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Abstract 

 

Ischemic optic neuropathy (ION) is a visually devastating disease process in which there 

is disruption of arterial blood flow to the optic nerve head. ION, both anterior and 

posterior, is the most common cause of sudden optic nerve-related vision loss in the 

developed world. In addition, traumatic optic neuropathy (TON), caused by blunt trauma 

to the orbit and/or face, can cause tractional, compressive, or ischemic injuries to the 

optic nerve as well. These types of injuries to the optic nerve can ultimately result in the 

death of retinal ganglion cells in the retina and, consequently, the functional loss of 

vision.  Currently, there is no effective treatment for these types of injury.  

 

There are several issues that stand in the way of adopting treatment modalities for injuries 

to the optic nerve and retina. Many potential therapeutic drugs are unable to gain access 

to the affected cells due to the protective blood-retinal and blood-brain barrier. 

Neurotrophic factors are endogenous large molecular weight neuroprotective proteins 

that, upon injury, are released in an autocrine and paracrine fashion to reduce apoptotic 

cellular death. However, these factors possess inherent molecular characteristics that 

impede their transport through the protective blood-brain barrier. Therefore, the ability to 

bypass the blood-brain barrier using a non-invasive means would have great clinical 

potential.  This study examined the viability of the intranasal delivery method as a means 

of targeting therapeutic agents to the injured retina and optic nerve.  
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The ability of intranasally applied ciliary neurotrophic factor (CNTF), erythropoietin 

(EPO), brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT-4) to reach the 

retina, optic nerve and brain in rats was examined using radiolabeled tracing methods. All 

four neurotrophic factors reached these tissues at nanogram levels. To examine the 

therapeutic potential of this delivery method in an optic nerve injury model, two injury 

systems, ischemic and traumatic optic nerve injury, were induced in adult rats.  

Ultimately, optic nerve crush was selected, as this method yielded a more reproducible 

injury model for testing the therapeutic potential of intranasal drug delivery.  

 

Optic nerve crush is an acute model of optic nerve injury. The effect of crush on the 

timetable of activation of prosurvival pathways was assessed. Next, the effect of 

intranasally administered CNTF, BDNF and EPO on the up-regulation of prosurvival 

molecules was examined. Neurotrophic factors delivered intranasally were able to up-

regulate prosurvival pathways, and in some cases, were able to maintain these increases 

over a period of up to 4 days after a single intranasal treatment. These studies 

demonstrate that the intranasal delivery method results in what appear to be therapeutic 

levels of these large neuroprotective factors in the CNS, and that they have a functional 

and potentially neuroprotective effect on the injured tissues. This treatment approach has 

great clinical potential, as it is non-invasive, prevents significant systemic exposure to the 

drugs, and may treat conditions for which there is no available treatment.  
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Chapter 1 

Human Optic Neuropathies: Ischemic and Traumatic Injury and Progression of 

Neurodegeneration in the Visual System 
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Introduction 

The neurosensory retina is composed of three layers of nerve cells and two layers 

of synapses.  Each layer is involved in a distinct function in propagating incoming light 

and transducing this information into an electrical signal.  The electrical signaling is 

transmitted from the outer nuclear layer, the outermost layer of the retina, to the inner 

nuclear layer, where the retinal ganglion cells reside. This information is then carried via 

the optic nerve to visual nuclei in the brain.  Thus, if the retinal ganglion cells or axons of 

the optic nerve, the conduit of visual information to the brain, are injured, then 

transmission of visual information is compromised, resulting in loss of vision.   

Two forms of insult to the optic nerve were used as models of optic nerve injury. 

Traumatic optic neuropathy and ischemic optic neuropathy stem from distinct insults, 

although the ensuing cellular responses to these injuries are similar and lead to significant 

retinal ganglion cell death and subsequent vision loss.  Currently, there are no effective 

treatments for these injuries to the CNS. 

 

Traumatic Optic Neuropathy 

Traumatic optic neuropathy (TON) results from mechanical trauma to the optic 

nerve, which leads to the initiation of retinal ganglion cell death.  The optic nerve trauma 

suffered by the patient stems from direct or indirect trauma to the head or face. Direct 

TON results from penetrating trauma to the optic nerve.  This injury can stem from 

orbital fractures that may result in direct optic nerve injury, or a secondary injury caused 

by hemorrhaging in the orbit and/ or optic nerve sheath (Sarkies, 2004).  Indirect TON is 
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more common and results from blunt force injury to the forehead or supraorbital ridge, 

which may be transmitted to the optic nerve.  Closed head injuries account for 

approximately 0.5% to 5% of optic nerve trauma. In TON, 85% of affected patients are 

young males, with a mean age of 34 (Levin, 1999, Yu-Wai-Man and Griffiths, 2007).  

Following the immediate physical injury, sustained ganglion cell death may occur due to 

edema and/or release of neurotoxins from the dying retinal ganglion cells (Sievers et al., 

’87). This secondary wave occurs over a 1-3 month time period and is substantial 

(Levkovitch-Verbin et al., ’01; ‘03). Therefore, retinal ganglion cells not initially 

impacted by physical trauma may undergo cell death due to induction of a secondary 

wave of degeneration. This additional cell death can lead to further vision loss in the 

patient.  Therefore, treatments that offset the secondary wave of neuronal cell death in 

order to preserve vision are an active area of basic science and clinical research. 

 Two treatment modalities for traumatic optic neuropathy have been applied 

clinically.  Corticosteroid application and optic nerve decompression treatment regimens 

were postulated to have the potential to reduce optic nerve swelling and decrease the 

consequential secondary retinal ganglion cell loss (Yu-Wai-Man and Griffiths, 2005) 

derived from the release of excitatory amino acids, nitric oxide and free radicals (Simon 

et al, 2006). Recent evidence indicates that corticosteroid application immediately 

following spinal cord injury improves motor and sensory function compared to placebo 

controls (Sarkies, 2004).    High dose corticosteroids have also been shown to limit free 

radical production following injury (Sarkies, 2004).  Moreover, the corticosteroid 

methylprednisolone was found to reduce retinal ganglion cell death following optic nerve 
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crush in rats (Sheng et al, 2004). Based on this data, intravenous steroid application 

appeared to be a viable treatment method to counter retinal ganglion cell loss following 

trauma to the optic nerve.  However, several large clinical trials comparing 

methylprednisolone to placebo found there was no gain in visual acuity when patients 

were treated with the corticosteroid compared to observation alone (Wu et al, 2008).    

This, in conjunction with the adverse effects associated with high-dose steroid treatments, 

resulted in clinicians generally advising against the use of corticosteroids in TON (Yu-

Wai-Man and Griffiths, 2007).   

Surgical intervention in the form of optic nerve decompression has been used in 

an attempt to reduce the consequential swelling around the optic nerve in the optic canal.  

The anatomical architecture of the optic nerve and optic canal make this area prone to 

injury following blunt trauma to the orbital rim or fronto-temporal region (Sarkies, 2004) 

due to the pial vasculature and the optic nerve’s susceptibility to swelling. This 

edematous response causes ischemic injury to the optic nerve following blunt trauma. 

Decompression of the injured optic nerve was hypothesized to result in a reduction of 

pressure on the optic nerve and thus, decreased ganglion cell degeneration. However, a 

study conducted by the International Optic Nerve Trauma Center found there was no 

beneficial effect following optic canal decompression surgery (Wu et al, 2008).  

Moreover, this surgical intervention can result in further damage to other structures in the 

orbit (Sarkies, 2004).   

A comprehensive review of the literature has concluded that the two primary 

treatment methods for TON do not yield therapeutic benefits when compared to 



 

 5

conservative management.  Furthermore, these treatment modalities can result in further 

postoperative complications in the case of surgical decompression, and adverse side 

effects in the case of systemic corticosteroids (Wu et al, 2008).  Currently, the clinical 

community is advising against the use of interventional methods and advocating patient 

monitoring instead.  A noninvasive means of targeting therapeutic agents to the injured 

retinal ganglion cells and axons is therefore an important area of basic science research, 

particularly as there are currently no effective treatments.   

 

Nonarteritic Anterior Ischemic Optic Neuropathy 

Unlike traumatic optic neuropathy, nonarteritic anterior ischemic optic 

neuropathy (NAION) does not result from physical trauma to the optic nerve, although 

the subsequent cell death and vision loss result from similar cellular processes.  NAION 

injury stems from reduced blood flow to the posterior ciliary artery perfusing the optic 

nerve head (Hayreh 1974; 1997). This transient ischemia results in the initiation of 

cellular mechanisms that lead to retinal ganglion cell apoptosis followed by axonal loss. 

The reduction in perfusion to the tissue is further exacerbated by inflammatory processes 

that lead to further cell death and vision loss. Individuals diagnosed with NAION present 

with visual field defects and a loss in visual acuity (Gerling et al., 1998).   

NAION is the most common cause of sudden optic nerve-related vision loss in the 

developed world (Slater et al, 2008).  The incidence of this disease is 2.3-10.2 per 

100,000 in the US (Rucker et al., 2004).  Moreover, the risk for development of NAION 

in the fellow eye in affected patients is estimated to be 15-25% (Newman et al., ’02).  
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Similar to traumatic optic neuropathy, no effective treatment for ischemic optic nerve 

injury currently exists.  If neuroprotective compounds can be targeted to the injured optic 

nerve soon after the insult, prevention of proapoptotic mechanisms may allow for 

increased retinal ganglion cell survival and thus preservation of vision.  

Cellular Responses to Injury: Brain vs. Retina 

Neurons of the CNS display distinctive vulnerabilities to ischemic or traumatic 

damage, with the extent of injury depending on metabolic or physiological differences 

intrinsic to the neuron.  The retina displays greater resistance to insult and is able to 

survive prolonged exposure to excitotoxic and inflammatory mediators released from the 

initial dying neurons.  This is in contrast to cerebral ischemia, which results in 

widespread injury and a more rapid time course of neuronal degeneration (Osborne et al., 

2004).   

Following injury to the CNS, there is a delay between the end of the insult and the 

initiation of cell death (Lipton, 1999).  Whether or not an injured neuron survives is 

dependent upon whether anti- or proapoptotic pathways prevail.  The time delay between 

the insult and initiation of the cell death pathway affords some time for the application of 

neuroprotective compounds, which may counteract proapoptotic mechanisms and thus 

increase neuronal survival (Mattson et al, 1997). ION initiates similar cellular injury 

cascades as TON. Therefore, it follows that similar treatment modalities could be 

employed in both these conditions (Sakane et al, 1999).  

 

Injury Responses in Ischemic Optic Neuropathy and Traumatic Optic Neuropathy 
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The two injury systems that we investigated in this study, traumatic optic 

neuropathy and ischemic optic neuropathy, result in similar injury responses, although 

the source of the original insult is distinct.  In this section, discussion will focus on the 

initial mechanisms associated with ischemic injury and optic nerve trauma and how the 

pathophysiological responses ultimately converge.   

 

Cellular responses in ischemic insult 

The ischemic infarct core consists of the tissue most compromised by loss of 

perfusion; cells in this area die quickly, mainly due to necrotic cellular processes.  The 

second injury site is composed of the area immediately surrounding the infarct core 

called the penumbra. Cell death in this area is due to dying neurons releasing molecules 

that are toxic to the nearby neurons that have not been affected by the initial ischemic 

injury (Yao et al, 2007).  Both necrotic and apoptotic cellular death occur in the infarcted 

area, while apoptotic death occurs in the penumbra. The infarct area thus results in an 

expansion of neuronal death into the penumbra. A primary goal when treating an acute 

ischemic or traumatic injury is to limit the expansion of neuronal death into the penumbra 

(Yao et al, 2007).  

  Injury to the CNS following transient ischemia develops from a series of 

pathophysiological processes. The initial hypoperfusion leads to reduced ATP production 

(Ohtaki et al., 2005), which causes disruption in the ionic pumps that maintain 

transmembrane ion gradients. This disruption leads to elevation in intracellular Na+, 

which results in membrane depolarization and glutamate release and binding to 
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postsynaptic sites. Activation of NMDA receptors via glutamate binding allows for the 

influx of calcium (Mattson, 1997). This depolarization-induced calcium entry results in 

excitotoxic injury, which plays a central role in the initiation of cell death.  Energy failure 

is thus the cause of primary cell death, but many other factors influence vulnerability to 

secondary cell death including reperfusion injury and production of radical oxygen 

species (Hayashi and Abe, 2004).  Reperfusion of the once ischemic tissue leads to 

generation of oxygen free radicals (Saikumar et al., 1998).  Free radicals damage the 

cellular membrane and cause reoxygenation injury (Ohtaki et al., 2005; Saikumar et al., 

1998).  This overproduction of reactive oxygen species results in oxidative stress and 

ultimately cell damage (Chong and Maiese, 2004). 

The mitochondrial response in the injured cells also plays a crucial role in the 

initiation of neuronal death following ischemic insult (Kamada et al, 2007).  

Mitochondrial production of ATP through electron transport is considered the most 

critical function of mitochondria.  However, deleterious functioning of the electron 

transport system results in generation of reactive oxygen species, which leads to further 

impairment of the mitochondrial electron transport and further generation of reactive 

oxygen species. This propagation in injury response ultimately results in the opening of 

the mitochondrial permeability transition pore and release of cytochrome C into the 

cytosol of the cell (Chong and Maiese, 2004). Cytochrome C is a water-soluble 

mitochondrial protein and a component of the mitochondrial respiratory chain; however, 

once released into the cytosol, this protein is involved in the initiation of apoptosis.  
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Mitochondria are thus involved in the initiation of both apoptosis and necrosis, depending 

on the severity of cellular injury (Chan, 2005; Fujimura, 2000). 

 

Morphological Characteristics of Necrotic and Apoptotic Cell Death 

Necrosis is the main mechanism of cell death in the core zone of an ischemic 

infarct injury (Wen et al, 2001).  This cell death system is characterized by cell swelling 

followed by breakdown of membranes. DNA degradation, unlike in apoptotic cell death, 

occurs in an unsystematic fashion. As described in a previous section, the sequelae of 

ischemic injury stem from reduced blood flow, which leads to insufficient oxygen levels 

in tissue. This, in turn, causes a breakdown in aerobic metabolism and depletion of 

available ATP. This leads to loss of osmotic equilibrium, causing membrane dysfunction 

and cell swelling, which leads to the initiation of inflammatory processes (Isenmann et al, 

1998). Unlike apoptotic cell death, necrosis is passive in nature and cannot be curtailed, 

and therefore results in inevitable cell demise (Roy and Sapolsky, 1999). Necrotic cell 

death along the periphery of an infarcted area contributes to the expansion of ischemic 

lesions beyond its original borders (Isenmann et al, 1998).  Therefore, further cell death 

may be prevented if the proper therapeutic interventions are applied.  

In the immediate periphery of the ischemic core, apoptotic mechanisms are 

induced.  In apoptosis, a cascade of intracellular biochemical pathways involving the 

mitochondria is initiated following injury (Chan, 2005). Cytochrome C release from the 

mitochondrial peripheral membrane allows for oligomerization of apoptotic protease 

activating factor-1 (apaf-1) and allosteric activation of caspase 9 by forming the apaf-1 
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apoptosome (Chan, 2005).  Caspases are cysteine proteases synthesized as inactive 

zymogens, but are proteolytically cleaved into subunits upon the onset of programmed 

cell death (Chong and Maiese, 2004).  There are two distinct groups of caspases: initiator 

caspases, such as caspase 2, 8, 9, and 10, activate downstream executioner caspases, such 

as caspase 3, 6, and 7. Initiator caspases amplify cascade activity, while executioner 

caspases are directly involved in the cleavage of critical protein substrates that result in 

cell death (Chong and Maiese, 2004).  Following initiator caspase 9 activation, caspase 3 

and caspase 1 are activated by intermediary caspase 8. Caspase 1 and 3 initiate both DNA 

fragmentation and membrane phosphatidylserine exposure (Bahr, 2000).  The inner 

leaflet of the membrane contains phosphatidylserine residues, and, upon disruption of 

phospholipid membrane asymmetry, externalization of membrane phosphatidylserine 

residues identifies cells for phagocytosis by microglia (Chan, 2005).  This externalization 

of membrane phosphatidylserine residues is critical for the removal of apoptotic cells 

(Kamada et al, 2007). Phosphatidylserine residue exposure occurs prior to late phase 

DNA degradation (Bahr, 2000).  Therefore, effective therapeutic approaches must be 

broad in scope in order to prevent DNA destruction as well as phosphatidylserine residue 

exposure (Chong and Maiese, 2004).       

In apoptosis, nuclear DNA is the primary target, with DNA fragmentation 

occurring due to activation of endonucleases. Characteristics of apoptosis include cellular 

blebbing and dissolution of the neuritic processes followed by soma shrinkage and 

nuclear condensation (Hughes et al, 1999), while the membrane and cytoplasmic 

organelles remain relatively preserved. Microglial removal of apoptotic cells is achieved 
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within a few hours; however, apoptotic cell death continues in the penumbra 

approximately six days following injury, indicating ongoing apoptotic processes days 

after the initial injury.  The presence of continued apoptosis for several days to weeks 

after the initial insult indicates there is an extended window of opportunity for therapeutic 

interventions to curtail the induction of further cell death (Isenmann et al, 1998). 

 

The Optic Nerve Crush (ONC) Injury Model 

 Ischemic and traumatic insults stem from distinct injury systems, although both 

types of injury ultimately converge and elicit similar intercellular and intracellular 

responses.  For example, excitotoxicity has been suggested to be the final common 

pathway leading to retinal ganglion cell death in glaucoma, ischemia or mechanical 

trauma to the optic nerve (Kreutz et al, 1999; Lipton and Rosenberg, 1994).  Moreover, 

the progression of axonal injury and demyelination in the optic nerve occur 

simultaneously in both ischemic and crush injury (Dratviman-Storobinsky et al, 2008).  

Based on this information, both the rodent model of anterior ischemic optic neuropathy 

(rAION) and optic nerve crush injury systems were employed in these studies. The long-

term effect on RGC and axonal survival following induction of rAION was investigated. 

The results of this study are described in a published manuscript (Danylkova et al, 2006) 

and are included as Chapter 2 in this thesis.  In this section, a short review of the optic 

nerve crush injury literature is presented. 

 The optic nerve crush injury model is a standard paradigm in the study of 

ganglion cell death and examination of potential therapeutic agents. This injury model 
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has been used to characterize the kinetics and progression of ganglion cell degeneration 

following the primary crush insult and subsequent secondary degeneration (Tezel et al, 

2004; Schwartz, 2003) derived from the release of toxic agents from the injured axons 

(Eitan et al, 1994).  Moreover, characterization of these responses also allows for the 

identification and determination of the time window for potential therapeutic intervention 

(Yoles and Schwartz, 1998). This injury system not only serves as a model for acute CNS 

injuries, but also chronic diseases of the CNS (Bruno et al. 1993; Eitan et al, 1994; 

Schwartz et al, 1999). Therefore, the optic nerve crush injury model is a simple surgical 

procedure that can provide a great amount of information on inter- and intracellular 

responses following injury, as well as survival and regeneration responses following 

application of therapeutics. 

 

Time-Course for Axonal and RGC Injury Following ONC 

 The initial response properties following ONC have been extensively 

characterized in the literature.  In this section, discussion will focus on the 

neurodegenerative processes following the initial insult and the propagation and 

expansion of injury due to secondary degenerative processes. 

 Optic nerve axotomy or transection results in 90% RGC death due to the severing 

of the majority of projecting axons (Bahr, 2000). The more severe the axonal lesion, the 

more likely the injured cells will undergo necrotic cell death (Ankarcrona et al, 1995; 

Bonfoco et al, 1995), while the initiation of apoptotic cell death is activated at a later time 

point. The apoptotic cell death mechanism, therefore, can possibly be curtailed if 
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neuroprotective interventions are applied. Controlled optic nerve crush injury is a less 

traumatic injury system and results in approximately 20% of RGC loss 7 days post crush 

(Agudo et al, 2008).  The controlled crush injury has been proposed as a model for 

diffuse axonal injury (Cohen et al, 1990; Sabel et al, 1997; Kreutz et al, 1999) due to the 

presence of an acute injury stemming from the crush and the subsequent chronic glial 

reaction surrounding the lesion site and retina (Villegas-Perez et al, 1993; Lingor et al, 

2005; McKernan et al, 2007; Martinon et al, 2007; Guicciardi et al, 2004; Paquet-Durand 

et al, 2007). 

 Following the initial injury, there is a time course of cellular processes that are 

activated. The rapid phase of RGC death detected in 3-7 days post crush has been 

attributed to over-activation of glutamate receptors on a subset of RGC. This 

overstimulation, in turn, leads to excitotoxic responses in the RGC (Kreutz et al, 1999).  

The excitotoxic events, in turn, contribute to the secondary degenerative cell death 

cascade in the surrounding uninjured cells. Neuroglia respond to the insult by gravitating 

to the noxious environment (Landis, 1994). Although glial reactivity is initiated to 

maintain homeostasis in times of stress, reactive glial cells lead to the release of agents 

that perpetuate and propagate neuronal injury (Tura et al, 2009).  For instance, reactive 

gliosis leads to the release of immunomodulatory cytokines and reactive oxygen species 

(ROS) (Dong and Benveniste, 2001; Goureau et al, 1994; Tezel and Wax, 2004; Silver 

and Miller, 2004).  As described in a previous section, elevated levels of ROS contribute 

to cell death signaling (Lieven et al, 2006; Geiger et al, 2002). This increase in ROS 



 

 14

occurs in the first 24 hours following ONC and peaks three days post crush (Lieven et al, 

2006; Nguyen et al, 2003).  

Cytokine activation leads to the induction of inflammatory processes within the 

tissue and the initiation of the extrinsic apoptotic cell death system (Agudo et al, 2009).  

Extrinsic cell death is a receptor-mediated cell death process.  The cytokine tumor 

necrosis factor- (TNF-) is rapidly upregulated in the CNS following injury (Botchkina 

et al, 1997; Lin et al, 1997; Tezel et al, 2004) and is a key inducer of RGC death (Tezel et 

al, 2001; Tezel et al, 2000; Tura et al, 2009).  Moreover, the TNF- receptor is 

upregulated in the RGC layer following ischemic and glaucomatous stress (Tezel et al, 

2004).  This proinflammatory cytokine, in conjunction with interferon-gamma (IFN), 

induces NO synthase in glial cells and further activation of ROS production and cell loss 

in the surrounding environment (Tura et al, 2009).  

Intrinsic cell death is also initiated following ONC. This mitochondrial-derived 

cell death process is initiated following superoxide generation in the mitochondrial 

electron transport chain (Lieven et al, 2006).  The mitochondrial response, in turn, leads 

to the release of cytochrome C, which, as previously described, initiates the activation of 

caspases and apoptotic cell death. The mitochondria thus play an influential role in RGC 

death following ONC.  

Finally, neurotrophic factor deprivation due to the loss of retrograde transport of 

BDNF and NT-4 is thought to be an initiator of apoptosis (Lieven et al, 2006; Weber et 

al, 2008).  Following ON injury, RGC soma and dendritic arborization are decreased. 

BDNF application to the injured eye has been shown to maintain somatic and dendritic 
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morphology (Weber et al, 2008), indicating the important role of neurotrophin 

availability for injured RGC survival. This neurotrophic ability, however, is limited due 

to decreased TrkB receptor expression following ONC (Chen and Weber, 2001; Cheng et 

al, 2002).  This effect is supported in the literature, where it has been shown that 

intravitreal neurotrophin treatments only temporarily rescue injured RGC (Spalding et al, 

2005) and repeated treatments do not prolong survival (Cui and Harvey, 1995).   

Based on this information, the ONC model serves as an ideal injury system for the 

characterization of cell injury processes and the identification of potential therapeutic 

interventions following injury.  However, due to the unique molecular environment of the 

CNS compared to the PNS, ONC and the subsequent cellular responses yield less suitable 

conditions for the regeneration of damaged axons.  

 

Therapeutic Window of Opportunity following ONC Injury 

Immediately following acute CNS nerve injury, the surrounding cellular 

environment is stimulated and morphological alterations commence. This local injury 

response, in conjunction with cell infiltration of microglia and macrophages to the site of 

injury (Nitzan et al, 2006) leads to a complex interaction between glial cells and 

inflammatory response cells and formation of the local inhibitory environment that 

prevents regenerative abilities (Fitch and Silver 2008). This barrier, referred to as the 

glial scar, is mainly formed by the interaction of reactive astrocytes (Kirsch et al, 1998) 

and ECM proteins (Liedtke et al, 2007).   
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The development of the glial scar begins within hours of injury (Busch and Silver, 

2007).  Therefore, treatment regimens need to be applied soon after the initial insult.  The 

CNS exhibits several growth-inhibiting characteristics that prevent survival and 

regeneration of damaged axons.  In order to overcome this inhibitory cellular 

environment, several interventional steps must be taken.  First, the inhibitory ECM 

molecules released by CNS myelin must be overcome to provide a growth-permissive 

environment. Next, an intrinsic survival and growth capacity, ie, growth factors (Jones et 

al, 2003, Kwaja and Gage, 1991; Tuszynski et al, 1997; Fitch and Silver, 2008), must be 

applied to allow for survival and long distance regeneration of the RGC axons (Busch 

and Silver, 2007). 

Based on the cellular and molecular events initiated following traumatic and 

ischemic injury to the CNS, therapeutic approaches used to counter the progression of the 

cell death pathway include application of NMDA receptor antagonists, calcium channel 

blockers, free radical scavengers, and/or neurotrophins or other growth factors (Ko et al., 

2000).  In this work, we investigated five growth factors that yield increased cellular 

survival following injury.   

