ABSTRACT
Glaucoma is a group of chronic progressive optic neuropathies commonly characterized by
elevated intraocular pressure (IOP) (a subset of glaucoma patients display
neurodegenerative effects at ‘normal’ IOP) leading to axonal degeneration, optic nerve
head cupping and apoptosis of retinal ganglion cell death (RGCs), which result in visual
field defects and blindness. While there are medications available to lower 10P, there is an
unmet need for neuroprotective treatments for glaucoma, since some neurodegenerative

effects persist despite lowering IOP.

The main focus of this study was on the class 4 POU domain transcription factor, Brn3b,
which has been shown to play a key role in the development of RGCs. Two previous studies
from other labs showed that a decrease in Brn3b expression occurs in animal model of
glaucoma. A recent publication from our laboratory demonstrated neuroprotective effects
of adeno-associated virus (AAV) mediated expression of Brn3b in a rat model of ocular
hypertension. This research project identified some mechanisms of Brn3b-mediated
neuroprotection in cultured PC12 cells (under the condition of hypoxia) and also in vivo in
the Morrison’s model of ocular hypertension in rats.

In the first part of the study, we demonstrated the effect of overexpression of Brn3b on
various markers of synaptic plasticity in PC12 cells under conditions of normoxia as well
as hypoxia. Immunoblot as well as immunocytochemical analyses revealed an increase in

expression of neurite growth markers, GAP-43 and ac-TUBA, by Brn3b upregulation both



under conditions of normoxia as well as hypoxia. . This suggests that transcription factor
Brn3b has the ability to upregulate expression genes contributing to synaptic plasticity
genes both under ‘normal’ conditions and during a glaucomatous insult (hypoxia). In the
concluding part of this study, cell survival factors including, Bcl-2, Bcl-xL and p-AKT
were studied as potential targets of Brn3b-mediated neuroprotection. Adeno-associated
virus-mediated expression of Brn3b in rat eyes with elevated I0OP promoted an
upregulation of Bcl-2, Bcl-xL and p-AKT in RGCs, as determined by
immunohistochemistry. Taken together, the evidence suggests that Brn3b has the potential
to be developed as a therapeutic agent for neuroprotection during ocular neurodegenerative

diseases like glaucoma.
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CHAPTER I

INTRODUCTION

Glaucoma

Glaucoma is an optic neuropathy commonly associated with elevated intraocular pressure (IOP)
afflicting nearly over 70 million individuals worldwide (Quigley and Broman, 2006), with a
projected incidence of 3.6 million patients in America by the year 2020 (Friedman et al. 2004). It
is a leading cause of irreversible blindness (Resnikoff et al. 2002). Glaucoma is an age-related
heterogeneous group of diseases that is commonly characterized by the impairment of aqueous
humor outflow through the trabecular meshwork, leading to increased IOP which eventually
damages the lamina cribrosa, optic nerve head, and RGCs (Clark and Yorio, 2003). The most
commonly occurring form of glaucoma is primary open angle glaucoma (POAG), in which the
elevation of IOP is not due to mechanical obstruction of the irido-corneal angle. In the case of
POAG, the obstruction to outflow of aqueous humor occurs at the molecular/biochemical level
due to pathological changes in the trabecular meshwork/Schlemm’s canal. Past studies
demonstrated a 13-fold increase in adjusted relative risk of developing POAG when IOP is more
than 25 mmHg (normal IOP is typically below 21 mmHg) (Nemesure et al 2007). It is hypothesized
that elevated 10OP causes tremendous mechanical stress on the unmyelinated portions of axons of
the RGCs at the optic nerve head, where they take a 90 degree turn to traverse into the optic nerve

and then to their final destination in the brain, namely, the lateral geniculate nucleus or the superior



colliculus (Quigley et al., 1981). The strain on the axons of the RGCs at the lamina cribrosa is the
primary precipitating insult that damages the axons of the RGCs (Figurel) (Quigley et al., 1981).
Axonal injury is thought to inhibit the retrograde transport of neurotrophic factors originating in
the brain and prevent them from reaching their final target, which is the RGC soma, eventually
leading to RGC death (Figurel) (Quigley 1981). I0P is considered a crucial risk factor in the
development of glaucoma, and in the clinic, patients with IOP above 21 mmHg are treated with

IOP lowering drugs.

Elevated IOP
or Ischemia

Neurotrophic Injury
%, factors signals
| 75

1) Loss of axonal transport
Targets in the brain (retro- and anteograde) " -3 Neuronal

secrete NT 2) Release of Injury signals Secondary death
3) Axonal integrity loss factors

Figure 1. Mechanisms underlying neurodegeneration in glaucoma. Elevated IOP is
implicated as a primary insult in causing RGC death in POAG. This initial insult along with
ischemic changes is thought to cause a blockade of transport of neurotrophic factors and the
release of secondary factors that contribute to RGC death. (Courtesy: Mueller et al.,

Neuroprotection in Glaucoma. InTech Publisher 2011).

The precise cellular and molecular mechanisms contributing to RGC apoptosis in POAG are still
not completely understood; however, it is known that the disease process of POAG incorporates
more than just elevation of IOP. Epidemiological studies have indicated the limitations of utilizing
IOP measurements as the sole means to screen and identify patients for glaucoma. As an example,

according to the Blue Mountains Eye Study the prevalence for POAG for individuals that have



elevated 10P is 10-20% when 10P is 21-23 mmHg, 30% when the 1OP is 24-25 mmHg, 15% when
the 10P is 26-27 mmHg, and 30-40% when the IOP is > 28 mmHg (Mitchell 1996). In addition,
30-40% of patients with POAG have normal 10P which is defined as normal tension glaucoma
(Kleinetal. 1992; Dielemans et al.1994). Though elevated IOP is one of the risk factors for POAG,
there are many individuals with elevated I0P (ocular hypertensives) that do not develop POAG,
and there are many individuals with normal IOP that have been diagnosed with POAG. Presently,
POAG is defined as “a progressive chronic, optic neuropathy where IOP and currently unknown
factors contribute to the damage to the optic nerve with loss of ganglion cells and their axons
(Armaly et al., 1980).” Elevation of IOP remains the major risk factor for POAG. However, other
important risk factors associated with POAG include: age (Armaly et al.1980), African American
race (Tielsch et al. 1991), Hispanic race (Kim and Verma, 2010), family history of glaucoma

(Kolker et al.1972), and thin central corneal thickness (Gordon et al.2002; Law et al.2007).

Since the factors that are involved in the etiology of POAG are not completely known, one
of the current limitations in glaucoma treatment is that the only medical modalities used to treat
glaucoma are 10P lowering drugs and surgeries (Weinreb et al., 2004). Many studies have
demonstrated protective efficacy of IOP lowering drugs by preventing progression at early and
advanced stages of it in patients with POAG. The Early Manifest Glaucoma Trial (EMGT)
demonstrated 45% of patients showed progression of glaucoma were adequately being treated with
IOP lowering agents compared to 62% of patients who showed disease progression without
treatment (Heijl et al. 2002). This study also demonstrated that for every millimeter mercury 10P
reduction, there is an estimated 10% decrease in risk for disease progression (Heijl et al. 2002).
Moreover, it also suggested that even 65% of NTG patients can have their disease process

completely halted when their 10P is lowered by 30% (Collaborative Normal-Tension glaucoma



study gr 1998). However, only 50% of patients who are diagnosed with NTG can achieve an IOP
reduction of 30% utilizing topical drugs, laser trabeculoplasty, or both (Collaborative Normal-
Tension glaucoma study gr 1998; Schulzer et al., 1992). Hence, a better understanding of the
pathophysiology of RGC apoptosis and POAG is required in order to develop better treatment
options and neuroprotective compounds that can be used as adjunct medical therapies to 10P
lowering drugs. This dissertation will focus on some aspects of the involvement of hypoxia and
mechanical stress in glaucoma and will describe an approach to stimulate intrinsic neuroprotective
capacity of RGCs through upregulation of markers of axonal plasticity including GAP-43, ac-

TUBA and pro-survival proteins of Bcl-2 family, and p-AKT.

Mechanical hypothesis in glaucoma

Elevated I0P induces physical changes at the optic nerve head (ONH) visualized clinically as optic
disc cupping due to optic nerve head axonal compression at the lamina cribrosa, blockage of axonal
transport and a disruption of retrograde transport of neurotrophins to RGCs, leading to their
apoptosis (Guo et al. 2004). The ONH has been studied in both human and experimental animal
models as a primary site of glaucomatous damage. Several studies have demonstrated extensive
remodeling of the extracellular matrix (ECM) including collagen | and IV, TGF-B2, and matrix
metalloproteinase (MMP)-1 at the optic nerve head in animal models of glaucoma (Quigley et al.
1981, Morrison et al. 1997, Hernandez et al. 2000, Yan et al. 2000, Agapova et al. 2001, Johnson
etal. 1996, Pena et al. 1999, Cordeiro et al. 2002 and Zode et al., 2011). Primary cellular response,
elevated I0P or ischemia and/or a secondary cellular response triggered by axonal degeneration
causes activation of astrocytes. By altering the microenvironment of the optic nerve head through
remodeling, they cause axonal degeneration and progressive, irreversible pathological changes

(Hernandez et al. 2000). These activated astrocytes are responsible for the production of the
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matrix-degrading enzymes (MMPs) which affect the pattern of extracellular matrix remodeling
(Yan et al. 2000). It is hypothesized that these effects are modulated by TGF-B2, produced by
astrocytes which has been shown to be significantly increased in the glaucomatous ONH (Pena et
al. 1999, Zode et al., 2011). In addition, the release of a variety of secondary factors including
glutamate, nitric oxide, tumor necrosis factor-alpha and endothelin, which in turn activates factors
associated with RGC death (Figure 2) (Clark and Yorio 2003; Prasanna et al. 2010; Tezel and Wax

2000; Tezel et al 2001; Tezel and Wax 2004; Nakazawa et al. 2006).
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Apoptosis of Retinal Ganglion Cells

Loss of visual field

Figure 2. Factors contributing to neurodegeneration in glaucoma. Elevated intraocular
pressure (IOP) is a well known risk factor contributing to axon loss and retinal ganglion cell
death. Other factors including ischemia/hypoxia and lesser known glaucomatous stimuli
have been hypothesized to contribute to release of other mediators including glutamate,
endothelin-1 and TNF-a from astrocytes which produce degenerative effects on RGCs.

Damage to RGCs could unleash secondary factors which contribute to apoptosis of RGCs



and subsequent loss of visual field (Courtesy: Mueller et al., Neuroprotection in Glaucoma.

InTech Publisher 2011).

Hypoxia in neurodegenerative diseases including Alzheimer’s disease and glaucoma

Hypoxia has been shown to be a contributor to central nervous system pathology in a variety of
disorders including Parkinson’s disease, and head trauma (Acker and Acker 2004; Correia et al.,
2013). Numerous past studies have also implicated the role of ischemia and vascular factors in
RGC cell death in glaucoma (Leske et al. 2008; Quigley et al. 2001). The optic nerve head is the
site where unmyelinated axons of RGCs exit the eye. The unmyelinated axons require considerable
trophic support which is provided by the short posterior ciliary artery system at the optic nerve
head. Excavation of the optic nerve head in glaucoma is a consequence of loss of both nerve fibers
and vasculature. An early study by Hayreh and Walker (1967) demonstrated an overall reduction
in blood flow in the optic disc of glaucoma patients. Decreased ocular perfusion pressure has been
suggested as a risk factor for the development of glaucoma, but the mechanism which leads to
RGC death still remains unclear (Cherecheanu et al. 2013). Moreover, ischemia at the optic nerve
head could contribute to the death of RGCs (Cherecheanu et al. 2013). Ergorul et al. (2010) showed
that hypoxia-inducible factor-1a (HIF-1a), one of the key transcription factors activated by
hypoxia, was elevated in the retina (specifically in Muller glia and astrocytes) following IOP
elevation in rats. An increased immunostaing for HIF-1a was found in the retina and optic nerve
heads of patients with glaucoma, compared to age matched control subjects, suggesting that
hypoxia and hypoxia mediated changes in gene expression are associated with glaucomatous

degeneration (Tezel and Wax, 2004).



Current treatments

Increased aqueous humour (AH) outflow resistance, increased extracellular matrix (ECM)
deposition and decreased cellularity in the trabecular meshwork are contributors to elevation of
IOP (Yorio and Clark 2003). Current treatment strategies for glaucoma in clinics are mainly based
on lowering 10P with the help of IOP-lowering agents and glaucoma surgeries. The modes of
action of these IOP-lowering drugs are through targeting the process responsible for AH formation
and those that promote AH outflow (Yorio and Clark 2003). Drugs which are commonly used in
clinics as an IOP-lowering drugs are Timolol, Brimonidine, Dorzolamide, Prostaglandin analogues
and Pilocarpine as mentioned in Tablel. Argon laser trabeculoplasty, a procedure used for IOP
lowering in some glaucoma patients, stimulates trabecular meshwork cell MMP expression
(Bradley et al.1998 and Wong et al. 2002). Filtering procedures, such as trabeculectomy and
glaucoma drainage devices, are effective in lowering IOP. However, it has been associated with
complications and high rates of failure (SooHoo et al., 2014). Minimally invasive glaucoma
surgery (MIGS), a new group of surgical procedures has emerged as an additional approach to

decrease IOP with lesser rates of complications (SooHoo et al., 2014).

Table 1: Commonly used drugs with classification according to their mechanism of action in

glaucoma

Anterior Segment xisting drugs
Aqgueous humour outflow (conventional)

Cholinergics Pilocarpine
Aqgueous humour outflow (uveoscleral)

Prostaglandins PGF2a analogues, Latanoprost, Travoprost



Aqgueous humour formation

B-Adrenergic blockers Timolol, Betaxolol
a-Adrenergic blockers Apraclonidine, Brimonidine
Carbonic anhydrase inhibitors Dorzolamide, Brinzolamide

Neuroprotection in glaucoma

Glaucoma is a known as a heterogeneous group of multifactorial neurodegenerative diseases with
different etiologies and clinical presentations. Presently, treatment modalities available for
glaucoma are mainly the 10P-lowering drugs and preventing the primary insult for glaucomatous
changes. It is been demonstrated that low levels of IOP is associated with a lesser visual field

deterioration (AGIS 7 study).

http://www.ajo.com/article/S0002-9394%2800%2900538-9/abstract. By administration of I0P
lowering drugs, IOP in glaucoma patients is often maintained in “normal” ranges, however, RGC
death still continues albeit at a slow pace (Mueller 1l et al., 2011). Furthermore, patients with IOP
between 6-10 mmHg (normal range 10-20mmHg) can still develop glaucoma (normal tension
glaucoma), suggestive of predisposing risk factors other than elevation of 10P in patients with
glaucoma. Secondary causes of RGC apoptosis may be contributing in the progression of
glaucomatous diseases (Bahrami 2006). In this process, several molecular pathways converge to
induce RGC death. However, the secondary factors contributing to continuous RGCs death after
primary insult to the axons, are responsible for persisting optic nerve damage. Some of these
factors include axonal transport failure resulting in neurotrophic factor deprivation, glial activation

producing noxious agents including glutamate and endothelin-1. Neurotrophin deprivation could



activate the apoptotic cascade by activating pro-death members of the Bcl-2 family of proteins,
some of which alter the mitochondrial outer membrane permeability leading cytochrome c release
and activation of caspases. It would be beneficial to develop agents that can prevent both injured
and uninjured RGCs from cell death during glaucoma. These neuroprotective agents can be used
as an adjunct therapy to IOP lowering agents to provide better treatment options for treating

glaucoma.

A number of studies have been conducted in past 30 years to identify various different
neuroprotective agents for neuronal survival in neurodegenerative diseases including Alzheimer’s
and Parkinson’s disease. However, most clinical studies to test for neuroprotective effects in
humans failed to show efficacy (neuronal survival). Only three neuroprotective drugs have been
shown to improve outcomes in human clinical trials: riluzole for amytrophic lateral sclerosis,
memantine for moderate to severe Alzheimer’s disease (Bensimon et al. 1994) , Lacomblez et al.
1996, Reisberg et al. 2003) and Brimonidine for low pressure glaucoma (Krupin et al. 2011).
Memantine and riluzole have failed to have a dramatic effect on the progression of these
neurological diseases (Danesh-Meyer and Levin 2009). Memantine and Brimonidine trial failed
to demonstrate efficacy in two large multicenter clinical trials at sites worldwide ( Allergan Inc
Press Releases on Momantine Trials; Wilhelm et al. 2006). However, brimonidine treatment in
patients suffering from low-pressure glaucoma, suggests that patients treated with brimonidine
were less likely to have deterioration of visual fields compared to patients treated with timolol
(Krupin et al.2011). Neuroprotection in glaucoma continues to be an evolving area of research

with several candidate compounds currently being tested in animal models of the disease.



Cell culture and animal models of neurodegenerative diseases including glaucoma and

Alzheimer’s disease

The rat adrenal pheochromocytoma (PC12) cells is a commonly used cell line for studying the
signaling pathways of cell survival, proliferation and differentiation of neuronal cells, and has
resulted in large number of publications regarding these processes (Kao et al. 2001; Vaudry et al.
2002; D’Arcanglo et al. 1993). An interesting feature of PC12 cells is their capacity to grow
neurite-like processes in response to nerve growth factor (NGF) (Greene et al. 1976). In the retina
of rats with elevated 10P, RGCs loss was associated with downregulation of NGF and NGF
receptor expression. In addition, ocular treatment with NGF decreased RGCs loss caused by
glaucoma (Colafrancesco et al., 2011). Intraocular administration of NGF shown to inhibit RGC
degeneration in diferent animal models of glaucoma (Carmignoto et al., 1989, Siliprandi et al.,
1993, Lambiase et al., 1997). Another study showed that using NGF in eye drops can attenuate
the optic nerve damage associated with glaucoma (Lambiase et al., 2009). NGF has low bioactive
stability in the body due to its short half-lives and slow diffusion, limiting its use as a
neuroprotective agent (Wang et al., 2014). PC12 cells can be passaged indefinitely and much
easier to culture and manipulate than their neuronal counterparts, hence these cells have been
useful as a model for the study of neurite outgrowth. Differentiated PC12 cells are most
extensively used as a model for the study of neurite growth and growth cone function (Varnum-
Finney et al. 1994; Aletta et al. 1998; Halloran et al. 1994). Apart from PC12 cells, human
trabecular meshwork cell line and primary retinal ganglion cells from rats and mouse are also used
to study changes in molecular and signaling pathways during glaucomatous conditions (Sethi et

al. 2011, Mueller 11 et al. 2013).

