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Abstract

Defining the Mechanisms That Mediate Sexual Differentiation of the Developing
Hippocampus

Katherine Elizabeth Kight, Doctor of Philosophy, 2019

Dissertation Directed by Margaret M. McCarthy, James and Carolyn Frenkil Dean’s
Professor and Chair, Department of Pharmacology

Studying the processes by which male and female brains develop differently is not only a
rich source for understanding the contrasting mechanisms of brain development that
enable an organism to respond appropriately as an adult to intrinsic and extrinsic factors,
it is also important for understanding the etiology of the numerous neurodevelopmental
disorders that exhibit a sex bias in prevalence or presentation. The hippocampus is an
area of the brain responsible for context-dependent memory and regulation of the stress
axis, and as such is implicated in many sex-biased neurodevelopmental disorders. There
are two striking sex differences in the hippocampus of neonatal rats which may
fundamentally shape the circuitry of this region of the brain differently between males
and females. First, roughly twice as many proliferating cells are present in the
hippocampus during the first week of life in males, compared to females, and second, the
timing of the developmental shift in which GABA signaling switches from depolarizing
to hyperpolarizing occurs later in males. This thesis sought to determine the mechanisms
that promote the sex difference in depolarizing GABA in the neonatal hippocampus of
rats, and whether there is a causal relationship between depolarizing GABA and cell
genesis in this context. One set of experiments tested the role of the neurotrophin BDNF.
Analyses of Bdnf gene expression patterns revealed a baseline sex difference that

mirrored the sex difference in cell proliferation. However, Bdnf content in response to



steroid hormone signaling in the neonatal hippocampus showed subregion-specific
expression patterns that did not correlate with cell proliferation, indicating cell-type
specificity of BDNF function in the developing hippocampus. A second set of
experiments found female-biased expression in the neonatal hippocampus of several
microRNAs known to regulate cell proliferation and neurogenesis. One of these
microRNAs, mirl24, was tested for its potential role in regulating cell proliferation and
the depolarizing response to GABA, using a combination of in vitro and in vivo
approaches. Functional studies also tested the role of miR124 in regulating the expression
of NKCC1, a key chloride channel involved in regulating depolarizing GABA and

proliferation.
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Chapter 1: General Introduction

Sexual Differentiation of the Developing Brain

The brain begins as a largely bipotential organ that will acquire a masculine or
feminine architecture in response to external and intrinsic factors during early
development. The prime mover in this process is exposure to gonadal steroid hormones,
which act on the developing brain during a critical perinatal period to organize the neural
architecture and delimit the sex-specific influence of gonadal steroids later in life. This is
the organizational-activational hypothesis of hormone action on the developing brain, and
was first articulated in a seminal study by Phoenix and colleagues which demonstrated
that treatment of pregnant Guinea pigs with testosterone masculinized the sexual
behavior of their female offspring as adults (Phoenix et al., 1959). Although originally
codified to explain sexual differentiation of the brain in terms of reproductive behavior,
the organizational/activational hypothesis still provides a framework for understanding
the developmental programming of other endpoints of brain physiology that differ
between males and females (Arnold, 2009). The critical period for hormonal modulation
of brain development in mammals is initiated by the perinatal surge in circulating
testosterone that occurs with testicular development in male fetuses. In rats, the perinatal
testosterone surge begins late in gestation, around embryonic day 18, and declines a few
hours after birth (Weisz and Ward, 1980). Circulating testosterone enters the brain in
developing male rats and is enzymatically converted to estradiol via aromatization
(McEwen et al., 1977; Naftolin et al., 1975). Expression of aromatase in the brain varies
among regions and additionally, there is evidence for de novo steroidogenesis in some

regions of the developing brain (Amateau et al., 2004; Tsutsui, 2012). For these reasons,



androgen and estradiol content of the developing brain varies according to region and sex
(Amateau et al., 2004; Konkle and McCarthy, 2011). During gestation and the early
postnatal period, the developing brain is shielded from the effects of maternal estradiol by
a-fetoprotein present in the neonatal circulation (Bakker et al., 2006). The sequestering
effects of this steroid binding globulin can be overcome with a relatively high dose of
exogenous estradiol, and this has been titrated to achieve effects in females that mimic
endogenous estradiol in males (Amateau et al., 2004).

Estradiol signaling in the developing rodent brain induces various sex differences
in cellular morphology and physiology that are the hallmarks of masculinization of
specific brain areas. Among these are differences in cell death and survival, neuro- and
glial genesis, activity-induced synaptogenesis, dendritic branching and changes in
astrocyte and microglial morphology. The precise timing of a particular process in
relation to the window of steroid action in brain masculinization varies according to brain
region, but in general the critical period for sexual differentiation in the rat closes during
the second week of life, around postnatal day 10 (reviewed in McCarthy, 2008; Lenz et
al., 2012).

Although estrogen is required for sexual differentiation of many phenotypic
endpoints in the rodent brain, this appears not to be the case for humans. Direct evidence
testing the aromatization hypothesis is obviously precluded in humans, but correlations
between circulating fetal testosterone and sex-specific volumes of brain nuclei, as well as
studies in non-human primates, indicate that testosterone is the main organizing hormone
driving sexual differentiation in the fetal brain (Wallen, 2005; Lombardo et al., 2012),

although the presence of aromatase activity during late gestation and early postnatal life



indicates there may be a role for estrogen in sex-specific development in some brain areas
(Naftolin et al., 1971; MacLusky et al., 1987). Masculinization occurs prenatally, and
fetal testosterone production begins late in the first trimester and peaks around gestational
week 16 (Abramovich and Rowe, 1973; Reyes et al., 1974). Circulating testosterone then
falls to levels equivalent to what is found in female fetuses until it rises again at birth,
declining around 24 hours later (Forest and Cathiard, 1975; Tapanainen 1983; Corbier et
al., 1990). The magnitude of the perinatal testosterone surge in males is highly variable,
but in general circulating testosterone in males at this time is 2-3 times higher than in
females (Corbier et al., 1990). A second postnatal surge in testosterone occurs in male
infants at 1 to 3 months of age (Forest and Cathiard, 1975; Winter et al., 1976) (Figure
1.1). One of the difficulties in modeling sex differences in the developing brain arises
when trying to extrapolate the protracted gestational timeline of humans to that of
experimental animals such as rodents, and a number of studies have sought to do this by
correlating developmental milestones such as formation of neuroanatomical structures,
region-specific neurogenesis and myelination, and synaptic pruning. From such studies it
is generally considered that the perinatal period in rodents is roughly equivalent to the
third trimester in terms of human brain development, and at about 12-13 days of life the
rat brain is developmentally similar to that of a full-term infant on the day of birth

(Clancy et al., 2007; Semple et al., 2013).



Rat aromatase
T — E2
Brain
masculinization

E18 birth 12-13 days postnatal

Human

Circulating testosterone

Brain
masculinization

|
I I I I
9 GW 24 GW birth 1 MO 3MO

Figure 1.1: The critical period of brain sexual differentiation in relation to circulating
stereoid levels in humans and rat. Serum testosterone derived from the fetal testis
peaks in male rats shortly before birth around embryonic day 18 (E18), and again on the
day of birth. The aromatization of testosterone (T) to estradiol (E2) is required for the
organization of a masculine brain phenotype. In humans, prenatal testosterone
production from the fetal testes is elevated from gestational weeks 9 (GW9) to 24
(GW24), with a peak around GW16. Circulating testosterone is elevated on the day of
birth, and again peaks in newborns between 1 and 3 months old (MO). During the third
trimester, human brain development resembles that of the rat during the period of
brain masculinization in the perinatal period and first week of life. The brain of a term
infant is developmentally equivalent to that of a 12 to 13-day-old rat (dashed vertical
line). From Kight and McCarthy, 2014,



The Hippocampus- Function and Dysfunction

The hippocampus is critically involved in learning and stress responding, and as
such plays a vital role in both complex and innate behaviors (Fanselow and Dong, 2010;
Sweatt, 2004). Since the groundbreaking clinical case of Henry Molaison, who suffered
severe anterograde amnesia after excision of large portions of his temporal lobes to treat
intractible seizures (Scoville and Milner, 1957), numerous clinical and animal studies
have demonstrated that hippocampal function is required for episodic memory (for
review see Squire, 1992), as well as spatial memory (Burgess et al., 2002), and context-
dependent learning (Fanselow, 2000; Gerwitz et al., 2000; Sanders et al., 2003;
Bengasser and Shors, 2007). The hippocampus is also a crucial brain region for
regulation of the stress response (Jacobson and Sapolsky, 1991; McEwen et al., 2016). In
both humans and animal models, aspects of contextual learning and stress responding
differ in males and females across the lifespan, and in many cases hippocampal function
has a demonstrated role in mediating these sex differences (Shors et al., 2001; Bengasser
and Shors, 2007; Schoenfeld and Gould, 2012; Mahmoud et al., 2016).

Hippocampal dysfunction is associated with many neurological and
neurodevelopmental disorders which differ between the sexes in terms of prevalence
and/or presentation, including epilepsy, schizophrenia, ASD, depression and anxiety (see
Harrison, 2004; McLean et al., 2011; Hill and Fitch, 2012; Schoenfeld and Cameron,
2015 and references therein). Several of these disorders are associated with prenatal and
childhood risk factors which are also correlated with altered hippocampal structure. For
example, childhood stress and trauma, well-established risk factors for depression and
anxiety later in life, are associated with decreased hippocampal volume in adults

(Vylthilingham et al., 2002; Frodl et al., 2010; Paquola et al., 2016). Increased
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hippocampal volume is seen in adolescents with anxiety and PTSD who have
experienced early life trauma (Tupler et al., 2006). And smaller hippocampal volume is
seen in schizophrenia patients with a history of obstetric complications, compared to
patients who did not experience obstetric complications (van Erp et al., 2002; Ebner et
al., 2008). Numerous animal studies have revealed molecular and cellular effects of
developmental influences on the hippocampus which manifest in sex-specific ways and
persist into adulthood. These include altered neurogenesis in response to gestational
stress or maternal separation (Kawamura et al., 2006; Lemaire et al., 2006; Oomen et al.,
2010; Korosi et al., 2012; Lajud and Tormer, 2015), altered expression of neuroendocrine
markers associated with anxiety-like behavior (Brunton and Russell, 2010; Hill et al.,
2014; Huang, 2014), differences in adult spine density and synaptic plasticity in response
to early life stress (Biala et al, 2011; Bock et al., 2011; Liao et al., 2014), and alterations
in interneuron subtypes associated with electrophysiological changes and anxiety-like
behavior in adults (Murthy et al., 2019). The wealth of data linking the hippocampus to
sex-specific brain function in health and disease makes clear that understanding how the
hippocampus differs between males and females during early development is crucial for
understanding the etiology of many neurodevelopmental disorders.
Structure and Development of the Hippocampus

The hippocampus is a telencephalic structure located in the medial temporal lobe,
and as an element of Papez’ Circuit is considered part of the limbic system. Its structure
is highly layered, and consists of two discrete substructures. Ammon’s horn, composed of
excitatory principle neurons and inhibitory interneurons in a stratified arrangement, can

be generally subdivided into CA1 and CA3 subregions, based on afferent and efferent



connections and resident cell types. Ammon’s horn is folded around the dentate gyrus
subregion, which consists of a distinct population of interneurons and excitatory granule
neurons, and which is a major site of neurogenesis throughout the lifespan. In general,
two broad functional divisions are assigned to the hippocampal formation along its
longitudinal axis, based on neuroanatomical connectivity, ablation studies, and molecular
profiling. The dorsal or septal half of the hippocampus is involved in processing of
spatial information and memory, and sends output projections to the anterior cingulate
cortex, mammillary nuclei and anterior thalamus. The ventral or temporal portion of the
hippocampal formation, which is highly connected with the olfactory system, prefrontal
cortex, amygdala and hypothalamus, preferentially mediates stress responding (Moser et
al., 1993; Moser and Moser, 1998; Fanselow and Dong, 2010; Bienkowski et al., 2018).
Anatomical and imaging studies have shown that the human hippocampus is
primarily formed during the 2" trimester, and by 18 to 20 weeks gestation is fully formed
and resembles that of the adult, with Ammon’s horn and the dentate gyrus structurally
assembled (Kier et al., 1997), although the dorsal and ventral portions of the
hippocampus continue to differentiate structurally well into childhood (Gogtay et al.,
2006). Detailed cellular birthdating studies in rodents also demonstrate a protracted
period of embryonic and postnatal development of the hippocampal formation involving
distinct waves of cellular proliferation and migration (Bayer, 1980; Altman and Bayer,
1990a,b,c). Ammon’s horn is largely formed by birth, and cells that populate this
subregion of the hippocampal formation migrate from a germinal center in the medial
region of the telencephalon around embryonic day 16. The dentate gyrus, however, which

will remain a site for neurogenesis in the adult brain, arises from a distinct germinal zone



during the perinatal period and continues to form well into the second week of life.
Proliferating neuroblasts migrate tangentially and radially over several days to form a
third germinal zone which will give rise to the dentate gyrus. Cellular proliferation
continues here until approximately 1 month of age, when a single layer of proliferating
cells is present in the dentate as the subgranular zone. The protracted development of the
hippocampal formation during the late gestational and early postnatal period indicate that
the hippocampus is potentially vulnerable to intrinsic and environmental influences that
may alter normal function later in life, and as discussed above, this is largely supported
by the clinical and preclinical data. The fact that hippocampal development also occurs
during the period of brain sexual differentiation raises the possibility that perturbations in
this process may result in different functional outcomes between males and females, and
sets an etiological framework for examining sex differences in the developing
hippocampus.
Sex Differences in the Developing Hippocampus

In the adult hippocampus, numerous cellular and molecular differences between
male and females have been described in rodent models, particularly in relation to steroid
hormone responsiveness (reviewed in Galea et al., 2013), and stress-induced effects on
cellular architecture (reviewed in McEwen et al., 2016). While many sex differences are
known in the adult hippocampus, very few have been described in the hippocampus of
neonatal or juvenile animals. Recent work by Nelson et al., (2017) demonstrates a
difference in microglial phagocytosis in the neonatal hippocampus of rats, and minor
differences in synaptic proteins have also been shown (Bian et al., 2012). In addition,

however, there are two well-established sex differences in the neonatal hippocampus that



have the potential to fundamentally organize this brain region differently between males
and females.
Sex Differences in the Developing Hippocampus- Neonatal Cell Genesis

There is a robust and striking sex difference in the neonatal hippocampus of rats
within the neurogenesis pathway that has been most thoroughly characterized by the
McCarthy lab. As shown by systemic BrdU labeling of dividing cells in newborn pups,
males have roughly twice as many proliferating cells in the dentate gyrus and CA1 (but
not CA3) regions of the hippocampal formation, compared to females, during the first
week of life (Zhang et al., 2008; Bowers et al., 2010; Waddell et al., 2013). The same
relative sex difference in proliferating cells is seen within hours of, and also 21 days after
BrdU administration; it is recapitulated with endogenous Ki67 detection, and is not
mirrored by a difference in pyknotic cells, and thus is unlikely due to a difference in cell
death between males and females. However, a sex difference in the rate of proliferation
cannot be ruled out. Timecourse labeling with BrdU over the lifespan of developing rats
indicates that this sex difference in proliferating cells is restricted to the first postnatal
week, as the number of proliferating cells is equivalent in the dentate of males and
females after 6 days of age (Bannerjee, Bowers and McCarthy; Stockman and McCarthy,
unpublished data). Up to 80% of proliferating newborn cells in the CA1 subregion of
males will survive and differentiate into neurons, as shown by expression of the nuclear
marker NeuN, while only 40% will eventually express NeuN in females (Bowers et al.,
2010).

The baseline difference in proliferating neuronal precursors in the hippocampus of

male and female neonatal rats is robustly modulated by estradiol signaling in a sex-



dependent manner. Estradiol administration to neonatal females increases the number of
proliferating cells in the dentate and CAL to levels seen in males, but does not alter cell
genesis in males. Conversely, disruption of estrogen signaling by administering either the
pan-estrogen receptor antagonist tamoxifen or the aromatase inhibitor Formestane
decreases cell proliferation in neonatal males to that of females, but has no effect in
females (Bowers et al., 2010; see Figure 1.2). Thus, in terms of the effects of estradiol,
there appears to be a tightly controlled range of cellular proliferation in the neonatal

hippocampus, the limits of which are expressed as a ceiling in males and a floor in

females.
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Figure 1.2: The sex difference in proliferation in the dentate gyrus of neonatal
male and female rats, as shown via BrdU labeling. Top panel: males have twice as
many BrdU-labeled cells as females. When pups are treated with a masculinizing
dose of estradiol (E2), the number of proliferating cells increases in females, but
not in males. Bottom panel: blocking estradiol signaling with Formestane (Form) or
Tamoxifen (Tam) decreases proliferation in the dentate gyrus of males but has no
effect in females. From Bowers et al., 2010.
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The effects of estradiol on developmental cell genesis in the hippocampus are
rapid, occurring within hours, and yet also persistent, as indicated by the number of
proliferating cells that survive and differentiate (Bowers et al., 2010; Zhang et al., 2008).
In addition, the fraction of NeuN+ cells surviving from the newborn proliferating
population in estradiol-treated females is equivalent to males. Thus, in the neonatal rat
hippocampus, estradiol promotes both proliferation and differentiation of neuronal
precursors in the dentate gyrus and CAL, and thereby has an important role in organizing
the hippocampal circuitry in a sex-specific manner. Estradiol also has an important
modulatory role in the second major sex difference in the developing hippocampus, the
depolarizing response to GABA.

