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 The purpose of this study was to explore the possibility of utilizing antioxidants to 

mitigate oxidative stress induced apoptosis related to neurodegenerative diseases such as 

glaucoma. Our hypothesis is that in diseases related to an imbalanced redox status, whatever the 

primary cause may be, the loss of function may be prevented by antioxidants at the level of 

alleviating oxidative burden and preventing apoptotic signaling events. Application of these 

antioxidants to the site of injury can be improved using nanoparticle delivery methods.  

 We have done work to characterize a model of mitochondrial associated oxidative stress 

induced cell death and obtained neuroprotective profiles on a group of antioxidants using this 

model. We have found that estrogens and phytoestrogens, as well as thiol containing 

antioxidants, function well as neuroprotectants in our in vitro model. Nanoparticle delivery of 

these models is a promising intervention and we therefore did work to optimize the 

characteristics of encapsulating one of these antioxidants, N-acetyl cysteine, in Poly(lactic-co-

glycolic acid) nanoparticles, which can be localized to the retina. Intravitreal injection of these 

particles is the preferred delivery route to retinal cells and has not been fully explored. We 

provide evidence to suggest that the intravitreal injection of nanoparticles is not detrimental to an 

animal’s vision.  
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 Taken together, the results of our experiments suggest that antioxidants remain a 

promising intervention in diseases related to mitochondrial associated oxidative stress, and that 

these drugs, when encapsulated in nanoparticles, can be delivered to the retina via intravitreal 

injection without deleterious side effects.  
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CHAPTER I 

INTRODUCTION 

 

Problem and Purpose 

 Optic neuropathies are a group of neurodegenerative disorders affecting the neurons of 

the retina and optic nerve. Glaucoma is one such optic neuropathy. Glaucoma is the second 

leading cause of blindness worldwide behind cataracts, making it the leading cause of 

irreversible blindness worldwide, affecting 90 million people and two million Americans. It is 

estimated that in 2010 over 8.4 million people across the world will suffer total bilateral 

blindness due to glaucoma (1). 

 The loss of vision in glaucoma is caused by optic nerve degeneration that is commonly 

related to high intraocular pressure (IOP) among other symptoms. Though the cause of the 

disease is multifactorial, the eventual loss in vision can be attributed to the apoptosis of retinal 

ganglion cells (RGCs) (2). Apoptosis of RGCs was first observed in rats after axotomy (3). 

TUNEL- positive labeling has shown that apoptosis is a mechanism of RGC cell death in 

humans with primary open angle glaucoma (POAG) (4). 

 Currently, there is a critical need for a pharmaceutical intervention that is effective at 

preventing apoptosis of RGCs. Treatments for optic neuropathies today do not offer the 

possibility of regaining vision loss and currently do not effectively prevent vision loss in all 

patients. The current gold standard of therapy for POAG with increased IOP is to administer IOP 

lowering drugs and if progressive vision loss continues to undergo trabeculectomy. Reports over 
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the last decade of effectiveness of these treatments vary considerably from 24-81% effective in 

preventing further loss of vision (5). The underlying cause behind the current ineffectiveness of 

standard glaucoma therapy is the fact that these drugs do not treat the eventual loss of vision. 

Though increased IOP is the number one risk factor in POAG (6), the eventual loss of vision is 

caused by the apoptosis of RGCs (4). The invention of a pharmaceutical that can prevent 

apoptosis of RGCs in optic neuropathies, and be administered with IOP lowering drugs, can 

prevent vision loss in millions of Americans as they age.   

 There is much evidence for the contribution of oxidative stress in the pathology of optic 

neuropathies such as glaucoma. RGCs are central nervous system neurons, which makes them 

more susceptible to oxidative stress because of the concentration of polyunsaturated fatty acids 

making up membranes, and their oxygen consumption, which is almost 20% of the body’s total 

oxygen (7).  They are also more susceptible to oxidative damage than other CNS neurons 

because of their exposure to direct sunlight (8). Some theorize that the generation of reactive 

oxygen species (ROS) is ischemia induced (9), others suspect the inhibition of retrograde 

neurotrophin support due to increased IOP (2), and yet another school of thought points to 

glutamate excitotoxicity as the culprit for increased ROS and RGC cell death (10). No matter 

what the cause of ROS generation, there is a mounting group of evidence implicating oxidative 

stress as a determining factor for RGC death in neurodegenerative eye disorders and particularly 

in POAG patients. In aqueous humor samples taken from POAG patients there was a significant 

reduction in the amount of water soluble antioxidants, a 60% increase in superoxide dismutase 

activity and a 3 fold increase in glutathione peroxidase activity compared with controls (11). The 
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levels of the reduced form of glutathione and total glutathione where found to be decreased in 

peripheral blood serum of POAG patients (12). Plasma levels of an oxidative byproduct, 

malondialdehyde where also found to be three times greater in POAG patients compared with 

controls (13).  

 In diseases related to increased oxidative load, which includes central nervous system 

diseases, antioxidants remaining a promising intervention. Thus far, a lack of clinical trials that 

examine the capability of antioxidants to infer neuroprotective benefits has inhibited potential 

progress of antioxidants as neuroprotectants (14). Only three current glaucoma therapies have 

been shown to possibly be neuroprotective. The hypotensive α2-adrenoreceptor agonists, 

brimonidine and clonidine (15), and the beta blocker betaxolol (16) have been shown to be 

somewhat neuroprotective in rats in vitro, yet it is difficult to determine whether this affect is 

afforded by the drugs IOP-lowering capabilities. 17β−estradiol has shown neuroprotective 

capabilities, however, may have unwanted feminizing side effects (17) and estrogen analogues 

and derivatives that abolish the latter effects have been developed (18). Several over-the-counter 

antioxidants have proven neuroprotective in in vitro and in vivo assays including: vitamin E (19, 

20, 21), coenzyme Q (22), Gingko Biloba extract (23), and vitamin A (24).  

  The purpose of the present study was to explore the possibilities of utilizing antioxidants 

to mitigate oxidative stress induced apoptosis. We hypothesize that whatever the primary cause 

of inducing an imbalanced redox status, be it genetic contribution or increased IOP, the loss of 

RGCs can be prevented at the level of relieving oxidative burden and reversing apoptotic cell 

signaling. The application of antioxidants that afford neuroprotection alone or along with IOP-
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lowering compounds could prevent vision loss due to apoptosis. The delivery of antioxidants to 

the retina can only be achieved through the systemic delivery of large concentrations of 

compounds that can cross the blood retina barrier or intravitreal injection. Intravitreal injection, 

however, can not be performed often; therefore the application of a sustained delivery drug 

would reduce patient risk and discomfort. Nanoparticles are a plausible solution to this delivery 

dilemma. The eye is a good environment to study the use of nanoparticles because of the organ’s 

isolation from the periphery. In the proceedings, we explore the use of antioxidants in mitigating 

oxidative cell death and their delivery encapsulated in nanoparticles. 
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CHAPTER II 

IN VITRO MODEL FOR OXIDATIVE STRESS IN OPTIC NEUROPATHIES     

 

Introduction 

 The data that we have collected, and thus based or rationale, utilizes an in vitro model of 

RGC cell death that mimics a mitochondrial associated apoptosis. For several reasons, we used 

the immortalized cell line, RGC-5. Cell lines are more practical for use in high throughput assays 

and for immunoblotting because of the volume of cells and protein that can be obtained. RGC-5 

cells maintain many characteristics of primary neurons like RGCs including the expression of 

Thy1 and Brn3b proteins (25), the cystine-glutamate exchanger (26), aquaporin 9 (27), epidermal 

growth factor receptor (28), dynamin related GTPase and optic atrophy type 1(29). There is also 

increasing evidence that RGC-5s behave as primary RGCs would in disease state. Recently, 

exposure to the glaucoma-associated mutant of optineurin selectively killed only RGC-5s (30), 

and in a microarray analysis of RGC-5s exposed to serum deprivation, many upregulated genes 

are also upregulated in vivo during increased IOP (31). Conversely, some have recently 

suspected the neuronal cell line to be derived from a different origin (32). This new information 

however, does not impact our study because the cell line has shown to be neuronal in origin and 

a suitable model for neuroprotection. 

 Our hypothesis is that mitochondrial dysfunctions result in the accumulation of oxidative 

stress, culminating in the apoptosis of neurons in neurodegenerative diseases. In order to emulate 

this condition in vitro, we induced a mild, mitochondrial-associated oxidative stress. Iodoacetic 
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acid (IAA) is a metabolic inhibitor that irreversibly depletes the amount of ATP present in a cell. 

The basis of action for IAA is its ability to inhibit the cytosolic glycolytic enzyme, 

glyceraldehyde-3-phosphate dehydrogenase (33). The degenerative effects of IAA on the 

vertebrate retina were first described in 1951, and have since been used to simulate many 

degenerative diseases involving oxidative stress in vitro (34). It has been utilized to induce 

neurodegeneration in many cell types including: cerebellar granule cells (35), primary cortical 

neurons (36), and chick retinal cells (37). The effects of IAA also seem to mimic the effects we 

see in animal models of retinal ischemia. This includes loss of ATP levels (36, 33), increase in 

ROS (36), breakdown of phospholipids (38) and alterations in membrane potential (39).  In vivo, 

morphology of neurons affected by IAA cytotoxicity resembles the morphology of neurons 

affected by ischemia (40). It has also been shown to result in an increase in the amounts of 

sodium and calcium and a decrease in the amounts of potassium and magnesium in the 

mitochondria, cytoplasm and nucleus. Structural changes in the mitochondria occur at 1.5 hours 

of treatment in cardiac myocytes. These changes include swelling or shrinking of the 

mitochondria as well as a distortion of the cristae within (41). We believe that the induction of 

oxidative stress in RGC-5s through the use of IAA treatment is a suitable and convenient model 

for testing the ability of antioxidant compounds in alleviating cell death in simulated glaucoma 

conditions.  
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Materials and Methods 

Cell culture 

 Transformed RGC-5 cells were grown in Dulbecco’s modified Eagles medium (DMEM) 

with 10% fetal bovine serum, 100 U/mL penicillin and 100 µg/mL streptomycin (Gibco) in a 

water jacketed incubator with an humidified 37° C atmosphere consisting of 95% room air and 

5% CO2. The cells were passaged by trypsinization every 2 days. The doubling time for RGC-5 

cells is approximately 20 hours (25). 

Cell viability 

 RGC5 cells were seeded into 96 well plates at approximately 3,000 cells per well and 

cultured overnight in DMEM with 10% FBS and 1% antibiotics. Before treatment, the cells were 

washed with DMEM free of serum and antibiotics and it was added to each well. They were 

treated with varying concentrations of IAA from 2-10 µM (Sigma-Aldrich) for 24 hours in serum 

free medium. The effects of treatment of IAA on RGC-5 cell viability were quantified with 

Calcein AM fluorescent staining (Sigma-Aldrich) as previously described (42). The basis for 

Calcein AM activity indicating cellular viability comes from the activity of intracellular 

esterases. Calcein AM is lipophilic and enters the cell where esterases cleave it into a 

fluorescent, cell membrane impermeable dye. In order to reduce extracellular esterase 

contribution cells where washed with and incubated in PBS prior to treatment with 2 µM Calcein 

AM for 30 minutes at room temperature. Fluorescence was detected at an excitation of 485 nm 

and emission of 530 nm using a BioTek Synergy2 plate reader and Gen5 software by BioTek. 

Values were then normalized to background fluorescence and are expressed in relative 
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fluorescent units (RFU). Morphological changes in RGC-5 cells after IAA and antioxidant 

treatment were observed under light microscope.  

Caspase activation 

 Caspase activity was determined utilizing the fluorimetric dye Ac-DEVD-AMC (Sigma 

Aldrich), a substrate that is preferentially cleaved by Capase-3. The resultant 7-amino-

4methylcoumarin (AMC) was detected at an excitation of 360 nm and emission at 460 nm using 

a BioTek Synergy2 plate reader and Gen5 software by BioTek. Values were normalized to 

background fluorescence and then to cell number as determined by Calcein AM values in the 

same well. Results are expressed in RFU as a value of cell number and represent two separate 

experiments.  

ROS generation 

 Involvement of ROS was determined by H2DCF (dichlorofluorescein)-DA fluorescent 

assay (Sigma Aldrich). H2DCF enters the cell where it is cleaved by intracellular esterases 

making it membrane impermeable. The resulting molecule can then be oxidized by free radicals 

such as hydrogen peroxide, nitric oxide and perooxynitrite, indicating a degree of generalized 

oxidative stress (43). Fluorescence was detected at an excitation of 485 nm and emission of 530 

nm using a BioTek Synergy2 plate reader and Gen5 software by BioTek. 

Immunoblotting 

 Phosphorylation status of p90RSK was determined using the PathScan Multiplex 

Western Cocktail I from Cell Signaling Technologies. Antibodies included are against: Phospho-
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p90RSK (Ser380), Phospho-Akt (Ser473), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), 

Phospho-S6 Ribosomal Protein (Ser235/236), and eIF4E. Phosphorylation status of ERK1/2 was 

evaluated utilizing p-ERK (E-4) (Tyr204) from Santa Cruz Biotechnology and control blots were 

obtained with Actin (C-2) from Santa Cruz Biotechnology.  

JC-1 mitochondrial staining 

 Depolarized mitochondrial membrane potential (ΔΨ) was determined using JC-1 staining 

(Calbiochem). Cells were seeded into glass bottom dishes at 7,000 cells per well. Cells were 

cultured overnight in DMEM containing 10% FBS and 1% Pen-Strp. Before treatment, cells 

were washed twice with and cultured in serum free DMEM. Dishes were treated for 24 hours 

with IAA and phytoestrogens as described earlier. Stable ΔΨ causes a shift in fluorescence from 

530 nm in the monomeric form, to 590 nm from the J-aggregates. 96-well plate values were 

quantified using a BioTek Synergy2 plate reader and Gen5 software by BioTek Changes in ΔΨ 

were visualized using the argon laser of a Zeiss LSM, and quantified using a plate reader.  

Statistical analysis 

 Statistical significance was determined by one-way analysis of variance (ANOVA). P < 

0.05 was considered significant for all experiments. 
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Results 

Effects of IAA on RGC-5s 

 RGC-5s were susceptible to IAA induced cytotoxicity within the micromolar range, with 

an approximate IC50 value of 6 µM (Figure 1A) as determined by Calcein AM assay. 

Morphological differences were apparent when compared to control, serum deprived RGC-5s 

(Figure 1B), after 24 hours of 6 µM IAA treatment (Figure 1C). Structural changes included 

rounding up and lifting off, characteristics of apoptotic cell death. IAA induced the generation of 

ROS in RGC-5s (Figure 1B) determined by H2DCF assay. Phosphorylation status of growth 

factor related mitogen activated kinases (MAPK), known as Extracellular-signal relate kinases 

(ERK1 and 2) was shown using immunoblotting (Figure 1E).Phosphorylation of ERK 1 and 2 

was decreased after 24 hours of 6 µM IAA treatment compared with control, FBS supplemented 

DMEM treated RGC-5s. p90RSK is an example of ribosomal S6 kinases, which acts as a 

serine/threonine kinase upon growth factor signaling, assisting in initiating translation and 

transcription factor activation. A basal level of phosphorylation of p90 RSK was increased after 

2 hours of 6 µM IAA treatment (Figure 1F).  

Effect of IAA on ΔΨ   

  ΔΨ collapses during mitochondria-related apoptosis. The ΔΨ detecting dye, JC-1, allows 

one to detect the changes in ΔΨ by forming a red fluorescent monomer when ΔΨ is intact 

enough for it to cross the mitochondrial membranes into the matrix. In the cytoplasm it forms a 

green polymer. 24 hours after treatment with 6 µM IAA, ΔΨ was collapsed in RGCs (Figure 2). 

The upper panel, labeled normal, shows fluorescence of the red monomeric form of JC-1 that 
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occurred during normal ΔΨ. Intensity of fluorescence was greatly reduced after 24 hours of 6 

µM IAA treatment, indicating a lack of healthy, functioning mitochondria. The center panel 

labeled collapsed, shows the fluorescence of the green polymeric form of JC-1 that was formed 

when the chemical builds up in the cytosol due to collapsed ΔΨ. Control cells exhibited a basal 

level of green fluorescence due to normal mitochondrial turnover. 6 µM IAA treated RGC-5 

cells exhibited an increased level of green fluorescence compared to control cells, indicating 

higher numbers of non-functional mitochondria. The lower panel, labeled merge, shows the 

merge of red and green fluorescence in the above panels. Control RGC-5s exhibited a yellow 

merged fluorescence due to the normal turnover of mitochondria. In the 6 µM IAA treated cells, 

we saw a loss of yellow merged fluorescence due to the decreased red fluorescence caused by 

loss of ΔΨ. 
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Figure 1: IAA is cytotoxic via generation of ROS and causes changes in phosphorylation of 

cell survival proteins.  

 A) Percent Survival of RGC-5s to IAA after 24 hours determined by Calcein AM assay. 

*P<0.0099 as determined by unpaired T test. Replicates are N=16. B) Morphology of RGC-5 

after 24 hours of control environment and C) 6 µM IAA treatment. D) Generation of ROS in 

RGC-5 after 24 hours IAA treatment determined by H2DCF (dichlorofluorescein)-DA assay. 