10



Apart from cell culture models, in vivo models provide valuable information about the
pathophysiology of glaucoma. The in vivo models include direct optic nerve injury either through
optic nerve crush or through optic nerve transection, in which the optic nerve is either cut
(transected) or crushed using jeweller’s forceps (Heacock and Agranoff 1976; Benowitz et
al.1981). This acute in vivo model causes significant RGC death after 1-2 weeks following the
optic nerve injury which facilitates the empirical testing of drugs for neuroprotective actions
(Danesh-Meyer et al.2011). In addition, the optic nerve crush model has also been useful to study
other systemic factors conferring neuroprotection. As vascular insufficiency has been
hypothesized a potential contributory factor in glaucomatous retinopathy, animal models of retinal
ischemia/reperfusion have been used to dissect the changes and neuroprotective strategies in
glaucoma. The most common method to induce retinal ischemia /reperfusion injury in rodents is

ocular hypertension-induced retinal ischemia (Buchi et al.1991, Hughes et al.1991).

Elevation of IOP is achieved by ablating the outflow pathway in animal models, including monkey,
rabbits, rats and mice (Pederson et al.1984; Zhu et al.1992; Morrison et al.1997 and Anderson et
al.2002) among which rats and mice are most commonly used. Different methods are employed to
elevate IOP in rats and produce degenerative effects in RGCs and optic nerve by producing damage
in the trabecular meshwork leading to impairment of aqueous humour outflow. This includes
cautery of two to three anterior ocular veins, injection of hypertonic saline through the AH-
collecting veins and Canal of Schlemm, laser photocoagulation and laser cautery (Shareef et
al.1995; Mittag et al.2000; Morrison et al. 2007; Ueda et al.1998; Wheeler et al. 2001; Levkovitch-
Verbin et al.2002). For in vivo studies conducted in these models, IOP is elevated for a few weeks
to months in order to monitor RGC survival andconcurrently different neurotrophic agents are

administered. Another ocular hypertension model of glaucoma is provided by the DBA/2J mice

11



which harbor genetic mutations in the glycoprotein nmb-like protein (Gpnmb) and tyrosine-related
protein 1b (Tyrp 1b) genes. (John et al. 1998). The phenotypic effects of the genetic mutations
include iris atrophy, sloughing off the iris pigment which clogs the meshwork and leads to
elevation of IOP and RGC loss (Anderson et al. 2002). Several studies have employed the DBA/2J
(pigmentary dispersion glaucoma model) mice to understand neurodegenerative mechanism

during IOP elevation in mice.

Elevated 10P induced by hypertonic saline injection into episceral veins causes pathological
changes in trabecular meshwork, leading to an elevation of IOP and neurodegenerative changes in
the rat retina and optic nerve similar to those observed in glaucoma. This experimental model
produces a spectrum of IOP elevation, which provides an opportunity to evaluate a whole range of
tissue damage correlated to 1I0P. RGCs apoptosis, axonal degeneration in the optic nerve,
electroretinogram response (ERG) have been studied with this model and have been correlated
with the severity of IOP elevation (Morrison et al. 1997; Minton et al. 2012; Stankowska et al.

2015).

Adeno-associated—viral vectors

Adeno-associated viruses (AAVS) are replication-defective viruses belonging to the Parvoviridae
family that require co-infection with a helper virus (adeno virus or herpes virus) for productive
infection. Recombinant AAV vectors can be produced in the laboratory without the use of the
helper virus using commercially available kits (AAV Helper-Free System, Stratagene, LaJolla,
CA). Eleven serotypes of AAV have the ability to infect cells from various tissues. Lack of
pathogenicity and ability to effectively and stably transduce dividing and non-dividing cells, have

made AAV-2 the vector of choice to deliver genes, particularly in the retina. Assessment of

12



transduction efficiency as well as tropism of various intravitreally injected AAV vectors indicated
highest level of transduction efficiency by AAV-2 in RGCs (Harvey et al. 2009, Ju et al. 2010).
Multiple strategies are being developed to promote survival of RGCs and stimulate axonal
regeneration using AAV-2 vectors in different models of glaucoma including optic nerve crush,
and Morrison’s model of ocular hypertension (Leaver, Cui, Plant et al.2006, Yin et al. 2006, Sun

et al.2011, Sharma et al., 2015).

POU domain transcription factors

The POU (Pit-Oct-Unc) domain family of transcription factors was defined initially on the basis
of common region of approximately 150-160 amino acids consisting of four mammalian genes,
Pit-1, Oct-1, Oct-2 and nematode factor Unc-86 (Verrijzer and van der Vliet 1993; Wegner et al.
1993; Ryan and Rosenfeld 1997). The structure of POU domain transcription factors consist of
bipartite DNA-binding regions with a POU-specific domain of approximately 70 amino acids
(POUs) and a POU homeodomain of approximately 60 amino acids (POUwp), separated by a
variable linker (Herr et al. 1988) (Figure 3). The POU specific domain has high affinity for DNA
binding and site specificity in protein-protein interactions (homodimeric and heterodimeric) as
compared to POU homeodomain (Rosenfold 1991). POU-domian proteins appear to function as
activators or repressors, and several POU domain regulators appear in early embryogenesis and
during forebrain development (Figure 4). In addition, these factors play a critical role in

development of specific cell types through the activation of gene expression necessary for the
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differentiation into the specific cellular phenotypes (Rosenfold 1991).

[ Required for DNA binding ]

L4 b

High affinity DNA binding Low affinity DNA binding
n n

Site specificity Relaxed specificity
Protein-protein interactio Protein-protein interactio

POU-Specific POU-Homeo
Domain l | Domain
 Helix A Helix B Helix 1 Helix 2 Helix3
POU-Domian: = ; %i{}—%i{)—%i{}@’
Pit-1 AAAAA
- o TATNCAT
DNA Binding TTTTT
Consensus Sites: AAAAA
Oct-1, 2 'T"_I' ?:I‘T TTTGCAT

Figure 3: Schematic representation of the structure of POU domain transcription factors,
indicating predicted helical domains, and highly conserved sequences. The known functions
of POUs and POUHD are listed above. These proteins bind to heterogeneous sites containing

A/T rich sequences; consensus sequences for Pit-1 and Oct-1 are shown in the figure.

Brainstem |

—_— | Hox Genes |

| En-1

POU Domain Genes

Figure 4: Specific POU domain proteins are expressed selectively throughout mammalian
deveopment, in contrast to Hox genes, which are expressed in the hindbrain. Engrailed (en-

1) homologs are detected in the midbrain.
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Retina and Transcription factor Brn3b

Rods
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Figure 5: The six main classes of neurons in the vertebrate retina (rod and cone
photoreceptor, bipolar cells, ganglion cells, amacrine cells, and horizontal cells) are
organized into three distinct cellular layers, outer nuclear layer (ONL), inner nuclear layer
(INL) and ganglion cell layer (GCL) (The Human Eye, Structure and Function, Clyde W.

Oyster, Sinauer Associates Inc.).

The vertebrate retina is a highly organized sensorineural (specialized) region of the central nervous
system with number of distinct cell types. Moreover, retinal neurons are arranged in three layers:
the outer nuclear layer contains the nuclei of photoreceptor cells; the inner nuclear layer contains
the nuclei of horizontal, bipolar and amacrine cells; and the ganglion cell layer contains RGCs and
displaced amacrine cells (Figure 5). Interestingly, each of these cells types can be further divided
into subtypes that differ in their physiological and morphological characteristics, and, in case of
RGCs, their pattern of central projections (Gan et al.1996). Visual information is conveyed from
retina to the brain through 15-20 RGC types (Shi et al.2013). In order to understand RGC

development with their diverse anatomical and physiological properties, studies have been
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conducted to define the relevant genetic regulatory events (Cepko et al. 1996; Mu and Klein, 2004).
Search of POU domain transcription factors in the mammalian retina led to identification of three
closely related genes Brn3a (Brn3.0; Pou4fl), Brn3b (Brn3.2; Pou4f2) and Brn3c (Brn3.1; Pou4f3)
(Gan et al.1999). The Brn3 genes show close resemblance in structure to the C. elegans factor unc-
86 which is expressed in a diverse group of neurons and neuronal precursors and plays an important
role in the development of subset of neuronal cells (Finney et al.1988; Chalfie et al. 1981; Finney
et al.1990). Brn3 genes are expressed in newly formed projection neurons with a high degree of
spatial and temporal overlap in the central nervous system (Turner et al.1994; Gerrero et al.1993;
Wang et al. 2002; Xiang et al.1993; Xiang et al.1997, and Xiang et al.1998). Even though the Brn-
3 gene is expressed exclusively within a subset of ganglion cells within the retina, gene deletion
of each of three Brn3 genes produced different phenotypes that predominantly affect different
subpopulations of neurons. Mice without Brn3a show impaired somatosensory and motor control
due to abnormal trigeminal and dorsal root ganglia (McEvilly et al.1996, Xiang et al.1996a; Xiang
et al.1996b). By contrast, Brn3b knockout mice manifest a loss of a large number (~ 70%) of
RGCs, decrease in the number of optic nerve fibers leading to thinning of optic nerve (Gan et
al.1996; Erkman et al.1996). Brn3c knockout mice have hearing and vestibular defects due to the
degeneration of cochlear and vestibular hair cell (Erkman et al.1996; Xiang et al.1997a). No retinal

defects are found in Brn3a and Brn3c knockout mice.

Past studies have shown a decrease in Brn3b expression prior to RGC death in different models of
glaucoma (Naskar et al.2006; Soto et al.2008; Weishaupt et al.2005). Brn3b function has been
examined solely in relation to its role in development, but the role of this protein in RGC survival
has not been established. To address this, we investigated the role of transcription factor Brn3b in

cultured neuronal cells as well as in retinal ganglion cells under glaucomatous conditions. In this
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study, we demonstrate that overexpression of Brn3b in cultured neuronal cells and retinal ganglion
cells leads to up-regulation of key markers of neuronal growth and survival under glaucomatous

conditions respectively.

Growth associated protein-43 (GAP-43, B-50, F1 or neuromodulin)

GAP-43 is a protein that is concentrated in the growth cones (the motile growing tips of the axons)
during development as well as regeneration. GAP-43 is used an index of synaptic plasticity and
undergoes phosphorylation during long term potentiation (Pfenninger et al. 1991). GAP-43
expression is attenuated in Brn3b knockout mice as compared to wild type, suggesting a regulatory
linkage between Brn3b and GAP-43 expression (Mu et al.2001).In the mid-1970s, F1 and B-50
were identified as synaptic phosphoproteins regulated by Ca?* and various peptides as well as the
major presynaptic substrate of protein kinase C (PKC) which undergo a persistent change in
phosphorylation during long-term potentiation (Ehrlich et al.1974; Zwiers et al.1976; Aloyo et
al.1983; Akers et al.1985). In the early 1980s, two groups described an acidic membrane protein
which expression increases two fold during optic nerve regeneration in lower vertebrates (Skene
et al.1989; Benowitz et al.1991). This protein, referred as GAP-43, a major constituent of the
growth cone that is been also seen upregulated during the initial development of CNS projections
in mammals and during peripheral nervous system (PNS) regeneration (Meiri et al.1986; Skene et
al.1986; DeGraan et al. 1985). By the mid-1980s, biochemical and immunological evidence
showed that F1, B-50, GAP-43 and phosphorylated protein of 46kDa (pp46) represented same
protein. Studies from many labs indicate that GAP-43 plays a key role in guiding the growth of
axons and modulating the formation of new connections in experiments with cell culture as well

as in transgenic animals (Benowitz et al.1997). Moreover, other studies suggest that GAP-43 might
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influence the growth state of the presynaptic terminal through association with cytoskeletal

proteins like actin, a-actinin, talin and fodrin (Meiri et al.1990, Moss et al.1990).

Acetylated TUBA (ac-TUBA)

The cytoskeleton plays an important role in growth cone formation and synaptic plasticity.
Microtubules consisting of alpha and beta tubulin dimers are an essential component of
cytoskeleton required for axonal growth as well as transport. Acetylated TUBA is important for
axon elongation as well as for anterograde and retrograde axonal transport in RGCs cultures and
optic nerve injury model (Martin et al.2006; Fournier et al.1995; Sengottuvel et al.2011, Gaub et
al.2010; Dompierre et al.2007). In glaucoma, injury at the optic nerve head and RGC axons causes
a deprivation of trophic support to the RGCs, thereby producing neurodegenerative effects
(Goldberg and Barres 2000). It is been proposed that this deprivation of trophic factors, together
with loss of responsiveness to these stimuli, results in death of the axotomized RGCs (Goldberg

and Barres 2000).

B-cell lymphoma-leukemia 2(Bcl-2) and Bcl-xL

Bcl-2 family proteins are key regulators of apoptosis, which include both anti- and pro-apoptotic
proteins. Changes in the dynamic balance of these proteins may result either in cell survival or
death (Ola et al.2011). This family comprises anti-apoptotic members (Bcl-2, Bcl-xL, Bcl-W, Mcl-
1) which contain four Bcl-2 homology (BH) domains, and pro-apoptotic members, which have
three BH domains (Bax, Bak and Bok) or a BH3 domain (Bid) (Youle et al.2008). Two distinct
forms of Bcl-x are identified as Bcl-xL (233 amino acids) and Bcl-xS (170 amino acids: BH1 and
BH2 are deleted by alternate spicing). Bcl-xL inhibits cell death whereas Bcl-xS facilitates it

independent of heterodimerization with other Bcl-2 family members (Minn et al. 1996). Bcl-2 is
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an integral membrane protein whereas Bcl-xL only becomes tightly associated with the membrane
after injury signals, thereby preventing mitochondrial outer membrane permeabilization (MOMP)
by neutralizing the activity of both pro-apoptotic members(Ola et al.2011; Yuan et al.2000).
Dimerization is important for the function of Bcl-2; Bcl-2 can form homodimers to protect cells
from death or can form heterodimers with BAX, preventing cell death and activate cell survival
(Figure 6) (Oltval et al. 1993). In mammals, widespread expression of Bcl-2 in central nervous
system (CNS) and peripheral nervous system (PNS) neurons during embryonic development and
selective retention of Bcl-2 in the adult PNS is consistent with the role for Bcl-2 in regulating
neuronal survival (Merry et al.1994 &Merry et al. 1997). Although the development of the nervous
system in mice with Bcl-2 gene deletion is normal, there is subsequent loss of motor, sensory and
sympathetic neurons after birth (Veis et al.1993, Michealidis et al.1996) suggesting that Bcl-2 is
crucial for the maintenance of neuronal survival. Bcl-xL is expressed in developing brain, but
unlike Bcl-2 expression, Bcl-xL expression continues to increase into adult life (Gonzalez-Garcia
1995). Bcl-xL null mice die around embryonic day 13 with massive cell death of immature
hematopoietic cells and neurons (Motoyoma et al.1995). Cell death occurs primarily in immature
neurons that have not established synaptic connections. Hence, Bcl-xL might be important for the
survival of immature neurons before establishment of synaptic connections with their targets
(Yuan et al.2000). Bcl-2 and Bcl-xL act by inhibiting pro-apoptotic members of the Bcl-2 family
through heterodimerization (Merry et al.1997). Neuroprotective role of Bcl-2 and Bcl-xL in retinal
ganglion cells has been studied in various optic injury models (15, 19, 17, 22, 24, 70, 72, 75, and

76).
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Figure 6: Proposed model of Bcl-2 for differential regulation of Bcl-2 family of proteins.

Homodimeriaztion of Bax generates cell death (left), while heterodimrization of Bcl-2 and
Bax abrogates BAX function (center). Bcl-xS binding to Bcl-2 prevents Bcl-2 from binding

to and neutralization of Bax (right).

Phosphorylated AKT (p-AKT)

AKT also referred as PKB (RAC-PK) is homologous to the PKA and PKC families of protein
kinases (Franke et al. 1997). The activity of AKT/PKB is regulated by serum and growth factors
which activate PI3K in vivo (Andejelkovic et al. 1996; Burgering et al. 1995). Phosphatidylinositol
(P1) 3-Kinase enzymes catalyze the formation of the lipid 3’-phosphorylated phosphoinositides,
which regulate the localization and activity of a key component of cell survival, the Ser/Thr kinase
AKT (Philpott et al.1997). The mammalian target of rapamycin (mTOR) regulates cell growth as
well as proliferation through the raptor-mTOR (TORC1) and the other one rictor-mTOR (TORC2)
protein complexes (Jacinto et al. 2006). Moreover, TORC2 is responsible for AKT
phosphorylation at Ser473 site and AKT-Ser473 phosphorylation is required for TORC2 function
in cell survival (Jacinto et al. 2006). In different models of glaucoma, it is been shown that

activated AKT has a neuroprotective effect on RGCs (Nakazawa et al., 2002).
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Specific aims:

Brn3b is necessary during development for normal RGC differentiation, polarity, axonal
outgrowth and survival (Gan et al.1996 and 1999, Erkman et al. 2000 and 1996, Wang et al. 2000).
However, the detailed role of transcription factor Brn-3b and genes influenced by Brn3b in adult

RGCs remains to be elucidated.

