MONASH University

The Regulation and Function of the Y-Chromosome Gene,

SRY, in the Healthy and Diseased Male Brain

Hannah Pui Yun Loke
BBiomed, MBiomedSci(Part 1)

A thesis submitted for the degree of Doctor of Philosophy at
Monash University in 2018

Department of Molecular and Translational Sciences,
Faculty of Medicine, Nursing and Health Sciences

and

Hudson Institute of Medical Research,
Melbourne, Australia






Table of Contents

CopYright NOLICE ... i
ADSTract ........ e ii
Declaration ... iv
Publications during enrolment............cciiii i ———————— v
Conference proceeding and presentations...........cccciiiimmmiieccnnisn s \'
AWArds and Prizes ........cooiiiiimiieeeeer e Vi
Thesis including publication works declaration..........ccccceeeeiicccccicceees vii
Acknowledgements ... ——————————— viii
ADDreviations.........c e —————————————————— ix
Chapter 1: Literature reVieW ... ss s s s s s s s snnnsses 1
Manuscript — Biological factors underlying sex differences in neurological disorders
(International Journal of Biochemistry and Cell Biology, 2015).........ccooiiiiiiiiiiiiiiieeeen. 2
Chapter 2: Regulation and function of SRY in the healthy male brain................... 15
P20 I 11 oo [F T3 1o o 1 URPPRRR 16
2.2 Materials and methods ..........oooiiiiiiii e 22
2.3 RESUILS ...t e ettt e e e e e e e e e eeeeeeenennnnn 29
2.4 DISCUSSION ....eteeeeee e e e e e e e e et e ettt e e e e e e e e e e e e e eeeeeeeeeeeesnnnnnaaaeaeeeeeaeeaeeeeeeennnnnnns 45
Chapter 3: Regulation and function of SRY in male Parkinson’s disease (PD)..... 54
B 0t I 1 1 oo [F T 1o o R RRPPRRR 55
3.2 Materials and methods ...........oooiiiiii e 60
B3 RESUILS ..o e ettt a e e e e e e e e e e e eeeeaennnne 67
3.4 DISCUSSION ...t e ettt e e e e e e e e e e e e e et e e e eeeateennnaa e e e e e eeeeaeeeeeeeeeennnnnnns 84
Chapter 4: Regulation and function of SRY in male attention deficit hyperactivity
disorder (ADHD).........euiiii e —————————— 94
S 1 (oo 11 o (o o 1SS 95
4.2 Materials and MethOdS ...........eueiiiiii e 106
4.3 RESUIES ... 113
L D 1T o111 o o SO 133
Chapter 5: General discussion and conclusion.........ccccccccoiiimimcccn i rrsceces s 143
Appendix 1: Supplementary figures and tables.............cccooin 157
Appendix 2: Other publications during enrolment.............cciicccccccccinn, 163

(2 L= (= =] 0 Lo =1 185






Copyright notice

© Hannah Pui Yun Loke (2018)

| certify that | have made all reasonable efforts to secure copyright permissions for third-
party content included in this thesis and have not knowingly added copyright content to
my work without the owner's permission.



Abstract

Innate sex differences in anatomy, biochemistry, and physiology of the healthy brain are
likely to influence sex differences in neurodegenerative and neuropsychiatric disorders.
For instance, females are more likely to suffer from Alzheimer’s disease, depression,
and anxiety, whereas males are more susceptible to deficits in the dopamine system
such as Parkinson’s disease (PD), attention-deficit hyperactivity disorder (ADHD), and
early-onset schizophrenia. Traditionally, these sex differences have been explained
solely by the influence of sex hormones. Emerging evidence however indicates that the
sex chromosome genes also contribute. The Y-chromosome gene, SRY (Sex-
determining Region on the Y chromosome) is an interesting candidate as it is expressed
in dopamine-abundant brain regions such as the substantia nigra pars compacta (SNc),
where it regulates dopamine biosynthesis and voluntary movement in males. To better
understand the contribution of SRY in mediating brain sex differences, this thesis
sought to investigate the regulation and function of SRY in the healthy and diseased

male brain.

Chapter 2 examined the regulation and function of SRY in the healthy male brain. In
human male dopamine M17 cells, SRY protein expression was regulated by a
dopamine D2 receptor-mediated mechanism under physiological conditions. However, a
robust upregulation of SRY expression was observed in response to cellular stress,
which was accompanied by an increase in GADD45y expression. Reducing nigral Sry
expression in male rats, via Sry antisense oligonucleotide (ASO) infusion, revealed a
Sry-mediated regulation of dopamine and non-dopamine target genes. SRY
immunohistochemistry in the human male brain revealed that SRY protein is expressed
in both dopaminergic (SNc) and non-dopaminergic regions such as the cerebellum and

frontal cortex within neuronal and non-neuronal cells.

Chapter 3 assessed the regulation and function of SRY in experimental models of PD. |
found that SRY expression was aberrantly upregulated in both cell culture and animal
models of PD. Remarkably, reducing nigral Sry expression in male rats ameliorated the
motor deficits and nigral degeneration in toxin-induced rat models of PD. The protective
effect of Sry ASO infusion was concomitant with male-specific attenuation of expression

of pro-apoptotic, pro-inflammatory, oxidative stress and mitochondrial genes. The



neuroprotective effect of ASO-infusion was absent in females, thus demonstrating for
the first-time neuroprotection mediated by a male-specific gene.

Chapter 4 explored the regulation and function of SRY in the spontaneously
hypertensive rat (SHR) model of ADHD. | found that brain Sry expression was reduced
in ADHD-symptomatic male SHRs, which exhibited hyperactivity and cognitive
impairment. Furthermore, reducing brain Sry expression, via intracerebroventricular Sry
ASO infusion, in male Wistar-Kyoto rats (WKYs) induced cognitive impairments, similar
to those observed in male SHRs. The detrimental effect of ASO-infusion was absent in
female WKYs. These results indicate that diminished Sry expression directly contributes
to cognitive deficits in the SHR model of ADHD.

Overall, my thesis demonstrates that the dysregulation of the male-specific gene, SRY,
may underlie susceptibility of males to disorders such as PD and ADHD. Considering
that the expression and function of SRY in the male brain is more wide-ranging than
previously thought, normalising SRY expression may represent a novel sex-specific
strategy for treatment of other male-biased disorders, such as autism and ALS.
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sex chromosome genes (i.e. X- and Y-linked genes) also contribute to brain sex differences. In particular,
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1. Introduction

Aside from generating distinct sexual reproductive behaviours,
brain sex differences significantly influence brain anatomy, bio-
chemistry, as well as various psychological and cognitive processes.
A meta analysis reviewing 20 years of research into brain structural
differences revealed that males on average have 8-13% larger brain
volumes compared to females (Ruigrok et al., 2014), although sex-
ual dimorphisms of adult brain volumes are not diffusely spread
across the brain but rather are region specific (Goldstein et al.,
2001). A diffusion tensor imaging (DTI) study showed sex differ-
ences in the structural connectome of the human brain, where the
male brains are optimized for intra-hemispheric and female brains
for inter-hemispheric communication (Ingalhalikar et al., 2014).
Furthermore, genome-wide analysis performed on 137 human
post mortem brains showed that 2.5% of genes are differentially
expressed and spliced between males and females (Trabzuni et al.,
2013). These fundamental sex differences in the anatomy and
genetic network of the healthy brain are likely to underlie the
pronounced sex differences in susceptibility, progression, symp-
tom severity, and pathology of neurological disorders (Cahill, 2006;
Cosgrove et al., 2007; Gillies and McArthur, 2010; McCarthy et al.,
2012; Ngun et al., 2011). For example, females are more likely
than males to develop depression, anxiety (Nolen-Hoeksema, 1987;
Weissman et al., 1996) and Alzheimer’s disease (Hebert et al.,2013),
whilst males are more likely to be diagnosed with Parkinson’s
disease (PD) (Wooten et al., 2004), attention deficit hyperactivity
disorder (ADHD) (Balint et al., 2009), and autism spectrum dis-
orders (ASD) (Gillberg et al., 2006). Hence, better understanding
of the biology underlying sex differences in the healthy and dis-
eased brain will be vital for designing novel therapeutic agents
that will have optimal effectiveness in each sex. Historically, the
sex differences in neurological disorders have been explained by
the protective actions of sex hormones in females (Auyeung et al.,
2009; Gillies and McArthur, 2010; Riecher Rossler, 1994). However,
emerging evidence suggests that genetic factors, in particular sex
chromosome genes, also contribute to brain sex differences (Arnold
et al.,, 2004; Beyer et al., 1992; Carruth et al., 2002; Dewing et al.,
2003). Here we review studies of hormonal and genetic factors
underlying the sex dimorphism in neurological disorders. We will
contend that genetic factors play a far more important role than
previously suspected. In particular, we highlight evidence that the
Y-chromosome gene, SRY, regulates dopamine biochemistry and
function in the male brain. Based on SRY expression in brain regions
associated with the symptoms of dopamine (DA)-associated dis-
orders, we speculate upon how dysregulation of SRY may be a
contributing factor to male-susceptibility in disorders such as PD
and ADHD.

2. Male bias in neurological disorders associated with
dopamine

2.1. Dopamine mediates important physiological processes in the
brain

Dopamine (DA) is a neurotransmitter that mediates a variety
of important physiological processes such as voluntary movement,
feeding, reward, sleep, attention, working memory and learning
(Bjorklund and Dunnett, 2007b; Carlsson, 1987; Iversen, 2007).
Maintenance of physiological levels of DA by various components
of DA machinery is crucial for regulation of these processes. As
summarized in Fig. 1A, DA is synthesized by a series of enzymatic
reactions. L-Tyrosine, is converted into L-DOPA by tyrosine hydrox-
ylase (TH).L-DOPA is converted to DA by dopa decarboxylase (DDC).
In the presynaptic nerve terminal, the vesicular monoamine trans-
porter (VMAT) sequesters DA into synaptic vesicles where DA is
stored until an action potential occurs which releases DA into the
synapse. DA itself is also used as precursor in the synthesis of the
neurotransmitter noradrenaline (NA), as DA is converted into NA
by dopamine 3-hydroxylase (DBH). DA exerts its action via the
dopamine D1 receptor (D1R) or dopamine D2 receptor (D2R) on
the postsynaptic target cell. The D1R family includes the DRD1 and
DRD5 subtypes whilst the D2R family consists of the DRD2, DRD3,
and DRD4 subtypes. The dopamine transporter (DAT), located at
the presynaptic nerve terminal, controls the concentration of DA
in the extracellular space by actively clearing extra-synaptic DA by
re-uptake. Unbound extra-synaptic DA can also bind to presynaptic
dopamine DRD2/DRD3 autoreceptors. These autoreceptors main-
tain normal levels of synaptic DA by inhibition of DA synthesis and
release. Cytosolic DA is directly broken down into inactive metabo-
lites by the actions of catechol-O-methyl transferase (COMT) and
monoamine oxidase (MAO), which has two isoforms MAO-A and
MAO-B.

There are four major dopaminergic pathways in the brain -
i.e. nigrostriatal, mesolimbic, mesocortical, and tuberoinfundibular
pathway - which regulate various central functions. The nigrostri-
atal pathway transmits DA from the substantia nigra pars compacta
(SNc) to the striatum for control of voluntary movement (Bjorklund
and Dunnett, 2007a; Tsui and Isacson, 2011). Dopaminergic projec-
tions from the ventral tegmental area (VTA) to the limbic system
(i.e. hypothalamus, hippocampus and amygdala), via the nucleus
accumbens, form the mesolimbic pathway which is important for
motivation and reward-based learning (Bjorklund and Dunnett,
2007a; Gonzales et al., 2004). The mesocortical system origi-
nates from the VTA and transmits DA to the prefrontal cortex
for executive functions such as decision-making, cognitive and
social behaviour (Bjorklund and Dunnett, 2007a; Robbins, 2000).
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Fig. 1. (A) Schematic diagram of the DA biosynthesis and metabolic pathway. Physiological levels of synaptic DA are maintained by components of DA synthesis, release,
re-uptake, and metabolic machinery. (B) Sex differences in DA machinery affected in PD, ADHD, ASD and schizophrenia. Decreased striatal density D2R levels in aged males
compared to females could be associated with increased risk of PD in males. Polymorphisms of MAO-A, COMT, DAT and D2R (DRD4) are associated with increased risk of ADHD
in males. Polymorphisms of MAO-A are associated with the severity of ASD symptoms whilst polymorphisms of D1R (DRD1) are associated with increased risk of ASD in males.
Deficiency and polymorphism of COMT is associated with schizophrenia in males. (C) DA machinery positively regulated by SRY. SRY positively regulates the transcription of
TH, DDC, MAO-A and D2R. Note: D1R includes DRD1 and DRD5, D2R includes DRD2, DRD3 and DRD4 (post-synaptic only). Abbreviations TH tyrosine hydroxylase; L-DOPA
L-3,4-dihydroxyphenylalanine; DDC DOPA decarboxylase; DOPAC 3,4-dihydroxyphenylacetic acid; D1R dopamine D1-class receptor; D2R dopamine D2-class receptor;
DAT dopamine transporter; VMAT vesicular monoamine transporter; COMT catechol-O-methyl transferase; 3-MT 3-methoxytyramine; DBH dopamine-f3-hydroxylase; NA

noradrenaline.

Projections from the hypothalamus to the pituitary gland form
the tuberoinfundilar system which is involved in secretion of cer-
tain hormones such as prolactin (Weiner and Ganong, 1978). Thus
dysregulation of the brain DA system can lead to disturbances
in a variety of physiological processes including motor, cognitive,
emotional and somatosensory processes, as observed in neurolog-
ical and neuropsychiatric disorders such as PD, ADHD, ASD and
schizophrenia.

2.2. Parkinson’s disease

Parkinson’s disease (PD) is a common neurodegenerative disor-
der among the ageing population where it affects approximately 1%
of 65 years olds increasing to 5% in patients over the age of 85 (Lang
and Lozano, 1998a,b). Hallmark symptoms of PD include slowness
in movement, tremor, rigidity and postural instability (Lang and
Lozano, 1998a,b). Motor symptoms of PD are associated with the
loss of DA producing neurons in the SNc (Dauer and Przedborski,
2003), when more than 70% of the DA neurons in the SNc are lost.
Whilst initially levodopa (L-DOPA) therapy alleviates the symp-
toms of PD, its therapeutic benefit is marred by the development of
debilitating side effects known as dyskinesias (Huot et al., 2013).

Whilst the cause of PD is unclear, the male sex is a strong risk
factor for PD. Men have on average a 2-fold higher incidence of
developing PD and 1.3-3.7-fold higher prevalence of PD compared
to women, at all ages and for all nationalities studied (Baldereschi
et al., 2000; Haaxma et al.,, 2007; Van Den Eeden et al., 2003;
Wooten et al., 2004). Men also have an earlier age of onset and a
faster rate of disease progression in PD than women in a Caucasian
study (Haaxma et al., 2007) but the reverse was demonstrated in a

Japanese study (Sato et al., 2006). Evidence from animal models of
PD reproduce the sex differences observed in humans, as admin-
istration of equal doses of DA toxins (e.g. 6-hydroxydopamine)
produce greater motor deficits and nigrostriatal DA loss in male
rodents and primates than their female counterpart (Leranth et al.,
2000; Murray et al., 2003). Studies from human and animal models
of PD indicate that the male bias in PD may be explained by sex
differences in nigral gene expression. Microarray analysis of sin-
gle SNc DA neurons from healthy post-mortem SNc revealed that
expression of genes implicated in PD pathogenesis (e.g. a-synuclein,
PINK-1) was higher in men than in women (Cantuti-Castelvetri
et al., 2007). Another study utilizing normal and PD post-mortem
SNc tissues reported a significant down-regulation of genes asso-
ciated with oxidative phosphorylation, and synaptic transmission
in the male population, compared to females (Simunovic et al.,
2010). Thus, DA cells in the SNc have intrinsic sex differences
that may influence the pattern of gene expression, predisposing
the male-sex to developing PD. There are also clear differences
in expression and function of DA machinery genes between the
sexes. Forinstance, striatal D2R density and binding potential (com-
bined measure of receptor density and affinity) decline twice as fast
with age in males compared to females (Pohjalainen et al., 1998),
which is likely to reflect sex differences in symptom severity and
response to medication in PD. A positron emission tomography
(PET) study using the DA tracer fluorodopa revealed that presynap-
tic DA synthesis declines more rapidly with age in males (Laakso
etal.,2002), whilsta single photon emission computed tomography
(SPECT) imaging showed that male PD patients have 16% fewer DA
transmitters bound onto the striatum than females (Haaxma et al.,
2007). The greater bioavailability of DA in females could explain
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the lower dosage of levodopa required by females (Kompoliti et al.,
2002; Martinelli et al., 2003; Nyholm et al., 2010; Shulman, 2007).
Together, evidence from animal models and clinical studies sug-
gests that sex differences in PD pathogenesis and DA machinery
genes are likely to contribute to sex differences in prevalence,
severity of symptoms and medication response in PD.

2.3. Attention-deficit hyperactivity disorder

Attention-deficit hyperactivity disorder (ADHD) is the most
commonly diagnosed psychiatric and behavioural disorder in
children, affecting approximately 5% of children worldwide,
particularly boys (Polanczyk et al., 2007). ADHD is char-
acterised by symptoms of inattention-disorganization and/or
hyperactivity-impulsivity (Biederman, 2005). Symptoms of ADHD
have been primarily associated with the hypofunction of cate-
cholamines DA and noradrenaline (NA) in the frontal-subcortical
circuit (i.e. prefrontal cortex and striatum), which are involved
in attention, reward and motor activity (Arnsten and Pliszka,
2011; Biederman, 2005; Pliszka, 2005; Sharma and Couture, 2014).
Thus, the most effective drugs used to treat ADHD, such as
methylphenidate (RITALIN®) and d-amphetamine, are stimulants
which increase levels of DA and NA to enhance catecholamine
signalling in the brain (Biederman et al., 2006; Solanto et al., 2010).

ADHD occurs with a sex ratio of three males to every female
(Balint et al., 2009; Biederman et al., 2004; Gaub and Carlson, 1997;
Graetz et al., 2005; Rucklidge, 2008). Symptomatically, males with
ADHD appear more hyperactive whereas female ADHD patients
are more inattentive (Davies, 2014; Lahey et al.,, 1994). These
differences are also reflected in animal models of ADHD, such
as the spontaneously hypertensive rat (SHR) model (Berger and
Sagvolden, 1998). Genome-wide association studies (GWAS) in
ADHD patients have yet to successfully establish any common poly-
morphisms (besides copy number variants) that might be a risk
factor for ADHD and/or male ADHD (Davies, 2014; Stergiakouli
et al., 2012; Williams et al., 2012; Yang et al., 2013). However,
GWAS and family-based association studies have reported an asso-
ciation between ADHD and catecholamine machinery genes such
as DBH, DRD2, DDC, COMT and DRD4 (Lasky-Su et al.,2007,2008a,b).
Association studies in ADHD patients of different ethnicity indicate
that catecholamine machinery gene variants DRD4, DAT1, MAO-
A, COMT and DBH (Fig. 1B) are sexually dimorphic and associated
with increased risk of developing ADHD in males (Biederman et al.,
2008; Das Bhowmik et al., 2013; Das et al., 2006; Qian et al.,
2003, 2004). Further GWAS in ADHD populations are necessary to
confirm whether polymorphisms within catecholamine machinery
genes could be risk factors in males developing ADHD.

2.4. Autism spectrum disorders

Autism spectrum disorders (ASD) are paediatric neurodevelop-
mental conditions that affect nearly 1 in 100 children (Schaafsma
and Pfaff, 2014). Symptoms manifest prior to the age of three and
like ADHD, boys are diagnosed with ASD more frequently than girls
(Geschwind, 2008; Kim et al., 2011; Lai et al., 2014; Saemundsen
et al., 2013). Individuals with ASD have impaired core domains
of language and communication, abnormal repetitive and restric-
tive behaviours and impaired social relationships (Geschwind,
2008; Kelleher, 2008; Lai et al., 2014). Whilst the pathophysio-
logy of ASD remains unclear, studies demonstrate an imbalance
in catecholamines, such as serotonin and DA. Several studies have
reported that platelet serotonin levels are elevated in ASD patients
(Gabriele et al., 2014; Schain and Freedman, 1961), whilst others
have reported lower serotonin levels in the frontal cortex and thala-
mus and lower serotonin synthesis in boys with ASD (Chugani et al.,
1999, 1997). These serotonergic abnormalities in the brain may

underlie impaired language production and sensory integration
symptoms in ASD patients (Chugani et al., 1997). ASD is a hyper-
dopaminergic condition likely due to the atypical neural network
between the amygdala and prefrontal cortex, which could under-
lie the social deficits in ASD children (Bachevalier and Loveland,
2006; Baron et al., 2000). Although anti-dopaminergic drugs (e.g.
risperidone, aripiprazole) and stimulants (e.g. methylphenidate)
are currently used to treat ASD, these drugs are associated with
adverse side effects such as weight gain, sedation, insomnia, and
irritability (Lai et al., 2014).

ASD is a neurological disorder with strong male bias. There are
four males to every female diagnosed with ASD (Fombonne, 2003)
and this ratio is further increased to eleven to every one female
in severe autism (Gillberg et al., 2006). Similar to ADHD, functional
polymorphisms and promoter alleles of MAO-A have also been asso-
ciated with ASD severity and risk in males (Fig. 1B) (Cohen et al.,
2011, 2003; Tassone et al., 2011). Family-based association stud-
ies in families with at least two affected males have shown that
over-transmission of a DRD1 haplotype occurs from mother-to-son
and genotype-phenotype assessments revealed significant associ-
ations with DRD1 polymorphisms (Hettinger et al., 2008). However,
GWAS from ASD patients have mostly failed to identify candidate
causative genes (Chaste et al., 2015; Woodbury-Smith et al., 2015),
thereby warranting further studies to identify novel targets under-
lying the male bias in ASD.

2.5. Schizophrenia

Schizophrenia is a neuropsychiatric disorder that affects 1% of
the population (Goldstein et al.,2013; Seeman, 2000), mostly adults
between 25 and 50 years old (Whiteford et al., 2013). Schizophre-
nia is characterised by a mixture of debilitating positive symptoms
(hallucinations and delusions) and negative symptoms (depression,
cognitive impairment, social withdrawal) (Harrison, 1999). The
positive symptoms are likely to be associated with upregulation of
presynaptic dopaminergic activity, leading to excessive DA release
(Laruelle, 1996; Miyake et al., 2011) in the prefrontal cortex origi-
nating from the VTA (Joyce and Meador-Woodruff, 1997; Laruelle,
1996). Therefore, DA antagonists such as haloperidol are typically
used to alleviate the hallucinations and delusions in schizophrenic
patients (Kapur et al., 2005; Seeman and Seeman, 2014). Gluta-
mate, a major excitatory neurotransmitter has also been associated
with the pathophysiology of schizophrenia. The psychotic symp-
toms exhibited by schizophrenic patients have been attributed
to hypofunction of the glutamate N-methyl-p-aspartate (NMDA)
receptor, which reduces gamma-amino-butyric-acid (GABA) ergic
interneuron-mediated inhibition of DA neurons, leading to exces-
sive firing of DA neurons in the mesolimbic pathway (Coyle, 2006;
Schwartz et al., 2012). In support, NMDA receptor antagonists,
ketamine and phencyclidine cause psychotic and cognitive abnor-
malities that mimic schizophrenic symptoms (Ross et al., 2006).

Although on average schizophrenia has a weak male bias (7
males:5 females), this ratio is increased in younger males (<20
years old) where two males to every female are affected (Castle
et al., 1993; McGrath et al., 2004, 2008; van der Werf et al., 2014).
Considering that dopaminergic dysfunction in the prefrontal cortex
is involved in the pathophysiology of schizophrenia, DA machinery
genes such as COMT have been implicated in a convergent func-
tional genomics approach (integration of GWAS data with other
gene expression studies), copy number variant analysis and sys-
tematic meta-analysis (Allen et al., 2008; Ayalew et al., 2012; Saus
et al., 2010). The interaction between the functional Val158Met
polymorphism, a hypomorphic variant (reduced DA degradation)
on the COMT gene, and the DRD1 gene was found to be associ-
ated with schizophrenia solely in males (Fig. 1B) (Hoenicka et al.,
2010a,b). In support, COMT homozygous null or heterozygous mice
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display sexual dimorphismin DA levels, as well as increased aggres-
sion in males (Fig. 1B) (Gogos et al., 1998). Thus, sex dimorphism
of catecholamine machinery genes might underlie sex differences
observed in the psychopathology between males and females with
schizophrenia.

Whilst these neurological disorders may vary in their preva-
lence, age of onset, symptom presentation and pathophysiology,
they are all associated with a dysregulated DA system and are more
common in males. Although the biology underlying this male bias
is not entirely clear, contributions by protective factors in females
(e.g. sex hormones) and/or susceptibility factors in males (e.g. sex
chromosome genes) are likely to underlie these sex differences. In
the next section, we will discuss the evidence for the influence of
sex hormones or sex-chromosome genes in the healthy and dis-
eased DA pathway.

3. Sex hormones and sex chromosome genes
3.1. Influence of sex hormones

A wide range of clinical and animal studies has provided com-
pelling evidence that oestrogen regulates the normal and diseased
female DA pathway. In females, oestrogen positively regulates
components of the DA pathway (Pasqualini et al., 1995), mod-
ulating DA synthesis, release, metabolism and receptor binding
(Demotes-Mainard et al., 1990; Di Paolo et al., 1985; McDermott
etal., 1994; Pasqualinietal., 1995). Physiological levels of oestradiol
act directly on DA terminals to stimulate DA levels by enhancing
TH activity (Pasqualini et al.,, 1995) and increasing basal striatal
DA release (McDermott et al., 1994). In addition to its role in
regulation of the healthy DA pathway, oestrogen exerts neuropro-
tective actions in females. In female patients with PD, symptoms
worsen with the onset of menopause or withdrawal of hormone
replacement therapy - i.e. when endogenous oestrogen levels are
low (Quinn and Marsden, 1986). Conversely, oestrogen treatment
in post-menopausal female PD patients improves motor symp-
toms (Shulman and Bhat, 2006). Studies in animal models of PD
recapitulate these clinical findings as oestrogen treatment atten-
uated motor and nigrostriatal DA deficits in rodent and primate
models of PD (Gillies et al., 2004; Leranth et al., 2000; Murray
et al.,, 2003). In contrast, the effect of exogenous or circulating
oestrogen on adult male DA neurons is minimal, if not harmful
(Dluzen, 2005; McArthur et al., 2007; Murray et al., 2003). Similar
to PD, the incidence of schizophrenia in post-menopausal females
is higher compared to pre-menopausal females (Riecher Rossler,
1994). Increased level of oestrogen during the menstrual cycle is
associated with an improvement of schizophrenic symptoms and
therapeutic response to treatments (Gattaz et al., 1994; Hallonquist
et al,, 1993). In support, a clinical study of female schizophrenic
patients demonstrated that adjunctive oestrogen treatment with
antipsychotic drugs led to significant improvements in acute and
severe psychotic symptoms when compared to antipsychotic drugs
given alone (Kulkarni et al., 2001).

Prenatal testosterone plays a crucial role in masculinising the
developing male brain (Morris et al., 2004), and thus abnormal
regulation of prenatal testosterone levels may increase suscepti-
bility to neurodevelopmental disorders. Testosterone activates the
androgen receptor to masculinise the male brain during the perina-
tal period to induce male-typical behaviours such as aggression and
sexual behaviour in male adult rodents (Matsumoto et al., 2003;
Sato et al., 2004). Studies in healthy and clinical populations sug-
gest that the level of exposure to prenatal testosterone influences
susceptibility to neurodevelopmental disorders, especially ADHD
and ASD (Baron-Cohen et al., 2011; Hines, 2008). Right hand digit
ratios (length of the index finger to the length of the ring finger)

are a proxy measure of foetal testosterone exposure, where smaller
ratios are associated with high levels of prenatal testosterone expo-
sure (Manning et al., 1998). Despite this measure of testosterone
being somewhat controversial (Berenbaum et al., 2009), multiple
studies reported that males diagnosed with ADHD or ASD have
lower finger-length ratios, indicating an abnormally higher level
of prenatal testosterone exposure (de Bruin et al., 2006; Martel
etal.,, 2008). Similarly, a significant positive relationship was found
between foetal testosterone levels and number of autistic traits in
children by comparing foetal testosterone levels in the mother’s
amniotic fluid with their respective children’s cognitive assessment
results (Auyeung et al., 2009).

In summary, oestrogen plays a key role in regulating the normal
functioning of the healthy DA system and exerts neuroprotective
effects in females, which may underlie the reduced incidence of
neurological disorders in females. However, the role of oestrogen
in males is less clear as oestrogen treatment appears to have little
effect in males. On the other hand, exposure to prenatal testos-
terone appears to be critical for the masculinisation of the male
brain, however, exposure to abnormal levels of testosterone could
be detrimental and may underlie male susceptibility to neurode-
velopmental disorders.

3.2. Influence of sex chromosome genes

In addition to the influence of sex hormones on the healthy
and diseased brain, evidence indicates that genetic factors also
contribute, in particular sex chromosome genes (Arnold et al.,
2004; Beyer et al., 1992; Carruth et al., 2002; Dewing et al.,
2003; McCarthy and Arnold, 2011; McCarthy et al., 2012; Ngun
etal., 2011). Various animal studies provide evidence that sexually
dimorphic gene expression in the brain occurs prior to hormonal
influence (Beyer et al., 1992; Dewing et al., 2003). Embryonic brain
tissue cultured prior to expression of gonadal hormones developed
more TH-positive neurons in XX female cultures than XY male cul-
tures, suggesting a role for sex chromosome genes in regulating DA
cell numbers (Beyeretal., 1992, 1991). Similarly, a microarray anal-
ysis of male and female mouse brains at E10.5 days post coitum -
i.e. prior to gonadal hormonal influences - revealed sex-specific dif-
ferential expression of seven genes involved in neural development
and behaviour (Xist, Eif2s3x, ESTAW121876, Dby, Eif2s3y, Cyp7b and
Rora4) (Dewing et al., 2003).

The “four core genotype” mouse model - consisting of XY male
(XYM), XY female (XYF), XX male (XXM) and XX female (XXF) -
has proven to be a useful tool in partitioning the effect of sex chro-
mosome genes from the actions of gonadal sex hormones (Arnold,
2009; De Vries et al., 2002). A number of studies have utilised the
model to reveal significant physiological and behavioural differ-
ences between the XY mice (i.e. XYM and XYF) and the XX mice (i.e.
XXM and XXF) - such as DA cell numbers (Carruth et al.,2002), noci-
ception (Gioiosa et al., 2008), habit formation (Quinn et al., 2007),
social behaviour (McPhie-Lalmansingh et al., 2008) and suscepti-
bility to autoimmune disease (Smith-Bouvier et al., 2008) - which
were independent of the gonadal phenotype. However the “four
core genotype” model still has its limitations, as it does not account
for the influence of prenatal hormones, fluctuations in hormonal
levels and/or the influence of adult circulating hormones secreted
from the gonads or other tissues (Ngun et al., 2011). Despite these
potential limitations, these findings suggest that the “four core
genotype” model provides an avenue to define the effects of sex
chromosome genes on various physiological processes.

To better understand the effects of the X- and Y-chromosome in
isolation, the following section will highlight three distinct genetic
mechanisms that could underlie sex-specific gene expression, (i) X-
linked dosage effects, (ii) X-linked imprinting and (iii) the presence
of the Y-chromosome.
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3.2.1. X-linked dosage effects

To equalise the gene products of sex chromosomes between
males and females, most genes on one of the female X-
chromosomes are silenced by a dosage compensation process
known as X-inactivation (Lyon, 1961). However, 15% of X-linked
genes consistently escape X-inactivation (Carrel and Willard, 2005),
and therefore may be expressed higher in females than males. For
instance, X-inactivation gene escapees, Utx (involved in histone
modification) and Usp9x (associated with neuronal differentiation
and synaptic plasticity) have higher expression in XX mice brains
compared to XY regardless of their gonadal phenotype (Xu et al.,
2008, 2005). Although the consequence of X-inactivation gene
escapee expression has yet to be fully understood, it could poten-
tially mask any gain or loss of function in females (Davies and
Wilkinson, 2006). For instance, deletions and frameshift mutations
of NLGN4X, an X-inactivation gene escapee that encodes a cell adhe-
sion molecule associated with the formation of functional synapses,
were identified in ASD boys (Jamain et al., 2003; Laumonnier et al.,
2004; Schaafsma and Pfaff, 2014). The extra dose of NLGN4X in
females might therefore have a protective function (Schaafsma and
Pfaff, 2014).

Turner syndrome, a female developmental disorder where sub-
jects possess a 45, XO karyotype (i.e. only one X-chromosome), has
been associated with increased vulnerability to disorders associ-
ated with impaired memory, attention and social interaction such
as ADHD (Russell et al., 2006), ASD (Skuse, 2000) and potentially
schizophrenia (Prior et al., 2000) indicating that under dosage of
the X-chromosome could be a risk factor. A neuroimaging study
showed that both 45, XO females and 46, XY males have larger
amygdala (involved in emotion and social learning) volumes than
46, XX females. Similarly, the X-monosomy animal model, 39,X0
mice (female mice with only one X-chromosome), have provided
additional insight into the role that X-chromosome genes play on
neurodevelopment. Behavioural studies revealed that 39,XO mice
exhibit attention deficits compared to 40,XX mice. These attention
deficits were rescued in 40,XY** mice (39,XO mice with a small
number of pseudoautosomal and X-linked genes on the Y*X chro-
mosome), indicating a role for an X-inactivation gene escapee in
attention processes (Davies et al., 2007). Together, these studies
indicate that the additional X-chromosome may have a protective
effect in females from male-biased disorders such as ADHD and
ASD.

Conversely, human brain imaging studies have shown that
47, XXY and 47, XXX individuals (i.e. additional X-chromosome)
have smaller brain volumes and display global intellectual impair-
ment with lower IQ in comparison to 46, XX and 46, XY controls
(Warwick et al., 1999). Individuals with 47, XXY and 47, XXX also
show increased risk of ADHD and ASD (Lynn and Davies, 2007;
Tartaglia et al., 2012), suggesting that over dosage of X chromo-
somes can also affect brain development. Population studies have
shown that schizophrenia is more common among subjects with
sex chromosome anomalies than the general population (DeLisi
et al.,, 1994). Together, these studies indicate that both under and
over-dosage of X-chromosomes could affect brain development
and cognition and potentially increase the risk of developing ASD
or ADHD.

3.2.2. X-linked imprinting effects

Imprinted genes are inherited in duplicates like other genes,
however they are epigenetically marked and solely (or predom-
inantly) expressed from one of the parental inherited alleles
(DelLisi et al., 1994). This monoallelic expression is parent-of-origin
dependent, as some genes are preferentially paternally inherited,
whereas others are maternally inherited (Davies, 2010). Imprinted
genes are highly expressed in the brain and postulated to affect neu-
rodevelopment and ongoing brain function (Davies et al., 2005b).

Considering only females inherit the paternal X chromosome,
any protective function of paternally expressed X-chromosome
genes would not be expressed in males. Thus, expression of pater-
nal X-linked genes (i.e. maternal X-linked imprinting), which
has a protective role will reduce the susceptibility of neurolog-
ical disorders in females whilst males will lack the protective
effect.

Skuse et al. (1997) reported that females with Turner’s syn-
drome who inherited the maternal X chromosome (45, X™O) had
poorer social cognitive skills, with inferior verbal and higher-order
executive function skills compared to their counterparts that inher-
ited the paternal X chromosome (45, XPO). The authors speculated
that a genetic locus for social cognition is imprinted on the paternal
X-chromosome, which could explain the higher incidence of ASD
in 45, XMO females, as well as in males, since they lack the paternal
X-chromosome (Skuse et al., 1997). A novel maternally expressed
imprinted gene candidate (i.e. paternal X-linked gene silenced),
XIr3b was identified in 39, XO mouse models as a mediator of
inflexible reversal learning. XIr3b was predominantly expressed
amongst its paralogs with a maternal bias throughout the brain
with an approximately two-fold expression in male (XYSRY~) brains
compared to female (XX) brains, independent of gonadal hor-
mones. The lower expression in females could be explained by
X-inactivation, however this has yet to be proven (Davies et al.,
2005a). These findings indicate that X-linked imprinted genes
expressed in a parent-of-origin dependent manner could influence
sexually dimorphic neurobiology phenotypes and underlie male
susceptibility to neurological disorders.

3.2.3. Y-chromosome effects

The Y-chromosome passed on from father to son and therefore
only present in males, could be contributing to sex differencesin the
male brain and encode risk/protective factors specifically in males.
Xu and colleagues (2002) demonstrated that six Y-chromosome
genes, Ddx3y, Ubely, Kdm5d, Eif2s3y, Uty and Usp9y, were expressed
in the XY male mouse brain at one or more ages — developmen-
tal (13.5 days post coitum), day of birth (P1) and adult ages. These
six genes were also expressed in the brain of XY female mice that
lack SRY and testes, indicating that expression of these genes was
independent of hormonal influences (Xu et al., 2002). Furthermore,
Y-chromosome genes, Dby and Eif2s3y expressed in developing
mouse brains at 10.5 days post coitum before any influence of
gonadal hormones could have significant effects in male neurode-
velopment (Dewing et al., 2003). These findings provide evidence
that regulation of Y-chromosome gene expression in the brain was
independent of hormonal influence and may participate in the sex-
ually dimorphic brain development and function. Several cases of
47, XYY and 48, XXYY boys were associated with ADHD (Ross et al.,
2009; Ruud et al., 2005; Tartaglia et al., 2012) suggesting that over
dosage of Y-chromosomes may increase the risk for neurologi-
cal disorders. Whilst it is unclear which Y-chromosome gene(s) is
involved in the physiology and pathophysiology of the male brain,
emerging studies indicate that the testis-determining gene, SRY, is
an ideal candidate to investigate (Czech et al., 2012; Dewing et al.,
2006).

4. The Y chromosome gene SRY hardwires the male brain

SRY (sex-determining region on the Y chromosome) is a key
transcription factor that switches on male-sex determination by
directing embryonic bipotential gonads to develop into testes
rather than ovaries (Koopman et al., 1990; Sinclair et al., 1990).
SRY is passed from father to son via the Y chromosome and is
not present in females. If the SRY gene is absent or mutated,
the testes do not form, and the female phenotype develops
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Fig. 2. SRY is expressed in brain regions associated with male-biased neurological disorders. Line drawings of coronal sections of the human brain, depicting brain regions
expressing SRY (blue dot), regions associated with the neuropsychiatric disorders such as ADHD, ASD and schizophrenia (yellow highlight), and regions associated with

neurodegenerative disorders, such as PD (red highlight).

(Harley etal., 1992). Human SRY is an intronless gene that encodes a
transcription factor with 204 amino acids (Su and Lau, 1993), which
binds to the minor groove of DNA and intercalates, causing the DNA
to bend (Ferrari, 1992; Harley et al., 1994; King and Weiss, 1993).
SRY up-regulates the Sox9 gene by binding to the testis-specific
enhancer of Sox9 core (TESCO), enabling Sertoli cell differentiation,
thereby facilitating testis formation (Sekido et al., 2004; Sekido and
Lovell-Badge, 2008). SRY expression in the testis is regulated by
the growth arrest and DNA damage gamma (GADD45v) protein,
a stress-response protein that mediates a variety of cellular pro-
cesses specifically expressed in gonadal somatic cells (Gierl et al.,
2012; Warr et al.,, 2012). The signalling cascade involves GADD45y
and MAP3K4 transducing the p38 MAPK pathway that activates
GATA4 which in turn binds to the SRY promoter to initiate the male
sex determining pathway (Gierl et al., 2012). This pathway is also
a feature of SRY regulation in the injured DA cells, which will be
discussed in section 4.4.

Besides being expressed in the testis, SRY is expressed in non-
gonadal tissues such as the adrenal glands, kidneys, lungs heart and
brain (Clepet et al.,, 1993; Dewing et al., 2006), suggesting that SRY
might have functions other than testis determination. In the mouse
brain, SRY is developmentally regulated, as the non-translatable
(i.e. non-functional) circular SRY transcript expression is restricted
to the prenatal brain, whilst the active linear SRY transcripts are
detected in the postnatal brain (Mayer et al., 2000). This is in con-
trast to the gonads where SRY expression begins at E10.5 days and
ceases at E12.5 days in the mouse (Koopman et al., 1990), suggest-
ing that there is a clear temporal segregation in the functionality of
gonadal and brain SRY.

4.1. SRY co-localizes with midbrain dopamine neurons in males

Initial studies in rodent and human brains revealed SRY expres-
sion in several brain regions, such as the hypothalamus, frontal
and temporal cortex (Lahr et al., 1995; Mayer et al., 1998) (Fig. 2).
Subsequent quantitative PCR and in situ hybridization studies
demonstrated that SRY mRNA is expressed in brain regions abun-
dant in catecholaminergic cell bodies or nerve terminals such
as the SNc, VTA, locus coeruleus and hypothalamus in rodents
(Dewing et al., 2006; Milsted et al., 2004) (Fig. 2). In rat and human
immunofluorescence studies of the SNc, SRY protein co-localized
within a subpopulation of TH-positive neurons of male, but not
female, brain sections (Czech et al., 2012; Dewing et al., 2006).
SRY protein also co-localized with TH-positive neurons in the VTA,
which is adjacent to the SNc. VTA is crucial for mediating reward
and addictive behaviours (Wise, 2009) and the expression of SRY
in the VTA may explain sex differences originating in this region
(Gillies et al., 2014). Together these studies demonstrate that SRY is
expressed in various regions of the male brain, in particular DA and
catecholamine-abundant regions, which may reflect a conserved
regulation of DA-dependent function in males, such as the control
of movement, attention, and reward.

4.2. SRY regulates multiple components of the dopamine
biosynthesis pathway in males

In line with the presence of SRY in DA-abundant brain regions,
various studies have demonstrated a role for SRY in regulating
the DA pathway in vitro and in vivo in males (Czech et al., 2012;
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Dewing et al., 2006; Milsted et al., 2004; Wu et al., 2009). In a
male rat neuronal cell line, Milsted and colleagues (2004) showed
that SRY regulates transcription of the DA synthesis enzyme, TH
via AP-1 binding sites on the TH promoter (Fig. 1C) (Milsted et al.,
2004). Similarly, SRY regulates the common functional variants of
the proximal promoter of TH in humans (Zhang et al., 2010). The
gene encoding MAO-A, an enzyme that inactivates DA or NA via
removal of an amine group, was identified as another neural tar-
get of SRY (Wu et al., 2009). Promoter analysis identified that SRY
binds directly to the MAO-A promoter in vitro and in vivo and
increases MAO-A catalytic activity (Fig. 1C) (Wu et al., 2009). Fur-
thermore, a study in a human male neuronal cell line revealed that
SRY positively regulates multiple components of the DA biosynthe-
sis machinery, including TH, MAO-A, DDC, DBH, and D2R, which was
associated increased extracellular DA levels (Fig. 1C) (Czech et al.,
2012). Combined, these results suggest that SRY positively regu-
lates of DA synthesis and metabolism in adult male DA neurons,
allowing for a mechanism of sexual dimorphism independent of
circulating gonadal hormones in males.

4.3. SRY regulates catecholamine-dependent functions in males

Direct in vivo actions of SRY in the brain were first demon-
strated by the Vilain and Harley laboratories (Dewing et al., 2006),
which assessed the anatomical and behavioural consequences of
down-regulating SRY expression in the rat SNc. Knockdown of SRY
in the rat SNc, via repeated antisense SRY oligonucleotides (ODNs)
injections, resulted in a significant reduction in TH-positive neu-
rons in male rats (Dewing et al., 2006). The reduction in nigral
TH expression was associated with reduced motor performance
in the akinesia and limb-use asymmetry tests, indicating that SRY
exerts direct actions on nigral DA neurons and voluntary move-
ment in males. SRY also has a functional role in peripheral tissues
in males, as transfection of SRY into the adrenal medulla or kidneys
of male rats increased TH content and plasma NA levels, resulting
in an increase in blood pressure (Ely et al., 2007, 2009). Together,
these studies demonstrate that SRY exerts direct actions in the
adult male brain and peripheral tissues to regulate catecholamine-
dependent functions, such as voluntary movement and blood
pressure, and potentially fight-or-flight response to stress (Lee and
Harley, 2012).

4.4. SRY: a male susceptibility gene for neurological disorders?

In summary, the Y-chromosome gene, SRY, is expressed in the
adult male brain, where it directly regulates DA biosynthesis, and
DA-dependent functions, such as voluntary movement. In view of
these findings, abnormal regulation and/or functioning of SRY in
the male brain may contribute to sex-bias in neurological disorders,
such as PD and ADHD.

PD, which results from the progressive loss of nigral DA neurons,
is more common in males, who also have an earlier age of onset and
faster rate of disease progression compared to females (Haaxma
et al.,, 2007; Wooten et al., 2004). Considering the expression of
SRY in the human male SNc (Czech et al., 2012) (Fig. 2), dysreg-
ulation of SRY in male DA neurons may underlie the male-bias in
PD. Indeed, recent work from group demonstrated that SRY expres-
sion is dysregulated in a toxin-induced model of PD in vitro (Czech
etal., 2014). Treatment with the dopaminergic toxin, 6-OHDA, sig-
nificantly elevated SRY expression in human male DA cells, via a
DNA-damage induced activation of the GADD45+ signalling path-
way (Czech et al., 2014). These initial findings suggest a role for SRY
in the cell death process of male DA neurons, and warrant further
studies in clinical and animal models of PD to better understand
the regulation and function of SRY in male PD.

Although little is known about the role of SRY in male-biased
neuropsychatric disorders, SRY is expressed in the frontal and
temporal cortex, locus coeruleus, and VTA (Czech et al., 2012;
Lahr et al., 1995; Mayer et al., 1998; Milsted et al., 2004), brain
regions closely associated with pathophysiology of ADHD, ASD and
schizophrenia (Fig. 2). Given that MAO-A dysfunctions can cause
numerous neuropsychiatric disorders such as ADHD, ASD, depres-
sion, and schizophrenia (Bortolato and Shih,2011; Shih etal., 1999),
abnormal regulation of SRY during development in boys, and con-
sequently MAO-A, may contribute to the hyper- or hypo-function
of DA in these disorders. For instance, dysregulation of SRY expres-
sion in the VTA may contribute to the hyperactive DA release in
the mesolimbic pathway in schizophrenia. Alternatively, a regula-
tory mutation in human SRY gene or a SRY binding site mutation
in its target gene may also increase the risk of males in developing
these brain disorders. Indeed, SRY polymorphism was shown to
be responsible for the hypertensive component of male SHRs (Ely
etal., 2010; Turner et al., 2009), which have higher blood pressure
compare to the female SHRs. Since SHRs are also a rat model of
ADHD (Russell, 2002; Sagvolden et al., 2005), it would be of inter-
est to determine whether manipulating SRY expression can alter
ADHD-like symptoms in the SHRs.

SRY is unlikely to be the only male-specific factor underly-
ing male-biased neurological disorders as other Y-linked genes,
such as neuroligin 4, has been associated with increased risk of
ASD (Ross et al., 2015). However, these findings highlight the
need to better understand the molecular regulation, function, and
targets of SRY in the male brain, using both clinical and pre-
clinical approaches. This information, alongside identifying novel
SRY polymorphisms, will be essential for the development of novel
therapeutic strategies (e.g. sex-specific therapies) for sex-biased
neurological disorders.

5. Conclusion

Compelling evidence from both clinical and pre-clinical stud-
ies demonstrate robust differences between the male and female
brain, in both healthy and pathological conditions. In particular,
structure and functioning of the dopaminergic systems are intrin-
sically different between males and females, which are likely to
underlie the sex-bias in DA-associated disorders such as PD, ADHD,
and ASD. These sex differences may be driven by combined actions
of gonadal sex hormones and sex chromosome effects, in particu-
lar the Y-chromosome gene, SRY, in males. In addition to the well
established role of SRY as the male sex-determining gene, emerg-
ing evidence indicates that SRY is expressed in a sub-population of
adult midbrain dopaminergic neurons, regulates the DA biosynthe-
sis and its associated functions such as movement in males. Given
the localization and function of SRY in male DA neurons, abnor-
mal functioning and/or regulation of SRY could increase the risk
of males to DA-associated disorders. Although SRY is unlikely to
be the only sex-specific factor underlying brain sex differences, a
better understanding of the regulation and function of brain SRY
will likely to improve strategies for the prevention and treatment
of debilitating sex-biased neurological disorders.
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2.1 INTRODUCTION

The influence of sex on the brain is becoming more apparent and is wide-ranging,
influencing not only reproductive functions, but also anatomy, biochemistry, and
physiology, as well as a range of behavioural and emotional processes. Whilst
male brains are on average 8-13% larger than females (Ruigrok et al., 2014), the
grey to white matter ratio is higher across structures in the female cerebrum (Allen
et al., 2003). Furthermore, sex differences in volume are present in several brain
structures, particularly; the hippocampus and caudate nucleus are larger in
females (Giedd et al., 1997, Filipek et al., 1994, Murphy et al., 1996) whilst the
amygdala and parietal cortex are larger in males (Giedd et al., 1997, Koscik et al.,
2009). These brain sex differences are thought to underlie the enhanced motor
and spatial skills in males (Linn and Petersen, 1985, Moreno-Briseno et al., 2010),
and the superior memory and social cognition skills in females (Saykin et al., 1995,
Williams et al., 2009). In addition, brain structure connectivity vastly differs
between the sexes whereby structural connectome in the males are predominantly
intra-hemispheric whereas the females are mostly inter-hemispheric (Ingalhalikar
et al., 2014).

A widespread of clinical and pre-clinical studies has revealed sex
differences in neurotransmitter systems, notably in the DA and GABA systems.
Clinical studies have revealed that striatal DA levels are similar between males
and females, however, females have greater DA availability and synthesis
capacity (Mozley et al., 2001, Laakso et al., 2002), whereas males have higher DA
release in the striatum (Munro et al., 2006). Furthermore, females have a greater
density of striatal DA reuptake transporters (DAT) capacity compared to males

(Lavalaye et al., 2000, Mozley et al., 2001). Whilst sex differences in the number
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of DA neurons in humans remains elusive, a pre-clinical study has provided an
indication, whereby male rats have more DA neurons compared to females in the
substantia nigra pars compacta (SNc) (Dewing et al., 2006). Similar to human
studies, female rats possess a higher number (Morissette and Di Paolo, 1993,
Rivest et al., 1995) and functional activity (Bhatt and Dluzen, 2005, Walker et al.,
2000) of striatal DAT relative to male rats. On the other hand, affinity of striatal D2-
class receptors was higher in males compared to females (Pohjalainen et al.,
1998), whilst D2 receptor density declined at a slower rate compared to males.
Similarly, male rats have a higher density and production of striatal D2-class
receptors relative to females (Andersen and Teicher, 2000). In parallel, GABA
levels are significantly higher in the prefrontal cortex of males compared to
females (O'Gorman et al., 2011). In contrast, GABA content in the frontal cortex
and substantia nigra pars reticulata was higher in female compared to male rats
(Davis et al., 1999, Ravizza et al., 2003). Furthermore, the number of parvalbumin
neurons (a subset of GABAergic interneurons) are higher in the female striatum
whilst lower in the amygdala compared to male rats (Ravenelle et al., 2014).
These pronounced sex differences in the brain have a significant impact on
the sex bias in various neurological disorders. For instance, females are more
likely to develop depression, anxiety (Weissman et al., 1996, Nolen-Hoeksema,
1987) and Alzheimer’s disease (Hebert et al., 2013). On the other hand, males are
more likely to be diagnosed with Parkinson’s disease (PD) (Wooten et al., 2004),
attention deficit hyperactivity disorder (ADHD) (Balint et al., 2009), and autism
spectrum disorders (ASD) (Gillberg et al., 2006). Whilst these male-biased
disorders significantly differ in their symptoms, pathology, age of onset and

treatment, these male-biased disorders are associated with abnormal functioning
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or deficits in both the DA and GABA neurotransmitter systems. Hence, better
understanding of the biology underlying the sexual dimorphism in these
neurotransmitter systems is essential for designing novel therapeutic agents that
will have optimal effectiveness in male-biased neurological disorders such as PD
and ADHD.