Sex Differences in the Developing Hippocampus- Depolarizing GABA

In mature neurons, the GABAA receptor mediates fast synaptic inhibition by
gating the influx of chloride ions, thereby hyperpolarizing the cell and reducing action
potential firing. Thus, in the adult central nervous system, GABA is the main inhibitory
neurotransmitter. During development, however, the chloride gradient in immature neural
cells is reversed, and activation of GABAA receptors causes efflux of intracellular
chloride ions and membrane depolarization (see reviews by Ben-Ari, 2002; 2007; 2014
for everything you could possibly want to know about depolarizing GABA). The timing
of the developmental switch when GABA signaling moves from depolarizing to
hyperpolarizing is cell autonomous, yet varies among brain regions, and is dictated by a
shift in the driving force for chloride, which in turn is determined by the relative
expression of chloride transporters on the cell membrane. The transporters most relevant

for the developmental shift in chloride gradient are the sodium-potassium-chloride
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cotransporter 1 (NKCC1), which facilitates electroneutral transport of chloride into the
cell, and the potassium-chloride cotransporter 2 (KCC2), which pumps chloride ions out
of the cell. Expression of these transporters is developmentally regulated within the cell.
NKCCL1 expression is high and KCC2 expression is essentially absent in neural
precursors and immature neurons, but as the cell matures KCC2 expression is
upregulated while NKCC1 expression falls, and the relative shift in chloride transport
reverses the chloride gradient. This process is a hallmark of neuronal maturation as
proliferating neural precursors and neuroblasts exit the cell cycle and differentiate

(Riveraetal., 1999, 2005; Wang et al., 2002; see Figure 1.3).
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Figure 1.3: The developmental shift from depolarizing to hyperpolarizing GABA. In immature
neural precursors and neuroblasts a high relative intracellular chloride concentration dictates
an outward driving force for chloride (dfCl), and the reversal potential for chloride (Echioride) is
positive relative to the resting membrane potential (Vm). Activation of GABAareceptors moves
the membrane potential toward the threshold potential (Vinreshold) , depolarizing the cell and
potentially generating an action potential. In mature and postmitotic neurons, intracellular
chloride content is low. Activation of GABA receptors shifts the membrane potential in a
negative direction and hyperpolarizes the cell. The driving force for chloride, and thus
whether GABA is depolarizing or hyperpolarizing, is determined by the relative expression of
the chloride channels NKCC1 (blue) and KCC2 (yellow). From Kight and McCarthy, 2014.
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Although several factors that upregulate KCC2 expression during this process are
known (Yeo et al., 2009, 2013), direct mechanisms responsible for downregulation of
NKCCL1 expression are not known. In the neonatal hippocampus of rats, a fundamental
sex difference exists in the timing of the shift from depolarizing to hyperpolarizing
GABA, wherein males make this shift later in development. Females respond to GABA
agonists with hyperpolarizing currents before the end of the first postnatal week, but in
males the response remains depolarizing until the second week of life (Nunez and
McCarthy, 2007; Galanopoulou, 2008). This corresponds with sex differences in the
developmentally-regulated chloride transporters, where an earlier rise in KCC2
expression in females has been demonstrated (ibid). A sex difference is also evident in
the magnitude of the response to depolarizing GABA. In vitro calcium influx in response
to the GABAA receptor agonist muscimol demonstrates a greater initial rise in calcium
transients in hippocampal neurons derived from neonatal females, but a shorter decay
time compared to male-derived neurons. Repeated muscimol administration attenuates
this response in females, but not in males. Estradiol signaling during the perinatal period
potentiates the response to depolarizing GABA in cultured hippocampal neurons (Nufiez
et al., 2005; 2007; 2008; Nunez and McCarthy, 2009). This is most likely due to
upregulated NKCC1 expression in the presence of estradiol (Nunez et al., 2005), and also
indirect enhancement of NKCC1 activity by estradiol via the kinases OSR1 and SPAK
(Nugent et al., 2012). In addition, phosphorylation of the transcription factor CREB in
response to GABAA receptor activation with muscimol increases in the CA1 region of
the hippocampus in males, but is decreased in females (Auger et al., 2001). Because

CREB activation promotes expression of immediate early genes, this indicates that
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downstream activation of gene expression in response to depolarizing GABA differs in
the neonatal hippocampus of males and females, and divergent neuronal physiology may
result.

The depolarizing action of GABA in immature neurons can generate action
potentials by activating voltage-gated sodium channels, promote glutamate signaling by
removing the magnesium block of NMDA receptors, and increase intracellular Ca?* by
activating voltage-gated calcium channels. Through these mechanisms depolarizing
GABA promotes synchronous network oscillations and modulates activity-dependent
processes such as neuronal maturation and synaptogenesis (Cancedda et al., 2007; Ben-
Ari et al., 2007; Pfeffer et al., 2009). Tonic activation of GABAA receptors on immature
neuronal cells stimulates their migration during development and in the adult
subventricular zone (Behar et al., 1996; Bolteus and Bordey, 2004; Manent et al., 2005;
Hsieh and Puche, 2015). The depolarizing action of GABA also regulates proliferation of
cycling neuronal progenitors and neuroblasts, although whether this promotes or inhibits
proliferation seems to depend upon the location and neurogenic stage of the cycling cells.
Abrogating the depolarizing action of GABA in the adult ventricular zone by knocking
down NKCC1 expression reduces proliferation of migrating neuroblasts (Young et al.,
2012; Magalhaes and Rivera, 2016). In neural stem cells from the subventricular zone,
however, depolarizing GABA has an inhibitory effect on proliferation (LoTurco et al.,
1995; Liu et al., 2005). The depolarizing action of GABA thus plays critical roles in
shaping the architecture of the developing brain, and likely does so in a sexually
dimorphic manner. Given the role of depolarizing GABA in regulating cellular

proliferation and neurogenesis, there may be a causal relationship between the sex
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difference in depolarizing GABA and the greater cell proliferation in the hippocampus of
neonatal male rats, as these two sex differences overlap developmentally.

The overarching goal of this thesis was to identify factors which may promote the
sex difference in proliferation in the neonatal hippocampus of rats, motivated by the
desire to add to the fascinating and growing body of knowledge that informs our
understanding of how the brain is differentially sculpted between males and females.
Although critically involved in sexually differentiated behaviors and sex-biased disorders
of the brain, little is known about the mechanisms which regulate the developmental
differentiation of the hippocampus between males and females. This pursuit is thus
justified from both a basic science standpoint and in relation to points of influence or
vulnerability for sex-biased behaviors and neurodevelopmental disorders, and is

described in the chapters that follow.
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Chapter 2: General Materials and Methods

Experimental animals

All procedures involving experimental animals were approved by the Institutional
Animal Care and Use Committee of the University of Maryland School of Medicine.
Sprague-Dawley rat pups were obtained from dams mated in the University of Maryland
School of Medicine Animal Care Facility and housed in a 12-hour light/dark cycle. The
day of birth was designated postnatal day 0 (PNOQ). Pups were removed from their home
cage and taken to the laboratory for experimental treatments. Care was taken to ensure
pups were away from the dam for not more than 1 hour during each manipulation. Each
cohort of pups remained with the dam until collection of brain tissue.
Subcutaneous injections

Estradiol benzoate (Sigma) or tamoxifen (Sigma) were administered at 100 ug in
0.1 ml sesame oil vehicle subcutaneously on PNO and PN1. Subcu. injections were
administered on the back between the shoulder blades using a 28-guage beveled needle.
An equivalent volume of sesame oil was similarly administered as vehicle control. This
dose of estradiol and tamoxifen has been titrated to overcome circulating steroid hormone
binding globulins present in the neonatal rat, and has previously been shown to modulate
aspects of sexual differentiation of the rodent brain, including sex-specific effects in the
developing hippocampus (Amateau et al., 2004; Bowers et al., 2010; Mong et al., 1999).
Intracerebroventricular injections

Intracerebroventricular (icv) injections were performed on neonatal rat pups under
cryoanesthesia on PNO and PN1. At this age the skull is thin and uncalcified, and midline

and Bregma fissures of the brain are visible through the skull and hairless skin. Pups were
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sedated by placing them on a foil-covered bed of ice in a humidified refrigerator at 4°C
just until they were unresponsive to touch. During injections, pups rested belly-down on
cloth-covered freezer packs. 1ul volumes were injected through the skull into each
hemisphere using a Hamilton #7001 23-guage syringe attached to a stereotaxic frame.
The syringe needle was inserted 0.6 mm anterior to Bregma, 0.5 mm lateral to the
midline, and 3.0 mm ventral to the top of the skull in order to target the lateral ventricle
without damaging the hippocampus. The syringe was withdrawn dorsally to 2.5 mm
ventral to the top of the skull, and the syringe contents were slowly injected over a period
of 30 sec. After 1 min. the syringe was slowly withdrawn and the process repeated for the
other hemisphere. Pups were placed in a 37°C incubator until they recovered, typically 5-
7 minutes.
Dissection of hippocampal tissue

To collect individual subregions of the hippocampus, pups were decapitated with
heavy scissors and brains quickly removed from the skull cavity. Brains were bisected
sagitally in ice-cold saline and thalamic tissue removed to expose the ventricular surface
of the hippocampus. The entire dentate gyrus was removed as a discrete structure by
inserting a fine-guage needle along the length of the hippocampal fissure. Fiber
projections along the dentate axis proximal to CA3 were removed with fine foreceps.
Ammon’s horn was dissected from the neocortical tissue and meninges removed using
fine foreceps. CA1 and CAS3 areas were separated along the length of the hippocampus.
For each hippocampal subregion, the entire tissue along the longitudinal axis was

collected together, consisting of both dorsal and ventral portions. For each subregion,
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tissue from both hemispheres of the brain of an individual pup were combined, frozen on
dry ice and stored at -80 °C until subsequent processing.
Isolation of hippocampal protein

Ice-cold lysis buffer consisting of 10 mM TrissHCI pH 7.6, 150 mM NaCl, 1%
Nonidet P-40, 1% sodium deoxycholate, and containing protease and phosphatase
inhibitors (Sigma) was added to frozen hippocampal tissues at a ratio of approximately
500 ul lysis buffer per 10 mg of tissue. An equal tissue volume of silica beads was added
to the lysis buffer and mechanical homogenization performed for 2 minutes using a
Bullet Blender (NextAdvance). Tissue homogenates were centrifuged at 20 X g at 4°C for
5 min, transferred to a clean tube and stored at -80°C until subsequent analysis. Protein
content of tissue homogenates was determined by interpolation to a standard curve of
purified BSA using the Bradford protein assay (BioRad).
Western immunoblotting

Protein from tissue homogenates was resolved on gradient polyacrylamide gels
(NuPage, LifeTechnologies) under reducing and denaturing conditions, and transferred to
PVDF membrane. Membranes were blocked with Odyssey Blocking Buffer (LiCor
Biosciences) diluted 1:1 with Tris-buffered saline (pH 7.4, TBS). Membranes were
incubated with primary antibodies diluted in a 1:1 solution of Blocking Buffer:TBS-
0.05% Tween. Membranes were washed 3 times in TBS-Tween (0.05%) and incubated in
Blocking Buffer diluted 1:1 in TBS-Tween/0.02% SDS containing secondary antibodies
(IRDye©800 goat-anti-rabbit and IRDye©680 goat-anti-mouse IgG, LiCor Biosciences;
both diluted 1:5000). After washing, membranes were imaged on an Odyssey CLXx

Infrared Imaging System (LiCor). Fluorescence intensity for each band of the protein of
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interest was normalized to fluorescence intensity of the corresponding normalization
protein band to obtain an integrated fluorescence value.
BDNF ELISA

Frozen tissues were homogenized in lysis buffer containing protease and
phosphatase inhibitors, as described above. Total free BDNF propeptide was measured
using the BDNF Emax Immunoassay System (Promega), according to the manufacturer’s
instructions. Tissue homogenates were diluted 1:5 in PBS (pH 7.4), acid treated at pH 3.5
for 15 minutes by the addition of 1/5 volume 2N HCI, and neutralized with NaOH prior
to dilution in Block and Sample Buffer. According to the manufacturer, this ELISA has a
sensitivity of 15.6 pg/ml and exhibits less than 3% cross-reactivity to other neurotrophins.
The sensitivity and specificity of this ELISA were not independently confirmed for these
studies.
Antibody characterization

Table 1 below lists the antibodies used in these studies. The BDNF antiserum
used (RRID:AB 10644597) recognized a single band of approximately 27.5 KDa on
Western immunoblots of neonatal rat hippocampal tissue homogenate. The NKCC1
antiserum used recognized bands of approximately 130 KDa and 200 KDa on Western
immunoblots of neonatal rat hippocampal tissue homogenate. The SOX9 antiserum
recognized a single band of approximately 65 KDa on Western immunoblots of neonatal
rat hippocampal tissue homogenate. The TUJ1 antiserum recognized a single band of
approximately 55 KDa on Western immunoblots of neonatal rat hippocampal tissue
homogenate. The anti-Gapdh monoclonal antibody recognized a single band of

approximately 35 KDa on Western immunoblots of rat hippocampal tissue homogenate.
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Table 1: List of primary antibodies used

mouse monoclonal;
RRID:AB_307274

antigen antibody source; immunogen working
host species; concentration
RRID used
BDNF Aviva Systems Biology, synthetic peptide 1.25 pug/ml
Cat# ARP41970; corresponding to the
rabbit polyclonal, middle portion of
RRID:AB_10644597 human BDNF
NKCC1 EMD Millipore, Cat# AB3560P; | synthetic peptide 1.25 pug/ml
rabbit polyclonal, corresponding to a 22
RRID:AB 91514 aa sequence within
the C-terminus of rat
NKCC1
SOX9 EMD Millipore, Cat# AB5535; synthetic peptide 1.67 pug/ml
rabbit polyclonal; corresponding to the
RRID:AB_2239761 C-terminus of human
SOX9
neuronal Covance Research Products, purified microtubules 1.0 pg/ml
class Il Cat# MMS-435P; from rat brain
B-Tubulin | mouse monoclonal;
(TUJl) RRID:AB_2313773
GAPDH Abcam, Cat# ab9484; native human GAPDH | 0.2 pg/ml
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Isolation of RNA

Total RNA was isolated from homogenates of dissected hippocampal tissue or
harvested hippocampal neurons in vitro using a modified phenol extraction method,
according to the manufacturer’s instructions (TriReagent RT, MRC Inc.). Genomic DNA
was removed by digestion of the aqueous phase of tissue homogenates with 2 1U of
RNAse-free DNAse | and subsequent purification through silica-based size-exclusion
columns (RNAeasy Miniprep Kit, Promega). The resulting total RNA was resuspended in
RNAse-free water, and RNA yield and purity were determined using a NanoDrop 2000
spectrophotometer (ThermoFisher). All total RNA used for these experiments exhibited
an A260/A280 ratio of 1.8-2.0.

For experiments involving microRNA quantitation, total RNA was isolated from
dissected hippocampal tissue or harvested hippocampal neurons using a similar method,
modified to retain RNA species smaller than 100 bp. After DNAse digestion of the
TriReagent-extracted tissue homogenate, the aqueous phase was combined with 1/5
volume high-salt buffer (Buffer RLT, Promega) and an equal volume of 100% EtOH.
Total RNA, including small RNAs, was subsequently obtained from the samples using
silica-based size-exclusion columns (RNAeasy Miniprep Kit, Promega). The resulting
total RNA was resuspended in RNAse-free water, and RNA vyield and purity were
determined using a NanoDrop 2000 spectrophotometer (ThermoFisher). RNA used for

these experiments exhibited an A260/A280 ratio of 1.8-2.0.
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Quantitative PCR

For quantification of mMRNA transcripts, cDNA was transcribed from 0.5 or 1 g
total RNA using a High Capacity cDNA Reverse Transcription Kit and random hexamers
(LifeTechnologies). For each batch of cDNA synthesis, every 51" RNA sample was also
used as template in reaction containing no reverse transcriptase (no RT), to check for
genomic DNA contamination of the samples. A portion of every cDNA synthesis
reaction product (2 ul) was removed and pooled among samples. This pooled cDNA was
serially diluted and used to generate standard curves to test each target primer set, and to
test the quality of each batch of cDNA synthesis. The remainder of each cDNA synthesis
product was diluted 1:10 and 5 pl was used for fluorescence-based, real-time PCR in a
reaction mixture containing SYBR®© Green PCR Master Mix (LifeTechnologies) and
250nM primers, except where otherwise noted. PCR reactions were performed for 40
cycles on a ViiA™7 Real-Time PCR System (ABI). All samples and standards were run
in triplicate, and negative controls containing water as template and no RT cDNA were
run for each target. Efficiency of each target primer pair was determined from standard
curves of pooled cDNA run on each plate. Expression among experimental groups were
calculated using the AACt method (Pfaffl, 2001; Schmittgen and Livak, 2008). Data were
expressed as relative mean fold expression +/- standard error of mean fold expression.
Mean C; values for the normalization gene (Gapdh) differed by less than 0.2 C; between
males and females or among all 3 hippocampal regions. Primer sequences for the g°PCR

assays used to measure mRNA targets are detailed in Table 2 below.
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Table 2: List of qPCR primers used in these studies

primer target spans sequence
region intron/exon
junction?
alIBDNFfwd ExonlX no 5’-GCGGCAGATAAAAAGACTGC-3”
allBDNFrev ExonlX no 5’-CAGTTGGCCTTTTGATACCG-3’
GAPDHfwd Exon 9-10 yes 5’-TGGTGAAGGTCGGTGTGAACGG -3’
GAPDHrev Exon 10 no 5’- TAGATCGGTACTACAATTCGA-3’
NKCC1fwd Exon 2 no 5’- AGTCCATAAGCTAATCGATACG-3’
NKCClrev Exon 2-3 yes 5’>-TCGTAAGCTCTAGCAATCGCTCCT-3”
SOX9fwd Exon 3-4 yes 5’- CTAAGCTACCGTCCTAAGCTAC-3’
SOX9rev Exon 4 no 5’- CTAAGCTTACCGCGCATCAT-3’

Because the Bdnf primers must target a single exon in order to detect all
transcripts, it was not possible to design primers that span an intron-exon boundary. In
addition to DNAse digestion of total RNA samples, melting curve analysis was done on
standards and samples for all primers in order to confirm a single peak melting
temperature, indicating a single target species and the absence of genomic DNA
amplification.

For quantification of microRNAS, reverse transcriptase reactions were performed
with 0.5 or 1.0 pg total RNA using a TagMan® MicroRNA Reverse Transcription Kit
(Life Technologies) and a custom pool of primers targeting microRNAs of interest. q°PCR
was carried out on 1pl of undiluted cDNA product in a reaction mix containing TagMan®
Universal Master Mix 11, No AmpErase UNG (Life Technologies) and TagMan®
primer/probe combinations specific for each targeted microRNA (Life Technologies).
PCR reactions were performed for 40 cycles on a ViiA™7 Real-Time PCR System
(ABI). All samples and standards were run in triplicate, and negative controls containing
water as template and no RT cDNA were run for each target. The small nucleolar RNA

U6 was used as a normalization standard. Expression among experimental groups were
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calculated using the AACt method (Pfaffl, 2001; Schmittgen and Livak, 2008). The
number of biological replicates are indicated in the descriptions for each experiments in
subsequent chapters. Data were expressed as relative mean fold expression +/- standard
error of mean fold expression.