The hypothesis to be tested is that overexpression of transcription factor Brn3b potentiates
neurite growth and upregulates gene expression contributing to neurite outgrowth in

cultured neuronal cells. The following specific aims will address this hypothesis:

Specific aim 1: To determine whether overexpression of Brn3b causes increased expression

of neurite growth markers and Bcl-2 in vitro in PC12 cells

1.1 Immunoblot experiments will be performed to determine whether overexpression of Brn3b
leads to increased expression of GAP-43(Growth associated protein), ac-TUBA (acetylated

TUBA) and Bcl-2, in PC12 cells transfected with either Brn3b or Empty vector.

1.2 Immunocytochemical analysis of GAP-43, Bcl-2 and ac-TUBA will be carried out in PC12

cells overexpressing Brn3b

Specific aim 2: To determine if the neurite outgrowth promoting ability of Brn3b in vitro in

PC12 cells is sustained under conditions of hypoxia.

2.1 Immunoblot analysis of GAP-43 and ac-TUBA will be performed in PC12 cells overexpressing

Brn3b under conditions of hypoxia

2.2 Immunocytochemical analysis of GAP-43 and ac-TUBA will be carried out in PC12 cells

overexpressing Brn3b under hypoxic conditions.
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Specific aim 3: To determine whether Brn3b overexpression leads to changes in the
expression of B-cell leukemia/lymphoma-2 (Bcl-2) family proteins in retinal ganglion cells

(RGCs) and also in RGCs after 10P elevation in vivo

3.1 Expression of pro-survival factors (Bcl-2, Bcl-X.) and pro-apoptotic factors (BAX and BIM)

will be assessed in protein extracts from rat retinas and optic nerve overexpressing Brn3b.

3.2 Immunohistochemical analysis of Bcl-2, Bcl-Xi, BAX and BIM will be carried out in rat

retinas and optic nerve overexpressing Brn3b.

3.3 Determine by immunohistochemistry if there is are changes in the Bcl-2 family of proteins in
retinas of rats subjected to IOP elevation followed by Brn3b overexpression using the AAV-Brn3b

construct
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The first specific aim was directed at understanding the ability of Brn3b overexpression to produce

an increase in key markers of neurite out growth.

Specific aim 1: To determine whether overexpression of Brn3b causes increased expression

of neurite growth markers and Bcl-2 in vitro in PC12 cells

Hypothesis: Overexpression of Brn3b leads to up-regulation of markers of neurite outgrowth

including GAP-43, ac-TUBA and Bcl-2 in PC12 cells.

Rationale:

Past studies have shown that Brn3b is a class IV POU domain transcription factor, and it
is mainly expressed during early embryogenesis in germ-line cells, suggestive of its function in
early development. Brn3b is an early marker of RGC differentiation and axon path finding. This
transcription factor is also essential for organization of cytoskeleton and normal cell polarity of

RGCs (Mu X et al.2004; Wang et al.2000).

Microarray analysis of Brn3b deficient mice retinas at E14.5 showed that expression
of 87 genes was substantially affected by the loss of Brn3b. These genes belongs from different
sets that encoded transcription factors, proteins associated with neuron integrity and function, and
secreted signaling molecules including GAP-43 (Mu et al., 2004). GAP-43 is required for proper
RGC neurite growth and pathfinding (Gan et al.1999). Acetylated a-tubulin (ac-TUBA) has been
linked with neurite elongation. It provides stability and transport across the neurites (Fournier et
al.1995; Gaub et al.2010). Bcl-2 has been well characterized for its anti-apoptotic role in various
neuronal cell types. Recent studies have indicate its ability to promote axonal regeneration
following optic nerve injury (Chao et al., 2005).
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Figure 7: Proposed model for Brn3b mediated upregulation of neurite outgrowth markers,

GAP-43 and ac-TUBA.

Rat pheochromocytoma (PC12) cells have been widely used in neurobiological studies as
a model of neuronal differentiation and neurite outgrowth in response to nerve growth factor

(NGF) (Kao et al., 2001; Varnum-Finney et al., 1994; Vaudry et al., 2002).

Specific aim 2: To determine if the neurite outgrowth promoting ability of Brn3b in vitro in

PC12 cells is sustained under conditions of hypoxia

Hypothesis: Brn3b enhances neurite outgrowth in PC12 cells transfected with pCMV6-Brn3b in

normoxia as well as hypoxia.

Rationale: The structural and functional integrity of brain and retina greatly depends on a regular
oxygen and glucose supply. Circulatory disturbances are thought to contribute to the pathology of
the optic nerve head during glaucomatous neurodegeneration. Disruption in blood circulation of
retina and optic nerve result in various ocular and optic nerve head disorders, causing varying

degrees of visual loss in glaucomatous optic neuropathy and anterior ischemic optic neuropathy.
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The current study will determine if Brn3b has a capability to potentiate neurite growth markers
under conditions of hypoxia as well as under normoxic conditions. Hypoxia induces neurite
outgrowth in PC12 cells which is mediated through adenosine A2A receptor and NGF signaling

pathway (O’Driscoll et al., 2005).

SPECIFIC AIM 3: To determine whether Brn3b overexpression leads to changes in the
expression of B-cell leukemia/lymphoma-2 (Bcl-2) family proteins in retinal ganglion cells

(RGCs) and RGC:s after intraocular pressure (I0OP) elevation in vivo

Hypothesis: Brn3b overexpression in retinal ganglion cells (RGCs) leads to increase in the
expression of pro-survival factors and decrease in the expression of pro-apoptosis factors of Bcl-

2 family proteins.

Rationale:

During the development of the nervous system, programmed cell death is a common
physiological phenomenon that can be modulated by varying the expression of the Bcl-2 family of
proteins (Cellerino et al.1999). The survival of specific groups of neurons during embryonic
development and postnatal remodeling of the nervous system is thought to be regulated by
presence of neurotrophic factors. Moreover, in the absence of these trophic signals, neurons die by
apoptotic programmed cell death (Oppenheim et al. 1991; Raff et al. 1993). Interestingly, a number
of genes have been shown to coordinately regulate apoptosis in mammalian cells, with several
lines of evidence implicating the members of the Bcl-2 family as regulators of neuronal survival

(Allsopp et al. 1993). Moreover, Since Brn3b was found produce neurite outgrowth in different
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cell types; it would be interesting to determine if some of these effects were associated with

changes in levels of Bcl-2 and members of the Bcl-2 family of proteins.

Significance: Most of the current knowledge on the role of Brn3b in the retina stems from studies
investigating the Brn3 family of transcription factors during retinal development. Investigation on
Brn3b’s transcriptional activation or repression capabilities is an area of research that has not been
adequately addressed. There is a paucity of information regarding the ‘normal’ role of transcription
factor, Brn3b, in adult retinas, as well as its putative role in neuroprotection of RGCs following
neurodegeneration. Results from this study will help to determine if Brn3b contributes to neurite
outgrowth both during normoxia and also during conditions of hypoxia in neuronal cells. Some
of the studies described in this proposal will also test the ability of Brn3b to regulate expression of
proteins involved in promoting neurite outgrowth in cultured neuronal cells. Studies outlined will
also provide insight into the cellular mechanisms associated with Brn3b mediated neuroprotection.
This basic information gained from these studies could suggest the possibility of using AAV-

Brn3b as potential neuroprotective agent for treatment of glaucoma.
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Abstract

Background: Transcription factor Brn3b plays a key role in retinal ganglion cell differentiation,
survival and axon outgrowth during development. However, the precise role of Brn3b in the
normal adult retina as well as during neurodegeneration is unclear. In the current study, the effect
of overexpression of  Brn3b was assessed in vitro, in PC12 cells under conditions of normoxia
and hypoxia. Results: Immunoblot analysis showed that overexpression of Brn3b in PC12 cells as
well as 661W cells produced significant increase in the growth cone marker, growth associated
protein-43 (GAP-43) and acetylated-tubulin (ac-TUBA). In addition, an increased immunostaining
for GAP-43 and ac-TUBA was observed in PC12 cells overexpressing Brn3b, which was
accompanied by a marked increase in neurite outgrowth, compared to PC12 cells overexpressing
empty vector. In separate experiments, one set of PC12 cells transfected either with a Brn3b
expression vector or an empty vector was subjected to conditions of hypoxia for 2h, while another
set of similarly transfected PC12 cells was maintained in normoxic conditions. It was found that
the upregulation of GAP-43 and ac-TUBA in PC12 cells overexpressing Brn3b under conditions
of normoxia was sustained under conditions of hypoxia. Immunocytochemical analysis revealed
not only an upregulation of GAP-43 and ac-TUBA, but also increased neurite outgrowth in PC12
cells transfected with Brn3b as compared to PC12 cells transfected with empty vector in both
normoxia and hypoxia. Conclusions: The findings have implications for a potential role of Brn3b
in neurodegenerative diseases in which hypoxia/ischemia contribute to pathophysiology of the

disease.
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Background

Neuronal injury and degeneration contribute to pathological changes in a number of neurological
disorders including Alzheimer’s and Parkinson’s disease, as well as various ocular
neurodegenerative diseases, such as glaucoma and retinal degeneration. The limited regeneration
capacity of neurons constrains the recovery from neuronal damage. Thus, better understanding of
endogenous and exogenous factors facilitating neurite outgrowth, will aid in the development of

therapeutic approaches for neurological diseases (Wu et al. 2012).

POU-domain proteins are generally associated with the development and differentiation of
neuronal cell types (Mu et al. 2004). The POU (Pit-Oct-Unc) family of transcription factors are
classified on the basis of a common region of 150-160 amino acids in mammalian transcription
factors Pit-1, Oct-1, Oct-2 and nematode factor Unc-86. The POU domain common to these factors
consists of a bipartite DNA binding domain, which comprises of POU-specific domain (POUS)
and a POU homeodomain (POUHD) separated by a linker region (Latchman 1999). A search for
POU domain transcription factors in mammalian retina lead to the identification of three closely
related genes which were named as Brain-specific homeobox/POU domain protein 3 (Brn3)
including Brn3a, Brn3b, and Brn3c (Xiang et al. 1995). Brn3 genes are expressed in distinct and
overlapping pattern in the developing and mature mammalian nervous system (Turner et al. 1994;

Gerrero et al. 1993; Wang et al. 2002; Xiang et al. 1997; Gan et al. 1999; Fedtsova et al 1995;
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Ninkina et al. 1993; Xiang et al. 1993; Xiang 1998). However, deletion of each of the Brn3 proteins
affects a specific population of neurons in which it is first expressed during development of the
nervous system. It has been shown that Brn3a knockout mice have defects in peripheral sensory
ganglia, motor and sensory components of the hindbrain (Erkman et al. 2000; Wang et al. 2002;
Huang et al. 1999). In Brn3c knockout mice, deafness and balance problems have been observed
due to failure in the differentiation of cochlear and vestibular hair cells (Xiang et al. 1997; Erkman

et al. 2000; Erkman et al. 1996).

A prominent phenotype observed in Brn3b-deficient mice is the loss of nearly 70% of retinal
ganglion cells (RGCs) without discernible defects in other neurons of the central or peripheral
nervous system (Erkman et al. 2000; Erkman et al. 1996; Gan et al. 1996; Camp et al. 2011). Mice
lacking Brn3b have RGCs with abnormal processes, having short and spiny projections
reminiscent of dendrites rather than axons, consequently resulting in the formation of a thinner
optic nerve (Gan et al.1996; Wang et al. 2000). Gan et al. (1999) have shown that processes
emanating from retinal explants from Brn3b null embryos are shorter and less bundled than wild
type retinas. Marked apoptosis observed in Brn3b-mutant RGCs appears to be a secondary
manifestation to initial defects in differentiation, which results in abnormalities in axonal growth
and pathfinding (Mu et al. 2004; Erkman et al. 2000). Thus, Brn3b is necessary for normal RGC
differentiation, polarity, axonal outgrowth and survival (Gan et al. 1999; Erkman et al. 2000;
Erkman et al. 1996; Gan et al. 1996; Wang et al. 2000; Camp et al. 2011). There is a considerable
amount of information about the role of Brn3b in RGC development. However, the role of
transcription factor Brn3b in adult retinas and genes influenced by Brn3b in adult RGCs remains

to be elucidated.
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Mu et al., (2001) have shown a substantial decrease in GAP-43 expression in the E14.5 retina in
Brn3b knockout mice, compared to wild type mice, suggesting a regulatory linkage between Brn3b
and GAP-43. Corroborative evidence from many labs indicates that GAP-43 plays a key role in
guiding the growth of axons and modulating the formation of new connections. Some of these
effects of GAP-43 appear to involve regulation of cytoskeletal organization by transducing intra-
and extracellular signals in the nerve terminals. GAP-43 is also an intrinsic determinant of neuronal
development and plasticity (Benowitz and Routtenberg 1997) and is widely used in neurological
studies as a marker of neurite growth (Benowitz and Routtenberg 1997; de Lima et al. 2012; Cho

et al. 2005; Yin et al. 2009; Kurimoto et al. 2010; Sun et al. 2011).

Previous studies have linked acetylated a-tubulin (ac-TUBA) expression with neurite elongation
in vivo as well as in vitro. Increased acetylation of a-tubulin has been observed in stable
microtubules, compared to dynamic microtubules. While some studies have shown that acetylation
promotes microtubules stability, other studies have claimed the acetylation itself does not stabilize
microtubules and may enhance binding of molecular motors to microtubules (Dompierre et al.

2007; Fournier and McKerracher 1995; Gaub et al.2010; Sengottuvel et al. 2011).

Rat pheochromocytoma (PC12) cells have been widely used in neurobiological studies as a model
of neuronal differentiation and neurite outgrowth in response to nerve growth factor (NGF)
treatment (Lee et al.1977; Cowley et al. 1994; Pang et al. 1995; Takebayashi et al. 2002; Das et al.
2004). NGF-treated PC12 cells cease proliferation, extend neurites and acquire properties
characteristic of sympathetic neurons (Das et al. 2004). PC12 cells are exquisitely sensitive to
hypoxia which makes it a useful model to study the effects of hypoxia on overexpression of Brn3b

(Alvarez-Tejado et al. 2001; Czyzyk-Krzeska et al 1994).
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The goal of this study was to evaluate the role of Brn3b in neurite outgrowth and assess the
expression of growth cone marker GAP-43 and ac-TUBA following overexpression of Brn3b in

PC12 cells under conditions of normoxia and hypoxia.

Methods

Cell culture: 661W cells (SV-40 transformed mouse photoreceptor cells) were seeded in T75
flasks with Dulbecco’s modified Eagle’s Medium containing 10% fetal bovine serum, penicillin
(100 units/ml) and streptomycin (100 pg/ml). The cells were grown to confluence in T75 flasks,

trypsinized and seeded for various experiments on 100 mm dishes (200,000 cells per dish).

Rat pheochromocytoma (PC12 cells) cells were obtained from American Type Culture Collection
(ATCC) and cultured as described by Adler et al., (2006). The cells were grown undifferentiated
in T75 flasks with Dulbecco’s modified Eagle’s Medium (DMEM) containing 10% normal horse
serum (Life technologies, NY), 5% fetal bovine serum, penicillin (100 units/ml) and streptomycin
(100 pg/ml)). Cultures were maintained according to ATCC specified culture conditions at 37°C
in a humidified incubator containing 95% air and 5% CO.. For differentiation, cells were
dissociated and plated on poly-D-lysine (Sigma-Aldrich) coated 100 mm dishes (200,000 cells per
dish) or 25 mm coverslips (10,000 cells per coverslip) or 96 well plates (1000 cells per well) in
differentiating DMEM (containing 1% horse bovine serum, penicillin (100 units/ml) and

streptomycin (100 pg/ml) with 100 ng/ml of NGF (Sigma-Aldrich) for various experiments.

Plasmid preparation: Plasmid DNAs, pCMV6 entry (Empty) vector and pCMV6-Brn3b (a full
length cDNA encoding Brn3b containing a DDK tag) were purchased from Origene (Rockville,
MD). Purified preparations of the plasmids were obtained from maxi-preps of transformed E. coli

(DH5a strain) cultures harboring the recombinant expression vectors using a plasmid purification
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kit from Origene. Following transfection of cell lines, positive expression of the encoded proteins

was confirmed by Western blot.

Transient transfection: 661W cells were transiently transfected with plasmid pCMV6-Empty or
pCMV6-Brn3b using 5ul of Lipofectamine 2000 (Life Technologies, Inc, Grand Island, NY) and
5 ug of the plasmid in a total volume of 1 ml of transfection mix and maintained overnight in the
transfection medium. The cell culture medium was changed to complete medium (DMEM
containing 10% fetal bovine serum, penicillin (100 units/ml) and streptomycin (100 pg/ml). The
pCMV6-Brn3b or pCMV6-Empty transfected cells were used 24 h post transfection for isolating

cytoplasmic and nuclear extracts for immunoblot analysis.

PC12 cells were transiently transfected with the plasmid pCMV6-Empty vector or pPCMV6-Brn3b
using the Lipofectamine 2000 reagent. Transfections were carried out using 5 pul of Lipofectamine
and 5 pg of the plasmid in a total volume of 1 ml of the transfection mix. After 6 h of transfection,
culture medium was changed to the differentiating medium (DMEM containing 1% horse bovine
serum, penicillin (100 units/ml) and streptomycin (100 pg/ml)) with NGF 100 ng/ml and incubated
overnight. The pCMV6-Brn3b or pCMVG6-Empty transfected cells were used 24 h post-
transfection for isolating cytoplasmic and nuclear extracts for immunoblot analysis. A similar
transfection procedure was carried out for PC12 cells seeded on coverslips for
immunocytochemistry using 1.5 pg of either pCMV6-Empty vector or pCMV6-Brn3b followed

by maintenance in differentiating medium for 5 days.