In order to ascertain the effectiveness of these neuroprotective factors in the 

complementary human neurodegenerative conditions, we investigated the 

pathophysiological processes of ischemic injury in a rodent model of anterior ischemic 

optic neuropathy.  The results from these studies are presented as the following two 

chapters in this dissertation. 
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Chapter 2 

 

Histological and Morphometric Evaluation of Transient Retinal 

and Optic Nerve Ischemia in Rat1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1The work reported in this Chapter has previously been published as: Danylkova NO, 
Pomeranz HD, Alcalá SR, McLoon LK.  Histological and Morphometric Evaluation of 
Transient Retinal and Optic Nerve Ischemia in Rat.  Brain Research 1096 (2006) : 20-29. 
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Chapter 2  

Non-arteritic anterior ischemic optic neuropathy is caused by a transient optic nerve 

ischemia and results in permanent vision loss. Currently, there is no effective treatment 

for this ischemic optic nerve injury. This study characterized the duration and extent of 

ischemia induced after a coagulopathy injury to the optic nerve of adult rats. Acute 

ischemia was induced in adult rats by intravenous injection of Rose Bengal dye, followed 

by argon green laser treatment of the vessels at the optic disc. Rats were assessed in the 

short-term for hypoxyprobe-1 binding and expression of hypoxia inducible factor-1 

(HIF-1 ) and fractin, markers of neuronal injury. Five months after injury, optic axon 

number was quantified. The coagulopathy injury resulted in short-term hypoxia in the 

optic nerve and retina. Tissues were hypoxic within 15 min of the coagulopathy injury, 

but normoxic by 24 h as measured by hypoxyprobe-1 staining. Both HIF-1 and fractin 

were upregulated in ganglion cells variably across the retina. Five months after the 

ischemic injury, there was a 71% reduction in optic axon number compared to controls. It 

is critical to have a reproducible and relevant method for producing transient hypoxia in 

order to test therapeutic strategies for rescuing injured neurons. The coagulopathy 

induced in this study resulted in a reproducible and transient ischemic optic nerve injury 

and long-term axonal loss. This ischemia shows similar, although not identical, 

morphological and physiological changes to those seen in the human eye after optic nerve 

ischemia. We are currently testing therapeutic strategies to protect ganglion cells from 

degeneration after this ischemic injury. 
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INTRODUCTION 

Non-arteritic anterior ischemic optic neuropathy (NAION) is a devastating ocular 

disease caused by disruption in arterial blood supply to the optic nerve head (Hayreh, 

1985, 1996; Miller and Smith, 1966). This disruption results in ischemic injury to 

ganglion cells axons, followed by axonal and visual field loss and decreased visual 

acuity. The incidence of this disease is 2.3–10.3 per 100,000 in the US (Hattenhauer et 

al., 1997; Johnson and Arnold, 1994). The risk for development of NAION in the fellow 

eye in affected patients is estimated to be 15–25% (Newman et al., 2002). Occurrence of 

NAION is associated with many factors, including, but not limited to, intraocular surgery 

(McCulley et al., 2003), nocturnal arterial hypotension (Hayreh et al., 1994), and diabetes 

(Jacobson et al., 1997). Currently, there is no effective treatment for this condition, in 

part because the mechanisms and risk factors that produce the disease are not 

well understood. Transient optic nerve ischemia is also produced in a subpopulation of 

patients treated with sildenafil presumably by a similar mechanism (Pomeranz et al., 

2002). While there are many hypotheses about the cause of this condition (Feldon, 1999; 

Glueck et al., 2004; Hayreh, 2004; Tesser et al., 2003), there are no current animal 

models that completely mimic the disease pathophysiology.  

In order to develop potential therapeutic strategies for the treatment of transient 

ischemic injury to the optic nerve, a clinically relevant experimental method for 

producing transient ischemia is critical. One such model involves the injection of Rose 

Bengal dye and subsequent laser application to the vessels emerging from the optic nerve 

head (Bernstein et al., 2003; Goldenberg-Cohen et al., 2005). This results in an 
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experimentally induced coagulopathy in these vessels and a temporary ischemia of the 

anterior portion of the optic nerve. This method was validated previously using only 

electrophysiological measurements and gene expression methods (Bernstein et al., 2003; 

Goldenberg-Cohen et al., 2005). The details of duration and exact location of the hypoxic 

injury were not characterized.   

Mammalian cells are sensitive to hypoxia and in response express a number of 

molecules that can be used to define the extent and duration of the injury. In this study, 

we characterized morphologically the short- and long-term effects of transient ischemia 

in the retina and optic nerve caused by coagulopathy induced by Rose Bengal and laser 

application to the small blood vessels emerging from the optic nerve head (Bernstein et 

al., 2003). To map the location and duration of hypoxia within the optic nerve and retina, 

hypoxyprobe-1 was administered intravenously either 15 min after the coagulopathy 

injury or 24 h after this injury. Hypoxyprobe-1 binding only occurs when the oxygen 

concentration is less than 12% oxygen (Chavez and LaManna, 2002). This method labels 

specific protein modifications that occur within hypoxic tissues (Evans et al., 1995). In 

addition, the expression of hypoxia-inducible factor-1 (HIF-1) and fractin was 

examined in sections of retina 2 days after the induction of transient ischemia. HIF-1 is 

a basic helix–loop–helix transcription factor that is constitutively expressed and rapidly 

degraded under normal conditions (Ruscher et al., 1998). During hypoxia, however, 

degradation of HIF-1 via the ubiquitin-proteosome system is suppressed, resulting in its 

accumulation in the nucleus (Huang et al., 1998; Salceda and Caro, 1997). Another 

marker of neuronal injury that can be visualized immunohistochemically is fractin, which 
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is cleaved cytoplasmic actin (Suurmeijer et al., 1999). One feature of apoptosis is the 

cleavage of actin by cysteinyl aspartate-specific proteases (caspases) (Nicholson, 1999) at 

aspartate 244 which generates N-terminal 32-kDa and C-terminal 15-kDa actin 

fragments. Thus, fractin expression is a marker of caspase-like proteolytic activity and is 

a good method for the identification of the initiation of apoptotic events in neurons 

(Chavez and LaManna, 2002; Suurmeijer et al., 1999). 

To assess the long-term impact of this coagulopathy on optic axon survival, optic 

axon number was determined by morphometric analysis of optic nerve cross-sections 5 

months after the injury and compared to optic nerves from normal eyes and eyes 

subjected to either Rose Bengal injection alone or laser alone. 

 

RESULTS 

Fundoscopic pictures that were taken 16–24 h after injury demonstrate swelling of 

optic nerve head (Fig. 1). This was very clear during the slit lamp examination of the 

optic nerve head after the procedure. This swelling corresponds to the presentation of the 

acute phase of NAION in affected patients.  

Infusion with the hypoxyprobe-1 reagent, pimonidazole hydrochloride, beginning 

15 min after the Rose Bengal and laser treatment resulted in significant labeling of 

hypoxic tissue in the optic nerve and variably in the retina (Fig. 2). In some animals, the 

entire thickness of the retina surrounding the optic nerve was positive (not shown). In 

others, only focal regions of the optic nerve (Fig. 2A) or only the optic nerve and 

ganglion cell and nerve fiber layers were positive (Fig. 2B). In addition, the staining 
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appeared to be more intense in the areas where the laser beam was directly applied. When 

infused with hypoxyprobe-1 24 h after the laser-induced ischemia, neither the optic nerve 

nor the retina was positive for pimonidazole staining, indicating that the ischemia that 

results from this coagulopathy is indeed transient and blood flow recovers, allowing for 

return of normal blood flow. The transient nature of this method is a critical component 

of this model of ischemic injury.  

To demonstrate acute ganglion cell injury due to hypoxia, the optic nerves and 

retina were examined immunohistochemically for the expression of two markers of 

neuronal cell injury, hypoxia inducible factor-1 (HIF-1) (Fig. 4) and fractin (Fig. 3). 

There was a significant increase in the immunostaining for the expression of these 

molecules in cells within the ganglion cell layer of the injured retina 2 to 4 days after 

injury (Fig. 4, arrows). The immunostaining for HIF-1 was generally localized mainly to 

neurons in the ganglion cell layer (Fig. 4), although inner nuclear cells were sometimes 

labeled (not shown). These may be displaced ganglion cells or amacrine cells, both of 

which reside in this layer. Further identification of these neurons was not performed. The 

positive cells in the ganglion cell layer were variably affected by the transient ischemia, 

with some negative and some positive for HIF-1 within the same region of the retina 

(Fig. 4). The staining was more prominent on day 2 and significantly declined by day 7.   

Another protein marker of injury is the presence of caspase-cleaved actin 

(fractin). Fractin staining showed exactly the same distribution pattern as HIF-1 staining 

in the neurons in the ganglion cell layer, presumed to be ganglion cells based on neuron 

number (Fig. 3).  
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Significant histological changes were observed in the optic nerve harvested 5 

months after induction of the injury (Fig. 5). Compared to the optic nerves from the 

control eyes (Fig. 5A), where there was no apparent difference in axon appearance 

between central or peripheral areas of the optic nerve (Figs. 5B, C), the axons in the 

treated nerves were relatively preserved only in the periphery. Those remaining often had 

deformed shapes or were unmyelinated (Figs. 5D, E). The central area of the 

experimental optic nerves was extensively occupied by connective tissue with scattered 

unmyelinated small axons (Fig. 5F). Evidence for ganglion cell death was also observed 

in the cresyl violet stained cross-sections of the retina from the experimental animals 5 

months after the photocoagulation injury (Fig. 6). All other layers of the retina looked 

intact.  

In order to determine if there was long-term loss of optic axons caused by the 

transient ischemic injury, optic axon number per m2 was determined in optic nerves 

from animals subjected to Rose Bengal injections only, nerves from animals subjected to 

laser-only, and in the optic nerves from eyes which received both dye and laser treatment. 

Five months after treatment, there was no statistical difference between the number of 

optic axons/m2 in the optic nerves from the eyes subjected to laser only and dye only 

applications compared to normal controls. The number of axons per m2 in the Rose 

Bengal-only sections was 0.345 ± 0.005 axons per m2 (n = 2) in the experimental eyes 

and 0.350 ± 0.01 axons per m2 (n = 2) in the control eyes. Optic nerve sections from the 

laser treated eyes contained 0.313 ± 0.02 (n = 4) axons per m2, similar to the control eye 

with 0.318 ± 0.018 (n = 4). In the optic nerve cross-sections from the animals that 
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received Rose Bengal and laser treatment, we observed a significant reduction in axonal 

count per m2. There were 0.099 ± 0.025 (n = 5) axons compared to 0.339 ± 0.007 (n = 

5) in the controls, constituting a 71% reduction in axons per area in the damaged nerves. 

 

DISCUSSION 

In order to test potential therapeutic strategies for rescuing neurons that have been 

exposed to transient ischemia, it is important to have a clinically relevant method for 

producing transient hypoxia of the retina and optic nerve. Several models of optic nerve 

ischemia have been created, such as acute or chronic ligation of internal carotid or 

common carotid arteries (Stevens et al., 2002), ligation of the central retinal artery, acute 

elevation of intraocular pressure (Grozdanic et al., 2003), application of a compression 

force to the optic nerve (Li et al., 2002), or optic sheath ligation (Hirose et al., 2004; 

Tsujikawa et al., 1998). These models are invasive and cause extensive ischemic damage 

not only to the optic nerve and retina but to other structures supplied by occluded vessels 

and do not resemble functional and histological changes seen in the human disease. The 

goal of our study was to find and evaluate an ischemia model that produces focal and 

transient ischemic conditions, reflecting changes in the optic nerve and retina in NAION 

patients.  

The coagulopathy produced by the method employed in this study results in a 

transient ischemia of both the retina and the optic nerve. The mechanism of transient 

ischemia is attributed to the ability of light activated Rose Bengal to produce oxygen 

radicals (Kusama et al., 1989), and these oxygen radicals produce endothelial damage 
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and result in platelet aggregation and consequent thrombosis of affected vessels (Watson 

et al., 1985). Photocoagulation-induced retinal vascular thrombosis is limited only to the 

areas of direct light exposure (Wilson and Hatchell, 1991). Transient occlusion of 

illuminated vessels causes ischemic injury to the supplied retinal and optic nerve areas. 

Following photocoagulation, oxygen levels in affected cells significantly decline and 

trigger caspase-mediated mechanisms of programmed cell death. It should also be noted 

that swelling of the optic nerve head occurred transiently after this photocoagulation 

injury. There are a number of studies that attribute swelling-induced compression of the 

optic axons after NAION as the cause of the eventual loss of ganglion cells and vision 

(Hickman et al., 2005; Tesser et al., 2003). As this injury method produced optic 

nerve head swelling, it is probably safe to assume that both ischemia and compression 

played a role in the long-term loss of axons in the treated eyes. Further studies are needed 

in order to tease out the effect of oxygen deprivation compared to compression due to 

swelling. It is probable that both are involved in many types of optic neuropathies. The 

literature is still very much divided on the issue of causation relative to NAION (Feldon, 

1999; Glueck et al., 2004; Hayreh, 2004; Tesser et al., 2003).  

To track these ischemia-related changes specifically related to oxygen deprivation 

in retinal and optic nerve tissue immediately after the induction of photocoagulation, we 

used three ischemia-specific markers: hypoxyprobe-1, HIF-1, and apoptosis marker, 

fractin (Chavez and LaManna, 2002). One day after the coagulopathy was induced, 

evidence of hypoxia as visualized by hypoxyprobe-1 staining was no longer present. The 

neurons, however, continued to react to the ischemic injury by becoming both fractin and 
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HIF-1 positive. While we did not examine ganglion cell numbers at five months after 

injury, in the long term, the significant loss of optic axons indicates significant vision loss 

as a result of this injury.  

The hypoxyprobe-1 assay is based on intravenous infusion of pimonidazole. It 

binds and forms protein adducts in regions with low oxygen (Raleigh et al., 1985) and is 

used extensively to define tissue oxygenation levels. Normal inner retinal pO2 averages 

about 20 mm Hg (Wangsa-Wirawan, 2003). The hypoxyprobe-1 monoclonal antibody 

detects reduced pimonidazole adducts forming in cells, and these form only where the 

tissue was subjected to a pO2 < 10 mm Hg (Hofer et al., 2005). Studies have 

demonstrated that this method allows semiquantitative assessment of hypoxic levels in a 

variety of tissues including retina (Gardiner et al., 2005; Olive et al., 2000; Raleigh et al., 

2001) and gives a reliable measure of the presence of tissue hypoxia at oxygen saturation 

levels of 12% or lower (Chavez and LaManna, 2002). When administered immediately 

after the coagulopathy injury, the tissue is positive for the presence of protein adducts of 

pimonidazole. However, by 1 day after this injury, the tissue oxygen levels were back to 

normal, and staining was negative. This indicates that this coagulopathy model produces 

a transient hypoxia in the optic nerve and retina, as tissue oxygen levels have returned to 

normoxia by 24 h after the coagulopathy injury. 

The optic nerves of the treated eyes were positive for hypoxyprobe-1 staining in 

all the rats examined within 1 h of injury. The retina, however, was more variably 

affected by this injury method. In some animals, the entire thickness of the retina 

immunostained for adducts using this reagent (Fig. 7). In other animals, either the retina 
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was negative or only small regions of the retina were positive for hypoxic adducts. This 

result is in contrast to a previous study that described this model of coagulopathy as 

producing only an optic nerve ischemia (Bernstein et al., 2003). In our hands at least, this 

injury model also results in measurable tissue hypoxia in the retina. It is unknown 

whether hypoxic changes occur in the retina during an episode of NAION; in the long 

term, however, ganglion cells will succumb whether both their cell bodies, and their 

axons were injured or if only their optic axons were injured either by hypoxia or 

compression. It is interesting to note that the laser application methods were different. In 

the previous study, a single laser application was administered for 20 s directly at the 

optic nerve head (Bernstein et al., 2003); the power was not indicated. In the current 

study, the laser light was pulsed directly on the vessels emerging from the optic nerve 

head for a total of 12 pulses at 100 mW. Interestingly, in another study a variation of this 

method was used specifically to produce retinal ischemia (Mosinger and Olney, 1989). 

This photocoagulation method also has been used to produce a reproducible transient 

infarct in the cerebral cortex (Watson et al., 1985). The localization of hypoxyprobe-1 

staining clearly defines hypoxia in the treated tissues. It would be interesting to compare 

the presence of immunostaining with this reagent with the various methods used to 

produce retinal and/or optic nerve hypoxia. 

Hypoxia inducible factor-1 (HIF-1), an 826-amino acid protein, becomes 

rapidly elevated in neurons exposed to hypoxic conditions (Jewell et al., 2001; Jiang et 

al., 1996; Ruscher et al., 1998) and is thought to play an adaptive role in the cellular 

response to lack of oxygen. HIF-1 is constitutively expressed and rapidly degraded 
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under normoxic conditions, when the half-life of HIF-1 is less than 10 min and thus 

difficult to detect (Chun et al., 2002). During hypoxia, degradation of HIF-1 via the 

ubiquitin-proteosome system is suppressed, and this results in its nuclear accumulation 

(Huang et al., 1998; Salceda and Caro, 1997). If HIF-1 is turned off using a dominant-

negative expression vector, neuronal death after hypoxic stress is reduced (Halterman and 

Federoff, 1999; Halterman et al., 1999). HIF-1 modulates gene activity in response to 

low oxygen tensions in the brain, eliciting a number of self-protective mechanisms 

(Forsythe et al., 1996; Grimm et al., 2002; Rolfs et al., 1997). HIF-1 can contribute to 

mechanisms leading to cell death (Carmeliet et al., 1998; Goda et al., 2003; Halterman 

and Federoff, 1999; Halterman et al., 1999), although its expression does not have to 

result in neuronal cell death. In fact, activation of HIF-1 can induce insulin growth 

factor-I expression, which promotes cell survival after cerebral ischemia (Chavez and 

LaManna, 2002). Upregulation of HIF-I demonstrates that the ganglion cells and/or 

their axons were subjected to hypoxic conditions. It is particularly interesting that the 

upregulation of HIF-1 is not uniform throughout all ganglion cells, apparently 

corresponding to areas that experienced a lack of blood supply from the occluded small 

retinal vessels. Variability in HIF-1 also could be contributed by individual differences 

in the blood supply to the optic nerve in experimental animals. 

Fractin is visualized using an antibody that specifically recognizes a caspase 

cleavage site in actin and is a marker of caspase-like proteolytic activity (Nicholson, 

1999; Rossiter et al., 2002). Fractin staining is specific for apoptotic neurons and is not 

expressed in necrotic cells (Yang et al., 1998). This indicates that caspases were activated 
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in adult retinal ganglion cells after this transient ischemia and suggests that caspase 

inhibitors may be able to rescue these neurons from subsequent cell death. Caspase 

inhibitors have been effective in attenuation of injury in models of cerebral ischemia and 

hypoxia (Chen et al., 2001; Loddick et al., 1996). 

Despite the transient nature of the ischemic injury induced by the coagulopathy 

used in this study, there was significant axon loss of over 71% when examined after 5 

months. Studies of optic nerve axotomy show that there are two waves of ganglion cell 

death, one that occurs within 5 days of injury and another that is more protracted 

(Berkelaar et al., 1994; Sievers et al., 1987). Interestingly, certain classes of ganglion 

cells are more sensitive to axon disruption (Russelakis-Carneiro et al., 1996). Different 

mechanisms of injury and different strategies for neuroprotection are suggested by this 

differential time span for ganglion cell loss after optic nerve injury. Based on the 

literature, however, it is relatively safe to conclude that by 5 months, maximal optic axon 

loss would have occurred.  

The proposed method of transient retinal and optic nerve ischemia is highly 

reproducible and reflects changes similar to those seen in clinical cases of NAION. This 

may provide a useful tool for developing effective therapeutic strategies against NAION 

and for evaluating effects of neuroprotective agents. A wide number of therapeutic 

strategies are being tested in many laboratories in an effort to provide neuroprotection for 

ganglion cells and their axons after ischemic injury. A number of reviews have 

summarized the many studies in this area (Osborne et al., 2004). Studies have suggested 

ganglion cell survival can be maintained using a wide variety of agents, such as NMDA 
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inhibitors (Russelakis-Carneiro et al., 1996), growth factors (Unoki and LaVail, 1994), 

and anti-apoptotic agents such as erythropoietin (Grimm et al., 2002). Our laboratory and 

others have recently demonstrated that brimonidine can ameliorate optic axon loss after 

ischemic injury using this injury model (Aviles-Trigueros et al., 2003; Danylkova et al., 

2005). We are currently using this model to test a number of therapeutic strategies to 

protect optic axons and ganglion cells from degeneration after transient ischemia. As 

NAION is currently untreatable in patients who suffer from this disease, development of 

injury models that closely mimic this disease process is critical for the development of 

effective treatments for the neuroprotection and rescue of retina and optic nerve that has 

been exposed to transient ischemia. 

 

EXPERIMENTAL PROCEDURES 

4.1. Animals 

This study was approved by the Institutional Animal Care and Use Committee at 

the University of Minnesota and was performed in accordance with NIH guidelines for 

the use of animals in research. Adult Long Evans rats (250–300 g) were kept on a 12-h 

light–dark cycle with food and water made available ad libitum. 

 

4.2. Induction of anterior ischemic optic neuropathy  

Optic nerve ischemia was induced by a modification of the rodent model of 

anterior optic nerve ischemia that results in a coagulopathy in the small vessels as they 

emerge from the optic nerve (Bernstein et al., 2003; Mosinger and Olney, 1989) and is 
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based on a similar method used for producing brain infarctions (Watson et al., 1985). The 

rats were anesthetized with an intraperitoneal (i.p.) injection of tribromoethanol (Sigma-

Aldrich, St. Louis, MO) at a dose of 1.2 ml per 100 g of body weight. Pupils of the right 

eyes were dilated with 2% cyclogyl and 2.5% phenylephrine hydrochloride ophthalmic 

solution (Bausch and Lomb, Tampa, FL). A contact lens was placed on the right eye 

using Gonak (Acorn, Buffalo, NY) as a lubricant. Body temperature was maintained at 38 

°C using a heating pad. Rats were placed in a nose clamp to stabilize the head position. 

Animal groups 2 and 3 were injected into the tail vein with a 30-gauge needle using a 2.5 

mM solution of Rose Bengal in a volume of 0.25 ml for a 300-g rat (Sigma-Aldrich, St. 

Louis, MO). Fifteen seconds after the injection, animal groups 1 and 3 received 12 pulses 

of one second duration each using an argon green laser treatment with a power of 100 

mW at a 514-nm wavelength (Coherent Novus 2000, Palo Alto, CA). The laser spot size 

is 600 m and thus spanned the entire area of the optic nerve head. The laser treatment 

was completed within 15 s of injection of the Rose Bengal into the tail vein. Blephamide 

ointment (10% sulfacetamide/0.2% prednisolone) was placed on the treated eye, and the 

animals were permitted to recover from the anesthetic under a heat lamp. 

For the short-term hypoxyprobe-1 infusion experiments, 10 rats received Rose 

Bengal and laser treatment in one eye. For the fractin and HIF immunohistochemistry 

study, 10 rats received Rose Bengal and laser treatment in one eye; five were euthanized 

at 2 days and five at 7 days after injury. For the long-term studies, the rats were divided 

into three groups. The first group (n = 4) of rats received laser treatment only, the second 

group was intravenously injected with Rose Bengal (n = 2) but received no laser 
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application, and a third group (n = 5) of rats was treated with a combination of both Rose 

Bengal and laser application. In this study, right eyes were subjected to the treatment, and 

left eyes served as controls. 

 

4.3. Fundus photography 

The fundus of the control and treated eyes was examined and photographed 

before the ischemic injury and 16–24 h after treatment using a dissecting microscope 

equipped with a camera for documenting the appearance of the optic nerve head.  

 

4.4. In vivo administration of rodent hypoxyprobe-1 

In order to identify the extent of hypoxia in the optic nerve and retinal tissue 

following photochemically induced thrombosis of the small vessels of the anterior 

segment of the optic nerve, the Hypoxyprobe-1 Plus Kit was employed (Chemicon, 

Temecula, CA). This uses pimonidazole hydrochloride as a specific marker for detecting 

hypoxic cells, as this reagent forms adducts in these cells (Samoszuk et al., 2004). Fifteen 

minutes or 1 day after the photochemically induced ischemia, 10 ml of hypoxyprobe-1 

was administered into the tail vein (60 mg/kg) using an infusion pump (Harvard 

Apparatus, Holliston, MA) at a rate of 150 l/min for 60 min, according to kit 

instructions. Animals (n = 5) were anesthetized for this entire period. Forty five minutes 

after the hypoxyprobe-1 infusion, the rats were perfused through the heart with 4% 

paraformaldehyde in phosphate-buffered saline (pH 7.4). Globes with attached optic 
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nerves were carefully removed and post-fixed in 4% paraformaldehyde overnight at room 

temperature. Harvested tissue was rinsed in phosphate-buffered saline (PBS), embedded 

in paraffin, and sectioned at 10 m. A second group of rats (n = 5) was allowed to 

recover for 24 h after the coagulopathy and then infused with hypoxyprobe-1 as 

described above. 

