ravo M, De Filippo MR, et al. (2012) Direct
regulation of microRNA biogenesis and expression by estrogen receptor beta in
hormone-responsive breast cancer. Oncogene 31: 4196-4206.

162. Waltering KK, Porkka KP, Jalava SE, Urbanucci A, Kohonen PJ, et al. (2011)
Androgen regulation of micro-RNAs in prostate cancer. Prostate 71: 604-614.

163. Bhat-Nakshatri P, Wang G, Collins NR, Thomson MJ, Geistlinger TR, et al. (2009)
Estradiol-regulated microRNAs control estradiol response in breast cancer cells.
Nucleic Acids Res 37: 4850-4861.

164. Kininis M, Kraus WL (2008) A global view of transcriptional regulation by nuclear
receptors: gene expression, factor localization, and DNA sequence analysis. Nucl
Recept Signal 6: e005.

165. Yamagata K, Fujiyama S, Ito S, Ueda T, Murata T, et al. (2009) Maturation of
microRNA is hormonally regulated by a nuclear receptor. Mol Cell 36: 340-347.

166. Read JP, Beattie M, Chamberlain R, Merrill JE (2008) Beyond the "Binge"
threshold: heavy drinking patterns and their association with alcohol involvement
indices in college students. Addict Behav 33: 225-234.

167. Benes FM, Turtle M, Khan Y, Farol P (1994) MYelination of a key relay zone in the
hippocampal formation occurs in the human brain during childhood, adolescence, and
adulthood. Archives of General Psychiatry 51: 477-484.



150

168. Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, et al. (1999) Brain
development during childhood and adolescence: a longitudinal MRI study. Nat
Neurosci 2: 861-863.

169. Gogtay N, Nugent TF, Herman DH, Ordonez A, Greenstein D, et al. (2006)
Dynamic mapping of normal human hippocampal development. Hippocampus 16:
664-672.

170. Paus T, Zijdenbos A, Worsley K, Collins DL, Blumenthal J, et al. (1999) Structural
maturation of neural pathways in children and adolescents: in vivo study. Science 283:
1908-1911.

171. Toga AW, Thompson PM, Sowell ER (2006) Mapping brain maturation. Trends in
Neurosciences 29: 148-1509.

172. Bava S, Tapert S (2010) Adolescent Brain Development and the Risk for Alcohol
and Other Drug Problems. Neuropsychology Review 20: 398-413.

173. Coleman Jr LG, He J, Lee J, Styner M, Crews FT (2011) Adolescent Binge Drinking
Alters Adult Brain Neurotransmitter Gene Expression, Behavior, Brain Regional
Volumes, and Neurochemistry in Mice. Alcoholism: Clinical and Experimental
Research 35: 671-688.

174. Criado JR, Wills DN, Walker BM, Ehlers CL (2008) Electrophysiological Effects of
Dizocilpine (MK-801) in Adult Rats Exposed to Ethanol During Adolescence.
Alcoholism: Clinical and Experimental Research 32: 1752-1762.

175. Parada M, Corral M, Caamano-Isorna F, Mota N, Crego A, et al. (2011) Binge
drinking and declarative memory in university students. Alcohol Clin Exp Res 35:
1475-1484.

176. Silvers JM, Tokunaga S, Mittleman G, Matthews DB (2003) Chronic Intermittent
Injections of High-Dose Ethanol During Adolescence Produce Metabolic, Hypnotic,
and Cognitive Tolerance in Rats. Alcoholism: Clinical and Experimental Research 27:
1606-1612.

177. Allen CD, Lee S, Koob GF, Rivier C (2011) Immediate and prolonged effects of
alcohol exposure on the activity of the hypothalamic—pituitary—adrenal axis in adult
and adolescent rats. Brain, Behavior, and Immunity 25, Supplement 1: S50-S60.

178. Ehlers CL, Criado JR, Wills DN, Liu W, Crews FT (2011) Periadolescent ethanol
exposure reduces adult forebrain ChAT+IR neurons: correlation with behavioral
pathology. Neuroscience 199: 333-345.

179. Schulteis G, Archer C, Tapert SF, Frank LR (2008) Intermittent binge alcohol
exposure during the periadolescent period induces spatial working memory deficits in
young adult rats. Alcohol 42: 459-467.



151

180. Autry AE, Monteggia LM (2012) Brain-derived neurotrophic factor and
neuropsychiatric disorders. Pharmacol Rev 64: 238-258.

181. Martinowich K, Manji H, Lu B (2007) New insights into BDNF function in
depression and anxiety. Nat Neurosci 10: 1089-1093.

182. Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE (2005) Prevalence,
severity, and comorbidity of 12-month DSM-IV disorders in the National Comorbidity
Survey Replication. Arch Gen Psychiatry 62: 617-627.

183. Rosellini AJ, Rutter LA, Bourgeois ML, Emmert-Aronson BO, Brown TA (2013)
The Relevance of Age of Onset to the Psychopathology of Social Phobia. J
Psychopathol Behav Assess 35: 356-365.

184. Crews FT, Mdzinarishvili A, Kim D, He J, Nixon K (2006) Neurogenesis in
adolescent brain is potently inhibited by ethanol. Neuroscience 137: 437-445.

185. Matthews DB, Morrow AL (2000) Effects of acute and chronic ethanol exposure on
spatial cognitive processing and hippocampal function in the rat. Hippocampus 10:
122-130.

186. Oscar-Berman M, Bowirrat A (2005) Genetic influences in emotional dysfunction
and alcoholism-related brain damage. Neuropsychiatr Dis Treat 1: 211-229.

187. Pfefferbaum A, Sullivan EV, Mathalon DH, Shear PK, Rosenbloom MJ, et al.
(1995) Longitudinal Changes in Magnetic Resonance Imaging Brain VVolumes in
Abstinent and Relapsed Alcoholics. Alcoholism: Clinical and Experimental Research
19: 1177-1191.

188. Ros-Simd C, Moscoso-Castro M, Ruiz-Medina J, Ros J, Valverde O (2013) Memory
impairment and hippocampus specific protein oxidation induced by ethanol intake and
3, 4-Methylenedioxymethamphetamine (MDMA\) in mice. Journal of Neurochemistry:
n/a-n/a.

189. Bartel DP (2009) MicroRNAs: Target Recognition and Regulatory Functions. Cell
136: 215-233.

190. Chang S, Johnston RJ, Jr., Hobert O (2003) A transcriptional regulatory cascade that
controls left/right asymmetry in chemosensory neurons of C. elegans. Genes Dev 17:
2123-2137.

191. Strickland ER, Hook MA, Balaraman S, Huie JR, Grau JW, et al. (2011) MicroRNA
dysregulation following spinal cord contusion: implications for neural plasticity and
repair. Neuroscience 186: 146-160.

192. Uchida N (2010) MicroRNA-9 Controls a Migratory Mechanism in Human Neural
Progenitor Cells. Cell Stem Cell 6: 294-296.



152

193. Sathyan P, Golden HB, Miranda RC (2007) Competing interactions between micro-
RNAs determine neural progenitor survival and proliferation after ethanol exposure:
evidence from an ex vivo model of the fetal cerebral cortical neuroepithelium. J
Neurosci 27: 8546-8557.

