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Bcl-2, BelxL, and p-AKT are involved in neuroprotective effects
of transcription factor Brn3b in an ocular hypertension rat model

of glaucoma
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Purpose: Brn3b is a class [V POU domain transcription factor that plays an important role in the development of retinal
ganglion cells (RGCs), RGC survival, and particularly axon growth and pathfinding. Our previous study demonstrated
that recombinant adenoassociated virus serotype 2 (rAAV-2)-mediated overexpression of Brn3b in RGCs promoted
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 understand
some of the mechanisms underlying the neuroprotection of RGCs overexpressing Brn3b during intraocular pressure
(IOP) elevation in Brown Norway rats.

Methods: One eye of Brown Norway rats (Rattus norvegicus) was injected with an AAV construct encoding either
green fluorescent protein (GFP; recombinant adenoassociated virus—green fluorescent protein, rA AV-hSyn-GFP) or
Brn3b (rAAV-hSyn-Brn3b). Expression of antiapoptotic proteins, including B cell lymphoma/leukemia-2 (Bcl-2) family
proteins (Bcl-2 and Bcl-xL), and p-AKT, was observed following immunostaining of rat retinas that overexpress Brn3b.
In a different set of experiments, intraocular pressure was elevated in one eye of Brown Norway rats, which was followed
by intravitreal injection with AAV constructs encoding either GFP (rAAV-CMV-GFP) or Brn3b (rAAV-CMV-Brn3b).
Retinal sections were stained for prosurvival factors, including Bcl-2, Bcl-XL, and p-AKT.

Results: AAV-mediated expression of transcription factor Brn3b promoted statistically significant upregulation of the
Bcl-2 protein and increased expression of p-AKT in RGCs of Brown Norway rats. In addition, following IOP elevation,
AAV-mediated Brn3b expression also statistically significantly increased levels of Bcl-2 in the RGC layer in Brown
Norway rats.

Conclusions: Adenoassociated virus—mediated Brn3b protein overexpression may promote neuroprotection by upregu-

lating key antiapoptotic proteins, including Bcl-2, Bel-xL, and p-AKT, in animal models of glaucoma.

Glaucoma, a leading cause of irreversible blindness,
is projected to affect 79.6 million people by 2020 [1]. It is
a heterogeneous group of optic neuropathies characterized
by axon degeneration, cupping of the optic disc, and loss of
retinal ganglion cells (RGCs) that contribute to visual field
defects and vision loss [1,2]. Increased intraocular (IOP)
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 explain the pathophysiology
of glaucoma, including mechanical stress due to elevated
IOP, disruption of retrograde transport of neurotrophins [2],
ocular ischemia [3-5], glutamate-mediated excitotoxicity [6],
and oxidative stress [7-9]. IOP management in patients with
glaucoma is aimed at limiting the initial insult that produces
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optic nerve degeneration and RGC apoptosis. Despite
current strategies to lower IOP in patients with glaucoma,
some neurodegenerative effects at the optic nerve and retina
continue to occur in many patients. Thus, understanding the
molecular mechanisms that contribute to RGC apoptosis
can lead to the development of more effective treatments for
patients with glaucoma [10].

The brain-specific homeobox/POU domain protein
(Brn) family of class-4 POU domain transcription factors
consists of three closely related genes: Brn3a, Brn3b, and
Brn3c [11,12]. Brn3 genes are expressed in either a discrete or
overlapping pattern in the developing and mature mammalian
nervous system [13-17]. In the retina, Brn3b is specifically
expressed in retinal ganglion precursor neurons, as well as
mature RGCs [15,16,18]. Previous studies have shown that
Brn3b plays an important role in the regulation of RGC
survival, axon growth, and pathfinding [13,19,20]. A promi-
nent phenotype in Brn3b-deficient mice, but not Brn3a- or
Brn3c-deficient mice, was the loss of nearly 70% of RGCs
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between E15.5 and birth [18,21,22]. Consistent with a reduc-
tion in the number of RGCs, a decrease in optic nerve fibers
and thinning of the optic nerve were also observed in Brn3b-
deficient mice [18]. Our previous study demonstrated the
neuroprotective effects of AAV-mediated Brn3b overexpres-
sion in an ocular hypertension rat model of glaucoma [23].
However, the mechanisms that contribute to neuroprotective
effects of Brn3b overexpression during ocular hypertension
are unknown. One obvious candidate gene responsible for the
neuroprotective effects of Brn3b is the antiapoptotic protein,
B cell leukemia/lymphoma 2 (Bcl-2), since there is a putative
binding site for Brn3b in the upstream promoter region of the
bcl-2 gene.