The biological basis underlying sex differences in DA and GABA
neurotransmission systems has predominantly been attributed to the prevailing
levels of sex hormone oestrogen. In ovariectomized female rodents, physiological
levels of oestradiol treatment act directly on DA terminals to stimulate DA levels by
enhancing TH activity (Pasqualini et al., 1995) and increasing basal striatal DA
release (McDermott et al., 1994), as well as increase DA turnover (Di Paolo et al.,
1985). In contrast, oestrogen had no effect on striatal DA concentrations and
release in males, suggesting that oestrogen specifically regulates the female DA
pathway (McDermott et al., 1994). Furthermore, oestradiol treatment increases the
number of D2-class receptors and quantitatively modulates the ratio between D1
and D2-class receptors in the female rat striatum (Di Paolo et al., 1981, Demotes-
Mainard et al., 1990). In parallel, ovariectomy in female rats elevated GABA
content in the cerebral hemispheres (Saad, 1970), whilst oestradiol treatment
suppressed GABA neurotransmission in the hippocampus (Murphy et al., 1998).
Likewise, oestradiol decreased GAD activity in the substantia nigra (SN) and
ventral tegmental region when implanted into the caudate nucleus and nucleus
accumbens, respectively (McGinnis et al., 1980). Moreover, oestradiol treatment in
ovariectomized female rats induced GABA receptor binding in the striatum, frontal

cortex and cerebellum (Perez et al., 1988).
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In addition to the influence of sex hormones on the healthy brain, evidence
indicates that genetic factors also contribute, in particular sex chromosome genes.
(Arnold, 2004, Carruth et al., 2002, Dewing et al., 2003, Beyer et al., 1992, Ngun
et al., 2011, McCarthy and Arnold, 2011, McCarthy et al., 2012). Various animal
studies provide evidence that sexually dimorphic gene expression in the brain
occurs prior to hormonal influence (Dewing et al., 2003, Beyer et al., 1992).
Embryonic brain tissue cultured prior to expression of gonadal hormones
developed more TH-positive neurons in XX female cultures than XY male cultures,
suggesting a role for sex chromosome genes in regulating DA cell numbers (Beyer
et al., 1992, Beyer et al., 1991). Using the “four core genotype” mouse model, a
useful tool in partitioning the effect of sex chromosome genes from the actions of
gonadal sex hormones (De Vries et al., 2002, Arnold, 2009), XX cells was shown
to have higher numbers of DA cells compared to XY (Carruth et al., 2002).
Similarly, XX mice had a higher expression of Gad67 and Gad65 (synthesis
enzymes of GABA) mRNA in the frontal cortex compared to XY mice (Seney et al.,
2013). These findings indicate that sex chromosome genes independent of
gonadal hormones can modulate DA and GABA neurons. Whilst it is unclear which
sex-specific genes are crucial for driving these sex differences, emerging studies
indicate that the Y-chromosome gene, SRY, represents an excellent candidate
(Dewing et al., 2006, Czech et al., 2012).

SRY (sex-determining region on the Y chromosome) is a key transcription
factor that switches on male-sex determination by directing embryonic bipotential
gonads to develop into testes rather than ovaries (Sinclair et al., 1990, Koopman
et al., 1990). SRY expression in the testes is regulated by the growth arrest and

DNA damage gamma (GADD45y) protein, a stress-response protein that mediates
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a variety of cellular processes specifically expressed in gonadal somatic cells
(Gierl et al., 2012, Warr et al., 2012). The signalling cascade involves GADD45y
and MAP3K4 transducing the p38 MAPK pathway that activates GATA4 which in
turn binds to the SRY promoter to initiate the male sex determining pathway (Gierl
et al., 2012). In the mouse brain, SRY is developmentally regulated, as the non-
translatable (i.e.. non-functional) circular SRY transcript expression is restricted to
the prenatal brain, whilst the active linear SRY transcripts are detected in the
postnatal brain (Mayer et al., 2000). This is in contrast to the gonads where SRY
expression begins at E10.5 days and ceases at E12.5 days in the mouse
(Koopman et al., 1990), suggesting that there is a clear temporal segregation in
the functionality of gonadal and brain SRY.

Brain mapping studies in rodents demonstrated that Sry mRNA or protein is
expressed in DA-abundant brain regions such as the SNc, ventral tegmental area
(VTA), locus coeruleus and hypothalamus (Dewing et al., 2006, Milsted et al.,
2004). Similarly, human post-mortem brain sections demonstrated that SRY
mMRNA is expressed in the hypothalamus, as well as the frontal and temporal
cortex (Mayer et al., 1998). In the human and rodent male SNc, SRY protein co-
localised with TH-positive cells in both the cytoplasm and nucleus (Czech et al.,
2012, Dewing et al., 2006), indicating a functional role for SRY in male DA
neurons. In addition to DA neurons, SRY co-localised with GAD-positive neurons
(marker for GABAergic neurons) in both the human and rodent male substantia
nigra pars reticulata (SNr) (Czech et al., 2012, Dewing et al., 2006), indicating a
role for SRY in non-dopaminergic systems in the male brain. However, further
work is required in mapping SRY distribution in other brain regions to better

understand the genetic basis of brain sex differences.
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Consistent with the expression of SRY in male DA neurons, various studies
have demonstrated that SRY controls transcription of TH, dopa decarboxylase
(DDC), dopamine B-hydroxylase (DBH), MAO-A, and D2R (Czech et al., 2012, Wu
et al., 2009) and consequently DA levels (Czech et al., 2012). Moreover, lowering
nigral Sry expression in male rats reduces nigral TH expression and consequently
voluntary movement (Dewing et al., 2006), supporting a role for SRY in the control
of midbrain DA biosynthesis and consequently voluntary movement in males.
However, much work is still needed in understanding the molecular mechanisms
underlying the regulation and function of SRY in healthy and injured male DA
neurons. Given the need to better understand regulation, function, and distribution
of SRY in the male brain, the specific aims of Chapter 2 are:

1) To determine the molecular mechanism of SRY regulation in a human male
neuronal cell line.

2) To assess the effect of reducing nigral SRY levels on target gene
expression in healthy male rats.

3) To assess the distribution of SRY protein in the human male brain.
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2.2 MATERIALS AND METHODS

Assessment of SRY expression in a human male neuronal cell line

Cell culture

Human neuroblastoma BE(2)-M17 (M17) (CRL-2267; ATCC, Manassas, VA, USA)
cells, a human male dopaminergic cell line was used to carry out the experiments.
The M17 cell line was selected because (i) it is a male cell line that expresses
endogenous SRY and (ii) these cells contain the cellular machinery typical of
dopamine neurons, including tyrosine hydroxylase, monoamine oxidase and

dopamine reuptake transporter.

Subculturing cells

M17 cells were cultured using Dulbecco’s modified Eagle’s medium with Ham’s
F12 nutrient in a 50:50 ratio supplemented with Glutamax, 10% Foetal Bovine
Serum, 1% penicillin/streptomycin and maintained at 5% CO; and 37°C in a
Galaxy 170S incubator (New Brunswick, CT). M17 cells were subcultured when a
confluence of greater than 70% was reached twice per week. Cells were washed
with 1% PBS and aspirated, released with 0.01% Versene (Gibco), and
resuspended in a 1:4 dilution in fresh medium. The cell line was maintained in

sterile 75 cm? cell culture flasks.

Dopamine treatment in human M17 cells

To determine the time-course of dopaminergic regulation of SRY mRNA and
protein expression in vitro, M17 cells were treated with DA (Sigma Aldrich,
solubilized in sterile 0.1% ascorbic acid saline) at varying concentrations (0 to
1000uM) and incubated for 0 to 12 hours. M17 cells were seeded 24 hours prior to

treatment. When cells were at a confluence level greater than 80%, cells were
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treated with 0, 1, 10, 100, or 1000uM DA. RNA was extracted from the cells at 1,
3, and 6 hours post-treatment whilst cells were fixed at 3, 6 and 12 hours post-
treatment. To determine the receptor subtype involved in regulation of SRY protein
in vitro, the M17 cells were cultured and treated with either D1R selective agonist,
SKF38393 (1 and 10uM) or the D2R selective agonist, bromocriptine mesylate (2

and 20pM) and incubated for 6 hours and fixed for immunocytochemistry.

Haemocytometry

In brief, M17 cell suspension were mixed at a 1:1 ratio with trypan blue and
counted using a 0.0025mm? haemocytometer and light microscope (Olympus
CK30). The cells were then plated with 100,000 or 500,000 cells (depending on
experiment) in six-well plates, corresponding to the different time points (ie. 1, 3, 6

and 12 hours post treatment)

Quantitative RT-PCR (in vitro)

Total RNA (250ng) isolated using RNeasy Mini RNA Isolation Kit (Ambion) was
reverse-transcribed into cDNA (Go Script, Promega) and equal amount of cDNA
template was added to SensiMix™ SYBR Hi-ROX Mastermix (Bioline) using
primers listed in Supplementary Table 1. The relative level of mRNA was
interpolated from a standard curve prepared by serially diluting the cDNA reaction.
Specificity of PCR product formation was confirmed by monitoring melting peaks.
All quantitative PCR reactions were conducted in triplicates. Final values represent
fold change of gene expression relative to the housekeeping gene [2-

Microglobulin (32M).
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Immunocytochemistry

M17 cells were seeded on glass cover slips in 35 mm tissue culture wells 24 hours
prior to treatment. Cells were treated with DA or DA receptor agonist drugs as
mentioned above. Treated cells were washed with PBS and fixed with formalin for
7 min. After washing, cells were blocked with CAS block (Thermo Fisher) for 1 h at
37°C. Cells were then incubated with primary antibody against human SRY (1:100,
rabbit polyclonal; AVIVA Systems Biology) overnight at 4°C, washed and
incubated with fluorescent secondary antibodies (1:1000, Alexa Fluor 594 anti-
rabbit; Thermo Fisher) in block for 1 h at 37°C. After washing, coverslips
containing the stained cells were mounted on slides with fluorescent nucleic acid
stain, Hoechst 33342 (Thermo Fisher). Cells were imaged using a 60x oil
immersion objective on a confocal microscope (Olympus FV1200) and quantitative
scoring of cells positive for SRY protein immunofluorescence was made using
Imaged software. The intensity was calculated from the average values of the
nuclear, cytoplasmic or whole cell fluorescence in 8 different fields of at least 3

independent experiments.

Assessment of nigral Sry target genes in male rats

Animals

All methods conformed to the Australian NHMRC published code of practice for
the use of animals in research and were approved by the Monash University
Animal Ethics Committee (MMCB13/02). Adult Long-Evans male rats weighing
between 280 and 350 g were used. Animals were housed in a 12h light: dark cycle

room and had access to food and water ad libitum.
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Stereotaxic implantation of cannula in the rat SNc

Unilateral guide cannula (22 gauge, Plastics One) directed at the right SNc was
implanted at 5.3 mm posterior, 2mm lateral from bregma, and 6.0 mm ventral to
the surface of dura. The guide cannula was secured to the skull with stainless-
steel screws and dental cement. Dummy cannulae that protruded <0.5 mm beyond

the opening were placed in the guide cannulae.

Repeated Sry antisense oligonucleotide (ASO) infusions in healthy male rats

To determine the effect of reducing SRY levels on target gene expression, SRY
antisense (ASO) or sense oligonucleotides (SO) was infused daily via an
implanted unilateral guide cannula into the right SNc (2ug) for 10 days in male
rats. Nigral Sry expression in male rats was reduced by repeated intranigral
infusions of SRY ASO (Supplementary Table 2). The Sry ASO used was a cocktalil
of three distinct ASOs directed against rat Sry mRNA added in equal proportions,
as described previously (Dewing et al., 2006). ASOs were HPLC-purified
(Invitrogen, Australia) and dissolved in artificial cerebrospinal fluid (aCSF) vehicle
to a final concentration of 2ug/uL. Infusions were made at a rate of 0.5uL/min
followed by a 2 min equilibration period, during which the needle remained in
place. All rats were infused unilaterally with ASO or SO daily (2ug in 1uL in aCSF)
for 10 consecutive days. Following the last antisense or sense SRY ODN injection,
the rats were culled and brains were fresh isolated and frozen in isopentane at -

20°C.

Limb-use asymmetry test
The limb-use asymmetry test assessed spontaneous forelimb usage during

vertical explorations in rats, where motor impairment is indicated by a reduction in
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limb-use contralateral (i.e. left) to the site of drug injection. The rat was lowered
into a clear cylinder and forelimb contacts during vertical explorations were video
recorded until a total of 30 touches were reached. The data was expressed as the
percentage of left (impaired) forepaw contacts; where symmetric paw use (left =

right) was a measure of unimpaired limb use.

Histology

Rat brains were isolated fresh and processed for gqRT-PCR. Coronal sections of
10um thickness were cut serially through the SNc and stored at -80°C. Between
each series, a 200um slab was collected in order to isolate tissue for RNA

processing.

Quantitative RT-PCR (in vivo)

Total RNA (100-300ng) was isolated from the left and right rat nigra using TRI-
Reagent (Sigma Aldrich) according to manufacturer’s protocol was reverse-
transcribed into cDNA (Go Script, Promega) and equal amount of cDNA template
was added to SensiMix™ SYBR Hi-ROX Mastermix (Bioline) using primers listed
in Supplementary Table 1. The relative level of mMRNA was interpolated from a
standard curve prepared by serially diluting the cDNA reaction. Specificity of PCR
product formation was confirmed by monitoring melting peaks. All quantitative
PCR reactions were conducted in triplicates. Final values represent fold change of
gene expression relative to the housekeeping genes TATA Box Binding Protein

(TBP).
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Assessment of SRY expression in the human male brain

Human post-mortem sections

Adult male and female post-mortem brain sections were obtained with informed
consent from the Victoria Brain Bank Network (Table 2.1) (under Monash Health
Human Research Ethics Committee, Ethics 5073C). Four paraffin-embedded
coronal sections (10um) per brain region from each case were received. Each

region was anatomically delineated by the Victorian Brain Bank neuropathologist.

Case Sex Age Diagnosis Comments
1 M 79.6 Control NA
2 M 81 Control NA
3 M 73.6 Control NA
4 M 61.1 Control Ischemic heart disease
5 F 67.3 Control Pulmonary thromboembolism

Table 2.1 Information of post-mortem subjects used for immunohistochemistry.

SRY immunohistochemistry

Paraffin-embedded tissue sections were dewaxed with xylene, ethanol and water,
and antigens were retrieved by boiling the tissue in a bath containing 0.01M citric
acid buffer (sodium citrate in water, pH 6.0) for 3 hours in a oven at 90°C. Tissues
were then cooled at room temperature for 30 minutes before washing in
phosphate-buffered saline (PBS) and blocked for 1 hour at room temperature
(CAS-block, Thermo Fisher) and incubated with primary antibody against human
SRY (1:100, rabbit polyclonal; AVIVA Systems Biology) in block overnight at 4°C.
The brain sections were then incubated with Envision DAKO EnVision™+ System,

HRP (Agilent) and reacted with cobalt and nickel-intensified diaminobenzidine
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(DAB, Sigma-Aldrich). DAB-immunostained sections were counterstained with
neutral red or cresyl violet. DAB-immunostained sections were analysed by bright-
field microscopy, using an Olympus microscope equipped with Olympus cellSens

dimension v1.7.1 image analysis software.

Statistical Analysis

All values are expressed as the mean + S.E.M. All data was analysed using tools
within Graphpad Prism 5. Comparisons of two experimental groups were
performed using two-tailed unpaired Student t-test. Multiple comparisons of more
than two experimental groups were performed using one-way ANOVA and
Bonferroni’'s post hoc tests. The exact P-values of the ANOVAs are given in the
figure legends. Probability level of 5% (p < 0.05) was considered significant for all

statistical tests.
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2.3 RESULTS

SRY mMRNA expression is regulated by GADDA45y-independent and
GADDA45y-dependent pathways in M17 cells

To determine the effect of DA treatment on SRY mRNA expression in vitro, human
male neuroblastoma M17 cells were treated with increasing concentrations of DA
(0 to 1000uM) and SRY mRNA expression was measured at various time points
by qRT-PCR. GADD45y mRNA expression was also measured, as it is a known
regulator of SRY in the developing male gonad (Warr et al., 2012, Gierl et al.,
2012) and a sensor of cellular stress (Fornace Jr et al., 1988).

Upregulation of SRY mRNA expression was initially observed at 1 hour post
10uM DA treatment (2.2-fold vs OpM, p<0.05, Figure 2.1A). This initial
upregulation of SRY was not associated with any change in GADD45y mRNA
expression, indicating a GADD45y-independent regulation of SRY expression.
Increase in SRY mRNA expression was also observed at 6 hours post 1000uM DA
treatment (3.0-fold vs OuM, p<0.01, Figure 2.1C), which was accompanied by a
robust elevation of GADD45y mRNA expression (5.7-fold vs OuM, p<0.0001,
Figure 2.1C). Moreover, pronounced cues of cell death such as clustering of dying
cells and loss of neuronal extensions (data not shown) were observed at 6 hours
post 1000pM DA treatment, indicating cellular injury resulting from oxidation of DA.
Thus, GADD45y-mediated upregulation of SRY is likely to reflect a response to
cellular stress, as previously shown with 6-OHDA and p-quinone treatment in M17
cells (Czech et al., 2014). GADD45y upregulation was also observed at 3 hours
following 1000uM DA treatment (3.7-fold vs OpM, p<0.001, Figure 2.1B), which is
consistent with our previous work demonstrating GADD45y upregulation precedes

the increase in SRY expression in 6-OHDA treated M17 cells (Czech et al., 2014).
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In summary, the current results demonstrate that qRT-PCR analysis

revealed two distinct stages of SRY regulation following DA treatment:

i)

i)

an early, modest increase in SRY expression in response to physiological
levels of DA, mediated by a GADD45y-independent mechanism

a later, robust increase in SRY expression in response to supra-
physiological levels of DA, likely mediated by a GADD45y-dependent
pathway activated in response to cellular stress, as described previously

(Czech et al., 2014).
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Figure 2.1 Effect of DA treatment (0 to 1000pM) on SRY and GADD45y mRNA
expression at various time points in M17 cells. SRY and GADD45y mRNA
expressions were measured at A) 1h, B) 3h and C) 6h following DA treatment at a
range of concentrations between 0 to 1000uM. SRY and GADD45y mRNA
expressions were expressed as a fold change relative to the housekeeping gene,
B2M (n=5/group, mean * S.E.M. one-way ANOVA *p<0.05, ***p<0.001,
****p<0.0001, compared to OpM).
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SRY protein expression is regulated by a dopamine D2 receptor-dependent
pathway in M17 cells

To determine the effect of DA treatment on SRY protein expression, SRY protein
immunoreactivity was assessed at various time points following DA treatment in
M17 cells. As observed in Figure 2.2B, treatment with 10uM of DA triggered a
marked elevation of SRY immunostaining at 6 hours post treatment. Densitometric
quantification revealed a significant increase in total SRY protein immunostaining
(1.2-fold vs vehicle, p<0.05, Figure 2.2B) as well as nuclear immunostaining (1.2-
fold vs vehicle, p<0.05, Figure 2.2B). However, there were no significant changes
in SRY immunostaining at 3 and 12 hours post DA treatment (Figure 2.2B),
indicating a transient upregulation of SRY protein expression in response to DA
receptor activation.

To determine the DA receptor involved in the regulation of SRY protein
expression, the effect of D1 or D2 receptor agonist treatment on human SRY
protein expression was assessed by immunocytochemical analysis. Treatment
with D1 receptor agonist, SKF38393 (1 or 10uM) did not affect SRY
immunostaining at 6 hours post-treatment, indicating that the D1 receptor was not
involved (Figure 2.3A). In contrast, treatment with D2 receptor agonist,
bromocriptine mesylate (20uM) induced a significant elevation of nuclear SRY
immunostaining in the M17 cells (1.3-fold vs vehicle, p<0.05, Figure 2.3B),
suggesting that regulation of SRY protein expression in human M17 cells is
dependent on the D2 receptor.

Together, these findings demonstrate that SRY expression is regulated by a
D2 receptor-dependent mechanism under physiological conditions in the human

M17 cell line.
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Figure 2.2 Effect of DA treatment on human SRY protein expression in M17
cells. Representative images (left panels) and corresponding quantification of
SRY protein expression in the nucleus, cytoplasm and whole cell (right panels)
following treatment with vehicle or 10uM DA for A) 3h, B) 6h or C) 12h. SRY
protein levels correspond to mean of SRY immunofluorescence in 8 different fields
(n=3/group, mean + S.E.M. student t-test; *P<0.05 compared to vehicle control;

scale bar = 10um).

33



fold intensity

fold intensity

O O A A

vehicle 1uM SKF

1OIM SKF

Nuclear Cytoplasmic Total

SRYhoechst

vehicle 2uM Bromo 20uM Bromo

Nuclear Cytoplasmic Total

SRY

SRYhoechst

*

34



Figure 2.3 Effect of D1 or D2 receptor agonist treatment on human SRY
protein expression in M17 cells. Representative images (left panels) and
corresponding quantification of SRY protein expression in the nucleus, cytoplasm
and whole cell (right panels) following treatment with A) vehicle, 1uM, or 10uM of
SKF38393 (D1 receptor agonist) and B) vehicle, 2uM or 20uM of bromocriptine
mesylate (D2 receptor agonist). SRY protein levels correspond to mean of SRY
immunofluorescence in 8 different fields (n=4/group, mean + S.E.M. one-way
ANOVA; *P<0.05 compared to vehicle control; scale bar = 10um).
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Sry regulates dopamine machinery and non-dopamine machinery gene
expression in male rats

Previous study by Dewing and colleagues has shown that Sry directly regulates
DA biosynthesis and consequently motor behaviour in male rats (Dewing et al.,
2006). To confirm and extend these findings, the effect of reducing nigral Sry
expression, via Sry antisense oligonucleotide (ASO) infusion, on motor function
and nigral gene expression was assessed in healthy male rats.

Motor function assessed prior to Sry ASO (or SO) infusion revealed no
significant bias in left or right limb use between the two treatment groups (Table
2.2). Repeated ASO-infusion in male rats reduced motor function compared to
SO-infused male rats in the limb-use test (47%, SO vs 33%, ASO, p<0.05 vs SO,
Table 2.2). In contrast, motor function was unaffected by the ASO-infusion in

female rats, indicating that the ASO-mediated effect was male specific (Table 2.2)

Male Female

pre-infusion post-infusion pre-infusion post-infusion

% left limb use | % left limb use % left limb use % left limb use

SO 478 +1.3 474 25 46.3+1.0 45629

ASO 489+1.2 33.4 +2.6* 48929 46.7+1.9

Table 2.2 Motor function were assessed by limb use test as % of left limb use at
pre- and post 10 day Sry ASO (or SO) infusion in male and female rats
(n=8/group, mean = S.E.M. student t-test, *p<0.05, compared to sense)

gRT-PCR analysis revealed that Sry ASO-infusion in male rats reduced
nigral Sry mRNA expression (0.6-fold of intact side vs SO, p<0.01, Figure 2.4A),
but not that of SRY homologs Sox3 or Sox6. In addition, ASO-infusion reduced

nigral tyrosine hydroxylase (Th) (0.4-fold of intact side vs SO, p<0.01, Figure
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2.4B), monoamine oxidase-a (Mao-a) (0.6-fold of intact side vs SO, p<0.05, Figure
2.4B), dopa decarboxylase (Ddc) (0.5-fold of intact side vs SO, p<0.05, Figure
2.4B) and dopamine-B-hydroxylase (Dbh) (0.8-fold of intact side vs SO, p<0.05,
Figure 2.4B) mRNA expression in male rat SNc. Similarly, ASO-infusion reduced
DA reuptake transporter (Dat) (0.4-fold of intact side vs SO, p<0.05, Figure 2.4B),
as well as DA receptor Drd1 (0.6-fold of intact side vs SO, p<0.05, Figure 2.4B)
and DA receptor Drd2 (0.4-fold of intact side vs SO, p<0.05, Figure 2.4B) mRNA
expression in male rat SNc. In parallel, previous results in our lab have
demonstrated that striatal DA and DOPAC levels were significantly reduced
following nigral Sry ASO-infusion (Supplementary figure 1). In addition to the DA
machinery genes, nigral Sry ASO-infusion significantly reduced GABA synthesis
enzymes, glutamate decarboxylase 1 (Gad1) (0.6-fold of intact side vs SO,
p<0.05, Figure 2.4C), and glutamate decarboxylase 2 (GadZ2) (0.5-fold of intact
side vs SO, p<0.05, Figure 2.4C) in male rat nigra.

Given the crucial role of SNc in pathophysiology of PD, the effect of Sry
ASO-infusion on expression of genes involved in PD pathogenesis, such as
apoptosis and oxidative stress were assessed in male rats. However, ASO-
infusion in male rats had no significant effects on the expression of genes involved
in apoptosis (Figure 2.5A) or oxidative stress (Figure 2.5B) when compared to the
SO-infused group.

Together, these results suggest that SRY plays a role beyond the regulation
of DA in the nigra, as it not only regulates DA biosynthesis genes but also non-

dopaminergic targets such as GABA synthesis genes.
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Figure 2.4 Effect of nigral Sry ASO infusion on DA and GABA machinery
genes in male rats. Following repeated nigral Sry antisense or sense ODN
injections (2ug/daily for 10 days) brains were processed for nigral A) Sry and
SOX-family, B) DA and C) GABA machinery genes (n=8/group, mean + S.E.M.

student t-test, *p<0.05, ** p<0.01, compared to sense; dashed line = baseline

levels)
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Figure 2.5 Effect of nigral Sry ASO infusion on apoptosis and oxidative
stress genes in male rats. Following repeated nigral SRY antisense or sense
ODN injections (2ug/daily for 10 days) brains were processed for nigral A)

apoptosis and B) oxidative stress genes (n=10/group, student t-test; dashed line =

baseline levels)
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SRY immunohistochemistry in the human male brain

To further our understanding of the distribution of SRY protein in the human male
brain, SRY immunohistochemistry was performed on various forebrain, midbrain
and hindbrain sections from human post-mortem male brains (see Table 2.1).
Non-specific staining was determined by male brain sections with no primary
antibody and female (which do not express SRY) brain sections.

SRY-immunoreactivity was present in the CA1 layer of the human male
hippocampus and localised within the nuclei of pyramidal neurons (Figure 2.6A),
which are excitatory neurons that release glutamate. In the human male SN¢, SRY
protein was localised within the cytoplasm of neuromelanin-rich DA neurons
(Figure 2.6B), as previously observed by our group (Czech et al., 2012). In the
human male cerebellum, SRY protein immunoreactivity was mainly localised in the
nuclei of Purkinje neurons, a class of GABAergic neurons, in the cerebellar vermis
and dentate nucleus (Figure 2.7A and B). However, SRY protein was not
expressed in all Purkinje cells in the cerebellum. Importantly, SRY
immunoreactivity in the hippocampus, SN and cerebellum were absent in both the
male negative control and female tissues, confirming that staining in the male
positive sections were specific for SRY.

SRY immunoreactivity was also observed in non-neuronal cells in the
human male brain. In the frontal cortex and thalamus, SRY protein was expressed
within activated microglia as indicated by the larger cell bodies as well as the
fewer and thicker processes (Figure 2.8A and B). Similarly, SRY-positive
immunoreactivity was absent in both the male negative control and female frontal

cortex and thalamus sections.
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Together, these findings show for the first time that SRY protein is
expressed outside the midbrain, and found in areas such as the hippocampus and
cerebellum. Furthermore, the presence of SRY protein expression in the microglia
of the male frontal cortex and thalamus indicates that SRY could play a role in

neuroinflammation.
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Figure 2.6 SRY expression in human male hippocampus and substantia
nigra. SRY-positive expression in A) nigral DA neurons and B) hippocampal
pyramidal neurons are present in human male sections and absent in negative
control and female sections. Hippocampus and substantia nigra sections were
counterstained with cresyl violet and neutral red, respectively. Light microscopy
images were taken at 5x and 50x magnification, scale bar = 100um and 10um,
respectively. Red boxes indicate magnified area and red arrows indicate SRY-

positive neurons.
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Figure 2.7 SRY expression in human male cerebellum. SRY-positive
expression in cerebellar A) vermis and B) dentate nucleus Purkinje neurons are
present in human male sections and absent in negative control and female
sections. Sections were counterstained with cresyl violet. Light microscopy images
were taken at 5x and 50x magnification, scale bar = 100um and 10um,
respectively. Red boxes indicate magnified area and red arrows indicate SRY-

positive neurons.
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Figure 2.8 SRY expression in human male frontal cortex and thalamus. SRY-
positive expression in A) frontal cortex and B) thalamus microglia are present in
human male sections and absent in negative control and female sections.
Sections were counterstained with cresyl violet. Light microscopy images were
taken at 5x and 50x magnification, scale bar = 100um and 10um, respectively.
Red boxes indicate magnified area and red arrows indicate SRY-positive neurons.
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2.4 DISCUSSION

Our group and others have previously demonstrated that SRY is present in male
DA neurons where it regulates DA biosynthesis and DA-dependent functions such
as voluntary movement (Czech et al., 2012, Dewing et al., 2006, Wu et al., 2009).
The current chapter has not only extended these previous findings on the
regulation and function of SRY in DA neurons, but also provided a glimpse into the
role of SRY in non-DA neurons. Whilst we have previously identified that the
upregulation of SRY expression was mediated by a GADD45y-dependent
mechanism following DA cell injury, this chapter reveals for the first time that a D2
receptor-mediated pathway regulates SRY expression under physiological
conditions in male DA cells. Moreover, reducing nigral Sry expression in male rats
revealed that Sry regulates dopaminergic and non-dopaminergic target genes in
vivo. In line with this, SRY immunohistochemistry in the human male brain
revealed for the first time that SRY protein is expressed in both dopaminergic and
non-dopaminergic regions such as the cerebellum and frontal cortex within

neuronal and non-neuronal cells.

SRY expression is regulated by the D2 receptor under physiological conditions

Previous studies have shown that induction of Sry is dependent on the Gadd45y
pathway in developing male gonads (Gierl et al., 2012, Warr et al., 2012).
Moreover, we have previously shown that SRY expression is regulated by a
GADDA45y-dependent mechanism in response to treatment with 6-OHDA or its
metabolite, p-quinone in the human M17 cell line (Czech et al., 2014). In line with
this, expression of SRY and GADD45y mRNA were markedly increased in
response to cellular injury resulting from oxidization of supra-physiological levels of

DA (1000uM) (Figure 2.1). The current results also showed an earlier upregulation
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of SRY mRNA expression in response to lower physiological concentrations of DA
(10uM), without the parallel increase in GADD45y expression. Moreover,
expression of the SRY protein in M17 cells was increased following treatment with
DA or D2 receptor agonist, but not D1 receptor agonist (Figure 2.2 and 2.3). These
results indicate that DA regulates SRY expression via the D2 receptor under
physiological conditions. Notably, SRY expression was significantly increased in
the nucleus following bromocriptine treatment, indicating increased translocation
into the nucleus. In support, bromocriptine treatment has been shown to increase
the expression and nuclear translocation of another transcription factor, nuclear
factor-E2-related factor-2 (Nrf2), which is involved in regulating antioxidant
enzymes, in a cell culture model (Lim et al., 2008).

The D2 receptor-mediated regulation of SRY expression may underlie the
sex differences in response to drugs that modulate D2 receptor function. Rodent
studies have revealed a greater decline in locomotor activity and stereotypy
behaviour in males compared to females following D2 receptor agonist injections
particularly, quinpirole or apormorphine (Schindler and Carmona, 2002, Savageau
and Beatty, 1981, Van Hartesveldt, 1997). Furthermore, a recent study has
revealed that administration of eticlopride, a D2 receptor antagonist, impaired
decision-making in male but not female rats (Georgiou et al., 2018). Similarly,
decreased D2 receptor availability in the nucleus accumbens is associated with
increased impulsivity in male rats (Dalley et al., 2007). The sex differences in
behaviour following pharmacologic disruption of the D2 receptor could not be fully
explained by gonadal hormones (Savageau and Beatty, 1981), suggesting that

SRY could be involved in mediating these differences.
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Sry regulates dopaminergic and non-dopaminergic target genes in the male
substantia nigra

To confirm and expand upon the existing knowledge of SRY targets in the
substantia nigra (Czech et al., 2012, Dewing et al., 2006), the effect of reducing
Sry expression on nigral gene expression was assessed in healthy male rats. The
present findings demonstrate that reducing nigral Sry expression in male rats
decreased the expression of DA biosynthesis genes such as Th, Mao-a, Drd1,
Drd2, Dat, Ddc and Dbh (Figure 2.4), which is consistent with the in vitro findings
(Wu et al., 2009, Milsted et al., 2004, Czech et al., 2012). Given the potential
regulation of Sry expression by the D2 receptor pathway, and reciprocal regulation
of the DA pathway by SRY, it is tempting to speculate that SRY and the DA
system homeostatically regulate DA and SRY in the male brain. Moreover,
disruption to the SRY-DA feedback may contribute to the sex differences in
neuropsychiatric disorders such as ADHD and schizophrenia.

In addition to the role of Sry in modulating DA biosynthesis genes, the
current study shows that Sry regulates Gad7 and Gad2 mRNA expression in vivo
(Figure 2.4). Given the difficulty in segregating the rat SNc from the substantia
nigra pars reticulata (SNr), and the abundance of GAD-positive neurons in the
SNr, it is likely that the Gad?1 and Gad2 mRNA expressions were predominantly
SNr in origin. In support, SRY immunoreactivity co-localises with GAD-positive
neurons in both the human and rodent male SNr (Czech et al., 2012, Dewing et
al., 2006). Considering the presence of Sry in both the SNc and SNr, where it
regulates DA and GABA biosynthesis genes, Sry is likely to mediate input and
output activity of the basal ganglia to potentially fine tune basal ganglia functions,

such as voluntary movement and goal-directed actions in males.
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SRY is expressed in dopaminergic and non-dopaminergic regions in the human
male brain

To better understand the role of SRY in the male brain, SRY protein expression
was assessed in human post-mortem brain sections. Consistent with our previous
study (Czech et al.,, 2012), SRY immunoreactivity was observed in the human
male SNc, where it co-localised with neuromelanin-rich DA neurons (Figure 2.7B).
SRY protein expression was also observed for the first time outside the midbrain,
particularly in the frontal cortex, hippocampus, cerebellum and thalamus,
suggesting that SRY has a role beyond the midbrain.

In the male hippocampus, SRY protein expression was expressed in
excitatory pyramidal neurons, which serve to transform synaptic inputs into
patterned output of action potentials (Figure 2.7A). The presence of Sry in the
hippocampus is in keeping with the well-established sex differences in the size of
the hippocampus (Giedd et al., 1997, Filipek et al., 1994), dendritic spines,
densities of pyramidal neurons (Shors et al., 2001, Gould et al., 1990), and spatial
learning (Monfort et al., 2015). Although the sexual dimorphism in the
hippocampus has been largely explained by the effects of oestrogen in females
(Galea et al., 2013, Duarte-Guterman et al., 2015), the presence of SRY in the
hippocampus may also contribute to the sex differences. Given that the
hippocampus is implicated in a variety of neuropsychiatric disorders such as
autism, early-onset schizophrenia and ADHD, the dysregulation and/or abnormal
functioning of SRY in the hippocampus may also contribute to the sex differences
in these disorders. SRY immunoreactivity was also present within the cerebellar
Purkinje neurons, which are a class of GABAergic neurons - providing additional

support for a role for SRY in GABAergic neurons. Thus, preliminary findings of the
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current chapter reveal that SRY is found in non-dopaminergic neurons outside the
midbrain, highlighting the potential of SRY in mediating other sexually dimorphic
brain functions such as spatial memory and impulsivity (Voyer et al., 1995, Lage et
al., 2013).

SRY immunoreactivity was also detected in non-neuronal cells in the
human male brain, as SRY protein was expressed in the microglia in the human
male frontal cortex and thalamus. The presence of SRY in the microglia was
surprising as these were control human samples. The neurological basis for the
SRY-positive staining in the microglia of the frontal cortex and thalamus remains
elusive. However, the presence of SRY in the microglia could be due to random
effects of aging. These findings will need to be confirmed by co-
immunofluorescence studies using microglia markers such as Ibal. Sex
differences have been well established in microglia morphology and densities
(Lenz and McCarthy, 2015), which was thought to arise solely from the influence
of oestrogen (Vegeto et al., 2001, Loram et al., 2012, Villa et al., 2016). However,
the presence of SRY in microglia suggests a role for SRY in neuroinflammation,
potentially as a male-specific transcription factor to regulate inflammatory gene
networks that are also sex biased (Villa et al., 2016). Along these lines, male
susceptibility to neurodevelopmental disorders such as autism spectrum disorders
(ASD) and early-onset schizophrenia and neurodegenerative disorders such as
PD have been proposed to be associated with sex differences in the microglia and
inflammatory molecules (Lenz et al., 2013, Villa et al., 2016).

Together, these findings support the notion that SRY has a role in non-DA
neurons, particularly GABAergic neurons, and for the first time indicates that SRY

might have a role in non-neuronal cells, specifically in the microglia. Considering
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that the cerebellum, hippocampus, frontal cortex and/or thalamus are involved in
several male biased neurological disorders, particularly ADHD, ASD and PD, the
presence of SRY expression in these regions could explain the male bias in these

disorders.

Future studies

Given that SRY is a transcription factor, it could be playing a similar role as other
nigral transcription factors such as Nurr1, Pitx3 and Sox6 in adult male DA
neurons. Whilst Nurr1 is involved in maintaining gene expression in developing DA
cells, Pitx3 is required for the development of dopaminergic neurons specifically in
the SN and its absence results in an abnormal nigrostriatal circuitry (Nunes et al.,
2003). Similarly, Sry box 6 (Sox6), a member of the Sry-related transcription
family, is important for the development and maintenance of midbrain DA neurons.
Hence, generating mice using the Cre/lox system with Sry floxed and a cre
specifically driven by genes in DA neurons such as TH, would provide insight into
whether Sry is important for the development and survival of DA neurons.
Alternatively, Sry floxed and a cre driven by GAD could shed some light on the
role of Sry in GABAegic neurons.

Whilst the current chapter has revealed novel aspects of SRY in the male
brain, further work is needed to better understand the interactions between the
hormonal (i.e. oestrogen and testosterone) and genetic (i.e. SRY) influences. For
instance, manipulating sex hormone levels via gonadectomy and/or injecting sex
hormone blockers in the Sry knockout mice (Kato et al., 2013) or Sry ASO infused
male rats could provide insight into the role of Sry in the absence of oestrogen

influences.
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This chapter has also provided some early evidence that SRY is expressed
in brain regions that has not been previously shown such as the hippocampus,
thalamus and cerebellum. Region or cell-specific knockdown of Sry expression in
the hippocampus or cerebellum either by pharmacological or genetic approaches,
has the potential to reveal previously unrecognized functions of SRY in the male

brain.
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Conclusion

This chapter provides a better understanding on the role of SRY in healthy male
DA neurons as well as insight into other roles of SRY in non-DA neurons. The
findings presented revealed that DA regulates SRY expression via a D2 receptor-
dependent pathway in healthy DA neurons. On the other hand, SRY expression is
mediated by a GADD45y—dependent pathway in injured DA neurons, and likely to
be a compensatory response to DNA damage and cell injury. Furthermore, nigral
Sry is not only involved in regulating DA machinery genes but also GABA
machinery genes. Preliminary human mapping studies have revealed that SRY is
found in brain regions such as the hippocampus and cerebellum, indicating a
wider role for SRY than previously thought. Together, these findings demonstrate
that SRY is involved in the functioning of the healthy male brain, thus the
dysregulation of SRY could underlie the male bias observed in several

neurological disorders such as PD and ADHD.
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CHAPTER 3:

Regulation and function of SRY
in male Parkinson’s disease
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3.1 INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disorder, primarily
characterized by the inability to initiate and maintain voluntary movement. Motor
symptoms of PD emerge when the loss of dopamine (DA) neurons in the
substantia nigra pars compacta (SNc) exceeds 70%. The current hallmark
treatment for PD is levodopa (L-DOPA) therapy which initially alleviates the
symptoms of PD, however, its therapeutic benefit is eventually marred by the
development of debilitating side effects known as dyskinesias (Huot et al., 2013).
Thus, there is an urgent need to better understand the biological basis underlying
PD to develop effective disease-modifying therapies.

The nigral DA cell loss in PD arises from a complex cascade of interrelated
pathogenesis processes including oxidative stress, mitochondrial dysfunction,
DNA damage and neuroinflammation (Dexter and Jenner, 2013). Oxidative stress
has mostly been implicated as the cornerstone for the mechanisms underpinning
DA cell loss in PD. Both increased DA oxidation and the mechanism of action of
DA toxins (e.g. 6-hydroxydopamine and rotenone) elevate production of reactive
oxygen species (ROS). Furthermore, post-mortem nigral tissues of PD patients
consistently displayed increased oxidative damage (Graham, 1978, Jenner, 2003,
Jenner and Olanow, 2006, Jenner and Olanow, 1998, Spina and Cohen, 1989).
The mitochondria play a dual role as the source and target of ROS to mediate
various important physiological roles (Sena and Chandel, 2012). Defective
mitochondrial function, particularly the inhibition of mitochondrial complex | (a
component of mitochondrial electron transport chain), has been associated with
the PD phenotype in toxin-induced animal models of PD (Graham, 1978, Ramsay

et al., 1986, Betarbet et al., 2000) and human PD post-mortem tissues (Schapira
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et al.,, 1990, Mizuno et al., 1989). A significant downstream effect of increased
oxidative stress and mitochondrial dysfunction include genomic and mitochondrial
DNA damage (Sanders et al., 2014). 8-hydroxyguanosine (8-OHdG), a biomarker
of nucleic acid oxidative damage, is increased in nigral cytoplasmic and
mitochondria DNA of PD patients (Zhang et al., 1999, Alam et al., 1997, Shimura-
Miura et al., 1999). Human and animal PD studies have also established a link
between neuroinflammation and PD, whereby an increase in reactive microglia
accompanied with elevated levels of pro-inflammatory cytokines and ROS occurs
in the SNc (McGeer et al., 1988, Mogi et al., 1995, Mogi et al., 1996, Hunot et al.,
1999, Kurkowska-Jastrzebska et al., 1999, Cicchetti et al., 2002). Taken together,
these lines of evidence suggest that oxidative damage is closely linked to
mitochondrial dysfunction, and both promote ROS-mediated toxicity of DA cells
which can in turn mediate neuroinflammatory and DNA-damage responses.
Currently the underlying cause(s) that triggers the pathogenesis of DA
neurons in PD is not well understood, with over 85% of PD cases having idiopathic
origin, likely to be arising from a combination of environmental and genetic factors.
Aging is the most significant risk factor for idiopathic PD, affecting 1% in the
population over 60, and rising to almost 5% of the population over 85 (Nussbaum
and Ellis 2003, de Lau and Breteler, 2006). Additionally, a range of environmental
factors linked with increased risk of developing PD include head trauma (Lehman
et al.,, 2012), anaemia (Savica et al., 2009), and the use of herbicides and
pesticides including paraquat, maneb, permethirn and rotenone (Tanner, 2010,
McCormack et al., 2002, Tanner et al., 2011, Semchuk et al., 1992, Costello et al.,
2009, Dick et al., 2007). In the remaining 10-15% of cases, PD is caused by a

single gene mutation with either autosomal dominant or recessive inheritance
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(Klein and Westenberger, 2012, Trinh and Farrer, 2013, Antony et al., 2013).
Mutations in three genes (a-synuclein, LRRK2, and VPS35) are now known to
cause autosomal dominant forms of familial PD, while mutations in six other genes
(PINK1, DJ-1, Parkin, ATP13A2, FBX07, and PLA2G6) are known to cause
recessive forms of PD.

Aside from aging, the male sex is the most significant risk factor for PD
(Baldereschi et al., 2000, Picillo and Fasano, 2015, Wooten et al., 2004, Van Den
Eeden et al., 2003). Men have a two-fold higher risk of developing PD and 1.3 to
3.7-fold higher prevalence of PD compared to women (Baldereschi et al., 2000,
Wooten et al., 2004, Van Den Eeden et al., 2003, Moisan et al., 2016). Males with
PD also have an earlier age of onset (Wooten et al., 2004, Haaxma et al., 2007),
faster rate of disease progression (Haaxma et al., 2007), and greater
dopaminergic denervation (Kaasinen et al., 2015, Kotagal et al., 2013) than female
PD patients. Animal models of PD reproduce these sex differences, as male
rodents or non-human primates are more susceptible to the toxin-induced
dopaminergic degeneration than females (Murray et al., 2003, Leranth et al., 2000,
Ookubo et al.,, 2009). Better understanding of the biological mechanisms
underlying the sex dimorphism in PD may help to identify novel mechanism(s)
mediating nigral DA cell loss.

The prevailing view is that sex differences in PD arise solely from the
neuroprotective actions of oestrogen in females (Gillies and McArthur, 2010,
Benedetti et al., 2001, Litim et al., 2016, Bourque et al., 2012). In female patients
with PD, symptoms worsen with the onset of menopause or withdrawal of
hormone replacement therapy — i.e. when endogenous oestrogen levels are low

(Quinn and Marsden, 1986). Conversely, oestrogen treatment in post-menopausal
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female PD patients improves motor symptoms (Shulman and Bhat, 2006). Studies
in animal models of PD recapitulate these clinical findings as oestrogen treatment
attenuated motor and nigrostriatal DA deficits in rodent and primate models of PD
(Murray et al., 2003, Gillies et al., 2004, Leranth et al., 2000). In contrast, the effect
of exogenous or circulating oestrogen on adult male DA neurons is minimal, if not
harmful (Murray et al., 2003, Dluzen, 2005, McArthur et al., 2007). Unlike
oestrogen, studies linking testosterone to male PD have been relatively minimal
and inconclusive. Castration in young male mice induced motor deficits as well as
DA cell loss and increased levels of a-synuclein and pro-inflammatory markers,
although these effects were absent in older mice (Khasnavis et al., 2013). On the
other hand, the effect of testosterone in male PD patients is inconclusive due to
conflicting results and small sample sizes (Okun et al., 2006, Okun et al., 2002).
Emerging evidence, however, suggests that sex-specific genetic factors
also contribute to the inherent sex differences in the healthy and diseased DA
system (Carruth et al., 2002, Beyer et al., 1991). For instance, embryonic midbrain
cells developed more DA neurons when the cultures were composed of XY cells,
rather than XX cells (Carruth et al., 2002, Beyer et al., 1991). Microarray analysis
of single DA neurons from human SNc sections revealed that expression of PD
pathogenesis genes (e.g. a-synuclein, PINK-1) was higher in men than women
(Cantuti-Castelvetri et al., 2007), whilst expression of genes associated with
oxidative phosphorylation and synaptic transmission was lower in the SNc of male,
compared to female PD patients (Simunovic et al., 2010). Thus, male DA cells
have intrinsic sex differences that may influence their pattern of gene expression,
predisposing the male-sex to developing PD. This chapter describes a novel

pathway for male-specific DA cell loss involving the Y- chromosome gene, SRY.
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The Y-chromosome gene, SRY (Sex-determining Region Y), switches on
male- sex development by directing the development of the testes (Harley et al.,
1992, Sinclair et al., 1990) and subsequent male phenotype. SRY is also
expressed in the non-reproductive tissues of males such as the heart, adrenal
glands, kidneys and brain (Dewing et al., 2006, Czech et al., 2012). In the male
brain, SRY is expressed in DA-abundant regions such as the SNc and ventral
tegmental area (Dewing et al., 2006, Czech et al., 2012, Mayer et al., 1998). In the
male SNc, SRY protein co-localises with DA neurons (Dewing et al., 2006, Czech
et al., 2012), where it regulates transcription of DA machinery genes (Dewing et
al., 2006, Czech et al., 2012, Wu et al., 2009) and voluntary movement (Dewing et
al., 2006). Given the presence and function of SRY in healthy male DA neurons, |

hypothesise that:

i) SRY expression is dysregulated in male PD
i) Correcting SRY dysregulation will diminish DA cell loss and normalize

aberrant nigral gene expression in male PD

To test these hypotheses, the aims of this chapter are:
A) To determine the regulation of SRY expression in experimental models of

PD

B) To determine the molecular targets of SRY in experimental models of PD
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3.2 MATERIALS AND METHODS

Assessment of human SRY expression in toxin-induced cellular model of PD
Cell culture

Human neuroblastoma BE(2)-M17 (M17) (CRL-2267; ATCC, Manassas, VA, USA)
cells, a human male neuronal cell line was used to carry out the experiments. The
M17 cell line was selected because (i) it is a male cell line that expresses
endogenous SRY and (ii) contain the cellular machinery typical of DA neurons,

including tyrosine hydroxylase, monoamine oxidase and DA reuptake transporter.

Subculturing cells

M17 cells were cultured using Dulbecco’s modified Eagle’s medium with Ham’s
F12 nutrient in a 50:50 ratio supplemented with Glutamax, 10% Foetal Bovine
Serum, 1% penicillin/ streptomycin and maintained at 5% CO; and 37°C in a
Galaxy 170S incubator (New Brunswick, CT, USA). M17 cells were subcultured
when a confluence of greater than 70% was reached twice per week. Cells were
washed with 1% PBS and aspirated, released with 0.01% Versene (Gibco), and
resuspended in a 1:4 dilution in fresh medium. The cell line was maintained in

sterile 75 cm? cell culture flasks.

Dopamine toxin treatment in M17 cells

To determine the effect of DA toxin treatment on SRY expression in vitro, M17
cells were treated with DA toxins, 6-hydroxydopamine hydrobromide (6-OHDA,
Sigma-Aldrich, solubilized in sterile 0.1% ascorbic acid saline) or rotenone (Sigma-
Aldrich, solubilized in 1% DMSO/saline) and incubated for either 0, 6, 24, 48 or 72
hours. M17 cells were seeded 24 hours prior to treatment. When cells were at a

confluence level greater than 80%, cells were treated with O or 20uM 6-OHDA or,
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0 or 100uM rotenone. RNA was extracted from the cells at 0, 6, 24, 48 and 72
hours post-treatment. The cell confluence was observed and SRY mRNA and
protein were measured for each time point (except mMRNA was only measured at 6

hours post treatment).

Haemocytometry

In brief, M17 cell suspension was mixed at a 1:1 ratio with trypan blue and counted
using a 0.0025mm? haemocytometer and light microscope (Olympus CK30). The
cells were then plated with 500,000 cells in 5§ different six-well plates,
corresponding to the 5 different time points (i.e. 0, 6, 24, 48 and 72 hours post

toxin treatment).

Quantitative RT-PCR (in vitro)

Total RNA (250ng) isolated from M17 cells following 0, 6, 24, 48 or 72 hours of 6-
OHDA or rotenone treatment using the RNeasy Mini RNA Isolation Kit (Ambion)
according to manufacturer’'s protocol was reverse-transcribed into cDNA (Go
Script, Promega) and equal amount of cDNA template was added to SensiMix™
SYBR Hi-ROX Mastermix (Bioline) using primers listed in Supplementary Table 1.
The relative level of mMRNA was interpolated from a standard curve prepared by
serially diluting the cDNA reaction. Specificity of PCR product formation was
confirmed by monitoring melting peaks. All quantitative PCR reactions were
conducted in triplicates. Final values represent fold change of gene expression

relative to the housekeeping gene, 2-Microglobulin (2M).

Western blot
A quantity of 10ug of protein was run on a 12% acrylamide gel. After transfer to a

polyvinylidene difluoride membrane (Millipore, USA), bound proteins were blocked
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with 5% bovine serum albumin powder in TBS-Tween20 for one hour. Primary
antibodies, SRY (1:50; purified by Harley lab) and B-tubulin (1:1000; Milipore) were
applied overnight then washed in TBS-Tween20. Secondary antibodies raised
against the species of the primary antibody (1:1000, Alexa Fluor 488 anti-sheep
and 1:1000, Alexa Fluor 594 anti-mouse; Thermo Fisher), were incubated with the
membrane for 1 hour at 37°C, washed in TBS and processed on a Typhoon9400
variable mode imager (GE Healthcare, Little Chalfont, UK). Quantitation of three
independent experiments was performed by measuring the optical density
(intensity) of the SRY immunoreactive bands (protein blots) relative to the B-tubulin

loading control bands.

Immunocytochemistry

M17 cells were seeded on glass cover slips in 35 mm tissue culture wells 24 hours
prior to treatment. Cells were treated with either 6-OHDA (20uM) or rotenone
(100uM) for 24 hours. Treated cells were washed with PBS and fixed with formalin
for 7 minutes. After washing, cells were blocked with CAS block (Thermo Fisher)
for 1 hour at 37°C. Cells were then incubated with primary antibody against human
SRY (1:100, rabbit polyclonal; AVIVA Systems Biology) overnight at 4°C, washed
and incubated with a fluorescent secondary antibody (1:1000, Alexa Fluor 594
anti-rabbit; Thermo Fisher) in block for 1 hour at 37°C. After washing, coverslips
containing the stained cells were mounted on slides with fluorescent nucleic acid
stain, Hoechst 33342 (Thermo Fisher). Cells were imaged using a 60x oil
immersion objective on a confocal microscope (Olympus FV1200) and quantitative
scoring of cells positive for SRY protein immunofluorescence was made using

MetaMorph software (Molecular Devices). The intensity was calculated from the
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average values of the nuclear, cytoplasmic or whole cell fluorescence in 6 different

fields from 4 independent experiments.

Assessment of SRY expression in toxin-induced rat models of PD

Animals

All methods conformed to the Australian NHMRC published code of practice for
the use of animals in research and were approved by the Monash University
Animal Ethics Committee (MMCB13/02 and MMCB15/18). Adult Long-Evans male
and female rats weighing between 280 and 350 g were used in the proposal.
Animals were housed in a 12 hour light:dark cycle room and had access to food

and water ad libitum.

Acute intranigral injection of DA toxins in male rats

To assess the effect of nigral injury on SRY expression, a unilateral lesion of the
right SNc was made by a single injection of DA toxins 6-hydroxydopamine
hydrobromide (6-OHDA, 30ug dissolved in 1.5uL of 0.1% ascorbic acid saline) or
rotenone (30ug in dissolved 1.5uL of 1% DMSO/saline) into the right SNc in male
rats. Motor function was assessed by the limb-use asymmetry test at various time
points post-surgery (0, 1, 2, 4, 7, 14, or 21 days post 6-OHDA or at 0 or 7 days
post rotenone). At the end of the test, rats were culled and the brains were

processed for measurement of nigral mMRNA levels.

Limb-use asymmetry test
The limb-use asymmetry test assessed spontaneous forelimb usage during
vertical explorations in rats, where motor impairment is indicated by a reduction in

limb-use contralateral (i.e. left) to the site of drug injection. The rat was lowered
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into a clear cylinder and forelimb contacts during vertical explorations were video
recorded until a total of 30 touches were reached. The data was expressed as the
percentage of left (impaired) forepaw contacts; where symmetric paw use (left =
right) was a measure of unimpaired limb use. The behavioural assessor was

blinded to the animal groups.