194. Pappalardo-Carter DL, Balaraman S, Sathyan P, Carter ES, Chen WJ, et al. (2013)
Suppression and Epigenetic Regulation of MiR-9 Contributes to Ethanol Teratology:
Evidence from Zebrafish and Murine Fetal Neural Stem Cell Models. Alcohol Clin
Exp Res.

195. Pietrzykowski AZ, Friesen RM, Martin GE, Puig SI, Nowak CL, et al. (2008)
Posttranscriptional regulation of BK channel splice variant stability by miR-9
underlies neuroadaptation to alcohol. Neuron 59: 274-287.

196. Wang G, Wang X, Wang Y, Yang JY, Li L, et al. (2008) Identification of
transcription factor and microRNA binding sites in responsible to fetal alcohol
syndrome. BMC Genomics 9 Suppl 1: S19.

197. Wang X (2008) miRDB: a microRNA target prediction and functional annotation
database with a wiki interface. RNA 14: 1012-1017.

198. Feliciano P, Andrade R, Bykhovskaia M (2013) Synapsin Il and Rab3a cooperate in
the regulation of epileptic and synaptic activity in the CAL region of the hippocampus.
J Neurosci 33: 18319-18330.

199. Medrihan L, Cesca F, Raimondi A, Lignani G, Baldelli P, et al. (2013) Synapsin Il
desynchronizes neurotransmitter release at inhibitory synapses by interacting with
presynaptic calcium channels. Nat Commun 4: 1512.

200. Lauing K, Himes R, Rachwalski M, Strotman P, Callaci JJ (2008) Binge alcohol
treatment of adolescent rats followed by alcohol abstinence is associated with site-
specific differences in bone loss and incomplete recovery of bone mass and strength.
Alcohol 42: 649-656.

201. Laviola G, Macri S, Adriani W, Morley Fletcher S (2002) [Psychobiological
determinants of risk behavior in adolescence]. Ann Ist Super Sanita 38: 279-287.

202. Spear LP, Brake SC (1983) Periadolescence: age-dependent behavior and
psychopharmacological responsivity in rats. Dev Psychobiol 16: 83-109.

203. Presutti C, Rosati J, Vincenti S, Nasi S (2006) Non coding RNA and brain. BMC
Neurosci 7 Suppl 1: S5.

204. Jovicic A, Roshan R, Moisoi N, Pradervand S, Moser R, et al. (2013)
Comprehensive expression analyses of neural cell-type-specific miRNAs identify new
determinants of the specification and maintenance of neuronal phenotypes. J Neurosci
33:5127-5137.



153

205. Czerniawski J, Yoon T, Otto T (2009) Dissociating space and trace in dorsal and
ventral hippocampus. Hippocampus 19: 20-32.

206. Inukai S, de Lencastre A, Turner M, Slack F (2012) Novel microRNAs differentially
expressed during aging in the mouse brain. PLoS ONE 7: e40028.

207. Podolska A, Kaczkowski B, Kamp Busk P, Sokilde R, Litman T, et al. (2011)
MicroRNA expression profiling of the porcine developing brain. PLoS One 6: €14494.

208. Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, et al. (2001) A
cellular function for the RNA-interference enzyme Dicer in the maturation of the let-7
small temporal RNA. Science 293: 834-838.

209. Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, et al. (2001) Dicer
functions in RNA interference and in synthesis of small RNA involved in
developmental timing in C. elegans. Genes Dev 15: 2654-2659.

210. Guo H, Ingolia NT, Weissman JS, Bartel DP (2010) Mammalian microRNAS
predominantly act to decrease target mMRNA levels. Nature 466: 835-840.

211. Selbach M, Schwanhausser B, Thierfelder N, Fang Z, Khanin R, et al. (2008)
Widespread changes in protein synthesis induced by microRNAs. Nature 455: 58-63.

212. Allen CD, Rivier CL, Lee SY (2011) Adolescent alcohol exposure alters the central
brain circuits known to regulate the stress response. Neuroscience 182: 162-168.

213. Przybycien-Szymanska MM, Mott NN, Pak TR (2011) Alcohol dysregulates
corticotropin-releasing-hormone (CRH) promoter activity by interfering with the
negative glucocorticoid response element (nGRE). PL0oS One 6: e26647.

214. Mulligan MK, Dubose C, Yue J, Miles MF, Lu L, et al. (2013) Expression,
covariation, and genetic regulation of miRNA Biogenesis genes in brain supports their
role in addiction, psychiatric disorders, and disease. Front Genet 4: 126.

215. Valenzuela CF (1997) Alcohol and neurotransmitter interactions. Alcohol Health
Res World 21: 144-148.

216. Lorenzo A, Auguet T, Vidal F, Broch M, Olona M, et al. (2006) Polymorphisms of
alcohol-metabolizing enzymes and the risk for alcoholism and alcoholic liver disease
in Caucasian Spanish women. Drug Alcohol Depend 84: 195-200.

217. Toth R, Pocsai Z, Fiatal S, Szeles G, Kardos L, et al. (2010) ADH1B*2 allele is
protective against alcoholism but not chronic liver disease in the Hungarian
population. Addiction 105: 891-896.

218. Palmer RH, McGeary JE, Francazio S, Raphael BJ, Lander AD, et al. (2012) The
genetics of alcohol dependence: advancing towards systems-based approaches. Drug
Alcohol Depend 125: 179-191.



154

219. Lin P, Hartz SM, Wang JC, Agrawal A, Zhang TX, et al. (2012) Copy number
variations in 6q14.1 and 5q13.2 are associated with alcohol dependence. Alcohol Clin
Exp Res 36: 1512-1518.

220. Schuckit MA, Tapert S, Matthews SC, Paulus MP, Tolentino NJ, et al. (2012) fMRI
differences between subjects with low and high responses to alcohol during a stop
signal task. Alcohol Clin Exp Res 36: 130-140.

221. Crabbe JC, Phillips TJ, Belknap JK (2010) The complexity of alcohol drinking:
studies in rodent genetic models. Behav Genet 40: 737-750.

222. Mastronardi C, Smiley GG, Raber J, Kusakabe T, Kawaguchi A, et al. (2006)
Deletion of the Ttf1 gene in differentiated neurons disrupts female reproduction
without impairing basal ganglia function. J Neurosci 26: 13167-13179.

223. Carthew RW, Sontheimer EJ (2009) Origins and Mechanisms of miRNAs and
siRNAs. Cell 136: 642-655.

224. Pak T, Rao Y, Prins S, Mott N (2013) An emerging role for microRNAs in sexually
dimorphic neurobiological systems. Pfliigers Archiv - European Journal of Physiology
465: 655-667.

225. Medina KL, McQueeny T, Nagel BJ, Hanson KL, Schweinsburg AD, et al. (2008)
Prefrontal cortex volumes in adolescents with alcohol use disorders: unique gender
effects. Alcohol Clin Exp Res 32: 386-394.

226. Squeglia LM, Spadoni AD, Infante MA, Myers MG, Tapert SF (2009) Initiating
moderate to heavy alcohol use predicts changes in neuropsychological functioning for
adolescent girls and boys. Psychol Addict Behav 23: 715-722.