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 antiapoptotic, while those that contain
fewer domains are proapoptotic (e.g., Bax, Bad, Bim, Bid, and
Puma). Pro- and antiapoptotic members of the Bcl-2 family are
major regulators of cell death and survival. Previous studies
have shown the role of the Bcl-2 gene family in RGC survival,
in acute and chronic models of optic nerve lesion [10,24].
Bcl-2 was found to prevent cell death when overexpressed in
a variety of cell types, particularly in neurons. For instance,
mice that overexpress Bcl-2 in neurons, under the regulation
of the neuron-specific enolase (Nse) promoter displayed an
increased number of RGCs, after developmental pruning
and after optic nerve axotomy [25-29]. More recently, gene
transfer of BAGI, a Bcl-2 associated protein, rescued RGCs
following optic nerve crush as well as axotomy [30]. Among
antiapoptotic Bcl-2 family members, Bel-xL is predominantly
expressed in the rat retina, and levels decrease following optic
nerve crush [31]. Bcl-2 and Bcel-xL retinal mRNA levels were
found to decrease after optic nerve axotomy [32]. Moreover,
adenoassociated virus (AAV)-mediated expression of Bel-xLL
promoted the survival of axotomized RGCs [33-35]. Targeted
deletion of Bel-xL has been shown to contribute to apoptotic
cell death of post-mitotic immature neurons of the central
nervous system (CNS) [36]. These findings suggest that Bcl-2
and Bcl-xL are key regulators of RGC survival following a
variety of insults that contribute to optic nerve injury.

AKT, a PI 3-kinase activated protein kinase, acts as
the principal mediator of cell survival in diverse cell types
[37-41]. Several studies suggest that activation of the AKT
pathway leads to retinal ganglion cell survival, not only
during development but also in different animal models of
glaucoma, including those involving ischemia-perfusion
injury and optic nerve injury [42-50].

© 2016 Molecular Vision

The purpose of the current study was to determine
whether the transcription factor Brn3b by itself promotes
an increase in the levels of the prosurvival Bel-2 family of
proteins. In addition, the involvement of members of the Bel-2
family and p-AKT during A AV-mediated Brn3b overexpres-
sion following ocular hypertension was also investigated.

METHODS

Plasmid construction and recombinant AAV-2 production:
Plasmid construction and recombinant AAV-2 production
were performed according to the method described by
Stankowska et al. [23]. Using the AAV Helper-free system
(Agilent Technologies, Santa Clara, CA), recombinant AAV
vectors were prepared with plasmids pAAV-IRES-hrGFP
(hrGFP is a humanized recombinant green fluorescent
protein, GFP), pAAV-RC, and pHelper. pAAV-Brn3b vector
encoding transcription factor Brn3b was constructed by
insertion of mouse Brn3b ¢cDNA (Origene, Rockville, MD)
into pAAV-IRES-hrGFP (Agilent Technologies). After the
DNA sequence was validated, plasmids were used to produce
rAAV-CMV-Brn3b and adenoassociated virus—cytomegalo-
virus—green fluorescent protein (rAAV-CMV-GFP) viruses.
Gene expression in both vectors was driven by the CMV
promoter.

The control virus AAV2.hSyn.eGFPWPRE.bGH was
purchased from the Penn Vector Core facility (Philadelphia,
PA) and abbreviated as rAAV-hSyn-GFP. The pAAV-hSyn.
Brn3b-DDK.WPRE.bGH plasmid was prepared by insertion
of a mouse Brn3b cDNA sequence containing the DDK tag
(Origene, Rockville, MD) into pAAV.hSyn.eGFP.WPRE.
bGH (in place of the eGFP cDNA sequence), as described by
Stankowska et al. [23]. The custom-made plasmid sequence
was confirmed with 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
used the viral constructs driven by the neuron-specific human
synapsin promoter [23].

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, Wilm-
ington, MA) in the age group of 8 to 12 months were used
in this study.

Morrison’s ocular hypertension model of glaucoma in rats:
Male retired male breeder Brown Norway rats were used
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to study the effect of overexpression of transcription factor
Brn3b in the RGCs of retinas with elevated IOP. The proce-
dure described by Morrison et al. [5S1] was used to elevate the
IOP in one eye of the rats. To elevate the IOP, the animals
were maintained in a reduced constant light environment
(90 lux) for a minimum of 3 days before surgery. On the day
of the surgery, the animals were anesthetized using a cocktail
comprising of 50 mg/ml ketamine, 5 mg/ml xylazine and 1
mg/ml acepromazine (100 pl/100 g body weight adminis-
tered intraperitoneally) and injected with 1.8 M NacCl via
an episcleral vein, while the contralateral eye served as the
control. A microglass needle was inserted into the episcleral
vein, and approximately 50 pl of hypertonic saline was
injected with a force sufficient to blanch the aqueous plexus.
This procedure produced scarring of the trabecular meshwork
that resulted in a rise in IOP (7 to 10 days following surgery)
and subsequent damage to the optic nerve and RGCs.

IOP measurements: 10P measurements using a Tonolab
tonometer (Icare Finland Oy, Espoo, Finland) were performed
on conscious animals following slight sedation with intra-
muscular (i.m.) administration of acepromazine (2 mg/kg),
and IOP was measured 2 to 5 min after the injection. During
each IOP measurement session, ten average readings were
obtained from the contralateral control eyes and the eyes with
elevated IOP. A plot of mean IOP versus time was performed
and to assess total IOP exposure (mmHg-day), which was
computed by determining the difference of the area under the
curve (AUC) between the IOP-elevated eye and the contralat-
eral control eye (mmHg-days = AUC of the eye with elevated
IOP — AUC of the control eye).