Histology

Rat brains were isolated fresh and processed for gqRT-PCR. Coronal sections of
16um and 10um thickness were cut serially through the striatum and SNc
respectively and stored at -80°C. Between each series, a 200pm slab was

collected in order to isolate tissue for RNA processing.

Quantitative RT-PCR (in vivo)

Total RNA (100-300ng) isolated from the left and right rat nigra using TRI-Reagent
(Sigma Aldrich) according to manufacturer’s protocol was reverse-transcribed into
cDNA (Go Script, Promega) and equal amount of cDNA template was added to
SensiMix™ SYBR Hi-ROX Mastermix (Bioline) using primers listed in
Supplementary Table 1. The relative level of mMRNA was interpolated from a
standard curve prepared by serially diluting the cDNA reaction. Specificity of PCR
product formation was confirmed by monitoring melting peaks. All quantitative
PCR reactions were conducted in triplicates. Final values represent fold change of
gene expression relative to the housekeeping genes TATA Box Binding Protein

(TBP).
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Assessment of Sry target genes in toxin-induced rat models of PD

Animals

All methods conformed to the Australian NHMRC published code of practice for
the use of animals in research and were approved by the Monash University
Animal Ethics Committee (MMCB13/02 and MMCB15/18). Adult Long-Evans male
and female rats weighing between 280 and 350 g were used. Animals were
housed in a 12h light: dark cycle room and had access to food and water ad

libitum.

Stereotaxic implantation of cannula in the rat SNc

Unilateral guide cannula (22 gauge, Plastics One) directed at the right SNc was
implanted at 5.3 mm posterior, 2mm lateral from bregma, and 6.0 mm ventral to
the surface of dura. The guide cannula was secured to the skull with stainless-
steel screws and dental cement. Dummy cannulae that protruded <0.5 mm beyond

the opening were placed in the guide cannulae.

Repeated Sry antisense oligonucleotide (ASQO) infusions in toxin-induced rat
models of PD

Nigral Sry expression in male rats was reduced by repeated intranigral infusions of
SRY ASO as per Chapter 2. To assess the targets of Sry in PD, rats were infused
unilaterally with ASO or SO daily (2ug in 1pL in aCSF) for 10 consecutive days
followed by a single unilateral intranigral injection of 6-OHDA (30ug) or rotenone
(30ug) at 4 hours following the last ASO-infusion. Motor function was assessed by
the limb-use asymmetry test two days post 6-OHDA or rotenone injection. At the
end of the behavioural test, the rats were culled and the brains were processed for

measurement of nigral mMRNA levels (as explained above).
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Measurement of nigral mRNA expression

Rat brains were isolated fresh and processed for gqRT-PCR. Coronal sections of
10um thickness were cut serially through the SNc and stored at -80°C. Between
each series, a 200um slab was collected in order to isolate tissue for RNA

processing.

Statistical Analysis

All values are expressed as the mean + S.E.M. All data was analysed using tools
within Graphpad Prism 5. Comparisons of two experimental groups were
performed using two-tailed unpaired Student t-test. Multiple comparisons of more
than two experimental groups were performed using one-way ANOVA and
Bonferroni’'s post hoc tests. The exact P-values of the ANOVAs are given in the
figure legends. Probability level of 5% (p < 0.05) was considered significant for all

statistical tests.
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3.3 RESULTS

SRY mRNA and protein expression is aberrantly upregulated in toxin-
induced in vitro models of PD
To determine the regulation of SRY expression in in vitro models of PD, the effect
of 6-OHDA or rotenone treatment on human SRY expression was assessed in the
human male neuroblastoma cell line, M17 (Figures 3.1 to 3.3). 6-hydroxydopamine
(6-OHDA) and rotenone are both widely used DA toxins to model PD as it induces
key symptoms and pathophysiological features such as motor deficits, and nigral
DA cell loss (Blum et al., 2004). 6-OHDA is structurally similar to DA and enters
DA neurons via the DA reuptake transporter (DAT). 6-OHDA is auto-oxidised in
DA neurons to generate toxic metabolites such as quinones, hydrogen peroxide
and superoxide radicals (Jellinger et al., 1995, Blum et al., 2004). 6-OHDA also
mediates its actions by inhibiting the mitochondrial respiratory chain complexes |
and IV (Glinka et al., 1997). Rotenone is a DA toxin which acts as a mitochondria
inhibitor by binding to the complex 1 of the electron transport chain to impair
oxidative phosphorylation (Bove et al., 2005, Blum et al., 2004). Unlike 6-OHDA,
rotenone is lipophilic and can cross the blood brain barrier (BBB) following
peripheral administration. Despite the different chemical structure and route of
administration, both DA toxins mediate cell death by similar DNA damage,
neuroinflammation, mitochondrial-dependent, oxidative stress and apoptotic
pathways, ultimately causing DA cell loss (Bove et al., 2005, Blum et al., 2004).
Treatment with 20uM 6-OHDA increased human SRY mRNA expression at
6 (2.5-fold vs Oh, p<0.05, Figure 3.1B) and 24 hours (4.4-fold vs Oh, p<0.01,
Figure 3.1B), post treatment in M17 cells. SRY mRNA expression diminished to

basal levels at 48 and 72 hours post 6-OHDA treatment (Figure 3.1B). The
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elevation of SRY mRNA expression at 6 and 24 hours was accompanied by an
increase in GADD45y mRNA expression (2.3 and 4.6-fold vs Oh, p<0.05, p<0.01
respectively, Figure 3.1B), a marker of DNA-damage and regulator of SRY
expression (Warr et al., 2012, Gierl et al., 2012). Similarly, treatment with 100uM
rotenone increased human SRY and GADD45y mRNA expression at 6, 24, and 48
hours post-treatment (Figure 3.1C), with maximal increase observed at 6 hours
post treatment (4.3 and 3.5-fold vs Oh, p<0.01 respectively, Figure 3.1B). Thus, the
data shows that the aberrant upregulation of SRY is accompanied by the
upregulation of GADD45y following 6-OHDA or rotenone treatment in M17 cells.
To determine whether the SRY protein was also dysregulated in response
to DA cell injury, the effect of 6-OHDA treatment on human SRY protein in M17
cells was assessed by western blot and immunocytochemical analysis (Figure 3.2
and 3.3). Western blot analysis revealed a rise in SRY protein expression at 24
hours post 6-OHDA treatment, reaching its maximal expression at 48 hours (2.2-
fold vs Oh, p<0.01, Figures 3.2B and C). As observed in Figure 3.3, treatment with
20uM of 6-OHDA triggered a marked elevation of SRY immunostaining in both the
nucleus and cytoplasm at 24 hours post treatment. Densitometric quantification
revealed a significant increase in total SRY protein immunostaining (14.5 + 1.8
a.u., veh, vs 29.6 + 5.6 a.u., 6-OHDA, p<0.05, Figure 3.3B) as well as nuclear
(14.8 £ 1.6 a.u, veh vs 27.0 £+ 5.5 a.u.,, 6-OHDA, p<0.05, Figure 3.3B) and
cytoplasmic (13.5 + 1.8 a.u., veh vs 25.7 + 6.0 a.u., 6-OHDA, p<0.05, Figure 3.3B)
immunostaining. Similarly, treatment with 100pM of rotenone induced an
upregulation of nuclear and cytoplasmic SRY immunostaining (Figure 3.3C), with
significant increases in total (13.6 £ 2.4 a.u., veh vs 25.6 + 4.0 a.u., rotenone,

p<0.05, Figure 3.3C) and cytoplasmic (14.1 + 3.5 a.u., veh vs 26.7 + 2.6 a.u.,
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rotenone, p<0.05, Figure 3.3C) SRY protein, as well as an increase in nuclear
SRY protein, although not significant.

In summary, human SRY and protein mRNA expression is highly and
persistently elevated in cellular models of PD. The increase in SRY expression
was paralleled by an elevation in expression of GADD45y mRNA, suggesting
that the upregulation of SRY expression is GADD45y-dependent, as described

previously (Czech et al., 2014).
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Figure 3.1 Effect of 6-OHDA or rotenone treatment on human SRY mRNA
expression in M17 cells. A) Human M17 cells were seeded 24h prior to 6-OHDA
or rotenone treatment and RNA was extracted at 6, 24, 48 and 72h post treatment.
Effect of B) 6-OHDA or C) rotenone treatment on human SRY mRNA expression.
(n=3/group; mean = S.E.M. one-way ANOVA; *P<0.05, **P<0.01 compared to Oh)
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Figure 3.2 Effect of 6-OHDA or rotenone treatment on human SRY protein
expression in M17 cells. A) M17 cells were seeded 24h prior to 6-OHDA
treatment and protein was extracted at 24, 48 and 72h post treatment. B)
Representative images of SRY and B-tubulin protein expression following 6-OHDA
or vehicle treatment, with observed molecular weight based on migration of
molecular weight standards. C) Densitometric analyses of the SRY/B-tubulin
protein expression ratios (n=3/group, mean + S.E.M. one-way ANOVA; *P<0.05

**P<0.01, compared to vehicle control).
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Figure 3.3 Effect of 6-OHDA or rotenone treatment on human SRY protein

Intensity (a.u.)

expression in M17 cells. A) M17 cells were seeded 24h prior to 6-OHDA or
rotenone treatment and cells were fixed at 24h post treatment. Representative
images (left panels) and corresponding quantification of SRY protein expression in
the nucleus, cytoplasm and whole cell (right panels) following treatment with B)
vehicle or 6-OHDA and C) vehicle or rotenone for 24h. SRY protein levels
correspond to mean of SRY immunofluorescence in 6 different fields (n=4/group,
mean £ S.E.M. student t-test; *P<0.05 compared to vehicle control; a.u. = arbitrary

unit).
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Sry mRNA expression is upregulated in toxin-induced in vivo rat models of
PD
To determine the regulation of Sry expression in in vivo models of PD, the effect of
acute 6-OHDA or rotenone injection on nigral Sry mRNA expression was
assessed at various time points following toxin injection. In the 6-OHDA rat model
of PD, nigral Sry mRNA was significantly elevated from days 2 to 14 post 6-OHDA
injection in male rats, with maximal expression at day 7 (2.9-fold vs day O,
p<0.001, Figure 3.4A lower graph). Similar to the in vitro 6-OHDA model of PD, the
increase in nigral Sry expression was paralleled by increase in nigral Gadd45y
MRNA expression (Figure 3.4A lower graph). 6-OHDA injection significantly
reduced motor function and Th mRNA expression at 7 days post 6-OHDA injection
(Figure 3.4A upper and lower graphs), indicating that Sry and Gadd45y mRNA up-
regulation occurs prior to and during DA cell death. In the rotenone-induced rat
model of PD, nigral Sry (2.6-fold vs day 0, p<0.01, Figure 3.4B lower graph) and
Gadd45y (1.8-fold vs day 0, p<0.05, Figure 3.4B lower graph) mRNA was
significantly elevated at 7 days post rotenone injection in male rats.

Together, these results show that the highly and persistently upregulation of
Sry expression is accompanied by the elevation of Gadd45y levels in multiple in

vivo and in vitro models of PD, and that this induction precedes DA cell death.
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Figure 3.4 Effect of 6-OHDA or rotenone injection on nigral Sry mRNA
expression in male rats. Male rats received a single intranigral injection of 6-
OHDA or rotenone (30pg) and limb-use was assessed and Sry mRNA was
measured at various time points post injection. Effect of a single intranigral
injection of A) 6-OHDA or B) rotenone on limb use (top) and nigral Sry, Gadd45y,
or Th mRNA expression (bottom) at various days post-injection in male rats
(n=5/group; mean * S.E.M. one-way ANOVA, *P<0.05; #P<0.01; **P<0.001

compared to day 0; dashed line = baseline levels)
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Reducing Sry expression exerts male-specific neuroprotection in toxin-
induced rat models of PD

To determine the role of Sry upregulation in injured male DA neurons, the effect of
reducing Sry expression, via repeated nigral Sry ASO-infusion, was assessed in
the 6-OHDA or rotenone induced rat models of PD. In the 6-OHDA rat model of
PD, prior ASO infusion in male rats diminished the 6-OHDA induced deficits in
limb use (18%, SO vs 32%, ASO, p<0.01, Figure 3.5A) at 21 days post 6-OHDA
injection. In line with motor behavior, post-mortem analysis revealed that the
protective effect of ASO-infusion on motor function was associated with the
alleviation of 6-OHDA losses in nigral TH-positive cells (26%, SO vs 53%, ASO,
p<0.01, Figure 3.5B). These results indicated that SRY ASO-infusion prior to 6-
OHDA injection diminished 6-OHDA-induced motor deficits via alleviation of 6-
OHDA-induced nigral degeneration in male rats. Similarly, prior Sry ASO-infusion
in male rats attenuated limb use deficits in the rotenone-induced rat model of PD
(27%, SO vs 40%, ASO, p<0.05, Figure 3.5C). In line with the motor behaviour,
prior ASO-infusion in male rats also prevented rotenone-induced loss of nigral TH-
positive cells (41%, SO vs 72%, ASO, p<0.01, Figure 3.5D). In contrast, 6-OHDA-
injected female rats (which do not express Sry) showed no differences between
the ASO and SO-infused groups in limb use or total TH-positive cells at 21 days
post 6-OHDA injection (Figure 3.5E and F). These results indicate that the
protective effect of SRY ASO-infusion in the rat models of PD was male-specific.
Taken together, these results show that reducing nigral SRY expression in male
rats mitigates 6-OHDA or rotenone-induced nigral degeneration and consequent
motor deficits, perhaps through a common downstream mechanism shared by

both toxins (Study and analysis performed by Paulo Pinares-Garcia).
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Figure 3.5 Reducing nigral Sry synthesis ameliorates toxin-induced motor
deficits and nigral degeneration in male rats. ASO (or SO) was infused prior to
toxin injection in male rats. Motor deficits were assessed by limb use test as % of
left limb use and nigral degeneration was assessed by TH cell counts
(scale=400um) as % of intact side A and B) male 6-OHDA, C and D) male
rotenone and E and F) female 6-OHDA models, 21 days post toxin injections
(n=5/group, mean = S.E.M. unpaired t-test; **P<0.01 compared to sense) (Work

by Paulo Pinares-Garcia)
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Reducing Sry expression exerts male-specific attenuation of PD
pathogenesis gene expression in toxin-induced rat models of PD
To identify potential downstream targets of Sry in toxin-induced rat models of PD,
we assessed the effect of Sry ASO-infusion on nigral gene expression toxin-
induced rat model of PD. Nigral gene expression was assessed at two days post
6-OHDA or rotenone injection — the optimal time point for measurement of key
cellular events underlying DA cell loss and nigral Sry knockdown (Hebert et al.,
2003, Mandel et al., 2002). Moreover, we focused on PD pathogenesis pathways
that are sex-biased, such as mitochondrial function and oxidative stress (Pomatto
et al., 2017, Misiak et al., 2010), apoptosis (Rodriguez-Navarro et al., 2008), and
neuroinflammation (Khasnavis et al., 2013, Villa et al., 2016, Joniec et al., 2009).
Quantitative PCR analysis revealed that 6-OHDA or rotenone-induced up-
regulation of nigral Sry mRNA at two days post injection in male rats (2.9 and
2.7-fold of intact side, respectively, Figure. 3.6A and B), which were suppressed
with ASO-infusion (1.3 and 1.4-fold of intact side, respectively, p<0.05 vs SO,
Figure. 3.6A and B). As expected, Sry mRNA expression was not detected in the
6-OHDA treated female SNc (Figure 3.6C). Work from others (Czech et al., 2012,
Wu et al., 2009, Dewing et al., 2006) and my chapter 2 have shown that SRY
regulates DA machinery genes such as TH, MAO-A and DRD2 mRNA. In the 6-
OHDA rat model of PD, nigral Mao-a, Ddc and Drd2 mRNA expression (0.7, 0.3
and 0.2-fold of intact side, respectively, SO, Figure 3.6A), were reduced at two
days post 6-OHDA injection in male rats. Remarkably, ASO-infusion restored the
6-OHDA-induced decreases in Mao-a and Drd2 mRNA expression in male rats
(1.0 and 1.6-fold of intact side, respectively, ASO, p<0.01 vs SO, Figure 3.6A).

However, no significant changes between the ASO- and SO-infused groups were
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observed in the rotenone-injected male rats (Figure 3.6B).

In parallel, 6-OHDA or rotenone-induced increases in DNA damage
marker, Gadd45y (3.5 and 3.5-fold of intact side, respectively, SO, Figure 3.7A
and B), was attenuated with ASO-infusion in male rats (1.8 and 2.2-fold of intact
side, respectively, ASO, p<0.05 vs. SO, Figure 3.7A and B). However, the
apoptosis regulator, Bcl-2-associated X (Bax) mRNA expression (1.7-fold of intact
side, SO, Figure 3.7A) was attenuated solely in the ASO-infused 6-OHDA-lesioned
male rats (1.1-fold of intact side, ASO, p<0.05 vs SO, Figure 3.7A). Similarly, the
6-OHDA or rotenone-induced upregulation of the mitochondrial and oxidative
stress marker, superoxide dismutase 2 (Sod2) mRNA expression (2.8 and 2.2-fold
of intact side, respectively, SO, Figure 3.8 A and B) was diminished in the ASO-
infused male rats (0.9 and 1.2-fold of intact side, respectively, ASO, p<0.05 vs SO,
Figure 3.8A and B). Likewise, the 6-OHDA or rotenone-induced elevation of
glutathione peroxidase 1 (Gpx1) (5.8 and 4.4-fold of intact side, respectively, SO,
Figure 3.8A and B) was reduced with ASO-infusion in male rats (2.1 and 1.7-fold
of intact side, respectively, ASO, p<0.01 vs SO, Figure 3.8A and B). In particular,
the 6-OHDA or rotenone-induced upregulation of the neuroinflammation marker,
inducible nitric oxide synthase (iNos) (10.3 and 8.5-fold of intact side, respectively,
SO, Figure 3.9A and B) was abolished in the ASO-infused male rats (1.8 and 1.9-
fold of intact side, ASO, respectively, p<0.05, Figure 3.9A and B). Furthermore, the
6-OHDA or rotenone-induced massive increases of interleukin 18 (/l18) (34.1 and
56.5-fold of intact side, respectively, SO, Figure 3.9A and B) were markedly
reduced in the ASO-infused male rats (3.6 and 15.0-fold of intact side,
respectively, ASO, p<0.05, Figure 3.9A and B). However, the 6-OHDA or

rotenone-induced increase of tumor necrosis factor a (Tnfa) (16.4 and 21.0-fold of
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intact side, respectively, SO, Figure 3.9A and B) was only diminished in the ASO-
infused 6-OHDA-induced male rats (1.6-fold of intact side, ASO, p<0.05 vs SO,
Figure 3.9A). In contrast, there were no significant differences in nigral gene
expression between the ASO- and SO-infused groups in 6-OHDA-treated female
rats (Figure 3.6 to 3.9).

Together, these results showed that male-specific neuroprotection by Sry-
ASO infusion is accompanied by attenuation of nigral genes that detect or promote

DNA damage, mitochondrial function, and inflammation.
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Figure 3.6 Effect of Sry ASO in toxin-induced models of PD on nigral Sry and
DA machinery mRNA expression in A) male 6-OHDA, B) male rotenone and C)
female 6-OHDA models (n=5/group, mean = S.E.M. student t-test; *P<0.05

**P<0.01, compared to sense; dashed line = baseline levels).
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Figure 3.7 Effect of Sry ASO in toxin-induced models of PD on mRNA
expression of nigral apoptotic markers in A) male 6-OHDA, B) male rotenone
and C) female 6-OHDA models (n=5/groups, mean = S.E.M. student t-test;

*P<0.05 **P<0.01, compared to sense; dashed line = baseline levels).
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Figure 3.8 Effect of Sry ASO in toxin-induced models of PD on mRNA
expression of nigral oxidative stress and mitochondrial markers in A) male 6-
OHDA, B) male rotenone and C) female 6-OHDA models (n=5/groups, mean *
S.E.M. student t-test; *P<0.05 **P<0.01, compared to sense; dashed line

baseline levels).
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Figure 3.9 Effect of Sry ASO in toxin-induced models of PD on mRNA
expression of nigral inflammation markers in A) male 6-OHDA, B) male
rotenone and C) female 6-OHDA models (n=5/group, mean + S.E.M. student t-

test; *P<0.05 **P<0.01, compared to sense).
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3.4 DISCUSSION

In this chapter, the findings demonstrate that, SRY, a Y-chromosome gene
present exclusively in males, directs a novel genetic mechanism for DA cell loss
in males. To summarise, SRY expression was aberrantly upregulated in
multiple experimental models of PD. Moreover, reducing Sry expression, via
Sry ASO infusion, in male rats diminished motor deficits and nigral
degeneration in toxin-induced rat models of PD, which was concomitant with
attenuated expression of pro-apoptotic, pro-inflammatory, oxidative stress and
mitochondrial genes. Importantly, the protective effect of ASO-infusion was
absent in female rats (which do not express Sry), demonstrating for the first-

time neuroprotection mediated by a sex-specific gene.

SRY expression is aberrantly upregulated in experimental PD

The present study shows that the Y-chromosome gene, SRY, is aberrantly
upregulated in 6-OHDA or rotenone-induced rat and human cell culture models of
PD (Figure 3.1 to 3.4). Sry up-regulation occurred prior to and during active DA
cell loss, indicating a role for Sry in the onset and progression of PD. The
elevation in Sry expression was paralleled by an increase in Gadd45y
expression in both the 6-OHDA and rotenone-induced rat models of PD. This
is in line with our previous findings that identified the GADD45y-p38-MAPK
pathway as the upstream regulator of SRY expression in a 6-OHDA cellular PD
model (Czech et al., 2014). These findings suggest that both 6-OHDA and
rotenone-induced DA cell injury aberrantly upregulate SRY expression via a
common signaling cascade involving the DNA damage induced GADD45y-MAPK

pathway. In parallel, Sry induction in developing male gonads is also regulated by
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the GADD45y-MAPK pathway (Gierl et al., 2012, Warr et al., 2012), demonstrating
that SRY expression is mediated by a common pathway in the embryonic gonads
and the adult male SNc. In contrast to the embryonic gonads, where the SRY
protein is found exclusively in the nucleus, the present chapter revealed that SRY
protein is present and upregulated in both the nucleus and cytoplasm of human
neuroblastoma M17 cells. However, SRY protein is also detected in the cytoplasm
of gonadal cells if there is a defect in SRY nuclear import (Harley et al., 2003).
Thus, DA toxin-induced upregulation of SRY may be due to both increased Sry
transcription and disrupted SRY nuclear import in the human neuroblastoma M17
cells. In support, oxidative stress, which plays a key role in PD pathogenesis, has
been associated with impeding nuclear import of various transcription factors
(Patel and Chu, 2011). Considering that regulation of Sry expression is mediated
by a common signaling pathway in both the embryonic gonad and the male brain,
increased understanding of Sry-mediated signaling in the gonads could reveal

novel insights in the role of Sry in the male brain, and vice versa.

Detrimental effect of SRY upregulation in injured male DA neurons contributes to
the male-bias in experimental PD

To determine the role of Sry upregulation in the injured male SNc, the effect of
reducing nigral Sry expression was assessed in rat models of PD. Remarkably,
reducing nigral Sry expression (via nigral Sry ASO-infusion) in male rats
attenuated both 6-OHDA or rotenone-induced motor deficits and nigral DA cell
loss, whilst no effects were seen in females (Figure 3.5). Given that 6-OHDA or
rotenone-induced Sry up-regulation was suppressed with Sry ASO-infusion, these
results reveal that toxin-induced Sry up-regulation in injured male DA neurons is

detrimental. In line with previous studies (Murray et al., 2003, Ookubo et al., 2009),
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the present chapter also showed that male rats are more susceptible to 6-
OHDA-induced motor deficits and nigral degeneration than their female
counterparts. However, reducing nigral Sry expression in male rats blocked or
diminished the male-bias in motor deficits and nigral degeneration in the 6-
OHDA rat model. These results demonstrate that Sry upregulation directly
contributes to the male-bias in experimental PD, independent of gonadal
hormonal influence. Thus, male susceptibility to DA cell loss is unlikely to be solely
explained by lower oestrogen levels in males, but it may also reflect an intrinsic
susceptibility of the single male DA neuron to injury, potentially via Y-chromsome

genes such as Sry.

Reducing Sry expression diminishes male-biased increases PD pathogenesis
gene expression in rat models of PD

To better understand the molecular mechanisms by which SRY upregulation
exacerbates DA cell loss in males, the effect of reducing Sry expression on
nigral gene expression profiles of key PD pathogenesis pathways were assessed.
Acute 6-OHDA or rotenone injection induced robust elevation of nigral genes
involved in DA cell loss such as sensors of DNA damage (Gadd45y) and oxidative
stress (Gpx1, Sod2) and pro-inflammatory mediators (iNos and //18), which were
far greater in males compared to females (Figures 3.7 to 3.9). Indeed, previous
studies have demonstrated sexually dimorphic expression for antioxidants Sod2
and Gpx1 (Ott et al., 2007, Demarest and McCarthy, 2015), which are higher in
males compared to females. Similarly, oxidative damage is higher in males
compared to females during aging in rodents (Guevara et al., 2011, Borras et al.,
2003), suggesting that the female brain has better mitochondrial efficiency,

resulting in increased resilience to ROS-mediated injury. Furthermore, MPTP-
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induced rodent models of PD demonstrated an earlier and higher upregulation of
iNos and [I-18 expression in males compared to females (Ciesielska et al., 2007,
Joniec et al., 2009, Bian et al., 2009), suggesting an earlier onset of PD in males.
The inherent sex differences in oxidative stress, mitochondrial dysfunction and
inflammation were thought to be solely attributable to prevailing levels of sex
hormones (Arnold and Beyer, 2009, Villa et al., 2016). However, the results from
the current chapter demonstrate that reducing Sry expression in 6-OHDA-
injected male rats blocked or attenuated the male-biased elevations in
mitochondrial and pro-inflammatory genes. Thus, sex differences in cellular
events underlying PD pathogenesis, such as oxidative stress and
neuroinflammation, are likely to result from a combination of the deleterious effects
of Y-chromosome genes, such as Sry, in males, in addition to the well-established

protective effect of sex hormones in females.

Divergent role of SRY in the healthy and diseased DA neurons

The contrasting effect of reducing Sry expression in healthy and Parkinsonian rats
suggests an opposing role for Sry in the healthy and diseased male brain. In
healthy male rats, reducing nigral Sry expression, via repeated ASO infusion,
transiently reduced nigrostriatal DA biosynthesis and consequently motor function
(Czech et al., 2012, Dewing et al., 2006) (Figure 3.10, Healthy). Similar to nigral
transcription factors such as Nurr1, Pitx3 (Kadkhodaei et al., 2009) and Sox 6
(Panman et al., 2014), Sry may be required for the maintenance of adult male DA
neurons, potentially as an alternate mechanism to oestrogen in female DA
neurons (Gillies and McArthur, 2010). However, following 6-OHDA or rotenone-
treatment we demonstrate a GADD45y-MAPK mediated increase in SRY

transcription (Czech et al., 2014), accompanied by DNA damage, mitochondrial
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dysfunction and neuroinflammation (Figure 3.10, Injured). Moreover, reducing
nigral Sry expression alleviated nigrostriatal DA cell loss and motor deficits in 6-
OHDA or rotenone lesioned male rats (Figure 3.10, Injured + ASO), indicating a
detrimental role for Sry in the injured male SNc. Thus, our current study
significantly expands the understanding of Sry in the male brain, demonstrating a

divergent role for Sry in the healthy and injured male SNc.
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Figure 3.10 The proposed role for Sry in healthy and injured nigral male DA
neurons. SRY positively regulates DA biosynthesis in male DA neurons, and
consequently regulates voluntary movement in males (Healthy). Nigral SRY is up-
regulated in response to acute toxin treatment in the male SNc. Toxin treatment is
associated with increases in DA cell death mechanisms, which increase DA cell
death and motor deficits in male rats (Injured). Reducing nigral SRY via ASO
infusion alleviates toxin-induced DA cell death and motor deficits, via normalising
increases in mitochondrial dysfunction, DNA damage, and neuroinflammation
(Injured + ASO).
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Mechanism(s) underlying the detrimental effect of Sry upregulation?

The precise molecular mechanisms by which SRY upregulation exacerbates DA
cell loss remains to be elucidated. Whilst Sry transcriptionally activates Sox9 in
the embryonic gonads to initiate the development of testes (Sekido and Lovell-
Badge, 2008), the lack of Sox9 expression in the SNc (Pompolo and Harley,
2001) suggests that Sry exerts its actions via an alternate down-stream
mechanism in the SNc. In human and rodent neuronal cells, SRY
transcriptionally activates Th (Milsted et al., 2004) and Maoa (Wu et al., 2009)
and regulates the expression of DA machinery genes including Drd2, Ddc, and
Dbh (Milsted et al., 2004). Thus, Sry up-regulation may dysregulate DA machinery
genes and consequently increases DA turnover and oxidative stress, processes
which are exacerbated in males (Gillies and McArthur, 2010).

Alternatively, the toxin-induced elevation of Sry expression may lead to
regulation of a much broader range of binding partners, such as genes involved
in PD pathogenesis pathways. Indeed, in the E11.5 embryonic gonads (time
point at Sry expression is at maximal), Sry binds to promoters of target genes
involved in oxidative stress (glutathione peroxidase 4, 6, nitric oxide synthase
3), mitochondrial function (mitochondrial membrane proteins 7, 13, 40) and
inflammation (interleukin, tumor necrosis factor) (Li et al., 2014). Moreover,
overexpression of SRY in male transgenic mice and ectopic expression of SRY in
female transgenic mice livers promoted N-nitrosodiethylamine-induced
hepatocarcinogenesis and inflammation, adding further support to the notion that
aberrant up-regulation of Sry expression is detrimental (Liu et al., 2017).

Another potential mechanism is that SRY could be competing with resident

SOX transcription factor(s) and impairs those gene regulatory pathways. For
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instance, SRY was found to competitively displace SOX10 and repress regulatory
functions on the tyrosine kinase receptor RET, thus predisposing males to
Hirschsprung disease, a highly male-biased congenital disorder (Li et al., 2015). In
parallel, mice with disrupted Sox70 function exhibits neurodegeneration in several
brain regions including the SN (Anderson et al., 2015). Thus, aberrant
upregulation of Sry expression could interfere with Sox70 function in the SNc due
to increased competition with SRY and resulting in DA cell death. However,
further studies that elucidate the interaction(s) between Sry and downstream
pathways are crucial to better understand the mechanisms underlying the toxic

up-regulation of SRY in male PD.

Future studies

Initial analysis of sex-biased PD pathogenesis gene expression in the current
chapter has revealed some important insight into molecular mechanisms
underlying the detrimental effect of SRY upregulation. However, an unbiased
approach such as RNA and Sry chromatin-immunoprecipitation sequencing is
essential to identify novel downstream targets activated by Sry in male DA
neurons. In particular, the contrasting role of Sry in the healthy and injured male
SNc may be better understood by comparing gene expression profiles of Sry-
positive DA neurons from normal and Parkinsonian male rats, to identify target
genes and DNA binding partners of Sry during physiological and
pathophysiological situations. Results from the current study indicate the
importance of considering the detrimental role of SRY in males, as well as the
neuroprotective effects of oestrogen in females, when investigating the
mechanisms underlying sex differences in PD. However, further work is needed to

better understand the interactions between the hormonal and genetic influences in
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the healthy and diseased DA system. For instance, manipulating sex hormone
levels via gonadectomy and/or sex hormones treatment in Sry ASO-infused
male rats, or alternatively in SRY over-expressing female rats, could provide
further insight into the degree and nature of interactions between SRY and

oestrogen that contribute to the male bias in PD.
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Conclusion

This chapter provides compelling evidence that dysregulation of the Y-
chromosome gene, SRY, directs a novel male-specific mechanism of DA cell
death. In addition to the established protective effect of sex hormones in females,
the detrimental effect of SRY upregulation in males may also contribute to the
male-bias in PD, supporting the notion that the cause and progression of PD is
mechanistically different between males and females (Simunovic et al., 2010,
Cantuti-Castelvetri et al., 2007). Thus, normalization of SRY expression may be
important for the protection of male DA neurons. Future research aimed at better
understanding the role of SRY in male PD is necessary for the development of
human SRY inhibitors as a potential novel disease-modifying therapy for PD in

males.
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CHAPTER 4:

Regulation and function of SRY
in male attention deficit
hyperactivity disorder
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4.1 INTRODUCTION

Attention-Deficit Hyperactivity Disorder (ADHD) is the most commonly diagnosed
neuropsychiatric and behavioural disorder in children, affecting about 5% of
children worldwide (Polanczyk et al., 2007). Initially, ADHD was thought to be
solely a childhood disorder, but it is now clear that the symptoms persist into
adulthood in a large number of cases (Modesto-Lowe et al., 2012). ADHD is a
complex disorder and heterogeneous in its presentation, hence patients are
typically diagnosed with one of the three clinical subtypes; predominantly
hyperactive and impulsive (e.g. ‘often fidgeting’ or ‘difficulty in awaiting turn’),
predominantly inattentive (e.g. ‘difficulty attending to tasks for extended periods of
time’ or ‘making careless mistakes in schoolwork’) and a combination of the first
two subtypes (Berger, 2011, Association, 2013). These symptoms can have
lifelong adverse effects on an individual's quality of life. Children with ADHD have
poor academic performance, familial issues, and impaired social behaviour (Stein
et al., 1995, Greene et al., 1996, DiScala et al., 1998). In addition to the childhood
issues that continue into adolescent and adulthood, ADHD has been linked with
social impairment, drugs/alcohol abuse, emotional problems, low self-esteem, and
employment difficulties (Wilens et al., 2002, Barkley et al., 1990, Biederman et al.,
1998). The impaired quality of life experienced by ADHD patients is further
exacerbated by comorbid psychiatric disorders such as autism spectrum disorders
(ASDs), Tourette’s syndrome, obsessive compulsive disorders (OCD) and anxiety
(Kooij et al., 2012, Taurines et al., 2010, Thapar et al., 2012). Therefore, a better
understanding of the biological mechanisms underlying ADHD is important for
improved diagnosis and treatment to prevent or reduce these detrimental

outcomes.
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Numerous brain imaging studies have demostrated structural abnormalities
in ADHD patients (Seidman et al., 2005, Castellanos et al., 2002, Greven et al.,
2015). Magnetic resonance imaging (MRI) studies have delineated that ADHD
patients have 3-5% smaller total brain volume compared to healthy individuals
(Castellanos et al., 2002, Greven et al., 2015, Durston et al., 2004). A recent study
has revealed that total grey matter volume is smaller whilst total white matter
volume was unchanged in ADHD patients relative to healthy controls (Greven et
al., 2015). However, other studies have shown that total white matter volumes
were smaller, and white matter regions such as the prefrontal-temporal areas were
morphologically abnormal in ADHD patients (Castellanos et al., 2002, Silk et al.,
2009). Interestingly, the delay in cortical maturation during early childhood in
ADHD patients relative to normal could be correlated with the severity of
hyperactive and impulsive symptoms (Shaw et al., 2011). Several brain regions
within these networks including the prefrontal cortex (PFC), striatum, globus
pallidius and cerebellum were significantly smaller whilst the hippocampus was
enlarged in ADHD patients (Valera et al., 2007, Ellison-Wright et al., 2008, Nakao
et al.,, 2011, Frodl and Skokauskas, 2012, Seidman et al., 2005, Plessen et al.,
2006). In particular, the PFC appears to be a pivotal region, whereby anomalies in
the prefrontal circuitry networks including connections with the basal ganglia,
thalamus and amygdala have been linked to inattention, hyperactivity and
behavioural disinhibition in ADHD patients (Cao et al., 2013, Cubillo et al., 2011,
Bailey and Joyce, 2015, Oldehinkel et al., 2016, Burruss et al., 2000, Plessen et
al., 2006). As summarised in Figure 4.1, these connections include the attention
network that consist of the frontal, parietal and motor cortices, whilst executive

function network primarily involves the PFC and regions within the basal ganglia
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necessary for effective goals formulation (Makris et al., 2009). On the other hand,
motor regulation networks that act to regulate motor and cognitive behaviours
predominantly involve the cortico-striatal and cortico-cerebellar systems (Makris et
al., 2009). The typical motor deficits in ADHD modulated by these networks
include behaving inappropriately (such as excessive moving or talking) and poor
fine motor abilities (Makris et al., 2009). Dysfunctional reward circuitry which
mainly consists of the amygdala, striatum, thalamus and cortical areas, is also
implicated in ADHD and thought to underlie the deficits in reward guided behaviour
and memory consolidation (Makris et al., 2009). In parallel, underactivity of the
hypothalamic-pituitary-adrenal axis during stress exposure was displayed in ADHD
patients, especially those exhibiting severe hyperactivity (Ma et al., 2011). These
findings demonstrate that the brain structure and connectivity of individuals with

ADHD is altered in a widespread manner, resulting in a spectrum of symptoms.
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Figure 4.1 Schematic representation of brain regions and functional circuits
involved in ADHD (Reproduced from Purper-Ouakil et al, 2011).
Considering the complexity of ADHD, abnormalities in a multiple

neurotransmitter system underlie the pathophysiology of ADHD. In particular,

symptoms of ADHD has been largely explained by hypo-catecholaminergic, hypo-
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GABAergic, as well as hyper-glutamatergic activity in the brain (Arnsten and
Pliszka, 2011, Edden et al., 2012, MacMaster et al., 2003). Reduced DA and NA
neurotransmission in the PFC and associated subcortical structures such as the
striatum have been strongly associated with ADHD (Prince, 2008), in particular
with symptoms such as inattention (Ernst et al., 1998, Volkow et al., 2007). The
depletion of DA levels is predominantly thought to be a consequence of defects in
the pre-synaptic DA machinery such as DA transporter (DAT) and DA
autoreceptors. Notably, striatal DAT density and binding in ADHD patients are
elevated compared to the healthy controls (Spencer et al., 2007, Fusar-Poli et al.,
2012, Dougherty et al., 1999, Krause et al., 2000), although another study has
shown that DAT density is reduced (Volkow et al., 2009). Several studies have
also shown that pre-synaptic DA receptors, DRD2 and DRD3 have diminished
availability in the striatal, midbrain and hypothalamic regions (Volkow et al., 2007,
Bellgrove et al., 2006, Volkow et al., 2009, Faraone and Mick, 2010, Gizer et al.,
2009). Along these lines, polymorphisms of DAT1 (Bellgrove et al., 2005, Gizer et
al., 2009) and dopamine receptors DRD4 and DRD5 (Volkow et al., 2007,
Bellgrove et al., 2006, Volkow et al., 2009, Faraone and Mick, 2010, Gizer et al.,
2009) have been observed in ADHD patients. Whilst there has been a paucity of
functional studies on NA due to the lack of suitable radiotracers (Ding and Fowler,
2005), attention deficits have been associated with a polymorphism of dopamine
beta hydroxylase (DBH), the principle enzyme that catalyses the conversion of DA
to NA (Bellgrove et al., 2006).

GABA and glutamate, which are inhibitory and excitatory neurotransmitters,
respectively have been implicated in ADHD particularly in the fronto-striatal circuit

(Edden et al., 2012, Bollmann et al., 2015, Naaijen et al., 2017, Maltezos et al.,

98



2014). Glutamate and glutamine (metabolite of glutamate) ratios are increased in
the PFC and striatum of children with ADHD (Ferreira et al., 2009, Courvoisie et
al., 2004, Moore et al., 2006, Carrey et al., 2007, MacMaster et al., 2003), whilst
decreased within the basal ganglia of adults with ADHD (Maltezos et al., 2014).
Furthermore, genetic approaches have revealed that glutamate gene sets were
linked to hyperactivity/impulsivity symptoms whilst GRIN2B, a glutamate receptor
subunit was associated with inattention and hyperactivity symptoms in ADHD
(Naaijen et al., 2017, Dorval et al., 2007). In parallel, GABA is found to be reduced
in the sensorimotor cortex of ADHD children whilst elevated in the basal ganglia of
adults with ADHD (Edden et al., 2012, Bollmann et al., 2015). Morever, GABA
levels appeared to be correlated with ADHD symptom scores in adults (Bollmann
et al., 2015). Whilst there are substantial evidence linking the catecholamine,
GABA and glutamate neurotransmission systems to ADHD, the precise
interactions between these systems remain elusive. During physiological
conditions, DA regulates glutamatergic cell firing (Surmeier et al., 2007) and GABA
release (Tritsch et al., 2012), whilst glutamate and GABA regulates DA release
(Whitton, 1997) and DA neuron firing, respectively (Creed et al., 2014). Thus,
aberrant levels and/or interactions of these neurotransmitter systems could
underlie the pathophysiology of ADHD, and better understanding of which
neurotransmitter system(s) is the root cause for dysfunction may lead to better
therapies for ADHD.

Given the important role for the catecholamine system in ADHD, the first
line therapies for ADHD act to normalize levels of aberrant catecholamine levels in
the brain (Pliszka, 2007). In particular, stimulants such as methylphenidate

(ie.RITALIN®) and amphetamine, both block the reuptake of DA and NA whilst
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amphetamine also promotes DA and NA release into the synapse (Prince, 2008,
Sharma and Couture, 2014) (Figure 4.2). Even though these medications are
relatively effective in treating the inattention and cognitive deficits (Lakhan and
Kirchgessner, 2012), these drugs are associated with side effects such as sleep
and appetite disturbances, and the potential for substance abuse following
prolonged treatment (Sonuga-Barke et al., 2009, Kollins et al., 2001, Levin and

Kleber, 1995).

Presynaptic
neuron
o
oo o AMPH
° o, . ° @.@ 1 DA and NA release
o 9o ) X
22 S ©
3% 5 o, 300
(- J
& MPH / AMPH / Bupropion

m / Blocks DA and NA reuptake
N\ Atomoxetine

ﬂi? ﬁE Blocks NA reuptake

DA/NA
Receptors

Postsynaptic
neuron

Figure 4.2 Schematic representation of the mechanism of action for ADHD
medications. Methylphenidate (MPH), amphetamine (AMPH) and bupropion
blocks DA and NA reuptake whilst atomoxetine specifically blocks NA reuptake,
leading to increased DA and NA in the synapse. In addition, amphetamine

mediates its actions by increasing DA and NA release.

Other drugs used to treat ADHD include non-stimulants (e.g. atomoxetine) and
antidepressants (e.g. bupropion). These drugs act to block DA and/or NA reuptake
to ameliorate the ADHD symptoms (Sharma and Couture, 2014) (Figure 4.2).

However, these drugs are less effective in treating ADHD symptoms compared to
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stimulants (Faraone and Glatt, 2010). Thus, it is imperative that novel treatments
that better manage or modify the disease progression of ADHD are developed.

Genetic models of ADHD have significantly advanced the understanding of
neural mechanisms underlying ADHD. One of the commonly used transgenic
models is the DAT-knockout (DAT-KO) mouse. Although the absence of the DAT
protein in the DAT-KO mouse is in contrast with the increased striatal DAT density
and binding in ADHD patients (Spencer et al., 2007, Fusar-Poli et al., 2012,
Dougherty et al., 1999, Krause et al., 2000), this model provides useful information
on the consequences of DAT function deficits. For instance, DAT-KO mice
displays hyperactivity (Gainetdinov and Caron, 2000, Trinh et al., 2003) as well as
cognitive impairment, particular learning and memory deficits (Hironaka et al.,
2004, Trinh et al.,, 2003). Interestingly, DAT-KO mice exhibit the comorbid
psychiatric disorders associated with ADHD in humans such as Tourette’'s
syndrome and obsessive compulsive disorder (Berridge et al., 2005). Another
popular genetic model of ADHD is the synaptosomal-associated protein of 25kDa
(SNAP-25) deficient mutant coloboma mouse that exhibits spontaneous
hyperactivity, impulsivity and impaired inhibition (Wilson, 2000, Bruno et al., 2007).
Amphetamine was effective in treating the hyperactivity in these coloboma mice as
seen in humans, however methylphenidate had no effect (Wilson, 2000, Hess et
al., 1996).

However, the most widely used and accepted animal model of ADHD is the
spontaneously hypertensive rat (SHR) (Sagvolden et al., 2005, Russell, 2011).
Whilst SHR was initially used as a model of hypertension (Okamoto and Aoki,
1963), later studies from Sagvolden et al. showed that SHRs mimic the key

symptoms of ADHD i.e. inattention, hyperactivity and impulsivity which are
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manifested prior to the onset of hypertension (Knardahl and Sagvolden, 1979,
Wultz and Sagvolden, 1992, Wultz et al., 1990, Sagvolden et al., 1992). In
addition, the SHRs have a similar pathophysiology to the human ADHD condition,
particularly the reduced levels of DA in the PFC and striatum, and GABA in the
hippocampus, SN and hypothalamus, as well as increased glutamate in the PFC
and striatum (Sterley et al., 2013, Dimatelis et al., 2015, Miller et al., 2014,
Czyzewska-Szafran et al., 1989, Russell et al., 1995). Similar to humans, SHRs
also exhibit brain structure abnormalities particularly in the PFC and hippocampus
(Mignini et al., 2004, Sabbatini et al., 2000). In addition, SHRs have
polymorphisms in the Dat1 gene, as seen in several human studies, however,
unlike the human studies, no polymorphisms were found in Drd4 (Mill et al., 2005).
Even though the SHRs might not fully reflect the human condition, this rat model
fulfills the most validation criteria compared to other animal models of ADHD
(Russell, 2007, Sagvolden et al., 2005). Specifically, the SHR model mimics the
most behavioural characteristics, genetics, and neurobiology of ADHD as well as
exhibits similarities with ADHD clinical cases (Russell, 2007, Sagvolden et al.,
2005). Therefore, it is unsurprising that the SHR model remains the most widely
used to study ADHD.

Whilst the cause(s) of ADHD remains elusive, the pronounced male bias in
ADHD provides important clues to the aetiology of the disorder. ADHD is more
commonly diagnosed in males than females, with a ratio of 3:1 or even higher
(Willcutt, 2012, Davies, 2014). Male ADHD patients predominantly exhibit
symptoms of hyperactivity and impulsivity, whilst female ADHD patients tend to be
more inattentive (Davies, 2014, Lahey et al., 1994). Furthermore, males generally

have more severe ADHD symptom scores (Arnett et al., 2015) which could be
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attributed to the more severely impaired cerebellar-prefrontal-striatal networks in
male ADHD patients (Valera et al., 2010). Clinical studies have hinted that sex
could have an effect on stimulant medication in ADHD patients, although this
remains inconclusive due to the limited number of studies (Cornforth et al., 2010).
These sex differences are also mimicked in animal models of ADHD, specifically;
male SHRs have increased hyperactivity levels relative to female SHRs, whilst
female SHRs are more inattentive compared to male SHRs (Berger and
Sagvolden, 1998). Hence, better understanding of the biological factors underlying
the male-bias in ADHD will be integral to understanding the cause(s) of ADHD and
developing novel therapies with optimal effectiveness in each sex.

One biological factor that has been proposed to underlie the male bias in
ADHD is the male sex-hormone testosterone. Despite the important role that
prenatal testosterone plays in masculinising the developing male brain (Morris et
al., 2004), overexposure to prenatal testosterone could increase the susceptibility
of males to neurodevelopmental disorders such as ADHD and autism (Hines,
2008, Baron-Cohen et al., 2011). Multiple studies reported that males diagnosed
with ADHD possessed lower finger-length ratios (a surrogate measure of prenatal
testosterone exposure) (Martel et al., 2008, de Bruin et al., 2006), despite this
measure of testosterone being somewhat controversial. In support, children with
hyperandrogenism have increased risk of developing ADHD (Mueller et al., 2010).
Aside from sex hormones, emerging evidence suggests that sex chromosome
genes could also underlie the male bias in ADHD. Neuroprotective effects by X-
inactivation gene escapees in females (ie. females will have twice the gene
expression compared to males) have been proposed as a potential genetic

mechanism involved. Individuals with Turner syndrome, whereby they possess a
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45, XO karyotype (i.e. only one X-chromosome), have been linked to increased
vulnerability to disorders associated with impaired memory, attention, and social
interaction such as ADHD (Russell et al., 2006). A neuroimaging study showed
that both 45, XO females and 46, XY males have larger amygdala (involved in
emotion and social learning) volumes than 46, XX females, suggesting that having
a single X-chromosome could be a risk factor. On the other hand, over dosage of
Y-chromosomes has proven to be deleterious, whereby several cases of 47, XYY
and 48, XXYY boys were associated with ADHD (Ross et al., 2009, Ruud et al.,
2005, Tartaglia et al., 2012). Whilst it is unclear which sex-specific genes are
crucial for driving the sex differences in ADHD, emerging studies indicate that the
Y-chromosome gene, SRY, represents an excellent candidate for the sex-related
endophenotype in ADHD (Dewing et al., 2006, Czech et al., 2012).

Whilst SRY is a key male sex-determining gene in the male gonads
(Koopman et al., 1990, Sekido et al., 2004, Sinclair et al., 1990), there is a clear
temporal segregation in the functionality of SRY in the male brain (Hacker et al.,
1995, Jeske et al., 1995, Capel et al., 1993, Mayer et al., 2000). Brain mapping
studies in rodent and human demonstrated that SRY is expressed in midbrain
regions such as the substantia nigra pars compacta (SNc), substantia nigra pars
reticulate (SNr), ventral tegmental area (VTA), and hypothalamus (Mayer et al.,
1998, Lahr et al., 1995, Dewing et al., 2006, Milsted et al., 2004). In the male SNc
and VTA, SRY protein co-localises with TH-positive neurons (Czech et al., 2012,
Dewing et al., 2006). In keeping with the localization of SRY in DA neurons, work
from Chapter 2 and others demonstrate SRY transcriptionally regulates DA
machinery genes such as tyrosine hydroxylase (TH), monoamine oxidase-a

(MAO-A) and dopamine D2 receptor (DRDZ2) in vivo and in vitro (Czech et al.,
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2012, Milsted et al., 2004, Wu et al., 2009). In addition to midbrain DA neurons,
SRY also co-localises with GABAergic neurons in both human (Czech et al., 2012)
and rat SNr (Dewing et al., 2006) in males. Moreover, results in Chapter 2
demonstrate that SRY positively regulates the GABA synthesis enzymes, Gad1
and GadZ2 in the rat SN, indicating a role for SRY in modulating DAergic and
GABAergic functions in the male brain.

Considering the presence and function of Sry in male DA and GABA
systems, dysregulation of Sry could affect DA and GABA transmission in the male
brain, and consequently impact cognition and behaviour. Hence, dysregulated Sry

expression could underlie male susceptibility to ADHD. | hypothesise that:

i) Brain SRY expression is dysregulated in male ADHD patients
i) Normalizing brain SRY expression in male ADHD will reduce brain

chemical abnormalities and consequently symptoms of ADHD.

To test these hypotheses, the main aims of this chapter are:
1) To assess the regulation of brain Sry expression in the SHR model of ADHD.

2) To determine the function of brain Sry in the SHR model of ADHD.
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4.2 MATERIALS AND METHODS

SHR model of ADHD

The spontaneously hypertensive rat (SHR) model is by far the most widely used
and accepted animal model of ADHD (Russell, 2011). SHRs mimic the key
symptoms (i.e. inattention, hyperactivity and impulsivity) and pathophysiology
(dysfunctional catecholamine and GABAergic transmission) of the human
condition (Sagvolden et al., 2005, Sterley et al., 2013). SHRs also exhibit sex

differences in attention and motor behavior (Berger and Sagvolden, 1998).

Study design

Aim 1. Assess the regulation of SRY expression in the SHR model of ADHD

To determine whether brain Sry expression is dysregulated in the SHR model of
ADHD, Sry mRNA expression from various brain regions were compared between
male SHRs and wild-type Wistar Kyoto (WKY) rats (see Figure 4.3). SHR and
WKY rats aged 4 and 12 weeks were used to determine any age-dependent

effects. Thus, the animals were divided into the following groups:

Group 1: Male WKY (4-week old)
Group 2: Male SHR (4-week old)
Group 3: Male WKY (12-week old)
Group 4: Male SHR (12-week old)

Locomotor activity of the SHRs and WKY's was assessed using the open field test.
At the end of the open field test, the animals were culled and various brain regions

were processed for RNA extraction for QqRT-PCR measurements.
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Figure 4.3 Schematic outline of Aim 1. Locomotor activity was assessed in 4
and 12-week old male SHRs and WKY's by open field test. Following the open field
test, rats were culled and RNA was extracted from various brain regions for Sry
MRNA measurements.

Aim 2. Determine the function of brain Sry in the SHR model of ADHD.

To determine the function of Sry in the SHR model of ADHD, the effect of reducing
brain Sry expression on locomotor and cognitive behaviours were assessed in
male SHRs and WKYs (see Figure 4.4). Brain Sry expression was reduced in
male rats by repeated intracerebroventricular (ICV) Sry ASO infusion. At 7 days
following the implantation of ICV cannula, male SHRs and WKYs were infused
daily with ICV Sry ASO (or SO) for 7 days. A group of female WKYs were also
used to account for any off-target effects of the Sry ASO. Thus, the animals were
divided into the following groups:

Group 1: Male WKY (12-week old) / SO
Group 2: Male WKY (12-week old) / ASO
Group 3: Male SHR (12-week old) / SO
Group 4: Male SHR (12-week old) / ASO
Group 5: Female WKY (12-week old) / SO
Group 6: Female WKY (12-week old) / ASO
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Motor and cognitive behaviours were assessed by the open field, novel object
recognition (NOR) and spontaneous alternation tests at day O (pre-infusion) and 7
days post ASO infusion. At the end of the last behavioural test on day 7, the rats
were culled, and RNA was isolated from the hippocampus and PFC for Sry mRNA

measurements via qRT-PCR.
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Open field test ~ NOR test Spontaneous
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Figure 4.4 Schematic outline of experimental design for Aim 2. Stereotaxic
surgery was performed to implant a intracerebroventricular (ICV) cannula above
the right ventricle. At 7 days post surgery, Sry ASO (or SO) was infused daily for 7
days via the ICV cannula. Motor and cognitive behaviour were tested by the open
field, novel object recognition (NOR) and spontaneous alternation tests at days 0
and 7 of Sry ASO (or SO) infusion. Following the last behavioural test, rats were
culled, and RNA was extracted from various brain regions for mRNA

measurements by qRT-PCR.