BrdU immunohistochemistry

To obtain brain tissue for BrdU immunohistochemistry, rat pups were deeply
anaesthetized with an i.p. injection of sodium pentobarbital solution (Fatal-Plus, Vortech
Pharmaceuticals), and brain tissue was fixed in situ via transcardial perfusion of 10 mM
PBS (pH 7.4), followed by 4% paraformaldehyde in PBS (pH 7.4). Whole brains were
dissected out and immersion fixed overnight in 4% paraformaldehyde/PBS (pH 7.4),
followed by 3-5 days of immersion in 30% sucrose in PBS (pH 7.4) until saturation.
Brains were frozen and sectioned on a cryostat at 45um thickness through the rostral-
caudal axis of the hippocampal formation. Every 6™ section within the dorsal half of the
hippocampus were mounted onto charged slides (SuperFrost Plus, Invitrogen) and
allowed to air dry.

For immunohistochemical detection of BrdU, slide-mounted tissue sections were
rinsed in 3 changes of PBS (pH 7.4), and antigen retrieval for BrdU was carried out with
a 10-minute incubation in 0.1% trypsin/0.1% CaCl. in Tris-buffered saline (TBS),
followed by 3 washes in TBS and a 30-minute incubation in 2N HCI. Slides were then
washed in PBS, incubated in 50% MeOH/0.03% H>0,, washed again in PBS, and
incubated overnight at room temperature in PBS containing 0.4% Triton-X-100/0.5%
BSA and 1:250 dilution of mouse-anti-BrdU monoclonal antibody (Beckton-Dickinson).

After washing with PBS, incubation with secondary antibody incubation was carried out
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at room temperature for 1 hour using biotinylated goat-anti-mouse antibody (Sigma) at a
1:500 dilution in 0.4% PBS-T/5% BSA. Streptavidin-based amplification of secondary
antibody binding was carried out using a 1:500 dilution of ABC solution (Vector Labs),
and chemogenic detection of antibody binding to tissue was achieved using

diaminobenzidine (Fast DAB, Sigma).

In vitro cell culture

For the in vitro experiments described in these studies, neurons were isolated
from developing hippocampi of Sprague Dawley rat pups on the day of birth using
routine methods (Nufiez et al., 2005). Single-sex cultures were obtained from pooled
tissues of 4-7 male or female rat pups. Whole hippocampi were dissected from both
hemispheres into cold Hanks Balanced Salt Solution (Sigma) containing 100 mM HEPES
(pH 7.3) and 1/10 dilution of Antibiotic/Antimycotic solution (Sigma) (HBSS+). After
washing in HBSS+, hippocampal tissue was dissociated using a papain enzyme mix from
a Neural Tissue Dissociation Kit (Miltenyi Biotech), according to the manufacturer’s
instructions. Single-cell neuronal suspensions were obtained by triturating the tissue with
fire-polished glass pipettes and filtering the tissue homogenate through a 70 um nylon
strainer. After washing with HBSS, pelleted neuronal cells were resuspended in plating
media, consisting of Neurobasal-A (Invitrogen) supplemented with 10% heat inactivated
fetal bovine serum. Cells were plated at a density of approximately 25 cells/mm? onto 6,
12, or 24-well plates coated with poly-D-lysine. Several hours after plating, cells were
fed with 1 X volume of maintenance media, consisting of Neurobasal-A supplemented

with B-27 and 0.5 mM Glutamax (Invitrogen). One-half the volume of culture media was
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replaced with fresh maintenance media every 3 days throughout the course of the
experiments.
Statistical analyses

Six to nine animals of each sex and treatment were used for all experiments, as
indicated. Although no a priori power analysis was used to determine these numbers, this
is based on 26 years of data from the McCarthy lab demonstrating moderate anticipated
effect sizes of Cohen’s D=0.5, magnitude changes of mean values between 1 and 2-fold,
and standard deviations that generally do not exceed 10% of the mean, using similar
molecular and cellular endpoints in neonatal rat pups. All data were first analyzed using
Kolmogorov-Smirnov test for normalcy and Bartlett’s test for homogeneity of variances.
Non-parametric post-hoc statistical analyses were utilized where tests for normalcy and
homogeneity of variance were not met, as indicated. Specific statistical tests and post-hoc
analyses for each experiment are indicated in subsequent chapters. Significance was set at

p<0.05 for all analyses.
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Chapter 3: Sex Differences in BDNF Expression in the Neonatal
Hippocampus in Relation to Cell Proliferation

Introduction

The downstream cellular mechanisms that mediate the effects of estradiol on
neurogenesis in the developing hippocampus are largely unknown, although BDNF is a
likely candidate. Many of the effects of estradiol in the adult hippocampus are mirrored
by BDNF or have a demonstrated requirement for activation of the cognate BDNF
receptor, TrKB (Scharfman and MacLusky, 2006). In addition, numerous studies indicate
a role for BDNF in regulating neurogenesis in adult rodents. For example, direct
administration of BDNF to the hippocampus increases cell proliferation (Scharfman et
al., 2005), while knockdown of BDNF or conditional deletion of TrKB reduces
proliferation (Lee et al., 2009; Taliaz et al., 2010). BDNF also negatively impacts cell
survival via p75NTR receptor signaling (Catts et al., 2008).

Based on studies demonstrating a role for BDNF in regulating cell proliferation in
the adult hippocampus, as well as the expression of BDNF and TrKB receptors in the
neonatal hippocampus of rats (Solum and Handa, 2002), one can speculate that the
mechanism through which estradiol modulates proliferation in the developing
hippocampus is via BDNF signaling. In addition, BDNF expression and secretion are
promoted by depolarizing GABA (Berninger et al., 1995; Obrietan et al., 2002; Deidda et
al., 2015), and BDNF in turn positively regulates GABA release and expression and
retention of GABAA receptors on immature neurons (Roberts et al., 2006; Porcher et al.,
2011; Riffault et al., 2018), making BDNF a likely candidate mediating the downstream

effects of depolarizing GABA in the developing brain. Thus, in the neonatal
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\hippocampus of rodents, where the depolarizing actions of GABA are more pronounced
in males and estradiol signaling modulates the depolarizing response to GABA, BDNF
may contribute to the sex difference in neuronal cell proliferation. The experiments
described in this chapter, while largely descriptive, were carried out to test the role of

BDNF in regulating neonatal hippocampal cell genesis.
Experiments and Results

Quantification of Bdnf gene expression in hippocampal subregions of male and female
rats during the first two weeks of life.

The CAL, CA3 and dentate gyrus subregions of the hippocampal formation were
dissected from 7 male and 7 female rats on postnatal day 4 (PN4) and PN15, and total
RNA extracted from these tissues as detailed in Chapter 2. Bdnf transcripts were
quantitated using a SybrGreen-based real-time qPCR assay. Because the rat Bdnf gene is
expressed from multiple promoters and alternatively spliced exons that result in at least
12 distinct transcripts (Aid et al., 2007), primers for this qPCR assay were designed to
target the coding region of Exon IX, which is common to all transcripts. Thus, the total
population of Bdnf transcripts from all promoters was measured in the 3 hippocampal
subregions at PN4 and PN15. Mean Ct values for Bdnf were normalized to Gapdh and
expressed as mean fold expression +/- standard error of mean fold expression, relative to
female dentate. Data were analyzed by 2-factor ANOVA with sex and region as
independent variables, followed by pairwise post-hoc comparisons using Bonferroni

correction.
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On PN4, 2-factor ANOVA indicated a significant main effect of sex on Bdnf gene
expression [F(1,36)=7.664, n=7, p=0.0088]. Post-hoc analysis confirmed that males have
more Bdnf transcripts in the dentate gyrus (P <0.01) and CAL1 region of Ammon’s horn (P
<0.05), compared to females (Figure 3.1, A). A significant main effect of hippocampal
subregion on Bdnf expression was also indicated [F(2,36)=39.49, n=7, p<0.0001], as well
as an interaction of sex and region [F(2,36)=5.303, n=7, p=0.0096], driven by higher
expression in the dentate and CA1 of males. A significant regional effect on Bdnf
expression was also seen at postnatal day 15 [F(2,36)=40.65, n=7, p<0.0001], where
mean relative expression levels were greatest in the dentate gyrus for both sexes (Figure
3.1, B). No effect of sex on Bdnf expression was indicated among the 3 regions at this age

[F(1,36)=2.619, n=7, p=0.1143].
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Figure 3.1: Relative abundance of Bdnf transcripts in the dentate gyrus, CA1, and CA3 regions
of the hippocampal formation of rats on PN4 (A) and PN15 (B) as determined by real-time
gPCR. Transcript levels are normalized to Gapdh transcripts and expressed as mean transcript
abundance +/- s.e.m., relative to female dentate gyrus. A) On PN4, males have higher levels
of Bdnf transcripts in dentate gyrus and CA1, compared to females (ANOVA, **p<0.01,
*p<0.05). Regional differences in Bdnf expression were also seen at PN4 (ANOVA, #p<0.01,
males only compared to male dentate; @p<0.0001, both sexes, compared to dentate. B) No
sex differences in Bdnf transcripts seen at PN15. Greatest regional expression in Bdnf was
seen in dentate gyrus (ANOVA, #p<0.01, @p<0.0001, compared to dentate). n= 7 animals per
Sex.
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Determination of Bdnf expression in hippocampal subregions of neonatal male and
female rats in response to estradiol signaling.

To determine if estrogen signaling influences Bdnf expression in the developing
hippocampus, a second cohort of animals was treated systemically with estradiol
benzoate, tamoxifen, or sesame oil vehicle on the day of birth and 24 hours later, as
described in Chapter 2, and Bdnf transcripts quantified in dentate and CAL regions on
PN4 via gPCR. Within the dentate, 2-factor ANOVA for sex and treatment indicated a
significant main effect of treatment [F(2,31)=13.42, n=5-6, p<0.0001]. Post-hoc pairwise
comparisons confirmed that Bdnf expression was significantly decreased by estradiol
treatment in both males (P<0.01) and females (P<0.05), compared to vehicle controls
(Figure 3.2, A). Surprisingly, tamoxifen treatment also decreased Bdnf expression in the
dentate of males (P<0.05), to the same degree as estradiol, but had no effect in females
(P>0.05). A significant interaction between sex and treatment in the dentate was indicated
[F(2,31)=6.870, n=5-6, p=0.040], however a main effect of sex was not [F(1,31)=3.478,
n=5-6, p=0.0735], most likely because mean values for estradiol and tamoxifen
treatments did not differ between males and females (P>0.05). Bdnf expression was
significantly higher in vehicle treated males versus females (P<0.01), recapitulating the
sex difference observed in untreated animals.

In CAL, a significant main effect of treatment was also evident [F(2,30)=69.32,
n=5-6, p<0.0001], although here estradiol treatment greatly increased Bdnf expression in
both males and females (P<0.0001 for both), while tamoxifen treatment had no effect in
either sex (P>0.05) (Figure 3.2, B). A main effect of sex was indicated [F(1,31)=11.79,

n=5-6, p=0.0020], due to higher Bdnf expression in vehicle treated males compared to
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females (P<0.05). No interaction between sex and treatment was indicated

[F(2,31)=0.7136, n=5-6, p=0.4992].
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Figure 3.2: Regional effects of estradiol and tamoxifen on Bdnf gene expression in PN4
hippocampus, as determined by real-time gqPCR. Transcript levels were normalized to Gapdh
and expressed relative to vehicle treated females within each region. A) In dentate, estradiol
decreases Bdnf transcripts in both sexes, while tamoxifen decreases Bdnf transcripts in males
only (ANOVA, *p<0.05, **p<0.01 compared to same sex vehicle control). B) In CA1, estradiol
increases Bdnf gene expression in both sexes, while tamoxifen has no effect. (ANOVA,
***p<0.0001, compared to same sex vehicle control). Bdnf expression was higher in vehicle
treated males compared to vehicle treated females in both regions (ANOVA, #p<0.05). n=5-6
animals per treatment group for each sex. Veh: vehicle; EB: estradiol benzoate; tamox:
tamoxifen.

Determination of BDNF propeptide content in the hippocampus during the first postnatal
week in response to estradiol signaling.

To examine the effect of estradiol on BDNF peptide levels, a third cohort of
animals was treated on PNO and PN1 with estradiol benzoate (female pups only),
tamoxifen (males only), or vehicle. Because we have found that hippocampal cell genesis
is not altered by estrogen treatment in males or tamoxifen treatment in females, these two
groups were not included in this cohort, in an effort to limit the number of experimental

animals. BDNF peptide levels were determined in hippocampal subregions collected on
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PN4 using a commercially-available ELISA and reported as pg of BDNF peptide per mg
of total protein. Bartlett’s test indicated inhomogeneity of variance among treatment
groups within the dentate, so means were compared within the three hippocampal
subregions using non-parametric ANOVA. No differences among groups within the
dentate (p=0.0508; Figure 33, A), CAl (p=0.1463, Figure 3.3, B) or CA3 (p=0.1598;

Figure 3.3, C) regions were indicated using the Kruskal-Wallis test by ranks.
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Figure 3.3: Levels of BDNF peptide in the hippocampus of PN4 animals treated with estradiol
or tamoxifen, as determined by ELISA. No differences in BDNF content were detected among
vehicle control or drug treated animals in the dentate gyrus (A) (non-parametric ANOVA,
p=0.0508), CA1 (B) (non-parametric ANOVA, p=0.1463) or CA3 (C) (non-parametric ANOVA,
p=0.1598). n= 5-6 animals per group for each sex
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Results from the ELISAs were confirmed by comparing relative amounts of
BDNF peptide in the same sample homogenates using Western immunoblotting. A single
band at 28 KDa corresponding to the predicted molecular weight of the BDNF propeptide
was obtained with the anti-BDNF antibody (Aviva Systems Biology,
RRID:AB10644597; Figure 3.4, C, D). As with the ELISA results, one-way ANOVA
indicated no differences among groups within the dentate or CA1 regions on PN4
(p=0.7858, p=0.4975; Figure 3.4, A and B, respectively). BDNF propeptide content in

CAZ3 was not assessed by Western immunoblotting.
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Figure 3.4: Levels of BDNF propeptide in hippocampus of PN4 rats treated with estradiol
or tamoxifen, as determined by Western immunoblotting. No differences in BDNF levels
were detected among vehicle, estradiol, or tamoxifen treated animals in the dentate
gyrus (A) (ANOVA, p=0.7858) or CA1 (B) (ANOVA, p=0.4975).C, D) Western blots
demonstrating a single band at 28 KDa was detected with the BDNF antibody in the
dentate (C) and CA1 (D). n= 5-6 animals per treatment for each sex.

33



The sex difference in Bdnf gene expression during the first postnatal week is not reflected
in BDNF prohormone content.

Western immunoblotting was used to test for baseline sex differences in BDNF
peptide content in hippocampal subregions during the first postnatal week using the same
cohort of untreated PN4 animals used to demonstrate a sex difference in Bdnf gene
expression. As with the hippocampal homogenates from animals treated with estradiol
and tamoxifen, a single band corresponding to the 28 KDa BDNF propeptide was
detected. Two-factor ANOVA confirmed no effect of sex on BDNF propeptide content
among the three hippocampal subregions at postnatal day 4 (p=0.9091), nor were there
regional differences in propeptide content (p=0.9389; Figure 3.5, A). No differences in
BDNF propeptide content were seen between males and females (2-factor ANOVA,
p=0.5086), or among the three hippocampal subregions (2-factor ANOVA, p=0.0551)

from untreated animals at postnatal day 15 (Figure 3.5, B).
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Figure 3.5: Levels of BDNF propeptide in dentate and CA1 regions of untreated animals at
PN4 (A) and PN15 (B), as determined by Western immunoblotting. No sex differences
were noted among hippocampal subregions at PN4 (ANOVA, p=0.9091) or PN15 (ANOVA,
p=0.5086). Regional differences in BDNF propeptide content were also not indicated at
either PN4 (ANOVA, p=0.9689) or PN15 (ANOVA, p=0.0551).
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To confirm the results from Western immunoblotting, BDNF peptide content in
dentate and CA1 was additionally assessed by ELISA in the same samples. Two-factor
ANOVA confirmed there was no effect of sex on BDNF peptide content in either region
(p=0.7120; Figure 3.6). A significant main effect of hippocampal subregion on BDNF
peptide levels was indicated [F(1,26)=58.45, n=7, p<0.0001]. BDNF peptide was higher
in the dentate of both sexes, compared to CAL, recapitulating the relative regional

abundances for Bdnf transcript (Figure 3.1, A).
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Figure 3.6: Levels of BDNF propeptide in dentate and CA1 regions of untreated animals
at PN4, as determined by ELISA. More BDNF was measured in dentate, compared to CALl.
No difference between males and females was detected in either dentate or CAl
(ANOVA. 0=0.7120). n= 7 animals per sex.

Discussion

This study quantified Bdnf transcripts in the dentate gyrus, CA1 and CA3 regions
of the hippocampal formation in male and female rats during the first and second
postnatal weeks. It is important to note that while this study captured total transcripts
resulting from gene expression at all Bdnf promoters, this can only serve as an imperfect
proxy for gene expression. Static measurements of transcript levels may indeed directly

relate to primary transcriptional output, but also reflect transcript turnover. Cellular and
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physiological differences or exogenous manipulations may have effects on transcriptional
output, transcript stability, or both which alter the amount of transcript measured using
PCR. Nevertheless, a baseline sex difference in Bdnf gene expression was found, where
males had roughly 50% more Bdnf transcripts in the dentate gyrus and CA1, but not CA3,
regions of the hippocampus during the first postnatal week. There was no sex difference
in Bdnf gene expression in the hippocampal formation on PN15. Intriguingly, this pattern
of expression mirrored the relative numbers of proliferating cells in the hippocampus at
these two timepoints, where males produce roughly twice as many new cells in the
dentate and CA1, compared to females, at postnatal day 4, but not at postnatal day 15
(Zhang et al., 2008; Bowers et al., 2010; Lima et al., 2014). However, the relationship
between BDNF and cell genesis in the neonatal hippocampus is likely to be complex and
region-specific, as estradiol positively regulates cell proliferation in both the dentate and
CALl (Zhang et al., 2008; Bowers et al., 2010), but had opposite effects on Bdnf
expression between these two regions in the present study.

