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Abstract 
 

In glaucoma, loss of retinal ganglion cells (RGCs) and axons leads to blindness; preservation 

of RGC neurons is therefore a major therapeutic goal. Increasing pressure (intraocular 

pressure, IOP) is a major risk factor in primary open angle glaucoma (POAG). Therapeutic 

lowering of IOP has been shown to be protective against glaucoma. However, despite IOP 

lowering many patients continue to demonstrate progressive glaucomatous neuropathy thus 

warranting additional intervention strategies. Brain-derived neurotrophic factor (BDNF) and 

its high affinity receptor tropomyosin receptor kinase B (TrkB) are reported to play 

important role in preservation of RGCs. In this thesis, I have investigated BDNF-TrkB 

signaling in neuronal cells and have explored the binding pattern of agonist and antagonist 

to the neurotrophin receptors. I have also investigated TrkB activity by modulating Shp2 

phosphatase (PTPN11) in SH-SY5Y cells, in both healthy rodents and an experimental 

glaucoma animal model, using viral vector gene therapy. The results show that BDNF 

regulates the GSK3β activity in RGC-5, PC-12 and animal RGCs. Shp2 modulation 

regulates TrkB phosphorylation and endoplasmic stress response in SH-SY5Y and in the 

RGCs of both healthy and experimental glaucoma animal models. Shp2 overexpression in 

SH-SY5Y cells and animal retina, was associated with TrkB antagonism, reduced 

neuritogenesis, loss of retinal structural & functional integrity and enhanced ER stress 

response leading to apoptotic changes. Conversely, Shp2 knock down in an animal model of 

elevated IOP resulted in protection of the retinal structural and functional integrity. These 

observations correlated with enhanced TrkB phosphorylation in RGCs in response to genetic 

knockdown of Shp2 expression in experimental animal glaucoma model. The current 

findings reinforce the role played by Shp2 in regulating signaling in neuronal cells and 

highlight that Shp2 dysregulation is detrimental for the inner retina. Based on these 

observations we propose that selective targeting of Shp2 in RGCs may be a promising 

therapeutic strategy in glaucoma. 
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CHAPTER 1 
 

Introduction  

 

 
 

1.1 Motivation 

Untreated glaucoma causes blindness and it has been projected to affect approximately 

60 million people by 2020, translating to more than 8.4 million cases of irreversible 

blindness worldwide (Davis et al., 2016). The danger of becoming visually impaired 

from the disease is more likely in developing countries in comparison to developed 

countries (Frenk, 2006). It has been recorded that adults over 40 years of age with a 

family history of glaucoma, a history of complicated cardiovascular disease or diabetes, 

run a higher risk of developing glaucoma and therefore, the ageing population generally 

forms the majority of sufferers of this disease (Jamison and Mosley, 1991). The major 

signs of glaucoma are elevated intra ocular pressure (IOP), optic nerve head (ONH) 

damage, optic disc cupping and visual field loss (Boland et al., 2012). Blockage or 

reduction in aqueous humor fluid outflow causes an increase in IOP in many cases. The 

conventional schematic flow of aqueous humor is shown in Figure 1.1. An increase in 

IOP is associated with destruction of the optic nerve and is responsible for the occurrence 

of irreversible vision loss in humans (Dimovska-Jordanova, 2012). There is no cure for 

this pathological condition, however, its management is limited to lowering IOP 

medically by means of pharmacological agents or surgery (Shaarawy et al., 2004). Many 

subjects never manifest an elevated  IOP and there have been records of the glaucoma 

advancement under normal IOP levels, as in the case of normal tension glaucoma (NTG) 

(Mallick et al., 2016). The condition is not noticed by the patient until a critical loss in 
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vision occurs. The loss of vision is not accompanied by pain or discomfort and there is 

the danger of the condition deteriorating unless careful monitoring and treatment of IOP 

is performed (Colligris et al., 2012). Regardless of the rigorous approach to treatment 

and monitoring techniques made accessible to glaucoma patients, there is still a risk of 

disease progression (Heijl et al., 2002, Wu et al., 2017). This ongoing risk of progression 

highlights the need to develop other forms of treatment apart from lowering IOP. 

 

Figure 1.1 Schematic representation of two different aqueous humor flow pathways. Ciliary body produce 

the aqueous humor and fills both the anterior and posterior chamber of the eye (A) Diagram showing the 

conventional pathway, the fluid flows out through the trabecular meshwork in Schlemm’s canal and is 

subsequently absorbed into the episcleral veins. (B) Second pathway is the uveoscleral pathway in which 

the aqueous humor flows through the ciliary body and muscles towards the suprachoroidal space, from 

where it is absorbed by the venous system via collector channels of the ciliary body, choroid and sclera.  

A B 
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1.2 Human visual system 

Extension of central nervous system (CNS) gives ability to visualize and enable many 

functions and reflexes of the visual pathway (eg: light reflexes, balance, movement etc). 

The human visual system detects information from visible light and delivers it to CNS 

to produce a processed representation of the surrounding information. The visual system, 

via complicated pathways and binocular input allows identification and classification of 

the image; distance evaluation and adjustment in contrast needed to perceive the object. 

The human visual system comprises 3 important parts; the retina, optic nerve, lateral 

geniculate nucleus (LGN) and visual cortex. 

 

1.2.1 Retina 

The retina is an exceptional specialized sensory organ formed of complex multi-layered 

neural circuit where visual perception begins. Contrary to other sensory structures 

located in peripheral nervous system, the retina is considered to be part of CNS because 

during embryonic development it is extended from the diencephalon (London et al., 

2013). Like human retinas, the mouse retina has similar prototypic structure consisting 

of 5 different types of neurons (retinal ganglion cells (RGCs), amacrine, bipolar, 

horizontal and photoreceptor) that are highly organized in anatomical structure (Figure 

1.2). Despite different morphology, RGC show the typical properties of CNS neurons 

and mostly comprise a cell body, dendrite and an axon (Peterson and Dacey, 2000). 

Bipolar, amacrine and horizontal cells form the inner nuclear layer (INL) whereas outer 

nuclear layer (ONL) has photoreceptor cells, the rods and cones. INL and ONL are 

separated by two plexiform layers. Phototransduction, the mechanism of converting light 

into electrical signal, is carried out by the rods and cones (Williams, 2016). The rods are 
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highly sensitive to light and responsible for night vision, while cones function capability 

is higher in the day light. In the mouse retina, the 145 million photoreceptor population 

is rod cell dominated (approximately 97%) (Cunea and Jeffery, 2007) and the cones are 

packed in the center of retina that process color vision (Conway, 2009). The cells in the 

INL modify and transfer the signal to RGC, destination within retina. The cascades of 

visual information from photoreceptors output, terminates within the visual cortex.      

 

 

Figure 1.2 Anatomical organization of the eye and the retina. Light entering the eye is focused onto the 

retina due to the combined refractive power of the cornea and the lens. Light passes through the upper 

layers of the retina before light energy is captured by the photoreceptor outer segments, transferring this 

energy into neuronal signals. (1) retinal ganglion cells, (2) amacrine cells, (3) bipolar cells, (4) muller 

cells, (5) horizontal cells, (6) cones and (7) rods.  

 

 

 

 

1.2.2 Optic nerve 

Visual information detected in photoreceptor cells are transmitted through one million 

optic nerve (ON) fibers to higher visual centers. In mice approximately, 45,000 axons 

bundle together forming the ON, compared to ~1.7 million in humans (Alur et al., 2008, 
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Mikelberg et al., 1989). There are four different regions in ON; (1) ONH (2) lamina 

region (3) myelinated and (4) unmyelinated region (Oyama et al., 2006). ON also 

contains a variety of glial cells in addition to the RGC axons. Glial cell population and 

diversity is based upon the region of the ON. They provide support and nutrition to 

maintain the axonal health (Butt et al., 2004). In mice and other mammals, the ON from 

each eye meets at the optic chiasm. At this region, most of the axons partially cross over 

and project to the contralateral side of the brain while the remaining axons project to the 

ipsilateral side (crossed and uncrossed projection) (Petros et al., 2008). Upon exiting the 

optic chiasm, these axons project to one of three major subcortical targets: LGN, the 

pretectal nuclei and superior colliculus (SC) (Gupta and Yucel, 2003).  

1.2.3 Lateral geniculate nucleus and visual cortex 

The next information processing center in the visual transduction pathway is the LGN, 

which begins to integrate information from both eyes into a binocular representation of 

visual space. Once retinal signals arrive within the LGN, they can be impacted by a wide 

variety of other inputs as well as the complex feedforward and feedback circuits to and 

from the higher visual centers. These inputs include not only visual data, but also 

nonvisual data that comes from cortical areas, SC, pretectum, parabigeminal nucleus, 

reticular nucleus and other brain stem pathways (Huberman, 2007). The LGN neurons 

mainly project to the primary visual cortex (striate cortex or V1) (Figure 1.3). Area V1 

is located in the occipital lobe at the back of the head and from here the information is 

distributed to several higher cortical centers for further processing (Grill-Spector and 

Malach, 2004).  
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Figure 1.3 Human visual pathway system. Visual information to the brain goes from eye to LGN and then 

to primary visual cortex, or V1, located in the posterior of the occipital lobe (Polyak, 1957) 

 

1.3 Glaucoma 

1.3.1 Definition and history 

There is some debate over the true meaning of the term “glaucoma”. In 17th century, the 

Greeks defined glaucoma as clouded or blue-green hue, most likely describing a person 

with a swollen cornea or who was rapidly developing cataract, both of which may be 

used to describe long-term elevated pressure inside the eye. Cataract and glaucoma were 

not distinguished until 1705. In the beginning of 18th century Dr. Antoine-Pierre 

Demours (1818) for the first time described glaucoma as raised ocular tension. Thereafter 

the central concept of a rise in the IOP became fully established. Later, Dr. G. J. Guthrie 

(1823), recognized a characteristic feature of eye hardness which he termed as glaucoma. 

A Scottish clinician in 1835, Dr. William Mckenzie, finally established the feature of 
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raised eye tension in both chronic and acute glaucoma. Taking forward Dr. Mckenzie’s 

work, Dr. Donders (1862) described his clinical observation an incapacitating increased 

eye tension occurring without any inflammatory symptoms as simple glaucoma (Tsatsos 

and Broadway, 2007). More refined definition of glaucoma has come about over the last 

100 years. During 20th century, the definition of glaucoma has been refined as a disease 

of the optic nerve (an optic neuropathy). 

The term “glaucoma” describes a heterogeneous group of dynamic optic neuropathies, 

defined as a slow progressive neurodegeneration of RGCs and axons, bringing about a 

characteristic appearance in the optic disc structure (cupping) and associated functional 

damage in the visual field  (Perdicchi et al., 2007, Davis et al., 2016, Wojcik-Gryciuk et 

al., 2015). Types of glaucoma include primary open angle glaucoma (POAG), as well as 

congenital glaucoma, angle closure glaucoma and secondary glaucoma. In POAG, the 

progressive degeneration of RGCs leads to nerve fiber layer loss, characteristic optic disc 

changes and reduced visual field sensitivity. The diagnosis of glaucoma therefore 

includes evaluation of the auxiliary characteristics of the ONH, measurement of IOP and 

assessment of central and peripheral visual function using standard automated 

perimeters. Although raised IOP is an important risk factor in glaucoma, as mentioned 

above patients can at times present with IOP within the normal range (10-21 mmHg), 

known as normal-tension glaucoma, NTG (Anderson, 2011). Changes in ONH structure 

are commonly identifiable before reductions in visual field sensitivity (Bartz-Schmidt et 

al., 1999, Jonas and Grundler, 1997, Emdadi et al., 1999). Recent advances in imaging 

innovations take into consideration objective and quantitative structural assessment of 

the retinal nerve fiber layer (RNFL) entering the optic nerve head, utilizing non-invasive 

optical techniques, such as optical coherence tomography (OCT). These RNFL losses 
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correlate with visual field defects, providing a structure/function correlation (Trip et al., 

2006, Pula et al., 2011). 

 

1.3.2 Epidemiology and risk factors 

The number of people with glaucoma worldwide will increase to 79.76 million in 2040, 

disproportionally affecting people residing in Asia and Africa. Studies estimated that 

around 3% of the Australian population aged 60 years or older will have glaucoma by 

2030 (Rochtchina and Mitchell, 2000). Data from other countries like United States also 

suggest that glaucoma affected more than 2 million people in the year 2004, whereas this 

number is set to increase by 50% by the year 2020 (Friedman et al., 2004). These 

statistics are important for preparing strategies to design, screen and make treatment 

available for glaucoma. A projection of the number of people affected by overall POAG 

in 2020 and 2040 is presented below in table 1.1 (With permission from Prof. Cheng). 
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World region 
POAG 

2020 2040 

Asia 28.29 (21.99-35.75) 42.32 (33.03-53.34) 

Africa 8.73 (5.28-13.17) 16.26 (9.86-24.59) 

Europe  5.67 (4.21–7.51) 6.39 (4.79–8.42) 

North America 3.52 (2.31–5.08) 4.24 (2.80–6.10) 

Latin America and the 

Caribbean 
6.22 (3.36–11.01) 10.20 (5.52–17.97) 

Oceania 0.25 (0.12–0.40) 0.35 (0.18–0.58) 

Worldwide 52.68 (37.27–72.92) 79.76 (56.18–111.0) 

 

 Table 1.1 Number of people (aged 40-80 years) in 2013 was estimated based on World Population (Tham et 

al., 2014). POAG; primary open angle glaucoma. 

 

Most clinical investigations show that glaucoma is frequently associated with abnormal 

elevation of IOP as the major risk factor (Kaufman, 2017). However, 25% to 50 % of 

glaucoma patients have the IOP within the normal range (<21 mm Hg) (Anderson, 2011). 

Other unequivocally supported risk factors include age progression (Sawada et al., 2015), 

low diastolic perfusion pressure (Zheng et al., 2010), near-sightedness (Chen et al., 2012) 

and moderately thinning in central cornea (Galgauskas et al., 2014). More systemic risk 

factors including diabetes mellitus, hypertension and migraine are less predictable (Zhou et 

al., 2014, Langman et al., 2005, Chen et al., 2016).  

 

1.3.3 Genetic factors 

A family history of POAG has also been well-established, suggesting that genetic mutations 

are associated with pathogenesis of glaucoma (Mabuchi et al., 2015).  Up to now there have 
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been over 20 genetic loci and 4 genes have been linked to POAG including; MYOC (Kim et 

al., 2001), OPTN (Sarfarazi and Rezaie, 2003), WDR36 (Skarie and Link, 2008) and 

Cav1/Cav2 (Wiggs et al., 2011). The MYOC gene was first examined in vitro in trabecular 

meshwork (TM) as response of glucocorticoid-induced gene while studying the effects of 

dexamethasone on TM cell cultures (Polansky et al., 1997). The gene encodes myocilin 

protein and intracellular accumulation of the misfolded form of its mutant increases the IOP 

(Kasetti et al., 2016). Unlike myocilin, optineurin (OPTN) was shown to have a protective 

role in glaucoma progression in response to TM stress, though there is contradictory 

evidence in transgenic mice model overexpressing OPTN in the lens, where it failed to 

protect against transforming growth factor-β1–induced apoptosis (Kroeber et al., 2006). The 

role of this gene in glaucoma pathogenesis requires further studies. Another gene associated 

with POAG is WDR36. The abnormalities in WDR36 alone are not sufficient to cause POAG 

however, the relationship of WDR36 sequence variants with more severe disease in affected 

individuals propose that deformities in the WDR36 gene can add to POAG (Hauser et al., 

2006). WDR36 encodes protein thought to be involved with T-cell activation and 

proliferation and in ribosomal RNA processing (Mao et al., 2004).  The loss of WDR36 in 

zebrafish line with viral insert wdr36hi3630aTg showed reduction in WDR36 protein but lead 

to activation of the p53 stress response pathway without alteration in bax, a pro-apoptotic 

gene (Skarie and Link, 2008). Genome-wide association study (GWAS) resulted in 

discovery of caveolin genes (cav1/ cav2) isoform that are associated with POAG 

(Thorleifsson et al., 2010b).  

Cav1 and cav2 are known to involve in the formation of caveolae, specific invaginations of 

the plasma membrane that are rich in cholesterol and other lipids and take part in 

transcytosis. Cav1 and cav2 are expressed in most human cell types, including tissues such 

as the TM (Surgucheva and Surguchov, 2011), scleral spur cells (Thorleifsson et al., 2010a) 
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and RGCs (Thorleifsson et al., 2010a), however changes in these tissues are assumed to play 

a critical role in the POAG pathology, leading to death of RGC axons, along with supportive 

glia and vasculature. We further discuss in detail the role of cav1 and cav2 in glaucomatous 

stress in section 1.4.7 “TrkB regulation by endogenous phosphatase Shp2”.  

 

1.3.4 Current management  

Treatment and management of POAG involves patient education, compliance with therapy 

and management by an ophthalmologist. High IOP is the only risk factor that can be 

pharmacologically or clinically modified, apart from management of co-existing illnesses 

such as cardiovascular disease and diabetes. Pharmacological administration of drugs used 

to lower IOP in a patient with ocular hypertension may slow but cannot always arrest the 

progression of glaucoma (Law, 2007). Traditionally, glaucoma treatment begins with 

pharmacological intervention, proceeding to laser therapy and surgery when necessary. 

Though designed to maximize the benefit of treatment while minimizing risk to the patient, 

the pharmacological approach has been challenged as less effective than surgery (Noecker, 

2006) but the latter is associated with potential complications. Some glaucoma patients may 

require all three treatment options and because glaucoma is a chronic, progressive disease 

with no known cure, all treatments should be made available to each patient. The treatment 

of POAG includes the use of topical and orally administered agents (Table 1.2).
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S.No Pharmaceutical agent Drugs Adverse reactions Contraindications 

1 Prostaglandin analogs (Linden 

and Alm, 1999) 

1. Bimatoprost           

2. Latanoprost            

3. Travoprost 

Ocular:                                                                              

Blurred vision Stinging, burning, hyperemia, foreign 

body sensation, itching, increased iris pigmentation, 

eyelash changes, punctate epithelial keratitis, cystoid 

macular edema, iritis and Herpes simplex keratitis                                                                          

Systemic:                                                                      

Headaches and upper respiratory tract symptoms 

Ocular:                                                                          

History of uveitis, CME, herpes simplex, keratitis 

and complicated cataract surgery                                      

Systemic:                                                                      

None 

2 Alpha2-adrenergic agonists 

(Apatachioae and Chiselita, 

1999) 

Nonselective 

1.Epinephrine           

2. Dipivefrin 

Selective 

1.Apraclonidine        

2. Brimonidine 

Ocular:                                                                                 

Allergic sensitivity, minimal mydriasis, lid retraction, 

conjunctival vasoconstriction, stinging, burning, 

foreign body sensation, hyperemia and conjunctival 

follicles.                                                                                                        

Systemic:                                                           

Gastrointestinal discomfort, taste abnormalities, 

headache, fatigue/drowsiness, oral dryness and                   

severe heaches 

Only with Epinephrine                                             

Ocular:                                                                    

Aphakia/ pseudophakia and narrow angles            

Systemic:                                                                  

Systemic hypertension, heart disease, 

hyperthyroidism, diabetes mellitus and certain 

medications 

3 Beta-blocking agents (Brooks 

and Gillies, 1992)  

Nonselective 

1.Carteolol                   

2. Levobunolol            

3. Metipranolol           

4. Timolol           

Selective                       

1. Betaxolo 

Ocular:                                                                              

Stinging, burning, superficial punctate keratitis,             

allergic sensitivity, decreased corneal sensitivity and 

uveitis.                                                                                                                       

Systemic:                                                                                

COPD, systemic hypotension, bradycardia,      

diabetes mellitus, Myasthenia gravis and certain 

medications 

Ocular:                                                                           

Narrow angles                                                        

Systemic:                                                                      

Chronic obstructive pulmonary disease, systemic 

hypotension, bradycardia, diabetes mellitus, 

Myasthenia gravis and certain medications 
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4 Carbonic anhydrase inhibitors 

(Mincione et al., 2007) 

Systemic, oral 

1.Acetazolamide   

injection or 

sustained release 

2.Dichlorphenamide 

3.Methazolamide  

ORAL CARBONIC ANHYDRASE INHIBITORS    

Ocular:                                                                                        

None                                                                                           

Systemic:                                                                                             

Malaise depression, confusion, metallic taste, 

anorexia, diarrhea, paresthesia, kidney stones, 

metabolic acidosis and blood dyscrasia. 

ORAL CARBONIC ANHYDRASE INHIBITORS 

Ocular:                                                                           

None                                                                             

Systemic:                                                                        

History of kidney stones, liver disease, sulfonamide 

allergy, cardiac disease, Addison’s disease, renal 

disease and severe chronic obstructive pulmonary 

disease. 

  

Topical                          

1. Dorzolamide          

2. Brinzolamide 

TROPICAL CARBONIC ANHYDRASE INHIBITORS         

Ocular:                                                                              

Stinging, burning, allergic sensitivity, blurred vision, 

superficial punctate keratitis and corneal edema. 

Systemic:                                                                          

Altered taste 

TROPICAL CARBONIC ANHYDRASE 

INHIBITORS                                                   

Ocular: 

Corneal endothelium compromise 

Systemic: 

Sulfonamide allergy  

5 Cholinergic agonists—miotics 

(Marquis and Whitson, 2005) 

1. Pilocarpine,                

2. Carbachol 

Ocular:                                                                                               

Stinging, irritation, ciliary spasms (myopia), miosis 

(vision), pupillary block and retinal detachment                          

Systemic:                                                                                 

Headache, pain, sweating, vomiting, diarrhea, 

salivation, bradycardia, arrhythmia and dyspnea. 

Ocular:                                                                                 

History of retinal detachment, severe myopia, 

cataracts, inflammation/infection and 

Ahakia/pseudophakia                                                    

Systemic:                                                                                 

Asthma, ulcers, bladder dysfunction and 

Parkinson’s disease 

Table 1.2 Pharmaceutical agents for management of POAG along with major adverse reactions and contraindications 
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Unfortunately, despite effective IOP lowering, some patients still develop vision impairment 

and optic neuropathy. This damage indicates that an IOP-independent mechanism may be 

involved in mediating the RGC degeneration in glaucoma disease (Guo et al., 2005). 

Consequently, IOP is no longer regarded as the only potential target for glaucoma treatment 

and more effective strategies are required to protect RGCs. In recent years, several new 

techniques have been examined in preclinical models to create neuroprotective treatments 

for glaucoma to prevent RGC death and further ON injury. If successful, these 

neuroprotective strategies may gradually find applications in the clinical management of the 

disease, along with current IOP lowering therapies (Song and Caprioli, 2014, Parikh et al., 

2008). Nevertheless, currently no alternative therapy has been demonstrated in humans for 

clinical application to prevent glaucoma damage. The lack of treatment strategies is largely 

because we do not completely comprehend the molecular basis of the disease and how it 

influences retinal structure and function (Robin and Grover, 2011, Gessesse and Damji, 

2013). Therefore, the main principle of POAG treatment remains reducing IOP either by 

means of pharmacological agent, laser or surgery (Crawley et al., 2012, Perry et al., 2003, 

Topouzis et al., 2007).  

 

1.3.5 Rodent models of glaucoma  

Like many clinical diseases, it is very difficult to study the pathophysiology of glaucoma in 

human patients. The researchers heavily depend on animal models that replicate important 

aspects of condition to study the disease mechanism and to develop new therapies. A variety 

of animal models of glaucoma are available. The rodent models are highly attractive for 

several reasons including their potential for trial (including but not constrained to genetic) 

manipulation, short life expectancy, and minimal cost. The similarity of the visual structure 
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and physiology to humans have been mentioned (Kass et al., 2002, Lambert et al., 2017, 

Rovere et al., 2016, Vidal-Sanz et al., 2015, You et al., 2014) (Table 1.3). The mouse does 

not develop connective tissue bundles through the optic nerve head at the level of sclera 

(Tansley, 1956, May and Lutjen-Drecoll, 2002) where as in the rat with optic nerve head a 

single collagen bundles are present forming a lamina-cribrosa (Morrison et al., 1995, 

Hildebrand et al., 1985).  In genetic rodent models of glaucoma, ocular hypertension occurs 

naturally, however it can also be induced experimentally in wild-type rodents either by 

surgical procedures or by gene manipulation (Nair et al., 2016, Anderson et al., 2001, Junglas 

et al., 2012), providing an opportunity to explore molecular mechanism in the progression 

of disease. The IOP-independent rodent models of glaucoma come under the category of 

acute models, such as optic nerve crush or transection (Templeton and Geisert, 2012),  

intraocular injection of toxins (Guo et al., 2006), pressure induced ischemia/ reperfusion 

(Adachi et al., 1996) and endothelin-1 minipump (Orgul et al., 1996). The acute models of 

glaucoma are fast and RGC death is induced in short period of time. The laser-damaged near 

retinal ganglion cell layer is also IOP independent. In contrast, chronic glaucoma rodent 

models (or IOP-dependent), the aqueous outflow pathway (episcleral vein and TM) is 

blocked, resulting in moderate increase in IOP, mimicking the pathophysiology in glaucoma 

patients. Chronic IOP elevation can be achieved experimentally in rodents by laser induced 

photocoagulation of episcleral vein (Li et al., 2006), episcleral vein injection of hypertonic 

saline (Jia et al., 2000), cauterization (Danias et al., 2006), TM obstruction (Lambrou et al., 

1989) and S-antigen administration (Bakalash et al., 2003). Recently, we and others have 

demonstrated the model of microbead injection in the anterior chamber to block the aqueous 

flow in the rodent eye (Gupta et al., 2014b, You et al., 2014, Krishnan et al., 2016, Yang et 

al., 2016b, Weber and Zelenak, 2001, Sappington et al., 2010).  We have used the microbead 

model in this thesis with details presented in chapter 7. In addition to in vivo models, cell 
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culture systems are also widely used to study the RGC survival and apoptosis.  RGC-5 cell 

line was originally characterized as cells isolated from rat but later this cell line were 

believed to be murine (Mus musculus) and not of rat (Rattus norvegicus) origin (Sippl and 

Tamm, 2014). The RGC specific marker, Thy1 can be employed to confirm the origin of 

these retinal cell line. RGC-5 cell line expresses Brn3C, TrkA, TrkB, BDNF, NT-3 and other 

neurotrophic factors (Agarwal et al., 2007). The cell line morphologically appears as glial 

but does not express glial fibrillary acid protein and electrophysiological ion channels 

(Frassetto et al., 2006). Retinal explant culture also serves as a model of glaucoma and it 

requires all axons within the optic nerve followed by the significant degeneration of RGCs. 

This experiment cannot be performed in vivo due to limitations involving tissue access, 

microenvironment or systemic factors (Seigel, 1999). 

 

Genetic mouse models 

Point mutation (eg. DBA/2J, myocilin, optineurin) 

Multiple point mutation (eg. YBR/EiJ, Collagen type-I α1 subunit, CTGF overexpression) 

Knock out (eg. GLAST, EAAC1, CYP1B1, FOXC1, FOXC2, PITX2, LMX1B, PAX6,  

BMP4)    

Acute (IOP-independent) 

Optic nerve crush or transection 

Intraocular injection of toxins (eg. glutamate, staurosporine) 

Retinal ischemia and reperfusion 

Endothelin-1 minipump 

Chronic (IOP-dependent) 

Anterior chamber injection of microbeads     

Laser induced photocoagulation of episcleral vein     

Episcleral vein injection of hypertonic saline     

Episcleral vein cauterization (2–3 veins)     

Intracameral injection and trabecular meshwork obstruction     

S-antigen administration 

Cell cultures    

Primary RGC culture  

RGC-5 cell line culture  

Retinal explant culture      

 
Table 1.3 Summary of rodent glaucoma models 
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1.4 Biochemical mechanism of neurotrophins in RGCs neuroprotection 

1.4.1 Neurotrophin structure and function 

Neurotrophins are a family of growth factors, secreted proteins that support the survival, 

development and function of neurons (Hempstead, 2006, Luther and Birren, 2009, 

Reichardt, 2006). As per the neurotrophic theory, the amount of released survival factors is 

limited to and dependent on the size of the target organ and number of neurons receiving 

neurotrophic factors (Oppenheim, 1989). For instance, it has been suggested that 

neurotrophins are produced in the brain (eg. neurons and glial cells) and act either by 

retrograde, anterograde, paracrine or autocrine manner to support other sensory neurons 

(Noga et al., 2003, Binder and Scharfman, 2004). The first such factor to be discovered 

during the search for survival factors was nerve growth factor (NGF) (Levi-Montalcini, 

1987). There are four different types of neurotrophins reported in mammals; (1) brain-

derived neurotrophic factor (BDNF), (2) NGF, (3) neurotrophin-3 (NT-3) and (4) 

neurotrophin-4 (NT-4) (Binder and Scharfman, 2004). There are other proteins that have 

been reported to have role in development, structural, functional and survival in the nervous 

system such as cytokines and glial cell-derived neurotrophic factor (GDNF) (Ibanez and 

Andressoo, 2016, Stolp, 2013). However, these neurotrophins exert their biological 

functions on neurons through two transmembrane receptors: p75 neurotrophin receptor 

(p75NTR) and tropomyosin kinase receptors family (Trk), TrkA, TrkB, and TrkC. BDNF 

has high binding affinity to TrkB and p75NTR receptor, NGF binds to TrkA receptor, NT-3 

shows prominent binding with TrkC receptor and NT-4/5 exhibit specificity towards TrkB 

receptor (Figure 1.4) (Huang and Reichardt, 2003, Benedetti et al., 1993). Both Trk family 

and p75NTR receptors are often present on the same cells. Neurotrophins arise from 

precursors, as pro-forms (30-35kDa) and are later processed by protease cleavage, mainly 

by the serine protease (Gray and Ellis, 2008), plasmin (Gray and Ellis, 2008), to generate 



18 
 

their mature forms (12-13kDa). These neurotrophin receptors are important and show 

diverse functions such as during development of nervous system or regenerating injured 

neurons for survival. Interestingly, different functions are attributed to these two 

neurotrophin receptors; p75NTR transfers positive and negative signals leading to cell 

survival or cell death, whereas the Trk family receptors transmit predominantly positive 

signals that augment the signaling cascade. p75NTR and Trk family receptors have a 

contradictory relationship: either suppression or enhancement actions on the cellular 

signaling and survival. The pro-form of neurotrophins binds to Trk receptors in a similar 

fashion but with low affinity and its cleavage to active form is important for the neurotrophin 

action (Figure 1.4) (Bothwell, 2016, Ding et al., 2016). The binding of neurotrophin to Trk 

receptor is very important because it promotes the formation of Trk dimers, this interaction 

then promotes the phosphorylation of the intracellular cytoplasmic domain, with further 

activation of the adapter protein and enzymes to the submembrane area and subsequent 

pathway activation (Chitranshi et al., 2015). Downstream signaling pathways for neuronal 

survival are activated by Trk receptors in response to neurotrophin binding. The mitogen-

activated protein kinase/extracellular signal-regulated protein kinase (MAPK/ERK) 

pathway (Gupta et al., 2013a), the phosphatidylinositol 3-kinase/protein kinase B 

(PI3K/PKB) pathway (Guo et al., 2014) and the phospholipase C/inositol 1,4,5-triphosphate 

(PLC/IP3) pathway (Guo et al., 2014) are the three important pathways by which Trk 

receptors foster survival signaling. Contradictory to the specificity of mature neurotrophin-

Trk receptor family signaling, all pro- or uncleaved   neurotrophins activate p75NTR 

receptor with high affinity. However, the mature neurotrophins show low binding affinity to 

the p75NTR receptor. The catalytic motif is absent in p75NTR receptor but it interacts with 

other intracellular proteins that are activated downstream upon uncleaved neurotrophin 

binding (Sebastiani et al., 2015). “Yin and yang” neurotrophin model propensity has been 
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proposed as an on/ off model in which pro- and mature forms of neurotrophin can stimulate 

either class of the neurotrophin receptors (Trk family or p75NTR) (Lu et al., 2005).  

Hempstead et. al demonstrated that the pro form of neurotrophin (unprocessed form) binding 

to p75NTR has the capability to act independently and promote cell death in developing 

neurons (Bamji et al., 1998, Hempstead et al., 1991). Cell death was also noted in 

oligodendrocytes (Beattie et al., 2002), Schwann cells (Teng et al., 2005), photoreceptors 

(Srinivasan et al., 2004), smooth muscle cells (Lee et al., 2001),  corticospinal neurons 

(Harrington et al., 2004),  and superior cervical ganglion cells (Teng et al., 2005). p75NTR 

receptor has high affinity to proneurotrophin. p75NTR downstream activation can also be 

achieved through ceramide signaling and initiate signal transduction by forming cluster 

within the membrane (DeFreitas et al., 2001). Dobrowsky and colleagues proposed that 

p75NTR activates sphingomyelinase-2 (nSMase2) activity in the inner part of the plasma 

membrane, but how nsMase2 coupled to p75NTR is still not well understood (Dobrowsky 

et al., 1994, Milhas et al., 2010). Upon activation, sphingomyelinase hydrolyzes 

sphingomyelin to ceramide. Ceramide then activates c-Jun N-terminal kinases (JNK), which 

is linked to the apoptotic cascade in mitochondria of neuronal cells (Casaccia-Bonnefil et 

al., 1996, Heumann, 1994, Kaplan and Miller, 2000). In addition, studies on JNK knock-out 

mice suggested a dual role of JNK in death of neuronal cells in the developing spinal cord 

and its survival in developing neocortex (Kuan et al., 1999). Upon binding to their membrane 

receptors at presynaptic terminals, the activated neurotrophin-receptor complexes are 

activated and retrogradely transported towards the cell body, where they regulate nuclear 

and cytosolic events important for the survival or apoptosis of these neurons (Campenot and 

MacInnis, 2004, Bartlett et al., 1998). Neurotrophin deprivation happens after CNS trauma 

or in diseases like glaucoma and Alzheimer’s disease, detrimental to neuronal functioning 

and survival. 
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Figure 1.4 The neurotrophins and their receptors. Mature neurotrophins bind preferentially to specific Trk 

receptors, whereas unprocessed pro-neurotrophins bind to p75NTR. NGF, nerve growth factor; BDNF, brain-

derived neurotrophic factor; NT-4, neurotrophin-4; NT3, neurotrophin-3; Trk, tropomyosin-related kinase; 

p75NTR, p75 neurotrophin receptor 

 

1.4.2 Neurotrophin role in RGCs 

The mature form of neurotrophin plays a key role in neuronal cell survival. In healthy or 

normal conditions, RGCs get neurotrophins from Muller cells (Seki et al., 2005) or 

retrograde axonal transport from the brain directly, visualized using live-cell imaging in vitro 

(Takihara et al., 2011). Human and mouse adult RGCs not only express Trk family receptors 

but also abundantly express p75NTR receptor during retinal development (Lebrun-Julien et 

al., 2010). The p75NTR receptor is predominantly expressed in Müller glial cells (Lebrun-

Julien et al., 2010, Ibanez and Simi, 2012). The immature form of neurotrophin, such as pro-

NGF binding to p75NTR leads to its activation and programmed cell death via tumor 

necrosis factor-alpha (TNFα) production in glial cells (Kimura et al., 2016). NGF binding to 

the p75NTR receptor in the absence of TrkA leads to apoptosis in developing RGCs (Harada 

et al., 2006), but there is some controversy about the level of p75NTR expression in adult 
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RGCs (Harada et al., 2006, Mysona et al., 2014). Lack of neurotrophin support has been 

suggested as a reason for RGCs degeneration and death in glaucoma (Dekeyster et al., 2015). 

A significant question is where does neurotrophin originate, and how do neurotrophins 

function upon engaging receptors on RGCs? Differential activation of neurotrophin 

receptors can occur when neurotrophins actions at the axonal terminal (retrogradely 

transported) or at the neuronal cell body (locally produce) (Quigley et al., 2000, Feng et al., 

2016). Neurotrophins are retrogradely transported from the SC in the CNS. Retrograde 

transportation of neurotrophin takes place from SC to RGCs cell bodies. However, in 

neurotrophin deprivation conditions, one aspect could be absence of retrograde transport of 

neurotrophin which stimulates the apoptotic signaling pathway and ultimately RGCs death. 

Studies in rats demonstrated that acute IOP elevation inhibits the retrograde transport of 

BDNF from SC to the RGCs soma. Deprivation of BDNF among the RGCs contributes to 

the loss of visual signal (Quigley et al., 2000). In another example, NGF is produced in 

several different neurons in the peripheral nervous system (PNS) but also in the CNS. 

Following release, NGF diffuses to presynaptic axon terminals of neurons such as the 

cholinergic neurons where it binds its receptor TrkA, bringing its dimerization, 

phosphorylation and the formation of an extended complex of proteins involved in signaling 

pathways. These complexes are then internalized in part by clathrin-coated membranes and 

moved to early endosomes that are then retrogradely transported from axons to the cell body 

through dynein-microtubule based mechanism. When the signaling endosome reaches the 

cell body, the signal is communicated to the cytoplasm and the nucleus, triggering gene 

expression. Lysosomes promote the degradation of this signaling complex. The model 

proposed for NGF may well apply for other neurotrophins. Many studies have led to the 

conclusion that BDNF is also locally synthesized in the retina. The RGCs and neighboring 

amacrine cells also produce BDNF that may act in a paracrine fashion. The RGCs themselves 
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act in autocrine fashion, these neurons can survive in absence of additional BDNF from the 

brain and are able to express it in culture (Vecino et al., 2002, Garcia et al., 2003).  However, 

there is insufficient confirmatory findings regarding the existence of neurotrophins source 

in retina during high IOP. Additionally, other neurotrophic factors such as ciliary 

neurotrophic factor (CNTF) and GDNF have also been suggested to be involved in RGCs 

maintenance and survival (Pease et al., 2009, Hauck et al., 2006).  

 

1.4.3 Neurotrophin deprivation in glaucoma 

Neurotrophins are transported to the retina by retrograde manner. They are responsible for 

regulation of neuronal growth, function and survival. The long-range retrograde (from brain 

to RGCs) neurotrophin transportation is probably facilitated through endosome signaling. 