227. Squeglia LM, Sorg SF, Schweinsburg AD, Wetherill RR, Pulido C, et al. (2012)
Binge drinking differentially affects adolescent male and female brain morphometry.
Psychopharmacology (Berl) 220: 529-5309.

228. Squeglia LM, Schweinsburg AD, Pulido C, Tapert SF (2011) Adolescent binge
drinking linked to abnormal spatial working memory brain activation: differential
gender effects. Alcohol Clin Exp Res 35: 1831-1841.

229. Mann K, Batra A, Gunthner A, Schroth G (1992) Do women develop alcoholic brain
damage more readily than men? Alcohol Clin Exp Res 16: 1052-1056.

230. Schweinsburg BC, Alhassoon OM, Taylor MJ, Gonzalez R, Videen JS, et al. (2003)
Effects of alcoholism and gender on brain metabolism. Am J Psychiatry 160: 1180-
1183.

231. O'Malley PM, Johnston LD (2002) Epidemiology of alcohol and other drug use
among American college students. J Stud Alcohol Suppl: 23-39.



155

232. Faden VB (2006) Trends in initiation of alcohol use in the United States 1975 to
2003. Alcohol Clin Exp Res 30: 1011-1022.

233. Varlinskaya EI, Vetter-O'Hagen CS, Spear LP (2013) Puberty and gonadal
hormones: role in adolescent-typical behavioral alterations. Horm Behav 64: 343-349.

234. Vetter CS, Doremus-Fitzwater TL, Spear LP (2007) Time course of elevated ethanol
intake in adolescent relative to adult rats under continuous, voluntary-access
conditions. Alcohol Clin Exp Res 31: 1159-1168.

235. Vetter-O'Hagen CS, Spear LP (2012) The effects of gonadectomy on sex- and age-
typical responses to novelty and ethanol-induced social inhibition in adult male and
female Sprague-Dawley rats. Behav Brain Res 227: 224-232.

236. Vetter-O'Hagen CS, Spear LP (2011) The effects of gonadectomy on age- and sex-
typical patterns of ethanol consumption in Sprague-Dawley rats. Alcohol Clin Exp Res
35: 2039-2049.

237. Sherrill LK, Berthold C, Koss WA, Juraska JM, Gulley JM (2011) Sex differences
in the effects of ethanol pre-exposure during adolescence on ethanol-induced
conditioned taste aversion in adult rats. Behav Brain Res 225: 104-109.

238. Cheng LC, Pastrana E, Tavazoie M, Doetsch F (2009) miR-124 regulates adult
neurogenesis in the subventricular zone stem cell niche. Nat Neurosci 12: 399-408.

239. Feng J, Sun G, Yan J, Noltner K, Li W, et al. (2009) Evidence for X-chromosomal
schizophrenia associated with microRNA alterations. PLoS One 4: e6121.

240. Romeo RD, Waters EM, McEwen BS (2004) Steroid-induced hippocampal synaptic
plasticity: sex differences and similarities. Neuron Glia Biol 1: 219-229.

241. Tal TL, Franzosa JA, Tilton SC, Philbrick KA, lwaniec UT, et al. (2012)
MicroRNAs control neurobehavioral development and function in zebrafish. FASEB J
26: 1452-1461.

242. Gorini G, Nunez YO, Mayfield RD (2013) Integration of miRNA and protein
profiling reveals coordinated neuroadaptations in the alcohol-dependent mouse brain.
PLoS One 8: e82565.

243. Guo Y, Chen Y, Carreon S, Qiang M (2012) Chronic Intermittent Ethanol Exposure
and Its Removal Induce a Different miRNA Expression Pattern in Primary Cortical
Neuronal Cultures. Alcoholism: Clinical and Experimental Research 36: 1058-1066.

244. Yadav S, Pandey A, Shukla A, Talwelkar SS, Kumar A, et al. (2011) miR-497 and
miR-302b regulate ethanol-induced neuronal cell death through BCL2 protein and
cyclin D2. J Biol Chem 286: 37347-37357.



156

245. Wang LL, Zhang Z, Li Q, Yang R, Pei X, et al. (2008) Ethanol exposure induces
differential microRNA and target gene expression and teratogenic effects which can
be suppressed by folic acid supplementation. Human Reproduction 24: 562-579.

246. Mantha K, Laufer BI, Singh SM (2014) Molecular changes during
neurodevelopment following second-trimester binge ethanol exposure in a mouse
model of fetal alcohol spectrum disorder: from immediate effects to long-term
adaptation. Dev Neurosci 36: 29-43.

247. Prins SA, Przybycien-Szymanska MM, Rao YS, Pak TR (2014) Long-term effects
of peripubertal binge EtOH exposure on hippocampal microRNA expression in the rat.
PLoS One 9: e83166.

248. Sangiao-Alvarellos S, Manfredi-Lozano M, Ruiz-Pino F, Navarro VM, Sanchez-
Garrido MA, et al. (2013) Changes in hypothalamic expression of the Lin28/let-7
system and related microRNAs during postnatal maturation and after experimental
manipulations of puberty. Endocrinology 154: 942-955.

249. Bettegowda A, Lee KB, Smith GW (2008) Cytoplasmic and nuclear determinants of
the maternal-to-embryonic transition. Reprod Fertil Dev 20: 45-53.

250. Faggad A, Budczies J, Tchernitsa O, Darb-Esfahani S, Sehouli J, et al. (2010)
Prognostic significance of Dicer expression in ovarian cancer-link to global
microRNA changes and oestrogen receptor expression. J Pathol 220: 382-391.

251. Cochrane DR, Cittelly DM, Howe EN, Spoelstra NS, McKinsey EL, et al. (2010)
MicroRNAs link estrogen receptor alpha status and Dicer levels in breast cancer.
Horm Cancer 1: 306-319.

252. Cheng C, Fu X, Alves P, Gerstein M (2009) mRNA expression profiles show
differential regulatory effects of microRNAs between estrogen receptor-positive and
estrogen receptor-negative breast cancer. Genome Biol 10: R90.

253. Bolton MM, Lo DC, Sherwood NT (2000) Long-term regulation of excitatory and
inhibitory synaptic transmission in hippocampal cultures by brain-derived
neurotrophic factor. Prog Brain Res 128: 203-218.

254. Leal G, Comprido D, Duarte CB (2014) BDNF-induced local protein synthesis and
synaptic plasticity. Neuropharmacology 76 Pt C: 639-656.

255. Courtney KE, Polich J (2009) Binge drinking in young adults: Data, definitions, and
determinants. Psychol Bull 135: 142-156.

256. Jacobus J, Tapert SF (2013) Neurotoxic effects of alcohol in adolescence. Annu Rev
Clin Psychol 9: 703-721.



157

257. Caldwell LC, Schweinsburg AD, Nagel BJ, Barlett VC, Brown SA, et al. (2005)
Gender and adolescent alcohol use disorders on BOLD (blood oxygen level
dependent) response to spatial working memory. Alcohol Alcohol 40: 194-200.

258. Bast T, Feldon J (2003) Hippocampal modulation of sensorimotor processes. Prog
Neurobiol 70: 319-345.

259. Romeo RD (2005) Neuroendocrine and behavioral development during puberty: a
tale of two axes. Vitam Horm 71: 1-25.

260. Vetter-O'Hagen CS, Sanders KW, Spear LP (2011) Evidence for suppressant effects
of testosterone on sex-typical ethanol intake in male Sprague-Dawley rats. Behav
Brain Res 224: 403-407.