In contrast to long-standing interest in the role of BDNF in hippocampal plasticity
and neurogenesis in adults, particularly with regard to the effects of estrogen, far fewer
studies have examined BDNF expression in the developing hippocampus. Damborsky
and Winzer-Serhan (2012) reported neonatal male rats have higher hippocampal Bdnf
gene expression in dentate, CA1 and CA3 subregions at PN5, but not PN8. This is largely
consistent with the observations of this study, with the exception of CA3, where a sex
difference was not seen. This discrepancy may be due to methodological differences, as

Damborsky and Winzer-Serhan utilized in situ hybridization autoradiography to
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determine relative Bdnf transcript levels, and the present study measured transcripts via
gPCR in whole, dissected subregions of the hippocampus.

One of the first studies to examine the ontogeny of BDNF expression in the
developing hippocampus determined transcript and peptide levels in neonatal male rats in
relation to gonadal steroids. Castration on the day of birth decreases Bdnf gene expression
for the first two postnatal weeks in CA1 and CA3, yet a single dose of estradiol on the
day of birth in castrated animals restores Bdnf transcript levels (Solum and Handa 2002).
This demonstrates that not only does estradiol upregulate Bdnf expression in Ammon’s
horn of the developing hippocampus, but the duration of the effect of estradiol suggests
that Bdnf expression during the first two weeks can be primed by the perinatal surge in
gonadal steroids. In the present study, estradiol signaling was manipulated in neonatal
rats using a paradigm of systemic administration of estradiol benzoate or the estrogen
receptor antagonist tamoxifen. In the presence of a masculinizing dose of estradiol, total
Bdnf transcripts in CA1 were upregulated in male and female neonates, similar to what
was seen in males by Solum and Handa (2002). Interestingly, in the dentate of both sexes
the opposite effect of estradiol was observed in this study, where Bdnf gene expression
decreased. These opposing effects of estradiol between the two regions of the
hippocampus may be explained by regional differences in estrogen receptor subtype and
cellular localization. In rats, ERo mRNA and protein are upregulated in CA1 during the
first two weeks postnatally, and immunocytochemistry localizes ERa to nuclei of
pyramidal neurons (lvanova and Beyer, 2000; O’Keefe and Handa, 1990; Solum and
Handa, 2001). Bdnf is expressed in pyramidal neurons of the CAL, its synthesis and

secretion is promoted by estradiol in parallel with CREB activation (Zhou et al., 2005),
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and a functional estrogen response element is found in the Bdnf gene (Sohrabji et
al.,1995). Together this suggests the observed upregulation of Bdnf gene expression in
pyramidal neurons of neonatal CA1 occurs via classical genomic action of estrogen
receptors. In the neonatal dentate gyrus, however, extranuclear ER is localized to the
plasma membrane of immature granule neurons and also glia (Herrick et al., 2006),
raising the possibility that estradiol may have nongenomic effects on Bdnf expression
from these cell types in the dentate.

Although exogenous estradiol elicited opposite effects on Bdnf expression in
dentate and CA1, these effects were nevertheless the same between neonatal males and
females. In contrast, blocking endogenous estradiol signaling at ERa and ERf with the
pan-receptor antagonist tamoxifen appeared to have a sex-specific effect in the dentate
gyrus, but not CAL. tamoxifen had no effect on Bdnf transcript levels in female dentate,
but in males tamoxifen decreased Bdnf gene expression to the same level as in females.
Because the 4-hydroxy metabolite of tamoxifen has significantly more affinity for the
estrogen receptor than the drug itself (Fabian et al., 1981), the possibility is raised that the
differential effects of tamoxifen in neonatal males and females may be due to sex
differences in tamoxifen metabolism. However, the enzymes of the cytochrome P450
system which metabolize tamoxifen are present from birth in the rodent liver, and
although low during the neonatal period, show a similar pattern of expression in males
and females (Cui et al., 2012; Hart et al., 2009). In addition, the effects of exogenous
estradiol administration in the brains of female neonatal rodents is blocked by systemic
administration of tamoxifen (Gonzalez et al., 2012; Hilton et al., 2004). Together these

indicate that tamoxifen is able to antagonize estrogen receptors similarly in neonatal
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males and females, and the effects observed in this study on Bdnf expression in the
dentate are sex specific. At first glance this suggests that the baseline sex difference in
Bdnf expression in the dentate is promoted by estradiol. However, since estradiol and
androgen content in the hippocampus at this age is equivalent in males and females
(Amateau et al., 2004; Konkle and McCarthy, 2011), there must be sex-specific
mechanisms downstream of estradiol signaling that mediate this difference.

One possible mechanism is the depolarizing action of GABA. The trophic effects
of depolarizing GABA in the developing brain are proximally mediated by an influx of
Ca?*, which results in activation of the transcription factor CREB, a positive regulator of
Bdnf expression (Finkbeiner et al., 1997; Conti et al, 2002). Depolarizing GABA
upregulates Bdnf gene expression and peptide content in developing neurons in a CREB-
dependent manner (Berninger et al., 1995; Obrietan et al., 2002; Shieh et al., 1998). As
noted above, sex differences in CREB content and the depolarizing actions of GABA are
found in the neonatal hippocampus of rats, where males respond to GABAA receptor
activation with a longer duration of calcium influx in a greater percentage of the neuronal
population (Galanopoulou, 2008; Nufiez and McCarthy, 2007; 2009), and also have more
activated CREB compared to females (Auger et al., 2001; Perrot-Sinal et al., 2003).
Moreover, both the depolarizing actions of GABA and activated CREB content are
positively regulated by estradiol (Nugent et al., 2012; Nuniez et al., 2005; Nunez and
McCarthy, 2009). The baseline sex differences in depolarizing GABA and CREB suggest
a mechanism through which greater Bdnf expression might be achieved in the neonatal

hippocampus of males in spite of equivalent estradiol content between the sexes.
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An interesting, yet unsurprising, outcome of this study was the discordance
between Bdnf transcript and peptide levels. Although the ELISA captured relative
differences between dentate and CAL regions that mirrored the results from gPCR, it did
not detect any differences in peptide content between males and females, or in response
to estradiol, and this was confirmed with Western immunoblotting. BDNF is synthesized
and secreted as a glycosylated precursor propeptide of approximately 28 KDa, which is
proteolytically cleaved to yield a mature peptide of 14 KDa (Mowla et al., 2001). Both
the ELISA and the anti-BDNF antibody used for Western immunoblotting are able to
detect the 28 KDa propeptide and the mature form of BDNF, and were intended to
measure total translational output, although only one band corresponding to the 28 KDa
propeptide was detected in Western immunoblots. The abundance of BDNF precursor
peptide relative to the mature form is greatest in the hippocampus of neonatal and
juvenile animals, due to developmentally regulated expression of tissue plasminogen
activator, which is essential for zymogen activation of the protease which cleaves
proBDNF to the mature peptide (Pang et al., 2004; Yang et al., 2009). The amount of
mature BDNF found in the hippocampus of mice during the first 15 days postnatally is
extremely low (Yang et al., 2014), and therefore the inability to detect mature BDNF in
this study is either due to insufficient sensitivity of the Western immunoblots, or the
absence of mature BDNF peptide at this developmental stage. Previous studies have
noted differences between Bdnf transcript levels and peptide content. For example, Gibbs
(1999) found that estradiol treatment of ovariectomized female rats increased Bdnf
transcripts but had no effect on peptide levels in the hippocampus. In the neonatal male

rat, castration induces a significant increase in BDNF mature peptide, while transcripts
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decreased (Solum and Handa, 2002). More recently, Hill et al (2014) found that
adolescent stressed male rats that had experienced maternal deprivation have lower levels
of hippocampal Bdnf gene expression compared to unstressed animals, but higher levels
of the mature BDNF peptide, while no changes are observed in the BDNF propeptide.
Females undergoing maternal separation and adolescent stress also exhibit lower levels of
mature BDNF peptide in the hippocampus, but no changes in propeptide or transcript
levels. The BDNF propeptide and mature form can have opposing effects on several
aspects of neuronal development, including cell proliferation (Hempstead, 2006). While
BDNF increases cell genesis, as noted above, BDNF propeptide can promote apoptosis
through preferential activation of p75N™R, rather than TrKB receptors, thereby decreasing
cell genesis (Teng et al., 2005). Mature BDNF was not measured in this study, but given
the potential for sex-specific regulation of proBDNF cleavage, and the opposing effects
of proBDNF and mature BDNF on cell genesis, this is worth future study. An alternative
mechanism that may account for transcript levels that don’t result in the same relative
levels of peptide is posttranscriptional regulation via microRNAs. In the classical model
of their mode of action, microRNAs regulate peptide levels by directly binding coding
MRNAs and promoting their degradation or sequestration away from the translational
machinery. As discussed in the following chapter, microRNASs are also important
regulators of neurogenesis. An exploratory experiment was thus carried out to determine
if sex differences in microRNA expression could account for the male-biased sex

difference in neurogenesis.
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Chapter 4: Sex Differences in microRNA Expression in the Neonatal
Hippocampus in Relation to Cell Proliferation

Introduction

It is estimated that upwards of 60% of mammalian genes are regulated by
microRNAs (miRNAS), a class of small, evolutionarily conserved, 21-22 nucleotide non-
coding RNAs that modulate gene expression post-transcriptionally. They are transcribed
from RNA polymerase I1-type promoters, producing a primary transcript of up to several
kilobases that is processed to form a 70 bp hairpin structure which is then exported from
the nucleus (see Bartel, 2009; Krol et al., 2010; Ha and Kim, 2014 for review). This
precursor miRNA is further cleaved in the cytoplasm by the Dicer complex to form the
mature miRNA, which is loaded onto the RNA-induced silencing complex (RISC). The
mature microRNAS/RISC typically functions by binding to conserved sequences within
messenger RNAs and acting as guide molecules to recruit protein effectors that facilitate
degradation or translational repression of the target transcript, although increased
translation as a result of miRNA activity has been reported. The particular RISC proteins
that associate with a mature miRNA dictate whether the targeted mRNA is shuttled into
pathways for either degradation or translational repression, and this is highly context
dependent, varying across phylogeny, cell type, and physiological process (Krol et al.,
2010; Nowakowski et al., 2018).

A given protein-coding transcript may be targeted by more than one species of
RISC-associated miRNA, which can act synergistically to regulate its product. The
microRNA target sequence within a given transcript is typically found within the 3’

untranslated region, although target sites can be found anywhere within the transcript.
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The canonical binding site for a given miRNA is determined by a 6-8 nucleotide “seed”
sequence of complementarity, surrounded by 14-16 nucleotides of contextual sequence of
imperfect homology. For this reason, a single miRNA will target transcripts from many,
even hundreds, of different genes (Selbach et al., 2008; Hausser and Zavolan, 2014;
Malmevik et al., 2015). Deep sequencing of mMRNA transcripts targeted by specific
miRNAs have revealed that a single miRNA or family of miRNAs may directly regulate
the expression of suites of genes involved in a single regulatory network, and often their
targets encode transcription factors, making them master regulators of developmental and
physiological processes (Shibata et al., 2011; Hausser and Zavolan, 2014; Nowakowski et
al., 2018; Kim et al., 2019). In addition, primary transcripts encoding miRNAs are often
encoded within the same gene as or under transcriptional control of the protein-coding
genes they regulate and they are often involved in feed-forward regulatory loops
(Baskerville and Bartel, 2005; Tsang et al., 2007). This, coupled with observations that
miRNA activity typically results in a dampening rather than a complete abrogation of
protein expression, while also thresholding low gene expression, support a model in
which miRNAs function to limit extreme fluctuations in gene expression and thus fine-
tune the regulation of cellular processes (Baek et al., 2008; Mukherji et al., 2011). This
makes them particularly attractive as potential regulators of processes where sex
differences occur, in which it’s critical to achieve differences between males and females
while still maintaining physiological and cellular endpoints within a tightly limited, or
canalized, range of normal (Posada and Carthew, 2014; McCarthy, 2016).

The brain is particularly rich in microRNA expression, and approximately 70% of

all known miRNAs are found in the mammalian central nervous system (Chen et al.,
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2015). In higher vertebrates, many miRNAs are found only in the central nervous system,
and the greatest number of brain-specific miRNAs are present in primates, supporting the
idea that they play critical roles in the complex regulatory networks during brain
development and in response to the environment that are necessary for higher cognitive
functions (Miska et al., 2004; Berezikov et al., 2006; Hu et al., 2011; Chen et al., 2015).
Dysregulated microRNA expression or function is associated with numerous neurological
and neurodevelopmental disorders that exhibit a sex bias (Qureshi and Mehler, 2012),
including epilepsy (Henshall, 2014), schizophrenia (Beveridge and Cairns, 2012; Lett et
al., 2013; Lai et al., 2016), autism (Abu-Elneel et al., 2008; Wu et al., 2016), Alzheimer’s
disease (Moradifard et al., 2018), traumatic brain injury (Pan et al., 2017), anxiety and
panic disorder (Kohen et al., 2014), and depression (Lopez et al., 2014a,b). Animal
studies have shown that miRNAs are particularly important in the developing brain, and
have demonstrated roles in regulating dendritic outgrowth and branching (Fiore et al.,
2009; Christensen et al., 2010; Xu et al., 2013; Lippi et al., 2016), cell motility (Shibata
etal., 2011; Han et al., 2016; Wu et al., 2018), synaptogenesis and synaptic plasticity
(Schratt et al., 2006; Jasinska et al., 2016; Lippi et al., 2016), directing neuro- and glial-
genesis (La Torre et al., 2013; Patterson et al., 2014; Selvi et al., 2015; Tsuyama et al.,
2015), and proliferation (Liu et al., 2010; Zhao et al., 2010; see also Table 3). The role of
miRNAs in neuronal proliferation has been particularly well studied, primarily as a result
of their dysregulated function in glioma, but also in the context of the neurogenic niche.
Several microRNAs are known to be critical for regulating the balance between
proliferation and differentiation of neural stem cells in both the adult and developing

brain, and their expression patterns are tightly regulated in relation to developmental
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context and cell cycle status (Sempere et al., 2004; Nishino et al., 2008; Sun et al., 2011;
Akerblom et al., 2012; Kim et al., 2015; Zhang et al., 2016). The proximal regulatory
factors that control miRNA expression during neurogenesis are largely unknown. Outside
the brain however, steroid hormones are known to directly influence miRNA activity in
relation to cell proliferation. Signaling through glucocorticoid, progesterone, androgen
and estrogen receptors have all been shown to mediate steroid-dependent proliferation of
cancer cells through direct regulation of miRNA expression (see Yang and Wang, 2011,
for review). Estrogen in particular has a variety of effects on miRNAs involved in breast
cancer, including transcriptional control of mMiRNA expression via estrogen response
elements (Klinge, 2012; Paris et al., 2012), regulation of miRNA processing (Paris et al.,
2012), and non-genomic effects on miRNA expression (Kondo et al., 2008). The
potential for steroid hormone-mediated regulation of miRNA activity in the brain, along
with the demonstrated importance of miRNAs in regulating cell proliferation and their
function as precise modulators of developmental processes, prompted the consideration
of miRNAs as potential regulatory agents promoting the sex difference in developmental

cell genesis in the rat hippocampus.
Experiments and Results

Quantification of several microRNAs that regulate proliferation in the neonatal
hippocampus of male and female rats using qPCR.

As a first step toward testing whether microRNAs regulate cell proliferation in the
neonatal dentate gyrus, a targeted gPCR approach was used to determine the relative
abundances of 14 microRNAs known to have roles in regulating cell proliferation,
neurogenesis, or BDNF expression (see Table 3). Each of these 14 miRs is expressed in

the rat hippocampus, as confirmed using search algorithms of the microrna.org web
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portal (Computational Biology Center of Memorial Sloan-Kettering Cancer Center) to

access tissue-specific expression data compiled by Landgraf et al (2007).

Table 3: microRNAs targeted in the neonatal rat hippocampus using qPCR.

let-7b

miR-9

miR-16

miR-22

miR-26a

miR-29a

miR-29b

miR-29c

miR-124a

miR-132

miR-134

miR-137

miR-184
miR-195

Inhibits NSC proliferation in adult S\VZ

Inhibits NSC proliferation in adult SVZ
Enhances proliferation and migration in embryonic SGZ
Upregulated in maturing neurons

Inversely correlated with Bdnf expression in prefrontal cortex
after maternal deprivation
Targets cell cycle regulators

Targets c-myc pathway to lengthen cell cycle in cerebellar
granule neuron precursors

Represses Bdnf expression in striatum; dysregulated in
schizophrenia

Upregulated in maturing neurons; increased in prefrontal cortex
after maternal separation

Expression induced by estradiol; downregulates DNMTs in
germ cells
Overexpression promotes apoptosis in glioblastoma

Downregulated in glioma; promotes cell cycle arrest

Regulates Bdnf expression and proliferation via targeting
DNMT3

Abundant in maturing neurons; low expression in neural
progenitors and neuroblastoma

Overexpression in neural progenitors promotes cell cycle exit
and differentiation

Promotes neurite outgrowth; downregulates Bdnf expression via
MeCP2

Upregulated in maturing neurons; increased in prefrontal cortex
after maternal separation

Inhibits Bdnf expression and cell death via CREB-dependent
feedback loop in hippocampal neurons

Promotes proliferation, inhibits differentiation in adult SGZ
Inhibits Bdnf expression in human neural progenitors

Promotes proliferation in adult neural stem cells
Inversely correlated with Bdnf expression in human prefrontal

cortex; Altered expression associated with schizophrenia
Promotes proliferation in adult neural stem cells
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Nishino et al., 2008
Zhao et al., 2010

Zhao et al., 2009
Delaloy et al., 2010
Uchida, N. et al., 2010
Bai et al., 2012
Linsley et al., 2007

Berenguer et al., 2013

Caputo et al., 2011

Uchida, S. et al., 2010

Meunier et al., 2012
Shinetal., 2017

Fanetal.., 2013
Yang et al., 2015

Fowler et al., 2010
Akerblom et al., 2012
Makeyev et al., 2007
Klein et al., 2007

Uchida, S. et al., 2010
Huang et al., 2015
Szulwach et al., 2010
Hill et al., 2014

Liu et al., 2010

Mellios, 2009

Liu et al., 2013



Total RNA, including small RNAs, was isolated from CA1, CA3 and dentate
gyrus subregions of the hippocampal formation from male and female rats on PN4 and
used to quantitate mature microRNAs, according to methods detailed in Chapter 2.
Single-strand cDNA was generated using a pool of primers targeting each of the 14
microRNAs and the small nucleolar RNA U6. Because mature microRNAs are only 20-
22 bases in length, the primers used in the reverse transcriptase reaction target the 3’ end
of the mature microRNA and contain additional sequence that forms a stem-loop
structure during the cDNA synthesis. This prevents the RT primer from annealing to the
longer primary microRNA transcripts and provides sufficient target sequence for

subsequent annealing of gPCR primers (figure 4.1).

miRNA RT primer

I!lllllllllll

1** strand cDNA synthesis l l

EERERRERERERERRR
cDNA
TN
real-time PCR T T
( ), ‘revevse

primer

A

forward primer

individual
TagMan probe

Figure 4.1: Schematic representation of mature microRNA quantitation via gPCR. cDNA
copies of mature, fully processed microRNA are made using primers containing microRNA-
specific sequence incorporated into the 3’ end of a 22-base primer that forms a hairpin
structure. During gPCR, the stem-loop portion of the cDNA provides complementary
sequence for one amplification primer, while the other amplification primer is specific to
the mature microRNA sequence. A fluorescently-tagged oligonucleotide probe (TagMan)
spans the junction between the 3’ end of the target microRNA and the stem-loop
sequence. Adapted from Jung et al., 2013.
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The resulting cDNA was applied to custom TagMan MicroRNA Array cards
(ABI, ThermoFisher) which contain TagMan gqPCR reagents for individual target
microRNAs in a 384-well format. All 14 microRNA targets, U6 normalization target and
background controls were included on a single card, configured to test 8 samples in
triplicate. Thus, cODNA from one of the three hippocampal subregions from 4 males and 4
females was amplified on each array card. For each microRNA target, mean Ct values of
technical replicates from each sample were normalized to mean Ct values of U6
according to the AACt method (Schmittgen and Livak, 2008).

