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Supervisor: F. Gonzalez-Lima 

 

Current approaches to treat neurodegenerative disease provide only mild 

symptomatic relief but do not modify the natural history of these conditions. A large 

body of evidence suggests that mitochondrial dysfunction is a key event in the 

pathophysiology of neurodegeneration. Supporting and improving mitochondrial function 

has a big potential as a strategy for neuroprotection. The goal of this dissertation was to 

test whether interventions that target mitochondrial function are effective at preventing 

neurodegeneration induced by mitochondrial failure in vivo. A rodent model of optic 

neuropathy induced by the mitochondrial toxin rotenone was used to test the 

neuroprotective effects of methylene blue (MB) and near-infrared light (NIL), two 

interventions with mechanisms of action localized to mitochondria. This work also tested 

the effects of memantine, an NMDA receptor blocker, to further characterize the 

relationship between excitotoxicity and mitochondrial dysfunction. Neuroprotective 

effects were evaluated via behavioral testing of visual function and histopathological 

analysis of the retina. The neurochemical effects of MB, NIL and memantine were 
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analyzed in vitro and in vivo with indicators of oxidative stress, cell respiration and 

catalytic activity of respiratory enzymes, including NADH dehydrogenase and 

cytochrome oxidase. MB, a diaminophenothiazine with potent antioxidant and unique 

redox properties, prevented the changes in visual function and the retinal histopathology 

induced by rotenone. In vitro, MB increased oxygen consumption and prevented the 

increases in oxidative stress in brain tissue induced by rotenone. NIL prevented the 

behavioral impairment and the decrease in retinal and visual pathway metabolic activity, 

retinal nerve fiber layer thickness and ganglion cell layer cell density induced by 

rotenone in a dose-dependent manner. Whole-brain cytochrome oxidase and superoxide 

dismutase activities were also increased in NIL-treated subjects in a dose-dependent 

manner, suggesting an in vivo transcranial effect of NIL. Finally, uncompetitive NMDA 

receptor blockade with memantine displayed neuroprotection against rotenone-induced 

neurodegeneration in a dose-response manner, and this effect was associated with a 

decrease in retinal oxidative stress and a long-term increase in neuronal energy 

metabolism capacity. These data constitute a proof-of-principle that interventions that 

target the mitochondria and support the function of the respiratory chain are effective at 

preventing neurodegeneration in vivo.  
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1

Chapter 1: Targeting mitochondrial function, a novel perspective on 
neuroprotection 

 
 

1.1 THE UNSOLVED THERAPEUTIC CHALLENGE OF CHRONIC NEURODEGENERATIVE 
DISORDERS 

 
Neurodegeneration is the gradual, progressive and selective loss of neuronal 

systems that characterizes a group of clinical entities known as neurodegenerative 

disorders. Neurodegenerative disorders are common medical conditions that 

devastatingly affect the quality of life of patients and their families, and represent a 

significant burden to the public health systems worldwide (Ernst and Hay, 1994; 

Dowding et al., 2006; Alzheimer's Association, 2008; Weintraub et al., 2008). The main 

drugs used in the treatment of the major neurodegenerative disorders, Parkinson’s disease 

(PD) and Alzheimer’s disease (AD), are based on the support of neurotransmission (i.e. 

L-DOPA, dopamine agonists, cholinesterase inhibitors) (Miller et al., 2003; Cummings, 

2004; Ahlskog, 2007). These approaches provide symptomatic benefits but do not modify 

the course or progression of neurodegeneration (Rogers et al., 1998; Farlow et al., 2000; 

Raskind et al., 2000; Hung and Schwarzschild, 2007). Therefore, clinical interventions 

that effectively slow or prevent the progression of neurodegenerative disorders remain a 

crucial unmet need.  