261. Vetter-O'Hagen CS, Spear LP (2012) Hormonal and physical markers of puberty
and their relationship to adolescent-typical novelty-directed behavior. Dev Psychobiol
54: 523-535.

262. Pandey DP, Picard D (2009) miR-22 inhibits estrogen signaling by directly targeting
the estrogen receptor alpha mRNA. Mol Cell Biol 29: 3783-3790.

263. Pandey DP, Picard D (2010) Multidirectional interplay between nuclear receptors
and microRNAs. Curr Opin Pharmacol 10: 637-642.

264. Castellano L, Giamas G, Jacob J, Coombes RC, Lucchesi W, et al. (2009) The
estrogen receptor-alpha-induced microRNA signature regulates itself and its
transcriptional response. Proc Natl Acad Sci U S A 106: 15732-15737.

265. Liu WH, Yeh SH, Lu CC, Yu SL, Chen HY, et al. (2009) MicroRNA-18a prevents
estrogen receptor-alpha expression, promoting proliferation of hepatocellular
carcinoma cells. Gastroenterology 136: 683-693.

266. Di Leva G, Gasparini P, Piovan C, Ngankeu A, Garofalo M, et al. (2010)
MicroRNA cluster 221-222 and estrogen receptor alpha interactions in breast cancer. J
Natl Cancer Inst 102: 706-721.

267. Fugger HN, Cunningham SG, Rissman EF, Foster TC (1998) Sex differences in the
activational effect of ERalpha on spatial learning. Horm Behav 34: 163-170.

268. Gibbs RB (2005) Testosterone and estradiol produce different effects on cognitive
performance in male rats. Horm Behav 48: 268-277.

269. Raber J (2008) AR, apoE, and cognitive function. Horm Behav 53: 706-715.

270. Leranth C, Petnehazy O, MacLusky NJ (2003) Gonadal hormones affect spine
synaptic density in the CA1 hippocampal subfield of male rats. J Neurosci 23: 1588-
1592.



158

271. Romeo RD, Staub D, Jasnow AM, Karatsoreos IN, Thornton JE, et al. (2005)
Dihydrotestosterone increases hippocampal N-methyl-D-aspartate binding but does
not affect choline acetyltransferase cell number in the forebrain or choline transporter
levels in the CAL region of adult male rats. Endocrinology 146: 2091-2097.

272. Hajszan T, MacLusky NJ, Leranth C (2008) Role of androgens and the androgen
receptor in remodeling of spine synapses in limbic brain areas. Horm Behav 53: 638-
646.

273. Spencer JL, Waters EM, Milner TA, McEwen BS (2008) Estrous cycle regulates
activation of hippocampal Akt, LIM kinase, and neurotrophin receptors in C57BL/6
mice. Neuroscience 155: 1106-1119.

274. McEwen BS, Milner TA (2007) Hippocampal formation: shedding light on the
influence of sex and stress on the brain. Brain Res Rev 55: 343-355.

275. Daniel JM (2006) Effects of oestrogen on cognition: what have we learned from
basic research? J Neuroendocrinol 18: 787-795.

276. Luine VN (2008) Sex steroids and cognitive function. J Neuroendocrinol 20: 866-
872.

277. Euling SY, Selevan SG, Pescovitz OH, Skakkebaek NE (2008) Role of
environmental factors in the timing of puberty. Pediatrics 121 Suppl 3: S167-171.

278. Stroud LR, Papandonatos GD, Williamson DE, Dahl RE (2004) Sex differences in
the effects of pubertal development on responses to a corticotropin-releasing hormone
challenge: the Pittsburgh psychobiologic studies. Ann N'Y Acad Sci 1021: 348-351.

279. Evuarherhe O, Leggett J, Waite E, Kershaw Y, Lightman S (2009) Reversal of the
hypothalamo-pituitary-adrenal response to oestrogens around puberty. J Endocrinol
202: 279-285.

280. Cummins JM, He Y, Leary RJ, Pagliarini R, Diaz LA, Jr., et al. (2006) The
colorectal microRNAome. Proc Natl Acad Sci U S A 103: 3687-3692.

281. Yang JS, Maurin T, Robine N, Rasmussen KD, Jeffrey KL, et al. (2010) Conserved
vertebrate mir-451 provides a platform for Dicer-independent, Ago2-mediated
microRNA biogenesis. Proc Natl Acad Sci U S A 107: 15163-15168.

282. Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S (2007) Role of Dicer and Drosha
for endothelial microRNA expression and angiogenesis. Circ Res 101: 59-68.

283. Fukagawa T, Nogami M, Yoshikawa M, Ikeno M, Okazaki T, et al. (2004) Dicer is
essential for formation of the heterochromatin structure in vertebrate cells. Nat Cell
Biol 6: 784-791.



159

284. Wienholds E, Koudijs MJ, van Eeden FJ, Cuppen E, Plasterk RH (2003) The
microRNA-producing enzyme Dicerl is essential for zebrafish development. Nat
Genet 35: 217-218.

285. Zovoilis A, Agbemenyah HY, Agis-Balboa RC, Stilling RM, Edbauer D, et al.
(2011) microRNA-34c is a novel target to treat dementias. EMBO J 30: 4299-4308.

286. Ketelslegers JM, Hetzel WD, Sherins RJ, Catt KJ (1978) Developmental changes in
testicular gonadotropin receptors: plasma gonadotropins and plasma testosterone in the
rat. Endocrinology 103: 212-222.

287. Sodersten P, Damassa DA, Smith ER (1977) Sexual behavior in developing male
rats. Horm Behav 8: 320-341.

288. Sodersten P (1975) Receptive behavior in developing female rats. Horm Behav 6:
307-317.

289. Gorski RA (1978) Sexual differentiation of the brain. Hosp Pract 13: 55-62.

290. Calaresu FR, Henry JL (1971) Sex difference in the number of the sympathetic
neurons in the spinal cord of the cat. Science 173: 343-344.

291. Swaab DF, Hofman MA (1984) Sexual differentiation of the human brain. A
historical perspective. Prog Brain Res 61: 361-374.

292. Pakkenberg B, Gundersen HJ (1997) Neocortical neuron number in humans: effect
of sex and age. J Comp Neurol 384: 312-320.

293. Balthazart J, Ball GF (1998) New insights into the regulation and function of brain
estrogen synthase (aromatase). Trends Neurosci 21: 243-249.

294. Bao AM, Swaab DF (2011) Sexual differentiation of the human brain: relation to
gender identity, sexual orientation and neuropsychiatric disorders. Front
Neuroendocrinol 32: 214-226.

295. Bloch GJ, Eckersell C, Mills R (1993) Distribution of galanin-immunoreactive cells
within sexually dimorphic components of the medial preoptic area of the male and
female rat. Brain Res 620: 259-268.

296. Simerly RB, Swanson LW, Gorski RA (1985) The distribution of monoaminergic
cells and fibers in a periventricular preoptic nucleus involved in the control of
gonadotropin release: immunohistochemical evidence for a dopaminergic sexual
dimorphism. Brain Res 330: 55-64.