*p<0.0001 as determined by unpaired T test. Replicates are N=16.  E) Immunoblot against P-

ERK ½ from cell lysates after 24 hrs of control, serum supplemented environment and IAA 

treatment. N=2 F) Immunoblot against P-p90 RSK from cell lysates after the first two hours of 

IAA treatment. N=2. 
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Figure 2: IAA collapses ΔΨ . 

 Collapse of ΔΨ after 24 hrs determined by JC-1 fluorescent dye for Control and IAA 

treated RGC-5s. Normal ΔΨ is indicated by red fluorescence shown in the upper panel. 

Collapsed ΔΨ is indicated by green fluorescence shown in the center panel. Merge of red and 

green fluorescence is shown in the lower panel. 
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CHAPTER III 

ANTIOXIDANTS ARE NEUROPROTECTIVE IN AN IN VITRO MODEL OF 

OXIDATIVE STRESS IN OPTIC NEUROPATHIES 

 

Introduction 

 Phytoestrogens are a class of flavonoids found in plants that can be consumed in high 

dietary concentrations. They function as free radical scavengers utilizing a phenolyic ring 

structure with a hydroxyl residue. There has been an increasing interest in the application of 

phytoestrogens in human disease due to accumulating evidence that they also have anti-

inflammatory, anti-nociceptive (44), and neuroprotective properties (45). 

 Phytoestrogens are a plausible alternative for estradiol because these phenolic compounds 

of similar structure only weakly interact with estrogen receptors resulting in both weak 

estrogenic or antiestrogenic outcomes (46). Interest in phytoestrogens as neuroprotectants was 

spurred by a group of studies involving beneficial foods containing dietary flavonoids. One study 

showed a reversal of age-related cognitive and motor decline after a lifetime of diets 

supplemented with blueberries, strawberries, and spinach in mice (47). Dietary flavonoids have 

since been shown to induce Phase II detoxification enzymes, in particular heme-oxygenase-1 

(48). 

 The flavonol Kaempferol may contribute up to 30% of the dietary flavonoids consumed 

in fruits and vegetables (49). It is found in tea, red wine, and various plants (50). Kaempferol has 

proven neuroprotective in many neuronal cell types including striatal (51, 52), cortical (53, 54), 
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photoreceptors (55), PC12 pheochromocytoma cells (50),  and cerebellar granule cells (56). 

Kaempferol only weakly binds (0.1-3% of radiobindng assay concentrations for estradiol) 

estrogen receptors (57) and kaempferol has been shown to inhibit monoamine oxidase in rat 

primary cortical cells (58) and caspase-3 in several neuronal cell types (52, 54, 49). Kaempferol 

has also been shown to activate phosphorylation of MAPK in PC12 cells (50). 

 Genistein only weakly binds ER-α and binds ER-β with 87% the affinity of estradiol 

(57). Genistein has proven cytoprotective in many neuronal cell types as well, including cortical 

(59, 60, 61, 62), astroglial (63), and hippocampal cells (64). Genistein is a well-established 

tyrosine kinase inhibitor and has therefore been characterized to inhibit the phosphorylation of 

p44/42 and Akt in many cell types (65). Genistin is the glycosylated form of genistein and it is 

often used as a control because it does not exhibit the tyrosine kinase inhibitory properties of 

genistein. Genistein occurs naturally as genistin in plants from the Leguminosae family including 

soy (66). The neuroprotective affects of genistin have not been fully explored, however, it was 

shown to protect primary hippocampal neurons against glutamate and β-amyloid toxicity (67). 

 N-acetyl cysteine (NAC) is an over-the-counter available antioxidant that has proven 

neuroprotective in many neuron cell types (68, 69, 70, 71, 72, 73). NAC is a plausible 

antioxidant therapy because it has been used widely for some time, has undergone clinical trials, 

and is currently used as a therapy for acetaminophen poisoning and a mucolytic agent in 

respiratory disease (74), showing us that it is safe for human ingestion. NAC acts as an 

antioxidant with a thiol free-radical scavenging group. It can also donate it’s cysteine residue to 

become a precursor for glutathione, an intracellular free radical scavenger and the main 
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endogenous antioxidant in RGCs. Glutathione appears to protect Cytochrome Oxidase Complex 

I of the mitochondrial electron transport chain from damage due to nitric oxide (75). NAC could 

potentially be neuroprotective to RGCs by scavenging free radicals, increasing glutathione 

levels, preserving mitochondrial function, and activating cell survival pathways.  

 The signaling events that occur when administering antioxidants have been studied in 

hopes of attaining a mechanism for neuroprotection (Figure 3). The central mediators found to be 

affected by antioxidant treatment include ERK, MAPK family members, Ras, PI3K/Akt, and 

downstream mediators: p53, p38, JNK, and NF-κB (76). p44 and p42, known as ERK1 and 

ERK2 respectively, are MAPKs and can be activated by a variety of external stimuli including 

growth factors via tyrosine phosphorylation. MAPK influence a variety of substrates regulating 

transcription, translation, cytoskeleton, receptors, and ion channels (77). Akt is a known proto-

oncogene, which promotes cell survival and proliferation traditionally through the 

Ras/PI(3)K/Akt/IKK/NF-kappaB pathway (78). Growth factors also induce the phosphorylation 

of S6 Ribosomal Protein through Akt and mTOR/p70RSK phosphorylation. Phosphorylation of 

S6 results in increased mRNA translation, which promotes cell survival (79). p90RSK is a 

ribosomal S6 kinases that acts as a serine/threonine kinase related to growth factor signaling. It is 

known to activate MAPK and phosphorylate CREB transcription factor which promote cell 

survival. They have also been shown to phosphorylate BAD, which suppresses BAD-mediated 

apoptosis (80).  

 There is conflicting evidence about the affects of activation of these mediators in 

different cell types. Generally, activation of ERK, Ras, PI3K/Akt, and NF-κB result in a 
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prosurvival response to increased oxidative load, whereas activation of p38 and JNK usually lead 

to apoptotic cell death (76). Activation of ERK appears to decrease with age in the naturally 

aging human (81). During oxidative stress, activation of ERK results in a prosurvival signaling 

cascade (82). Phosphorylation of ERK is protective in renal epithelial cells when exposed to 

hydrogen peroxide (83). ERK activation is indeed neuroprotective as well. Treatment of 17β-

estradiol in rat retinas resulted in phosphorylation of ERK 1 and 2 which was neuroprotective 

against NMDA induced excitotoxicity (84). In transgenic mice, over expressing erythropoietin 

increased phosphorylation of ERK1 and 2, which was neuroprotective against axotomy in RGCs 

(85). The PI3K/Akt pathway also promotes cell survival. It has proven neuroprotective to PC-12 

cells, and superior cervical ganglion cells (86, 87). In an episcleral vein cauterization model of 

glaucoma, phosphorylation of Akt is neuroprotective to RGCs (88). Many times the two pro-

survival pathways, ERK and Akt, may be activated together to prevent apoptosis. In a 

photocoagulation model of glaucoma, phosphorylation of ERK and Akt occur and promote RGC 

survival (89). In axotomy models of glaucoma, phosphorylation of ERK and Akt induced by 

BDNF or VEGF was neuroprotective to RGCs (90, 91). NAC has been shown to induce 

phosphorylation of ERK in cultured cortical neurons and afforded neuroprotection (92).  

 We utilized our previously described model of oxidative cell death to examine the 

efficiency of the aforementioned antioxidants in mitigating the affects of this type of cell death. 

These antioxidants were chosen for their ability to influence redox status and cell signaling and 

we have examined their roles in influencing apoptotic mechanisms and symptoms, which result 

in cell survival.  
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Figure 3: Pathway diagram of growth factor receptor related cell survival signaling. 

 Illustration of the pathways of interest in neuroprotection via the administration of 

antioxidants. In normal cell function, growth related signaling factors are activated by signaling 

at the cytoplasmic domain of a transmembrane growth factor receptor or receptor tyrosine 

kinase.  
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Materials and Methods 

Cell culture 

 Transformed RGC-5 cells were grown in DMEM with 10% fetal bovine serum, 100 

U/mL penicillin and 100 µg/mL streptomycin (Gibco) in a water jacketed incubator with an 

humidified 37° C atmosphere consisting of 95% room air and 5% CO2. The cells were passaged 

by trypsinization every 2 days. The doubling time for RGC-5 cells is approximately 20 hours 

(25). 

Neutral red assay 

 The effects of treatment of IAA with ZYC-3 on RGC-5 cell viability were quantified 

using neutral red dye uptake assay(25). Cells were treated with 6 µM IAA and varying 

concentrations of ZYC-3. Treatment medium was aspirated and the wells washed twice with 

HEPES buffer containing 125 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 2 mM MgCl2, 0.5 mM 

NaH2PO2, 5 mM NaHCO3, 10 mM D-glucose, 10 mM  HEPES, pH 7.2. Neutral red dye was 

then added to each well at 0.033% suspended in HEPES buffer. They were incubated with gentle 

mixing at room temperature for 2 hours. The wells were then washed twice with HEPES buffer 

and allowed to dry overnight. The cells loaded with neutral red dye were solubilized in 500 µL 

of solubilization buffer containing 1% acetic acid and 50% ethanol for 20 minutes. Optical 

densities of the neutral red dye were measured with spectrophotometry at 570 nm.  

Calcein AM assay 

 RGC5 cells were seeded into 96 well plates at approximately 3,000 cells per well and 

cultured overnight in DMEM with 10% FBS and 1% antibiotics. Before treatment, the cells were 
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washed with DMEM free of serum and antibiotics and it was added to each well. They were 

treated with varying concentrations of IAA from 2-10 µM (Sigma-Aldrich) in the presence and 

absence of one of phytoestrogens in concentrations of 5-50 µM, 17β-estradiol from 0.5-5 µM 

(Sigma-Aldrich), or 2 mM NAC for 24 hours in serum free medium. The effects of treatment of 

IAA and the antioxidants on RGC-5 cell viability were quantified Calcein AM fluorescent 

staining (Sigma-Aldrich) as previously described. (42) The basis for Calcein AM activity 

indicating cellular viability is based on the activity of intracellular esterases. Calcein AM is 

lipophilic and enters the cell where esterases cleave it into a fluorescent, cell membrane 

impermeable dye. In order to reduce extracellular esterase contribution cells where washed with 

and incubated in PBS prior to treatment with 2 µM Calcein AM for 30 minutes at room 

temperature. Fluorescence was detected at an excitation of 485 nm and emission of 530 nm using 

a BioTek Synergy2 plate reader and Gen5 software by BioTek. Values were then normalized to 

background fluorescence and are expressed in RFU.  

Caspase activation 

 Caspase activity was determined utilizing the fluorimetric dye Ac-DEVD-AMC (Sigma 

Aldrich), a substrate that is preferentially cleaved by Capase-3. The resultant 7-amino-

4methylcoumarin (AMC) was detected at an excitation of 360 nm and emission at 460 nm using 

a BioTek Synergy2 plate reader and Gen5 software by BioTek. Values were normalized to 

background fluorescence and then to cell number as determined by Calcein AM values in the 

same well. Results are expressed in RFU as a value of cell number and represent two separate 

experiments.  
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ROS generation 

 Involvement of ROS was determined by H2DCF (dichlorofluorescein)-DA fluorescent 

assay (Sigma Aldrich). H2DCF enters the cell where it is cleaved by intracellular esterases 

making it membrane impermeable. The resulting molecule can then be oxidized by free radicals 

such as hydrogen peroxide, nitric oxide and perooxynitrite, indicating a degree of generalized 

oxidative stress (43). Fluorescence was detected at an excitation of 485 nm and emission of 530 

nm using a BioTek Synergy2 plate reader and Gen5 software by BioTek. 

Immunoblotting 

 Phosphorylation status of cell survival related signaling molecules was determined using 

the PathScan Multiplex Western Cocktail I from Cell Signaling Technologies. Antibodies 

included are against: Phospho-p90RSK (Ser380), Phospho-Akt (Ser473), Phospho-p44/42 

MAPK (Erk1/2) (Thr202/Tyr204), Phospho-S6 Ribosomal Protein (Ser235/236), and eIF4E. 

Phosphorylation status of ERK1/2 was evaluated utilizing p-ERK (E-4) (Tyr204) from Santa 

Cruz Biotechnology and control blots were obtained with ERK (MK1) or Actin (C-2) from Santa 

Cruz Biotechnology. Phosphorylation status of Akt was evaluated using p-Akt1 (Thr308) and 

control was evaluated using Akt1 (G-5) from Santa Cruz.  

JC-1 mitochondrial staining 

 Depolarization of ΔΨ was determined using JC-1 staining (Calbiochem). Cells were 

seeded into 96-well plates as described earlier. Cells were cultured overnight in DMEM 

containing 10% FBS and 1% Pen-Strp. Before treatment, cells were washed twice with and 

cultured in serum free DMEM. Dishes were treated for 24 hours with IAA and phytoestrogens as 
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described earlier. Stable ΔΨ causes a shift in fluorescence from 530 nm in the monomeric form, 

to 590 nm from the J-aggregates. 96-well plate values were quantified using a BioTek Synergy2 

plate reader and Gen5 software by BioTek Changes in ΔΨ were visualized using the argon laser 

of a Zeiss LSM, and quantified using a plate reader.  

Mass spectrometry 

  Mass spectra were acquired on a quadrupole ion trap instrument (LCQ, Thermo Fisher, 

San Jose, CA) operated with the manufacturer’s Excalibur 1.4 software.  Electrospray ionization 

(ESI) was employed in the negative-ion mode.  The capillary voltage and temperature were set to 

−4.5 kV and 200 °C, respectively. The sheath gas flow was 40 units, and no auxiliary gas flow 

was used. Aliquots (10 µL) of the sample were mixed with methanol (190 µL, HPLC grade) for 

analysis. A liquid sample flow of 5 µL/min was used for direct sample infusion by the syringe 

pump built into the instrument.  Mass spectra were acquired through automatic gain control to 

adjust trapping of the ions based on two 200-ms microscans and 1x108 as the target ion count. 

Ten scans were averaged to obtain ESI mass spectra for inspection. 

Statistical Analysis 

 Statistical significance was determined by one-way ANOVA. P < 0.05 was considered 

significant for all experiments. 
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Results 

17β-Estradiol and its synthetic analog, ZYC-3, were neuroprotective, but some 

phytoestrogens were not.  

 17β-Estradiol was neuroprotective to RGC-5s in the face of IAA treatment, demonstrated 

through Calcein AM assay (Figure 4A). Estradiol also decreased ROS generation by IAA in 

RGC-5s, demonstrated by use of H2DCF (Figure 4B). Fisetin hydrate (Figure 4C) and apigenin 

(Figure 4D) were not neuroprotective to RGC-5s against IAA in our in vitro model, shown by 

Calcein AM, and therefore will not be discussed further. ZYC-3 is a synthetic analog of 17β-

Estradiol, designed to eliminate the deleterious side effects of estrogen receptor activation (93). 

ZYC-3 was neuroprotective against 6 µM IAA cytotoxicity when treatment was simultaneous 

(Figure 4E) or when RGC-5s were pretreated with ZYC-3 for 2 hours before its removal and the 

addition of IAA (Figure 4F).  

Kaempferol mitigated the cytotoxic effects of IAA 

 Kaempferol’s chemical structure allows it to act as a free radical scavenger utilizing 

hydroxyl groups and a conjugated ring structure (structure courtesy of Sigma Aldrich) (Figure 

5A).  When simultaneously treated with 6 µM IAA and increasing doses of kaempferol, we 

observed increased cell viability using the Calcein AM assay, indicating that kaempferol 

mitigated IAA induced cytotoxicity (Figure 5B). Kaempferol also mitigated caspase activation 

(Figure 5C) and the generation of ROS (Figure 5D). Basal levels of phosphorylation of cell 

survival related proteins remained stable during the first two hours in control, serum deprived 
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RGC-5s. Kaempferol is a RSK inhibitor and thereby decreased phosphorylation of p90RSK and 

S6. Kaempferol affected activation of Akt and p44/p42 at 60 minutes (Figure 5E). 

Genistein mitigated cytotoxity but not caspase activation or ROS generation 

 Genistein’s chemical structure, like kaempferol’s, allows it to function as a free radical 

scavenger (structure courtesy of Sigma Aldrich) (Figure 6A). When simultaneously treated with 

6 µM IAA and escalating doses of genistein, RGC-5s exhibited increased cell viability 

suggesting genistein mitigated IAA induced cell death (Figure 6B). Genistein did not inhibit 

caspase activation due to IAA, and alone induced caspase activation at concentrations higher that 

30 µM (Figure 6C). Genistein did not inhibit the generation of ROS at concentrations of 20 µM 

or less, but did at higher concentrations which also activated caspases (figure 6D). Basal levels 

of phosphorylation of cell survival related proteins remained stable during the first two hours in 

control, serum deprived RGC-5s. Genistein is a tyrosine kinase inhibitor and thereby affects 

activated p42 levels and is expected to affect activated Akt levels. Genistein increased 

phosphorylation of p90RSK and decreased phosphorylation of S6 (Figure 6E). 

Genistin mitigated cytotoxicity due to IAA 

 Genistin, a glycosylated form of genistein, acts as a free radical scavenger utilizing the 

same hydroxyl groups and a conjugated ring structure (structure courtesy of Sigma Aldrich) 

(Figure 7A).  Simultaneous treatment with 6 µM IAA and increasing doses of genistin displayed 

increased cell viability during Calcein AM assay indicating that genistin mitigates IAA induced 

cytotoxicity (Figure 7B). Genistin also mitigated caspase activation (Figure 7C) and the 

generation of ROS (Figure 7D). Basal levels of phosphorylation of cell survival related proteins 
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remained stable during the first two hours in control, serum deprived RGC-5s.  Genistin 

decreased p42 and p90 RSK activation when compared to control (Figure 7E). 