 

1.1.1 The contemporary experimental neuroprotective strategies 
 

The compelling need for optimal therapeutic approaches for neurodegenerative 

disorders and neurological conditions featuring neuronal death or dysfunction has 
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boosted research in neuroprotection. Neuroprotection is a broad term that refers to the 

prevention (or slowing down the onset or progression) of neuronal dysfunction or death. 

In the last 20 years, research in this field has provided convincing proof of principle that 

high-grade protection of the brain is an achievable goal (Riederer et al., 2000; Ravina et 

al., 2003; Ginsberg, 2008; Levin and Peeples, 2008). Historically, the concept of 

neuroprotection was conceived as any attempt to prevent secondary deficits after acute 

neurological damage in conditions such as traumatic brain injury or cerebral ischemia 

associated with surgical interventions. In early observations, the use of deep sedation 

with barbiturates and hypothermia provided significant outcome improvements after 

cardiopulmonary bypass and traumatic brain injuries, including reduction and 

maintenance of intracranial pressure and a decrease of neuropsychiatric symptoms 

(Nussmeier et al., 1986; Clifton et al., 1991; Nathan et al., 1995; Koerner and Brambrink, 

2006). In recent years, the concept of neuroprotection evolved in response to the 

necessity to modify the natural history of chronic neurodegenerative disorders. Progress 

in the neurobiology of degeneration has led to a contemporary search for neuroprotective 

strategies that is based on a firm root on a cellular/molecular understanding of 

neurodegenerative phenomena (Robertson et al., 2000). A number of experimental 

neuroprotective approaches have been tested in pre-clinical and clinical studies, based on 

the best available theories regarding the pathophysiology of neurodegeneration. These 

can be grouped in three broad categories: 1) prevention of excitotoxicity, 2) prevention of 

neuroinflammation and protein aggregation and 3) prevention of oxidative injury.  
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1.1.1.1 Prevention of excitotoxicity 
 

The theory of excitotoxicity-mediated neurodegeneration states that excessive 

levels of glutamate, the major excitatory neurotransmitter in the brain, produce neuronal 

death by activating the N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA)/kainite receptors (Lipton and Rosenberg, 

1994; Kim et al., 2002). Persistent activation of the NMDA receptor induces a massive 

increase in cytoplasmic free Ca2+, triggering the unregulated activation of numerous 

enzymes including proteases, lipases, endonucleases, kinases and phospholipases with 

subsequent neuronal damage (Choi, 1988; Kim et al., 2002). Consequently, glutamate 

and Ca2+ overload-mediated excitotoxicity have been the focus of intensive investigations 

in neuroprotection over the last two decades. Indeed, neuronal damage induced by 

excitotoxicity can be attenuated in vitro by increasing the GABAergic tone (Sternau et 

al., 1989), activating K+ channels (Abele and Miller, 1990), modulating adenosine 

receptors (Von Lubitz, 1999), blocking voltage-gated Na+ and Ca2+ channels (Koh and 

Choi, 1987; Weiss et al., 1990) and manipulating  glutamatergic neurotransmission 

(Sheardown et al., 1990; Chen et al., 1992; Bruno et al., 2000). However, none of these 

strategies have been successful at preventing neurodegenerative diseases in humans, 

mostly due to pharmacological and toxicological implausibilities that preclude their 

clinical use in humans. Conversely, agents with the safest toxicological profiles have not 

been able to interrupt the natural history of the disease  (Lopez-Arrieta and Birks, 2002). 

The major caveat of the theory of excitotoxicity as a basis to design neuroprotective 

interventions is its reliance on increases in extracellular glutamate. Although it is well-
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accepted that excess glutamate is neurotoxic, it is unclear what causes the “initial” 

increase in extracellular glutamate. An energy-linked version of the excitotoxic 

hypothesis has supported a partial ATP depletion as an event preceding membrane 

depolarization and NMDA receptor activation (Henneberry, 1997). Since NMDA 

receptor activation increases energy demands, neurodegeneration can be understood as a 

vicious cycle: a self-propagating process in which glutamate plays an enhancing, more 

than a causative role. According to this view, neuroprotective approaches would have 

greater chances of success if their main targets were the interruption of the cycle or the 

events preceding glutamate-induced excitotoxicity. 