Intracerebroventricular cannulation in WKYs and SHRs
Unilateral guide cannula (22 gauge, Plastics One) directed at the right lateral

ventricle was implanted at 0.8mm posterior, 1.5mm lateral from bregma, and
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1.4mm ventral to the surface of dura. The guide cannula was secured to the skull
with stainless-steel screws and dental cement. Dummy cannulae that protruded

<0.5 mm beyond the opening were placed in the guide cannulae.

Repeated SRY antisense oligonucleotide (ASO) infusions

Brain Sry expression in male rats was reduced by repeated infusions of Sry ASO
via the intracerebroventricular (ICV) cannula (Supplementary table 2). The Sry
ASO used was a cocktail of three distinct ASOs directed against rat Sry mRNA
added in equal proportions, as described previously (Dewing et al., 2006). ASOs
were HPLC-purified (Invitrogen, Australia) and dissolved in artificial cerebrospinal
fluid (aCSF) vehicle to a final concentration of 2ug/uL. Infusions were made at a
rate of 0.5uL/min followed by a 2 min equilibration period, during which the needle
remained in place. All rats were infused unilaterally with ASO or SO daily (2pg in

1uL in aCSF) for 7 consecutive days.

Behavioural testing

Acclimatisation

Several measures were taken to minimize the level of stress of the rats before and
during the behavioural tests. Three days prior to any behavioural testing, rats are
handled for a minute daily. One day prior to behavioural testing, rats were allowed
to acclimatise in the lab. On the day of behavioural testing, rats are placed in the

lab at least one hour before the first behaviour test to acclimatise.

Open field test
The open field test measures general locomotor activity levels and anxiety in
rodents. This test was conducted in a 60cm x 60cm x 50cm open field area. The

rat was placed individually into the arenas for a 5 or 10 minutes testing period. A
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video camera above the arena recorded the locomotion of the rats, and various
parameters of movement (e.g. velocity, distance travelled) were-analysed by the

TopScan programme (CleverSys).

Novel object recognition test

The novel object recognition test was evaluated in a 60cm x 60cm x 50cm open
field area. The objects used during the test were 330ml glass bottles for the
familiar objects (FO) and T75 tissue culture flasks for the novel object (NO), which
were stuck to the floor of the open field box. Rats were acclimatised in the open
field box during the open field test performed prior to the NOR test. The NOR test
consisted of three trials — habituation, familiarization and test trials. During the
habituation trial, the rat was placed in the open field and allowed to freely explore
for 10 minutes. 1 hour after the habituation trial, the familiarization trial was
performed for 10 minutes (Data shown in Supplementary figure 2). Each rat was
placed in the open field, containing two identical 330ml glass bottles placed at
adjacent corners, located 15 cm from the open field walls and 30 cm between the
bottles. The test trial was performed 1 hour later where one of the familiar objects
(glass bottles) was replaced with a T75 tissue culture flask and each animal was
allowed to explore for 5 minutes. The discrimination index was calculated by the
difference in exploration time between the novel and familiar objects divided by the

total object exploration time ((NO-FO)/(NO+FQO)).

Spontaneous alternation test
Spontaneous alternation was determined by the Y-maze test that assesses spatial
memory and attention. The Y-maze was performed one hour after the novel object

recognition test. The apparatus consisted of three arms made of grey plastic that
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are 50cm long, 15cm wide and 30cm high extending from a central platform. Each
rat was placed in one of the arms and allowed to move freely between the three
arms for 8 minutes. Arm entry was defined as the entry of all four paws into one
arm. The Topscan software (CleverSys) tracked the movement of rats via a
camera mounted directly above the maze. Alternation behavior was defined as
consecutive entry into three different arms, with stepwise combinations in the
sequence. Maximum number of possible alternations was calculated by
subtracting two from the total of arm entries. Percentage of alternation was

calculated by (actual alternations/possible alternations) x 100.

Histology and biochemical Assays

Rat brains were isolated fresh and processed for gRT-PCR. Coronal sections were
cut serially through the prefrontal cortex, striatum, hippocampus, hypothalamus,
SN, thalamus, motor cortex and amygdala (Figure 4.3), and stored at -80°C.
Between each series, a 200um slab was collected and brain regions were isolated
for RNA processing using TRI-Reagent (Sigma Aldrich) according to the

manufacturer’'s recommendations.

Quantitative RT-PCR

Total RNA (100-300ng) isolated from selected brain regions associated with
ADHD using TRI-Reagent (Sigma Aldrich) was reverse-transcribed into cDNA
(QuantiTect Reverse Transcription kit, Qiagen) and equal amount of cDNA
template was added to QuantiNova SYBR Green master mix (Qiagen) using
primers listed in Supplementary Table 1. The relative level of mRNA was
interpolated from a standard curve prepared by serially diluting the cDNA reaction.

Specificity of PCR product formation was confirmed by monitoring melting peaks.
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All quantitative PCR reactions were conducted in triplicates. Final values represent
fold change of gene expression relative to the housekeeping genes TATA Box

Binding Protein (TBP).

Statistical analysis

All values are expressed as the mean + S.E.M. All data was analysed using tools
within Graphpad Prism 5. Comparisons of two experimental groups were
performed using two-tailed unpaired Student t-test. Multiple comparisons of more
than two experimental groups were performed using two-way ANOVA and Tukey’s
post hoc tests. Motor behaviour studies of the treatment groups across the days of
testing were also analysed by two-way ANOVA and Tukey’s post hoc test. The
exact P-values of the ANOVAs are given in the figure legends. Probability level of

5% (p < 0.05) was considered significant for all statistical tests.
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4.3 RESULTS

Male SHRs are significantly more hyperactive than male WKYs

Previous studies have demonstrated that SHRs exhibit the key features of ADHD
particularly inattention, hyperactivity and impulsivity (Sagvolden et al., 2005). To
validate these findings, the hyperactivity of SHRs was characterized using the
open field test. As illustrated by the trace images obtained from the open field test
(Figure 4.5A), male SHRs exhibit significantly higher locomotor activity in the
arenas compared to the male WKYs for both age groups. Two-way ANOVA
revealed an overall significant difference in total distance (F(1,28=111.4, p<0.0001,
Figure 4.5B) and velocity (F1,26=103.6, p<0.0001, Figure 4.5B) travelled between
the SHRs and WKYs. However, no significant age X strain interaction was
observed in total distance (F12=0.3261, p=0.57, Figure 4.5B) and velocity
travelled (F(128=0.5471, p=0.47, Figure 4.5B). Post-hoc Tukey analysis revealed
that male SHRs at both 4 and 12 weeks travelled far greater total distance (15.8 +
1.0m and 13.4 + 0.8m, 4w and 12w SHR, respectively, Figure 4.5B) compared to
the male WKYs (4.4 £+ 1.4m and 3.6 £ 0.5m, 4w and 12w WKY, respectively,
p<0.0001 vs SHR, Figure 4.5B). Similarly, male SHRs travelled at a significantly
higher velocity (0.056 + 0.004m/s and 0.046 + 0.002m/s, 4w and 12w SHR,
respectively, Figure 4.5B) compared to the male WKYs (0.017 £ 0.005 and 0.013
+ 0.002m/s, 4w and 12 WKY, respectively, p<0.0001 vs SHR, Figure 3.5B).
However, no age-dependent differences in locomotor activity were observed in the
WKYs and SHRs (Figure 3.5B). Overall, the data from the open field test revealed
that the SHRs are significantly more hyperactive than the WKY's, which supports

previous studies (Sagvolden et al., 2005).
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Figure 4.5 Total locomotor activity of 4 and 12 week old male WKYs and
SHRs in the open field test. A) Trace image taken from WKYs and SHRs
following 5 minutes in the open field test B) Total distance travelled and velocity
were analysed at the end of the test (n=8/group, mean + S.E.M. two-way ANOVA
****n<0.0001, compared to WKY in the same age group).
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Sry mRNA expression is reduced in the male SHR brain
To determine whether Sry expression is dysregulated in an animal model of
ADHD, Sry mRNA was measured in brain regions i) associated with ADHD
symptoms or ii) known to express Sry in male SHRs and WKYs. Two-ANOVA
analysis demonstrated significant strain differences in all the brain regions
measured; (Figure 4.6A to F). Significant age differences were also found in the
PFC (Figure 4.6A), striatum (Figure 4.6B), hippocampus (Figure 4.6C), SN (Figure
4.6D), hypothalamus (Figure 4.6E) and thalamus (Figure 4.6F). Moreover, age x
strain interaction was present in the striatum (Figure 4.6B), hypothalamus (Figure
4.6E), SN (Figure 4.6D), thalamus (Figure 4.6F) and amygdala (Figure 4.6H).

Post-hoc analysis of strain revealed that Sry mRNA expression in 4 and 12-
week male SHRs were markedly reduced in the PFC (11 and 21% of WKY, p<0.05
and p<0.001, respectively, Figure 4.6A), striatum (16 and 17% of WKY, p<0.05
and p<0.001, respectively, Figure 4.6B), SN (18 and 25% of WKY, p<0.01 and
p<0.001, respectively, Figure 4.6D), hypothalamus (10 and 12% of WKY, p<0.05
and p<0.001, respectively, Figure 4.6E) and thalamus (27 and 50% of WKY,
p<0.0001 and p<0.05, respectively, Figure 4.6F) compared to the 4 and 12-week
WKYs. Furthermore, Sry mRNA expression was reduced in 4-week male SHRs for
the motor cortex (11% of WKY, p<0.05, Figure 4.6G) and amygdala (15% of WKY,
p<0.05, Figure 4.6H), and in 12-week male SHRs for the hippocampus (41% of
WKY, p<0.05, Figure 4.6C) with respect to the WKYs.

Post-hoc comparisons between age groups revealed a developmental
increase in brain Sry mRNA expression in the male WKYs, with increases
observed in the 12-week WKY PFC (223% of 4w, p<0.01, Figure 4.6A), striatum

(288% of 4w, p<0.001, Figure 4.6B), hippocampus (213% of 4w, p<0.05, Figure
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4.6C), SN (200% of 4w, p<0.01, Figure 4.6D), and hypothalamus (245% of 4w,
p<0.01, Figure 4.6E) compared to the 4 week WKYs. However, the Sry expression
in the thalamus showed a reduction with increase in age at 12 weeks (22% of 4w,
p<0.0001, Figure 4.6F). In contrast to the male WKYs, the age-dependent
increase in Sry expression was absent in the male SHR brain, although a
significant reduction in the thalamus was observed for the 12-week SHRs
compared to 4 week SHRs (33% of 4w, p<0.05, Figure 4.6F).

Together, these findings reveal that i) Sry mRNA expression is significantly
reduced in the male SHRs compare to wild type WKYs, particularly in brain
regions associated with ADHD symptoms at both age groups and ii) the
developmental increase of Sry expression in the male WKYs is absent in the
SHRs. These findings suggest that stunted Sry expression in the male brain could

contribute to male ADHD.
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Figure 4.6 Sry mRNA expression in 4 and 12 week old male WKY and SHR A)
PFC, B) striatum, C) hippocampus, D) SN, E) hypothalamus, F) thalamus, G)
motor cortex and H) amygdala (n=4-5/group, mean + S.E.M. two-way ANOVA,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to WKY in the same age
group; #p<0.05, ##p<0.01, ####p<0.001, compared to 4w of the same strain).
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Gadd45y mRNA expression is not altered in the SHR brain

Previous studies have shown that induction of SRY expression is mediated by the
MAPK-GADD45y signaling pathway in embryonic gonads (Gierl et al., 2012, Warr
et al.,, 2012). Thus, Gadd45y was measured in 4 and 12 week-old SHRs and
WKYs to determine whether Sry is regulated in the same manner. Two-way
ANOVA analysis revealed that there were no significant differences in Gadd45y
expression between the SHRs and WKYs (Figure 4.7A to D). Significant age
difference in Gadd45y mRNA expression was observed in the striatum (Figure
4.7B) and hippocampus (Figure 4.7C), although post-hoc Tukey analysis did not
show any significant age differences between any groups. Therefore, these results
suggest that the reduction of brain Sry mRNA expression in male SHRs is not
associated with changes in Gadd45y expression, suggesting a Gadd45y-

independent mechanism of regulation in male SHRs.
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Figure 4.7 Growth arrest and DNA damage inducible y (Gadd45y) mRNA
expression in 4 and 12 week old male WKY and SHR A) PFC, B) striatum, C)
hippocampus and D) SN (n=4-5/group, mean + S.E.M. two-way ANOVA).
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Neurotransmitter synthesis enzymes are altered in the male SHR brain
Preclinical and clinical studies have demonstrated that ADHD symptoms could
arise from deficits in neurotransmitter systems, particularly, the hypofunction of
catecholamines and GABA as well as hyperfunction of glutamate (Arnsten and
Pliszka, 2011, Edden et al., 2012, MacMaster et al., 2003).

To determine whether the reduced Sry mRNA expression in male SHRs is
associated with hypofunction of the catecholamine system, the synthesis
enzymes, tyrosine hydroxylase (Th) and Dbh mRNA expressions were measured.
Two-way ANOVA revealed significant age differences in Th mRNA expression in
the SN and hypothalamus (Figure 4.8A and C) as well as significant age X strain
differences were present in the SN (Figure 4.8A). Post-hoc analysis revealed that
Th mRNA expression was significantly lower in the SN of 12-week SHRs
compared to 12-week WKYs (54% of WKY, p<0.05, Figure 4.8A). Post-hoc test
revealed a significant increase in Th mRNA expression in the SN (297% of 4w,
p<0.001, Figure 4.8A) and hypothalamus (483% of 4w, p<0.001, Figure 4.8C) of
12-week WKYs relative to 4-week WKYSs, indicating a developmental increase in
Th mRNA expression. In parallel, Dbh mRNA expression showed strain
differences in the PFC and SN (Figure 4.8B and D) as well as age differences in
the SN (Figure 4.8B). Dbh mRNA expression was significantly higher in the SN of
4-week SHRs compared to WKYs (200% of WKY, p<0.01, Figure 4.8B).
Furthermore, there was a significant reduction in Dbh mRNA expression in the SN
of 12-week old relative to the 4-week SHRs (7.5% of 4w, p<0.001, Figure 4.8B),
suggesting an age-dependent effect. In summary, these results show that the

developmental increase in midlbrain Th mRNA levels is absent in the SHRs.
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To determine whether the reduced Sry mRNA expression in male SHRs
could be associated with altered GABA and/or or glutamate levels, Gad1
(synthesises cytosolic GABA) and Gad2 (synthesises synaptosomal GABA) and
Gls (synthesises glutamate) were measured (Soghomonian and Martin, 1998).
The two-way ANOVA analysis showed significant strain differences of Gad17
MRNA expression in the striatum (Figure 4.9B), hippocampus (Figure 4.9C), SN
(Figure 4.9D) and thalamus (Figure 4.9F). Post-hoc Tukey’s analysis showed that
Gad1 mRNA expression is significantly higher in the 4-week SHR hippocampus
(307% of WKY, p<0.01, Figure 4.9C) and thalamus (268% of WKY, p<0.05, Figure
4.9F) compared to the 4-week WKYs. Similarly, Gad1 mRNA expression was
elevated in the striatum (171% of WKY, p<0.05, Figure 4.9B) and SN (232% of
WKY, p<0.01, Figure 4.9D) of 12-week SHRs compared to WKY's. Post-hoc Tukey
test revealed that Gad?7 mRNA expression in 12-week SHRs was significantly
higher in the SN (224% of 4w, p<0.05, Figure 4.9D) whilst lower in the thalamus
(16% of 4w, p<0.01, Figure 4.9F) compared to 4-week SHRs. Unlike Gad1, two-
way ANOVA analysis of Gad2 mRNA expression did not reveal any strain
differences between the SHR and WKYs. However, an age-dependent increase
was observed across all the brain regions except the thalamus (Figure 4.10A to F).
Therefore, these results suggest that Gad7 expression is increased in SHRs
compared to WKYs whilst no strain differences in Gad2 expression were
observed. Two-way ANOVA analysis of GIs mRNA expression did not show any
strain differences between the SHR and WKYs. However, an age-dependent
increase was observed across all the brain regions excluding the SN and thalamus
(Figure 4.11A to F). These findings demonstrate that G/s mRNA expression does

not differ between WKYs and SHRs.
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In summary, these findings indicate that the reduced brain Sry expression in
male SHRs is associated with dysregulation of brain Th and Gad?1 mRNA

expression.
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Figure 4.8 Tyrosine hydroxylase (Th) and dopamine beta hydroxylase (Dbh)
expression in 4 and 12 week old male WKY and SHR. A) Th and B) Dbh mRNA
in the SN, C) Th mRNA in the hypothalamus and D) Dbh mRNA in the PFC
(n=5/group, mean * S.E.M. two-way ANOVA, *p<0.05, **p<0.01, compared to
WKY in the same age group; ##p<0.01, ###p<0.001, compared to 4w of the same

strain).
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Figure 4.9 Glutamate decarboxylase 1 (Gad1) mRNA expression in 4 and 12
week old male WKY and SHR A) PFC, B) striatum, C) hippocampus, D) SN, E)
hypothalamus and F) thalamus (n=4-5/group, mean * S.E.M. two-way ANOVA,
*p<0.05, **p<0.01, compared to WKY in the same age group; ##p<0.01,

###p<0.001, compared to 4w of the same strain).
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Figure 4.10 Glutamate decarboxylase 2 (Gad2) mRNA expression in 4 and 12
week old male WKY and SHR A) PFC, B) striatum, C) hippocampus, D) SN, E)
hypothalamus and F) thalamus (n=4-5/group, mean + S.E.M. two-way ANOVA,
#p<0.05, ##p<0.01, ##H##p<0.0001, compared to 4w of the same strain).
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Figure 4.11 Glutaminase (GIls) mRNA expression in 4 and 12 week old male
WKY and SHR A) PFC, B) striatum, C) hippocampus, D) SN, E) hypothalamus
and F) thalamus (n=4-5/group, mean += S.E.M. two-way ANOVA, #p<0.05,

##p<0.01, compared to 4w of the same strain).
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Effect of Sry ASO infusion on cognitive and motor behaviour in male WKYs
and SHRs

To determine whether the reduced Sry levels in the SHRs are responsible for the
generation of symptoms, the effect of reducing Sry in the male WKYs was
assessed by various motor and cognitive behavioural tasks. Brain Sry expression
was reduced via repeated intracerebroventricular (ICV) Sry ASO-infusion in male
WKYs and male SHRs. Motor and cognitive behaviours were assessed by open
field, novel object recognition (NOR) and spontaneous alternation tests prior to
and seven days post daily ASO-infusion.

Open field testing of male WKYs revealed that there were no significant
differences in the total distance travelled, velocity and entries into the periphery
and centre between the ASO and SO-infused groups at either pre or at post 7-day
infusion (Figure 4.12A to D). However, 7 days of ASO-infusion in male WKYs
significantly reduced discrimination index compared to the SO-infused group (-
0.10 £ 0.12, ASO vs 0.32 + 0.07, SO, p<0.05, Figure 4.13A) and pre-infusion (-
0.10 £ 0.12, day 7 vs 0.33 = 0.08, day 0, p<0.05, Figure 4.13A). Similarly, the
ASO-infused male WKY rats showed preference for the novel object when
measured by percentage of exploration time relative to day 0 (44.86 + 5.68%, day
7 vs 66.58 + 3.80%, day 0, p<0.05, Figure 4.13B) and a decreasing trend
compared to the SO-infused group, although not statistically significant (Figure
4.13B). Furthermore, the ASO-infused male WKYs showed a significantly lower
percentage of correct spontaneous alternation compared to the SO-infused WKY's
(60.95 £ 5.49%, ASO vs 80.16 + 2.12%, SO p<0.01, Figure 4.14A). The deficit in
cognitive performance in the NOR and spontaneous alternation tests were

associated with reduced Sry mRNA expression in the hippocampus (50% of SO,
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p<0.05, Figure 4.15A). However, no significant change in Sry expression was
observed in the PFC (Figure 4.15B) of ASO-infused WKYs. Together, these data
indicate that reducing hippocampal expression, via Sry ASO-infusion, led to
cognitive impairment in male WKYs.

At pre-infusion, open field testing of male SHRs showed a higher total
distance travelled and velocity relative to male WKYs (Figure 4.12), validating that
the male SHRs are more hyperactive. However, 7 days of ASO-infusion did not
significantly affect the total distance travelled, velocity and entries into the
periphery and centre when compared to the SO-infused SHRs or pre-infusion
SHRs (Figure 4.12A to D). Unexpectedly, a significant decrease was observed in
total distance (18.4 + 1.1m, day 7 vs 26.1 £ 1.8m, day 0 p<0.01, Figure 4.12A) and
velocity (0.03 + 0.002m/s, day 7 vs 0.04 + 0.003m/s, day 0, p<0.01, Figure 4.12B)
in the SO-infused group post 7-day infusion compared to pre-infusion. At pre-
infusion, the NOR test demonstrated that male SHRs had a lower discrimination
index and percentage of novel object exploration time compared to the male
SHRs, indicating that male SHRs are cognitively impaired at baseline (Figure
4.13). Unlike the male WKYs, 7 days of ASO-infusion did not worsen the
discrimination index and percentage of novel object exploration time in male SHRs
when compared to the SO-infused groups or pre-infusion of ASO (Figure 4.13A to
B). At pre-infusion, no differences were observed in the percentage of correct
spontaneous alternations between male SHRs and WKYs, however the male
SHRs had higher total arm entries, suggesting increased locomotor activity (Figure
4.14). Furthermore, the test showed no significant differences in the percentage of
correct spontaneous alternations between the ASO and SO-infused groups at

either pre or at post 7-day infusion (Figure 4.14A). However, an unexpected
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significant reduction in total arm entries in the SO-infused group post 7-day
infusion compared to pre-infusion (25.4 + 2.73, day 7 vs 15.8 £ 1.58, day O,
p<0.01, Figure 4.14B). As shown previously in Figure 4.6, Sry mRNA expression
was reduced in the hippocampus and PFC of SO-infused male SHRs compared to
SO-infused male WKYs (Figure 4.15). However, 7 days of ASO infusion did not
further reduce Sry mRNA expression in male SHRs when compared to SO-infused
SHRs or pre-infusion SHRs (Figure 4.15 A and B). The lack of ASO effect on Sry
MRNA expression may be due to low endogenous Sry levels in male SHRs, which
is in keeping with the lack of ASO effect on cognitive function in male SHRs.
Behavioural testing of female WKYs revealed no significant differences in
the open field, NOR or spontaneous alternation tests compared to the male WKY's
at day 0 (Figure 4.12, 4.13 and 4.14), indicating that there are no significant sex
differences in locomotive and cognitive function for the WKY strain. Furthermore,
female WKY's showed no significant differences between the ASO and SO-infused
groups in any of the behavioural tests (Figure 4.12, 4.13 and 4.14), confirming that

the effect of Sry ASO-infusion in male WKYs was male (and Sry) specific.
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Figure 4.12 Effect of ICV Sry ASO infusion on locomotor activity. Male WKY,
male SHR and female WKY rats were assessed at day 0 and 7 of ICV Sry ASO (or
SO) infusion by the open field test. A) Total distance travelled, B) velocity, C)
entries into the periphery and D) entries into the centre in the open field test
(n=6/group, mean £ S.E.M. two-way ANOVA, ##p<0.01, compared to day 0).
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Figure 4.13 Effect of ICV Sry ASO infusion on recognition memory. Male
WKY, male SHR and female WKY rats were assessed at day 0 and 7 of ICV Sry
ASO (or SO) infusion by the novel object recognition test. A) Discrimination index,
B) percentage of time spent exploring the novel object (NO) and C) percentage of
bouts made to explore the NO during the test trial were calculated (n=6/group,
mean + S.E.M. two-way ANOVA, *p<0.05 compared to SO; #*5<0.05 compared to
day 0).
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Figure 4.14 Effect of ICV Sry ASO infusion on spatial memory. Male WKY,
male SHR and female WKY rats were assessed at day 0 and 7 of ICV Sry ASO (or
SO) infusion by the spontaneous alternation test. A) Percentage of correct
alternations and B) total arm entries were analysed (n26/group, mean + S.E.M.
two-way ANOVA, **p<0.01 compared to SO; #p<0.01 compared to day 0).
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Figure 4.15 Effect of ICV Sry ASO infusion on Sry mRNA expression. Sry
MRNA expression was measured following 7 days of ASO-infusion in the male
WKY, male SHR and female WKY A) hippocampus and B) PFC (n=6/group, mean
+ S.E.M. student t-test, *p<0.05, compared to SO).
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4.4 DISCUSSION

In this chapter, the findings provide evidence that, SRY, a male-specific Y-
chromosome gene, underlies the male bias in ADHD. To summarise, Sry mRNA
expression is reduced and developmentally stunted in the male SHR model of
ADHD. In parallel, catecholamine and GABA synthesis enzymes were altered in
the SHRs. Finally, suppressing Sry synthesis, by Sry antisense oligonucleotide
(ASO)-infusion via ICV in male WKYs resulted in cognitive impairments that were
similar to male SHRs. Importantly, the effect of Sry ASO-infusion on cognition was
absent in female WKYs, demonstrating for the first time a direct interaction

between cognition and a sex-specific gene.

Sry mRNA expression is reduced in brain regions associated with ADHD
symptoms in male SHRs

The results from the present chapter provide compelling evidence that brain Sry
MRNA expression is reduced in multiple brain regions of male SHRs (Figure 4.6).
In particular, Sry mRNA expression was reduced in the PFC, hippocampus,
striatum, hypothalamus and thalamus, brain regions that work independently or
interdependently with each other to generate pathophysiology of ADHD. Indeed,
reduced Sry expression in PFC, the pivotal brain region implicated in ADHD, could
contribute to impaired working memory resulting in inappropriate movement and
responses, and inattention in ADHD patients (Brennan and Arnsten, 2008).
Together with the PFC, suppressed Sry expression in the basal ganglia (includes
the striatum and SN) function could underlie the poor motor performance due to
the inability to inhibit unintentional movement in ADHD (Prince, 2008, Gaddis et
al., 2015). Furthermore, reduced Sry expression could disrupt thalamic function

resulting in inattention and impulsivity symptoms (Bailey and Joyce, 2015). On the
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other hand, reduced Sry expression in the striatum and the hippocampus could
lead to poor performance in cognitive tasks and learning disabilities (de Wit et al.,
2012, Plessen et al., 2006). In parallel, lower hypothalamic Sry expression could
underlie the negative stress response in ADHD patients (Ma et al., 2011). Whilst
the link between Sry and these ADHD symptoms need to be elucidated, a clinical
study showed that a boy with two copies of SRY displayed ADHD-like symptoms,
in particular, hyperactivity and impulsivity (Mulligan et al., 2008), indicating that
dysfunctional SRY expression is associated with clinical ADHD.

Results in this chapter also revealed that developmental increase in brain
Sry mRNA expression was absent in male SHRs (Figure 4.6). These results
indicate that stunted Sry transcription during development could contribute to the
susceptibility of males to ADHD, and identification of pathways involved in the
regulation of SRY expression in the ADHD brain may reveal male-specific causes
of ADHD. Previous studies demonstrate an essential role for the Gadd45y-p38-
MAPK pathway in the regulation of Sry expression in mouse embryonic gonads
(Warr et al., 2012, Gierl et al., 2012) and in a human cell culture model of PD
(Czech et al 2014). However, there were no significant differences in Gadd45y
MRNA expression between WKYs and SHRs (Figure 4.7) in any of the brain
regions measured. This suggest that the Sry expression in male SHRs is likely to
be mediated by a pathway independent of Gadd45y-MAPK signalling, such as the
D2 receptors. Given that SRY expression is positively regulated by the D2
receptor (Chapter 2), reduced DA levels in male SHRs may lead to reduced Sry
expression. In turn, the reciprocal regulation of the DA pathway by Sry could be
disrupted and exacerbate the symptoms in male ADHD. In support, a subtype of

the D2 receptor (DRD4) has been implicated in male ADHD (Das Bhowmik et al.,
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2013), and decreased D2 receptor availability is associated with increased
impulsivity in male rats (Dalley et al.,, 2007). Thus, assessing the effects of
pharmacological or genetic manipulation of the D2 receptor in male SHRs could
provide some important insights on the regulation of SRY expression in male
ADHD.

The interaction between DA and the glucocorticoid system could potentially
be involved in the regulation of SRY expression in male ADHD. Low levels of
cortisol, a glucocorticoid stress hormone, have been linked to the hyperactivity,
inattentive and impulsive symptoms in children with ADHD (Ma et al., 2011).
Whilst the impact of stress on male and females with ADHD remains elusive,
human and animal studies have suggested that stress is more closely linked with
cognition processes in males compared to females (Cornelisse et al., 2011, Espin
et al., 2013, Zorawski et al., 2005). Furthermore, stress regulation of cognition in
men, is associated with cortisol levels (Zorawski et al., 2005, Wolf et al., 2001),
whilst stress and cognition is modulated by ovarian hormones in females (Schoofs
and Wolf, 2009, Maki et al., 2015, Zeidan et al., 2011). Various studies focusing on
the male VTA systems have demonstrated that glucocorticoid stress hormones
impact the mesolimbic and mesocortical DA systems, which are associated with
the symptoms of ADHD (Piazza and Le Moal, 1996, Lindley et al., 1999, Krishnan
et al., 2007, Trainor, 2011, Lemos et al., 2012, Barik et al., 2013). In this thesis,
the results revealed that reduced levels of Sry could be associated with the
cognitive deficits in the SHRs. Whilst the mechanism underlying the reduced Sry
expression remain elusive, hormonal regulation of SRY via the glucocorticoid

system could be a potential mechanism underlying the male bias in ADHD.
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Reduction in hippocampal Sry levels is associated with impaired cognitive function
Direct in vivo actions of Sry in the brain were first demonstrated by assessing the
anatomical and behavioural consequences of down-regulating Sry expression in
the rat SN (Dewing et al., 2006). Knockdown of nigral Sry in the male rats, via
repeated Sry ASO injections, resulted in reduced motor performance, indicating
that Sry exerts direct actions on voluntary movement in males (Dewing et al.,
2006). Various rodent models have also demonstrated that Sry (solely or in
combination with other sex-linked genes) could be involved in influencing
impulsivity, feeding behavior, anxiety phenotypes and blood pressure (Davies,
2014, Kopsida et al., 2013, Ely et al., 2007, Ely et al., 2009).

To determine the function of Sry in the male ADHD brain, the effect of
reducing brain Sry expression, via repeated ICV ASO infusion, was assessed in
male WKYs and SHRs. Behavioural testing of male SHRs revealed hyperactive
behaviour and impaired cognitive function at baseline (i.e. pre-infusion), as
previously described (Russell, 2011, Sagvolden, 2000, Sagvolden et al., 2005).
However, Sry ASO infusion did not exacerbate the cognitive deficit or further
reduce brain Sry expression in male SHRs, indicating a ceiling effect of Sry
expression on cognitive function in the male brain. On the other hand, reducing
Sry levels in male WKYs led to a cognitive decline in the NOR and spontaneous
alternation tests, similar to those observed in the male SHRs (Figure 4.14 and
4.15). The ASO-induced decline in cognitive function was associated with reduced
hippocampal Sry expression, demonstrating that reduced brain Sry expression is
directly responsible for impaired cognitive function in male rats. In parallel, Sry
ASO-infusion did not affect any behaviour in the female WKY's, confirming that the

Sry ASO-infusion effects in the male WKYs are male-specific and off target effects
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are absent. Unexpectedly, the SO-infused male SHRs exhibited decreased
locomotor activity in the open field and spontaneous alternation tests following the
repeated SO infusions. Heightened levels of stress by an unknown cause could
have contributed to this unexpected finding.

Whilst ICV ASO infusion reduced hippocampal Sry expression in male
WKYs, it did not significantly affect Sry expression in the PFC. This suggests that
ICV ASO infusion may be effective in reducing Sry expression in brain regions
proximal to the lateral ventricles, such as the hippocampus (Figure 4.15), but to a
lesser extent in distal regions such as the PFC. Indeed, the lack of ASO effect on
locomotor activity in male WKYs may be related to inefficient knockdown of Sry
expression in brain regions that mediate motor function such as striatum and SN.
Thus, site-specific Sry ASO infusion in other Sry-positive brain regions are
necessary to better understand the physiological and pathophysiological brain
functions modulated by Sry.

Although the current chapter suggest that reduced brain SRY expression
underlies cognitive deficits in SHRs, downstream targets of Sry in the SHR brain is
unclear. Considering that Sry regulates DA and GABA biosynthesis in the male
brain, reduced brain Sry expression may lead to dysregulation of these
neurotransmitter systems. In support, the lack of developmental increase in nigral
and hypothalamic Th mRNA expression in male SHRs is associated with reduced
Sry expression in the same brain regions. Furthermore, Gad7 mRNA expression is
dysregulated in multiple brain regions in the male SHRs, which may be potentially
driven by SRY. Whilst these findings have provided a hint on the targets of Sry in
male ADHD, further work is required to better understand the direct effect of Sry

ASO infusion on the neurotransmitter systems in the normal and ADHD brain.
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In summary, these novel findings have revealed that SRY directly mediates
cognitive function in the healthy male brain; hence reduced SRY expression could

be underlying the cognitive deficits in male ADHD.

Contribution of sex-specific genes and sex-hormones in the ADHD brain

The findings in this chapter revealed that the reduced brain Sry expression in male
SHRs could underlie the susceptibility of male to ADHD. This is somewhat
intriguing, as this implies that the lack of SRY in females should increase the
vulnerability of females to ADHD. Considering that ADHD is clearly a male-biased
disorder (Arnett et al., 2015), this paradox may be explained by an alternate
mechanism for SRY in the female brain. Whilst oestrogen is an obvious candidate,
the oestrogen surge in females only occurs at puberty — after when ADHD has
already manifested. Another mechanism could be the protective effects of X-
inactivation escapee genes in females — i.e. females will possess two alleles whilst
males will only possess one allele. One such mechanism is the X-inactivation
escapee genes in females, which may be protective in ADHD. Indeed, an X-linked
escapee gene, steroid sulfatase (STS), which acts to modulate neurotransmitter
receptors, is potentially protective in females (Davies, 2012) as the lack of
functional Sts has been linked to inattention and hyperactivity in mice (Davies et
al., 2009, Trent et al., 2012). In support, STS activity in the brain is higher in
females compared to males in both humans and non-human primates, and the sex
difference might be of a greater magnitude during pre-pubertal period (Cuevas-
Covarrubias et al., 1993, Kriz et al., 2005, Steckelbroeck et al., 2004). Hence, X-
inactivation gene escapees could be a compensatory mechanism in females that

provide neuroprotection from ADHD.
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Several human and animal studies have revealed that overexposure of
testosterone underlies the male bias in ADHD (Hines, 2008, Baron-Cohen et al.,
2011, Mueller et al., 2010, Bucci et al., 2008, Li and Huang, 2006, Toot et al.,
2004). These findings highlight the importance of considering the effect of
testosterone underpinning the male bias in ADHD, and whether SRY might be
interacting with testosterone. During arousing conditions in rodents, circulating
testosterone levels is associated with testis size, which can be influenced by Sry
(Preston et al.,, 2012, Satou and Suto, 2015). A similar interaction could be
occurring in the brain, whereby elevated testosterone levels could be a
consequence of dysregulated SRY expression. In support, the stunted brain Sry
MRNA expression could be linked to the higher serum testosterone levels in male
SHRs compared to WKYs (Toot et al., 2004). Considering that SRY negatively
regulates transcriptional activity of androgen receptors (Yuan et al., 2001), the
reduced levels of Sry in male SHRs could result in increased AR activation and
testosterone signaling. This suggests that SRY could potentially directly target
some genes such as TH and indirectly regulate other genes via its interaction with

testosterone.

Future studies

Together, the current findings have provided evidence for a novel role of Sry as a
risk factor for male ADHD. To better understand the function of Sry in male SHRs,
an unbiased approach, such as RNA-sequencing and Sry chromatin
immunoprecipitation (ChlP)-sequencing are essential. These genome-wide studies
will provide a greater understanding of novel downstream targets and signaling
pathways of Sry in the male SHRs. In this chapter, Sry levels were reduced in

male SHRs compared to WKYs. In addition, reducing Sry levels via ICV resulted in
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impaired cognition in male WKYs that were similar to male SHRs. Therefore, it is
important to determine whether increasing Sry expression using a viral vector can
rescue the symptoms in male SHRs. If successful, this could potentially lead to
male-specific modifying therapy for males with ADHD.

To confirm and validate my findings that Sry is a male susceptibility factor
for ADHD, it is important to determine whether Sry expression is dysregulated in
other animal models of ADHD such as the Naples High Excitability (NHE) rat and
the DAT-KO murine models. Furthermore, these animal models should be used to
determine whether overexpressing or normalising Sry expression could attenuate
the ADHD-like symptoms.

Considering that overexposure of testosterone plays a role in underlying the
male bias in ADHD, further studies on understanding the link between SRY and
testosterone in the brain should be performed. Firstly, measuring various markers
of testosterone including the androgen receptors as well as synthesis and
metabolic enzymes in the WKY rats that received Sry ASO-infusion would reveal
any modulation of Sry on androgen biosynthesis, regulation and function.
Secondly, presuming that testosterone levels are elevated in male SHRs,
gonadectomised male SHRs will be useful to study the targets of testosterone.

Human studies examining SRY expression in ADHD post mortem sections
are crucial to help us better understand the role of SRY in ADHD. Furthermore,
clinical studies investigating SRY polymorphisms in male ADHD patients would be
beneficial. If SRY mutations are identified, this could potentially lead to earlier

diagnosis and intervention of ADHD in males.
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Conclusion

The current findings in this chapter indicate that the aberrant developmental
regulation of SRY may provide a mechanistic basis for the pronounced male bias
in ADHD. Another significant finding is that SRY could be involved in modulating
learning and attention. Hence, in addition to the deleterious effects of elevated
testosterone levels, reduced Sry mRNA expression proved to be detrimental and
may contribute to some of the ADHD symptoms. SRY is definitely not solely
responsible for underlying the pathophysiology and symptoms in ADHD
considering that females are also diagnosed with ADHD. However, this study
suggests that SRY could be an additional susceptibility factor contributing to the

male bias in ADHD, by interacting with other genes and/or hormones.
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CHAPTER 5:

General discussion and
conclusion
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5. General discussion and conclusion

Sex differences in the brain are more pervasive than many appreciate. Emerging
studies have revealed that the vast majority of brain sex differences are present in
the neuroanatomy and neurochemistry, as well as neuronal structure and
connectivity of the brain. These brain sex differences are thought to underlie the
startling sex differences observed in several neurological disorders. For example,
females are more likely to develop depression, anxiety (Weissman et al., 1996,
Nolen-Hoeksema, 1987) and Alzheimer's disease (Hebert et al., 2013), whilst
males are more susceptible to Parkinson’s disease (PD) (Wooten et al., 2004),
attention deficit hyperactivity disorder (ADHD) (Balint et al., 2009), and autism
spectrum disorders (ASD) (Gillberg et al., 2006) and early-onset schizophrenia
(Hafner et al., 1993). This highlights the importance of exploring sexual
dimorphism in the brain for their impact and therapeutic implications for
neurological disorders.

The biological basis underlying the sexual dimorphism in the brain has
predominantly been attributed to the influences of gonadal sex steroids, in
particular oestrogen. Several clinical and pre-clinical studies have demonstrated
that oestrogen positively regulates components of multiple neurotransmitter
systems. In the DA pathway, oestrogen modulates DA synthesis, release,
metabolism and receptor binding in females (Pasqualini et al., 1995, McDermott et
al., 1994, Di Paolo et al.,, 1985, Demotes-Mainard et al., 1990). In parallel,
oestrogen suppresses GABA synthesis and neurotransmission whilst promoting
receptor binding (Saad, 1970, Murphy et al., 1998, McGinnis et al., 1980, Perez et
al., 1988). Furthermore, oestrogen regulates acetylcholine levels and receptor

binding activity (Avissar et al., 1981, Hortnagl et al., 1993, Egozi et al., 1982). It is
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well established that oestrogen exerts neuroprotective actions in females, as
worsening of symptoms in PD and schizophrenia are associated with the declining
levels of oestrogen at the onset of menopause (Quinn and Marsden, 1986,
Riecher Rossler, 1994), whilst oestrogen replacement therapies attenuated the
symptoms (Shulman and Bhat, 2006, Riecher Rossler, 1994). Whilst prenatal
testosterone is important for the masculinization of the developing male brain
(Morris et al., 2004), overexposure to prenatal testosterone increases the
susceptibility of males to neurodevelopmental disorders such as ADHD and ASD
(Hines, 2008, Baron-Cohen et al., 2011).

In addition to the influence of sex hormones on the healthy and diseased
brain, emerging evidence reveals that sex chromosomes also contribute (Arnold,
2004, Carruth et al., 2002, Dewing et al., 2003, Beyer et al., 1992, Ngun et al.,
2011, McCarthy and Arnold, 2011, McCarthy et al., 2012). Animal studies revealed
that sexually dimorphic gene expression in the brain occurs prior to hormonal
influence (Dewing et al., 2003, Beyer et al., 1992), thus suggesting that sex
chromosome gene might also underlie brain sex differences. Furthermore, the
“four core genotype” mouse model, which partitions the effect of sex chromosome
genes from the actions of gonadal sex hormones, have demonstrated significant
differences between XY and XX mice such as DA cell numbers (Carruth et al.,
2002), social behaviour (McPhie-Lalmansingh et al., 2008) and susceptibility to
autoimmune disease (Smith-Bouvier et al., 2008). In addition, X-inactivation gene
escapees in females (ie. females will have twice the gene expression compared to
males) are neuroprotective in females, particularly in neurodevelopmental
disorders such as ADHD. Individuals with a 45, XO karyotype (i.e. only one X-

chromosome), have been linked to increased vulnerability to disorders associated
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with impaired memory, attention, and social interaction such as ADHD (Russell et
al., 2006). Hence, possessing both X-inactivation gene escapees is important for
neuroprotection in females, suggesting that having only one X-chromosome in
males could be a risk factor. However, another potential susceptibility factor in
males are the genes on the Y-chromosome, such as, SRY.

The discovery of the sex determining gene SRY led to the identification
and characterization of genes involved in the sex determination pathway and
gonadal development (Ono and Harley, 2013, Svingen and Koopman, 2013). The
finding that SRY is expressed in tissues outside the gonad, such as the brain,
heart and adrenal glands, sparked speculation about the non-gonadal function of
SRY (Clepet et al., 1993). In the male brain, SRY is expressed in the midbrain
such as the substantia nigra pars compacta (SNc) and ventral tegmental area
(VTA) and the hypothalamus, which are abundant with DA neurons (Dewing et al.,
2006, Czech et al., 2012, Mayer et al., 1998). In the male SNc, SRY positively
regulates transcription of DA machinery genes such as tyrosine hydroxylase (TH)
and monoamine oxidase-a (MAO-A) (Dewing et al., 2006, Czech et al., 2012, Wu
et al., 2009) and consequently, voluntary movement (Dewing et al., 2006). For the
first time this suggested a direct genetic link between a sex-specific gene and
behaviour. Therefore, the general aim of this thesis was to extend these findings to
ultimately better understand the contribution of SRY in the healthy male brain as

well as in male-biased neurological disorders such as PD and ADHD.

Regulation of SRY in the healthy and diseased male brain
In the developing male gonad, the activation of Sry is dependent on the Gadd45y
pathway (Gierl et al., 2012, Warr et al., 2012). We have also shown that the

upregulation of SRY following 6-OHDA treatment (Czech et al., 2014) is mediated
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by the GADD45y-MAPK signalling pathway, demonstrating that SRY levels is
altered in pathophysiological conditions. The work from chapters 2 and 3 add
further support to these findings, as SRY and GADD45y expression were
aberrantly upregulated in response to cellular injury resulting from supra-
physiological levels of DA in vitro or 6-OHDA or rotenone treatment in in vitro cell
culture and in vivo rat models of PD. This SRY upregulation occurred prior to DA
cell loss, suggesting a compensatory increase in response to cellular injury.

In addition to the pathophysiological upregulation of SRY expression,
chapter 2 revealed a novel physiological form of SRY regulation that was
GADDA45y-independent and responsive to D2 receptor stimulation. The potential
regulation of SRY expression by the D2 receptor pathway, and the reciprocal
regulation of the DA system by SRY indicate a feedback loop to maintain optimal
levels of SRY and DA in the male brain. Given the well-established sex differences
in the expression and function of D2 receptors (Pohjalainen et al., 1998, Andersen
and Teicher, 2000), D2 receptor-dependent regulation of SRY may underlie these
sex differences. Moreover, dysregulation of this D2 receptor feedback mechanism
may be responsible for sex differences observed in male-biased neurological
disorders such as ADHD and early-onset schizophrenia.

In contrary to experimental models of PD, the results from chapter 4
revealed reduction in brain Sry expression in the SHR model of ADHD, particularly
in brain regions associated with ADHD symptoms. Moreover, developmental
increase in brain Sry expression observed in the control WKY strain was stunted in
the male SHRs, which may underlie the developmental deficits in cognitive
function in ADHD. Indeed, reducing brain Sry levels in male WKYs, resulted in

cognitive deficits to levels that were similar to male SHRs, revealing for the first
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time an interaction between a sex-specific gene and cognitive function. Unlike the
experimental models of PD, regulation of Sry in the SHRs was independent of the
Gadd45y-pathway, indicating Sry is regulated by a different mechanism in ADHD.
Given that SRY regulates DA biosynthesis genes, and DA regulates SRY via the
D2 receptor, dysregulation of this feedback loop may underlie the reduced SRY
expression and hypodopaminergic transmission in ADHD. Pharmacological or
genetic approaches to reduce D2 receptor and/or Sry expression in animal models
will be necessary to validate this hypothesis. Together, these findings demonstrate
that SRY expression is i) regulated by D2 receptor under physiological conditions,
ii) upregulated in conditions of cellular injury via a GADD45y-dependent
mechanism and iii) downregulated during development in an animal model of
ADHD. Therefore, better understanding of this regulation may reveal sex-specific

causes and consequently novel therapies for male biased neurological disorders.

Function of SRY in the healthy and diseased male brain

The contrasting effect of reducing Sry expression in healthy and toxin-induced rat
models of PD suggests an opposing role for Sry in the healthy and diseased male
brain. In line with previous in vitro studies (Czech et al., 2012, Milsted et al., 2004,
Wu et al., 2009), this thesis demonstrates that Sry regulates a wide range of DA
biosynthesis and catabolic genes in vivo, notably, Th, Mao-a, Ddc, Dbh, Dat, Drd1
and Drd2. In parallel, Sry also regulates GABA synthesis genes, Gad7 and Gad2,
which are predominantly expressed in the SNr. Considering the presence of Sry in
both the SNc and SNr, where it regulates DA and GABA biosynthesis genes, Sry
is likely to mediate input and output activity of the basal ganglia to potentially fine
tune basal ganglia functions, such as voluntary movement and goal-directed

actions in males. However, in 6-OHDA or rotenone-induced models of PD, the
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aberrant upregulation of nigral Sry mRNA expression was concomitant with
activation of several PD pathogenesis pathways. Conversely, reducing Sry
expression attenuated the motor deficits and nigral degeneration, indicating that
Sry upregulation is detrimental in male PD.

In contrast to experimental models of PD, Sry expression was reduced
and developmentally stunted in the SHR model of ADHD. Moreover, reducing
hippocampal Sry levels in male WKYs resulted in cognitive deficits to levels that
were similar to male SHRs. Whilst the target genes of Sry in ADHD remain
elusive, dysregulated Th and Gad genes are likely to occur given that they are
modulated by Sry. The paradox of reduced Sry expression in male ADHD and the
lower incidence of ADHD in females (which do not have SRY) suggest an
alternate mechanism for SRY in females. One such mechanism is the X-
inactivation escapee genes in females, which may be protective in ADHD. Steroid
Sulfatase (STS) is an X-linked escapee gene, which acts to modulate
neurotransmitter receptors, is potentially protective in females (Davies, 2012). The
lack of functional STS has been linked to inattention and hyperactivity in mice
(Davies et al., 2009, Trent et al., 2012). In support, STS activity in the brain is
higher in females compared to males in both humans and non-human primates,
and the sex difference might be of a greater magnitude during pre-pubertal period
(Cuevas-Covarrubias et al., 1993, Kriz et al., 2005, Steckelbroeck et al., 2004).

Thus, work from my thesis demonstrates multiple roles for SRY in the
normal, PD, and ADHD male brain. In particular, aberrant up-regulation of Sry
was shown to detrimental in experimental PD models, whilst diminished brain Sry
expression was responsible for cognitive deficits in ADHD. These results suggest

that SRY exerts its action via different transcriptional targets during physiological
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and pathophysiological conditions, which will need to be considered when

designing therapeutics targeting SRY in the male brain.

Homeostatic regulation of SRY expression is essential for the healthy male brain

Chapter 2 has demonstrated that a D2 receptor mediated pathway regulates SRY
and in turn, Sry regulates DA biosynthesis and metabolism. On the other hand,
Chapters 3 and 4 revealed that the aberrant upregulation or downregulation of Sry
could be predisposing males to PD or ADHD, respectively. As illustrated in Figure
5.1, it is tempting to speculate that the homeostatic regulation of SRY expression
is important to maintain the healthy functioning of the male brain. However, a
DNA-damage event could trigger an aberrant upregulation of SRY expression and
consequently exacerbate the symptoms and pathophysiology in male
neurodegenerative disorders such as PD. This upregulation of SRY could be a
compensatory mechanism in response to injury and cellular stress. On the
contrary, the disruption of SRY expression during developmental stages, which
persist through adulthood, could predispose males to neurodevelopmental
disorders that have a significant male bias such as ADHD and ASD. Similarly in
females, oestrogen levels are important for healthy functioning of the female brain
as a decline in oestrogen predisposes females to neurological disorders, such as
PD and schizophrenia (Quinn and Marsden, 1986, Riecher Rossler, 1994). Given
that oestrogen replacement therapies have been effective in treating PD and
schizophrenic female patients (Shulman and Bhat, 2006, Riecher Rossler, 1994),
designing therapies to target SRY expression in males with neurological disorders
might be beneficial. In particular, novel therapies that reduce the levels SRY in
males with neurodegenerative disorders such as PD or increase the expression of

SRY in males with neurodevelopmental disorders such as ADHD and ASD.
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Figure 5.1 Proposed model for SRY regulation in healthy and diseased male
brain. SRY is developmentally regulated from birth through to adulthood in the
healthy male brain. However, stunted development of SRY expression during the
developmental stage could predispose males to ADHD. In contrast, aberrant
increase in SRY expression during adulthood could underlie male susceptibility to
PD.

Potential role of SRY in other male biased neuropsychiatric and
neurodegenerative disorders

The results from my thesis have revealed for the first time a sex-specific genetic
basis underlying the male-bias in neurological disorders such as PD and ADHD.
Considering the wide distribution and functions of SRY in the male brain,
dysregulation of SRY expression could underlie other male biased
neuropsychiatric and neurodegenerative disorders.

ASD is a neuropsychiatric and neurodevelopmental disorder with one of the
strongest male bias whereby four males to every female diagnosed with ASD
(Fombonne, 2003) and this ratio is further increased to eleven to every one female
in severe autism (Gillberg et al., 2006). Both ASD and ADHD are
neurodevelopmental disorders that share similar clinical features and affects

children in the same three central areas — communication, social interaction and
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behavior. Given the presence of Sry expression in the brain regions affected in
ASD such as the PFC, hippocampus and the amygdala (Bachevalier and
Loveland, 2006, Baron-Cohen et al., 2000, Santangelo and Tsatsanis, 2005), it is
tempting to speculate that dysregulated Sry expression underlies the vulnerability
of males to ASD.

Another  male-biased  neuropsychiatric  disorder is  early-onset
schizophrenia, which is diagnosed in males twice as more often compared to
females (Hafner et al., 1993). Notably, the positive symptoms of schizophrenia
(e.g. hallucinations and delusions) are associated with increased presynaptic
dopaminergic activity, leading to excessive DA release (Laruelle, 1996, Miyake et
al.,, 2011) in the PFC originating from the ventral tegmental area (VTA) (Laruelle,
1996, Joyce and Meador-Woodruff, 1997). Furthermore, the hippocampus, which
is the central region involved in psychosis, experiences an overly responsive DA
system in schizophrenic patients. Considering that SRY is expressed in both the
human male VTA (Czech et al., 2012) and hippocampus, dysregulation of SRY
expression in these regions might contribute to the increased DA activity in the
mesolimbic system and predisposing males to early-onset schizophrenia.

Aside from PD, amyotrophic lateral sclerosis (ALS) is another
neurodegenerative disorder that displays a significant male bias. ALS is
characterized by the progressive degeneration of motor nerve cells in the brain
(McCombe and Henderson, 2010). Apart from being four times more prevalent
among males during early onset of the disease (Haverkamp et al., 1995), ALS is
usually manifested at a younger age in males relative to females (Norris et al.,

1993). As neuroinflammation has been implicated as one of the main
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pathogenesis pathways activated in ALS (Evans et al., 2013), the presence of
SRY in the microglia could underlie the male susceptibility in ALS.