Chemical stability of phytoestrogens 

 A pilot stability study emulating assay conditions and employing negative-ion ESI mass 

spectrometric detection revealed no apparent loss of IAA and phytoestrogens, or formation of 

specific degradation or conjugation products thereof, after 8 and 24 h of incubation at 37 °C. The 

deprotonated test agents ([M − H]−: m/z 285 for kaempferol, m/z 269 for genistein, and m/z 431 

for genistin) were predominant species detected in the mass spectra.  IAA and kaempferol 

(Figure 8), genistein (Figure 9), or genistin (Figure 10) do not degrade or conjugate to form new 

molecules during incubation for up to 24 hours. 

NAC afforded neuroprotection which involved phosphorylation of ERK 1 and 2 

 Our previous data showed that RGC-5s were susceptible to IAA induced cytotoxicity in a 

dose dependent manner with an IC50 value of 6 µM.  Morphological changes observed at 24 

hours IAA treatment (Figure 11A) compared to control cells (Figure 11B) include rounding up 

and lifting off of cell bodies.  The addition of 2 mM NAC inhibited the morphological changes in 

RGC-5s induced by IAA (Figure 11C) as did another thiol containing antioxidant, Thiourea 

(Figure 11D).  IAA induced cell death was mitigated at 6 µΜ concentration by simultaneous 

treatment of 2 mM NAC, but was not mitigated at higher concentrations (Figure 11E), 

suggesting the basis for neuroprotection is not from covalent interaction alone. The addition of 

increasing concentrations of UO126, a known MEK inhibitor, inhibited the neuroprotective 

capability of 2 mM NAC against 6 µM IAA in a dose dependent manner, suggesting the 
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involvement of ERK 1 and 2.    Immunoblotting results indicated that RGC-5s cultured in serum 

could maintain phosphorylation of ERK 1 and 2, which was lost when incubated with 6 µM IAA 

overnight. The addition of 2 mM NAC preserved the phosphorylation status of ERK 1 and 2 

while the other thiol containing antioxidant, 10 mM Thiourea, did not (Figure 11G).  

NAC induced phosphorylation of ERK 1 and 2 and Akt 

 In order to understand the method of NAC induced neuroprotection we utilized 

immunoblotting techniques. RGC-5s were serum deprived for 2 hours before the initial time 

course sample was taken. Over the first 2 hours of treatment with 2 mM NAC alone, we saw an 

increase in phosphorylation of Akt as compared with total cellular Akt (Figure 12A). This is 

displayed graphically in Figure 12B. During this same time period we also noted an increase in 

phosphorylation of ERK 1 and 2 proteins as compared with total cellular ERK 1 and 2 (Figure 

112C). This is displayed graphically in Figure 12D. A pathway diagram of all the antioxidant’s 

actions on cell survival signaling is illustrated in Figure 13. 
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Figure 4: Estrogen and a synthetic estrogen compound were neuroprotective while some 

phytoestrogens were not.  

 A) Percent Survival of RGC-5s to IAA and 17β-Estradiol simultaneously after 24 hours 

determined by Calcein AM. Replicates are N=16.  B) Generation of ROS after 24 hours 

simultaneous treatment with IAA and 17β-Estradiol determined by H2DCF 

(dichlorofluorescein)-DA assay. Replicates are N=16. C) Percent Survival of RGC-5s to IAA 

and apigenin simultaneously after 24 hours determined by Calcein AM. Replicates are N=16. D) 

Percent Survival of RGC-5s to IAA and fisetin hydrate simultaneously after 24 hours determined 

by Calcein AM. Replicates are N=16. E) Percent Survival of RGC-5s to IAA and ZYC-3 

treatment simultaneously after 24 hours determined by Neutral Red Assay. Replicates are N=4.   

F) Percent Survival of RGC-5s to IAA after 2 hours pretreatment with ZYC-3 after 24 hours 

determined by neutral red assay. Replicates are N=4. 
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Figure 5: Kaempferol mitigated cell death, caspase activation and the generation of ROS 

after 24 hours IAA treatment.  

A) Chemical structure of kaempferol. B) Percent Survival of RGC-5s to IAA and kaempferol 

simultaneously after 24 hours determined by Calcein AM assay. * According to statistical 

analysis by Two-way ANOVA, P value is 0.0001 for interaction, P<0.0001 for treatment, and P= 

0.0038 for concentration. Replicates are N=16. C) Caspase activation after 24 hours of 

simultaneous treatment with IAA and kaempferol determined by fluorogenic Caspase 3/7 assay 

normalized to cell number by Calcein AM. *Two way ANOVA P=0.0003 for interaction and 

P=0.3282 for concentration. Replicates are N=16. D) Generation of ROS after 24 hours 

simultaneous treatment with IAA and kaempferol determined by H2DCF (dichlorofluorescein)-

DA assay. * P=0.0120 when compared with control according to Unpaired T-test. Replicates are 

N=16. E) Control RGC-5s during two hours of serum deprivation. 30 µM kaempferol time 

course. Kaempferol is a RSK inhibitor and thereby decreases phosphorylation of p90RSK and 

S6. Kaempferol affects activation of Akt and p44/p42 at 60 minutes. 
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Figure 6: Genistein mitigated cell death and the generation of ROS due to IAA insult in 

vitro, but did not mitigate caspase activation. 

 A) Chemical structure of genistein. B) Percent Survival of RGC-5s to IAA and genistein 

simultaneously after 24 hours determined by Calcein AM assay. * P=0.0021 for Interaction and 

P<0.0001 for treatment according to Two-way ANOVA. Replicates are N=16. C) Caspase 

activation after 24 hours of simultaneous treatment with IAA and genistein determined by 

fluorogenic Caspase 3/7 assay normalized to cell number by Calcein AM. * P<0.0001 for 

treatment according to Two-way ANOVA. Replicates are N=16. D) Generation of ROS after 24 

hours simultaneous treatment with IAA and genistein determined by H2DCF 

(dichlorofluorescein)-DA assay. * P=0.0227 and **P<0.0001 when compared with control 

according to unpaired T-test. Replicates are N=16. E) Control RGC-5s during two hours of 

serum deprivation. 30 µM genistein time course. Genistein is a tyrosine kinase inhibitor and 

thereby affects activated p42 levels and is expected to affect activated Akt levels. Genistein 

increased phosphorylation of p90RSK and decreased phosphorylation of S6. 
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Figure 7: Genistin mitigated cell death, caspase activation and the generation of ROS after 

IAA treatment.  

 A) Chemical structure of Genistin. B) Percent Survival of RGC-5s to IAA and genistin 

simultaneously after 24 hours determined by Calcein AM assay.*P=0.0137 for Interaction and 

P<0.0001 for treatments according to Two-way ANOVA. Replicates are N=16.  C) Caspase 

activation after 24 hours of simultaneous treatment with IAA and genistin determined by 

fluorogenic Caspase 3/7 assay normalized to cell number by Calcein AM. *P<0.0001 for 

interaction, treatment and concentration according to Two-Way ANOVA. Replicates are N=16.  

D) Generation of ROS after 24 hours simultaneous treatment with IAA and genistin determined 

by H2DCF (dichlorofluorescein)-DA assay.*P=0.0210 and **P=0.0003 when compared with 

control according to Unpaired T-test. Replicates are N=16.  E) Control RGC-5s during two hours 

of serum deprivation. 30 µM genistin time course. Genistin decreased p42 and p90 RSK 

activation when compared to control.  

 



 
 

37 

 



 
 

38 

Figure 8: Negative-ion ESI mass spectra of kaempferol and IAA. 

 Relative absorbance values from mass spectra of kaempferol and IAA before incubation 

A), after 8 h of incubation B), and after 24 h of incubation C) under emulated assay conditions at 

37 °C. 
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Figure 9: Negative-ion ESI mass spectra of genistein and IAA.  

 Relative absorbance values from mass spectra of genistein and IAA before incubation A), 

after 8 h of incubation B), and after 24 h of incubation C) under emulated assay conditions at 37 

°C. 
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Figure 10: Negative-ion ESI mass spectra of genistin and IAA. 

 Relative absorbance values from mass spectra of genistin and IAA before incubation A), 

after 8 h of incubation B), and after 24 h of incubation C) under emulated assay conditions at 37 

°C.  
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Figure 11: NAC neuroprotection against IAA may be attributed to the activation of ERK 1 

and 2 

 Morphological changes observed in A) control RGC-5, B) 6 µM IAA treated cells, or 

cells simultaneously treated with 6 µM IAA and C) NAC or D) Thiourea. E) IAA was cytotoxic 

to RGC-5s with a 6 µM concentration resulting in 50% cell death, which is mitigated by 

simultaneous treatment with 2 mM NAC. Replicates are N=16. F) Inhibition of MEK by the 

addition of UO126 abolished the neuroprotective affects of 2 mM NAC against 6 µM IAA in a 

dose dependent manner. Replicates are N=16. G) Immunoblot  compared to serum-supplemented 

control cells against phosphorylated ERK ½ after 24 hours or treatment with IAA or 

simultaneous treatment of IAA with NAC or Thiourea. N=2 
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Figure 12: NAC induced phosphorylation of Akt and ERK 1 and 2 over the first 2 hours of 

treatment.  

 A) Immunoblot for the time course of NAC treatment using antibodies against Akt and 

Ser phosphorylated Akt. N=2. B) Graph of the ratio of intensities of P-Akt: Akt. C) Immunoblot 

for the time course of NAC treatment using antibodies against ERK 1 and 2 and Ser 

phosphorylated ERK. N=2. D) Graph of the ratio of intensities of P-ERK ½: ERK ½. 
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Figure 13: Pathway diagram of the action of antioxidants on growth factor receptor related 

cell survival signaling.  

 Arrows represent an antioxidants action on the corresponding signaling protein. Up 

arrows indicate increase in phosphorylation and down arrows indicate a decrease in 

phosphorylation. Kaempferol, shown in blue, decreased caspase, S6 and p90RSK activation, and 

increased Akt and ERK1/2 phosphorylation. Genistein, shown in green, depressed activation of 

S6 and ERK1/2 and increased activation of p90RSK. Genistin, shown in red, decreased 

activation of caspase, p90RSK and ERK1/2. 
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CHAPTER IV 

SIZE, CHARGE AND ENCAPSULATION PROPERTIES OF N-ACETYLCYSTEINE 

LOADED POLY(LACTIC-CO-GLYCOLIC ACID) NANOPARTICLES 

 

Introduction 

 Nanoscience is a multidisciplinary field centering on creating nanoscale devices and 

structures for scientific application (94).The application of nanotechnology in treating or 

diagnosing disease has been referred to by the National Institute of Health as nanomedicine (95, 

96). Nanoparticles or nanospheres, used interchangeably, are macromolecules made of chemical 

polymers capable of carrying drugs in a hollow core (Figure 14 B). These nanometer scale (<1 

µM in diameter) macromolecules can be conjugated to, or encapsulate chemicals or 

macromolecules to allow targeting and slow release of proposed pharmaceuticals (97). The 

materials used to produce nanoparticles must meet several requirements for application in 

nanomedicine. They must be easy to process on a large scale, be biodegradeable and 

biocompatible, be compatible with the drug attached or encapsulated, and have suitable 

mechanics for cell delivery and degradation or release (98, 99).  

 Poly(lactic-co-glycolic acid) or PLGA is a polymer (Figure 14A), which spurred 

particular interest in biomedical research in the 1970s due to its use in biodegradable sutures (99, 

100). It is biodegradable, biocompatible and has been approved by the FDA for human therapy 

(101). The biodegradation of PLGA nanoparticles occurs by hydrolysis of ester linkages between 
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lactic acid and glycolic acid (102). These molecules are endogenous byproducts of metabolism 

and are easily degraded by the cell through entering the Krebs cycle, resulting in their 

elimination and the added benefit of energy production (103). The rate of this degradation is 

influenced by the ratio of lactic acid to glycolic acid, also known as the monomer ratio, with 

higher concentrations of one of the two monomers resulting in a slower degradation rate (104).  

 There are several characteristics of nanoparticles that can be influenced by changing 

parameters during synthesis. These characteristics include size and distribution of size, 

morphology, and ζ potential (97). ζ potential refers to the electrokinetic potential in a colloidal 

substance. The potential refers to a surface charge that allows sufficient repulsion so particles 

don’t aggregate, with charges +/- 30 resulting in moderate stability and +/- 60 resulting in 

excellent stability (105). PLGA nanoparticles are most commonly created using single or double-

emulsion-solvent techniques. Single-emulsion is interchangeable with oil-in-water (o/w) 

emulsification and is most suitable for hydrophobic drugs such as steroids. Double-emulsion is 

also known as water-in-oil-in-water (w/o/w) emulsification and is used to encapsulate 

hydrophilic drugs (100). In both techniques, PLGA is dissolved in an organic solvent. The drug 

is dissolved in either organic solvent for o/w or water for w/o/w, depending on the drug’s 

miscibility, and is added to the dissolved polymer. If the drug is water soluble, the polymer-

solvent-drug solution must be emulsified. The resulting solution is emulsified with a larger 

volume of water and an emulsifier like poly(vinyl alcohol) (PVA), which contributes to smaller 

size and even size distribution (106). The solvent is then removed, by varying techniques 
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including evaporation, and particles are washed and then dried, commonly by lyophilization 

(100).   

 Drug delivery refers to the method deployed to administer a pharmaceutical to achieve a 

desired therapeutic affect (98). Drug deliver is constantly evolving to circumvent the problems 

with absorption, availability and degradation associated with routine administration techniques. 

Targeted drug delivery refers to methods deployed to deliver activity of the drug to only the 

tissue of interest (100) and it is currently at the forefront of nanomedicine research (95, 96). One 

method of modifying drug targeting of nanoparticles is the attachment of antibodies against cell 

type markers located in the tissue of interest to the nanoparticle surface. Antibodies can be 

attached to nanoparticles by absorption into the surface or by covalent binding directly to the 

surface via and intermediate molecule (107). 

 As stated above, modification of parameters during nanoparticle formulation can result in 

changes in nanoparticle characteristics. It is therefore important to define the characteristics of 

the particles to determine if the formulation produces nanoparticles suitable for use. In the 

current chapter, we present data on the characteristics of nanoparticles produced utilizing the 

w/o/w technique to encapsulate antioxidants for experimental use in order to demonstrate that 

their characteristics are suitable for use in biomedical science.  
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Figure 14: PLGA structure and illustration of nanoparticle chemical loads. 

 A) Chemical structure of PLGA polymer illustrating from the left a hydroxyl terminus, a 

lactide segment (n representing the number of units), a glycolide segment (n representing the 

number of units), and a carboxy terminus. B) Nanoparticle schematic illustrating the attachment 

of antibodies to the surface and encapsulation or NAC or pDNA within.  
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Materials and Methods 

Nanoparticle formulation 

 NAC (Sigma Aldrich) loaded nanoparticles (NAC-NP), tyrosine-conjugated-NAC (NAC-

Tyr) (CPC Scientific) loaded nanoparticles (NAC-Tyr NP), and blank nanoparticles were 

formulated using the w/o/w technique.  Poly(D,L-lactide-co-glycolide) 50:50; inherent viscosity 

1.13 dl/g; mw 50,000 was purchased from Absorbable Polymers International (Pelham). PLGA 

was dissolved in chloroform (Sigma-Aldrich). NAC or NAC-Tyr was dissolved in water and 

added to the PLGA/chloroform solution and sonicated at 55 W for 1 minute in a Branson 

Sonifier model W-350 (Branson) to produce the w/o primary emulsion. This emulsion was then 

added to a solution of 0.75% PVA (mw 30,000-70,000) (Sigma-Aldrich) and ethanol (Sigma-

Aldrich) (1:1) and again sonicated at 55 W for 1 minute. The resultant w/o/w emulsion was then 

centrifuged at 15,000×g for 15 minutes and washed with deionized distilled water, which was 

repeated three times. Nanoparticles were lyophilized for 24 hours on an ATR FD 3.0 system 

(ATR Inc.) and stored at 4˚C until further use (Figure 15). 

Determination of release and encapsulation rates 

 The encapsulation rates of nanoparticles were determined using two methods. The release 

rate was determined using only the first. The first utilized a colorimetric assay for detecting free 

sulfhydryl residues, Ellman’s reagent (5,5’-Dithio-bis-(2-nitrobenzoic acid) (Pierce). NAC-NP 

were made using the previously described w/o/w method and dissolved in chloroform to remove 

PLGA. Water was used to extract NAC and samples were dissolved in Ellman’s reagent solution 
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according to manufacturer’s instructions. Absorbance was measured at 412 nm (Figure 16). The 

second method utilized a custom peptide with the sequence Ac-Cys-Tyr (CPC Scientific). The 

tyrosine conjugated NAC (NAC-Tyr) was encapsulated in PLGA nanoparticles using the 

previously described w/o/w method. Direct and indirect measurements were taken. In the indirect 

method, the supernatant was collected from the final emulsion during the 3 washes described in 

the nanoparticle formulation. In the direct method the nanoparticles were dissolved in 

chloroform to remove PLGA at a concentration of 1mg/mL and serially diluted. The NAC-Tyr 

was extracted with water. Sample absorbances were taken at 275nm.  