Intravitreal injections of AAV-2 constructs: Intravitreal injec-
tions were performed using an ultrafine 30.5 G disposable
needle connected to a 50 pul Hamilton syringe (Hamilton
Company, Reno, NV) as described by Zhou et al. [52] in
the anesthetized rats. Five microliters (ranging from 1x10°
to 3.5x10° genomic copies) of the AAV virus were injected
(while the position of the needle was continuously monitored)
in the center of the vitreous cavity to avoid lens injury. Trans-
duction 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 the control AAV vector and three rats for the AAV-Brn3b
groups (total n = 18).

Cryosections: Animals were euthanized by intraperitoneal
administration of pentobarbital (120 mg/kg body weight
administered intraperitoneally followed by intracardial
administration), and the eyes were enucleated and fixed in
4% paraformaldehyde for 3 h at room temperature and then
submerged in 20% sucrose in PBS (1x: 137 mM NaCl, 2.7
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mM KCI, 10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4) over-
night at 4 °C. Fixed eyes were embedded in optimal cutting
temperature compound (OCT; Miles Diagnostics, Elkhart,
IN) and frozen at —80 °C. Transverse 10 um thick retinal
sections were cut using a cryostat (Leica Biosystems, Buffalo
Grove, IL) and used for immunohistochemical analysis.
Sections were viewed with a Zeiss (Thornwood, NY) 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, colocalization of these proteins with the
RGC marker BIII-tubulin (1:500; Sigma-Aldrich, MO) was
performed. Retinal cryosections were hydrated in PBS for 15
min and then blocked in PBS containing 5% normal donkey
serum and 5% bovine serum albumin (BSA) for 1 h at room
temperature. The sections were double-immunostained
with mouse anti-BIII-tubulin antibody in combination with
either rabbit anti-Brn3b antibody (1:250 dilution, Antibody
Research Corporation, St. Charles, MO), rabbit anti-Bcl-2
antibody (1:100 dilution, catalog no. sc-492; Santa Cruz Tech-
nology, Dallas, TX), rabbit anti-Bcl-xL antibody (1:300 dilu-
tion, catalog no. 2764; Cell Signaling Technology, Beverly,
MA), rabbit anti-p-AKT antibody (1:25 dilution, catalog
no. 9271; Cell Signaling Technology), or rabbit anti-GFP
antibody (1:100 dilution, catalog no. G10362; ThermoFisher,
Waltham, MA) and incubated overnight at 4 °C.

Sections were then washed 3 times for 5 min each with
PBS and incubated for 1 h with the appropriate donkey
anti-IgG secondary antibody conjugated with Alexa 488,
Alexa 647, or Alexa 547 (1:1,000 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 with the
secondary antibody.

RESULTS

Overexpression of Brn3b in rat retinal ganglion cells after
intravitreal injection of rAAV-hSyn-Brn3b: To study the
effect of overexpression of Brn3b in RGCs, the viral vector
rAAV-hSyn-GFP or rAAV-hSyn-Brn3b was injected intra-
vitreally into the left eye (L), while the right eye (R) served
as the corresponding control. The rats were maintained
for 3 weeks following virus injection and then euthanized.
Frozen rat retinal sections were obtained and subjected to
immunohistochemistry to detect the GFP and Brn3b levels.
To confirm virus transduction of the RGCs of the rats injected
with rAAV-hSyn-GFP, the rat retinal sections were immu-
nostained with a rabbit anti-GFP antibody. Staining for GFP
was seen mainly in the ganglion cell layer (GCL), and mild
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staining was also seen in the inner plexiform layer (IPL) layer
(Figure 1A). Increased Brn3b immunostaining (pseudogreen)
was detected in the retinas of the rats administered rAAV-
hSyn-Brn3b, mainly in the GCL, and diffuse staining was
also detected in the inner nuclear layer (INL) and the outer

© 2016 Molecular Vision

of RGCs counts between the left and right eyes were statisti-
cally significantly higher (1.5 fold) in the rats injected with
rA AV-hSyn-Brn3b, compared to those injected with rAAV-
hSyn-GFP (n = 6; Figure 1D).

To further demonstrate the immunostaining for Brn3b in

nuclear layer (ONL; Figure 1B). BIII-tubulin was used as an
RGC marker, and the antibody was found to stain mainly the
RGC layer and the IPL. As expected, ratios of Brn3b staining

A

the RGC layer, additional immunohistochemical staining was
performed using the NeuN antibody. As seen in Appendix 1,
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Figure 1. Transduction of rAAV-hSyn-GFP and rA AV-hSyn-Brn3b and overexpression of Brn3b in RGCs of Brown Norway rats. A:
Immunohistochemical analyses for green fluorescent protein (GFP; green) in frozen retinal sections from rats injected with the recombinant
adenoassociated virus—hSyn—green fluorescent protein (rA AV-hSyn-GFP) virus. Binding of the GFP antibody was detected using an Alexa
488-conjugated donkey anti-rabbit immunoglobulin G (IgG) antibody. Cells were counterstained with 4',6-diamidino-2-phenylindole (DAPI)
to detect nuclei. B: Brn3b (pseudogreen) and BIII-tubulin (pseudored) immunostaining in retinal frozen sections from rats intravitreally
injected with either rAAV-hSyn-GFP or rAAV-hSyn-Brn3b. The immunostaining was detected by using corresponding Alexa 546 (pseu-
dogreen) and Alexa 647 (pseudored)-conjugated donkey anti-immunoglobulin G (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 20 pm. C: Representative images of
the GCL showing Brn3b staining in rats injected with rA AV-hSyn-GFP or rA AV-hSyn-Brn3b. D: Plot of the ratio of fluorescence intensity
of Brn3b immunostaining in RGCs between left (L: intravitreally injected) and right (R: contralateral) eyes in 24 regions. The L/R ratio
was compared between rats injected with rA AV-hSyn-GFP and rA AV-hSyn-Brn3b. A significant increase in Brn3b staining in RGCs was
observed in rats that overexpressed Brn3b compared to the control vector. Fluorescent intensity values are shown as mean + standard error
of the mean (SEM), n = 6. The Mann—Whitney rank-sum test was used for statistical analysis (*p<0.002).