Hypoxia Chamber: To examine the effect of hypoxia, PC12 cells overexpressing either Brn3b or
Empty vector were used. Following transfection and incubation in differentiation medium, PC12

cells overexpressing Brn3b or empty vector were subjected to a hypoxic insult for 2h in glucose-
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free DMEM. For the hypoxic insult, cells were incubated for 2 hours in 0.5% O2 and 5% CO>
(hypoxia) in an Invivo2 200 hypoxic chamber (Biotrace International, Mid Glamorgan, UK) used
in conjunction with Ruskinn gas mixer module. For the normoxia controls, PC12 cells
overexpressing Brn3b or empty vector were incubated for 2h in 5% CO> and 95% air in a standard

incubator and maintained in differentiating media.

Cell Proliferation assay (MTT assay): Cell Proliferation assay was performed as described
previously (Prasanna et al. 2002). A commercially available one-solution cell proliferation assay
with the tetrazolium compound MTS (CellTiter 96 Aqueous; Promega, Madison, WI), was used to
evaluate the effects of hypoxic conditions on PC12 cells transfected with pCMV6-Empty or
pCMV6-Brn3b. The MTS compound is bioreduced to a formazan by reduced nicotinamide
adenine dinucleotide phosphate (NADPH) or reduced nicotinamide adenine dinucleotide (NADH)
produced by metabolically active dehydrogenase enzymes of cells which can be detected at 490
nm. PC12 cells transfected with pPCMV6-Empty or pCMV6-Brn3b were maintained either in
differentiating medium (containing NGF) or in low glucose DMEM without NGF. After normoxia
or hypoxic insults, the culture media were discarded and to each well 100 pl of fresh DMEM along
with 20 pl of the MTS solution was added and incubated at 37°C for 30 minutes. The 96 well plate
was then placed in a kinetic microplate reader (Infinity M200 TECAN US, Morrisville, NC) and

absorbance was read at 490 nm. DMEM with NGF was used as negative control.

Preparation of cytoplasmic and nuclear extracts: Cytoplasmic and nuclear extracts from
transfected cells were isolated according to the method described by Krishnamoorthy et al., (1999).
Briefly, pPCMV6-Brn3b or pCMV6-Empty vector transfected cells were collected 24 h post-
transfection. Cells were suspended in 100 pl of Buffer C (10 mM HEPES buffer pH 7.9, 10 mM

KCI, 0.2 mM EDTA, 10% glycerol, 1mM dithiothreitol (DTT), and 0.5mM phenylmethylsulfonyl
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fluoride (PMSF)). After incubation on ice for 15 min, 3 pl of 10% Igepal CA-630 (Sigma-Aldrich,
St. Louis, MO) was added to the suspension and briefly vortexed. Cell nuclei were pelleted by
centrifugation at 1,000g for 5 min at 4°C. The post-nuclear supernatant (cytoplasmic extract) was
collected and stored at -80°C. The nuclear pellet was resuspended in 80 pl of Buffer D (20 mM
HEPES, pH 7.9, 400 mM NacCl, 1.5 mM MgCl, 0.2 mM EDTA, 20% glycerol, 1 mM DTT, 0.5
mM PMSF). The suspension was incubated for 20 minutes at 4°C followed by a centrifugation at
14,0009 for 5 minutes. The supernatant (nuclear protein extract) was transferred to a fresh
microcentrifuge tube and stored at -80°C. Protein concentrations of the cytoplasmic and nuclear
extracts were measured with a detergent-compatible Protein Assay Kit (Bio-Rad), using bovine

serum albumin as a standard.

Total Cellular Lysate: PC12 cells, overexpressing either pCMV6-Empty or pCMV6-Brn3b
subjected to normoxia or hypoxic insults, were homogenized in 300 pl of ice cold buffer containing
20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Igepal CA-630 (Sigma-Aldrich, St. Louis MO), 1%
sodium deoxycholate, 1 mM sodium orthovanadate, 20 mM NaF, 10 mM sodium pyrophosphate
decahydrate, 1M DTT, 0.25M PMSF and Halt ™ Protease inhibitor single-use cocktail (Thermo-
scientific, Rockford, IL). The cellular homogenates were sonicated and protein concentration were
measured with a detergent-compatible Protein Assay Kit (Bio-Rad), using bovine serum albumin

as a standard.

Western blot analysis: Expression levels of Brn3b, GAP-43 and ac-TUBA in pCMV6-Brn3b or
pCMV6-Empty vector transfected 661W or PC12 cells were analyzed by immunoblot analysis as
described by Krishnamoorthy et al., (1999). Cytoplasmic extracts were used to detect GAP-43, ac-
TUBA, GAPDH, calnexin, whereas nuclear extracts were used to detect Brn3b and TATA binding
protein. The following primary antibodies were used: an anti-mouse DDK tag (1:1000 dilution;
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Origene #TA50011-1, Rockville, MD), anti-rabbit GAP-43 (1:2000 dilution; Sigma-Aldrich
#HPAO015600, St. Louis, MO), and anti-mouse ac-TUBA (1:20000 dilution; Sigma-Aldrich
#T7451, St. Louis, MO). The incubation with primary antibodies was carried out either for 1h at
room temperature or overnight at 4°C. For normalization of protein loading, anti-mouse TATA
binding protein (1:1000 dilution; Abcam #ab818 Cambridge, MA), anti-rabbit calnexin (1:5000
dilution; Enzo Life sciences # ADI-SPA-860, Farmingdale, NY), and anti-mouse GAPDH
antibody (1:1000 dilution; Santa Cruz #sc-32233, Dallas, TX) were used. Incubation with an
appropriate horse radish peroxidase (HRP)-conjugated secondary antibodies and subsequent
detection using Supersignal West Dura (Femto) Extended Duration substrate (peroxidase labeled
appropriate secondary antibodies) were carried out. Serial images were taken in a Bio-Rad gel
imager and the ratio of normalized band intensities were compared between different treatment

groups.

Immunocytochemical Analysis: PC12 cells were seeded on poly D-lysine coated coverslips,
transfected with either pPCMV6-Brn3b or pPCMV6-Empty and maintained in differentiating media
containing 100 ng/ml NGF for 4 days. The cells were subjected to either normoxia or hypoxia.
Immunocytochemical detection of Brn3b, GAP-43 and ac-TUBA proteins were carried out
essentially as described by O'Connor et al.,(2009). Briefly, the cells were fixed with 4%
paraformaldehyde (PFA) containing 4% sucrose in 1x phosphate buffer (PBS) for 20 min at room
temperature. Permeabilization was carried out with 0.1% Triton X-100, 0.1% sodium citrate in 1x
PBS for 5 minutes at room temperature. To prevent non-specific binding, blocking was carried out
for 1 h with 0.2% gelatin, 0.1% Triton X-100, 5% normal donkey serum and 5% BSA in 1x PBS.
Following blocking, cells were treated with one of the following primary antibodies: a custom-

made Brn-3b antibody (1:250 dilution of a rabbit polyclonal anti-Brn3b from Antibody Research
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corporation, MO, USA); mouse anti-GAP-43 antibody (1:500 dilution; Sigma-Aldrich # G9264),
mouse ac-TUBA (1:2000 dilution) and incubated overnight at 4°C. The primary antibody
incubations were followed by incubation for 1 h with an appropriate donkey anti-IgG secondary
antibody conjugated with Alexa 488, Alexa 633 or Alexa 546 (1:1000 dilution; Molecular Probes,
Invitrogen, Eugene, OR). PC12 cells in which primary antibody incubation was excluded served
as blank controls and were used to assess non-specific staining by the secondary antibody.

Fluorescent images were taken in a Zeiss LSM 510 META confocal microscope.

Neurite growth analysis: Neurite outgrowth from PC12 cells overexpressing Brn3b or Empty
vector in hypoxic or normoxic conditions was counted by using the NIH ImageJ software (Neuron-
J plug in, PC version: http//rsbweb.nih.gov/ij) (Pool et al 2008; Torres-Espin et al. 2014; Barnat et
al. 2010; Berg et al. 2013). Phase contrast images in 10 fields of view per coverslip per well were
taken with an average of 4-5 cells per field. The number of neurites was determined by counting
cells with at least one neurite having a length equal to the cell body diameter and expressed as
percentage of the total cells in the field. Neurite length was measured by manually tracing the
length of the longest neurite per cell with Neuron J software for all cells in a field that had an
identifiable neurite and for which the entire neurite arbor could be visualized. Data from the 10
fields in each coverslip were pooled. Experiments were repeated at least five times (n=5) using

cultures prepared on separate days.

Statistical analysis: For comparing results between two groups, student’s t-test was performed.
For comparison of results between more than two experimental groups, statistical analysis of data
was carried out using one way One-Way Analysis of Variance (ANOVA) followed by Student-

Newman-Keuls post-hoc tests. In some experiments, ANOVA on ranks followed by Mann-
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Whitney Rank Sum test or Kruskal-Wallis post-hoc test was performed. Data was reported as mean

+ SEM. A significant difference was defined as having a probability (p value) less than 0.05.

Results

Upregulation of GAP-43, ac-TUBA in 661W cells overexpressing transcription factor Brn3b

Previous studies have shown a significant decrease in GAP-43 expression in the E14.5 retina from
Brn3b knockout mice as compared to the wild type mice, suggesting a potential regulatory linkage
between Brn3b and expression of GAP-43, a protein associated with axon elongation (Mu et al.
2001). However, it is unclear if Brn-3b upregulation could increase GAP-43 expression in cultured
neurons. To test this, initial experiments were carried out using the cultured transformed 661W

mouse photoreceptor cell line.

661W cells were transfected with either the pCMV6-Empty or pCMV6-Brn3b vector (n=3)
following which cytoplasmic and nuclear extracts were prepared and examined by western blot
analysis. Overexpression of Brn-3b was confirmed by using the Brn3b-DDK-tag antibody
compared to 661W cells transfected with pCMV6-Empty vector (Figure 1a). Immunoblot analysis
of 661W cells showed an appreciable increase in band intensities for GAP-43 and ac-TUBA in the
pCMV6-Brn3b transfected cells as compared to the pCMV6-Empty vector transfected cells
(Figure 1a). Densitometric analysis of band intensities followed by statistical analysis indicated a
significant increase in both GAP-43 and ac-TUBA in 661W cells over expressing Brn3b (Figure
1b and 1c). GAPDH expression was used as a loading control in these experiments. These
observations suggest that GAP-43 and ac-TUBA expression was markedly increased in 661W cells

transfected with pCMV6-Brn3b, compared to 661W cells transfected with pCMV6-Empty.
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Overexpression of transcription factor Brn3b lead to a significant increase in the expression

of GAP-43, and ac-TUBA in PC12 cells

Since an increase in GAP-43 and ac-TUBA were observed by immunoblot analysis in 661W cells
transfected with pCMV6-Brn3b, further confirmation was done by overexpressing Brn3b in a

different cell line namely, the PC12 cells.

We sought to determine whether there are any changes in GAP-43 and ac-TUBA expression in
PC12 cells transfected with pPCMV6-Brn3b. Briefly, PC12 cells were transfected with either the
pCMV6-Empty or pPCMV6-Brn3b plasmid (n=3). Following transfection, cytoplasmic and nuclear
extracts were made and subjected to western blot analysis. Overexpression of Brn3b in PC12 cells
was confirmed by using a Brn3b-DDK tag antibody (Figure 2a). Similar to data obtained using
661W cells, immunoblot analysis indicated a statistically significant increase in the expression of
GAP-43 and ac-TUBA in PC12 cells transfected with pCMV6-Brn3b, compared to PC12 cells
transfected with pCMV6-Empty vector (Figure 2a, 2b and 2¢). GAPDH and TATA binding protein
used as loading controls for cytoplasmic and nuclear extracts respectively were not appreciably

different between the various experimental groups.

Further confirmation of these results was obtained from immunocytochemical analysis of PC12
cells overexpressing Brn3b. As shown in Figure 2d, PC12 cells transfected with pCMV6-Brn3b
showed increased immunostaining for Brn3b, confirming overexpression of Brn3b in these cells,
compared to PC12 cells overexpressing the pCMV6-Empty vector (n=3). Moreover, an
appreciable increase in expression of growth cone-enriched protein, GAP-43, and ac-TUBA were
found (detected by increased immunostaining) following overexpression of Brn3b in PC12 cells.

Furthermore, a marked change in morphology of pCMV6-Brn3b transfected cells was also
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observed as compared to the pCMV6-Empty vector transfected cells (Figure 2d). Taken together,
these results indicate that expression of GAP-43, ac-TUBA was significantly increased and neurite
outgrowth was enhanced in PC12 cells transfected with pCMV6-Brn3b, compared to PC12 cells

transfected with pCMV6-Empty vector.

Overexpression of Brn3b persisted under hypoxic conditions in PC12 cells transfected with

pCMV6-Brn3b

To determine whether Brn3b overexpression persists under hypoxic conditions, we performed
immunoblot analysis and immunocytochemistry in PC12 cells transfected with either pCMV6-
Empty or pCMV6-Brn3b vector. Following transfection, one set of transfected cells was exposed
for 2 h to hypoxia (0.5% O2, 5% CO.) in glucose-free DMEM. Another set of similarly transfected
cells was maintained in 5% CO> and 95% air (normoxia) in a standard incubator in differentiating
medium (n=3) (Figure 3a: Experimental Scheme). Immunoblot analysis of pCMV6-Brn3b
transfected PC12 cells in normoxic as well as hypoxic conditions confirmed overexpression of
Brn3b, as compared to the corresponding pCMV6-Empty vector transfected cells (Figure 3b). In
addition, increased immunostaining for Brn3b was observed in pCMV6-Brn3b overexpressing
cells under conditions of both normoxia and hypoxia (n=3). No Brn3b immunostaining was
detected in pPCMV6-Empty vector transfected cells under normoxia or hypoxia (Figure 3c). These
data indicate that overexpression of Brn-3b in pCMV6-Brn3b transfected cells, also persists under

conditions of hypoxia.

Upregulation of GAP-43 expression in pCMV6-Brn3b transfected PC12 cells in normoxic

and hypoxic conditions
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Since a significant increase in GAP-43 expression was observed in pCMV6-Brn3b transfected
cells, compared to pPCMV6-Empty vector transfected PC12 cells (Figure 2), GAP-43 expression
was also assessed in PC12 cells under hypoxic conditions. PC12 cells were transfected either with
pCMVG6-Empty or pPCMV6-Brn3b vector. One group of transfected cells was subjected to hypoxia
(0.5% O3, 5% CO2) in glucose-free DMEM for 2 h, while another group of transfected cells was
maintained in normoxic conditions (5% CO> and 95% air) in standard incubator. Immunoblot
analysis of pCMV6-Brn3b transfected cells demonstrated a marked upregulation in GAP-43
expression compared to those of pPCMV6-Empty transfected cells in normoxia. pPCMV6-Empty
transfected PC12 cells maintained under hypoxic conditions showed a significant increase in GAP-
43 expression, compared to PC12 cells overexpressing empty vector in normoxia. (Figure 4a and
b) (n=7). PC12 cells maintained under hypoxia after transfection with pCMV6-Brn-3b showed a
trend towards upregulation of GAP43 compared to cells transfected with the empty vector and

maintained under hypoxia, however this was not statistically significant.

Using immunocytochemical analysis, (Figure 4c) PC12 cells transfected with pCMV6-Brn3b
showed increased immunostaining for GAP-43 in normoxia as well as in hypoxia, as compared to

the corresponding pCMV6-Empty vector transfected cells in both conditions (n=3).

PC12 cells transfected with pCMV6-Brn3b show increased expression of ac-TUBA in

normoxia and hypoxia

Our previous experiments demonstrated that under normoxic conditions overexpression of
pCMV6-Brn3b in PC12 leads to increased expression of ac-TUBA. To evaluate the expression of
ac-TUBA during hypoxic conditions, PC12 cells were transfected either with pCMV6-Empty

vector or pPCMV6-Brn3b. One group of transfected cells was subjected to hypoxia (0.5% O2, 5%
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COy) in glucose-free DMEM for 2 h, while another group of transfected cells was kept in normoxic
conditions. As shown in figure 5a and 5b, immunoblot analysis indicated a significant upregulation
of ac-TUBA in pCMV6-Brn3b transfected cells under both the conditions, as compared to
pCMV6-Empty transfected cells in normoxia. The levels of ac-TUBA are maintained in PC12
cells transfected cells with the pCMV6-Brn3b in normoxia as well as in hypoxia. Under hypoxic
conditions, there was an increasing trend (not statistically significant) in the expression of ac-
TUBA in PC12 cells overexpressing Brn3b compared to PC12 cells transfected with empty vector
subjected to hypoxia. However, ac-TUBA expression in empty vector transfected PC12 cells
subjected to hypoxia, compared to empty vector transfected cells maintained in normoxia was not
significantly different. Figure 5¢ shows a prominent increase in immunostaining of ac-TUBA in
PC12 cells overexpressing Brn3b in normoxia as well as hypoxia, as compared to PC12 cells
transfected with pCMV6-Empty vector under both conditions (n=4). There was a readily
discernible change in the morphology of PC12 cells overexpressing Brn3b in normoxia and

hypoxia, compared to the corresponding control cells transfected with the empty vector.

Significant increase in mean neurite length and number of cells with processes in Brn3b

overexpressing PC12 cells in normoxia as well as in hypoxia

Analysis of DIC images of PC12 cells transfected with the pCMV6-Brn3b vector subjected to
either normoxia or hypoxia indicated a substantial increase in neurite outgrowth, compared to the
corresponding empty vector transfected cells. Using the Image J (NeuronJ-plug in) software, the
mean neurite length and number of cells having processes were manually counted. The experiment
was performed five times (n=5) and the cumulative values of mean neurite length and number of
cells with processes were computed. The mean neurite length in PC12 cells transfected with

pCMV6-Brn3b in both normoxia and hypoxia was found to be significantly greater than in PC12
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cells transfected with pCMV6-Empty vector under both the conditions (Figure 6a). Moreover, the
number of cells having processes was also significantly higher in Brn3b overexpressing cells in
both normoxia and hypoxia, compared to the empty vector overexpressing cells under normoxia
(Figure 6b). There was trend towards an increase (not significant) in number cells having processes
in Brn3b transfected PC12 cells, compared to the empty vector transfected PC12 cells under
conditions of hypoxia. There was no statistically significant difference in number of cells with
processes between Brn3b overexpression in normoxia and Brn3b overexpression in hypoxia

(Figure 6b).