Whilst a significant male bias is observed in many neurological disorders,
the biological basis underlying the sex differences have yet to be fully revealed.
Hence, further examining the expression and function of SRY in animal models
and human tissues samples in these male-biased disorders might reveal SRY as

novel sex-specific target for the diagnosis and/or therapy.

Future studies

My thesis has provided important insights into the role of SRY in the healthy and
diseased male brain. However, findings from my thesis have generated some
critical questions that need to be addressed.

Given the different regulatory mechanisms of SRY in the healthy and
diseased male brain, identifying the downstream targets that are activated by Sry
in the normal, PD and ADHD brain by genome-wide approaches, such as RNA
and chromatin-immunoprecipitation sequencing is essential to advance our
understanding brain sex differences. These approaches have the potential to
reveal the precise mechanism(s) underlying the aberrant up-regulation of SRY
expression in male PD and down-regulation of SRY in ADHD and identify
pathways that can be modulated as a sex-specific neuroprotective strategy for PD.

Although work from the current chapter and our group (Czech et al., 2012)
have provided a link between Sry and DA or GABAergic neurons in the male brain,
the precise role of Sry in these neurons remain unclear. To better understand the
role of Sry in specific cell types, generating mice using the Cre/lox system with Sry
floxed and a cre specifically driven by genes specific to the cell - for example, TH

in DA neurons, would reveal whether SRY is crucial for the development and
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survival of DA neurons. Given that SRY is expressed in brain regions that have not
been previously shown such as the hippocampus and cerebellum, overexpressing
or reducing Sry levels in these brain regions in rodents using a viral vector or ASO
technology, respectively, would uncover new behavioural roles for Sry in males.
Results from the current study indicate the importance of considering the
role of SRY when investigating the mechanisms underlying brain sex differences.
However, further work is needed to better understand the interactions between the
hormonal and genetic influences in the healthy and diseased male brain. For
instance, manipulating sex hormone levels via gonadectomy or oestrogen
treatment in SRY ASO-infused male rats, or alternatively in SRY over-
expressing female rats, could provide further insight into the degree and
nature of interactions between SRY and oestrogen that contribute to brain sex
differences. Overall, the characterisation of molecular mechanisms
responsible for differences between the male and female brain will give the
basic biological tools necessary to understand the occurrence of sex

differences observed in neurological disorders.
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Conclusion

The work presented in this thesis confirms and expands upon the knowledge of
the SRY in the healthy male brain as well as in male-biased neurological
disorders, PD and ADHD. These findings challenge the current dogma that
gonadal sex hormones are the sole regulators of sexual dimorphism in the brain.
Furthermore, it presents a new framework that includes sex chromosome genes,
particularly the Y-chromosome gene, SRY, for sex differences in the brain. SRY
appears to play a wider role than previously thought, whereby it is involved in the
healthy regulation of DA and GABA neurotransmission in the male brain. Thus, the
dysregulation of SRY expression could predispose males to neurological disorders
such as PD and ADHD and normalization of SRY may be protective in males.
Future research aimed at better understanding the role of SRY in the male brain is
necessary for the development of disease modifying therapies for male-biased

neurodegenerative and neuropsychiatric disorders.
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Supplementary figure 1 Effect of nigral Sry ASO infusion on striatal DA and
DOPAC levels in male rats. Following repeated nigral Sry antisense or sense
ODN injections (2pg/daily for 10 days) brains were processed for striatal DA and
DOPAC levels measurements (n=8/group, mean + S.E.M. student t-test, *p<0.05,

compared to sense).
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Supplementary figure 2 Percentage of time spent exploring the familiar
objects (FO) during the familiarisation phase at A) day 0 and B) day 7. All
groups of animals equal exploration time for each object. (n=6/group, mean =
S.E.M. two-way ANOVA).
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Species Gene Gene Name Forward sequence Reverse sequence
identifier (5-3) (5'-3)
Rat Sry Sex determining ttccaggaggcgcagagactga | tgttgaggcaacttcacgctgca
region Y
Rat Th Tyrosine hydroxylase actgtggaattcgggctatg cattgaagctctcggacaca
Rat Ddc Dopa decarboxylase tgactatctggacggcattgagg | ggaagtaagcgaagaagtagg
9
Rat Mao-a Monoamine oxidase- a | acgctcaggaatgggacaagat | cccacactgcctcacataccaca
9
Rat Dbh Dopamine beta agccccttcecttaccaca tgcgttctccatctcacctc
hydroxylase
Rat Dat Dopamine reuptake tgctggtcattgttctgcte gctccaggaagggtaactcc
transporter
Rat Drd1 Dopamine D1 receptor | gccatagagacggtgagcat ggcatgagggatcaggtaaa
Rat Drd2 Dopamine D2 receptor gtcctctacagegccttcac atgaggtctggcctgcatag
Rat Gad1 Glutamate tccaagaacctgctttcctgt ggatatggctcccccaggag
decarboxylase 1
Rat Gad? Glutamate gcccgctataagatgtttccag | gctgaaagaggtaggaagcatg
decarboxylase 1
Rat Gls Glutaminase ttgatcctcggagagaaggag gacgtgtcgtcacttgactcag
Rat Sox3 SRY-related HMG-box aacgctttcatggtgtggtcc gtccgggtactccttcatgtg
3
Rat Sox6 SRY-related HMG-box ctgcctctgcaccccataatg ttgctgagatgacagaacgct
6
Rat Bax Bcl-2-associated X ctcaaggccctgtgcactaaa cccggaggaagtccagtgt
protein
Rat Bcl-2 B-cell lymphoma 2 ggaggctgggatgcctttg ctgagcagcgtcttcagagaca
Rat Sod1 Superoxide dismutase | cactgcaggacctcattttaatcc gtctccaacatgcctctcttcat
1
Rat Sod2 Superoxide dismutase cgctggccaagggagat ccccgcecattgaacttca
2
Rat Gpx1 Glutathione cteggtttccegtgcaat tcggacatacttgagggaattca
peroxidase 1
Rat iNos Inducible nitric oxide cggaagagacgcacaggcag | aaggcagcaggcacacgcaat
synthase aggtt gatg
Rat Pgcla Peroxisome cagtcaagctgtttttgacgac cggagagttaaaggaagagca
proliferator-activated a
receptor gamma
coactivator 1-alpha
Rat CytC Cytochrome c oxidase actaccccttgcctgatgtg actcattggtgcccttgttc
Rat Nd1 NADH-ubiquinone ttaattgccatggccttcctcace | tggttagagggcgtatgggttctt
oxidoreductase chain
1
Rat Txnrd1 Thioredoxin reductase tcaaggtgaccgctaagtcc tcttcececggtcttttcattg
1
Rat Gadd45y Growth arrest and gctgcgagaacgacattgaca cggctctcctcgcagaacaa
DNA-damage-
inducible protein
GADD45 gamma
Rat Puma pb3 upregulated agtgcgccttcactttgg caggaggctagtggtcaggt
modulator of apoptosis
Rat Tbp1 TATA-box-binding gggagctgtgatgtgaagt gtggtcttcctgaatccecttta
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protein 1

Rat Tnfa Tumour necrosis factor | gccctaaggacacccctgaggg | tccaaagtagacctgcccggact
alpha agc cc
Rat 1-1B8 Interleukin 1 beta aaaaatgcctcgtgctgtct tcgttgcttgtctctecttg
Rat 1-10 Interleukin 10 taagggttacttgggttgcc tatccagagggtcttcagc
Rat Tof-B1 Transforming growth tggaaatcaatgggatcagtc ggagctgtgcaggtgttgag
factor beta 1
Human SRY Sex determining ttcccgcagatccegcttcggtac | tttttttttttttttgaaatgaataag
Region'Y tctg
Human | GADD45y Growth arrest and actagctgctggttgatcge caactcatgcagcgctttc
DNA-damage-
inducible protein
GADD45 gamma
Human B2M Beta-2-Microglobulin tgaattgctatgtgtctgggt cctccatgatgcetgcttacat

Supplementary table 1 Primer sequences
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Oligonucleotide Sequence Target Region of

mRNA
ASO 1 GCGCTTGACATGGCCCTCCAT +1to +21
ASO 2 CATGGGGCGCTTGACATGGCCCT +5 to +27
ASO 3 GGCCCTCCATGCTATCTAGA -10 to +10
SO 1 ATGGAGGGCCATGTCAAGCGC +1to +21
SO 2 AGGGCCATGTCAAGCGCCCCATG +5to +27
SO 3 TCTAGATAGCATGGAGGGCC -10to +10

Supplementary table 2 Base sequences and positions of rat antisense (ASO)

and sense (SO) oligonucleotides. Blue indicates that the residue is
phosphorothioated.
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forms, offers new insights into the underlying mechanisms and
behavioral relevance, and provides directions for future
research in the field of synaptic plasticity.

Keywords: associative learning, critical period, Hebbian
plasticity, homeostatic plasticity, motorskill learning, synaptic
plasticity.
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The mammalian brain has the fascinating ability of process-
ing and storing information in highly organized neuronal
networks (Hofman 2014). Synaptic plasticity can be defined
as the potential of neural activity patterns generated by
experiences to induce alterations in synaptic connectivity
(Bliss & Lomo 1973; Citri & Malenka 2008), thereby
playing key roles in brain function. This concept was first
proposed by Donald Hebb in 1949, who stated that
concurrent activation of pre-synaptic and post-synaptic
neurons increases the strength of their synaptic connections
(reviewed in Cooper 2005).

The nervous system modulates connectivity of its net-
works depending on activity of neurons that receive inputs
from their surroundings (Mayford et al. 2012) which is, for
instance, widely discussed as a mechanism of memory
formation (Fauth & Tetzlaff 2016). Such modulations could
appear at the functional level, for example, through changes
in transmitter release probability that result in altered strength
of synaptic transmission at pre-existing synapses (Castellucci
et al. 1970), and by changes in neuronal excitability (McKay
et al. 2013). On the other hand, structural modifications are
also possible through the emergence or disappearance of
dendritic spines (Engert & Bonhoeffer 1999) or synapses
(Martin & Kandel 1996).

Animal models have allowed a more complete understand-
ing of multiple features of the nervous system at molecular,
cellular, physiological, anatomical, and behavioral levels.
Simpler animal models are characterized by a number of
technical advantages, such as a short lifespan, large numbers of
offspring, mapped neural networks, and a wide range of
options for genetic modification (Jennings 2011).

In this context, Drosophila melanogaster (Frank et al.
2013), the transparent nematode Caenorhabditis elegans
(Corsi 2006; Lau et al. 2013), as well as the snail Aplysia
californica (Bailey & Chen 1983, 1988) have been widely
used in neuroscience research during the past decades to
study, for example, neurotransmitter release in synaptic
transmission (Schwarz 2006), axon guidance (Dickson &
Zou 2010), as well as potential neuroprotective strategies in
disease (Cutler et al. 2015; Sandin ef al. 2016). Fundamental
mechanisms in fish locomotor control were uncovered by
application of functional imaging approaches on larval
zebrafish (Portugues & Engert 2009; Valente et al. 2012),
which share basic brain organization with their vertebrate

counterparts (Friedrich er al. 2010; Engert & Wilson 2012;
Leung et al. 2013).

Nonetheless, the most commonly used models in neuro-
science are rodents. Mice (Mus musculus) and rats (Rattus
norvegicus) are particularly used in transgenic approaches,
since they offer a great variety of opportunities for studying
complex behaviors along with powerful genetic tools (Van
Meer & Raber 2005; Ward et al. 2011; Kim et al. 2013;
Rincon-Cortes & Sullivan 2016). Rodent hippocampal slice
preparations are only one example of broadly used tools to
study mammalian synaptic function and plasticity from
genetic and epigenetic to protein and structural levels (Hofer
et al. 2009; Ch’ng et al. 2012). Despite their advantages,
mouse models alone cannot reflect the diversity of all
organisms. Variations in motor systems and behavior explain
why larger animal models are often more suitable (Courtin
et al. 2014). For example, early studies on the effects of the
visual cortex (Wiesel & Hubel 1963; Shatz & Stryker 1978;
Shatz & Luskin 1986) and description of the mechanisms
underlying plasticity on the proteomic level (Cnops et al.
2008) were carried out in Kittens (Felis silvestris catus).

Although improvements in modeling have enabled con-
siderable progress in understanding synaptic plasticity, many
mechanistic, structural, and regulatory factors remain elusive.
To understand fully the computation of the brain in health
and disease will therefore be a vital task in present and future
neuroscience. By covering topics from developmental,
molecular, and systematic neuroscience, this review aims to
provide an update on current knowledge in synaptic plastic-
ity, as well as offer directions for future research in the field.
The authors participated in the first Flagship School hosted
by the International Society for Neurochemistry (ISN) and
the Journal of Neurochemistry (JNC) on ‘The Malleable
Brain’ in September 2016 in Alpbach, Austria.

Synaptic plasticity during the critical period

During certain periods of development, brain circuits are
highly receptive to specific experiences and undergo max-
imum plasticity rates. These sensitive temporal windows of
heightened experience-dependent neural plasticity are known
as critical periods (Hartley & Lee 2015), which can be
defined as the timeframe in which development leads to
permanent and irreversible changes in the neuronal networks
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of different brain regions (Ismail et al. 2016). Critical periods
are initiated when the cortical circuitry begins to receive
input from the sensory epithelium (Trachtenberg 2015) and
are crucial for refining brain circuits based on environmental
inputs (Hensch 2005), leaving major impacts on behavior
(Knudsen 2004). Timing, duration, and strength of critical
periods can be affected by neurological diseases that are
associated with abnormal plasticity mechanisms, such as the
autism spectrum disorders (ASD), Rett, Fragile X, and
Angelman syndromes (Ismail et al. 2016).

Knowledge of neuroplasticity within critical periods
emerged primarily from research on sensory systems such as
the visual system. The development and plasticity of the
primary visual cortex have been studied using various animal
models (Wiesel & Hubel 1963; Horton & Hocking 1997;
Crowley & Katz 2000; Smith & Trachtenberg 2007; Faguet
et al. 2009). Following eye opening, the primary visual cortex
has a preference for inputs from one eye, known as ocular
dominance, but this is reduced during the critical period
(Hubel & Wiesel 1962; Espinosa & Stryker 2012). Monocular
deprivation during early postnatal life causes connections to
be eliminated in the closed eye and strengthens connections in
the open eye in both humans and rodents (Wiesel 1982;
Antonini & Stryker 1993). This leads to loss of visual acuity
and a clinical condition called amblyopia (Wiesel 1982).
Studies have also reported that children who develop discor-
dant vision or a cataract in one eye during a critical period
suffer from permanent defects in vision through that eye
(Parsons-Smith 1953). As later-life monocular deprivation
effects are not severe, it is apparent that visual experience
during the critical period in early life is crucial for optimal
development of the visual cortex (Nabel & Morishita 2013).

The initiation and closure of the visual critical period is
driven by the maturation of the inhibitory circuitry in the
cortex (Hensch er al. 1998; Katagiri et al. 2007). The shift to
a predominantly inhibitory activity culminates in consolida-
tion of neuronal circuits through curtailing development of
new synapses and pruning of existing ones. Although the
role of inhibition in the initiation of the critical period is still
elusive, it probably mediates plasticity by altering the
composition of NMDARs (Kanold et al. 2009) and/or
facilitating long-term depression (LTD) (Choi et al. 2002).
Moreover, its inhibition directly plays a role in ocular
dominance shift. This was exemplified when intravenous
injections of the GABAR antagonist bicuculline reinstated
binocular responses in a significant proportion of neurons in
the visual cortex of cats with vision loss (Duffy et al. 1976).
Further studies have shown that transplantation of GABAer-
gic precursor cells in mice after the closure of the critical
period induces ocular dominance plasticity (Southwell et al.
2010; Tang et al. 2014).

The extracellular environment is also important for visual
cortical plasticity, particularly perineuronal nets (PNN),
which consist of chondroitin-sulfate proteoglycans. With
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age, GABAergic parvalbumin-expressing interneurons (PV
cells) will eventually be encased by PNNs, thus marking the
end of the critical period. Visual experience is essential for
maturation of PV cells, and accurate critical period timing as
dark rearing from birth results in a prolonged critical period
because of stunted maturation of the PNNs (Pizzorusso et al.
2002). PNNs mediate the transfer and facilitate internaliza-
tion of orthodenticle homeobox 2 homeoprotein in PV cells,
in which specific orthodenticle homeobox 2-binding sites are
present to maintain critical period closure (Beurdeley et al.
2012).

During the development of the primary auditory system,
synapse elimination occurs in the brainstem in the first
postnatal week of rodents, prior to hearing onset (Kim &
Kandler 2003). Following the onset of hearing at P11-P12,
the critical period is initiated in the auditory cortex (Blatchley
et al. 1987; de Villers-Sidani et al. 2007) where synchro-
nized and coherent environmental acoustic inputs are crucial
for maturation of the primary auditory system (Zhang et al.
2001; Chang & Merzenich 2003). Exposure to degraded
noise conditions (i.e., incoherent continuous noise and
absence of tones that stand out) causes a delay in the critical
period leading to poor development of the auditory cortex
(Zhang et al. 2001; Chang & Merzenich 2003; Hensch
2004). Thus, these studies indicate that, besides sensory
deprivation, poor environmental noise can potentially halt or
delay development of hearing in children (Zhang et al. 2001;
Chang & Merzenich 2003). Learning occurring in a rapid,
period-sensitive manner independently of the behavioral
consequences, and accompanied by synaptic elimination,
comprises the concept of imprinting. Many species, includ-
ing birds and mammals, exhibit imprinting, in which they
display an innate tendency to follow the first suitable moving
stimulus. The first extensive systematic study involving
critical periods required for imprinting was carried out by
Konrad Lorenz in the first half of the 20™ century (Lorenz
1937). He demonstrated that incubator-hatched geese imprint
on the first moving visual object during the critical period
between the first 13—16 h. Female offspring of monkeys
(Harlow & Zimmermann 1959) or rats (Liu et al. 2000) that
experience stress and anxiety during early postnatal days
tend to display poor maternal care behavior later on in life.
Parental care mediates the effects of environmental adversity
on the development of the nervous system and, therefore,
early postnatal experiences may subdue the genetic predis-
positions (Meaney 2001).

Similarly, slow-wave sleep, which makes up most of adult
sleep as compared to rapid eye movement-like sleep during
early life, augments critical period plasticity in the visual
system (Jouvet-Mounier e al. 1970). It has also been
suggested that sleep is configured and structured by expe-
rience (Miyamoto et al. 2003). Sound localization is another
example of an intricate exercise that displays several aspects
of critical period development (Knudsen ez al. 2000). Here,
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the auditory and visual experiences during early life cause
adaptive changes in the auditory localization behavior and,
correspondingly, in the functional and anatomical properties
of the midbrain localization pathway. Extensive studies by
Allison Doupe explained the need of young songbirds to hear
adult sound (songs) during a sensitive period to learn their
songs, which appears to be similar to speech acquisition in
humans (Brainard & Doupe 2002, 2013). We now have
sufficient evidence to recognize critical periods as the
windows that provide insights into the neural mechanisms
of learning and synaptic plasticity.

Cellular and molecular mechanisms of synaptic
plasticity

Synaptic plasticity requires functional and/or structural
modifications at synapses upon persistent stimulation (Lepeta
et al. 2016). Functional plasticity is essential to allow
adaptation to different contexts and learning (Kandel et al.
2014; Bailey et al. 2015), which rely on precise, local and
dynamic control of synapse function (Petzoldt et al. 2016).
Pre-synaptic plasticity involves alteration of neurotransmitter
release tonus or dynamics, while post-synaptic plasticity
usually encompasses alterations in receptor number, avail-
ability or properties (Yang & Calakos 2013; Lepeta et al.
2016).

While several forms of structural and functional alterations
in different neurotransmitter systems are speculated to exist,
plasticity at glutamatergic synapses has been the most
extensively characterized. Canonical mechanisms of func-
tional plasticity at glutamatergic synapses involve changes in
neurotransmitter receptor presence at the cleft with conse-
quent modifications of post-synaptic ionic balance and
kinase/phosphatase activation. For example, long-term plas-
ticity mechanisms that relate to memory [namely, long-term
potentiation (LTP) and LTD] appear to derive from persistent
stimulation of synapses at high or low frequency, respec-
tively (Bliss & Lomo 1973; Nabavi et al. 2014). Persistent
stimulation triggers ion influx through NMDARSs that, in
turn, determines the rate of exposure of o-amino-3-hydroxy-
5-methylisoxazole-4-propionate ~ receptors (AMPARS)
through post-translational modifications at the post-synaptic
density. Fine-tuning of such complex cascades will therefore
establish differential synaptic responses (Luscher & Malenka
2012; Kandel et al. 2014).

Despite some controversies (MacDougall & Fine 2014;
Padamsey & Emptage 2014), pre-synaptic mechanisms,
including increased neurotransmitter release, appear to
contribute to LTP (Bliss & Collingridge 2013). Although
mechanistic details are still not fully known, recent evidence
has highlighted the role of extracellular proteases, including
matrix metalloproteinases 7 and 9, ADAMIO0, and tissue
plasminogen activator (Szklarczyk et al. 2007; Peixoto et al.
2012; Wiera et al. 2013; Borcel et al. 2016; Jeanneret et al.

2016), and pre-synaptic cannabinoid receptor 1 as potential
drivers of pre-synaptic contributions (Madronal et al. 2012).
For instance, endocannabinoids could work as liaisons that
bridge post- and pre-synaptic signals toward plasticity (Wang
et al. 2016), in addition to well-known factors such as
neurexins and ephrins (Sudhof 2008; Klein 2009).

In the short term, synaptic plasticity is protein synthesis-
independent and relies on modification of the already
existing proteins. For longer lasting changes, local translation
in response to stimulation that uses the local machinery is
crucial, and can take place even in the dendritic compartment
(Aakalu et al. 2001; Sutton & Schuman 2006). However,
this can only last for several hours, suggesting that
transcriptional changes are required for maintaining long-
lasting plasticity, such as LTP and LTD (Frey et al. 1996;
Alberini & Kandel 2014).

Transcriptional regulation and synaptic plasticity

Nuclear transcription sets the cell at a ready state, after which
the locally regulated translation at the synapse permits quick
and space-restricted responses. From a canonical perspective,
the set of persistent activity-driven molecular modifications
at the synapse (e.g., ion influx, post-translational modifica-
tions) will drive the activation of a subset of transcription
factors ultimately resulting in transcriptional reprogramming
to maintain plasticity (Alberini & Kandel 2014). This may be
further regulated by epigenetic status and by several classes
of non-coding transcripts, including long non-coding RNAs
(IncRNAs) and piwi-related RNAs (piRNAs) (Rajasethupa-
thy et al. 2012; Maag et al. 2015). Nonetheless, two
additional types of signals appear to shape the final response
of a single synapse: the signal for translation of specific
mRNAs already at the synapse and retrograde signals from
the stimulated synapse to the nucleus, allowing for de novo
transcription.

Several mechanisms that mediate retrograde signals from
synapse to nucleus have been identified, including rapid
electrochemical signaling, regenerative calcium waves
orchestrated by the endoplasmic reticulum, and physical
transport of signaling molecules (Ch’'ng & Martin 2011).
Synapse-localized importins that bind the nuclear localiza-
tion signal-containing cargoes play a crucial role in mediat-
ing retrograde communication by translocating rapidly to the
nucleus in response to a synaptic stimulus (Thompson et al.
2004; Jeffrey et al. 2009). This could offer a mechanism
through which specific synapses could drive nuclear tran-
scriptional changes. The list of proteins that translocate from
synapses to the nucleus upon stimulation has been ever
growing and includes cAMP-responsive element binding
protein-2, CAM associated protein, ErbB4, Jacob, nuclear
factor kappa B (NF—«B), ErbB4, proline-rich protein 7, ring
finger protein 10, and the amyloid precursor protein intra-
cellular domain (Murata et al. 2005; Lee et al. 2007,
Dieterich et al. 2008; Lai et al. 2008; Ch’'ng & Martin
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2011; Karpova et al. 2013; Dinamarca et al. 2016; Krav-
chick et al. 2016; Melgarejo da Rosa ef al. 2016).

Recently, cAMP-response element binding protein
(CREB)-regulated transcription coactivator 1 has emerged
as an important coincidence detector that undergoes rapid
nuclear import upon stimulation and subsequent CREB
binding, coupling specific synaptic stimulation with activity-
dependent transcription because of its nuclear import and
localization (Ch’ng et al. 2015). CREB-regulated transcrip-
tion coactivator 1 appears to undergo a complex phospho-
rylation pattern that is controlled by both calcium influx/
calcineurin activation and cAMP-dependent signaling.
(Ch’ng et al. 2012).

Additional factors promoting synapse-nucleus communi-
cation remain to be identified in order to establish the full
repertoire  of mechanisms controlling activity-dependent
transcription. For instance, determining the molecules that
modulate the strength and target specificity of activity-
induced transcription, as well as establishing how activity of
a specific group of synapses could drive transcription to
sustain their own plasticity, are current gaps in the field.

Local protein synthesis as an emerging mechanism of
plasticity

Local regulation of protein synthesis is a key process
allowing for focal physiological responses in many cell
types. This is especially relevant for larger and polarized
cells, conferring on them the ability to quickly respond to the
local cues at a single site in a nucleus-independent manner
(Sutton & Schuman 2006). Given the diversity of synapses
that can be present in the dendritic arborization of a single
neuron, engagement of local mechanisms for regulating
synapse strength and function coordinates multiple signals
and facilitates proper responses (Rangaraju er al. 2017).

To date, multiple mRNAs required for neuronal function
have been shown to undergo synaptic translation in response
to local stimulation, including Arc, calcium/calmodulin-
dependent protein kinase 2 alpha, and PSD95 (Aakalu et al.
2001; Bramham & Wells 2007). Furthermore, components of
the translational machinery are present in dendritic spines
(Steward & Levy 1982), together with Dicer and other
components of the RNA-induced silencing complex (RISC)
as well as pre-miRNAs that are further cleaved to mature
miRNA (Wang ef al. 2012; Bicker et al. 2013). Importantly,
some studies have determined that some miRNAs are
synaptically enriched, and may play potential synapse-
specific roles in translation (Lugli et al. 2008; Siegel et al.
2009; Sambandan et al. 2017). However, given that the
translational machinery is not evenly distributed in dendrites,
a single spine may not host the whole translational apparatus,
and short stretches of the dendritic shafts presumably harbor
larger subcellular structures, including stretches of endoplas-
mic reticulum, Golgi outposts, and ER-Golgi intermediate
compartments (Horton & Ehlers 2003; Horton et al. 2005;
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Cui-Wang et al. 2012; Hanus et al. 2014; Mikhaylova et al.
2016).

The dendritic pool of synaptically translated mRNAs
considerably differs from the cell soma, as recently shown by
deep RNA sequencing of microdissected regions from
hippocampal CA1l (Cajigas et al. 2012). Interestingly,
sequencing of 3’'UTRs allowing the identification of multiple
polyadenylation sites in mRNAs revealed that longer 3'UTR
isoforms are mainly localized to distal parts of the cell,
whereas the shorter ones mainly localize to the soma,
suggesting a differential enrichment of mRNA variants of the
same gene at synaptic sites (An et al. 2008; Will et al. 2013;
Epstein et al. 2014; Vicario et al. 2015). A longer 3'UTR
provides more flexibility for regulation, because of the
presence of more miRNA and RNA-binding protein (RBP)
recognition motifs.

Synapse-targeted mRNAs are usually transported in RBP-
containing granules by microtubule-dependent transport
(Doyle & Kiebler 2011). Although the precise cues that
trigger local translation of specific mRNAs are yet to be
determined, recent studies suggested that calcium-dependent
retrograde netrin-1/DCC receptor signaling could be one
such mechanism (Kim & Martin 2015). In addition,
activity-dependent regulation of the fragile X mental
retardation protein (FMRP) has been shown to promote a
number of synaptic mRNAs by direct interaction (Darnell
et al. 2001). FMRP is an RBP that physiologically
represses MRNA translation. Upon synapse stimulation,
however, FMRP becomes inhibited, allowing several
mRNAs to incorporate into the translational machinery
(Liu-Yesucevitz et al. 2011; Sidorov et al. 2013). In
accordance, deregulation of FMRP levels has been impli-
cated in multiple neurological disorders with a synaptic
background, including bipolar disorder, schizophrenia, and
affective disorders (Bryant & Yazdani 2016). Lack of
FMRP expression leads to Fragile X Syndrome, an ASD
with severe cognitive impairments, further confirming the
importance of precise regulation of local translation at the
synapse (Bagni & Greenough 2005).

Controlling synaptic proteostasis to shape plasticity

The requirement of coordinated mRNA transport and local
translation for synaptic plasticity adds support to the notion
that maintaining protein homeostasis, or proteostasis, is
critical for synapse stability and function (Hanus & Schuman
2013). In addition to local protein synthesis, protein degra-
dation by the proteasome also emerges as a critical regulator
of plasticity. In fact, neuronal activity recruits the proteasome
to synaptic sites (Bingol & Schuman 2006) through
CamKIla anchoring (Bingol er al. 2010). Synaptic localiza-
tion of the proteasome, in turn, promotes PSD protein
degradation (Bingol & Schuman 2004), regulates neuro-
transmitter receptor trafficking (Ferreira er al. 2015), and
plays important roles in shaping structural and functional
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plasticity (Djakovic et al. 2012; Hamilton et al. 2012; Santos
et al. 2015; Li et al. 2016).

Schuman and colleagues have recently employed a varia-
tion in metabolic labeling termed ‘bio-orthogonal non-
canonical amino acid tagging’ to determine proteome fluctu-
ations during homeostatic plasticity and found the proteome
size to be similar regardless of the increased cell activity in
response to stimulation (Schanzenbacher er al. 2016). Their
findings suggest that, while several proteins are up-regulated
during synaptic scaling, others are down-regulated,

GPCRs

granules

Golgi aptparatus e
+ER Polysomes
Local translation

|

Synaptic plasticity

Fig. 1 Synapse-to-nucleus communication and local proteostasis in
synaptic plasticity. (1.) LTP induces post-synaptic AMPAR (green)
insertion, enabling elevated calcium (Ca®*) influx through NMDAR
(blue) activity. Increased Ca®* levels lead to autophosphorylation and
activation of CaMK-Ilo,, which acts as a scaffold translocating the 26S-
proteasome to the synapse, thereby inducing degradation of polyubig-
uitinated proteins and facilitating protein turnover and synaptic plastic-
ity. Increased Ca®* influx further activates PP2B/calcineurin (CaN),
which dephosphorylates CREB-regulated transcription coactivator 1
(CRTC-1), a transcriptional coactivator that mediates cAMP-response
element binding protein (CREB)-dependent transcription. CRTC-1 thus
binds to importin and translocates to the nucleus. Activation of GPCRs
coupled to Gs stimulate adenylyl cyclase (AC) to produce cAMP,

maintaining the number of unique proteins being synthesized
at a stable level (Schanzenbacher et al. 2016). These findings
are in agreement with the revised ‘synaptic tagging’ hypoth-
esis, which states that expression of the so-called plasticity-
related products, and not only early LTP formation, is required
for long-lasting plasticity and, for example, memory forma-
tion (see Redondo & Morris 2011 for a review). Thus,
maintaining synaptic proteostasis through tight control of
protein synthesis and degradation allows plastic stimuli to
express, thereby remodeling synaptic function (Fig. 1).
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thereby leading to activation of cAMP-dependent protein kinase (PKA).
PKA phosphorylates CREB-1, which together with nuclear CRTC-1
induces transcription of pro-LTP factors. These newly produced
mRNAs may be stored in ribonucleoprotein granules (RNPs) and
transported to Golgi and endoplasmic reticulum (ER) outposts or to free
polysomes at synapses, where they will be locally translated. (2.) On the
other hand, LTD-dependent reduction in post-synaptic AMPARs
decreases Ca?* influx and facilitates CREB-2 translation. Furthermore,
mGiluRs are activated, leading to modulation of translation factors with
additional induction of CREB-2 translation. CREB-2 translocates to the
nucleus via binding to importin, drives LTD-dependent transcription,
and antagonizes the actions of CREB-1, thus reducing pro-LTP gene
expression.
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In addition to maintaining levels of synaptic proteins, it is
noteworthy that post-translational modifications comprise an
important step toward ultimate functional modulation of
synaptic proteins. For instance, most neurotransmitter recep-
tors, ion channels, and scaffold proteins present at synaptic
sites are post-translationally modified. Membrane insertion of
synaptic AMPARSs, for example, has been shown to depend on
ubiquitination cycles (Mabb & Ehlers 2010; Goo et al. 2015).

Furthermore, tight control of protein maturation and
stability is required for plasticity to develop. Several lines
of evidence have indicated that local ER compartments
regulate the availability of synaptic proteins, including
glutamate receptors, in an activity-driven manner (Xia et al.
2001; Mu et al. 2003; Cui-Wang et al. 2012; Hanus et al.
2014; Pick et al. 2017). However, the precise mechanisms of
subsequent Golgi sorting and additional post-translational
modification have still been a matter of debate. Even though
there is not a consensus on whether most dendrites harbor
Golgi outposts (Gardiol et al. 1999; Horton & Ehlers 2003),
data have suggested that some proteins might undergo Golgi-
independent maturation, while others might be matured in
tiny specialized ER compartments (Jeyifous et al. 2009) or in
Golgi satellites, which diverge from traditional outposts
(Mikhaylova et al. 2016). It is conceivable, therefore, that
multiple modes of protein maturation could contribute to
proteostasis and synaptic plasticity. Future studies are
warranted to dissect the relative contribution of each of
these mechanisms in the expression of plasticity.

Structural and homeostatic plasticity

Dendritic spines are primary sites for structural modifications
during memory formation (Bailey et al. 2015). Spines are
highly dynamic, as they grow, shrink, disappear, and change
forms throughout lifetime (Parnass et al. 2000; Hering &
Sheng 2001; Chen et al. 2014). There is an increase in spine
turnover (growth and elimination) during adolescence,
compared to adulthood (Holtmaat et al. 2005). Experiences
such as exercise, learning, and environmental enrichment can
influence spine turnover (Chklovskii et al. 2004; Lamprecht
& LeDoux 2004; Leuner & Gould 2010; Lovden et al. 2013;
Attardo et al. 2015).

For instance, monocular deprivation doubles the firing rate
of spines in apical dendrites of pyramidal neurons in the
mouse visual cortex, thereby resulting in an overall increase
in spine density in layer 5 apical dendrites (Hofer et al.
2009). Thus, the shape and proportion of spines is constantly
regulated by synaptic activity (Meyer et al. 2014) which, in
turn, influences different aspects of spine function including
abundance of receptors, diffusion of small molecules
between spine and shaft, along with spine mobility and
stability (Nimchinsky et al. 2002; Lai et al. 2008).

Reorganization of the spine cytoskeleton leads to modifi-
cations in spine morphology. The spine cytoskeleton is
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composed of actin filaments (F-actin) and microtubule
components (Landis & Reese 1983; Cingolani & Goda
2008a). Although there is no apparent direct interaction
between cytoskeletal elements (Geraldo & Gordon-Weeks
2009; Dent et al. 2011), proteins like drebrin (Dun & Chilton
2010), pl40Cap (Jaworski et al. 2009), and Q motif-
containing GTPase-activating protein 1 (Jausoro et al.
2012) are involved in mediating such interactions. There is
an increase in actin stability and subsequent enlargement of
spines upon induction of LTP, whereas LTD reduces F-actin
stability, leading to decreased spine volume.

Association between structural and functional plasticity

Over the past 20 years, structural modifications that occur at
the synaptic level during LTP stimulation have been exten-
sively investigated. It is now well understood that LTP in
hippocampal slices results in filopodia outgrowth and/or
enlargement or bifurcation of pre-existing dendritic spines
(Engert & Bonhoeffer 1999; Maletic-Savatic et al. 1999; Toni
et al. 1999). Whether LTP-induced spine growth leads to
formation of functional synapses remained unanswered for
several years. By reconstructing dendritic spines with serial
section electron microscopy from the barrel cortex of mice
undergoing sensory experience by whisker trimming (removal
of vibrissae), spine growth was found to precede synapse
formation (Knott er al. 2006). In particular, nascent spines
preferentially formed synapses with multi-synapse boutons
4 days after their formation. In a second study, Nagerl and
colleagues performed time-lapse two-photon microscopy and
serial section electron microscopy analysis in organotypic
hippocampal slices (Nagerl et al. 2004). This revealed that
LTP induces formation of new spines, which make close
contacts with pre-synaptic boutons and form functional
synapses within 15-19 h. A follow-up study in hippocampal
slices showed a delay of just 1 h between spontaneous spine
growth and synapse formation (Zito et al. 2009). On the
contrary, LTD-like low-frequency stimulation of dendritic
spines in CA1 pyramidal neurons induces NMDAR-depen-
dent spine retractions and causes loss of functional synapses
(Nagerl et al. 2004; Okamoto et al. 2004; Zhou et al. 2004).
Taken together, these observations show that there is bidirec-
tional activity-dependent regulation of structural plasticity.

Homeostatic plasticity and synaptic scaling

Hebbian plasticity is a form of synaptic plasticity which creates
positive feedback loops of activity-dependent changes in
synaptic strength, that, in turn, cause perturbations in the
stability of neuronal networks. Hebbian plasticity triggers
long-lasting activity-dependent changes in synaptic strength
resulting from both LTP and LTD (Fig. 2). These durable
forms of plasticity require correlated precise and strong firing
of the pre- and post-synaptic neurons specific to active input,
and therefore are thought to facilitate the empowerment of
particular synaptic connections (Vitureira & Goda 2013).
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(a) Basal state (b)Hebbian plasticity

<>

TP

() Synaptic Scaling

Fig. 2 Hebbian and non-Hebbian forms of
synaptic plasticity. During basal state,
synapses process stimuli via AMPARs (a,
upper panel), leading to a defined firing rate

(a, lower panel). LTP induces Hebbian
. plasticity, during which synapses increase
the number of AMPARSs in an input-specific
fashion (b, upper panel), thereby
strengthening synapses. Increased stimuli

Basal firing rate Strengthening of active
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lead to an increased firing rate (b, lower
panel). Synaptic scaling, the most studied
form of non-Hebbian plasticity, acts via post-
synaptic reduction in AMPARs (c, upper
panel) through weakening synapses
adjacent to the potentiated synapse to
restore homeostasis and optimal global
firing rate (c, lower panel).

To counterbalance unsustained activity arising from LTP
or LTD processes, neurons have developed negative-feed-
back homeostatic mechanisms. The proper functioning of
mammalian brain relies on joint interplay of homeostatic and
Hebbian plasticity (Fernandes & Carvalho 2016). As such,
homeostatic forms of synaptic plasticity not only reduce
synaptic strength during elevated excitability conditions but
also play a crucial role in preventing unnecessary synapse
loss by increasing synaptic strength during chronic activity
suppression conditions (Vitureira & Goda 2013) (Fig. 2). It
is interesting that these two opposing phenomena likely
cooperate at the molecular level by regulating effectors at the
synapses (Yger & Gilson 2015). Recently, disruptions in
homeostatic plasticity have been associated with brain
disorders such as ASD, schizophrenia, epilepsy, Alzheimer,
and Huntington diseases (Fernandes & Carvalho 2016).

Synaptic scaling of excitatory synapses is the most studied
form of homeostatic plasticity in the central nervous system.
It is involved in the stabilization of neuronal networks and
synaptic strength in the brain. Synaptic scaling keeps the

firing rates within a set-point range by increasing or
decreasing the accumulation of glutamate receptors (in
particular, the AMPARS) at synaptic sites (Turrigiano et al.
1998; Turrigiano 2008). Compensatory changes in the
accumulation of glutamate receptors are achieved through
sustained increase in activity using bicuculline or through
prolonged activity deprivation using pharmacological agents
such as tetrodotoxin (Turrigiano et al. 1998; Maffei &
Turrigiano 2008; Hengen et al. 2013; Gainey et al. 2015).
These changes maintain synaptic strength and overall
network dynamics.

Scaling AMPARs up or down through post-synaptic
accumulation and/or changes in their subunit composition,
requires a wide range of proteins. These include transcrip-
tional and translational regulators, such as MeCP2 (Black-
man et al. 2012; Qiu et al. 2012), FMRP (Soden & Chen
2010): the scaffolding proteins Stargazin (Louros et al.
2014), PICK1 (Anggono et al. 2011), GRIP1 (Gainey et al.
2015), and Arc/Arg3.1 (Shepherd et al. 2006; Gao et al.
2010), cell-adhesion/trans-synaptic signaling molecules like
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B3-integrins (Cingolani & Goda 2008b; Cingolani et al.
2008), B-catenin (Okuda er al. 2007; Vitureira et al. 2011),
and the released soluble factors Brain-derived neurotrophic
factor (BDNF) (Rutherford et al. 1998) and tumor necrosis
factor alpha (TNFa) (Stellwagen & Malenka 2006).
Synaptic scaling can globally adjust responses of all
synapses in a given network (Turrigiano 2008). For instance,
in a certain neuron all the synaptic populations activate
simultaneously to increase/decrease AMPARs upon synaptic
scaling (Turrigiano 2008). Thus, synaptic scaling helps to
maintain synaptic homeostasis without interfering with the
individual differences in stronger versus weaker synapses.

Pre-synaptic homeostatic plasticity

The homeostatic modulation of pre-synaptic plasticity was
first described at the Drosophila neuromuscular junction
(NMJ) (Davis & Goodman 1998; Davis et al. 1998).
Subsequent studies have revealed that homeostatic modula-
tion of the NMJ is evolutionarily conserved from flies to
humans (Cull-Candy et al. 1980; Plomp et al. 1992).

Pre-synaptic homeostasis induces a fast, persistent, and
accurate modulation of pre-synaptic vesicle fusion in
response to the levels of ongoing neuronal activity (Davis
& Muller 2015). Pre-synaptic homeostasis principally
requires increases in pre-synaptic Ca>* influx through
CaV2.1 channels (Muller & Davis 2012) and in the readily
releasable vesicle pool (Weyhersmuller et al. 2011; Muller
et al. 2012).

Several proteins are required for homeostatic signaling at
the pre-synaptic NMJ site. Proteins such as dysbindin and
snapin are involved in Ca®* dependent synaptic vesicle
endocytosis (Dickman & Davis 2009; Dickman et al. 2012)
and influence the pre-synaptic strength of the NMJ. In
addition, both ab3 and Rab3-interacting molecules are
essential regulators of pre-synaptic homeostasis. Rab3-
interacting molecule interacts with the pre-synaptic protein
ELKS/CAST, pre-synaptic voltage gated channels, and
muncl3 (Sudhof 2012), and is required for the homeostatic
plasticity-induced increase in the readily releasable pool of
vesicles (Muller et al. 2012). However, further studies are
required to understand how pre-synaptic homeostasis plas-
ticity can be integrated with activity-dependent plasticity.

Associative learning

Synaptic plasticity is now widely accepted to be a neural
correlate of at least some types of learning and memory,
enabling us to adapt to the environment and shape our
behavior accordingly. In order to guide adaptive behavior,
incoming sensory information needs to be integrated into
existing brain circuitry that drives behavioral output (Nau-
mann et al. 2016). That is, the animal needs to encode the
valence of a stimulus, form an association between the
and previously executed behavior,

stimulus use that
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information to make an accurate prediction about future
outcomes, and alter its behavior accordingly.

Associative learning of involuntary behavior, known as
classical conditioning, involves the experience of a neutral
stimulus and a subsequently occurring appetitive or aversive
stimulus eliciting an automatic response. Following learning,
presentation of the previously neutral stimulus alone is
sufficient to elicit the associated response (Fanselow &
Wassum 2015).

In Drosophila, olfactory conditioning is linked to the
convergence of signals from Kenyon cells (encoding olfac-
tory cues) and dopaminergic neurons (encoding stimulus
valence) onto the mushroom body (MB), which is a key
learning center in flies (Davis 1993; de Belle & Heisenberg
1994; Aso et al. 2014). For example, optogenetic activation
of dopamine cells during odor presentation induces LTD of
MB synapses, and promotes olfactory aversive learning
(Hige et al. 2015). Yamagata et al. (2016) extended these
findings and identified a specific subset of protocerebral
anterior medial dopamine cluster neurons, PAM-y3 neurons,
which relay reward signals to the MB. They also demon-
strated that the inhibitory neuropeptide allostatin A is
necessary and sufficient to suppress PAM-y3 basal activity
via Go,, recruitment, and drive appetitive learning.

In the mammalian brain, neural substrates of classical
learning have been studied extensively utilizing fear condi-
tioning paradigms in rodents and is thought to involve
synaptic plasticity in the amygdala (Romanski ef al. 1993),
auditory cortex (Letzkus et al. 2011), and prefrontal cortex
(Courtin et al. 2014). On the molecular level, fear learning
requires NMDAR activation (Fanselow & Kim 1994), while
the MAPK/extracellular signal-regulated kinase signaling
cascade is required for the expression and maintenance of
fear memories (Atkins et al. 1998).

Because of its diversity and complexity, learning of
voluntary behavior, also known as operant or instrumental
conditioning, is less well understood. In the mammalian
brain, changes in the phasic firing rate of dopaminergic
neurons in the ventral tegmental area are thought to exert
motivational control by encoding a value prediction error,
that is, the discrepancy between the actual and predicted
outcome (Schultz et al. 1997; Eshel et al. 2016; Matsumoto
et al. 2016). These neurons project to the ventral striatum
(VS) (Ikemoto 2007), which receives additional inputs from
other memory-associated regions such as the hippocampus
(Ito et al. 2006; Lansink er al. 2016), amygdala (Everitt
et al. 1991; Tto et al. 2006), and prefrontal cortex (Gourley
et al. 2016). Thus, the VS is ideally situated to integrate
signals from different circuits involved in goal-directed
behavior and to initiate the appropriate behavioral output.
Supporting this view, the plasticity-related immediate early
gene Zif268 has been shown to be up-regulated in the VS
during instrumental learning (Maroteaux et al. 2014)
whereas, blocking plasticity-related processes in the VS
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impaired spatial learning (Ferretti ef al. 2010). Reward
associative learning requires the activation of NMDARs
(Zellner et al. 2009) and dopamine D1 receptors (Kravitz
et al. 2012; Higa et al. 2017), as well as its downstream
targets CAMP and cAMP-dependent protein kinase (PKA)
(Beninger & Gerdjikov 2004; Lorenzetti et al. 2008), and the
MAPK signaling cascade (Michel et al. 2011). In keeping
with this, increased extracellular signal-regulated kinase 2
activity facilitates striatal LTP and long-term memory
formation (Mazzucchelli er al. 2002; Ferguson et al. 2006).

Another line of evidence has linked specific patterns of
synchronized cell firing, in particular theta rhythmic activity,
to plasticity and memory mechanisms (Buzsaki & Draguhn
2004). Cell firing at theta frequency in the VS appears to be
phase-locked to hippocampal theta waves, and reward-
expectancy enhances theta and beta band activity (Berke
et al. 2004; Lansink et al. 2016). Moreover, connectivity
between hippocampal, cortical, and striatal regions (driven
by theta-alpha power) was correlated with memory retrieval
in humans (Herweg et al. 2016), providing evidence that
synchronization of cell firing across memory-related neural
circuits may enable association between stimuli encoded in
different aspects of the brain. Disrupting BDNF expression
on the other hand alters theta power in the hippocampus and
prefrontal cortex, decreases theta phase synchrony between
these areas, reduces late LTP, and impairs fear extinction
(Sakata et al. 2013; Hill et al. 2016).

For memories to guide future behavior, they need to be
transformed into enduring representations (Dudai et al.
2015), which involve processes operating both at synapse
(Frankland ez al. 2004; Karunakaran et al. 2016) and system
levels (Tse et al. 2007; Wei et al. 2016). Perhaps unsurpris-
ingly, given their role in synaptic plasticity and learning,
memory consolidation and reconsolidation require the acti-
vation of PKA (Kemenes ef al. 2006), CREB-mediated
transcription (Bourtchuladze ef al. 1994; Limback-Stokin
et al. 2004), and NFkB (Freudenthal et al. 2005). There is
also growing interest in specific activity patterns, such as the
sharp wave-ripple complex (SPW-R), as a potential memory
consolidation mechanism (Buzsaki 2015). Changes in SPW-
Rs have been correlated with operant learning (Ponomarenko
et al. 2008) and learning-induced plasticity (Grosmark &
Buzsaki 2016), while blocking SPW-Rs impaired memory
consolidation (Nakashiba er al. 2009), spatial learning (Ego-
Stengel & Wilson 2010), and goal-directed behavior (Jadhav
et al. 2012). It is thought that SPW-Rs generate time-
compressed replay loops of neural activity that occurred
during an earlier state (Carr et al. 2011; Girardeau & Zugaro
2011). This allows for the repetition of new experiences and
enables mechanisms supporting synaptic plasticity (Nadasdy
et al. 1999; Buzsaki 2015; Jahnke et al. 2015; Sadowski
et al. 2016). Several studies have highlighted the importance
of interneurons in such system-wide modifications. In
particular, plasticity of PV cells is crucial for maintaining

gamma and SPW-R oscillations, synaptic plasticity, and
long-term memory consolidation (Karunakaran et al. 2016;
Zarnadze et al. 2016; Polepalli et al. 2017).

While the specific neural systems involved in associative
learning might differ depending on the specific model or
tasks, it is now well established that synaptic plasticity
phenomena drive the formation of a link between separate
neural systems. The mechanisms underlying some forms of
memory formation, for example, fear conditioning and
spatial learning have been well described, but less is
known about the specific signaling cascades driving more
complex behavioral change. A large body of evidence has
suggested a role of a rhythmic firing pattern in the
formation and maintenance of memory. However, molec-
ular and network mechanisms are often studied separately
and more research is needed to integrate our understanding
of molecular events at the synapse level with system-wide
modifications.

Synapse plasticity and motor skill learning

Motor skill learning plays a fundamental role in many
aspects of our lives, without which it would be impossible
to master a piano piece or to learn how to hit a tennis ball.
Motor skill learning comprises the acquisition of movement
sequences and is characterized by executing movements
faster and more accurately with practice (Willingham 1998).
When starting to learn a motor skill, the movement is often
disjointed, poorly controlled, and executed with consider-
able variation and immense attention (Penhune & Steele
2012). Once learned, however, the skill is retained for a
long period of time with minimal decay (Luft & Buitrago
2005).

It has been proposed that motor skill learning can be
divided into separable acquisition stages with an early
‘fast’ phase, characterized by rapid and considerable
learning improvements, and a later ‘slow’ stage, in which
a nearly asymptotic level is reached and further improve-
ments are gained only slowly (Dayan & Cohen 2011).
Although different models exist regarding the brain areas
and connections involved in processing motor skill learn-
ing, it is thought that interactions between cortico-thalamic-
striatal and cortico-thalamic-cerebellar structures and the
limbic system are essential to successfully build a motor
memory trace (Hikosaka er al. 2002; Doyon & Benali
2005). These networks seem to be active during different
time points of motor learning and, within each of them,
specific associative-premotor and sensorimotor networks
are activated (Lehericy ef al. 2005; Coynel et al. 2010;
Lohse et al. 2014). Furthermore, motor learning can
modulate functional connectivity of the cortical motor
network, and early skill learning has been shown to lead to
enhanced inter- and intra-hemispheric coupling (Sun et al.
2007).
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The primary motor cortex (M1) seems to play a crucial
part in fast motor learning (Greenough et al. 1985; Kolb
et al. 2008). Rodent studies have shown that motor learning
can induce recruitment of neurons in the M1 and modulate
synaptic efficacy through LTP and LTD (Rioult-Pedotti et al.
1998, 2000; Costa et al. 2004; Monfils & Teskey 2004).
These results are supported by human studies, which also
suggest that LTP-like plasticity in the M1 is involved in
motor learning. While LTP-like effects are reversed after a
period of motor learning, LTD-like effects were shown to be
either enhanced or unchanged (Ziemann et al. 2004; Stefan
et al. 2006; Rosenkranz et al. 2007).

Early motor learning increases dendritic spine number in
M1 pyramidal cells (Harms et al. 2008; Xu et al. 2009; Fu
et al. 2012). These learning-related spines cluster around or
within a subset of dendritic branches (Fu et al. 2012; Yang &
Lisberger 2014). Increased spine density is accompanied by
expansion of the movement-related neuronal ensembles, as
well as an induction of excitatory neuron activity (Peters
et al. 2014). Furthermore, it is thought that stabilization of
learning-induced nascent spines is essential for building
durable memories (Xu et al. 2009; Yang et al. 2009). After
the learning process, the overall spine density gradually
returns to basal levels through selective elimination (Xu et al.
2009; Chen et al. 2015).

The cellular mechanisms underlying synaptic plasticity
in the M1 still remain to be elucidated. De novo protein
synthesis is essential for most of the plastic changes
following motor learning (Bisby & Tetzlaff 1992; Alvarez
et al. 2000) and inhibition of protein synthesis in the M1
impedes motor learning in rats (Luft et al. 2004). Further-
more, alterations in M1 gene expression were demonstrated
in rats after learning a reach-and-grasp task (Cheung et al.
2013). Gene expression in the M1 after motor learning is
thought to have distinct steps, with an initial suppression
of genes influencing transcription, followed by genes that
support mRNA translation and, finally, increased expres-
sion of genes that mediate plastic changes (Hertler et al.
2016).

Rodent studies suggest that BDNF is required for induc-
tion of neural plasticity related to motor learning (Kleim
et al. 2003; Schabitz et al. 2004, 2007; Ploughman et al.
2009). Furthermore, it has been proposed that the Val66Met
BDNF gene polymorphism reduces experience-dependent
plasticity of human motor cortex and influences motor skill
learning (Kleim er al. 2006; Cheeran et al. 2008; Gajewski
et al. 2011), although the functional implications of this
polymorphism regarding motor learning are still unclear (Li
Voti et al. 2011; Nakamura ef al. 2011; McHughen &
Cramer 2013).