1051


http://www.molvis.org/molvis/v22/1048

Molecular Vision 2016; 22:1048-1061 <http://www.molvis.org/molvis/v22/1048>

costaining for Brn3b and NeuN occurred mainly in the RGC
layer of the retina.

Upregulation of Bcl-2 levels in RGCs of rats injected intravit-
really with rAAV-hSyn-Brn3b: Additional experiments were
performed to determine whether the neuroprotective protein
Bcl-2 was upregulated in the retinas of the rats injected with
rAAV-hSyn-Brn3b. In addition to Bcl-2, the status of Bel-xL
was also assessed in rats administered rA AV-hSyn-Brn3b
intravitreally. Becl-xL has been shown to be neuroprotective
for RGCs in optic nerve injury models in several studies
[32-36].

Briefly, 3 weeks following intravitreal injection of
rAAV-hSyn-GFP or rAAV-hSyn-Brn3b, the rats were
euthanized, and frozen sections of the retina were collected
and analyzed with immunohistochemistry for either Bcl-2
expression (pseudogreen, Figure 2A) or Bel-xL expres-
sion (pseudogreen, Figure 2D) in the 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 the rat eyes injected with rA AV-hSyn-Brn3b compared to
the rat eyes injected with rA AV-hSyn-GFP, where minimal
staining for Bcl-2 was found (Figure 2A). Immunostaining
with the BIII-tubulin antibody was used as an RGC marker.
The fluorescence intensity ratios (left to right eyes) for Bcl-2
staining in the RGCs were statistically significantly higher
(greater than twofold) in the rat retinas that overexpressed
Brn3b compared to the retinas transduced with the control
vector (Figure 2C). To determine whether Brn3b-mediated
Bcl-2 upregulation has detrimental effects on visual function,
we performed an optomotor test. The results indicated that
intravitreal administration of the rA AV-2-hSyn-Brn3b does
not affect the visual acuity in Brown Norway rats (Appendix
3;n=2).

However, no change in the Bcl-xL levels was seen in the
RGCs of the rats injected with rAAV-hSyn-Brn3b compared
to those injected with rAAV-hSyn-GFP (n = 6; Figure 2D).
The data suggest that Bcl-2, but not Bel-xL, expression was
markedly increased in the RGCs in rat eyes injected with
rA AV-hSyn-Brn3b compared to those injected with rAAV-
hSyn-GFP. As the immunostaining for Bel-xL was mini-
mally detected in the frozen retinal sections, we performed
an immunoblot analysis using the Bcl-xL antibody in optic
nerve extracts from naive Brown Norway rats. It was found
that the antibody recognized a doublet band at 30 kDa (of the
expected size) in the extracts from the left and right optic
nerves, indicating the immunoreactivity and specificity of
the antibody (Appendix 2). This demonstrates that the lack
of immunostaining in the immunohistochemical analysis
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(Figure 2D) was not due to weak immunoreactivity of the
anti-Bcl-xL antibody.

Increased levels of p-AKT in rat RGCs that overexpress
rAAV-hSyn-Brn3b: Several lines of evidence have demon-
strated AKT is a key mediator of RGC survival in multiple
models of glaucoma [42-50]. Therefore, we assessed immu-
nostaining of p-AKT in retinal frozen sections from rats
administered either rA AV-hSyn-Brn3b or rA AV-hSyn-GFP
intravitreally. As seen in Figure 3A, intravitreal administra-
tion of rAAV-hSyn-Brn3b in rats produced robust upregula-
tion of p-AKT in the RGCs compared to the rats administered
rAAV-hSyn-GFP. Staining for BIII-tubulin was used as an
RGC marker (n = 6). Densitometric analysis revealed a statis-
tically significant increase in the expression of p-AKT in the
retinas of rats intravitreally injected with rA AV-hSyn-Brn3b
compared to those injected with rAAV-hSyn-GFP (Figure
3C). Based upon the quantitation of the fluorescence intensi-
ties, overexpression of Brn3b in the RGCs of rats produced
a nearly 2.5-fold increase in p-AKT, compared to the rats
intravitreally injected with rA AV-hSyn-GFP.