As discussed earlier, neurotrophin binds to the Trk receptors and this complex activates the 

Trk receptor at axon terminals which is then taken up by cell body retrogradely. In 

glaucomatous conditions, due to high IOP the retrograde transport is thought to be blocked 

at the ONH region and neuronal RGCs fail to receive BDNF and TrkB support for survival 

(Pease et al., 2000, Quigley et al., 2000). This deprivation causes an alteration of axoplasmic 

transport of neurotrophins from target neurons in the SC and LGN in the brain (Tanaka et 

al., 2009). RGCs, as well as all other neurons in CNS, require the support of neurotrophins, 

as these small peptides regulate cellular metabolism by the activation of neuronal cell 

receptors. RGCs seem to be especially dependent upon BDNF, NT-4, CNTF, and GDNF 

(Feng et al., 2016, Ma et al., 1998, Wen et al., 2012, Yan et al., 1999). Pease and colleagues 

demonstrated that experimental glaucoma induces abnormal TrkB axonal distribution, focal 

accumulation of TrkB and BDNF, increased levels of TrkB in ganglion cell layer (GCL), 

and increased TrkB in glia (Pease et al., 2000). The ability of RGCs to survive in culture 
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with the lack of exogenous BDNF has also been demonstrated (Garcia et al., 2003) 

suggesting that the deprivation of extrinsic BDNF because of retrograde transport 

interruption is not the only reason for RGCs death in glaucoma. This is important because 

BDNF/ TrkB interactions and downstream signaling is involved in apoptosis inhibition and 

has been shown to supports survival of retinal explants and cultures. It has also been shown 

to increase the rate of axonal elongation but only when it is present in the axonal terminals 

(Thanos et al., 1989, Frade et al., 1997, de Rezende Correa et al., 2015).  The presence of 

TrkB and BDNF in the all sub-populations of the RGCs has been demonstrated in the retina 

(Vecino et al., 2002). It is believed that neurotrophin deprivation in neurons exerts stress and 

initiates apoptotic pathways with in the cell through activated JNK which stimulates 

expression of BH-3-containing proteins that facilitate the actions of a proapoptotic proteins 

causing mitochondrial dysfunction (BAX) (Virdee et al., 1997, Tsuruta et al., 2004). In 

summary, neurotrophin deprivation is one conceivable reason of cell death and auxiliary 

therapy can potentially be an imminent approach in glaucoma treatment. 

 

1.4.4 BDNF-TrkB signaling  

There is evidence for the protective role of BDNF in maintaining the survival of RGCs under 

conditionally induced apoptosis like optic nerve injury or glaucoma (Mansour-Robaey et al., 

1994). In regenerating RGCs neurons, BDNF initiates neuritogenesis (Cohen-Cory and 

Fraser, 1995), and can repair damaged optic nerve and RGCs (Mansour-Robaey et al., 1994, 

Chen and Weber, 2001). Our recent studies have established the role of BDNF in structural, 

functional and molecular neurodegenerative variations in inner retina that are exacerbated 

with age and in glaucoma in BDNF+/− mice (Gupta et al., 2014b). TrkB activation leads to 

an enhanced PI3K/Akt and Erk1/2 signaling in the RGCs and Erk1/2 appears to be 
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responsible for promoting the survival of RGCs (Cheng et al., 2002) (Figure 1.5). BDNF/ 

TrkB signaling has been shown to mediate retinal neuroprotection by activating TrkB 

receptor activity (Turner et al., 2006, Trifunovic et al., 2012). Previous studies have shown 

that BDNF mediated TrkB signaling modulates glycogen synthase kinase 3β (GSK3β) 

activity in retinoic acid differentiated neuroblastoma, SH-SY5Y cells (Mai et al., 2002). 

BDNF binds to the TrkB receptor to initiate multiple signaling cascades as discussed above, 

including the PI3K which in turn leads to the stimulation of the Ser/Thr kinase Akt 

(Patapoutian and Reichardt, 2001). Akt is a major upstream regulator of GSK3β and 

regulates GSK3β signaling by its phosphorylation at Ser9, thereby inactivating it (Hu et al., 

2013). The active form of GSK3β (GSK3β phosphorylation) inhibits collapsin response 

mediator protein-2 (CRMP-2) binding to tubulin and promotes microtubule dynamics along 

with regulating axonal transport and outgrowth in neurons. In order to understand the 

mechanism of BDNF/ TrkB signaling in RGCs, we have demonstrated in vitro that activation 

of the BDNF-TrkB signaling in neuronal RGC-5 and PC-12 cell lines regulate GSK3β 

activity which is involved in cellular survival, cell fate determination and proliferation 

(Gupta et al., 2014a). BDNF knockdown in RGC-5 and PC-12 cell lines resulted in marked 

downregulation of GSK3β phosphorylation in normal cells. In addition, ONH of BDNF+/− 

mice illustrates reduced GSK3β phosphorylation with age. Further studies to stimulate 

BDNF-TrkB signaling can have a direct impact on RGCs neuroprotection that may lead to 

effective treatment therapies for glaucoma (Chapter 3).  
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1.4.5 Glial BDNF-TrkB signaling  

From previous studies, it has been established that BDNF-TrkB signaling promotes cell 

survival by the activation of pro-survival pathways (Kimura et al., 2016, Liu et al., 2007). 

Notably the expression of TrkB is relatively higher in inner retinal cells like Müller glial 

cells and RGCs than outer retinal cells such as photoreceptor cells (Cui et al., 2002, Harada 

et al., 2011, Kimura et al., 2016). This leads to the suggestion that the neuroprotective roles 

of BDNF-TrkB signaling in the inner and outer retina is different. Indeed, Kimura et al, 

reported a direct neuroprotective action of glia on photoreceptor cells. BDNF treated Muller 

glia cells in vitro show upregulated CNTF levels, while upregulation of basic fibroblast 

growth factor by glia protects the photoreceptor cells undergoing damage (Harada et al., 

2002). BDNF-TrkB signaling in glial cells produces neuroprotective effects. Two different 

TrkB knockout mice models were used to confirm the positive role of BDNF-TrkB signaling 

in RGC survival. These models are TrkBflox/flox mice crossed with GFAP-Cre mice to 

produce TrkBGFAP KO mice (TrkB is selectively deleted from Muller glial cells) and TrkBc-

kit KO mice (TrkB is deleted only from RGCs). With these KO mice models, ie TrkBGFAP 

KO mice and TrkBc−kit KO mice a similar degree of neuronal damage from glutamate 

neurotoxicity was observed. Likewise, apoptosis in the photoreceptor cells induced by 

methylnitrosourea (MNU), was augmented in TrkBGFAP KO mice. In addition, an ON 

damage model demonstrated that TrkBGFAP KO mice had a higher percentage of RGC loss 

in comparison to the wild-type (WT) mice (Harada et al., 2011, Harada et al., 2002). 

TrkBGFAP KO mice cultured Muller glial cells were treated with BDNF to determine the 

expression of neurotrophic factors like BDNF, CNTF and GDNF. Unfortunately, these 

neurotrophic factors were absent in TrkBGFAP KO mice cultured Muller glial cells whereas 

WT cultured mouse Muller glial cells showed upregulation of BDNF, CNTF and GDNF 

(Harada et al., 2011). TrkB.T1 is the truncated isoform of TrkB receptor and BDNF binding 
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to this truncated isoform in Muller cells demonstrated protection of photoreceptor cells 

against light-induced damage (Liu et al., 1997). Localization of BDNF and TrkB along with 

other adaptor protein like Src homology 2 domain containing (Shc) and phospholipase Cγ1 

(PLC-γ1) in the endosomes potentially making it possible for TrkB to be transported within 

the cell (Huang and Reichardt, 2003). This could be a reason of BDNF-TrkB translocation 

in the optic nerve axons. Taken altogether, these discoveries establish the neuroprotective 

role of glial BDNF-TrkB signaling in retinal cells by activating the downstream pro-survival 

cascades.   

 

1.4.6 Pharmacological modulation of TrkB  

Even though BDNF is accepted to be neuroprotective in RGCs, its impact on RGC survival 

has been observed to be transient. While BDNF at first enhances RGC survival, it loses its 

protective effect over time (Klocker et al., 1998). On repeated TrkB activation by higher 

doses or multiple applications, the pathway becomes desensitized to BDNF. Considering 

different caveats of BDNF, for example, its short half-life, cross-reactions connected with 

the prolonged use or expanded doses, and difficulty of delivery, the clinical prospect of 

utilizing BDNF for neuroprotective therapy has been disappointing (Jang et al., 2010b).  

There are not many natural or synthetic compounds that can act as an agonist to the TrkB 

receptor and mimic the function of BDNF with minimal side effects. For example, TrkB 

agonist antibody 29D7 enhanced RGCs survival in culture in a dose-dependent manner and 

enhanced the cAMP elevation, consistent with prior observations on the ability of cAMP to 

enhance the RGC response to BDNF for the survival and axon growth (Hu et al., 2010). Hua 

et al also demonstrated the ability of antibody 29D7 to enhance RGCs survival and 

regeneration in vivo after intravitreal injection of 29D7 antibody. The density of surviving 
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RGCs was increased by single antibody 29D7 injection but to a lesser degree than in the 

BDNF-treated retinas. The tricyclic antidepressant Imipramine also demonstrated RGC 

protection against oxidative stress-induced apoptosis. RGC-5 cell exposed to oxidative 

stress, Imipramine treatment resulted in activation of TrkB pathways through Erk/ TrkB 

phosphorylation and also it ameliorated in H2O2-induced apoptosis in culture (Han et al., 

2016).   

We and others have shown that naturally occurring flavonoid, 7,8-dihydroxyflavone (7,8-

DHF) has potential to activate the TrkB receptor extracellular domain (ECD) triggering 

conformational changes in the receptor and stimulating phosphorylation of the TrkB receptor 

intracellular domain (ICD) which is critical for the tyrosine kinase activity of the TrkB 

receptor and it’s downstream signaling events (Chitranshi et al., 2015, Gupta et al., 2013b). 

The binding of 7,8-DHF and BDNF to TrkB is shown to be different sites (Chapter4). 7,8-

DHF binds specifically to the ECD of the TrkB receptor and induces TrkB phosphorylation 

at Tyr515, Try706 and Tyr816 in ICD in neurons. In neuronal lysates, the BDNF-triggered 

phosphorylattion activity of TrkB and in return TrkB was highly ubiquitinated (Makkerh et 

al., 2005, Arevalo et al., 2006). In contrast, 7,8-DHF rapidly elicited TrkB phosphorylation 

in the retinal ganglion cells (Gupta et al., 2013a). Remarkably, no TrkB ubiquitination was 

detected in 7,8-DHF induced TrkB receptor activation (Liu et al., 2014). Another small 

molecule that mimics the neurotrophic activity of BDNF is deoxygedunin. It is a 

tetranortriterpenoid present in the Indian neem tree (Azadirachta indica) (Liu et al., 2016). 

Deoxygedunin also binds to the ECD of TrkB and elicited strong TrkB activation in 

hippocampal neurons of rat. Deoxygedunin is also found to stimulate downstream signaling 

activation of both Erk1/2 and Akt in neuronal culture and prevent neurons from undergoing 

apoptosis (Jang et al., 2010a, Liu et al., 2014).   
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1.4.7 TrkB regulation by endogenous phosphatase Shp2  

Protein tyrosine phosphatase (PTP) is the Src homology 2 (SH2) domain containing 

phosphatase Shp2 (Lorenz, 2009). It is expressed ubiquitously and plays a key role in several 

cellular signaling pathways affiliated with cell growth, differentiation, mitotic cycle, 

metabolic control, transcription regulation and cell migration, along with positive or negative 

regulatory role in TrkB receptor signaling and neural fate in retina (Figure 1.5) (Tsang et al., 

2012, Neel et al., 2003, Kontaridis et al., 2008) . Shp2 binds to tyrosine kinase receptors like 

platelet-derived growth factor receptor (PDGFR) and epidermal growth factor receptor 

(EGFR) via its SH2 domains directly or indirectly (Agazie and Hayman, 2003). In addition, 

Shp2 has been found in the receptor complexes in which the Jak/Tyk family of receptor-

associated tyrosine kinases phosphorylate tyrosine residues in response to stimulation with 

CNTF, leukemia inhibitory factor, oncostatin M and interleukin-6 (Schaper et al., 1998). 

Shp2 acts either as an adaptor protein (Hanafusa et al., 2004) or as a modulator of tyrosine 

phosphorylation (Agazie and Hayman, 2003) in these signaling complexes. It has also been 

shown that Shp2 acts as a mediator of BDNF-activated signaling (Rusanescu et al., 2005). 

The presence of BDNF in cerebral cortical neurons is suggested to promote the the 

phosphorylation of Shp2 (Gupta et al., 2013a, Easton et al., 1999, Zhou et al., 2015). 

Although, Shp2 enhances the survival effect of BDNF in these neurons (Araki et al., 2000), 

it also acts as a negative regulator of BDNF-activated signaling during neuronal 

excitotoxicity (Rusanescu et al., 2005, Kim et al., 2007). Cai et al, demonstrated that Shp2 

is essential for the initiation of retinal neurogenesis but is not crucial for tissue differentiation 

(Cai et al., 2011). However, Shp2 deletion in embryonic stages resulted in retinal 

degenerative changes including optic nerve dystrophy in mice, further explaining its role in 

retinal development. Also, Shp2 mediated tyrosine dephosphorylation is reported in 

Semaphorin-4D (Sema4D) induced axonal repulsion in RGCs and hippocampus neurons 
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(Kruger et al., 2005, Fuchikawa et al., 2009). Shp2 has been shown to be predominantly 

expressed in the inner retina including GCL, although it also regulates photoreceptor 

differentiation and is suggested to protect the outer retina indirectly through the Muller glial 

cell involvement (Cai et al., 2011, Pinzon-Guzman et al., 2015). The studies in our group 

have demonstrated interaction of TrkB with Shp2 is increased in the RGCs by 2-3 fold in 

ON axotomy and microbead injected glaucoma animal models. Further, primary culture of 

rat RGCs and RGC-5 cell line showed high TrkB and Shp2 interaction when subjected to 

glutamate excitotoxic and hydrogen peroxide (H2O2) induced mild oxidative stress 

conditions. Interestingly, increased dephosphorylation of TrkB was observed in the RGC 

stress models in vivo. Not much is known about how Shp2 regulation of TrkB activity affects 

the RGC survival in healthy and disease conditions. Therefore, Shp2 may serve as a potential 

target to explore and understand the mechanisms of RGC death. It also offers an opportunity 

to explore the potential for Shp2 gene therapy as a therapeutic target in glaucoma conditions.      

Caveolins or cav are integral membrane adaptor proteins that form the principal components 

of the omega-shaped caveolar structures in the plasma membrane. The various form of cav 

are caveolin-1 (cav1), caveolin-2 (cav2), and caveolin-3 (cav3). These variants differ with 

respect to tissue distribution and their specific function. Origin of ancestry is similar for cav1 

and cav2 and are expressed in smooth muscle cells, neuronal cells, endothelial cells, 

adipocytes and fibroblast in abundance (Okamoto et al., 1998, Galbiati et al., 1998). 

Previously, it was shown that cav3 expression is limited to muscle (Okamoto et al., 1998), 

despite the fact it has also been observed in astroglial cells and vegetative ganglion neurons 

(Nishiyama et al., 1999, Kiss et al., 2002). Cav1 is linked to diseases with significant retinal 

pathologies including diabetic retinopathy and glaucoma (Klaassen et al., 2013, Thorleifsson 

et al., 2010a) but its role in retinal neuroprotection is still a mystery. Recently, Reagan and 

colleagues demonstrated the neuroprotective role of cav1 in the retina. Cav1 is involved in 
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recruiting circulating leukocytes during inflammation and these cytokines activate the 

JAK/STAT pathway, which downregulates apoptotic factors to prevent retinal neuronal 

death (Reagan et al., 2016, Chucair-Elliott et al., 2012).  

Other receptors in retina on which cav1 has a positive impact are toll-like receptors (TLRs) 

that recognize and respond to pathogenic stimuli and initiate pro-inflammatory cytokine 

responses. Cav1 associates with TLRs and regulates TLR signaling (Jiao et al., 2013). 

Recently, we have shown molecular evidence that Shp2-TrkB interaction in RGC is 

mediated through cav. Under ON axotomy and glaucomatous stress cav1 and cav3 undergoe 

hyperphosphorylation and interacts with Shp2 in the RGCs. Cav may bind to the SH2 

domain of Shp2 and thus dimnishes the auto-inhibition of Shp2 and enhance its phosphatase 

activity (Pawson et al., 2001). There might be the possibility of pooled recruitment of Shp2 

by cav acting as a signaling platform in close proximity of ICD of TrkB receptor, thereby 

increasing dephosphorylation of TrkB and cessation of cell survival downstream signaling 

mediated through BDNF/ TrkB activation. Cav1−/− mice show an enhanced Erk1/2 

phosphorylation in the hippocampus (Takayasu et al., 2010). Our findings in RGCs under 

stress are consistent with previous studies that cav1 undergoes hyper-phosphorylation in 

oxidative and osmotic cellular stress in fibroblast cultures (Volonte et al., 2001, Sanguinetti 

et al., 2003). TM cell lines from POAG patients treated with dexamethasone show a decline 

in cav1 phosphorylation (Surgucheva and Surguchov, 2011), implicating that cav 

phosphorylation in glaucoma in the RGCs. Cav is also reported to play a critical in Shp2 

activation in astrocytes, retinal homeostasis, preservation of blood retinal barrier 

permeability and outer retinal functions (Jo et al., 2014, Li et al., 2012b, Tian et al., 2012). 
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1.5 Apoptosis in RGCs 

Apoptosis is cell death and ganglion cells undergo apoptosis in glaucoma leading to 

irreversible loss of vision in visual diseases, such as glaucoma, uveitis and diabetic 

retinopathy. This mechanism of cell death is controlled by specific gene modulation. 

Specifically, the misfolded proteins are activated and accumulated in the dying cell. The loss 

of RGCs is the principal endpoint in experimental glaucoma (Vrabec and Levin, 2007).  

Pro-apoptotic factor can arise in retina from various factors such as ischemia, inflammation, 

excitotoxicity, oxidative stress and hyperglycemia (Gupta et al., 2013b, Osborne et al., 2004, 

Barot et al., 2011, Wang et al., 2012, Ientile et al., 2001, Feenstra et al., 2013). Recent 

evidence suggests that abnormal protein aggregation stress may lead to unfolded protein 

response in endoplasmic reticulum (ER) (Jing et al., 2012). Furthermore, some of the ER 

stress signaling proteins control cell fate either by activating pro-apoptotic, Bcl2 or anti-

apoptotic Bax molecules in response to cell burden (Wang et al., 2011). 

 

1.5.1 Endoplasmic reticulum stress and unfolded protein response  

Intracellular synthesized protein is further processed by ER. As protein folding, maturation, 

and trafficking are some of the important functions of this organelle.  The folded membranes 

of ER help the newly synthesized proteins to undergo posttranslational modification and 

correctly fold in their three-dimensional (3D) conformations (Figure 1.5). However, only 

mature (correctly folded) proteins can be taken up by the Golgi bodies for further targeting. 

ER is the major intracellular organelle that senses environmental changes, cellular stresses, 

coordinates signaling pathways and controls cell function/ survival (Schwarz and Blower, 

2016). Different pathological and physiological conditions, nutrient scarcity, change in 

redox status and viral infection can influence the ER ability to facilitate protein folding, 
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resulting in unfolded or misfolded protein accumulation in the ER lumen and consequently 

increased ER stress.  The unfolded proteins form insoluble protein aggregates that are toxic 

to the cell. This has been reported in neurodegenerative diseases like glaucoma, Parkinson’s 

disease and Alzheimer’s disease (Cornejo and Hetz, 2013, Varma and Sen, 2015, Anholt and 

Carbone, 2013). Within the cell, an adaptive mechanism is activated that comprises various 

intracellular signaling pathways in response to removing toxic protein counterparts, termed 

the unfolded protein response (UPR). In order to maintain protein homeostasis within the 

cell, the UPR alleviates ER stress by three different strategies; (1) induced ER-related 

molecular chaperons to stimulate re-folding of the folding proteins; (2) inhibit mRNA 

translation so that no more generation of unfolded proteins take place and (3) stimulate the 

retrograde transport of the misfolded proteins from the ER lumen into the cytosol for 

ubiquitination by activation of ER-associated protein degradation (ERAD) (Bravo et al., 

2013).  

Recently, research groups have reported that the ER stress is associated with neuronal cell 

death in neurodegenerative diseases like glaucoma (Peters et al., 2015). In an animal model 

of chronic glaucoma and acute ON traumatic injury, researchers demonstrated an increase 

in ER stress proteins in the RGCs (Doh et al., 2010, Hu, 2016). Intravitreal injection of 

tunicamycin (0.1 µg/eye an ER stress inducer) in mice resulted in the loss of RGCs but no 

change was observed in the inner plexiform layer (IPL).  A higher dose of tunicamycin (1 

µg/eye) resulted in the loss of RGCs as well as thinning of IPL. Intravitreal injection of N-

methyl-D-aspartate (NMDA) given in ischemic insult animal model resulted in increased 

ER stress protein expression in the inner retinal cells like RGCs, amacrine and microglia. 

Activation of Bip, ATF4, and CHOP by tunicamycin or NMDA-induced apoptosis in mouse 

primary RGCs suggest an imperative role of ER stress in neuronal cell death in the retina 

(Kang and Ryoo, 2009). An antipsychotic drug, Valproate demonstrated neuroprotective 
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actions in the ischemic retina from ER stress-induced apoptosis by inhibiting histone 

deacetylase activity (Zhang et al., 2011). Neuronal ER stress is therefore a promising 

therapeutic target for glaucoma and potential for other types of neurodegeneration diseases. 

 

1.5.2 Signaling pathways of ER stress-associated apoptosis  

Cell death often occurs if ER stress is chronic, the protein burden on ER is unable to fold the 

protein dimension accurately and outperforms cellular function. The three-major proteins 

involved in UPR are (1) protein kinase RNA (PKR)-like ER kinase (PERK), (2) ATF6 and 

(3) IRE1α (Figure 1.5). Under normal biological conditions, BiP, an ER local chaperon, 

binds PERK and ATF6 which keeps these ER stress proteins idle. Upon aggregation of ER 

misfolded proteins, BiP is set free from these complexes and helps in folding of accumulated 

proteins (Gardner and Walter, 2011). The function of PERK is to regulate mRNA translation 

and to prevent the entry of newly formed unfolded protein to the ER compartment already 

experiencing stress.  PERK phosphorylates the elongation initiation factor 2α (eIF2α) and 

nuclear erythroid 2 p45-related factor 2 (NRF2). Phosphorylated eIF2α stops polypeptide 

synthesis and phosphorylated NRF2 induces oxidative stress by cell reinforcement genes 

such as heme oxygenase 1 (HO-1) (Marciniak et al., 2006, Cullinan et al., 2003).  Another 

transcription factor, ATF6 ER stress signal, are taken up by Golgi apparatus upon UPR and 

cleaved into luminal domain by serine protease site-1, whereas site-2 protease cleaves the 

N-terminal domain. The separated N-terminal domain of ATF6 then moves into nucleus and 

form complex with ATF/cAMP response elements (CRE) and ER stress-response elements 

(ERSE-1), ATF6-CRE-ERSE-1 complex initiates transcription of BiP, Grp94 and CHOP 

(Sano and Reed, 2013). The IRE1α promotes apoptosis by stimulating apoptotic-signaling 

kinase-1 (ASK1) and its downstream signaling activation of stress kinases JNK and p38 
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MAPK (Wang et al., 2015b). Environmental stress, such as ultra violet radiation stimulated 

mitochondrial apoptosis-inducing substrates of JNK, Bcl-2 (antiapoptotic) is inhibited while 

Bim (proapoptotic) is activated (Lei and Davis, 2003). Anti-apoptotic marker, Bcl-2 

expression downregulates and Bim upregulates on p38 MAPK activation, moreover, the 

translocation of apoptotic and anti-apoptotic marker is initiated in mitochondria and triggers 

the transcription factor CHOP  (Szegezdi et al., 2006). Dual action of IRE1α has also been 

reported. It triggers survival signaling pathways by upregulating the expression of spliced 

XBP1, the product of the translational frame shift (Yoshida et al., 2001). Genetic removal of 

IRE1α and XBP1 causes embryonic mortality (Lee and Ozcan, 2014), signifying that IRE1α 

and XBP1 are required during the development stages. However, the activated IRE1α causes 

the decay of ER-localized spliced XBP1 in Drosophila and mammals (Hollien et al., 2009, 

Hollien and Weissman, 2006). Further investigations are required to understand how the 

dual functions IRE1α are regulated.  
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Figure 1.5 Schematic representation of the BDNF/ TrkB signaling in normal and glaucomatous conditions. The downstream cellular effects of BDNF-TrkB complex 

in normal condition promote neuronal survival. Under glaucomatous stress, the downstream survival pathway ceases and induces ER stress and promote cell 

apoptosis. 
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1.6 Therapeutic targets in glaucoma   

This section outlines the difficulties connected with evolving treatments and strategies 

related to the tyrosine kinase family receptor that offer the potential to protect RGCs with a 

new target based approach.  

 

1.6.1 Can neurotrophins therapy scale down RGCs damage in glaucoma?  

Many studies have shown the effect of neurotropic factor supplemention on protecting the 

RGCs in ocular hypertension (OHT) animal models of glaucoma by intravitreal injection of 

human recombinant BDNF (Domenici et al., 2014). The disadvantage of using BDNF is that 

it requires repeated intravitreal injections to achieve a recognizable neuroprotective effect 

(Ko et al., 2000). Ko and colleagues have shown an increase in RGC protection after four 

intravitreal injections of BDNF therapy. BDNF enhances and prolongs RGCs survival both 

in vivo (Mansour-Robaey et al., 1994, Mey and Thanos, 1993, Pernet and Di Polo, 2006) 

and in vitro (Takihara et al., 2011, Thanos et al., 1989) after optic nerve injury and axotomy. 

However, TrkB expression in RGCs is down-regulated after axotomy, making the cells less 

sensitive to the neuroprotective actions of BDNF. TrkB gene transfer to RGCs coupled with 

intravitreal BDNF administration significantly increased RGC survival after axotomy 

(Pollock et al., 2003). The neuroprotective effects of BDNF can be enhanced by associative 

administration of other growth factors, for example, FGF2 and NT-3 (Blanco et al., 2008, 

Park and Poo, 2013). FGF2 administrated to the ON after ON injury can increase BDNF and 

TrkB expression in RGCs (Blanco et al., 2008).  Several other growth factors also have 

protective effects on the RGCs. Recombinant CNTF intravitreal injections exhibit 

neuroprotective effects in OHT animal model. A single intravitreal injection of low dose (2 

μg CNTF) exerts a neuroprotective effect with 15% less RGC loss with 15% in weeks (Pease 
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et al., 2009). This effect correlated with upregulation of STAT3 in cells within the RGC 

layer and the inner nuclear layer (Bok et al., 2002). Of note is the observation made by 

McGill and colleagues that improvement in retinal electrophysiology function is observed 

in animal models of retinal degeneration at a very high dose of CNTF (McGill et al., 2007). 

While short-term advantageous effects have been shown at times for single intraocular 

administrations of NGF, long-term neuroprotection in glaucoma patients will likely require 

sustained NGF supply. 

The concept of gene therapy could be applied to neurotrophin factor supplementation for 

glaucoma to meet the requirements for sustained delivery. By using viral vectors to increase 

endogenous retinal production of select NGF(s), it might be possible to reduce the RGC 

damage over the long period. For example, adenovirus (AdV) vector mediated over-

expression of BDNF in Müller glial prolongs the survival of RGCs in a rat model of optic 

nerve transection (Di Polo et al., 1998). In another approach, repeated intravitreal injection 

of AdV vector used to deliver GDNF prior to optic nerve axotomy lead to 125%-fold 

increase in RGC survival at 14 days post axotomy (Schmeer et al., 2002). However, the 

efficacy of AdV-mediated gene transfer is limited by its relatively short duration of 

expression and by the fact that AdV triggers significant inflammatory reactions. AdV have 

been found to be very immunogenic in clinical trials, when an 18-year old boy died due to 

systemic inflammatory response syndrome (Raper et al., 2003).  The adeno-associated virus 

(AAV), has proven to be an effective alternative. Like AdV, AAV vectors do not integrate 

into the genome. Furthermore, an advantage is that they do not elicit a string immune 

response. AAV-FGF2 transduction of the retina protected RGCs in models of optic nerve 

crush and excitotoxicity (Sapieha et al., 2003). Martin and colleagues used AAV to transduce 

retinal cells in the laser-induced OHT model of glaucoma (Martin et al., 2003). They used a 

hybrid promoter of cytomegalovirus (CMV), chicken β-actin (CAG) enhancer and the 
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woodchuck hepatitis post-transcriptional regulatory element (WPRE) to deliver BDNF gene 

incorporated in an AAV viral vector. The promoter was able to efficiently transduce more 

than 70,000 cells within the RGC layer per eye. A single intravitreal injection of AAV-

BDNF gene therapy reduced the axonal loss in the ON from 52.3% to 32.3% (relative to 

uninjured contralateral eyes) four weeks after the laser induced experimental model of 

glaucoma in rodents. Likewise, CNTF gene therapy also promoted long term survival and 

regeneration of rat RGCs after 7 weeks of ON crush (Leaver et al., 2006). Using a similar 

vector, Leaver and colleagues showed increase in RGCs protection in retinas injected with 

CNTF compared to viral vector containing no CNTF. RGC survival was not enhanced by 

AAV-GFP but was increased in AAV-CNTF (mean RGCs/retina: 17450+/-358 s.e.m). 

However, a combination of CNTF-BDNF had no significant improvement in RGC axon 

survival in laser induced rat glaucoma model and the reason for lack of improved effect was 

not clear (Pease et al., 2009). One of the first major successes for gene therapy with AAV 

vectors has been the treatment of Leber congenital amaurosis, a severe form of retinal 

degeneration that leads to vision loss in early childhood (Cideciyan et al., 2013). A 

replication-deficient AAV vector was used to deliver a gene for isomerohydrolase activity 

(AAV-hRPE65v2). The vector was injected subretinally and vision gains were found in 

younger patients (Simonelli et al., 2010, Hauswirth et al., 2008). Furthermore, recent 

advances in recombinant AAV engineering have led to the development of vectors that are 

less susceptible to ubiquitin-mediated degradation (Yan et al., 2013).  

 

1.6.2 Targeting neurotrophin receptors in glaucoma therapy  

NGF signaling pathways are often subject to complex regulation and accordingly primary 

increase of neurotrophic factor levels does not always benefit neuronal survival. As 
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discussed previously, in addition to promoting cell survival via Trk family receptor, NGF 

can bind to p75NTR receptor and trigger pro-apoptotic signals. Indeed, it has been suggested 

that cause of failure of NGF in glaucoma may be related to over-activation of p75NTR due 

to administration of a selective Trk family agonist. In that capacity, design of modified 

receptor-defined ligands as compared to naturally occurring neurotrophic factors, is being 

investigated as an approach to achieve greater neuroprotection. Interesting work has been 

demonstrated by Lebrun-Julien et al in survival of RGCs following optic nerve injury 

through combined effect of TrkA activation and p75NTR inhibition in p75NTR null mice. 

The major outcome of this study gives an impression that the deleterious effect of p75NTR 

in Muller cells may regulate neuronal death directly by emancipating neurotoxins or 

indirectly by diminishing their sympathetic functions. Also, p75NTR activation could 

attenuate the beneficial effects of BDNF delivery and inhibition of p75NTR was shown to 

unmask a potent neuroprotective effect of NGF (Lebrun-Julien et al., 2009). BDNF 

combined with CNS-specific leucine –rich repeat protein LINGO-1 (LINGO-1 negatively 

regulates p75NTR signaling) antagonists have been found to promote long-term RGC 

survival after laser-induced OHT rat model (Fu et al., 2009).  Fu et al demonstrated that 

LINGO-1-TrkB receptor complex adversely controls its activation in the retina after OHT 

injury. Antibody-1A7 or soluble LINGO-1 (LINGO-1-Fc) commonly used as LINGO-1 

antagonist, protects RGCs from death by activating the BDNF-TrkB signaling pathway in 

animal models of OHT (Fu et al., 2010). Alternatively, novel ligands which specifically 

activate TrkB and not p75NTR might be of interest. A monoclonal antibody and a natural 

flavonoid, 7,8-DHF which specifically activates TrkB have shown RGC neuroprotection in 

the optic nerve transection and OHT animal model (Hu et al., 2010, Gupta et al., 2013b). In 

light of these outcomes, it is conceivable that selectively activating multiple Trk receptors 
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while blocking p75NTR using synthetic receptor ligands may create a great deal more robust 

neuroprotective effect than just delivering the conventional neurotrophic factors.  

Recently, our group has demonstrated that Shp2 (discussed earlier) interacts with the TrkB 

receptor in RGCs and negatively affects its action in ON transection and chronically elevated 

IOP in rodents. The Shp2-TrkB binding is mediated through the adapter protein, caveolin. 

Under stress conditions, caveolin isoforms 1 and 3 undergo hyperphosphorylation in RGCs 

and further bind to Shp2 phosphatase. The expansion in phosphatase activity of Shp2 in 

glaucomatous stress simultaneously reduces the phosphorylation action of TrkB (Gupta et 

al., 2012b). The increased dephosphorylation of the TrkB also downregulates its cell survival 

signaling. As an alternative, it might be advantageous to circumvent neurotrophic receptor 

activation by advancing downstream pro-survival pathways directly instead of developing 

new ligands with higher specificity. Added benefits of this approach include the possibility 

of activating regulatory pathways to multiple neurotrophic factors at the same time and 

circumventing the problems associated with change in receptor expression in glaucoma. 

Pernet et al., used AAV to transduce RGCs with genes encoding MEK1, the upstream 

activator of Erk1/2. MEK1 activation induced in vivo phosphorylation of Erk1/2 in RGC 

bodies and axons. Single injection of AAV encoding MEK1 gene increased RGC survival 

at 2 weeks after axotomy (Pernet et al., 2005). We have also shown the neuroprotective effect 

of sphingosine-1-phosphate analogue fingolimod (FTY720) in a chronic OHT animal model. 

Administration of FTY720 reduced the loss of electrophysiological responses and protected 

against GCL and ON loss. It was determined that the action of fingolimod was facilitated by 

increased activation of phosphorylated level of Akt and Erk1/2. Both SIP1 and SIPR 

receptors were found to be expressed in the experimental glaucomatous condition (You et 

al., 2014).     
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1.6.3 Protective effects of inhibiting apoptotic pathway in RGCs in glaucoma 

Apoptosis is a programmed cell death that has essential roles in physiological processes but 

also is a feature in the pathogenesis and pathophysiology of various diseases. Different 

signals and factors add to apoptosis such as Bax, Bcls, and caspases, play important roles in 

promoting or inhibiting apoptosis effects. Apoptosis may be mediated through either 

intrinsic or extrinsic pathway. Initiation of intrinsic pathway is from mitochondria after 

efflux of cytochrome c, whereas FAS receptor or TNF receptor mediate extrinsic apoptotic 

pathway. Downstream signaling of intrinsic and extrinsic pathways activates caspases, 

isoform 3, 6 and 7 and initiate the programmed cell death by degradation of intracellular 

proteins through the proteolytic action of these caspases. Antiapoptotic Bcl-2 like proteins, 

for example Bcl-2, Bcl-X, Bcl-w, Mcl-1 and A1/Bfl-1, either interact with antiapoptotic 

proteins to inhibit their function or directly inhibit mitochondria apoptosis protein (Martinou 

and Youle, 2011). Dkhissi et al confirmed the DNA fragmentation using the terminal 

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) method in the GCL and 

INL in an avian glaucoma-like disorder model (Dkhissi et al., 1999). The apoptosis in RGCs 

was also studied in experimental glaucoma animal models by activation of the tumor 

suppressor protein, p53, which functions to activate the proapoptotic pathways (Nickells, 

1999). Considering these observations, anti-apoptotic molecules may preserve the 

phenotype damage of ON in glaucoma. Etanercept, TNF-α inhibitor, when given 

intraperitoneally, blocked the TNF-α activity in experimental OHT produced due to 

activation of microglia and reduced axonal degeneration and loss of RGCs. Clinically, a new 

therapy was investigated in glaucoma using TNF-α antagonist as suppressors of 

inflammation (Roh et al., 2012). Recently, it has been shown that a type of 20-24 nucleotide 

non-coding RNA called microRNAs (miRNAs) are reported in eye diseases (Raghunath and 

Perumal, 2015). Zhang et al have demonstrated that miRNA-187 negatively regulated the 
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cell survival via inhibiting cell apoptosis and promoting cell proliferation in RGC-5 line 

(Zhang et al., 2015). Furthermore, intravitreal injection of second-generation tetracycline, 

minocycline, has been shown to exhibit neuroprotection in experimental glaucoma and optic 

nerve transection animal models. It was reported that minocycline increased the expression 

of antiapoptotic gene Bcl-2 and at the same time decreased the expression of apoptotic gene 

Bax. Also, TNF-α, inhibitor of apoptosis protein (IAP1) and Gadd45α was upregulated in 

retinas with optic nerve transection (Levkovitch-Verbin et al., 2014). Calcineurin inhibitor, 

FK506 administered orally, showed RGC and ON protection from apoptosis by decreasing 

Bad dephosphorylation and inhibiting mitochondrial cytochrome c release under 

experimentally induced high IOP (Huang et al., 2005). In addition, agents that alter the 

expression of endogenous anti-apoptotic proteins can also be employed for neuroprotection 

function in injured ON. For instance the use of brimonidine, an α2 adrenergic receptor 

agonist decreases the level of Bcl-2 and also reduces mitochondrial-dependent apoptosis in 

RGCs of post-mortem eyes from glaucoma individuals (Tatton et al., 2001). Equally, 

suppressing pro-apoptotic downstream signaling may likewise give a possibility for RGC 

neuroprotection. Indeed C-terminal binding protein 2 (CtBP2) was recently shown to be 

neuroprotective in CNS injury and repair in DBA/2J mice. Lentivirus mediated 

overexpression of CtBP2 in L-glutamate-induced apoptosis of primary cultured RGCs 

showed decrease in expression of Bax and caspase-3 (Wang et al., 2015a). Cobalt chloride 

induced hypoxia in primary rat RGCs treated with GABA receptor agonist baclofen, 

prevented the RGC apoptosis through Akt activation (Fu et al., 2016). Various systemically-

administered compounds have additionally been proposed to activate pro-survival pathways 

or suppress pro-apoptotic pathways downstream of neurotrophic factors and may be 

considered for neuroprotective treatment in glaucoma.  
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1.6.4 Targeting ER stress marker proteins as a strategy to halt the RGCs damage in 

glaucoma 

Several studies have concentrated on utilizing the therapeutic application of synthetic 

chaperons to subdue ER retention of the misfolded proteins, minimized generation of 

misfolded proteins and amend the ER folding capacity.  UPR are triggered in ON axotomy 

resulting in RGCs death. RGCs shown to have upregulated CHOP in ON injury and promote 

neuronal apoptosis. CHOP knockout (KO) mice have demonstrated increased RGCs survival 

by 24% after two weeks of ON axotomy (Hu et al., 2012). Alternatively, the overexpression 

of XBP-1 in RGCs was carried out using intravitreal AAV injection in WT and CHOP KO 

mice. AAV viral vector expressing XBP-1s, showed considerably increased in RGCs 

survival in both WT and transgenic mice. Comparing the results in WT treated with AAV-

GFP and AAV-XBP-1s at 2 weeks after ON injury, there was significant increase in RGCs 

survival by 64% in animal overexpressing XBP-1s whereas AAV-GFP control mice 

demonstrated only 20% RGC survival. RGCs survival was increased to 82% in transgenic 

mice (CHOP KO mice) overexpressing XBP-1s following ON crush injury compared to the 

wild type animals. Altogether, this experiment suggested an opposite action of XBP-1s and 

CHOP in controlling RGCs survival and apoptosis after ON injury (Hu et al., 2012, Hu, 

2016). Recently, Nakano et al succeeded in designing two novel compounds KUSs (Kyoto 

University Substances), KUS121 and KUS187 and treated with PC12 cells with these two 

substances. Both of these compounds inhibited the cellular ATP levels under mitrochondrial 

respiratory chain complex III and V inhibition. CHOP expression was reduced in culture 

PC12 cells upon treatment with these KUSs inhibitors. In vivo neuroprotective effect on 

RGCs was also demonstrated by KUSs inhibitor in mice in ON axotomy model and model 

of glaucoma with high IOP. The rescue of RGCs in ON axotomy and high IOP was initiated 

by the low expression level of Grp78 or Bip, and ER stress marker apoptosis (Nakano et al., 
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2016). RGCs death was also reported recently by the activation of chemokines (CXCL10) 

and CXCR3 (chemokines receptor). Experimentally induced ischemia and retinal stress 

modulate the expression on CXCL10 and CXCR3. Upregulation of chemokines and its 

receptor increases the expression of Grp78, CHOP and ATF4 in RGCs. However, when the 

mice were treated with ER stress blockers 4-pheylybutyric acid and taurousodeoxycholic 

(Ozcan et al., 2006), the chemokines expression was attenuated by 61% and 43% 

respectively. Moreover, in CXCR3 KO mice, the ER stress inhibitor did not transform the 

expression of ER stress markers, suggesting that the downstream event of CXCR3 activation 

is not associated with ER stress (Ha et al., 2015). It may therefore be essential to comprehend 

the dual biological functions of UPR signaling both in survival and apoptosis before 

exploring therapeutic application focusing ER stress. Alternatively, a conceivable approach 

could be employing the activation of IRE1α that doesn’t activate JNK pathway but induces 

the activation of XBP-1 mRNA splicing without initiating the apoptosis or by upregulating 

the UPR gene transcription of chaperons.  