 

1.1.1.2 Prevention of neuroinflammation and protein aggregation 
 

Another popular theory of neurodegeneration explains neuronal damage as a 

consequence of neuroinflammation and protein aggregates pathology (e.g. amyloid 

plaques, Lewy Bodies). According to this theory, the neuroinflammatory cycle is 

produced by persistent microglial and astrocytic activation in response to extracellular 

stimuli, particularly protein aggregates such as amyloid plaques (Skaper, 2007). Several 

lines of evidence indicate that glial activation induces cytokines, chemokines and 

oxidative stress-related molecules that directly cause neuronal dysfunction or death. It has 

been proposed that, since such signals further propagate the inflammatory response, 

interference with this inflammatory cascade could be neuroprotective (Becker and 

Hallenbeck, 2002). Particular attention has been given to non-steroidal anti-inflammatory 

drugs (NSAIDs) after several retrospective studies demonstrated associations between 
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their long-term use (> 2 years), and a reduced risk of AD (Stewart et al., 1997; in t' Veld 

et al., 2001; Zandi et al., 2002). In vitro and in vivo studies have demonstrated that 

NSAIDs exhibit an anti-amyloidogenic effect, and decrease microglial activation and 

cytokine release (Weggen et al., 2001; Heneka et al., 2005). However, several 

multicenter, randomized, double-blind, placebo-controlled studies testing NSAIDs’ 

efficacy in symptomatic control or delay in cognitive decline in AD have failed at 

demonstrating clinically relevant NSAIDs’ neuroprotective effects (Aisen et al., 2003; 

Martin et al., 2008). Furthermore, the neuroinflammation hypothesis assumes the pre-

existence of protein aggregates to trigger the inflammatory response. Formerly, it was 

believed that protein aggregates were the direct cause of neurodegeneration, due to their 

abundance in the brains of patients with AD and their in vitro cytotoxic properties 

(Cummings et al., 1998). However, amyloid plaques can be found in the brain of aged-

subjects with no cognitive impairment (Knopman et al., 2003). In addition, the prevention 

of amyloid plaque or amyloidogenic fragments formation has provided, at best, only 

modest symptomatic improvements in patients with AD without clear evidence of 

neuroprotection (Fleisher et al., 2008; Wilcock et al., 2008). Protein aggregates are most 

probably the result of previous and crucial events in the neurodegenerative process. Thus, 

focusing on the status of protein aggregates and neurochemical events downstream their 

formation lacks the beneficial effects of interventions targeting earlier steps in the 

neurodegenerative cascade. 
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1.1.1.3 Prevention of oxidative injury 
 

Prevention of neurodegeneration with antioxidants is an attractive idea in light of 

data suggesting that oxidative stress is a fundamental mechanism of neurodegeneration, 

and is linked to both excitotoxicity and neuroinflammation (Behl and Moosmann, 2002). 

Neurons are constantly exposed to free radicals. During respiration, molecular oxygen is 

reduced to water, but a small fraction (<2%) of the oxygen is normally converted to 

superoxide radical (O2
•-) by a one-electron reduction mechanism (Phillips, 2002). 

Superoxide is further converted to hydrogen peroxide and other related semi-reduced 

reactive oxygen species (ROS) that initiate a series of oxidative reactions. In addition to 

mitochondrial activity, ROS also derive from excitatory neurotransmission and the 

metabolism of arachidonic acid, purines, catecholamines, and nitric oxide. (Chan et al., 

1985; Dykens et al., 1987; Dawson and Snyder, 1994; Phillips, 2002). Neurons respond 

to oxidative stress by inducing the expression of antioxidant enzymes, such as superoxide 

dismutase, catalase and glutathione peroxidase. This process is aided by the presence of 

small molecule antioxidants including glutathione, vitamin C and vitamin E (Roberfroid 

and Buc-Calderon, 1995). Neurodegeneration is believed to occur when there is an 

imbalance between ROS production and levels of endogenous cellular defenses against 

oxidative stress. Markers of oxidative stress are common to both neurodegenerative 

conditions and aging (Bowling et al., 1993; Dexter et al., 1994; Browne et al., 1997; 

Markesbery, 1999).  