The tissue sections were stained using the hypoxyprobe-1 kit reagents. Briefly, 

the tissue was quenched in 3% hydrogen peroxide in distilled water for 10 min and 

incubated in 1×citrate buffer solution for 20 min at 40 °C for antigen retrieval. Following 

a rinse in PBS, the tissue was incubated with blocking reagent, followed by primary 

antibody, a conjugate of hypoxyprobe-1 Mab-1 (mouse IgGı) and fluorescein 

isothiocyanate FITC) at a dilution of 1:50. After a rinse in PBS, the tissue was incubated 

with secondary antibody, an anti-FITCHRP conjugate at a dilution of 1:50, and 

subsequently visualized with 3,3-diaminobenzidine (DAB) prepared as a mix of 

DABChromogen-A and DABChromogen-B at a 1:25 ratio respectively. 

 

4.5. HIF-1 

Following 2 (n = 5) and 7 (n = 5) days after the laser-induced ischemic injury, 

animals were perfused with 4% paraformaldehyde in PBS after deep anesthesia with 

tribromoethanol. Globes with attached optic nerves were removed, postfixed overnight in 

4% paraformaldehyde, incubated in 4% sucrose solution for 6 h for cryoprotection, 

frozen in Optimal Cutting Temperature compound (OCT) in liquid nitrogen, and 

sectioned at 10 m. After a rinse in PBS, the sections were blocked with normal horse 
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serum for 1 h, avidin/biotin blocking kit (Vector, Burlingame, CA) for 1 h, followed by 

M.O.M. blocking kit for detecting primary antibodies on mouse tissue (Vector) for 1 h. 

The sections were incubated in primary antibody, HIF-1- (Chemicon, Temecula, CA), 

overnight at dilution 1:500. Following a rinse in PBS, the sections were incubated using 

the peroxidase Vectastain Elite ABC kit (Vector), and labeling was visualized with 3,3-

diaminobenzidine and hydrogen peroxide using heavy metals. Control slides were always 

prepared without the addition of primary antibody to verify that there was no 

non-specific staining. 

 

4.6. Fractin 

Fractin is an apoptosis marker, and the antibody to fractin binds to 32-kDa actin 

fragments cleaved by a caspase mediated mechanism at the 244-aspartate residue 

(Adamec et al., 2001). Eye specimens from the rats at 2- and 7-day survival after injury 

were immunostained for visualization of fractin (Chemicon) at a dilution of 1:800 in the 

same manner as described above. 

 

4.7. Long-term survival animals 

After a 5-month survival period, animals were deeply anesthetized with 

tribromoethanol and perfused through the heart with 4% paraformaldehyde in PBS. 

Globes with attached optic nerves (Rose Bengal and laser injury n = 5, laser alone n = 4, 

Rose Bengal alone n = 2) were removed and post-fixed in 4% paraformaldehyde 

overnight at room temperature. After 12 h, the tissue was rinsed in PBS, and optic nerves 
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were carefully separated 2mmfrom the globe with a scalpel. The globes were embedded 

in paraffin, sectioned at 10 m, and stained with cresyl violet for morphological analysis. 

Optic nerves were placed in 2% osmium tetroxide in saline for 1 h, rinsed in PBS, 

dehydrated in alcohol, and embedded in epoxy resin. Subsequently, 1-m-thick cross 

sections were cut on an ultramicrotome and stained with toluidine blue for light 

microscopic examination and morphometric analysis. 

 

4.8. Computerized optic nerve axon count 

In order to determine optic axon loss, 3 to 6 optic nerve cross sections from each 

optic nerve were examined. Axonal counts were performed by counting all the 

myelinated axons in a continuous strip across the entire diameter of each optic nerve 

using the Bioquant Nova Prime software (Nashville, TN). Total numbers of axons in the 

area counted were determined, and these were recalculated as total axon number/m2 

(Figs. 7A, B). 

 

4.9. Statistical analysis 

All data are presented as mean ± SEM. Statistical significance was determined 

using the Students' paired two-tailed t test or an analysis of variance (ANOVA) and 

Dunn's multiple comparison tests aided by the Prism and Statmate software (Graphpad, 

San Diego, CA). Data were considered significantly different if P  0.05. 
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FIGURE LEGENDS 

Figure 1: Fundoscopic images of the optic nerve before and after injury. Image of the 

control eye (A). Fundoscopic images taken 16 (B) or 24 h (C) after injury 

demonstrate some swelling of the optic nerve head. The swelling was very clear 

under direct viewing through the slit lamp. 

Figure 2: Hypoxyprobe-1 immunostaining. Hypoxyprobe-1 staining reveals tissue 

positive for pimonidazole indicating oxygen deprivation in the optic nerve (A) and 

retina (B) 2 h after the laser photocoagulation. Abbreviations: GCL, ganglion cell 

layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform 

layer; ONL, outer plexiform layer. The scale bar in panel A is 100 m, and the scale 

bar in panel B is 50 m.  

Figure 3: Fractin immunostaining. Fractin-positive retinal ganglion cells 2 days after 

induction of the injury. The scale bar is 50 m. Abbreviations: GCL, ganglion cell 

layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform 

layer; ONL, outer plexiform layer.  

Figure 4: Hypoxia inducible factor-1 immunostaining.HIF-1 expression in the retinal 

ganglion cells examined 2  days after injury. The scale bar is 50 m. Abbreviations: 

GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, 

outer plexiform layer; ONL, outer plexiform layer.  

Figure 5: Optic nerve histology. Optic nerve cross-sections 5 months after a 

photocoagulation injury. Cross-section of a control optic nerve shows normal axonal 

size and distribution (A). The scale bar is 100 m. Higher magnification 
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demonstrates normal myelinated axons in the central and peripheral areas of the 

control optic nerve (B, C). The scale bar is 50 m. Cross-sections of an experimental 

optic nerve show relative sparing of axons in the periphery of the nerve (D, E). The 

central area of the optic nerve shows significant optic axon loss with small amount of 

scattered spared unmyelinated axons (F). The scale bar is 50 m.  

Figure 6: Retinal histology. Retina 5 months following a photocoagulation injury, cresyl 

violet staining. Control retina shows a normal retinal ganglion cell layer (A). The 

experimental retina demonstrates a clear loss of retinal ganglion cells (arrows) (B). 

The scale bar is 50 m. 

Figure 7:  Method of axon counting. Axons were counted as a continuous strip through 

the entire diameter of the optic nerve crosssections. About 60% of the axons were 

counted by the Bioquant software (green dots), and the remaining amount was 

counted manually (red dots). Control optic nerve (A). Experimental optic nerve with 

central loss of axons (B). The scale bar is 50 m.
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Chapter 3 

 

Neuroprotective Effects of Brimonidine Treatment in a  

Rodent Model of Ischemic Optic Neuropathy1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1The work reported in this Chapter has previously been published as: Danylkova NO, 
Alcalá SR, Pomeranz HD, McLoon LK.  Neuroprotective Effects of Brimonidine 
Treatment in a Rodent Model of Ischemic Optic Neuropathy.  Experimental Eye 
Research 84 (2007) : 293-301. 
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Chapter 3  
 

Ischemic optic neuropathy (ION) is a common disorder caused by disruption of the 

arterial blood supply to the optic nerve. It can result in significant loss of visual acuity 

and/or visual field. An ischemic optic nerve injury was produced in rats by intravenous 

injection of Rose-Bengal dye followed by argon green laser application to the retina 

arteries overlying the optic nerve, causing a coagulopathy within the blood vessels and 

disruption of optic nerve and retinal perfusion. The effect of brimonidine tartrate eye 

drops on survival of retinal ganglion cell axons in this experimental paradigm was 

studied. One eye was treated and the contralateral eye served as a control. Four groups of 

animals were used for this study. Group 1 received 7 days of treatment with 0.15% 

brimonidine tartrate eye drops twice a day prior to the ischemic injury. Group 2 animals 

received 0.15% brimonidine tartrate eye drops twice a day for 14 days after 

photocoagulation injury. Animal groups 3 and 4 received eye drops of 0.9% NaCl twice a 

day either daily for 7 days before injury or daily for 14 days after injury respectively. All 

rats were sacrificed 5 months after the injury to ascertain long-term optic axon survival 

after injury. Coagulopathy-induced optic nerve ischemia resulted in a 71% loss of optic 

axons. Treatment with brimonidine daily for the 7 days prior to the injury resulted in a 

greater survival of optic axons, with only a 56.1% loss compared to control. Brimonidine 

treatment every day for 14 days after the ischemic injury did not result in a significant 

rescue of optic axons compared to injury alone. In summary, the application of 

brimonidine eye drops for one week prior to an ischemic injury resulted in a statistically 

significant increase in survival of optic axons within the injured optic nerves. 
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Brimonidine treatment of eye after the ischemic injury did not result in axon rescue, and 

axon loss was similar to the injured optic nerves treated with saline only. These results 

suggest that brimonidine may have potential use for prevention of ION in at-risk patients. 
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INTRODUCTION 

Ischemic optic neuropathy is one of the most common optic nerve disorders in the 

elderly. It is characterized by disruption of blood supply to the optic nerve by branches of 

the posterior ciliary arteries (Hayreh, 1985, 1996). The resultant transient ischemia leads 

to an alteration of retinal cell metabolism, including changes in extracellular ion 

concentrations, depletion of growth factors, altered release of neurotransmitters, and 

increases in free radicals. These processes lead to axonal degeneration and progressive 

neuronal cell loss via apoptosis, which ultimately results in significant and permanent 

vision loss (Levin et al., 1996, Salazar et al., 2000). Due to the complexity of the 

pathologic processes in the development of ischemic optic neuropathy (ION), many 

different treatment approaches have been advocated. However, all of the current 

treatment methods fail to result in any significant improvement in vision in patients with 

ION.  

Alpha2-adrenergic receptors play an important role in vascular autoregulation 

(Faber et al., 1990; McGillivray-Anderson et al., 1990). Activation of alpha2-adrenergic 

receptors inhibits adenylate cyclase activity (Jakobs et al.,1979; Osborne et al., 1991), 

inhibits calcium channels (Han and Wu, 2002), activates opening of the potassium 

channels in the cells (DeBock et al., 2003), and inhibits pro-apoptotic mitochondrial 

signaling (Tatton et al., 2001). Alpha2-adrenergic receptors are present in the retina 

(Elena et al., 1989; Matsuo et al., 1992), specifically localized in rat retina to the inner 

plexiform and ganglion cell layers (Zarbin et al., 1986; WoldeMussie et al., 1999).  
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A number of studies demonstrated the efficacy of alpha2-agonists in reducing the 

negative effects of brain ischemia. Alpha2-agonist such as dexmedetomidine (Maier et 

al., 1993), and clonidine (Yuan et al., 2001) provided neuroprotection in animal models 

of CNS ischemia. Another promising candidate for therapeutic neuroprotective effects 

following transient ischemia is the alpha2-agonist, brimonidine. Currently, brimonidine 

tartrate is used clinically as a topical ocular hypotensive agent in glaucoma patients 

(Gandolfi et al., 2003) as well as in postoperative patients in order to control intraocular 

pressure (Katsimpris et al., 2003). Brimonidine is thought to lower intraocular pressure 

by a combination of reducing aqueous humor production and increasing uveoscleral 

outflow (Toris et al., 1995, Greenfield et al., 1997). Topical application of brimonidine 

can achieve a concentration sufficient to activate 2-adrenergic receptors within ocular 

tissues (Acheampong et al., 2002).  

A number of studies have demonstrated the efficacy of brimonidine in increasing 

survival of retinal ganglion cells after various types of injury. Intraperitoneal pretreatment 

with brimonidine tartrate significantly increased ganglion cell survival and retinal 

function after optic nerve crush (Yoles et al., 1999; Wheeler et al., 1999; Lafuente et al., 

2001). Prevention of an early loss of retinal ganglion cells was demonstrated after topical 

administration of brimonidine prior to transient retinal ischemia induced by ophthalmic 

vessel ligation for 60-90 minutes (Lafuente et al., 2001). The mechanism for this 

protection is unclear, but brimonidine appears to result in inhibition of glutamate and 

aspartate accumulation (Donnello et al., 2001), the up-regulation of anti-apoptotic genes 
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such as bcl-2 and bcl-xl and neuroprotective molecules such as fibroblast growth factor 

(Lai et al., 2001).  

The main objective of this study was to determine the effect of brimonidine 

treatment on the survival of the optic axons and neurons within the retinal ganglion cell 

layer in the ischemia-compromised eyes. Brimonidine eye drops were applied topically 

before and/or after induction of ischemia-reperfusion damage to the optic nerve and 

retina using a coagulopathy method that is a rodent model of the ION (Bernstein et al., 

2003; Danylkova et al., 2006). Optic nerve survival was determined by morphometric 

analysis of the optic nerve 5 months after injury and treatment. 
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METHODS 

All procedures were approved by the Animal Care Committee of University of 

Minnesota and conformed to the National Institute of Health Guide for the Care and Use 

of Laboratory Animals and the ARVO Statement on the Use of Animals in Ophthalmic 

Research. Adult Long Evans rats, 250-300g, were housed with Research Animal 

Resources at the University of Minnesota on a 12-hour light/dark cycle with food and 

water ad libitum. Rats were anesthetized with 1.2 mg/kg tribromoethanol (Sigma-

Aldrich, St. Louis, MO) and kept on a heating pad for the duration of anesthesia and any 

experimental manipulations.  

Induction of the ION 

Pupils were dilated by instillation of 2 drops of a 2% cyclogyl and 2.5% 

phenylephrine hydrochloride ophthalmic solution (Bausch & Lomb, Tampa, FL) five 

minutes before laser application. GenTeal, a lubricant gel (CibaVision, Duluth, GA), was 

applied to the rat’s right eye to prevent eye irritation and increase the optical power of the 

lens. A transparent contact lens was placed on the animal’s right eye. 

Transient ischemia was induced as described previously (Bernstein et al 2003; 

Danylkova et al., ‘06). Briefly, 0.25 ml of a 2.5 mM solution of Rose-Bengal dye, 

(Sigma-Aldrich, St. Louis, MO) was injected into the rat’s tail vein, followed 

immediately by application of a 600 micron laser beam covering the entire optic disc area 

and emerging vessels. Laser application was within 30 seconds of Rose Bengal 

application, and thus primarily in the arteries. However, both arteries and veins at the 

optic nerve head were subjected to laser application. Twelve pulses of one second 
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duration each were applied with an intensity of 100 microWatts from an argon green laser 

at a 514nm wavelength (Coherent Novus 2000). The opposite eye served as a control. 

Brimonidine administration 

Four groups of animals were prepared for this study. The first group (n=6) 

received topical treatment with two drops (5µl) of 0.15% brimonidine tartrate twice a day 

for 7 days before the injury. The second group (n=6) received topical treatment of 0.15% 

brimonidine tartrate twice a day for 14 days following the induction of optic nerve 

ischemia. Groups 3 (n=3) and 4 (n=3) received a topical treatment of 0.9% NaCl, twice a 

day, either 7 days before or 14 days after injury.  

Histology 

 Five month after the injury, a time when both the acute and chronic phases of 

degeneration are complete (Danylkova et al., ’06), rats were deeply anesthetized with 

tribromoethanol and intracardially perfused with 4% paraformaldehyde in phosphate 

buffered saline (PBS). Globes with optic nerves attached were removed and post-fixed in 

4% paraformaldehyde overnight at room temperature.  After 12 hours, the tissues were 

rinsed in PBS, and optic nerves were carefully separated 1mm from the eye globe with a 

scalpel. The globes were embedded in paraffin, sectioned at 10m, and stained with 

cresyl violet for morphological analysis. Optic nerves were placed in 2% osmium 

tetroxide in saline for 1 hour, rinsed in PBS, dehydrated in alcohol, and embedded in 

epoxy resin. Subsequently, 1-m thick cross-sections were cut on an ultramicrotome and 

stained with toluidine blue for light microscopic examination and morphometric analysis. 

Morphometric analysis 



 

 54

Axonal loss in the optic nerve was determined by examining 3 to 6 optic nerve 

cross-sections from each collected optic nerve and 100x using oil immersion. This results 

in very clear visualization of even thinly myelinated optic axons. Axonal counts were 

performed by using Bioquant Nova Prime software (Nashville, TN).  Axonal counts were 

performed by counting all the myelinated axons in a continuous strip across the entire 

diameter of each optic nerve using the Bioquant Nova Prime software (Nashville, TN). 

Total numbers of axons in the area counted were determined, and these were recalculated 

as total axon number/m2 (Danylkova et al., 2006). We counted approximately 20,000 

axons in each control optic nerve; thus, the area counted represented approximately 20% 

of the total optic axons (Cepurna et al., 2005). It is possible that there is some 

experimental error in these counts due to the patchy loss in the injured optic nerves. In 

order to control for this we counted 3-6 sections for each nerve and averaged this for each 

experimental animal. We have previously shown that laser alone and Rose Bengal 

administration alone do not cause optic nerve injury (Danylkova et al., ’06), so those 

controls are not included. All data is presented as mean ± SEM. Significance was 

assessed using Student’s paired two-tailed t-test and Dunn’s multiple comparison tests 

aided by the Prism and Statmate software (Graphpad, San Diego, CA), and data was 

considered statistically significant if p<0.05. 

 
RESULTS 
 
No systemic side effects of brimonidine 
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The rats showed no evidence of adverse effects from the brimonidine treatment. We had 

no animals die, or did any of the treated rats show signs of pain or discomfort as 

manifested by changes in activity level, changes in eating patterns and the like.  

Morphology of the optic nerve 

Changes of the optic axons within the optic nerve were evaluated 5 months after 

induction of the ischemic injury. Compared to the normal optic nerve (Figure 1A), the 

vehicle treated groups of rats displayed a severe loss of optic axons (Figure 1B).  There 

was a tendency toward increased loss in the more central regions of the injured optic 

nerves, with sparing in the more peripherally placed portions of the optic nerve cross-

sections. 

In the group of animals pretreated topically with brimonidine 7 days before 

injury, then subjected to photocoagulation-induced ischemia of the optic nerve, there was 

a significant reduction in axonal loss compared to the vehicle-treated group (Figure 1C, 

D). The central area of the optic nerve contained scattered myelinated axons and the 

periphery of the optic nerve had large areas with preservation of normal-appearing axons. 

In contrast, in animals that received a 14-day treatment of topical brimonidine following 

ischemic injury, there appeared to be a modest reduction in the axonal degeneration in the 

periphery of the optic nerve (Fig.1E) and absence of myelinated axons in the central 

portion of the optic nerve, similar to the control group of optic nerves treated with saline 

only. Photomicrographs at higher power demonstrate the clarity with which even thinly 

myelinated axons can be visualized in the plastic-embedded optic nerves (Figure 2A, B, 

C) from control animals (Figure 2A), animals treated with brimonidine 7 days prior to 
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injury (Figure 2B), animals treated with brimonidine for 14 days after injury (Figure 2C), 

and animals that received an ischemic injury and were treated with saline only (Figure 

2D). 

Axonal counting 

 Normal control optic nerves of rats in our study had an optic axon density of 

0.362±0.011 axons per µm² (n=6) (Figure 3). In rats subjected to the coagulopathy injury, 

there was a significant loss of optic axons, with 0.087±0.018 axons per µm² (n=3). This 

represents a survival of only 23.5% of the axons after the ischemic injury. The number of 

axons per sampled area in cross-sections from rats treated with topical brimonidine daily 

for 7 days prior to optic nerve ischemia was 0.203±0.016 per µm² (N=6), which 

represents a 56.1% long-term axonal survival compared to control eyes (Figure 3). 

Topical treatment with brimonidine prior to ischemic insult to the optic nerve and retina 

resulted in significant rescue of optic axons compared to injury alone when examined 5 

months after the injury. 

In contrast, the optic nerves of rats treated with topical brimonidine for 14 days 

after the photocoagulation-induced optic nerve ischemia contained 0.115±0.008 axons 

per m²  (n=6) while optic nerves from control eyes contained 0.365±0.008 per m² 

(n=6) (Figure 3). This corresponds to 30.7% axonal survival in the injured optic nerves 

treated with brimonidine compared to control optic nerves. No significant difference was 

observed between groups of animals treated with 0.9% NaCl either 7 days prior to 

induction of the ION or 14 days following the photocoagulation injury. Specifically, there 

were 0.073±0.018 axons per m² (n=3) in the group of animals treated with 0.9% NaCl 
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for 14 days after the injury, which is a survival rate of 19.7% when compared to normal 

control (0.370± 0.010 per m²;  n=6).   

Cresyl violet staining of the retina 

Based on qualitative analysis only, there were more neurons present in the 

ganglion cell layer in the retinas of rats pretreated with brimonidine eye drops (Figure 4). 

There was no apparent difference in neuronal density in the retinas of animals that 

received the 14-day brimonidine treatment after induction of the ischemic injury when 

compared to the vehicle-treated group.
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DISCUSSION 

The present study demonstrates that transient ischemia of the optic nerve 

produced by experimental coagulopathy results in long-term neuronal and axonal loss 

which was significantly reduced by topical treatment with brimonidine tartrate for 7 days 

prior to the ischemic insult. The degree of neuroprotection of topical brimonidine 

application when given after the ischemic injury was limited and variable, with 

pretreatment significantly more effective than treatment immediately post-injury. 

However, application of brimonidine after the ischemic injury did result in moderate 

rescue of optic axons from injury as evidenced by the morphometric analysis of optic 

axon number. 

It is well established that acute ischemic insult to the optic nerve results in a 

significant loss of retinal ganglion cells and their axons. Ganglion cell death occurs in 

two waves after injury, with the initial wave occurring within the first week (Sievers et 

al., 1987). This suggests that there is a window of time during the initial phases of injury 

and cell death when neuroprotective strategies could be applied to provide some rescue of 

injured neurons. In the period immediately following 60 or 90 minutes of ischemia 

followed by reperfusion, significant retinal edema develops, with concomitant 

inflammatory cell infiltrate (Szabo et al., 1991), which begin to abate during the first 24 

hours. Edema at the optic nerve head occurs in our coagulopathy injury model, 

suggesting similar histological changes immediately following injury in both this model 

of injury and in patients. Using this same model of coagulopathy injury, c-fos was shown 

to rapidly elevate in oligodendrocytes within the injured optic nerves, followed in turn by 
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demyelination (Goldenberg-Cohen et al., 2005). Brimonidine would seem to have a 

protective effect against these early changes induced by ischemia. In a small-scale 

clinical trial, brimonidine was effective in improving visual acuity and decreasing micro-

aneurysm formation when administered topically to patients in the very early stages of 

type 2 diabetes mellitus (Mondal et al., 2004). It was also effective in improving contrast 

sensitivity when administered to newly diagnosed, previously untreated glaucoma 

patients (Evans et al., 2003). In ocular hypertensive patients, patients treated with 

brimonidine showed less retinal fiber layer damage than those treated with timolol (Tsai 

and Chang, ’05). While brimonidine has an excellent safety profile, there are some 

reported side effects, particularly in children (Al-Shahwan et al., ‘2005). These include 

lethargy and burning of the eyes. However, the most recent study in adult ischemic 

neuropathy patients did not show any harmful effects in the brimonidine-treated patients 

(BRAION study group et al., 2006).  

Ischemia results in long-term loss of both optic axons and retinal ganglion cells 

(Berkelaar et al., 1994). In the present study, only brimonidine pretreatment had a 

significant rescue effect when analyzed by survival of optic axons at 5 months, when 

maximal optic axon loss would have occurred. In a previous study, topical administration 

of brimonidine 1 hour before experimentally-produced retinal ischemia protected against 

ischemia-induced degeneration of the retinotectal projection (Aviles-Trigueros et al., 

2003), supporting the effectiveness of brimonidine in preventing optic axon loss. In 

another study, topical brimonidine applied before treatment reduced collateral damage 

caused by laser photocoagulation to treat choroidal neovascularization (Ferencz et al., 
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2005). The mechanism(s) for the neuroprotective effects of pretreatment are unclear, but 

they may be related to the need to up-regulate survival factors such as fibroblast growth 

factor or anti-apoptotic proteins. These would require sufficient time for protein synthesis 

to occur. Further studies are needed to address these questions. 

Application of brimonidine, an alpha-2 agonist, is a common treatment for 

glaucoma and causes reduction of intraocular pressure by decreasing ciliary blood flow 

(Reitsamer et al., 2005), lowering aqueous humor production and increasing uveoscleral 

outflow (Greenfield et al., 1997; Toris et al., 1999). However, it is unclear whether any of 

these changes would be the primary mechanism of its neuroprotective effect in this study. 

Brimonidine, however, affects more than just the vasculature within the orbit. While 

brimonidine treatment decreases intraocular pressure, it does not appear to change retinal 

capillary blood flow in patients with ocular hypertension (Lachkar et al., 1998; Carlsson 

et al., 2000).  In addition, long-term application of brimonidine does not appear to affect 

the blood flow or vasomotor activity of the anterior part of the optic nerve in rabbits 

(Bhandari et al., 1999). In a model of chronic ocular hypertension, systemic 

administration of brimonidine and timolol, a non-selective beta-adrenergic receptor 

blocking agent used for treatment of intraocular hypertension, showed little effect on 

intraocular pressure. The neuroprotective effect of brimonidine does not appear to be 

related to its ability to lower intraocular pressure, because timolol, a similar glaucoma 

medication, does not result in significant protection of retinal ganglion cells after 

ischemic injury (WoldeMussie et al., 2001). Brimonidine activation of 2-

adrenoreceptors at clinical doses does, however, produce nitric oxide-dependent 
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vasodilation in larger caliber retinal arterioles and vasoconstriction in smaller caliber 

arterioles (Rosa et al., 2006). This suggests that brimonidine may play a role in retinal 

blood flow regulation. 