 

1.6.5 Cross-talk with other receptor tyrosine kinase 

Vascular endothelial growth factor (VEGF) plays an important role both in physiological 

and pathological angiogenesis. BDNF signaling is identified as potential proangiogenic 

factor and stimulates VEGF expression through PI3K pathway for promotion of endothelial 

cell survival in neuroblastoma cells (Nakamura et al., 2006, Zhang et al., 2010). Similarly, 

VEGF, an angiogenic factor, was also shown to stimulate axonal outgrowth from dorsal root 

ganglia by acting as a neurotrophic factor (Sondell et al., 2000). Apart from angiogenesis 

function, VEGF can also stimulate non-vascular cells such as Tenon’s fibroblasts, a target 

for antifibrotic treatment in glaucoma filtration surgery (Fischer et al., 2016). VEGF is 
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usually released after retinal ischemia, and can further spread through the aqueous humor to 

the anterior segment of the eye. The latter results in neovascularization of the iris and angle, 

causing secondary closed angle glaucoma (Simha et al., 2013). Inhibition of VEGF signaling 

remains a noteworthy focus for the treatment of retinal and choroid neovascularization and 

in retina edema. Although VEGF binds to both of its receptor forms (VEGFR1 and 

VEGFR2). VEGFR1 may be important in development by sequestering VEGF, preventing 

its interaction with VEGFR2, which is responsible for endothelial cell mitogenesis, survival 

and permeability (Holmes et al., 2007). Therapeutically targeting VEGF has been successful 

in clinical studies of ranibizumab, a recombinant monoclonal antibody Fab fragment that 

binds and neutralizes VEGF. Monthly intravitreal injections of this agent prevent vision loss 

and improved visual activity in age-related macular degeneration (AMD) patients 

(Comparison of Age-related Macular Degeneration Treatments Trials Research et al., 2012). 

In addition, ranizumab therapy also protects retinal thickness and improved visual acuity in 

patients with diabetic macular edema (Bressler et al., 2012). VEGF is expressed by retinal 

cells in vitro and is upregulated by hypoxia (Marti et al., 2000). Although VEGF is currently 

an important therapeutic target for the treatment of retinal and choroidal neovascularization 

and retinal edema, it is important to remember that VEGF does not have only pathogenic 

effects. In addition to its role in angiogenesis, VEGF is also neurogenic and neuroprotective 

(Storkebaum and Carmeliet, 2004). RGCs in transgenic mice overexpressing VEGF in 

neurons were protected from axotomy-induced degeneration (Kilic et al., 2006). It will be 

interesting to see how neurotrophin factor signaling overlaps with angiogenic factors and 

how manipulating one pathway would affect the other (Chapter 4). 
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Hypothesis  

Previous studies from our group and the literature showed that BDNF/ TrkB signaling is 

important in neuronal cells, specifically to RGCs, to maintain homeostasis and prevent the 

neurons undergoing cell death. TrkB undergoes de-phosphorylation by adaptor protein 

phosphatase, Shp2 (or PTPN11) and this phosphatase negatively regulates the downstream 

TrkB signaling in RGCs. So, in this context we hypothesized that downstream consequences 

of alterations in BDNF/ TrkB signaling by manipulating Shp2 can be a molecular cell 

mechanism behind RGC loss and the injury to the optic nerve in glaucoma.  

 

Aims 

The aims of this thesis are: 

1. To investigate the understanding of TrkB receptor and its role in BDNF/ TrkB 

signaling.  

2. To determine the effect of manipulating Shp2 using AAV viral vector in neuronal 

cells.  

3. To investigate the therapeutic applications for glaucoma treatment using gene 

therapy in rodents. 
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CHAPTER 2 
 

Material and methods 
 

 

2.1 Ethics 

All procedures involving animals were conducted in accordance with the Australian Code 

of Practice for the Care and Use of Animals for Scientific Purposes and the guidelines of the 

ARVO statement for the Use of Animals in Ophthalmic and Vision Research, and were 

approved by the Animal Ethics Committee of Macquarie University, NSW, Australia. 

(ARA: 2012/031 and 2014/058) 

 

2.2. List of materials 

2.2.1. Animal experiments and electrophysiology 

Ketamine 100 mg/ml (Ketamil, Troy Laboratories); Medetomidine 1 mg/ml (Domitor, 

Pfizer); Atipamezole hydrochlorine 5 mg/ml (Antisedan, Pfizer); Cephazolin sodium 

(Hospira); Carprofen 50mg/ml (Norbrook); Tropicamide 1.0% (Mydriacyl, Alcon); 

Proparacaine hydrochloride 0.5% (Alcaine, Alcon); Dexamethasone 0.1% (Maxidex, 

Alcon); Ciprofloxacin hydrochloride 0.3% (Ciloxan, Alcon Laboratories, NSW, Australia); 

0.3% Tobramycin (3mg/ml, Tobrex, Alcon); Homoeothermic blanket system (Harvard 

Apparatus); Goldring corneal electrode (3103RC, Roland Consult, Brandenburg, Germany); 

Hand-held multi-species electroretinograph (HMsERG) (OcuScience); ERG viewer 
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software (OcuScience); Hamilton syringe (Hamilton); FluoSpheres polystyrene 

microspheres (F-8834, Invitrogen); TonoLab tonometer (Icare Tonovet, Helsinki, Finland). 

2.2.2 Histological study 

Paraformaldehyde (Sigma); Automatic tissue processor (ASP200S, Leica); Rotary 

microtome (Microm); Tissue Tek TEC tissue embedding console (Sakura Finetek); Cryostat 

(CM1950, Leica); Tissue Tek OCT cryostat embedding medium (Sakura Finetek); 

Hematoxylin (Sigma); eosin (Sigma); Silver nitrate (Sigma); Normal horse serum (Sigma); 

DeadEnd colorimetric Terminal deoxynucleotidyl transferase dUTP nick end labelling 

(TUNEL) system (Promega); Vectashield HardSet mounting medium (Vector Laboratories); 

Axio Imager Z1 fluorescence microscope (Zeiss). 

 

2.2.3. Western blotting and immunoprecipitations 

Bicinchoninic acid assay (BCA) protein assay kit (Pierce, Rockford, USA); NuPAGE 10% 

Bis-Tris gel (Invitrogen); MOPS SDS running buffer (Invitrogen); iBlot gel transfer PVDF 

membrane (Invitrogen); Supersignal West Pico Chemiluminescent substrate (Pierce); 

Automated luminescent image analyzer (ImageQuant LAS 4000, GE Healthcare); ImageJ 

software (NIH Image); Protein A-Sepharose (GE Healthcare). 

 

2.2.4 Cell cultures 

The SH-SY5Y neuronal cells, PC-12 (ATCC® CRL-1721TM) was obtained from American 

type culture collection (ATCC, VA, USA). RGC-5 and 661W was kindly gifted from 

University of Oklahoma. Neurobasal-A media (Life Technologies); B-27 supplement (Life 
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Technologies); 7,8-Dihydroxyflavone (7,8 DHF) was purchased from Tocris Bioscience, 

UK. Shp2 or PTPN11 inhibitor, PHPS1 (c-222226) were obtained from Santa Cruz 

Biotechnology, INC. TrkB receptor antagonist Cyclotraxin-B (CTX-B) was procured from 

Life Research Ltd, Australia. Dulbecco's modified Eagle's medium (DMEM) and Fetal 

bovine serum (FBS) from Life Technologies. Recombinant human brain derived 

neurotrophic factor (BDNF) (ab9794) was purchased from Abcam, VIC, Australia. Poly-D-

lysine, Glutamate, Trypan blue dye, Neubauer micro-chamber, MTT assay kit and Hydrogen 

peroxide were purchased from Sigma-Aldrich, St. Louis, MO, USA. DAPI (4',6-diamidino-

2-phenylindole) from Molecular Probes and cell counter from Wertheim, Germany. All other 

analytical grade chemicals and reagents from purchased either from Sigma (St. Louis, MO, 

USA) or Invitrogen (Carlsbad, CA, USA). 

 

2.2.5. Antibodies 

 Anti-BDNF (sc-546), anti-TrkB (sc20542), anti-GADD-153 (sc-7351), anti-XBP-1 (sc-

7160), anti-p-PERK (sc-3257) antibodies were obtained from Santa Cruz Biotechnology, 

CA, USA. Anti-Akt (11E7); anti-pAkt (Ser473) (193H12); anti-GSK3β (27C10); anti-

pGSK3 β (Ser9) (5B3); anti-p44/42 MAPK (Erk1/2) (137F5); anti-p-p44/42 MAPK (Erk1/2 

Thr202/Tyr204) (D13.14.4E); and anti-VEGFR2 antibodies were purchased from Cell 

Signaling, MA, USA. Anti-Shp2 or anti-PTPN11 (6D9) from purchased from Pierce. Anti-

pTrkBY515 (ab51187 and ab131483); GFP (ab290); anti-beta III Tubulin (ab78078); anti-

NeuN (ab104225) and anti-VEGF (ab46154) were obtained from Abcam, VIC, Australia. β-

Actin antibody (AC-40) were from Sigma. Alexa-Fluor 488 goat anti-rabbit IgG; Alexa-

Fluor 555 goat anti-mouse IgG and Alexa-Fluor 594 goat anti-mouse IgG were used from 

Life Technologies, Australia. 
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2.3. Methods and protocols 

2.3.1. Animals and anesthesia 

Male Sprague-Dawley rats with a body weight of 300-350 g (10-12 weeks, Animal Research 

Centre, Perth), BDNF+/- and wid-type (WT) control mice (both male/female) were obtained 

from Mental Health Research Institute (Parkville, VIC, Australia) and genotyped using 

standard PCR methodology were used. All animals were maintained in an air-conditioned 

room with controlled temperature (21 ± 2 ̊C) and fixed daily 12-hour light/dark cycles. The 

animals were anaesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and 

medetomidine (0.5 mg/kg) in all eye injections and electrophysiology recording. At the end 

of the procedure, anesthesia was reversed using atipamazole (0.75 mg/kg) subcutaneous 

injection, and 0.3% ciprofloxacin drops (Ciloxan) and 0.1% dexamethasone eye drops 

(Maxidex, Alcon Laboratories) were instilled in both eyes. An ointment (Lacri-lube; 

Allergan, NSW, Australia) was also applied to protect against corneal drying until the animal 

recovered (Chapter 3,4, 6 and 7). 

 

2.3.2 AAV vector-Design and packaging  

The murine Shp2 or PTPN11 cDNA (BC057398, isoform-a) was placed under the 

transcriptional control of the cytomegalovirus (CMV) β-actin (CAG2) hybrid promoter and 

inserted into the commercially available Adeno-associated virus, serotype 2 (AAV2) basic 

green fluorescence protein (GFP) vector (AAV2-CAG2-GFP-T2A-mPTPN11 or AAV2-

PTPN11) for PTPN11 over expression (Vector Biolabs, USA). Both, GFP and PTPN11 

sequences were driven by the CAG2 promoter with 2A linker in between. For PTPN11 gene 
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silencing, shRNAmir was used to knock down the PTPN11 sequence (AAV2-CAG-GFP-

mPTPN11shRNAmir or AAV2-PTPN11KD). AAV2 containing shRNAs targeting PTPN11 

coding sequences (NM_001109992.1) starting at nucleotide 1296 (5'-

CCTGATGAGTATGCGCTCAAA-3') was used to achieve PTPN11 knockdown and 5'-

GTCTCCACGCGCAGTACATTT-3' sequence was used as scramble shRNAmir control. 

AAV2 vector containing shRNA also included an upstream enhanced green fluorescent 

protein (eGFP) reporter cassette flanked by a viral CAG promoter and a V5 epitope 

tag/polyA sequence. To increase the cloning capacity of hybrid CAG2 promoter was used 

that contains smaller chicken β-actin intron from the original CAG promoter.  AAV2-

CAG2-GFP was used as control for PTPN11 over expression and AAV2-CAG-GFP-shRNA 

as control for PTPN11 knockdown (Chapter 5, 6 and 7). 

 

 

 

 

 



53 
 

 

Figure 2.1 Map of the plasmid containing the mShp2/ mPTPN11 sequence used for overexpression. Adeno-

associated vector plasmid delivering the PTPN11(Shp2) gene construct. AmpR, ampicillin resistance gene; 

Ori, origin of replication; bGH poly(A), bovine growth hormone polyA sequence; ITR, inverted terminal 

repeat. Transgenes enhanced green fluorescence protein (eGFP) or murine PTPN11 was under the control of 

the cytomegalovirus and chicken β-actin (CAG2) hybrid promoter. GFP and mPTPN11 genes are separated by 

poly 2A linker protein. The control viral vector containing only eGFP.  
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Figure 2.2 Map of the plasmid containing the mPTPN11shRNAmir sequence used for knockdown. Adeno-

associated vector plasmid delivering the shRNA sequence. AmpR, ampicillin resistance gene; Ori, origin of 

replication; bGH poly(A), bovine growth hormone polyA sequence; ITR, inverted terminal repeat. Transgenes 

enhanced green fluorescence protein (eGFP) or murine PTPN11-shRNA were under the cytomegalovirus and 

chicken β-actin (CAG) hybrid promoter. The control viral vector has eGFP along with scramble sequence of 

shRNAmir (mPTPN11).  
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2.3.3 AAV2 intravitreal injections  

Animals were anesthetized as described above with intraperitoneal mixture of ketamine 

medetomidine. Pupillary dilation was achieved with 1% tropicamide and 2.5% 

phenylephrine eye drops. For the AAV2 injections, a 33-gauge needle was used for 

injections (5 μL) injected temporally and nasally at a 45° angle 2 mm behind the 

corneoscleral limbus into the vitreous body without touching the lens. All injections were 

carefully carried out under an operating microscope (OPMI-11 Vario S88; Carl Zeiss, 

Oberkochen, Germany). After the injection, the needle was left in place for another minute 

to allow dispersion of the AAV2 solution into the vitreous. Control eyes were either injected 

with AAV2 expressing GFP, scrambled sequences or treated with vehicle. The animals were 

maintained for 2 months after the AAV2 injection (Chapter 6 and 7). 

 

2.3.4 Microbead Injection and IOP measurement 

A chronic RGC degeneration model was established by a producing a chronic increase of 

IOP in rats by microbead (Fluospheres, Molecular Probes, 10 μm) injections in the anterior 

chamber and anesthetized using isoflurane. After anesthesia both pupils were dilated with 

topical tropicamide 1%. Weekly intraocular injections (3.6 × 106 microbeads/mL) were 

made until a sustained increase in IOP was observed. The contralateral eye was used as 

control. Eyes were injected using a 25-μL Hamilton syringe connected to a disposable 33-

gauge needle (TSK Laboratory, Tochigi, Japan). All ocular procedures were performed 

under magnification using an operating microscope with care taken to avoid needle contact 

with the iris or lens. The needle was inserted bevel down, tangentially beneath the corneal 

surface, to facilitate self-sealing of the puncture wound. Once the needle tip was visualized 

within the anterior chamber, 10 μL microbead solution was injected. During anesthesia and 
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prior to each injection, IOP was measured by using a handheld electronic tonometer. The 

IOP displayed on the tonometer was the mean of six consecutive measurements. Three 

consecutive IOP readings were obtained from each eye and the average number was taken 

as the IOP (Chapter 7).  

 

2.3.5. Animal recovery and follow up 

For microbead or viral vector injection, dexamethasone and 0.3% Tobramycin along with 

2% povidone-iodine were administered to prevent ocular inflammation and infection after 

the treatment. 5% carprofen was administered subcutaneously (50mg/ml) as pain relief. The 

animals were allowed to recover on a warming pad. Routinely monitored for two consecutive 

days after the injection. The animals were also monitored weekly thereafter over a 2-month 

period (Chapter 6 and 7).  

 

2.3.6 Electroretinography 

Animals were dark-adapted overnight and anaesthetized as mentioned above and pupils were 

dilated using 1% tropicamide and topical anesthetic (1% alcaine) were applied to the cornea. 

Animals were positioned on a heated sliding stage to maintain body temperature during 

anesthesia and recording sessions. Ground and reference electrodes were placed 

subcutaneously in the tail and forehead of the animal, respectively. A solid custom-made 

gold ring recording electrode was placed on each eye in contact with the cornea and a thin 

layer of methylcellulose was used to maintain contact between the cornea and the electrode 

and to decrease the recording noise. ERGs were recorded using a flash intensity of 3 log 

cd·s/m2 (Ocusciences, Xenotec, Inc., MO, USA). For all ERG recordings, a-wave amplitude 
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was measured from baseline to the a-wave trough; b-wave amplitude was measured from the 

a-wave trough to the peak of b-wave. For positive scotopic threshold responses (pSTRs) dim 

stimulation using flash intensities of − 3.4 log cd·s/m2 was delivered 30 times at a frequency 

of 0.5 Hz. For all positive STR responses, amplitudes were measured from baseline to the 

positive peak observed around 120 ms (Chapter 6 and 7).  

 

2.3.7. Tissue preparation and histology 

2.3.7.1. Tissue fixation, embedding and section 

Animals were euthanized humanely with an overdose of intraperitoneal injection of sodium 

pentobarbitone (100 mg/kg Lethabarb, Virbac Pty, Australia) and then perfused 

transcardially with 4% paraformaldehyde (PFA, Sigma). Tissues (eyes and ON) were 

harvested for morphometric and immunofluorescent studies and the marking dye 

(polysciences) was used to mark orientation of excised eyes. For morphometric analysis, the 

eyes were fixed for 2 hours in 4% PFA and then incubated in 70% ethanol overnight at 4°C. 

Eyeballs were placed in embedding cassette and processed via automatic tissue processor 

(ASP200S, Leica). Eyes were subsequently embedded in molten paraffin wax. Using a 

rotator microtome, 7 μm thick paraffin embedded sections involving the whole retina as well 

as the optic disc, were cut from the vertical meridian of each eye and mounted onto 

Superfrost Plus slides (Menzel-Glaser Lomb). Sections were made using a rotary microtome. 

For immunofluorescent study (see below), eye and ON tissues were kept in 4% PFA for 1-2 

hours at room temperature, followed by three subsequent washings with 1X- PBS. Tissues 

were cryopreserved in 30% sucrose solution (in 1x PBS with 0.01% sodium azide) in 4°C 

until the tissue sank completely. Then after the samples was embedded in OCT cryostat 
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embedding medium and the 10 μm thick cryosections were made using the cryostat (Chapter 

4 and 5). 

 

2.3.7.2. Hematoxylin and eosin (H&E) staining 

H&E staining was performed on paraffin embedded sections after standard procedures of 

deparaffinization (xylene) and dehydration (graded ethanol, 100%, 95%, 75%, 50%). 

Sections were then incubated in 0.005% hematoxylin solution for 4 min, followed by 0.1% 

eosin solution for 1 min (Chapter 6 and 7). 

 

2.3.7.3. Bielschowsky’s silver staining 

Bielschowsky’s silver staining was carried out to evaluate axonal density in the optic nerve. 

Slides were pre-treated in 10% silver nitrate at 40 °C for 15 min, and then incubated in 

ammonium silver solution for 30 min. Next, sections were placed directly into the developer 

working solution (0.08% formaldehyde, 0.005% citric acid, 0.005% nitric acid and 1% 

concentrated ammonium hydroxide) for 30 sec, followed by incubation in 5% sodium 

thiosulfate solution for 5 min (Chapter 6 and 7). 

 

2.3.7.4. Terminal deoxynucleotidyl-transferase-mediated biotin-dUTP nick end labelling 

(TUNEL) staining 

DNA fragmentation as a marker of apoptosis was detected by TUNEL using the DeadEnd 

colorimetric TUNEL assay kit according to the manufacturer's instructions. To detect cell 

apoptosis, SH-SY5Y cells and retina tissues were stained with TUNEL System. Briefly, cells 
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were grown to 50–60% confluency. Following viral transduction and fixed with 4% 

paraformaldehyde solution in PBS, pH 7.4 for 1 h. Fixed frozen retinal sections were also 

subjected to PBS, pH 7.4 for 1 h. Permeabilization was carried out using 0.1% Triton X-100 

in 0.1% sodium citrate on ice for 10 min. Cells and retinal sections were then independently 

washed twice with PBS and incubated with TUNEL reaction mixture at 37°C for 1 h in a 

humidified atmosphere in the dark. Following incubation, slides were washed with PBS, 

mounted with prolong antifade dapi, and directly analyzed for apoptotic cell staining using 

epi-fluorescence microscopy (Chapter 5, 6 and 7).  

  

2.3.7.5. Immunofluorescence  

Animals were euthanized with an overdose of anesthetics and then perfused transcardially 

with 4% PFA. Orientation of the eyes was demarcated using tissue marking dye and eyes 

were harvested and fixed in 4% PFA.  Following fixation for 2 hrs in 4% PFA, the eyes were 

washed incubated in 30% sucrose overnight and embedded in OCT cryostat embedding 

medium as described previously (Gupta et al., 2016). Tissue sections 12 µm were prepared 

using a cryostat and sections were permeabilized in 0.1 % Triton X-100 in PBS (You et al., 

2014). This was followed by incubating the sections with the appropriate primary antibodies 

overnight at 4°C: anti-PTPN11 (1:150), anti-GFP (1:150), anti-GADD 153 (1:200), anti-

pTrkB Y515 (1:100) or anti-TrkB (1:100). Further, slides were incubated with either of the 

secondary AlexaFluor-488, 555 or 644 conjugated anti-mouse, anti-goat or anti-rabbit 

antibodies (1:400) for 1 h at room temperature followed by extensive washing and mounting 

using anti-fade mounting media with dapi. Cells were similarly fixed for 10 min, 

permeabilised and treated with respective primary and secondary antibodies. Images were 

acquired using a Zeiss fluorescence microscope (Rajala et al., 2013). Fluorescent images 



60 
 

were inverted and thresholded and relative fluorescence intensity and pixel density was 

quantified and plotted using ImageJ (Chapter 5,6 and 7). 

 

2.3.8. Biochemistry 

2.3.8.1 Protein extraction 

The cells were washed with 1X PBS and lysed with TN buffer (50 mM Tris–HCl pH 7.5, 

150 mM NaCl, 0.1 % SDS) with 1 % protease inhibitor (Sigma), followed by incubation on 

ice for 10 min. The SDS soluble protein fraction was collected by centrifugation at 16 100 g 

for 10 min. For immunoblotting, the cells were also treated with 0.125 % trypsin for 2 min 

at room temperature before lysis (Chapter 3, 4, 5, 6 and 7). 

 

2.3.8.2 SDS-PAGE, Western Blot and Immunoprecipitations 

The tissues or cells were mixed in lysis buffer (20 mM HEPES, pH 7.4, 1 % Triton X-100, 

2 mM EDTA) containing protease inhibitors (10 µg/ml aprotinin, 10 µM leupeptin, 1mM 

phenymethyl sulfonyl fluoride) and phosphatase inhibitors (1 mM NaVO3, 100 mM NaF, 

1mM Na2MoO4 and 10mM Na2P2O7 (Gupta et al., 2012a))  and sonicated. The proteins were 

separated by 10% SDS-PAGE and transferred to PVDF membrane as explained previously 

(Gupta et al., 2014b). The blots were washed 3 times for 5 min with TTBS (20 mM Tris-

HCl [pH 7.4], 100 mM NaCl, and 0.1% Tween 20) and blocked with 5% non-fat dry milk 

(Bio-Rad) in TTBS buffer for 1 h at room temperature (Gupta et al., 2010). Membranes were 

incubated overnight with anti-GFP (1:1000), anti-PTPN11 (1:1000), anti-pTrkB Y515 

(1:1000), anti-TrkB (1:1000), anti-GADD 153 (1:200), anti-XBP-1 (1:200), anti-p-PERK 

(1:200), anti-actin (1:5000) overnight at 4ºC (Chapter 3, 4 and 5), anti-BDNF (1:1000), anti-
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TrkB (1:1000), anti-pTrkB (Tyr515) (1:1000), anti-Akt (1:1000), anti-pAkt (Ser273) 

(1:1000), anti-Erk (1:1000), anti-pErk (Thr202/Tyr204) (1:1000), anti-GSK3β (1:1000), 

anti-pGSK3β (Ser9) (1:1000) or anti-actin (1:5000) either for 1 h (actin) at room temperature 

or overnight at 4 0C (Chapter 7). Actin was used to ensure a comparable loading was made 

in each case (Basavarajappa et al., 2011). Following primary antibody treatment, 

immunoblots were incubated with horseradish peroxidase (HRP)-linked secondary 

antibodies and after extensive washing, antibody detection was accomplished with 

Supersignal West Pico Chemiluminescent substrate (Pierce). Signals were detected using an 

automated luminescent image analyser (ImageQuant LAS 4000, GE Healthcare). Band 

intensities were quantified using ImageJ software (NIH, USA).and densitometric analysis of 

the band intensities performed (Image J, USA) (Gupta et al., 2014a, Gupta et al., 2010) 

(Chapter 3, 4, 5, 6 and 7). 
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CHAPTER 3 

 

Protective role of brain derived neurotrophic factor in neuronal 

cells  

 

 

Published as:  

Vivek Gupta, Nitin Chitranshi, Yuyi You, Veer Gupta, Alexander Klistoner, Stuart 

Graham. Brain derived neurotrophic factor is involved in the regulation of glycogen 

synthase kinase 3β (GSK3β) signalling. Biochemical and Biophysical Research 

Communications 454 (2014) 381–386. 

 

Abstract 

Glycogen synthase kinase 3β (GSK3β) is involved in several biochemical processes in 

neurons regulating cellular survival, gene expression, cell fate determination, metabolism 

and proliferation. GSK3β activity is inhibited through the phosphorylation of its Ser-9 

residue. In this study, we sought to investigate the role of BDNF/TrkB signaling in the 

modulation of GSK3β activity. BDNF/TrkB signaling regulates the GSK3β activity both in 

vivo in the retinal tissue as well as in the neuronal cells under culture conditions. We report 

here for the first time that BDNF can also regulate GSK3β activity independent of its effects 

through the TrkB receptor signaling. Knockdown of BDNF lead to a decline in GSK3β 

phosphorylation without having a detectable effect on the TrkB activity or its downstream 

effectors Akt and Erk1/2. Treatment with TrkB receptor agonist had a stimulating effect on 
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the GSK3β phosphorylation, but the effect was significantly less pronounced in the cells in 

which BDNF was knocked down. The use of TrkB receptor antagonist similarly, manifested 

itself in the form of downregulation of GSK3β phosphorylation, but a combined TrkB 

inhibition and BDNF knockdown exhibited a much stronger negative effect. In vivo, we 

observed reduced levels of GSK3β phosphorylation in the retinal tissues of the BDNF+/- 

animals implicating mechanistic role of BDNF in the regulation of the GSK3β activity. 

Concluding, BDNF/TrkB axis strongly regulates the GSK3β activity and BDNF also 

exhibits GSK3β regulatory effect independent of its actions through the TrkB receptor 

signaling. 

 

3.1. Introduction 

Glycogen synthase kinase 3β (GSK3β) is a ubiquitously expressed and evolutionarily 

conserved intracellular protein serine/threonine kinase. It is constitutively active in most 

cells and plays a pivotal role in key cellular functions ranging from glycogen metabolism to 

important regulatory effects on the neural plasticity and survival. It is important regulatory 

protein that is subject to phosphorylation by growth factor-stimulated signaling pathways 

(Mai et al., 2002). Phosphorylation at Ser9 residue is the most well defined post-translational 

modification of GSK3β which regulates its activity (Mai et al., 2002). GSK3β activity is 

negatively regulated by several signal transduction cascades that protect neurons against 

apoptosis, including the phosphatidylinositol-3 kinase (PI-3K) pathway. Over-expression of 

GSK3β in specific regions of the brains in animals results in region specific neuronal cell 

death (Lucas et al., 2001).  

Previous work has shown that Brain-derived neurotrophic factor (BDNF) mediated signaling 

modulates GSK3β activity in retinoic acid differentiated SH-SY5Y cells (Mai et al., 2002). 
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BDNF exerts neurotrophic effects primarily through its high affinity receptor tropomyosin 

receptor kinase B (TrkB), which upon stimulation undergoes dimerization and 

phosphorylation of its specific intracellular tyrosine residues and activates various cell 

signaling pathways linked to growth, differentiation, and survival (Patapoutian and 

Reichardt, 2001, Bartkowska et al., 2010). BDNF binds to the TrkB receptor to initiate 

multiple signaling cascades, including the PI-3K which in turn leads to the activation of the 

Ser/Thr kinase Akt (Patapoutian and Reichardt, 2001, Gupta et al., 2013a). Akt is a major 

upstream regulator of GSK3β and regulates GSK3β signaling by its phosphorylation at Ser9, 

thereby inactivating it (Hu et al., 2013). GSK-3β activity changes have been reported to be 

associated with several psychiatric and neurodegenerative diseases, such as Alzheimer’s 

disease, schizophrenia and autism spectrum disorders, in addition to several cellular 

proliferative disorders and it is becoming increasingly clear that GSK3β might serve as a 

potential therapeutic target in several of these disorders (Namekata et al., 2012, Luo, 2009). 

It is also possibly associated with ageing related cellular effects. GSK-3β phosphorylation 

inhibits CRMP-2 binding to tubulin and promotes microtubule dynamics along with axonal 

transport and outgrowth in neurons. It also plays a role in regulating the polarity of the 

neurons (Namekata et al., 2012). Enhanced GSK3β activity is involved in the CREB protein 

inactivation and promotes cell death and degeneration (Grimes and Jope, 2001). 

In retina, BDNF has been shown to play a vital role in maintaining the health of retinal 

ganglion cells (RGCs) and protecting them from apoptosis caused by glaucoma or injury 

(Mansour-Robaey et al., 1994). BDNF is shown to stimulate the growth of neurites from 

regenerating RGCs (Cohen-Cory and Fraser, 1995), and protect optic nerve and RGCs from 

damage (Mansour-Robaey et al., 1994, Chen and Weber, 2001). The higher susceptibility of 

BDNF+/- mice to development of neurodegenerative changes in the inner retina with age 
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indicates that these might be arising due to the disruption of BDNF/TrkB axis leading to 

possible activation of GSK3β (Gupta et al., 2014b). An enhanced GSK3β activity has been 

observed in the inner retinas of animal models of experimental glaucoma as well as post-

mortem samples of human glaucoma subjects (Hu et al., 2013). The present study 

investigates the regulatory effects of BDNF impairment on GSK3β activity in vivo using 

wild type and BDNF+/- animals. As GSK3β phosphorylation and activation can be regulated 

in a cell and tissue dependent manner; to rigorously investigate the role played by BDNF in 

regulating the GSK3β activity we used two neuronal RGC-5 and PC12 cell lines and 

evaluated the role of BDNF and TrkB in regulating the GSK3β activity and also determined 

the relevance of the findings in vivo. The results provide novel data that raise the prospects 

of using TrkB agonist treatment to regulate the potential deleterious effects of GSK3β 

activity. Further, we show here for the first time that BDNF regulates Ser9 residue 

phosphorylation of GSK3β independent of its effects through high affinity receptor TrkB 

and subsequent PI3K/Akt and Erk1/2 activation. 

 

3.2. Materials and methods 

Used of animals and chemicals are described in chapter 2 

 

3.2.1. Cell culture and treatments 

RGC-5 and PC12 neuronal cells were maintained in DMEM medium containing 10% foetal 

bovine serum (FBS) at 370C with 5% CO2. Approximately 2.0 x 105 cells were seeded in 

each 60 mm culture dish 6–12 h before subjecting them to transient transfections. After 

transfections and subjecting the cells to serum starvation for a period of another 12 h, the 

cells were either treated with TrkB receptor agonist, 7,8DHF (100nM, 6 h) or a cyclic peptide 



67 
 

CTX-B, which is a TrkB antagonist with 1–11 Cys residue disulphide linkage 

(CNPMGYTKEGC; 5 lM, 6 h). 7,8-DHF was dissolved in phosphate-buffered saline 

containing 17% dimethylsulfoxide. Subsequently, cells were harvested, lysed and the cell 

lysates subjected to Western blotting for biochemical analysis. 

 

3.2.2. Transfections 

RGC-5 and PC12 cells were subjected to transient BDNF knockdown using the BDNF 

siRNA (Santa Cruz Biotechnology; sc42122) which is a combination of 3 target-specific 20–

25 nucleotide siRNA sequences designed to knockdown gene expression. It was resuspended 

in RNAse free water to obtain a 10 lM solution in Tris–HCl, pH 8.0, 20 mM NaCl, 1 mM 

EDTA. Briefly the siRNA was mixed with the Lipofectamine RNAiMAX (Invitrogen) 

reagent and cells transfected (Gupta et al., 2012b). Control cells were treated with the control 

siRNA sequences (Santa Cruz biotechnology; sc37007). It consisted of a scrambled 

sequence that is not known to lead to specific degradation of any known cellular mRNA. 

The cells were subjected to serum starvation by excluding FBS from the culture media, 

approximately 12 h after the transient transfections were performed and allowed to grow for 

another 18–24 h. 

 

3.2.3. Drug treatments 

The animals were treated chronically (2 mg/kg) with a TrkB agonist 7,8DHF. 7,8-DHF is a 

potent and selective TrkB receptor agonist that provokes receptor autophosphorylation and 

dimerization and has been shown to activate the TrkB signaling in the RGCs (Gupta et al., 

2013b, Jang et al., 2010b, Liu et al., 2010a)]. 7,8DHF was administered fortnightly for a 

period of 2 months through intraperitoneal injections. Animals were sacrificed and tissues 
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harvested 2 h after the last drug treatment. BDNF+/- mice were healthy with normal behavior, 

and had no visible phenotype different from WT mice. 

 

3.2.4. SDS–PAGE and Western Blot analysis 

Following enucleation of the eyes and retinal dissection, ONH regions of the retina were 

excised under a surgical microscope, lysed in lysis buffer as described in chapter 2, section 

2.3.8.2.  Blots were then incubated with anti-BDNF (1:1000), anti-TrkB (1:1000), anti-

pTrkB (Tyr515) (1:1000), anti-Akt (1:1000), anti-pAkt (Ser273) (1:1000), anti-Erk 

(1:1000), anti-pErk (Thr202/Tyr204) (1:1000), anti-GSK3β (1:1000), anti-pGSK3β (Ser9) 

(1:1000) or anti-actin (1:5000) either for 1 h (actin) at room temperature or overnight at 4 

0C. Rest of the procedure followed as mentioned in chapter 2, section 2.3.8.2.  

 

3.2.5. Statistical analysis 

Data were analyzed and graphed using commercially available Graphpad Prism software 

(version 6.0) (GraphPad Software, San Diego, CA). All values with error bars are presented 

as mean ± SD and compared by Student’s t test for unpaired data. Grouped data was analyzed 

using ANOVA. The significance was set at p < 0.05. 