As a first pass toward discerning any sex-specific expression patterns, hierarchical
clustering analysis was applied to normalized mean Ct values of miRNA targets for each
sample. Application of Euclidian distance measurement to agglomerative clustering
algorithms revealed no discernable pattern differentiating males and females in the CA1
or CA3 regions of the hippocampal formation at PN4 (figure 4.2; A,C). In addition, the
relative expression of each microRNA among all 14 microRNAs quantified was the same
among all samples in both these regions of Ammon’s horn, as seen when hierarchical
clustering was centered on global average expression levels of individual microRNAs
(4.2; B,D). miR9 and miR16 were the most abundant of these 14 microRNAs, and
miR22, miR184 and miR29c were the least abundant. The majority of the remaining
microRNAs quantified were expressed within a 0.5-fold range of the aggregate average

expression level for all 14 microRNAs tested.
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Figure 4.2: Hierarchical clustering of mean normalized expression of 14 microRNAs
expressed in CA1 (A,B) and CA3 (C,D) regions of the hippocampal formation of male and
female rats at PN4. Euclidean distance measure algorithms were applied in agglomerative
bootstrap analyses using ExpressionSuite Software (ABI, ThermoFisher). A, C: Clustering of
individual microRNA expression among all samples. B,D: Within-sample clustering of all
targeted microRNAs. Scale indicates log,-fold change in expression from aggregate mean

expression of all microRNAs.
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In the dentate gyrus, however, a distinct pattern of expression between males and

females was seen. As shown in Figure 4.3; E, females generally expressed higher levels

of 13 of the 14 microRNAs, compared to males, although this pattern was reversed for

miR29b. As with the hippocampal subregions of Ammon’s horn at this age, there was no

sex difference in the relative abundances among all microRNAs measured (Figure 4.3;F).

miR9 was the most abundant of these 14 microRNAs in the dentate at this age.
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Figure 4.3: Hierarchical clustering of mean normalized expression of 14 microRNAs expressed in
the dentate gyrus of male and female rat pups at PN4. Euclidean distance measure algorithms
were applied in agglomerative bootstrap analyses using ExpressionSuite Software (ABI,
ThermofFisher). A: Clustering of individual microRNA expression among all samples. B: Within-
sample clustering of all targeted microRNAs. Scale indicates log,-fold change in expression from
aggregate mean expression of all microRNAs.
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Mean normalized Ct values for each target microRNA in the dentate gyrus on
PN4 were expressed as fold-change values relative to males, which are tabulated below in
Table 4 and shown in Figure 4.4. The combined error associated with technical and
biological replicates for each miRNA target is represented by 95% confidence intervals
of the mean. With the exception of miR29b, which showed a non-significant trend to
lower abundance in females, most microRNAs tested in this gPCR array were 1.5-2.5-
fold more abundant in the female dentate gyrus, compared to males. Mean relative values
of miR26a and miR184 were not significantly different between males and females,

although both seemed to trend toward greater abundance in females.

Table 4: Relative expression of 14 microRNAs in the dentate gyrus of neonatal
rats as determined by gPCR.

Male Female

microRNA Mean AACt 95% CI Mean AACt 95% ClI

let-7b 1.00 0.83-1.19 1.82 1.30-2.54
miR9 1.00 0.79-1.25 1.42 1.23-1.63
miR16 1.00 0.78 -1.27 1.84 1.57-2.16
miR22 1.00 0.54-1.83 4.32 2.24 -8.34
miR26a 1.00 0.88-1.13 2.00 1.51-2.67
miR29a 1.00 0.93-1.07 1.48 1.35-1.62
miR29b 1.00 0.60 - 1.65 0.49 0.21-1.14
miR29c 1.00 0.96 - 1.03 1.89 1.48-2.41
miR124a 1.00 0.68-1.45 2.30 1.78-2.96
miR132 1.00 0.87-1.15 1.38 1.21-1.58
miR134 1.00 0.86-1.15 1.68 1.44 -1.97
miR137 1.00 0.82-1.22 2.41 2.16 - 2.69
miR184 1.00 0.68 —1.47 1.43 0.91-2.26
miR195 1.00 0.94-1.06 1.76 1.56-2.00
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Figure 4.4: Relative abundances of 14 mature microRNAs in the dentate gyrus of male and
female rats on PN4, as determined using custom TagMan gPCR arrays. Ct values were
calculated for each microRNA, normalized to U6, and mean ACt values were expressed relative
to males. These AACt values are indicated as relative quantification (RQ). Error bars indicate
95% confidence intervals of the transformed data. n= 4 of each sex. * p<0.05; *** p<0.001.

Quantification of all known rat microRNAs in the dentate gyrus of neonatal males and
females using NanoString panels.

In order to confirm the sex difference in microRNA expression in the dentate
gyrus using an alternative methodology and expand upon the limited dataset obtained
with the TagMan arrays, a comprehensive determination of the microRNA population in
the neonatal dentate was done using nCounter® miRNA Expression Panels (NanoString
Technologies). The nCounter® technology utilizes fluorescently-barcoded probes to
detect individual micoRNA sequences in a highly multiplexed, solution hybridization
reaction, providing a direct readout of absolute molecule numbers of each microRNA
species in a sample of total RNA. For these studies, the Rat v1.5 miRNA Assay was used
(NanoString Technologies), which contains 453 annotated rat mature microRNA

sequences in a 12-assay format. Total RNA was isolated from the dentate gyrus of 6 male
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and 6 female rat pups on PN4, as described in Chapter 2. 100 ng of total RNA from each
sample was used in solution hybridization with the barcode probe set. The nCounter®
miRNA assay panels were loaded and processed at the Johns Hopkins Medical Institute
Transcriptomics and Deep Sequencing Core Facility (Baltimore, Maryland). Raw counts
were screened for failed hybridization or probe detection using the internal quality
controls contained on each panel. The mean aggregate signal from on-panel background
controls was subtracted from each sample probe output. A global normalization strategy
was employed for each background-subtracted sample using the arithmetic mean of
counts for the top 80 most abundant microRNAs. Individual t-tests were performed on
mean counts for each target microRNA between males and females, using a Benjamini-
Hochberg discovery approach with a false discovery rate of 5%.

Relative abundances of all 453 microRNAs included in the NanoStrings rat
microRNA panel are visualized in Figure 4.5 by regressing mean average counts for each
miRNA relative to males. As seen in panel A, microRNAs that are present at low
abundance, 32 molecules per 100 ng total RNA or less, are more highly expressed in
females, compared to males. When only the 63 X-chromosome-encoded microRNAS are
plotted, only 14 of these account for the low abundance, female-biased microRNAs
(Figure 4.5B). Relative abundances of rat X-chromosome-encoded microRNASs mirror

the overall expression pattern of all microRNAs.
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Figure 4.5: Abundances of microRNA sequences in the dentate gyrus of male and female rats
on PN4, as determined by NanoString rat microRNA arrays. Each point represents mean
counts for a single microRNA sequence determined from 6 females (red) or 6 males (blue)
regressed against mean counts for males. A) All 453 microRNAs included in the Nanostring
array. B) X chromosome-encoded microRNAs included in the NanoString array. Dotted line
indicates 10 counts per 100 ng total RNA, which is 2 standard deviations above background

counts.
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Of the entire panel of 453 microRNAs, 243 were detected at more than 10
average counts/100 ng total RNA in either sex. Of these only 18 exhibited a sex
difference, 7 of which were more abundant in females (see Table 5). Surprisingly, miR9
is the only one of these that exhibited a difference in abundance between males and
females using the NanoString arrays (123658.6 +/-9444.3 mean counts in females, vs
107441.9 +/- 6981.8 mean counts in males; p=0.0113) that was previously found to be

sex-biased using the targeted gPCR approach.

Table 5: Amounts of microRNA per 100 ng total RNA in the rat dentate gyrus on
PN4 which exhibit a sex difference, as determined via NanoString panels.
miRNAs in red are more abundant in females.

Male Female
microRNA Avg. counts +/-SD  Avg. counts +/- SD P value
miR9 107442 +/- 4642 123658 +/- 3412 0.0113
let7c 39570 +/- 1061 33746 +/- 2327 0.0482
let7e 4956 +/- 94 4324 +/- 193 0.0338
miR135a 1401 +/- 136 1516 +/- 91 0.0357
miR340 1383 +/- 65 1602 +/- 75 0.0411
miR338 1098 +/- 32 1393 +/- 74 0.0071
miR191 # 504 +/- 15 437 +/- 24 0.0448
miR361# 476 +/-19 367 +/-34 0.0161
miR199a 542 +/- 50 285 +/-46 0.0413
miR301a 390 +/- 11 441 +/-19 0.0248
miR328a 309 +/- 12 252 +/- 16 0.0378
miR148b 229 +/-7 254 +/- 6 0.0268
miR376b 153 +/- 7 181 +/-7 0.0123
miR199a 95 +/- 8 52 +/- 16 0.0332
miR152 35+/-3 15 +/- 4 0.0042
miR301b 33 +/-7 18 +/-8 0.0094
miR219-5p 16 +/- 3 9+/-5 0.0224
mMiR741-3p# 14 +/-8 4+/-4 0.0376
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Mean numbers of microRNA molecules determined via NanoString arrays for
each of the 14 mature microRNA sequences previously quantified via g°PCR are shown in
Table 6. As was the case with the gPCR arrays, miR9 is also the most abundant of these
14 microRNAs. miR184 was detected at the theoretical detection limit of approximately
1 molecule in both males and females. This is consistent with high Ct values for this
microRNA in the gPCR assays (mean Ct value of 35.99 +/- 0.199 for males, mean Ct

value of 34.49 +/- 0.079 for females).

Table 6: Amounts of 14 microRNAs previously quantified in the dentate gyrus
of rats on PN4 using qPCR arrays, as determined via NanoString panels.

Male Female
microRNA Avg. counts +/- SD  Avg. counts +/- SD P value
let-7b 44100 +/- 7535 42527 +/- 6956 0.7272
miR9 107442 +/- 4642 123658 +/- 3412 0.0113
miR16 4389 +/- 842 4246 +/- 734 0.7699
miR22 2888+/- 483 3347 +/- 377 0.1103
miR26a 133 +/- 14 118 +/- 12 0.0921
miR29a 797 +/- 67 814+/-43 0.6243
miR29b 50 +/- 13 50 +/-8 0.9631
miR29c 430 +/- 82 486 +/- 67 0.2429
miR124a 9445 +/- 886 9970 +/- 1394 0.4862
miR132 1978 +/- 281 1843 +/-246 0.4191
miR134 626 +/- 81 570 +/-85 0.3004
miR137 1364 +/- 417 1338+/- 272 0.9032
miR184 1+/-0.9 1+/-0.2 0.3554
miR195 52 +/- 15 43 +/- 8 0.2430
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Discussion

These data profile miRNA expression in the developing dentate gyrus of male and
female rats at a timepoint when a sex difference in neuronal precursor proliferation is
present. Although numerous studies have examined comprehensive microRNA
expression in the adult brain in the context of psychiatric disorders or neurological
pathologies, there are few studies which profile microRNA expression in the developing
brain, particularly in relation to sex. The first report to link miRNAs to sexual
differentiation of the brain was provided by Morgan and Bale (2011), using a mouse
model of gestational exposure to maternal stress. This study assessed the expression of
hundreds of microRNAs in whole brain tissue of postnatal day 1 mice and showed that
normally developing pups exhibit a sex-specific pattern of miRNA expression that is
driven by perinatal aromatization of testosterone in males. In human postmortem
samples, comprehensive miRNA profiling by Ziats and Rennert (2014) demonstrated
differential mMiRNA expression between males and females in the prefrontal cortex across
various stages of development, from infancy through adolescence. Interestingly, of the
female-biased miRNAs found in this study, most are upregulated during adolescence,
suggesting a role for these in sex-specific programming of the brain during puberty. And
in the developing rat cortex, roughly 2 dozen microRNAs are more highly expressed in
one sex over the other on the day of birth (Murphy et al., 2014). Several of these sex-
biased miRNAs undergo a developmental switch during the period of brain sex
differentiation, as they are found to be more abundant in cortical tissue of the opposite
sex, or equal in males and females, when measured at PN7 and in adults (ibid). The data
presented here are limited to a single timepoint, and it would have been useful to compare

male and female miRNA expression in the dentate at earlier or later ages. A similar but
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time-shifted expression pattern for proliferation-associated miRNAs between males and
females may give insight into whether the female dentate is more mature in its
neurogenic trajectory and more cells have exited proliferation, compared to males.

Like the work reported by Murphy et al., this study used 2 distinct approaches to
quantify miRNAs: a g°PCR-based custom TagMan array, and direct counting of each
miRNA using NanoString molecular barcodes. Roughly 7% of miRNAs detected above
background were more abundant in one sex versus the other, and 7 out of these 18 were
more abundant in females. Regardless of sex, the difference in abundance for any of these
miRNAs was between 1.2 and 1.5-fold. The sensitivity of this assay was able to detect 1
molecule above background counts, and numerous miRNAs were quantified at less than
100 counts, or a log2 value of 6.5. As illustrated in panel A of Figure 4.5, most of these
very low-expressed miRNAs trend toward more abundance in females, however, their
expression is likely not actively regulated, at least in the context of cellular proliferation.
Assuming a total RNA content of 10-25 pg per cell, the amount of material used for each
sample represents 4000-10,000 cells. If just 1% of these cells from isolated dentate gyrus
are relevant for the sex difference in proliferation, a cutoff of 200 mean miRNA counts is
justified in determining which miRNAs are likely to be of biological interest. The amount
of a particular miRNA varies depending on cell type, but generally, less than 1000 copies
per cell is considered low abundance expression, while more typical miRNA expression
results in several thousand or even tens of thousands of copies per cell (Song et al.,
2017). One possibility for the apparent female bias in very low abundance miRNAs is
escape from X-inactivation. In mammals, the X chromosome is particularly dense with

miRNA-encoding genes. Fifty-nine miRNAs are encoded on the rat X chromosome,
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roughly twice as many as encoded by most autosomes (www.mirbase.org, release 22).

Assuming X-linked genes for miRNAs escape inactivation to the same degree as other X-
linked genes, roughly 15-25% of these will be expressed from both X chromosomes in
females (Carrel and Willard, 2005). Only 3 of the 59 X-encoded miRNAs, miR191,
miR361 and miR741, were found to be sex-biased in this assay, fewer than expected to
escape X-inactivation, and these were more abundant in males. In addition, most of the
low-abundance miRNAs that trend toward greater expression in females are encoded on
the autosomes, suggesting “leaky” or unregulated, stochastic expression.

In contrast to the NanoString data, quantification of a small number of mMiRNAs
using TagMan-based gPCR arrays showed that almost all miRNAs tested were more
abundant in the dentate gyrus of females. For those miRNAs that showed a statistically
significant difference, mean fold increases in females ranged from 1.4 to 2.5-fold over
males. Surprisingly, only one of the miRNAs included in the gPCR array, miR9, also
showed a sex difference in the NanoString panel, and was shown by both assays to be
elevated in females. A survey of the literature makes clear that this is not unusual, and is
most likely due to the different quantification platforms (Wang et al., 2011; Meyer et al.,
2012; Pritchard et al., 2012; Mestdagh et al., 2014; Wan et al., 2014). Although the
detection of uniqgue miRNAs among different profiling methods typically has a high
degree of concordance, the quantification of differential expression between samples can
vary greatly depending on the assay. Cross-platform, comprehensive profiling of
mMiRNAs from standardized samples have found as few as a single miRNA in common
across platforms out of dozens detected at differential levels between control and disease

tissues (Wang et al., 2011). In a careful examination of this issue, Mestdagh and
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collegues (2014) profiled standardized samples among 4 different miRNA platforms,
including direct sequencing, hybridization microarrays, NanoString and TagMan-based
gPCR arrays, and found the average concordance between any two of these platforms in
terms of detecting expression differences was only 54%. When taken among all four
platforms, there was only 3% overlap. The detection of differential expression is
dependent upon normalization strategy, and this can have a profound effect on
concordance across platforms (Meyer et al., 2012). In the NanoString arrays, absolute
counts of individual miRNAs were normalized to the geometric mean of total counts for
the 80 most abundant miRNA. While this global normalization strategy is generally
considered the best method when profiling large numbers of targets, detection of
differential expression can be skewed if there are differences in many highly-abundant
miRNAs. Individual T-tests of background-subtracted miRNA counts, prior to
normalization, indicated this was likely not the case for this study, although perhaps more
rigorous statistical tests are needed to be sure. The gPCR array data in this study was
normalized to U6, a highly abundant small nucleolar RNA intended to serve as a proxy
for the total amount of small RNA loaded for each sample. Average Ct values for U6
were not significantly different between males and females for this experiment, indicating
equivalent amount of starting material for males and females and no differences in terms
of amplification efficiency among samples. Thus, the lack of concordance between these
two platforms may be due to the inherent differences in normalization strategy.