Numerous antioxidants have been already studied in several experimental 

paradigms of neuronal cell death in vitro and in vivo. Three broad categories of 
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antioxidants have been tested in studies of neuroprotection. The first category includes 

compounds that directly interfere with formed free radicals (vitamin A, vitamin C, 

vitamin E, ebselen and other selenium-containing compounds, aromatic phenols 

including estrogen, cannabinoids, manganese-containing mimetic of catalase/superoxide 

dismutase and aromatic amines/imines). The second category includes compounds that 

prevent the formation of free radicals (aminooxidase inhibitors, calcium channel 

blockers, dopamine receptor agonists, glutamate receptor antagonists, iron chelators and 

nitric oxide synthase inhibitors). Antioxidants in the third category limit the extent of 

damage to the cell by reducing the secondary burden of increase levels of free radicals 

(N-acetyl-cysteine, glutathione, 2-oxo-thiazolidine-4-carboxylate and other thiol-

delivering compounds, N-butyl-α-phenylnitrone and other spin traps, carnitine, creatine, 

lipoic acid, ubiquinone and idebenone) (Behl and Moosmann, 2002). Whereas other 

clinical and experimental therapeutic approaches target the basic pathologic hallmarks of 

neurodegeneration (e.g. neurotransmitter deficits, protein aggregates, inflammation), 

antioxidant approaches target what is believed to be a more central pathophysiologic 

mechanism in neurodegeneration. Nevertheless, positive results from clinical antioxidant 

trials in neurodegenerative disorders have been disputed (The Parkinson Study Group, 

1993; Shumaker et al., 2003; Petersen et al., 2005), and further research on antioxidant 

therapy is needed to determine the potential benefits of antioxidant approaches. 
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1.1.2 A paradigm shift in neuroprotection  

Despite intense in vitro and in vivo pre-clinical work, achievement of effective 

neuroprotection is still a major challenge. Possible explanations for this include profound 

deficits in the systematization of drug testing, including poor gathering of pre-clinical 

data, insufficient dose-finding studies, incomplete data on bioavailability to the central 

nervous system (CNS), and poor clinical design (Riederer et al., 2000; Ahlskog, 2007; 

Hung and Schwarzschild, 2007; Ginsberg, 2008). Nonetheless, one of the most 

significant components of the failure to achieve effective clinical neuroprotection 

includes the introduction of many agents to clinical trial without sufficient evidence-

based pre-clinical mechanistic foundation. The etiologic uncertainty in neurodegenerative 

disorders has resulted in vague interventions “somewhere along…the pathological 

continuum (Hall and Murdoch, 1990),” which is especially problematic if such 

pathological continuum is mediated by redundant molecular pathways (Biskup et al., 

2007; Besancon et al., 2008; Laing et al., 2008). Interfering with one of these pathways 

will not necessarily prevent the final cascade of events leading to neurodegeneration, 

much less when the target of the neuroprotective intervention is one of the final steps of 

that cascade. In fact, the canonical therapeutic principle of acting early in the natural 

history of the disease has been diluted and lost to a futile focus on detailed aspects of 

molecular signaling pathways and characteristic landmarks of neurodegeneration. This 

approach brings the inherent risk of neglecting a comprehensive view of neuronal 

pathophysiology.  
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Two factors are crucial to achieve clinically relevant neuroprotection. The first 

one is the identification of the main attributes of the ideal neuroprotective strategy. The 