Effects of hypoxia on PC12 cells overexpressing Brn3b with or without NGF:

To assess cell survival after hypoxia, a cell proliferation assay (MTT assay) was performed with
PC12 cells transfected with either the pPCMV6-Empty or pPCMV6-Brn3b vector. After transfection,
one set of PC12 cells were maintained in differentiated medium with NGF and exposed to either
normoxia or 2 h hypoxia (0.5%02, 5% CO3) in glucose-free DMEM (Figure 7a). Another set of
similarly transfected cells was maintained in differentiating medium without NGF and subjected
to either normoxia or hypoxia in a standard incubator (Figure 7b). The experiment was carried out
twice with eight wells for each treatment group (n=16). Our results demonstrate that in the
presence of NGF there is a modest, yet significant decrease in viability of PC12 transfected with
empty vector maintained under hypoxia, compared to empty vector transfected PC12 maintained
under normoxia. This suggests that the 2h hypoxic insult was sufficient to produce a modest
reduction in cell survival. Moreover, a significant increase in cell survival was found in cells
transfected with the Brn-3b construct under hypoxia compared to corresponding empty vector

transfected cells maintained under hypoxia (in the presence of NGF) (Figure 7a).
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The other set of PC12 cells transfected with pCMV6-Empty or pPCMV6-Brn3b in the absence of
NGF subjected to either hypoxia or normoxia, did not show any significant changes in viability

when the different treatment groups were compared (Figure 7b).

Discussion

The present study suggests the involvement of Brn3b in neurite outgrowth (Gan et al. 1999;
Erkman et al. 2000; Erkman et al. 1996; Gan et al. 1996; Wang et al. 2000; Camp et al. 2011) in
PC12 cells under conditions of normoxia, as well as hypoxia, in the presence of NGF, and also

delineates some mechanisms underlying Brn3b-mediated neurite outgrowth.

Brn3b plays a pivotal role in the development and physiological differentiation of RGCs, which is
evident by the loss of almost 70% of these cells in Brn3b deficient mice. During development, lack
of Brn3b results in abnormal axon projections and defects in axon pathfinding (Xiang et al. 1997;
Erkman et al. 1996). The function of Brn3b in normal physiology in the adult retina, as well as in
pathological conditions, is largely unknown. Studies examining the effects of hypoxia and
hypoxia-reoxygenation on cultured neurons, simulate some cellular aspects of the clinical and
pathological course of several neurodegenerative diseases, such as Alzheimer’s disease, Prion
diseases, Parkinson’s disease, Huntington’s disease and glaucoma (Alvarez-Tejado 2001; Czyzyk-
Krzeska et al. 1994). The protective role of Brn3b under hypoxic conditions in neuronal cells
overexpressing Brn3b has not been investigated. This is the first study that demonstrates that Brn3b
has the potential to enhance neurite outgrowth in PC12 cells and this was demonstrated under

conditions of both normoxia and hypoxia.
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The structural and functional integrity of the brain and retina depends upon a regular oxygen and
glucose supply. Any disruption of this supply may result in a severe loss of brain or retina function.
Specifically, reduction in oxygen availability (hypoxia) caused by disturbances in blood
circulation cannot be tolerated for long durations due to inadequate energy supply to the brain and
retina by anaerobic glycolysis. Past studies have shown that hypoxia plays an important role in the
pathology of a number of central nervous system disorders, including stroke, brain trauma and
neurodegenerative diseases (Acker and Acker 2004). The posterior ciliary artery circulation plays
an important role in maintaining perfusion of the various ocular structures including the ciliary
body and optic nerve head. Disruption in blood circulation of the retina and optic nerve results in
various ocular and optic nerve head disorders, causing varying degrees of visual loss. It includes
glaucomatous optic neuropathy, anterior ischemic optic neuropathy and optic ischemic neuropathy
(Hayreh 2004; Gupta and Yucel 2007). In these diseases, repeated episodes of hypoxia lead to
chronic damage to the optic nerve and eventually apoptosis of RGCs. Therefore, the experimental
paradigm of mild hypoxia provides a suitable model to study the changes occurring at cellular and

molecular level in these diseases.

Since there is no available retinal cell line, 661W and PC12 cells were used as a model for this
study. 661W is a mouse photoreceptor cell line, which is difficult to differentiate. Therefore, we
used PC12 cell line which has been shown to differentiate into cells with a neuron-like phenotype
after treatment with NGF. PC12 cells differentiated with NGF have been widely used to study
molecular mechanisms underlying neurite growth of cultured neuronal cells. NGF was added to
PC12 cells in almost all neurological studies so that the cells could differentiate into neurons (Lee

etal. 1977; Cowley et al. 1994; Pang et al. 1995; Takebayashi et al. 2002; Das et al. 2004, Alvarez-
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Tejado et al. 2001; Czyzyk-Krzeska et al. 1994). In the current study, without addition of NGF, we

could not overexpress Brn3b in PC12 cells.

Transcription factor Brn-3b could be a potential candidate for the treatment of various
neurodegenerative conditions including glaucoma. Gene therapy with AAV-Brn3b could have
minimal undesirable effects, as Brn3b is endogenously expressed in adult retinas and different
parts of the brain, including superior colliculus, and interpeduncular nucleus of trigeminal ganglion
(Turner et al. 1994). Although, Brn3b is constitutively expressed in adult RGCs, its role in the
physiology of mature RGCs remains to be understood. Studies have shown that a decrease in Brn3b
expression occurs prior to RGCs death in optic nerve injury model in rats (Soto et al. 2008;

Weishaupt et al. 2005; Naskar and Thanos 2006).

One of the integral components of a growth cone is GAP-43, which plays an important role in
regulation of axon growth in the neurons (Benowitz and Routtenberg 1997). Studies have shown a
reduction in GAP-43 expression in the E14.5 retina of Brn3b deficient mice (Mu et al. 2001). The
rat GAP-43 promoter has a putative Brn3 binding site, located at 735 bp upstream from the
transcription start site. This could account for the ability of transcription factor Brn3b to upregulate
GAP-43 expression in PC12 cells. Our data demonstrate that Brn3b contributes to upregulation of
GAP-43, and the levels of GAP-43 are sustained in Brn3b overexpressing PC12 cells under
hypoxia. Increased expression of GAP-43 has been shown to enhance neurite outgrowth in PC12
cells. The current study suggests that Brn3b has the potential to be a neuroprotective agent in
various neurodegenerative diseases and neuronal injury. However, detailed research on Brn3b and
proteins regulated by Brn3b is needed to understand its potential neuroprotective role in different

animal models of neurodegeneration and nerve injury.

69



It is clear from several studies that the cytoskeleton is a key target for many signaling pathways
that affect neurite outgrowth. In the axonal transport machinery, microtubules and actin filaments
serve as “rail road” tracks for active transport. Kinesin, dynein and myosin are ATP dependent
molecular motors responsible for transport of various molecular cargos. It is known that axonal
transport can be affected by variations in the components of the transport machinery. Defects in
the axonal transport, such as mitochondrial dysfunction and axonal transport failure induce RGCs
death in glaucoma and also contribute to the pathogenesis of a number of neurodegenerative
diseases (Qu et al. 2013; Liu et al. 2012; Millecamps et al. 2013; Almasieh et al. 2012). In the
current study, we demonstrate that there is a significant increase in the expression of ac-TUBA in
PC12 cells overexpressing Brn3b under conditions of both normoxia and hypoxia. Acetylated a-
tubulin (ac-TUBA) plays an important stabilizing role during the protrusion and elongation of
axons. Acetylation of the o-tubulin using a histonedeacetylase inhibitor has been shown to
stimulate anterograde as well as retrograde transport in primary cortical neurons (Gaub et al. 2010).
Sengottuvel et al., (2011) have shown that a low concentration (3 nM) of the microtubule
stabilizing drug, taxol, promotes neurite elongation of RGCs in culture. Another study
demonstrated that total tubulin mRNA levels decrease after injury to the optic nerve but increase
in those RGCs that regenerated their axons into a peripheral nerve graft (Fournier and Mckerracher
1995). Hence, the ability of Brn3b to produce an increase in ac-TUBA has implications for its
axonal regenerative effects following axonal injury during hypoxia in the presence of NGF, which
has not been studied earlier. However the precise mechanisms underlying the ability of
transcription factor Brn3b to upregulate ac-TUBA are not completely understood and will be the
subject of future studies. In the current study, two different cell lines (661W and PC12 cells) were

used to study the effect of Brn3b overexpression for confirmation of a significant increase in

70



expression of GAP-43 and ac-TUBA in Brn3b overexpressing cells. Even though PC12 cells and
661W cells have no relation to RGCs, they could provide an insight into basic mechanisms
governing cell survival and neurite outgrowth during hypoxia. One caveat to this model is that
cellular and molecular processes occurring in cell lines may not be accurately reflective of what
occurs in vivo.

PC12 cells transfected with the empty vector and maintained under hypoxia show a modest
increase in ac-TUBA (not statistically significant), which was not reflected in the neurite
outgrowth or number of cells with processes. On the other hand, PC12 cells transfected with empty
vector and maintained under hypoxia showed a significant increase in GAP-43 expression,
compared to PC12 cells maintained in normoxia, suggesting that upregulation of GAP-43 alone is
not sufficient to promote neurite outgrowth under conditions of hypoxia. Overexpression of Brn3b
produce an increase in the mean neurite length as well as number of cells with processes under
conditions of both normoxia and hypoxia, in comparison with empty vector transfected PC12 cells.
This suggests that transcription factor Brn3b could upregulate expression of several genes

contributing to neurite outgrowth in PC12 cells.

In summary, this study demonstrates that overexpression of Brn3b in PC12 cells under normoxia
as well as hypoxia leads to upregulation of GAP-43 and ac-TUBA and results in potentiation of
neurite outgrowth. However, Brn3b mediated effects on gene expression and potential targets need
to be studied in greater detail in animal models of neurodegeneration. Additional research is
needed to understand the potential role of Brn3b in RGC survival and neuroprotection in

glaucomatous neurodegeneration.
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Figure Legends:

Figure 1: Brn3b overexpression leads to a significant increase in expression of GAP-43 and
ac-TUBA in 661W cells. a. Immunoblot analysis of Brn3b-DDK tag, GAP-43, and ac-TUBA in
661W cells transfected either with the pCMV6-Empty or pCMV6-Brn3b vector, 24 h post-
transfection. The blots were probed for GAPDH as a loading control. Densitometric analysis
shows a significant increase of GAP-43 (b) and ac-TUBA (c) in Brn3b transfected 661W cells as
compared to the empty vector transfected 661W cells. Fold change in proteins expression were

shown as meant SEM, n=3. Student’s t-test was used for statistical analyses (*p<0.05).

Figure 2: Up-regulation of GAP-43, ac-TUBA in PC12 cells transfected with Brn3b. a.
Immunoblot analysis of nuclear extracts for Brn3b-DDK tag expression and cytoplasmic extracts
for expression of GAP-43 and ac-TUBA in PC12 cells transfected with pCMV6-Empty or
pCMV6-Brn3b vectors, 24 h following transfection. TATA binding protein and GAPDH were
used as the loading control. Overexpression of Brn3b in PC12 cells induced a significant up-
regulation of GAP-43 (b) and ac-TUBA (c) when compared to the empty vector transfected PC12
cells. Student’s t-test was used for statistical analyses (*p<0.05). Fold change in the specific
protein expression is shown as mean + SEM, n=3. d. Immunocytochemical analyses of Brn3b,
GAP-43 and ac-TUBA expression after 4 days in differentiating medium with NGF in PC12 cells
transfected with Brn-3b. The immunostaining was detected by using corresponding Alexa 488-,
Alexa 547- and Alexa 633- conjugated donkey anti-lgG secondary antibodies. Green: Brn-3b;
Pink: GAP-43; Red: ac-TUBA; Blue: DAPI. Fluorescence images were taken in a confocal
microscope and merged images of the different proteins immunofluorescence with DIC and DAPI

was obtained. Scale bar indicates 20pum (n=3).
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Figure 3: Overexpression of Brn3b persisted under conditions of hypoxia in PC12 cells
transfected with pCMV6-Brn3b. a. Experimental scheme used for assessing protein expressions
in PC12 cells under conditions of hypoxia. Cells were seeded on poly-D-lysine coated 100 mm
dishes for western blot analyses and transfected with either pCMV6-Empty or pCMV6-Brn3b (5
ng). Following transfection, cells were maintained in differentiating medium with NGF
(100ng/ml) overnight and were either maintained in normoxia or subjected to oxygen glucose
deprivation condition ( 0.5% O, and 5% CO>) for 2 h . Cytoplasmic and nuclear extracts were
prepared and used for various immunoblot analyses. In separate experiments for
immunocytochemistry, pPCMV6-Empty and pCMV6-Brn3b transfected cells were maintained in
differentiating medium with NGF (100 ng/ml) for 4 days. The transfected cells were subjected to
conditions of normoxia or hypoxia for 2 h, as described earlier. PC12 cells were then fixed and
expression levels of specific proteins were analyzed by using immunocytochemistry. b.
Immunoblot analysis of Brn3b DDK tag in PC12 cells transfected with either pPCMV6-Empty or
pCMV6-Brn3b and maintained under either normoxia or hypoxia (n=3). c. PC12 cells seeded on
coverslips were transfected with either pPCMV6-Empty or pCMV6-Brn3b, subjected to either
normoxia or hypoxia and immunostained using specific custom-made antibody to Brn3b. A
marked increase in Brn3b staining was observed in Brn3b overexpressing cells in normoxia and

in hypoxia when compared to cells overexpressing the empty vector in both the conditions (n=3).

Figure 4: Transcription factor Brn3b overexpression mediated increase in growth cone
marker GAP-43 in PC12 cells under conditions of hypoxia. a. Western blot analysis was carried
out to detect the protein level of GAP-43 in PC12 cells overexpressing pPCMV6-Empty or pPCMV6-
Brn3b vector, and maintained for 2 h in normoxia and hypoxia, 24 h post-transfection. Calnexin,

a housekeeping gene, served as a loading control. Densitometric analysis shows a significant
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increase in GAP-43 expression (b) in Brn3b overexpressing PC12 cells when compared to PC12
cells overexpressing empty vector in normoxia. One way ANOVA with Student-Newman-Keuls
multiple comparison test was used for statistical analysis (*p<0.05). The fold change in GAP-43
expression was shown as mean = SEM, (n=7). c. PC12 cells transfected with pCMV6-Empty or
pCMV6-Brn3b maintained in differentiating medium for 4 days. On the fifth day, one set of cells
were maintained in normoxia, while another set was subjected to conditions of hypoxia for 2h.
Cells were immunostained for GAP-43 expression (pseudocolor: pink) using GAP-43 antibody.
A dramatic increase in GAP-43 staining and neurite elongation was observed in PC12 cells
overexpressing Brn3b in normoxia and in hypoxia as compared to PC12 cells overexpressing the

empty vector in both conditions. Scale bar indicates 20um (n=5).

Figure 5: Brn3b promoted an increase in expression ac-TUBA in PC12 cells under conditions
of normoxia and hypoxia. a. Immunoblot analysis of total cellular extracts of PC12 cells
overexpressing pPCMV6-Empty or pCMV6-Brn3b vector, maintained under either normoxia or
hypoxia. The blots were probed for calnexin as a loading control. A significant increase in ac-
TUBA expression (b) was observed in PC12 cells overexpressing Brn3b in normoxia as well as in
hypoxia. Mann Whitney Rank Sum test was used for statistical analysis (*p<0.05). Fold change in
ac-TUBA was shown as mean £ SEM, (n=5). c. Immunostaining of ac-TUBA (red fluorescence)
was carried out in PC12 cells transfected with pCMV6-Empty or pCMV6-Brn3b vector and
maintained in differentiating medium for 4 days, followed by 2h in normoxia or hypoxia. A
prominent increase in immunostaining for ac-TUBA was observed in PC12 cells overexpressing
Brn3b in normoxia as well as in hypoxia as compared to PC12 cells overexpressing empty vector

in both the conditions. Scale bar indicates 20pm (n=5).
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Figure 6: Increase in mean neurite length and number of cells having processes in Brn3b
overexpressing PC12 cells in normoxic and hypoxic conditions. Mean neurite length (a) and
number of cells having processes (b) was measured at 10 different fields in each coverslip with an
average of 10 cells per field using NIH Image J. The mean maximum neurite length (a) and mean
number of cells having processes (b) values are shown as mean +SEM, n=5 (total number of cells
counted=612). a. For statistical analysis, Kruskal —Wallis one way ANOVA was used (*p<0.05).
A statistically significant increase in neurite length was observed in PC12 cells overexpressing
Brn3b in both normoxia and hypoxia conditions as compared to PC12 cells overexpressing the
empty vector in both the conditions. b. For statistical analysis one way ANOVA followed by

Student-Newman-Keuls multiple comparison test was used (*p<0.05).