297. Gu GB, Simerly RB (1997) Projections of the sexually dimorphic anteroventral
periventricular nucleus in the female rat. J Comp Neurol 384: 142-164.



160

298. Hutton LA, Gu G, Simerly RB (1998) Development of a sexually dimorphic
projection from the bed nuclei of the stria terminalis to the anteroventral
periventricular nucleus in the rat. J Neurosci 18: 3003-3013.

299. Swaab DF, Chung WC, Kruijver FP, Hofman MA, Ishunina TA (2001) Structural
and functional sex differences in the human hypothalamus. Horm Behav 40: 93-98.

300. Lee SJ, Duong JK, Stern DF (2004) A Ddc2-Rad53 fusion protein can bypass the
requirements for RAD9 and MRC1 in Rad53 activation. Mol Biol Cell 15: 5443-5455.

301. Murphy DD, Segal M (1996) Regulation of dendritic spine density in cultured rat
hippocampal neurons by steroid hormones. J Neurosci 16: 4059-4068.

302. Akama KT, McEwen BS (2003) Estrogen stimulates postsynaptic density-95 rapid
protein synthesis via the Akt/protein kinase B pathway. J Neurosci 23: 2333-2339.

303. Choi JM, Romeo RD, Brake WG, Bethea CL, Rosenwaks Z, et al. (2003) Estradiol
increases pre- and post-synaptic proteins in the CAL region of the hippocampus in
female rhesus macaques (Macaca mulatta). Endocrinology 144: 4734-4738.

304. Zhao L, Chen S, Ming Wang J, Brinton RD (2005) 17beta-estradiol induces Ca2+
influx, dendritic and nuclear Ca2+ rise and subsequent cyclic AMP response element-
binding protein activation in hippocampal neurons: a potential initiation mechanism
for estrogen neurotrophism. Neuroscience 132: 299-311.

305. Wayman GA, Davare M, Ando H, Fortin D, Varlamova O, et al. (2008) An activity-
regulated microRNA controls dendritic plasticity by down-regulating p250GAP. Proc
Natl Acad Sci U S A 105: 9093-9098.

306. Cohen A, Shmoish M, Levi L, Cheruti U, Levavi-Sivan B, et al. (2008) Alterations
in micro-ribonucleic acid expression profiles reveal a novel pathway for estrogen
regulation. Endocrinology 149: 1687-1696.

307. Kovalchuk O, Tryndyak VP, Montgomery B, Boyko A, Kutanzi K, et al. (2007)
Estrogen-induced rat breast carcinogenesis is characterized by alterations in DNA
methylation, histone modifications and aberrant microRNA expression. Cell Cycle 6:
2010-2018.

308. Dai R, Phillips RA, Zhang Y, Khan D, Crasta O, et al. (2008) Suppression of LPS-
induced Interferon-gamma and nitric oxide in splenic lymphocytes by select estrogen-
regulated microRNAs: a novel mechanism of immune modulation. Blood 112: 4591-
4597.

309. Kim J, Inoue K, Ishii J, Vanti WB, Voronov SV, et al. (2007) A MicroRNA
Feedback Circuit in Midbrain Dopamine Neurons. Science 317: 1220-1224.

310. Klinge CM (2012) miRNAs and estrogen action. Trends Endocrinol Metab 23: 223-
233.



161

311. Koturbash I, Zemp F, Kolb B, Kovalchuk O (2011) Sex-specific radiation-induced
microRNAome responses in the hippocampus, cerebellum and frontal cortex in a
mouse model. Mutat Res 722: 114-118.

312. Morrison KE, Rodgers AB, Morgan CP, Bale TL (2014) Epigenetic mechanisms in
pubertal brain maturation. Neuroscience 264: 17-24.

313. Paus T (2013) How environment and genes shape the adolescent brain. Horm Behav
64: 195-202.

314. Delaloy C, Liu L, Lee JA, Su H, Shen F, et al. (2010) MicroRNA-9 coordinates
proliferation and migration of human embryonic stem cell-derived neural progenitors.
Cell Stem Cell 6: 323-335.

315. Krichevsky AM, Sonntag KC, Isacson O, Kosik KS (2006) Specific microRNAs
modulate embryonic stem cell-derived neurogenesis. Stem Cells 24: 857-864.

316. Yoo AS, Sun AX, Li L, Shcheglovitov A, Portmann T, et al. (2011) MicroRNA-
mediated conversion of human fibroblasts to neurons. Nature 476: 228-231.

317. Ambasudhan R, Talantova M, Coleman R, Yuan X, Zhu S, et al. (2011) Direct
reprogramming of adult human fibroblasts to functional neurons under defined
conditions. Cell Stem Cell 9: 113-118.

318. Shibata M, Nakao H, Kiyonari H, Abe T, Aizawa S (2011) MicroRNA-9 regulates
neurogenesis in mouse telencephalon by targeting multiple transcription factors. J
Neurosci 31: 3407-3422.

319. Zhao C, Sun G, Li S, Shi Y (2009) A feedback regulatory loop involving
microRNA-9 and nuclear receptor TLX in neural stem cell fate determination. Nat
Struct Mol Biol 16: 365-371.

320. Dajas-Bailador F, Bonev B, Garcez P, Stanley P, Guillemot F, et al. (2012)
microRNA-9 regulates axon extension and branching by targeting Map1b in mouse
cortical neurons. Nat Neurosci.

321. Kennedy GC (1969) The relation between the central control of appetite, growth and
sexual maturation. Guys Hosp Rep 118: 315-327.

322. Spear LP (2004) Adolescent brain development and animal models. Ann N 'Y Acad
Sci 1021: 23-26.

323. Johnston RJ, Hobert O (2003) A microRNA controlling left/right neuronal
asymmetry in Caenorhabditis elegans. Nature 426: 845-849.

324. LiY,Wang F, Lee JA, Gao FB (2006) MicroRNA-9a ensures the precise
specification of sensory organ precursors in Drosophila. Genes Dev 20: 2793-2805.



162

325. Krichevsky AM, King KS, Donahue CP, Khrapko K, Kosik KS (2003) A
microRNA array reveals extensive regulation of microRNAs during brain
development. RNA 9: 1274-1281.

326. Woltering JM, Durston AJ (2008) MiR-10 represses HoxBla and HoxB3a in
zebrafish. PLoS ONE 3: e1396.

327.Bian S, Xu TL, Sun T (2013) Tuning the cell fate of neurons and glia by
microRNAs. Curr Opin Neurobiol 23: 928-934.

328. Wen S, Li H, Liu J (2009) Dynamic signaling for neural stem cell fate
determination. Cell Adh Migr 3: 107-117.

329. Dugas JC, Cuellar TL, Scholze A, Ason B, Ibrahim A, et al. (2010) Dicerl and miR-
219 Are required for normal oligodendrocyte differentiation and myelination. Neuron
65: 597-611.

330. Zhao X, He X, Han X, Yu Y, Ye F, et al. (2010) MicroRNA-mediated control of
oligodendrocyte differentiation. Neuron 65: 612-626.