Ischemic injury has many sequelae, and brimonidine may affect a number of these 

processes. N-methyl-D-aspartate (NMDA) antagonists protect retinal neurons from 

toxicity induced by increased exogenous glutamate, aspartate, and hypoxic damage (El-

Asrar et al., 1992). Alpha 2 agonist activation also prevents accumulation of extracellular 

glutamate and aspartate, and this may play a role in the ability of brimonidine to reduce 

ischemic retinal and optic nerve injury (Donello et al., 2001). Topical application results 

in a high concentration of brimonidine in tissues with high ocular melanin (Acheampong 

et al., 1995). Hence, ocular structures such as the iris, choroid, and retina retain 

brimonidine compared to non-pigmented eye structures. In addition, there is a carrier-

mediated transport of brimonidine in the retinal pigment epithelium (Zhang et al., 2006). 

This high affinity of brimonidine to retinal pigment epithelium would increase its 

concentration near the tissue damaged by ischemic injury, and this may, in part, also 

explain its effectiveness in preserving retina and optic nerve axons from ischemia-

reperfusion damage. In both human and animal studies, vitreous concentrations resulting 

from topically applied brimonidine reached levels above  2 nM, a concentration 

previously shown to activate alpha 2 receptors (Kent et al., 2001; Acheampong et al., 

2002). These levels were slightly higher in aphasic patients; nonetheless topical 

application of brimonidine results in vitreal levels that are physiologically relevant. 
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Brimonidine in the retina and optic nerve is associated with up-regulation of bcl-2 

and bcl-xl, resulting in the inhibition of neuronal apoptosis (Tatton et al., 2001; Lai et al., 

2002). Brimonidine also preserves anterograde axonal transport after transient ischemia 

of the retina (LaFuentes Lopez-Herrera et al., 2002), and this may result in the retention 

of neurotrophic factors needed for maintenance of the injured pathway. Brimonidine 

application results in an upregulation of various growth factors that are known to protect 

neurons from injury. Exogenous administration of basic fibroblast growth factor (bFGF) 

can protect photoreceptors in rats exposed to constant light (Faktorovich et al., 1990, 

1992), and stimulation of alpha 2-adrenergic receptors in the rat retina results in the 

upregulation of bFGF mRNA (Wen et al., 1996) and protein expression (Lai et al., 2002). 

In addition, intravitreal application of brimonidine significantly increases endogenous 

expression of brain-derived neurotrophic factor (BDNF) in the retinal ganglion cells (Gao 

et al., 2002). Both bFGF and BDNF have significant neuroprotective actions, and thus the 

elevation of these neurotrophic factors by local brimonidine treatment prior to the actual 

injury may be responsible for the neuron rescue action of brimonidine. Current studies 

are examining changes in neurotrophic factor levels. The advantage of brimonidine use 

for the treatment of optic nerve ischemia is that it is easy to administer topically, while 

traditional methods of systemic delivery or direct intraocular injection often do not result 

in therapeutic doses of neurotrophic factors and other drugs within the retina and optic 

nerve. Additional studies are needed to delineate further the mechanism by which 

pretreatment of tissue with brimonidine protects retina and optic nerve from ischemic 

injury. We are currently investigating intranasal delivery of neurotrophic factors, likely 
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candidates for rescue of injured neurons and axons. Preliminary results demonstrate that 

this method of drug delivery results in therapeutic doses of neuroprotective agents to the 

retina and optic nerve (Alcalá et al., 2006).  

There are several subtypes of alpha 2 adrenergic receptors. While the anterior 

segment of the human eye possesses only alpha 2b and alpha 2c adrenergic receptor 

subtypes, rabbit eyes have all 3 subtypes, 2A, 2B and 2C adrenergic receptors (Huang et 

al 1995). It is possible that the rodent retina also differs from the human complement of 

alpha 2 adrenergic receptors. It is known that the alpha-2 adrenergic receptors of the rat 

and human have different molecular and structural characteristics (Wypijewski et al., 

1995). This is important as small scale examination of brimonidine in human ION 

patients did not appear to be effective when administered after the development of ION 

(Fazzone et al., 2003). These differences should be taken into consideration when 

interpreting results of ION treatment in animal models and further development of 

neuroprotective drugs.  

There are differences between the microcirculation of the optic nerve head region 

in the rat and human that should be noted relative to any model of ischemic injury to this 

region. In humans, the majority of the blood supply to the optic disc and anterior optic 

nerve is from the short posterior ciliary arteries (Risco et al., 1981; Onda et al., 1995). 

These studies disagree about the role of the peripapillary choroid in anterior optic nerve 

blood supply. In the rat, the peripapillary choroid plays a significant role in the blood 

supply and venous drainage of the optic nerve head (Sugiyama et al., 1999; Morrison et 

al., 1999). This does not negate the protective effects of pretreatment with brimonidine 
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after this mode of ischemic injury to the optic nerve. However, it does make comparisons 

with other ischemic injury models important in determining whether the neuroprotective 

effect is dependent on the particular vessels and particular areas of the optic nerve head 

that are injured in both experimental animal models and human patients.  

  Our study suggests that brimonidine treatment promotes axonal survival in the 

optic nerve of rat eyes subjected to ischemia-reperfusion injury if used prior to the 

ischemic episode. Treatment with brimonidine prior to the ischemic injury in rats resulted 

in a significant increase in axonal survival rate compared to brimonidine treatment given 

after the induction of optic nerve ischemia. While the clinical trials in human patients 

have been equivocal, the prophylactic use of brimonidine is worth further investigation. 

These results suggest that brimonidine may be useful as a possible preventive measure 

for patients with a high risk of developing ION and for those developing such a condition 

in the fellow eye.  
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FIGURE LEGENDS 

Figure 1.Histological changes in the optic nerve cross-sections 5 months after a 

photocoagulation injury of vehicle treated animals. A. Cross-section of a normal optic 

nerve from a rat that received saline only. B. Cross-section of an injured optic nerve 

treated with saline only. C and D. Cross-section of optic nerves in rats that received 

brimonidine 7 days prior to production of the ischemic optic nerve injury. Significant 

optic nerve axon preservation is apparent. E. Cross-section of an optic nerve in a rat 

that received 14 days of brimonidine treatment following the ischemic optic nerve 

injury. The bar is 50 µm. 

Figure 2. High power photomicrographs of the images in figure 1. A. Cross-section of a 

normal optic nerve from a rat that received saline only. B. Cross-section of optic 

nerves in rats that received brimonidine 7 days prior to production of the ischemic 

optic nerve injury. Significant optic nerve axon preservation is apparent. C. Cross-

section of an optic nerve in a rat that received 14 days of brimonidine treatment 

following the ischemic optic nerve injury. D. Cross-section of an injured optic nerve 

treated with saline only. 

Figure 3.  A. Axon count of the optic nerves from animals that received 7 days treatment 

with brimonidine before ION induction. B. Axon count of the optic nerves from 

animals that received 14 days treatment with brimonidine following ION induction. 

Figure 4. Cresyl violet staining of the retina 5 month after ION induction. Arrows 

indicate neurons in the ganglion cell layer. (A) Retina from animals receiving 7 day 

brimonidine treatment prior to the injury shows moderate loss of neurons in the 
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ganglion cell layer; (B) Retina from animals receiving 14 day brimonidine treatment 

following the injury demonstrates severe loss of neurons in the retinal ganglion cell 

layer; (C) Control retina shows the normal ganglion cell layer. Abbreviations: GCL, 

ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer 

plexiform layer; ONL, outer nuclear layer. The bar is 50 µm.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Chapter 4 

 

Neurotrophic Factors and The Initiation of Prosurvival Cell Signaling Pathways 
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The Phosphatidylinositol 3-kinase/Akt (PI3K/Akt) Prosurvival Pathway 

The PI3K/Akt pathway is a cell signaling system activated upon binding of an 

extracellular ligand to an extracellular growth factor or cytokine receptor and is 

associated with inducing a number of biological responses (Kennedy et al, 1997; Franke 

et al, 1997; Marte and Downward, 1997).  The response most associated with induction 

of this intracellular pathway is protection from apoptosis (Franke et al, 1997).  One 

downstream mediator of  coupled with activation of anti-apoptotic signaling cascades is 

Akt. Akt is a serine/threonine kinase that is involved in cell development, growth and 

survival. Moreover, following injury to the nervous system, Akt expression is 

upregulated, indicating an important role in cellular protection (Chong et al, 2005).  

As discussed in chapter one of this dissertation, in order for a cell to survive an 

insult, induction of adverse mitochondrial responses must be curtailed to prevent further 

downstream effects such as caspase activation and plasma membrane disruption. 

Activation of Akt, via phosphorylation of serine 473, prevents cell injury by protecting 

against genomic DNA degradation and phosphatidylserine exposure (Kamada et al, 

2007), thereby maintaining cellular integrity (Chong and Maiese, 2004) and preventing 

microglia activation (Kang et al, 2003).  Moreover, activation of Akt has been shown to 

be necessary and sufficient in inhibiting mitochondrial release of cytochrome C 

(Kennedy et al, 1999; Kang 2003), thus preventing cysteine protease activity (Chan, 

2005). 

   The PI3K/Akt pathway thus serves as a broad cytoprotective system when 

initiated. Moreover, studies involving forms of CNS injury have shown that, 24 hours 
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after an ischemic insult, the PI3K/Akt signaling cascade is activated.  This activation 

allows for the delay of  cell death.  However, this elevated response is not sustained and 

akt levels return to normal values 48 hours after injury (Ouyang et al, 1999; Noshita et al, 

2001; Yano et al, 2001).  Studies examining overexpression of activated Akt after injury 

resulted in a significant reduction in microglial activation and proliferation (Chong and 

Maiese, 2004), thereby yielding increased cell survival. It thus appears that the activation 

of cell death machinery can be inhibited in the short-term by endogenous activation of the 

PI3K/Akt pathway.  To allow for further activation of the PI3K/Akt pathway following 

ischemic or traumatic injury, we administered several neuroprotective agents that have 

been shown to activate this cell signaling cascade.   

In order for activation of the PI3K/Akt intracellular survival cascade to occur, 

extracellular binding of growth factors to specific tyrosine kinase, cytokine and 

neurotrophic factor cell surface receptors must take place.  In this study we focused on 

five endogenously expressed factors extensively shown in the literature to increase 

neuronal survival either in vitro or after direct injection into the eye or brain.  We chose 

to examine BDNF, NT-4, CNTF and EPO due to the unique molecular components of 

these factors.  These neuroprotective compounds have great therapeutic application in the 

CNS, however, exogenous administration of these agents has yielded limitations in 

access to the CNS. These large proteins, therefore, are ideal molecules to examine the 

effectiveness of the intranasal route of administration to target the CNS.  A short 

description of these neurotrophic agents will be presented in the following sections.  
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Role of BDNF and NT-4/5 in Neuronal Survival 

The survival properties of neurotrophic factors involve the initiation of varying 

intracellular cascades that lead to expression of pro-survival proteins or the inactivation 

or downregulation of pro-apoptotic proteins. The neurotrophins BDNF and NT-4/5 bind 

to the same tyrosine kinase receptor and have a similar neuroprotective phenotype, 

though BDNF appears to have greater efficacy and neuroprotective properties for retinal 

ganglion cell survival.  The binding site of these neurotrophins, the tyrosine kinase B 

(trkB) receptor (Zhi et al, 2005) are expressed on retinal ganglion cells (Cellerino and 

Kohler, 1997).  Activation of trkB stimulates cell survival by initiating the PI3K/Akt and 

Mitogen-activated protein kinase/Extracellular signal-regulated kinase (MAPK/ERK) 

cascades (Segal and Greenberg, 1996; Rohrer et al, 2001).  BDNF and NT-4/5 appear to 

be the most effective neurotrophins in protecting adult RGCs from apoptosis after injury 

(Johnson et al, 1986; Mey et al, 1993; Cohen et al, 1994; Mansour-Robaey et al, 1994; 

Cui et al, 1995; Peinado-Ramon, 1996; Zhi et al, 2005).  Moreover, the BDNF ligand and 

trkB receptor are also expressed in the lateral geniculate nucleus, superior colliculus, 

primary visual cortex and optic nerve head, indicating the importance of this 

neurotrophin in the entire visual system (Weber et al, 2008).  Exogenous BDNF 

administration in vitro or by direct injection into the eye not only increases retinal 

ganglion cell survival following injury, but also preserves the dendritic integrity of the 

cells, thus preserving visual function (Rohrer et al, 2001; Weber et al, 2008).   

Although BDNF has shown the most promise in the rescue of retinal ganglion 

cells after injury, it is currently unknown which neurotrophic factor or factors are critical 
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for long-term survival following injury.  During development, BDNF is expressed in the 

retinorecipient layer of the superior colliculus, where the projecting RGC axons 

ultimately synapse (Ma et al, 1998; Pollock et al, 2001).  Following synapse in the 

superior colliculus, BDNF is then endocytosed at the axon terminal and retrogradely 

transported to the retina, where it supports the survival of retinal ganglion cells (Johnson 

et al, 1986; Quigley et al, 2000). Although it is generally believed that BDNF is 

necessary for development of normal projections to the superior colliculus, subsequent 

studies have indicated that trkB -/- mice do not have increased RGC death compared to 

controls, although myelination of the optic nerve is reduced by 70% at postnatal day 16 

(Rohrer et al, 2001). Moreover, knockout of a single neurotrophic factor such as NT-3 or 

BDNF does not impair retinal ganglion survival during the periods of normal 

developmental cell death. This result is counter to the significant cell death seen in 

peripheral nervous system neurons in the same knockout mice (Snider, 1994; Bahr, 

2000).  It therefore appears that trkB and BDNF support RGC survival, but are not 

essential due to additional compensatory survival mechanisms provided by other 

neuroprotective factors.  

A multifactorial hypothesis has been suggested to account for this complexity in 

neurotrophic factor dependence (Oppenheim, 1996; Bahr, 2000). This hypothesis holds 

that CNS neurons are dependent on more than a single neurotrophic factor for survival 

and that only after simultaneous elimination of several neuroprotective factors occurs 

does an increase in physiological cell death take place.  To account for this potential 

variation in response to available neuroprotective factors, we examined two neurotrophic 
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factors that primarily activate the PI3K/Akt pathway: BDNF and NT-4/5.  The next 

sections summarize two additional neuroprotective agents that activate another cell 

survival cascade, the Janus Kinase-Signal Transducer and Activators of Transcription 

(Jak-STAT) pathway.  

While the PI3K/Akt cell signaling cascade activates a number of downstream 

effectors that allow for cytoprotection, the Jak-STAT system activates differing 

downstream mediators that also result in increased neuronal survival. The cytokines 

erythropoietin (EPO) and ciliary neurotrophic factor (CNTF) yield increases in neuronal 

and retinal ganglion cell survival as well, though these cytokines primarily work via the 

Jak-STAT intracellular signaling system.  In this section, literature supporting the 

neuroprotective properties of CNTF and EPO in neuronal survival will be discussed, 

focusing particularly on literature related to retinal ganglion cell survival.   

 

The Janus Kinase-Signal Transducer and Activators of Transcription (Jak-STAT) 

Prosurvival Pathway  

 The Jak-STAT system is the main intracellular cascade initiated in response to the 

binding of cytokines such as EPO or CNTF. As the name indicates, this cell signaling 

cascade leads to alterations in gene transcription, which results in cell survival or cell 

death, depending on the molecules activated.  Following binding of the cytokine to its 

receptor, the upstream mediator tyrosine kinase Jak recruits and activates STAT proteins.  

Jaks are in close proximity to the intracellular domain of the cytokine membrane 

receptors (Ng et al, 2006).  Binding of a cytokine to its receptor leads to the formation of 



 

 78

a receptor complex that allows for activation of the Jak tyrosine kinase, which in turn 

phosphorylates tyrosine residues in the cytoplasmic domains of the receptor subunits. 

STATs, in turn, dock to their receptor complex, which results in phosphorylation of 

STAT. The activated STATs then form homo- or heterodimers that translocate to the 

nucleus and bind to specific DNA sequences, which prompt transcription of STAT-

responsive genes (Bonni et al, 1993; Ji et al, 2004; Ng et al, 2006). There are seven 

STAT transcription factor proteins (Ihle et al, 1995; Silvennoinen et al 1993; De-Fraja et 

al, 2000); therefore a number of dimerized proteins can be formed. Due to the available 

variation in dimerized STAT proteins, the fate of a cell is partly dependent on the balance 

of the dimerized STATs formed (Yu and Jove, 2004).  For example, STAT1 activation 

has been shown to promote cell death, while STAT3 phosphorylation is associated with 

induction of anti-inflammatory responses and promotion of cell survival. Moreover, 

specific cytokine binding determines the fate of individual neurons.  For example, the 

specific anti-inflammatory cytokine interleukin-10 induces STAT3 activation, while the 

pro-inflammatory cytokine interferon- activates STAT1.  Based on the protective 

properties of pSTAT3, our studies examined the activation of this particular STAT 

protein.  The remaining topic of discussion in this section will focus on the activation of 

STAT3  in the retina and CNS. 

Activation of STAT3 has a direct neuroprotective role following glutamate 

excitotoxicity and ischemia-reperfusion injury in retinal ganglion cells in vitro (Zhang et 

al, 2008). Maximal transcriptional activation of STAT3 occurs via phosphorylation at 

tyrosine 705 and serine 727 (Yokogami et al., 2000). The tyrosine kinase Jak2 
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phosphorylates STAT3 at this residue site (Yokogami et al., 2000). STAT3 is expressed 

in the brain and retinal ganglion cells both during development and in adulthood (De-

Fraja et al, 2000; Peterson et al, 2000; Zhang et al, 2003; Zhang et al, 2008).  STAT3 is 

also activated following injury to the brain and retina (Planas et al, 1996; Zhang et al, 

2008). For example, following ischemic injury to the retina, endogenous STAT3 is 

slowly activated. STAT3 has also been shown to protect retinal neurons following acute 

stress both in vivo and in vitro (Zhang et al, 2008). STAT3 levels, however, must remain 

at a certain level in order to provide neuroprotective properties to combat excitotoxic and 

ischemic damage arising from injury.   

The neuroprotective properties of STAT3 stem from downstream transcription of 

prosurvival proteins. Experiments using a STAT3-dominant negative found that one of 

the possible downstream targets of activated STAT3 is the anti-apoptotic gene Bcl-2 

(Fukada et al, 1996; De-Fraja et al, 2000).  In a study conducted in aged rats, 

investigators found STAT3 expression decreases with age, which consequently affected 

Bcl-2 protein levels (Abe-Dohmae et al, 1993; Merry et al, 1997). The pro-apoptotic 

protein STAT1, on the other hand, remains constant throughout the lifespan (DeFraja et 

al, 2000). STAT1 is involved in transcription of several pro-apoptotic protease caspases, 

including caspase-1, 2 and 3 (Chin et al, 1997; Kumar et al, 1997). It thus appears that 

aged neuronal tissue is more susceptible to stress caused by injury due in part to 

alterations in available prosurvival proteins (DeFraja et al, 2000). Based on this 

information, exogenous growth factors or cytokines administered post-injury may 

increase STAT3 levels above those activated upon injury and potentially yield increased 
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cell survival. The cytokines CNTF and EPO both activate the Jak-STAT pathway and 

therefore may assist in the rescue of injured neuronal tissue.  

 

Role of CNTF in Neuronal Survival 

The cytokine CNTF is a member of the interleukin-6 family.  The name of the 

cytokine is derived from studies originally displaying its survival-promoting effects in 

ciliary ganglion neurons (van Adel et al, 2005).  The pro-survival properties of this 

cytokine have been extended to include hippocampal, motor, sympathetic, and retinal 

neurons (Lin et al, 1998). CNTF elicits its biological actions primarily via the Jak-STAT 

pathway (Heinrich et al, 2003; Teng and Tang, 2006) and, to a lesser extent, the 

PI3K/Akt and MAPK/ERK pathways (Dolcet et al, 2001; Ji et al, 2004; Park et al, 2004). 

The cytokine is expressed in astrocytes and Muller cells in the retina (Duberley and 

Johnson, 1996; Ji et al, 2004; Sarup et al, 2004), the ganglion cell layer, (Fuhrmann et al, 

1998; Peterson et al, 2000; Cui et al, 1999) the optic nerve (Stockli et al, 1989), and in 

Schwann cells (Peterson et al, 2000). It plays a critical role in maintaining retinal 

ganglion cell homeostasis in normal and injured states (MacLennan et al, 1996).   

  CNTF requires the presence of three receptor subunits to allow for binding and 

intracellular signaling cascade activation. The multi-subunit receptor complex consists of 

1) a low affinity ligand specific non-signaling CNTF receptor  (CNTFR), 2) the 

leukemia inhibitory factor receptor (LIFR), and 3) glycoprotein130 (gp130) (Peterson et 

al, 2000). LIFR and gp130 are the two high affinity transmembrane signaling subunits 

that allow for initiation of intracellular signaling, while the CNTFR provides specificity 
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for CNTF (LaVail et al, 1992). The LIFR and gp130 molecules activate the Jak-STAT 

pathway (Sarup et al, 2004) and lead to phosphorylation of STAT3 at tyrosine705, which 

initiates prosurvival signaling cascades (Peterson et al, 2000).  

The CNTFR subunit is predominantly expressed in neuronal cells (Darnell et al, 

1994), including retinal ganglion cells, horizontal cells and a subpopulation of amacrine 

cells (Kirsch et al, 1997; van Adel et al, 2005). CNTF, CNTFR and LIFR are released 

following a variety of insults including optic nerve transection, mechanical injury, 

ischemic insult and light induced damage (Kirsch et al, 1998; Ju et al, 2000; Chun et al, 

2000; Weise et al, 2000; Walsh et al, 2001; Sarup et al, 2004). CNTF and the cell 

signaling pathways it activates mediate neuroprotective actions via inhibition of 

glutamate excitotoxicity (Semkova et al, 1999; Petersen et al, 1999; Honjo et al, 2000), 

glial cell modulation (Monville et al, 2001; Albrect et al, 2002; Liang et al, 2001), 

activation of pro-survival signaling pathways (Petersen et al, 2000), and regulation of 

neuroinflammatory responses (Linker et al, 2002; van Adel et al, 2005).   

In terms of neuroprotective properties following exogenous administration, CNTF 

has been shown to attenuate the extent of cortical infarction in cerebral ischemia (Kumon 

et al, 1996). In the retina, intravitreal administration of CNTF enhances retinal ganglion 

cell survival after axotomy and ischemia (Mey and Thanos, 1993; WoldMussie et al, 

2001; Ji et al, 2004). Moreover, a single dose of CNTF (2 g/l) following elevated 

intraocular pressure is able to yield increases in retinal ganglion cell survival for up to 

four weeks (Ji et al, 2004). CNTF administration also promotes axonal regeneration into 

peripheral nerve grafts in adult hamsters (Cui et al, 1999; Sarup et al, 2004) and initiates 
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axonal outgrowth in dissociated retinal ganglion cells (Jo et al, 1999). Administered 

CNTF in these experimental conditions requires a concentration above 1 g/ml in order 

to elicit neuroprotective properties in injured retinal ganglion cells (Cho et al, 1999; Cui 

et al, 1999) and promote axonal regeneration (Jo et al, 1999).  Moreover, phase I trials 

have shown that CNTF is safe for the human retina when administered to human patients 

with photoreceptor degeneration (Sieving et al, 2006; Zhang et al, 2008). Due to its 

release following injury and its subsequent neuroprotective properties, this cytokine 

appears to be a safe and valid agent to examine in our intranasal delivery studies 

following ischemic or traumatic optic nerve injury.   

 

Role of Erythropoietin in Neuronal Survival 

Erythropoietin (EPO) is a member of the type I cytokine superfamily and a 

hematopoietic growth factor. The main function of EPO is modulation of erythroid 

development to maintain tissue oxygenation (Brines and Cerami, 2005). This was the 

main role attributed to this cytokine until a 1992 study found increased EPO mRNA 

expression in the brain (Tan et al, 1992). The presence of EPO and its receptor in the 

CNS raised interest in its possible role following CNS injury. Subsequent studies found 

EPO to have neuroprotective properties in hypoxic-ischemic, excitotoxic and 

inflammatory injuries to the CNS (Morishita et al, 1997; Sakanaka et al, 1998; Brines et 

al, 2000).  More recently, EPO has also been shown to protect the injured retina 

(Weishaupt et al, 2004; Grimm et al, 2004; Grimm et al, 2005), and promote regeneration 
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of injured axons following optic nerve transection (Weishaupt et al, 2004; Kretz et al, 

2005; King et al, 2007).   

The neuroprotective and neuroregenerative properties of EPO yield maximal 

benefits within a 6-hour period. This window of opportunity allows for modulation of key 

cellular pathways that may offset the initiation of cell death mechanisms (Chong et al, 

2003). This neuroprotection not only includes the area of primary injury, but protection 

and repair of tissue adjacent to the lesion site (Siren et al, 2001).  Moreover, unlike the 

other cytokine and neurotrophic factors examined in this work, EPO may have the 

capacity to yield increased survival of cells undergoing necrotic cell death (Chong et al, 

2003). This is postulated to occur in an indirect fashion due to the role EPO plays in 

preserving vascular integrity.  