Figure 7: Transcription factor Brn3b overexpression (in the presence of NGF) protects
against loss of cell viability under conditions of hypoxia: Cell proliferation assay (MTT assay)
was carried out to determine viability of PC12 cells subjected either normoxia or hypoxia after
transfection with either the empty vector or pPCMV6-Brn3b. The Y axis depicts absorbance values
at 490 nm indicative of cell viability. a. Cell viability was tested in the presence of NGF: Four
experimental groups were tested: PC12 cells overexpressing pCMV6-Empty or pPCMV6-Brn3b
vector under conditions of either normoxia or hypoxia.b. Cell viability was presented in the
absence of NGF. Four experimental groups were tested including: PC12 cells overexpressing
pCMV6-Empty or pCMV6-Brn3b vector under conditions of normoxia and hypoxia. One way
ANOVA with Student-Newman-Keuls multiple comparison test was used for statistical analysis

(*p<0.05). Absorbance at 490 nm (indicative of cell viability) was shown as mean+ SEM, (n=16).
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Figure 3:
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Figure 4:
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CHAPTER IlI

BCL-2, BCL-XL AND P-AKT ARE INVOLVED IN NEUROPROTECTIVE EFFECTS
OF TRANSCRIPTION FACTOR BRN3B IN AN OCULAR HYPERTENSION RAT

MODEL OF GLAUCOMA

Nitasha R. Phatak , Dorota L. Stankowska and Raghu R. Krishnamoorthy
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Abstract

Purpose: Brn3b is a class IV POU domain transcription factor that plays an important role in the
development of retinal ganglion cells (RGCs), RGC survival, particularly in axon growth and
pathfinding. Our previous study has shown that recombinant adeno-associated virus serotype 2
(AAV-2) mediated overexpression of Brn3b in RGCs promotes neuroprotection in a rodent model
of glaucoma. However, the mechanisms underlying neuroprotection of RGCs in rats
overexpressing Brn3b in animal models of glaucoma remain largely unknown. The goal of this
study was to determine the involvement of key survival proteins including Bcl-2, Bel-xL and p-
AKT in neuroprotection of RGCs overexpressing AAV-Brn3b during intraocular pressure (I0P)

elevation in Brown Norway rats.

Methods: One eye of Brown Norway rats was injected with AAV constructs encoding either the
GFP (rAAV-hsyn-GFP) or Brn3b (rAAV-hsyn-Brn3b). Expression of anti-apoptotic proteins
including B cell lymphoma/leukemia-2 (Bcl-2) family proteins and p-AKT were observed by
immunostaining rat retinas overexpressing Brn3b. In a different set of experiments, intraocular
pressure was elevated in one eye of Brown Norway rats (Rattus norvegicus), which was followed
by intravitreal injection with AAV constructs encoding either the GFP (rAAV-CMV-GFP) or
Brn3b (rAAV-CMV-Brn3b). Retinal sections were stained for pro-survival factors including Bcl-

2, Bcl-X and p-AKT.

Results: AAV-mediated expression of the Brn3b protein promoted significant upregulation of the
Bcl-2 protein and increased expression of p-AKT in RGCs of Brown Norway rats. In addition,
AAV-mediated Brn3b expression also produced increased expression of Bcl-2, Bel-xL and p-AKT

in the RGC layer, following IOP elevation in Brown Norway rats.
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Conclusion: Adeno-associated virus mediated Brn3b protein overexpression may promote
neuroprotection by upregulating key anti-apoptotic proteins of the Bcl-2, Bcl-xL and p-AKT

family in animal models of glaucoma.

Introduction

Glaucoma, a leading cause of irreversible blindness, is projected to affect 79.6 million people by
2020 (2). It is a heterogeneous group of optic neuropathies characterized by axon degeneration,
cupping of the optic disk and loss of retinal ganglion cells, which contributes to visual field defects
and vision loss (1, 2). Increased 10P remains a major risk factor in glaucoma, and most current
treatments are aimed at reduction of IOP in patients. Multiple theories has been proposed to
understand the pathophysiology of glaucoma, including mechanical stress due to elevated 10P,
disruption of retrograde transport of neurotrophins ( 3), ocular ischemia ( 4-6), glutamate-induced
excitotoxicity (7) and oxidative stress (8-10). 10P management in glaucoma patients is aimed at
limiting the initial insult, which produces optic nerve degeneration and RGCs apoptosis. Despite
current strategies to lower 10P in glaucoma patients, some neurodegenerative effects at the optic
nerve and retina continue to occur in many patients. Hence, understanding molecular mechanisms
contributing to RGC apoptosis can lead to development of more effective treatments for glaucoma

patients (11).

The brain-specific homeobox/POU domain protein (Brn) family of class-4 POU domain
transcription factor consists of three closely related genes Brn3a, Brn3b and Brn3c (12, 13). Brn3
genes are expressed in discrete and overlapping pattern in the developing and mature mammalian
nervous system (14-18). In the retina, Brn3b is specifically expressed in retinal ganglion precursor

neurons as well as mature RGCs (15, 18, and 19). Past studies have shown that Brn3b plays an
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important role in regulation of RGCs survival, axon growth and pathfinding (16, 20, 21). A
prominent phenotype in Brn3b deficient mice, but not Brn3a- or Brn3c-deficient mice, was loss of
about 70% RGCs between E15.5 and birth (19, 22, and 23). Consistent with a reduction in number
of RGCs, a decrease in optic nerve fibers and thinning of the optic nerve was also observed in
Brn3b deficient mice (19). Our previous study demonstrated the neuroprotective effects of AAV-
mediated Brn3b overexpression in an ocular hypertension rat model of glaucoma (24). But the
mechanisms contributing to neuroprotective effects of Brn3b overexpression in ocular
hypertension model of glaucoma are unknown. One obvious candidate gene responsible for the
neuroprotective effects of Brn3b is the anti-apoptotic protein, B cell leukemia/lymphoma 2 (Bcl-

2).

The Bcl-2 gene family encodes proteins with similar structural domains (Bcl-2 homology domains
designated BH1 to BH4) that play a key role in the regulation of cell survival. Typically, proteins
that contain all four domains (e.g. Bcl-2, Bcl-XL and Mcl-1) are anti-apoptotic, while those that
contain less are pro-apoptotic (e.g. Bax, Bad, Bim, Bid and Puma). The proto-oncogene Bcl-2 and
its pro- and anti-apoptotic family members are major regulators of cell death and survival.
However, in deciding cell fate, a dynamic balance of these proteins plays a crucial role. Previous
studies have shown the role of Bcl-2 gene family on RGC survival in acute and chronic models of
optic nerve lesion (11, 25). The prototype gene, Bcl-2 was found to prevent cell death when
overexpressed in variety of cell types, particularly in neurons. For instance, mice overexpressing
Bcl-2 in neurons, as regulated by the promoter neuron-specific enolase (Nse), displayed an
increased number of RGCs, both after developmental pruning and after optic nerve axotomy (26-
30). More recently, gene transfer of BAGL1, a Bcl-2 associated protein, rescued RGCs in the optic

nerve crush as well as the axotomy models (31). Among anti-apoptotic Bcl-2 family members,
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Bcl-xL seems to have a predominantly anti-apoptotic role in the rat retina (32). Bcl-2 as well as
Bcl-xL retinal mMRNA levels are found to decrease after optic nerve axotomy (33). Moreover,
AAV-mediated expression of Bcl-xL promoted the survival of axotomized RGCs (34-36).
Targeted deletion of Bcl-xL has been showed to play an important role in its prevention of

apoptotic cell death (37).

AKT, a Pl 3-Kinase activated protein kinase acts as a principal mediator of cell survival in diverse
cell types (38-42). Evidence from past studies demonstrates that activation of AKT pathway leads
to retinal ganglion cell survival not only in development but also in different models of glaucoma

such as ischemia-perfusion injury, optic nerve injury (43-51).

The purpose of this study was to determine if transcription factor Brn3b by itself promotes an
increase in the levels of the pro-survival Bcl-2 family of proteins. In addition, the association of
some of the Bcl-2 family of proteins as well as p-AKT in Brn3b mediated neuroprotection of RGCs

in an ocular hypertension model of glaucoma was also investigated.

Methods

Plasmid construction and recombinant AAV-2 production

Plasmid construction and recombinant AAV-2 production was done according to the method
described by Stankowska et al. (2015) (24). Using AAV Helper-free system (Stratagene, La Jolla,
CA, USA), recombinant AAV vectors were prepared with plasmids pAAV-IRES-hrGFP (hrGFP
IS a humanized recombinant GFP), pAAV-RC and pHelper. pAAV-Brn3b vector encoding
transcription factor Brn3b was constructed by insertion of mouse Brn3b cDNA clone (Origene,

Rockville, MD, USA) digested with EcoRI and Xhol into pAAV-IRES-hrGFP (Stratagene). After
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DNA sequence validation, plasmids were used to produce rAAV-CMV-Brn3b and rAAV-CMV-

GFP. Gene expression in both the vectors was driven by cytomegalovirus (CMV) promoter.

The control virus AAV2.hSyn.eGFP.WPRE.bGH was purchased from the Penn vector core facility
(Philadelphia, PA, USA) and abbreviated as rAAV-hsyn-GFP. The pAAV-hsyn.Brn3b-
DDK.WPRE.bGH plasmid was prepared by insertion of mouse Brn3b cDNA clone (Origene,
Rockville, MD, USA) containing DDK tag and Hindlll restriction digestion site was introduced
into pAAV.hSyn.eGFP.WPRE.bGH in the place of eGFP protein using EcoRI and Hindlll
restriction enzymes by PCR method as described by Stankowska et al., (2015) (24). The custom-
made plasmid sequence was confirmed by DNA sequencing and sent to Penn vector core for AAV-
2 virus production. The custom-made virus AAV2.hSyn.Brn3b-DDK.WPRE.bGH was
abbreviated in the current study as rAAV-hsyn-Brn3b. To improve the specificity and reduce off
target effects of AAV-2 virus, we have used the viral constructs driven by neuronal specific human

synapsin promoter (24).

Animals

All animal-related procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at the UNT Health Science Center and were in compliance with the ARVO statement
for the use of Animals in Ophthalmic and Vision Research. Male retired breeder Brown Norway
rats (Rattus norvegicus; Charles River Laboratories, Wilmington, MA, USA) in the age group of

8 to 12 months were used in this study.
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Morrison’s ocular hypertension model of glaucoma in rats

Male retired male breeder Brown Norway rats were used to study the effect of overexpression of
transcription factor Brn3b in RGCs of IOP elevated retinas. The procedure described in Morrison
et al. (1997) (52) was used to elevate 10OP in rats. Animals were maintained on a reduced constant
light environment of 90 lux for a minimum of 3 days prior to surgery for elevating 10P. On the
day of surgery, animals were anesthetized and injected with 1.8M hypertonic saline via an
episcleral vein, while the contralateral eye served as a control. A micro glass needle was inserted
into the episcleral vein and approximately 50 ul of hypertonic saline was injected with a force
sufficient to blanch the aqueous plexus. This procedure produces scarring of trabecular meshwork
which results in rise in IOP and subsequent damage to optic nerve and RGCs. One week following
IOP elevation, the rats were administered with viral vectors and after maintaining for 3 weeks,

subsequent immunohistochemical analyses were carried out.

I0OP measurements

Daily 10P measurements using a Tonolab tonometer (lcare Finland Oy, Espoo, Finland), was
carried out on conscious animals following slight sedation with intramuscular (i.m.) administration
of acepromazine (2mg/kg) and 10OP was taken 2 to 5 minutes after the injection. During each 10P
measurements session, ten average readings were obtained from contralateral control and IOP
elevated eyes. A plot of mean IOP versus time was carried out and to assess total IOP exposure
(mmHg-day) which was computed by determining the difference of area under the curve (AUC)
between 10P-elevated eye and contralateral control eye (mmHg-days = AUC of the IOP elevated

eye — AUC of the control eye).
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Intravitreal Injections of AAV-2 Constructs

Intravitreal injections were carried out using an ultrafine 30.5G disposable needle connected to 50
pl Hamilton syringe (Hamilton Company, Reno, NV, USA) as described by Zhou et al., (2005)
(53) in anesthetized rats. Five microliters (ranging from 1 x10° to 3.5 x10° units) of AAV virus
were injected (while continuously monitoring the position of the needle) in the center of the
vitreous cavity to avoid lens injury. Transduction of AAV viruses did not cause any inflammatory
or damaging effect to the optic nerve or the retina. Experiments were performed three times using
three Brown Norway rats for control AAV vector and three rats for AAV-Brn3b groups (total
n=18). Rats were Killed 3 weeks following intravitreal administration of viral vectors and retinal

sections were obtained for immunohistochemistry.
Cryosections

Animals were sacrificed and eyes were enucleated and fixed in 4% paraformaldehyde for 3 hours
at room temperature, submerged in 20% sucrose overnight at 4°C. Fixed eyes were embedded in
optimal cutting temperature compound (OCT; Miles Diagnostics, Elkhart, IN, USA) and frozen at
-80°C. Transverse 10 um-thick retinal sections were cut using a cryostat (Leica Biosystems,
Buffalo Grove, IL, USA) and used for immunohistochemical analysis. Optimal cutting
temperature compound medium was removed by ethanol wash followed by water. Sections were

viewed with a Zeiss LSM 510 META confocal scanning microscope.
Immunohistochemistry Analysis

To validate upregulation of Brn3b and changes in the expression of Bcl-2, Bel-xL and p-AKT in
RGCs, colocalisation of these proteins with the RGC marker, BIII-Tubulin (1:500) (Sigma-
Aldrich, MO, USA), was carried out. Retinal cryosections were hydrated in PBS for 15 minutes
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and then blocked in PBS containing 5% normal donkey serum and 5% BSA for 1 hour at room
temperature. The sections were double-immunostained with BIII-Tubulin antibody in combination
with either rabbit anti-Brn3b antibody (1:250 dilution, Antibody Research Corporation, St.
Charles, MO, USA), rabbit anti-Bcl-2 antibody (1:100 dilution, catalog no. sc-492; Santa Cruz
Technology, CA, USA), rabbit anti-Bcl-xL antibody (1:300 dilution, catalog no. 2764 ; Cell
Signaling Technology, MA, USA) or rabbit anti-p-AKT antibody (1:25 dilution, catalog no. 9271;
Cell Signaling Technology, MA, USA) and incubated overnight at 4°C. Sections were then washed
3 times for 5 minutes each with PBS and incubated for 1 h with the appropriate donkey anti-1gG
secondary antibody conjugated with Alexa 488, Alexa 647 or Alexa 547 (1:1000 dilution;
Molecular Probes, Invitrogen, Eugene, OR). Sections in which the primary antibody incubation
was excluded served as negative controls (blanks) and were used to assess nonspecific staining by

the secondary antibody.

Results:

Overexpression of Brn3b in rat retinal ganglion cells after intravitreal injection of rAAV-

hsyn-Brn3b

Viral vectors, rAAV-hsyn-GFP or rAAV-hysn-Brn3b were injected intravitreally into the left eye,
while the right eye served as control. The rats were maintained for 3 weeks following virus
injection (to allow for optimal AAV-2 mediated expression) and sacrificed. Rat retinal frozen
sections were obtained and subjected to immunohistochemistry to detect GFP and Brn3b levels.
To confirm virus transduction of RGCs of rats injected with rAAV-hsyn-GFP, retinal sections of
rats were immunostained with mouse anti-GFP antibody. Staining for GFP was seen mainly in

ganglion cell layer (GCL) and mild staining was also seen in inner plexiform layer (IPL) layer
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(Figure 1A). Asseen in Figure 1B, increased Brn3b immunostaining (pseudo-green) was detected
in rAAV-hsyn-Brn3b administered rat retinas mainly in GCL with diffuse staining also detected
in inner nuclear layer (INL) and outer nuclear layer (ONL). Interestingly, ratios of Brn3b staining
of RGCs counts between left and right eye were significantly higher (1.5 fold) in rats injected with
rAAV-hsyn-Brn3b compared to those of the rats injected with rAAV-hsyn-GFP (n=6) (Figure 1C).
An image of the RGC layer of retinas indicates increased staining of Brn3b in RGCs in rAAV-
hsyn-Brn3b compared with rAAV-hsyn-GFP injected eyes (Figure 1Di, 1Dii). BIII-Tubulin was
used as a RGC marker and its antibody was found to stain mainly the RGC layer and inner

plexiform layer.

Upregulation of Bcl-2, but no change in Bcl-xL levels in retinal ganglion cells of rats injected

intravitreally with rAAV-hsyn-Brn3b

Further experiments were carried out to determine if the neuroprotective protein, Bcl-2, was
upregulated in retinas of rats injected with rAAV-hsyn-Brn3b. In addition to Bcl-2, the status of
Bcl-xL was also assessed in rats administered intravitreally with rAAV-hsyn-Brn3b. Bcl-xL has

been shown neuroprotective for RGCs in optic nerve injury models in several studies (33- 37).

Briefly, after 3 weeks of intravitreal injection of either rAAV-hsyn-GFP or rAAV-hsyn-Brn3b,
retinal samples were collected for frozen sections. Ten microns retinal frozen sections were
analyzed by immunohistochemistry for either Bcl-2 expression (pseudo-green) or Bcl-xL (pseudo-
green) in RGCs of the rats. An increase in Bcl-2 was found mainly in the GCL, and a mild increase
in immunostaining was also observed in the INL in rAAV-hsyn-Brn3b injected rat eyes compared
with the control vector-injected rat eyes, where minimal staining for Bcl-2 was found (Figure 2A).

On the other hand, no change in Bcl-xL levels were seen in RGCs of rats injected with rAAV-
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hsyn-Brn3b, compared to those injected with rAAV-hsyn-GFP (n=6) (Figure 2D). The
fluorescence intensity ratios (left to right eyes) for Bcl-2 staining in RGCs were significantly
higher (>2 fold) in Brn3b overexpressing rat retinas than control vector transduced retinas (Figure
2B). Figure 2C provides a view of the RGC layer showing increased Bcl-2 immunostaining in
RGCs of rats intravitreally injected with rAAV-hsyn-Brn3b, as compared to rats injected with
rAAV-hsyn-GFP. Immunostaining with the BIII-Tubulin antibody was used as a RGC marker. The
data suggest that Bcl-2, but not Bcl-xL, was markedly increased in RGCs in rat eyes injected with

rAAV-hsyn-Brn3b, compared to those injected with rAAV-hsyn-GFP.