 

3.3. Results 

3.3.1. BDNF negatively regulates GSK3β activation in RGC-5 and PC12 cells  

The role of BDNF knockdown on the TrkB and its downstream signalling comprising Akt, 

Erk1/2 and GSK3β was investigated in the RGC-5 and PC12 neuronal cells. The cells were 
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also subjected to either treatment with the TrkB receptor agonist 7,8DHF or incubated with 

7,8DHF subsequent to BDNF knockdown and downstream signalling changes analysed 

(Figure 3.1 A and E). Quantification of the band intensities revealed that siRNA mediated 

knockdown was successful in significantly reducing the BDNF expression in both cell types 

(p < 0.03) (Figure 3.1 B and F). A basal level of TrkB phosphorylation indicated that it was 

constitutively active in both cell lines. BDNF knockdown was not observed to have any 

significant effect on the phosphorylation levels of TrkB receptor. To decipher the relative 

contributions of BDNF and its high affinity receptor TrkB, the cells were treated with TrkB 

receptor agonist 7,8DHF. Treatment of cells with 7,8DHF produced significant activation of 

the TrkB receptor in both cell types (p < 0.05) (Figure 3.1 C and G). We also observed a 

corresponding activation of the Akt (p < 0.005) and Erk2 proteins (p < 0.01) which are 

downstream of the TrkB receptor. BDNF knockdown by itself did not have any detectable 

effect on the phosphorylation levels of any of these proteins. Interestingly, BDNF 

knockdown resulted in marked downregulation of GSK3β phosphorylation in the normal 

untreated cells (p < 0.05) as well as those treated with 7,8DHF (p < 0.05) indicating that 

BDNF also has a regulatory effect on GSK3β signalling independent of its effects through 

the TrkB activation (Figure 3.1 D and H). 7,8DHF treatment was not shown to have any 

effect on the expression of BDNF, TrkB, Akt, Erk1/2 or GSK3β proteins. 
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Figure 3.1. BDNF knockdown leads to GSK3β activation by reducing its phosphorylation levels. (A) RGC-5 

cells were subjected to BDNF knockdown, treatment with 7,8DHF (100 nM) or BDNF knockdown and then 

incubation with 7,8DHF and Western blotting performed. Band intensities were analysed and plotted for (B) 

BDNF (C) pTrkB (Tyr515) and (D) pGSK3β (Ser9) proteins using actin, TrkB and GSK3β as controls 

respectively. (E) PC12 cells were subjected to either knockdown of BDNF, treatment with 7,8DHF (100 nM) 

or BDNF knockdown and subsequent incubation with 7,8DHF followed by Western blotting. Band intensities 

were quantified and plotted for (F) BDNF (G) pTrkB (Tyr515) and (H) pGSK3β (Ser9) proteins using actin, 

TrkB and GSK3β as controls respectively. *p < 0.05 in each case. 

 

 

3.3.2. BDNF+/-mice depict reduced GSK3β phosphorylation with age 

In order to determine whether BDNF mediated regulation of GSK3β is reflected under in 

vivo conditions, we investigated changes in the GSK3β phosphorylation in optic nerve head 

(ON) of the retinas of WT and BDNF+/- animals. No changes in the phosphorylation status 

of GSK3β were observed at 2 m time point (Figure 3.2 A). Our previous studies have shown 

that aged BDNF+/- animals depict reduced levels of BDNF in the ONH at 1 year (Gupta et 

al., 2014b). We therefore also evaluated any changes in GSK3β phosphorylation levels at 
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this time point and interestingly observed a significant level of GSK3β activation (p < 0.01) 

(Figure 3.2 B). There was no detectable change in the expression levels of total GSK3β 

protein. Actin was used as loading control in each case. These results indicate that BDNF 

loss modulates the GSK3β signaling in vivo by promoting its activation. 

 

 

Figure 3.2. BDNF+/- animals depict a decrease in GSK3β phosphorylation with age. (A) Optic nerve head 

region was excised from the retinas of 2 month old WT and BDNF+/- mice and subjected to Western blotting. 

Changes in the phosphorylation levels of GSK3β protein (Ser9) were plotted by quantification of the band 

intensities. (B) Optic nerve head region was excised from the retinas of 1 year old WT and BDNF+/- mice and 

subjected to Western blotting. GSK3β was assessed for any changes in the phosphorylation levels (Ser9) by 

quantification of the band intensities (*p < 0.01). Actin was used as loading control in each case.  
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3.3.3. TrkB agonist enhances GSK3β phosphorylation in vivo 

BDNF is a high affinity ligand for the TrkB receptor. We explored the role of TrkB receptor 

activation in mediating GSK3β phosphorylation in vivo by chronic administration of TrkB 

receptor agonist to the WT and BDNF+/- mice (2 mg/kg) fortnightly for 2 months. At the end 

point, ONH tissues of the mice retina were excised, lysates subjected to Western blotting 

and probed for changes in the GSK3β phosphorylation profile. 7,8DHF treatment was able 

to significantly promote the GSK3β phosphorylation in both the WT (p < 0.05) and BDNF+/- 

(p < 0.05) mice (Figure 3.3 A and B). The results suggest that TrkB agonist action can lead 

to inhibition of GSK3β activity in vivo independent of the status of BDNF impairment. We 

did not observe any alterations in TrkB or BDNF expression in the ONH in response to 

7,8DHF treatment. No changes in the total protein levels of GSK3β were observed. Actin 

served as the loading control. 

 

 

 

Figure 3.3. Treatment with TrkB agonist leads to enhanced GSK3β phosphorylation in vivo. (A) ONH tissues 

from WT and BDNF+/- mice which were treated with 7,8DHF (2 mg/kg) or vehicle control, were excised, lysed 

and subjected to Western blotting. Blots were probed for changes in GSK3β phosphorylation using anti-

pGSK3β and GSK3β antibodies. Actin was used as loading control. (B) Band intensities were quantified and 

values plotted as shown (*p < 0.05). 
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3.3.4. BDNF knockdown along with TrkB inhibition augments GSK3β activation 

Our experimental paradigm suggested that BDNF knockdown can produce GSK3β 

dephosphorylation (Ser9) without producing corresponding changes in phosphorylation of 

TrkB receptor (Tyr515) or its downstream effectors Akt (Ser473) and Erk1/2 (Thr202/Tyr204) 

(Figure 3.1). The involvement of TrkB in BDNF induced regulation of GSK3β activity was 

further elucidated by treating the cells with TrkB antagonist and evaluating changes in 

GSK3β phosphorylation as a consequence of BDNF knockdown. The levels of knockdown 

achieved by BDNF siRNA were consistent (Figure 3.4 A and C) with that observed in 

previous experiment (p < 0.05) (Figure 3.1). Treatment with CTX-B resulted in significant 

reduction in the TrkB activation in both cell types (p < 0.02). CTX-B treatment also produced 

a significant downregulation of GSK3β phosphorylation in both the RGC-5 (p < 0.03) and 

PC12 (p < 0.05) cells. Importantly, when the cells were subjected to treatment with CTX-B 

subsequent to BDNF knockdown, there was a further reduction in the GSK3β 

phosphorylation in both the neuronal cell types (p < 0.05) (Fig. 3.4a-d). CTX-B treatment 

did not result in any changes in the BDNF, TrkB or GSK3β expression compared to the 

corresponding controls. BDNF knockdown also did not produce any alterations in the TrkB 

or GSK3β protein expression. This experiment further suggested that BDNF may have a 

regulatory effect on GSK3β activity independent of its effects on TrkB and that combined 

BDNF knockdown and TrkB inhibition has a reinforcing outcome on the GSK3β activation. 
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Figure 3.4. Inhibition of TrkB receptor promotes dephosphorylation of GSK3β. (A) RGC-5 cells were 

subjected to either BDNF knockdown, treatment with CTX-B (5 lM) or BDNF knockdown followed by 

incubation with CTX-B and immunoblotting performed. The blots were probed to evaluate changes in BDNF, 

pTrkB and pGSK3β reactivity. (B) Quantification of the pGSK3β band intensities normalised to total GSK3β 

protein was plotted (*p < 0.03). (C) In a similar experiment, PC12 cells were subjected to BDNF knockdown, 

incubation with CTX-B (5 lM) for TrkB inhibition or BDNF knockdown followed by CTX-B treatment 

paradigms. Cell lysates were analysed by Western blotting using BDNF, pTrkB (Tyr515), TrkB, pGSK3β 

(Ser9), GSK3β and actin specific antibodies. (D) Quantification of the pGSK3β band intensities normalised to 

total GSK3β protein ineach case (*p < 0.05). 
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3.4. Discussion 

An interruption in BDNF availability and transport has been proposed to be responsible for 

RGC apoptosis in various models of optic nerve injury including glaucoma (Gupta et al., 

2014b, Mey and Thanos, 1993, Peinado-Ramon et al., 1996). This study confirmed that 

BDNF/TrkB signaling plays an important role in regulation of the GSK3β activity both in 

the neuronal cells in culture as well as in the retina in vivo. GSK3β is a key protein involved 

in neuronal survival and has been regarded as a converging point for N-methyl-D-aspartate, 

BDNF and P2X7 purinergic receptor signaling (Ortega et al., 2010). We found that BDNF 

regulates the GSK3β activity independent of its effects via the high affinity receptor TrkB 

and downstream Akt and Erk1/2 signaling modules. A downregulation of the GSK3β (Ser9) 

phosphorylation, which is generally downstream of PI3K/Akt pathway has previously been 

observed in animal models of glaucoma as well as in human post-mortem glaucoma tissues 

(Gupta et al., 2014b). Activation of GSK3β has been shown to promote the phosphorylation 

and degradation of β-catenin (Miller and Moon, 1996). Its activation inhibits mitochondrial 

pyruvate dehydrogenase and thereby promotes neuronal death (Hoshi et al., 1996). GSK3β 

activity has also been implicated in PI3K inhibition dependent apoptosis induced in neuronal 

like PC12 cells (Pap and Cooper, 1998). 

Here we show that siRNA mediated knockdown of BDNF in the RGC-5 and PC12 cell lines 

lead to significant downregulation of the GSK3β phosphorylation. Cellular knockdown of 

BDNF did not produce any detectable effect on the TrkB, Akt or Erk1/2 activation or 

expression (Figure 3.1 and 3.4). This indicated that BDNF plays a novel role in the regulation 

of GSK3β activity independent of these signaling pathways. In further experimental 

paradigms, we treated the cells independently with a known TrkB agonist 7,8DHF (Figure 

3.1) or antagonist CTX-B (Figure 3.4), which resulted in the modulation of the TrkB activity 
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(Gupta et al., 2013b) and also induced changes in the GSK3β phosphorylation. Results 

corroborate our previous observations that 7,8DHF and CTX-B treatments affect TrkB 

receptor phosphorylation in the RGCs (Gupta et al., 2013b). Treatment of cells with a TrkB 

agonist following BDNF knockdown rescued the GSK3β phosphorylation to a significant 

extent while combined treatment with TrkB antagonist induced a further decline in the Ser9 

phosphorylation of GSK3β. Overall, these results support the hypothesis that GSK3β Ser9 

phosphorylation is regulated through multiple molecular pathways and is common target of 

both the TrkB receptor mediated signaling as well as BDNF effects independent of the TrkB 

and downstream Akt and Erk1/2 signaling. 

We sought to further correlate our findings in vivo by investigating alterations in GSK3β 

activity in the BDNF+/- animals. BDNF+/- mice are more prone to inner retinal degeneration 

when exposed to high intraocular pressure (IOP) (Gupta et al., 2014b). A higher vulnerability 

of BDNF+/- mice to degenerative changes in the inner retina caused by elevated IOP may be 

attributed to possible exacerbation of GSK3β activation subsequent to BDNF insufficiency. 

The regulatory effects of BDNF impairment were not evident in the younger animals but 

follow up revealed that GSK3β was significantly activated in the retinal tissues in aged 

BDNF+/- mice compared to their WT counterparts (Figure 3.2). These findings indicated that 

BDNF impairment has a progressive age-related effect on the GSK3β activation. This 

corresponds with our previous observations that decreased BDNF levels were observed in 

the ONH of aged BDNF+/- animals (Gupta et al., 2014b). Because BDNF/TrkB signaling has 

a noticeable effect on the GSK3β activity, its activation under various conditions may reflect 

an impaired status of BDNF/TrkB signaling. In previous studies, exogenously applied 

BDNF was shown to induce the dephosphorylation of collapsin response mediator protein-

2 (CRMP2) and phosphorylation of GSK3β in hippocampal neurons. BDNF through its 
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interactions with dedicator of cytokinesis-3 (Dock3) protein was also shown to be involved 

in recruitment of GSK3β to cell membrane and induce its phosphorylation and inactivation 

(Namekata et al., 2012). 

Long term chronic treatment of the animals with the TrkB agonist 7,8DHF resulted in 

significantly enhanced phosphorylation of the GSK3β in the ONH tissues in both the WT 

and BDNF+/- animals further confirming that this pathway regulates the GSK3β signaling 

(Figure 3.3). The efficacy of 7,8DHF is supported by previous observations that a single 

dose of 7,8DHF could produce a significant reduction in β-secretase-1 (BACE1) expression 

in the brain (Devi and Ohno, 2012). 7,8DHF treatment induced phosphorylation of the 

GSK3β highlighted the pharmacological potential of TrkB agonists to enhance the 

neuroprotective biochemical signaling pathways in the retina. Increased RGC survival 

observed with the use of highly specific TrkB agonistic antibodies both in vitro and in vivo 

conditions, may be attributed to its effects on the GSK3β signaling observed in this study 

(Hu et al., 2010, Qian et al., 2006). These findings provide a proof of concept that chronic 

pharmacological activation of retinal and optic nerve TrkB receptors with non-peptide 

agonists such as 7,8-DHF may represent an efficacious therapeutic approach to promote 

GSK3β inhibition, which may find therapeutic uses in several neurodegenerative diseases 

including glaucoma and other optic nerve disorders. In summary, this study sheds new light 

on the complex network of pathways through which GSK3β activity is regulated by the 

BDNF/TrkB signaling axis, and identifies it as a potential therapeutic target. 
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CHAPTER 4 

Mechanistic insights into the pharmacological targeting of TrkB 

receptor 

Part A published as:  

Nitin Chitranshi, Yogita Dheer, Veer Gupta, Roshana Vander Wall, Stuart Graham. 

Exploring the Molecular Interactions of 7,8-Dihydroxyflavone and Its Derivatives with 

TrkB and VEGFR2 Proteins. Int. J. Mol. Sci. 2015, 16, 21087-21108. 

Abstract 

7,8 dihydroxyflavone (7,8-DHF) is a TrkB receptor agonist and treatment with this 

flavonoid derivative brings about an enhanced TrkB phosphorylation and promotes 

downstream cellular signaling. Flavonoids are also known to exert an inhibitory effect 

on vascular endothelial growth factor receptor (VEGFR) family of tyrosine kinase 

receptors. VEGFR2 is one of the important receptors involved in the regulation of 

vasculogenesis and angiogenesis and has also been implicated to exhibit various 

neuroprotective roles. Its upregulation and uncontrolled activity is associated with a 

range of pathological conditions such as age-related macular degeneration and various 

proliferative disorders. In this study, we investigated molecular interactions of 7,8-

DHF and its derivatives with both TrkB receptor as well as VEGFR2. Using a 

combination of molecular docking and computational mapping tools involving 



80 
 

molecular dynamics approaches we have elucidated additional residues and binding 

energies involved in 7,8-DHF interactions with TrkB Ig2 domain and VEGFR2. Our 

investigations have revealed for the first time that 7,8-DHF has dual biochemical 

action and its treatment may have divergent effects on the TrkB via its extracellular 

Ig2 domain and on the VEGFR2 receptor through the intracellular kinase domain. 

Contrary to its agonistic effects on the TrkB receptor, 7,8-DHF was found to 

downregulate VEGFR2 phosphorylation both in the 661W photoreceptor cells and in 

retinal tissue.  

4A.1 Introduction 

Flavonoids are a naturally occurring class of chemicals, which are abundant in fruits and 

vegetables and exert diverse biological effects. Recent studies have identified that a 

flavonoid derivative, 7,8-DHF acts as a high-affinity tropomyosin related kinase receptor B 

(TrkB) agonist that provokes receptor dimerization and autophosphorylation and activation 

of downstream signaling in vivo (Jang et al., 2010b). This compound has been shown to be 

highly neuroprotective in several disease conditions such as Alzheimer’s disease (Castello 

et al., 2014) , Parkinson’s disease (Jang et al., 2010b) , Rett syndrome (Chapleau et al., 2013) 

, and Huntington’s disease (Jiang et al., 2013). It can readily penetrate the blood–brain 

barrier and is bioavailable orally (Liu et al., 2010b). We have shown that 7,8-DHF can play 

a role in the protection of retinal ganglion cells from excitotoxicity and oxidative stress 

mediated degeneration (Gupta et al., 2013b). TrkB is a receptor tyrosine kinase which is well 

expressed in retina and is important in the development of the inner retinal network (Gupta 

et al., 2013b). 7,8-DHF can activate the TrkB receptor several fold and can induce the 

activation of downstream pro-survival signaling cascades such as Akt and MAPK/Erk 

pathways. While several studies have shown that neuroprotective actions of 7,8-DHF are 
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mediated through the TrkB receptor, the exact comprehensive molecular basis of 7,8-DHF 

action is not explicitly clear. 7,8-DHF is known to bind to the TrkB extracellular domain in 

the region of the cysteine cluster 2 (CC2) and the leucin rich region (LRR) (Jang et al., 

2010b, Liu et al., 2010b). Our study suggests that 7,8-DHF may also interact with and 

additionally bind to the Ig2 domain on TrkB-D5 extracellular domain. This additional 

binding site could mediate at least in part the 7,8-DHF binding affinity to the TrkB. Our 

findings are in agreement with previous observations that another TrkB ligand, brain derived 

neurotrophin factor (BDNF) binding to TrkB is partly mediated through the Ig2 domain in 

TrkB receptor which contributes to the receptor dimerization (Jiang et al., 2013). Ig2 domain 

possesses an N-glycosylation site which could potentially mediate the ligand receptor 

interaction (Haniu et al., 1995).  

VEGF receptor super-family is another class of tyrosine kinase receptors which play a 

critical role in the retina. In addition to its involvement in neovascularization associated with 

several proliferative disorders, abnormal VEGF expression is implicated in several ocular 

disease conditions such as macular edema associated with diabetic retinopathy (Shibuya, 

2006), choroidal neovascularization associated with age-related macular degeneration 

(Hagstrom et al., 2014), neovascular glaucoma and fibrotic complications of glaucoma 

filtration surgery etc (Daneshvar, 2013). VEGFR2 is well expressed in the retina and is 

believed to predominantly regulate the cellular actions of VEGF (Holmes et al., 2007, 

Nishiguchi et al., 2007). Flavonoids have been reported to play a role in the inhibition of 

VEGFR2 and thus suppress angiogenesis and proliferation of vascular endothelial cells (He 

et al., 2011, Wang et al., 2013). VEGFR2 is thus important target to study the biological 

effects of 7,8-DHF and other similar flavonoid compounds. 
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We report here for the first time a dual action of compound 7,8-DHF on TrkB and VEGFR2 

receptor. Using a combination of bioinformatics and biochemical approaches we have 

provided critical additional insights into the molecular interactions of 7,8-DHF with both the 

TrkB and the VEGFR2 receptor. Structurally related derivatives of 7,8-DHF are extensively 

compared to determine the interactions and binding parameters with the TrkB and VEGFR2 

receptors. This study also illustrates the effects of 7,8-DHF treatment on the activity of 

VEGFR2 in both the 661w photoreceptor cells as well as in the rat retina.  

4A.2 Materials and methods 

Used of animals and chemicals are described in chapter 2 

4A.2.1 Selection and Preparation of Macromolecule 

Crystal structure of the TrkB-D5 domain bound to Neurotrophin-4/5 (PDB id: 1HCF) 

(Banfield et al., 2001)  and VEGFR2 protein (PDB id: 1Y6B) (Harris et al., 2005) from 

human was retrieved from protein databank (Berman et al., 2003) . TrkB-D5 domain 

contains four chains A, B, X and Y. The A & B chains constitute Neurotrophin 4 which 

forms homodimer. The chains X & Y form BDNF/ NT-3 protein. Only chain X of PDB id 

1HCF is considered for these studies. On the other hand, VEGFR2 contain only one chain 

A bounded to 2-anilino-5-aryl-oxazole inhibitor. The selection of two proteins was carried 

out on the basis of resolution and organism derived. Resolution for TrkB-D5 and VEGFR2 

was 2.70 Å and 2.10 Å respectively. The optimization of proteins was carried out using 

UCSF Chimera software, implying amber parameters, followed by minimization with 

MMTK method in 500 steps with a step size of 0.02 Å (www.cgl.ucsf.edu/chimera/). The 

http://www.cgl.ucsf.edu/
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active site residues of the binding pocket were determined from Castp server (Dundas et al., 

2006) in case of TrkB-D5 domain and bounded ligand in case of VEGFR2. 

4A.2.2 Selection and Preparation of dihydroxy flavones derivatives 

The three-dimensional (3D) structure of dihydroxy flavones derivatives were collected from 

pubchem database (Sayers et al., 2011). In total, 37 derivatives were collected including 7,8 

dihydroxy flavones, 7,8 DHF (Table 4a.1) and was built using ChemDraw Ultra 8.0 

(http://www.cambridgesoft.com). The energy minimization was performed using Austin 

Model-1 (AM1) (Chitranshi et al., 2013)  until the root mean square (RMS) gradient value 

became smaller than 0.100 kcal/mol Å and then molecules were subjected to re-optimization 

via MOPAC (Prasanna et al., 2005) (Molecular Orbital Package) method until the RMS 

gradient attained a value lesser than 0.0001 kcal/mol Å using MOPAC.    

4A.2.3 Molecular docking 

The docking of the 37 dihydroxy derivatives to the binding site of TrkB-D5 and VEGFR2 

was performed using the AutoDock v.4.2 (Morris et al., 2009). In order to compare the 

results from docking protocols, water molecules and other ligand (2-anilino-5-aryl-oxazole) 

were excluded for better docking score. The rotatable bonds of the ligands were set to be 

free and the protein was treated as a rigid body (Chitranshi et al., 2013).  Crystal structure 

of the TrkB-D5 and VEGFR2 protein (1HCF and 1Y6B) was retrieved from protein 

databank (http://www.pdb.org/). Rigid docking was performed for studying protein-ligand 

interactions through AutoDock tools. The atom types and bond types were assigned (Bikadi 

and Hazai, 2009, Labute, 2009) . The polar hydrogen atoms of the enzymes were added, the 

non-polar hydrogen atoms were merged, Gasteiger charges were assigned and solvation 
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parameters were added. For all ligands, including 7,8-DHF, the non-polar hydrogen atoms 

were merged, and the Gasteiger charges were assigned. The auxiliary program AutoGrid 

generated the grid maps. The grid box dimensions were 60×60×60 Å and 52×46×56 Å 

around the active site and the grid spacing was set to 0.375 Å for TrkB-D5 and VEGFR2 

protein respectively. The starting positions of all ligands were outside the grid box (>20 Å 

away from the centre of the binding pocket). Docking was performed using the empirical 

free energy function together with the LGA (Li and Li, 2010). The LGA protocol applied a 

population size of 150, while 250,000 energy evaluations were used for the 20 LGA runs. In 

addition, the maximum number of evaluations was set to 27,000; the mutation rate to 0.02; 

the crossover rate to 0.8; and the elitism rate to 1.0. Estimated inhibition constants (Ki) were 

used for determination of binding energies of different docking conformations, ranking in 

accordance to their binding scores (Morris et al., 2009) . The calculated properties of Ki, 

binding free energy, electrostatic energy, van der Waals, hydrogen bond, desolvation energy, 

total intermolecular and torsional energy for 37 DHF derivatives are given in Table 3 and 

Table 4 for TrkB-D5 and VEGFR2 respectively. Chimera (Pettersen et al., 2004), Discovery 

Studio (DS) Visualizer2.5 (O'Brien et al., 2005) and LigPlot+ software (Laskowski and 

Swindells, 2011) were used for visualization and calculation of protein-ligand interactions. 

4A.2.4 Molecular dynamics (MD) simulations 

MD simulations were performed for the complex of 7,8-DHF-TrkB and 7,8 DHF-VEGFR2  

using Desmond 3.2 software (Guo et al., 2010), incorporating OPLS_2005 force field for 

10,000 ps (picoseconds)  simulation time. The salvation system was maintained in a 

100×100×100 Å orthorhombic box with periodic boundary conditions by adding SPC water 

molecules (Sun et al., 2006) for both the complexes. The whole system was neutralized by 

adding counter ions Na+ and Cl− to balance the net charge of the system. In Desmond, 
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equilibration of the whole system was carried out using default protocol made up of a series 

of restrained minimizations and MD simulations. During simulation, initial coordinates of 

the protein molecules were slowly relaxed without deviation. The minimized system was 

relaxed with NPT (number of atom, pressure, and temperature) ensemble restraining non-

hydrogen solute atom for 10 ns simulation time. The full system was composed of 17346 

atoms for TrkB-D5 and 36979 for VEGFR2 complex respectively. The temperature was 

maintained at 300 K and pressure at 1.01325 bars. Long-range electrostatic interactions were 

computed using particle-mesh Ewald method (Cerutti et al., 2009, Strahan et al., 1998) and 

van der waals (VDW) cut-off was set to 9 Å. The SHAKE algorithm was used to satisfy the 

hydrogen bond geometry constraints during simulation (Sun et al., 2006). The full system 

was simulated to analyse the stability of the 7,8-DHF-TrkB-D5 and 7,8-DHF-VEGFR2 

complexes. The dynamic behavior and structural changes of the complex were analyzed by 

calculating the RMSD and energy fluctuation. The root mean square fluctuations (RMSF) 

for the backbone and side chain of each residue of TrkB-D5 and VEGFR2 protein were 

analyzed. The 7,8-DHF-TrkB-D5 and 7,8-DHF-VEGFR2 complexes were analyzed and 

monitored for the stability in hydrogen bond interactions. 

4A.2.5 Cell culture and treatment regimens 

Photoreceptor derived 661W cells were maintained in DMEM culture media containing 10 

% fetal bovine serum and 1% penicillin/streptomycin at 37°C at 5 % CO2. Approximately, 

2.0×105 cells were seeded in each culture dish 6–12 h before treatment (Basavarajappa et 

al., 2011, Gupta et al., 2012a). Cells were treated with 7,8 DHF (100 nM) and allowed to 

grow for a period of 24 hours before harvesting. For in vivo experiments, 7,8-DHF (2mg/kg) 

was administered intraperitoneally to the rats. The rat retinas were harvested, flash frozen 

and sonicated in the lysis buffer for further analysis. 
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4A.2.6 Western Blot and Immunoprecipitations 

661W cells and retinal tissues were lysed in lysis buffer as mentioned in chapter 2, section 

2.3.8.2   

4A.2.7 Statistical Analysis 

Data were analyzed and graphed using GraphPad Prism software (GraphPad Software, CA). 

All values with error bars are presented as mean ± SD from given n sizes and compared by 

student’s t test for unpaired data. The significance was set at p<0.05. 

4A.3 Results 

4A.3.1 Molecular determinants of 7,8 DHF binding with TrkB and VEGFR2 

The interactions of 7,8-DHF with TrkB and VEGFR2 receptor were analysed by using a 

molecular docking approach. TrkB-domain5 (TrkB-D5) and VEGFR2 structures were 

subjected to 7,8-DHF binding in silico using AutoDock4.2 to reveal the best binding modes 

of 7,8-DHF. Our studies revealed that the binding site of TrkB-D5 comprised of Lys312, 

Pro313, Ala314, Leu315, Trp317, Ile323, Leu324, Glu326, Cys331, Thr332, Lys333, Ile334 and Tyr342 

residues. Hydrogen bonding with Leu315 and Ile334 indicated these to be critical residues 

involved in interaction with 7,8-DHF (Figure 4A 1A and B). In the case of 7,8-DHF docking 

with VEGFR2, the binding site was selected based on its previously reported interactions 

with 2-anilino-5-aryl-oxazole (AAX), a VEGFR2 inhibitor (PDB id. 1Y6B). The amino 
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acids Leu838, Arg840, Ile847, Ala864, Val865, Lys866, Glu883, Ile913, Val914, Phe916, Cys917, Lys918, 

Asn921, Thr924, Arg1030, and Leu1033 were observed to comprise the binding site of VEGFR2 

protein. AAX extraction and docking of 7,8-DHF showed key hydrogen bond interaction 

with Cys917 residues of VEGFR2 protein (Figure 4A 1C and D).   

 
 

Figure 4A.1. Interaction and binding mode of 7,8 dihydroxyflavone (7,8-DHF) with TrkB and VEGFR2. (A) 

Docking of TrkB (ribbon structure) with the 7,8-DHF (wire-frame) showing critical residues involved in 

interaction. (B) Enlarged view of the interaction pocket within 5.5 Å around the ligand, 7,8-DHF-TrkB 

complex. (C) Docking of VEGFR2 (ribbon structure) with the 7,8-DHF (wire-frame) highlighting important 

residues involved in interaction. (D) Enlarged view of the interaction pocket within 5.5 Å around the ligand, 

7,8-DHF-VEGFR2 complex.  Green strong line denotes the hydrogen bonding and pink dashed line reflects 

pi-sigma interactions and stacking. The images were generated with the Discovery Studio 4.0 Client. 
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4A.3.2 Binding interactions of TrkB and VEGFR2 receptors with 7,8-DHF derivatives 

In order to understand the mechanism of TrkB and VEGFR2 binding with 7,8-DHF, we 

evaluated various interaction parameters of several structural derivatives of 7,8-DHF (Table 

4A.1). A panel of 37 dihydroxy flavonoid derivatives were selected and individually docked 

to both TrkB-D5 and VEGFR2 using Lamackrian Genetic Algorithms (LGA). The docking 

scores, predicted binding energies, inhibitory constants and other energies were calculated 

(Table 4A.2 and 4A.3). Among the TrkB–Flavone derivative complex clusters, the lowest 

binding energy complexes have been listed in Table 4A.2. A binding energy of −5.71 kcal 

mol−1 was observed to be associated with the binding of 7,8-DHF with human TrkB-D5. An 

inhibitory constant (Ki) of 64.79 µM was calculated for 7,8-DHF-TrkB complex binding 

which correlated well with its binding energy. In general, all 37 flavonoid derivatives could 

be divided into 2 parts: scaffold I comprises of 2, 3-dihydro-4H-chromen-4-one and scaffold 

II formed by 2-phenyl group (Table 4A.1). The study showed that 14 of dihydroxy flavonoid 

derivatives interacted through scaffold I (2,3-dihydro-4H-chromen-4-one), 7 dihydroxy 

flavonoid derivatives through scaffold II (phenyl ring) and the remaining 16 involved 

interactions through both scaffold I & scaffold II with the TrkB protein (Figure 4A 2A). 

Scaffold I binding and orientation was largely conserved amongst all the 7,8-DHF 

derivatives.  Scaffold I moiety binding region comprised Lys312, Ala314, Glu326, Thr332, and 

Ile334 residues (Figure 4A 2B). In scaffold I, ring A formed a pi–alkyl and pi–sigma stacking 

interaction between Leu315 and Ile334 respectively while the 7,8-dihydroxy group interacted 

with the main chain O atom of Pro313 and N atom of Leu315 respectively through hydrogen 

bonding.  
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Compounds Ring A Ring B Ring C Scaffolds 

          

7,8 DHF 7, 8 di-OH - - I 

C1 - 2, 3 di-OH - I 

C2 - - 2', 3' di-OH II 

C3 - - 2', 5' di-OH II 

C4 5-OH - 2'-OH I and II 

C5 - - 2',5' di-OH, 5'-acetate II 

C6 5-OH - 4'-OH I and II 

C7 - 3-OH 2'-OH I and II 

C8 - 3-OH 4'-OH I and II 

C9 - - 3', 4' di-OH II 

C10 - - 3', 4' di-OH, 4'-glucoside II 

C11 5 OH, 6, 7 di-methoxy 3-methoxy 3'-OH, 4'-methoxy I and II 

C12 3, 5 di-OH - - I 

C13 - - 3', 5' di-OH II 

C14 3, 6 di-OH - - I 

C15 3, 7 di-OH - - I 

C16 6-OH - 4'-OH I and II 

C17 7-OH - 4'-OH I and II 

C18 5-OH - 3'-OH I and II 

C19 5-OH, 7-methoxy - 4'-OH, 3'-methoxy I and II 

C20 5, 6 di-OH - - I 

C21 5, 7 di-OH - 4'-methoxy I and II 

C22 5, 7 di-OH - - I 

C23 5, 7 di-OH - 7-benzoate I and II 

C24 5, 7 di-OH, - - 
I  7 β-monoglucoside - - 

C25 5, 8 di-OH - - I 

C26 6, 7 di-OH - - I 

C27 6, 8 di-Cl - 3', 5' di-OH I and II 

C28 5-OH, 6-methoxy,  - 4'-OH 
I and II  7 O-glucoside   

C29 7-OH - 2'-OH I and II 

C30 7-OH, 7-glucoside - 2'-OH I and II 

C31 7-OH - 3'-OH I and II 

C32 7-OH, 7-glucoside - 4'-OH I and II 

C33 7-OH, 7-rutinoside - 4'-OH I and II 

Scafold I
Scafold II
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C34 5, 6-OH, 7-D-glucuronic acid - - I 

C35 8-OH - 2'-OH I and II 

C36 7-OH, 8-β-D-glucopyranosyl - 4'-OH I and II 

 

Table 4A.1 Structural parameters of thirty seven di-hydroxy flavonoid derivatives including 7,8-DHF. 

 

C.Name BEe 

(kcal/mol) 

Ki IMEe Vdw-Hb-Ds Ee IEe TFEe 

(µM) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

7, 8 DHF -5.71 64.79 -5.84 -5.6 -0.24 -0.69 0.82 

C1 -5.94 44.35 -5.97 -5.91 -0.06 -0.8 0.82 

C2 -5.91 46.34 -6.57 -6.12 -0.45 -0.16 0.82 

C3 -5.28 133.89 -5.54 -5.34 -0.2 -0.57 0.82 

C4 -6.13 32.06 -6.28 -5.94 -0.34 -0.67 0.82 

C5 -5.96 43.12 -6.84 -6.41 -0.43 -0.21 1.10 

C6 -5.65 71.59 -5.77 -5.63 -0.13 -0.71 0.82 

C7 -5.63 75.12 -6.09 -5.71 -0.38 -0.36 0.82 

C8 -5.52 89.37 -5.95 -5.85 -0.09 -0.4 0.82 

C9 -6.02 38.62 -6.7 -6.51 -0.19 -0.14 0.82 

C10 -7.10 6.21 -6.33 -6.08 -0.25 -3.24 2.47 

C11 -7.42 3.62 -7.67 -7.49 -0.17 -1.68 1.92 

C12 -6.43 19.41 -6.36 -6.01 -0.35 -0.89 0.82 

C13 -5.18 158.66 -5.85 -5.6 -0.25 -0.15 0.82 

C14 -5.24 143.46 -5.51 -5.37 -0.14 -0.56 0.82 

C15 -5.36 118.3 -5.86 -5.58 -0.28 -0.32 0.82 

C16 -5.28 135.23 -5.94 -5.76 -0.18 -0.16 0.82 

C17 -5.49 94.66 -6.14 -5.97 -0.18 -0.17 0.82 

C18 -5.81 55.47 -5.95 -5.67 -0.28 -0.68 0.82 

C19 -6.17 30.1 -6.37 -5.99 -0.38 -1.17 1.37 

C20 -6.00 39.92 -5.81 -5.52 -0.29 -1.01 0.82 

C21 -5.97 42.38 -6.30 -6.11 -0.19 -0.76 1.10 

C22 -5.46 98.9 -5.56 -5.36 -0.20 -0.73 0.82 

C23 -6.47 18.12 -6.68 -6.51 -0.17 -1.16 1.37 

C24 -6.85 9.56 -7.02 -6.88 -0.13 -2.3 2.47 

C25 -6.08 35.18 -5.82 -5.78 -0.04 -1.08 0.82 

C26 -6.11 33.05 -6.31 -6.07 -0.24 -0.62 0.82 

C27 -6.29 24.48 -6.92 -6.72 -0.2 -0.19 0.82 

C28 -7.90 1.61 -8.31 -8.05 -0.27 -2.61 3.02 

C29 -5.41 108.5 -6.05 -5.76 -0.29 -0.18 0.82 

C30 -6.53 16.21 -7.06 -6.84 -0.22 -1.94 2.47 

C31 -5.62 76.09 -6.29 -5.91 -0.38 -0.15 0.82 

C32 -5.89 47.88 -6.25 -5.99 -0.26 -2.11 2.47 

C33 -6.16 4.82 -4.05 -3.86 -0.19 -2.68 3.57 
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Table 4A.2 7,8-DHF and 36 di-hydroxy flavonoid derivatives with corresponding energies obtained from 

docking with TrkB-D5 using AutoDock program. BEe Estimated binding free energy in kcal mol-1; Ki 

Inhibitory constant in micro-molar; IMEe  Final Intermolecular Energy in kcal mol-1; Vdw–Hb–Ds Van der waals-

hydrogen bond-desolvation energy component of binding free energy in kcal mol-1; Ee Electrostatic energy in 

kcal mol-1; IEe Final total internal energy in kcal mol-1; TFEe Torsional free energy in kcal mol-1 

 

Further, we investigated the interactions of these flavones derivatives with VEGFR2. The 

study indicated interactions of 18 dihydroxy flavonoids by scaffold I, 7 dihydroxy flavonoids 

through scaffold II and remaining 12 dihydroxy flavonoid derivatives through both the 

scaffold I & scaffold II with VEGFR2 (Table 4A.3). The binding pocket of VEGFR2 

comprised of Val846, Ala864, Val865, Lys866, Glu883, Val914, Glu915, Phe916, and Leu1033 residues 

(Figure 4A 3A and B). In scaffold I, ring A formed a pi–alkyl and pi–sigma stacking 

interaction with Ala864 and Leu1033 respectively. The scaffold II also showed 3 pi–alkyl 

interactions with Val846, Ala864, Lys866 and one pi–sigma stacking interaction with Val914. 