The logical next step in assigning functional significance to miRNAs that are
differentially expressed in the male and female dentate would be to focus on miR9, which

was found to be differentially expressed in both the gPCR and NanoString arrays.
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Unfortunately, the NanoString data was obtained 2 years after hypothesis testing had
begun based on the gPCR array data, so subsequent experiments used the gPCR array
data as a starting point for functional analyses.

It should be noted that several of the differentially-expressed miRNAs included in
the gPCR array are known to target Bdnf transcripts or are involved in regulating BDNF
expression. As noted in Chapter 3, one possible explanation for the disconnect between
Bdnf transcripts and peptide levels may be translational inhibition of Bdnf transcripts by
miRNAs in the hippocampus of males. None of the miRNAs known to regulate BDNF
expression were more abundant in males in either the gPCR or NanoString arrays, which
would be predicted if translational inhibition of BDNF occurred. The fact that almost all
miRNAs targeted in the gPCR array are more abundant in females is striking, especially
since many of them promote or inhibit different aspects of proliferation and neuronal
maturation in various cellular contexts. It’s also notable that differential expression of
these miRNAs was found only in the dentate, where dividing cells make up a significant
portion of the population, and not in CA1 or CA3 regions of Ammon’s horn, where the
number of proliferating cells is extremely low. The apparent sex difference in expression
of these neurogenesis-related miRNAs may be directly related to cellular expression
patterns in proliferating versus non-proliferating cells, or it may simply be reflective of
the number of cells in the dentate of males versus females. Subsequent experiments
focused on the function of a single miRNA that exhibited a sex difference in the neonatal
dentate gyrus, as determined by the gPCR array, in an effort to determine which of these

two possibilities is correct.
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Chapter 5: Testing the Role of miR124 in Regulating NKCCL1
Expression and Cell Proliferation in the Neonatal Hippocampus.

Introduction

One of the most well-studied miRNAs, in the contexts of both normal cellular
function and pathology, is miR124. miR124 is an evolutionarily-conserved microRNA
found in many tissues but highly enriched in the central nervous system (Sempere et al.,
2004; Landgraf et al., 2007; Guo et al., 2009). It is the most highly expressed miRNA in
the brain (Olsen et al., 2009; Shao et al., 2010; Hu et al., 2011). It’s preferentially
expressed in neurons, although also reportedly found in microglia, where it modulates
activation of these cells and promotes a less reactive state (Ponomarev et al., 2011).
Among the functional roles for miR124 in neurons are axon outgrowth (Sanuki et al.,
2011) and regulation of CREB-dependent synaptic plasticity (Rajasethupathy et al.,
2009), but the most well-established role for miR124 in the brain is as a master regulator
of neurogenesis. miR124 expression is extremely low or absent in neuroblasts and
proliferating progenitors, but highly upregulated in differentiating and mature neurons
(Wienholds et al., 2005; Makeyev et al., 2005, 2007; Cao et al., 2007; Visvanathan et al.,
2007; Cheng et al., 2009; Maiorano and Mallamaci, 2009; Fowler et al., 2010; Akerblom
et al., 2012). Upregulated miR124 expression promotes the transition of neuroblasts to
exit the cell cycle and undergo maturation into a differentiated neuron, and has been
shown to be both necessary and sufficient for this process. Knockdown of endogenous
miR124 in purified stem cells from the subventricular zone maintains them as dividing
precursors, while miR124 overexpression increases neuron maturation in this context

(Makeyev et al., 2007; Cheng et al., 2009; Akerblom et al., 2012). In HelLa cells, ectopic
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miR124 expression halts proliferation and induces expression of a suite of neuron-
specific genes and a cellular neuronal phenotype (Lim et al., 2005).

miR124’s role as a repressor of proliferation is perhaps most powerfully
illustrated by its dysregulated expression in a variety of cancers in the brain and other
tissues, where it inhibits proliferation and invasion (Lang et al., 2012; Shi et al., 2012; Lv
and Yang, 2013; Wang et al., 2014; Zhou et al., 2016; Wang et al., 2016; Zhang et al,
2018). For this reason, miR124 is often classified as a tumor suppressor, and many of the
known downstream targets of miR124 have been found studying its role in cancers. In
neurogenesis, miR124 is known to directly interact with transcripts encoding key
regulators of the transition from neuronal precursor to differentiated neuron. One of these
is SRY-homeobox 9, or SOX9, which is required for maintenance of stem-like
characteristics in transit amplifying cells of the SVZ and is downregulated by miR124 as
these cells transition into neuroblasts (Cheng et al., 2009). miR124 also directs the
degradation of transcripts encoding PTBP1, a repressor of alternative splicing of primary
RNAs in progenitor cells, and in so doing promotes a shift toward neuron-specific
patterns of RNA splicing (Makeyev et al., 2007; Chen et al., 2011). In addition, miR124
expression is respressed by the RE-1 silencing factor/Neuron Restrictive Silencing
Factor, a transcription factor whose activity is required for preventing expression of a
neuronal phenotype in cells. Dissociation of REST/NRSF from the miR124 promoter
enables miR124 expression, which results in downregulation of non-neuronal transcripts
and promotion of a neuron phenotype (Conaco et al., 2006). Transcriptome analyses have

identified hundreds of transcripts downregulated as a result of miR124 activity (Lim et
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al., 2005; Hendrickson et al., 2009) as well as directly targeted by miR124 (Chi et al.,
2009), but few of these have been validated functionally.

In addition to its functional importance in regulating neurogenesis and the cellular
transition from a proliferative to a quiescent phenotype, two observations suggest
miR124 may be involved in promoting the sex difference in cell genesis in the neonatal
hippocampus. The first, as described in Chapter 4, is the inverse sex difference between
the amount of mir124 and cell proliferation in the dentate gyrus, where males have more
proliferating cells but less miR124, compared to females. This is consistent with a role
for upregulated miR124 expression in promoting neuronal maturation and cell cycle exit
earlier in females, although it does not suggest any direct mechanism. A potential
mechanism is suggested by a second observation, a putative target site for miR124 in the
MRNA transcript encoding NKCC1, the chloride transporter whose expression is crucial
for conferring a depolarizing response to GABA in neuroblasts and neural progenitors. A
search of potential targets for miR124 in the rat genome using target prediction
algorithms (Griffiths-Jones, 2006) yielded a number of hits, one of which was Slc12a2,
the transcript encoding NKCC1. Subsequent in silico analysis of rat Slc12a2 confirmed a
miR124 target sequence of perfect homology and with strong contextual sequence in the
3’UTR. This result was confirmed using TargetScan, MirTarget and Miranda algorithms,
and is highly conserved across species (Figure 5.1, A). This result suggests a potential
mechanism and role for differential miR124 expression in the dentate gyrus of neonatal
male and female rats, illustrated in Figure 5.1, B. As discussed in Chapter 1, the sex
difference in depolarizing GABA in the neonatal rat hippocampus is characterized as an

earlier shift to a hyperpolarizing response in females, during the first week of life, and
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this is dependent on downregulated NKCC1 expression. The hypothesized role of
miR124 in this context is to promote this shift by targeting Slc12a2. A corollary to this is
a subsequent decrease in proliferation in females, although whether depolarizing GABA
does indeed promote proliferation in the neonatal hippocampus is inferred from the
literature and has not been shown. The experiments described in this chapter were
designed to directly test the role, if any, of miR124 in regulating NKCCL1 expression in

the neonatal hippocampus.

C{ —_— NKCC1 expression —_— }& —_ proliferation

high
depolarizing
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Figure 5.1: The hypothesized role of miR124 in regulating NKCC1 expression in the
neonatal hippocampus of rats. A: Putative miR124 target site in the 3’UTR of
Slc12a2, conserved across species. B: Schematized hypothesis for miR124 role in
regulating NKCC1 expression and promoting the sex difference in cell proliferation
in the dentate gyrus of neonatal rats. In males, high expression of NKCC1 in
immature neuronal cells dictates a depolarizing response to GABA, maintaining
the proliferative state of precursors. In females, a rise in miR124 downregulates
NKCC1 expression, shifting neuronal cells to a hyperpolarizing response to GABA,
and subsequently promoting exit from the proliferative state and neuronal
maturation.
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Experiments and Results

Quantification of miR124 in the hippocampus of males and females in relation to cell
proliferation and NKCC1 expression.

The sex difference in miR124 expression seen in the neonatal dentate gyrus using
gPCR was confirmed using a new cohort of animals. The effect of estradiol signaling on
miR124 expression was also examined in this experiment. Rat pups were treated on the
day of birth and 24 hours later with subcutaneous injections of estradiol benzoate
(females only), tamoxifen (males only), or vehicle, as described in Chapter 2. On PN4,
whole dentate gyrus was microdissected from the hippocampal formation of pups.
miR124 was quantified from total RNA extracted from these tissues using a TagMan-
based gPCR assay specific for mature rat miR124 (ABI, LifeTech). Mean Ct values for
miR124 were normalized to the small nucleolar RNA U6, and expressed as mean fold
expression +/- standard error of mean fold expression, relative to vehicle treated males.
Data were analyzed by one-way ANOVA with, followed by pairwise post-hoc
comparisons using Tukey’s multiple comparisons test. As shown in Figure 5.2, mean
miR124 expression differed among vehicle-treated males and females and in response to
estradiol manipulation [F(3,12)=8.648, n=4, P=0.0025]. The sex difference in dentate
gyrus miR124 content previously seen in untreated males and females at this age was
recapitulated in vehicle-treated pups. An approximately 2.2-fold elevation of miR124 was
seen in vehicle-treated females, relative to vehicle-treated males (p = 0.0017).
Administration of exogenous estradiol to females decreased miR124 content 0.76% (p =
0.0381), and antagonism of estradiol signaling in males increased miR124 content 75% to

levels equivalent to vehicle-treated females (p = 0.0406). Thus, the effects of altered
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estradiol signaling on miR124 content in the dentate were opposite the proliferative

response to estradiol signaling.
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Figure 5.2: Relative transcript levels of mature miR124 in the dentate gyrus of PN4 male
and female pups in response to altered estradiol signaling. Mean transcript levels of
miR124 are normalized to U6 and expressed relative to vehicle-treated males. N= 4
animals per group.

After establishing a sex difference in dentate gyrus miR124 content during the
first postnatal week using qPCR, the relationship between miR124 and NKCC1
expression in the hippocampus was first characterized by quantifying their relative
abundances over the first two weeks of life, spanning the time when a sex difference in
cell genesis comes and goes and the developmental shift in depolarizing GABA takes
place. Dentate gyrus and CA1 regions of the hippocampus were microdissected from 6
male and 6 female pups at 2, 4, 7 and 15 days postnatally, and total protein and total
RNA were extracted from the same tissue homogenates, as described in Chapter 2.
NKCC1 was quantified in protein homogenates via Western blot, and values were

expressed as mean arbitrary units normalized to Gapdh. NKCCL1 gene expression was
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quantified from purified total RNA by measuring Slc12a2 transcripts with gPCR, as
described in Chapter 2. Mean transcript levels were normalized to Gapdh expression and
expressed relative to males to PN2. Mature miR124 was measured in purified total RNA
using a TagMan-based qPCR assay (ABI, LifeTechnologies), normalized to U6 content,
and expressed relative to males at PN2. Two-tailed Student’s T was used to determine
differences between mean values for males and females at each postnatal timepoint. In
the dentate gyrus, males had more NKCC1 content compared to females at postnatal days
2 and 4, but not at postnatal days 7 or 15 (Figure 5.3 A). However, there was no sex
difference in Slc12a2 transcripts in the dentate across the 4 postnatal ages (Figure 5.3, B).
miR124 content in the dentate was the same between males and females on PN2,
significantly higher in females compared to males on PN4, as seen in Chapter 4, and
showed no sex difference thereafter (Figure 5.3, C). In the CAL subregion, there were no
differences in levels of NKCC1 protein, Slc12a2 transcripts, or miR124 content between
males and females at any of the ages sampled during the first two weeks (Figure 5.3, D

through F).

Figure 5.3 (Following page): Timecourse of NKCC1 protein (A, D), Slc12a2 transcript (B, C)
and mature miR124 (C, E) content in the dentate gyrus (A-C) and CA1 (D-F) hippocampal
subregions of male and female rats, during the first 2 weeks of life. NKCC1 protein is
expressed as arbitrary units, normalized to Gapdh content. S/lc12a2 transcripts are
normalized to Gapdh transcripts and expressed relative to males at PN2. miR124 content is
normalized to U6 content and expressed relative to males at PN2. N=6 males and 6 females
at each timepoint. * p<0.05 by 2-tailed Student’s T test, mean values each sex at each
timepoint.
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In vivo antagonism of miR124 in the hippocampus of males and females and effects on
NKCC1 expression.

The descriptive data obtained from the timecourse of NKCC1 expression and
miR124 content in the neonatal hippocampus supported a hypothesized role for miR124
in downregulating NKCC1 expression and subsequent modulation of cell genesis. Based
on the inverse relationship between NKCC1 and miR124 in males and females, one
would predict that blocking miR124 activity would result in increased NKCCL1 protein. A
pilot study was done to test the feasibility of antagonizing miR124 activity in vivo using a
locked-nucleic-acid (LNA) modified oligonucleotide with complementary sequence
homology to mature miR124 designed to bind and specifically inhibit miR124. Such
LNA-modified oligonucleotides are extremely stabile, and this “antagomir” was further
modified with a cholesterol moiety on the 3’ end in order to facilitate uptake by neural
cells (miRCURY LNA Inhibitor, Exigon). Female rat pups (n=3) were treated with
bilateral icv injections of 120, 250 or 500 pmol miR124 antagomir, or saline, on PNO.
Whole hippocampi were removed 24 hours and 4 days after treatment (PN1 and PN4)
and NKCCL1 protein content determined via Western blot. Protein content of SOX9 was
also determined, as this is a validated target of miR124 in neuroblasts of the adult
subventricular zone (Cheng et al., 2009), and other proliferative cells (Farrell et al., 2011,
Wang et al., 2016). Target protein content was normalized to GAPDH. This experiment
was designed to titrate the dose and timecourse of action of the antagomir, and blocking
miR124 action was expected to increase levels of SOX9 as a technical control. Results

are shown in Figure 5.4.
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Figure 5.4: Antagonism of miR124 using LNA-modified oligonucleotide in female rat pups.
A,B: Hippocampal content of NKCC1 (A) and SOX9 (B) measured 24 hrs. post treatment
via Western blot. C,D: Hippocampal content of NKCC1 (C) and SOX9 (D) measured 4 days

post treatment. N=3 females per group. *p<0.05; **p<0.001 Fisher’s LSD

Because this experiment was underpowered, one-way ANOVA did not indicate

significant differences among treatment groups for hippocampal NKCC1 content at 24

hours post injection [F(3,8)=2.65; p=0.1198], although multiple comparisons using

Fisher’s LSD indicated increased NKCC1 content in response to 250 pmol antagomir,

compared to saline-injected animals (Figure 5.4, A). A similar response in NKCC1 was

seen at 4 days post injection (Figure 5.4, B), where no effect was seen among group

means [F(3,8)=1.79; p=0.2256], but treatment with 250 pmol antagomir raised NKCC1

protein content compared to controls (p=0.0067, Fisher’s LSD). Hippocampal SOX9

content did not differ among treatments at 24 hours post treatment [F(3,8)=2.25;

p=0.1597], although multiple comparisons using Fisher’s LSD indicated increased SOX9
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protein in animals treated with 500 pmol antagomir, compared to saline-treated controls
(p=0.0358) (Figure 5.3, C). SOX9 content among treatment groups differed at 4 days post
injection [F(3,8)=4.342; p=0.0430], largely driven by an increase when 500pmol of
antagomir was administered, compared to animals treated with saline (p=0.0229) or 120
pmol antagomir (p=0.0210) (Figure 5.4, D).

Based on the mildly encouraging results of this pilot, a fully-powered experiment
was done to antagonize miR124 activity in both males and females. Eight pups of each
sex were treated via bilateral icv injections on PNO with 300 pmol of the same miR124
antagomir used in the pilot experiment, or a similarly-modified LNA-oligonucleotide,
with no sequence homology to any known microRNA, as control (Exigon, Qiagen). Four
days post injection (PN4), the dentate gyrus and CA1 hippocampal subregions were
individually removed and processed for determination of NKCC1 and SOX9 content via
Western blot. Due to technical issues with the GAPDH antibody, target protein content
was normalized to B-tubulin. As shown in Figure 5.5, there was no effect of antagomir
administration on NKCC1 content in either the dentate gyrus [F(1,19)=0.09147;
p=0.7656] or CA [F(1,19)=4.342; p=0.0430] ((Figure 5.5, A,C). Interestingly, both the
dentate gyrus and CA1 exhibited strong, though opposite, sex differences in NKCC1
content. In the dentate, females had approximately twice as much NKCC1 protein as
males [F(1,19)=8.934; p=0.0075], while males had greater NKCC1 content in CA1
[F(1,19)=7.7731; p=0.0112]. There was no sex difference in SOX9 content in either the
dentate [F(1,19)=0.6526; p=0.4287] or CA [F(1,20)=1.118; p=0.3024] (Figure 5.5, B,D).

Most significantly, however, neither region showed an effect on SOX9 expression with
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miR124 antagonism [F(1,20)=0.03621; p=0.8510 for dentate gyrus], [F(1,20)=0.0156;

p=0.9016 for CA1] (Figure 5.5, B,D).
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Figure 5.5: In vivo antagonism of miR124 activity using LNA-modified oligonucleotides in
male and female rat pups. 300 pmol miR124 antagomir (ANT124) or control oligomer
(control) was administered on PNO, and hippocampal subregions removed on PN4 for
determination of NKCC1 (A,C) and SOX9 (B,D) content. A main effect of sex was seen for
NKCC1 content in both the dentate (A) and CA1 (C), but not for SOX9 (B,D). N=8 pups each
sex and treatment. * p=0.0112, ** p=0.0075 2-way ANOVA with Bonferroni post-hoc.
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In vivo antagonism of miR124 in the hippocampus of neonatal males and females and
effects on cell proliferation.