Size and size distribution determination 

 The nanoparticles were dispersed in water using an ultrasonic water-bath (Fisher 

Scientific) for 15-20 minutes and then measured for particle size and size distribution. Particle 

size analysis was performed using a Nanotrac system (Mircotrac, Inc.)  

Zeta Potential Measurement 

 The nanoparticles were dispersed in water using an ultrasonic water-bath (Fisher 

Scientific) for 15-20 minutes and then measured for ζ potential using a Malvern Zetasizer Nano. 

Quantification of PVA 

 The concentration of residual PVA (Sigma Aldrich) was determined using the method 

previously used by Joshi et al (108). This method utilizes PVA’s reaction with boric acid and 

iodine to collect absorbance measurements at 690 nm which correspond to the sample’s 

concentration. 

Antibody Attachment  
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 Thy-1(K-16) antibodies (Santa Cruz Biotechnology) were attached to nanoparticles using 

the crosslinker bis (sulfosuccinimidyl) suberate (BS3) (Thermo Scientific). Antibody labeled 

nanoparticles were made using the previously described w/o/w method. BS3 was added during 

primary emulsion resulting in a 50 µM concentration. Nanoparticles were lyophilized and 

antibodies were added in serial dilutions for flow cytometry. 

Flow Cytometry 

 Samples were dissolved in sterile deionized water at a concentration of 1mg/mL and 

antibody attachment was performed. Secondary antibody, anti-goat IgG AlexaFluor488 

(Invitrogen), was added at equal weight to primary antibody and samples were agitated overnight 

at4˚C.  Flow cytometry was performed on a Beckman Coulter Cytomics FC500 

Flow Cytometry Analyzer. Data analysis was performed using the CXP analysis software 

provided by Beckman Coulter. Antibody gates were set using unstained (control) nanoparticles. 

The proportion of each nanoparticle population was expressed as the percentage of the number of 

counted particles.  
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Figure 15: Double emulsion or w/o/w procedure for synthesis of PLGA nanoparticles.  

 The double emulsion procedure involves the dilution of the hydrophilic molecule of 

interest in water and the addition of an organic ‘oil’ phase resulting in a primary emulsion. The 

product is then combined with an external aqueous phase in the secondary emulsion resulting in 

nanoparticles, which are washes and dried for use.  
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Figure 16: Calculation of the free sulfhydryl concentration in a sample determined by 

reaction with Ellman’s reagent. 

 The absorbance value of the sample can be used to determine the concentration of a 

sample when path length and molar absorptivity of Ellman’s reagent are considered. The 

concentration of the original sample can then be deduced.  
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Results 

Nanoparticle characteristics were defined as within reason 

 Nanoparticles were synthesized using different formulations and nanoparticle sizes and 

size distributions were determined using a particle size analyzer. Nanoparticle sizes are described 

as diameters in nanometers. NAC-NPs were formulated using the w/o/w technique and divided 

into two groups, one which was air dried (Figure 17A) and one which was lyophilized (Figure 

17B).  The representative sample of air dried NAC-NPs shown in 15A measured 190.8 nm with a 

size distribution of 97.7%.  Average size was determined to be 192.0 +/- 1.2 with 98.85 +/- 1.15 

% size distribution. The representative lyophilized NAC-NP sample in 15B had an average 

diameter 210.2 nm and 96.6% size distribution. Average size for lyophilized NAC-NP was found 

to be 216.9 +/- 6.7 with a % size distribution of 98.3 +/- 1.7. Zeta potential of the lyophilized 

particles was determined using a Malvern Zetasizer Nano and was found to be with a suitable 

range at -36.44 +/- 0.86. % PVA was also found to be suitable for use at 2.62 (Table 1). Nile red 

embedded and pGFP loaded nanoparticles were also formulated using w/o/w and were 

lyophilized (Figure 17C). Nile red/pGFP-NPs exhibited an average diameter of 179.4 with a % 

size distribution of 100.0 (Table 1).  

Encapsulation rate of NAC-NPs determined using two methods 

 Encapsulation of NAC was determined using two absorbency detection methods. The 

first utilized a colorimetric reaction between Ellman’s reagent and free thiol residues from NAC 

molecules extracted from nanoparticles. The encapsulation of NAC molecules whose thiol 

residue was in the reduced form and not engaged in disulfide bonds was found to be 90.2 +/- 1.6 
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µM in 1 µg/mL nanoparticles derived from the sample absorbances of 0.114 +/- 0.002 (Table 2) 

being used in an equation where path length and molar absorptivity of Ellman’s reagent are 

considered (Figure 16). The second method utilized the custom NAC-Tyr, allowing the 

concentration of NAC to be determined by quantifying the absorbance of the attached tyrosine. 

A linear equation was used to determine concentration from absorbancies of known 

concentrations. Sample absorbancies were 0.372 +/- 0.029 resulting in an average encapsulation 

of 1013.25 +/- 160.38 µM concentrations of NAC for 1 µg/mL (Table 2).  

NAC-NP release rate 

 NAC release from nanoparticles was determined by the reaction of Ellman’s reagent to 

free thiol residues from NAC. Over the first 3 days of incubation at room temperature, we 

witnessed the release of a 30 µM concentration of NAC in two separate samples.   

Optimization of antibody attachment to nanoparticle surfaces 

 Antibodies were attached to nanoparticle surfaces via the crosslinker BS3. Antibodies 

attached to nanoparticles were detected by flow cytometry using a secondary AlexaFluor 

antibody. Serial dilutions of the antibodies resulted in varying percentages of antibody 

attachment, for example, 2 µL of antibody per 1 µg of nanoparticle resulted in 23.2% (Figure 

19A) and 4 µL of antibody per 1 µg of nanoparticle resulted in 74% of nanoparticles having 

antibodies attached (Figure 19B).  Representative data are shown as scatter plot of two gated 

groups which are, to the left, unlabeled nanoparticles and, shifted to the right, nanoparticles with 

green fluorescent antibodies attached. The values collected from flow cytometry scatter and line 

plots were used to create a linear graph of percent antibody attachment (Figure 19C). Using the 
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linear equation, it was determined that a volume of 2.59 µg of antibody per 1 µg/mL of 

nanoparticle results in 100% attachment (Figure 19C). 
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Figure 17: Particle size distribution of representative nanoparticle batches. 

  A particle size analyzer measured Nanoparticle size and distribution. A) The NAC-NP 

air-dried batch measured a mean 190.8 nm with 97.7% volume distribution. B) The NAC-NP 

lyophilized batch averaged 210.2 nm in diameter with 96.6% distribution. C) The Nile 

Red/pGFP air-dried batch averaged 179.4 nm in diameter with a size distribution of 100%. 
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Table 1: Nanoparticle characteristics defined which are modified by formulation 

techniques. 

 Three types of nanoparticles were measured for variable characteristics. Diameter (nm) 

and % volume of size distribution were measured by a particle size analyzer. Zeta potential was 

measured by Malvern Zetasizer Nano. % PVA concentration was measured by described by 

Joshi et al (1979). 
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Particle Type Size (Diameter in 

nanometers) 

% Volume Zeta Potential % PVA 

NAC-NP air dry  192.0 +/- 1.2 98.85 +/- 1.15 N/A N/A 

NAC-NP lyophilized  216.9 +/- 6.7 98.3 +/- 1.7 -36.44 +/- 0.86 2.62 

Nile Red/ GFP plasmid 

air dry 

179.4 100.0 N/A N/A 
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Table 2: Encapsulation rate of NAC determined with Ellman’s reagent and NAC-Tyr.   

 The concentration of 1µg/mL NAC-NP determined by reaction with Ellman’s reagent 

from calculation using the sample’s absorbances at 412 nm and the concentration of 1µg/mL 

NAC-Tyr-NP determined by absorbance of tyrosine at 275 nm 
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Detection Method Sample Absorbance Sample Concentration (µM) 

Ellman’s reaction 0.114 +/- 0.002 90.2 +/- 1.6 

Tyrosine absorbance 0.372 +/- 0.029 1013.25 +/- 160.38 

.  
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Figure 18: Release rate of NAC-NP determined with Ellman’s reagent assay. 

 NAC release from nanoparticles was determined by the reaction of Ellman’s reagent to 

free thiol residues from NAC. Over the first 3 days of incubation at room temperature, we 

witnessed the release of a 30 µM concentration of NAC. N=2. 

  



 
 

72 

 

 



 
 

73 

Figure 19: The attachment of antibodies to the surface of PLGA nanoparticles via BS3 

was concentration dependent.  

 A and B) Flow cytometry was used to determine the % of nanoparticles with fluorophore 

conjugated antibodies attached. C) Using a linear function, serial dilutions were used to 

determine 100% nanoparticle-antibody attachment results from 2.59 mg/mL Ab per 1 mg 

NPs.  
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CHAPTER V 

NEUROPROTECTION AND LOCALIZATION PROPERTIES OF POLY(LACTIC-CO-

GLYCOLIC ACID) NANOPARTICLES 

Introduction 

 PLGA nanoparticle uptake may occur through several processes. These include fluid 

phase pinocytosis, or phagocytosis and receptor mediated endocytosis, involving calveoli and 

clathrin coated pits. Cellular uptake is time and concentration dependent and is saturable, 

evidenced by uptake decreasing at higher doses. Once taken up, PLGA nanoparticles are carried 

in primary endosomes, transitioned to sorting endosomes, some of which are sorted out of the 

cell, and then sorted to secondary endosomes. Secondary endosomes then fuse with lysosomes to 

form endo-lysosomes. The acidic environment of the endo-lysosome changes the charge of the 

nanoparticle surface, which is thought to cause its escape into the cytosol (109, 110, 111, 112, 

113).  

 The eye is a promising site to apply targeted drug delivery because it is isolated from the 

periphery by the blood retina barrier. In diseases affecting the neural retina, such as glaucoma, 

application of nanoparticles to the retina requires injection into the posterior chamber known as 

intravitreal injection. Within the posterior chamber, a colloidal fluid exists, known as vitreous 

humor, which serves as a source of nourishment for the retina as well as an unobstructed path for 

light exiting the lens. Intravitreal injection is a surgical procedure and therefore the application of 

a sustained delivery drug would reduce patient risk and discomfort. Nanoparticles can sustain 
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release of the encapsulated compound for extended periods of time ranging from days to weeks 

dependent upon formulation parameters, which gives them a considerable advantage over natural 

polymers and liposomes (114).  

 Sometimes the desired drug is in the form of plasmid DNA (pDNA), commonly referred 

to as gene delivery. For a while, viral vectors have been the most efficient way to employ gene 

delivery (115, 116, 117, 118). However, viral vectors also deliver unwanted side affects and 

significant risk of toxicity, immunogenicity, and oncogenicity (119). PLGA nanoparticles have 

obvious advantages in this regard. Other advantages include protection of pDNA from 

degradation and undesirable interactions, condensing of the pDNA to nanoscale size, enhanced 

cell surface binding and enhanced intracellular delivery to both the cytoplasm and nucleus (120). 

 In the following experiments, we explored the neuroprotective benefit of NAC-NPs in 

RGC-5 cells and the localization of PLGA nanoparticles to RGC-5 cells and porcine retinas. 

These experiments provide proof of our concept of the application of antioxidants as 

neuroprotective compounds to the retina encapsulated in nanoparticles.   
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Materials and Methods 

Nanoparticle formulation 

 NAC (Sigma Aldrich) loaded nanoparticles (NAC-NP) and blank nanoparticles were 

formulated using the w/o/w technique.  Sulforhodamine 101 or Nile Red (Sigma-Aldrich) and 

pGFP loaded nanoparticles were formulated using the o/w technique. Poly(D,L-lactide-co-

glycolide) 50:50; inherent viscosity 1.13 dl/g; mw 50,000 was purchased from Absorbable 

Polymers International (Pelham). PLGA was dissolved in chloroform (Sigma-Aldrich). For Nile 

red or Sulforhodamine 101 labeled nanoparticles a 1 mg/ml aqueous stock solution was prepared 

and added to the PLGA/chloroform solution. pGFP, NAC or NAC-Tyr was dissolved in water 

and added to the PLGA/chloroform solution and sonicated at 55 W for 1 minute in a Branson 

Sonifier model W-350 (Branson) to produce the w/o primary emulsion. This emulsion was then 

added to a solution of 0.75% PVA (mw 30,000-70,000) (Sigma-Aldrich) and ethanol (Sigma-

Aldrich) (1:1) and again sonicated at 55 W for 1 minute. The resultant w/o/w emulsion was then 

centrifuged at 15,000×g for 15 minutes and washed with deionized distilled water, which was 

repeated three times. Nanoparticles were lyophilized for 24 hours on an ATR FD 3.0 system 

(ATR Inc.) and stored at 4˚C until further use. 

Neutral red assay 

 The effects of treatment of IAA and NAC or NAC-NPs on RGC-5 cell viability were 

quantified using neutral red dye uptake assay (25). Treatment medium was aspirated and the 

wells washed twice with HEPES buffer containing 125 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 2 
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mM MgCl2, 0.5 mM NaH2PO2, 5 mM NaHCO3, 10 mM D-glucose, 10 mM  HEPES, pH 7.2. 

Neutral red dye was then added to each well at 0.033% suspended in HEPES buffer. They were 

incubated with gentle mixing at room temperature for 2 hours. The wells were then washed twice 

with HEPES buffer and allowed to dry overnight. The cells loaded with neutral red dye were 

solubilized in 500 µL of solubilization buffer containing 1% acetic acid and 50% ethanol for 20 

minutes. Optical densities of the neutral red dye were measured with spectrophotometry at 570 

nm.  

In vitro localization 

 A stock solution of Sulforhodamine 101 was prepared at 1 mg/ml. 10 µL of the solution 

was added to the primary emulsion and the formulation was carried out as described previously 

by the w/o/w method. The blank labeled nanoparticles were stored in the dark at 4˚C until further 

use. Antibody labeling was performed using anti-Thy1.1 antibody as previously described. RGC-

5 cells were grown on 100 mm glass coverslips (VWR)  in 12 well tissue culture plates (Falcon). 

RGC-5 cells were grown overnight in supplemented DMEM as described above. Nanoparticles 

were added in serum-free DMEM at a concentration of 50 µg/mL for varying time points. Cells 

were then fixed in 4% (v/v) paraformaldehyde(USB)  in PBS for 20 minutes at room 

temperature. Cells were rinsed 3 times in PBS and the cells were permeabilized in 0.1% Triton 

X-100 (Sigma Aldrich)  in PBS for 15 minutes at room temperature. Cells were again, rinsed 3 

times in PBS and blocked by incubation in 10% goat serum(Sigma Aldrich) in PBS for 1 hour at 

room temperature. Cells were rinsed 3 times with PBS containing 1% goat serum. Coverslips 

were mounted with ProLong Gold antifade reagent containing DAPI (Invitrogen).Cellular uptake 
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Sulforhodamine 101 labeled nanoparticles were visualized using a fluorescence microscope 

(Olympus BX51) attached to an Olympus camera (DP70 Digital). 

Intravitreal injection procedure 

  Nile red embedded and pGFP loaded nanoparticles were created using the previously 

described w/o/w method. Nanoparticles were dissolved in sterile PBS at a concentration of 100 

µg/mL and filtered through a 22 micron filter (Gelman Sciences). Intravitreal injection procedure 

was performed on posthumously explanted porcine eyes (121)(122). Eyes were obtained from 

Columbia Packing, Dallas, TX, within 1 hour of kill and were packed on ice for transport. The 

extraocular tissue was removed. Eyes were washed with 70% ethanol (VWR) for 3 minutes. A 

1mL tuberculin syringe (BD) with 27 gauge needle (Monoject) was inserted 2-3 mm posterior to 

the superior limbus through the pars plana 2-3 mm deep. 100 µL of vitreous humor was 

withdrawn and removed. The needle was reinserted and 100 µL of the nanoparticle solution or 

PBS injected. The eyes were rinsed again in 70% ethanol. Eyes were incubated at 4˚C in 50 mL 

conical vials with optic axes horizontal in DMEM supplemented with FBS and pen-strp as 

described above. Eyes were collected at various time points for hemotoxilin and eosin (H&E) 

staining and immunohistochemistry.  

Hemotoxilin and Eosin Staining 

 Porcine eyes were cut with a scalpel across the cornea to allow permeation of chemicals. 

Eyes were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 4 µm and dried 

overnight on a hotplate. The sections were deparaffinized in xylene (Sigma Aldrich) 3 times for 

3 minutes and a series of ethanol washes for 3 minutes each, and then rehydrated in water. 
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Sections were stained with Hematoxalin (Fisher) for 3 minutes and rinsed with water. They were 

destained with acid ethanol and rinsed with water again. The sections were eosin (Fisher) stained 

for 30 seconds and rinsed 3 times each with 95 and 100% ethanol and dehydrated in xylene for 

15 minutes. Coverslips were mounted using Permount mounting media (Fisher) and slides were 

dried overnight in the hood. Images were collected using a light microscope (Olympus BX51) 

attached to an Olympus camera (DP70 Digital).  

Immunohistochemistry 

 Immunohistochemistry was performed on the paraffin embedded slides mentioned in the 

previous section. Sections were heated in an oven for 1 hour at 60˚C to bind them to slides. 