EPO yields these neuroprotective mechanisms by binding to its receptor and 

activating a number of cell signaling cascades, namely, the Jak-STAT, MAPK/ERK, and 

PI3K-Akt pathways (Fisher, 2003; Kilic et al, 2005; Brines and Cerami, 2005). A distinct 

EPO receptor mediates these neuroprotective properties (Brines et al, 2004). This 

receptor complex likely consists of the EPO monomer and a dimer of the beta receptor 

(Brines and Cerami, 2005). The main pathway associated with EPO-binding to its 

receptor involves the activation of Janus tyrosine kinase 2, which activates downstream 

signaling molecules including STAT3, MAPK/ERK and PI3K-Akt (Arcasoy, 2008). The 

PI3K-Akt pathway appears to play an important role in the neuroprotective properties 

induced by EPO (Chong et al, 2003), as inactivation of Akt1, via wortmannin, 

significantly reduces protection of injured neuronal tissue.  The decrease, however, is 
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only partial, indicating the relevance and significance of alternative cell signaling 

systems.  EPO also activates the prosurvival downstream mediators bcl-2 (Ito et al, 

1997), bcl-Xl (Ito et al, 1997; Holcik and Korneluk, 2001; Digicaylioglu and Lipton, 

2001; Digicaylioglu et al, 2004), as well as prevents the induction of proapoptotic 

caspase-8, caspase-1 and caspase-3 following injury (Chong et al, 2003). The protective 

properties of EPO are limited to a certain concentration range (0.1- 100 ng/ml), with the 

greatest level of neuroprotection occurring at the 1.0-10 ng/ml concentration range in 

anoxic or nitric oxide-exposed hippocampal cultures (Chong et al, 2003). This 

concentration range extends to other injury models in vivo (Grasso, 2002) as well as 

experiments performed in vitro (Wen, 2002). 

Although EPO is a large glycosylated molecule, it is able to cross tissues with 

tight endothelial barriers, including the blood-retina (Grimm et al, 2002) and blood-brain 

barriers (Catania, 2002), due to high levels of EPO receptor expression on endothelial 

cells. The transport system of EPO may occur via receptor-mediated transcytosis (Brines 

et al, 2000; Eid et al, 2004), or a nonspecific system (Juul et al, 2004; Banks et al, 2004).  

Systemically administered EPO, therefore, gains access to the CNS and is able to yield 

neuroprotective effects (Brines and Cerami, 2005) in CNS tissues including the spinal 

cord (Celik et al, 2002) and retina (Junk et al, 2002). However, the levels that gain access 

to the CNS are low, and the systemic effects can be numerous.  

Peripherally administered EPO is detected in the CSF of rodents, sheep, rabbits 

and primates 1-2 hours after administration and reaches a peak concentration of 1% of 

plasma levels (Dame et al, 2001; Ehrenreich et al, 2004; Juul et al, 2004; Brines and 
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Cerami et al, 2005). Therefore, a large dose of systemic EPO needs to be administered in 

order to produce neuroprotection. These levels have many potential systemic side effects 

due to the hormonal properties of EPO. For example, EPO leads to bone marrow 

stimulation and production of red blood cells. EPO also causes smooth muscle 

contraction and endothelin production, which lead to increases in blood pressure (Brines 

and Cerami et al, 2005).  Finally, EPO is a pro-thrombotic, which could lead to increased 

thrombosis if high doses are administered in order to target the CNS.  With these 

potential systemic side effects, intranasal administration of this promising 

neuroprotective cytokine would allow for targeted delivery to the CNS, while minimizing 

systemic access and, therefore, reduce the likelihood of the development of unwanted 

side effects. 

 

Difficulty in Treatment Due to Blood-brain Barrier 

 There are three distinct barriers that limit the access of the blood system to the 

CNS: the barrier between the blood and brain interstitial fluid, the choroid plexus 

epithelium between blood and ventricular cerebrospinal fluid (CSF), and the arachnoid 

epithelium between blood and subarachnoid CSF (Abbott, 2004; Abbott et al, 2006). Of 

these three barriers, the barrier most impacting access to neuronal tissue is the blood- 

brain barrier, where neurons are less than 8-20 m from brain capillaries (Schlageter et 

al, 1999).  

The blood-brain barrier (BBB) is an anatomical and physiological barrier that 

protects the CNS from the contents of the peripheral circulation. This barrier prevents 
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entry of potential neurotoxic substances and modulates entry of blood-borne compounds, 

including ions and hormones (Friden, 1994).  This controlled regulation allows for 

maintenance of a stable environment to allow for the optimal ionic environment for 

proper neuronal signaling (Cui, 2005; Abbott et al, 2006).  The anatomical component of 

this barrier is comprised of endothelial cells joined together to form tight intercellular 

junctions surrounding cerebral microvessels (Risau and Wolburg, 1990; Abbott and 

Romero, 1996; Abbott, 2002).  This complex network of cells prevents passive 

paracellular transport of substances from the blood to the brain (Friden et al, 1994). The 

physiological or “metabolic barrier” consists of intracellular and extracellular enzymes 

that can metabolize neuroactive and toxic compounds (el-Bacha and Minn, 1999; Abbott 

et al, 2006). The BBB also possesses active transport, receptor-mediated transcytosis that 

allows for entry of essential nutrients to the CNS. Receptors for glucose, amino acids and 

hormones are expressed on the luminal surface of endothelial cells, thereby allowing for 

active and controlled transport of these important compounds to the brain parenchyma 

(Friden, 1994). 

Due to these stringent limitations in passage of various molecules into the brain 

parenchyma, a molecule must possess certain molecular characteristics to gain access to 

the CNS. These include high lipid solubility and a molecular weight of less than 500 

Daltons (Pardridge, 1998). If a molecule is greater than 500 Daltons or has charged polar 

functional groups that effect lipid solubility, the compound is unable to achieve 

therapeutic levels in the CNS following systemic administration (Pardridge, 2002). The 

neurotrophic factor proteins with the greatest potential for treatment of CNS injury are 
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large complex, water-soluble macromolecules (Friden,1994), which, consequently, have 

great difficulty accessing the CNS following peripheral administration. In order for these 

neurotrophic factors to gain access to the CNS, high systemic levels have to be 

administered. However, significant side effects arise using this approach, and thus are not 

tenable for use in patients (Thoenen and Sendtner, 2002). This issue has yielded an area 

of scientific investigation into means of targeting large molecules to the CNS. 

There are three major strategies for delivering drugs to the brain: 1) neurosurgical, 

2) pharmacological and 3) physiological (Pardridge, 1991; Wu, 2005). The neurosurgical 

approach involves intracerebroventricular injection or perfusion of the therapeutic agent 

directly into the brain parenchyma. This method, however, is invasive, and results in 

limited drug diffusion into CNS tissue. Pharmacological systems involve manipulations 

of the compounds of interest through peptide lipidization to improve lipophilicity or 

liposome transport to allow for improved access to the CNS.  The primary issue with this 

process is the compounds of interest in this study, neurotrophins, are large molecular 

weight proteins, and this limits the effectiveness of the pharmacological approach (Wang 

et al, 2003). Physiological approaches of targeted delivery involve modifications of the 

therapeutic compound to allow for transport into the CNS (Wu, 2005). This system, 

referred to as the “molecular Trojan horse” involves fusion of the therapeutic agent to a 

monoclonal antibody that allows for receptor-mediated transcytosis (Pardridge, 2002) to 

the CNS. The transferrin receptor is expressed on the endothelial cell membrane surface 

of brain capillaries; therefore when a compound linked to a targeting antibody binds to 

this receptor, transcytosis of large molecular weight compounds to the CNS can occur 
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(Friden, 1994; Pardridge; 2001, Wu, 2005). A potential problem with the chronic use of a 

chimeric peptide, however, is the stimulation of an immune response against the foreign 

proteins (Friden, 1994).   

The BBB serves as a formidable obstacle in targeting large, therapeutic molecules 

to the CNS. Although the pharmacological and physiological delivery systems are 

promising, there are concerns for clinical application that limit their potential use (Wu et 

al, 2005).  Neurosurgical approaches are invasive and an unlikely preference for a patient 

population. Recent studies describe an intranasal delivery method, and data generated 

thus far suggest that it is a viable and effective means of targeting large molecular 

therapeutics to the CNS.   
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Chapter 5 

 

Targeting Neurotrophic Factors to the CNS and Retina: Literature Review of the 

Intranasal Delivery Method in Rat and Human 
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Intranasal Administration of Neuroprotective Compounds to Target the CNS 

The intranasal delivery method has recently been examined as a means of 

targeting large molecular weight therapeutics to the CNS.  The bulk of this research has 

been conducted in animals, particularly in rodents. Only recently have studies using 

human subjects yielded promising results displaying both delivery and physiological 

effects of these compounds in the human CNS. In order to introduce the literature 

supporting this delivery system, a summary of the anatomical and physiological 

composition of the human olfactory system will be described along with a comparison of 

the rat olfactory architecture. The postulated transport mechanism will then be discussed 

in relation to the anatomical background information provided. Next, a review of the 

intranasal drug delivery literature in both rats and humans will be presented along with 

the literature demonstrating functional effects after intranasal delivery.  Finally, the 

controversies and potential translational issues in human application will be discussed.    

 

The Composition and Function of the Human Nose 

 The total surface area of the human nasal cavity is approximately 150 cm2.  The 

two nasal cavities, separated by the nasal septum, are divided into three regions: the nasal 

vestibule, the respiratory region and the olfactory region (Illum, 2004).  The two areas of 

relevance in this discussion are the respiratory region, which allows for systemic 

administration of compounds, and the olfactory region, which allows access to the CNS 

(Minn et al, 2002).   
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The respiratory epithelium of the nasal cavity has a relatively high absorptive 

capacity due to the microvilli covering the respiratory epithelial cells.  The respiratory 

region’s rapid absorptive ability and rich vasculature supply makes this site useful for 

drug absorption (Hussain, 1998; Li et al, 2000; Minn et al, 2002). The olfactory mucosa 

is located approximately 7 cm from the nostril, right below the cribriform plate of the 

skull.  The olfactory region is said to be from 2-10 cm2 in humans, which is 

approximately 3-5% of the total area of the nasal cavity (Morrison and Constanzo, 1992; 

Minn et al, 2002). In comparison, the rat olfactory mucosa is said to constitute 50% of the 

total nasal cavity (Illum, 1996; Minn et al, 2002).  However, the size differential between 

humans and rats is significant, and thus the size of the olfactory area in humans is 

proportionately larger than that of a rat.  

Because the olfactory epithelium is open to the CNS via the cribriform plate, there 

are similar protective properties present to prevent entry of exogenous agents to the CNS.  

These anatomical and physiological barriers, however, are not as formidable as the blood-

brain barrier system.  One physiological barrier present in the nasal cavity consists of the 

mucous layer, which covers the respiratory epithelium and serves as a clearing 

mechanism in the nasal cavity. This clearing mechanism allows for removal of 

exogenous agents from the nasal cavity, and, therefore, would likely impact the duration 

and availability of intranasally administered compounds. As present in the blood brain 

barrier, a cellular barrier forming tight junctions is also present in the olfactory epithelial 

region. A series of complexes form a semipermeable barrier that, unlike the blood-brain 

barrier, allows for diffusion of hydrophilic molecules (Illum, 2004). It is unclear what 
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molecular weight would prevent transport through these tight junctions, though, the large 

polar molecule nerve growth factor (MW of 37 kDa) has been shown to paracellularly 

traverse the tight junctions and gain access to the brain parenchyma (Chen et al, 1998). 

The transport mechanism postulated to allow for large polar drugs to gain access 

to the CNS and CSF is said to occur via two transport mechanisms. The primary 

mechanism is via an extracellular transport pathway that exploits the perineuronal and 

perivascular space surrounding the olfactory nerves as they pass through the cribriform 

plate (Illum, 2004; Thorne et al, 2001; Thorne et al, 2004; Ma et al, 2008). This 

paracellular transport mechanism uses the direct connection between the submucosa and 

the subarachnoid extensions (Illum, 2004), thus allowing access to the CSF. The second 

transport mechanism is said to occur via internalization of the drug by the neurons of the 

olfactory epithelium and subsequent delivery to the CNS by intracellular axonal 

transport. The extracellular transport system is postulated to be the primary distribution 

mechanism due to the rapid detection of intranasally administered compounds in the CNS 

(Hanson and Frey, 2008), although it is possible that the axonal pathway may serve as a 

delayed delivery system. Most animal studies examining the biodistribution processes of 

intranasally administered radiolabeled compounds have limited experimental time points 

due to the necessary use of radioiodinated drug.  For example, in our radiolabeling 

experiments animals survived a total of 60 minutes.  Thus, longer survival time points 

may yield greater drug distribution to the CNS due to the additional slower axonal 

transport system (IIllum, 2004), 
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Therapeutic Compounds Gain Access to the CNS via Intranasal Delivery 

 There have been a number of preclinical studies examining the intranasal delivery 

method as a means of targeting the CNS.  Thorne et al (1995) published the first 

quantitative study detecting the protein wheat germ agglutinin-horseradish peroxidase in 

the olfactory bulb, with negligible detection in this CNS tissue following intravenous 

administration. Based on these findings, a number of studies have examined the 

distribution of intranasally administered hydrophilic compounds to determine the extent 

of delivery to the CNS.  The hydrophilic drug 5-fluorouracil was examined and was 

found to have a significantly higher CSF/plasma concentration ratio following intranasal 

delivery than intravenous injection (Sakane et al., 1999); moreover, significantly elevated 

levels of the drug were detected in cortical tissue compared to that seen after intravenous 

administration. The group concluded that the intranasally delivered compound gained 

access to the CNS via the nasal mucosa-subarachnoid-CSF connection (De Chiro et al, 

1972; Jackson et al, 1979; Bradbury et al, 1981).    

A variety of neuroactive peptides and proteins have been tested in rodents for 

their ability to distribute to the CNS following intranasal delivery (Thorne et al, 2004; 

Ross et al, 2004; Liu et al, 2001a,b; Shi et al, 2002; Chen et al, 1998; Liu et al, 2004; 

Vaka et al, 2008; Ross et al, 2008; Ma et al, 2008; Hashizume et al, 2008; Doyle et al, 

2008; Francis et al, 2008; 2009) and in nonhuman primates (Thorne et al, 2008) and 

humans (Born et al, 2002; Benedict, 2004; Reger et al, 2006, 2008; Benedict et al, 2007; 

da Fonseca et al, 2008; Reger et al, 2008; Ross et al, 2008). The earliest demonstration of 

intranasal administration of a neurotrophic factor was the large molecular weight 
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neurotrophic factor 125I-NGF in 1995 (Thorne et al. 1995). The group found significantly 

elevated, therapeutic levels of the large, polar molecule in sampled brain tissue compared 

to intranvenous administration.  Moreover, precipitation of the brain radiolabel suggested 

that at least 80% of the tissue radiolabel was intact 125I-NGF (Thorne et al, 2001); 

indicating the drug is not metabolized in the nasal mucosa and is transported in its intact 

form via paracellular transport mechanisms.  Other neuroprotective compounds that have 

been intranasally administered are interferon-, IGF-1, insulin, TGF-1, peptoids, and 

erythropoietin.  The functional effects derived from intranasal administration of these 

compounds are described in the following section.                         

 

Therapeutic Compounds Yield Functional Effects in the CNS  

Intranasal administration not only results in rapid delivery and detection of these 

therapeutic agents in the CNS, but also demonstrates efficacious results. For example, IN 

administration of the neuroprotective factor, IGF-1 (MW 7.65 kDa) results in reduced 

neuronal injury and neurological deficits in a rat model of stroke (Liu et al., 2001; Liu et 

al, 2004 a, b). The large hydrophilic neurotrophic factor NGF not only distributes to the 

brain parenchyma in its intact form, but also results in reduced neurodegeneration and 

improved performance in memory tasks in a mouse model of Alzheimer’s disease 

(Capsoni et al, 2002; deRosa et al, 2005). The growth factor fibroblast growth factor- 2 

results in cerebral neurogenesis in the subventricular zone of adult mice (Jin et al, 2003).  

Administration of transforming growth factor-1 (TGF-1), a cytokine involved in cell 

growth and repair, yields improved neurological function and reduces infarct injury in a 
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rodent model of stroke injury. Moreover, the concentration of administered TGF-1 

following nasal delivery is sustained for at least 6 hours in sampled brain regions, which 

include striatum, thalamus, hippocampus and cerebral cortex, indicating the long-term 

stability of this factor in CNS tissue (Ma et al, 2008). IN administration of interleukin-10 

(MW 18 kDa), an anti-inflammatory cytokine, suppresses acute and protracted relapsing 

in a rodent model of multiple sclerosis (Xiao et al, 1998). In a rodent model of diabetic 

neuropathy, intranasally delivered insulin slows progression of peripheral neuropathy and 

prevents motor unit loss and end-plate denervation in the skeletal muscle (Francis et al, 

2008). The same group administered insulin to a type I model of diabetes and found 

behavioral, electrophysiological, morphological and molecular improvements in 

intranasally treated animals compared to subcutaneously treated animals. Moreover, 

subcutaneous administration led to greater systemic side effects, including hypoglycemia 

and a higher mortality rate in these mice (Francis et al, 2009).   

Based on the literature, the intranasal delivery technique allows for a non-invasive 

means to access the CNS and results in molecular, physiological and behavioral benefits 

following injury, while simultaneously minimizing systemic side effects. As indicated in 

a previous section, the olfactory epithelium accounts for 5% of the nasal cavity in 

humans, while in rats it is 50%, therefore these anatomical variations may reduce the 

extent of drug delivery in humans (Vaka et al, 2008). However, a recent study in non-

human primates demonstrated that the size of the nasal cavity itself is not a hindrance for 

transport of intranasally administered agents to the CNS (Thorne et al., 2008). Moreover, 

clinical studies involving human subjects have recently been conducted, and the results 
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suggest that the intranasal drug delivery method holds some promising potential for 

translation. 

 

Intranasal Administration Studies in Humans 

   Human studies examining the viability of the intranasal delivery method have 

employed indirect measurements to examine the pharmacological effects of administered 

drugs in the CNS. Some studies have collected CSF samples to determine the extent of 

CNS delivery, but most studies, as expected, involve functional and behavioral analysis 

appropriate for human patient populations. Based on these assessments, studies have 

demonstrated positive physiological benefits following intranasal delivery of therapeutic 

agents.   

The first study to examine the viability of the intranasal delivery system in 

humans involved the use of cholecystokinin-8, a 1.143 kDa peptide hormone found in the 

brain and gut.  In this study, CCK-8 distribution in the CNS and measurement of the 

resulting neurological effects were compared to intravenous delivery methods and IN 

placebo (Pietrowsky et al. 1996). CCK-8 has been determined to play a role in attention 

and mesolimbic-frontocortical function.  Following IN administration of CCK-8, specific 

cortical changes were demonstrated, whereas no change was seen after intravenous or IN 

placebo treatment.  Similar results were seen following intranasal administration of 

arginine-vasopressin (MW 1.084 kDa) (Pietrowsky et al, 1996b).  Both compounds 

examined in these studies are larger than the 600 Da MW limit for blood-brain barrier 

transport, and therefore indicates detected effects are due to direct delivery to the CNS by 
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the intranasal route.  Furthermore, intranasal administration yielded lower levels of 

protein concentration in plasma, indicating reduced systemic distribution following IN 

delivery. Studies using angiotensin (MW 4.5 kDa) (Derad et al, 1998) and insulin (MW 

5.8 kDa) (Kern et al, 2001) also yielded enhanced neurological effects following IN 

administration compared to IV injection. 

 Additional studies in human subjects have measured CSF samples to determine 

the extent of CNS delivery. Intranasal administration of insulin, melanocortin (MW 962 

Da), or vasopressin to healthy human subjects resulted in detectable levels of these 

neuropeptides in the CSF within minutes of intranasal application (Born et al., 2002). 

Moreover, with the exception of vasopressin, there was no increased concentration 

detected in the blood. This led the authors to conclude that melanocortin and insulin gain 

direct access to the brain following IN application in normal humans. Thus, despite 

obvious anatomical differences in the size of the olfactory epithelium in humans and 

rodents, large peptides such as insulin and melanocortin can be detected in human CSF 

less than 30 minutes post-IN administration, with no significant elevations in serum 

levels (Born et al, 2002; Ross et al, 2008). Only one group was unsuccessful in 

replicating the Born study.  In this study, samples from a CSF drain were obtained, and 

the group concluded that melanocortin and vasopressin did not gain access to the CNS 

via IN delivery (Merkus et al. 2003). The explanation for these different results is 

unknown, though additional studies have been conducted and yielded similar promising 

results from human subjects. 
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 Additional behavioral studies examining the benefits of IN insulin were 

performed in human patients, and after intranasal treatment for 8 weeks, subjects 

displayed memory improvement in a word recall test (Benedict et al. 2004). Patients also 

indicated mood enhancement at doses that did not alter blood levels of insulin or glucose 

(Hanson and Frey, 2008). At 21 days after intranasal administration of insulin in patients 

with early stage Alzheimer’s disease, the patients’ demonstrated enhanced memory and 

increased attention compared to patients receiving placebo (Reger et al, 2008 a, b). In 

each of these studies, there was no alteration in plasma or glucose levels; thus the IN 

delivery method targets the CNS and avoids peripheral side effects associated with 

alterations in systemic levels of insulin.           

 Based on the data presented above, the intranasal delivery method is a rapid and 

noninvasive means of administering therapeutic concentrations of drugs to the CNS. This 

delivery system has great clinical potential for human subjects. The non-invasive delivery 

method and ease of administration would likely increase patient compliance and decrease 

the need for repeated clinic visits due to patients’ having the ability to apply treatment 

themselves. Because of the positive results both in human subjects, which indicated no 

adverse systemic side effects, and animal studies delivering large molecular neurotrophic 

therapeutics, the intranasal delivery method appears to be a promising, viable, and 

noninvasive means of targeting compounds to the CNS.    

 

Rationale for Intranasal Delivery After Retinal and/or Optic Nerve Injury 
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Both anterior ischemic optic neuropathy and traumatic optic neuropathy display 

similar injury responses that can be prevented if proper therapeutic drug concentrations 

are applied to the site of injury in a timely manner. The main issue with targeting 

therapeutic agents to these tissues, however, is the presence of the blood-brain and blood-

retinal barriers, which impede large molecular therapeutics from gaining access to the 

injured retina and optic nerve. Intravitreal injections of the neurotrophic factors examined 

in this study result in some diffusion to the tissue and rescue of injured retinal ganglion 

cells; however, repeat injections are required to achieve efficacious concentrations, and 

each injection increases the potential for injury to the eye by the injection procedure.  

Therefore, the intravitreal delivery method is not currently a viable method for targeting 

neuroprotective compounds to the retina.   

The intranasal delivery method allows for large molecular therapeutics to gain 

access to the CNS in a rapid noninvasive manner. The work presented in the remaining 

chapters examines the intranasal delivery method as a potential drug delivery system for 

targeting neuroprotective compounds to the retina and optic nerve.  This delivery system 

may thus serve as a novel means of treating ischemic and traumatic optic neuropathies in 

patients.   
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Chapter 6 

 

Intranasal Delivery of Neurotrophic Factors BDNF, CNTF, EPO and NT-4 to the CNS1 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

1The work reported in this Chapter has been accepted for publication as: Alcalá-Barraza 
SR, Lee MS, Hanson LR, McDonald AA, Frey WH, and McLoon LK.  Journal of Drug 
Targeting. 
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Chapter 6  

Injury to the central nervous system (CNS) generally results in significant neuronal death 

and functional loss. In vitro experiments have demonstrated that neurotrophic factors 

such as brain derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), 

and neurotrophin-4/5 (NT-4/5) can promote neuronal survival. However, delivery to the 

injured CNS is difficult as these large protein molecules do not efficiently cross the 

blood-brain barrier. Intranasal delivery of 70 µg [125I]-radiolabeled BDNF, CNTF, NT-4, 

or erythropoietin (EPO) resulted in 0.1 – 1.0 nM neurotrophin concentrations within 25 

minutes in brain parenchyma. In addition, not only did these neurotrophic factors reach 

the CNS, they were present in sufficient concentrations to activate the pro-survival 

PI3Kinase/Akt pathway, even where lower levels of neurotrophic factors were measured. 

Currently traumatic, ischemic and compressive injuries to the CNS have no effective 

treatment. There is potential clinical relevancy of this method for rescuing injured CNS 

tissues in order to maintain CNS function in affected patients. The intranasal delivery 

method has great clinical potential due to 1) simplicity of administration, 2) non-invasive 

drug administration, 3) rapid CNS delivery, 4) ability to repeat dosing easily, 5) no 

requirement for drug modification, and 6) minimal systemic exposure. 

 

Key Words: nasal drug delivery, protein delivery, central nervous system (CNS), blood-

brain barrier, distribution, neurotrophic factor, ciliary neurotrophic factor, brain derived 

neurotrophic factor, insulin growth factor-1, erythropoietin, neurotrophin-4/5, intranasal 

delivery, brain injury, Akt
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INTRODUCTION 

Injury to the central nervous system (CNS) of mammals generally results in rapid and 

permanent neuronal death. The primary wave of cell death after injury or disease is often 

followed by a second wave of neuronal death caused by the production of glutamate, 

aspartate, reactive oxygen species, inflammatory cytokines and other molecules released 

from the dying neurons (Ferrer and Planas, 2003). This second wave of cell death opens a 

therapeutic window of time to abate or reduce the extent of cell death, as the primary 

wave is often too rapid to mitigate effectively (Rami et al., 2008). This second wave of 

neuronal degeneration can be slowly progressive over the course of several weeks to 

months (Rami et al., 2008). Additionally, disorders such as Parkinson disease and 

amyotrophic lateral sclerosis result from slow, but continuous, degeneration of specific 

groups of neurons in the CNS. Currently no clinically available treatments that are 

universally accepted exist to rescue these cells from degeneration.  