331. McGee CL, Riley EP (2006) Brain imaging and fetal alcohol spectrum disorders.
Ann Ist Super Sanita 42: 46-52.

332. Olney JW (2004) Fetal alcohol syndrome at the cellular level. Addict Biol 9: 137-
149; discussion 151.

333. Riley EP, McGee CL (2005) Fetal alcohol spectrum disorders: an overview with
emphasis on changes in brain and behavior. Exp Biol Med (Maywood) 230: 357-365.

334. Kortum F, Das S, Flindt M, Morris-Rosendahl DJ, Stefanova I, et al. (2011) The
core FOXGL1 syndrome phenotype consists of postnatal microcephaly, severe mental
retardation, absent language, dyskinesia, and corpus callosum hypogenesis. J Med
Genet 48: 396-406.

335. Spear NE, Molina JC (2005) Fetal or infantile exposure to ethanol promotes ethanol
ingestion in adolescence and adulthood: a theoretical review. Alcohol Clin Exp Res
29: 909-929.

336. Saal D, Dong Y, Bonci A, Malenka RC (2003) Drugs of abuse and stress trigger a
common synaptic adaptation in dopamine neurons. Neuron 37: 577-582.

337. White AM, Best PJ (2000) Effects of ethanol on hippocampal place-cell and
interneuron activity. Brain Res 876: 154-165.

338. Nona CN, Guirguis S, Nobrega JN (2013) Susceptibility to ethanol sensitization is
differentially associated with changes in pCREB, trkB and BDNF mRNA expression
in the mouse brain. Behav Brain Res 242: 25-33.



163

339. Sapolsky RM (1992) Do glucocorticoid concentrations rise with age in the rat?
Neurobiol Aging 13: 171-174.

340. McEwen BS (2000) The neurobiology of stress: from serendipity to clinical
relevance. Brain Res 886: 172-189.

341. Kim JJ, Diamond DM (2002) The stressed hippocampus, synaptic plasticity and lost
memories. Nat Rev Neurosci 3: 453-462.

342. McEwen BS, Sapolsky RM (1995) Stress and cognitive function. Curr Opin
Neurobiol 5: 205-216.

343. Reul JM, de Kloet ER (1985) Two receptor systems for corticosterone in rat brain:
microdistribution and differential occupation. Endocrinology 117: 2505-2511.

344. Dahl RE, Gunnar MR (2009) Heightened stress responsiveness and emotional
reactivity during pubertal maturation: implications for psychopathology. Dev
Psychopathol 21: 1-6.

345. McCormick CM, Mathews 1Z (2007) HPA function in adolescence: role of sex
hormones in its regulation and the enduring consequences of exposure to stressors.
Pharmacol Biochem Behav 86: 220-233.

346. McCormick CM, Mathews 1Z (2010) Adolescent development, hypothalamic-
pituitary-adrenal function, and programming of adult learning and memory. Prog
Neuropsychopharmacol Biol Psychiatry 34: 756-765.

347. Romeo RD (2010) Pubertal maturation and programming of hypothalamic-pituitary-
adrenal reactivity. Front Neuroendocrinol 31: 232-240.

348. Foy MR, Stanton ME, Levine S, Thompson RF (1987) Behavioral stress impairs
long-term potentiation in rodent hippocampus. Behav Neural Biol 48: 138-149.

349. McEwen BS, Magarinos AM (1997) Stress effects on morphology and function of
the hippocampus. Ann N 'Y Acad Sci 821: 271-284.

350. Holderbach R, Clark K, Moreau JL, Bischofberger J, Normann C (2007) Enhanced
long-term synaptic depression in an animal model of depression. Biol Psychiatry 62:
92-100.

351. Joels M, Karst H, Alfarez D, Heine VM, Qin Y, et al. (2004) Effects of chronic
stress on structure and cell function in rat hippocampus and hypothalamus. Stress 7:
221-231.

352. Bleich S, Sperling W, Wiltfang J, Maler JM, Kornhuber J (2003) [Excitatory
neurotransmission in alcoholism]. Fortschr Neurol Psychiatr 71 Suppl 1: S36-44.



164

353. Agartz I, Momenan R, Rawlings RR, Kerich MJ, Hommer DW (1999) Hippocampal
volume in patients with alcohol dependence. Arch Gen Psychiatry 56: 356-363.

354. Wang J, Du H, Jiang L, Ma X, de Graaf RA, et al. (2013) Oxidation of ethanol in the
rat brain and effects associated with chronic ethanol exposure. Proc Natl Acad Sci U S
A 110: 14444-14449.

355. Obernier JA, White AM, Swartzwelder HS, Crews FT (2002) Cognitive deficits and
CNS damage after a 4-day binge ethanol exposure in rats. Pharmacol Biochem Behav
72:521-532.

356. Adachi M, Ishii H (2002) Role of mitochondria in alcoholic liver injury. Free Radic
Biol Med 32: 487-491.

357. Higuchi H, Adachi M, Miura S, Gores GJ, Ishii H (2001) The mitochondrial
permeability transition contributes to acute ethanol-induced apoptosis in rat
hepatocytes. Hepatology 34: 320-328.

358. Manzo-Avalos S, Saavedra-Molina A (2010) Cellular and mitochondrial effects of
alcohol consumption. Int J Environ Res Public Health 7: 4281-4304.

359. Reddy VD, Padmavathi P, Kavitha G, Saradamma B, Varadacharyulu N (2013)
Alcohol-induced oxidative/nitrosative stress alters brain mitochondrial membrane
properties. Mol Cell Biochem 375: 39-47.

360. Kren BT, Wong PY, Sarver A, Zhang X, Zeng Y, et al. (2009) MicroRNAs
identified in highly purified liver-derived mitochondria may play a role in apoptosis.
RNA Biol 6: 65-72.

361. Sripada L, Tomar D, Prajapati P, Singh R, Singh AK (2012) Systematic analysis of
small RNAs associated with human mitochondria by deep sequencing: detailed
analysis of mitochondrial associated miRNA. PLoS One 7: e44873.

362. Gagliardi D, Stepien PP, Temperley RJ, Lightowlers RN, Chrzanowska-Lightowlers
ZM (2004) Messenger RNA stability in mitochondria: different means to an end.
Trends Genet 20: 260-267.

363. Orom UA, Nielsen FC, Lund AH (2008) MicroRNA-10a binds the 5’'UTR of
ribosomal protein mMRNAs and enhances their translation. Mol Cell 30: 460-471.

364. Place RF, Li LC, Pookot D, Noonan EJ, Dahiya R (2008) MicroRNA-373 induces
expression of genes with complementary promoter sequences. Proc Natl Acad Sci U S
A 105: 1608-1613.

365. Gonzalez S, Pisano DG, Serrano M (2008) Mechanistic principles of chromatin
remodeling guided by siRNAs and miRNAs. Cell Cycle 7: 2601-2608.



165

366. Zhang Y, Jia Y, Zheng R, Guo Y, Wang Y, et al. (2010) Plasma microRNA-122 as a
biomarker for viral-, alcohol-, and chemical-related hepatic diseases. Clin Chem 56:
1830-1838.

367. Hunter MP, Ismail N, Zhang X, Aguda BD, Lee EJ, et al. (2008) Detection of
microRNA expression in human peripheral blood microvesicles. PLoS One 3: e3694.