The 7,8-dihydroxy group interacted with the carboxyl O and amino N atom of Cys917 and 

amino N atom of Leu315 through hydrogen bonding. Scaffold I binding and orientation was 

approximately conserved amongst all the 7,8-DHF derivatives (Figure 4A 2 and 3).  With 

respect to 7,8-DHF interaction, a binding score of -7.76 kcal mol−1 and Ki of 2.04 µM were 

observed when compared to that calculated for AAX, a known VEGFR2 inhibitor with 

binding score of -9.68 kcal mol−1 and Ki 0.08 µM (Table 4A.3). Potential carcinogenicity 

and mutagenicity of various dihydroxyflavone derivatives in cells and rodents was predicted 

using ToxPredict tool (Hardy et al., 2010) (Table 4A.4).  ToxPredict studies demonstrated 

7,8-DHF to be a non-carcinogenic and non-mutagenic flavonoid with minimal toxicity 

potential compared to all other derivatives. 

C34 -7.50 3.18 -6.97 -6.38 -0.6 -3.27 2.74 

C35 -5.64 72.83 -5.68 -5.26 -0.42 -0.79 0.82 

C36 -6.77 10.99 -7.78 -7.15 -0.63 -1.45 2.47 
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Table 4A.3. 7,8-DHF and 36 di-hydroxy flavonoid derivatives with corresponding energies obtained from 

redocking validation followed by docking with VEGFR2 protein using AutoDock program. BEe Estimated 

C.Name BEe 

(kcal/mol) 

Ki IMEe Vdw-Hb-Ds Ee IEe TFEe 

(µM) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) 

AAX 

7, 8 DHF 

-9.68 

-7.76 

0.08 

2.04 

-10.43 

-8.09 

-10.42 

-7.97 

-0.01 

-0.12 

-1.44 

-0.50 

+2.20 

+0.82 

C1 -6.69 12.49 -6.49 -6.49 +0.00 -1.03 +0.82 

C2 -7.01 7.29 -7.28 -7.18 -0.10 -0.56 +0.82 

C3 -6.66 13.11 -6.91 -6.86 -0.05 -0.57 +0.82 

C4 -6.97 7.72 -7.17 -7.09 -0.08 -0.62 +0.82 

C5 -7.44 3.51 -8.27 -8.08 -0.19 -0.27 +1.10 

C6 -7.27 4.66 -7.39 -7.23 -0.15 -0.71 +0.82 

C7 -7.08 6.44 -7.09 -6.97 -0.11 -0.82 +0.82 

C8 -7.19 5.41 -7.52 -7.25 -0.27 -0.49 +0.82 

C9 -7.07 6.52 -7.76 -7.59 -0.17 -0.14 +0.82 

C10 -9.41 0.13 -9.64 -9.20 -0.44 -2.24 +2.47 

C11 -6.33 22.82 -6.69 -6.49 -0.20 -1.56 +1.92 

C12 -7.41 3.71 -7.16 -7.13 -0.03 -1.07 +0.82 

C13 -7.25 4.84 -7.91 -7.58 -0.33 -0.17 +0.82 

C14 -7.31 4.41 -7.61 -7.48 -0.14 -0.52 +0.82 

C15 -7.30 4.46 -7.69 -7.56 -0.13 -0.44 +0.82 

C16 -7.27 4.69 -7.93 -7.68 -0.25 -0.17 +0.82 

C17 -7.54 2.99 -8.19 -7.89 -0.30 -0.17 +0.82 

C18 -7.08 6.48 -7.19 -6.88 -0.31 -0.71 +0.82 

C19 -7.73 2.16 -7.92 -7.79 -0.13 -1.18 +1.37 

C20 -7.75 2.10 -7.87 -7.73 -0.14 -0.70 +0.82 

C21 -7.23 5.03 -7.56 -7.48 -0.08 -0.77 +1.10 

C22 -7.53 3.02 -7.61 -7.55 -0.06 -0.74 +0.82 

C23 -8.34 0.77 -8.61 -8.56 -0.05 -1.10 +1.37 

C24 -8.17 1.03 -8.47 -8.23 -0.24 -2.17 +2.47 

C25 -7.17 5.54 -7.04 -6.99 -0.05 -0.95 +0.82 

C26 -7.60 2.68 -7.77 -7.58 -0.19 -0.65 +0.82 

C27 -7.50 3.17 -8.14 -7.85 -0.29 -0.19 +0.82 

C28 -8.76 0.38 -9.01 -8.76 -0.25 -2.77 +3.02 

C29 -6.93 8.28 -7.16 -7.12 -0.04 -0.59 +0.82 

C30 -7.96 1.47 -8.23 -7.81 -0.42 -2.20 +2.47 

C31 -7.46 3.40 -8.11 -7.65 -0.47 -0.17 +0.82 

C32 -8.43 0.66 -9.03 -8.68 -0.36 -1.86 +2.47 

C33 -8.14 1.09 -7.83 -7.65 -0.18 -3.88 +3.57 

C34 -9.22 0.174 -9.45 -8.47 -0.98 -2.52 +2.74 

C35 -6.73 11.57 -6.60 -6.56 -0.04 -0.96 +0.82 

C36 -8.29 0.84 -8.21 -8.07 -0.14 -2.55 +2.47 
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binding free energy in kcal mol-1; Ki Inhibitory constant in micro-molar; IMEe  Final Intermolecular Energy in 

kcal mol-1; Vdw–Hb–Ds Van der waals-hydrogen bond-desolvation energy component of binding free energy in 

kcal mol-1; Ee Electrostatic energy in kcal mol-1; IEe Final total internal energy in kcal mol-1; TFEe Torsional 

free energy in kcal mol-1 



94 
 

S.No C.No Pubchem CID M.W Carcinogenic 

Potency DBS 

Mouse 

Carcinogenic 

Potency DBS 

MultiCellCall 

Carcinogenic 

Potency DBS 

Mutagenicity 

Carcinogenic 

Potency DBS 

Rat 

Carcinogenic 

Potency DBS 

SingleCellCall 

Eye 

irritation 

1 7,8-DHF CID_44335549 256.25 non-carcinogen non-carcinogen non-mutagenic non-carcinogen non-carcinogen No 

2 C1 CID_17874507 256.25 non-carcinogen non-carcinogen non-mutagenic non-carcinogen non-carcinogen No 

3 C2 CID_676289 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

4 C3 CID_44257593 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

5 C4 CID_688660 254.24 non-carcinogen carcinogen mutagenic non carcinogen carcinogen No 

6 C5 CID_44257596 296.27 non-carcinogen carcinogen mutagenic non carcinogen carcinogen No 

7 C6 CID_165521 254.24 non-carcinogen carcinogen mutagenic non carcinogen carcinogen No 

8 C7 CID_455313 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

9 C8 CID_688715 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

10 C9 CID_145726 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

11 C10 CID_44257601 416.38 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen Yes 

12 C11 CID_5315263 374.34 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

13 C12 CID_5393151 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

14 C13 CID_45933941 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

15 C14 CID_688659 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

16 C15 CID_5393152 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

17 C16 CID_182362 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

18 C17 CID_5282073 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

19 C18 CID_676030 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

20 C19 CID_5464381 314.29 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

21 C20 CID_14349487 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 
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22 C21 CID_5280442 284.26 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

23 C22 CID_5281607 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

24 C23 CID_5575368 358.34 non-carcinogen non-carcinogen non-mutagenic non-carcinogen non-carcinogen No 

25 C24 CID_5490092 416.38 non-carcinogen carcinogen mutagenic carcinogen carcinogen Yes 

26 C25 CID_11055 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

27 C26 CID_5353357 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

28 C27 CID_57368355 322.16 non-carcinogen carcinogen mutagenic carcinogen carcinogen Yes 

29 C28 CID_5318083 462.4 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen Yes 

30 C29 CID_5391149 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

31 C30 CID_44257565 416.38 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen Yes 

32 C31 CID_5391140 254.24 non-carcinogen carcinogen mutagenic carcinogen carcinogen No 

33 C32 CID_44257571 416.38 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen Yes 

34 C33 CID_44257573 562.52 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen Yes 

35 C34 CID_64982 446.36 non-carcinogen non-carcinogen mutagenic non-carcinogen carcinogen Yes 

36 C35 CID_14034267 254.24 non-carcinogen carcinogen mutagenic non-carcinogen carcinogen No 

37 C36 CID_44257569 416.38 non-carcinogen non-carcinogen non-mutagenic non-carcinogen non-carcinogen Yes 

 

Table 4A.4. Toxicity prediction of 37 di-hydroxy flavonoid derivatives including 7,8DHF using ToxPredict program.  
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Figure 4A.2. Molecular modelling showing interaction of 7,8-DHF derivatives with the TrkB. (A) Amino acid 

interactions with the 7,8-DHF derivatives (B) Space filled model to depict the binding pocket of 7,8-DHF 

derivatives in TrkB domain. 

 

 

 

Figure 4A.3. Molecular modelling showing interaction of 7,8-DHF derivatives with the VEGFR2. (A) Amino 

acid interactions of VEGFR2 binding site with the 7,8-DHF derivatives (B) Space filled model to depict the 

binding pocket of 7,8-DHF derivatives in VEGFR2.  

A B 

A B 
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4A.3.3 Molecular dynamics of 7,8-DHF-TrkB and 7,8-DHF-VEGFR2 complex 

MD simulation provides information about the internal motions of the receptor–ligand 

complex treated in a flexible condition in the solvent with respect to time. In order to confirm 

the binding mode of 7,8-DHF-TrkB-D5 and 7,8-DHF-VEGFR2 docking complexes, MD 

simulation was performed using the Desmond program 3.2 (Shan et al., 2011) . MD 

simulations were carried out in an in-silico environment mimicking physiological condition 

of pH and molarity. The dynamic properties of 7,8-DHF-TrkB-D5 and 7,8-DHF-VEGFR2 

docking complexes were analyzed using trajectory data obtained from 10 ns MD simulations 

indicating effective receptor–ligand binding under above conditions. The trajectory of 7,8-

DHF with TrkB-D5 and VEGFR2 docking complexes were plotted for root mean square 

fluctuation (RMSF) (Figure 4A 4A and B), energy (Figure 4A 5A and B) and root mean 

square deviation (RMSD) (Figures 4A 6 and 7).  

RMSD plot for backbone and heavy atoms (Figures 4A 6 and 7) indicated a subtle 

rearrangement in the initial conformation of the docking complex that eventually stabilized 

following molecular simulation. The overall range of RMSD of 7,8-DHF-TrkB-D5 and 7,8-

DHF-VEGFR2 complex was 0.3-1.7 Å and 0.2–2.3 Å for backbone atoms (Figure 4A 6A 

and B) respectively. For heavy atoms the average RMSD for the 7,8-DHF-TrkB-D5 and 7,8-

DHF-VEGFR2 complex was observed to be 0.2-2.8 Å and 0.2–2.5 Å respectively (Figure 

4A 7A and B). The RMSF of the residues were approximated by averaging all the atoms of 

the given protein. RMSF analysis indicated that all backbone (blue) and most of the side 

chain residues (red) were within the acceptable limit of 2.5 Å. Fluctuations for some of the 

side-chain residues for TrkB complex exceeded 2.5 Å but was below 3.0 Å (Figure 4A 4A).  

Similar pattern of RMSF was evident with respect to VEGFR2, where most of the backbone 

(blue) and side chain (red) residues were within the limit of 2.5 Å (Figure 4A 4B).  
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Figure 4A.4. RMSF of backbone and side chain during 10 ns MD simulations. Blue color indicates backbone 

and red color indicates side chains (A) 7,8DHF-TrkB complex (B) 7,8DHF-VEGFR2 complex 
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Figure 4A.5. Energy peak during 10 ns MD simulation (A) 7,8DHF-TrkB complex. (B) 7,8DHF-VEGFR2 

complex. 
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Figure 4A.6. The MD simulation Time vs. RMSD of the backbone atoms (A) 7,8-DHF-TrkB protein 

complex (B) 7,8-DHF-VEGFR2 protein complex. 

 

 

 

Figure 4A.7. MD Simulation Time vs. RMSD of the heavy atoms (A) 7,8-DHF-TrkB protein complex (B) 

7,8-DHF-VEGFR2 protein complex.  

  

B A 

A B 
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The lower atomic fluctuation for active site residues reflected small conformational changes. 

The energy, RMSD and RMSF plots illustrated that the 7,8-DHF-TrkB-D5 and 7,8-DHF-

VEGFR2 docking complex were observed to be stable throughout MD simulation. 7,8-DHF-

TrkB-D5 and 7,8-DHF-VEGFR2 molecular interactions were also monitored to assess the 

structural flexibility of the docked complex (Figure 4A 8). Molecular analysis of 7,8-DHF 

complex with TrkB-D5 showed 18 (O) and 20 (O) atoms of 7,8-DHF to be involved in 

hydrogen bonding with 250 (N) of Leu315 and 236 chiral (C) atom of Lys312 respectively 

(Figure 4A 8A). The trajectory analysis of MD simulation further showed hydrogen bond 

formation between atom 19  H11 of 7,8-DHF and atom 241 (O) of Pro313 as well as atom 21 

(H) of 7,8-DHF and atom 241 (O) Pro313. In addition pi-sigma interaction was also observed 

between the B ring of 7,8-DHF and atom 265 (C) of Leu315. Hydrogen bonding and pi-sigma 

bonding with the residues Pro313 and Leu315 in MD simulation may indicate a potential 

conformational change in TrkB (Figures 4A 1B and 8A). In VEGFR2 complex simulation, 

atom 20 (O) of 7,8-DHF was observed to form hydrogen bonds with atom 743 (N) of Cys917 

and atom 746 (O) of Cys917 (Figure 4A 8B). The trajectory analysis of MD simulation 

showed hydrogen bonding between atom 19  H11 of 7,8-DHF and atom 726 (O) of Glu915 

as well as atom 18 (O) of 7,8-DHF and atom 733 (H) Phe916 which was additional to that of 

Cys917 hydrogen bond interaction observed in molecular docking analysis (Figures 4A 1D 

and 8B).  
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Figure 4A.8 H-bonds formed during total course of 10,000 ps MD simulations (A) 7,8DHF-TrkB complex (B) 

7,8DHF-VEGFR2 docking complex.  
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4A.3.4 7,8-DHF treatment leads to loss of VEGFR2 activity   

7,8-DHF is known to bring about substantial activation of the TrkB receptor both in vitro 

and in vivo (Zeng et al., 2012) . Here we investigated whether 7,8-DHF has any effect on the 

activation of the VEGFR2 receptor. The VEGFR2 was immunoprecipitated from the 661w 

cell lysates and the blots probed with the pY100 antibody to detect the changes in 

phosphorylation status of the VEGFR2 receptor. Contrary to that, observed in the case of 

7,8-DHF effects on TrkB receptor, we observed a dephosphorylation of the VEGFR2 in the 

cells which were pre-treated with the flavonoid derivative. Quantification of the band 

intensities showed a significant loss of the VEGFR2 activity (P<0.04) (Figure 4A 9A and 

B). The effects of the drug on VEGFR2 in vivo were investigated by immunoprecipitating 

VEGFR2 from the rat retinal lysates. Samples from animals treated with 7,8-DHF 

demonstrated a loss of VEGFR2 phosphorylation using the pY100 antibodies compared to 

the control retinal samples (p<0.05) (Figure 4A 9C and D). Non-immune IgGs were used as 

control for immunoprecipitations. The band intensities were normalized to the total amount 

of VEGFR2 immunoprecipitated in each case to ensure that phosphorylation changes are not 

attributed to differences in amounts of total immunoprecipitated protein.   
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Figure 4A.9. 7,8-DHF exerts an inhibitory effect on the VEGFR2. (A) Immunoprecipitation of VEGFR2 was 

carried out from 661W cell lysates followed by probing with the VEGFR2 and PY100 antibodies. (B) 

Quantification illustrated a decline in VEGFR2 phosphorylation upon treatment with 7,8-DHF (p<0.04). (C) 

Immunoprecipitation of VEGFR2 from retinal lysates followed by probing with the VEGFR2 and PY100 

antibodies. (D) Quantification illustrated a decline in VEGFR2 phosphorylation from rats treated with 7,8-

DHF (p<0.05). 

 

4A.4 Discussion 

This study investigated the molecular interactions underlying 7,8-DHF and various other 

dihydroxyflavone derivatives with the TrkB receptor using a combination of molecular 

docking and dynamics studies. We also examined for first time molecular interactions 

between various flavonoid derivatives including 7,8-DHF with the VEGFR2. 7,8-DHF is an 

agonist of TrkB receptor and its treatment leads to upregulation in the tyrosine 

phosphorylation on TrkB residues and activate its downstream signaling (Gupta et al., 

2013b). Intriguingly, a combination of molecular modelling and biochemical approaches has 

revealed that 7,8-DHF could act as an inhibitor of the VEGFR2. This suggestion 

corresponded with the previous observations that flavonoids inhibit the VEGFR2 activity in 
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human umbilical vein endothelial cells (Kim, 2003). The inhibitory constant of 7,8-DHF for 

VEGFR2 was calculated and found to be 2.04 µM indicating a ~32 fold higher inhibitory 

constant for the VEGFR2 as compared to a theoretical value of Ki 64.79 µM for TrkB. The 

high in silico Ki suggested that 7,8-DHF did not have a significant inhibitory effect on TrkB 

(Le Bail et al., 1998, Jang et al., 2010b) as compared to that observed in the case of VEGFR2 

(Lin et al., 2012, Paramashivam et al., 2015).  

The in silico docking approaches based on topological surface geometry complementarities 

for 7,8-DHF-TrkB and 7,8-DHF-VEGFR2 complexes indicated formation of hydrogen bond 

networks between surface amino acid residues (Gupta and Gowda, 2008). The stable 

behavior of the both the complexes could be attributed to van der waals forces and atomic 

contact energies (Camacho and Vajda, 2001). Molecular docking of 7,8-DHF with TrkB 

showed presence of 3 H-bonds between 7,8-DHF and TrkB protein at the Ig2 domain of 

extracellular region (Haniu et al., 1995). Interestingly, these interactions are in addition to 

already known interactions of 7,8-DHF with the cysteine cluster 2 (CC2) region of TrkB 

which is formed by the disulfide linkage of Cys145-Cys121 and Cys123-Cys163 residues 

and the leucine rich region (LRR) (Haniu et al., 1995). Jang et. al, showed using truncated 

binding assay that 7,8-DHF strongly associated with CC2 domain and also partially 

interacted with leucine-rich motif domain. This additional binding site at Ig2 may play a role 

in stabilizing or further enhancing the 7,8-DHF binding to the TrkB. Similar involvement of 

TrkB Ig2 domain in interactions with BDNF were observed with potential contributions to 

the TrkB receptor dimerization (Jiang et al., 2013). The N-glycosylation site in the Ig2 

domain could also play a role in ligand receptor interaction but further studies are required 

to establish it (Haniu et al., 1995).  

Molecular simulations revealed presence of additional H-Bonds increasing the total number 

to 5 and also indicated formation of pi-sigma bonds. 7,8-DHF-VEGFR2 complex also 
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showed formation of 2 hydrogen bonds with Cys917 after molecular docking. Molecular 

simulations further showed additional 5 H-bonds involving Glu915, Phe916 and Cys917 

residues. Detection of additional bonds and interactions following molecular simulations 

indicated that the protein-ligand complexes acclimatize and achieve a more stable 

configuration over a period of time. No significant changes were observed in the total energy 

of the either of the protein-ligand complexes within the 10ns simulation period indicating 

that the complexes attained a stable conformation (Figure 4A 5A and B).  

The differential effects of 7,8-DHF on TrkB and VEGFR2 were on expected lines as the two 

membrane receptors belong to two independent superfamilies of receptor tyrosine kinases. 

VEGFR2 in addition to its several other unique structural features does not possess either 

the CC2 or LRR domains in its extracellular region. Further, the VEGFR2 ATP binding site 

has Val914, Phe916, and Cys917 residues which are critically involved in the hydrogen bond 

and pi-sigma interactions with the ligand; these residues are not present in TrkB. These 

residues are also absent in other kinases such as Insulin-like growth factor 1 receptor 

(IGF1R), Serine/threonine-protein kinase 4 (STK4), Phosphatidylinositol 4,5-bisphosphate 

3-kinase (PK3CG) and CUB domain-containing protein 1 (CDCP1) (Figure 4A 10A). 

Further, tertiary structural analysis revealed that Val568 (TrkB) which corresponds to Val846 

(VEGFR2) is buried in the TrkB and is not surface accessible for development of bond 

formation. These observations suggested that the absence of these structural motifs in TrkB 

could be the reason underlying exclusion of 7,8-DHF interactions with the ATP binding site 

of TrkB in contrast to that observed in VEGFR2 (Figure 4A10). Together these findings 

suggest that the inhibitory effects observed in VEGFR2 are not generic in nature and may 

not be generalized across different kinase families. 
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A 
 

sp|VEGFR2_HUMAN    MSELKILIHIGHHLNVVNLLGACTKPGGPLMVIVEFCKFGNLSTYLRSKR 

932 

sp|TrkB_HUMAN      QREAELLTMLQHQH-IVRFFGVCTE-GRPLLMVFEYMRHGDLNRFLRSHG 
605 

sp|IGF1R_HUMAN     LNEASVMKEFNCHH-VVRLLGVVSQ-GQPTLVIMELMTRGDLKSYLRSLR 

1095 

sp|STK4_HUMAN      MDSGTMVRAVGDEMGTVRVASTMTD-GANTMIEHDDTLPSQLGTMVINAE 

373 

sp|PK3CG_HUMAN     WLEFKCADPTALSNETIGIIFKHGDDLRQDMLILQILRIMESIWETESLD 

861 

sp|CDCP1_HUMAN     WNISVPRDQVACLTFFKERSGVVCQTGRAFMIIQEQRTRAEEIFSLDEDV 

625 

 

 
 

 

Figure 4A.10 (A) Multiple sequence alignment of 7,8DHF interacting residue at ATP binding site of VEGFR2 

with corresponding residues from various other kinases. Space filled models highlighting the 7,8DHF 

interacting residues of (B) VEGFR2 (Left) and its topological comparison with (C) TrkB (Right). 

  

A 

B C 
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The relevance of the predictive value of our in-silico studies was investigated in the 

photoreceptor 661w cells in culture as well as in the rat retina under in vivo conditions. 7,8-

DHF treatment has been shown to activate the TrkB signaling and reduce apoptosis by 

activating the downstream processes of Akt and Erk1/2 pathways (Gupta et al., 2013c) .  We 

choose 661w cells as these have been shown to express VEGFR2 (Tsui et al., 2013).  Our 

previous studies have convincingly established that 7,8-DHF treatment can activate the TrkB 

and its downstream signaling in the retinal ganglion cells as well as in RGC-5 cells (Gupta 

et al., 2013c). VEGFR2 is known to undergo tyrosine (Tyr) autophosphorylation at residues 

951/996 and 1054/1059 in response to ligand binding and undergo activation (Meyer et al., 

1999). Phosphorylation leads to rapid recruitment of intracellular adapter proteins which is 

essential process to execute the VEGF stimulated signaling as well as mediate survival of 

endothelial cells and regulate angiogenesis process (Kroll and Waltenberger, 1997, 

Karkkainen and Petrova, 2000, Claesson-Welsh, 2003). In order to evaluate whether 7,8-

DHF treatment had any effect on the activity of the VEGFR2, we evaluated changes in the 

Tyr phosphorylation of VEGFR2 in both the 661W cells in culture as well as in the rat retinal 

tissue. Immunoprecipitation of VEGFR2 followed by probing the blots with pY100 antibody 

demonstrated that Tyr phosphorylation was significantly reduced upon treatment with 7,8-

DHF. The experiments were conducted on immunoprecipitated proteins using specific 

VEGFR2 antibodies and not whole lysates to eliminate possible interfering signals from 

other proteins. Appropriate controls were maintained in the form of non-immune IgGs for 

both the control as well as 7,8-DHF treated samples. This experiment established that 7,8-

DHF has a dual effect in suppressing the VEGFR2 actions by reducing its activity in addition 

to its known agonistic effects on TrkB. These experimental observations corroborate our in-

silico predictions. Briefly, the fact that similar inhibitory effect was observed in the rat retinal 

tissues upon 7,8-DHF treatment validate our 661W results and reassure that the inhibitory 
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effects are not an experimental artefact or not a cell specific phenomenon. The loss in 

VEGFR2 activity can potentially be attributed to 7,8-DHF interactions with key active site 

residues Glu915, Phe916, and Cys917 that may give rise to conformational changes in the 

geometry of the protein as observed in the molecular dynamic studies (Figure 4A 4 and 5).  

Concurrent effects of a TrkB agonist as an inhibitor of VEGFR2 actions could have great 

application in the development of innovative therapeutics. In wet AMD for example, 7,8-

DHF may enhance TrkB signaling and promote critical neuroprotective pathways while 

simultaneously downregulating VEGFR2, thereby inhibiting unregulated neovascularization 

in the retina. The data also suggested that treatment with 7,8-DHF may have clinical 

importance in other retinal vascular diseases including diabetic retinopathy and associated 

macular edema in retinal vein occlusions, based on its ability to activate TrkB and inhibit 

VEGFR2 receptors at the same time. Since many patients have co-existing pathologies of 

glaucoma, AMD and diabetes, an agent with these properties could provide additional 

benefits. 

 

4A.5 Conclusion 

Inhibition of VEGF/VEGFR signaling may be critical in several disorders involving 

unregulated angiogenesis. A poorly monitored treatment on the other hand may give rise to 

unwarranted complications. In the context of retina for example, excess of anti-VEGF 

treatment may give rise to onset of dry AMD leading to gradual neurodegeneration. In 

contrast, activation of the neurotrophic factor signaling such as TrkB may play a critical role 

in protecting against several neurodegenerative disorders including retinal disorders. In this 

study, we have evaluated the potential of flavonoid derivatives to act as VEGFR2 inhibitor 

and the same time evaluated their potential as an activator of neurotrophic factor signaling 
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via activation of the TrkB receptor with emphasis on examining additional interactions with 

7,8-DHF. The interactions of 7,8-DHF and several of its derivatives with the extracellular 

domain of TrkB receptor using a combination of molecular docking and dynamics tools was 

determined. Potential interactions of 7,8-DHF and its derivatives with VEGFR2 were also 

evaluated. Computational studies indicated 7,8-DHF to be an inhibitor of the VEGFR2. 

Effects of 7,8-DHF on photoreceptor cells in culture revealed that 7,8-DHF downregulated 

the VEGFR2 activity. Similar results were obtained in the in vivo study where 7,8-DHF 

administration lead to a decrease in the activity of VEGFR2 in the retina. This combined in 

silico, cell culture and in vivo studies suggest emergence of 7,8-DHF as a dual action 

compound which in addition to its known agonistic effects on TrkB receptor can suppress 

the VEGFR2 actions. 
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Part 4B published as:  

Nitin Chitranshi, Vivek Gupta, Yogita Dheer, Veer Gupta, Roshana Vander Wall, Stuart 

Graham. Molecular determinants and interaction data of cyclic peptide inhibitor with the 

extracellular domain of TrkB receptor. Data Brief. 2016 Mar; 6: 776–782. 

 

 

 

Abstract 

TrkB is a high affinity receptor for the brain derived neurotrophic factor (BDNF) and its 

activation leads to further activation of several cell signaling pathways linked to cellular 

growth, differentiation and maintenance.  Identification and understanding the binding 

mechanisms of various activators and inhibitors of the TrkB receptor is critical to elucidate 

the biochemical, pharmacological pathways and analyse protein crystallization studies. The 

data presented here is related to the research article entitled “Brain Derived neurotrophic 

factor is involved in the regulation of glycogen synthase kinase 3β (GSK3β) signalling”. 

Cyclotraxin B (CTXB) is cyclic peptide molecule linked by disulphide bridge and has been 

reported to interact with TrkB receptor and inhibit the BDNF TrkB signaling. This article 

reports for the first time the binding mechanism and interaction parameters of CTXB with 

the TrkB receptor.  The molecular model of CTXB has been generated and it’s docking with 

TrkB domain carried out to determine the critical residues involved in the protein peptide 

interaction. 
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4B. Data, Experimental Design, Materials and Methods 

4B.1 Selection and Preparation of Cyclotraxin B, TrkB Inhibitor 

Cyclotraxin B (CTXB) is a cyclic peptide chain of 10 amino acid linked by a disulphide 

bridge (Gupta et al., 2013b). It is an inhibitor of the TrkB activation and its downstream 

signaling pathway mediated by BDNF binding (Gupta et al., 2012b, Gupta et al., 2013a, 

Gupta et al., 2014b). Cyclization is important to provide stability to the peptide 

macromolecule. The primary structure of the peptide is known and in this manuscript, we 

report for the first time the putative three-dimensional structure of the peptide (Figure 4b 

1A). The two-dimensional (2D) and three dimensional (3D) structure of the CTXB was built 

using ChemDraw Ultra 8.0 (Cambridgesoft, Waltham, MA, USA) (Figure 4B 1B and C). 

Extensive energy minimization was performed using the Austin Model-1 (AM1) programme 

until the root mean square (RMS) gradient value became smaller than 0.100 kcal/mol Å. The 

molecule was further subjected to re-optimization via MOPAC (Molecular Orbital Package) 

method (Chitranshi et al., 2015) until the RMS gradient attained a value lesser than 0.0001 

kcal/mol Å. The chemical properties of CTXB was calculated by ACD (Advanced 

Chemistry Development, Canada) labs Chemsketch software and the data is presented in 

Table 4b.1 (Raj et al., 2014).  
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Figure 4B.1. Cyclotraxin B structure (A) One dimensional (B) Two dimensional and (C) Three 

dimensional view. 

 

 

Chemical Properties Calculations 

Molecular Formula  C48H73N13O17S3 

Formula Weight  1200.36512 

Composition  C(48.03%) H(6.13%) N(15.17%) O(22.66%) S(8.01%) 

Molar Refractivity  296.25 ± 0.4 cm3 

Molar Volume  805.8 ± 5.0 cm3 

Parachor  2467.9 ± 6.0 cm3 

Index of Refraction  1.656 ± 0.03 

Surface Tension  87.9 ± 5.0 dyne/cm 

Density  1.48 ± 0.1 g/cm3 

Dielectric Constant  Not Available 

Polarizability  117.44 ± 0.5 10-24cm3 

Monoisotopic Mass  1199.440948 Da 

A 

B 

C 
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Nominal Mass  1199 Da 

Average Mass  1200.3651 Da 

 

Table 4B.1. The chemical property and the calculation of Cyclotraxin B (CTXB) as evaluated using ACD labs 

Chemsketch software 

 

4B.2 Molecular modeling and generation of TrkB binding region 

The primary structure of TrkB receptor and its various domains were examined 

(Basavarajappa et al., 2011). Crystal structure of the extracellular D5 domain of the TrkB 

which exhibits binding with the human Neurotrophin-4/5 ligand (PDB id: 1HCF) was 

selected from the protein databank (Berman et al., 2003). This region contains two protein 

chains X and Y. The chains X and Y are known to interact with the BDNF/ NT-3 protein. 

Only chain X of PDB id 1HCF was considered in the present study for its potential 

interactions with the CTXB. The optimization of proteins was carried out using well 

characterized UCSF Chimera software (San Francisco, California, USA), implying amber 

parameters, followed by minimization with MMTK (Molecular Modeling Toolkit) method 

in 500 steps with a step size of 0.02 Å (Pettersen et al., 2004, Chitranshi et al., 2013).  

 

4B.3 Identification of CTXB binding site 

The protein motif was subjected to in silico assessment of the potential binding of selected 

CTXB residues to different regions on the TrkB D5 surfaces. This binding interactions were 

assessed in terms of probability of CTXB participating residues to the TrkB D5 receptor 

surface and theoretical scores determined using the PepSite2 server (Petsalaki et al., 2009). 

Peptide binding may also affect the tyrosine phosphorylation profile (Gupta et al., 2012a) of 

the TrkB receptor translating into its altered activity which can be assessed in future 
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investigations. Surface accessibility of the ligand to various binding pockets was also 

examined (Gupta and Gowda, 2008). 

 

 

Figure 4B.2. Predicted binding sites of CTXB peptide ‘‘CNPMGYTKEG’’ core motif on the surface of TrkB-

D5 domain as predicted by the PEPSITE2 program. The six ball shaped structures indicate the predicted 

locations of six residues from ‘‘CNPMGYTKEG’’. (1-8) distribution of 6 amino acids of the peptide predicted 

on the surface of TrkB-D5 in the sequence of Cys (C), Asn (N), Pro (P), Met (M), Tyr (Y) and Lys (K) (labeled) 

and (9-10) distribution of 6 selected amino acids of CTXB binding to TrkB-D5-Pro (P), Met (M), Gly (G), Tyr 

(Y), Thr (T) and Lys (K) (labeled). 

 

 

PepSite2 is a computational tool that scans the surface of a given protein for patches or 

grooves that are likely to influence binding of individual amino acid residues or peptides up 

to ten amino acids and provides a score that reflects the propensity of the peptide to bind to 

that region. The PepSite score is expressed in relative units and the higher scores reflects 

superior binding. We applied PepSite in a sliding window of 10 residues to assess the binding 

of the TrkB-D5 domain and CTXB peptide sequence (CNPMGYTKEG). The scores of the 

CTXB binding to different regions of TrkB D5 domain are presented (Figure 4B 2A, Model 

1, Table 4B 2). 
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Rank Peptide sequence 

order 

Pepsite2 

Score 

1. CNPMYK 0.02733 

2. CNPMYK 0.03015 

3. CNPMYK 0.03266 

4. CNPMYK 0.03583 

5. CNPMYK 0.03719 

6. CNPMYK 0.04098 

7. CNPMYK 0.04435 

8. CNPMYK 0.04993 

9. PMGYTK 0.05985 

10. PMGYTK 0.06992 

 

Table 4B.2. PepSite2 binding score prediction of selected Cyclotraxin B (CTXB) residue sequences to the 

TrkB-D5 domain. 

 

 

4B.4 Peptide docking in the binding region 

The protein-peptide docking was performed with the PatchDock software available in the 

public domain (Schneidman-Duhovny et al., 2005). The crystal structure of TrkB (PDB ID: 

1HCF) was retrieved from Protein Data Bank. The single chain of TrkB-D5 as described 

previously was used for docking study under default complex-type settings. Molecular 

visualization and general analysis were done using the program PyMOL and Discovery 

Studio 4.0 software’s (Simmons et al., 2014). The docking scores, atomic contact energies 

and geometrical parameters are compiled as Table 4B.3. The hydrogen bond between TrkB-

D5 and CTXB (rank 1) was observed to be formed between the amino acid residues His353, 

Met354, Ala376, and His377 (Figure 4B 3A). The pi–sulpha interaction was also observed 
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between CTXB and Met354 (Figure 4B 3B). Surface binding of CTXB with TrkB-D5 

domain is shown in figure 4B 3C. 

 

 

 

Figure 4B.3. Interacting residues and binding mode of CTXB with TrkB-D5 domain (A) Docking of TrkB 

(ribbon structure) with the CTXB (stick model) showing critical residues (rank 1) involved in interaction (B) 

Enlarged view of the interaction pocket within 5.5 Å region around the ligand, CTXB-TrkB-D5 complex and 

(C) Surface view showing the grove in TrkB-D5 domain (Cyan) locating CTXB peptide (pink). Green dashed 

line denotes the hydrogen bonding and brown dashed line reflects pi–sulpha interactions and stacking. The 

images were generated with the Discovery Studio 4.0 Client (Accelrys, Inc., San Diego, CA, USA). 

  

A B 

C 
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Rank Score Area ACE Transformation 

1 5538 652.1 -344.82 -0.57 -1.01 -2.62 -10.48 -3.78 29.57 

2 5282 597.6 -272.85 -1.01 -0.26 0.32 -12.66 -4.68 28.84 

3 5100 620 -330.86 -1.52 0.07 0.81 -11.83 -7.13 27.44 

4 4966 528.9 -126.23 -0.31 -0.63 -2.16 -22.34 8.83 21.59 

5 4878 623.4 -300.47 2.71 0.78 -1.27 -13.25 -4.12 29.20 

6 4824 571.7 -214.66 -0.11 1.20 2.50 -5.75 11.23 7.03 

7 4800 621.7 -217.57 -2.59 -0.46 0.54 -22.14 6.07 23.60 

8 4678 531.9 -182.76 -0.67 -0.16 -1.87 -20.33 9.72 23.42 

9 4654 512.8 -234.35 0.84 -0.57 0.51 -12.13 -2.05 31.89 

10 4642 570.9 -250.43 -1.34 0.11 -1.76 -23.69 10.32 20.31 

11 4606 539.9 -170.59 0.32 -1.01 2.51 -22.65 10.28 21.86 

12 4536 521.6 -189.48 -3.07 -0.42 0.56 -20.13 9.32 24.74 

13 4530 735.8 -436.61 -0.46 1.21 -2.78 -3.58 11.15 12.99 

14 4522 622 -273.37 -1.99 -0.45 2.81 -8.24 -1.98 30.78 

15 4358 547.6 -276.07 0.05 -0.96 2.97 -7.11 -6.08 31.48 

16 4264 468.6 -196.84 2.26 -0.23 2.23 -1.86 14.82 14.52 

17 4242 531.7 -154.98 -0.67 -0.38 -2.13 -16.81 14.23 21.56 

18 4240 548.7 -304.69 0.50 -0.35 -0.24 -6.28 11.67 5.72 

19 4234 458.8 -155.03 2.26 -0.60 -2.85 -2.98 13.89 13.16 

20 4230 653.7  -351.22 -0.76 1.23 2.83 -5.51 13.82 10.66 

 

Table 4B.3. The top 20 docking scores and geometrical parameters of the peptide CTXB with TrkB-D5 

domain; ACE: Atomic Contact Energy. 
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CHAPTER 5 
 

Effect of TrkB modulation by PTPN11 gene targeting in SH-SY5Y 

cells 
 

 

 

 

Data presented in this chapter have been submitted for publication:  

 

Nitin Chitranshi, Yogita Dheer, Roshana Vander Wall, Veer Gupta, Mojdeh Abbasi, Mehdi 

Mirzaei, Yuyi You, Roger Chung, Stuart L Graham, Vivek Gupta. Adeno-associated virus 

mediated overexpression of PTPN11 induces TrkB dephosphorylation and increases 

endoplasmic stress in SH-SY5Y cells and rat retina. Manuscript submitted to Journal of 

Neurochemistry. 

 

This chapter was presented in ARVO 2016, Seattle, USA 
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SHP2 (PTPN11) over-expression by AAV gene delivery impairs neuronal cell growth in 

SH-SY5Y cells and induces neurodegeneration of SD rat retinal ganglion cells. Invest. 