Neurotrophic factors activate neuroprotective cell-survival and/or anti-apoptotic 

pathways in the CNS, both in vitro and in vivo. Some in vivo strategies for delivering 

neurotrophic factors to the CNS include direct injection into the brain, (Knusel et al., 

1992), viral vector up-regulation, (Mandel et al., 1999; Blits et al., 2003), or infusion 

pump-mediated delivery methods (Williams et al., 1986). Unfortunately, these methods 

presently lack practical clinical relevance for patient treatment. Much of the problem 

associated with delivery of any of these large neurotrophic protein molecules to the CNS 

is that they do not efficiently cross the blood-barrier. Clinical trials have demonstrated 

that systemic delivery at doses that are sufficiently high to result in therapeutic levels 
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within the CNS parenchyma also result in significant systemic side effects (Thoenen and 

Sendtner, 2002). These studies suggest the need for alternative methods of drug delivery 

to realize the promise of these neuroprotective factors. 

To bypass the blood-brain barrier and achieve therapeutic levels of drugs in the 

brain parenchyma, studies have demonstrated the efficacy of an intranasal route of 

administration for nerve growth factor (NGF) and insulin-like growth factor-1 (IGF-1), 

proteins with well-characterized neuroprotective properties (Frey, et al., 1997; Chen, et 

al., 1998; Capsoni et al., 2002; Thorne et al., 2004; De Rosa et al., 2005). Intranasal 

administration results in rapid drug delivery to the CNS, with elevated levels of some 

compounds as early as five minutes after nasal application (Zhang et al., 2006). Based on 

comparative studies, intranasal drug administration of NGF, IGF-1 as well as other 

compounds, resulted in significantly elevated drug concentrations in the brain and spinal 

cord with reduced systemic exposure compared to intravenous and systemic 

administration techniques (Thorne et al., 2004; Dhanda et al., 2005). Most of these 

studies were performed in rats leading several papers to question the ability of drugs to 

access the brain by the intranasal route in primates, (Merkus et al., 2003; Merkus et al., 

2007), based in part on differences in nasal cavity size and structure between rats and 

man. However, recent studies demonstrate that intranasal delivery to the CNS also works 

in non-human primates, (Thorne et al, 2008; Yamada et al., 2008), supporting the 

potential clinical relevance of this approach. Studies in humans have provided evidence 

for delivery of melanocortin (962.1 daltons), vasopressin (1084.2 daltons) (Born et al., 

2002), angiotensin II (1046.18 daltons) (Derad et al., 1998), and insulin (5,808 daltons) 
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(Kern et al., 1999; Born et al., 2002) from the nasal mucosa to the cerebrospinal fluid. 

Intranasal insulin has been shown to improve memory, attention, and functional status in 

patients in the early stages of Alzheimer’s disease without alteration in the blood levels of 

insulin or glucose (Reger et al., 2006; Reger et al., 2008).  Intranasal insulin also has been 

reported to improve memory in normal human adults (Benedict et al., 2004, Benedict et 

al. 2007). Moreover, in a murine model of type I diabetic encephalopathy, long-term 

delivery of intranasal insulin reduced neurodegeneration and yielded minimal systemic 

effects (Francis et al, 2008, Francis et al, 2009). In animal models, intranasal delivery of 

large protein neurotrophic factors in various forms of CNS disease and injury has proven 

to be efficacious for functional rescue. For example, intranasal application of either NGF 

or IGF-1 demonstrated neuroprotective effects after experimental induction of cerebral 

ischemia (Capsoni et al., 2001; Liu et al., 2004).  Intranasally administered NGF also 

resulted in rescuing memory deficits in a mouse model of Alzheimer’s disease (De Rosa 

et al., 2005). Thus, a great deal of evidence exists for the clinical potential of intranasal 

drug delivery, especially for therapeutic proteins. 

Many different neurotrophic factors have been implicated in diseases of the CNS 

and play a neuroprotective role after traumatic or ischemic brain injury; these include 

brain derived neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), 

neurotrophin-4/5 (NT-4), and erythropoietin (EPO). The striatum of Huntington’s disease 

patients shows a major loss of BDNF protein which likely plays a role in the etiology of 

the disease (Zuccato and Cattaneo, 2007). Exogenously administered BDNF decreased 

the onset and severity of motor dysfunction in a rat model of Huntington’s disease 
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(Canals et al., 2004). Lower than normal BDNF levels have been linked to neuronal loss 

in epilepsy (Azoulay et al., 2008), and declines in BDNF, BDNF mRNA and/or 

proBDNF play a role in the pathologic changes seen in both aging and Alzheimer’s 

diseased brains (Tapia-Arancibia et al., 2008). CNTF treatment of mouse models of both 

Alzheimer’s disease and Huntington’s disease results in rescue of learning and memory 

impairments (Emerich et al., 1997; Qu et al., 2008). After traumatic brain injury, 

treatment of the hippocampus with NT-4 reduces neuronal loss in pyramidal cells (Royo 

et al., 2006). The effect of EPO includes decreasing neuron loss associated with epilepsy 

(Chu et al., 2008), decreasing neuronal toxicity to cisplatin (Nowis et al., 2007), and 

decreasing neuronal loss after experimental traumatic brain injury (Grasso et al., 2007). A 

small percentage of systemically administered erythropoietin can actually cross the 

blood-brain barrier. However, administration of these other neurotrophic factors was 

performed by brain cannulation (NT-4, Royo et al., 2006; BDNF, Arancibia et al., 2008), 

direct implantation of cells expressing the factor of interest (CNTF, Emerich et al., 1997), 

or viral vector delivery of the genes (multiple factors in multiple laboratories). Although 

not currently clinically viable, these studies clearly demonstrate that diverse neurotrophic 

factors can protect CNS neurons from degeneration due to injury or disease. 

The neuroprotective properties of neurotrophins stem from the binding of these 

proteins to their receptors and subsequent activation of intracellular signaling pathways 

that lead to activation of prosurvival pathways and/or inactivation of proapoptotic 

signaling. CNTF, for example, signals through the STAT3 and ERK pathways. Binding 

of CNTF to its receptor results in the formation of phosphorylated Stat3 (pSTAT3), 
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which in turn actives survival pathways (Park et al., 2004). BDNF binds to the trkB 

receptor and activates the PI3K/Akt pathway, resulting in increases in cell survival and 

anti-apoptosis programs. Up-regulation of the appropriate signaling pathway 

demonstrates functionality of the neurotrophic factor within the tissue where it has 

distributed. 

The goal in performing these studies was to demonstrate that intranasal 

application of BDNF, CNTF, NT-4 or EPO would result in therapeutic levels of the 

neurotrophic factors in widespread areas of the brain and upper spinal cord in adult rats, 

and that these neurotrophic factors would activate pro-survival pathways in brain tissues.
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MATERIALS AND METHODS 

Animals 

Adult male Sprague-Dawley rats (180-250 g, Charles River Lab.) were housed at 

room temperature under a 12h light/dark cycle.  Food and water were provided ad 

libitum.  Animals were cared for in accordance with the Regions Hospital, Health 

Partners Research Foundation Animal Care and Use Committee. A second strain of 

animals was used for the long-term functional analyses.  Adult male Long Evans rats 

(225-500 g, Charles River Lab) were housed and cared for in similar conditions as 

described above.  All procedures were approved by the Animal Care Committee of 

Regions Hospital and conformed to the National Institute of Health Guide for the Care 

and Use of Laboratory Animals.  

[125I]-labeled Neurotrophic Factors 

Recombinant human (rh) BDNF (molecular weight 26984 Da), NT-4 (22428 Da), 

CNTF (22706 Da), and EPO (glycosylated form 30400 Da) were each purchased from 

Cell Sciences, Inc. (Canton, MA, USA).  Lyophilized proteins were reconstituted in PBS 

and iodinated [125I] by GE Healthcare Bio-Sciences (Woburn, MA, USA) using the 

lactoperoxidase labeling method  for EPO, BDNF and NT-4, while CNTF was labeled 

using chloramine-T labeling.  The [125I]-BDNF solution contained less than 0.1% free 

iodide and had a radiochemical purity of greater than 98%, determined by high 

performance liquid chromatography (HPLC).  Thin layer chromatography (TLC) 

determined the [125I]-NT-4 solution contained less than 1.0% free iodide, [125I]-

erythropoietin less than 3.9% free iodide, and [125I]-CNTF less than 0.4% free iodide. 
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Intranasal Administration 

Intranasal administration of neuroprotective compounds was performed as 

previously described (Thorne et al., 1995, Thorne et al., 2004).  Briefly, anesthetized rats 

were placed in a supine position, and the ventral surface of the head and neck were 

maintained horizontal using a small roll of gauze under the dorsal neck. Approximately 

70 µg of [125I]-recombinant human neurotrophic factor (in 70 µl of sterile phosphate 

buffered saline) was administered by pipette in 7 µl drops, alternating between each naris 

every 2 minutes, over a total of 18 minutes.  The contralateral naris was gently occluded 

during administration of each drop to facilitate snorting of the drops high into the nasal 

cavity. Animals survived for a total of 25 minutes (BDNF, CNTF, EPO, and NT-4, n = 

31) or 1 hour (BDNF, EPO and NT-4, n = 9).  One hour post-administration time points 

were not performed with CNTF as there were solubility issues with the first batches of 

this radioiodinated compound. The aorta was cannulated, and animals were perfused with 

60 ml of saline followed by 360 ml of 4% paraformaldehyde using an infusion pump (15 

ml/min: Harvard Apparatus, Inc, Holliston, MA, USA).  

Two groups of animals were used in our intranasal delivery studies.  Animals in 

Group 1 survived either 25 or 60 minutes to allow for tracing the distribution of 

radioiodinated neurotrophic factor in the CNS and peripheral tissues. In Group 2, rats 

survived for longer time periods after intranasal delivery in order to examine selected 

areas of the CNS for activation of cell-survival pathways. 

Collection and Measurement of [125I]-labeled Neurotrophic Factor in Tissue  
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Animals were anesthetized with pentobarbital sodium (Nembutal, 50 mg/kg i.p.; 

Abbot Laboratories, North Chicago, IL, USA) and remained in an anesthetized state until 

time of sacrifice.  An abdominal aorta cannulation was performed to collect blood 

samples at 5 minute intervals through the duration of the experiment.  Animals were kept 

on a thermostatically controlled heating pad to maintain a 37° C body temperature (Fine 

Science tools, Inc., Foster City, CA, USA). A detailed necropsy was performed, 

removing cranial blood vessels and dura. Serial brain sections were made using a coronal 

precision rat brain matrix (Braintree Scientific). Discrete brain areas and spinal cord 

regions were microdissected. Trigeminal nerves and specific brain and spinal cord 

regions were carefully dissected and removed. Each sample was placed in a pre-weighed 

5 ml tube using a microbalance (Sartorius MC210S, Goettingen, Germany).  The wet 

weight of the samples was determined prior to gamma counting.  The radioactivity levels 

in the tissues were measured using a gamma counter (Packard Cobra II Auto-Gamma 

counter).  Tissue concentrations were calculated using the tissue weight, specific activity 

of the drug, and gamma counts minus the background radioactivity. Two data points from 

contaminated samples, with values 100-fold greater than other values of same tissue, 

were removed from the data analysis. Statistical outliers, those values greater or less than 

two standard deviations from the mean, were also removed from the data analysis prior to 

the calculation of the mean and standard error. 

Functional Analyses 

For the functional analyses, adult male Long Evans rats (225-500 g, Charles River 

Lab.) were used. These rats were anesthetized, received a 70µg dose of rhCNTF or 



 

 110

BDNF (Peprotech) and were allowed to recover following the 18 minute delivery time. 

Animals were sacrificed following a 25 minute, 1, 24, 48, 72 or 96 hour survival period.  

Discrete brain regions were dissected and flash frozen in liquid nitrogen.  Whole cell 

lysates were prepared in radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, 

St. Louis MO) containing protease (Pierce, Rockland, IL) and phosphatase inhibitor 

(Roche Applied Sci., Indianapolis, IN). Total protein concentrations were determined 

using bicinchoninic acid (BCA) protein assay (Pierce).  Polyacrylamide gel 

electrophoresis was performed by loading 40 µg of protein onto10% polyacrylamide Tris 

HCl gels (BioRad., Hercules, CA). The separated proteins were transferred onto 

polyvinylidene fluoride (PVDF) membranes for western blot analysis, and 

immunoprobed overnight at 4°C for phosphorylated Stat3 (pStat3) (Cell Signaling 

Technol., Danvers, MA) or phosphorylated Akt (pAkt) (1:1000, Abcam, Cambridge, 

MA). Hypoxanthine guanine phosphoribosyltransferase (HPRT) (1:40,000, Abcam) was 

used as the loading control (van Winjgaarden et al., 2007). The following day, the 

membranes were washed, and incubated with a goat anti-rabbit IgG peroxidase-linked 

secondary antibody (1:1000, Cell Signaling). After washing, the membranes were reacted 

with the Lumi-light substrate (Roche, Basel, Switzerland). Densitometric analysis was 

performed using a G-box System (Syngene, Frederick, MD). Semi-quantization of 

molecular changes in pStat3 and pAkt were performed based on saline-treated controls. 

Data were analyzed using analysis of variance (ANOVA) and Dunn’s multiple 

comparison tests using the Prism and Statmate software (Graphpad, San Diego, CA). An 
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F-test was used to verify that the significance of the variances were not significantly 

different.  Data were considered significantly different if p0.05. 
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RESULTS 

Following intranasal administration, high levels of radiolabeled neurotrophic factors 

appeared rapidly in the olfactory bulb and trigeminal nerve of the treated rats. Additional 

distribution throughout the brain and cervical spinal cord was evident. The accumulation 

and changes of each of the four neurotrophic factors varied widely, and the resulting drug 

delivery of each will be discussed separately. In all cases, the presence of the 

neurotrophin or its radiolabeled fragments was observed in the liver (Figures 1-4) and 

blood (not shown). However, the intranasal dose of neurotrophic factor is very low 

compared to the dose that would have been required to achieve similar delivery to the 

CNS using the intravenous route (Chen et al., 1998; Thoenen and Sendtner, 2002; Thorne 

et al., 2004) 

BDNF 

Intranasal application of BDNF resulted in significant nM concentrations of BDNF 

throughout the brain and spinal cord by 25 minutes and generally increased further by 60 

minutes (Figure 1A, B). Calculated as nanograms per ml of tissue at 25 minutes post-

treatment, BDNF had spread throughout the brain and upper spinal cord, varying from 

1.6 + 0.3ng/ml in thalamus to 11.1 + 3.0 ng/ml in the upper cervical spinal cord (Table 

1). In general, increases were seen after 60 minutes in the nervous tissues with a range of 

concentrations in these brain regions from 1.7 + 0.6ng/ml in hippocampus to 25.1 + 1.36 

ng/ml in inferior colliculus. It is thought that entry of the intranasally applied drugs is via 

both the olfactory nerve and trigeminal nerve paths. Both the olfactory bulbs and 

trigeminal nerves consistently displayed high neurotrophin concentrations at 25 minutes 
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compared to any other CNS region, but these concentrations decreased significantly by 

60 minutes (Tables 1, 2). The concentration of BDNF decreased by 75.7% in the 

olfactory bulb from 25 to 60 minutes after intranasal administration. This supports the 

entry of drug via these routes. 

CNTF 

Intranasal CNTF was able to access the brain and spinal cord at higher concentrations 

(Figure 2) than seen with BDNF administration (Figure 1A). Every CNS structure 

analyzed had three- to almost seven-fold greater nM concentration of CNTF at 25 

minutes compared to BDNF at 25 minutes. For CNTF, concentrations varied from 0.36 + 

0.06 nM in hippocampus to 1.3 + 0.2 nM in spinal cord. When calculated in 

nanogram/ml, the concentration of CNTF varied throughout the CNS tissues, ranging 

from 6.8 + 1.4 in hippocampus to 28.2 + 5.0 in the upper cervical spinal cord (Tables 1). 

Again, the olfactory bulb and trigeminal nerves exhibited high concentrations of CNTF 

after intranasal application: 75.3 + 13.9 ng/ml CNTF in the olfactory bulb and 129.4 + 

18.6 ng/ml CNTF in the trigeminal nerve at 25 minutes. 

EPO 

At 25 minutes after intranasal EPO administration, concentrations in CNS varied from 

0.4 + 0.8 nM in inferior colliculus to 0.99 + 0.6nM in parietal cortex (Figure 3A). The 

levels of EPO in the majority of CNS tissues were relatively unchanged by 60 minutes 

after drug delivery. Concentrations of EPO in nanograms/ml levels varied at 25 minutes 

from 6.5 + 1.5 in parietal cortex to 19.5 + 3.8 in upper cervical spinal cord and at 60 

minutes ranged from 9.7 + 2.6 in occipital cortex to 19.7 + 8.7 in hypothalamus (Tables 



 

 114

1, 2). Hippocampus was not sampled in EPO animals. As expected, the olfactory bulbs 

and trigeminal nerve had extremely elevated levels of EPO compared to other nervous 

system structures. Olfactory bulbs contained 160.3 + 53.1 ng/ml at 25 minutes, and this 

level was reduced 76.5% at 60 minutes. The trigeminal nerve contained 152.4 + 21.6 

ng/ml at 25 minutes and was reduced 32% by 60 minutes after EPO delivery. This again 

supports these two structures as integral to the brain delivery pathway. 

NT-4 

NT-4 also displayed excellent entry into the CNS after intranasal delivery at 

concentrations similar to that seen for BDNF (Figure 1, 4). Interestingly, every CNS 

tissue examined 25 minutes after intranasal delivery, except the olfactory bulbs, 

contained higher levels of NT-4 than at 60 minutes. The concentration varied from 0.28 + 

0.09 nM in thalamus to 1.8 + 0.5 nM in hypothalamus at the 25 minutes post-

administration interval and a range in CNS structures from 0.12 + 0.02 nM in 

hippocampus to 0.43 + 0.2 nM in parietal cortex at the 60 minutes post-treatment time 

point. At 25 minutes, the concentration of NT-4 in the CNS tissues spanned from 7.0 + 

2.6 ng/ml in thalamus to 35.4 + 13.1 ng/ml in hypothalamus (Tables 1). By 60 minutes 

after intranasal NT-4 application, the concentrations decreased in almost all of the CNS 

tissues examined, from a low of 4.7 + 1.7 ng/ml in parietal cortex to 14.4 + 0.7 ng/ml in 

hypothalamus (Table 2). Olfactory bulb NT-4 concentration was 25.3 + 4.5 ng/ml at 25 

minutes, and increased to 65.1 + 24.4 ng/ml at 60 minutes. The trigeminal nerve, as 

expected, had the highest concentrations of NT-4, with 62.7 + 8.4 ng/ml and 126.3 + 30.7 

ng/ml at 25 and 60 minutes respectively.  
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Activation of pAkt following CNTF or BDNF Intranasal Delivery 

 Following intranasal treatment with either 70 g CNTF or BDNF, activation of 

the pro-survival signaling protein Akt was examined using western blots and 

densitometric analysis (Figure 5). Frontal cortex (BDNF) and occipital cortex (CNTF) 

were examined for up-regulation of pAkt, which is seen upon its activation by these two 

growth factors. A single intranasal treatment with either BDNF or CNTF resulted in a 

significant up-regulation of pAkt, the activated form of Akt, from 24 hours up to 96 hours 

after a single intranasal drug administration. Similar results were seen for pStat3 (not 

shown). 
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DISCUSSION 

This study demonstrates for the first time that intranasal delivery of BDNF, 

CNTF, and NT-4 in adult rats results in substantial concentrations of these neurotrophic 

factors widely throughout the brain and cervical spinal cord. It also shows that intranasal 

administration of EPO distributes widely throughout the CNS. Comparable delivery was 

seen for CNTF, EPO, and NT-4. Intranasal BDNF resulted in the lowest brain and spinal 

cord concentrations of the neurotrophins examined, although BDNF concentrations were 

still from 1-25 ng/ml in all CNS tissues examined. The olfactory epithelium expresses the 

trkB receptor for BDNF (Deckner et al., 1993), and it may be that receptor binding 

slowed the movement of drug into the brain tissues. Previous studies have shown that 

intranasal administration can deliver other large protein molecules to the brain and spinal 

cord. Using similar techniques, significant amounts of nerve growth factor (NGF) reaches 

the brain after intranasal application (Frey et al., 1997; Chen et al., 1998). Molecular 

weight does not seem to be the most important factor relative to efficacy of intranasal 

transport into the brain parenchyma. Depending on the brain region examined, EPO, the 

largest of the factors at 30.4 kDa, had almost 5-fold more protein in ng/ml than that 

achieved following BDNF administration. 

Insulin-like growth factor-1 (IGF-1) also rapidly reaches the brain and spinal cord 

after intranasal administration and results in activation of IGF-1 signaling pathways 

(Thorne et al., 2004). Intranasal administration of IGF-1 two or four hours after 

experimentally induced middle cerebral artery occlusion (MCAO) in rats results in a 

significant reduction in infarct volume and improved motor-sensory and somatosensory 
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function (Liu et al., 2004). Similarly, intranasal EPO also reduces infarct volume and cell 

damage after a similar experimental focal ischemia (Yu et al., 2005). NGF, when 

administered by the intranasal route, increases NGF in the brain, prevents 

neurodegeneration and loss of cholinergic markers, and rescues recognition memory 

deficits in the AD11 anti-NGF transgenic mouse, a model of Alzheimer’s disease 

(Capsoni et al., 2002; De Rosa et al., 2005). Our study suggests that BDNF, CNTF and 

NT-4, whose levels in brain and spinal cord after intranasal delivery are the same or 

greater than seen with IGF-1 and NGF (Chen et al., 1998; Thorne et al., 2004), have the 

potential to show efficacy when used in models of CNS injury and disease. 

The blood-brain barrier is a well-known barrier to entry of drugs into the brain 

parenchyma. By targeting drugs directly to the CNS, their potential systemic toxicity is 

decreased and their potential efficacy is increased (Misra et al., 2003). The two principle 

routes of drug delivery directly from the nasal mucosa to the CNS are along the olfactory 

and trigeminal neural pathways (Illum, 2004; Thorne et al., 2004; Dhanda et al., 2005; 

Thorne et al., 2008). Although transport of some molecules may occur via the relatively 

slow intracellular axonal transport mechanism from the olfactory epithelium to the 

olfactory bulb (Thorne et al., 1995) most interest has focused on the rapid, non-saturable 

extracellular or paracellular transport that carries a wide variety of molecules from the 

nasal mucosa to the CSF, brain, and spinal cord. With this mode of delivery, uptake into 

the CNS occurs within minutes (Born et al., 2002; Thorne et al., 2004; Zhang et al., 

2006). Despite the obvious anatomical differences between rodents and man, both non-

human primate and human studies support the efficacy of this method for drug delivery 
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for a variety of neuropeptides and protein therapeutics (Pietrowsky et al., 1996; Kern et 

al., 1999; Reger et al., 2006, Reger et al., 2008, Benedict et al., 2007, Thorne et al., 

2008). Transport to the CNS after intranasal delivery of a variety of neuropeptides has 

been demonstrated in human volunteers by direct sampling of cerebrospinal fluid (Born 

et al., 2002). Based on these, and a number of other studies, the direct intranasal pathway 

from the nasal mucosa to the CNS has been validated in humans. The ability of 

intranasally-delivered large protein neurotrophic factors to reach the brain parenchyma in 

man has not been demonstrated, but studies of other intranasally-delivered proteins in 

monkeys and humans suggest that intranasally-delivered neurotrophic factors also should 

reach the brain in human patients.  

Estimating a potential effective intranasal dose of a neurotrophic factor in a given 

species can be based on a variety of information including the known effective dose of a 

different neurotrophic factor or other therapeutic protein having a similar receptor Kd in 

that species or the Kd of the neurotrophin for its receptor and the known pharmacokinetic 

profile for the neurotrophin in that species.  For example, 0.48 nmoles (12.72 µg) NGF 

(administered once every two days as 48 µl of 10 µM NGF solution) was demonstrated to 

be effective in the ADll transgenic mouse model of Alzheimer’s disease (Capsoni et al., 

2002), while 9.86 nmoles (75 µg) IGF-1 administered 10 min, 24 h and 48 h after MCAO 

was reported to be an effective dose in reducing infarct size in a rat MCAO stroke model 

(Liu et al., 2001).  As little as 157 nmoles (910 µg or 20 IU) of insulin improves memory, 

attention and functioning in patients in the early stages of Alzheimer’s disease when 

administered twice a day for 21 days (Reger et al., 2008).  Because delivery occurs 
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directly from the nasal mucosa to the CNS and does not require absorption into the 

general circulation with subsequent delivery across the blood-brain barrier, it should not 

be assumed that the effective dose range is a direct function of body weight. 

Receptors for BDNF are expressed on many neurons, including cerebellum, spinal 

cord, hippocampus and cerebral cortex (Kokaia et al., 1993). Functionally, in animal 

models BDNF is neuroprotective for a large number of neuronal types (e.g. Hyman et al., 

1991; Yan et al., 1992; Widmer et al., 1993). In vitro, concentrations of BDNF between 

10 to 50 ng/ml enhances neuronal survival (Lindholm et al., 1993; Lefebvre et al., 1994); 

direct injections of 0.6 – 4.5 g BDNF into the brain also has a beneficial effect on 

neuronal survival (Widmer et al., 1993; Tsukahara et al., 1994). Intranasal delivery of 70 

g BDNF results in concentrations within the frontal cortex, hippocampus and cervical 

spinal cord at 60 minutes of 10.7 ng/ml, 12.1 ng/ml and 18.1 ng/ml, respectively (Table 

2). These concentrations are within the range reported to be efficacious in vitro in 

promoting neuronal survival. 