Increased expression of p-AKT in rat retinal ganglion cells overexpressing rAAV-hsyn-

Brn3b

Several lines of evidence have demonstrated AKT as a key mediator of retinal ganglion cell
survival in multiple models of glaucoma (43-51). AKT is activated by phosphorylation at Ser473,
typically by upstream kinases involved in the PI-3 kinase pathway. P-AKT promotes the
phosphorylation of numerous cellular proteins leading to changes in cell physiology, survival and

proliferation.

Retinal frozen sections from rats overexpressing rAAV-hsyn-Brn3b or rAAV-hsyn-GFP (3 weeks
after intravitreal injection) were immunostained for p-AKT. A marked increase in the expression
of p-AKT was seen in the GCL of retinas of rats overexpressing rAAV-hsyn-Brn3b as compared
to those overexpressing rAAV-hsyn-GFP (n=6) (Figure 3A). Densitometric analysis revealed a
statistically significant increase in the expression of p-AKT in retinas of rats intravitreally injected
with rAAV-hsyn-Brn3b, compared to those injected with rAAV-hsyn-GFP (Figure 3B). As shown

in the image of the RGC layer (Figure 3C), overexpression of rAAV-hsyn-Brn3b in RGCs showed
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a robust upregulation of p-AKT as compared to overexpression of rAAV-hsyn-GFP. Staining for
BIII-Tubulin was used as a RGC marker. Based upon the quantitation of fluorescence intensity,
overexpression of Brn3b in RGCs of rats produced nearly 2.5-fold increase in p-AKT, compared

to rats intravitreally injected with rAAV-hsyn-GFP.

Overexpression of Brn3b using AAV-2 vectors in rat retinal ganglion cells of 10P elevated

Brown Norway rats.

Injection of hypertonic saline into episcleral veins by the Morrison’s method (52) was used to
elevate IOP in one eye of Brown Norway rats. One week after IOP elevation, viral vectors (rAAV-
CMV-GFP or rAAV-CMV-Brn3b) were injected intravitreally into the 10P-elevated eye. Three
weeks following intravitreal injection, rats were sacrificed and retinas were collected, paraffin
embedded and 5 pm thick sections were obtained. Retinal sections were subjected to
immunohistochemistry to detect Brn3b levels. As seen in Figure 4A, increased immunostaining
(pseudo-green) for Brn3b was detected in rAAV-CMV-Brn3b administered rat retinas mainly in
GCL and some diffuse staining was also detected in the INL. Minimal Brn3b localization in the
outer retina has also been observed in our previous study (24). As seen in Figure 4B and 4C, IOP
was elevated 7 to 10 days following surgery and remained elevated for 3 weeks until the rats
sacrificed. Representative mean values of IOP exposure during the course of the experiment were

88 and 85 mmHg-days. BIII-Tubulin immunostaining was used as a RGC marker to identify RGCs.

rAAV-CMV-Brn3b administration in rat eyes promotes an increase in the expression of Bcl-
2 in RGCs of 0P elevated rats
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To determine whether transcription factor, Brn3b has the ability to upregulate Bcl-2 and Bcl-xL
under a glaucomatous condition, retinal sections from rats administerd either rAAV-CMV-Brn3b
or rAAV-CMV-GFP following elevation of IOP were immunostained for either Bcl-2 or Bel-xL.
Increase in Bcl-2 (pseudo-green) levels was mainly seen in GCL and mild staining was also
observed in the IPL as well as the OPL in retinas of rats injected intravitreally with rAAV-CMV-
Brn3b, as compared those injected with rAAV-CMV-GFP following IOP elevation (Figure 5A).
Rats injected with rAAV-CMV-Brn3b showed an increase in Bcl-xL expression mainly in GCL
and mild staining in INL, compared to rats intravitreally injected with rAAV-CMV-GFP (n=3)
(Figure 5C). Quantification of L/R ratios of immunostaining of Bcl-2 and Bcl-xL in RGCs showed
a significant increase in immunostaining for Bcl-2 and an increasing trend (not statistically
significant) in Bcl-xL expression in rats injected with rAAV-CMV-Brn3b, compared to those
injected with rAAV-CMV-Empty (Figure 5B and 5D). These data suggest that following 10P-
mediated damage, overexpression of transcription factor Brn3b could upregulate genes promoting

RGCs survival and thereby produce neuroprotective effects.

Immunostaining for p-AKT in the retina during AAV mediated upregulation of

transcription factor Brn3b following IOP elevation in rats

Our previous experiments demonstrated that overexpression of Brn3b through AAV-2 vectors in
RGCs leads to increased expression of p-AKT. To evaluate the expression of p-AKT in RGCs in
IOP elevated eyes, rats injected intravitreally either with rAAV-CMV-Brn3b or rAAV-CMV-GFP.
As shown in Figure 6A, immunohistochemistry analysis shows upregulation of p-AKT in the NFL
as well as in the GCL with rat eyes injected with rAAV-CMV-Brn3b as compared to those injected

with rAAV-CMV-GFP (n=3). There was an increasing trend (not statistically significant) in the
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levels of p-AKT in RGCs of rats intravitreally injected with rAAV-CMV-Brn3b following 10P

elevation, compared to those intravitreally injected with rAAV-CMV-GFP (Figure 6B).

Discussion

One of the important goals in research on neurodegenerative diseases is to develop therapies that
effectively block the apoptotic cell death of susceptible neuronal populations. RGCs, which
undergo cell death via apoptosis in blinding diseases like glaucoma, are important targets of such
neuroprotective strategies (54). Clearly, the development of new therapies relies on a complete
understanding of the gene expression altered in these cells, which contribute to neuroprotective

effects against damaging stimuli.

In a previous study from our laboratory, we found a significant protection of RGCs and optic nerve
axons from IOP mediated injury following AAV-mediated overexpression of Brn3b in RGCs of
Brown Norway rats (24). The present study explored some mechanisms by which Brn3b promotes
neuroprotection of RGCs in rats with elevated IOP. Two approaches were taken to study Brn3b-
mediated changes in gene expression: either direct administration of the AAV-hsyn-Brn3b vector
by itself (in the absence of IOP elevation) or administration of AAV-hsyn-Brn3b following 10P
elevation. In both these models, overexpression of Brn3b using adeno-associated virus as a vector
lead to significant upregulation of pro-survival gene, Bcl-2 in the RGCs. A significant increase in
expression of p-AKT was found in RGCs of rat retinas overexpressing Brn3b only via direct
administration AAV-2 vectors (in the absence of IOP elevation), compared to those administered
the control vector. No significant change in Bcl-xL expression was found in rat RGCs

overexpressing Brn3b, compared to rat RGCs transduced with the empty vector, both during direct
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AAV-hsyn-Brn3b administration as well as in the rat model of glaucoma. Our study indicates an
association of the anti-apoptotic molecule Bcl-2 in the neuroprotective effects of transcription

factor Brn3b in the ocular hypertension model of glaucoma.

Brn3b is endogenously expressed in adult retinas as well as in different parts of the brain which
includes superior colliculus, interpeduncular nucleus or trigeminal ganglion (55). The role of
Brn3b in mature RGCs physiology still needs to be understood. Brn3b plays a crucial role in
development and differentiation of RGCs as evidenced by loss of approximately 70% of RGCs in
Brn3b knockout mice compared to other Brn3 gene knockout (15, 19, 22, and 23). In different
animal models of glaucoma, it is been shown that a decrease in Brn3b expression occurs prior to

RGC loss and neurodegeneration (56-58).

Following development, Bcl-2 is not robustly expressed in retinal neurons including RGCs. This
compromises the intrinsic regenerative capacity of RGCs following injury. However, the homolog
Bcl-xL appears to be dominant anti-apoptotic gene expressed in the retina (32). Bcl2 is
evolutionarily conserved and plays a key inhibitory role against cell death in different organisms
like C. elegans and man (59, 60). RGCs are well protected by Bcl-2 overexpression and also
demonstrate good preservation of pattern ERG responses (59). During development of the nervous
system, naturally occurring cell death is a common feature. In this process, embryonic RGCs
express high levels of Bcl-2 which decline rapidly between post natal days 1 to 5. (Chen et al.,
1997) Expression of Bcl-2 determines neuronal fate. Bcl-2 overexpression reduced neuronal loss
during naturally occurring cell death (development) which resulted in hypertrophy of the nervous
system. Mice overexpressing Bcl-2 have enlarged optic nerves suggestive of enhanced RGC
survival during development (61). Bcl-2 overexpression has been shown to enhance RGC survival
to nearly 65%, 3.5 months after axotomy in adult mice (27). Numerous studies have demonstrated
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the neuroprotective role for Bcl-2, and constitutive expression of the Bcl-2 protein has been shown
to promote the survival of various cells when exposed to adverse stimuli (26, 62 and 63). Our data
demonstrate that Bcl-2 upregulation is associated with the enhancement of RGCs survival in rats

injected with rAAV-CMV-Brn3b after IOP elevation.

Bcl-x, a member of the Bcl-2 gene family, is alternatively sliced to produce two protein isoforms
(Bcl-xL and Bcl-xS). Extensive apoptotic cell death occurs in neurons during development in Bcl-
x deficient mice. Bcl-2 and Bcl-x mRNA expression in RGCs were found to be decreased
following optic nerve axotomy using RT-PCR and in situ hybridization techniques (33).
Intraocular delivery of Bcl-xL fusion proteins leads to inhibition of RGCs death after optic nerve
axotomy (34, 36). Adenoviral overexpression of Bcl-xL in mature axotomized rat leads to RGCs
survival in vivo (35). In the current study, no appreciable changes were found in the
immunoreactive levels of Bcl-xL following intravitreal administration of AAV-hsyn-Brn3b. In the
ocular hypertension model, an increasing trend of Bcl-xL upregulation was observed, however it
was not statistically significant. Interestingly, in the current study, Bcl-2 expression was found to
increase in RGCs during AAV-mediated Brn3b upregulation following IOP elevation suggesting

that Bcl-2 is one of the effectors of Brn3b mediated neuroprotection in glaucoma.

Some cytokines promote a survival response in neurons through the PISK/AKT pathway (41, 42).
PIBK/AKT signaling acts as a survival factor for RGCs during retinal development, and also
following damaging effects of optic nerve injury, ischemia/reperfusion injury and an acute ocular
hypertension model (45-47, 49-51). Melanopsin-expressing RGCs (MRGCs) have been found to
co-express p-AKT and play a role in maintaining the survival of mMRGCs after optic nerve injury
(44, 48). Although we found a trend of increasing expression of p-AKT during AAV-mediated

overexpression of Brn3b during ocular hypertension, it was not statistically significant.
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Collectively, these studies support a role mainly for Bcl-2 in RGCs survival in the rat glaucoma

model.

AKT has direct effects on the effectors of the apoptotic pathway including Bcl-2 (38-42). AKT
signaling through enhanced CREB activity leads to increased Bcl-2 promoter activity leading to
increased cell survival (47, 64 and 65). p-AKT also regulates Bcl-2 activity in various types of
cells (38-42, 47, 64, 65). Our data demonstrate the involvement of the pro-survival proteins, Bcl-
2, Bcl-xL and p-AKT in RGCs survival following Brn3b overexpression. These findings improve
our understanding of the association of the prosurvival factor Bcl-2 with the neuroprotective
effects of Brn3b during ocular hypertension, which have implications for the development of

strategies for neuroprotection in glaucoma.
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Figure Legends:

Figure 1: Transduction and overexpression of Brn3b in RGCs of Brown Norway rats injected with
rAAV-hsyn-Brn3b. A and B. Immunohistochemical analyses for GFP (green) , Brn3b (pseudo-
green), BIII-Tubulin(pseudo-red) in retinal frozen sections from retinas overexpressing different
viral vectors. The immunostaining was detected by using corresponding Alexa 488-, Alexa 546-,
and Alexa 647-conjugated donkey anti-IgG secondary antibodies. Cells were counterstained with
DAPI (blue) to detect cell nuclei. NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer;
OS, outer segment. Scale bar indicates 20um. C. Plot of ratio of fluorescence intensity of Brn3b
immunostaining in RGCs between left (intravitreally injected) and right (contralateral) eyes in 24
different regions. Ratio was compared between rats injected with rAAV-hsyn-GFP and rAAV-
hsyn-Brn3b. A significant increase in Brn3b staining in RGCs was observed in rats overexpressing
Brn3b compared to control vector. Fluorescent intensity values are shown as mean + SEM, n=6.
Mann-Whitney Rank sum test was used for statistical analysis (*p<0.002). D. Representative
images of GCL showing Brn3b staining in rats injected with rAAV-hsyn-GFP or rAAV-hsyn-

Brn3b.

Figure 2: Transcription factor Brn3b-mediated changes in Bcl-2 and Bcl-xL expression in RGCs
of Brown Norway rats. A and D. Bcl-2 (pseudo-green), Bcl-xL (pseudo-green), BIII-Tubulin
(pseudo-red) expression in retinal sections from Brown Norway rat eyes injected with either
rAAV-hsyn-GFP (vector control) or rAAV-hsyn-Brn3b virus, detected with secondary antibodies
conjugated with Alexa 546 or 647 dye. Cells were counterstained with DAPI (blue) to detect cell
nuclei. B. Ratio of fluorescence intensity for Bcl-2 staining was measured at 24 different regions

in the ganglion cell layers using NIH ImagelJ. The fluorescence intensity ratios are shown as mean

116



+ SEM, n= 6. Statistically significant increase in intensity of Bcl-2 staining was found in RGCs
of rats injected with rAAV-hsyn-Brn3b, compared to those injected with rAAV-hsyn-GFP. Mann
Whitney Rank Sum test was used for statistical analysis (*p<0.002). C. Image of the RGC layer
showing Bcl-2 immunostaining of RGCs of retinas transduced with i. rAAV-hsyn-GFP, ii. rAAV-

hsyn-Brn3b. Scale bar indicates 20 pum.

Figure 3: Transcription factor Brn3b promoted an increase in the expression of p-AKT in retinas
of rats injected with rAAV-hsyn-Brn3b. A. Immunostaining for p-AKT (pseudo-green), BIII-
Tubulin (pseudo-red) expression in retinal sections from Brown Norway rats intravitreally injected
with rAAV-hsyn-GFP (vector control) or rAAV-hsyn-Brn3b virus. The immunostaining was
detected using corresponding Alexa 546 or 647 conjugated secondary antibodies. Scale bar
indicates 20 um. B. A significant 2.4 fold increase in p-AKT expression was observed in RGCs of
rats injected with rAAV-hsyn-Brn3b. Ratios of fluorescence intensity values are shown in mean +
SEM, n= 6. Mann Whitney Rank Sum test was used for statistical analysis (*p<0.002). C. RGC

layer of transduced retinas. (i) rAAV-hsyn-GFP (ii) rAAV-hsyn-Brn3b.

Figure 4: AAV-mediated overexpression of Brn3b in rat retinal ganglion cells of IOP elevated
Brown Norway rats after intravitreal injection of rAAV-CMV-Brn3b. A. Representative images
show Brn3b (pseudo-green) and PBIII-Tubulin (pseudo-red) immunostaining in rat retinas
intravitreally injected with either with rAAV-CMV-GFP or rAAV-CMV-Brn3b. Brn3b staining
was detected mainly in the GCL. Intraocular pressure elevation profile in rats administered with
either rAAV-CMV-GFP (B) or rAAV-CMV-Brn3b (C) in Brown Norway rats. IOP was elevated
in one eye (closed circles), while the other eye served as a contralateral control eye (open circles).
The experiment was carried out in three Brown Norway rats followed by intravitreally injection

either with rAAV-CMV-GFP or rAAV-CMV-Brn3b. I0P values were plotted as mean + SEM
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(solid line, 10P-elevated and virus-injected eye; dashed line, untreated contralateral eye). Asterisk
indicates p<0.001 statistical significance of the IOP-elevated eye compared with contralateral eye

using t-test. Scale bar indicates 20 pm.

Figure 5: Adeno-associated virus mediated overexpression of Brn3b produced an increase in Bcl-
2 and Bcl-xL expression in RGCs of 10P elevated Brown Norway rats. A and C. Retinal sections
from rat eyes intravitreally injected either with rAAV-CMV-GFP or rAAV-CMV-Brn3b were
immunostained for Bcl-2 (pseudo-green) using either rabbit anti-Bcl-2, or rabbit anti-Bcl-xL
(pseudo-green) and mouse anti- BIII-Tubulin (pseudo-red) antibodies. B and D. Densitometry
analysis shows a significant increase in Bcl-2 expression and a trend towards increase in Bcl-xL
expression (not statistically significant) in RGCs transduced with rAAV-CMV-Brn3b, compared
to RGCs transduced with rAAV-CMV-GFP in the Morrison’s model of glaucoma. Student’s t-test
was used for statistical analysis (*p<0.05). L/R ratio of fluorescence intensity of Bcl-2 and Bcl-
XL immunostaining in RGCs from rats injected either with rAAV-CMV-GFP or rAAV-CMV-

Brn3b is plotted. Values are represented as mean + SEM, n=3. Scale bar indicates 20 pm.

Figure 6: Levels of p-AKT in the retina of IOP elevated rats overexpressing Brn3b. A.
Immunostaining for p-AKT in RGCs of Brown Norway rats intravitreally injected with either
rAAV-CMV-GFP or rAAV-CMV-Brn3b after IOP elevation. B. A prominent increase in
immunostaining for p-AKT was observed in RGCs overexpressing Brn3b (rAAV-CMV-Brn3b)
compared to RGCs overexpressing control vector (rAAV-CMV-GFP) (determined by L/R ratios
of fluorescence intensities of p-AKT staining). Student’s t-test was used for statistical analysis

(*p<0.05). Values are represented as mean + SEM, n=3. Scale bar indicates 20 pm.
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Figures:
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Figure 2:
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Figure 3:
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Figure 5:
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Figure 6:
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CHAPTER IV

CONCLUSIONS

A crucial endpoint in the pathophysiology of all forms of glaucoma is the apoptosis of retinal
ganglion cells (RGCs), a population of CNS neurons with their soma in the inner retina and axons

in the optic nerve (Figure 1).
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Figure 1: Elevated IOP causes axonopathy and degeneration of neurons. Representation of
(a) axonal injury to RGC, (b) impaired axonal transport due to axonal injury (c) culmination

of events that result in neurodegeneration and RGC apoptosis.
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Strategies that delay or halt RGC loss have been recognized as potentially beneficial to preserve
vision in glaucoma patients. However, the success of these approaches depends on an in —depth
understanding of the mechanisms which lead to RGC dysfunction and death. The emerging
landscape is complex and points to a variety of molecular signals — acting alone or synergistically

—to promote RGC death (Figure 2) (Almasieh et al 2012).
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Figure 2: Schematic representation of a variety of molecular signals acting alone or

synergistically to promote RGC death.