Consolidation, occurring after both fast and slow motor
learning, is defined by offline behavioral skill improvements
and is characterized by a reduction in fragility of a motor
memory trace (Robertson et al. 2004a). However, the
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neuronal processes that support motor memory consolidation
remain to a large extent unknown. Studies suggest that the
M1 and the striatum play major roles during memory
consolidation (Jenkins et al. 1994; Muellbacher et al. 2002;
Ungerleider et al. 2002; Fischer et al. 2005; Yin et al.
2009), and that functional connectivity in frontoparietal
networks support consolidation after motor learning (Albert
et al. 2009; Ma et al. 2011; Taubert et al. 2011; Sampaio-
Baptista et al. 2015).

It has further been suggested that sleep has an important
function in memory consolidation after procedural learning
(Magquet et al. 2000; Walker et al. 2002; Fischer et al. 2005;
Morin et al. 2008; Ramanathan ef al. 2015). Even short
daytime naps can mediate these offline improvements
(Walker et al. 2003; Korman et al. 2007; Nishida & Walker
2007). However, sleep does not seem to influence implicit
learning (Robertson er al. 2004b; Song et al. 2007; Hoter-
mans et al. 2008; Reis et al. 2015). It has been proposed that
age-related changes may impact sleep-dependent memory
processes (Spencer et al. 2007; Pace-Schott & Spencer 2011;
Mander et al. 2014), and that changes in the gray matter of
hippocampus and cerebellum are responsible for these
deficits in sleep-related motor sequence memory consolida-
tion (Fogel et al. 2016).

Acquisition, consolidation, and retention of motor skills
require neural plasticity in different brain areas. However,
molecular mechanisms driving and supporting motor learn-
ing, as well as the underlying synapse plasticity still remain
to be fully elucidated. Local inhibitory circuits may act as
key regulators of synaptic changes during motor learning,
memory consolidation, and retrieval (Donato et al. 2013;
Chen et al. 2015). Moreover, it has been proposed that the
mesocortical dopaminergic pathway connecting the ventral
tegmental area with the M1 is essential for successful motor
skill learning (Hosp et al. 2011). Dopamine D1 receptors
have been shown to be critically involved in LTP induction
and D2 receptors (D2Rs) mediate spine addition in the M1
(Guo et al. 2015). Another study suggested that dopamine
receptor activity influences motor skill acquisition and
synaptic LTP via phospholipase C signaling (Rioult-Pedotti
et al. 2015). Furthermore, the cAMP/PKA pathway has also
been proposed to be critically involved in the acquisition of
new motor skills (Qian er al. 2015). Nonetheless, more
studies highlighting the molecular aspects of motor skill
learning are needed.

Challenges and future directions

Neurodevelopmental research has made major contributions to
our understanding of synaptic plasticity and learning. How-
ever, the mechanisms driving the development of synaptic
plasticity, especially during critical periods, still remain to be
clearly defined. Further studies are required to map the extent
of learning-dependent changes that occur in developing brain,
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including variations in dendritic spine number (Chen et al.
2016) and connectivity (Karim et al. 2016), as well as
molecular details underlying such modifications.

Establishing the molecular mechanisms underlying
synapse plasticity is a key step toward understanding the
malleable properties of the brain. For instance, synapse-to-
nucleus translocation and the exact signals that drive
information back to synapses still remain elusive. Applica-
tion of novel metabolic labeling techniques to visualize
newly synthesized proteins at the synapse (Aakalu et al.
2001; Dieterich et al. 2010; tom Dieck et al. 2015; Bowling
et al. 2016) could fill gaps regarding the coordination of
local translation and the cues that trigger space-restricted
responses. Such approaches are further expected to unveil
novel mechanisms connecting local translation to synaptic
plasticity and to provide clues into how synapse proteostasis
becomes deregulated in several neurological disorders,
including Alzheimer’s disease and ASD (Buffington et al.
2014; Lourenco et al. 2015).

While general principles are thought to govern synaptic
responses, a wide variety of mechanisms appear to be
stimulus-, region-, and neuron type-specific, ultimately
resulting in different behavioral outputs. For instance,
although LTP has been regarded as a universal event driving
plasticity, new LTP mechanisms have been continually
uncovered. A recent work demonstrated that diffusible
factors released by glia can travel considerable distance
and affect the likelihood of LTP onset at given synapses
(Kronschlager et al. 2016). More of such yet unconventional
mechanisms are expected to emerge in the future.

Emerging evidence has further highlighted the role of non-
Hebbian forms of synapse plasticity in brain function. Such
mechanisms, including homeostatic plasticity, have the
potential to help to explain the diversity and complexity of
cognitive and non-cognitive behaviors arising from synaptic
modulation.

Recent efforts have allowed significant advances in the
understanding of neural substrates of complex behavior.
Nevertheless, significant challenges comprise uncovering
mechanisms that drive specific behavioral responses, as well
as to track molecular responses in behaving animals. New
techniques such as opto- or chemogenetics have fostered
significant progress in our understanding of learning, mem-
ory, and the synaptic changes during memory consolidation
by allowing precise spatiotemporal control of synapses and
network.

The field of synaptic plasticity is extremely broad,
gathering molecular and cellular phenomena to system and
higher order properties of the brain. Nonetheless, integrating
genomic, molecular, cellular, and system data still has been a
caveat in the field, and should be a priority in current and
future research. Identifying properties, mechanisms, and
regulations of synaptic plasticity may provide new avenues
for treatment of neurological disorders.

Acknowledgments and conflict of interest
disclosure

This review was initiated at the Ist International Society for
Neurochemistry (ISN) and Journal of Neurochemistry (JNC)
Flagship School in Alpbach, Austria, in September 2016. We thank
the International Society for Neurochemistry (ISN) Flagship School
faculty and organizers, especially Drs. Alois Saria and Jorg Schulz.
All authors wish to acknowledge International Society for Neuro-
chemistry (ISN) for the financial and educational support, and
declare no conflict of interest. Anthony J. Turner is the Chair of the
Publication Committee of the ISN.

References

Aakalu G., Smith W. B., Nguyen N., Jiang C. and Schuman E. M.
(2001) Dynamic visualization of local protein synthesis in
hippocampal neurons. Neuron 30, 489-502.

Alberini C. M. and Kandel E. R. (2014) The regulation of transcription in
memory consolidation. Cold Spring Harb. Perspect. Biol. 7, 2a021741.

Albert N. B., Robertson E. M. and Miall R. C. (2009) The resting human
brain and motor learning. Curr. Biol. 19, 1023-1027.

Alvarez J., Giuditta A. and Koenig E. (2000) Protein synthesis in axons
and terminals: significance for maintenance, plasticity and
regulation of phenotype. With a critique of slow transport theory.
Prog. Neurobiol. 62, 1-62.

An J. J., Gharami K., Liao G. Y., et al. (2008) Distinct role of long 3’
UTR BDNF mRNA in spine morphology and synaptic plasticity in
hippocampal neurons. Cell 134, 175-187.

Anggono V., Clem R. L. and Huganir R. L. (2011) PICK1 loss of
function occludes homeostatic synaptic scaling. J. Neurosci. 31,
2188-2196.

Antonini A. and Stryker M. P. (1993) Rapid remodeling of axonal arbors
in the visual cortex. Science 260, 1819-1821.

Aso Y., Hattori D., Yu Y., et al. (2014) The neuronal architecture of the
mushroom body provides a logic for associative learning. eLife 3,
e04577.

Atkins C. M., Selcher J. C., Petraitis J. J., Trzaskos J. M. and Sweatt J.
D. (1998) The MAPK cascade is required for mammalian
associative learning. Nat. Neurosci. 1, 602—609.

Attardo A., Fitzgerald J. E. and Schnitzer M. J. (2015) Impermanence of
dendritic spines in live adult CA1 hippocampus. Nature 523, 592-596.

Bagni C. and Greenough W. T. (2005) From mRNP trafficking to spine
dysmorphogenesis: the roots of fragile X syndrome. Nat. Rev.
Neurosci. 6, 376-387.

Bailey C. H. and Chen M. (1983) Morphological basis of long-term
habituation and sensitization in Aplysia. Science 220, 91-93.
Bailey C. H. and Chen M. (1988) Long-term memory in Aplysia
modulates the total number of varicosities of single identified

sensory neurons. Proc. Natl Acad. Sci. USA 85, 2373-23717.

Bailey C. H., Kandel E. R. and Harris K. M. (2015) Structural
components of synaptic plasticity and memory consolidation. Cold
Spring Harb. Perspect. Biol. 7, a021758.

Beninger R. J. and Gerdjikov T. (2004) The role of signaling molecules
in reward-related incentive learning. Neurotox. Res. 6, 91-104.

Berke J. D., Okatan M., Skurski J. and Eichenbaum H. B. (2004)
Oscillatory entrainment of striatal neurons in freely moving rats.
Neuron 43, 883-896.

Beurdeley M., Spatazza J., Lee H. H., Sugiyama S., Bernard C., Di
Nardo A. A., Hensch T. K. and Prochiantz A. (2012) Otx2 binding
to perineuronal nets persistently regulates plasticity in the mature
visual cortex. J. Neurosci. 32, 9429-9437.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

175



Bicker S., Khudayberdiev S., Weiss K., Zocher K., Baumeister S. and
Schratt G. (2013) The DEAH-box helicase DHX36 mediates
dendritic localization of the neuronal precursor-microRNA-134.
Genes Dev. 27, 991-996.

Bingol B. and Schuman E. M. (2004) A proteasome-sensitive connection
between PSD-95 and GluR1 endocytosis. Neuropharmacology 47,
755-763.

Bingol B. and Schuman E. M. (2006) Activity-dependent dynamics and
sequestration of proteasomes in dendritic spines. Nature 441,
1144-1148.

Bingol B., Wang C. F., Arnott D., Cheng D., Peng J. and Sheng M.
(2010) Autophosphorylated CaMKII alpha acts as a scaffold
to recruit proteasomes to dendritic spines. Cell 140,
567-578.

Bisby M. A. and Tetzlaff W. (1992) Changes in cytoskeletal protein
synthesis following axon injury and during axon regeneration. Mol.
Neurobiol. 6, 107-123.

Blackman M. P., Djukic B., Nelson S. B. and Turrigiano G. G. (2012) A
critical and cell-autonomous role for MeCP2 in synaptic scaling up.
J. Neurosci. 32, 13529-13536.

Blatchley B. J., Cooper W. A. and Coleman J. R. (1987) Development of
auditory brainstem response to tone pip stimuli in the rat. Brain
Res. 429, 75-84.

Bliss T. V. and Lomo T. (1973) Long-lasting potentiation of synaptic
transmission in the dentate area of the anaesthetized rabbit
following stimulation of the perforant path. J. Physiol. 232, 331-
356.

Bliss T. V. and Collingridge G. L. (2013) Expression of NMDA
receptor-dependent LTP in the hippocampus: bridging the divide.
Mol. Brain 6, 5.

Borcel E., Palczynska M., Krzisch M., Dimitrov M., Ulrich G., Toni N.
and Fraering P. C. (2016) Shedding of neurexin 3beta ectodomain
by ADAMIO releases a soluble fragment that affects the
development of newborn neurons. Sci. Rep. 6, 39310.

Bourtchuladze R., Frenguelli B., Blendy J., Cioffi D., Schutz G. and
Silva A. J. (1994) Deficient long-term memory in mice with a
targeted mutation of the cAMP-responsive element-binding
protein. Cell 79, 59-68.

Bowling H., Bhattacharya A., Zhang G., et al. (2016) BONLAC: a
combinatorial proteomic technique to measure stimulus-induced
translational profiles in brain slices. Neuropharmacology 100, 76—
89.

Brainard M. S. and Doupe A. J. (2002) What songbirds teach us about
learning. Nature 417, 351-358.

Brainard M. S. and Doupe A. J. (2013) Translating birdsong: songbirds
as a model for basic and applied medical research. Annu. Rev.
Neurosci. 36, 489-517.

Bramham C. R. and Wells D. G. (2007) Dendritic mRNA: transport,
translation and function. Nat. Rev. Neurosci. 8, 776-789.

Bryant C. D. and Yazdani N. (2016) RNA-binding proteins, neural
development and the addictions. Genes Brain Behav. 15, 169—
186.

Buffington S. A., Huang W. and Costa-Mattioli M. (2014) Translational
control in synaptic plasticity and cognitive dysfunction. Annu. Rev.
Neurosci. 37, 17-38.

Buzsaki G. and Draguhn A. (2004) Neuronal oscillations in cortical
networks. Science 304, 1926-1929.

Buzsaki G. (2015) Hippocampal sharp wave-ripple: a cognitive
biomarker for episodic memory and planning. Hippocampus 25,
1073-1188.

Cajigas L. J., Tushev G., Will T. J., tom Dieck S., Fuerst N. and Schuman
E. M. (2012) The local transcriptome in the synaptic neuropil
revealed by deep sequencing and high-resolution imaging. Neuron
74, 453-466.

Synapse plasticity: forms and mechanisms | 803

Carr M. F., Jadhav S. P. and Frank L. M. (2011) Hippocampal replay in
the awake state: a potential substrate for memory consolidation and
retrieval. Nat. Neurosci. 14, 147-153.

Castellucci V., Pinsker H., Kupfermann I. and Kandel E. R. (1970)
Neuronal mechanisms of habituation and dishabituation of the gill-
withdrawal reflex in Aplysia. Science 167, 1745-1748.

Ch’ng T. H. and Martin K. C. (2011) Synapse-to-nucleus signaling.
Curr. Opin. Neurobiol. 21, 345-352.

Ch’ng T. H., Uzgil B., Lin P., Avliyakulov N. K., O’Dell T. J. and
Martin K. C. (2012) Activity-dependent transport of the
transcriptional coactivator CRTC1 from synapse to nucleus. Cell
150, 207-221.

Ch’ng T. H., DeSalvo M., Lin P., Vashisht A., Wohlschlegel J. A. and
Martin K. C. (2015) Cell biological mechanisms of activity-
dependent synapse to nucleus translocation of CRTCI in neurons.
Front. Mol. Neurosci. 8, 48.

Chang E. F. and Merzenich M. M. (2003) Environmental noise retards
auditory cortical development. Science 300, 498-502.

Cheeran B., Talelli P., Mori F., et al. (2008) A common polymorphism
in the brain-derived neurotrophic factor gene (BDNF) modulates
human cortical plasticity and the response to rTMS. J. Physiol.
586, 5717-5725.

Chen C. C., Lu J. and Zuo Y. (2014) Spatiotemporal dynamics of
dendritic spines in the living brain. Front. Neuroanat. 8, 28.
Chen S. X., Kim A. N., Peters A. J. and Komiyama T. (2015) Subtype-
specific plasticity of inhibitory circuits in motor cortex during

motor learning. Nat. Neurosci. 18, 1109-1115.

Chen J. R., Lim S. H.,, Chung S. C., Lee Y. F., Wang Y. J., Tseng G. F.
and Wan T. J. (2016) Reproductive experience modified dendritic
spines on cortical pyramidal neurons to enhance sensory perception
and spatial learning in rats. Exp. Anim. 66, 61-74.

Cheung V. C., Deboer C., Hanson E., Tunesi M., D’Onofrio M., Arisi L.,
Brandi R., Cattaneo A. and Goosens K. A. (2013) Gene expression
changes in the motor cortex mediating motor skill learning. PLoS
ONE 8, ¢61496.

Chklovskii D. B., Mel B. W. and Svoboda K. (2004) Cortical rewiring
and information storage. Nature 431, 782-788.

Choi S. Y., Morales B., Lee H. K. and Kirkwood A. (2002)
Absence of long-term depression in the visual cortex of glutamic
Acid decarboxylase-65 knock-out mice. J. Neurosci. 22, 5271—
5276.

Cingolani L. A. and Goda Y. (2008b) Differential involvement of beta3
integrin in pre- and postsynaptic forms of adaptation to chronic
activity deprivation. Neuron Glia Biol. 4, 179-187.

Cingolani L. A., Thalhammer A., Yu L. M., Catalano M., Ramos T.,
Colicos M. A. and Goda Y. (2008) Activity-dependent regulation
of synaptic AMPA receptor composition and abundance by beta3
integrins. Neuron 58, 749-762.

Cingolani L. A. and Goda Y. (2008a) Actin in action: the interplay
between the actin cytoskeleton and synaptic efficacy. Nat. Rev.
Neurosci. 9, 344-356.

Citri A. and Malenka R. C. (2008) Synaptic plasticity: multiple forms,
functions, and mechanisms. Neuropsychopharmacology 33, 18-41.

Cnops L., Hu T. T., Burnat K. and Arckens L. (2008) Influence of
binocular competition on the expression profiles of CRMP2,
CRMP4, Dyn I, and Syt I in developing cat visual cortex. Cereb
Cortex 18, 1221-1231.

Cooper S. J. (2005) Donald O. Hebb’s synapse and learning rule: a
history and commentary. Neurosci. Biobehav. Rev. 28, 851-874.

Corsi A. K. (2006) A biochemist’s guide to Caenorhabditis elegans.
Anal. Biochem. 359, 1-17.

Costa R. M., Cohen D. and Nicolelis M. A. (2004) Differential
corticostriatal plasticity during fast and slow motor skill learning in
mice. Curr. Biol. 14, 1124-1134.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

176



804 | N. Schaefer et al.

Courtin J., Chaudun F., Rozeske R. R., et al. (2014) Prefrontal
parvalbumin interneurons shape neuronal activity to drive fear
expression. Nature 505, 92-96.

Coynel D., Marrelec G., Perlbarg V., Pelegrini-Issac M., Van de
Moortele P. F., Ugurbil K., Doyon J., Benali H. and Lehericy S.
(2010) Dynamics of motor-related functional integration during
motor sequence learning. Neurolmage 49, 759-766.

Crowley J. C. and Katz L. C. (2000) Early development of ocular
dominance columns. Science 290, 1321-1324.

Cui-Wang T., Hanus C., Cui T., Helton T., Bourne J., Watson D., Harris
K. M. and Ehlers M. D. (2012) Local zones of endoplasmic
reticulum complexity confine cargo in neuronal dendrites. Cell
148, 309-321.

Cull-Candy S. G., Miledi R., Trautmann A. and Uchitel O. D. (1980) On
the release of transmitter at normal, myasthenia gravis and
myasthenic syndrome affected human end-plates. J. Physiol. 299,
621-638.

Cutler T., Sarkar A., Moran M., Steffensmeier A., Puli O. R., Mancini
G., Tare M., Gogia N. and Singh A. (2015) Drosophila eye model
to study neuroprotective role of CREB binding protein (CBP) in
Alzheimer’s disease. PLoS ONE 10, e0137691.

Darnell J. C., Jensen K. B., Jin P., Brown V., Warren S. T. and Darnell
R. B. (2001) Fragile X mental retardation protein targets G quartet
mRNAs important for neuronal function. Cell 107, 489-499.

Davis R. L. (1993) Mushroom bodies and Drosophila learning. Neuron
11, 1-14.

Davis G. W., DiAntonio A., Petersen S. A. and Goodman C. S. (1998)
Postsynaptic PKA controls quantal size and reveals a retrograde
signal that regulates presynaptic transmitter release in Drosophila.
Neuron 20, 305-315.

Davis G. W. and Goodman C. S. (1998) Genetic analysis of synaptic
development and plasticity: homeostatic regulation of synaptic
efficacy. Curr. Opin. Neurobiol. 8, 149—156.

Davis G. W. and Muller M. (2015) Homeostatic control of presynaptic
neurotransmitter release. Annu. Rev. Physiol. 77, 251-270.

Dayan E. and Cohen L. G. (2011) Neuroplasticity subserving motor skill
learning. Neuron 72, 443-454.

de Belle J. S. and Heisenberg M. (1994) Associative odor learning in
Drosophila abolished by chemical ablation of mushroom bodies.
Science 263, 692—695.

de Villers-Sidani E., Chang E. F., Bao S. and Merzenich M. M. (2007)
Critical period window for spectral tuning defined in the primary
auditory cortex (Al) in the rat. J. Neurosci. 27, 180-189.

Dent E. W., Merriam E. B. and Hu X. (2011) The dynamic cytoskeleton:
backbone of dendritic spine plasticity. Curr. Opin. Neurobiol. 21,
175-181.

Dickman D. K. and Davis G. W. (2009) The schizophrenia susceptibility
gene dysbindin controls synaptic homeostasis. Science 326, 1127—
1130.

Dickman D. K., Tong A. and Davis G. W. (2012) Snapin is critical for
presynaptic homeostatic plasticity. J. Neurosci. 32, 8716-8724.

Dickson B. J. and Zou Y. (2010) Navigating intermediate targets: the
nervous system midline. Cold Spring Harb. Perspect. Biol. 2,
a002055.

Dieterich D. C., Karpova A., Mikhaylova M., et al. (2008) Caldendrin-
Jacob: a protein liaison that couples NMDA receptor signalling to
the nucleus. PLoS Biol. 6, e34.

Dieterich D. C., Hodas J. J., Gouzer G., Shadrin I. Y., Ngo J. T., Triller
A., Tirrell D. A. and Schuman E. M. (2010) In situ visualization
and dynamics of newly synthesized proteins in rat hippocampal
neurons. Nat. Neurosci. 13, 897-905.

Dinamarca M. C., Guzzetti F., Karpova A., et al. (2016) Ring finger
protein 10 is a novel synaptonuclear messenger encoding activation
of NMDA receptors in hippocampus. Elife 5, e12430.

Djakovic S. N., Marquez-Lona E. M., Jakawich S. K., Wright R., Chu
C., Sutton M. A. and Patrick G. N. (2012) Phosphorylation of Rpt6
regulates synaptic strength in hippocampal neurons. J. Neurosci.
32, 5126-5131.

Donato F., Rompani S. B. and Caroni P. (2013) Parvalbumin-expressing
basket-cell network plasticity induced by experience regulates
adult learning. Nature 504, 272-276.

Doyle M. and Kiebler M. A. (2011) Mechanisms of dendritic mRNA
transport and its role in synaptic tagging. EMBO J. 30, 3540-3552.

Doyon J. and Benali H. (2005) Reorganization and plasticity in the adult
brain during learning of motor skills. Curr. Opin. Neurobiol. 15,
161-167.

Dudai Y., Karni A. and Born J. (2015) The consolidation and
transformation of memory. Neuron 88, 20-32.

Duffy F. H., Burchfiel J. L. and Conway J. L. (1976) Bicuculline reversal
of deprivation amblyopia in the cat. Nature 260, 256-257.

Dun X. P. and Chilton J. K. (2010) Control of cell shape and plasticity
during development and disease by the actin-binding protein
Drebrin. Histol. Histopathol. 25, 533-540.

Ego-Stengel V. and Wilson M. A. (2010) Disruption of ripple-associated
hippocampal activity during rest impairs spatial learning in the rat.
Hippocampus 20, 1-10.

Engert F. and Bonhoeffer T. (1999) Dendritic spine changes associated
with hippocampal long-term synaptic plasticity. Nature 399, 66—
70.

Engert F. and Wilson S. W. (2012) Zebrafish neurobiology: from
development to circuit function and behaviour. Dev. Neurobiol. 72,
215-217.

Epstein 1., Tushev G., Will T. J., Vlatkovic I., Cajigas I. J. and Schuman
E. M. (2014) Alternative polyadenylation and differential
expression of Shank mRNAs in the synaptic neuropil. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 369, 20130137.

Eshel N., Tian J., Bukwich M. and Uchida N. (2016) Dopamine neurons
share common response function for reward prediction error. Nat.
Neurosci. 19, 479-486.

Espinosa J. S. and Stryker M. P. (2012) Development and plasticity of
the primary visual cortex. Neuron 75, 230-249.

Everitt B. J., Morris K. A., O’Brien A. and Robbins T. W. (1991) The
basolateral amygdala-ventral striatal system and conditioned place
preference: further evidence of limbic-striatal interactions
underlying reward-related processes. Neuroscience 42, 1-18.

Faguet J., Maranhao B., Smith S. L. and Trachtenberg J. T. (2009)
Ipsilateral eye cortical maps are uniquely sensitive to binocular
plasticity. J. Neurophysiol. 101, 855-861.

Fanselow M. S. and Kim J. J. (1994) Acquisition of contextual
Pavlovian fear conditioning is blocked by application of an NMDA
receptor antagonist D,L-2-amino-5-phosphonovaleric acid to the
basolateral amygdala. Behav. Neurosci. 108, 210-212.

Fanselow M. S. and Wassum K. M. (2015) The origins and organization
of vertebrate Pavlovian conditioning. Cold Spring Harb. Perspect.
Biol. 8, a021717.

Fauth M. and Tetzlaff C. (2016) Opposing effects of neuronal activity on
structural plasticity. Front. Neuroanat. 10, 75.

Ferguson S. M., Fasano S., Yang P., Brambilla R. and Robinson T. E.
(2006) Knockout of ERKI1 enhances cocaine-evoked immediate
early gene expression and behavioral plasticity.
Neuropsychopharmacology 31, 2660-2668.

Fernandes D. and Carvalho A. L. (2016) Mechanisms of homeostatic
plasticity in the excitatory synapse. J. Neurochem. 139, 973-996.

Ferreira J. S., Schmidt J., Rio P., Aguas R., Rooyakkers A., Li K. W.,
Smit A. B., Craig A. M. and Carvalho A. L. (2015) GIuN2B-
containing NMDA receptors regulate  AMPA receptor traffic
through anchoring of the synaptic proteasome. J. Neurosci. 35,
8462-8479.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

177



Ferretti V., Roullet P., Sargolini F., et al. (2010) Ventral striatal
plasticity and spatial memory. Proc. Natl Acad. Sci. USA 107,
7945-7950.

Fischer S., Nitschke M. F., Melchert U. H., Erdmann C. and Born J.
(2005) Motor memory consolidation in sleep shapes more effective
neuronal representations. J. Neurosci. 25, 11248-11255.

Fogel S., Vien C., Karni A., Benali H., Carrier J. and Doyon J. (2016)
Sleep spindles: a physiological marker of age-related changes in
gray matter in brain regions supporting motor skill memory
consolidation. Neurobiol. Aging 49, 154-164.

Frank C. A., Wang X., Collins C. A., Rodal A. A., Yuan Q., Verstreken
P. and Dickman D. K. (2013) New approaches for studying
synaptic development, function, and plasticity using Drosophila as
a model system. J. Neurosci. 33, 17560-17568.

Frankland P. W., Josselyn S. A., Anagnostaras S. G., Kogan J. H.,
Takahashi E. and Silva A. J. (2004) Consolidation of CS and US
representations in associative fear conditioning. Hippocampus 14,
557-569.

Freudenthal R., Boccia M. M., Acosta G. B., Blake M. G., Merlo E.,
Baratti C. M. and Romano A. (2005) NF-kappaB transcription
factor is required for inhibitory avoidance long-term memory in
mice. Eur. J. Neurosci. 21, 2845-2852.

Frey U., Frey S., Schollmeier F. and Krug M. (1996) Influence of
actinomycin D, a RNA synthesis inhibitor, on long-term
potentiation in rat hippocampal neurons in vivo and in vitro. J.
Physiol. 490(Pt 3), 703-711.

Friedrich R. W., Jacobson G. A. and Zhu P. (2010) Circuit neuroscience
in zebrafish. Curr. Biol. 20, R371-R381.

Fu M., Yu X., Lu J. and Zuo Y. (2012) Repetitive motor learning
induces coordinated formation of clustered dendritic spines in vivo.
Nature 483, 92-95.

Gainey M. A., Tatavarty V., Nahmani M., Lin H. and Turrigiano G. G.
(2015) Activity-dependent synaptic GRIP1 accumulation drives
synaptic scaling up in response to action potential blockade. Proc.
Natl Acad. Sci. USA 112, E3590-E3599.

Gajewski P. D., Hengstler J. G., Golka K., Falkenstein M. and Beste C.
(2011) The Met-allele of the BDNF Val66Met polymorphism
enhances task switching in elderly. Neurobiol. Aging 32(2327),
€2327-2319.

Gao M., Sossa K., Song L., Errington L., Cummings L., Hwang H., Kuhl
D., Worley P. and Lee H. K. (2010) A specific requirement of Arc/
Arg3.1 for visual experience-induced homeostatic synaptic plasticity
in mouse primary visual cortex. J. Neurosci. 30, 7168-7178.

Gardiol A., Racca C. and Triller A. (1999) Dendritic and postsynaptic
protein synthetic machinery. J. Neurosci. 19, 168-179.

Geraldo S. and Gordon-Weeks P. R. (2009) Cytoskeletal dynamics in
growth-cone steering. J. Cell Sci. 122, 3595-3604.

Girardeau G. and Zugaro M. (2011) Hippocampal ripples and memory
consolidation. Curr. Opin. Neurobiol. 21, 452-459.

Goo M. S., Scudder S. L. and Patrick G. N. (2015) Ubiquitin-dependent
trafficking and turnover of ionotropic glutamate receptors. Front.
Mol. Neurosci. 8, 60.

Gourley S. L., Zimmermann K. S., Allen A. G. and Taylor J. R. (2016)
The medial orbitofrontal cortex regulates sensitivity to outcome
value. J. Neurosci. 36, 4600-4613.

Greenough W. T., Larson J. R. and Withers G. S. (1985) Effects of
unilateral and bilateral training in a reaching task on dendritic
branching of neurons in the rat motor-sensory forelimb cortex.
Behay. Neural. Biol. 44, 301-314.

Grosmark A. D. and Buzsaki G. (2016) Diversity in neural firing
dynamics supports both rigid and learned hippocampal sequences.
Science 351, 1440-1443.

Guo L., Xiong H., Kim J. I., Wu Y. W., Lalchandani R. R., Cui Y., Shu
Y., Xu T. and Ding J. B. (2015) Dynamic rewiring of neural

Synapse plasticity: forms and mechanisms | 805

circuits in the motor cortex in mouse models of Parkinson’s
disease. Nat. Neurosci. 18, 1299-1309.

Hamilton A. M., Oh W. C., Vega-Ramirez H., Stein I. S., Hell J. W_,
Patrick G. N. and Zito K. (2012) Activity-dependent growth of new
dendritic spines is regulated by the proteasome. Neuron 74, 1023—
1030.

Hanus C. and Schuman E. M. (2013) Proteostasis in complex dendrites.
Nat. Rev. Neurosci. 14, 638—648.

Hanus C., Kochen L., Tom Dieck S., Racine V., Sibarita J. B., Schuman
E. M. and Ehlers M. D. (2014) Synaptic control of secretory
trafficking in dendrites. Cell Rep. 7, 1771-1778.

Harlow H. F. and Zimmermann R. R. (1959) Affectional responses in the
infant monkey; orphaned baby monkeys develop a strong and
persistent attachment to inanimate surrogate mothers. Science 130,
421-432.

Harms K. J., Rioult-Pedotti M. S., Carter D. R. and Dunaevsky A.
(2008) Transient spine expansion and learning-induced plasticity in
layer 1 primary motor cortex. J. Neurosci. 28, 5686-5690.

Hartley C. A. and Lee F. S. (2015) Sensitive periods in affective
development:  nonlinear — maturation of fear learning.
Neuropsychopharmacology 40, 50-60.

Hengen K. B., Lambo M. E., Van Hooser S. D., Katz D. B. and
Turrigiano G. G. (2013) Firing rate homeostasis in visual cortex of
freely behaving rodents. Neuron 80, 335-342.

Hensch T. K. (2005) Critical period plasticity in local cortical circuits.
Nat. Rev. Neurosci. 6, 877-888.

Hensch T. K., Fagiolini M., Mataga N., Stryker M. P., Baekkeskov S.
and Kash S. F. (1998) Local GABA circuit control of experience-
dependent plasticity in developing visual cortex. Science 282,
1504-1508.

Hensch T. K. (2004) Critical period regulation. Annu. Rev. Neurosci. 27,
549-579.

Hering H. and Sheng M. (2001) Dendritic spines: structure, dynamics
and regulation. Nat. Rev. Neurosci. 2, 880-888.

Hertler B., Buitrago M. M., Luft A. R. and Hosp J. A. (2016) Temporal
course of gene expression during motor memory formation in
primary motor cortex of rats. Neurobiol. Learn. Mem. 136, 105~
115.

Herweg N. A., Apitz T., Leicht G., Mulert C., Fuentemilla L. and
Bunzeck N. (2016) Theta-alpha oscillations bind the hippocampus,
prefrontal cortex, and striatum during recollection: evidence from
simultaneous EEG-fMRI. J. Neurosci. 36, 3579-3587.

Higa K. K., Young J. W., Ji B., Nichols D. E., Geyer M. A. and Zhou X.
(2017) Striatal dopamine D1 receptor suppression impairs reward-
associative learning. Behav. Brain Res. 323, 100-110.

Hige T., Aso Y., Modi M. N., Rubin G. M. and Turner G. C. (2015)
Heterosynaptic plasticity underlies aversive olfactory learning in
drosophila. Neuron 88, 985-998.

Hikosaka O., Nakamura K., Sakai K. and Nakahara H. (2002) Central
mechanisms of motor skill learning. Curr. Opin. Neurobiol. 12,
217-222.

Hill J. L., Hardy N. F., Jimenez D. V., Maynard K. R., Kardian A. S.,
Pollock C. J., Schloesser R. J. and Martinowich K. (2016) Loss of
promoter IV-driven BDNF expression impacts oscillatory activity
during sleep, sensory information processing and fear regulation.
Transl. Psychiatry 6, e873.

Hofer S. B., Mrsic-Flogel T. D., Bonhoeffer T. and Hubener M. (2009)
Experience leaves a lasting structural trace in cortical circuits.
Nature 457, 313-317.

Hofman M. A. (2014) Evolution of the human brain: when bigger is
better. Front. Neuroanat. 8, 15.

Holtmaat A. J., Trachtenberg J. T., Wilbrecht L., Shepherd G. M., Zhang
X., Knott G. W. and Svoboda K. (2005) Transient and persistent
dendritic spines in the neocortex in vivo. Neuron 45, 279-291.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

178



806 | N. Schaefer et al.

Horton J. C. and Hocking D. R. (1997) Timing of the critical period for
plasticity of ocular dominance columns in macaque striate cortex.
J. Neurosci. 17, 3684-3709.

Horton A. C. and Ehlers M. D. (2003) Dual modes of endoplasmic
reticulum-to-Golgi transport in dendrites revealed by live-cell
imaging. J. Neurosci. 23, 6188-6199.

Horton A. C.,RaczB.,MonsonE.E.,Lin A. L., Weinberg R. J. and Ehlers M.
D. (2005) Polarized secretory trafficking directs cargo for asymmetric
dendrite growth and morphogenesis. Neuron 48, 757-771.

Hosp J. A., Pekanovic A., Rioult-Pedotti M. S. and Luft A. R. (2011)
Dopaminergic projections from midbrain to primary motor cortex
mediate motor skill learning. J. Neurosci. 31, 2481-2487.

Hotermans C., Peigneux P., de Noordhout A. M., Moonen G. and
Magquet P. (2008) Repetitive transcranial magnetic stimulation over
the primary motor cortex disrupts early boost but not delayed gains
in performance in motor sequence learning. Eur. J. Neurosci. 28,
1216-1221.

Hubel D. H. and Wiesel T. N. (1962) Receptive fields, binocular
interaction and functional architecture in the cat’s visual cortex. J.
Physiol. 160, 106—-154.

Ikemoto S. (2007) Dopamine reward circuitry: two projection systems
from the ventral midbrain to the nucleus accumbens-olfactory
tubercle complex. Brain Res. Rev. 56, 27-78.

Ismail F. Y., Fatemi A. and Johnston M. V. (2016) Cerebral plasticity:
windows of opportunity in the developing brain. Eur. J. Paediatr.
Neurol. 21, 23-48.

Ito R., Robbins T. W., McNaughton B. L. and Everitt B. J. (2006)
Selective excitotoxic lesions of the hippocampus and basolateral
amygdala have dissociable effects on appetitive cue and place
conditioning based on path integration in a novel Y-maze
procedure. Eur. J. Neuorsci. 23, 3071-3080.

Jadhav S. P., Kemere C., German P. W. and Frank L. M. (2012) Awake
hippocampal sharp-wave ripples support spatial memory. Science
336, 1454-1458.

Jahnke S., Timme M. and Memmesheimer R. M. (2015) A unified
dynamic model for learning, replay, and Sharp-Wave/Ripples. J.
Neurosci. 35, 16236-16258.

Jausoro 1., Mestres 1., Remedi M., Sanchez M. and Caceres A. (2012)
IQGAPI: a microtubule-microfilament scaffolding protein with
multiple roles in nerve cell development and synaptic plasticity.
Histol. Histopathol. 27, 1385-1394.

Jaworski J., Kapitein L. C., Gouveia S. M., et al. (2009) Dynamic
microtubules regulate dendritic spine morphology and synaptic
plasticity. Neuron 61, 85-100.

Jeanneret V., Wu F., Merino P., Torre E., Diaz A., Cheng L. and Yepes
M. (2016) Tissue-type plasminogen activator (tPA) modulates the
postsynaptic response of cerebral cortical neurons to the
presynaptic release of glutamate. Front. Mol. Neurosci. 9, 121.

Jeffrey R. A., Ch’ng T. H., O’Dell T. J. and Martin K. C. (2009)
Activity-dependent anchoring of importin alpha at the synapse
involves regulated binding to the cytoplasmic tail of the NR1-1a
subunit of the NMDA receptor. J. Neurosci. 29, 15613-15620.

Jenkins I. H., Brooks D. J., Nixon P. D., Frackowiak R. S. and
Passingham R. E. (1994) Motor sequence learning: a study with
positron emission tomography. J. Neurosci. 14, 3775-3790.

Jennings B. H. (2011) Drosophila — a versatile model in biology &
medicine. Mater. Today 14, 190-195.

Jeyifous O., Waites C. L., Specht C. G., et al. (2009) SAP97 and CASK
mediate sorting of NMDA receptors through a previously unknown
secretory pathway. Nat. Neurosci. 12, 1011-1019.

Jouvet-Mounier D., Astic L. and Lacote D. (1970) Ontogenesis of the
states of sleep in rat, cat, and guinea pig during the first postnatal
month. Dev. Psychobiol. 2, 216-239.

Kandel E. R., Dudai Y. and Mayford M. R. (2014) The molecular and
systems biology of memory. Cell 157, 163-186.

Kanold P. O., Kim Y. A., GrandPre T. and Shatz C. J. (2009) Co-
regulation of ocular dominance plasticity and NMDA receptor
subunit expression in glutamic acid decarboxylase-65 knock-out
mice. J. Physiol. 587, 2857-2867.

Karim H. T., Huppert T. J., Erickson K. I., Wollam M. E., Sparto P. J.,
Sejdic E. and VanSwearingen J. M. (2016) Motor sequence
learning-induced neural efficiency in functional brain connectivity.
Behav. Brain Res. 319, 87-95.

Karpova A., Mikhaylova M., Bera S., et al. (2013) Encoding and
transducing the synaptic or extrasynaptic origin of NMDA receptor
signals to the nucleus. Cell 152, 1119-1133.

Karunakaran S., Chowdhury A., Donato F., Quairiaux C., Michel C. M.
and Caroni P. (2016) PV plasticity sustained through D1/5
dopamine  signaling required for long-term  memory
consolidation. Nat. Neurosci. 19, 454-464.

Katagiri H., Fagiolini M. and Hensch T. K. (2007) Optimization of
somatic inhibition at critical period onset in mouse visual cortex.
Neuron 53, 805-812.

Kemenes G., Kemenes I., Michel M., Papp A. and Muller U. (2006)
Phase-dependent ~ molecular  requirements  for ~ memory
reconsolidation: differential roles for protein synthesis and
protein kinase A activity. J. Neurosci. 26, 6298—6302.

Kim G. and Kandler K. (2003) Elimination and strengthening of
glycinergic/GABAergic connections during tonotopic map
formation. Nat. Neurosci. 6, 282-290.

Kim H., Kim E., Park M., Lee E. and Namkoong K. (2013) Organotypic
hippocampal slice culture from the adult mouse brain: a versatile
tool  for translational  neuropsychopharmacology.  Prog.
Neuropsychopharmacol. Biol. Psychiatry 41, 36-43.

Kim S. and Martin K. C. (2015) Neuron-wide RNA transport combines
with netrin-mediated local translation to spatially regulate the
synaptic proteome. Elife 4, 158. https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC4337609/.

Kleim J. A., Jones T. A. and Schallert T. (2003) Motor enrichment and
the induction of plasticity before or after brain injury. Neurochem.
Res. 28, 1757-1769.

Kleim J. A., Chan S., Pringle E., Schallert K., Procaccio V., Jimenez R.
and Cramer S. C. (2006) BDNF val66met polymorphism is
associated with modified experience-dependent plasticity in human
motor cortex. Nat. Neurosci. 9, 735-737.

Klein R. (2009) Bidirectional modulation of synaptic functions by Eph/
ephrin signaling. Nat. Neurosci. 12, 15-20.

Knott G. W., Holtmaat A., Wilbrecht L., Welker E. and Svoboda K.
(2006) Spine growth precedes synapse formation in the adult
neocortex in vivo. Nat. Neurosci. 9, 1117-1124.

Knudsen E. L. (2004) Sensitive periods in the development of the brain
and behavior. J. Cogn. Neurosci. 16, 1412-1425.

Knudsen E. I., Zheng W. and DeBello W. M. (2000) Traces of learning
in the auditory localization pathway. Proc. Natl Acad. Sci. USA 97,
11815-11820.

Kolb B., Cioe J. and Comeau W. (2008) Contrasting effects of motor and
visual spatial learning tasks on dendritic arborization and spine
density in rats. Neurobiol. Learn. Mem. 90, 295-300.

Korman M., Doyon J., Doljansky J., Carrier J., Dagan Y. and Karni A.
(2007) Daytime sleep condenses the time course of motor memory
consolidation. Nat. Neurosci. 10, 1206-1213.

Kravchick D. O., Karpova A., Hrdinka M., Lopez-Rojas J., Iacobas S.,
Carbonell A. U., Iacobas D. A., Kreutz M. R. and Jordan B. A.
(2016)  Synaptonuclear messenger PRR7 inhibits c-Jun
ubiquitination and regulates NMDA-mediated excitotoxicity.
EMBO J. 35, 1923-1934.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

179



Kravitz A. V., Tye L. D. and Kreitzer A. C. (2012) Distinct roles for
direct and indirect pathway striatal neurons in reinforcement. Nat.
Neurosci. 15, 816-818.

Kronschlager M. T., Drdla-Schutting R., Gassner M., Honsek S. D.,
Teuchmann H. L. and Sandkuhler J. (2016) Gliogenic LTP spreads
widely in nociceptive pathways. Science 354, 1144-1148.

Lai K. O., Zhao Y., Ch’ng T. H. and Martin K. C. (2008) Importin-
mediated retrograde transport of CREB2 from distal processes to
the nucleus in neurons. Proc. Natl Acad. Sci. USA 105, 17175—
17180.

Lamprecht R. and LeDoux J. (2004) Structural plasticity and memory.
Nat. Rev. Neurosci. 5, 45-54.

Landis D. M. and Reese T. S. (1983) Cytoplasmic organization in
cerebellar dendritic spines. J. Cell Biol. 97, 1169-1178.

Lansink C. S., Meijer G. T., Lankelma J. V., Vinck M. A., Jackson J. C.
and Pennartz C. M. (2016) Reward expectancy strengthens CAl
theta and beta band synchronization and hippocampal-ventral
striatal coupling. J. Neurosci. 36, 10598-10610.

Lau H. L., Timbers T. A., Mahmoud R. and Rankin C. H. (2013) Genetic
dissection of memory for associative and non-associative learning
in Caenorhabditis elegans. Genes Brain Behav. 12, 210-223.

Lee S. H., Lim C. S., Park H., et al. (2007) Nuclear translocation of
CAM-associated protein activates transcription for long-term
facilitation in Aplysia. Cell 129, 801-812.

Lehericy S., Benali H., Van de Moortele P. F., Pelegrini-Issac M.,
Waechter T., Ugurbil K. and Doyon J. (2005) Distinct basal
ganglia territories are engaged in early and advanced motor
sequence learning. Proc. Natl Acad. Sci. USA 102, 12566-12571.

Lepeta K., Lourenco M. V., Schweitzer B. C., etal. (2016)
Synaptopathies: synaptic dysfunction in neurological disorders -
A review from students to students. J. Neurochem. 138, 785-805.

Letzkus J. J., Wolff S. B., Meyer E. M., Tovote P., Courtin J., Herry C.
and Luthi A. (2011) A disinhibitory microcircuit for associative
fear learning in the auditory cortex. Nature 480, 331-335.

Leuner B. and Gould E. (2010) Structural plasticity and hippocampal
function. Annu. Rev. Psychol. 61(111-140), C111-C113.

Leung L. C., Wang G. X. and Mourrain P. (2013) Imaging zebrafish
neural circuitry from whole brain to synapse. Front. Neural.
Circuits. 7, 76.

Li Q., Korte M. and Sajikumar S. (2016) Ubiquitin-proteasome system
inhibition promotes long-term depression and synaptic tagging/
capture. Cereb. Cortex 26, 2541-2548.

Li Voti P., Conte A., Suppa A., Iezzi E., Bologna M., Aniello M. S,
Defazio G., Rothwell J. C. and Berardelli A. (2011) Correlation
between cortical plasticity, motor learning and BDNF genotype in
healthy subjects. Exp. Brain Res. 212, 91-99.

Limback-Stokin K., Korzus E., Nagaoka-Yasuda R. and Mayford M.
(2004)  Nuclear  calcium/calmodulin  regulates ~ memory
consolidation. J. Neurosci. 24, 10858-10867.

Liu D., Diorio J., Day J. C., Francis D. D. and Meaney M. J. (2000)
Maternal care, hippocampal synaptogenesis and cognitive
development in rats. Nat. Neurosci. 3, 799-806.

Liu-Yesucevitz L., Bassell G. J., Gitler A. D., Hart A. C., Klann E.,
Richter J. D., Warren S. T. and Wolozin B. (2011) Local RNA
translation at the synapse and in disease. J. Neurosci. 31, 16086—
16093.

Lohse K. R., Wadden K., Boyd L. A. and Hodges N. J. (2014) Motor
skill acquisition across short and long time scales: a meta-analysis
of neuroimaging data. Neuropsychologia 59, 130-141.

Lorenz K. Z. (1937) The companion in the bird’s world. Auk 54, 245—
273.

Lorenzetti F. D., Baxter D. A. and Byrne J. H. (2008) Molecular
mechanisms underlying a cellular analog of operant reward
learning. Neuron 59, 815-828.

Synapse plasticity: forms and mechanisms | 807

Lourenco M. V., Ferreira S. T. and De Felice F. G. (2015) Neuronal
stress signaling and elF2alpha phosphorylation as molecular links
between Alzheimer’s disease and diabetes. Prog. Neurobiol. 129,
37-57.

Louros S. R., Hooks B. M., Litvina L., Carvalho A. L. and Chen C.
(2014) A role for stargazin in experience-dependent plasticity. Cell
Rep. 7, 1614-1625.

Lovden M., Wenger E., Martensson J., Lindenberger U. and Backman L.
(2013) Structural brain plasticity in adult learning and
development. Neurosci. Biobehav. Rev. 37, 2296-2310.

Luft A. R. and Buitrago M. M. (2005) Stages of motor skill learning.
Mol. Neurobiol. 32, 205-216.

Luft A. R., Buitrago M. M., Ringer T., Dichgans J. and Schulz J. B.
(2004) Motor skill learning depends on protein synthesis in motor
cortex after training. J. Neurosci. 24, 6515-6520.

Lugli G., Torvik V. L., Larson J. and Smalheiser N. R. (2008) Expression
of microRNAs and their precursors in synaptic fractions of adult
mouse forebrain. J. Neurochem. 106, 650-661.

Luscher C. and Malenka R. C. (2012) NMDA receptor-dependent long-
term potentiation and long-term depression (LTP/LTD). Cold Spring
Harb. Perspect. Biol. 4(6), pii: a005710. doi: 10.1101/cshperspect.
a005710.

Ma L., Narayana S., Robin D. A., Fox P. T. and Xiong J. (2011)
Changes occur in resting state network of motor system during
4 weeks of motor skill learning. Neurolmage 58, 226-233.

Maag J. L., Panja D., Sporild L, Patil S., Kaczorowski D. C., Bramham
C. R., Dinger M. E. and Wibrand K. (2015) Dynamic expression of
long noncoding RNAs and repeat elements in synaptic plasticity.
Front. Neurosci. 9, 351.

Mabb A. M. and Ehlers M. D. (2010) Ubiquitination in postsynaptic
function and plasticity. Annu. Rev. Cell Dev. Biol. 26, 179-210.

MacDougall M. J. and Fine A. (2014) The expression of long-term
potentiation: reconciling the preists and the postivists. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 369, 20130135.

Madronal N., Gruart A., Valverde O., Espadas I., Moratalla R. and
Delgado-Garcia J. M. (2012) Involvement of cannabinoid CB1
receptor in associative learning and in hippocampal CA3-CAl
synaptic plasticity. Cereb. Cortex 22, 550-566.

Maffei A. and Turrigiano G. G. (2008) Multiple modes of network
homeostasis in visual cortical layer 2/3. J. Neurosci. 28, 4377—
4384.

Maletic-Savatic M., Malinow R. and Svoboda K. (1999) Rapid dendritic
morphogenesis in CA1 hippocampal dendrites induced by synaptic
activity. Science 283, 1923-1927.

Mander B. A., Rao V., Lu B., Saletin J. M., Ancoli-Israel S., Jagust W. J.
and Walker M. P. (2014) Impaired prefrontal sleep spindle
regulation of hippocampal-dependent learning in older adults.
Cereb. Cortex 24, 3301-3309.

Magquet P., Laureys S., Peigneux P., et al. (2000) Experience-dependent
changes in cerebral activation during human REM sleep. Nat.
Neurosci. 3, 831-836.

Maroteaux M., Valjent E., Longueville S., Topilko P., Girault J. A. and
Herve D. (2014) Role of the plasticity-associated transcription
factor zif268 in the early phase of instrumental learning. PLoS
ONE 9, 81868.

Martin K. C. and Kandel E. R. (1996) Cell adhesion molecules, CREB,
and the formation of new synaptic connections. Neuron 17, 567—
570.

Matsumoto H., Tian J., Uchida N. and Watabe-Uchida M. (2016)
Midbrain dopamine neurons signal aversion in a reward-context-
dependent manner. eLife 5, pii: e17328. doi:10.7554/eLife.17328.

Mayford M., Siegelbaum S. A. and Kandel E. R. (2012) Synapses and
memory storage. Cold Spring Harb. Perspect. Biol. 4(6), pii:
a005751. doi: 10.1101/cshperspect.a005751.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

180



808 | N. Schaefer et al.

Mazzucchelli C., Vantaggiato C., Ciamei A., et al. (2002) Knockout of
ERK1 MAP kinase enhances synaptic plasticity in the striatum and
facilitates striatal-mediated learning and memory. Neuron 34, 807—
820.

McHughen S. A. and Cramer S. C. (2013) The BDNF val(66)met
polymorphism is not related to motor function or short-term
cortical plasticity in elderly subjects. Brain Res. 1495, 1-10.

McKay B. M., Oh M. M. and Disterhoft J. F. (2013) Learning increases
intrinsic excitability of hippocampal interneurons. J. Neurosci. 33,
5499-5506.

Meaney M. J. (2001) Maternal care, gene expression, and the
transmission of individual differences in stress reactivity across
generations. Annu. Rev. Neurosci. 24, 1161-1192.

Melgarejo da Rosa M., Yuanxiang P., Brambilla R., Kreutz M. R. and
Karpova A. (2016) Synaptic GluN2B/CaMKII-alpha signaling
induces synapto-nuclear transport of ERK and Jacob. Front. Mol.
Neurosci. 9, 66.

Meyer D., Bonhoeffer T. and Scheuss V. (2014) Balance and stability of
synaptic structures during synaptic plasticity. Neuron 82, 430—443.

Michel M., Green C. L., Eskin A. and Lyons L. C. (2011) PKG-mediated
MAPK signaling is necessary for long-term operant memory in
Aplysia. Learn. Mem. 18, 108-117.

Mikhaylova M., Bera S., Kobler O., Frischknecht R. and Kreutz M. R.
(2016) A Dendritic Golgi Satellite between ERGIC and Retromer.
Cell Rep. 14, 189-199.

Miyamoto H., Katagiri H. and Hensch T. (2003) Experience-dependent
slow-wave sleep development. Nat. Neurosci. 6, 553-554.

Monfils M. H. and Teskey G. C. (2004) Skilled-learning-induced
potentiation in rat sensorimotor cortex: a transient form of
behavioural long-term potentiation. Neuroscience 125, 329-336.

Morin A., Doyon J., Dostie V., et al. (2008) Motor sequence learning
increases sleep spindles and fast frequencies in post-training sleep.
Sleep 31, 1149-1156.

Mu Y., Otsuka T., Horton A. C., Scott D. B. and Ehlers M. D. (2003)
Activity-dependent mRNA splicing controls ER export and
synaptic delivery of NMDA receptors. Neuron 40, 581-594.

Muellbacher W., Ziemann U., Wissel J., Dang N., Kofler M., Facchini
S., Boroojerdi B., Poewe W. and Hallett M. (2002) Early
consolidation in human primary motor cortex. Nature 415, 640—
644.

Muller M. and Davis G. W. (2012) Transsynaptic control of presynaptic
Ca(2)(+) influx  achieves homeostatic — potentiation  of
neurotransmitter release. Curr. Biol. 22, 1102-1108.

Muller M., Liu K. S., Sigrist S. J. and Davis G. W. (2012) RIM controls
homeostatic plasticity through modulation of the readily-releasable
vesicle pool. J. Neurosci. 32, 16574-16585.