The CNTF receptor is expressed on many CNS neurons (Lee et al., 1997), and it 

supports neuronal survival and function from a number of diseases and types of injury 

(e.g. Clatterbuck et al., 1993; Anderson et al., 1996). Based on in vitro studies, 

concentrations of CNTF needed to promote neuronal survival are in the 30 – 40 ng/ml 

range (Skaper et al., 1992; Magal et al., 1993). Although the average nanogram level of 

intranasal CNTF throughout the brain and cervical spinal cord areas examined was 13.31 

ng/ml of tissue, the long term effect of these concentrations on elevation of pro-survival 

pathways (Figure 5) support the potential efficacy of CNTF at these levels within the 
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CNS. Therefore, these concentrations should be sufficient to promote survival of neurons 

in diseased or injured CNS tissue, and studies to assess this are ongoing in our labs. A 

possible explanation for increased concentrations of CNTF compared to BDNF in the 

CNS tissues is that the BDNF receptor, trkB, is highly expressed in the olfactory 

epithelium (Deckner et al.,1993), which hypothetically would result in increased 

retention of BDNF. It should also be noted that the neuroprotective alterations in neurons 

caused by CNTF have a longer duration compared to NT-4, for example (Fischer et al., 

2004); as a result it is a particularly attractive molecule for neuronal rescue after injury. It 

is important to point out that the method used for radio-iodination of CNTF differed from 

that used for other factors. Lactoperoxidase-catalyzed iodination of proteins results in a 

milder labeling than the harsh oxidizing agent employed in the chloramine-T iodination 

method used for CNTF. This consequently can result in lower specific activity of the 

labeled protein (Samuelson, 2001; Wajchenberg et al., 1978). The chloramine-T method 

also results in greater iodination, which may in turn result in greater distribution of the 

CNTF to the CNS, and may have contributed to the larger distribution values detected in 

CNTF-treated tissue. 

EPO is a hormone involved in regulation of erythropoiesis, but recent studies 

have demonstrated that it has potent neuroprotective functions. The EPO receptor is 

expressed on many neurons throughout the CNS, but is particularly enriched on frontal 

cortical and hippocampal neurons (Brines et al., 2000). Ischemia results in a significant 

increase in EPO receptor expression in the brain, suggesting that exogenously added EPO 

would have therapeutic potential for this type of brain injury (Siren et al., 2001). It is 
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particularly efficacious for reducing injury after experimentally induced ischemic injuries 

(Sakanaka et al., 1998), but also exerts an anti-inflammatory effect in the CNS (Agnello 

et al., 2002; Diem et al., 2005). EPO, in contrast with CNTF, BDNF, and other large 

neurotrophic factors, crosses the blood-brain barrier albeit at low levels (Brines et al., 

2000). Systemic doses used in animal experiments range up to 5,000 units/kg, which 

translates into an approximate blood level of approximately 40 ng/ml and an increase in 

CSF EPO levels of 1000 mUnits/ml (which is approximately 8.4 ng/ml) (Brines et al., 

2000). However, the doses administered systemically for the treatment of brain 

inflammatory or ischemic disease are quite large and result in significant increases in 

blood volume (Agnello et al., 2002). In vitro studies show beneficial effects of EPO on 

neuronal survival at concentrations of 10 - 84 ng/ml (Digicaylioglu et al., 2004; 

Danielyan et al., 2005). Intranasal administration of EPO protects the rat brain against 

focal cerebral ischemia, but brain levels of drug were not determined (Yu et al., 2005). In 

this study between 6.5 and160.3 ng/ml EPO was achieved in the CNS of adult rats with 

intranasal administration. Thus, intranasal EPO appears promising as a neuroprotective 

agent. EPO is already approved for use in humans by the Food and Drug Administration, 

which makes it particularly attractive as an intranasally delivered neuroprotective 

treatment. 

NT-4 is another potent neurotrophic factor important for neuronal survival (Ip et 

al, 1993), and has been shown to protect the brain from neuronal death due to stroke 

(Endres et al., 2003). In vitro studies show increased neuronal survival at levels of 10 - 50 

ng/ml (Ip et al., 1993; Rabacchi et al., 1999). The intranasal delivery of NT-4 in the 
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present study resulted in good transport of this neurotrophic factor in the CNS 

parenchyma. Thus, intranasal NT-4 also may be beneficial in promoting survival of 

neurons after CNS injury. NT-4, as does BDNF, binds primarily to the trkB receptor, 

although NT-4 binds with lower affinity (Sadick et al., 1997). 

Elevation of the pAkt pathway in both frontal and occipital cortex after intranasal 

delivery of BDNF or CNTF demonstrates that the concentrations of neurotrophic factor 

obtained yields a functional effect within these brain regions. Numerous in vitro studies 

have shown that BDNF protects neurons after a multiple forms of CNS injury, including 

ischemia, neurotoxicity and so forth, by activating various intracellular signaling 

cascades. Binding of BDNF to its receptor specifically activates the phosphatidylinositol 

3-kinase/Akt (PI-3-K/Akt) pathway, as the neuroprotective effects of BDNF are 

eliminated in the presence of inhibitors of this pathway (Sun et al., 2008). CNTF also 

increases neuronal survival after injury or in disease by specific activation of pAkt, and 

its downstream effects of increasing prosurvival and anti-apoptotic signaling molecules 

such as Bcl-xl (Azadi et al., 2007). These neuroprotective effects linked with activation 

of pAkt have been demonstrated both in vitro and in vivo in CNS tissues (Ikeda et al., 

2004). Demonstration of significant activation of pAkt after intranasal delivery supports 

their potential as neurotherapeutic agents. 

The potential for therapeutic use of these factors to treat CNS and spinal cord 

injury and/or disease has been demonstrated in a large number of studies. The clinical use 

of brain infusion, direct brain injection, or viral vector up-regulation of these 

neurotrophic factors is not attractive as a treatment alternative for patients. Despite 
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differences in anatomy between the small rodent models and man, there is increasing 

evidence that intranasal application of drugs, even large protein factors, will result in 

significant delivery to and therapeutic effects in the CNS. Intranasal delivery of 

neurotrophic factors result in high concentrations of drugs in the hippocampus, the frontal 

lobe of the cerebral cortex and in the cervical region of the spinal cord. The hippocampus 

and frontal lobe are both involved in learning and memory, and targeting of 

neuroprotective drugs to these regions ultimately may prove efficacious in the treatment 

of Alzheimer’s disease. CNTF has been demonstrated in animal models to rescue motor 

neurons in degenerative conditions like Huntington disease, and intranasal application of 

this factor has the potential for therapy in this neurodegenerative disease. Most forms of 

traumatic brain and spinal cord injury have limited therapies to enhance functional 

recovery. One of the main problems with traumatic and ischemic brain injury is the 

secondary wave of neuronal death, compounding the functional loss from the initial 

injury (Ferrer and Planas, 2003). The advantages of intranasal drug delivery, 

administered as nose drops or nasal spray, are: 1) administration is easy and does not 

require significant medical training, 2) administration of drug is non-invasive, 3) delivery 

to the CNS is rapid, 4) dosages are repeatable, 5) drugs can be packaged in a portable 

form 6) no modification of the drug is required, and 7) systemic exposure is minimized. 

Currently there are no viable treatments available for patients with traumatic and 

ischemic injury to the CNS, thus the clinical potential of the intranasal drug delivery 

method is quite significant. 
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 Table 1: Concentration of Drug 25 minutes after Intranasal Delivery in nanograms per 

ml 

 
 

Nervous System 
Region 

BDNF CNTF EPO NT-4 

Upper cervical 
spinal cord 11.1 + 3.0 28.2 + 5.0 19.5 + 3.8 34.1 + 13.0 

Superior colliculus 2.2 + 0.5 10.5 + 1.3 11.9 + 4.9 11.1 + 4.6 

Inferior colliculus 2.8 + 0.6 7.3 + 1.7 12.0 + 3.0 12.2 + 4.9 

Thalamus 1.6 + 0.3 7.2 + 1.6 13.0 + 5.8 7.0 + 2.6 

Hypothalamus 6.1 + 1.2 20.2 + 1.8 18.8 + 5.2 35.4 + 13.1 

Hippocampus 1.7 + 0.5 6.8 + 1.4 ---- 20.1 + 7.0 

Frontal cortex 2.5 + 0.9 9.7 + 2.0 13.9 + 3.7 25.4 + 12.3 

Parietal cortex 2.6 + 1.1 8.3 + 2.1 6.5 + 1.5 17.2 + 4.5 

Occipital cortex 3.6 + 1.1 12.4 + 2.1 9.8 + 2.2 10.3 + 4.8 

Olfactory bulbs 20.3 + 8.0 75.3 + 13.9 160.3 + 53.1 25.3+ 4.5 

Trigeminal nerve 60.2 + 10.7 129.4 + 18.6 152.4 + 21.6 62.7 + 8.4 

Liver 4.5 + 1.3 20.3 + 3.9 8.0 + 1.4 8.4 + 1.4 
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Table 2: Concentration of Drug 60 minutes after Intranasal Delivery in nanograms per ml 
 

 
Nervous System 

Region 
BDNF EPO NT-4 

Upper cervical 
spinal cord 10.0 + 4.6 15.5 + 1.3 11.4 + 5.4 

Superior colliculus 11.2 + 5.0 12.7 + 4.0 5.9 + 2.1 

Inferior colliculus 25.1 + 1.36* 10.8 + 3.2 9.0 + 0.8 

Thalamus 14.3 + 5.2 14.3 + 5.2 4.9 + 2.6 

Hypothalamus 19.7 + 0.8 19.7 + 8.7 14.4 + 0.7 

Hippocampus 1.7 + 0.6 ---- 5.8 + 3.2 

Frontal cortex 4.0 + 0.2 13.1 + 3.7 7.0 + 1.7 

Parietal cortex 4.4 + 2.3 13.6 + 7.1 4.7 + 1.7 

Occipital cortex 3.5 + 0.003 9.7 + 2.6 5.3 + 2.3 

Olfactory bulbs 4.93 + 0.00 37.6 + 12.0 65.1 + 24.4 

Trigeminal nerve 34.3 + 7.1 103.7 + 37.5 126.3 + 30.7 

Liver 2.7 + 0.5 7.0 + 2.5 13.7 + 4.0 
 
* indicates only two data points 
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FIGURE LEGENDS 

Figure 1: A. Intranasal delivery in nM of BDNF 25 minutes after intranasal delivery. B. 

Intranasal delivery in nM of BDNF 60 minutes after intranasal delivery. 

Figure 2: Intranasal delivery in nM of CNTF 25 minutes after intranasal delivery.  

Figure 3: A. Intranasal delivery in nM of EPO 25 minutes after intranasal delivery. B. 

Intranasal delivery in nM of EPO 60 minutes after intranasal delivery. 

Figure 4: A. Intranasal delivery in nM of NT-4 25 minutes after intranasal delivery. B. 

Intranasal delivery in nM of NT-4 60 minutes after intranasal delivery. 

Figure 5: Western blot examination of activation of the pAkt pathway caused by 

intranasal delivery of either CNTF or BDNF. A. Densitometric examination of 

relative amounts of pAkt in CNTF-treated occipital cortex 24, 48, 72 and 96 hours 

after a single intranasal application compared to saline-only control cortex. B. 

Densitometric examination of relative amounts of pAkt in BDNF-treated frontal 

cortex 24, 48, 72 and 96 hours after a single intranasal application compared to 

saline-only control cortex. 
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Figure 1 

BDNF Concentration in Brain Tissues
25 Minutes After Intranasal Delivery
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Figure 2 

Levels of CNTF 25 Minutes after
Intranasal Administration
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Figure 3 

EPO Concentration in Brain Tissues
25 Minutes After Intranasal Delivery
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Figure 4 

NT-4 Concentration in Brain Tissues
25 Minutes After Intranasal Delivery
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Figure 5 
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Chapter 7 
 

Ciliary Neurotrophic Factor Delivered Intranasally Activates Pro-Survival Pathways  

after Optic Nerve Crush Injury in Rats1 
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submitted to Investigative Ophthalmology and Visual Science. 
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Chapter 7  

Ischemic and traumatic optic neuropathy are two neurodegenerative conditions that stem 

from an initial insult that ultimately results in significant retinal ganglion cell loss and, 

consequently, vision loss.  Though attempts at interventional therapeutics for these 

conditions have been made, no clinical treatment currently exists. A therapeutic window 

of opportunity is postulated to exist soon after CNS insult.  Appropriate drug therapy 

administered at this time could potentially activate retinal pro-survival pathways 

following injury and prevent retinal ganglion cell death. Recent studies suggest that drugs 

delivered intranasally reach the retina and optic nerve at potentially therapeutic levels. 

We tested the ability of intranasally administered ciliary neurotrophic factor (CNTF) to 

reach the retina, optic nerve and visual system structures within the brain. We 

intranasally administered 70 µg of radiolabeled CNTF in 7 µl drops over an 18-minute 

period. Retina, optic nerve and brain regions were microdissected and intranasal delivery 

of CNTF resulted in ng/ml concentrations of the drug in all areas examined, ranging from 

13.5 ± 3.2 ng/ml in the retina to 50.5 ± 17.0 ng/ml in the optic nerve. We next determined 

whether intranasal delivery of CNTF had a functional effect in the retina and brain 

regions by assessing if the exogenously delivered CNTF resulted in activation of the 

PI3K/Akt and Jak-STAT pro-survival pathways. CNTF delivery resulted in increased 

activation of pStat3 and pAkt in the retina at early time points, while increased pStat3 and 

pAkt was detected in the superior colliculus at 24 and 48h after intranasal delivery. Optic 

nerve crush is a commonly used model for traumatic optic neuropathy. In order to 

determine the best time point for intranasal drug delivery after optic nerve injury, we 
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tested the effect of crush on activation of prosurvival pathways. Optic nerve crush injury 

results in a transient short-term increase in pAkt and pStat3. Interestingly, both pStat3 

and pAkt had a second peak of increased activation at 96h for pAkt and 48h for pStat3. A 

final group of rats received a partial crush injury to one optic nerve, followed by 

administration of CNTF 24 hours after crush injury. CNTF administration after crush 

injury resulted in significant elevations of pAkt at 48, 72 and 96 hours post crush.  

Immunohistochemistry demonstrated that increased pStat3 was detected specifically in 

ganglion cells. Previous studies demonstrated a window of opportunity after optic nerve 

injury when it may be possible to prevent or delay ganglion cell death. It appears that 

following crush injury, retinal ganglion cells have a limited ability to activate cell 

survival pathways. The duration of pro-survival protein expression may be extended by 

treating these injuries with intranasal neuroprotective factors. These studies demonstrate 

that the large protein CNTF is able to reach the retina, optic nerve, and brain in ng 

concentrations after intranasal administration as well as increase expression of the 

PI3K/Akt and Jak-STAT pro-survival pathways. Future studies will work to define 

dosage and duration of treatment needed to maximize expression of pro-survival 

molecules, as well as ascertain if this treatment results in sustained ganglion cell rescue 

after optic nerve injury, with the ultimate goal of rescuing vision by preventing ganglion 

cell death.  
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INTRODUCTION 

Traumatic optic neuropathy (TON) and ischemic optic neuropathy (ION) are 

devastating injuries to the optic nerve that result in permanent loss of visual function. 

Anterior ischemic optic neuropathy (AION) is an untreatable, ocular disease caused by 

disruption in arterial blood supply to the optic nerve head (Hayreh, 1974). This results in 

ischemic injury to the retinal ganglion cells and their axons, resulting in loss of visual 

field and decrease of visual acuity. The incidence of this disease is 2.3-10.3 per 100,000 

in the US (Johnson et al. 1994; Hattenhauer et al., 1997). The risk for development of 

AION on the fellow eye in affected patients is estimated to be 15-25% (Newman et al., 

2002). TON occurs in approximately 2.5% of patients with midface trauma, and in an 

additional 2-5% of patients with a closed head injury (Steinsapir and Goldberg, 1998). 

Blunt trauma in these regions often results in localized optic nerve edema and ischemia, 

which initiates further neuron loss, and the development of ischemic optic neuropathy 

from swelling is the primary cause of tissue injury and subsequent vision loss. Trauma to 

the eye and orbit also can result in hemorrhage within the orbit or optic nerve sheath, 

which compresses the vasculature and nerves in the orbit. This compression injury 

disrupts the vascular supply to the optic nerve and globe. Compressive and ischemic 

injury to the optic nerve carries a poor prognosis, and permanent vision loss usually 

occurs (Chang and Bernardino, 2004). Currently there is no proven treatment that 

prevents death of the axons of the optic nerve and the ganglion cells from which they 

form after either direct or indirect compressive or ischemic optic neuropathy. One 

sequelae to swelling around the optic nerve is stasis of axoplasmic flow, preventing 
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naturally occurring neurotrophic factors from reaching the retina from the brain. It is 

theoretically possible to prevent the ensuing axon and neuron loss if proper pro-survival 

drugs could be administered effectively. As a way to decrease this effect, optic nerve 

decompression is performed in an attempt to decrease the effects of edema and hopefully 

minimize permanent vision loss. However, clinical studies show it does not prevent 

vision loss (Nau et al., 1987). While high doses of corticosteroids can be helpful in 

patients with spinal cord injuries, in the CRASH (Corticosteroids After Significant Head 

Injury) trial use of megadoses of corticosteroids after closed head injury in patients 

resulted in increased risk of mortality (Roberts et al., 2004). The International Optic 

Nerve Trauma Study performed a large scale examination of the visual outcomes of TON 

patients who received either orbital decompression or corticosteroids and compared them 

to patients observed but not treated. Sadly, no clear benefit was found for either treatment 

modality compared to observation alone (Levin et al., 1999).  

Injury to the retina and/or optic nerve in mammals generally results in rapid 

ganglion cell death. Section of the optic nerve results in an 80-90% loss of ganglion cells 

within the retina by two weeks, presumably due to loss of neurotrophic factors from the 

brain (Villegas-Perez et al., 1988). However, for less severe injuries, a more protracted 

timetable of neuronal degeneration occurs (Watanabe and Fukuda, 2002).  For 

compressive or ischemic injury of the optic nerve, two waves of cell death occur. The 

first wave of death is rapid, and occurs in the ganglion cells in the area of primary injury. 

This is followed by a protracted phase of neuronal degeneration that occurs over a 1-3 

month time period; this second wave of ganglion cell death is substantial (Sievers et al., 
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1987; Levkovitch-Verbin et al., 2001; 2003). This secondary wave of cell death in the 

retina occurs in neurons that were not directly injured. The cause of this secondary wave 

is not well understood but is thought to be associated with toxic molecules released from 

dying neurons stemming from the original injury. This suggests that there is a window of 

time during the initial phases of injury when neuroprotective strategies can be applied to 

rescue the neurons that would succumb to the secondary wave of neuronal cell death, but 

have not yet turned on their cell death, or apoptotic, pathways.  

There is strong experimental support that providing neuroprotective factors after 

compressive or ischemic optic nerve injury can prevent ganglion cell death in the retina. 

Various neurotrophic growth factors have been shown to rescue retina, optic nerve and 

brain tissue from a variety of injury modalities. Administration of these factors has been 

performed in vitro, using virally mediated molecular up-regulation, and with direct eye or 

brain injection, resulting in some ganglion cell rescue (Mey and Thanos, 1993; Weise et 

al., 2000). These delivery methods are not currently clinically viable, but these 

experiments show that injured retina and optic nerve can respond to neurotrophic factors 

after injury if administration using a clinically relevant approach was possible. 

One problem with these approaches is that attempts to use them in human patients 

have been disappointing. Despite encouraging results from BDNF administration in 

animal models of CNS injury, for example, the size of the BDNF molecule has proven to 

be problematic. Clinical trials of neurotrophic factors have failed in part because of poor 

blood-brain barrier permeability (Wu, 2005). The high systemic doses of ciliary 

neurotrophic factor (CNTF), brain derived neurotrophic factor (BDNF), or insulin growth 



 

 138

factor (IGF-1) needed to reach therapeutic concentrations in the eye and brain result in 

more side effects than neuroprotection (Thoenen and Sendtner, 2002). These studies 

suggest the need for alternative methods of drug delivery.  

To bypass the blood-brain barrier and get drugs to the brain parenchyma, recent 

studies have demonstrated the efficacy of an intranasal route of administration for a 

number of drugs with potential neuroprotective properties (DeRosa et al., 2005; Frey, 

2002; Illum 2004; Alcalá-Barraza et al., 2009). Intranasal administration results in rapid 

delivery and significantly elevated drug levels in the brain and spinal cord compared to 

intravenous and systemic administration techniques (Thorne et al., 2004). This method 

appears to work just as efficiently in non-human primates as in small rodents (Thorne et 

al, 2008), supporting the potential clinical relevance of this approach. The number of 

drugs being administered intranasally in human patients has risen over the past 10 years. 

In human Alzheimer’s patients, for example, intranasal administration of insulin results 

in increased brain levels of insulin and significantly increased verbal memory in these 

patients without the consequential increase in systemic exposure (Reger et al., 2006). 

Thus, the use of intranasal delivery to bypass the blood-brain barrier and blood-retina 

barrier can result in therapeutic concentrations of specific drugs in the brain in both non-

human primates and human patients. 

One neurotrophic factor shown to have neuroprotective effects on retinal ganglion 

cells after optic nerve injury is ciliary neurotrophic factor (CNTF) (Mey and Thanos, 

1993). This factor has been administered by direct intravitreal injection and viral 

mediated up-regulation, neither of which is currently clinically viable (Mey and Thanos, 
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1993; Weise et al., 2000). More recently CNTF release into the eye using an encapsulated 

cell based device (Sieving et al., 2006) was examined for efficacy in patients with 

retinitis pigmentosa. While promising, not all injuries to the optic nerve or retina require 

sustained release. For TON and ION specifically, where the injury is transient, a rapid 

method for directed delivery to the optic nerve and retina would be best, as it would 

minimize potential side effects to other tissues.  

We tested the ability of intranasally-delivered CNTF to reach the retina and optic 

nerve at therapeutic concentrations. The PI3K/Akt and Jak-STAT prosurvival pathways 

were used to determine the potential functional effects on CNS tissue following intranasal 

delivery of CNTF. Their activity was assessed by western blot and 

immunohistochemistry to determine if CNTF delivery would result in up-regulation of 

prosurvival pathways specifically within the retinal ganglion cells after intranasal 

delivery alone and after optic nerve crush followed by CNTF treatment. 
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MATERIALS AND METHODS 

Animals 

For the procedures tracing the distribution properties of radiolabeled CNTF, adult 

male Sprague-Dawley rats (180-250 g, Charles River Lab) were used and housed at room 

temperature under a 12h light/dark cycle. The animals were provided with food and water 

ad libitum. Animals were cared for in accordance with the Regions Hospital, Health 

Partners Research Foundation Animal Care and Use Committee.  

For the functional analysis studies, adult male Long Evans rats (300-400 g, 

Charles River Lab) were used and housed in a University of Minnesota animal facility 

under similar diet and housing conditions as described above. All procedures abided by 

the NIH guidelines for the use of animals in research and were approved by the 

Institutional Animal Care and Use Committee at the University of Minnesota.  

[125I]-labeled Ciliary Neurotrophic Factor 

Radiolabeled experiments were conducted at Regions Hospital under proper 

safety conditions.  Recombinant human (rh) CNTF (22706 Da) was purchased from Cell 

Sciences, Inc. (Canton, MA, USA).  The recombinant protein was iodinated [125I] by GE 

Healthcare Bio-Sciences (Woburn, MA, USA) using the chloramine-T labeling method 

and contained less than 0.4% free iodide.  Radioiodinated CNTF was aliquoted to a set 

delivery volume, and all experiments using radioisotopes were conducted within a one-

week period to reduce the extent of radioactive decay and to maintain a set 40 Ci in 

each delivered sample.  

Administration, Collection and Measurement of [125I]-labeled CNTF in CNS Tissue  
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Intranasal administration of the radiolabeled CNTF was performed as previously 

described (Thorne et al., 1995, Thorne et al., 2004).  Briefly, anesthetized rats were 

placed in a supine position and approximately 70 µg of recombinant human CNTF (Cell 

Sciences, Canton, MA) in 70 µl of sterile phosphate buffered saline was administered by 

pipette in 7 µl drops.  After an 30 minute survival time, animals were euthanized by an 

overdose of barbiturate anesthesia (N=10). A detailed necropsy was performed. Two mm 

serial coronal brain sections were made using a coronal precision rat brain matrix 

(Braintree Scientific). Microdissections of the eye, optic nerve, and selected brain and 

spinal cord regions were collected and placed in a pre-weighed 5 ml tube using a 

microbalance (Sartorius, Goettingen, Germany).  The weight of the samples was 

determined, and the radioactivity levels in the tissues were measured using a gamma 

counter (Packard Cobra II Auto-Gamma counter).  Tissue concentrations were calculated 

using specific activity of the drug with subtraction of background radioactivity levels. 