Neurotrophins (NTs) are a family of proteins which promote survival (Hempstead, 2006),
development and function (Reichardt, 2006) of neurons as well as maintenance of the nervous
system. Hence, neurotrophins are considered as growth factors of the nervous system and are
secreted primarily by target tissue innervated by neurons. During development, the neurons which

make synaptic contact with target cells releasing neurotrophins survive, other neurons that are
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unable to find trophic support are eliminated by process of apoptosis. The term trophic is used
generally to indicate a pro-survival action towards target cells by signaling molecules, which also

includes neurotrophins.

Studies in primates demonstrate that experimentally elevated 10P results in axonal transport
obstruction at the optic nerve head (Minckler et al.1977; Minckler et al. 1978). Retrograde
transport of radiolabeled brain-derived neurotrophic factor (BDNF), a potent trophic factor for
RGCs, is obstructed in rats with acute increase of IOP (Quigley et al., 2000). In addition,
immunolocalization studies suggest that the BDNF receptor, TrkB, accumulates in the optic nerve
head (Pease et al.2000). These key findings suggest that obstruction of axonal transport inhibits
the retrograde delivery of NT-Trk receptor complexes from the brain to RGC soma, resulting in
deprivation of neurotrophic support that triggers apoptosis (Quigley 1995; Pease et al.2000;
Quigley et al.2000; Vrabec &Levin 2007). Importantly, the implication of these findings that the
appropriate therapeutic manipulation of the NT signaling pathways will prolong the survival of
injured RGCs.Various neurotrophic factors such as BDNF, GDNF, NT-4/5, CNTF and NGF exert
short-lived neurotrophic effects both in vivo and in vitro. Deletion of the phosphatase and tensin
homolog (PTEN) gene, a negative regulator of the mammalian target of rapamycin (mnTOR), is
neuroprotective and promotes robust axon regeneration of injured RGCs (Park et al. 2008, 2010).
In addition, PTEN deletion reportedly stimulates axon growth of cortical neurons, facilitates the
regenerative outgrowth of adult peripheral axons, and rescues the axonal growth defect of survival
motor neuron (SMN)-deficient motor neurons (Liu et al. 2010; Christie et al.2010; Ning et al.
2010). These studies highlight the role of the PI3K/AKT/mTOR pathway in neuroprotection and
axon growth stimulation. Continuously released CNTF and LIF from retinal astrocytes have been

identified as key mediators for both neuroprotective and axon-growth promoting effects (Leibinger
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et al.2009; Muller et al. 2007, 2009) and activate several signaling pathways including the
JAK/STAT3, PIBK/AKT and MAPK/ERK-signaling pathways (Heinrich et al.2003). While
neurotrophins are attractive candidates for neuroprotective approaches, it is unclear if they would
be feasible for a long term treatment since their receptors could undergo desensitization or
downregulation (Rosa et al., 2015; Xu et al., 2015; Fabbro et al., 2004) ,thereby limiting their

actions.

A major strength of our study is that it relies on the retinal ganglion cell-specific transcription
factor, Brn3b to promote the intrinsic survival capacity of RGCs, thereby minimizing off-target
effects. Brn3b is also constitutively expressed in adult RGCs (mature), suggestive of its putative
role in physiology of RGCs. A decrease in Brn3b expression has been demonstrated in different
animal models of glaucoma (Naskar et al., 2006; Soto et al., 2008; Weishaupt et al., 2005),
however, it remains to be seen if a knockdown of Brn3b expression could affect RGC survival.
Characterization of Brn3 factors in mammalian neuronal development could thus shed light not
only on de novo axon formation during embryogenesis but also on the failure of neuron projections

to regenerate in adults (Goldberg and Barres, 2000).

GAP-43 has been named a growth protein because it is expressed at high levels in neuronal growth
cones during development, and during axonal regeneration. It is a very important component of
the axon and presynaptic terminal so that it can guide the direction to the growth cone depending
on positive or repulsive guidance cues. GAP-43 is a classical marker of axonal regeneration (Xi et
al. 2009; Fujino et al. 2011; Ju et al. 2010). GAP proteins are transported by cytoskeletal proteins
to the injured end of axon, where they are incorporated into the membranes of growth cones (Reh
et al. 1993; Rousseau et al. 2001). Experiments with AAV-BDNF, -CNTF and GAP-43 have
shown that AAV-CNTF was the most crucial for promoting both long term survival and
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regeneration (Leaver et al. 2006). The positive effects of CNTF were observed mainly through
deletion of PTEN as well as SOCS3 and simultaneous activation of mTOR and STAT3 pathways
(Smith et al. 2009). Overexpression of neuritin-1 (another protein selectively expressed in the
RGCs) using the AAV-2 vector produced increased expression of GAP-43 (an active RGC
regenerative state) within the retina and optic nerve following optic nerve crush (Sharma et al.
2015; Doster et al. 1991; Chidlow et al. 2011). AAV-2 mediated overexpression Brn3b during IOP
elevation leads to increased expression of GAP-43 posterior to the optic nerve head (Stankowska

et al.2015).

A growth cone is composed of a central domain rich in microtubules and a peripheral domain
enriched in actin filaments. Microtubules are the building blocks of an axon, and axon extension
occurs through microtubule assembly mediated by polymerization of tubulin subunits. Further,
stabilization and destabilization of microtubules in the growth cone occurs which manifests as
attractive or repulsive turning in response to guidance cues (Conde et al. 2009). Low
concentrations of the chemotherapeutic agent, Taxol, have been shown to promote acetylation of
a-Tubulin and neurite elongation of RGCs in culture (Fournier et al. 1995). In optic nerve injury,
taxol improved axon regeneration when combined with lens injury, a well-established protocol to
augment the intrinsic growth state (Sengottuvel et al. 2011). Taxol at the injury site could reduce
fibrotic scarring, in part by preventing transforming growth factor (TGF-p) signaling (Hellal et al.
2011). Notably, taxol promoted axon growth in cultures neurons (Hellal et al. 2011), and induced
formation of growth cone like structures after nerve injury in vivo (Erturk et al. 2007; Hellal et al.
2011), demonstrating its direct effect on neuronal microtubules. Thus, the enhanced axon
regeneration observed in vivo might be attributed to both environmental and neuron-intrinsic

mechanisms. In the present study, we demonstrated that overexpression of Brn3b in PC12 cells
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leads to upregulation of neurite growth markers, GAP-43 and ac-TUBA in normoxia as well as in

hypoxia.

Overexpression of Brn3b
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Figure 3: Overexpression of Brn3b leads to upregulation of axonal growth markers, GAP-

43 and ac-TUBA

In recent years, several key intracellular signals and transcription factors that play important roles
to boost the intrinsic growth programs of CNS axons have been identified. These include cyclic
adenosine monophosphate (CAMP), mammalian target of rapamycin (mTOR), B cell
lymphoma/leukemia 2 (Bcl-2), Kruppel-like transcription factors (KLFs) (Cai et al. 2001; Rodger
etal. 2005; Verma et al. 2005; Chong et al. 2010; Park et al. 2008; Chen at al. 1997; Cho et al.2005;
Moore et al. 2009, 2011; Wang et al. 2007; Laub et al.2005). Using AAV therapy, AAV injections

of CNTF in Bcl-2 transgenic mice was found to increase cell viability and promote axonal
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regeneration (Leaver et al. 2006), whereas BDNF was found to promote survival of RGCs (Harvey
et al. 2009). In young (postnatal 4 days to 2 months) Bcl-2 transgenic mice, RGCs exhibit greater
regenerative growth in vitro and in vivo (Chen et al. 1997; Jiao et al., 2005). One of earliest work
demonstrating optic nerve regeneration in rodents was carried out by Cho et al. (2005), who
demonstrated axonal regeneration following Bcl-2 overexpression and L-aminoadipic acid
(astrotoxin) treatment (to kill reactive astrocytes). From all these studies, we can conclude that

Bcl-2 potentiates the intrinsic growth capacity of RGCs and promotes neuroprotection.

Viral vector mediated expression of Bcl-xL has been shown to increase RGC survival after ON

transection (Kretz et al. 2004; Malik et al. 2005).

Trophic factors Disease Model Effects on Bcl-2 Reference

family

IGF-1 Parkinson’s disease Upregulation of Bcl-2 Offen D et al. 2001
GDNF Alzheimer’s disease ~ Upregulation of Bcl-2  Ghribi O et al. 2001
and Bcl-xL
TGF-p Alzheimer’s disease, Upregulation of Bcl-2 Prehn JH et al. 1996;
Cerebral ischemia and Bcl-xL Kim ES et al. 1998;
Zhu 'Y et al. 2002
FGF-2 Cerebral ischemia Upregulation of Bcl-2 Ay l.et al. 2001
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Erythropoietin Cerebral ischemia Upregulation of Bcl- Wen TC et al. 2002

XL

Table 1. Changes in the expression of Bcl-2 and Bcl-xL in neurodegenerative diseases like

Parkinson’s disease, Alzheimer’s disease and cerebral ischemia.

PI3-kinase activates the RAC serine/threonine kinase (AKT) pathway that supports cell survival
and protein synthesis (Figure 4). Binding of NT to Trk receptors (Tyrosine kinase receptor) induces
the signaling network involving P13-K, AKT, mTOR pathways evoking either pro-survival or pro-
growth and both responses simultaneously (Johnson et al. 2009). Kermer et al. (2000) showed that

IGF-1 protects RGCs via PI3K-dependent
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Figure 4: AKT survival pathway activated by neurotrophins. Binding of neurotrophins to

Trk receptors activates signal transduction pathways leading to activation of AKT which has
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an effect on several effectors. By inhibiting GSK3p, IKKp, Bad and cytochrome C release
from mitochondria, AKT prevents cell death. In addition, cell survival responses are also
activated by AKT through NFkB, mTOR, Rac and cdc42 mediated mechanisms. (Adapted

from Mueller et al., Neuroprotection in Glaucoma, InTech Publishers, 2011).

AKT phosphorylation and inhibition of caspase-3 in optic nerve transection model. One of the
downstream effectors of the PI3K-AKT survival pathway is Bcl-2 (Matter et al. 2001; Alonzi et
al. 2001; Brunet et al. 2001, Huang et al. 2003; Pugazhenthi et al. 2000; Cardona-Gomez et al.
2001). Binding of ligands to specific receptors activate either receptor tyrosine kinase or non-
receptor tyrosine kinase which leads to activation of PLCy, culminating in IP3 production. Binding
of IP3 to its receptor, results in calcium release from endoplasmic reticulum. An increase in
intracellular calcium levels leads to activation of PI3K and Bcl-2 (Scharenberg and Kinet 1998;

Deb et al. 2004; Koga et al. 2014) (Figure 5).
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Nucleus
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Figure 5: Proposed Brn3b signaling pathway for neuroprotection. Transcription factor,
Brn3b leads to activation of key pro-survival proteins Bcl-2, Bcl-xL and p-AKT.

Phosphorylation of AKT may be responsible for increased expression of Bcl-2.

In summary, overexpression of Brn3b leads to upregulation of pro-survival proteins Bcl-2, Bcl-xL
and p-AKT in RGCs of rats. Taken together, Brn3b promotes the upregulation of several
neuroprotective factors including the growth cone marker, GAP-43 and increases ac-TUBA as
well as pro-survival proteins Bcl-2, Bcl-xL and p-AKT, making it a unique target for
neuroprotection therapy in glaucoma. We designed an AAV-2 based Brn3b therapy to target RGCs
and observed the effects of Brn3b over-expression in retinas after 10P elevation. Our studies
indicated that Brn3b exhibited neuroprotective effects on RGCs after IOP elevation. These data

imply that Brn3b may play important role in neuronal survival as well as neurite outgrowth.

As drugs for neuroprotection to treat glaucoma have to reach the axons and somas of RGCs,
neuroprotectants as eyedrops would have been ideal to administer for glaucoma patients. However,
the ocular system (eye) possesses key barriers that would block the drugs from penetrating to the
back of the eye, which limits the exact dose of drug reaching RGCs. More recent advances in drug
delivery systems include viral vectors and nanoparticles, which hold much promise to prolong
effective treatment to the retina and optic nerve. In this study, we are using AAV-2 viral vectors
to administer the neuroprotective protein, Brn3b. Interestingly, gene therapy through viral vectors
has gained more attention in recent years, especially after treatment of patients suffering from
Leber’s congenital amaurosis, using an adeno-associated viral vector encoding RPE65, which
showed promising results of safety and efficacy (Bainbridge et al. 2008; Koenekoop et al. 2008).
Ocular gene therapy has emerged as a potential treatment modality for incurable human genetic

retinal disease like Leber congenital amaurosis caused by RPE65 gene mutations. It has become
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the target disease for a number of groups worldwide for the first subretinal gene transfer trial in
man (Jacobson et al. 2006). Gene therapy with rAAV2/2 RPE65 vector improved retinal
sensitivity, modestly and temporarily. However, the need for RPEG5 in affected persons was not

met to the extent required for a marked, long-lasting effect. (Bainbridge et al., 2015).

Previous work from our laboratory demonstrated significant neuroprotective effects of Brn3b
overexpression on RGCs and optic nerve axons in a rat model of ocular hypertension (Stankowska
etal., 2015). In the current study, two models were used, first, PC12 cells under hypoxic conditions
and second, a rat model of ocular hypertension followed by overexpression of transcription factor,
Brn3b to determine the association of the prosurvival factor Bcl-2 in neuroprotection.. The
importance of this study is to investigate the molecular mechanism underlying Brn3b’s potent
neuroprotective effect in RGCs, since studies proposing Brn3b’s mechanism of action, particularly
in glaucomatous conditions are lacking. POAG is not a single disease entity but a heterogeneous
group of diseases that result in RGCs death through multiple mechanisms. The current study
demonstrates that Brn3b has potentially multiple mechanisms that can be employed to protect
RGCs, it is an efficacious neuroprotective molecule that can be developed as an adjunct

neuroprotective treatment for patients with POAG.
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CHAPTER V

FUTURE DIRECTIONS

Although the research presented in this dissertation generated novel findings with regards to the
neuroprotective effects and mechanism of action of Brn3b in PC12 cells as well as RGCs, there

are still many unanswered questions.

1. A question that needs to be addressed is: How does Brn3b regulate GAP-43, ac-TUBA,
Bcl-2, Bel-xL and p-AKT? More studies are needed to identify the direct or indirect link
of all these pro-survival genes to transcription factor, Brn3b. A second scenario would be
that Brn3b leads to increase in intracellular Ca?* levels which activate multiple signaling
pathways to activate these proteins (Scharenberg and Kinet, 1998).

2. Assessment of visual function using pattern ERG and spectral domain OCT tests. The optic
nerve and visual centers of the brain should also be assessed for synaptic connections
following Brn3b overexpression and its implications in improving vision during ocular
hypertension.

3. Although many studies have addressed Brn3b and its signaling in RGCs during
development, a more detailed study of involvement of Brn3b in glaucoma still needs to be
done. In addition, experiments should be performed in vitro for identifying the signaling

pathways used by Brn3b and its effect on RGC survival.
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a. We could investigate if RGCs treated with rAAV-CMV-Brn3b can induce
phosphorylation of ERK (pERK), AKT (pAKT) and mammalian target of
rapamycin (pmTOR). In addition, following Brn3b overexpression, the activation
of each pathway could be blocked with the following inhibitors: MEK inhibitor
(U0126), rapamycin (mTOR) or LY294002 (AKT) to determine their role in
Brn3b-mediated neuroprotection. ERK regulates genes such as c-fos which are
responsible for long term synaptic plasticity (Ji et al. 2002). Long term potentiation
induced by BDNF or high-frequency electrical stimulation is inhibited by
rapamycin in hippocampal neurons. The mTOR pathway through the AKT kinase
has also recently been shown to induce synaptic plasticity (Hay and Sonenberg,
2004).

4. Using optic nerve crush as a model for optic nerve degeneration (Qin et al. 2013; Sun et
al. 2011; Yin et al. 2003), we can investigate the neuroregenerative property of
transcription factor, Brn3b and examine the expressions of axonal plasticity markers, GAP-
43 and ac-TUBA. In addition, we could check expressions of proteins involved in
stimulating the RGCs intrinsic growth state including, Bcl-2, mTOR, and AKT.

5. Mature RGCs cannot regenerate injured axons because of external factors including neurite
growth inhibitors, including the C-terminal of Nogo-A (Nogo 66), myelin-associated
glycoprotein (MAG) and oligodendrocyte myelin glycoprotein (Omg) (Fischer et al. 2004;
Su et al. 2009). Using optic nerve crush as a model, we could investigate the expression of
Nogo 66 receptor and Nogo-A protein in rats overexpressing Brn3b.

6. We also could knock down Brn3b expression in adult rats (AAV-shRNA-Brn3b mediated

knockdown) and investigate the changes in retina and optic nerve morphology, and visual
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function. Following Brn3b knock down, we would evaluate the expressions of target
proteins including GAP-43, ac-TUBA, Bcl-2, Bcl-xL and p-AKT, in the retina as well as

in the optic nerve.
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