A separate cohort of animals was used to test the effect of miR124 antagonism on
cell proliferation in the neonatal dentate gyrus. Male and female pups were treated on the
day of birth with 300 pmol miR124 antagomir, or control oligonucleotide, via icv
injection as described above. Pups were also injected ip with 100 mg/kg BrdU in saline 5
hours after icv injections. On PN4, pups were euthanized, perfused transcardially, and
whole brains removed for subsequent immunohistological analysis of BrdU labeling in
the dentate gyrus, as described in Chapter 2. Stereological quantification of Brdu-labeled
cells was done for both the right and left hemisphere dentate in all animals, as shown in
Figure 5.6. There was no effect of sex or treatment with the miR124 antagomir in either
the left [F(1,19)=1.299; p=0.2686]; or right [F(1,19)=1.567; p=0.2275] dentate gyrus.
Suprisingly, contrary to what has been found in previous studies, there were not greater
numbers of proliferating cells in either the right or left dentate gyrus of males, compared
to females, as no sex difference in BrdU labeling was seen among any of the groups

[F(1,19)=0.06483; p=0.8081 left dentate], [F(1,19)=0.01287; p=0.9110 right dentate].
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Figure 5.6: BrdU-labeled cells in the left and right dentate gyrus of PN4 male and female
rats, as determined by stereological analysis. Pups were injected icv with miR124 antagomir
(124ANT) or control oligomer on PNO. N= 5-7 animals per group; individual data points are
colored according to litter. Two-factor ANOVA was used to determine effects of sex and
treatment.
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In vitro antagonism of miR124 in neonatal rat hippocampal neurons and effects on
NKCC1 expression.

A complementary in vitro approach was used to test the function of miR124
using primary cultures of hippocampal neurons from neonatal rat pups. In spite of the
inconclusive results from the in vivo functional experiments, this approach is justified for
two reasons. First, a simpler and more direct system was needed in order to eliminate
possible technical barriers that may have obscured a clear outcome with the in vivo
treatments. And second, contrasting results from in vivo and in vitro experiments would
yield insight into whether miR124 functions cell-autonomously within neuronal cells.
Whole hippocampi were isolated from male and female rats on PNO and neuronal cells
isolated from pooled tissues and plated as sex-specific cultures into 24-well plates, as
detailed in Chapter 2. On the second day after plating (DIV2), after primary neuronal
cultures were established, the adherent cells were transfected with a LNA-modified
miR124 antagomir that was labeled with fluorescein (Exiqon), or a LNA-modified
oligonucleotide of the same length and composition that lacked any homology to known
miRNA sequences as control, using a lipid-based transfection reagent (RNAImax,
Invitrogen). Pilot experiments were first carried out to determine the best ratio of
transfection reagent to oligomer, and transfection efficiency was estimated by counting
fluorescene-expressing cells out of a total population of cells stained with DAPI.
Transfection efficiencies were typically 20-50% (data not shown). Five days after
transfection (DIV7), cells were rinsed with PBS, and collected by scraping. NKCC1 and
SOX9 protein content were determined in the resulting cell homogenates from primary
neurons transfected with control oligomer, 2 nM, 5 nM or 10 nM miR124 antagomir, or

exposed to transfection reagent without any DNA (mock). It was predicted that
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transfection of miR124 antagomir would increase NKCCL1 content in homogenates of
primary neurons if miR124 does indeed regulate expression of this protein in a cell-
autonomous fashion. As before, SOX9 was expected to serve as a positive control.

There was no effect of sex on SOX9 protein content, so results for males and
female-derived neurons were collapsed and an effect of treatment was shown using 2-
way ANOVA [F(4,30)=4.349; p=0.0068] (Figure 5.7, A). Dunnet’s post-hoc tests
indicated that transfection with 2nM and 5nM miR124 antagomir resulted in
approximately 33% (p=0.0400) and 44% (p=0.0042) increases in SOX9 protein,
respectively, compared to neurons mock transfected with no DNA. Treatment with
miR124 antagomir did not, however, have a significant effect on SOX9 protein content
when compared to neurons transfected with the control antagomir (p=0.9978 control vs
2nM; p=0.7398 control vs 5nM; p=0.8651 control vs 10nM), nor was the control
antagomir group significantly different in SOX9 content from mock transfected neurons
(mean difference of 0.3037; p=0.1146).

In terms of NKCCL1 protein content, there was no difference among any treatment
or control groups for male-derived neurons [F(4,15)=0.1702; p=0.9503], however there
was an effect of treatment in female-derived neurons [F(4,15)=3.3903; p=0.0248] (Figure
5.7, B). Both 2nM and 5nM miR124 antagomir resulted in significant increases In
NKCCL1 content compared to treatment with control antagomir (6.8%, p=0.04113 for

2nM; 18%, p=0.0077 for 5nM via Dunnett’s post-hoc).
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Figure 5.7: Effect of antagonizing miR124 activity on NKCC1 (A) and SOX9 (B)
expression in primary hippocampal neurons derived from male and female neonatal
rats, as determined by Western blot. A) Treatment with 2nM and 5nM miR124
antagomir increased NKCC1 content in female-derived neurons only. *p=0.0121
compared to mock transfected; #p=0.04113, ##p=0.0077 compared to control
antagomir. B) *p=0.0400, **p=0.0042 compared to mock transfected. No effect of sex
was seen in SOX9 protein content.

The effects of miR124 antagonism using the LNA-modified oligonucleotide in
cultured hippocampal neurons appeared to increase NKCCL1 protein, as would be
predicted if miR124 downregulates miR124 expression. Intriguingly, this was shown
only in female neurons, although this only occurred at one specific dose. In addition, the
predicted effect on SOX9 was seen, but the effect size was relatively small and only seen
in comparison with mock transfected neurons, not in relation to transfection with control

antagomir. An alternative in vitro approach, utilizing a vector-based expression construct
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containing miR124 antagomir sequence, was employed to confirm an effect of miR124
antagonism in cultured neurons. The miRZIP lentivector (Systems BioSciences) is a
plasmid DNA expressing a short hairpin RNA that is processed by the endogenous
cellular machinery to produce antisense miRNA directed against the desired miRNA
target. A reporter protein, in this case GFP, is also expressed from the vector under
control of a CMV promoter. When packaged in lentiviral particles, expression of the
antisense miRNA from this vector is robust, stable and can be achieved in a high
percentage of cells due to viral transduction. In this experiment, however, naked vector
DNA was transfected into hippocampal neuronal cultures using Nucleofector™ reagents
(Lonza) and electroporation parameters optimized by the vendor for rat primary
hippocampal neurons. Transfection efficiencies using Nucleofection greatly exceed those
using lipid-based transfection reagents, and typically 60-80% transfection efficiencies can
be achieved with primary cells. Primary hippocampal cultures were prepared from female
rat pups on the day of birth, as described earlier. Prior to plating in 24-well plates,
suspensions of isolated cells were transfected with empty miRZIP vector expressing only
GFP, miRZIP vector containing GFP and control hairpin sequence having no homology
to any known microRNAs, or 3 different doses of miRZIP vector expressing GFP and
antisense hairpin targeting miR124. Cell were also plated that did not undergo any
transfection manipulations. Cells were collected at 2 and 4 days in vitro (DIV) after
plating, and SOX9 and NKCC1 protein content determined via Western blot as

previously described.
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At 2 DIV, one-way ANOVA showed differences among treatment groups
[F(5,16)=3.260; p=0.0322], and Dunnet’s post-hoc tests were performed to compare all
groups to control antagomir vector treatment (Figure 5.8). Compared to neurons
transfected with the antagomir control vector, untreated neurons had roughly 61% more
NKCCL1 protein content (p=0.0345). Transfection with 10ug miR124 antagomir construct
increased NKCC1 content roughly 61%, compared to neurons treated with the control
construct (p=0.0353). There was no difference in NKCCL1 protein among neurons treated
with the lower two doses of miR124 antagomir, the GFP-expressing control vector, or the
control antagomir vector. At 4 DIV, any effect of transfection with antagomir or control
DNA had disappeared, as there was no difference in NKCCL1 protein content among any
of the groups [F(5,16)=1.161; p=0.3700]. Taken together, this set of data seems to show a
short-term, generalized effect of nucleofection on NKCC1 content, and an effect of
antagonizing miR124 activity only at the 10ug dose.
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Figure 5.8: Effect of miR124 antagonism on NKCC1 expression in cultured hippocampal
neurons from female neonatal rats, via nucleofection of vector-based DNA constructs.
NKCC1 protein was quantified using Western blot and expressed as arbitrary units
normalized to Gapdh content. Left panel: untransfected (UT) neurons or neurons
transfected with miRZIP vector containing GFP sequence (GFP), a scrambled sequence as
antagomir control (SCR), or 3 doses of miR124 antagomir sequence (ANT124) collected 2
days after nucleofection and plating (2DIV). Right panel, separate transfections of the
same treatments, collected 4 days after nucleofection and plating (4DIV). N=4 wells each
treatment/timepoint. *p<0.05 compared to the antagomir control (SCR).
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Finally, in order to better understand the relationship between endogenous
NKCCL1 and miR124 expression in the context of the in vitro experimental setting,
NKCC1 and miR124 content were measured in sex-specific cultures of primary
hippocampal neurons, established from pooled hippocampi of several PNO rat pups as
described previously. Primary hippocampal neurons were collected from 6 wells each of
24-well plates at 2, 4, 6 and 8 DIV, and NKCC1 and miR124 content were quantified
using Western blot and TagMan-based qPCR assays.

Over the eight days in culture, there was no difference in NKCCL1 protein between
male and female primary neurons in culture [F(1,35)=0.1304; p=0.7202] (Figure 5.9, A).
As expected with maturing of the cell population, NKCC1 decreased over time in culture
[F(3,35)=6.699; p=0.0011], dropping approximately 79% in males (p=0.0180) and 81%
in females (p=0.0463) from 2DIV to 8DIV. Two-way ANOVA found an effect of time in
culture for miR124 expression as well [F(3,40)=6.0012; p=0.0018], although the amount
of miR124 dropped by half after 2 DIV and remained steady thereafter (Figure 5.9, B).
Although there was no difference between miR124 content at 4, 6 and 8 DIV, there was
also no statistical difference between miR124 expression at 2DIV and 6 DIV (p=0.2274)
and 8 DIV (p=0.1557), indicating that this experiment was underpowered. Two-way
ANOVA also found a main effect of sex on miR124 expression [F(1,40)=6.005;
p=0.0187], although post-hoc tests comparing mean values for males and females at each
timepoint could not find significant differences, probably due to insufficient powering of

this experiment.
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Figure 5.9: Expression of NKCC1 and miR124 in primary cultures of hippocampal neurons
over 8 days in vitro (DIV). Cultures were derived from pooled whole hippocampi of 5-7
male or female pups on PNO. NKCC1 protein levels determined via Western blot and
expressed as arbitrary units normalized to Gapdh. miR124 levels normalized to U6 and
expressed relative to female cultures at 2DIV. N=6 wells per sex at each timepoint.
*p<0.05, **p<0.01 via 2-way ANOVA with sex and time in culture as main factors.
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Discussion

The experiments described in this chapter were designed to test a hypothesized
role for miR124 in regulating NKCC1 expression in the neonatal hippocampus of male
and female rats. Such a role would be consistent with miR124’s function as a master
regulator of neurogenesis and neuroblast proliferation, as downregulation of NKCC1
expression is essential for transitioning immature neuroblasts and proliferating precursors
to a mature neuron with a hyperpolarizing response to GABA. This would also be a novel
addition to the validated functional targets of miR124. It is fair to say that the data
presented do not support a role for miR124 in regulating NKCCL1 expression, and the
hypothesis is rejected. Importantly, however, much of the data here is inconclusive, and
therefore it should be emphasized that the hypothesis was also not properly tested. Much
of the foundation for the hypothesis is descriptive data, and at first blush is consistent
with a functional role for miR124 in regulating NKCC1 expression. A highly-conserved
miR 124 target sequence is found in the 3’UTR of Slc12a2, the transcript encoding
NKCCL1. The male-biased sex difference in hippocampal NKCC1 content is inverse to a
sex difference in miR124, which is higher in females. A timecourse quantification of
NKCCL1 protein, Slc12a2 transcript, and miR124 content in the dentate gyrus over the
first two postnatal weeks confirmed that the sex difference in NKCCL is restricted to the
first week, when there is a sex difference in the depolarizing response to GABA. The sex
difference in NKCC1 was not mirrored by Slc12a2, which was equivalent in males and
females throughout the first two weeks, and this would be consistent with a microRNA-
mediated post-transcriptional regulation of NKCC1 in females. However, although
miR124 levels are higher in the female dentate at PN4, they are equivalent to males at

PN2, and this is inconsistent with a role for miR124 in promoting the sex difference in
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NKCCL1 at this timepoint. The rise in miR124 in females at PN4, compared to males, may
indicate that other processes involving this microRNA are switched on at this time, the
downstream effect of which may promote cellular maturation and the decrease in NKCC1
content. On the other hand, changes in the fraction of cycling progenitors to mature
neurons may alter the expression of Gapdh per cell, and as this was used to normalize
NKCCL1 and Slc12a2 quantification, may not give a true picture of actual cellular output
of these endpoints over time. Mean differences in in Gapdh protein or transcripts did not
appear to differ significantly between males and females, or per unit of total mMRNA
across time.

Two types of functional experiments were carried out, both of which yielded
inconclusive results. An in vivo pilot experiment antagonizing miR124 activity in female
rat pups suggested that miR124 does dampen NKCC1 expression, although this data set
was small. When a sufficiently-powered experiment was done, in both sexes and also
measuring the effect in both the dentate gyrus and CAL1, no effects were seen with
miR124 antagonism on NKCC1 content. In addition, however, the predicted increase in
SOX9 protein with miR124 antagonism was also not seen, pointing to two possibilities.
The first is technical issues, and the most likely source for this would be the LNA-
modified anti-miR124 oligomer, although these reagents are known to be extremely
stable and effective in knocking down microRNA activity (Krutzfeldt et al., 2005;
Jimenez-Mateos et al., 2012). In general, LNA-modified oligonucleotides are quite
effective in reaching their biochemical targets in the brain when administered icv
(McCarthy et al., 1994a,b; Nugent at al., 2012). Nevertheless, this experiment was

repeated using fresh miR124 antagomir and the same results were obtained. The second
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possibility is that SOX9 is not a miR124 target in the neonatal hippocampus. This seems
unlikely, given that miR124 directly targets SOX9 in proliferating cells outside the brain
(Real et al., 2013; Wang, X. et al., 2016), but could be tested by choosing another
validated miR124 target as a positive control.

A second set of functional experiments were performed in vitro, using isolated
hippocampal neurons in primary culture. Moving to an in vitro system to test the effect of
antagonizing miR124 activity serves two purposes. Experimentally, it provides a simpler
system which eliminates potential technical barriers inherent in an in vivo setting, such as
delivery of the antagomir to relevant cells in the brain. The simplicity of the primary
culture also enables a more precise interpretation of functional activity when compared
with the in vivo setting, enabling one to determine whether effects are cell-autonomous,
or likely due to effects on afferent input or other tissue context. Here again however,
while results from a pilot experiment seemed promising, fully-powered experiments were
largely inconclusive. Small effects in the expected direction were seen in primary
neurons transfected with the anti-miR124 oligonucleotide (Figure 5.7), and interestingly,
the effect on NKCC1 expression seemed only to occur in primary cultures derived from
females. Lipid-based transfection methods are notoriously inefficient in neuronal
cultures, and in an effort to achieve more robust expression of miR124 antagomir, an in
vitro knockdown approach using nucleofection of a vector-based miR124 “sponge” was
utilized (Figure 5.8). A small increase in NKCC1 was seen at the highest dose of miR124
antagonism in female neurons, but lower doses of anti-miR124 vector and even control

vector significantly decreased NKCC1 content compared to untreated cultures, indicating
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a confounding effect of the nucleofection process, perhaps on the overall physiology of
the cells.

In the in vitro setting, isolation and plating of the hippocampal neurons may itself
alter endogenous miR124 content, which dropped significantly in neurons from both
sexes from 2-4 DIV in untreated cultures and did not recover (Figure 5.9). Endogenous
NKCCL1 content decreased steadily over time in culture, which would be expected as
plated cells mature and differentiate. The fact that an inverse correlation in changes in
NKCCL1 and miR124 content is not seen over time in culture is the strongest indication in
all of these data that direct interaction between Slc12a2 and miR124 is not promoting
decreased NKCCL1 expression. As with the timecourse determination of miR124 and
NKCCL1 expression in vivo, this may be illustrative of decreased NKCC1 expression as an
indirect, downstream effect of miR124 action, which peaks just prior to a drop in NKCC1
protein content. It is also possible that the pattern of miR124 and NKCC1 content in
primary hippocampal neurons over several days in vitro reflects a switch in proliferative
or maturational status of the neurons which occurs very soon after plating. After 2 days
the cultured neurons may have sufficient miR124 to maintain the neuronal phenotype
after initiating a switch from immature, proliferating precursors, while NKCC1 levels
continue to fall. One way to test this would be to isolate neural stem cells or neuronal
precursors from the dentate gyrus and maintain them in a proliferative, undifferentiated
state using growth media supplemented with EGF and FGF-2. Manipulation of miR124
activity in proliferating precursors, and subsequent assay for NKCC1 expression, along

with the natural or induced maturation of these cells in vitro, would remove confounds of
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timing of miR124 activity in relation to the progressive maturational state of cultured
cells.

One experiment was performed in this study that was intended to test the
corollary hypothesis that miR124 promotes the sex difference in cell proliferation in the
neonatal hippocampus, prompted by the changes in miR124 that are elicited by altered
estradiol signaling, which mirror the effects on proliferation. Central administration of
miR124 antagomir to neonatal rats had no effect on cell proliferation in the dentate,
which may be real, but which is more likely due to technical issues, as reflected in the
inconclusive results when SOX9 and NKCC1 were tested as biochemical readouts of
miR124 antagonism in a similar experiment. More striking, however, is the lack of a sex
difference in proliferation seen in control animals. More striking, however, is the lack of
a sex difference in hippocampal cell proliferation in control animals, which is an
otherwise well-established phenomenon in this laboratory. This suggests a latent factor
altering the balance of proliferation in either males or females that may have obscured the
effect of miR124 activity. Fortunately, potential effects of miR124 on proliferation and
NKCCL1 may be interrelated but are not necessarily interdependent, and functional
regulation of NKCC1 expression by miR124, if any, would likely hold true in the absence
of sex differences. Thus while concerning, a failure to recapitulate the original sex
difference in proliferation should not effect the outcome of the biochemical or in vitro
experiments. Or, maybe it does.