second one is a change in the way to understand the pathophysiology of 

neurodegeneration. By definition, the ideal neuroprotective intervention should prevent 

the interaction between the etiologic factor of neurodegeneration and neurons, thus 

providing long-lasting benefits. As stated, the goal of this therapeutic dogma would be 

feasible only in a minority of neurodegenerative disorders in which a major cause is 

known (i.e. HIV-related dementia, Creutzfeld Jackob’s disease, progressive multifocal 

leukoencephalopathy and metal induced encephalopathy). Since an ultimate etiologic 

factor has not been identified for the most common neurodegenerative disorders, 

neuroprotective interventions should instead target the earliest intracellular events that 

lead to neuronal damage, by preventing them, inducing a biologically intrinsic 

mechanism of defense or antagonizing the earliest steps of the pathways triggering 

neurodegeneration. At the same time, the neuroprotective strategy should mediate a 

comprehensive promotion of neuronal autoconservation in three different but 

dynamically interrelated dimensions: a) structural, b) energetic, and c) plastic or adaptive. 

Such strategy will broaden the scope of neuroprotection to provide an intensive and 

balanced support to all neuronal functions regardless of the cause of neurodegeneration. 

Mitochondria have been widely acknowledged in recent years as a key component 

in the pathophysiology of neurodegeneration, yet their role has not been thoroughly 

considered in the design of neuroprotective approaches. Although neurodegenerative 

diseases are a heterogeneous group of disorders, mitochondrial dysfunction appears to be 
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a fundamental defect common to all of them (Wallace et al., 1997; Lin and Beal, 2006). 

A vast body of evidence supports that mitochondrial dysfunction is implicated in aspects 

of neuronal dysfunction linked to neurodegeneration including excitotoxicity 

(Henneberry, 1997), abnormal protein aggregation (Anandatheerthavarada and Devi, 

2007; Karuppagounder et al., 2008), neuroinflammation (Whitton, 2007), and oxidative 

stress (Beal, 1995). Previously, these areas of neurodegeneration appeared disconnected 

but have been unified in a sound theory that puts mitochondrial energetic and oxidative 

dysfunction in a central position in the pathogenesis of neurodegenerative disorders 

(Beal, 2007). Thus, a holistic therapy to effectively prevent neurodegeneration, should 

consider the incorporation of targeted manipulations of mitochondrial function as a next 

logical step. 

 

1.2 MITOCHONDRIAL DYSFUNCTION: THE ENERGETIC COMPONENT OF 
NEURODEGENERATION 

 
Mitochondria play a central role in neuronal physiology. These organelles 

integrate cell respiration, energy metabolism and ionic balance into a homeostatically 

coherent adaptation for energy maintenance and cell survival (Kann and Kovacs, 2007). 

Neurons have extremely high energy demands and rely mostly on mitochondrial-derived 

adenosine triphosphate (ATP) to meet these requirements (Astrup et al., 1981; Ames et 

al., 1992; Kann and Kovacs, 2007). Thus, neurons are very vulnerable to events that lead 

to energy depletion, including oxygen or glucose deprivation and dysfunction of the 

mitochondrial machinery that uses both of them to generate ATP. Evidence accumulated 
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in the last 20 years suggests that mitochondrial dysfunction, induced by both genetic and 

environmental factors, plays a key role in the pathogenesis of neurodegeneration. 

 

1.2.1 Mitochondrial dysfunction in neurodegenerative disorders 
 
1.2.1.1 Genetic etiology of mitochondrial dysfunction in neurodegeneration 
 

Several observations support a genetic cause of mitochondrial dysfunction and 

neurodegeneration. Since almost all oxygen in the cell is consumed by mitochondria 

during normal metabolism, it follows that the majority of superoxide anions is generated 

at the mitochondrial electron transport chain (ETC). This makes mitochondrial DNA 