368. Kruman, I, Henderson GlI, Bergeson SE (2012) DNA damage and neurotoxicity of
chronic alcohol abuse. Exp Biol Med (Maywood) 237: 740-747.

369. Sullivan EV, Marsh L, Mathalon DH, Lim KO, Pfefferbaum A (1995) Anterior
hippocampal volume deficits in nonamnesic, aging chronic alcoholics. Alcohol Clin
Exp Res 19: 110-122.

370. Beresford TP, Arciniegas DB, Alfers J, Clapp L, Martin B, et al. (2006)
Hippocampus volume loss due to chronic heavy drinking. Alcohol Clin Exp Res 30:
1866-1870.

371. DeWit DJ, Adlaf EM, Offord DR, Ogborne AC (2000) Age at first alcohol use: a
risk factor for the development of alcohol disorders. Am J Psychiatry 157: 745-750.

372. Torley KJ, da Silveira JC, Smith P, Anthony RV, Veeramachaneni DN, et al. (2011)
Expression of miRNAs in ovine fetal gonads: potential role in gonadal differentiation.
Reprod Biol Endocrinol 9: 2.

373. Nassa G, Tarallo R, Giurato G, De Filippo MR, Ravo M, et al. (2014) Post-
transcriptional regulation of human breast cancer cell proteome by unliganded
estrogen receptor beta via microRNAs. Mol Cell Proteomics 13: 1076-1090.

374. Solum DT, Handa RJ (2002) Estrogen regulates the development of brain-derived
neurotrophic factor mRNA and protein in the rat hippocampus. J Neurosci 22: 2650-
2659.

375. Ivanova T, Beyer C (2000) Ontogenetic expression and sex differences of aromatase
and estrogen receptor-alpha/beta mRNA in the mouse hippocampus. Cell Tissue Res
300: 231-237.

376. Singh M, Meyer EM, Simpkins JW (1995) The effect of ovariectomy and estradiol
replacement on brain-derived neurotrophic factor messenger ribonucleic acid
expression in cortical and hippocampal brain regions of female Sprague-Dawley rats.
Endocrinology 136: 2320-2324.

377. Gibbs RB (1998) Levels of trkA and BDNF mRNA, but not NGF mRNA, fluctuate
across the estrous cycle and increase in response to acute hormone replacement. Brain
Res 810: 294.



166

378. Scharfman HE, MacLusky NJ (2006) Estrogen and brain-derived neurotrophic
factor (BDNF) in hippocampus: complexity of steroid hormone-growth factor
interactions in the adult CNS. Front Neuroendocrinol 27: 415-435.

379. Gibbs RB, Burke AM, Johnson DA (1998) Estrogen replacement attenuates effects
of scopolamine and lorazepam on memory acquisition and retention. Horm Behav 34:
112-125.

380. Fester L, Prange-Kiel J, Jarry H, Rune GM (2011) Estrogen synthesis in the
hippocampus. Cell Tissue Res 345: 285-294.

381. Skucas VA, Duffy AM, Harte-Hargrove LC, Magagna-Poveda A, Radman T, et al.
(2013) Testosterone depletion in adult male rats increases mossy fiber transmission,
LTP, and sprouting in area CA3 of hippocampus. J Neurosci 33: 2338-2355.

382. Squillacioti C, De Luca A, Paino G, Mirabella N (2008) Effects of castration on the
immunoreactivity to NGF, BDNF and their receptors in the pelvic ganglia of the male
rat. Eur J Histochem 52: 101-106.

383. Primus RJ, Kellogg CK (1989) Pubertal-related changes influence the development
of environment-related social interaction in the male rat. Dev Psychobiol 22: 633-643.

384. Primus RJ, Kellogg CK (1990) Gonadal hormones during puberty organize
environment-related social interaction in the male rat. Horm Behav 24: 311-323.

385. Schulz KM, Zehr JL, Salas-Ramirez KY, Sisk CL (2009) Testosterone programs
adult social behavior before and during, but not after, adolescence. Endocrinology
150: 3690-3698.

386. Hier DB, Crowley WF, Jr. (1982) Spatial ability in androgen-deficient men. N Engl
J Med 306: 1202-1205.

387. Mueller SC, Temple V, Oh E, VanRyzin C, Williams A, et al. (2008) Early
androgen exposure modulates spatial cognition in congenital adrenal hyperplasia
(CAH). Psychoneuroendocrinology 33: 973-980.

388. Hebbard PC, King RR, Malsbury CW, Harley CW (2003) Two organizational
effects of pubertal testosterone in male rats: transient social memory and a shift away
from long-term potentiation following a tetanus in hippocampal CAL. Exp Neurol 182:
470-475.

389. Harley CW, Malsbury CW, Squires A, Brown RA (2000) Testosterone decreases
CA1 plasticity in vivo in gonadectomized male rats. Hippocampus 10: 693-697.

390. White SA, Livingston FS, Mooney R (1999) Androgens modulate NMDA receptor-
mediated EPSCs in the zebra finch song system. J Neurophysiol 82: 2221-2234.



167

391. Cicero TJ, Adams ML, O'Connor L, Nock B, Meyer ER, et al. (1990) Influence of
chronic alcohol administration on representative indices of puberty and sexual
maturation in male rats and the development of their progeny. J Pharmacol Exp Ther
255: 707-715.

392. Dees WL, Skelley CW (1990) Effects of ethanol during the onset of female puberty.
Neuroendocrinology 51: 64-609.

393. Dees WL, Skelley CW, Hiney JK, Johnston CA (1990) Actions of ethanol on
hypothalamic and pituitary hormones in prepubertal female rats. Alcohol 7: 21-25.

394. Almeida OF, Shoaib M, Deicke J, Fischer D, Darwish MH, et al. (1998) Gender
differences in ethanol preference and ingestion in rats. The role of the gonadal steroid
environment. J Clin Invest 101: 2677-2685.

395. Morales M, Spear LP (2013) Differences in sensitivity to ethanol-induced
conditioned taste aversions emerge after pre- or post-pubertal gonadectomy in male
and female rats. Behav Brain Res 240: 69-75.

396. Apter SJ, Eriksson CJ (2003) The effect of alcohol on testosterone concentrations in
alcohol-preferring and non-preferring rat lines. Alcohol Clin Exp Res 27: 1190-1193.

397. Eriksson CJ, Kaprio J, Pulkkinen L, Rose RJ (2005) Testosterone and alcohol use
among adolescent male twins: testing between-family associations in within-family
comparisons. Behav Genet 35: 359-368.

398. Martin CA, Mainous AG, 3rd, Curry T, Martin D (1999) Alcohol use in adolescent
females: correlates with estradiol and testosterone. Am J Addict 8: 9-14.

399. Forger NG, Morin LP (1982) Reproductive state modulates ethanol intake in rats:
effects of ovariectomy, ethanol concentration, estrous cycle and pregnancy. Pharmacol
Biochem Behav 17: 323-331.

400. Roberts AJ, Smith AD, Weiss F, Rivier C, Koob GF (1998) Estrous cycle effects on
operant responding for ethanol in female rats. Alcohol Clin Exp Res 22: 1564-1569.