It should be noted that the functional experiments described in this chapter, which
all antagonized miR124 activity, would only have tested the necessity of miR124 activity

for whatever role it has in regulating NKCCL1 expression, or cell proliferation. In order to
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test whether NKCC1 is in fact sufficient to alter these endpoints, similar experiments
would need to be conducted in which miR124 activity is increased, particularly in males,
using synthetic microRNA mimics. Given the frustratingly inconclusive outcome of the
miR124 antagonism experiments, follow-up experiments augmenting miR124 activity
were not pursued, although perhaps these would have had a more interpretable outcome.
Nearly all the data reported in this study do not support the hypothesis, or are
inconclusive due to a lack of response from positive controls. In some experiments,
technical difficulties surely had an impact on data interpretation. The real value of this
study lies not in the data, but in the template they provide for a structured, systematic
testing of mMiRNA function in the developing brain. This is briefly discussed in the

concluding chapter that follows.
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Chapter 6: Conclusion
Summary of Results

The work described in this thesis began as an attempt to identify factors
underlying the sex difference in proliferation in the neonatal hippocampus of rats. This
sex difference is male-biased, reflected as a two-fold greater number of proliferating cells
in the dentate gyrus of males, and is restricted to the first week of life. Intriguingly, the
sex bias and timeline of hippocampal cell proliferation corresponds to another
fundamental sex difference in this region of the brain, the depolarizing response to
GABAA receptor activation. Both cellular proliferation and the depolarizing response to
GABA in the neonatal hippocampus are modulated by estradiol, and in the case of
cellular proliferation, perturbations of estradiol signaling reveal that this particular sex
difference is likely a canalized process- the response to estradiol signaling is different in
males and females in order to maintain the number of proliferating cells within a tightly
controlled range. Because depolarizing GABA is known to regulate cell proliferation and
maturation in both developmental and adult neurogenic contexts, it seems reasonable to
hypothesize that the sex difference in cell genesis in the neonatal hippocampus is driven
by the greater depolarizing response to GABA and the delayed transition to a
hyperpolarizing GABA response seen in males, compared to females. Efforts to directly
probe the role of depolarizing GABA in this context, by pharmacologically blocking the
activity of NKCC1 and reversing the depolarizing response to GABA, have been
undertaken by this author and other members of the McCarthy lab, but have proven to be
technically challenging. So the experiments described in this thesis tested the

involvement of two other factors which regulate proliferation and neurogenesis, the
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neurotropin BDNF and the microRNA miR124. Although not directly indicative of
functional involvement, the response of each of these factors to estradiol signaling in the
neonatal hippocampus was used as an initial test to determine whether they were
reasonable candidates for mediating the sex difference in cellular proliferation.
Bdnf in relation to cellular proliferation

As discussed in Chapter 3, several things make BDNF an attractive candidate for
mediating the sex difference in cell genesis in the developing hippocampus: 1) BDNF has
a demonstrated role in regulating proliferation and neuronal maturation, during
development and also in the neurogenic niche of adult hippocampus, 2) depolarizing
GABA promotes expression and secretion of BDNF, which in turn functions in a positive
feedback loop to promote GABAA-dependent signaling, and 3) BDNF synthesis and
secretion is promoted by estradiol. In an attempt to test whether it contributes to the
baseline sex difference in proliferation, BDNF expression was quantified at both the
transcript and peptide level, in the three main subregions of the neonatal hippocampus.
Interestingly, total Bdnf transcipt levels mirrored the sex difference in proliferation in
terms of both sex bias and regional distribution- Bdnf transcripts were roughly 1.5 times
more abundant in males compared to females in both the dentate gyrus and CA1
subregions, but were equivalent in CA3. In response to estradiol signaling, however, Bdnf
expression did not exhibit a sex difference in CA1 and diverged from the proliferative
response in a region-specific manner. Estradiol signaling had a positive effect on Bdnf
transcript content of CA1 in both males and females, whereas exogenous estradiol
promoted proliferation only in females. In the dentate, total Bdnf transcripts were

downregulated by estradiol in both males and females, opposite to the proliferative
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response, which is seen only in females. An interesting sex-specific response to
tamoxifen was seen in the dentate, where Bdnf transcript content decreased in response to
ER antagonism only in males, reminiscent of the divergent proliferative response to
estradiol. While the upregulation of Bdnf expression in response to estradiol in CA1 has
been reported in adult animals, the differential response between CA1 and the dentate
gyrus in neonatal animals is novel, and intriguing, suggesting perhaps different signaling
mechanisms for estradiol in these two hippocampal subregions. However, what makes
this mechanistic question not worthy of pursuit in the context of cellular proliferation is
the demonstration of equivalent amounts of BDNF propeptide, between males and
females and regardless of whether estradiol signaling is augmented or antagonized. This
was found in CA1, CA3 and the dentate, although BDNF content did vary among the
three regions. Estradiol-induced effects on neuronal physiology may differ
mechanistically among the developing hippocampal subregions, but if BDNF is involved
in these pathways a clear hypothesis for this role is not apparent. Because there is no
baseline difference in BDNF prohormone between the sexes, or in response to estradiol,
BDNF was rejected as a proximal mechanism for promoting the sex difference in cell
genesis or the proliferative response to estradiol.
miR124 (and other microRNAS) in relation to cellular proliferation

The fact that the proliferative response to altered estradiol signaling is sexually
differentiated in a way that maintains cell genesis with a tightly defined range suggests
that canalizing agents may be regulating cell proliferation in the neonatal hippocampus,
and prompted an examination of microRNA function in this context. Two approaches

were used to identify miRNA candidates associated with the sex difference in
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hippocampal cell proliferation: a TagMan®-based gPCR array, and quantification of
individual miRNAs using NanoStrings arrays. As discussed in Chapter 4, each of these
methods are routinely used in the field, and because they employ different biochemical
methods for quantification they are complementary. Although a perfect concordance
between the two methods in terms of differentially expressed miRNAs was not expected,
it was somewhat surprising that of the 14 miRNAs quantified using qPCR, 10 of which
exhibited a significant content difference between males and females, only 1 of these was
also found to be differentially expressed using the NanoStrings panel, and in this case an
opposite sex difference was found. These two data sets give distinctly different pictures
of mMiRNA expression patterns in relation to the sex difference in proliferation found in
the dentate gyrus. The qPCR dataset indicated elevated expression of proliferation-related
miRNAs generally in the female dentate gyrus, and was the impetus for further functional
testing of one specific miRNA. This may indicate a functional upregulation of these
miRNAs in females, or it may simply be a reflection of the number of proliferating cells
in each sex. Regarding this point, however, it should be noted that the amount of each
miRNA in the gPCR array was normalized to a highly abundant nucleolar RNA standing
as a proxy for cell number. Using the NanoStrings panels, no sex differences were seen
for almost all of the known neurogenesis-related miRNAs, and a generally female-biased
expression of extremely low-abundance miRNAs was found. These very different
pictures of mMiIRNA content may be due to the different normalization strategies employed
between the two assays, or it may be an artifact of using different sample collections for
each of these data sets. This is an outstanding question which might be resolved

experimentally using targeted qPCR assays to quantify those miRNAs identified as
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differentially expressed in the NanoStrings data set. Comparison with NanoStrings data
from the dentate gyrus with additional data obtained from the CA1 and CA3 subregions
of males and females would also be valuable in this regard. Perhaps the most compelling
indication that the sex differences in miRNA expression seen with the gPCR data is truly
related to proliferation is that these differences were seen in the dentate gyrus, but not in
the CA1 or CA3 subregions, where the population of proliferating cells is roughly ten-
fold smaller.

Based on the well-established role of miR124 in promoting cell-cycle exit and
downregulating proliferation, particularly during neurogensis, and its elevated levels in
the female dentate, miR124 was chosen as a focus for functional testing in relation to
hippocampal cell genesis. This was initially supported by the changes in miR124 content
in the dentate when estradiol signaling was manipulated, and the timecourse of the
miR124 sex difference, which only occurred during the first postnatal week. However,
direct testing of the involvement of miR124 in regulating proliferation by antagonizing
miR124 activity in vivo had no effect on proliferation in either males or females.
Unfortunately this result was confounded by the lack of a baseline sex difference in
proliferation in control animals, and the lack of an effect of miR124 antagonism on the
expression of a validated miR124 target (SOX9), as seen in separate experiments.

Does miR124 regulate NKCC1 expression?

This author’s inability to replicate the sex difference in proliferation that has been
well-established in the neonatal hippocampus by others was unfortunately not discovered
until hypothesis testing for miR124 function was well underway. However, although the

hypothesized roles for miR124 in regulating proliferation and NKCC1 expression are
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interrelated (given the overlapping sex differences in proliferation and depolarizing
GABA), they are not interdependent. In the context of the same cell type and
developmental timing, it’s reasonable to assume that the biochemical functions of
miR124 should remain the same regardless of differences in neurophysiological
outcomes. The lack of a sex difference in cell genesis may occlude any relative effects on
proliferation, but a more reductionist hypothesis is still quite testable.

This study found a male-biased sex difference in NKCC1 protein content in the
dentate gyrus during the first postnatal week that was not matched by transcript levels,
which were equivalent in males and females. This is consistent with post-transcriptional
regulation of NKCC1 expression, as might occur with miRNA targeting, and miR124
was found to be greater in the dentate of females during this time. This, along with a
putative miR124 target site in the NKCC1 transcript, prompted functional experiments
which antagonized miR124 activity in neonatal animals and also in cultured hippocampal
neurons. Pilot experiments for both in vivo and in vitro experiments suggested that
inhibition of miR124 activity increases NKCC1 expression, but these results did not hold
up in larger experiments. Because of the lack of predicted effect on the SOX9 control,
both the in vivo and in vitro functional experiments were inconclusive, and it is apparent
that technical hurdles have stymied the proper testing of the hypothesized role of miR124
in regulating NKCCL1 expression or proliferation. Although a role for miR124 in
regulating NKCC1 expression cannot be confidently rejected, based on recent literature
there is likely not a direct interaction between miR124 and NKCC1 transcripts. Because
miR124 is an important regulator of cell proliferation and onco- and neurogenesis, it’s

targets of direct interaction have been determined in several studies, either in the interest
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of discovery or as a means of validating new methodologies for determining miRNA-
MRNA interactions. A few reports have comprehensively examined the direct targets of
miR124, and transcripts encoding NKCCL1 have not been reported in these studies (Chi et
al., 2009; Cambronne et al., 2102).

A Template for Testing microRNA Function in the Developing Brain.

Although the experiments described in this thesis did not fully test the
hypothesized role of miR124 in regulating NKCC1 expression, they nevertheless outline
a set of experiments that can be used to test the function of any microRNA in the
developing brain. Once a miRNA of interest has been identified, either through a targeted
approach focusing on a a single miRNA, or via discovery-based approaches such as bulk
sequencing, microarray or NanoString analyses, functional testing would follow a set of
experiments outlined as follows:

1) Determination of expression patterns of the miRNA of interest. In an ideal
scenario, conditions are identified where the miRNA of interest varies in abundance, for
example in a pathological state relative to normal physiology, at different developmental
stages, or between the sexes. If a putative target transcript is identified, both the mMRNA
and the target protein should be quantified. Localization of the miRNA of interest to
specific cell types can be done using in situ hybridization. While the information gained
from this is largely descriptive, an outcome wherein content of the miRNA and putative
target protein change in opposition to each other is supportive of a role for the miRNA in
regulating the protein of interest.

2) Determination of the effect of altered miRNA function in vivo. A variety of

reagents are available for either reducing or augmenting miRNA function, and these two
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approaches will yield distinct information when applied in vivo. Functional inhibition will
show whether a particular miRNA is necessary in the regulatory pathway of a particular
protein of interest or physiological endpoint, and can be achieved using modified
oligonucleotides that are complementary to the target miRNA, or vector-based constructs
that contain several of the miRNA target sites and will generate a population of miRNA
“sponge” transcripts. Sufficiency of a particular miRNA for producing a regulatory effect
on target expression or tissue physiology is shown by augmenting activity, and here again
either highly stabile miRNA hybrid oligonucleotides or vector-based systems which
express precursor miRNA hairpin sequences can be used. Such expression constructs are
can be packaged and delivered to the brain in lentiviral or adeno-associated viral vectors,
which confer robust and stabile expression, typically within 24 hours of injection. Careful
titering of the viral dose can result in expression of the miRNA-targeting reagent that is
sparse and mosaic or more ubiquitous, and judicious choice of viral serotypes may also
confer a degree of cell-type specificity in the brain (Kim et al., 2013; 2016).

3) Determination of the effect of altered miRNA function in vitro. If the cell or
tissue type of interest can be cultured, blocking or augmenting function in vitro enables a
more direct approach to determining the cell-autonomous functions of a miRNA on
aspects of neuronal development such as proliferation, migration, neurite outgrowth and
synaptogenesis.

4) Determination of direct interaction of the miRNA of interest with putative
target transcripts. Changes in abundance of the protein of interest after manipulating
MIiRNA activity are suggestive but not firm evidence that the miRNA directly targets the

protein-coding transcript. Biochemical evidence that the miRNA directly targets a
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particular transcript can be obtained using immunoprecipitation assays of cultured cells
or tissues isolated ex vivo. Sequencing or microarray analysis of pools of RISC-
associated transcripts isolated using antibodies to RISC protein components are compared
under conditions where the miRNA of interest is present and has been depleted
(Karginov et al., 2007; Cambronne et al., 2012). While this is a powerful technique that
can be used to identify an entire population of direct downstream targets of a particular
miRNA, confirmation of direct interaction between the miRNA and a target transcript is
typically obtained using transcription reporter systems in vitro (Vasudevan, 2012; Turk et
al., 2018). Most commonly, this is based on an expression vector encoding a hybrid
cDNA coding for a biochemical reporter such as Luciferase fused to a portion of the
putative target transcript containing the miRNA target sequence. Direct interaction of the
miRNA of interest can be demonstrated in vitro in mammalian cells cotransfected with
the target reporter vector and an expression vector encoding the miRNA of interest,
where presence of the miRNA sequence will decrease Luciferase expression. Careful
controls are needed with these experiments to discern off-target effects, foremost of these
is the use of a hybrid reporter-target transcript construct in which the miRNA target
sequence has been mutated.

Future Directions and Concluding Thoughts.

Although the experiments outlined here and attempted in this set of studies can be
technically challenging, the literature indicates that they are certainly possible, and may
be useful for pursuing alternative hypotheses centered around the sex difference in
proliferation or other cellular endpoints in the developing hippocampus. The experiments

described in this thesis did not provide compelling evidence that BDNF is a primary
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driver of the baseline sex difference in proliferation, nor does the data support a direct
role for BDNF in mediating the unique sex-specific proliferative response to estradiol
signaling in the neonatal hippocampus. These data also do not provide evidence that
miR124regulates the sex difference in depolarizing GABA through direct regulation of
NKCCL1 expression. However, there are some details in the data that may be worth
pursuing. The robust sex difference in miR9, which was found to be more abundant in
females using both methods of quantitation, may be a good candidate for follow-up
according to the generic scheme outlined above. miR9 is highly abundant and has critical
roles in promoting maturational processes in post-mitotic neurons, and a sex difference in
this microRNA may be indicative of a more advanced timeline of cell-cycle exit and
neuronal maturation in females, rather than an overall smaller pool of neuronal
precursors. Also intriguing is the lack of mature, fully-spliced BDNF in the hippocampus
during the first postnatal week, as seen in these studies. As noted earlier, expression of
the endoproteolytic machinery that produces the mature peptide is developmentally
regulated, and the mature and prohormone forms of BDNF can have opposing effects on
neurophysiology. A timecourse determination of BDNF proteolytic cleavage during
development, particularly in the context of the sex difference and shift in depolarizing
GABA, might yield an interesting new avenue for exploration. And while the sex
difference in neurogenesis in the neonatal hippocampus has been well-characterized in
terms of developmental timing and the acute and long-term proliferative response to
estradiol and other physiological manipulations (see thesis work of Sara Stockman), very
little is known regarding the downstream consequences of this sex difference on the

neurophysiology of the hippocampus or the animal as a whole. An important place to
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start with this would be to characterize the relative abundances of mature, differentiated
cell types that result from the perinatal pool of proliferating precursors. Although initially
descriptive, any sex differences found here would open up a significant new line of
inquiry where the functional relevance of this phenomenon can begin to be addressed.
The true value of these studies lies in the process and not in the data, and several
important points are aptly illustrated when these experiments are considered as a whole:
First, it is important to replicate foundational data. Hypothesis-driven experimentation is
necessarily built on previous findings, which may or may not be reproducible, and which
likely are important for framing predictions and results. Second, reserve judgement on
pilot data. Pilot data is important and exciting, but as was illustrated throughout much of
this thesis, it can break your heart. And finally, while a testable hypothesis is ultimately
the goal, an overly broad or rigid hypothesis can be useless in terms of advancing the
understanding of a complex system. Is it reasonable and testable to hypothesize that more
BDNF in males will translate into more proliferation in the hippocampus? Certainly, yes.
But such an oversimplified model leaves little room for nuance and is easily rejected
when broad predictions fail. Contrasting the data that fits with the data that doesn’t gives
us the ability to refine and restructure a hypothesis, and can mean the difference between
judicious application of Occam’s razor to reject a hypothesis, and the wholesale dismissal
of a line of inquiry because the complexities of a system can mask effects®. This is likely

to be especially true for the developing brain.

! The term “Occam’s Lobotomy” was coined for this idea by I. J. Good, and is discussed in “The
Two-Edged Sword of Skepticism: Occam’s Razor and Occam’s Lobotomy” H.H Bauer, 2006.
Journal of Scientific Exploration 20: 421-27. The idea is also captured in a quote attributed to
Einstein in the January 8, 1950 edition of the New York Times: “Everything should be made as
simple as possible, but no simpler.”
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