(mtDNA) particularly vulnerable to extensive oxidative damage, leading to permanent 

genomic instability (Sohal and Brunk, 1992). In addition, mtDNA undergoes mutation at 

a rate five to ten times faster than nuclear DNA and mitochondria are not efficient in 

repairing mtDNA damage (Gabbita et al., 1997). Since a large part of mtDNA encodes 

for mitochondrial subunits of the respiratory chain complexes, the capacity for oxidative 

phosphorylation declines with age due to accumulation of defective mtDNA, nuclear 

DNA or both (Gabbita et al., 1997; Wallace, 2005). Some of the neurochemical defects 

characteristic of classical hereditary cases of neurodegenerative disorders have been 

linked to abnormalities in mitochondrial function. For example, mitochondria-derived 

oxidative damage affects the processing of the amyloid precursor protein, traditionally 

related to the pathogenesis of AD (Velliquette et al., 2005; Hauptmann et al., 2008). Also, 

mouse strains deficient in parkin, a protein of the ubiquitin-proteasome system deficient 

in hereditary forms of PD, exhibit mitochondrial dysfunction and increased oxidative 
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stress (Palacino et al., 2004). Overexpression of superoxide dismutase mutations causes 

impaired mitochondrial energy metabolism in the spinal cord and brains of mice with 

phenotypes resembling ALS (Mattiazzi et al., 2002). Striatal cells from mouse deficient 

in the huntingtin gene, implicated in HD, show impaired cell respiration and energy 

production (Milakovic and Johnson, 2005). Finally, the involvement of mitochondria in 

less common but hereditary neurodegenerative disorders (i.e. Leber’s hereditary optic 

neuropathy, Friedreich’s ataxia, hereditary spastic paraplegia, neurodegeneration with 

brain iron accumulation and optic atrophy type 1) supports that mitochondrial 

dysfunction is a universal and central phenomenon in neurodegeneration with an 

underlying genetic cause (Lin and Beal, 2006). 

 

1.2.1.2 Environmental etiology of mitochondrial dysfunction in neurodegeneration 
 

Two facts support the theory that neurodegeneration is a function of prolonged or 

repeated exposure to exogenous triggers: 1) the major risk factor for neurodegenerative 

conditions is aging, and 2) penetrance of most hereditary neurodegenerative disorders is 

incomplete. Epidemiological studies have shown that populations exposed to solvents 

(e.g. benzene, toluene, ketones, alcohols and phenols), metals (e.g. iron, cupper, 

manganese) and pesticides (e.g. carbamates, organophosphates, organochlorines, 

bipyridyles) have an increased risk of developing major neurodegenerative disorders 

(Caban-Holt et al., 2005; Pappert, 2005; Inamdar et al., 2007). Some of these 

environmental factors interfere with mitochondrial function and thus, have been regarded 

as potentially relevant environmental neurotoxins. For example, the solvent 
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trichloroethylene, associated with PD, induces selective mitochondrial complex I 

inhibition, impairment of cellular respiration, and dopaminergic cell loss in rats (Gash et 

al., 2008). Iron, another agent associated with neurodegeneration, disrupts cellular 

homeostasis and induces mitochondrial dysfunction, via opening of the mitochondrial 

permeability transition pore, which facilitates RNA oxidation and calcium-induced 

toxicity (Seo et al., 2008). The organochlorine compound dieldrin is known for its potent 

neurotoxic effects and association with PD. Dieldrin irreversibly impairs mitochondrial 

function by blocking electron flow and oxidative phosphorylation, and it induces 

oxidative stress, cytochrome c release, caspase activation and cell death (Kanthasamy et 

al., 2005). Rotenone, a well-established neurotoxin, is a natural compound extracted from 

roots of species of the bean family widely used as a pesticide. Rotenone is a selective 

mitochondrial complex I inhibitor known to induce loss of the mitochondrial membrane 

potential, formation of reactive oxygen species (ROS), total glutathione depletion, 

activation of caspase-3, down-regulation of Bcl-2, and apoptosis in vitro (Liu et al., 

2008). Rotenone is of particular interest because specific neuronal populations display 

differential vulnerability to its neurotoxic effects and it has been widely used to model 

different aspects of neurodegenerative disorders (Greenamyre et al., 2003; Panov et al., 

2005).  