Murata Y., Doi T., Taniguchi H. and Fujiyoshi Y. (2005) Proteomic
analysis revealed a novel synaptic proline-rich membrane protein
(PRR7) associated with PSD-95 and NMDA receptor. Biochem.
Biophys. Res. Commun. 327, 183-191.

Nabavi S., Fox R., Proulx C. D., Lin J. Y., Tsien R. Y. and Malinow R.
(2014) Engineering a memory with LTD and LTP. Nature 511,
348-352.

Nabel E. M. and Morishita H. (2013) Regulating critical period
plasticity: insight from the visual system to fear circuitry for
therapeutic interventions. Front. Psychiatry. 4, 146.

Nadasdy Z., Hirase H., Czurko A., Csicsvari J. and Buzsaki G. (1999)
Replay and time compression of recurring spike sequences in the
hippocampus. J. Neurosci. 19, 9497-9507.

Nagerl U. V., Eberhorn N., Cambridge S. B. and Bonhoeffer T. (2004)
Bidirectional activity-dependent morphological plasticity in
hippocampal neurons. Neuron 44, 759-767.

Nakamura K., Enomoto H., Hanajima R., et al. (2011) Quadri-pulse
stimulation (QPS) induced LTP/LTD was not affected by

Val66Met polymorphism in the brain-derived neurotrophic factor
(BDNF) gene. Neurosci. Lett. 487, 264-267.

Nakashiba T., Buhl D. L., McHugh T. J. and Tonegawa S. (2009)
Hippocampal CA3 output is crucial for ripple-associated
reactivation and consolidation of memory. Neuron 62, 781-787.

Naumann E. A., Fitzgerald J. E., Dunn T. W., Rihel J., Sompolinsky H.
and Engert F. (2016) From whole-brain data to functional circuit
models: the zebrafish optomotor response. Cell 167(947-960),
€920.

Nimchinsky E. A., Sabatini B. L. and Svoboda K. (2002) Structure and
function of dendritic spines. Annu. Rev. Physiol. 64, 313-353.

Nishida M. and Walker M. P. (2007) Daytime naps, motor memory
consolidation and regionally specific sleep spindles. PLoS ONE 2,
e341.

Okamoto K., Nagai T., Miyawaki A. and Hayashi Y. (2004) Rapid and
persistent modulation of actin dynamics regulates postsynaptic
reorganization underlying bidirectional plasticity. Nat. Neurosci. 7,
1104-1112.

OkudaT., YuL. M., Cingolani L. A., Kemler R. and Goda Y. (2007) beta-
Catenin regulates excitatory postsynaptic strength at hippocampal
synapses. Proc. Natl Acad. Sci. USA 104, 13479-13484.

Pace-Schott E. F. and Spencer R. M. (2011) Age-related changes in the
cognitive function of sleep. Prog. Brain Res. 191, 75-89.

Padamsey Z. and Emptage N. (2014) Two sides to long-term
potentiation: a view towards reconciliation. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 369, 20130154.

Parnass Z., Tashiro A. and Yuste R. (2000) Analysis of spine
morphological plasticity in developing hippocampal pyramidal
neurons. Hippocampus 10, 561-568.

Parsons-Smith G. (1953) Activity of the cerebral cortex in amblyopia.
Br. J. Ophthalmol. 37, 359-364.

Peixoto R. T., Kunz P. A., Kwon H., Mabb A. M., Sabatini B. L.,
Philpot B. D. and Ehlers M. D. (2012) Transsynaptic signaling by
activity-dependent cleavage of neuroligin-1. Neuron 76, 396-409.

Penhune V. B. and Steele C. J. (2012) Parallel contributions of
cerebellar, striatal and M1 mechanisms to motor sequence learning.
Behay. Brain Res. 226, 579-591.

Peters A. J., Chen S. X. and Komiyama T. (2014) Emergence of
reproducible spatiotemporal activity during motor learning. Nature
510, 263-267.

Petzoldt A. G., Lutzkendorf J. and Sigrist S. J. (2016) Mechanisms
controlling assembly and plasticity of presynaptic active zone
scaffolds. Curr. Opin. Neurobiol. 39, 69-76.

Pick J. E., Khatri L., Sathler M. F. and Ziff E. B. (2017) mGIuR long-
term depression regulates GluA2 association with COPII vesicles
and exit from the endoplasmic reticulum. EMBO J. 36, 232-244.

Pizzorusso T., Medini P., Berardi N., Chierzi S., Fawcett J. W. and
Maffei L. (2002) Reactivation of ocular dominance plasticity in the
adult visual cortex. Science 298, 1248-1251.

Plomp J. J., van Kempen G. T. and Molenaar P. C. (1992) Adaptation of
quantal content to decreased postsynaptic sensitivity at single
endplates in alpha-bungarotoxin-treated rats. J. Physiol. 458, 487—
499.

Ploughman M., Windle V., MacLellan C. L., White N., Dore J. J. and
Corbett D. (2009) Brain-derived neurotrophic factor contributes to
recovery of skilled reaching after focal ischemia in rats. Stroke 40,
1490-1495.

Polepalli J. S., Wu H., Goswami D., Halpern C. H., Sudhof T. C. and
Malenka R. C. (2017) Modulation of excitation on parvalbumin
interneurons by neuroligin-3 regulates the hippocampal network.
Nat. Neurosci. 20, 219-229.

Ponomarenko A. A., Li J. S., Korotkova T. M., Huston J. P. and Haas H.
L. (2008) Frequency of network synchronization in the
hippocampus marks learning. Eur. J. Neuorsci. 27, 3035-3042.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

181



Portugues R. and Engert F. (2009) The neural basis of visual behaviors
in the larval zebrafish. Curr. Opin. Neurobiol. 19, 644-647.

Qian Y., Forssberg H. and Diaz Heijtz R. (2015) Motor skill learning is
associated with phase-dependent modifications in the striatal
cAMP/PKA/DARPP-32 signaling pathway in rodents. PLoS
ONE 10, e0140974.

Qiu Z., Sylwestrak E. L., Lieberman D. N., Zhang Y., Liu X. Y. and
Ghosh A. (2012) The Rett syndrome protein MeCP2 regulates
synaptic scaling. J. Neurosci. 32, 989-994.

Rajasethupathy P., Antonov I., Sheridan R., Frey S., Sander C., Tuschl T.
and Kandel E. R. (2012) A role for neuronal piRNAs in the epigenetic
control of memory-related synaptic plasticity. Cell 149, 693-707.

Ramanathan D. S., Gulati T. and Ganguly K. (2015) Sleep-dependent
reactivation of ensembles in motor cortex promotes skill
consolidation. PLoS Biol. 13, e1002263.

Rangaraju V., Tom Dieck S. and Schuman E. M. (2017) Local
translation in neuronal compartments: how local is local? EMBO
Rep. 18, 693-711.

Redondo R. L. and Morris R. G. (2011) Making memories last: the
synaptic tagging and capture hypothesis. Nat. Rev. Neurosci. 12,
17-30.

Reis J., Fischer J. T., Prichard G., Weiller C., Cohen L. G. and Fritsch B.
(2015) Time- but not sleep-dependent consolidation of tDCS-
enhanced visuomotor skills. Cereb. Cortex 25, 109-117.

Rincon-Cortes M. and Sullivan R. M. (2016) Emergence of social
behavior deficit, blunted corticolimbic activity and adult
depression-like behavior in a rodent model of maternal
maltreatment. Transl. Psychiatry 6, €930.

Rioult-Pedotti M. S., Friedman D., Hess G. and Donoghue J. P. (1998)
Strengthening of horizontal cortical connections following skill
learning. Nat. Neurosci. 1, 230-234.

Rioult-Pedotti M. S., Friedman D. and Donoghue J. P. (2000) Learning-
induced LTP in neocortex. Science 290, 533-536.

Rioult-Pedotti M. S., Pekanovic A., Atiemo C. O., Marshall J. and Luft
A.R. (2015) Dopamine promotes motor cortex plasticity and motor
skill learning via PLC activation. PLoS ONE 10, e0124986.

Robertson E. M., Pascual-Leone A. and Miall R. C. (2004a) Current
concepts in procedural consolidation. Nat. Rev. Neurosci. 5, 576~
582.

Robertson E. M., Pascual-Leone A. and Press D. Z. (2004b) Awareness
modifies the skill-learning benefits of sleep. Curr. Biol. 14, 208—
212.

Romanski L. M., Clugnet M. C., Bordi F. and LeDoux J. E. (1993)
Somatosensory and auditory convergence in the lateral nucleus of
the amygdala. Behav. Neurosci. 107, 444-450.

Rosenkranz K., Kacar A. and Rothwell J. C. (2007) Differential
modulation of motor cortical plasticity and excitability in early and
late phases of human motor learning. J. Neurosci. 27, 12058-
12066.

Rutherford L. C., Nelson S. B. and Turrigiano G. G. (1998) BDNF has
opposite effects on the quantal amplitude of pyramidal neuron and
interneuron excitatory synapses. Neuron 21, 521-530.

Sadowski J. H., Jones M. W. and Mellor J. R. (2016) Sharp-wave ripples
orchestrate the induction of synaptic plasticity during reactivation
of place cell firing patterns in the hippocampus. Cell Rep. 14,
1916-1929.

Sakata K., Martinowich K., Woo N. H., Schloesser R. J., Jimenez D. V.,
Ji Y., Shen L. and Lu B. (2013) Role of activity-dependent BDNF
expression in hippocampal-prefrontal cortical regulation of
behavioral perseverance. Proc. Natl Acad. Sci. USA 110, 15103~
15108.

Sambandan S., Akbalik G., Kochen L., et al. (2017) Activity-dependent
spatially localized miRNA maturation in neuronal dendrites.
Science 355, 634-637.

Synapse plasticity: forms and mechanisms | 809

Sampaio-Baptista C., Filippini N., Stagg C. J., Near J., Scholz J. and
Johansen-Berg H. (2015) Changes in functional connectivity and
GABA levels with long-term motor learning. Neurolmage 106, 15-20.

Sandin L., Bergkvist L., Nath S., et al. (2016) Beneficial effects of
increased lysozyme levels in Alzheimer’s disease modelled in
Drosophila melanogaster. FEBS J. 283, 3508-3522.

Santos A. R., Mele M., Vaz S. H., et al. (2015) Differential role of the
proteasome in the early and late phases of BDNF-induced
facilitation of LTP. J. Neurosci. 35, 3319-3329.

Schabitz W. R., Berger C., Kollmar R., Seitz M., Tanay E., Kiessling M.,
Schwab S. and Sommer C. (2004) Effect of brain-derived
neurotrophic factor treatment and forced arm use on functional
motor recovery after small cortical ischemia. Stroke 35, 992-997.

Schabitz W. R., Steigleder T., Cooper-Kuhn C. M., Schwab S., Sommer
C., Schneider A. and Kuhn H. G. (2007) Intravenous brain-derived
neurotrophic factor enhances poststroke sensorimotor recovery and
stimulates neurogenesis. Stroke 38, 2165-2172.

Schanzenbacher C. T., Sambandan S., Langer J. D. and Schuman E. M.
(2016) Nascent proteome remodeling following homeostatic
scaling at hippocampal synapses. Neuron 92, 358-371.

Schultz W., Dayan P. and Montague P. R. (1997) A neural substrate of
prediction and reward. Science 275, 1593-1599.

Schwarz T. L. (2006) Transmitter release at the neuromuscular junction.
Int. Rev. Neurobiol. 75, 105-144.

Shatz C. J. and Luskin M. B. (1986) The relationship between the
geniculocortical afferents and their cortical target cells during
development of the cat's primary visual cortex. J Neurosci 6, 3655~
3668.

Shatz C. J. and Stryker M. P. (1978) Ocular dominance in layer IV of the
cat's visual cortex and the effects of monocular deprivation. J
Physiol 281, 267-283.

Shepherd J. D., Rumbaugh G., Wu J., Chowdhury S., Plath N., Kuhl D.,
Huganir R. L. and Worley P. F. (2006) Arc/Arg3.1 mediates
homeostatic synaptic scaling of AMPA receptors. Neuron 52, 475—
484.

Sidorov M. S., Auerbach B. D. and Bear M. F. (2013) Fragile X mental
retardation protein and synaptic plasticity. Mol. Brain 6, 15.
Siegel G., Obernosterer G., Fiore R., et al. (2009) A functional screen
implicates ~ microRNA-138-dependent  regulation  of  the
depalmitoylation ~ enzyme  APTI in  dendritic  spine

morphogenesis. Nat. Cell Biol. 11, 705-716.

Smith S. L. and Trachtenberg J. T. (2007) Experience-dependent
binocular competition in the visual cortex begins at eye opening.
Nat. Neurosci. 10, 370-375.

Soden M. E. and Chen L. (2010) Fragile X protein FMRP is required for
homeostatic plasticity and regulation of synaptic strength by
retinoic acid. J. Neurosci. 30, 16910-16921.

Song S., Howard J. H., Jr and Howard D. V. (2007) Sleep does not
benefit probabilistic motor sequence learning. J. Neurosci. 27,
12475-12483.

Southwell D. G., Froemke R. C., Alvarez-Buylla A., Stryker M. P. and
Gandhi S. P. (2010) Cortical plasticity induced by inhibitory
neuron transplantation. Science 327, 1145-1148.

Spencer R. M., Gouw A. M. and Ivry R. B. (2007) Age-related decline
of sleep-dependent consolidation. Learn. Mem. 14, 480-484.
Stefan K., Wycislo M., Gentner R., Schramm A., Naumann M., Reiners
K. and Classen J. (2006) Temporary occlusion of associative motor
cortical plasticity by prior dynamic motor training. Cereb. Cortex

16, 376-385.

Stellwagen D. and Malenka R. C. (2006) Synaptic scaling mediated by
glial TNF-alpha. Nature 440, 1054—1059.

Steward O. and Levy W. B. (1982) Preferential localization of
polyribosomes under the base of dendritic spines in granule cells
of the dentate gyrus. J. Neurosci. 2, 284-291.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

182



810 | N. Schaefer et al.

Sudhof T. C. (2008) Neuroligins and neurexins link synaptic function to
cognitive disease. Nature 455, 903-911.

Sudhof T. C. (2012) The presynaptic active zone. Neuron 75, 11-25.

Sun F. T., Miller L. M., Rao A. A. and D’Esposito M. (2007) Functional
connectivity of cortical networks involved in bimanual motor
sequence learning. Cereb. Cortex 17, 1227-1234.

Sutton M. A. and Schuman E. M. (2006) Dendritic protein synthesis,
synaptic plasticity, and memory. Cell 127, 49-58.

Szklarczyk A., Conant K., Owens D. F., Ravin R., McKay R. D. and
Gerfen C. (2007) Matrix metalloproteinase-7 modulates synaptic
vesicle recycling and induces atrophy of neuronal synapses.
Neuroscience 149, 87-98.

Tang Y., Stryker M. P., Alvarez-Buylla A. and Espinosa J. S. (2014)
Cortical plasticity induced by transplantation of embryonic
somatostatin or parvalbumin interneurons. Proc. Natl Acad. Sci.
USA 111, 18339-18344.

Taubert M., Lohmann G., Margulies D. S., Villringer A. and Ragert P.
(2011) Long-term effects of motor training on resting-state
networks and underlying brain structure. Neurolmage 57, 1492—
1498.

Thompson K. R., Otis K. O., Chen D. Y., Zhao Y., O’Dell T. J. and
Martin K. C. (2004) Synapse to nucleus signaling during long-term
synaptic plasticity; a role for the classical active nuclear import
pathway. Neuron 44, 997-1009.

tom Dieck S., Kochen L., Hanus C., et al. (2015) Direct visualization of
newly synthesized target proteins in situ. Nat. Methods 12, 411—
414.

Toni N., Buchs P. A., Nikonenko I., Bron C. R. and Muller D.
(1999) LTP promotes formation of multiple spine synapses
between a single axon terminal and a dendrite. Nature 402, 421—
425.

Trachtenberg J. T. (2015) Competition, inhibition, and critical periods of
cortical plasticity. Curr. Opin. Neurobiol. 35, 44-48.

Tse D., Langston R. F., Kakeyama M., Bethus I., Spooner P. A., Wood
E. R., Witter M. P. and Morris R. G. (2007) Schemas and memory
consolidation. Science 316, 76-82.

Turrigiano G. G., Leslie K. R., Desai N. S., Rutherford L. C. and Nelson
S. B. (1998) Activity-dependent scaling of quantal amplitude in
neocortical neurons. Nature 391, 892-896.

Turrigiano G. G. (2008) The self-tuning neuron: synaptic scaling of
excitatory synapses. Cell 135, 422-435.

Ungerleider L. G., Doyon J. and Karni A. (2002) Imaging brain
plasticity during motor skill learning. Neurobiol. Learn. Mem. 78,
553-564.

Valente A., Huang K. H., Portugues R. and Engert F. (2012) Ontogeny
of classical and operant learning behaviors in zebrafish. Learn.
Mem. 19, 170-177.

Van Meer P. and Raber J. (2005) Mouse behavioural analysis in systems
biology. Biochem. J. 389, 593-610.

Vicario A., Colliva A., Ratti A., et al. (2015) Dendritic targeting of short
and long 3" UTR BDNF mRNA is regulated by BDNF or NT-3 and
distinct sets of RNA-binding proteins. Front. Mol. Neurosci. 8, 62.

Vitureira N. and Goda Y. (2013) Cell biology in neuroscience: the
interplay between Hebbian and homeostatic synaptic plasticity. J.
Cell Biol. 203, 175-186.

Vitureira N., Letellier M., White 1. J. and Goda Y. (2011) Differential
control of presynaptic efficacy by postsynaptic N-cadherin and
beta-catenin. Nat. Neurosci. 15, 81-89.

Walker M. P., Brakefield T., Morgan A., Hobson J. A. and Stickgold R.
(2002) Practice with sleep makes perfect: sleep-dependent motor
skill learning. Neuron 35, 205-211.

Walker M. P., Brakefield T., Seidman J., Morgan A., Hobson J. A. and
Stickgold R. (2003) Sleep and the time course of motor skill
learning. Learn. Mem. 10, 275-284.

Wang W., Kwon E. J. and Tsai L. H. (2012) MicroRNAs in learning,
memory, and neurological diseases. Learn. Mem. 19, 359-368.

Wang W., Trieu B. H., Palmer L. C., et al. (2016) A primary cortical
input to hippocampus expresses a pathway-specific and
endocannabinoid-dependent form of long-term potentiation.
eNeuro 3(4). doi:10.1523/ENEURO.0160-16.2016.

Ward R. D., Simpson E. H., Kandel E. R. and Balsam P. D. (2011)
Modeling motivational deficits in mouse models of schizophrenia:
behavior analysis as a guide for neuroscience. Behav. Processes
87, 149-156.

Wei Y., Krishnan G. P. and Bazhenov M. (2016) Synaptic mechanisms
of memory consolidation during sleep slow oscillations. J.
Neurosci. 36, 4231-4247.

Weyhersmuller A., Hallermann S., Wagner N. and Eilers J. (2011) Rapid
active zone remodeling during synaptic plasticity. J. Neurosci. 31,
6041-6052.

Wiera G., Wozniak G., Bajor M., Kaczmarek L. and Mozrzymas J. W.
(2013) Maintenance of long-term potentiation in hippocampal
mossy fiber-CA3 pathway requires fine-tuned MMP-9 proteolytic
activity. Hippocampus 23, 529-543.

Wiesel T. N. and Hubel D. H. (1963) Single-cell responses in striate
cortex of kittens deprived of vision in one eye. J. Neurophysiol. 26,
1003-1017.

Wiesel T. N. (1982) Postnatal development of the visual cortex and the
influence of environment. Nature 299, 583-591.

Will T. J., Tushev G., Kochen L., Nassim-Assir B., Cajigas L. J., Tom
Dieck S. and Schuman E. M. (2013) Deep sequencing and high-
resolution imaging reveal compartment-specific localization of
Bdnf mRNA in hippocampal neurons. Sci. Signal. 6, rs16.

Willingham D. B. (1998) A neuropsychological theory of motor skill
learning. Psychol. Rev. 105, 558-584.

Xia H., Hornby Z. D. and Malenka R. C. (2001) An ER retention signal
explains differences in surface expression of NMDA and AMPA
receptor subunits. Neuropharmacology 41, 714-723.

Xu T., Yu X., Perlik A. J., Tobin W. F., Zweig J. A., Tennant K., Jones
T. and Zuo Y. (2009) Rapid formation and selective stabilization of
synapses for enduring motor memories. Nature 462, 915-919.

Yamagata N., Hiroi M., Kondo S., Abe A. and Tanimoto H. (2016)
Suppression of dopamine neurons mediates reward. PLoS Biol. 14,
€1002586.

Yang G., Pan F. and Gan W. B. (2009) Stably maintained dendritic
spines are associated with lifelong memories. Nature 462, 920—
924.

Yang Y. and Calakos N. (2013) Presynaptic long-term plasticity. Front.
Synaptic Neurosci. S, 8.

Yang Y. and Lisberger S. G. (2014) Purkinje-cell plasticity and
cerebellar motor learning are graded by complex-spike duration.
Nature 510, 529-532.

Yger P. and Gilson M. (2015) Models of metaplasticity: a review of
concepts. Front. Comput. Neurosci. 9, 138.

Yin H. H., Mulcare S. P., Hilario M. R., Clouse E., Holloway T., Davis
M. L, Hansson A. C., Lovinger D. M. and Costa R. M. (2009)
Dynamic reorganization of striatal circuits during the acquisition
and consolidation of a skill. Nat. Neurosci. 12, 333-341.

Zarnadze S., Bauerle P., Santos-Torres J., Bohm C., Schmitz D., Geiger
J. R., Dugladze T. and Gloveli T. (2016) Cell-specific synaptic
plasticity induced by network oscillations. Elife 5, pii: €14912. doi:
10.7554/eLife.14912.

Zellner M. R., Kest K. and Ranaldi R. (2009) NMDA receptor
antagonism in the ventral tegmental area impairs acquisition of
reward-related learning. Behav. Brain Res. 197, 442-449.

Zhang L. I, Bao S. and Merzenich M. M. (2001) Persistent and specific
influences of early acoustic environments on primary auditory
cortex. Nat. Neurosci. 4, 1123-1130.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

183



Synapse plasticity: forms and mechanisms | 811

Zhou Q., Homma K. J. and Poo M. M. (2004) Shrinkage of dendritic like and long-term depression-like plasticity in human motor
spines associated with long-term depression of hippocampal cortex. J. Neurosci. 24, 1666-1672.
synapses. Neuron 44, 749-757. Zito K., Scheuss V., Knott G., Hill T. and Svoboda K. (2009) Rapid
Ziemann U., Ilic T. V., Pauli C., Meintzschel F. and Ruge D. (2004) functional maturation of nascent dendritic spines. Neuron 61, 247—
Learning modifies subsequent induction of long-term potentiation- 258.

© 2017 International Society for Neurochemistry, J. Neurochem. (2017) 142, 790-811

184



REFERENCES

185



Alam, Z., Jenner, A., Daniel, S., Lees, A., Cairns, N., Marsden, C., Jenner, P. &
Halliwell, B. 1997. Oxidative DNA Damage in the Parkinsonian Brain: An
Apparent Selective Increase in 8—Hydroxyguanine Levels in Substantia
Nigra. Journal of neurochemistry, 69, 1196-1203.

Allen, J. S., Damasio, H., Grabowski, T. J., Bruss, J. & Zhang, W. 2003. Sexual
dimorphism and asymmetries in the gray-white composition of the human
cerebrum. Neuroimage, 18, 880-94.

Andersen, S. L. & Teicher, M. H. 2000. Sex differences in dopamine receptors and
their relevance to ADHD. Neurosci Biobehav Rev, 24, 137-41.

Anderson, S. R., Lee, |., Ebeling, C., Stephenson, D. A., Schweitzer, K. M., Baxter,
D., Moon, T. M., Lapierre, S., Jaques, B., Silvius, D., Wegner, M., Hood, L.
E., Carlson, G. & Gunn, T. M. 2015. Disrupted SOX10 function causes
spongiform neurodegeneration in gray tremor mice. Mammalian genome :
official journal of the International Mammalian Genome Society, 26, 80-93.

Antony, P., Diederich, N. J., Kruger, R. & Balling, R. 2013. The hallmarks of
Parkinson's disease. FEBS Journal, 280, 5981-5993.

Arnett, A. B., Pennington, B. F., Willcutt, E. G., Defries, J. C. & Olson, R. K. 2015.
Sex differences in ADHD symptom severity. J Child Psychol Psychiatry, 56,
632-9.

Arnold, A. P. 2004. Sex chromosomes and brain gender. Nat Rev Neurosci, 5,
701-708.

Arnold, A. P. 2009. What does the "four core genotypes" mouse model tell us
about sex differences in the brain and other tissues? Frontiers in
neuroendocrinology, 30, 1-9.

Arnold, S. & Beyer, C. 2009. Neuroprotection by estrogen in the brain: the
mitochondrial compartment as presumed therapeutic target. J Neurochem,
110, 1-11.

Arnsten, A. F. & Pliszka, S. R. 2011. Catecholamine influences on prefrontal
cortical function: relevance to treatment of attention deficit/hyperactivity
disorder and related disorders. Pharmacol Biochem Behav, 99, 211-6.

Association, A. P. 2013. Diagnostic and statistical manual of mental disorders (5th
ed. text rev.).

186



Avissar, S., Egozi, Y. & Sokolovsky, M. 1981. Studies on muscarinic receptors in
mouse and rat hypothalamus: a comparison of sex and cyclical differences.
Neuroendocrinology, 32, 295-302.

Bachevalier, J. & Loveland, K. A. 2006. The orbitofrontal-amygdala circuit and
self-regulation of social-emotional behavior in autism. Neuroscience &
Biobehavioral Reviews, 30, 97-117.

Bailey, T. & Joyce, A. 2015. The role of the thalamus in ADHD symptomatology
and treatment. Appl Neuropsychol Child, 4, 89-96.

Baldereschi, M., Di Carlo, A., Rocca, W. A., Vanni, P., Maggi, S., Perissinotto, E.,
Grigoletto, F., Amaducci, L. & Inzitari, D. 2000. Parkinson's disease and
parkinsonism in a longitudinal study: two-fold higher incidence in men. ILSA
Working Group. Italian Longitudinal Study on Aging. Neurology, 55, 1358-
63.

Balint, S., Czobor, P., Komlosi, S., Meszaros, A., Simon, V. & Bitter, |. 2009.
Attention deficit hyperactivity disorder (ADHD): gender- and age-related
differences in neurocognition. Psychol Med, 39, 1337-45.

Barik, J., Marti, F., Morel, C., Fernandez, S. P., Lanteri, C., Godeheu, G., Tassin,
J. P., Mombereau, C., Faure, P. & Tronche, F. 2013. Chronic stress triggers
social aversion via glucocorticoid receptor in dopaminoceptive neurons.
Science, 339, 332-5.

Barkley, R. A., Fischer, M., Edelbrock, C. S. & Smallish, L. 1990. The adolescent
outcome of hyperactive children diagnosed by research criteria: |. An 8-year
prospective follow-up study. J Am Acad Child Adolesc Psychiatry, 29, 546-
57.

Baron-Cohen, S., Lombardo, M. V., Auyeung, B., Ashwin, E., Chakrabarti, B. &
Knickmeyer, R. 2011. Why are autism spectrum conditions more prevalent
in males? PLoS Biol, 9, e1001081.

Baron-Cohen, S., Ring, H. A., Bullmore, E. T., Wheelwright, S., Ashwin, C. &
Williams, S. C. R. 2000. The amygdala theory of autism. Neuroscience &
Biobehavioral Reviews, 24, 355-364.

Bellgrove, M. A., Hawi, Z., Gill, M. & Robertson, |. H. 2006. The cognitive genetics
of attention deficit hyperactivity disorder (ADHD): sustained attention as a
candidate phenotype. Cortex, 42, 838-45.

187



Bellgrove, M. A., Hawi, Z., Kirley, A., Fitzgerald, M., Gill, M. & Robertson, I. H.
2005. Association between dopamine transporter (DAT1) genotype, left-
sided inattention, and an enhanced response to methylphenidate in
attention-deficit hyperactivity disorder. Neuropsychopharmacology, 30,
2290-7.

Benedetti, M. D., Maraganore, D. M., Bower, J. H., Mcdonnell, S. K., Peterson, B.
J., Ahlskog, J. E., Schaid, D. J. & Rocca, W. A. 2001. Hysterectomy,
menopause, and estrogen use preceding Parkinson's disease: an
exploratory case-control study. Mov Disord, 16, 830-7.

Berger, D. F. & Sagvolden, T. 1998. Sex differences in operant discrimination
behaviour in an animal model of attention-deficit hyperactivity disorder.
Behav Brain Res, 94, 73-82.

Berger, I. 2011. Diagnosis of attention deficit hyperactivity disorder: much ado
about something. Isr Med Assoc J, 13, 571-4.

Berridge, K. C., Aldridge, J. W., Houchard, K. R. & Zhuang, X. 2005. Sequential
super-stereotypy of an instinctive fixed action pattern in hyper-dopaminergic
mutant mice: a model of obsessive compulsive disorder and Tourette's.
BMC Biol, 3, 4.

Betarbet, R., Sherer, T. B., Mackenzie, G., Garcia-Osuna, M., Panov, A. V. &
Greenamyre, J. T. 2000. Chronic systemic pesticide exposure reproduces
features of Parkinson's disease. Nat Neurosci, 3, 1301-6.

Beyer, C., Eusterschulte, B., Pilgrim, C. & Reisert, |. 1992. Sex steroids do not
alter sex differences in tyrosine hydroxylase activity of dopaminergic
neurons in vitro. Cell and Tissue Research, 270, 547-552.

Beyer, C., Pilgrim, C. & Reisert, I. 1991. Dopamine content and metabolism in
mesencephalic and diencephalic cell cultures: sex differences and effects of
sex steroids. J Neurosci, 11, 1325-33.

Bhatt, S. D. & Dluzen, D. E. 2005. Dopamine transporter function differences
between male and female CD-1 mice. Brain Res, 1035, 188-95.

Bian, M. J., Li, L. M., Yu, M., Fei, J. & Huang, F. 2009. Elevated interleukin-1beta
induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine aggravating
dopaminergic neurodegeneration in old male mice. Brain Res, 1302, 256-
64.

188



Biederman, J., Faraone, S. V., Taylor, A., Sienna, M., Williamson, S. & Fine, C.
1998. Diagnostic continuity between child and adolescent ADHD: findings
from a longitudinal clinical sample. J Am Acad Child Adolesc Psychiatry, 37,
305-13.

Blum, D., Torch, S., Lambeng, N., Nissou, M., Benabid, A., Sadoul, R. & Verna, J.
2004. Molecular pathways involved in the neurotoxicity of 6-OHDA,
dopamine and MPTP: contribution to the apoptotic theory in Parkinson’s
disease. Progress in Neurobiology, 65, 135-172.

Bollmann, S., Ghisleni, C., Poil, S. S., Martin, E., Ball, J., Eich-Hochli, D., Edden,
R. A., Klaver, P., Michels, L., Brandeis, D. & O'gorman, R. L. 2015.
Developmental changes in gamma-aminobutyric acid levels in attention-
deficit/hyperactivity disorder. Transl Psychiatry, 5, e589.

Borras, C., Sastre, J., Garcia-Sala, D., Lloret, A., Pallardo, F. V. & Vina, J. 2003.
Mitochondria from females exhibit higher antioxidant gene expression and
lower oxidative damage than males. Free Radic Biol Med, 34, 546-52.

Bourque, M., Dluzen, D. E. & Di Paolo, T. 2012. Signaling pathways mediating the
neuroprotective effects of sex steroids and SERMs in Parkinson's disease.
Front Neuroendocrinol, 33, 169-78.

Bove, J., Prou, D. & Perier, C. 2005. Toxin-induced models of Parkinson's
disease. NeuroRx, 2, 484-494.

Brennan, A. R. & Arnsten, A. F. 2008. Neuronal mechanisms underlying attention
deficit hyperactivity disorder: the influence of arousal on prefrontal cortical
function. Ann N Y Acad Sci, 1129, 236-45.

Bruno, K. J., Freet, C. S., Twining, R. C., Egami, K., Grigson, P. S. & Hess, E. J.
2007. Abnormal latent inhibition and impulsivity in coloboma mice, a model
of ADHD. Neurobiol Dis, 25, 206-16.

Bucci, D. J., Hopkins, M. E., Nunez, A. A., Breedlove, S. M., Sisk, C. L. & Nigg, J.
T. 2008. Effects of sex hormones on associative learning in spontaneously
hypertensive rats. Physiol Behav, 93, 651-7.

Burruss, J. W., Hurley, R. A., Taber, K. H., Rauch, R. A., Norton, R. E. & Hayman,
L. A. 2000. Functional neuroanatomy of the frontal lobe circuits. Radiology,
214, 227-30.

189



Cantuti-Castelvetri, I., Keller-Mcgandy, C., Bouzou, B., Asteris, G., Clark, T. W.,
Frosch, M. P. & Standaert, D. G. 2007. Effects of gender on nigral gene
expression and parkinson disease. Neurobiol Dis, 26, 606-14.

Cao, Q., Shu, N., An, L., Wang, P., Sun, L., Xia, M. R., Wang, J. H., Gong, G. L.,
Zang, Y. F., Wang, Y. F. & He, Y. 2013. Probabilistic diffusion tractography
and graph theory analysis reveal abnormal white matter structural
connectivity networks in drug-naive boys with attention deficit/hyperactivity
disorder. J Neurosci, 33, 10676-87.

Capel, B., Swain, A., Nicolis, S., Hacker, A., Walter, M., Koopman, P., Goodfellow,
P. & Lovell-Badge, R. 1993. Circular transcripts of the testis-determining
gene Sry in adult mouse testis. Cell, 73, 1019-1030.

Carrey, N. J., Macmaster, F. P., Gaudet, L. & Schmidt, M. H. 2007. Striatal
creatine and glutamate/glutamine in attention-deficit/hyperactivity disorder.
J Child Adolesc Psychopharmacol, 17, 11-7.

Carruth, L. L., Reisert, |. & Arnold, A. P. 2002. Sex chromosome genes directly
affect brain sexual differentiation. Nat Neurosci, 5, 933-934.

Castellanos, F. X., Lee, P. P., Sharp, W., Jeffries, N. O., Greenstein, D. K.,
Clasen, L. S., Blumenthal, J. D., James, R. S., Ebens, C. L., Walter, J. M.,
Zijdenbos, A., Evans, A. C., Giedd, J. N. & Rapoport, J. L. 2002.
Developmental trajectories of brain volume abnormalities in children and
adolescents with attention-deficit/hyperactivity disorder. JAMA, 288, 1740-8.

Cicchetti, F., Brownell, A. L., Williams, K., Chen, Y. |, Livni, E. & Isacson, O. 2002.
Neuroinflammation of the nigrostriatal pathway during progressive 6-OHDA
dopamine degeneration in rats monitored by immunohistochemistry and
PET imaging. Eur J Neurosci, 15, 991-8.

Ciesielska, A., Joniec, |., Kurkowska-Jastrzebska, I., Przybylkowski, A.,
Gromadzka, G., Czlonkowska, A. & Czlonkowski, A. 2007. Influence of age
and gender on cytokine expression in a murine model of Parkinson's
disease. Neuroimmunomodulation, 14, 255-65.

Clepet, C., Schafer, A. J., Sinclair, A. H., Palmer, M. S., Lovell-Badge, R. &
Goodfellow, P. N. 1993. The human SRY transcript. Hum Mol Genet, 2,
2007-12.

190



Cornelisse, S., Van Stegeren, A. H. & Joels, M. 2011. Implications of psychosocial
stress on memory formation in a typical male versus female student
sample. Psychoneuroendocrinology, 36, 569-78.

Cornforth, C., Sonuga-Barke, E. & Coghill, D. 2010. Stimulant drug effects on
attention deficit/hyperactivity disorder: a review of the effects of age and sex
of patients. Curr Pharm Des, 16, 2424-33.

Costello, S., Cockburn, M., Bronstein, J., Zhang, X. & Ritz, B. 2009. Parkinson's
disease and residential exposure to maneb and paraquat from agricultural
applications in the central valley of California. Am J Epidemiol, 169, 919-26.

Courvoisie, H., Hooper, S. R., Fine, C., Kwock, L. & Castillo, M. 2004.
Neurometabolic functioning and neuropsychological correlates in children
with ADHD-H: preliminary findings. J Neuropsychiatry Clin Neurosci, 16, 63-
9.

Creed, M. C., Ntamati, N. R. & Tan, K. R. 2014. VTA GABA neurons modulate
specific learning behaviors through the control of dopamine and cholinergic
systems. Frontiers in Behavioral Neuroscience, 8, 8.

Cubillo, A., Halari, R., Giampietro, V., Taylor, E. & Rubia, K. 2011. Fronto-striatal
underactivation during interference inhibition and attention allocation in
grown up children with attention deficit/hyperactivity disorder and persistent
symptoms. Psychiatry Res, 193, 17-27.

Cuevas-Covarrubias, S. A., Juarez-Oropeza, M. A., Miranda-Zamora, R. & Diaz-
Zagoya, J. C. 1993. Comparative analysis of human steroid sulfatase
activity in prepubertal and postpubertal males and females. Biochem Mol
Biol Int, 30, 691-5.

Czech, D. P, Lee, J., Correia, J., Loke, H., Moller, E., Vilain, E. & Harley, V. R.
2014. Transient neuroprotection by SRY up-regulation in dopamine cells
following injury in males. Endocrinology, 155, 2602-12.

Czech, D. P, Lee, J., Sim, H., Parish, C. L., Vilain, E. & Harley, V. R. 2012. The
human testis-determining factor SRY localizes in midbrain dopamine
neurons and regulates multiple components of catecholamine synthesis
and metabolism. Journal of Neurochemistry, 122, 260-271.

Czyzewska-Szafran, H., Wutkiewicz, M., Remiszewska, M., Jastrzebski, Z.,
Czarnecki, A. & Danysz, A. 1989. Down-regulation of the GABA-ergic

191



system in selected brain areas of spontaneously hypertensive rats (SHR).
Pol J Pharmacol Pharm, 41, 619-27.

Dalley, J. W., Fryer, T. D., Brichard, L., Robinson, E. S., Theobald, D. E., Laane,
K., Pena, Y., Murphy, E. R., Shah, Y., Probst, K., Abakumova, I., Aigbirhio,
F. l., Richards, H. K., Hong, Y., Baron, J. C., Everitt, B. J. & Robbins, T. W.
2007. Nucleus accumbens D2/3 receptors predict trait impulsivity and
cocaine reinforcement. Science, 315, 1267-70.

Das Bhowmik, A., Sarkar, K., Ghosh, P., Das, M., Bhaduri, N., Sarkar, K., Ray, A,,
Sinha, S. & Mukhopadhyay, K. 2013. Significance of Dopaminergic Gene
Variants in the Male Biasness of ADHD. Journal of Attention Disorders.

Davies, W. 2012. Does steroid sulfatase deficiency influence postpartum
psychosis risk? Trends Mol Med, 18, 256-62.

Davies, W. 2014. Sex differences in attention Deficit Hyperactivity Disorder:
candidate genetic and endocrine mechanisms. Front Neuroendocrinol, 35,
331-46.

Davies, W., Humby, T., Kong, W., Otter, T., Burgoyne, P. S. & Wilkinson, L. S.
2009. Converging pharmacological and genetic evidence indicates a role
for steroid sulfatase in attention. Biol Psychiatry, 66, 360-7.

Davis, A. M., Ward, S. C., Selmanoff, M., Herbison, A. E. & Mccarthy, M. M. 1999.
Developmental sex differences in amino acid neurotransmitter levels in
hypothalamic and limbic areas of rat brain. Neuroscience, 90, 1471-82.

De Bruin, E. |, Verheij, F., Wiegman, T. & Ferdinand, R. F. 2006. Differences in
finger length ratio between males with autism, pervasive developmental
disorder-not otherwise specified, ADHD, and anxiety disorders. Dev Med
Child Neurol, 48, 962-5.

De Lau, L. M. & Breteler, M. M. 2006. Epidemiology of Parkinson's disease.
Lancet Neurol, 5, 525-35.

De Vries, G. J., Rissman, E. F., Simerly, R. B., Yang, L. Y., Scordalakes, E. M.,
Auger, C. J., Swain, A,, Lovell-Badge, R., Burgoyne, P. S. & Arnold, A. P.
2002. A model system for study of sex chromosome effects on sexually
dimorphic neural and behavioral traits. J Neurosci, 22, 9005-14.

De Wit, S., Watson, P., Harsay, H. A., Cohen, M. X., Van De Vijver, I. &
Ridderinkhof, K. R. 2012. Corticostriatal connectivity underlies individual

192



differences in the balance between habitual and goal-directed action
control. J Neurosci, 32, 12066-75.

Demarest, T. G. & Mccarthy, M. M. 2015. Sex differences in mitochondrial
(dys)function: Implications for neuroprotection. J Bioenerg Biomembr, 47,
173-88.

Demotes-Mainard, J., Arnauld, E. & Vincent, J. D. 1990. Estrogens modulate the
responsiveness of in vivo recorded striatal neurons to iontophoretic
application of dopamine in rats: Role of D1 and D2 receptor activation.
Journal of Neuroendocrinology, 2, 825-832.

Dewing, P., Chiang, C. W., Sinchak, K., Sim, H., Fernagut, P. O, Kelly, S.,
Chesselet, M. F., Micevych, P. E., Albrecht, K. H., Harley, V. R. & Vilain, E.
2006. Direct regulation of adult brain function by the male-specific factor
SRY. Curr Biol, 16, 415-20.

Dewing, P., Shi, T., Horvath, S. & Vilain, E. 2003. Sexually dimorphic gene
expression in mouse brain precedes gonadal differentiation. Molecular
Brain Research, 118, 82-90.

Dexter, D. T. & Jenner, P. 2013. Parkinson disease: from pathology to molecular
disease mechanisms. Free Radic Biol Med, 62, 132-44.

Di Paolo, T., Poyet, P. & Labrie, F. 1981. Effect of chronic estradiol and
haloperidol treatment on striatal dopamine receptors. Eur J Pharmacol, 73,
105-6.

Di Paolo, T., Rouillard, C. & Bédard, P. 1985. 1783-estradiol at a physiological dose
acutely increases dopamine turnover in rat brain. European Journal of
Pharmacology, 117, 197-203.

Dick, F. D., De Palma, G., Ahmadi, A., Scott, N., Prescott, G., Bennett, J., Semple,
S., Dick, S., Counsell, C. & Mozzoni, P. 2007. Environmental risk factors for
Parkinson’s disease and parkinsonism: the Geoparkinson study.
Occupational and Environmental Medicine, 64, 666-672.

Dimatelis, J. J., Hsieh, J. H., Sterley, T. L., Marais, L., Womersley, J. S., Vlok, M.
& Russell, V. A. 2015. Impaired Energy Metabolism and Disturbed
Dopamine and Glutamate Signalling in the Striatum and Prefrontal Cortex
of the Spontaneously Hypertensive Rat Model of Attention-Deficit
Hyperactivity Disorder. J Mol Neurosci, 56, 696-707.

193



Ding, Y.-S. & Fowler, J. 2005. New-generation radiotracers for nAChR and NET.
Nuclear Medicine and Biology, 32, 707-718.

Discala, C., Lescohier, I., Barthel, M. & Li, G. 1998. Injuries to children with
attention deficit hyperactivity disorder. Pediatrics, 102, 1415-21.

Dluzen, D. E. 2005. Unconventional effects of estrogen uncovered. Trends
Pharmacol Sci, 26, 485-7.

Dorval, K. M., Wigg, K. G., Crosbie, J., Tannock, R., Kennedy, J. L., Ickowicz, A.,
Pathare, T., Malone, M., Schachar, R. & Barr, C. L. 2007. Association of the
glutamate receptor subunit gene GRIN2B with attention-deficit/hyperactivity
disorder. Genes Brain Behav, 6, 444-52.

Dougherty, D. D., Bonab, A. A., Spencer, T. J., Rauch, S. L., Madras, B. K. &
Fischman, A. J. 1999. Dopamine transporter density in patients with
attention deficit hyperactivity disorder. Lancet, 354, 2132-3.

Duarte-Guterman, P., Yagi, S., Chow, C. & Galea, L. A. 2015. Hippocampal
learning, memory, and neurogenesis: Effects of sex and estrogens across
the lifespan in adults. Horm Behav, 74, 37-52.

Durston, S., Hulshoff Pol, H. E., Schnack, H. G., Buitelaar, J. K., Steenhuis, M. P.,
Minderaa, R. B., Kahn, R. S. & Van Engeland, H. 2004. Magnetic
resonance imaging of boys with attention-deficit/hyperactivity disorder and
their unaffected siblings. J Am Acad Child Adolesc Psychiatry, 43, 332-40.

Edden, R. A., Crocetti, D., Zhu, H., Gilbert, D. L. & Mostofsky, S. H. 2012.
Reduced GABA concentration in attention-deficit/hyperactivity disorder.
Arch Gen Psychiatry, 69, 750-3.

Egozi, Y., Avissar, S. & Sokolovsky, M. 1982. Muscarinic mechanisms and sex
hormone secretion in rat adenohypophysis and preoptic area.
Neuroendocrinology, 35, 93-7.

Ellison-Wright, 1., Ellison-Wright, Z. & Bullmore, E. 2008. Structural brain change in
Attention Deficit Hyperactivity Disorder identified by meta-analysis. BMC
Psychiatry, 8, 51.

Ely, D., Milsted, A., Bertram, J., Ciotti, M., Dunphy, G. & Turner, M. 2007. Sry
delivery to the adrenal medulla increases blood pressure and adrenal
medullary tyrosine hydroxylase of normotensive WKY rats. BioMed Central
Cardiovascular Disorders, 7, 6-22.

194



Ely, D., Underwood, A., Dunphy, G., Boehme, S., Turner, M. & Milsted, A. 2009.
Review of the Y chromosome, Sry and hypertension. Steroids, In Press,
Corrected Proof.

Ernst, M., Zametkin, A. J., Matochik, J. A., Jons, P. H. & Cohen, R. M. 1998.
DOPA decarboxylase activity in attention deficit hyperactivity disorder
adults. A [fluorine-18]fluorodopa positron emission tomographic study. J
Neurosci, 18, 5901-7.

Espin, L., Almela, M., Hidalgo, V., Villada, C., Salvador, A. & Gomez-Amor, J.
2013. Acute pre-learning stress and declarative memory: impact of sex,
cortisol response and menstrual cycle phase. Horm Behav, 63, 759-65.

Evans, M. C., Couch, Y., Sibson, N. & Turner, M. R. 2013. Inflammation and
neurovascular changes in amyotrophic lateral sclerosis. Mol Cell Neurosci,
53, 34-41.

Faraone, S. V. & Glatt, S. J. 2010. A comparison of the efficacy of medications for
adult attention-deficit/hyperactivity disorder using meta-analysis of effect
sizes. J Clin Psychiatry, 71, 754-63.

Faraone, S. V. & Mick, E. 2010. Molecular genetics of attention deficit hyperactivity
disorder. Psychiatr Clin North Am, 33, 159-80.

Ferreira, P. E., Palmini, A., Bau, C. H., Grevet, E. H., Hoefel, J. R., Rohde, L. A,
Anes, M., Ferreira, E. E. & Belmonte-De-Abreu, P. 2009. Differentiating
attention-deficit/hyperactivity disorder inattentive and combined types: a
(1)H-magnetic resonance spectroscopy study of fronto-striato-thalamic
regions. J Neural Transm (Vienna), 116, 623-9.

Filipek, P. A., Richelme, C., Kennedy, D. N. & Caviness, V. S., Jr. 1994. The
young adult human brain: an MRI-based morphometric analysis. Cereb
Cortex, 4, 344-60.

Fombonne, E. 2003. Epidemiological surveys of autism and other pervasive
developmental disorders: an update. J Autism Dev Disord, 33, 365-82.

Fornace Jr, A. J., Alamo Jr, |. & Hollander, M. C. 1988. DNA damage-inducible
transcripts in mammalian cells. Proceedings of the National Academy of
Sciences of the United States of America, 85, 8800-8804.

195



Frodl, T. & Skokauskas, N. 2012. Meta-analysis of structural MRI studies in
children and adults with attention deficit hyperactivity disorder indicates
treatment effects. Acta Psychiatr Scand, 125, 114-26.

Fusar-Poli, P., Rubia, K., Rossi, G., Sartori, G. & Balottin, U. 2012. Striatal
dopamine transporter alterations in ADHD: pathophysiology or adaptation to
psychostimulants? A meta-analysis. Am J Psychiatry, 169, 264-72.

Gaddis, A., Rosch, K. S., Dirlikov, B., Crocetti, D., Macnelil, L., Barber, A. D.,
Muschelli, J., Caffo, B., Pekar, J. J. & Mostofsky, S. H. 2015. Motor
overflow in children with attention-deficit/hyperactivity disorder is associated
with decreased extent of neural activation in the motor cortex. Psychiatry
Res, 233, 488-95.

Gainetdinov, R. R. & Caron, M. G. 2000. An animal model of attention deficit
hyperactivity disorder. Mol Med Today, 6, 43-4.

Galea, L. A., Wainwright, S. R., Roes, M. M., Duarte-Guterman, P., Chow, C. &
Hamson, D. K. 2013. Sex, hormones and neurogenesis in the
hippocampus: hormonal modulation of neurogenesis and potential
functional implications. J Neuroendocrinol, 25, 1039-61.

Georgiou, P., Zanos, P., Bhat, S., Tracy, J. K., Merchenthaler, I. J., Mccarthy, M.
M. & Gould, T. D. 2018. Dopamine and Stress System Modulation of Sex
Differences in Decision Making. Neuropsychopharmacology, 43, 313-324.

Giedd, J. N., Castellanos, F. X., Rajapakse, J. C., Vaituzis, A. C. & Rapoport, J. L.
1997. Sexual dimorphism of the developing human brain. Prog
Neuropsychopharmacol Biol Psychiatry, 21, 1185-201.

Gierl, M. S., W.H., G., A., V. S., N, M. & C., N. 2012. GADD45G Functions in Male
Sex Determination by Promoting p38 Signaling and Sry Expression.
Developmental cell, 23, 1032-1042.

Gillberg, C., Cederlund, M., Lamberg, K. & Zeijlon, L. 2006. Brief report: "the
autism epidemic". The registered prevalence of autism in a Swedish urban
area. J Autism Dev Disord, 36, 429-35.

Gillies, G. E. & Mcarthur, S. 2010. Estrogen Actions in the Brain and the Basis for
Differential Action in Men and Women: A Case for Sex-Specific Medicines.
Pharmacological Reviews, 62, 155-198.

196



Gillies, G. E., Murray, H. E., Dexter, D. & Mcarthur, S. 2004. Sex dimorphisms in
the neuroprotective effects of estrogen in an animal model of Parkinson's
disease. Pharmacol Biochem Behav, 78, 513-22.

Gizer, I. R., Ficks, C. & Waldman, I. D. 2009. Candidate gene studies of ADHD: a
meta-analytic review. Hum Genet, 126, 51-90.

Glinka, Y., Gassen, M. & Youdim, M. B. 1997. Mechanism of 6-hydroxydopamine
neurotoxicity. J Neural Transm Suppl, 50, 55-66.

Gould, E., Westlind-Danielsson, A., Frankfurt, M. & Mcewen, B. S. 1990. Sex
differences and thyroid hormone sensitivity of hippocampal pyramidal cells.
J Neurosci, 10, 996-1003.

Graham, D. G. 1978. Oxidative pathways for catecholamines in the genesis of
neuromelanin and cytotoxic quinones. Mol Pharmacol, 14, 633-43.

Greene, R. W., Biederman, J., Faraone, S. V., Ouellette, C. A., Penn, C. & Griffin,
S. M. 1996. Toward a new psychometric definition of social disability in
children with attention-deficit hyperactivity disorder. J Am Acad Child
Adolesc Psychiatry, 35, 571-8.

Greven, C. U., Bralten, J., Mennes, M., O'dwyer, L., Van Hulzen, K. J., Rommelse,
N., Schweren, L. J., Hoekstra, P. J., Hartman, C. A., Heslenfeld, D.,
Oosterlaan, J., Faraone, S. V., Franke, B., Zwiers, M. P., Arias-Vasquez, A.
& Buitelaar, J. K. 2015. Developmentally stable whole-brain volume
reductions and developmentally sensitive caudate and putamen volume
alterations in those with attention-deficit/hyperactivity disorder and their
unaffected siblings. JAMA Psychiatry, 72, 490-9.

Guevara, R., Gianotti, M., Oliver, J. & Roca, P. 2011. Age and sex-related
changes in rat brain mitochondrial oxidative status. Exp Gerontol, 46, 923-
8.

Haaxma, C. A., Bloem, B. R., Borm, G. F., Oyen, W. J., Leenders, K. L., Eshuis,
S., Booij, J., Dluzen, D. E. & Horstink, M. W. 2007. Gender differences in
Parkinson's disease. J Neurol Neurosurg Psychiatry, 78, 819-24.

Hacker, A., Capel, B., Goodfellow, P. & Lovell-Badge, R. 1995. Expression of Sry,
the mouse sex determining gene. Development, 121, 1603-1614.

197



Hafner, H., Maurer, K., Loffler, W. & Riecher-Rossler, A. 1993. The influence of
age and sex on the onset and early course of schizophrenia. Br J
Psychiatry, 162, 80-6.

Harley, V., Jackson, D., Hextall, P., Hawkins, Jr, Berkovitz, G., Sockanathan, S.,
Lovell-Badge, R. & Goodfellow, P. 1992. DNA binding activity of
recombinant SRY from normal males and XY females. Science, 255, 453-
456.