Optic Nerve Crush Injury 

Animals were anesthetized using an intraperitoneal injection of tribromoethanol 

(1.3 ml/100g) (Sigma Aldrich, St. Louis, MO), and the eye receiving the procedure was 

topically anesthetized using proparacaine hydrochloride 1% (Alcain).  An incision was 

made in the conjunctiva lateral to the left globe.  The optic nerve was exposed after 

gently retracting the lateral rectus and retractor bulbi muscles. A controlled crush was 

performed for 10s using self-closing forceps (Fine Science Tools) under a binocular 

dissecting microscope. Animals that exhibited any bleeding or detectable difference from 

the fellow eye were excluded from the study.  Animals were allowed to recover following 
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the procedure and monitored daily until sacrifice.  For characterization of the crush 

injury, animals survived from 4, 8, 12, 24, 48, 72, 96, and 120 hours (N=4 for each time 

point).  To account for the possible confounding of results due to changes in the retina 

contralateral to the crush injury (Macharadze et al., 2009), all experimental retinal 

changes were compared to levels in retina from naïve control rats.  

Intranasal CNTF Administration and Functional Assessment 

Intranasal administration of CNTF was performed as described in the preceding 

section. The CNTF-treated rats were euthanized after a total of 30 minutes (N=3), 60 

minutes (N=3), 24 hours (N=5), 48h (N=5), 72 hours (N=3) and 96 hours (N=3).  In the 

ONC injury + treatment studies, one group of animals received a single 70 µg intranasal 

dose of CNTF 24 hours post crush (N=3) and were sacrificed 24 hours after the 

treatment.  A second group of animals received two 70 µg CNTF treatments (1 treatment 

24 hours after ONC and a second 24h later).  Animals (N=3) were sacrificed 24 hours 

after the second treatment.   A third group (N=3) received one treatment of CNTF 24 

hours post crush and were sacrificed 48 hours after the initial treatment.  

Western Blot Analysis 

Following delivery and at the designated survival times, the animals were 

euthanized by an overdose of CO2, followed by a thoracotomy and exsanguination. The 

eyes were removed, and the retinas were quickly dissected using a binocular dissecting 

microscope. Discrete brain regions were also microdissected. All tissue samples were 

placed in microcentrifuge tubes and flash frozen in liquid nitrogen. Whole cell lysates 

were prepared using radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich, St. 
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Louis MO) containing protease (Pierce, Rockland, IL) and phosphatase inhibitors (Roche 

Applied Sci., Indianapolis, IN). Protein concentrations were determined using 

bicinchoninic acid (BCA) protein assay (Pierce).  Polyacrylamide Tris HCl gels were 

loaded with 40 µg of protein per lane (BioRad., Hercules, CA). Separated proteins were 

transferred onto polyvinylidene fluoride (PVDF) membranes and probed overnight for 

phosphorylated Stat3 (pStat3) (1:500 Cell Signaling Technology, Danvers, MA) or 

phosphorylated Akt (pAkt) (1:500, Cell Signaling Technology, Danvers, MA). 

Hypoxanthine guanine phosphoribosyltransferase (HPRT) (1:40,000, Abcam) served as 

the loading control (van Winjgaarden et al., 2007). Membranes were washed the 

following day and incubated with a goat anti-mouse IgG (1:1000, Cell Signaling) for 1 

hour. Membranes were then incubated with the Lumi-Light substrate (Roche, Basel, 

Switzerland). Imaging and densitometric analyses were performed using a G-box System 

(Syngene, Frederick, MD). Semi-quantization of molecular changes in pStat3 and pAkt 

were performed in all groups of animals: 1) naïve control retinas, 2) retinas from saline-

treated animals, 3) retina from crush-treated only animals, 4) retina from CNTF-only 

treated animals, and 4) retina from animals that had a crush injury followed by intranasal 

CNTF treatment. Data analysis was performed using analysis of variance (ANOVA) and 

Dunn’s multiple comparison tests (Graphpad, San Diego, CA).  Data were considered 

significantly different if p0.05. 

Immunofluorescence Analysis of the Retina 

             After euthanasia, the eyes were removed, embedded in tragacanth gum, frozen on 

methylbutane cooled on liquid nitrogen, and stored at -80oC until processed. Sections of 
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12 micron thickness were prepared, and sections though the optic nerve head were 

selected for analysis. The sections were quenched in 2% hydrogen peroxide in isotonic 

phosphate buffer (pH 7.4), rinsed in phosphate buffered saline (PBS), and blocked with 

10% normal rabbit serum for 15 minutes, followed by application of an antibody specific 

for phosphorylated Stat3 (Cell Signaling, 1:100) for 1 hour at room temperature. The 

sections were then rinsed in PBS, followed by incubation with goat anti-rabbit 

fluorescein-labeled secondary antibody for 30 minutes. The sections were rinsed, blocked 

with 10% normal horse serum for 15 minutes, followed by incubation for 1 hour at room 

temperature with an antibody against brn3A (Abcam, 1:100) or gamma-synuclein 

(Abcam, 1:100), both ganglion cell specific antibodies (Xiang et al., 1995; Surgucheva et 

al., 2008). The sections were rinsed in PBS, and incubated with horse anti-mouse 

rhodamine-labeled secondary antibody for 30 minutes. After a series of PBS rinses, the 

slides were coverslipped using Vectashield Mounting Medium with DAPI (Vector Labs.), 

which stains all nuclei. 
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RESULTS 

Intranasal Administration of CNTF Distributes to the Retina and Optic Nerve

 Following a 25-minute survival time, IN administration of a 70 g dose of CNTF 

resulted in the detection of labeled compound in the retina and optic nerve (Figure 1). 

Concentrations ranged from 15.31 2.60 ng/ml in the retina to 50.5 ± 17.0 ng/ml in the 

posterior optic nerve.  The CNTF concentrations were highest in the optic nerve, which 

reflects similar results from other intranasally applied compounds at this short time point 

(Ross et al, 2004).     

Based on retinal ganglion cell culture studies, it was postulated that the ideal 

CNTF ng/ml concentration for increasing retinal ganglion cell survival is 40 ng/ml 

(Lehwalder et al., 1989).  Although this concentration was not reached within the retina 

at the 25-minute time point, this concentration was achieved within the optic nerve.   

Intranasal Administration of CNTF Distributes to CNS Tissues of the Visual 

Pathway 

Following a 25-minute survival time, IN administration of a 70 g dose of CNTF 

resulted in the detection of labeled CNTF in the superior colliculus, thalamus and 

occipital cortex, all part of the visual system pathway within the brain (Figure 2). 

Relatively similar levels of CNTF reached all of these structures at this time point, and is 

most likely due to the paracellular transport system within the CSF (Thorne et al., 2004).  

Intranasal Administration of CNTF Activates Cell Survival Pathways in the Retina, 

Superior Colliculus and Occipital Cortex 
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 Based on our radiolabeling studies, CNTF reaches the retina, optic nerve, and 

visual system structures within the brain in ng/ml concentrations, which theoretically 

should be within a therapeutic range. To determine if IN administration of this 

neuroprotective protein yields a functional effect within the retina, superior colliculus and 

occipital cortex, activation of the PI3K/Akt and Jak-STAT cell signaling pathways were 

examined using western blot analysis.    

 Statistically significant increases in pAkt levels in the retina were seen at 30 

minutes (p<0.01) and 24 hours (p<0.01) post-intranasal delivery compared to saline-

treated control retina (Figure 3). By 48 hours, pAkt levels returned to control values. This 

sustained elevation of pAkt in the retina may be due to continued activation due to 

signaling molecules produced by the visual system structures also exposed to CNTF.  For 

example, in the superior colliculus, a region of synaptic contact by retinal ganglion cell 

axons, the PI3K/Akt pathway was  activated at statistically significant levels at 24 and 48 

hours with increases over control values of 3.5 fold (p<0.05) and 4.5 fold (p<0.01), 

respectively.  Finally, the occipital cortex also showed statistically significant increases in 

pAkt activation at 48, 72, and 96 hours after intranasal CNTF administration. This 

activation pattern appears to occur in a rostral to caudal fashion, with initial activation 

occurring in the retina at the earlier time points and extending caudally to the visual 

cortex, where activation is detected after 72 and 96 hours post delivery.   

pStat3 and pAkt are Transiently Activated Following Optic Nerve Crush Injury 

 In order to determine the optimal time point for CNTF intranasal delivery after 

optic nerve crush, levels of pStat3 and pAkt were determined after injury alone, and 
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examined at 4, 8, 12, 24, 48, 72, 96, and 120 hours post crush (Figure 4). A similar 

response system was observed for both pAkt and pStat3 following crush injury, with 

increased activation at the 4-hour time point.  For pStat3, levels were even higher at the 

12-hour time point, and by 24 hours returned to control levels.  In contrast, pAkt 

activation decreased to control levels by 8 hours, increased by the 12-hour time point, and 

returned to control levels by 24 hours. Values remained at control levels for pAkt from 

24- 72 hours, but surprisingly yielded a second peak at 96 hours after injury. Similarly, 

statistically significant elevations in pStat3 were detected at 48 hours and 120 hours post 

crush. The detection of further pAkt and pStat3 activation several days after the crush 

injury is postulated to be due to the retinal ganglion cells transitioning from a 

nonregenerative state to a regenerative state 3 or 4 days after the crush injury (Liedtke et 

al, 2007; Fischer et al, 2004 a, b).  Based on the short-term changes in pAkt and pStat3 

levels, we chose to apply treatment 24 hours post-crush.         

pStat3 and pAkt are Further Activated Following Optic Nerve Crush Injury + 

CNTF Treatment  

 The crush-injured rats either received a single intranasal administration of 70 µg 

of CNTF 24 or 48 hours after the crush injury, or received two series of intranasal CNTF 

treatments 24 and 48 hours after the crush injury. The animals then survived an additional 

24 or 48 hours. Using fluorescence microscopy, in control retina the ganglion cells were 

essentially negative for pStat3 expression (Figure 6A). One day after crush and CNTF 

treatment, pStat3 expression was present within the ganglion cells (Figure 6B), and the 
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level of pStat3 expression increased significantly by 48 hours after crush and CNTF 

treatment (Figure 6C). 

The levels of pAkt were examined using western blots for each set of 

injury/treatment parameters. Western blots showed that Akt activation was elevated 2-

fold at 72 and 3-fold at 96 hours after the crush injury when compared to the untreated 

and crush-only retina (Figure 7). It appears that CNTF application after crush injury leads 

to a significant increase in pAkt activation. This data suggests that intranasal application 

of the neuroprotective compound CNTF may result in increased retinal ganglion cell 

survival and/or decreased ganglion cell apoptosis following traumatic or ischemic injury 

to the optic nerve.      
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DISCUSSION 

 In this study, we found that intranasal administration of CNTF resulted in 

significant concentrations of the neuroprotective factor in the retina and optic nerve, but 

also in specific components of the visual system pathway, including superior colliculus, 

thalamus, and occipital cortex. We found the downstream cell survival signaling 

molecules pStat3 and pAkt were activated and elevated within 4 hours of the crush 

injury. These cell survival signals remained elevated at 8 and 12 hours after injury and, 

by 24 hours, returned at or below control levels. In the retina, CNTF treatment resulted in 

a more long term activation of pAkt, increased up to 24 hours, and pStat3 increased up to 

48 hours after treatment. In the superior colliculus, however, these pathways remained 

increased over control levels even 72 hours after CNTF administration. After crush injury 

and CNTF treatment, pAkt levels were elevated compared to control and compared to 

crush only at 48, 72 and 96h post-crush. Despite lack of statistical significance for pStat3 

in the western blots, immunohistochemical examination demonstrated that the ganglion 

cells, identified by Brn3a, in the CNTF and crush treated retinas were positive for pStat3, 

and the ganglion cells were essentially negative in control and crush-treated retinas at the 

same post-injury time point. 

 We found the downstream cell survival signaling molecules pStat3 and pAkt were 

activated and elevated within 4 hours of the crush injury. These cell survival signals 

remained elevated at 8 and 12 hours after injury and, by 24 hours, returned at or below 

control levels. The return to control levels indicates the sectioned RGCs are likely no 

longer receiving retrograde neurotrophic support (Lieven et al, 2006) or receptor 
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expression for the neurotrophic factors have been downregulated (Spalding et al, 2005).   

The inactivation of cell survival signaling pathways coincides with other published 

results demonstrating the cell death machinery caspase 3 and caspase 11 (Agudo et al, 

2009) peak at 48 hours post crush.  The inactivation of compensatory cell survival 

pathways allows for the unregulated induction of caspases and subsequent apoptosis.  

This is in further agreement with other published literature, where by 72 hours, apoptotic 

cell death in the retinal ganglion cell layer has commenced (Kreutz et al, 1999; 

Dratviman-Storobinsky, 2008).  Following induction of cell death, uninjured retinal 

ganglion cells in the vicinity of the injury activate intraretinal signaling that transitions 

the RGC from a nonregenerative to a regenerative state 3-4 days post crush (Liedtke et al, 

2007; Fischer et al, 2004 a,b).  This modification to a regenerative state may explain why 

we detected a second wave of activation of the cell survival pathways PI3K-Akt and Jak-

Stat four and five days after the induction of crush injury.  

The neuroprotective properties of CNTF in the CNS have been extensively 

published in the literature (Semkova et al, 1999; Petersen et al, 1999; Honjo et al, 2000; 

Monville et al, 2001; Albrect et al, 2002; Liang et al, 2001; Peterson et al, 2000; Linker et 

al, 2002; van Adel et al, 2005; Kumon et al, 1996). In the retina, intravitreal 

administration of CNTF enhances retinal ganglion cell survival after axotomy and 

ischemia (Mey and Thanos, 1993; Ji et al, 2004; Ji et al, 2004). The neuroprotective 

capacity of CNTF has been postulated to stem from numerous mechanisms (van Adel et 

al. 2005), including inhibition of glutamate excitotoxicity (Semkova et al, 1999), 

regulation of inflammatory responses (Linker et al, 2002), modulation of glial cell 
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activation (Monville et al, 2001) as well as activation of prosurvival signaling cascades 

(Petersen et al, 2000).  Moreover, exogenous CNTF administration not only increases cell 

survival but also promotes axonal regeneration (Cui et al, 1999; Sarup et al, 2004) and 

initiates axonal outgrowth in dissociated retinal ganglion cells (Jo et al, 1999). CNTF also 

has the added benefit of yielding a sustained neuroprotective capacity following one 

treatment application.  For example, a single administration of CNTF yielded increased 

RGC survival via prolonged activation of the Jak-Stat pathway for up to two weeks 

following induction of hypertensive glaucoma (Ji et al, 2004).  This corresponds with our 

results where we detected pAkt and pstat3 activation 30 minutes after intranasal CNTF 

and the cell signaling pathways remained elevated in the retina, superior colliculus and 

visual cortex from 48-96 hours. This sustained response by CNTF makes this a 

compelling choice as a neuroprotective agent for ION and TON because it would likely 

reduce the need for repeated treatments.  Moreover, phase I trials have shown that CNTF 

is safe for the human retina when administered to human patients with photoreceptor 

degeneration (Sieving et al, 2006; Emerich and Thanos, 2008). Due both to its 

neuroprotective and regenerative properties as well as its sustained neuroprotective 

abilities, CNTF appears to be a safe and effective agent to use following ischemic or 

traumatic optic nerve injury. Intranasal delivery allows for a non-invasive method for 

rapid drug delivery to the eye, optic nerve, and brain that is easy for a lay person to 

administer. This delivery method has the added benefit of limiting systemic exposure, 

thereby reducing the potential for unwanted systemic side effects. 
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Application of the neurotrophic factor CNTF was intranasally delivered 24 hours 

post crush because 1.) this time point would most likely be the first application of 

treatment in the clinic following traumatic optic nerve injury in a human population, and 

2.) the primary cell survival signaling cascades associated with CNTF, the Jak-Stat 

(Heinrich et al, 2003; Teng and Tang, 2006) and PI3K-Akt pathways (Dolcet et al, 2001; 

Ji et al, 2004; Park et al, 2004) have been down-regulated by this time point; therefore 

any elevations following treatment could be attributed to the application of the intranasal 

treatment of CNTF.   

The intranasal delivery method appears to have great clinical potential for treating 

ischemic or traumatic optic neuropathies, because it not only delivers neuroprotective 

concentrations of neurotrophic agents to the injured retina, it also results in distribution of 

drug to brain visual system structures, including the thalamus, superior colliculus and 

occipital cortex.  Targeting neuroprotective agents throughout the visual system beyond 

the eye has been shown to significantly prolong retinal ganglion cell survival following 

injury. Administration of neuroprotective agents to the eye alone may not yield sufficient 

neuroprotective responses to the RGCs due to injuries extending beyond the retina 

(Weber et al., 2008).  For example, in glaucomatous neuronal injury, neurodegenerative 

processes are not only detected in the retina, but in the lateral geniculate nucleus of the 

thalamus (Chaturvedi et al, 1993; Weber et al, 2000; Yucel et al, 2003), indicating the 

need to apply neuroprotective agents to other neuronal populations outside of the retina.  

This is further supported by the observation that application of the neurotrophic factor 

BDNF to both the retina and visual cortex results in increased and prolonged retinal 
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ganglion cell survival compared to delivery to retina alone (Weber et al, 2008).  In this 

study, intranasal delivery of the large molecular weight neurotrophic factor CNTF 

resulted in detection of the protein at ng/ml levels in visual pathway tissues and yielded 

activation of cell survival signaling pathways within these tissues.  This suggests that a 

functional protein was delivered by the intranasal method. It thus appears that the 

intranasal delivery method is an ideal delivery system for targeting large molecular 

weight therapeutics to the injured optic nerve, retina, and the up-stream visual pathways, 

which in turn may lead to increased and sustained retinal ganglion cell survival due to 

activation of cell signaling pathways throughout the visual pathway. Our current 

investigations involve quantification of RGCs following long-term injury and intranasal 

treatment applications to determine if the intranasal delivery method yields sustained 

retinal ganglion cell survival following injury. 
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FIGURE LEGENDS 

Figure 1: Levels of CNTF in the sclera, lens, cornea, posterior optic nerve (ON), optic 

chiasm, anterior optic nerve (ON) and retina 25 minutes after a single intranasal 

administration of 70g in A) nM and B) nanograms/ml. 

Figure 2: Levels of CNTF in the superior colliculus, thalamus, and occipital cortex 25 

minutes after a single intranasal administration of 70g in A) nM and B) 

nanograms/ml. 

Figure 3: Changes in pStat3 and pAkt after optic nerve crush only. A) Densitometric 

analysis of relative levels of pAkt expression at 4h, 8h, 12h, 24h, 48h, 72h, 96h and 

120h after an optic nerve crush. B) Densitometric analysis of relative levels of pStat3 

expression at 4h, 8h, 12h, 24h, 48h, 72h, 96h and 120h after an optic nerve crush.  

Figure 4: Changes in pAkt and pStat3 expression in retina after intranasal administration 

of CNTF only. A) Densitometric analysis of relative levels of pAkt expression at 

30m, 60m, 24h, 48h, and 72h after intranasal CNTF administration. B) Densitometric 

analysis of relative levels of pStat3 expression at 30m, 60m, 24h, 48h, and 72h after 

intranasal CNTF administration. 

Figure 5: Changes in pAkt and pStat3 expression in superior colliculus after intranasal 

administration of CNTF only. A) Densitometric analysis of relative levels of pAkt 

expression at 30m, 60m, 24h, 48h, and 72h after intranasal CNTF administration. B) 

Densitometric analysis of relative levels of pStat3 expression at 30m, 60m, 24h, 48h, 

and 72h after intranasal CNTF administration. 
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Figure 6: Changes in pSTAT3 expression in retina after crush injury followed by 

intranasal administration of CNTF. Photomicrograph of ganglion cells 

immunostained for expression of pStat3 from A) control retina from a naïve rat, B) 

retina with crush injury 24 hours after a single intranasal administration of 70g 

CNTF, and C) retina with crush injury 48 hours after a single intranasal 

administration of 70g CNTF. 

Figure 7: Changes in pAkt and pSTAT3 expression in retina after crush injury followed 

by intranasal administration of CNTF. A) Densitometric analysis of relative levels of 

pAkt expression after a nerve crush with a total post-crush survival interval of 48h 

and 96h, after a nerve crush followed by a single CNTF administration with a total 

post-crush survival interval of 48h and 72h, and after a nerve crush followed by two 

CNTF administrations 24 hours apart with a total post-crush survival interval of 72h 

and 96h. B) Densitometric analysis of relative levels of pStat3 expression after a 

nerve crush with a total post-crush survival interval of 48h and 96h, after a nerve 

crush followed by a single CNTF administration with a total post-crush survival 

interval of 48h and 72h, and after a nerve crush followed by two CNTF 

administrations 24 hours apart with a total post-crush survival interval of 72h and 

96h.
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Figure 1 

Levels of CNTF 25 Minutes after
Intranasal Administration
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Figure 2 

Levels of CNTF 25 Minutes after
Intranasal Administration
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Figure 3 
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Figure 4  
 

pAkt Levels in Retina
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Figure 5  
 

Effect of Intranasal CNTF on
pAkt Levels in Superior Colliculus
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Figure 6  
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Figure 7 
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Chapter 8 
 
 

Conclusions and Discussion 
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Initial insults to the CNS result in permanent ramifications, and a significant 

portion of the long-term effects of injury are due to secondary degenerative processes that 

occur long after the primary insult has abated.  Recent studies have indicated a 

therapeutic window of opportunity for preventing additional cell loss if proper 

interventional methods are applied in a timely manner.  The issue, however, is application 

of neuroprotective agents to the site of injury.  Targeting drugs to the CNS remains a 

significant challenge due to the presence of the blood-brain (BBB) and blood-retinal 

barrier (BRB), resulting in great limitations on what compounds gain access to the CNS.  

Based on previous studies, the intranasal delivery method appears to circumvent the BBB 

and allows for targeted delivery of neuroprotective compounds to the CNS.  

Ischemic and traumatic optic neuropathies stem from a distinct initial insult; 

however, the subsequent pro-apoptosis signaling cascades initiated in the injured optic 

nerve ultimately result in similar neurodegenerative processes. We investigated the 

clinical potential for targeting drugs to the optic nerve and retina after published studies 

indicated significant distribution of intranasally administered proteins to the optic nerve 

(Ross et al, 2004). 

This study examined the potential use of the intranasal delivery method as a 

means of targeting therapeutic concentrations of large molecular weight proteins to the 

retina and optic nerve. Our initial studies investigated the radiolabeled forms of brain-

derived neurotrophic factor, neurotrophin-4/5, ciliary neurotrophic factor and 

erythropoietin proteins to examine their distribution properties in the CNS and peripheral 
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tissues following intranasal administration. Following 25-minute and 60-minute survival 

times, we found that intranasal administration of each neurotrophin yielded significant 

ng/ml concentrations in several tissues associated with the visual pathway, including the 

retina, optic nerve, superior colliculus and visual cortex.  Moreover, these concentrations 

were comparable to levels required for retinal ganglion cell survival based on in vitro 

studies (Johnson et al; 1986; Lehwalder et al., 1989; Cohen et al, 1994; Franke et al, 

1995; Tsai et al, 2005).   

To determine if these neuroprotective agents distributed to the CNS in intact 

protein form and to examine whether these factors yielded a functional effect within the 

CNS tissues, the short-term kinetics of these compounds were examined.  Following 

intranasal administration of CNTF, we found activation of the cell survival signaling 

cascades pStat3 and pAkt in the retina, superior colliculus, and visual cortex.  Moreover, 

the activation of these cell signaling cascades displayed distinct response mechanisms.  

For example, in the retina, pAkt was statistically elevated at earlier time points, while 

activation in more caudal CNS tissues, the superior colliculus and visual cortex, had a 

delayed response and were elevated days after intranasal treatment. A similar result was 

found in animals treated with CNTF, which yielded continued activation of the Jak-

STAT pathway two weeks after treatment (Ji et al, 2004).  This indicates that the 

intranasal delivery of CNTF allows for both rapid and sustained elevations in prosurvival 

signaling cascades not only in the retina but throughout the visual pathway in the brain.  

This has appealing clinical potential in that traumatic and ischemic optic neuropathy 
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patients may not need repeated drug treatments, thereby reducing possible complications 

from frequent drug delivery regimens. 

Following demonstration of the timetable for detection and activation responses 

of these cell signaling cascades after intranasal drug administration in an uninjured state, 

our next study examined the activation properties of the PI3K/Akt and Jak-Stat pathway 

following optic nerve crush injury. Optic nerve crush injury displays similar response 

characteristics as seen after traumatic optic neuropathy and is used as a model for both 

acute and chronic diseases of the CNS (Eitan et al, 1994; Schwartz et al, 1999). After 

determining the response kinetics of pStat3 and pAkt after crush injury, we intranasally 

applied CNTF. Our studies revealed sustained activation of pAkt following one and two 

treatments of CNTF, although due to interanimal variability only the single treatment at 

the 72-hour time point yielded statistically significant results. However, overall CNTF 

delivery after optic crush injury resulted in up-regulation of pAkt and pStat3 levels. This 

indicates the intranasal delivery method allows for further activation of cell signaling 

cascades and may thus yield increases in retinal ganglion cell survival.  Future studies 

will determine the long-term effects on treated retinal ganglion cells using the 

quantitative morphometric studies discussed in this manuscript (Danylkova et al, 2006 

and 2007).   

Currently, there are no effective treatments for offsetting retinal ganglion cell loss 

following ischemic and traumatic optic neuropathy. Based on the studies presented in this 

work, it thus appears the intranasal delivery method has viable therapeutic potential as a 

novel drug delivery system to target neuroprotective compounds to the injured optic 
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nerve and retina. Future investigations into the long-term survival responses of these cells 

in rodent models of both traumatic and ischemic optic neuropathy will help determine the 

effectiveness of this delivery method and the potential long-term benefits.        
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