Overexpression of Brn3b using AAV-2 vectors in the RGCs
of Brown Norway rats with elevated IOP: Injection of
hypertonic saline into episcleral veins using the method of
Morrison et al. [51] was used to elevate IOP in one eye of
Brown Norway rats. One week after IOP elevation, viral
vectors (either rAAV-CMV-GFP or rAAV-CMV-Brn3b) were
injected intravitreally into the IOP-elevated eye. Three weeks
following intravitreal injection, the rats were euthanized, and
the retinas were collected, embedded in paraffin, and 5 pm
thick sections were obtained. Retinal sections were subjected
to immunohistochemistry to detect Brn3b levels. As seen in
Figure 4A, increased immunostaining (pseudogreen) for
Brn3b was detected in the rat retinas administered rAAV-
CMV-Brn3b, mainly in the GCL, and diffuse staining was
also detected in the INL. Ectopic Brn3b localization in the
outer retina was also observed in our previous study [23].
As seen in Figure 4B,C, IOP was elevated after 7 to 10 days
after surgery and remained elevated for 3 weeks until the
rats were euthanized. Representative mean values of IOP
exposure during the course of the experiment were 85 and
88 mmHg-days for the rats administered AAV-CMV-GFP
and AAV-CMV-Brn3b, respectively. flII-tubulin immunos-
taining was used as an RGC marker to identify RGCs.

Intravitreal administration of rAAV-CMV-Brn3b promotes
an increase in the expression of Bcl-2 in RGCs of rats with
elevated IOP: To determine whether transcription factor
Brn3b has the ability to upregulate Bcl-2 and Bcel-xL under
glaucomatous conditions, rats were administered rAAV-
CMV-Brn3b or rAAV-CMV-GFP following elevation of
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Figure 2. Transcription factor Brn3b-mediated changes in Bcl-2 and Bcel-xL expression in RGCs of Brown Norway rats. A: Bcl-2 (pseudo-
green), and BIII-tubulin (pseudored) expression in retinal sections from Brown Norway rat eyes injected with either the recombinant adenoas-
sociated virus—hSyn—green fluorescent protein (rA AV-hSyn-GFP) virus (control) or the rAAV-hSyn-Brn3b virus, detected with secondary
antibodies conjugated with Alexa 546 (pseudogreen) or Alexa 647 (pseudored) dye. Cells were counterstained with 4',6-diamidino-2-phe-
nylindole (DAPI; blue) to detect cell nuclei. B: Magnified image of the retinal ganglion cell (RGC) layers showing Bcl-2 immunostaining of
RGCs of retinas transduced with either rA AV-hSyn-GFP or rA AV-hSyn-Brn3b. Scale bar indicates 20 um. C: Ratio of fluorescence intensity
for Bcel-2 staining was measured at 24 different regions in the ganglion cell layers using ImagelJ. The fluorescence intensity ratios are shown
as mean =+ standard error of the mean (SEM), n = 6. A statistically significant increase in the intensity of Bcl-2 staining was found in the
RGCs of the rats injected with rA AV-hSyn-Brn3b, compared to those injected with rA AV-hsyn-GFP. Statistical analysis was performed
with the Mann—Whitney rank-sum test (*p<0.002). D: Bcl-xL (pseudogreen) and BIII-tubulin (pseudored) immunostaining in frozen retinal
sections from rats intravitreally injected with either rA AV-hSyn-GFP or rA AV-hSyn-Brn3b.
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IOP. After the rats were euthanized, the retinal sections were
immunostained for either Bcl-2 or Bel-xL. Increase in Bcl-2
(pseudogreen) levels was mainly seen in the GCL, and mild
staining was also observed in the IPL and the outer plexiform
layer (OPL) in the retinas of the rats injected intravitreally
with rAAV-CMV-Brn3b, compared to those injected with
rAAV-CMV-GFP following IOP elevation (Figure 5A).

© 2016 Molecular Vision

IOP-mediated damage, overexpression of transcription factor
Brn3b could upregulate Bcl-2 as a mechanism to promote
RGC survival as described by Stankowska et al. [23].

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
intravitreal administration of rA AV-hSyn-Brn3b (without IOP

Quantification of the L/R ratio of fluorescence intensities in
RGCs showed a statistically significant increase in immunos-
taining for Bcl-2 (Figure 5B). Rats injected with rAAV-CM V-
Brn3b showed an increase in Bcl-xL expression mainly in
the GCL and mild staining in the INL, compared to the rats
intravitreally injected with rAAV-CMV-GFP (n = 3; Figure
5C). However, there was only an increasing trend (not statisti-
cally significant) in Bcl-xL expression in rats injected with
rAAV-CMV-Brn3b, compared to those injected with rAAV-
CMV-GFP (Figure 5D). These data suggest that following