Sections were deparaffinized in xylene 2 times for 10 minutes and a series of ethanol washes for 

5 minutes each, then rinsed with PBS for 5 minutes.10 mM citrate buffer, pH 6.0 was warmed in 

a water bath to 95 ˚C for antigen retrieval. Sections were incubated for twenty minutes in the 95 

˚C citrate buffer then cooled at room temperature for 20 minutes. They were rinsed 3 times in 

PBS for 5 minutes and incubated in glycine for 15 minutes. Slides were blocked in 5% bovine 

serum albumin (BSA) and 5% goat serum containing PBS buffer for 30 minutes at room 

temperature in a humidified chamber. GFP (4B10) Mouse monoclonal Ab (Cell Signaling 

Technologies) was diluted 1:500 in PBS containing 1% BSA and 1% goat serum.  This primary 

antibody dilution was added to slides and incubated overnight at 4˚C in a humidified chamber. 

Anti-mouse AlexaFluor633(Invitrogen) was diluted in PBS containing 1% BSA and added to the 

slide for incubation in a humidified chamber for 2 hours at room temperature. Coverslips were 

mounted using ProLong Gold antifade reagent containing DAPI (Invitrogen). 
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Immunoblotting 

 Phosphorylation status of ERK1/2 was determined using the PathScan Multiplex Western 

Cocktail I from Cell Signaling Technologies. Antibodies included are against: Phospho-p90RSK 

(Ser380), Phospho-Akt (Ser473), Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), Phospho-

S6 Ribosomal Protein (Ser235/236), and eIF4E. 
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Results 

NAC and NAC-NPs were neuroprotective against IAA induced cell death 

 To explore the neuroprotection afforded by NAC alone or encapsulated in nanoparticles 

we used Neutral red cell viability assay. RGC-5 cells were divided into four treatment groups of 

control, untreated cells (Figure 20A), 8 µM IAA (Figure 20B), and 8 µM IAA simultaneously 

with either 5 mM NAC (Figure 20C) or 75 µg of NAC-NPs (Figure 20D). Morphological 

differences observed after treatment are displayed using light microscopy. 8 µM IAA treatment 

resulted in 20% cell viability and the addition of 5 mM NAC increased cell viability to 85% of 

control. This result, however, may be the result of the attraction of IAA to the thiol residue of 

NAC. The encapsulation of NAC, though, allows us to decrease the amount of IAA bound by 

NAC molecules and upon addition resulted in 60% cell viability compared with control (Figure 

20E). Figure courtesy of Vishwanath and Braden, unpublished results.  

In vitro localization of nanoparticles to RGC-5 cells 

 Sulforhodamine 101 loaded nanoparticles were prepared by the o/w method and divided 

into two groups of unbound and Thy1 Ab bound particles. RGC-5 cells were treated with 

nanoparticles at a concentration of 50 µg/mL for 60 minutes. Cells were fixed and fluorescent 

microscopic images were collected. Compared to control, untreated cells (Figure 21A), 

sulforhodamine 101-NP treated cells exhibited a red fluorescence due to the presence of 

sulforhodamine within the nanoparticles. This shows that our PLGA nanoparticles can be 

localized to the cell membrane or within the cell within the first hour of treatment in vitro, 
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providing proof of concept. We saw no difference in the intensity of fluorescence of the group 

treated with NPs coated with Thy1 antibody (Figure 21C) compared with uncoated particles 

(Figure 21B) indicating that in vitro, the attachment of cell surface specific antibodies does not 

inhibit or enhance the time dependent localization of nanoparticles to the cell.  

Intravitreal injection of nanoparticles in porcine globes 

 Nile red/pGFP-NPs were created using the w/o/w method. Porcine eyes were collected 

from Columbia Packing within one hour of death and 100 µg of Nile red/pGFP-NPs were 

injected intravitreally in 100 µL of PBS.   Eyes were incubated at 4 ˚C for up to 72 hours and 

then prepared for histochemical analysis. Retinal images are arranged with the top of the image 

representing the anterior-most retina and the bottom representing the more posterior retina. H&E 

staining displays the effects of degradation on the porcine retina over 72 hours (Figure 22A). The 

boxed area in the top right displays a magnified image of the RGC indicated by an arrow in both 

the box and below. This cell type is identified by its location posterior to the nerve fiber layer 

(NFL) and anterior to the inner plexiform layer (IPL), and by its large size. Fluorescent 

microscopy for GFP (Figure 22B) and Nile red (Figure 22C) showed a colocalization of green 

and red fluorescence representing the respective molecules encapsulated in cells located within 

the retina. Arrows indicate the presence of one RGC within the RGC layer which is positive for 

both GFP and Nile red fluorescence. This type of direct fluorescent microscopy, however, is 

affected easily by photobleaching of the GFP and Nile red molecules. We therefore performed 

GFP immunohistochemistry on the sectioned tissue for better definition of GFP production in the 

retinal cell layers. Samples collected at 24, 48, and 72 hours were probed for the presence of 
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GFP and fluorescent microscopic images were used to compare them to control and expression 

over time (Figure 23). From left to right, control, PBS treated retinas exhibited no red 

fluorescence, but DAPI staining allowed us to localize the RGC layer (top) and the inner nuclear 

label (bottom). After 24 hours of treatment with Nile red/pGFP-NPs we begin to see diffuse red 

fluorescence in cells within the inner layers of the retina. After 48 hours of treatment, we see a 

more homogenous staining of the inner layers of the retina including that of the NFL (top) which 

contains the axons of RGCs, intense fluorescence of RGC somas, and staining of the IPL. By 72 

hours post treatment we see the most intense fluorescence localization shift from the more 

anterior RGC layer to the more posterior IPL and INL, suggesting the time dependent diffusion 

of Nile red/pGFP-NPs across the layers of the retina.  
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Figure 20: Neuroprotection is afforded to RGC-5s when NAC is encapsulated in 

nanoparticles. 

 RGC-5 cells were treated as A) control or B) with 8 µM IAA. To mitigate the cytotoxic 

affect of IAA cells were treated with C) 5 mM NAC or D) 75 µg NAC-NP. Morphological 

differences are shown with light microscopy.  E) Neutral red assay was used to determine cell 

viability compared to control. 5 mM NAC treatment with 8 µM IAA results in around 85% cell 

viability. Treatment with 75 µg NAC-NP and 8 µM IAA results in around 65% cell viability. 

Replicates are N=4. Figure courtesy of Vishwanatha and Braden, unpublished.  
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Figure 21: Confocal microscopic images of Sulforhodamine 101 loaded NP localized to 

RGC-5 in vitro.  

 A) 10 minutes treatment with control unloaded NP. B) Thy1 Ab coated and 

Sulforhodamine-NP treatment with Thy1 binding protein pretreatment. C) Normal, uncoated 

Sulforhodamine-NP treatment for 10, 30, and 60 minutes. D) Thy1 coated and Sulforhodamine-

NP treatment for 10, 30, and 60 minutes. Treatments are 50 mg/mL nanoparticles in DMEM. 
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Figure 22: Delivery of Nile Red and GFP to RGCs in porcine eyes.  

 Nile red/pGFP-NPs were intravitreally injected at a concentration of 100 mg/mL NP in 

PBS in porcine globes and incubated for 72 hours. A) H&E staining of retinal section from 

porcine eye. Arrow indicates one RGC, magnified in the box to the upper right. B) GFP staining 

and C) Nile Red fluorescent microscopy from same section of porcine retina indicates 

colocalization of Nile red and GFP in the retinal layer. The arrow indicates one RGC positive for 

both Nile red and GFP.  
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Figure 23: GFP localization in the retina over 72 hours post intravitreal injection.  

  Nile red/pGFP-NP were intravitreally injected in porcine retinas at a concentration of 

100 mg/mL NP in PBS. Immunohistochemistry for GFP was performed in sections from control, 

24, 48, and 72 hours post injection groups (from left to right). We notice an increase in staining 

intensity over time with localization to RGC somas occurring at 48 hours and localization to the 

posterior retina occurring at 72 hours.  
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Figure 24: Analysis of phosphorylation status of ERK1/2 after NAC encapsulation in 

nanoparticles. 

 Immunoblotting was performed for phosphor-ERK1/2 in RCG-5s 24 hours after 

treatment with either A) control, serum-free environment, blank NP, 2 mM NAC, and 2 mM 

NAC-NP. B) Graphical representative of Immunoblot normalized to eIF4E control.   
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Chapter VI 

IN VIVO CHARACTERIZATION OF POLY(LACTIC-CO-GLYCOLIC ACID) 

NANOPARTICLES AFTER INTRAVITREAL INJECTION 

 

Introduction 

 The visual system is part of the central nervous system and is complex in higher 

mammals. The eye is the organ responsible for collecting and focusing light. Once light enters 

the eye it is refracted by the cornea, passes through the pupil and is further refracted by the lens 

to create an inverted image that travels through the posterior chamber to be projected onto the 

retina. 

 Though it is known that nanoparticles exhibit light scattering properties, the effects of 

light scattering by nanoparticles traveling through the vitreous on visual acuity have not been 

tested.  Our previously discussed results in explanted pig eyes show localization of these 

nanoparticles to the retina within 48-72 hours. Therefore, we hypothesized that the effects of 

light polarization on vision that could occur in a live animal after intravitreal injection of 

nanoparticles would be alleviated within the first72 hours. 

  The visual acuity of mice can be tested using the method of Prusky and Douglas, et al 

(123). This procedure takes advantage of the reflexive response that an animal makes to 

movement. That is, when an object moves across an animal’s line of vision, the animal will 

usually track or follow the moving object with its eyes. Much like our eye examinations in which 

an optometrist asks us to read smaller and smaller letters on a screen until we can no longer see 
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them accurately, we can ‘ask’ a mouse to view narrower and narrower vertical lines. When the 

lines are so narrow that the mouse cannot see them, the mouse will not follow the moving lines 

with its eyes.  

 The C57BL/6 mouse is the most widely used inbred strain of mice and is utilized as a 

general purpose strain. It has been used extensively in a wide variety of research areas including 

neurobiology and sensorineural research. There is no previous data generated to indicate percent 

changes in visual acuity after intravitreal injection of PLGA nanoparticles, therefore we have 

modeled our animal numbers on the most recent study performed by the aforementioned Prusky 

group utilizing ocular injection of viral particles and their previous behavioral optomotor 

procedures, and analyzed their significance using power analysis(124). Ketamine serves as a 

positive control in our visual acuity testing due to the neurosensory inhibition that occurs upon 

its administration (125).  

 In order for intravitreal injection of nanoparticles to be possible in human patients, it 

must be shown that any depression of visual acuity that occurs must be alleviated within the first 

few days post injection. In the proceeding chapter we provide evidence to suggest that 

nanoparticle administration via intravitreal injection causes no deleterious side effects alone. 
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Figure 25: Configuration of the apparatus used for behavioral optomotor procedure  

 Illustrated from Douglas et al (123). In the optomotor procedure A) the rodent subject is 

placed on an elevated platform in an enclosed space surrounded by LCD computer monitors with 

a video camera placed above. When the program is run on the computer monitors B) the subject 

experiences a virtual cylinder created by the movement of vertical lines in a uniform direction 

across the screen.  
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Materials and Methods 

Justification of Experimental Design 

 Power analysis performed with DSS Research software gave us 100% statistical power 

with a group of 10 animals when the expected difference in visual acuity is decreased by half.  

Therefore we used two groups of 5 animals with control values obtained from the same animal's 

contralateral eye, one animal died before treatment. All animals were subjected to the control 

readings followed by five timepoints. Values from the contralateral control eye were obtained by 

changing the direction of spin of the virtual cylinder due to the observation that mice follow the 

movement in a temporal to nasal direction (123).   

Intravitreal Injection Procedure 

 Injections were performed (126)under a portable dissecting scope. The area was 

aseptically sterilized and custom 32 gauge 10 mm needles (Hamilton) and a 700 series, 5 µL 

Hamilton syringe used for intravitreal injection were sterilized by autoclave. Needles (Monoject) 

and syringes (BD) used for anesthesia were purchased in sterile packs.  Mice were anesthetized 

by administering an intraperitoneal injection of ketamine (95 mg/mL) and xylazine (5 mg/mL) at 

a dose of 0.2 mL/100g of body weight. Once under anesthesia, the specimen was placed under 

the dissecting scope on a sterile absorbent bench underpad. One drop each of proparacaine 

hydrochloride 0.5% (Bausch and Lomb) and oflaxacin (PharmaForce) ophthalmic solution 0.3% 

were administered topically to the eye prior to injection to alleviate pain and infection 

respectively.  PLGA nanoparticles were prepared by the w/o/w method producing a white 

powder upon lyopholization which was sterilized by UV light. The sterile particles were then 
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dissolved in a sterile PBS solution (Invitrogen) to a final concentration of 1 µg/mL which was 

filtered through a 0.2 micron filter (Gelman Sciences) with sterile syringe (BD). A 32 gauge 

needle (Monoject) was used to create a puncture wound 0.5 mm posterior to the temporal limbus. 

The needle was then inserted 1.5 mm deep at an angle toward the optic nerve. At 1.5 mm the tip 

of the needle can be observed through the lens in the center of the vitreous thus indicating the 

required depth. 2 µL was then administered by slowly depressing the microinjector syringe. 

Following injection, one drop each of proparacaine hydrochloride 0.5% and oflaxacin 

ophthalmic solution 0.3% was administered topically once again. Prior to waking up from 

surgery, animals were placed in the transport cage and closely monitored for breathing. Topical 

administration of proparacaine hydrochloride was given once daily to alleviate pain. During the 

length of the experiment mice were maintained in ambient light on a 12 hour light/dark schedule.    

Behavioral Optomotor Procedure 

 Mice were transported in cages, on a cart covered with a Tyvek to the facility where the 

optomotor device is housed. In this procedure, (123)(127)a mouse was placed on a platform (5.3 

cm in diameter and elevated 15 cm from the floor) inside a chamber (39 x 39 x 32.5 cm). The 

walls of the chamber consist of computer monitors that have vertical lines projected onto them. 

The vertical lines are rotated, and the mouse sitting on the platform will follow the moving lines 

with its head and eyes. A Sony Handycam with Carl Zeiss Lens is positioned above the platform 

and allows the behavior of the mouse to be observed from a monitor. With this, a quantitative 

measure of visual acuity was determined by following the movement of the mouse’s head with a 

crosshair shaped cursor placed between the ears for approximately 30 minutes while the program 
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cycled, and data analysis was performed using the OptoMotry Program. The study was blind to 

the administrator who has 3 years experience administering behavioral optomotor testing and 

evaluating collected data points. The optomotor testing was performed at 6, 24, 48 and 72 hours 

following the injection and animals were returned to their home cage after the behavioral task 

was performed each day. The test causes no pain or distress, is noninvasive, and does not require 

the mouse to be anesthetized or restrained. Following the final timepoint, mice were euthanized 

by CO2 asphyxiation and death was assured by cervical dislocation. Eyes were collected for flow 

cytometry.  

PI Uptake and Annexin V Staining for Cell Viability 

 Double staining for subdiploid DNA (sub-G1 peak) and apoptosis was performed with 

propidium iodide (PI) (Sigma Aldrich) and anti-Anx V-FITC (Sigma Aldrich) respectively (128, 

129). Retinas were isolated from C57BL/6 eyes collected at 72 hours and digested with 

collagenase at 1 mg/mL ( 290 u/mg) (Worthington) for 30 minutes at 37 ˚C with agitation. Cells 

were spun down and washed once with sterile PBS, and resuspended in 100 µL of calcium-

binding buffer (10 mM HEPES (pH 7.4), 140 mM NaCl, 2.5 mM CaCl2). Annexin V-FITC was 

diluted into the suspension at 1:10 and it was incubated in the dark at room temperature for 10 

minutes. The cells were then diluted in 300 µL more of binding buffer and PI was added to a 

final concentration of 50 µg/µL. Samples were then diluted in 600 µL sterile deionized water and 

flow cytometry was performed on a Beckman Coulter Cytomics FC500 Flow Cytometry 

Analyzer. Data analysis was performed using the CXP analysis software provided by Beckman 
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Coulter. Antibody gates were set using unstained (control) cells. The proportion of each cell 

population was expressed as the percentage of the number of counted cells.  
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Results 

The visual acuity of a mouse after intravitreal injection of nanoparticles 

 The visual acuity of a rodent can be detected using an optomotor apparatus created by 

Prusky et al (123). We used 9 C57BL/6 mice for intravitreal injection of 3 µg of blank 

nanoparticles in 3 µL of PBS and 3 µL of PBS alone in the contralateral eye. Animals were 

tested prior to surgery and after surgery at time points up to 72 hours for visual acuity using the 

optomotor device. Baseline values obtained before the procedure were used to compare retention 

of acuity values after injection (Figure 26). Ketamine is known to decrease neurosensory activity 

and therefore served as our control(125). 6 hours post operation, mice became lucid and were 

tested using the optomotor apparatus. The results indicated a statistically significantly decreased 

visual acuity in all rodents. By 24 hours after intravitreal injections, visual acuity was returned to 

normal in all rodent eyes. From 24 to 48 hours after treatment, animals’ visual acuity increased 

slightly as they became more accustomed to testing. There was no significant difference found 

between the recovery of visual acuity after intravitreal injection in treated versus control eyes.  

Intravitreal injection of nanoparticles does not affect viability of retinal cells 

 After the 72 hour timepoint, eyes were collected and retinas dissected out and digested. 