401. Blanchard BA, Steindorf S, Wang S, Glick SD (1993) Sex differences in ethanol-
induced dopamine release in nucleus accumbens and in ethanol consumption in rats.
Alcohol Clin Exp Res 17: 968-973.

402. Woolley CS, McEwen BS (1993) Roles of estradiol and progesterone in regulation
of hippocampal dendritic spine density during the estrous cycle in the rat. J Comp
Neurol 336: 293-306.

403. Bergemann N, Parzer P, Runnebaum B, Resch F, Mundt C (2007) Estrogen,
menstrual cycle phases, and psychopathology in women suffering from schizophrenia.
Psychol Med 37: 1427-1436.



168

404. Hendrick V, Altshuler LL, Burt VK (1996) Course of psychiatric disorders across
the menstrual cycle. Harv Rev Psychiatry 4: 200-207.

405. Grigoriadis S, Kennedy SH (2002) Role of estrogen in the treatment of depression.
Am J Ther 9: 503-5009.

406. Grigoriadis S, Seeman MV (2002) The role of estrogen in schizophrenia:
implications for schizophrenia practice guidelines for women. Can J Psychiatry 47:
437-442.

407. Fink G, Sumner BE, Rosie R, Grace O, Quinn JP (1996) Estrogen control of central
neurotransmission: effect on mood, mental state, and memory. Cell Mol Neurobiol 16:
325-344.

408. Fink G, Sumner BE (1996) Oestrogen and mental state. Nature 383: 306.

409. Mora S, Dussaubat N, Diaz-Veliz G (1996) Effects of the estrous cycle and ovarian
hormones on behavioral indices of anxiety in female rats. Psychoneuroendocrinology
21: 609-620.

410. Juraska JM, Sisk CL, DonCarlos LL (2013) Sexual differentiation of the adolescent
rodent brain: hormonal influences and developmental mechanisms. Horm Behav 64:
203-210.

411. Lomniczi A, Loche A, Castellano JM, Ronnekleiv OK, Bosch M, et al. (2013)
Epigenetic control of female puberty. Nat Neurosci 16: 281-289.

412. Pak TR, Chung WC, Hinds LR, Handa RJ (2007) Estrogen receptor-beta mediates
dihydrotestosterone-induced stimulation of the arginine vasopressin promoter in
neuronal cells. Endocrinology 148: 3371-3382.

413. Pak TR, Chung WC, Roberts JL, Handa RJ (2006) Ligand-independent effects of
estrogen receptor beta on mouse gonadotropin-releasing hormone promoter activity.
Endocrinology 147: 1924-1931.

414. Mott NN, Pak TR (2013) Estrogen signaling and the aging brain: context-dependent
considerations for postmenopausal hormone therapy. ISRN Endocrinol 2013: 814690.

415. Brown SA, Tapert SF (2004) Adolescence and the trajectory of alcohol use: basic to
clinical studies. Ann N Y Acad Sci 1021: 234-244.

416. Miller JW, Naimi TS, Brewer RD, Jones SE (2007) Binge drinking and associated
health risk behaviors among high school students. Pediatrics 119: 76-85.

417. Hingson R, Heeren T, Winter M, Wechsler H (2005) Magnitude of alcohol-related
mortality and morbidity among U.S. college students ages 18-24: changes from 1998
to 2001. Annu Rev Public Health 26: 259-279.



169

418. Chatterji P, Dave D, Kaestner R, Markowitz S (2004) Alcohol abuse and suicide
attempts among youth. Econ Hum Biol 2: 159-180.

419. Stroynowska-Czerwinska A, Fiszer A, Krzyzosiak WJ (2014) The panorama of
miRNA-mediated mechanisms in mammalian cells. Cell Mol Life Sci 71: 2253-2270.

420. Mundalil Vasu M, Anitha A, Thanseem I, Suzuki K, Yamada K, et al. (2014) Serum
microRNA profiles in children with autism. Mol Autism 5: 40.

421. Godlewski J, Krichevsky AM, Johnson MD, Chiocca EA, Bronisz A (2014)
Belonging to a network-microRNAs, extracellular vesicles, and the glioblastoma
microenvironment. Neuro Oncol.

422. Grasso M, Piscopo P, Confaloni A, Denti MA (2014) Circulating miRNAs as
biomarkers for neurodegenerative disorders. Molecules 19: 6891-6910.

423. Selvamani A, Williams MH, Miranda RC, Sohrabji F (2014) Circulating miRNA
profiles provide a biomarker for severity of stroke outcomes associated with age and
sex in a rat model. Clin Sci (Lond) 127: 77-89.

424. Sepramaniam S, Tan JR, Tan KS, DeSilva DA, Tavintharan S, et al. (2014)
Circulating microRNASs as biomarkers of acute stroke. Int J Mol Sci 15: 1418-1432.

425. Ogata K, Sumida K, Miyata K, Kushida M, Kuwamura M, et al. (2014) Circulating
miR-9* and miR-384-5p as Potential Indicators for Trimethyltin-induced
Neurotoxicity. Toxicol Pathol.

426. Livak KJ, Schmittgen TD (2001) Analysis of Relative Gene Expression Data Using
Real-Time Quantitative PCR and the 2-AACT Method. Methods 25: 402-408.



VITA
Sarah A. Prins was born in Riverside, CA on July 23rd, 1986 to Peter and Enid

Prins as the youngest of six children. In high school she developed a curiosity for
neuroscience and earned a governor’s scholarship for high academic achievement. Upon
graduating in 2004, she moved to Santa Cruz, CA to major in Neuroscience and Behavior
at University of California, Santa Cruz (UCSC). While at UCSC, she engaged in
academic research in the laboratory of Dr. Yi Zuo, studying the morphological dynamics
of dendritic spines during learning and memory formation. In 2009, Sarah earned her
Bachelor of Science degree and moved to Chicago, IL to join the graduate program in

Biomedical Sciences at Loyola University Chicago, Stritch School of Medicine.

In 2010, Sarah joined Dr. Toni Pak’s laboratory in the Department of Cell and
Molecular Physiology to study the effects of adolescent binge drinking on the developing
brain. During her training, Sarah studied how hippocampal microRNAs are altered
throughout pubertal development and following repeated adolescent binge drinking. She
was awarded three years of support for her research with a National Institute on Alcohol
Abuse and Alcoholism fellowship from Loyola’s Alcohol Research Program and two
years of support to attend the annual Society for Neuroscience meeting with Charles
Robert Schuster travel awards from Loyola’s Neuroscience Research Institute. At Loyola
she also served with the Graduate Student Council and conducted assistant teaching for

the Medical Neuroscience course.

170



171

Sarah actively offered neuroscientific services by teaching at Pritzker
Elementary School’s annual science night, reviewing manuscript submissions for the
journal of Central Nervous System Agents in Medicinal Chemistry and volunteering with
the International Drug Abuse Research Society. On April 15th, 2014, she and Jonathan
Kulpit had their first child, Raymond. She plans to continue studying and communicating

neuroscience research in her career.



	Loyola University Chicago
	Loyola eCommons
	2014

	Peripubertal Binge Ethanol, Age and Sex Modulate Microrna Expression in the Ventral and Dorsal Hippocampus of the Adolescent Rat
	Sarah Arianne Prins
	Recommended Citation


	tmp.1435857846.pdf.5fx5y