Harley, V. R., Layfield, S., Mitchell, C. L., Forwood, J. K., John, A. P., Briggs, L. J.,
Mcdowall, S. G. & Jans, D. A. 2003. Defective importin beta recognition and
nuclear import of the sex-determining factor SRY are associated with XY
sex-reversing mutations. Proc Natl Acad Sci U S A, 100, 7045-50.

Haverkamp, L. J., Appel, V. & Appel, S. H. 1995. Natural history of amyotrophic
lateral sclerosis in a database population. Validation of a scoring system
and a model for survival prediction. Brain, 118 ( Pt 3), 707-19.

Hebert, G., Arsaut, J., Dantzer, R. & Demotes-Mainard, J. 2003. Time-course of
the expression of inflammatory cytokines and matrix metalloproteinases in
the striatum and mesencephalon of mice injected with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine, a dopaminergic neurotoxin. Neurosci Lett, 349,
191-5.

Hebert, L. E., Weuve, J., Scherr, P. A. & Evans, D. A. 2013. Alzheimer disease in
the United States (2010-2050) estimated using the 2010 census.
Neurology, 80, 1778-83.

Hess, E. J., Collins, K. A. & Wilson, M. C. 1996. Mouse model of hyperkinesis
implicates SNAP-25 in behavioral regulation. J Neurosci, 16, 3104-11.

Hines, M. 2008. Early androgen influences on human neural and behavioural
development. Early Hum Dev, 84, 805-7.

Hironaka, N., lkeda, K., Sora, |., Uhl, G. R. & Niki, H. 2004. Food-reinforced
operant behavior in dopamine transporter knockout mice: enhanced
resistance to extinction. Ann N Y Acad Sci, 1025, 140-5.

Hortnagl, H., Hansen, L., Kindel, G., Schneider, B., El Tamer, A. & Hanin, I. 1993.
Sex differences and estrous cycle-variations in the AF64A-induced
cholinergic deficit in the rat hippocampus. Brain Res Bull, 31, 129-34.

198



Hunot, S., Dugas, N., Faucheux, B., Hartmann, A., Tardieu, M., Debre, P., Agid,
Y., Dugas, B. & Hirsch, E. C. 1999. FceRIlI/CD23 is expressed in
Parkinson’s disease and induces, in vitro, production of nitric oxide and
tumor necrosis factor-a in glial cells. Journal of Neuroscience, 19, 3440-
3447.

Huot, P., Johnston, T. H., Koprich, J. B., Fox, S. H. & Brotchie, J. M. 2013. The
pharmacology of L-DOPA-induced dyskinesia in Parkinson's disease.
Pharmacol Rev, 65, 171-222.

Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T. D., Elliott, M. A., Ruparel,
K., Hakonarson, H., Gur, R. E., Gur, R. C. & Verma, R. 2014. Sex
differences in the structural connectome of the human brain. Proc Natl Acad
SciUSA, 111, 823-8.

Jellinger, K., Linert, L., Kienzl, E., Herlinger, E. & Youdim, M. 1995. Chemical
evidence for 6-hydroxydopamine to be an endogenous toxic factor in the
pathogenesis of Parkinson's disease. J Neural Transm Suppl., 46, 297-314.

Jenner, P. 2003. Oxidative stress in Parkinson's disease. Ann Neurol, 53 Suppl 3,
S26-36; discussion S36-8.

Jenner, P. & Olanow, C. W. 1998. Understanding cell death in Parkinson's
disease. Ann Neurol, 44, S72-84.

Jenner, P. & Olanow, C. W. 2006. The pathogenesis of cell death in Parkinson's
disease. Neurology, 66, S24-36.

Jeske, Y. W., Bowles, J., Greenfield, A. & Koopman, P. 1995. Expression of a
linear Sry transcript in the mouse genital ridge. Nat Genet, 10, 480-2.

Joniec, |., Ciesielska, A., Kurkowska-Jastrzebska, I., Przybylkowski, A.,
Czlonkowska, A. & Czlonkowski, A. 2009. Age- and sex-differences in the
nitric oxide synthase expression and dopamine concentration in the murine
model of Parkinson's disease induced by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. Brain Res, 1261, 7-19.

Joyce, J. N. & Meador-Woodruff, J. H. 1997. Linking the Family of D2 Receptors to
Neuronal Circuits in Human Brain: Insights into Schizophrenia.
Neuropsychopharmacology, 16, 375-384.

199



Kaasinen, V., Joutsa, J., Noponen, T., Johansson, J. & Seppanen, M. 2015.
Effects of aging and gender on striatal and extrastriatal [1231]FP-CIT
binding in Parkinson's disease. Neurobiol Aging, 36, 1757-63.

Kadkhodaei, B., Ito, T., Joodmardi, E., Mattsson, B., Rouillard, C., Carta, M.,
Muramatsu, S., Sumi-Ichinose, C., Nomura, T., Metzger, D., Chambon, P.,
Lindqvist, E., Larsson, N. G., Olson, L., Bjorklund, A., Ichinose, H. &
Perlmann, T. 2009. Nurr1 is required for maintenance of maturing and adult
midbrain dopamine neurons. J Neurosci, 29, 15923-32.

Kato, T., Miyata, K., Sonobe, M., Yamashita, S., Tamano, M., Miura, K., Kanai, Y.,
Miyamoto, S., Sakuma, T., Yamamoto, T., Inui, M., Kikusui, T., Asahara, H.
& Takada, S. 2013. Production of Sry knockout mouse using TALEN via
oocyte injection. Scientific Reports, 3, 3136.

Khasnavis, S., Ghosh, A., Roy, A. & Pahan, K. 2013. Castration induces
Parkinson disease pathologies in young male mice via inducible nitric-oxide
synthase. J Biol Chem, 288, 20843-55.

Klein, C. & Westenberger, A. 2012. Genetics of Parkinson's disease. Cold Spring
Harb Perspect Med, 2.

Knardahl, S. & Sagvolden, T. 1979. Open-field behavior of spontaneously
hypertensive rats. Behav Neural Biol, 27, 187-200.

Kollins, S. H., Macdonald, E. K. & Rush, C. R. 2001. Assessing the abuse
potential of methylphenidate in nonhuman and human subjects: a review.
Pharmacol Biochem Behav, 68, 611-27.

Kooij, J. J., Huss, M., Asherson, P., Akehurst, R., Beusterien, K., French, A.,
Sasane, R. & Hodgkins, P. 2012. Distinguishing comorbidity and successful
management of adult ADHD. J Atten Disord, 16, 3S-19S.

Koopman, P., Munsterberg, A., Capel, B., Vivian, N. & Lovell-Badge, R. 1990.
Expression of a candidate sex-determining gene during mouse testis
differentiation. Nature, 348, 450-2.

Kopsida, E., Lynn, P. M., Humby, T., Wilkinson, L. S. & Davies, W. 2013.
Dissociable effects of Sry and sex chromosome complement on activity,
feeding and anxiety-related behaviours in mice. PLoS One, 8, e73699.

200



Koscik, T., O'leary, D., Moser, D. J., Andreasen, N. C. & Nopoulos, P. 2009. Sex
differences in parietal lobe morphology: relationship to mental rotation
performance. Brain Cogn, 69, 451-9.

Kotagal, V., Albin, R. L., Muller, M. L., Koeppe, R. A., Frey, K. A. & Bohnen, N. I.
2013. Gender differences in cholinergic and dopaminergic deficits in
Parkinson disease. J Neural Transm (Vienna), 120, 1421-4.

Krause, K. H., Dresel, S. H., Krause, J., Kung, H. F. & Tatsch, K. 2000. Increased
striatal dopamine transporter in adult patients with attention deficit
hyperactivity disorder: effects of methylphenidate as measured by single
photon emission computed tomography. Neurosci Lett, 285, 107-10.

Krishnan, V., Han, M. H., Graham, D. L., Berton, O., Renthal, W., Russo, S. J.,
Laplant, Q., Graham, A., Lutter, M., Lagace, D. C., Ghose, S., Reister, R.,
Tannous, P., Green, T. A., Neve, R. L., Chakravarty, S., Kumar, A., Eisch,
A. J., Self, D. W., Lee, F. S., Tamminga, C. A., Cooper, D. C., Gershenfeld,
H. K. & Nestler, E. J. 2007. Molecular adaptations underlying susceptibility
and resistance to social defeat in brain reward regions. Cell, 131, 391-404.

Kriz, L., Bicikova, M., Hill, M. & Hampl, R. 2005. Steroid sulfatase and sulfuryl
transferase activity in monkey brain tissue. Steroids, 70, 960-9.

Kurkowska-Jastrzebska, I., Wronska, A., Kohutnicka, M., Cztonkowski, A. &
Cztonkowska, A. 1999. The inflammatory reaction following 1-methyl-4-
phenyl-1, 2, 3, 6-tetrahydropyridine intoxication in mouse. Experimental
neurology, 156, 50-61.

Laakso, A., Vilkman, H., Bergman, J., Haaparanta, M., Solin, O., Syvalahti, E.,
Salokangas, R. K. & Hietala, J. 2002. Sex differences in striatal presynaptic
dopamine synthesis capacity in healthy subjects. Biol Psychiatry, 52, 759-
63.

Lage, G. M., Albuquerque, M. R., Fuentes, D., Correa, H. & Malloy-Diniz, L. F.
2013. Sex differences in dimensions of impulsivity in a non-clinical sample.
Percept Mot Skills, 117, 601-7.

Lahey, B. B., Applegate, B., Mcburnett, K., Biederman, J., Greenhill, L., Hynd, G.
W., Barkley, R. A., Newcorn, J., Jensen, P., Richters, J. & Et Al. 1994.
DSM-IV field trials for attention deficit hyperactivity disorder in children and
adolescents. Am J Psychiatry, 151, 1673-85.

201



Lahr, G., Maxson, S. C., Mayer, A., Just, W., Pilgrim, C. & Reisert, |. 1995.
Transcription of the Y chromosomal gene, Sry, in adult mouse brain.
Molecular Brain Research, 33, 179-182.

Lakhan, S. E. & Kirchgessner, A. 2012. Prescription stimulants in individuals with
and without attention deficit hyperactivity disorder: misuse, cognitive impact,
and adverse effects. Brain and Behavior, 2, 661-677.

Laruelle, M. 1996. Single photon emission computerized tomography imaging of
amphetamine-induced dopamine release in drug-free schizophrenic
subjects. Proceedings of the National Academy of Sciences of the United
States of America, 93, 9235-9240.

Lavalaye, J., Booij, J., Reneman, L., Habraken, J. B. & Van Royen, E. A. 2000.
Effect of age and gender on dopamine transporter imaging with [1231]FP-
CIT SPET in healthy volunteers. Eur J Nucl Med, 27, 867-9.

Lehman, E. J., Hein, M. J., Baron, S. L. & Gersic, C. M. 2012. Neurodegenerative
causes of death among retired National Football League players.
Neurology, 79, 1970-1974.

Lemos, J. C., Wanat, M. J., Smith, J. S., Reyes, B. A., Hollon, N. G., Van
Bockstaele, E. J., Chavkin, C. & Phillips, P. E. 2012. Severe stress switches
CRF action in the nucleus accumbens from appetitive to aversive. Nature,
490, 402-6.

Lenz, K. M. & Mccarthy, M. M. 2015. A starring role for microglia in brain sex
differences. Neuroscientist, 21, 306-21.

Lenz, K. M., Nugent, B. M., Haliyur, R. & Mccarthy, M. M. 2013. Microglia are
essential to masculinization of brain and behavior. J Neurosci, 33, 2761-72.

Leranth, C., Roth, R. H., Elsworth, J. D., Naftolin, F., Horvath, T. L. & Redmond, D.
E., Jr. 2000. Estrogen is essential for maintaining nigrostriatal dopamine
neurons in primates: implications for Parkinson's disease and memory. J
Neurosci, 20, 8604-9.

Levin, F. R. & Kleber, H. D. 1995. Attention-deficit hyperactivity disorder and
substance abuse: relationships and implications for treatment. Harv Rev
Psychiatry, 2, 246-58.

202



Li, J. S. & Huang, Y. C. 2006. Early androgen treatment influences the pattern and
amount of locomotion activity differently and sexually differentially in an
animal model of ADHD. Behav Brain Res, 175, 176-82.

Li, Y., Kido, T., Garcia-Barcelo, M. M., Tam, P. K. H., Tabatabai, Z. L. & Lau, Y .-F.

C. 2015. SRY interference of normal regulation of the RET gene suggests a
potential role of the Y-chromosome gene in sexual dimorphism in

Hirschsprung disease. Human Molecular Genetics, 24, 685-697.

Li, Y., Zheng, M. & Lau, Y. F. 2014. The sex-determining factors SRY and SOX9

regulate similar target genes and promote testis cord formation during
testicular differentiation. Cell Rep, 8, 723-33.

Lim, J. H., Kim, K.-M., Kim, S. W., Hwang, O. & Choi, H. J. 2008. Bromocriptine
activates NQO1 via Nrf2-PI3K/Akt signaling: Novel cytoprotective

mechanism against oxidative damage. Pharmacological Research, 57, 325-
331.

Lindley, S. E., Bengoechea, T. G., Schatzberg, A. F. & Wong, D. L. 1999.

Glucocorticoid effects on mesotelencephalic dopamine neurotransmission.
Neuropsychopharmacology, 21, 399-407.

Linn, M. C. & Petersen, A. C. 1985. Emergence and characterization of sex
differences in spatial ability: a meta-analysis. Child Dev, 56, 1479-98.

Litim, N., Morissette, M. & Di Paolo, T. 2016. Neuroactive gonadal drugs for

neuroprotection in male and female models of Parkinson's disease.
Neurosci Biobehav Rev, 67, 79-88.

Liu, C., Ren, Y. F., Dong, J., Ke, M. Y., Ma, F., Monga, S. P. S., Wu, R., Lv, Y. &
Zhang, X. F. 2017. Activation of SRY accounts for male-specific

hepatocarcinogenesis: Implication in gender disparity of hepatocellular
carcinoma. Cancer Lett, 410, 20-31.

Loram, L. C., Sholar, P. W., Taylor, F. R., Wiesler, J. L., Babb, J. A., Strand, K. A,,
Berkelhammer, D., Day, H. E., Maier, S. F. & Watkins, L. R. 2012. Sex and

estradiol influence glial pro-inflammatory responses to lipopolysaccharide in
rats. Psychoneuroendocrinology, 37, 1688-99.

Ma, L., Chen, Y. H., Chen, H., Liu, Y. Y. & Wang, Y. X. 2011. The function of

hypothalamus-pituitary-adrenal axis in children with ADHD. Brain Res,
1368, 159-62.

203



Macmaster, F. P., Carrey, N., Sparkes, S. & Kusumakar, V. 2003. Proton
spectroscopy in medication-free pediatric attention-deficit/hyperactivity
disorder. Biol Psychiatry, 53, 184-7.

Maki, P. M., Mordecai, K. L., Rubin, L. H., Sundermann, E., Savarese, A.,
Eatough, E. & Drogos, L. 2015. Menstrual cycle effects on cortisol
responsivity and emotional retrieval following a psychosocial stressor. Horm
Behav, 74, 201-8.

Makris, N., Biederman, J., Monuteaux, M. C. & Seidman, L. J. 2009. Towards
conceptualizing a neural systems-based anatomy of attention-
deficit/hyperactivity disorder. Dev Neurosci, 31, 36-49.

Maltezos, S., Horder, J., Coghlan, S., Skirrow, C., O'gorman, R., Lavender, T. J.,
Mendez, M. A., Mehta, M., Daly, E., Xenitidis, K., Paliokosta, E., Spain, D.,
Pitts, M., Asherson, P., Lythgoe, D. J., Barker, G. J. & Murphy, D. G. 2014.
Glutamate/glutamine and neuronal integrity in adults with ADHD: a proton
MRS study. Transl Psychiatry, 4, e373.

Mandel, S., Grunblatt, E., Maor, G. & Youdim, M. B. 2002. Early and late gene
changes in MPTP mice model of Parkinson's disease employing cDNA
microarray. Neurochem Res, 27, 1231-43.

Martel, M. M., Gobrogge, K. L., Breedlove, S. M. & Nigg, J. T. 2008. Masculinized
finger-length ratios of boys, but not girls, are associated with attention-
deficit/hyperactivity disorder. Behav Neurosci, 122, 273-81.

Mayer, A., Lahr, G., Swaab, D. F., Pilgrim, C. & Reisert, . 1998. The Y-
chromosomal genes SRY and ZFY are transcribed in adult human brain.
Neurogenetics, 1, 281-8.

Mayer, A., Mosler, G., Just, W., Pilgrim, C. & Reisert, |. 2000. Developmental
profile of Sry transcripts in mouse brain. Neurogenetics, 3, 25-30.

Mcarthur, S., Murray, H. E., Dhankot, A., Dexter, D. T. & Gillies, G. E. 2007.
Striatal susceptibility to a dopaminergic neurotoxin is independent of sex
hormone effects on cell survival and DAT expression but is exacerbated by
central aromatase inhibition. J Neurochem, 100, 678-92.

Mccarthy, M. M. & Arnold, A. P. 2011. Reframing sexual differentiation of the
brain. Nat Neurosci, 14, 677-83.

204



Mccarthy, M. M., Arnold, A. P., Ball, G. F., Blaustein, J. D. & De Vries, G. J. 2012.
Sex differences in the brain: the not so inconvenient truth. J Neurosci, 32,
2241-7.

Mccombe, P. A. & Henderson, R. D. 2010. Effects of gender in amyotrophic lateral
sclerosis. Gend Med, 7, 557-70.

Mccormack, A. L., Thiruchelvam, M., Manning-Bog, A. B., Thiffault, C., Langston,
J. W., Cory-Slechta, D. A. & Di Monte, D. A. 2002. Environmental risk
factors and Parkinson's disease: selective degeneration of nigral
dopaminergic neurons caused by the herbicide paraquat. Neurobiol Dis, 10,
119-27.

Mcdermott, J. L., Liu, B. & Dluzen, D. E. 1994. Sex differences and effects of
estrogen on dopamine and DOPAC release from the striatum of male and
female CD-1 mice. Exp Neurol, 125, 306-11.

Mcgeer, P., ltagaki, S., Boyes, B. & Mcgeer, E. 1988. Reactive microglia are
positive for HLA-DR in the substantia nigra of Parkinson's and Alzheimer's
disease brains. Neurology, 38, 1285-1285.

Mcginnis, M. Y., Gordon, J. H. & Gorski, R. A. 1980. Time course and localization
of the effects of estrogen on glutamic acid decarboxylase activity. J
Neurochem, 34, 785-92.

Mcphie-Lalmansingh, A. A., Tejada, L. D., Weaver, J. L. & Rissman, E. F. 2008.
Sex chromosome complement affects social interactions in mice. Horm
Behav, 54, 565-70.

Mignini, F., Vitaioli, L., Sabbatini, M., Tomassoni, D. & Amenta, F. 2004. The
cerebral cortex of spontaneously hypertensive rats: a quantitative
microanatomical study. Clin Exp Hypertens, 26, 287-303.

Mill, J., Sagvolden, T. & Asherson, P. 2005. Sequence analysis of Drd2, Drd4, and
Dat1 in SHR and WKY rat strains. Behav Brain Funct, 1, 24.

Miller, E. M., Pomerleau, F., Huettl, P., Gerhardt, G. A. & Glaser, P. E. 2014.
Aberrant glutamate signaling in the prefrontal cortex and striatum of the
spontaneously hypertensive rat model of attention-deficit/hyperactivity
disorder. Psychopharmacology (Berl), 231, 3019-29.

205



Milsted, A., Serova, L., Sabban, E. L., Dunphy, G., Turner, M. E. & Ely, D. L. 2004.
Regulation of tyrosine hydroxylase gene transcription by Sry. Neuroscience
Letters, 369, 203-207.

Misiak, M., Beyer, C. & Arnold, S. 2010. Gender-specific role of mitochondria in
the vulnerability of 6-hydroxydopamine-treated mesencephalic neurons.
Biochim Biophys Acta, 1797, 1178-88.

Miyake, N., Thompson, J., Skinbjerg, M. & Abi-Dargham, A. 2011. Presynaptic
dopamine in schizophrenia. CNS Neurosci Ther, 17, 104-9.

Mizuno, Y., Ohta, S., Tanaka, M., Takamiya, S., Suzuki, K., Sato, T., Oya, H.,
Ozawa, T. & Kagawa, Y. 1989. Deficiencies in complex | subunits of the
respiratory chain in Parkinson's disease. Biochemical and biophysical
research communications, 163, 1450-1455.

Modesto-Lowe, V., Meyer, A. & Soovajian, V. 2012. A clinican's guide to adult
attention-deficit hyperactivity disorder. Conn Med, 76, 517-23.

Mogi, M., Harada, M., Kondo, T., Riederer, P. & Nagatsu, T. 1995. Brain (32-
microglobulin levels are elevated in the striatum in Parkinson's
diseaselevels are elevated in the striatum in Parkinson's disease. Journal of
Neural Transmission-Parkinson's Disease and Dementia Section, 9, 87-92.

Mogi, M., Harada, M., Narabayashi, H., Inagaki, H., Minami, M. & Nagatsu, T.
1996. Interleukin (IL)-1B, IL-2, IL-4, IL-6 and transforming growth factor-a
levels are elevated in ventricular cerebrospinal fluid in juvenile parkinsonism
and Parkinson's disease. Neuroscience letters, 211, 13-16.

Moisan, F., Kab, S., Mohamed, F., Canonico, M., Le Guern, M., Quintin, C.,
Carcaillon, L., Nicolau, J., Duport, N., Singh-Manoux, A., Boussac-
Zarebska, M. & Elbaz, A. 2016. Parkinson disease male-to-female ratios
increase with age: French nationwide study and meta-analysis. J Neurol
Neurosurg Psychiatry, 87, 952-7.

Monfort, P., Gomez-Gimenez, B., Llansola, M. & Felipo, V. 2015. Gender
differences in spatial learning, synaptic activity, and long-term potentiation
in the hippocampus in rats: molecular mechanisms. ACS Chem Neurosci,
6, 1420-7.

Moore, C. M., Biederman, J., Wozniak, J., Mick, E., Aleardi, M., Wardrop, M.,
Dougherty, M., Harpold, T., Hammerness, P., Randall, E. & Renshaw, P. F.
2006. Differences in brain chemistry in children and adolescents with

206



attention deficit hyperactivity disorder with and without comorbid bipolar
disorder: a proton magnetic resonance spectroscopy study. Am J
Psychiatry, 163, 316-8.

Moreno-Briseno, P., Diaz, R., Campos-Romo, A. & Fernandez-Ruiz, J. 2010. Sex-
related differences in motor learning and performance. Behav Brain Funct,
6, 74.

Morissette, M. & Di Paolo, T. 1993. Sex and estrous cycle variations of rat striatal
dopamine uptake sites. Neuroendocrinology, 58, 16-22.

Morris, J. A., Jordan, C. L. & Breedlove, S. M. 2004. Sexual differentiation of the
vertebrate nervous system. Nat Neurosci, 7, 1034-9.

Mozley, L. H., Gur, R. C., Mozley, P. D. & Gur, R. E. 2001. Striatal dopamine
transporters and cognitive functioning in healthy men and women. Am J
Psychiatry, 158, 1492-9.

Mueller, S. C., Ng, P., Sinaii, N., Leschek, E. W., Green-Golan, L., Vanryzin, C.,
Ernst, M. & Merke, D. P. 2010. Psychiatric characterization of children with
genetic causes of hyperandrogenism. Eur J Endocrinol, 163, 801-10.

Mulligan, A., Gill, M. & Fitzgerald, M. 2008. A case of ADHD and a major Y
chromosome abnormality. J Atten Disord, 12, 103-5.

Munro, C. A., Mccaul, M. E., Wong, D. F., Oswald, L. M., Zhou, Y., Brasic, J.,
Kuwabara, H., Kumar, A., Alexander, M., Ye, W. & Wand, G. S. 2006. Sex
differences in striatal dopamine release in healthy adults. Biol Psychiatry,
59, 966-74.

Murphy, D. D., Cole, N. B., Greenberger, V. & Segal, M. 1998. Estradiol increases
dendritic spine density by reducing GABA neurotransmission in
hippocampal neurons. J Neurosci, 18, 2550-9.

Murphy, D. G., Decarli, C., Mcintosh, A. R., Daly, E., Mentis, M. J., Pietrini, P.,
Szczepanik, J., Schapiro, M. B., Grady, C. L., Horwitz, B. & Rapoport, S. I.
1996. Sex differences in human brain morphometry and metabolism: an in
vivo quantitative magnetic resonance imaging and positron emission
tomography study on the effect of aging. Arch Gen Psychiatry, 53, 585-94.

Murray, H. E., Pillai, A. V., Mcarthur, S. R., Razvi, N., Datla, K. P., Dexter, D. T. &
Gillies, G. E. 2003. Dose- and sex-dependent effects of the neurotoxin 6-
hydroxydopamine on the nigrostriatal dopaminergic pathway of adult rats:

207



differential actions of estrogen in males and females. Neuroscience, 116,
213-22.

Naaijen, J., Bralten, J., Poelmans, G., Glennon, J. C., Franke, B. & Buitelaar, J. K.
2017. Glutamatergic and GABAergic gene sets in attention-
deficit/hyperactivity disorder: association to overlapping traits in ADHD and
autism. Transl Psychiatry, 7, €999.

Nakao, T., Radua, J., Rubia, K. & Mataix-Cols, D. 2011. Gray matter volume
abnormalities in ADHD: voxel-based meta-analysis exploring the effects of
age and stimulant medication. Am J Psychiatry, 168, 1154-63.

Ngun, T. C., Ghahramani, N., Sanchez, F. J., Bocklandt, S. & Vilain, E. 2011. The
genetics of sex differences in brain and behavior. Frontiers in
neuroendocrinology, 32, 227-246.

Nolen-Hoeksema, S. 1987. Sex differences in unipolar depression: evidence and
theory.

Norris, F., Shepherd, R., Denys, E., U, K., Mukai, E., Elias, L., Holden, D. & Norris,
H. 1993. Onset, natural history and outcome in idiopathic adult motor
neuron disease. J Neurol Sci, 118, 48-55.

Nunes, |., Tovmasian, L. T., Silva, R. M., Burke, R. E. & Goff, S. P. 2003. Pitx3 is
required for development of substantia nigra dopaminergic neurons.
Proceedings of the National Academy of Sciences of the United States of
America, 100, 4245-4250.

Nussbaum , R. L. & Ellis, C. E. 2003. Alzheimer's Disease and Parkinson's
Disease. New England Journal of Medicine, 348, 1356-1364.

O’gorman, R. L., Michels, L., Edden, R. A., Murdoch, J. B. & Martin, E. 2011. In
Vivo Detection of GABA and Glutamate With MEGA-PRESS:
Reproducibility and Gender Effects. Journal of magnetic resonance
imaging : JMRI, 33, 1262-1267.

Okamoto, K. & Aoki, K. 1963. Development of a strain of spontaneously
hypertensive rats. Jpn Circ J, 27, 282-93.

Okun, M. S., Fernandez, H. H., Rodriguez, R. L., Romrell, J., Suelter, M., Munson,
S., Louis, E. D., Mulligan, T., Foster, P. S., Shenal, B. V., Armaghani, S. J.,
Jacobson, C., Wu, S. & Crucian, G. 2006. Testosterone therapy in men with
Parkinson disease: results of the TEST-PD Study. Arch Neurol, 63, 729-35.

208



Okun, M. S., Walter, B. L., Mcdonald, W. M., Tenover, J. L., Green, J., Juncos, J.
L. & Delong, M. R. 2002. Beneficial effects of testosterone replacement for
the nonmotor symptoms of Parkinson disease. Arch Neurol, 59, 1750-3.

Oldehinkel, M., Beckmann, C. F., Pruim, R. H., Van Oort, E. S., Franke, B.,
Hartman, C. A., Hoekstra, P. J., Oosterlaan, J., Heslenfeld, D., Buitelaar, J.
K. & Mennes, M. 2016. Attention-Deficit/Hyperactivity Disorder symptoms
coincide with altered striatal connectivity. Biol Psychiatry Cogn Neurosci
Neuroimaging, 1, 353-363.

Ono, M. & Harley, V. 2013. Disorders of sex development: new genes, new
concepts. Nature Reviews Genetics, 9, 79-91.

Ookubo, M., Yokoyama, H., Kato, H. & Araki, T. 2009. Gender differences on
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) neurotoxicity in
C57BL/6 mice. Mol Cell Endocrinol, 311, 62-8.

Ott, M., Gogvadze, V., Orrenius, S. & Zhivotovsky, B. 2007. Mitochondria,
oxidative stress and cell death. Apopftosis, 12, 913-22.

Panman, L., Papathanou, M., Laguna, A., Oosterveen, T., Volakakis, N.,
Acampora, D., Kurtsdotter, |., Yoshitake, T., Kehr, J., Joodmardi, E., Muhr,
J., Simeone, A., Ericson, J. & Perlmann, T. 2014. Sox6 and Otx2 control the
specification of substantia nigra and ventral tegmental area dopamine
neurons. Cell Rep, 8, 1018-25.

Pasqualini, C., Olivier, V., Guibert, B., Frain, O. & Leviel, V. 1995. Acute
Stimulatory Effect of Estradiol on Striatal Dopamine Synthesis. Journal of
Neurochemistry, 65, 1651-1657.

Patel, V. P. & Chu, C. T. 2011. Nuclear transport, oxidative stress, and
neurodegeneration. International Journal of Clinical and Experimental
Pathology, 4, 215-229.

Perez, J., Zucchi, |. & Maggi, A. 1988. Estrogen modulation of the gamma-
aminobutyric acid receptor complex in the central nervous system of rat. J
Pharmacol Exp Ther, 244, 1005-10.

Piazza, P. V. & Le Moal, M. L. 1996. Pathophysiological basis of vulnerability to
drug abuse: role of an interaction between stress, glucocorticoids, and
dopaminergic neurons. Annu Rev Pharmacol Toxicol, 36, 359-78.

209



Picillo, M. & Fasano, A. 2015. How much does sex matter in Parkinson disease?
Neurology, 84, 2102-4.

Plessen, K. J., Bansal, R., Zhu, H., Whiteman, R., Amat, J., Quackenbush, G. A.,
Martin, L., Durkin, K., Blair, C., Royal, J., Hugdahl, K. & Peterson, B. S.
2006. Hippocampus and amygdala morphology in attention-
deficit/hyperactivity disorder. Arch Gen Psychiatry, 63, 795-807.

Pliszka, S. 2007. Practice parameter for the assessment and treatment of children
and adolescents with attention-deficit/hyperactivity disorder. J Am Acad
Child Adolesc Psychiatry, 46, 894-921.

Pohjalainen, T., Rinne, J. O., Nagren, K., Syvalahti, E. & Hietala, J. 1998. Sex
differences in the striatal dopamine D2 receptor binding characteristics in
vivo. American Journal of Psychiatry, 155, 768-773.

Polanczyk, G., De Lima, M. S., Horta, B. L., Biederman, J. & Rohde, L. A. 2007.
The worldwide prevalence of ADHD: a systematic review and
metaregression analysis. Am J Psychiatry, 164, 942-8.

Pomatto, L. C. D., Carney, C., Shen, B., Wong, S., Halaszynski, K., Salomon, M.
P., Davies, K. J. A. & Tower, J. 2017. The Mitochondrial Lon Protease Is
Required for Age-Specific and Sex-Specific Adaptation to Oxidative Stress.
Curr Biol, 27, 1-15.

Pompolo, S. & Harley, V. R. 2001. Localisation of the SRY-related HMG box
protein, SOX9, in rodent brain. Brain Res, 906, 143-8.

Preston, B. T., Stevenson, |. R., Lincoln, G. A., Monfort, S. L., Pilkington, J. G. &
Wilson, K. 2012. Testes size, testosterone production and reproductive
behaviour in a natural mammalian mating system. J Anim Ecol, 81, 296-
305.

Prince, J. 2008. Catecholamine dysfunction in attention-deficit/hyperactivity
disorder: an update. J Clin Psychopharmacol, 28, S39-45.

Quinn, N. P. & Marsden, C. D. 1986. Menstrual-related fluctuations in Parkinson's
disease. Mov Disord, 1, 85-7.

Ramsay, R. R., Salach, J. I. & Singer, T. P. 1986. Uptake of the neurotoxin 1-
methyl-4-phenylpyridine (MPP+) by mitochondria and its relation to the
inhibition of the mitochondrial oxidation of NAD+-linked substrates by
MPP+. Biochem Biophys Res Commun, 134, 743-8.

210



Ravenelle, R., Neugebauer, N. M., Niedzielak, T. & Donaldson, S. T. 2014. Sex
differences in diazepam effects and parvalbumin-positive GABA neurons in
trait anxiety Long Evans rats. Behavioural brain research, 270, 68-74.

Ravizza, T., Friedman, L. K., Moshe, S. L. & Veliskova, J. 2003. Sex differences in
GABA(A)ergic system in rat substantia nigra pars reticulata. Int J Dev
Neurosci, 21, 245-54.

Riecher Rossler, A. 1994. Can estradiol modulate schizophrenic symptomatology?
Schizophrenia bulletin, 20, 203-214.

Rivest, R., Falardeau, P. & Di Paolo, T. 1995. Brain dopamine transporter: gender
differences and effect of chronic haloperidol. Brain Res, 692, 269-72.

Rodriguez-Navarro, J. A., Solano, R. M., Casarejos, M. J., Gomez, A., Perucho, J.,
De Yebenes, J. G. & Mena, M. A. 2008. Gender differences and estrogen
effects in parkin null mice. J Neurochem, 106, 2143-57.

Ross, J. L., Zeger, M. P., Kushner, H., Zinn, A. R. & Roeltgen, D. P. 2009. An
extra X or Y chromosome: contrasting the cognitive and motor phenotypes
in childhood in boys with 47, XYY syndrome or 47,XXY Klinefelter
syndrome. Dev Disabil Res Rev, 15, 309-17.

Ruigrok, A. N., Salimi-Khorshidi, G., Lai, M. C., Baron-Cohen, S., Lombardo, M.
V., Tait, R. J. & Suckling, J. 2014. A meta-analysis of sex differences in
human brain structure. Neurosci Biobehav Rev, 39, 34-50.

Russell, H. F., Wallis, D., Mazzocco, M. M., Moshang, T., Zackai, E., Zinn, A. R.,
Ross, J. L. & Muenke, M. 2006. Increased prevalence of ADHD in Turner
syndrome with no evidence of imprinting effects. J Pediatr Psychol, 31, 945-
55.

Russell, V., De Villiers, A., Sagvolden, T., Lamm, M. & Taljaard, J. 1995. Altered
dopaminergic function in the prefrontal cortex, nucleus accumbens and
caudate-putamen of an animal model of attention-deficit hyperactivity
disorder--the spontaneously hypertensive rat. Brain Res, 676, 343-51.

Russell, V. A. 2007. Neurobiology of animal models of attention-deficit
hyperactivity disorder. J Neurosci Methods, 161, 185-98.

Russell, V. A. 2011. Overview of animal models of attention deficit hyperactivity
disorder (ADHD). Curr Protoc Neurosci, Chapter 9, Unit9 35.

211



Ruud, A., Arnesen, P., Stray, L. L., Vildalen, S. & Vesterhus, P. 2005. Stimulant
medication in 47,XYY syndrome: a report of two cases. Dev Med Child
Neurol, 47, 559-62.

Saad, A. F. 1970. The effect of ovariectomy on the gamma-aminobutyric acid
content in the cerebral hemispheres of young rats. J Pharm Pharmacol, 22,
307-8.

Sabbatini, M., Strocchi, P., Vitaioli, L. & Amenta, F. 2000. The hippocampus in
spontaneously hypertensive rats: a quantitative microanatomical study.
Neuroscience, 100, 251-8.

Sagvolden, T. 2000. Behavioral validation of the spontaneously hypertensive rat
(SHR) as an animal model of attention-deficit/hyperactivity disorder
(AD/HD). Neurosci Biobehav Rev, 24, 31-9.

Sagvolden, T., Metzger, M. A., Schiorbeck, H. K., Rugland, A. L., Spinnangr, |. &
Sagvolden, G. 1992. The spontaneously hypertensive rat (SHR) as an
animal model of childhood hyperactivity (ADHD): changed reactivity to
reinforcers and to psychomotor stimulants. Behav Neural Biol, 58, 103-12.

Sagvolden, T., Russell, V. A., Aase, H., Johansen, E. B. & Farshbaf, M. 2005.
Rodent Models of Attention-Deficit/Hyperactivity Disorder. Biological
Psychiatry, 57, 1239-1247.

Sanders, L. H., Mccoy, J., Hu, X., Mastroberardino, P. G., Dickinson, B. C.,
Chang, C. J., Chu, C. T., Van Houten, B. & Greenamyre, J. T. 2014.
Mitochondrial DNA damage: molecular marker of vulnerable nigral neurons
in Parkinson's disease. Neurobiology of disease, 70, 214-223.

Santangelo, S. L. & Tsatsanis, K. 2005. What is known about autism: genes, brain,
and behavior. Am J Pharmacogenomics, 5, 71-92.

Satou, K. & Suto, J. 2015. Effect of the Y chromosome on testis weight in mice. J
Vet Med Sci, 77, 753-9.

Savageau, M. M. & Beatty, W. W. 1981. Gonadectomy and sex differences in the
behavioral responses to amphetamine and apomorphine of rats. Pharmacol
Biochem Behav, 14, 17-21.

Savica, R., Grossardt, B., Carlin, J., Icen, M., Bower, J., Ahlskog, J., Maraganore,
D., Steensma, D. & Rocca, W. A. 2009. Anemia or low hemoglobin levels

212



preceding Parkinson disease A case-control study. Neurology, 73, 1381-
1387.

Saykin, A. J., Gur, R. C., Gur, R. E., Shtasel, D. L., Flannery, K. A., Mozley, L. H.,
Malamut, B. L., Watson, B. & Mozley, P. D. 1995. Normative
neuropsychological test performance: effects of age, education, gender and
ethnicity. Appl Neuropsychol, 2, 79-88.

Schapira, A., Cooper, J., Dexter, D., Clark, J., Jenner, P. & Marsden, C. 1990.
Mitochondrial complex | deficiency in Parkinson's disease. Journal of
neurochemistry, 54, 823-827.

Schindler, C. W. & Carmona, G. N. 2002. Effects of dopamine agonists and
antagonists on locomotor activity in male and female rats. Pharmacol
Biochem Behav, 72, 857-63.

Schoofs, D. & Wolf, O. T. 2009. Stress and memory retrieval in women: no strong
impairing effect during the luteal phase. Behav Neurosci, 123, 547-54.

Seidman, L. J., Valera, E. M. & Makris, N. 2005. Structural brain imaging of
attention-deficit/hyperactivity disorder. Biol Psychiatry, 57, 1263-72.

Sekido, R., Bar, ., Narvaez, V., Penny, G. & Lovell-Badge, R. 2004. SOX9 is up-
regulated by the transient expression of SRY specifically in Sertoli cell
precursors. Dev Biol, 274, 271-9.

Sekido, R. & Lovell-Badge, R. 2008. Sex determination involves synergistic action
of SRY and SF1 on a specific Sox9 enhancer. Nature, 453, 930-4.

Semchuk, K. M., Love, E. J. & Lee, R. G. 1992. Parkinson's disease and exposure
to agricultural work and pesticide chemicals. Neurology, 42, 1328-1328.

Sena, L. A. & Chandel, N. S. 2012. Physiological roles of mitochondrial reactive
oxygen species. Mol Cell, 48, 158-67.

Seney, M. L., Chang, L. C., Oh, H., Wang, X., Tseng, G. C., Lewis, D. A. & Sibille,
E. 2013. The Role of Genetic Sex in Affect Regulation and Expression of
GABA-Related Genes Across Species. Front Psychiatry, 4, 104.

Sharma, A. & Couture, J. 2014. A review of the pathophysiology, etiology, and
treatment of attention-deficit hyperactivity disorder (ADHD). Ann
Pharmacother, 48, 209-25.

213



Shaw, P., Gilliam, M., Liverpool, M., Weddle, C., Malek, M., Sharp, W.,
Greenstein, D., Evans, A., Rapoport, J. & Giedd, J. 2011. Cortical
development in typically developing children with symptoms of hyperactivity
and impulsivity: support for a dimensional view of attention deficit
hyperactivity disorder. Am J Psychiatry, 168, 143-51.

Shimura-Miura, H., Hattori, N., Kang, D., Miyako, K., Nakabeppu, Y. & Mizuno, Y.
1999. Increased 8-oxo-dGTPase in the mitochondria of substantia nigral
neurons in Parkinson's disease. Ann Neurol, 46, 920-4.

Shors, T. J., Chua, C. & Falduto, J. 2001. Sex differences and opposite effects of
stress on dendritic spine density in the male versus female hippocampus. J
Neurosci, 21, 6292-7.

Shulman, L. M. & Bhat, V. 2006. Gender disparities in Parkinson's disease. Expert
Rev Neurother, 6, 407-16.

Silk, T. J., Vance, A., Rinehart, N., Bradshaw, J. L. & Cunnington, R. 2009. White-
matter abnormalities in attention deficit hyperactivity disorder: a diffusion
tensor imaging study. Hum Brain Mapp, 30, 2757-65.

Simunovic, F., Yi, M., Wang, Y., Stephens, R. & Sonntag, K. C. 2010. Evidence for
gender-specific transcriptional profiles of nigral dopamine neurons in
Parkinson disease. PLoS One, 5, e8856.

Sinclair, A. H., Berta, P., Palmer, M. S., Hawkins, J. R., Griffiths, B. L., Smith, M.
J., Foster, J. W., Frischauf, A.-M., Lovell-Badge, R. & Goodfellow, P. N.
1990. A gene from the human sex-determining region encodes a protein
with homology to a conserved DNA-binding motif. Nature, 346, 240-244.

Smith-Bouvier, D. L., Divekar, A. A., Sasidhar, M., Du, S., Tiwari-Woodruff, S. K.,
King, J. K., Arnold, A. P., Singh, R. R. & Voskuhl, R. R. 2008. A role for sex
chromosome complement in the female bias in autoimmune disease. J Exp
Med, 205, 1099-108.

Soghomonian, J. J. & Martin, D. L. 1998. Two isoforms of glutamate
decarboxylase: why? Trends Pharmacol Sci, 19, 500-5.

Sonuga-Barke, E. J., Coghill, D., Wigal, T., Debacker, M. & Swanson, J. 2009.
Adverse reactions to methylphenidate treatment for attention-
deficit/hyperactivity disorder: structure and associations with clinical
characteristics and symptom control. J Child Adolesc Psychopharmacol, 19,
683-90.

214



Spencer, T. J., Biederman, J., Madras, B. K., Dougherty, D. D., Bonab, A. A.,
Livni, E., Meltzer, P. C., Martin, J., Rauch, S. & Fischman, A. J. 2007.
Further evidence of dopamine transporter dysregulation in ADHD: a
controlled PET imaging study using altropane. Biol Psychiatry, 62, 1059-61.

Spina, M. B. & Cohen, G. 1989. Dopamine turnover and glutathione oxidation:
implications for Parkinson disease. Proc Natl/ Acad Sci U S A, 86, 1398-
400.

Steckelbroeck, S., Nassen, A., Ugele, B., Ludwig, M., Watzka, M., Reissinger, A.,
Clusmann, H., Lutjohann, D., Siekmann, L., Klingmuller, D. & Hans, V. H.
2004. Steroid sulfatase (STS) expression in the human temporal lobe:
enzyme activity, mMRNA expression and immunohistochemistry study. J
Neurochem, 89, 403-17.

Stein, M. A., Szumowski, E., Blondis, T. A. & Roizen, N. J. 1995. Adaptive skills
dysfunction in ADD and ADHD children. J Child Psychol Psychiatry, 36,
663-70.

Sterley, T. L., Howells, F. M. & Russell, V. A. 2013. Evidence for reduced tonic
levels of GABA in the hippocampus of an animal model of ADHD, the
spontaneously hypertensive rat. Brain Res, 1541, 52-60.

Surmeier, D. J., Ding, J., Day, M., Wang, Z. & Shen, W. 2007. D1 and D2
dopamine-receptor modulation of striatal glutamatergic signaling in striatal
medium spiny neurons. Trends Neurosci, 30, 228-35.

Svingen, T. & Koopman, P. 2013. Building the mammalian testis: origins,
differentiation, and assembly of the component cell populations. Genes
Dev. , 27, 2409-2426.

Tanner, C. M. 2010. Advances in environmental epidemiology. Movement
Disorders, 25, S58-S62.

Tanner, C. M., Kamel, F., Ross, G. W., Hoppin, J. A., Goldman, S. M., Korell, M.,
Marras, C., Bhudhikanok, G. S., Kasten, M., Chade, A. R., Comyns, K.,
Richards, M. B., Meng, C., Priestley, B., Fernandez, H. H., Cambi, F.,
Umbach, D. M., Blair, A., Sandler, D. P. & Langston, J. W. 2011. Rotenone,
paraquat, and Parkinson's disease. Environ Health Perspect, 119, 866-72.

Tartaglia, N. R., Ayari, N., Hutaff-Lee, C. & Boada, R. 2012. Attention-deficit
hyperactivity disorder symptoms in children and adolescents with sex

215



chromosome aneuploidy: XXY, XXX, XYY, and XXYY. J Dev Behav
Pediatr, 33, 309-18.

Taurines, R., Schmitt, J., Renner, T., Conner, A. C., Warnke, A. & Romanos, M.

2010. Developmental comorbidity in attention-deficit/hyperactivity disorder.
Atten Defic Hyperact Disord, 2, 267-89.

Thapar, A., Cooper, M., Jefferies, R. & Stergiakouli, E. 2012. What causes
attention deficit hyperactivity disorder? Arch Dis Child, 97, 260-5.

Toot, J., Dunphy, G., Turner, M. & Ely, D. 2004. The SHR Y-chromosome
increases testosterone and aggression, but decreases serotonin as

compared to the WKY Y-chromosome in the rat model. Behav Genet, 34,
515-24.

Trainor, B. C. 2011. Stress responses and the mesolimbic dopamine system:
social contexts and sex differences. Horm Behav, 60, 457-69.

Trent, S., Dennehy, A., Richardson, H., Ojarikre, O. A., Burgoyne, P. S., Humby,
T. & Davies, W. 2012. Steroid sulfatase-deficient mice exhibit

endophenotypes relevant to attention deficit hyperactivity disorder.
Psychoneuroendocrinology, 37, 221-9.

Trinh, J. & Farrer, M. 2013. Advances in the genetics of Parkinson disease. Nature
Reviews Neurology, 9, 445-454.

Trinh, J. V., Nehrenberg, D. L., Jacobsen, J. P., Caron, M. G. & Wetsel, W. C.
2003. Differential psychostimulant-induced activation of neural circuits in

dopamine transporter knockout and wild type mice. Neuroscience, 118,
297-310.

Tritsch, N. X., Ding, J. B. & Sabatini, B. L. 2012. Dopaminergic neurons inhibit
striatal output through non-canonical release of GABA. Nature, 490, 262-6.

Valera, E. M., Brown, A., Biederman, J., Faraone, S. V., Makris, N., Monuteaux,
M. C., Whitfield-Gabirieli, S., Vitulano, M., Schiller, M. & Seidman, L. J.

2010. Sex differences in the functional neuroanatomy of working memory in
adults with ADHD. Am J Psychiatry, 167, 86-94.

Valera, E. M., Faraone, S. V., Murray, K. E. & Seidman, L. J. 2007. Meta-analysis

of structural imaging findings in attention-deficit/hyperactivity disorder. Biol
Psychiatry, 61, 1361-9.

216



Van Den Eeden, S. K., Tanner, C. M., Bernstein, A. L., Fross, R. D., Leimpeter, A.,
Bloch, D. A. & Nelson, L. M. 2003. Incidence of Parkinson's disease:
variation by age, gender, and race/ethnicity. Am J Epidemiol, 157, 1015-22.

Van Hartesveldt, C. 1997. Temporal and environmental effects on quinpirole-
induced biphasic locomotion in rats. Pharmacol Biochem Behav, 58, 955-
60.

Vegeto, E., Bonincontro, C., Pollio, G., Sala, A., Viappiani, S., Nardi, F., Brusadelli,
A., Viviani, B., Ciana, P. & Maggi, A. 2001. Estrogen prevents the
lipopolysaccharide-induced inflammatory response in microglia. J Neurosci,
21, 1809-18.

Villa, A., Vegeto, E., Poletti, A. & Maggi, A. 2016. Estrogens, Neuroinflammation,
and Neurodegeneration. Endocr Rev, 37, 372-402.

Volkow, N. D., Wang, G. J., Kollins, S. H., Wigal, T. L., Newcorn, J. H., Telang, F.,
Fowler, J. S., Zhu, W., Logan, J., Ma, Y., Pradhan, K., Wong, C. &
Swanson, J. M. 2009. Evaluating dopamine reward pathway in ADHD:
clinical implications. JAMA, 302, 1084-91.

Volkow, N. D., Wang, G. J., Newcorn, J., Telang, F., Solanto, M. V., Fowler, J. S.,
Logan, J., Ma, Y., Schulz, K., Pradhan, K., Wong, C. & Swanson, J. M.
2007. Depressed dopamine activity in caudate and preliminary evidence of
limbic involvement in adults with attention-deficit/hyperactivity disorder.
Arch Gen Psychiatry, 64, 932-40.

Voyer, D., Voyer, S. & Bryden, M. P. 1995. Magnitude of sex differences in spatial
abilities: a meta-analysis and consideration of critical variables. Psychol
Bull, 117, 250-70.

Walker, Q. D., Rooney, M. B., Wightman, R. M. & Kuhn, C. M. 2000. Dopamine
release and uptake are greater in female than male rat striatum as
measured by fast cyclic voltammetry. Neuroscience, 95, 1061-70.

Warr, N., Ga.,C.,P.,,S.,Jv,,F.,R,,B,M,,P,,D.,B.,,M.,C.,S.,W,,CI,S., M, T.,
l., D.B.B., Ar,, N., Pa., T. & A, G. 2012. Gadd45y and Map3k4 Interactions
Regulate Mouse Testis Determination via p38 MAPK-Mediated Control of
Sry Expression. Developmental cell, 23, 1020-1031.

Weissman, M. M., Bland, R. C., Canino, G. J. & Et Al. 1996. CRoss-national
epidemiology of major depression and bipolar disorder. JAMA, 276, 293-
299.

217



Whitton, P. S. 1997. Glutamatergic control over brain dopamine release in vivo
and in vitro. Neurosci Biobehav Rev, 21, 481-8.

Wilens, T. E., Biederman, J. & Spencer, T. J. 2002. Attention deficit/hyperactivity
disorder across the lifespan. Annu Rev Med, 53, 113-31.

Willcutt, E. G. 2012. The prevalence of DSM-IV attention-deficit/hyperactivity
disorder: a meta-analytic review. Neurotherapeutics, 9, 490-9.

Williams, L. M., Mathersul, D., Palmer, D. M., Gur, R. C., Gur, R. E. & Gordon, E.
2009. Explicit identification and implicit recognition of facial emotions: I. Age
effects in males and females across 10 decades. J Clin Exp Neuropsychol,
31, 257-77.

Wilson, M. C. 2000. Coloboma mouse mutant as an animal model of hyperkinesis
and attention deficit hyperactivity disorder. Neurosci Biobehav Rev, 24, 51-
7.

Wolf, O. T., Schommer, N. C., Hellhammer, D. H., Mcewen, B. S. & Kirschbaum,
C. 2001. The relationship between stress induced cortisol levels and
memory differs between men and women. Psychoneuroendocrinology, 26,
711-20.

Wooten, G. F., Currie, L. J., Bovbjerg, V. E., Lee, J. K. & Patrie, J. 2004. Are men
at greater risk for Parkinson's disease than women? J Neurol Neurosurg
Psychiatry, 75, 637-9.

Wu, J. B., Chen, K., Li, Y., Lau, Y.-F. C. & Shih, J. C. 2009. Regulation of
monoamine oxidase A by the SRY gene on the Y chromosome. FASEB J.,
23, 4029-4038.

Wultz, B. & Sagvolden, T. 1992. The hyperactive spontaneously hypertensive rat
learns to sit still, but not to stop bursts of responses with short
interresponse times. Behav Genet, 22, 415-33.

Waultz, B., Sagvolden, T., Moser, E. |. & Moser, M. B. 1990. The spontaneously
hypertensive rat as an animal model of attention-deficit hyperactivity
disorder: effects of methylphenidate on exploratory behavior. Behav Neural
Biol, 53, 88-102.

Yuan, X, Lu, M. L,, Li, T. & Balk, S. P. 2001. SRY Interacts with and Negatively
Regulates Androgen Receptor Transcriptional Activity. Journal of Biological
Chemistry, 276, 46647-46654.

218



Zeidan, M. A,, Igoe, S. A., Linnman, C., Vitalo, A., Levine, J. B., Klibanski, A.,
Goldstein, J. M. & Milad, M. R. 2011. Estradiol modulates medial prefrontal
cortex and amygdala activity during fear extinction in women and female
rats. Biol Psychiatry, 70, 920-7.

Zhang, J., Perry, G., Smith, M. A., Robertson, D., Olson, S. J., Graham, D. G. &
Montine, T. J. 1999. Parkinson's disease is associated with oxidative
damage to cytoplasmic DNA and RNA in substantia nigra neurons. The
American journal of pathology, 154, 1423-1429.

Zorawski, M., Cook, C. A., Kuhn, C. M. & Labar, K. S. 2005. Sex, stress, and fear:
individual differences in conditioned learning. Cogn Affect Behav Neurosci,
5, 191-201.

219