The cells were stained with propidium iodide for sub-G1 DNA content and annexin v membrane 

translocation for apoptosis. The results indicate that there is no significant amount of cell death 

that occurs in the retina after intravitreal injection of nanoparticles compared with control PBS 

injection. Retinas from the PBS group were positive for on average 8.575% of the cell 

population compared to 10.83% in the nanoparticle treated group (Figure 27A). This result was 
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not found to be statistically significant difference, P=0.5008 according to T-test. Retinas from 

the PBS group were also found to be positive for Anx V-FITC staining on average 1.4% 

compared to 0.2667% in nanoparticle treated cells (Figure 27B). This was not statistically 

significant, P=0.0835. Representative images are shown for the percent of cells positive from 

two mice. Retinas from one nanoparticle treated retina were 8.7% positive for PI staining (Figure 

27C) and 0.4% positive for Anx V-FITC staining (Figure 27D). In another, PBS treated retina, 

we see cells staining positive for PI at 2.6% (Figure 27E), and at 0.2% for Anx V-FITC (Figure 

27F).  
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Figure 26: Visual acuity of mice was not reduced by nanoparticle injection.   

 Visual acuity values were collected from C57BL/6 mice after intravitreal injection of 3 

µg of blank nanoparticles in PBS and PBS alone in the contralateral eye. Testing was done upon 

waking from anesthesia at 6 hours and 24, 48, and 72 hours post injection. Vision was 

suppressed at 6 hours and can be contributed to ketamine administration (125), which will serve 

as a negative control. The differences in acuity from 6 hours to 24 hours are significantly 

different, p=0.0067. There was no difference seen overall in PBS treated versus blank 

nanoparticle treated eyes: p=0.7509. 
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Figure 27: Intravitreal injection of nanoparticles caused no significant difference in the 

viability of retinal cells. 

 72 hours after intravitreal injection of blank nanoparticles and PBS in the contralateral 

eye, retinas were collected, digested, and stained for A) PI and B) Anx V, indicative of 

apoptosis. PBS Treated vs. NP Treated: p=0.7290, not sig different. Representative images of 

nanoparticle treated C) PI positive staining and D)Anx V positive staining are shown in line 

graph form obtained from CXP software by Beckman Coulter.  Representative images of PBS 

treated E) PI positive staining and F) Anx V positive staining are also shown in line graph form. 
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CHAPTER VII 

DISCUSSION 

  

 The purpose of this study was to explore the possibility of using antioxidants to mitigate 

oxidative stress induced apoptosis. In diseases that are related to increased oxidative load, such 

as glaucoma and other neurodegenerative diseases, antioxidants remain a promising intervention. 

We hypothesize that whatever the primary cause of inducing an imbalanced redox status in 

glaucoma, be it genetic contribution or increased IOP, the loss of RGCs can be prevented at the 

level of relieving oxidative burden and reversing apoptotic cell signaling using antioxidants.  

 We found that IAA was cytotoxic to RGC-5s and that 6 µM concentrations resulted in an 

approximate value of 50% cell death. This concentration was therefore used in most 

experiments. DCF assay suggested generation of ROS by IAA treatment. IAA treatment also 

resulted in a loss of ΔΨ which tells us that mitochondrial function is inhibited and this 

contributes to the generation of ROS. Mitochondria associated caspases 3 and 7 were activated in 

the presence of IAA. Caspases 3 and 7 are activated by caspase 9 which is formed by the release 

of Cytochrome C from the leaky mitochondrial membrane and it’s binding to Apaf-1 and pro-

caspase 9. Therefore, activation of these caspases, along with mitochondrial dysfunction and the 

generation of ROS, support our hypothesis that IAA is a suitable model for oxidative stress 

induced apoptosis.  IAA cytotoxicity was reversed in the presence of exogenous antioxidants. 

Serum supplemented RGC-5s maintain phosphorylated ERK ½ and this phosphorylation is 
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abolished by IAA treatment. IAA induced the phosphorylation of P90RSK, a known cell survival 

protein.  We believe that this phosphorylation is a reaction of the cell to the oxidative stress 

induced by IAA and functions to inhibit cell death. 

 17β-Estradiol is the predominant endogenous estrogen in humans. It is a steroid hormone 

derived from cholesterol and functions as an antioxidant by the location of a free hydroxyl 

residue on a conjugated ring. It is produced cyclically by developing follicles and therefore 

causes feminizing side effects seen in puberty and pregnancy. It is, however, also produced in the 

brain (130) and may contribute to synaptic plasticity (131) and provide neuroprotection. We saw 

that 5 µM concentrations of 17β-estradiol did mitigate the mitochondrial associated apoptotic 

cell death we observed after 6 µM IAA treatment. The same concentration also mitigated the 

generation of ROS produced by IAA treatment. This provides evidence that 17β-estradiol is a 

suitable candidate antioxidant to provide neuroprotection in our model. However, due to the 

unwanted feminizing side effects that are caused by it’s interaction with estrogen receptors, 

estradiol is not a good candidate for neuroprotection. We saw the same protection was afforded 

by a synthetic estrogen analog designed to decrease interaction with estrogen receptors, ZYC-3 

(93), at similar concentrations. This led us to explore natural antioxidants which are similar in 

structure to estradiol known as phytoestrogens.   

 Phytoestrogens are a class of flavonoids found in plants. They function as free radical 

scavengers utilizing a phenolyic ring structure with a hydroxyl residue. Phytoestrogens are a 

better alternative for estradiol because these structures only weakly interact with estrogen 

receptors resulting in both weak estrogenic or antiestrogenic outcomes (46). Interest in 
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phytoestrogens use as neuroprotectants has gained considerable interest and was spurred by a 

group of studies involving beneficial foods containing dietary flavonoids. The first two 

phytoestrogens we tested, apigenin and fisetin hydrate, did not provide neuroprotection, 

demonstrating that though these compounds are similar in structure to estradiol and each other, 

differences in the neuroprotective profiles of these molecules exist. 

 The tested phytoestrogens we chose because of their popular interest in biomedical 

science. The first, kaempferol, was neuroprotective against IAA and mitigated caspase activation 

and the generation of ROS. It is a potent RSK inhibitor (132) and thereby negatively affected 

phosphorylation of p90RSK and S6, yet positively affected phosphorylation of Akt and p44/42. 

The next, genistein, was neuroprotective to RGC-5s and decreased ROS but did not mitigate 

caspase activation. It is a tyrosine kinase inhibitor and decreased phosphorylation of p42 but did 

not affect activation of Akt which was unexpected. Genistein decreased phosphorylation of S6 

but increased phosphorylation of p90RSK. The third, Genistin, a glycosylated form of genistein, 

was neuroprotective against IAA and mitigated caspase activation and the generation of ROS. It 

also decreased phosphorylation of p42 and p90RSK. Taken together these results suggest that 

though these compounds are structurally very similar, functional differences do exist. 

 Our observations give insight into the neuroprotective mechanisms of phytoestrogens in 

response to oxidative challenge. Though the tested flavonoids were similar in structure, they 

exhibited different effects on cell signaling. Kaempferol and genistin not only mitigated cell 

death induced by an in vitro model of increased oxidative stress, they prevent the activation of 

mitochondria associated apoptosis and reduce the concentration of ROS. Genistein is not as 



 
 

112 

plausible an antioxidant therapy due to its effects on caspase activation at concentrations that are 

minimal for sequestering ROS; however, it activates key anti-apoptotic signaling events that 

make it a candidate for neuroprotection. We also observed that genistein does not inhibit 

phosphorylation of Akt, instead it is enhanced.  This may implicate mTOR activation rather than 

PDK (phosphoinositide-dependent protein kinase phosphorylation because it is believed that 

tyrosine phosphorylation is required for full activation of PDK. (133) 

 Although our results indicate that genistein exacerbates caspase activation at minimum 

concentrations to scavenge ROS, and previously collected evidence shows that it binds ER-

α/β with considerable affinity and functions as a potent tyrosine kinase inhibitor, which would 

invariably affect neuron function, genistein activates key anti-apoptotic/ pro-survival pathways 

that inhibit mitochondria-induced and cytoplasmic apoptosis. Kaempferol, while it has the 

unwanted side-effect of being a RSK inhibitor, is also a potent neuroprotective compound which 

probably protects against apoptosis through activation of Akt. Genistin does not exhibit any 

deleterious inhibitory or receptor binding properties while functioning as a neuroprotectant 

which makes it a good drug candidate. When taking into account the previous evidence 

presented along with the evidence we collected, we suggest that kaempferol and genistin are 

good candidates for cytoprotective pharmaceuticals in neurodegenerative diseases. 

Genistein has recently become popular in biomedical research because of its high concentration 

in foods thought to be beneficial to health. The concentrations of genistein that prove 

neuroprotective are achievable through soy consumption (134). However, as our evidence 

supports, at higher concentrations, genistein induces apoptosis of neurons. These concentrations 
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are of interest in cancer research for their ability to induce apoptosis through ERK 

phosphorylation. We found the effect in a neuronal cell line to be opposite, decreasing the 

phosphorylation of ERK (135). Genistein may be a suitable treatment against apoptosis induced 

by endoplasmic reticulum stress, such as that thought to occur in Parkinson’s disease, but may 

not be suitable in disease related to oxidative burden (61, 45). Our results raise questions on 

whether other phytoestrogens, including kaempferol and genistin, may be more suitable for 

neuroprotection related to mitochondrial dysfunction and oxidative stress. Mass spectrometry 

data was used to show that the neuroprotection inferred by these antioxidant was not due to the 

sequestering of IAA by phytoestrogens.  

 NAC is another plausible antioxidant therapy because of its FDA approval and its 

neuroprotective profile which has been explored extensively in biomedical research. Our interest 

was spurred in NAC due its abilities to donate a cysteine residue to create glutathione, the main 

endogenous antioxidant in RGCs, and activate cell survival signaling. 

 In the presence of the exogenous antioxidant NAC, RGC-5s were rescued from IAA 

induced cytotoxicity, caspase activation (not shown) and mitochondrial membrane depolarization 

(not shown). NAC and IAA, however, interact with one another in a way that may cause 

inactivation of the IAA molecule by the attachment of NAC. To determine the effect of this 

interaction in our model, we used the inhibitor UO126. UO126 is a MEK inhibitor and therefore 

inhibits the activation of ERK 1/2. Upon treatment, UO126 inhibited the neuroprotection 

afforded by NAC in a dose dependent manner. This suggests that neuroprotection from NAC 

against IAA is not wholly caused by the interaction between NAC and IAA, but contributed to 
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by the phosphorylation of ERK ½. We previously showed that phosphorylation of ERK is 

maintained in serum supplemented RGC-5s and the IAA abolished phosphorylation status. The 

addition of NAC during IAA treatment preserved the phosphorylation of ERK ½ over 24 hours. 

The same affect was not seen in a similar thiol containing antioxidant, thiourea. However, 

thiourea was protective to RGC-5s against IAA induced cell death, caspase activation and ROS 

generation (not shown). NAC caused a time dependent phosphorylation of ERK ½ and Akt over 

2 hours. The expression of Bcl-2 in RGC-5s did not change after incubation with NAC (not 

shown).  

 Taken together, these results allow us to elucidate a pathway of action for the cytotoxicity 

induced by IAA and the neuroprotection provided by the phytoestrogens and NAC. The goal of 

this portion of the project was to identify plausible neuroprotective compounds and pathways for 

RGC survival in glaucoma. We believe that the results indicate that IAA is a suitable in vitro 

model for oxidative stress in RGCs and that antioxidants are possible neuroprotectants. 

 The delivery of antioxidants directly to the retina can only be achieved through 

intravitreal injection. Intravitreal injection, however, is dangerous and can not be performed 

often. Nanoparticles are a plausible solution to this delivery dilemma. We chose PLGA as the 

polymer to create our nanoparticles because it is biodegradable, biocompatible and has been 

approved by the FDA for human therapy (101).  

 In order to use a nanoparticle delivery method, particles must first be optimized and 

characterized as within the parameters considered suitable for use. Among these characteristics 

are size, ζ-potential, residual PVA concentration, and encapsulation rate. If nanoparticles are to 



 
 

115 

be targeted to cell-type specific markers, characterization of antibody attachment must be 

performed too. Considering size, it has been proposed that in application to the interior eye, 

nanoparticles of larger size are excluded from peripheral circulation and thereby will result in 

more efficient delivery to intraocular tissues (136). Therefore we chose nanoparticle formulation 

resulting in a larger size, around 200 nm. The % volume of a sample refers to the size 

distribution of the sample, with a 100% volume distribution corresponding to 100% of the 

sample falling within the average size range in nanometers. Our nanoparticles exhibited optimum 

size distribution with all samples near 100%. ζ potential a surface charge that allows sufficient 

repulsion so particles don’t aggregate, with charges +/- 30 resulting in moderate stability and +/- 

60 resulting in excellent stability (105). Our nanoparticles exhibited a ζ potential of -36.44 

corresponding to a suitable stability of nanoparticles to not aggregate in solution. The percent of 

the nanoparticle weight made up by the emulsifying agent PVA must be small. Our nanoparticles 

contained a 2.62% residual PVA concentration. Release rate of NAC from nanoparticles was 

studied using a thiol reactive reagent known as Ellman’s. Encapsulation of NAC was determined 

using two methods, the above mentioned Ellman’s reagent and a custom NAC-Tyr molecule. 

The first method of detection, Ellman’s reagent assay, only detects the presence of free, 

unconjugated thiol residues in the reduced form. Therefore, the values obtained from these 

experiments do not represent the total NAC concentration in a sample. This observation spurred 

us to order the custom NAC-Tyr molecule used for more accurate detection of the sample 

concentration, which was found to be 10 fold higher than the reduced content. Though the status 

of the drug will affect its ability to act as an antioxidant in scavenging free radicals, we believe it 
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will not inhibit its affect in vivo due to NAC’s ability to contribute to glutathione production and 

induce neuroprotective cell signaling. The attachment of antibodies to the surface of 

nanoparticles was performed using the linker, BS3. BS3 covalently binds free primary amino 

groups found in proteins. It was embedded in the surface of nanoparticles and reacted with 

antibody against Thy1. The reaction does not ensure that antibodies will be bound to the 

nanoparticle by the Fc portion and therefore a percentage of antibodies antigen binding sites will 

be masked. However, we estimate with the weight and number of nanoparticles and weight of 

antibody added, that over 33,000 antibodies are attached to each nanoparticle. This number 

should result in a sufficient number of antibodies properly oriented to be effective at targeting 

delivery.  

 The neuroprotective efficacy of NAC-NPs was examined using neutral red viability assay 

and we determined that NAC-NPs infer suitable neuroprotection to RGC-5s against IAA induced 

cytotoxicity. Though, as discussed earlier, NAC and IAA react together chemically we 

demonstrated that NAC afforded neuroprotection was not contributed to solely by this reaction. 

We believe that NAC, when encapsulated in nanoparticles, is protected from reaction with IAA 

by the polymer surface, and more of its protective affect can be contributed to its function as an 

antioxidant and on cell signaling. We saw through immunoblotting analysis that NAC-NPs 

sustained activation of ERK ½ over 24 hours when compared to control. We believed that this is 

due to the sustained release of the molecule over time versus the bolus of chemical delivered to 

the cell with NAC treatment.  In order for NAC to be applied as a protective molecule against 

oxidative cell death in the retina, we must provide evidence that it can be delivered to the cells of 
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the retina. We showed localization of nanoparticle contents within RGC-5s over the first hour of 

treatment and in porcine retinas within the first 48 hours, providing proof of concept for our 

hypothesis. In the event that future experiments lead us to encapsulating a compound of interest 

in the form of pDNA, we evaluated the effects of gene delivery using nanoparticles in the 

porcine retina. We observed that PLGA nanoparticles function in delivering pDNA contents to 

the retina after intravitreal injection and that the contents are then expressed in the cells within 48 

hours.  

 To further support the hypothesis that antioxidants can be used to infer neuroprotection in 

the retina after intravitreal injection we utilized an in vivo study. Nanoparticles do exhibit light 

scattering properties and the question arose whether this might have a negative affect on vision 

due to the scattering of light within the posterior chamber before reaching photoreceptor cells. 

The Prusky optomotor apparatus was used to examine the affects of these nanoparticles located 

within the vitreous on visual acuity. We found no differences in visual acuity after intravitreal 

injection with either nanoparticles or PBS alone. We also found no significant difference 

between the number of apoptotic cells counted in the retinas of eyes injected with nanoparticles 

or PBS alone. We therefore delineate that the act of intravitreal injection of the nanoparticle or 

the presence of PLGA in the retina alone do not negatively affect vision from either obstruction 

or cell death.  

 The evidence that we have collected provides support for the theoretical application of 

antioxidant loaded nanoparticles in disease related to mitochondrial associated oxidative stress. 

We believe that antioxidant loaded nanoparticles, such as NAC-NP, can be administered alone or 
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along with drugs with known efficacy such to improve patient outcomes in neurodegenerative 

diseases. This project is innovative in that it supports the sustained delivery of a drug up to 

periods of months, making intravitreal injection a possible route for glaucoma treatment, as it 

had not been before, and that to date there are no drugs available on the market that afford 

neuroprotection to RGCS that can be used in conjunction with IOP lowering drugs.  