Ophthalmol. Vis. Sci. 2016; 57(12):3997.  
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Abstract  

PTPN11, is associated with regulation of growth factor signaling pathways in the neuronal 

cells. Using SH-SY5Y neuroblastoma cells, we showed that adeno-associated virus (AAV) 

mediated PTPN11 upregulation was associated with TrkB antagonism, reduced 

neuritogenesis and enhanced endoplasmic reticulum (ER) stress response leading to 

apoptotic changes. Genetic knock-down of PTPN11 on the other hand lead to increased TrkB 

phosphorylation in SH-SY5Y cells. ER stress response induced by PTPN11 upregulation 

was pharmacologically alleviated by a TrkB agonist and conversely, enhanced ER stress 

response induced by receptor antagonism was ameliorated by PTPN11 suppression, 

providing additional evidence that PTPN11 effects are mediated through TrkB actions. 

BDNF treatment in SH-SY5Y cells also resulted in reduced ER stress protein markers. This 

study provides further evidence that support molecular cross-talk between PTPN11 and the 

TrkB receptor in SH-SY5Y cells. The results reinforce the role played by PTPN11 in 

regulating neurotrophin protective signaling in SH-SY5Y cells and highlight that PTPN11 

overexpression in these cells culminates in apoptotic activation. Based on these findings we 

suggest that blocking PTPN11 could potentially have beneficial effects to limit the 

progression of neuronal loss associated with other neurodegenerative disorders.  
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5.1 Introduction 

Src homology 2-containing protein-tyrosine phosphatase 2 (Shp2; PTPN11) is ubiquitously 

expressed and plays a key role in several cellular signaling pathways affiliated with cell 

growth, differentiation, mitotic cycle, metabolic control, transcription regulation, and cell 

migration (Tsang et al., 2012). Missense mutations leading to PTPN11 hyperactivation or 

catalytic impairment are associated with genetic diseases such as cancers, cardiovascular 

disorders, Noonan syndrome, LEOPARD syndrome and neurodegenerative diseases of the 

brain and eye (Li et al., 2012a, Lauriol et al., 2015, Qiu et al., 2014, Pan et al., 2010, Gupta 

et al., 2012b). PTPN11 actions are demonstrated to modulate pro-survival neurotrophin 

signaling particularly BDNF/TrkB (brain-derived neurotrophic factor/ tropomyosin receptor 

kinase B), in addition to its regulatory effects on a broad range of other receptor tyrosine 

kinases, such as platelet-derived growth factor receptor (PDGFR), fibroblast growth factor 

receptor (FGFR) and epidermal growth factor receptor (EGFR). PTPN11 regulates the 

activation of the Ras/Erk pathway which is downstream of several receptor tyrosine kinases 

(Grossmann et al., 2009) and can have cell and tissue specific effects on PI3K/Akt signaling 

and Rho family small G-proteins (Yang et al., 2006, Kontaridis et al., 2004). PTPN11 can 

also regulate the sustained IL-1 induced ERK activation which is linked to integrin clustering 

in focal adhesions and is mediated possibly by PTPN11 cross talk with paxillin and Gab1 

(Herrera Abreu et al., 2006). 

PTPN11 dysregulation affects the development and molecular homeostasis of various organs 

like the central nervous system (CNS), the heart, and the mammary gland (Ke et al., 2007, 

Grossmann et al., 2009). The phosphatase plays a critical role in normal brain development 

and has been implicated in dorsal telencephalic neuronal and astroglia cell fate decisions 

(Grossmann et al., 2009). Its deletion in neuronal cultures reversed TrkB inhibition and 
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promoted neuronal survival (Rusanescu et al., 2005). Conditional loss of PTPN11 in neural 

crest cells and in myelinating Schwann cells also resulted in deficits in glial development 

(Grossmann et al., 2009). PTPN11 regulates the downstream signaling of TrkB in 

mesencephalic and cortical neurons (Kumamaru et al., 2011) forming a critical switch in 

determining the fate of neural stem cells towards neuronal cells (Ke et al., 2007). In cerebral 

neuronal cultures, PTPN11 negatively regulates TrkB autophosphorylation and activation 

through BDNF in a calcium dependent manner (Rusanescu et al., 2005).  

In the retina, Cai et al, (2011) demonstrated that PTPN11 is essential for the initiation of 

retinal neurogenesis but is not decisive for tissue differentiation (Cai et al., 2011). PTPN11 

ablation in embryonic stages resulted in retinal degenerative changes including optic nerve 

dystrophy in mice further illustrating its role in retinal development. PTPN11 has been 

shown to be predominantly expressed in the GCL and INL of the retina although it also 

regulates photoreceptor differentiation and is suggested to protect the outer retina indirectly 

through the Muller glial cell involvement (Cai et al., 2011, Pinzon-Guzman et al., 2015). 

These studies principally demonstrate the role of PTPN11 in developing retina. To better 

understand the role of PTPN11 in neuronal cells, we modulated PTPN11 expression in 

differentiated SH-SY5Y cells using Adeno-associated virus, serotype 2 (AAV2).  Using 

RGCs isolated from the retina, we have demonstrated previously that PTPN11 binds to TrkB 

and negatively regulates receptor activity in glaucomatous conditions (Gupta et al., 2012b). 

Pharmacological inhibition of PTPN11 restored TrkB activity in cultured neurons exposed 

to excitotoxic and oxidative stress (Gupta et al., 2012b). The potential role of BDNF/ TrkB 

axis in neuronal cells and particularly RGC survival is extensively explored; nevertheless, 

how it is regulated by PTPN11 is poorly understood. 
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To investigate the role played by PTPN11 in neuronal cells, this study evaluated cellular and 

molecular changes in neuroblastoma SH-SY5Y cells. The study describes role of PTPN11 

in modulating TrkB activation in SH-SY5Y cells. Further, our study provides compelling 

evidence of PTPN11-dependent ER stress response elucidation in neuronal cells which in 

turn is regulated by TrkB activation. The significance of this non-canonical molecular 

regulation of TrkB activation and ER stress response elucidation by PTPN11 is reflected in 

concomitant apoptotic activation.  

 

5.2 Materials and methods 

Chemicals used, cell culture and AAV vector-design and packaging are described in 

chapter 2, section 2.2.4 and 2.3.2.  

 

5.2.1 Viral vector transduction and treatment regimen in SH-SY5Y cells 

The cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS), 

penicillin (100 U/ml), streptomycin (100 U/ml) and 2 mM L-glutamine. The cells were at 

kept at 37˚C in a humidified atmosphere of air containing 5% CO2. Approximately, 2.0×105 

cells were seeded in each six well culture dish 6–12 h before treatment. Briefly, SH-SY5Y 

cells were grown to 80% confluency prior to transduction. Cells were pre-differentiated with 

10 µM all-trans retinoic acid (Sigma) for 2 days. Medium was changed into retinoic acid 

medium without antibiotics and the viral transduction (1µl of virus+100µl culture media 

with retinoic acid) was carried out initially by incubating cells with either of the four-

different viral construct (AAV2-GFP, AAV2-PTPN11, AAV2-Scramble-shRNAmir, and 

AAV2-shRNA-PTPN11mir) for 48 h. The transduction concentration of virus was 109 

genome particles per well. After 48 h, transfection medium was replaced with fresh retinoic 
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acid medium (You et al., 2012a). For rhBDNF experiment, cells were pre-treated with 

rhBDNF (100 ng/ ml) at different time points 6, 12, 18 and 24 h prior to AAV2-PTPN11 or 

AAV2-PTPN11-shRNA transduction (Jaboin et al., 2002). Further, cells were pre-treated 

with 7,8 DHF (100 nM; 5 µl) 6 h prior to their exposure to AAV2-GFP and AAV2-PTPN11 

viral constructs. For TrkB antagonist study cells were pre-treated with CTX-B (5 μM; 5µl; 

6 h) and then transduced either with AAV expressing scramble control or PTPN11-shRNA. 

For PTPN11 inhibition studies, PTPN11 inhibitor, PHPS1 (5 µM; 5 µl) treatment was 

performed 6 h post- AAV-PTPN11 transduction. 

 

5.2.2 Cell survival analysis and MTT assay  

Following AAV viral transduction of SH-SY5Y cells, cell viability was evaluated using 

Trypan blue viability assay. Cells were diluted in sterile and filtered Trypan blue dye (0.4%) 

by preparing a 1.1 dilution of the cell suspension. Cell counter was used to evaluate the cell 

density using Neubauer micro-chamber to assess viable cell number. For MTT assay, SH-

SY5Y cells were seeded into 96-well culture plates at a density of 2 × 103 cells/mL in DMEM 

supplemented with 10% FBS at 37˚C with 5% CO2. Five different group of cells (control, 

AAV-GFP, AAV-PTPN11, AAV-Scramble-shRNAmir and AAV-PTPN11-shRNAmir) 

were analyzed. MTT reagent (5 mg/ml, 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was added to the wells and allowed to incubate in dark at 37˚C 

for 3 h. The reaction was terminated by adding MTT solvent (0.1 N HCl in anhydrous 

isopropanol), MTT formazan crystals allowed to dissolve for 15 min and the plates gently 

agitated every 5 min. The amount of MTT formazan product was estimated by measuring 

absorbance at 570 nm (BioRad, CA, USA) (Ismail et al., 2012). 
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5.2.3 TUNEL staining  

Described in chapter 2, section 2.3.7.4. 

5.2.4 SDS PAGE and western blotting  

SH-SY5Y cells were harvested and lysed in lysis buffer as mentioned in chapter 2, section 

2.3.8.2. Membranes were incubated overnight with anti-GFP (1:1000), anti-PTPN11 

(1:1000), anti-pTrkB Y515 (1:1000), anti-TrkB (1:1000), anti-GADD 153 (1:200), anti-XBP-

1 (1:200), anti-p-PERK (1:200) and anti-actin (1:5000) overnight at 4ºC. Secondary antibody 

treatment and signal detection with band intensities were determined as mentioned in chapter 

2, section 2.3.8.2.  

 

5.2.5 Immunofluorescence  

Cells were fixed in 4% PFA for 15 min and were permeabilized in 0.1 % Triton X-100 in 

PBS (You et al., 2014). This was followed by incubating the cells with the appropriate 

primary antibodies overnight at 4°C: anti-PTPN11 (1:150), anti-GFP (1:150), anti-pTrkB 

Y515 (1:100), anti-TrkB (1:100), anti-GADD153 (1:200), anti-XBP-1 (1:200) or anti-pPERK 

(1:200). Secondary antibody treatment and signal detection with band intensities were 

determined as mentioned in chapter 2, section 2.3.7.5.  

 

5.2.6 Statistical Analysis  

Data including fluorescence changes were analysed and graphed using GraphPad Prism 

software (GraphPad Software, CA, v6.0). All values with error bars are presented as mean 
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± SD from given n sizes and compared by Student's t test for unpaired data and two-way 

ANOVA followed by Brown-Forsythe test. The significance was set at p < 0.05.  

 

5.3 Results  

5.3.1 PTPN11 has a regulatory effect on TrkB phosphorylation 

To determine the regulatory effect of PTPN11 on the TrkB activation in neuronal cells, we 

investigated changes in TrkB Y515 phosphorylation in response to experimental modulation 

of PTPN11 expression in the SH-SY5Y neuronal cells. PTPN11 expression modulation was 

achieved using AAV2 constructs under the transcription control of hybrid CAG gene 

promoter (Martin et al., 2002) (Figure 5.1). AAV2 expressing eGFP alone was used as 

control for the PTPN11 overexpression and eGFP along with scramble sequence was used 

as control for the PTPN11 knockdown studies. Expression changes were evaluated using 

GFP and PTPN11 specific antibody immunostaining (Figure 5.2 A, panel 1). 

Immunoblotting of cell validated protein expression alterations in response to AAV 

transduction (Figure 5.2 B-E).  

 

 

 

 

Figure 5.1 Schematic representation of AAV2 viral vector system used for PTPN11 overexpression and 

knockdown.   
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Figure 5.2. PTPN11 modulation negatively affects TrkB Y515 phosphorylation in SH-SY5Y cells (A) Panel 1: 

Control and AAV transduced SH-SY5Y cells showing expression of GFP (green), PTPN11 (red). Cells were 

transduced either with AAV overexpressing GFP alone, PTPN11 (indicated by arrows), scrambled control or 

subjected to PTPN11 knockdown (indicated by arrows). Panel 2: Control and AAV transduced SH-SY5Y cells 

showing expression of TrkB (pink) and pTrkBY515 (yellow). Cells were subjected to either PTPN11 

overexpression or knockdown as indicated. PTPN11 knockdown increases the expression of pTrkB Y515 (white 

arrow). Blue stain is 4’,6-diamidino-2-phenylindoele (Dapi) for visualizing cell nuclei. Scale 5 µm. (B) 

Western blotting revealed expression of GFP in AAV treated SH-SY5Y cells, PTPN11 upregulated and pTrkB 

Y515 downregulated on AAV PTPN11, PTPN11 downregulated and pTrkB Y515 upregulated on AAV 

PTPN11 KD whereas normal expression of TrkB was observed, with β-actin as a loading control (C) 

Quantification of GFP protein expression in SH-SY5Y cells transduced with AAV viral construct (*p<0.05; 

ANOVA; Brown-Forsythe test). (D) Quantification of PTPN11 under PTPN11 overexpression and knockdown 

experiment shows significant changes compared to control. AAV expressing GFP and scramble sequence used 

as viral control (*p<0.01, *p<0.009; student t test). (E) Quantification of pTrkB Y515 relative to TrkB shows 

significant decrease in pTrkB Y515 in PTPN11 overexpression and significant increase in pTrkB Y515 under 

PTPN11 KD transduced neuronal cells (*p<0.02, *p<0.03; student t test). Graph data are expressed as mean ± 

SD. Protein molecular mass in kDa is indicated at the left of the blots. 

 

 

Corroborating the previous evidence of PTPN11 mediated regulation of TrkB actions (Gupta 

et al., 2012b), we observed that PTPN11 upregulation resulted in reduced TrkB Y515 

phosphorylation in the SH-SY5Y cells (Figure 5.2 A, panel 2, B, E) (mean ± SD %; 
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96.88±3.12 vs 51.41±6.93; *p<0.03; n=3). Conversely, PTPN11 knockdown lead to 

increased Y515 phosphorylation of TrkB compared to the scramble control in the SH-SY5Y 

cells in culture (mean ± SD %; 173±11.8; *p<0.03; n=3) (see Figure 5.2 A, panel 2). Analysis 

of TrkB expression in SH-SY5Y cells revealed that there was no compensatory change in 

total TrkB protein levels in response to AAV treatment or PTPN11 modulation (Figure 5.2 

A, panel 2, B, E), suggesting that loss of Y515 phosphorylation is mediated through the 

bonafide phosphatase activity of PTPN11. This is in accordance with previous observations 

that PTPN11 deletion in neuronal cultures reverses TrkB inhibition and promote neuronal 

survival (Rusanescu et al., 2005). This hypothesis was further evaluated using PTPN11 

specific pharmacological inhibitor, PHPS1 in the cultured neurons (Figure 5.3). 

Interestingly, PHPS1 treatment resulted in ablation of TrkB antagonism caused by PTPN11 

overexpression (Figure 5.3 A) (mean ± SD %; 106.1±6.12 vs 92.8±7.92, 91.33±14.34; n=6). 

Inhibitor treatment in GFP expressing cells was not associated with PTPN11 or TrkB protein 

expression changes (Figure 5.3 A, B). Overall, these results implicate that PTPN11 

phosphatase activity negatively modulates the TrkB phosphorylation in neuronal cells in 

vitro systems. 
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Figure 5.3. Effect of PHPS1 on SH-SY5Y neuronal cells (A) AAV expressing PTPN11 transduced SH-SY5Y 

cells were post treated (2h) with PTPN11 inhibitor, PHPS1 (5µM) to block the function of phosphatase. 

Immunostaining with antibody TrkB (yellow) shows the similar expression in control and GFP treated SH-

SY5Y cells. Loss of pTrkB Y515 activity under PTPN11 overexpression (see Figure 5.1A, panel 2) reversed to 

normal as that of GFP and non-treated SH-SY5Y cells (n=6). Scale 200 µm (B) Western blot showing 

expression of TrkB and pTrkB Y515 after PHPS1 treatment in SH-SY5Y cells along with others viral construct, 

AAV-GFP and AAV-PTPN11. Quantification shows no significant change in pTrkB Y515 relative to TrkB 

under PTPN11 upregulation. Graph data are expressed as mean ± SD. Protein molecular mass in kDa is 

indicated at the left of the blots. 
 

 

5.3.2 PTPN11 modulation influences the endoplasmic stress marker response  

We then examined the effects of PTPN11 modulation on ER stress response elucidation in 

the neuronal cells in culture. We found that PTPN11 upregulation was associated with 

significant increase in reactivity of GADD153 (2.5 fold) (mean ± SD %; 115.9±15.88 vs 

277.1±16.76; *p<0.02; n=3), XBP-1 (2.5 fold) (mean ± SD %; 89.22±10.78 vs 206.2±17.13; 

*p<0.03; n=3) and p-PERK (2 fold) (mean ± SD %; 97.96±2.04 vs 180.7±5.95; *p<0.006; 

n=3) which are markers of unfolded protein response from ER (Figure 5.4 A-D). PTPN11 

suppression, conversely, was not associated with any notable differences in expression of 

these markers. This experiment indicates that whereas PTPN11 upregulation contributed to 
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enhanced ER stress, this response was not dependent on the loss of endogenous levels of 

PTPN11 in neurons. AAV expressing eGFP alone or scrambled sequence for PTPN11 

knockdown was used as controls (Figure 5.4 A and 5.5 A-C).  To determine whether, ER 

stress response upregulation was mediated directly through the intrinsic PTPN11 activity or 

was potentially an indirect effect of its upregulation, we inhibited PTPN11 using PHPS1 and 

studied the effects on ER stress marker proteins. Selective inhibition of PTPN11 in the 

overexpression system resulted in normalisation of GADD153 (mean ± SD %; 84.35±15.65 

vs 64.87±0.65; n=3), XBP-1 (mean ± SD %; 92.62±7.39 vs 107.5±9.44; n =3) and p-PERK 

(mean ± SD %; 99.97±0.03 vs 86.38±4.17; n=3) immunoreactivity (Figure 5.4 E-H). PHPS1 

treatment alone or along with eGFP expression did not have any modulatory effects on ER  

  

 
 

 

Figure 5.4. PTPN11 upregulation is associated with enhanced ER stress marker response (A) Immunoblotting 

of SH-SY5Y cell lysates subjected to PTPN11 expression modulation with anti- GADD153, XBP-1 and p-

PERK antibodies. β-actin was used as loading control. (B-D) Densitometry analysis revealed significantly 

enhanced immunoreactivity of GADD, XBP-1 and p-PERK (*p<0.05) (E) SH-SY5Y cells overexpressing 

PTPN11 and treated with PHPS1 inhibitor were evaluated for changes in ER stress markers and (F-H) western 

blots quantified by densitometry shows no significant changes in GADD153, XBP-1 and p-PERK under 

PHPS1 treatment (n=6).  
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stress proteins and these results reinforce PTPN11 knockdown observations in Figure 5.4 A 

(Figure 5.4 E and 5.5 D-F). Together, these data argue that whereas a normal PTPN11 

expression or activity may be dispensable to preserve ER homeostasis, an enhanced PTPN11 

role disrupts the ER function promoting molecular stress response.  

 

 

 
 

Figure 5.5 Densitometric quantification indicating no significant changes in ER stress marker response on 

PTPN11 downregulation (A) GADD (B) XBP-1 (C) p-PERK (n=4). No significant differences in ER stress 

protein expression (D) GADD 153, (E) XBP-1, (F) p-PERK under GFP, Scramble, PTPN11 KD and PHPS1, 

GFP+PHPS1 treated SH-SY5Y cells respectively as indicated. β-actin was used as loading control (n=4). 
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5.3.3 BDNF effects on PTPN11 induced TrkB deactivation and ER stress response  

BDNF has high affinity ligand for TrkB receptor and therefore we sought to investigate the 

consequences of BDNF treatment on the PTPN11 regulatory effects on TrkB as well as on 

the downstream ER stress response elucidation. We and others have previously reported that 

TrkB receptor activation is mediated through BDNF in neuronal cells (Numakawa et al., 

2010, Gupta et al., 2014b).  SH-SY5Y neuronal cells pre-treated with BDNF at four different 

time intervals, for example 6, 12, 18 and 24 h and subjected either to PTPN11 overexpression 

or knockdown. BDNF treatment unable to induce activation of TrkB Y515 phosphorylation 

under PTPN11 overexpression condition at any time point.  Conversely an augmentation of 

the pTrkB Y515 was observed upon PTPN11 knockdown following BDNF pre-treatment and 

continued up to 24h (Figure 5.6 A and B, P<0.05). No significant change was observed in 

the TrkB protein expression in any of the treatment groups. This experiment demonstrated 

that PTPN11 can modulate TrkB independent of BDNF treatment status and that regulatory 

effects of the two molecules can be partly attributed to mechanisms independent of each 

other. Further, the effects of BDNF on ER stress response elucidation following AAV 

mediated PTPN11 upregulation were investigated and results demonstrate that BDNF pre-

treatment suppressed GADD153 (mean ± SD %; 107.8±7.77 vs 111.7±12.42; n=4), XBP-1 

(mean ± SD %; 122.7±22.73 vs 96.48±4.65; n=4) and p-PERK (mean ± SD %; 132.4±32.36 

vs 194.3±23.45; n=4) up-regulation (Figure 5.6 C-F). Transduction of AAV2 expressing 

eGFP and scramble sequence were used as control in each case (Figure 5.6). Data implicate 

that BDNF treatment can rescue the cells from entering into ER stress response mode caused 

by PTPN11 upregulation, thereby strengthening the argument that ER stress elucidation was 

not an artefact caused by PTPN11 overexpression but a result of subsequent downstream 

regulatory effects on TrkB. 
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Figure 5.6. Effect of BDNF on PTPN11 mediated TrkB changes and ER stress response. SH-SY5Y cells were 

pre-treated with recombinant human BDNF (100 ng/ ml; 6,12,18 and 24h) prior to AAV2-GFP, AAV2-

PTPN11, AAV2-Scramble and AAV2-PTPN11 KD transduction (A) Immunoblotting of SH-SY5Y cells 

depicts changes in pTrk Y515 immunoreactivity on PTPN11 upregulation and PTPN11 downregulation. No 

change in TrkB expression. Blots were cropped to show the relevant band. (B) Quantification of western blot 

showed significant decrease and increase in pTrkB Y515 immunoreactivity on PTPN11 overexpression and 

PTPN11 KD respectively (*p<0.05, n=4). (C) Western blot of BDNF induced TrkB activation for expression 

of ER stress marker, GADD 153, XBP-1 and p-PERK, and actin (loading control), SH-SY5Y neuronal cells 

treated with 4 different viral vector. Blots were cropped to show the relevant band. (D) Quantification of 

western blot showed no significant change in GADD 153 immunoreactivity (E) Densitometry quantification 

showed no significant XBP-1 immunoreactivity in neuronal cells either expression PTPN11 or PTPN11 KD 

(n=4) (F) Quantification of western blot indicating no significant change in p-PERK expression on BDNF 

treatment in SH-SY5Y cells transduced to AAV expressing GFP, PTPN11, Scramble and PTPN11 KD 

sequence (n=4). Graph data are expressed as mean ± SD. Protein molecular mass in kDa is indicated at the left 

of the blots.  
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5.3.4 PTPN11 effects on TrkB and ER stress response are alleviated by TrkB modulation 

Finding that PTPN11 modulation has a regulatory effect on TrkB activation and ER stress 

response in neurons, inspired us to investigate a correlation between these two processes. 

AAV2 mediated PTPN11 overexpressing cells were pre-treated with TrkB agonist (7,8 DHF, 

100 nM, 1hr) and immunostaining demonstrated that TrkB Y515 dephosphorylation caused 

by PTPN11 over-expression (see Figure 5.2) was rescued by TrkB agonist 7,8 DHF 

treatment (Figure 5.7 A). Conversely, pre-treatment of the neuronal cells with TrkB 

antagonist, CTX-B, ablated the enhanced phosphorylation of TrkB Y515 induced by PTPN11 

knockdown as seen in Figure 5.2. CTX-B treatment of scrambled sequence transduced SH-

SY5Y cells as control resulted in loss of TrkB Y515 phosphorylation (Figure 5.8 A). TrkB 

agonistic and antagonistic effects of 7,8 DHF and CTX-B respectively have been reported 

previously (Gupta et al., 2013b). A comparable TrkB immunostaining was observed in all 

cases indicating that pharmacological treatments or PTPN11 modulation as such did not 

result in any changed TrkB expression compared to the corresponding controls (Figure 5.7 

A and 5.8 A). These data highlight the predominance of direct pharmacological modulation 

of TrkB activation over PTPN11 mediated antagonistic regulation of TrkB Y515 

phsophorylation. Further, the effects of TrkB activation by 7,8 DHF on PTPN11 induced ER 

stress response (Figure 5.7 B) were evaluated by analysing changes in GADD153, XBP-1 

and p-PERK expression (Figure 5.7 B-E). Loss of ER stress marker upregulation indicate 

that PTPN11 mediated ER stress response elucidation is mediated directly through TrkB 

(mean ± SD %; GADD153, 104.2±3.39; XBP-1, 134.5±3.96; p-PERK, 151.2±25.14; n=4) 

(Figure 5.7 B-E). These findings were further evaluated in another experimental paradigm 

by treating the cells with TrkB antagonist CTX-B, which resulted in upregulation of ER 

stress proteins (Figure 5.8 B-E) (Control vs CTX-B; mean ± SD %; GADD153, 84.31±15.69 

vs 215.8±11.15, *p<0.03; n=4; XBP-1, 94.63±5.37 vs 153.5±3.59; *p<0.02; n=4 and p-
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PERK, 100.7±0.73 vs 155.3±10.12; *p<0.05; n=4). Interestingly, the ER stress response 

associated with CTX-B treatment was abated upon subsequent AAV mediated PTPN11 

knockdown (Figure 5.8 B-E). This experiment suggests that while ER stress response 

induced by PTPN11 is mediated via its effects on TrkB, ER stress associated with TrkB 

antagonism can be alleviated by PTPN11 suppression. Taken all together, our results 

implicate that both PTPN11 and TrkB mutually and negatively regulate ER stress response 

associated with their perturbations. 
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Figure 5.7. Effects of pharmacological modulation of TrkB on PTPN11 mediated TrkB changes and ER stress 

response on 7,8 DHF treatment (A) SH-SY5Y cells expressing PTPN11 were pre-treated with TrkB agonist, 

7,8 DHF (100 nM; 1h) and immunostained against PTPN11 (red), TrkB (yellow) and pTrkB Y515 (orange) 

antibodies. 7,8 DHF treatment resulted in re-gain in pTrkB Y515 activity in PTPN11 expressing SH-SY5Y cells. 

GFP expressing and vehicle treated cells were used as controls. Scale 200 µm. (B) Normal expression of 

GADD153, XBP-1 and p-PERK was observed in western blotting of PTPN11 overexpressing cells pre-treated 

with 7,8 DHF. (C-E) Densitometric quantification indicating no significant differences in ER stress protein 

expression on 7,8 DHF treatment in SH-SY5Y cells transduced to AAV expressing GFP and PTPN11 (n=4).  
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Figure 5.8. Effects of pharmacological modulation of TrkB on PTPN11 mediated TrkB changes and ER stress 

response on CTX-B treatment (A) SH-SY5Y cells pre-treated with TrkB antagonist, CTX-B (5 μM; 6 h) were 

subjected to PTPN11 knockdown and cells stained against PTPN11 (red), TrkB (yellow) and pTrkB Y515 

(orange) antibodies. CTX-B treatment in AAV scramble transduced SH-SY5Y cells resulted in loss of pTrkB 

Y515 activity. On the other side this loss in phosphorylation activity of TrkB was recovered in PTPN11 KD 

transduced neuronal cells. Scale 200 µm (B) Immunoblotting indicated an activation of ER stress marker in 

CTX-B and CTX-B+AAV scramble treated neuronal cells whereas ER stress immonoreactivity was 

downregulated in CTX-B+PTPN11 KD treated SH-SY5Y cells. (C-E) Densitometric quantification of SH-

SY5Y cells shows significant changes in GADD153, XBP-1 and p-PERK expression under treatment of TrkB 

antagonist, CTX-B (*p < 0.0001; n=4). AAV Scramble, CTX-B alone and vehicle treated cells were used as 

control. β-actin was used as loading control. 
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5.3.5 PTPN11 upregulation induces neuronal apoptosis and its loss is associated with 

increased neuritogenesis  

Due to increase in ER stress associated with PTPN11 overexpression, PTPN11 over-

expressing neuronal cells were analyzed for differences cellular survival and apoptotic 

changes. Upregulation of ER stress markers has been suggested to promote apoptotic 

changes in several studies (Szegezdi et al., 2006, Sano and Reed, 2013). TUNEL assay was 

carried out 36 hrs post AAV2 transduction and results demonstrated increased TUNEL 

positive cells in this group compared to GFP and PHPS1 treated cells (Figure 5.9 A).  

  
 

 
Figure 5.9. PTPN11 upregulation induces cell apoptosis (A) SH-SY5Y cells overexpressing PTPN11 depicted 

enhanced TUNEL staining (red). GFP expressing and vehicle treated cells were used as controls. Scale 10 µm 

(B) An MTT proliferation assay was used to determine the ability of AAV to suppress SH-SY5Y cell 

proliferation at 0, 12, 24, 48 and 72 h after transduction. PTPN11 over-expression resulted in significant cell 

growth inhibition of SH-SY5Y cells. Absorbance was measured at 570 nm (mean + SD; n=4; *p<0.05). 

Vehicle, GFP and Scrambled sequence treated neuronal cells were used as control.  
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PTPN11 inhibition remarkably eliminated the TUNEL staining in SH-SY5Y cells thereby 

establishing the role of PTPN11 upregulation in inducing cell apoptosis (Figure 5.9 A). 

These results matched with overall reduction in cellular viability as measured by Trypan 

blue assay in response to AAV2 mediated PTPN11 upregulation. No significant changes 

were observed in response to either PTPN11 knockdown, scramble or GFP control 

transduced cells (Figure 3.10).  

 

 

Figure 5.10 Cell viability and MTT Assay. (A) Total cell viability was evaluated on SH-SY5Y cells on 

different AAV viral construct. Non-treated, vehicle treated, GFP and scramble neuronal cells were used as 

control. (B) Cell viability was analysed by trypan blue exclusion assay. Significant decrease in cell viability 

percentage was observed under AAV expressing PTPN11 sequences. Data is presented mean±SD, n=4, 
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*p<0.05. (C) MTT assay demonstrating that PTPN11 over-expression resulted in significant cell growth 

inhibition of SH-SY5Y cells. Vehicle, GFP and Scrambled sequence treated neuronal cells were used as 

control.  

 

 

MTT assay supported these findings and established time dependent inhibition of cell growth 

in PTPN11 upregulation system, while no significant changes were observed in PTPN11 

knockdown, GFP and scrambled sequence transduced cells (Figure 5.9 B and 5.10 C). 

Furthermore, as ER extends into the dendrites and loss of TrkB is suggested to be associated 

with neuritogenesis (Salminen et al., 2009, Peng et al., 1995), we sought to delineate the 

differential effects of PTPN11 expression modulation on SH-SY5Y cell neuritogenesis. 

Results show that neuronal cells subjected to PTPN11 over-expression manifested in 

significant decline in neurite outgrowth compared to GFP transduced cells. On the other 

hand, significant increase in neurite outgrowth was detected in neuronal cells subjected to 

PTPN11 suppression compared to control cells (Figure 5.11). Together, these experiments 

unequivocally highlight the negative effects of PTPN11 upregulation on neuritogenesis and 

neuronal survival in culture. 
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Figure 5.11. PTPN11 upregulation suppresses neuritogenesis (A) Neuronal cells were immunostained with 

βIII tubulin for neurite outgrowth in both overexpression and knockdown conditions. (Scale 100 µm). (B) A 

significantly reduction in neurite growth (*p<0.01) was observed in PTPN11 over-expression system while 

an increase was observed in PTPN11 KD conditions (*p<0.01,**p<0.05; n=6). AAV GFP and scrambled 

expressing cells were used as controls. MTT assay supported these findings in time dependent cell growth 

inhibition in upregulation of PTPN11.  
 

 

 

 

5.4 Discussion  

PTPN11 both negatively and positively regulates various cellular signaling pathways 

through its scaffold function and phosphatase activity in a cell and tissue dependent manner 

(Li et al., 2012a). Missense mutations leading to PTPN11 hyperactivation or catalytic 

impairment are associated with genetic diseases (Qiu et al., 2014). This study established 
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that TrkB activation as demonstrated by receptor phosphorylation at Tyr515 in the neuronal 

cells in general is negatively regulated by PTPN11 actions. TrkB phosphorylation is 

associated with subsequent activation of downstream Shc-Ras-MAPK, PI3K/Akt, and 

PLCγ1 signaling cascades (Huang and McNamara, 2010, Gupta et al., 2013a). BDNF and 

its high affinity receptor TrkB contributes to neuronal survival, synapse formation and neural 

development in the central nervous system. In the retina, we reported previously (Chapter 3) 

that impairment of this signaling pathway is associated with age related inner retinal 

degenerative phenotype and exacerbation of experimental glaucoma induced RGC deficits 

(Gupta et al., 2014b). PTPN11 has been shown to be predominantly expressed in the GCL 

and INL of the retina although it also plays a role in indirectly supporting the photoreceptors 

survival through the Muller cells (Cai et al., 2011, Kinkl et al., 2002). We and others have 

previously demonstrated that PTPN11 interacts with TrkB in RGCs and other neuronal cells 

(Rusanescu et al., 2005, Gupta et al., 2012b).  

In this study, we report that AAV mediated PTPN11 overexpression in the cultured SH-

SY5Y neuronal cells lead to loss of TrkB activation while its knockdown resulted in 

enhanced TrkB activation. PTPN11 regulatory effects on TrkB in neuronal cells were 

detectable independent of the BDNF treatment status. These results corroborate previous 

observations of PTPN11 co-immunoprecipitations with TrkB in neuronal cells (Rusanescu 

et al., 2005). This TrkB -PTPN11 interaction was suggested to be mediated through the 

adapter functions of caveolin (Cav) protein (Jo et al., 2014). As an adapter protein Cav 

binding may provide a signaling platform to PTPN11 and facilitate phosphatase mediated 

TrkB dephosphorylation by enhanced proximity effect. In order to further investigate the 

PTPN11 induced TrkB regulation, we pharmacologically inhibited the phosphatase using 

PHPS1 in the neuronal cells subjected to PTPN11 upregulation. Importantly, blocking 
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PTPN11 rescued TrkB phosphorylation highlighting potentially a direct involvement of the 

enzyme in coordinating TrkB activity. Pathological activation of PTPN11 can therefore 

impede TrkB actions induced by BDNF/NT-4 trophic factors or other agonists which may 

partially explain why the strategies to target TrkB directly have largely been unable to 

demonstrate protective effects in the long term. Dysregulation of the BDNF/TrkB axis is a 

critical factor underlying progressive and preferential loss of RGCs in healthy and disease 

conditions (Gupta et al., 2014b) and is suggested to constrain neurite arborisation and axonal 

regeneration (Hollis et al., 2009). Accordingly, PTPN11 upregulation was observed to 

inversely modulate neurite outgrowth in cultured neurons and result in apoptosis.  

Secondly, we observed enhanced ER stress response elucidation in neuronal cells upon 

PTPN11 upregulation as indicated by enhanced reactivity of various ER stress markers. ER 

disturbances are associated with unfolded protein responses (UPR) aimed to restore normal 

ER functioning, however prolonged stress and diminished adaptive response is associated 

with cellular dysfunction culminating in apoptotic activation (Fonseca et al., 2013). We 

found that pharmacologically inhibiting PTPN11 resulted in suppression of various ER 

stress markers indicating that PTPN11 activity underlies the neuronal ER stress response. 

Similar alterations in ER stress response caused by phosphatase modulation have previously 

been reported in liver cells (Nagata et al., 2012) and shown to augment Ca2+ release from ER 

in fibroblasts (Wang et al., 2006). Enhanced ER stress is observed in several 

neurodegenerative and acute disorders of the brain (Southwood et al., 2002). In the retina, 

enhanced ER stress has been implicated in macular degeneration, glaucoma and diabetic 

retinopathy (Zhang et al., 2014). Targeting ER stress in neuronal cells is suggested as a useful 

therapeutic target for glaucoma and other neurodegenerative disorders (Yang et al., 2016a). 

Neurotrophins have previously been implicated in preventing neuronal apoptosis and cell 
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death via suppressing ER stress response (Chen et al., 2007, Hetz, 2012). Our results 

underscore that BDNF pre-treatment protected neuronal cells from onset of ER stress 

response. BDNF was previously shown to protect neurons from apoptosis in tunicamycin-

induced ER stress by selectively blocking activating transcription factor 6 (ATF6)/ GADD 

153 pathway (Chen et al., 2007).  This study supports that PTPN11 effects on ER stress can 

be rescued by BDNF mediated TrkB stimulation. 

Several studies have previously shown BDNF/TrkB axis to be protective in ER stress 

response induced cell death in cerebral neurons via its opposing effects on GADD153 

expression and nuclear translocation in neurons (Chen et al., 2007). Also, GADD153 ablated 

mice were more resistant to apoptosis induced by deprivation of neurotrophins (Tajiri et al., 

2006). Other neurotrophins like NGF are also shown to attenuate ER stress mediate cell 

death (Shimoke et al., 2004). Here, we aimed to investigate whether enhanced ER stress is 

directly caused by PTPN11 increase or alternatively by TrkB effects subsequent to PTPN11 

dysregulation. Results support that ER stress elucidation by PTPN11 is indeed dependent on 

cross-talk with TrkB signaling. TrkB agonist treatment effectively blocked PTPN11 induced 

ER stress and reciprocally PTPN11 knockdown rescued the cells against ER stress caused 

by TrkB antagonist treatment. Thus, we propose an interdependent and coordinated activity 

of PTPN11 and TrkB in mediating ER stress response. Pharmacological blocking 

experiments and rescue by TrkB agonist also implicate that ER stress is induced by the 

upregulated PTPN11 activity and not emanating per se from excessive protein accumulation 

or increased synthesis rates of the PTPN11.  