elevation) produced increased expression of p-AKT in RGCs
(Figure 3). To determine the effect of Brn3b overexpression
during IOP elevation on p-AKT levels, rats with elevated [OP
were injected intravitreally with either rAAV-CMV-Brn3b
or rAAV-CMV-GFP, and immunostaining for p-AKT was
performed. As shown in Figure 6A, immunohistochemical
analysis shows upregulation of p-AKT in the NFL as well as
in the GCL with rat eyes injected with rAAV-CMV-Brn3b,
compared to those injected with rAAV-CMV-GFP (n = 3).
There was an increasing trend (not statistically significant)
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Figure 3. Transcription factor Brn3b promoted an increase in the levels of p-AKT in retinas of rats injected with rAAV-hSyn-Brn3b. A:
Immunostaining for p-AKT (pseudogreen), BIII-tubulin (pseudored) expression in retinal sections from Brown Norway rats intravitreally
injected with either the recombinant adenoassociated virus—hSyn—green fluorescent protein (rA AV-hSyn-GFP; vector control) or rAAV-
hSyn-Brn3b virus. The immunostaining was detected using corresponding Alexa 546 (pseudogreen) or Alexa 647 (pseudored) conjugated
secondary antibody. Scale bar indicates 20 um. B: A magnified view of the retinal ganglion cell (RGC) layers of retinas transduced with
either rAAV-hSyn-GFP or rAAV-hSyn-Brn3b. C: A significant 2.4-fold increase in p-AKT expression was observed in the RGCs of rats
injected with rA AV-hSyn-Brn3b. Ratios of fluorescence intensity values are shown in mean =+ standard error of the mean (SEM), n = 6. The
Mann-Whitney rank-sum test was used for statistical analysis (*p<0.002).
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in the levels of p-AKT in the RGCs of the rats intravitreally
injected with rAAV-CMV-Brn3b following IOP elevation,
compared to those intravitreally injected with rAAV-CM V-
GFP (Figure 6B).

DISCUSSION

The Bcl-2 family proteins that include anti- and proapoptotic
proteins are key regulators of apoptosis. Changes in the
ratio of these proteins may result either in cell survival or
cell death [53]. The Bcl-2 family comprises antiapoptotic
members (Bcl-2, Bel-xL, Bel-W, Mcl-1) that contain four
Bcl-2 homology (BH) domains (BH1 to BH4), and proapop-
totic members, Bax, Bak, and Bok, which have three BH
domains (BH1 to BH3) and Bid, Bad, and Bim (with only
a BH3 domain) [54]. Two distinct forms of Bcl-x have been
identified: Bcl-xL (233 amino acids) and Bel-xS (170 amino
acids: in which BH1 and BH2 are removed by alternate
spicing). Bcl-xL inhibits cell death whereas Bcl-xS facilitates
it, independent of heterodimerization with other Bcl-2 family
members [55]. Bcl-2 is an integral membrane protein whereas
Bcl-xL becomes tightly associated with the membrane after
injury signals. This prevents mitochondrial outer membrane
permeabilization (MOMP) by neutralizing the activity of
proapoptotic members [53,56]. Dimerization is important

© 2016 Molecular Vision

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 activating cell survival [57]. In
mammals, widespread expression of Bcl-2 occurs in CNS and
peripheral nervous system (PNS) neurons during embryonic
development, and the selective retention of Bcl-2 in the adult
PNS is consistent with the role of Bel-2 in regulating neuronal
survival [58,59]. Mouse RGCs lose Bcl-2 expression after E18
[27]; thus, they have limited capacity to survive following
axotomy.

Bcel-xL is expressed in the developing brain, but unlike
Bcl-2 expression, Bel-xL expression continues to increase
into adult life [60]. Bcl-xL-null mice die around E13 and
exhibit massive cell death of immature hematopoietic cells
and neurons [36]. Cell death occurs primarily in immature
neurons that have not established synaptic connections.
Therefore, Bcl-xL might be important for the survival of
immature neurons before the establishment of synaptic
connections with their targets [56]. Bcl-2 and Bcel-xL act by
inhibiting proapoptotic members of the Bcl-2 family through
heterodimerization [58].

AKT, also referred as PKB (RAC-PK), is homologous
to the PKA and PKC families of protein kinases [61]. The
activity of AKT/PKB is regulated by serum and growth
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Figure 4. AAV-mediated overexpression of Brn3b in RGCs of Brown Norway rats with elevated IOP following intravitreal injection of
rAAV-CMV-Brn3b. A: Representative images show Brn3b (pseudogreen) and BIII-tubulin (pseudored) immunostaining in retinas of rats
intravitreally injected with either recombinant adenoassociated virus—cytomegalovirus—green fluorescent protein (rAAV-CMV-GFP) or
rAAV-CMV-Brn3b. Brn3b staining was detected mainly in the GCL. B: Intraocular pressure (IOP) elevation profile in Brown Norway rats
administered rAAV-CMV-GFP. C: IOP elevation profile in Brown Norway rats administered rAAV-CMV-Brn3b. IOP was elevated in one
eye (closed circles), while the other eye served as the contralateral control eye (open circles). IOP elevation was performed in three Brown
Norway rats followed by intravitreal injection with either rAAV-CMV-GFP or rAAV-CMV-Brn3b. IOP values were plotted as mean +
standard error of the mean (SEM; solid line, IOP-¢levated and virus-injected eye; dashed line, untreated contralateral eye). Asterisk indicates
p<0.001 statistically significant elevation of IOP in the IOP-elevated eye compared with contralateral eye using the Student ¢ test. Scale bar
indicates 20 pm.
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factors that activate phosphatidylinositol (PI) 3-kinase
(PI3K) in vivo [62]. PI3K enzymes catalyze the formation of
the lipid 3’-phosphorylated phosphoinositides, which regu-
late the localization and activity of a key component of cell
survival, the Ser/Thr kinase, AKT [63]. AKT phosphorylation
at Serd73 site is required for cell survival [64]. In different
models of glaucoma, it is been shown that activated AKT has
neuroprotective effects on RGCs [65-67].