 

  

 

 

 

 



 
 

119 

BIBLIOGRAPHY 

1. Quigley HA, Broman AT. The number of people with glaucoma worldwide in 2010 and 2020. 

Br J Ophthalmol. 2006 Mar;90(3):262-7. 

2. Quigley HA. Neuronal death in glaucoma. Prog Retin Eye Res. 1999 Jan;18(1):39-57. 

3. Berkelaar M, Clarke DB, Wang YC, Bray GM, Aguayo AJ. Axotomy results in delayed death 

and apoptosis of retinal ganglion cells in adult rats. J Neurosci. 1994 Jul;14(7):4368-74. 

4. Kerrigan LA, Zack DJ, Quigley HA, Smith SD, Pease ME. TUNEL-positive ganglion cells in 

human primary open-angle glaucoma. Arch Ophthalmol. 1997 Aug;115(8):1031-5. 

5. Obstbaum SA, Cioffi GA, Krieglstein GK, Fennerty MB, Alm A, Araie M, Carassa RG, 

Greve EL, Hitchings RA, Kaufman PL, Kitazawa Y, Pongpun PR, Susanna R,Jr, Wax MB, 

Zimmerman TJ. Gold standard medical therapy for glaucoma: Defining the criteria identifying 

measures for an evidence-based analysis. Clin Ther. 2004 Dec;26(12):2102-20. 

6. Mao LK, Stewart WC, Shields MB. Correlation between intraocular pressure control and 

progressive glaucomatous damage in primary open-angle glaucoma. Am J Ophthalmol. 1991 Jan 

15;111(1):51-5. 

7. Mainster MA. Light and macular degeneration: A biophysical and clinical perspective. Eye. 

1987;1 ( Pt 2)(Pt 2):304-10. 

8. Organisciak DT, Darrow RM, Barsalou L, Darrow RA, Kutty RK, Kutty G, Wiggert B. Light 

history and age-related changes in retinal light damage. Invest Ophthalmol Vis Sci. 1998 

Jun;39(7):1107-16. 

9. Flammer J. The vascular concept of glaucoma. Surv Ophthalmol. 1994 May;38 Suppl:S3-6. 



 
 

120 

10. Choi DW. Glutamate neurotoxicity and diseases of the nervous system. Neuron. 1988 

Oct;1(8):623-34. 

11. Ferreira SM, Lerner SF, Brunzini R, Evelson PA, Llesuy SF. Oxidative stress markers in 

aqueous humor of glaucoma patients. Am J Ophthalmol. 2004 Jan;137(1):62-9. 

12. Gherghel D, Griffiths HR, Hilton EJ, Cunliffe IA, Hosking SL. Systemic reduction in 

glutathione levels occurs in patients with primary open-angle glaucoma. Invest Ophthalmol Vis 

Sci. 2005 Mar;46(3):877-83. 

13. Yildirim O, Ates NA, Ercan B, Muslu N, Unlu A, Tamer L, Atik U, Kanik A. Role of 

oxidative stress enzymes in open-angle glaucoma. Eye. 2005 May;19(5):580-3. 

14. Ritch R. Neuroprotection: Is it already applicable to glaucoma therapy? Curr Opin 

Ophthalmol. 2000 Apr;11(2):78-84. 

15. Yoles E, Wheeler LA, Schwartz M. Alpha2-adrenoreceptor agonists are neuroprotective in a 

rat model of optic nerve degeneration. Invest Ophthalmol Vis Sci. 1999 Jan;40(1):65-73. 

16. Osborne NN, Cazevieille C, Carvalho AL, Larsen AK, DeSantis L. In vivo and in vitro 

experiments show that betaxolol is a retinal neuroprotective agent. Brain Res. 1997 Mar 

14;751(1):113-23. 

17. Manthey D, Behl C. From structural biochemistry to expression profiling: Neuroprotective 

activities of estrogen. Neuroscience. 2006;138(3):845-50. 

18. Prokai L, Simpkins JW. Structure-nongenomic neuroprotection relationship of estrogens and 

estrogen-derived compounds. Pharmacol Ther. 2007 Apr;114(1):1-12. 



 
 

121 

19. Siu AW, Reiter RJ, To CH. The efficacy of vitamin E and melatonin as antioxidants against 

lipid peroxidation in rat retinal homogenates. J Pineal Res. 1998 May;24(4):239-44. 

20. Tagami M, Yamagata K, Ikeda K, Nara Y, Fujino H, Kubota A, Numano F, Yamori Y. 

Vitamin E prevents apoptosis in cortical neurons during hypoxia and oxygen reperfusion. Lab 

Invest. 1998 Nov;78(11):1415-29. 

21. Aonuma H, Koide K, Masuda K, Watanabe I. Retinal light damage: Protective effect of 

alpha-tocopherol. Jpn J Ophthalmol. 1997 May-Jun;41(3):160-7. 

22. Matthews RT, Yang L, Browne S, Baik M, Beal MF. Coenzyme Q10 administration 

increases brain mitochondrial concentrations and exerts neuroprotective effects. Proc Natl Acad 

Sci U S A. 1998 Jul 21;95(15):8892-7. 

23. Smith PF, Maclennan K, Darlington CL. The neuroprotective properties of the ginkgo biloba 

leaf: A review of the possible relationship to platelet-activating factor (PAF). J Ethnopharmacol. 

1996 Mar;50(3):131-9. 

24. Mey J. New therapeutic target for CNS injury? the role of retinoic acid signaling after nerve 

lesions. J Neurobiol. 2006 Jun;66(7):757-79. 

25. Krishnamoorthy RR, Agarwal P, Prasanna G, Vopat K, Lambert W, Sheedlo HJ, Pang IH, 

Shade D, Wordinger RJ, Yorio T, Clark AF, Agarwal N. Characterization of a transformed rat 

retinal ganglion cell line. Brain Res Mol Brain Res. 2001 Jan 31;86(1-2):1-12. 

26. Dun Y, Mysona B, Van Ells T, Amarnath L, Ola MS, Ganapathy V, Smith SB. Expression of 

the cystine-glutamate exchanger (xc-) in retinal ganglion cells and regulation by nitric oxide and 

oxidative stress. Cell Tissue Res. 2006 May;324(2):189-202. 



 
 

122 

27. Dibas A, Yang MH, Bobich J, Yorio T. Stress-induced changes in neuronal aquaporin-9 

(AQP9) in a retinal ganglion cell-line. Pharmacol Res. 2007 May;55(5):378-84. 

28. Chen H, Liu B, Neufeld AH. Epidermal growth factor receptor in adult retinal neurons of rat, 

mouse, and human. J Comp Neurol. 2007 Jan 10;500(2):299-310. 

29. Ju WK, Misaka T, Kushnareva Y, Nakagomi S, Agarwal N, Kubo Y, Lipton SA, Bossy-

Wetzel E. OPA1 expression in the normal rat retina and optic nerve. J Comp Neurol. 2005 Jul 

18;488(1):1-10. 

30. Chalasani ML, Radha V, Gupta V, Agarwal N, Balasubramanian D, Swarup G. A glaucoma-

associated mutant of optineurin selectively induces death of retinal ganglion cells which is 

inhibited by antioxidants. Invest Ophthalmol Vis Sci. 2007 Apr;48(4):1607-14. 

31. Khalyfa A, Chlon T, Qiang H, Agarwal N, Cooper NG. Microarray reveals complement 

components are regulated in the serum-deprived rat retinal ganglion cell line. Mol Vis. 2007 Feb 

28;13:293-308. 

32. Van Bergen NJ, Wood JP, Chidlow G, Trounce IA, Casson RJ, Ju WK, Weinreb RN, 

Crowston JG. Recharacterization of the RGC-5 retinal ganglion cell line. Invest Ophthalmol Vis 

Sci. 2009 Sep;50(9):4267-72. 

33. Winkler BS, Sauer MW, Starnes CA. Modulation of the pasteur effect in retinal cells: 

Implications for understanding compensatory metabolic mechanisms. Exp Eye Res. 2003 

Jun;76(6):715-23. 

34. NOELL WK. The effect of iodoacetate on the vertebrate retina. J Cell Physiol. 1951 

Apr;37(2):283-307. 



 
 

123 

35. Malcolm CS, Benwell KR, Lamb H, Bebbington D, Porter RH. Characterization of 

iodoacetate-mediated neurotoxicity in vitro using primary cultures of rat cerebellar granule cells. 

Free Radic Biol Med. 2000 Jan 1;28(1):102-7. 

36. Sperling O, Bromberg Y, Oelsner H, Zoref-Shani E. Reactive oxygen species play an 

important role in iodoacetate-induced neurotoxicity in primary rat neuronal cultures and in 

differentiated PC12 cells. Neurosci Lett. 2003 Nov 20;351(3):137-40. 

37. Ferreira IL, Duarte CB, Carvalho AP. 'Chemical ischemia' in cultured retina cells: The role of 

excitatory amino acid receptors and of energy levels on cell death. Brain Res. 1997 Sep 

12;768(1-2):157-66. 

38. Taylor BM, Fleming WE, Benjamin CW, Wu Y, Mathews WR, Sun FF. The mechanism of 

cytoprotective action of lazaroids I: Inhibition of reactive oxygen species formation and lethal 

cell injury during periods of energy depletion. J Pharmacol Exp Ther. 1996 Mar;276(3):1224-31. 

39. Reiner PB, Laycock AG, Doll CJ. A pharmacological model of ischemia in the hippocampal 

slice. Neurosci Lett. 1990 Nov 13;119(2):175-8. 

40. Windisch M, Hutter-Paier B, Grygar E, Doppler E, Moessler H. N-PEP-12--a novel peptide 

compound that protects cortical neurons in culture against different age and disease associated 

lesions. J Neural Transm. 2005 Oct;112(10):1331-43. 

41. Buja LM, Hagler HK, Parsons D, Chien K, Reynolds RC, Willerson JT. Alterations of 

ultrastructure and elemental composition in cultured neonatal rat cardiac myocytes after 

metabolic inhibition with iodoacetic acid. Lab Invest. 1985 Oct;53(4):397-412. 



 
 

124 

42. Kajta M, Domin H, Grynkiewicz G, Lason W. Genistein inhibits glutamate-induced 

apoptotic processes in primary neuronal cell cultures: An involvement of aryl hydrocarbon 

receptor and estrogen receptor/glycogen synthase kinase-3beta intracellular signaling pathway. 

Neuroscience. 2007 Mar 16;145(2):592-604. 

43. Owusu-Ansah E, Yavari A, Mandal S, Banerjee U. Distinct mitochondrial retrograde signals 

control the G1-S cell cycle checkpoint. Nat Genet. 2008 Mar;40(3):356-61. 

44. Valsecchi AE, Franchi S, Panerai AE, Sacerdote P, Trovato AE, Colleoni M. Genistein, a 

natural phytoestrogen from soy, relieves neuropathic pain following chronic constriction sciatic 

nerve injury in mice: Anti-inflammatory and antioxidant activity. J Neurochem. 2008 

Oct;107(1):230-40. 

45. Sawada H, Shimohama S. Estrogens and parkinson disease: Novel approach for 

neuroprotection. Endocrine. 2003 Jun;21(1):77-9. 

46. Mitchell JH, Gardner PT, McPhail DB, Morrice PC, Collins AR, Duthie GG. Antioxidant 

efficacy of phytoestrogens in chemical and biological model systems. Arch Biochem Biophys. 

1998 Dec 1;360(1):142-8. 

47. Joseph JA, Shukitt-Hale B, Denisova NA, Bielinski D, Martin A, McEwen JJ, Bickford PC. 

Reversals of age-related declines in neuronal signal transduction, cognitive, and motor 

behavioral deficits with blueberry, spinach, or strawberry dietary supplementation. J Neurosci. 

1999 Sep 15;19(18):8114-21. 



 
 

125 

48. Dinkova-Kostova AT, Cheah J, Samouilov A, Zweier JL, Bozak RE, Hicks RJ, Talalay P. 

Phenolic michael reaction acceptors: Combined direct and indirect antioxidant defenses against 

electrophiles and oxidants. Med Chem. 2007 May;3(3):261-8. 

49. Niering P, Michels G, Watjen W, Ohler S, Steffan B, Chovolou Y, Kampkotter A, Proksch P, 

Kahl R. Protective and detrimental effects of kaempferol in rat H4IIE cells: Implication of 

oxidative stress and apoptosis. Toxicol Appl Pharmacol. 2005 Dec 1;209(2):114-22. 

50. Hong JT, Yen JH, Wang L, Lo YH, Chen ZT, Wu MJ. Regulation of heme oxygenase-1 

expression and MAPK pathways in response to kaempferol and rhamnocitrin in PC12 cells. 

Toxicol Appl Pharmacol. 2009 May 15;237(1):59-68. 

51. Schroeter H, Williams RJ, Matin R, Iversen L, Rice-Evans CA. Phenolic antioxidants 

attenuate neuronal cell death following uptake of oxidized low-density lipoprotein. Free Radic 

Biol Med. 2000 Dec 15;29(12):1222-33. 

52. Schroeter H, Spencer JP, Rice-Evans C, Williams RJ. Flavonoids protect neurons from 

oxidized low-density-lipoprotein-induced apoptosis involving c-jun N-terminal kinase (JNK), c-

jun and caspase-3. Biochem J. 2001 Sep 15;358(Pt 3):547-57. 

53. Kim Y, Park EJ, Kim J, Kim Y, Kim SR, Kim YY. Neuroprotective constituents from 

hedyotis diffusa. J Nat Prod. 2001 Jan;64(1):75-8. 

54. Wang CN, Chi CW, Lin YL, Chen CF, Shiao YJ. The neuroprotective effects of 

phytoestrogens on amyloid beta protein-induced toxicity are mediated by abrogating the 

activation of caspase cascade in rat cortical neurons. J Biol Chem. 2001 Feb 16;276(7):5287-95. 



 
 

126 

55. Laabich A, Manmoto CC, Kuksa V, Leung DW, Vissvesvaran GP, Karliga I, Kamat M, Scott 

IL, Fawzi A, Kubota R. Protective effects of myricetin and related flavonols against A2E and 

light mediated-cell death in bovine retinal primary cell culture. Exp Eye Res. 2007 

Jul;85(1):154-65. 

56. Samhan-Arias AK, Martin-Romero FJ, Gutierrez-Merino C. Kaempferol blocks oxidative 

stress in cerebellar granule cells and reveals a key role for reactive oxygen species production at 

the plasma membrane in the commitment to apoptosis. Free Radic Biol Med. 2004 Jul 

1;37(1):48-61. 

57. Kuiper GG, Lemmen JG, Carlsson B, Corton JC, Safe SH, van der Saag PT, van der Burg B, 

Gustafsson JA. Interaction of estrogenic chemicals and phytoestrogens with estrogen receptor 

beta. Endocrinology. 1998 Oct;139(10):4252-63. 

58. Sloley BD, Urichuk LJ, Morley P, Durkin J, Shan JJ, Pang PK, Coutts RT. Identification of 

kaempferol as a monoamine oxidase inhibitor and potential neuroprotectant in extracts of ginkgo 

biloba leaves. J Pharm Pharmacol. 2000 Apr;52(4):451-9. 

59. Schreihofer DA, Redmond L. Soy phytoestrogens are neuroprotective against stroke-like 

injury in vitro. Neuroscience. 2009 Jan 23;158(2):602-9. 

60. Yu HL, Li L, Zhang XH, Xiang L, Zhang J, Feng JF, Xiao R. Neuroprotective effects of 

genistein and folic acid on apoptosis of rat cultured cortical neurons induced by beta-amyloid 31-

35. Br J Nutr. 2009 Sep;102(5):655-62. 



 
 

127 

61. Linford NJ, Dorsa DM. 17beta-estradiol and the phytoestrogen genistein attenuate neuronal 

apoptosis induced by the endoplasmic reticulum calcium-ATPase inhibitor thapsigargin. 

Steroids. 2002 Dec;67(13-14):1029-40. 

62. Ho KP, Li L, Zhao L, Qian ZM. Genistein protects primary cortical neurons from iron-

induced lipid peroxidation. Mol Cell Biochem. 2003 May;247(1-2):219-22. 

63. Caccamo D, Campisi A, Curro M, Bramanti V, Tringali M, Li Volti G, Vanella A, Ientile R. 

Antioxidant treatment inhibited glutamate-evoked NF-kappaB activation in primary astroglial 

cell cultures. Neurotoxicology. 2005 Oct;26(5):915-21. 

64. Liang HW, Qiu SF, Shen J, Sun LN, Wang JY, Bruce IC, Xia Q. Genistein attenuates 

oxidative stress and neuronal damage following transient global cerebral ischemia in rat 

hippocampus. Neurosci Lett. 2008 Jun 13;438(1):116-20. 

65. Banerjee S, Li Y, Wang Z, Sarkar FH. Multi-targeted therapy of cancer by genistein. Cancer 

Lett. 2008 Oct 8;269(2):226-42. 

66. Ravindranath MH, Muthugounder S, Presser N, Viswanathan S. Anticancer therapeutic 

potential of soy isoflavone, genistein. Adv Exp Med Biol. 2004;546:121-65. 

67. Zhao L, Chen Q, Diaz Brinton R. Neuroprotective and neurotrophic efficacy of 

phytoestrogens in cultured hippocampal neurons. Exp Biol Med (Maywood). 2002 

Jul;227(7):509-19. 

68. Chao PL, Fan SF, Chou YH, Lin AM. N-acetylcysteine attenuates arsenite-induced oxidative 

injury in dorsal root ganglion explants. Ann N Y Acad Sci. 2007 Dec;1122:276-88. 