In neuronal cells, ER extends into dendrites, dendritic spines and synaptic terminals in 

neurons and therefore ER stress can affect neuritogenesis and axonal preservation 

(Murakami et al., 2007). On the other hand, axonal injury is shown to induce neuronal ER 
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stress and accordingly ON injury induced ER stress resulted in enhanced RGC death while 

its downregulation is demonstrated to protect RGCs against glaucomatous 

neurodegeneration (Yang et al., 2016a). We observed reduced cell viability, increased cell 

growth inhibition and onset of apoptotic changes associated with PTPN11 over-expression 

in the culture SH-SY5Y cells. These apoptotic changes were also remarkably accompanied 

by reduced neurite length while neurons subjected to PTPN11 downregulation exhibited 

slight increase in neurite outgrowth. Persistent ER stress initiates apoptotic response via 

cJNK and caspase 4/12 pathways (Fonseca et al., 2013). For instance, apoptosis is suggested 

to be induced by GADD153 upregulation that has an activation effect on GADD34 that 

further increases oxidation in stressed ER (Marciniak et al., 2004). Xbp-1 is similarly 

synchronous with upregulation of several proteins linked to UPR (Sriburi et al., 2004) and 

PERK targets eIF2α inhibiting protein synthesis (Laszlo and Wu, 2009). Cellular apoptosis 

in different retinal layers particularly the GCL was previously reported in PTPN11 mutant 

transgenic mice (Cai et al., 2011). Although the details of the mechanism by which PTPN11 

and TrkB dysregulation induce ER stress and their involvement in neurite preservation are 

not well understood, ER Ca2+ release may be an early event that precedes ER stress and 

associated neurite loss (Li et al., 2013b). PTPN11 was indeed shown to predispose neuronal 

cells to excitotoxic damage through negative regulation of TrkB activity while PTPN11 

ablation augmented TrkB phosphorylation that corresponded with increased cellular survival 

against Ca2+ excitotoxicity (Rusanescu et al., 2005). Neuritogenesis changes may also be 

mediated through the PTPN11 associated TrkB signaling as its selective deletion has been 

reported to attenuate neurite outgrowth (Hollis et al., 2009). Moreover, we have already 

demonstrated that flavonoid agonist of TrkB- 7,8 DHF promotes neuritogenesis in retinal 

neuronal cells by stimulating neurite outgrowth, suggesting a possible therapeutic strategy 

for protection of RGCs in various optic neuropathies. 
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In conclusion, the present study highlighted that PTPN11 is part of tightly regulated 

signaling network that connects TrkB dysregulation with ER stress and apoptosis. The 

findings implicate a pathological impact that prolonged PTPN11 activation may have on the 

neurons in general and form the molecular basis of several neurodegenerative disorders 

implicating PTPN11 as an attractive drug target. 
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CHAPTER 6 
 

Shp2 upregulation impair inner retinal environment and negatively 

regulates TrkB receptor activity 
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Abstract 

In the recent time, ocular gene therapy approaches have gained popularity in a variety of 

retinal diseases. In particular, clinical trials for RPE65 mutations, linked to inherited retinal 

dystrophy, and retinitis pigmentosa due to MERTK mutations have been conducted at 

different centers, showing that adeno-associated virus (AAV)- mediated gene therapy is safe. 

Gene therapy to modulate brain derived neurotrophic factor (BDNF) and its high affinity 

receptor, tropomyosin receptor kinase B (TrkB) in retinal ganglion cells (RGCs) has been 

largely unsuccessful due to short-lived protective effects on the RGCs and yet not been 

studied the failure mechanism in detail. In this study, retinal morphology, functions and 

apoptotic changes were examined in healthy rat retinas following AAV mediated modulation 

of Shp2 gene using intravitreal injection with AAV2.CAG.GFP.2A.mShp2 (overexpression) 

or AAV2.CAG.GFP.shRNAmir (knockdown). Inner retinal morphology was assessed by 

histology analysis and immunohistochemical labeling. Shp2 upregulation in RGCs was 

associated with morphological alterations in the inner retinal laminar structure leading to 

reduced RGCs and optic nerve axonal count. Furthermore, prolonged Shp2 upregulation also 

resulted in an impaired electrophysiological response in the inner retina. In agreement with 

these physiological observations, Shp2 upregulation was associated with TrkB antagonism, 

and enhanced endoplasmic reticulum (ER) stress.  Increased number of TUNEL labeling 

positive RGCs was observed in retina overexpressing Shp2. Post injection Shp2 knockdown 

did not alter any inner retinal morphology and function, but showed increased TrkB Y515 

phosphorylation and reduced ER stress. These observations support the negative role of Shp2 

in RGCs in regulating BDNF/ TrkB signaling pathways and suggest that Shp2 knockdown 

could have a beneficial effect in disease associated RGC degeneration.   
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6.1 Introduction 

Neurodegeneration might be either a direct result of neuronal loss that occurs over a 

developed timeframe, resembling in Alzheimer’s (AD) and Parkinson’s diseases (PD), or to 

associate an acute neurological insult, as, in ischemia or trauma. Neurodegeneration is a 

important reason for illness and death, furthermore the reasons of extraordinary expenses 

not in the advantage of general wellbeing. (Cho et al., 2007). Yet, for most 

neurodegenerative issues there are relatively few effective therapies. One reason for the lack 

of therapeutic strategies is the inaccessibility of the complex brain because of the blood–

brain barrier (BBB) and the skull. In assessment of the brain, neurons of the eye and the 

optic nerve, that is comprised of ganglion cell axons, are successively accessible and are thus 

suited to study neurodegeneration and neuroregeneration inside the central nervous system 

(CNS) (Esiri, 2007).  

Src homology 2-containing protein-tyrosine phosphatase 2 (Shp-2 or PTPN11) is a controller 

of tyrosine kinase receptor signaling (Neel et al., 2003). Shp2 assumes an imperative role in 

cell signaling and diseases like, cancer, cardiovascular impairment, glaucoma, Noonan 

syndrome and other neurodegenerative diseases that are well examined (Pan et al., 2010, 

Jiang and Zhang, 2008, Lauriol et al., 2015, Gupta et al., 2012b, Gomez del Rio et al., 2013, 

Graham et al., 2009). Shp2 is highly expressed in RGCs in rodent retina. Latest 

investigations reinforce that Shp2 is localized in retinal neurons and dorsal root ganglion 

neurons and also involved in the intracellular signaling of axon coordinating signals 

(Fuchikawa et al., 2009). Shp2 has likewise been seen to play an important role in mediating 

BDNF-activated signaling that advance the formation of dendritic spines (Kim et al., 2007). 

Cai et. al demonstrated the role of Shp2 in retinal degeneration in Shp2 mutant mouse retina. 

ERK signaling, particularly in Müller cells, are disrupted and augment Stat3 in 

photoreceptors. However, neither inactivation of Stat3 nor stimulation of AKT signaling 
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could enhance Shp2 related retinal degeneration. Rather, constitutively actuated k-ras 

signaling not only rescued the RGCs count in the Shp2 mutant, but additionally improved 

the electroretinogram recording (ERG) (Cai et al., 2011). Moreover, the protective role of 

Shp2 was demonstrated in retinal progenitor cells by the activation of Ras/ERK signaling 

during optic nerve vesicle patterning (Cai et al., 2010b).  

TrkB has high affinity for ligand BDNF and upon TrkB activation downregulates neuronal 

cell survival signaling pathways. However, the activity of TrkB is regulated by Shp2 in 

RGCs. Under glaucomatous stress, Shp2-TrkB interaction is increased and contributes to 

dephosphorylation of TrkB and results in inhibition of downstream pro-survival signaling 

pathways involving PI3K, phospholipase C-γ1 and MAPK mediated TrkB activation (Gupta 

et al., 2012b, Gupta et al., 2013a). Exogenous administration of BDNF can sublunary 

activate TrkB and rescue RGCs transiently (Di Polo et al., 1998, Clarke et al., 1998). Under 

normal physiological conditions, receptor tyrosine kinase randomly undergoes 

phosphorylation and dephosphorylation to maintain the harmony in the downstream 

signaling for proper cell functioning (Huang and Reichardt, 2003). The mechanism 

underlying a change of sensitivity of BDNF treatment to TrkB needs more examination.     

AAV vectors are considered optimal for ocular gene therapy because of their efficiency, 

persistence, site specific integration and low immunogenicity (Daya et al., 2009). Our 

hypothesis was that an AAV incorporating Shp2 would be useful in understanding the 

neurotrophic and TrkB signaling pathway. We tested this hypothesis using intravitreal 

injection of AAV viral vector overexpressing and knockdown Shp2 in healthy rat RGCs. We 

report a marked and statistically significant decrease in RGC survival as estimated by axon 

counting and increase in ER stress after 8 weeks in rats treated with AAV-Shp2 compared 

with control virus without Shp2. The study also provides direct evidence for the involvement 

of Shp2 in molecular regulation of TrkB activity in the animal RGCs and ER stress 
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associated with its dysregulation. Impairment of inner retinal laminar structure, loss of axons 

and electrophysiological response along with induction of apoptosis in ganglion cell layer 

(GCL) upon Shp2 upregulation provides “proof-of-concept” for the key contribution of Shp2 

homeostasis in influencing neuronal compliance in adult CNS in general and in retina.    

 

6.2 Materials and Methods 

Ethics, chemicals and animals used are described in chapter 2, sections 2.1, 2.2 and 2.3.1. 

 

6.2.1 AAV vectors-Design and packaging 

Chapter 2, section 2.3.2 describes the detailed methodology of viral vector design and 

packaging.  

 

6.2.2 AAV2 vectors intravitreal injections  

Chapter 2, section 2.3.3 describes the intravitreal injections of AAV2 expressing mShp2, 

eGFP, mShp2shRNA and shRNAScramble sequence in detail.  

 

6.2.3 Electroretinography 

Electroretinographic (ERG) recordings were performed as described previously (Richards et 

al., 2006). Detailed methodology is presented in chapter 2, section 2.3.6.  
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6.2.4 Histology  

As described in chapter 2, section 2.3.7.1, animal eye and ON were fixed, embedded and 

sectioned.  Animal eye tissue were stained with H & E as reported previously, chapter 2, 

section 2.3.7.2 (You et al., 2014, Gupta et al., 2014b).  GCL density was determined by 

counting the number of cells in the layer over a distance of 500 μm (100-600 μm from the 

edge of the optic disc) using light microscopy. Inner nuclear and inner plexiform layer 

thickness was also evaluated and compared between control and viral vector treated retinas. 

ON section were made 5 μm thick and subject to Bielschowsky’s silver staining as reported 

previously, chapter 2, section 2.3.7.3 (You et al., 2014) and number of axons counted (10−2 

mm2) to evaluate changes in axonal density (Gupta et al., 2016).  

 

6.2.5 SDS PAGE and western blotting  

For animal eyes, following enucleation and retinal dissection, optic nerve head (ONH) 

regions of the retina were surgically excised from the retina under a microscope and lysed 

in lysis buffer mentioned in chapter 2, section 2.3.8.2.  Protein concentrations and SDS-

PAGE was performed as described in chapter 2, section 2.3.8.1 and 2.3.8.2 respectively 

Membranes were incubated overnight with anti-GFP (1:1000), anti-Shp2 (1:1000), anti-

pTrkB Y515 (1:1000), anti-TrkB (1:1000), anti-GADD 153 (1:200), anti-XBP-1 (1:200), anti-

p-PERK (1:200) and anti-actin (1:5000) overnight at 4ºC. Further, followed as stated in 

chapter 2, section 2.3.8.2. 

 

6.2.6 Immunofluorescence  

Cryostat tissue sections were used for immunofluorescence. Detailed methodology is 

described in chapter 2, section 2.3.7.5.  
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6.2.7 Statistical Analysis 

The ERG/STR amplitudes, fluorescence changes, and retinal thickness differences, axon 

density in optic nerve were plotted and analysed using GraphPad Prism software (version 

6.0) (GraphPad Software, San Diego, CA). All values with error bars are presented as mean 

± SD for given n sizes and compared by Student's t test and two-way ANOVA. The 

significance was set at p < 0.05. 

 

6.3 Results  

6.3.1 Assessment of transgene expression in healthy animal eyes 

To investigate the effect of Shp2 up-or downregulation on RGCs and axonal survival in 

normal conditions, rats were intravitreally injected with AAV2 viral vectors. The tropism of 

AAV2 has been shown to selectively target RGCs in the rodent retina (Cheng et. al 2002; 

Fisher et al, 2004; Moore et al. 2009). Shp2 was experimentally over-expressed with AAV2 

incorporating Shp2 cDNA (AAV2-Shp2), whereas its downregulation was induced using 

AAV2 containing a shRNAmir sequence specific to rat Shp2 (AAV2-shRNAmir-Shp2 or 

AAV2-Shp2KD). Antibody NeuN is used to stained neuronal cells in GCL (Figure 6.1). 

AAV2-GFP and AAV2-Scramble virus vector were used as a corresponding control. The 

expression of GFP and Shp2 was monitored by immunofluorescence on intact (Figure 6.2 

A, C) after AAV2 delivery. In intact retinae, compared with AAV2-GFP injection (Figure 

6.2 A, ii, iii and 6.2 C, ii, iii), caused a significant upregulation of Shp2 after intravitreal 

injection of viral vector expressing Shp2 (Figure 6.2 B; n=12 rats/group, *p<0.01, unpaired 

t-test, 42-50 cells/rat). The significant downregulation of Shp2 was also observed in AAV2-

Shp2KD injected retinae (Figure 6.2 C, v, d; n=12 rats/group, *p<0.01, unpaired t-test, 4-8 
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cells/rat). No fluorescence detection of GFP was observed in control retinal section (Figure 

6.2 A, i). GFP fluorescence detection in retinal sections (Figure 6.2 A, ii-v) revealed AAV2-

mediated expression of the target gene in cells mostly located in the RGCL.  

 

 

Figure 6.1. Expression of GFP in the inner retina of rat following intravitreal injection. (A) Complete retina 

immunostaining (B) expression of anti-GFP (green), anti-NeuN (red) and Dapi (blue) to stain nucleus. 

Expression of Shp2 was detected by anti-Shp2 (yellow) in (C) control, (D) retina expressing Shp2 sequence 

and (E) shRNA (PTPN11) in the RGCs. Scale 100 µm and 20 µm.   
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Figure 6.2. Transgene (GFP and Shp2) expression in normal rat eyes under healthy condition. Rat eyes were 

injected with viral constructs overexpressing and knockdown Shp2 sequence. GFP alone or GFP co-expressed 

with scrambled peptide were used as controls (final concentration, 3.4x1012VG/ml). Eyes were enucleated, 

sectioned, and stained with DAPI, anti-GFP and, anti-Shp2 to evaluate expression of (A) GFP, scale 50 µm 

(B) proportion of GFP-positive RGCs in the GCL, 8 weeks after rat intravitreal injection. Following intravitreal 

injection significant increase the expression GFP positive RGCs were observed compared to non-injected and 

AAV2-GFP injected eyes (*p<0.0001; n=12 each). (C) Expression of Shp2. Scale 50 µm (D) proportion of 

Shp2-positive RGCs is significantly increased in AAV2 expressing Shp2 whereas significant decrease in Shp2 

positive GCs was observed in Shp2 knockdown compared to control and AAV2-Scramble injected eyes 

(*p<0.0001; n=12 each). 

 

The transfection efficiency of the Shp2 in ONH region was also assessed with western blot 

analysis. Blotting and quantitative results for GFP and Shp2 are shown in Figure 6.7. Data 

are presented as an adjusted ratio of either GFP or Shp2 to Actin. As expected, equal levels 

of GFP were expressed in rat ONH treated with viral vector. These data show that AAV2 

are effective in up-regulating or down-regulating Shp2 in RGCs.  

 

A 

B 

C 

D 
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6.3.2 Reduced GCL density and axonal loss in response to Shp2 upregulation   

As the BDNF/TrkB signaling plays a critical role in the preservation of inner retinal 

architecture (Gupta et al., 2014b) and our data suggested negative regulation of TrkB by 

Shp2 in SH-SY5Y cells (chapter 5), we sought to investigate the impact of Shp2 

overexpression in the rat retina. Morphological changes in retinas transduced with different 

AAV2 constructs were assessed using haematoxylin and eosin staining (H and E) (Figure 

6.3 A, D). Assessment of GCL count revealed significant reduction in the GCL density 

overexpressing Shp2 sequence compared to AAV-GFP control eyes (Figure 6.3 A and B). 

Also, there was a significant reduction in the thickness of inner plexiform layer (IPL) while 

inner nuclear layer (INL) showed no remarkable differences compared to GFP control 

transduced retina (Figure 6.3 C). Retina subjected to Shp2 knockdown and scramble AAV 

control injected animals revealed no reduction GCL density percentage and retinal layer 

thickness (Figure 6.3 E and F). Given that ON axons are an extension of RGCs, we focused 

on assessing changes in ON axonal density to further validate inner retinal changes. Axonal 

staining was performed using Bielschowsky’s silver stain method (You et al., 2014) and 

alterations in axonal density was evaluated in Shp2 overexpression and knockdown 

conditions (Figure 6.3 G-L). The results showed significant decline in ON axonal counts in 

Shp2 upregulated eyes (Figure 6.3 G-I), thereby providing further evidence to support the 

observations made in the retinal histological analysis (Figure 6.3 A and B). The retinal H 

and E staining of Shp2 knockdown and scramble sequence control eyes identified no 

significant loss in the ON axonal count (Figure 6.3 J-L). These observations support the 

hypothesis that prolonged Shp2 upregulation in RGCs is detrimental to the inner retinal and 

ON structure. 
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Figure 6.3. Retinal and optic nerve morphometric changes induced by Shp2 upregulation. (A and D) H and E 

staining of the rat retinal sections in Shp2 overexpression and knockdowm conditions respectively. AAV-GFP 

and scramble treated retina were used as respective controls. Scale 50 µm. (B) Quantification of GCL% density 

was found significant in Shp2 overexpression retina compared to GFP alone treated animal eyes (*p<0.0001, 

n=14 in each group). (D) Significant reduction in IPL thickness (*p<0.0001, n=14 in each group), whereas no 

change in INL thickness was observed in animal retina overexpressing Shp2. No significant difference was 

noticed in (E) GCL% (F) inner retinal layer thickness % of animal expressing shRNAmir sequence. (G, H) 

Bielschowsky's silver staining of the ON highlighted loss of axonal density % in Shp2 overexpression 

compared to eye (shown in yellow arrow head), left 20x; right 63x. (I) Quantification graph showing significant 

decrease in percentage change in axonal density (n = 8 per group; *p<0.002). (J, K) Axonal density percentage 

remain unaffected in Shp2KD condition. Left 20x; right 63x. (L) Quantification of optic nerve tissue axonal 

density percentage (n=8 in each group).  
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6.3.3 Shp2 upregulation impairs inner retinal electrophysiological response  

Given that Shp2 upregulation was associated with inner retinal structural deterioration, we 

speculated whether these changes translated to functional phenotype and whether animals 

depicted a structure-function correlation. Towards this end, retinal electrophysiological 

recordings were carried out in rat RGCs transduced with either of the four AAV2 viral 

constructs. Effects of Shp2 modulation were evaluated after period of 2 months follow up. 

Significant decline in pSTR amplitudes was detected in animal eyes overexpressing Shp2 

compared to GFP injected and control retina (Figure 6.4 A and B). pSTR predominantly 

reflects inner retinal activity and its impairment indicates compromised inner retinal 

function. In contrast, viral vector expressing either shRNAmir or scramble animal eye did 

not show any remarkable changes in pSTR amplitudes, strongly suggesting preservation of 

inner retinal micro-environment (Figure 6.4 C and D). These results advocate that Shp2 

suppression in the adult rat RGCs although increased TrkB phosphorylation (Figures 6.7 and 

6.8), was not associated with a noticeable phenotypic trait. Whole retinal scotopic 

electrophysiological response (ERG) demonstrated preservation of a-wave amplitudes and 

latencies indicating that outer retinal function remained largely unaffected in both Shp2 

overexpression and knockdown paradigms (Figure 6.4 A-F). A slight reduction in b-wave 

amplitudes was observed in AAV2 induced Shp2 overexpression eyes, although this loss 

was statistically not significant (Figure 6.5 A and B). IOP measurements also did not reveal 

any significant variation in any of the animal groups indicating that AAV injection could not 

be attributed to IOP changes (Figure 6.6). Thus, consistent with structural findings, 

electrophysiological measurements support the conclusion that Shp2 upregulation is 

associated with inner retinal functional deficits. 
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Figure 6.4. Shp2 upregulation in RGCs induces inner retinal functional loss. (A) Average trace of pSTR signal 

from the Shp2 retinas (blue), GFP expressing (red) and control eyes (black dotted line). The pSTR was 

evaluated after 2 months of GFP and Shp2 intravitreal injection in rat eyes. (B) Quantification indicates a 

significantly lowered amplitude of pSTR in the Shp2 compared to the GFP and control eyes (n = 14 per group; 

*p < 0.05). (C) Average traces of pSTR obtained from Shp2KD (blue) treated rat eyes compared to scramble 

control (red). The pSTR was evaluated after 2 months after scramble and Shp2KD intravitreal injection in rat 

eyes. (D) Graph indicating no significant change in amplitude either expressing Shp2KD or scramble control 

sequence (n = 14 in each group).  

 

 

 

 

 

A B 

C D 
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Figure 6.5. Effect of Shp2 overexpression and knock down on scotopic ERG (A) No change in scotopic ERG 

was recorded in animal injected with viral vector expressing Shp2 sequence. Quantification shows no change 

in (B) scotopic ERG –a and –b wave amplitude and (C) in latency (D) No change in scotopic ERG was recorded 

in animal injected with viral vector expressing Shp2KD sequence. Following quantification shows no change 

in (E) scotopic ERG –a and –b wave amplitude and (F) in latency. GFP and scramble sequence were used as 

control for Shp2 overexpression and knockdown respectively.  

 

 

 

 

 
 

Figure 6.6. No elevation in IOP was noted after AAV injection.  
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6.3.4 Shp2 has regulatory effects on TrkB phosphorylation 

We have demonstrated the effect of Shp2 (PTPN11) modulation on TrkB activity in SH-

SY5Y cells in vitro (Chapter 5). To recapitulate the results in in vivo we have examined the 

change in TrkB activity upon Shp2 upregulation and down regulation in ONH and in the rat 

RGCs. As discussed in chapter 5, Shp2 modulation was achieved by viral construct AAV2 

(Figure 5.1) using eGFP and scramble sequence as control for overexpression and 

knockdown respectively. Immunoblotting of ONH tissue lysates validated protein 

expression alterations in response to AAV transduction (Figure 6.7 A). Supporting the 

previous evidence of Shp2 mediated regulation of TrkB actions (Gupta et al., 2012b), we 

observed that Shp2 upregulation resulted in reduced TrkB Y515 phosphorylation in both ONH 

and rat RGCs (Figure 6.7 A and 6.8). Conversely, Shp2 knockdown lead to increased Y515 

phosphorylation of TrkB compared to the scramble control in both ONH and rat RGCs 

(Figure 6.7 A and 6.8). Analysis of TrkB expression in retinal tissue revealed that there was 

no compensatory change in total TrkB protein levels in response to AAV treatment or Shp2 

modulation (Figures 6.7 A and D and 6.8), suggesting that loss of Y515 phosphorylation is 

intervened through the bonafide phosphatase action of Shp2. Similar findings were also 

reported in neuronal SH-SY5Y cells in vitro (Chapter 5, Figure 5.2). Overall, these outcomes 

implicate the in-vitro/ in-vivo correlation that Shp2 phosphatase activity negatively 

modulates the TrkB phosphorylation.  
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Figure 6.7. Shp2 modulation negatively affects TrkB Y515 phosphorylation in rat ONH (A) Western-blot of 

AAV transduced ONH lysate for expression of GFP, Shp2, TrkB, pTrkB Y515 and actin (loading control) 

showed similar results in SH-SY5Y cells (Chapter 5, Figure 5.2) that the level of pTrkB Y515 is dependent on 

Shp2 modulation in vivo.  (B) Densitometric quantification of GFP protein expression in ONH of rat retina 

injected with four different AAV viral construct (*p<0.001; ANOVA; Brown-Forsythe test). (C) Quantification 

of Shp2 under Shp2 overexpression and knockdown experiment showed significant changes in Shp2 expression 

compared to control rat ONH. (*p<0.02, *p<0.006; student t test). (D) Densitometric analysis of pTrkB Y515 

in ONH relative to TrkB showed significant decrease in pTrkB Y515 in Shp2 overexpression and significant 

increase in pTrkB Y515 under Shp2KD viral construct injected rat retina (*p<0.02, *p<0.02; student t test). 

Saline injected, GFP alone and scrambled sequence were used as controls (n=8 in each group), data are 

mean±SD and value correspond to three independent experiment. 

  

A 

B C D 
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Figure 6.8. Cryosections of rat retina showed expression of RGCs, anti-NeuN (red), anti-TrkB (green) and 

anti-pTrkB Y515 (yellow) expression. Dapi for visualizing cell nuclei as landmark. Note the expression of 

pTrkB Y515 in GCL of Shp2 overexpression and Shp2KD intravitreal injected rat retina (shown in white triangle 

box). AAV expressing GFP and scramble sequence was used as control. (n=8 in each group, scale 20 µm).  

 

6.3.5 Shp2 upregulation induces neuronal apoptosis and ER stress in retina  

Shp2 overexpression was associated with SH-SY5Y cell growth inhibition, significant loss 

of neurite outgrowth (Chapter 5, Figure 5.11) and increased apoptosis (Chapter 5, Figure 

5.9). Further, visible retinal laminar structure in response to Shp2 overexpression in RGCs 

(Figure 6.3) demanded investigations into potential effects on cell apoptosis. To delineate 

Shp2 physiological effects, rat retinas with promoter specific overexpression of Shp2 in their 

RGCs were investigated for apoptotic changes and staining revealed TUNEL positive cells 

in the GCL layer (white arrow). Control, GFP and scramble sequence transduced retinas 

were used as controls (Figure 6.9). In the control, GFP, scramble and retinas with Shp2 

knocked down RGCs, in line with previous results on structural-functional elucidation, 
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showed no significant TUNEL staining (Figure 6.9). Upregulation of ER stress markers has 

been suggested to promote apoptotic changes in several studies (Szegezdi et al., 2006, Sano 

and Reed, 2013). To evaluate ER stress associated with Shp2 overexpression, Shp2 

overexpressed retinal sections were analyzed for GADD153 expression. As for the effects 

of Shp2 modulation on rat RGCs, a significant upregulation of GADD153 immunoreactivity 

was demonstrated in response to Shp2 over-expression (Figure 6.10). AAV expressing eGFP 

alone or scrambled sequence for Shp2 knockdown were used as controls. Shp2 suppression, 

conversely, was not associated with any notable differences in expression of GADD153. 

Altogether, this experiment demonstrated that whereas Shp2 upregulation contributed to cell 

apoptosis and enhanced ER stress, the response was not dependent on the loss of endogenous 

levels of Shp2 in neurons.  

 

 

Figure 6.9. Shp2 upregulation induces cell apoptosis. Rat retinal sections over-expressing PTPN11 (or Shp2) 

were immunostained with TUNEL assay kit for apoptotic changes and demonstrated notably increased TUNEL 

reactivity (red), DAPI (blue). Non-treated, AAV-GFP and AAV-Scramble sequence expressing retinas were 

used as controls. Scale 20 µm. 
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igure 6.10. PTPN11 (or Shp2) upregulation is associated with enhanced ER stress marker response (A) Rat 

retinal sections subjected to PTPN11 modulation were stained with ER stress marker GADD153 (red) and Dapi 

(blue). AAV constructs expressing GFP and scrambled sequence were used as controls. Scale 20 µm. (B) Image 

J was used to plot relative intensity of immunofluorescence signal in each case (*p<0.05; n=8). 

 

 

6.4 Discussion 

BDNF and its receptor, TrkB, are well expressed in the retina particularly in the ganglion 

cells and we have shown previously that impairment of this signaling pathway is associated 

with the inner retinal degenerative phenotype (Gupta et al., 2013a). BDNF and other 

neurotrophic factors stimulate intracellular TrkB signaling for neuronal survival, 

morphogenesis, and plasticity (Qian et al., 2017). The sustained dephosphorylation of TrkB 

obstructs cell revival and additional neuroprotective effects of intrinsic neurotrophic factors 

like BDNF and NT-4. Our previous findings have suggested that TrkB and Shp2 interact 

with each other under normal physiological conditions and negatively regulate the 

phosphorylation activity of TrkB in a cell and tissue dependent manner (Gupta et al., 2012b).  

This study established that TrkB activation in the RGCs is regulated by Shp2 actions. Shp2 

upregulation negatively affected the TrkB phosphorylation, while its knockdown enhances 
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phosphorylation of TrkB at Tyr515 involving in the binding of SHC adaptor protein and 

downstream signaling (Yamada et al., 2001, Easton et al., 2006). Shp2 modulation was 

further associated with alterations in ER stress response and apoptotic changes. In the RGCs, 

this lead to loss of cells in GCL and functional impairment. Here, we report that AAV-

mediated Shp2 overexpression in the RGCs and in ONH leads to loss of TrkB activation 

while Shp2 knockdown resulted in increased TrkB activation (Figure 6.7 and 6.8). This 

corresponds with previous reports that Shp2 interacts with TrkB and regulates its activity in 

culture. This interaction was reported to be mediated through interactions with caveolin (You 

et al., 1999, Gupta et al., 2012b). 

The physiological relevance of changes in Shp2 expression was established by specifically 

investigating its role in rat RGCs. We provide evidence that Shp2 upregulation led to the 

loss of GCL and IPL and associated diminution of ON axonal density, although its 

downregulation had no discernible effects on the retinal laminar structure. Cai et al. (2011), 

demonstrated that Shp2 ablation in the embryonic stages resulted in severe retinal 

degenerative phenotype and ON dystrophy (Cai et al., 2011). This variance is likely 

attributed to pre- and post-natal developmental roles of Shp2 in the retina and may also be 

contributed to by promoter-specific differences. Shp2 has indeed been shown to provide 

axonal guidance through its Sema4D-induced signaling role and localization in the growth 

cones of chick embryonic RGCs (Fuchikawa et al., 2009). Shp2 also plays a key role in 

Ras/Erk signaling in retinal progenitor cells and orchestrates retinal and ON morphogenesis 

(Cai et al., 2010a). Normal RGCs survival and retinal anatomy in BDNF+/- mice during 

maturation support the notion that Shp2 participation in retinal development may be either 

independent of BDNF signaling or only partially dependent on it and possibly linked to Shp2 

adapter functions (Gupta et al., 2014b). Our results do not rule out the possible 

complementation of Shp2 actions conferred by the interplay of other tyrosine phosphatase 
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and kinase signaling networks in the adult RGCs. Corresponding to the retinal structural 

attrition upon Shp2 upregulation, significant deficits in pSTR amplitudes were observed 

highlighting a preferential impairment of the inner retinal function. To our knowledge, this 

is the first report highlighting the pathological association of Shp2 dysregulation with inner 

retinal function. Although Shp2KD biochemically correlates inversely to the effects of Shp2 

over-expression, no retinal structural or functional phenotypic changes were noticed, which 

we believe was anticipated due to the post-mitotic nature of the adult retinal neurons.  

Shp2 is ubiquitously expressed phosphatase with a multi-substrate target that is implicated 

in downstream cell signaling pathway of the BDNF stimulated TrkB phosphorylation. 

Whether Shp2 regulates other pathways that are relevant to neuronal cell survival is yet to 

be determined. Stimulation of receptor tyrosine kinases comprising TrkB activates the kinase 

cascade of RAS, c-Raf, MEK, MAPK, AKT and ERK1/2, subsequent to the modulation of 

transcription of various genes (Murphy and Blenis, 2006, Patapoutian and Reichardt, 2001). 

BDNF persuades phosphorylation of Shp2 both in neuronal cells and primary cortical 

neurons (Easton et al., 2006). The neurotransmitter, glutamate and BDNF interact to regulate 

development and neuroplasticity via Ca2+ influx activating kinases and phosphatases that act 

on a variety of substrates including ion channels and cytoskeletal proteins (Mattson, 2008). 

However, several proteins required for SH2 domains activation of Shp2 that bind 

phosphorylated tyrosine motifs (Pawson and Scott, 1997). Tyr515 is the important residue of 

TrkB phosphorylation for binding of SHC adaptor protein and downstream signaling 

initiation (Minichiello et al., 1998). Suppression of BDNF-stimulated MAPK/ ERK pathway 

via inhibition of Shp2-TrkB interaction using glucocorticoid has also been reported 

(Kumamaru et al., 2011). Dopamine D1 receptor and Shp2 interactions trigger the D1-

mediated Erk1/2 signaling in striatal neurons (Fiorentini et al., 2011). 
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Shp2 is thought to play a multifarious role in interacting with and modulating the activity of 

its protein substrates (Gupta et al., 2012b). TrkB is a transmembrane receptor tyrosine 

kinase, whereas Shp2 is an intracellular phosphatase that is localized to the cytoplasm and 

participate in signal transduction from the cell surface to the nucleus (Gupta et al., 2012b). 

It is conceivable that the Shp2-TrkB interaction and TrkB receptor dephosphorylation occur 

after ligand-induced receptor internalization, like epidermal growth factor and platelet-

derived growth factor receptors (Gupta et al., 2013a, Yamada et al., 1999). Alternatively, 

Shp2 interacts with the adapter protein caveolin, Gab, and FRS2/SNT and may recruit Shp2 

for TrkB receptor dephosphorylation, as in the case of insulin receptor signaling (Gupta et 

al., 2012b, Kelly-Spratt et al., 1999). The precise biochemical mechanism by which Shp2 

attenuates TrkB signaling needs further investigation.  

ER is a sensitive organelle which recognizes disturbances in cellular homeostasis and 

activates protective signaling cascades to evoke biochemical adaptive responses (Lin et al., 

2008). Neuronal ER stress is already established as a key pathway and activates a signaling 

network to generate the unfolded protein response (UPR) in neurodegenerative diseases 

(Salminen et al., 2009, Soo et al., 2015). We observed enhanced ER stress response 

elucidation as indicated by enhanced immunoreactivity of GADD153 ER stress markers in 

the GCL in retinas overexpressing Shp2. Similar modulation of ER stress response caused 

by Shp2 changes has previously been reported in liver cells (Agouni et al., 2011) and Shp2 

resulted in enhanced Ca2+ from ER in glial cells (Ibanez, 2013). ER stress may induce an 

inflammatory response via different UPR transducers in glaucoma affected RGCs and in 

other neurodegenerative disorders. Enhanced ER stress has been observed in 

neurodegenerative disorders of the brain such as Alzheimer’s disease. In the retina, increased 

ER stress has been implicated in macular degeneration, glaucoma and diabetic retinopathy 

(Zhang et al., 2014). ER stress onset is associated with UPR aimed to restore normal ER 
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functioning however, prolonged stress and diminished adaptive response is associated with 

cellular dysfunction and apoptotic cell death (Kim et al., 2008). Accordingly, we observed 

onset of apoptotic changes (TUNEL positive) associated with Shp2 overexpression in GCL 

in the retina in vivo. The physiological relevance of Shp2 expression changes in the CNS 

was demonstrated using GCL of the rat retina.  

In conclusion, the present study highlighted that Shp2 overexpression modulated the inner 

retinal environment and is associated with reduced TrkB activation and enhanced ER stress 

response. The precise biochemical mechanism by which Shp2 attenuated TrkB signaling in 

RGCs may needs further investigation. Nevertheless, this study elucidated that TrkB activity 

is tightly regulated by Shp2 and its pathological activation may form the molecular basis of 

several retinal disorders like glaucoma and neurodegenerative disorders of the brain.   



173 
 

  



174 
 

 

CHAPTER 7 

Shp2 gene therapy is effective in RGC neuroprotection in 

experimental glaucoma 

 
 

The abstract of this chapter was presented in ARVO-ASIA 2017, Brisbane, Australia 

 

 

Nitin Chitranshi, Vivek K Gupta, Yogita Dheer, Stuart L Graham. Adeno-associated virus 

knockdown of Shp2 phosphatase protect inner retinal structure and function in experimental 

glaucoma.  

 

Manuscript is under preparation 

 

  



175 
 

Abstract  

Retinal ganglion cell (RGC) loss and axon damage lead to blindness in glaucoma , therapies 

that increase RGC and axon survival can be directly relevant to clinical intervention. 

Activation of tropomyosin-receptor-kinase B (TrkB) receptor by neurotrophic factor is a 

critical mechanism to promote neuronal cell survival, but in glaucoma TrkB deactivation is 

augmented through adapter protein, Shp2. In this study we investigated the therapeutic 

potential of Shp2-TrkB signaling in RGC survival and axonal neuroprotection using an 

adeno-associated virus serotype 2 (AAV2) to deliver Shp2-shRNAmir in a rodent microbead 

model of experimental glaucoma. We tested whether knockdown (KD) of Shp2 expression 

prevents neuronal death and facilitates TrkB signaling in RGCs subject to chronic elevation 

of intraocular pressure (IOP) in a rodent model. Our data indicate that RGCs exposed to high 

IOP and treated with AAV2-Shp2KD displayed a significant protection in ganglion cell layer 

(GCL) density (51.61±3.22% vs 69.38±2.88%, p<0.003) and axonal loss (51.42±4.2 vs 

75.91±1.84, p<0.0001). We also found protective effect of Shp2KD in positive scotopic 

threshold response (pSTR) amplitude (18.18±3.98µV vs 32.47±4.01µV, p<0.05) and 

increase in phospho-TrkB activity at Thr515 in GCL of glaucoma retina (18.18±3.98µV vs 

32.47±4.01µV, p<0.05). These findings suggest that increased TrkB activation in RGCs 

attenuates retinal damage in experimental animal model of glaucoma. 
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7.1 Introduction 

RGC axon degeneration and ONH cupping are the important features of glaucoma and 

eventually lead to permanent blindness. POAG is the most common type of glaucoma 

(Walland et al., 2012). Elevated IOP is the prominent risk factor in POAG which is most 

common form but lowering of IOP is not always sufficient to stop the progression of the 

optic neuropathy (Katz et al., 1990). Therefore, glaucoma is thought to be a 

neurodegenerative disease, open to therapies (i.e. stem cell, gene etc) other than lowering of 

IOP (Mead et al., 2015, Foldvari and Chen, 2016). While substantial effort has been made 

to develop neuroprotection agents in the management of glaucoma that prevent retinal 

neuronal loss or delay disease progression (Gossman et al., 2016). RGC neuroprotective 

strategies were previously demonstrated using PDGF (Chong et al., 2016), BDNF (Gupta et 

al., 2014b), magnesium acetyltaurate (Lambuk et al., 2016) and brimonidine (Guo et al., 

2015) in rodent models of ocular hypertension, retinal excitotoxicity and optic neuritis (Li 

et al., 2013a).  