One of the important goals in research on neurodegen-

© 2016 Molecular Vision

RGCs, which undergo cell death via apoptosis in optic
neuropathies such as glaucoma, are important targets of such
neuroprotective strategies [68]. Clearly, the development
of new therapies relies on a complete understanding of the
changes in gene expression, which contribute to neuroprotec-
tive effects against damaging stimuli.

In a previous study conducted at our laboratory, we found
significant protection of RGCs and optic nerve axons from
IOP-mediated injury following A AV-mediated overexpres-

sion of Brn3b in the RGCs of Brown Norway rats [23]. The
present study explored some mechanisms by which Brn3b

erative diseases is to develop therapies that effectively block
the apoptotic cell death of susceptible neuronal populations.
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Figure 5. rAAV-2-mediated overexpression of Brn3b produced an increase in Bel-2 expression in the RGCs of Brown Norway rats with
elevated IOP. A: Brown Norway rats with elevated intraocular pressure (IOP) were intravitreally injected with either recombinant adenoasso-
ciated virus—cytomegalovirus promoter—green fluorescent protein (rAAV-CM V-GFP) or rAAV-CM V-Brn3b. Retinal sections obtained were
immunostained for Bcl-2 (pseudogreen) and BIII-tubulin (pseudored). B: The L/R ratio of fluorescence intensity of Bcl-2 immunostaining in
retinal ganglion cells (RGCs) from rats intravitreally injected with either rAAV-CMV-GFP or rAAV-CMV-Brn3b is plotted. Densitometry
analysis shows a significant increase in Bcl-2 expression in RGCs transduced with rAAV-CMV-Brn3b, compared to RGCs transduced
with rAAV-CMV-GFP in the rats with elevated IOP. Student ¢ test was used for statistical analysis (*p<0.05). Values are represented as
mean + standard error of the mean (SEM), n = 3. Scale bar indicates 20 pm. C: Brown Norway rats had elevated IOP and subsequently
were intravitreally injected with either rAAV-CM V-GFP or rAAV-CMV-Brn3b. Retinal sections obtained were immunostained for Bel-xL
(pseudogreen) and BIII-tubulin (pseudored). D: A plot of the L/R ratio of fluorescence intensities of Bel-xL immunostaining in the RGCs of
rats intravitreally injected with either rAAV-CMV-GFP or rAAV-CMV-Brn3b. An increasing trend in Bcl-xL expression (not statistically
significant) was observed in rats intravitreally injected with rAAV-CMV-Brn3b, compared to those administered the control vector.
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Figure 6. Levels of p-AKT in the retinas of rats with elevated IOP overexpressing Brn3b. A: Immunostaining for p-AKT in retinal ganglion
cells (RGCs) of Brown Norway rats intravitreally injected with either the recombinant adenoassociated virus—cytomegalovirus—green
fluorescent protein (rAAV-CMV-GFP) or rAAV-CMV-Brn3b following intraocular pressure (IOP) elevation. Retinal sections obtained were
immunostained for p-AKT (pseudogreen) and BIII-tubulin (pseudored). B: An increase in immunostaining (not statistically significant) for
p-AKT was observed in RGCs overexpressing Brn3b (rAAV-CMV-Brn3b) compared to RGCs overexpressing the control vector (rAAV-
CMV-GFP; determined with the L/R ratios of fluorescence intensities of p-AKT staining in RGCs). Values are represented as mean +
standard error of the mean (SEM), n = 3. Scale bar indicates 20 um.

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-CMV-Brn3b following
IOP elevation. In both models, overexpression of Brn3b
produced significant upregulation of the prosurvival gene
Bcl-2 in the RGCs. A statistically significant increase in the
expression of p-AKT was found in the RGCs of the rat retinas
that overexpressed Brn3b only via direct administration of
AAV-hSyn-Brn3b vectors (in the absence of IOP elevation),
compared to those administered the control vector. No statis-
tically significant change in Bcl-xL expression was found
in the rat RGCs that overexpressed Brn3b in both models.
Our current findings support a key role of the antiapoptotic
molecule Bcl-2 in mediating the neuroprotective effects of
transcription factor Brn3b in an ocular hypertension model
of glaucoma.

Brn3b is endogenously expressed in adult retinas, as
well as in different parts of the brain, which includes the
superior colliculus, interpeduncular nucleus, and trigeminal
ganglion [69]. The role of Brn3b in mature RGC physiology
is not completely understood. Brn3b plays a crucial role in the
development and differentiation of RGCs, evidenced by the
loss of approximately 70% of the RGCs in Brn3b-knockout
mice compared to the wild-type mice [15,18,20,22]. In

different animal models of glaucoma, a decrease in Brn3b
expression precedes RGC loss and neurodegeneration [70,71].