 
 

128 

69. Moschou M, Kosmidis EK, Kaloyianni M, Geronikaki A, Dabarakis N, Theophilidis G. In 

vitro assessment of the neurotoxic and neuroprotective effects of N-acetyl-L-cysteine (NAC) on 

the rat sciatic nerve fibers. Toxicol In Vitro. 2008 Feb;22(1):267-74. 

70. Ferrari G, Yan CY, Greene LA. N-acetylcysteine (D- and L-stereoisomers) prevents 

apoptotic death of neuronal cells. J Neurosci. 1995 Apr;15(4):2857-66. 

71. Seaton TA, Cooper JM, Schapira AH. Free radical scavengers protect dopaminergic cell lines 

from apoptosis induced by complex I inhibitors. Brain Res. 1997 Nov 28;777(1-2):110-8. 

72. Yan CY, Ferrari G, Greene LA. N-acetylcysteine-promoted survival of PC12 cells is 

glutathione-independent but transcription-dependent. J Biol Chem. 1995 Nov 10;270(45):26827-

32. 

73. Hart AM, Terenghi G, Kellerth JO, Wiberg M. Sensory neuroprotection, mitochondrial 

preservation, and therapeutic potential of N-acetyl-cysteine after nerve injury. Neuroscience. 

2004;125(1):91-101. 

74. Cooper AJ, Kristal BS. Multiple roles of glutathione in the central nervous system. Biol 

Chem. 1997 Aug;378(8):793-802. 

75. Moncada S. Nitric oxide and cell respiration: Physiology and pathology. Verh K Acad 

Geneeskd Belg. 2000;62(3):171,9; discussion 179-81. 

76. Finkel T, Holbrook NJ. Oxidants, oxidative stress and the biology of ageing. Nature. 2000 

Nov 9;408(6809):239-47. 

77. Krishna M, Narang H. The complexity of mitogen-activated protein kinases (MAPKs) made 

simple. Cell Mol Life Sci. 2008 Nov;65(22):3525-44. 



 
 

129 

78. Romashkova JA, Makarov SS. NF-kappaB is a target of AKT in anti-apoptotic PDGF 

signalling. Nature. 1999 Sep 2;401(6748):86-90. 

79. Peterson RT, Schreiber SL. Translation control: Connecting mitogens and the ribosome. Curr 

Biol. 1998 Mar 26;8(7):R248-50. 

80. Bonni A, Brunet A, West AE, Datta SR, Takasu MA, Greenberg ME. Cell survival promoted 

by the ras-MAPK signaling pathway by transcription-dependent and -independent mechanisms. 

Science. 1999 Nov 12;286(5443):1358-62. 

81. Guyton KZ, Gorospe M, Wang X, Mock YD, Kokkonen GC, Liu Y, Roth GS, Holbrook NJ. 

Age-related changes in activation of mitogen-activated protein kinase cascades by oxidative 

stress. J Investig Dermatol Symp Proc. 1998 Aug;3(1):23-7. 

82. Guyton KZ, Liu Y, Gorospe M, Xu Q, Holbrook NJ. Activation of mitogen-activated protein 

kinase by H2O2. role in cell survival following oxidant injury. J Biol Chem. 1996 Feb 

23;271(8):4138-42. 

83. Hung CC, Ichimura T, Stevens JL, Bonventre JV. Protection of renal epithelial cells against 

oxidative injury by endoplasmic reticulum stress preconditioning is mediated by ERK1/2 

activation. J Biol Chem. 2003 Aug 1;278(31):29317-26. 

84. Hayashi Y, Kitaoka Y, Munemasa Y, Ohtani-Kaneko R, Kikusui T, Uematsu A, Takeda H, 

Hirata K, Mori Y, Ueno S. Neuroprotective effect of 17beta-estradiol against N-methyl-D-

aspartate-induced retinal neurotoxicity via p-ERK induction. J Neurosci Res. 2007 Feb 

1;85(2):386-94. 



 
 

130 

85. Kilic U, Kilic E, Soliz J, Bassetti CI, Gassmann M, Hermann DM. Erythropoietin protects 

from axotomy-induced degeneration of retinal ganglion cells by activating ERK-1/-2. FASEB J. 

2005 Feb;19(2):249-51. 

86. Yao R, Cooper GM. Requirement for phosphatidylinositol-3 kinase in the prevention of 

apoptosis by nerve growth factor. Science. 1995 Mar 31;267(5206):2003-6. 

87. Crowder RJ, Freeman RS. Phosphatidylinositol 3-kinase and akt protein kinase are necessary 

and sufficient for the survival of nerve growth factor-dependent sympathetic neurons. J Neurosci. 

1998 Apr 15;18(8):2933-43. 

88. Kim HS, Park CK. Retinal ganglion cell death is delayed by activation of retinal intrinsic cell 

survival program. Brain Res. 2005 Sep 28;1057(1-2):17-28. 

89. Levkovitch-Verbin H, Harizman N, Dardik R, Nisgav Y, Vander S, Melamed S. Regulation 

of cell death and survival pathways in experimental glaucoma. Exp Eye Res. 2007 

Aug;85(2):250-8. 

90. Nakazawa T, Tamai M, Mori N. Brain-derived neurotrophic factor prevents axotomized 

retinal ganglion cell death through MAPK and PI3K signaling pathways. Invest Ophthalmol Vis 

Sci. 2002 Oct;43(10):3319-26. 

91. Kilic U, Kilic E, Jarve A, Guo Z, Spudich A, Bieber K, Barzena U, Bassetti CL, Marti HH, 

Hermann DM. Human vascular endothelial growth factor protects axotomized retinal ganglion 

cells in vivo by activating ERK-1/2 and akt pathways. J Neurosci. 2006 Nov 29;26(48):12439-

46. 



 
 

131 

92. Lin CH, Kuo SC, Huang LJ, Gean PW. Neuroprotective effect of N-acetylcysteine on 

neuronal apoptosis induced by a synthetic gingerdione compound: Involvement of ERK and p38 

phosphorylation. J Neurosci Res. 2006 Nov 15;84(7):1485-94. 

93. Kumar DM, Perez E, Cai ZY, Aoun P, Brun-Zinkernagel AM, Covey DF, Simpkins JW, 

Agarwal N. Role of nonfeminizing estrogen analogues in neuroprotection of rat retinal ganglion 

cells against glutamate-induced cytotoxicity. Free Radic Biol Med. 2005 May 1;38(9):1152-63. 

94. Liu Y, Miyoshi H, Nakamura M. Nanomedicine for drug delivery and imaging: A promising 

avenue for cancer therapy and diagnosis using targeted functional nanoparticles. Int J Cancer. 

2007 Jun 15;120(12):2527-37. 

95. Moghimi SM, Hunter AC, Murray JC. Nanomedicine: Current status and future prospects. 

FASEB J. 2005 Mar;19(3):311-30. 

96. Anon A. Nanomedicine -- a tremendous research opportunity for analytical chemists. 

Analyst. 2004 Aug;129(8):671. 

97. Astete CE, Sabliov CM. Synthesis and characterization of PLGA nanoparticles. J Biomater 

Sci Polym Ed. 2006;17(3):247-89. 

98. Sahoo SK, Labhasetwar V. Nanotech approaches to drug delivery and imaging. Drug Discov 

Today. 2003 Dec 15;8(24):1112-20. 

99. Wickline SA, Neubauer AM, Winter P, Caruthers S, Lanza G. Applications of 

nanotechnology to atherosclerosis, thrombosis, and vascular biology. Arterioscler Thromb Vasc 

Biol. 2006 Mar;26(3):435-41. 



 
 

132 

100. Jain RA. The manufacturing techniques of various drug loaded biodegradable poly(lactide-

co-glycolide) (PLGA) devices. Biomaterials. 2000 Dec;21(23):2475-90. 

101. Avgoustakis K. Pegylated poly(lactide) and poly(lactide-co-glycolide) nanoparticles: 

Preparation, properties and possible applications in drug delivery. Curr Drug Deliv. 2004 

Oct;1(4):321-33. 

102. Athanasiou KA, Niederauer GG, Agrawal CM. Sterilization, toxicity, biocompatibility and 

clinical applications of polylactic acid/polyglycolic acid copolymers. Biomaterials. 1996 

Jan;17(2):93-102. 

103. Shive MS, Anderson JM. Biodegradation and biocompatibility of PLA and PLGA 

microspheres. Adv Drug Deliv Rev. 1997 Oct 13;28(1):5-24. 

104. Kitchell JP, Wise DL. Poly(lactic/glycolic acid) biodegradable drug-polymer matrix 

systems. Methods Enzymol. 1985;112:436-48. 

105. BOOTH F. Theory of electrokinetic effects. Nature. 1948 Jan 17;161(4081):83-6. 

106. Zambaux MF, Bonneaux F, Gref R, Maincent P, Dellacherie E, Alonso MJ, Labrude P, 

Vigneron C. Influence of experimental parameters on the characteristics of poly(lactic acid) 

nanoparticles prepared by a double emulsion method. J Control Release. 1998 Jan 2;50(1-3):31-

40. 

107. Nobs L, Buchegger F, Gurny R, Allemann E. Current methods for attaching targeting 

ligands to liposomes and nanoparticles. J Pharm Sci. 2004 Aug;93(8):1980-92. 

108. Joshi D.P., Lan-Chun-Fung Y.L., Pritchard J.G. Determination of poly(vinyl alcohol) via its 

complex with boric acid and iodine. Anal Chim Acta. 1979 January 1;104(1):153-60. 



 
 

133 

109. Panyam J, Zhou WZ, Prabha S, Sahoo SK, Labhasetwar V. Rapid endo-lysosomal escape of 

poly(DL-lactide-co-glycolide) nanoparticles: Implications for drug and gene delivery. FASEB J. 

2002 Aug;16(10):1217-26. 

110. Panyam J, Labhasetwar V. Dynamics of endocytosis and exocytosis of poly(D,L-lactide-co-

glycolide) nanoparticles in vascular smooth muscle cells. Pharm Res. 2003 Feb;20(2):212-20. 

111. Davda J, Labhasetwar V. Characterization of nanoparticle uptake by endothelial cells. Int J 

Pharm. 2002 Feb 21;233(1-2):51-9. 

112. Foster KA, Yazdanian M, Audus KL. Microparticulate uptake mechanisms of in-vitro cell 

culture models of the respiratory epithelium. J Pharm Pharmacol. 2001 Jan;53(1):57-66. 

113. Suh H, Jeong B, Rathi R, Kim SW. Regulation of smooth muscle cell proliferation using 

paclitaxel-loaded poly(ethylene oxide)-poly(lactide/glycolide) nanospheres. J Biomed Mater 

Res. 1998 Nov;42(2):331-8. 

114. Panyam J, Labhasetwar V. Biodegradable nanoparticles for drug and gene delivery to cells 

and tissue. Adv Drug Deliv Rev. 2003 Feb 24;55(3):329-47. 

115. Krisky DM, Wolfe D, Goins WF, Marconi PC, Ramakrishnan R, Mata M, Rouse RJ, Fink 

DJ, Glorioso JC. Deletion of multiple immediate-early genes from herpes simplex virus reduces 

cytotoxicity and permits long-term gene expression in neurons. Gene Ther. 1998 

Dec;5(12):1593-603. 

116. Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F, Yvon E, Nusbaum P, Selz 

F, Hue C, Certain S, Casanova JL, Bousso P, Deist FL, Fischer A. Gene therapy of human severe 

combined immunodeficiency (SCID)-X1 disease. Science. 2000 Apr 28;288(5466):669-72. 



 
 

134 

117. Davidson BL, Stein CS, Heth JA, Martins I, Kotin RM, Derksen TA, Zabner J, Ghodsi A, 

Chiorini JA. Recombinant adeno-associated virus type 2, 4, and 5 vectors: Transduction of 

variant cell types and regions in the mammalian central nervous system. Proc Natl Acad Sci U S 

A. 2000 Mar 28;97(7):3428-32. 

118. Auricchio A, Rivera VM, Clackson T, O'Connor EE, Maguire AM, Tolentino MJ, Bennett 

J, Wilson JM. Pharmacological regulation of protein expression from adeno-associated viral 

vectors in the eye. Mol Ther. 2002 Aug;6(2):238-42. 

119. Cristiano RJ. Viral and non-viral vectors for cancer gene therapy. Anticancer Res. 1998 

Sep-Oct;18(5A):3241-5. 

120. Ledley FD. Nonviral gene therapy: The promise of genes as pharmaceutical products. Hum 

Gene Ther. 1995 Sep;6(9):1129-44. 

121. Kaempf S, Johnen S, Salz AK, Weinberger A, Walter P, Thumann G. Effects of 

bevacizumab (avastin) on retinal cells in organotypic culture. Invest Ophthalmol Vis Sci. 2008 

Jul;49(7):3164-71. 

122. Chu PH, Chan HH, Ng YF, Brown B, Siu AW, Beale BA, Gilger BC, Wong F. Porcine 

global flash multifocal electroretinogram: Possible mechanisms for the glaucomatous changes in 

contrast response function. Vision Res. 2008 Jul;48(16):1726-34. 

123. Douglas RM, Alam NM, Silver BD, McGill TJ, Tschetter WW, Prusky GT. Independent 

visual threshold measurements in the two eyes of freely moving rats and mice using a virtual-

reality optokinetic system. Vis Neurosci. 2005 Sep-Oct;22(5):677-84. 



 
 

135 

124. McGill TJ, Prusky GT, Douglas RM, Yasumura D, Matthes MT, Nune G, Donohue-Rolfe 

K, Yang H, Niculescu D, Hauswirth WW, Girman SV, Lund RD, Duncan JL, LaVail MM. 

Intraocular CNTF reduces vision in normal rats in a dose-dependent manner. Invest Ophthalmol 

Vis Sci. 2007 Dec;48(12):5756-66. 

125. Oye I, Paulsen O, Maurset A. Effects of ketamine on sensory perception: Evidence for a 

role of N-methyl-D-aspartate receptors. J Pharmacol Exp Ther. 1992 Mar;260(3):1209-13. 

126. Gao H, Pennesi ME, Qiao X, Iyer MN, Wu SM, Holz ER, Mieler WF. Intravitreal 

moxifloxacin: Retinal safety study with electroretinography and histopathology in animal 

models. Invest Ophthalmol Vis Sci. 2006 Apr;47(4):1606-11. 

127. Prusky GT, Alam NM, Douglas RM. Enhancement of vision by monocular deprivation in 

adult mice. J Neurosci. 2006 Nov 8;26(45):11554-61. 

128. O'Connor JC, Wallace DM, O'Brien CJ, Cotter TG. A novel antioxidant function for the 

tumor-suppressor gene p53 in the retinal ganglion cell. Invest Ophthalmol Vis Sci. 2008 

Oct;49(10):4237-44. 

129. Kniep EM, Roehlecke C, Ozkucur N, Steinberg A, Reber F, Knels L, Funk RH. Inhibition 

of apoptosis and reduction of intracellular pH decrease in retinal neural cell cultures by a blocker 

of carbonic anhydrase. Invest Ophthalmol Vis Sci. 2006 Mar;47(3):1185-92. 

130. Kretz O, Fester L, Wehrenberg U, Zhou L, Brauckmann S, Zhao S, Prange-Kiel J, 

Naumann T, Jarry H, Frotscher M, Rune GM. Hippocampal synapses depend on hippocampal 

estrogen synthesis. J Neurosci. 2004 Jun 30;24(26):5913-21. 



 
 

136 

131. Hojo Y, Murakami G, Mukai H, Higo S, Hatanaka Y, Ogiue-Ikeda M, Ishii H, Kimoto T, 

Kawato S. Estrogen synthesis in the brain--role in synaptic plasticity and memory. Mol Cell 

Endocrinol. 2008 Aug 13;290(1-2):31-43. 

132. Xu YM, Smith JA, Lannigan DA, Hecht SM. Three acetylated flavonol glycosides from 

forsteronia refracta that specifically inhibit p90 RSK. Bioorg Med Chem. 2006 Jun 

1;14(11):3974-7. 

133. Fiory F, Alberobello AT, Miele C, Oriente F, Esposito I, Corbo V, Ruvo M, Tizzano B, 

Rasmussen TE, Gammeltoft S, Formisano P, Beguinot F. Tyrosine phosphorylation of 

phosphoinositide-dependent kinase 1 by the insulin receptor is necessary for insulin metabolic 

signaling. Mol Cell Biol. 2005 Dec;25(24):10803-14. 

134. Arai Y, Uehara M, Sato Y, Kimira M, Eboshida A, Adlercreutz H, Watanabe S. 

Comparison of isoflavones among dietary intake, plasma concentration and urinary excretion for 

accurate estimation of phytoestrogen intake. J Epidemiol. 2000 Mar;10(2):127-35. 

135. Linford NJ, Yang Y, Cook DG, Dorsa DM. Neuronal apoptosis resulting from high doses of 

the isoflavone genistein: Role for calcium and p42/44 mitogen-activated protein kinase. J 

Pharmacol Exp Ther. 2001 Oct;299(1):67-75. 

136. Amrite AC, Edelhauser HF, Singh SR, Kompella UB. Effect of circulation on the 

disposition and ocular tissue distribution of 20 nm nanoparticles after periocular administration. 

Mol Vis. 2008 Jan 29;14:150-60. 

 