Earlier reports have suggested for neurotrophins and their receptors have a protective role in 

RGCs (Galindo-Romero et al., 2013, Bikbova et al., 2013). BDNF has high affinity to TrkB, 

the Trk family of receptor tyrosine kinases, is well expressed in RGCs (Gupta et al., 2012b, 

Ren et al., 2012) and plays a critical role in RGCs degeneration in glaucoma (Cheng et al., 

2002). BDNF is produced in the superior colliculus during development of retinocollicular 

projection and binds to the TrkB receptor in different splice variants TrkB-full length (TrkB-

FL) and TrkB-truncated from-1 (TrkB-T1), lacking the C-terminal intracellular kinase 

domain (Fenner, 2012) and undergoes retrograde transport in microsomal vesicles via RGC 

axons to the cell bodies (Marotte et al., 2004). Exogenous administration of BDNF activates 

TrkB and transiently BDNF-TrkB activation can rescue RGCs, however subsequent doses 
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or multiple use of BDNF fail to support long term survival of RGCs which finally become 

inactive to the defensive impact of BDNF (Cheng et al., 2002, Di Polo et al., 1998).  

TrkB sensitivity to BDNF in glaucoma is poorly understood. To maintain adequate 

equilibrium in the downstream signaling, receptor tyrosine kinase undergoes random 

phosphorylation and dephosphorylation (Lemmon and Schlessinger, 2010). Therefore, 

simultaneous dephosphorylation and deactivation of TrkB by an interacting phosphatase 

may restrain the protective effects of BDNF. One such phosphatase is SH2 domain-

containing tyrosine phosphatase-2 (Shp2 or PTPN11), intermediate in neurotrophin induced 

activation of TrkB under normal and glaucomatous stress (Gupta et al., 2012b). In brain 

Shp2 regulates neuronal cell differentiation and neuronal plasticity, thereby controls 

locomotor activity and memory formation (Kusakari et al., 2015). However, negative 

regulation of Shp2 has been reported in cerebral neuron activation through BDNF in a 

calcium dependent manner (Rusanescu et al., 2005).  

Recent studies on retinal gene delivery using viral vectors has been shown to be effective in 

protecting structural and functional damage in several ocular diseases (Venkatesh et al., 

2013, Bennett et al., 2012, Lau et al., 2000, Wassmer et al., 2017). In addition, it was shown 

that BDNF-expressing adenoviral vector has the capability to delay RGC death after optic 

nerve transection (Di Polo et al., 1998). However, the short duration of efficient transgene 

expression and tendency to induce inflammation are the limitations of viral vector based on 

adenovirus. Adenoassociated virus (AAV) overcomes adenovirus restrictions and is 

effectively used in a broad range of host species (Peel and Klein, 2000, Hosel et al., 2017, 

Chamberlain et al., 2017, Brady et al., 2017).  

In continuation to the findings from chapter 6 which demonstrated that long term Shp2 

upregulation in animal RGCs is associated with functional and morphological degenerative 
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changes in inner retina, we hypothesized that Shp2 knockdown would be protective in 

experimental glaucoma. We tested this hypothesis in a microbead injected rat model of 

glaucoma, previously well established in our lab, creating chronic IOP elevation with 

consequent specific loss of RGCs in the inner retina (You et al., 2014). We report a marked 

and statistically significant increase in RGC survival, axonal protection, pSTR improvement 

and phosphor-TrkB activity after 8 weeks of experimental glaucoma in rats treated with 

intravitreal AAV-Shp2KD compared with intravitreal AAV-Scramble or control with virus.      

 

7.2 Material and Methods 

Used of animals and chemicals are described in chapter 2.  

 

7.2.1 Microbead Injection and IOP measurement 

Detailed procedure of microbead injection and IOP measurement is described in chapter 2, 

section 2.3.4.  

 

7.2.2 AAV vectors-Design and packaging 

Chapter 2, section 2.3.2 describes the detailed methodology of viral vector design and 

packaging of PTPN11 gene (Shp2) silencing.  

 

 

7.2.3 AAV2 vectors intravitreal injections  

Chapter 2, section 2.3.3 describes the intravitreal injections of AAV2 expressing 

mShp2shRNA sequence in detail.  
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7.2.4 Electroretinography 

Electroretinographic (ERG) recordings were performed as described in chapter 2, section 

2.3.6.  

 

7.2.5 Histology  

As described in chapter 2, section 2.3.7.1, animal eye and ON were fixed, embedded and 

section.  Animal eye tissue were stained with H & E as described in chapter 2, section 2.3.7.2.  

GCL density and retinal layer thickness were calculated as described in chapter 6, section 

6.2.4. ON subjected to Bielschowsky’s silver staining and axonal density calculation as 

mentioned in chapter 2, section 2.3.7.3 and chapter 6, section 6.2.4.  

 

7.2.6 SDS PAGE and western blotting  

Detailed protocol is mentioned in chapter 2, section 2.3.8.2. 

 

7.2.7 Immunofluorescence  

Following fixation for 2 hrs in 4%PFA, the eyes and ON were washed incubated in 30% 

sucrose overnight and embedded in tissue Tek OCT cryostat embedding medium (Sakura 

Finetek) as described previously (Gupta et al., 2016) in chapter 2, section 2.3.7.5.  

7.2.8 Statistical Analysis 

The ERG/STR amplitudes, fluorescence changes, and retinal thickness differences, axon 

density in optic nerve were plotted and analyzed using GraphPad Prism software (version 

6.0) (GraphPad Software, San Diego, CA). All values with error bars are presented as mean 
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± SD for given n sizes and compared by Student's t test and two-way ANOVA. The 

significance was set at p < 0.05. 

 

 

7.3 Results 

7.3.1 Intravitreal injection of microbead induced intraocular pressure elevation in animal 

eyes  

A chronic RGC degeneration model was established with repeated microbead injections into 

the anterior chamber leading to long-lasting increase in IOP were like those seen in previous 

studies (Feng et al., 2016, Gupta et al., 2012b). Twenty-four SD rats were treated with 

microbead administration unilaterally. The baseline IOP (mean±standard deviation) before 

treatment was 9.32±0.17 mmHg, 8.18±0.33 mmHg, 8.17±0.33 mmHg and 9.58±0.23 mmHg 

in the control, glaucoma, glaucoma+AAV2-scramble and glaucoma+AAV2-Shp2KD 

treated eyes (n=32), respectively, and IOP is measured using icare TonoLab. With the 

microbead treatment, the IOP of all treated eyes increased at least 12-13 mmHg from 

baseline IOP. However, the IOP of some animals returned to normal after 1-2 weeks. The 

second, third and fourth week microbead treatment was performed on these animals after the 

first treatment. The resultant IOP was again higher than the baseline and remained elevated 

during the period of two months. Figure 7.1 shows the average changes in IOP in every 

group on the control and the animal treated eyes. After microbead treatment, the mean IOP 

of the microbead injected eyes after 8 weeks in three groups was greater than 18 mmHg 

(19.84±0.17, 20.78±1.67 and 20.71±1.53) as compared to control. However, there was no 

significant difference in mean IOP among the three treated groups (p>0.05, ANOVA).  
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Figure 7.1. Effect of IOP on intravitreal AAV2 injections and microbead injection in rat eyes. IOP changes in 

rat eyes with repetitive injections of microbeads (8 weeks), a comparable increase in IOP was observed after 

anterior chamber microbead injections (n=32). 
 

 

 

7.3.2 Assessment of transgene expression in experimental glaucoma animal eyes 

We investigated the effect of AAV2 to express transgene on intravitreal injection of RGCs 

in the experimentally induced-glaucoma model. The tropism of AAV2 has been shown to 

selectively target RGCs in the rodent retina (Cheng et. al 2002; Fisher et al, 2004; Moore et 

al. 2009). Shp2 was experimentally downregulated using AAV2 containing a shRNAmir 

sequence specific to rat mShp2 (AAV2-shRNAmir-Shp2 or AAV2-Shp2KD) (Chapter 2, 

Figure 2.2). The level of Shp2 was monitored by immunofluorescence in glaucoma retinal 

sections (Figure 7.2) after AAV2 delivery. No fluorescence detection of GFP was observed 

in control and microbead injected retinal section (Figure 7.2 A and C). Enhanced GFP 

fluorescence detection on retinal sections (Figure 7.2 E and G) revealed that AAV2-mediated 

expression of the target gene in cells mostly located in the retinal ganglion cell layer (RGCL), 

while a very few were in the inner nuclear layer (INL, Figure 7.2 E, G and yellow arrow). 

* 

* 
* * 

* * 
* 

* 
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Immunohistochemistry of retinal sections (Figure7.2 G) showed that most of these GFP+ 

cells were RGCs (Xiong and Cepko, 2016, Schmitt et al., 2014) having the size and dendritic 

morphology of RGCs and possessing an axon. Antibody NeuN was used to stained neuronal 

cells in GCL. Higher expression of Shp2 fluorescence was detected in glaucoma model as 

compared to control retinas (Figure 7.2 B, D and F) indicating its higher phosphatase activity 

in high IOP condition. Suppression of Shp2 in RGCs was observed in animals exposed to 

high IOP, as shown in Figure 7.2 H. The transfection efficiency of the target gene was also 

assessed with western blot analysis, the expression of GFP and Shp2 protein in the ONH 

region. Blotting and quantitative results for GFP and Shp2 are shown in Figure 7.3. Data are 

presented as an adjusted ratio of either GFP or Shp2 to Actin. As expected, GFP was 

expressed in only rat ONH with viral vector transduction. No expression of GFP was 

detected in control and microbead injected ONH lysates since there is no expression of GFP 

is normal conditions. Intravitreally knocking down Shp2, the expression levels of Shp2 in 

optic nerve was radically down-regulated by more than sixfold compared to the control 

group (**p<0.01). These data demonstrate that AAV2 intravitreal injection is effective in 

down-regulating Shp2 in glaucoma RGCs.  
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Figure 7.2. Transgene (GFP and Shp2) expression in animal glaucoma eyes. Rat eyes were injected with viral 

constructs for Shp2 knock down. GFP co-expressed with scrambled peptide was used as control (final 

concentration, 3.4x1012GC/ml). Eyes were enucleated, sectioned, and stained with DAPI, anti-GFP and, anti-

Shp2 to evaluate expression of GFP and Shp2 respectively. Scale 50 µm. Fluorescent microscopy showing 

characteristics of GFP+ transfected cells (in green) (e, g), NeuN+ cells (red) and Shp2+ cells (yellow) (f, h) in a 

retinal slice. Most GFP+ transfected cells were in the GCL (red arrow, yellow circle). The white thin cross in 

each figure indicates the same position (Z axis) of scanning. Scale 50 µm. GCL, ganglion cell layer; INL, inner 

nuclear layer; ONL, outer nuclear layer. 
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Figure 7.3. GFP and Shp2 expression in control and glaucoma optic nerve head (ONH) lysate (A) Western 

blot shows GFP and Shp2 expression in AAV treated ONH lysate (B) Densitometry quantification of GFP 

band shows axonal uptake of AAV viral vector expressing GFP (n=16, *p<0.05) (C) Densitometry 

quantification show significant increase in expression of Shp2 in glaucoma and decreased expression of Shp2 

in ONH lysate expressing shRNAmir sequence (n=16, p<0.05).   
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7.3.3 Reduced GCL density and axon loss in response to experiment induced-glaucoma  

To evaluate the effect of high IOP we examined histopathologic and morphometric changes 

2 months after microbead injection. Ganglion cell counts were made on cross-sectional slides 

stained with H&E (Igarashi et al., 2016). No attempt was made to distinguish RGCs from 

displaced amacrine cells or other neuron-like cells, but morphologically distinguishable glial 

cells and vascular endothelial cells were excluded. The mean number of cells in the RGC 

layer or section in animals with high IOP was significantly lower than in animals remain 

untreated (Figure 7.4 A and B, ***p<0.00001; n=8 in each group; control, 99.34±3.44 cells 

%; glaucoma, 37.22±2.99 cells %). We have also examined the changes in inner retinal 

layers by measuring the thickness of inner plexiform layer (IPL) and inner nuclear layer 

(INL) in microbead injected animal eyes. No significant change was observed in IPL in high 

IOP compared to non-treated animals (Figure 7.4 C; control vs glaucoma, 79.98±0.85 µm 

vs 78.63±0.77 µm; n= 8). However, INL thickness was significantly reduced in glaucoma 

group (32.90±0.36 µm) compared to control group was 35.15±0.36 µm (Figure 7.4 C; 

***p<0.0002; n=8 in each group). Assessment of changes in optic nerve sections using 

Bielschowsky’s silver staining demonstrated a reduction (58.95 ± 2.13%; ****p < 0.0001) in 

the axonal density in glaucoma compared to control animals (84.88 ± 1.47%; n = 18) (Figure 

7.4 D and E). 
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Figure 7.4. Retinal and optic nerve morphometric changes experimentally induced high ocular pressure (A) H 

and E staining of the rat retinal sections in high ocular pressure. Non-treated treated retinas were used as 

control. Scale 50 µm. (B) Quantification indicating significant difference was observed in the GCL density in 

glaucoma rat eyes (*p<0.0001; n=16). (C) Retinal thickness demonstrated no-change in IPL under high ocular 

hypertension eyes compared to control ones where as significant decrease in INL thickness was observed in 

experimentally induced glaucoma eyes (****p<0.0002; n=16) (D) Bielschowsky's silver staining of the control 

and glaucoma ON. (E) Quantification highlighted loss of axonal density in glaucoma compared to control 

(****p<0.0001; n= 16). 
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7.3.4 Downregulation of Shp2 protects the GCL and axon loss against experimental 

glaucoma 

Shp2 was knocked down in the rat retina using AAV2-shRNAmir placed in cell specific 

CAG promoter as under experimental glaucoma model. As mentioned previously, the 

assessment of GCL and retinal layer thickness was also carried out in glaucoma conditions 

with viral injection expressing shRNAmir or scramble sequence. AAV2 expressing 

shRNAmir sequence showed no significant change in IPL but INL thickness was 

significantly protected compared to AAV2-Scramble treated animal eyes experiencing high 

IOP (Figure 7.5 A and B; n=8; Glaucoma, IPL, AAV2-Scramble, 80.17±0.70%, AAV2-

Shp2KD, 79.60±0.87%, INL, AAV2-Scramble, 26.86±0.28%, AAV2-Shp2KD, 

32.47±0.23%). However, experimentally induced-glaucoma in animal eyes receiving 

AAV2-Scramble sequence showed significant cell loss in GCL density (Figure 7.5 A and B) 

compared to Shp2 knockdown retinas (Figure 7.5 A and B). GCL density loss occurred in 

high IOP, decreasing from 63% to 38% in animals subjected to knockdown of Shp2 and 

prolonged the damage of retinal integrity by high IOP. Like the observations in cellular 

degeneration in the GCL, axonal loss in experimental glaucoma was also significantly 

attenuated by knocking down of Shp2. Axonal loss in experimental glaucoma was reduced 

from 41.05% to 27.14% after Shp2 knockdown in RGCs compared to Scramble treated 

animals (p < 0.03, Figure 7.5 D and E). Overall these experiments confirm that Shp2 plays 

important role in regulating RGCs and axonal survival in glaucoma.  
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Figure 7.5. Retinal and optic nerve morphometric changes induced by AAV2-Shp2 knockdown in high 

intraocular pressure (A) H and E staining of the rat retinal sections injected with viral vector expressing 

shRNAmir in high IOP. AAV2-Scramble treated retinas was used as control in experimental glaucoma model. 

Scale 50 µm. (B) Quantification indicating significant protection of GCL density in high IOP eyes when treated 

with AAV2-Shp2 knockdown. AAV2-Scramble injected eyes was used as control in glaucoma eyes 

(*p<0.0001; n=16). (C) Retinal thickness demonstrated no-change in IPL and INL subjected to AAV2-Shp2 

knockdown glaucoma eyes. (D) Bielschowsky's silver staining of the ON treated expressing shRNA in animal 

glaucoma eyes. (E) Quantification highlighted significant axonal density protection in glaucoma eyes subjected 

to Shp2 knockdown compared to glaucoma eyes expressing shRNA scramble sequence (***p<0.0001; n= 18). 
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7.3.5 Loss of inner retinal function in response to glaucoma  

We next compared ERG components recorded from experimental animal model of 

glaucoma. We focused on pSTRs believed to represent RGCs activity (Yukita et al., 2017). 

In comparison with healthy eyes (44.54±5.01 µV, n=8), there was a significant, 59% 

reduction in pSTR amplitude after 8 weeks of microbead injections (18.18±2.88, n=8, 

p<0.05) (Figure 7.6 A and B). However, the amplitude of –a wave and –b wave and latency 

of the ERG was not significant in either healthy or glaucoma eyes but high IOP alters the 

spikes of oscillatory potentials (OPs) (Figure 7.6 C-E). Overall, the temporal course of the 

pSTR reductions correspond to the loss of RGCs in retinas subjected to experimental 

glaucoma. 
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Figure 7.6. Effect of microbead injection on animal electrophysiology (A) Traces of pSTR from control rats 

and rat exposed to high IOP. (B) Quantification highlighting a decrease in pSTR amplitude in animal exposed 

to high IOP (n = 16; ***p < 0.0004). (C) Traces of ERG under control and glaucoma conditions (D) No change 

in –a wave amplitude but non-significant reduction in –b wave amplitude in animal exposed to high IOP 

compared to non-treated ones (E) No change in latency –a wave and –b wave under high IOP.  

 

 

7.3.6 Downregulation of Shp2 is protective against inner retinal functional loss in 

experimental glaucoma 

Corresponding to structural and functional damage that correlated with Shp2 upregulation in 

healthy retinas (Chapter 6), we next investigated the therapeutic application of viral gene 
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therapy by knocking down Shp2 in experimentally induced glaucoma animal model that 

exacerbates the severity of these changes. AAV2 viral vector expressing scramble and 

shRNAmir sequence were injected intravitreally in experimental animal model of glaucoma. 

Animal eyes were exposed to high IOP (8 weeks) and pSTR electrophysiological recordings 

were carried out (Figure 7.7). It was expected from our previous studies that exposure of 

animals to high IOP showed decline in pSTR amplitudes. Glaucoma eyes injected with 

AAV2-Scramble resulted in a notable decline in the pSTR amplitudes and comparison 

revealed that there was significantly higher protection in the pSTR amplitudes in glaucoma 

animals expressing AAV2-Shp2KD viral vector after 8 weeks (Figure 7.7 A and B; AAV2-

Scramble, 18.18±3.98 µV; AAV2-Shp2KD, 32.47±4.01 µV; n=12 in each group; p < 0.05). 

The evaluation of the whole retinal scotopic electrophysiological response and quantification 

of the a- and b-wave amplitudes and latencies indicated no change in normal retina treated 

with AAV2 viral vector expressing scramble and shRNA sequence (Figure 7.7 C-E), but a 

slight decline in average b-wave amplitudes in AAV2-Shp2KD animals exposed to high IOP 

(Figure 7.7 C-E; n = 12). However, these changes were not found to be statistically 

significant (Figure 7.7). This experiment indicated that Shp2 is playing a more specific role 

in the preservation of inner retinal function. Overall, these findings highlighted the 

involvement of Shp2 in RGCs and its genetic knockdown protects inner retinal structural 

and functional integrity changes on exposure to high IOP.  
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Figure 7.7. Effect of AAV mediated Shp2 KD on electrophysiology under high IOP experimental glaucoma 

model (A) Traces of pSTR from animal injected with AAV2-Scramble and AAV2-Shp2KD animals exposed 

to increased IOP. (B) Quantification highlighting a significant protection in pSTR amplitude in high IOP 

exposed animals subjected to Shp2 knockdown compared to AAV-Scramble (n = 16; *p < 0.05). (C) Traces of 

ERG under viral vector expressing shRNA and shRNA scramble sequence in glaucoma conditions. No change 

in –a wave and –b wave (D) amplitude and (E) latency in high IOP. 

 

 

7.3.7 Shp2 suppression augments TrkB phosphorylation in inner retina in glaucoma 

We have already seen that phosho-TrkB activity was reduced in AAV2-Shp2 overexpression 

in SHY5Y cells and in rat retina in vivo (Chapter 5 and 6). These findings lead us to 

investigate the TrkB phosphorylation activity in animal RGCs treated with AAV2-Shp2KD 
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under high IOP. Rat retina sections were subjected to immunochemistry to detect pTrkBY515 

protein levels.  As seen in Figure 7.8, decrease pTrkBY515 protein levels was detected in 

both microbead alone and microbead with AAV2-Scramble administered rat retinas mainly 

in GCL with activated microglia appear in the INL and outer segment (OS) (Figure 7.8, ii, 

iii, red arrow). Whereas, truncated and full length TrkB localization in the GCL and inner 

retinal neurons has been observed in an earlier study (Suzuki et al., 1998, Germana et al., 

2010, Kunz et al., 1976). Interestingly, pTrkBY515 protein was upregulated prominently in 

the nerve fiber layer (NFL) and enhanced staining was also observed in GCL and IPL of the 

glaucoma retina injected with Shp2KD viral vector (Figure 7.8, iv, red arrow). Inset (Figure 

7.8, iv) showing higher magnification of RGCs indicated increased staining of pTRkBY515 

and dendrites growth in activated microglial cells (inset Figure 7.8, iv white arrow). This 

experiment confirms that Shp2 knockdown rescue the TrkB phosphorylation in high IOP 

and can be used as neuroprotective strategies for glaucomatous optic neuropathy, other 

retinal and optic nerve diseases. 

  



194 
 

 

  

Figure 7.8. Knocking down of Shp2 negatively affects TrkB Y515 phosphorylation in rat retina under high 

intraocular hypertension eyes. Cryosections of rat retina shows expression pTrkB Y515 (yellow) expression in 

(i) control, (ii) glaucoma, (iii) glaucoma+AAV2-Scramble and (iv) glaucoma+AAV2-Shp2KD. Loss of 

phosphorylated TrkB activity shown with arrow red. Note the high expression of TrkB Y515 phosphorylation 

in GCL, shown in orange arrow and growth of dendrites shown in high magnification (white arrow) (Scale 20 

µm). 

 

 

7.4 Discussion 

Glaucoma management comprises mainly of two approaches to lower IOP: either surgery or 

through pharmaceutical agents that act by dropping aqueous humor formation or increasing 

the drainage outflow (Goni et al., 2016, Acharya et al., 2016). Despite these treatments, 

neurodegeneration continues to occur slowly in many cases. Therefore, there is an utmost 

need for developing new neuroprotective strategies in addition to lowering IOP. 

Neuroprotection is an important area of glaucoma research, which has made commendable 

progress in the light of key findings that demonstrate neuroprotective effects in the retina 

and ON in animal models of optic neuropathy (Li et al., 2016). Neurogenic phosphatase, 

Shp2, is present in the RGCs and regulates both positively and negatively cell signaling 
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pathways within the cell and tissue dependent manner (Lemmon and Schlessinger, 2010). In 

the current study, we modulated the expression of Shp2 in microbead injected animal model 

of elevated IOP using intravitreal injection of AAV2 viral vector expressing shRNAmir 

sequence employed within CMV-CAG hybrid promoter. AAV2 vectors have been shown to 

be safe and efficacious for use in humans and hold promise for future therapies in several 

eye diseases (Greenberg et al., 2016, Feuer et al., 2016, Bennett et al., 2016). Shp2 plays an 

important role during development and differentiation of RGCs, as evidenced in retinal 

degenerative changes including ON dystrophy in Shp2flox/flox mutant mice (Cai et al., 2011). 

The status of Shp2 in RGCs degeneration as well as its potential role in regulating the 

neuroprotective action of BDNF-TrkB signaling is largely unclear. In retina, we reported 

previously that weakening of this signaling pathway is associated with an age related inner 

retinal degenerative phenotype and exacerbation of experimental glaucoma induced RGC 

deficits (Gupta et al., 2014b). Shp2 has been shown to be predominantly expressed in the 

inner retina. Also, the other indirect role of Shp2 is reported to supporting the survival of the 

photoreceptors through the Muller cells (Cai et al., 2011, Kinkl et al., 2002). We and others 

have previously demonstrated that Shp2 interacts with TrkB in RGCs and other neuronal 

cells (Rusanescu et al., 2005).  

In this study, we report for the first time that viral vector mediated long term Shp2 

accumulation in animal RGCs and glaucomatous RGCs resemble the similar detrimental 

effect on RGCs survival. Our findings corroborate with the previous studies that the long 

term dephosphorylation of TrkB, mediated by the action of Shp2, hampers axonal restoration 

in the retina (Hollis et al., 2009, Gupta et al., 2012b). Parallel to structural and functional 

deficit, decline in TrkB phosphorylation form was marked in both Shp2 dysregulation and 

experimentally induced-glaucoma physiological conditions. These observations confirm the 
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concept-of-proof that the damaging effect to inner retina in glaucoma is pertained by the 

action of Shp2 on TrkB activity. Notably, blocking of Shp2 in RGCs accompanying high 

IOP rescued TrkB phosphorylation in the ONH and protects the impairment of inner retina 

structure and electrophysiological function in rat model of induced-glaucoma after 8 weeks. 

Considerable evidence suggests that this damaging effect was mediated by Shp2 in 

glaucoma. Initially, no inner retinal damage was observed after AAV-GFP or AAV-

Scramble injection, excluding the possibility that the differential survival was mediated by 

events related to manipulation or penetration to the eye (Chapter 6). Although our recent 

findings in cell culture showed damaging effects of Shp2 on endoplasmic reticulum (ER) 

stress response (Chapter 5). Shp2 positively regulates the unfolded protein response (UPR) 

and upregulation of ER stress and induced cell apoptosis in cell culture and in rat retina 

(Chapter 5 and 6). Therefore, the neuroprotective function of neurotrophins can be 

circumvented by Shp2 activation in glaucoma. Collectively, these observations suggest that 

Shp2 is also involved in the regulation of downstream pathway controlling TrkB activity. 

Shp2 is highly expressed in the adult retina and different parts of the brain, including the 

pituitary gland, olfactory bulb, cerebral cortex, hippocampus, cerebellum and brain stem 

(Suzuki et al., 1995, Ke et al., 2007). It is also constitutively expressed in mature RGCs, 

suggestive of its putative role in normal RGC physiology, which is not completely 

understood. Recently, we demonstrated enhanced interaction of TrkB and Shp2 in RGCs 

under stress conditions, suggesting that overexpression of Shp2 precedes neurodegenration 

(Gupta et al., 2012b). Previous studies have shown the failure in delaying RGC death 

following BDNF gene therapy after optic nerve transfection sensitizes BDNF/TrkB 

simulations to have any benefit in experimental glaucoma models (Khalin et al., 2015). 

Hence, with the sustained insult of elevated IOP in the rat glaucoma model, it appears that 

continuous TrkB activation is important for the beneficial effect. Our results showed that 
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long term Shp2 knockdown can have substantial benefit on phosphorylation activity of TrkB. 

Although, Shp2 is produced in the normal adult retina, and even by RGCs themselves, it is 

likely that progressive glaucoma hyper-phosphorylates adapter protein, caveolin (cav-1) in 

RGCs and its interaction interrupts the normal levels of Shp2 (Gupta et al., 2012b).    

We achieved high levels of RGC transfection after single intravitreal injections of AAV2 

vectors with an important element; the use of hybrid CMV-CAG promoter gives us more 

efficient transfection of retinal neurons, particularly RGCs. Transduction requires not only 

gene delivery but also efficient translation of transfecting genes into functional protein. The 

presence of introns associated with a gene of interest can increase expression (Chorev and 

Carmel, 2012). The results presented show that many neurons were transfected in the RGC 

layer. It is known that amacrine cells may represent as many as 50% of the RGC layer nuclei 

in the rat. We show clear evidence that many of the cells expressing transgenes with viral 

vector are RGCs. Their somal size is larger than the 7-µm diameter of amacrine cells, 

whereas their dendritic morphology and the presence of an axon shows that they are RGCs. 

In addition, NeuN positive neurons in RGC layer expressed GFP, indicating that they were 

not amacrine cells. However, it may be that overexpression of Shp2 by amacrines or other 

cells of the inner retina is equally effective as a mechanism for increased death of RGCs 

(Chapter 6). Although we believe that most of the cells expressing the transgene were RGCs, 

our conclusion that Shp2 knockdown is protective does not depend on exclusive transfection 

of RGCs in glaucoma. 

Clinically, it is relevant to answer one of the important question; whether or not 

neurotrophins provides long-term protection for RGCs and vision in glaucoma? Comparison 

of BDNF-mediated neuroprotection between different animal studies is not straightforward 

due to the variability of the length and degree of IOP elevation used by different 

investigators, with the result that the same molecular and cellular mechanisms may not be 
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involved in all studies (Igarashi et al., 2016, Pease et al., 2009). For example, in a rat model 

of laser-induced experimental glaucoma, RGC loss was significantly reduced by BDNF 

transfected with AAV vector at 4 weeks’ post laser illumination to the trabecular meshwork 

(Fu and Sretavan, 2010). However, another study suggested that BDNF alone made no 

significant improvement in axon survival in rats with laser induced glaucoma (Pease et al., 

2009). Ren and colleagues showed that the major parameters of the visual evoked potential 

(VEP) were protected by BDNF at 9 weeks following a transient IOP spike; moreover, visual 

acuity and contrast sensitivity were well maintained for up to 1 year (Ren et al., 2012, You 

et al., 2012b). We found that a chronic elevation of IOP produced a gradual decrease of 

pSTRs amplitude, also the loss in amplitude was similar when Shp2 overexpressed in normal 

RGCs for longer duration (8 weeks) (Chapter 6). However, knocking-down of Shp2 in high 

IOP RGCs, the loss of pSTR amplitude was reduced, consistent with previous studies in 

BDNF+/- mice (Kaplan et al., 1989). The amplitude of pSTRs we measured was the 

difference between the baseline to the positive peek from the non-filtered waveform and we 

presume therefore that it corresponds roughly to the intermediate component, which is 

believed to originate from the inner retina. Taken together, all these results support the notion 

that Shp2 knockdown exerts long-term protection on RGCs and vision, providing reason to 

believe that therapies that downregulate Shp2 or engage its signaling pathway should help 

to preserve vision in glaucoma. 

The mechanisms of how Shp2 regulates BDNF/ TrkB signaling in the central nervous system 

remain unknown. It is important for TrkB to initiate downstream survival pathways after its 

initial activation. Our findings confirmed that the loss of phosphorylated activity of TrkB in 

high IOP was activated in glaucoma-induced animal eyes treated with viral vector expressing 

Shp2-shRNAmir sequence. However, the abundance of pTrkBY515 expression in microglial 

cells was surprising given that expression of the full-length TrkB receptor has previously 
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been defined in these cells in vivo (Spencer-Segal et al., 2011). TrkB ligands such as BDNF 

may therefore participate in immune functions in the retina, such as retinal inflammation, 

through direct action on microglial TrkB receptors. An upregulation of BDNF has been 

identified in cases of brain and retinal inflammation or autoimmunity, but its role in these 

immune processes is unclear (Tao et al., 2014, Kimura et al., 2016). However, activated 

microglial cells secrete BDNF in vitro and murine microglial BDNF is needed in the 

neuronal cell for TrkB phosphorylation to maintain synaptic plasticity (Gomes et al., 2013, 

Parkhurst et al., 2013). Further investigation of the function of microglial TrkB receptors 

will likely uncover novel mechanisms for neurotrophin regulation of the neuroimmune 

response. However, more investigations are required to completely unravel the interactions 

of Shp2 and BDNF/TrkB signaling in neuronal survival mechanisms. Systemic effects of 

Shp2 modulation may also play a role in neuroprotection.  

In summary, BDNF induced TrkB activation is affected in the inner retina and ONH in 

glaucoma, leading to degenerative changes manifested in the form of decline in inner retinal 

function and GCL thinning. The involvement of Shp2 in glaucoma is evident from the fact 

that Shp2 overexpression makes the retinas and ON more susceptible to glaucomatous like 

damage (Chapter 6). Although we found a protective effect of Shp2 knockdown after 8 

weeks of IOP elevation, it is important to demonstrate that the benefit continues over longer 

periods. We also plan to investigate the molecular mechanism regarding whether other 

adaptor proteins like cav in Shp2 interaction give similar or additive neuroprotection. 

Overall, these results support the hypothesis that dephosphorylation of TrkB is mediated by 

Shp2 more aggressively in glaucoma and its knockdown alters the neuroprotective signaling 

pathways may be an important mechanism underlying the ganglion cell and optic nerve 

degenerative changes. In conclusion, our study demonstrated a major neuroprotective effect 
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of gene therapy in a glaucoma model. Development of gene therapeutic strategies may 

provide new options for the treatment of patients with glaucoma. 
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CHAPTER 8 
 

Conclusion and future directions 

 

 

Retinal and optic nerve degenerative diseases are a heterogeneous group of disorders that 

have a major impact on society, as the loss of vision brings about a loss in quality of life for 

patients and increased dependency. Glaucoma is a major cause of world blindness and 

despite current treatment strategies there is still progression in disease continues. BDNF is 

an important survival factor for RGC, both during development and in adult life. BDNF 

binds to TrkB receptor and retrogradely transported to RGC. However, the acute elevation 

of IOP in animal models shows the retrograde transport of BDNF-TrkB complex is 

obstructed in ONH. Recent advances have demonstrated the potential of viral gene therapies 

in some retinal disorders. The advantage of using AAV vectors are their small size, 

nonpathogenic and easy gene manipulation, which allow us to modify gene expression cell 

populations in animals.  

Presented work in this dissertation demonstrated the molecular insight of the BDNF-TrkB 

signaling in the neuronal cells and the potential for the gene delivery through viral vector 

strand displacement mechanism, where single stranded DNA is used for packaging and 

double-stranded DNA utilized for transcription. Using this mechanism, we have shown the 

molecular effect of Shp2 or PTPN11 modulation in SH-SY5Y cells in vitro and in animal 

RGCs. We have also shown the importance of this approach in AAV-mediated gene therapy 

treatment specific to RGCs neuroprotection in experimental glaucoma.  
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The conclusions arising from this PhD thesis include: 

1. BDNF/ TrkB signaling plays an important role in regulation of the GSK3β activity 

both in neuronal cells in culture and in retina in vivo (Chapter 3).  

2. Identified the molecular interacting residue partner and binding pattern of TrkB 

receptor with 7,8 DHF, agonist, and CTX-B, antagonist using computational 

approach (Chapter 4) 

3. Induction of PTPN11 upregulation has detrimental effect on SH-SY5Y cells. Its 

overexpression negatively regulates the TrkB receptor activity and neurtiogenesis.  

ER stress upregulation and apoptosis is commonly associated with accumulation of 

PTPN11 in SH-SY5Y cell culture (Chapter 5). 

4. Accumulation of PTPN11 in SH-SY5Y cell desensitizes TrkB receptor activation on 

exogenous treatment of BDNF while BDNF directionally regulates the ER stress 

response in SH-SY5Y cells (Chapter 5). 

5. Absence of PTPN11 in neuronal cell culture shows a beneficial effect on cell survival 

by activating the TrkB receptor activity, promotes neuritogenesis and eliminate ER 

stress (Chapter 5). 

6.  Single injection of AAV viral vector encoding Shp2 gene under CMV-CAG, hybrid 

promoter is efficient to transduce rat RGCs in vivo (Chapter 6). 

7. Long term dysregulation of Shp2 in animal RGCs is associated with inner retinal 

laminar structural and functional loss. The damage to TrkB receptor activation 

induces inner retina ER stress and leading to apoptosis (Chapter 6). 

8. Establishing molecular cross-talk that Shp2 firmly regulates the BDNF-TrkB 

receptor interaction activity in SH-SY5Y cells in vitro and in RGCs in vivo (Chapter 

5 and 6). 
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9. TrkB activation (via downregulation of Shp2) is beneficial for RGC survival in 

animal experimental model of glaucoma. Activation of TrkB in microglial cells may 

provide the indirect neuroprotection to RGCs exposed to high intraocular pressure 

and may be involved in secretion of BDNF to support the RGC survival in stress 

(Chapter 7).    

Future directions may include  

1. Recruitment of Shp2 to the TrkB receptor is believed to be carried out by the adaptor 

protein caveolin. As caveolin is highly expressed in RGCs and in glaucoma the 

caveolin is hyper-phosphorylated. A study investigating interaction of caveolin-Shp2 

in BDNF/ TrkB signaling in caveolin knockout mice and animal glaucoma model is 

being conducted. 

2. To extend the molecular gene therapy approach, addition of other neurotrophin factor 

eg. BDNF gene either alone or in conjugation with Shp2-shRNA sequence in AAV2 

can be studied to find whether it enhances neuroprotection in optic neuropathy like 

optic neuritis, glaucoma etc. 

3. Multidisciplinary approach of Shp2-shRNA capable of neuron regeneration in optic 

neuropathy animal model can be employed to explore the added mechanism of TrkB-

Shp2 interaction. 

4. Biochemical investigations to determine the role of Shp2 on TrkB downstream 

signaling in RGCs survival and apoptosis.  

5. To further improve the proof-of-concept model, a thorough study on molecular basis 

of ER stress trafficking within the glaucoma neuronal cells can establish a 

relationship between TrkB-Shp2-ER stress markers.       
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6. Implication of TrkB agonist, eg. 7,8 DHF on other tyrosine kinases receptor, like 

VEGFR1 and VEGFR2, in glaucoma and other retinal diseases. 

7. AAV mediated shp2-knockdown can be used in larger number of rodent models of 

glaucoma as well as clinical trials to evaluate its neuroprotective effect in vivo. 

 

 

 

 

 

 

 

 

Figure 8.1. Schematic representation of BDNF-TrkB downstream signalling altered by Shp2. 

Misfolded protein accumulation bring changes in endoplasmic reticulum stress markers (IRE1α, 

ATF6 and PERK) which are possibly implicated in progression of RGCs axon damage in glaucoma 
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