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 a dominant
antiapoptotic gene expressed in the retina of adult rats [31].
Bcl-2 is evolutionarily conserved and plays a key inhibi-
tory role against cell death in a range of organisms from
Caenorhabditis elegans to humans [72,73]. In an experi-
mental model of optic nerve lesion, RGCs were robustly
protected by Bcl-2 overexpression and demonstrated good
preservation of pattern ERG responses [72]. Bcl-2 overex-
pression reduced neuronal loss during development that
resulted in hypertrophy of the nervous system. Mice that
overexpress Bcl-2 have enlarged optic nerves suggestive
of enhanced RGC survival during development [74]. Bcl-2
overexpression has been shown to enhance RGC survival to
nearly 65%, 3.5 months after axotomy in adult mice [26].
Numerous studies have demonstrated a neuroprotective role
for Bcl-2, and constitutive expression of the Bel-2 protein has
been shown to promote the survival of various cells when
exposed to adverse stimuli [25,58,75]. Our data suggest the
possibility that Bel-2 upregulation may be associated with the
enhancement of RGC survival in rats intravitreally injected
with rAAV-CMV-Brn3b after IOP elevation that may account

1057


http://www.molvis.org/molvis/v22/1048

Molecular Vision 2016; 22:1048-1061 <http://www.molvis.org/molvis/v22/1048>

for the neuroprotective effects of Brn3b found in our previous
study [23].

Using reverse transcription (RT)-PCR and in situ
hybridization techniques, Bcl-2 and Bel-x mRNA expression
in RGCs was found to be decreased following optic nerve
axotomy [32]. Intraocular delivery of Bel-xL fusion proteins
reduced RGC death after optic nerve axotomy [33,35]. Adeno-
viral overexpression of Bcl-xL in mature axotomized rats
enhanced RGC survival in vivo [34]. However, in the current
study, no appreciable changes were found in the immuno-
reactive levels of Bcl-xL following intravitreal administra-
tion of AAV-hSyn-Brn3b. Mere overexpression of Brn3b
was not sufficient to induce Bcl-xL, but overexpression in
conjunction with elevated pressure was able to bring about an
appreciable increase (albeit not significant) in Bcl-xL levels,
suggesting the possibility that mechanotransduction might be
a contributor to these effects.

Some cytokines such as STAT3 promote a survival
response in neurons through the PI3K/AKT pathway [40,41].
PI3K/AKT signaling promotes RGC survival during retinal
development, optic nerve injury, and ischemia-reperfusion
injury and in acute ocular hypertension [44-46,48-50]. p-AKT
levels have a correlation to increased RGC survival, particu-
larly survival of melanopsin-expressing RGCs (mRGCs) after
optic nerve injury [42,47]. However, in the current study, we
found only an increasing trend for p-AKT levels during AAV-
mediated overexpression of Brn3b. During ocular hyperten-
sion, AKT has direct effects on the effectors of the apoptotic
pathway, including Bcl-2 [37-41]. AKT signaling through
enhanced cAMP response element-binding protein (CREB)
activity could increase Bcl-2 promoter activity leading to
increased cell survival [46,56,76]. p-AKT also regulates
Bcl-2 activity in various types of cells [37-41,46,56,76]. In
addition to Brn3b-mediated elevation in Bcl-2 expression, it
is possible that a transient elevation in p-AKT could promote
increased Bcl-2 expression, contributing to increased RGC
survival. Taken together, findings from the current study
provide insight into molecular and biochemical mechanisms
that contribute to the neuroprotective effects of Brn3b during
ocular hypertension, which have implications for the develop-
ment of strategies for neuroprotection in glaucoma.

APPENDIX 1.

To access the data, click or select the words “Appendix 1.”
Brn3b expression in retinas of rats intravitreally injected with
rA AV-hsyn-Brn3b. Brown Norway rats were intravitreally
injected with either rA AV-hsyn-GFP or rAAV-hsyn-Brn3b
and maintained for 2 weeks. Following sacrifice, frozen
retinal sections were obtained and stained with an antibody
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against Brn3b (pseudo-green) and Neu N (pseudo-red). An
increase in immunoreactive levels of Brn3b was observed
in retinal sections obtained from A AV-hsyn-Brn3b injected
rats, compared to those injected with AAV-hsyn-GFP (control
vector). Co-staining of Brn3b with NeuN was observed in all
retinal sections.

APPENDIX 2.

To access the data, click or select the words “Appendix 2.”
Immunoreactivity and specificity of Bcl-xL antibody. The
specificity and immunoreactivity of the Bcl-xL antibody was
tested by a immunoblot analysis of optic nerve extracts from
Brown Norway rats. Briefly, optic nerve extracts obtained
from the left (L) and right (R) eyes of a Brown Norway rat
were run on a SDS—-PAGE gel, and transferred to a nitrocellu-
lose membrane. Primary antibody incubation was performed
with a rabbit anti-Bc¢l-xL antibody and secondary antibody
incubation was done with a donkey anti-rabbit IgG Horse
radish peroxidase (HRP) conjugate. The blots were developed
with an enhanced chemiluminescence kit. A single doublet
band (30 kDa) was observed indicating the specificity of the
Bcl-xL antibody used in this study.

APPENDIX 3.

To access the data, click or select the words “Appendix 3.”
rAAV-hsyn-Brn3b virus injection was performed in one
eye (black bar, n=2) and compared with the contralateral
eye (white bar, n=2). Visual acuity was measured using the
Optomotor test as described by Stankowska et al., (2015).
There was no change in visual acuity 4 weeks following
administration of rA AV-hsyn-Brn3b virus, compared to the
untreated companion eye.
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