 

1.2.1.3 Pathophysiology of mitochondrial dysfunction: interplay of oxidative stress and 
energy failure 

 
Mitochondrial dysfunction in neurodegeneration can be understood as the age-

related consequences of interactions between genetic and environmental factors that 
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impair the coordinated regulation of conservation-related events that take place in 

mitochondria. Energy failure is a major consequence of mitochondrial dysfunction. Low 

energy levels are associated with excitotoxic damage and determine cell death in 

response to further neuronal insults (Nicotera and Leist, 1997; Auer, 2004). However, 

energy depletion seems to be a late event in neurodegeneration (Lang-Rollin et al., 2003). 

An earlier major consequence of mitochondrial dysfunction is the increase in oxidative 

stress. Several conditions immediately maximize mitochondrial oxidative stress 

including: 1) transient hypoxia, 2) NAD+/NADH imbalance, 3) Ca2+ overload, and 4) 

electron transfer to oxygen occurring not through cytochrome oxidase but via alternate 

redox electron carriers with high potential energy for transfer (Dykens, 1997). The later 

condition imply a blockade of the ETC that could result from 4a) altered expression of 

the ETC constituents, 4b) oxidative protein modification of the ETC or 4c) functional 

inhibition of the ETC through an exogenous or endogenous compound. Oxidative stress 

has immediate local effects in mitochondrial function. For example, it leads to 

inactivation of mitochondrial matrix enzymes such as pyruvate, α-ketoglutarate 

dehydrogenases and aconitase (Tretter and Adam-Vizi, 2000), impairment of the adenine 

nucleotide translocase, necessary for influx of ADP and efflux of ATP (Vesce et al., 

2005), and loss of NADH from the matrix following activation of the mitochondrial inner 

membrane permeability transition pore. Uncontrolled increases in oxidative stress and 

neuronal energy failure seems to exacerbate mitochondrial dysfunction, excitotoxicity 

and dysfunction of housekeeping mechanisms involved in antioxidant defenses and 

protein processing, thus leading to cell death (Figure 1.1). 
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Figure 1.1 The neurodegeneration spiral. Neurodegenerative effects most probably 
have a heterogenous set of genetic and environmental causes that vary 
between individual cases. Genetic and environmental causes can induce 
neurodegeneration by activating any of the three major neurodegenerative 
events: 1) mitochondrial dysfunction, 2) excitotoxicity, and 3) dysfunction 
of housekeeping mechanisms (i.e. proteasome, antioxidant). Current 
evidence indicates that etiologic factors have a significant impact on 
mitochondrial function. Two mediators of neurodegeneration which 
constitute immediate consequences of mitochondrial failure, -oxidative 
stress and energy depletion- are responsible for promoting excitotoxic 
damage and dysfunction of housekeeping systems. A reciprocal 
pathophysiological interaction between mitochondrial dysfunction, 
excitotoxicity and housekeeping dysfunction is proposed, in which 
activation of any of these events not only triggers a vicious cycle that 
promotes its self propagation, but leads to the onset and exacerbation of the 
others. The amplified spiral of these neurodegenerative effects, in turn, leads 
to the activation of cell death pathways, when it is severe enough or when it 
is unopposed by the appropriate homeostatic responses.  
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1.3 NEUROPROTECTIVE STRATEGIES THAT TARGET MITOCHONDRIAL FUNCTION 

Although a combination of approaches is more likely to result in successful 

neuroprotection, the data support that strategies that target the oxidative stress and energy 

depletion occurring in mitochondria could constitute highly effective neuroprotective 

interventions. Free radicals are first-occurring agents of neuronal damage, and their 

biochemistry generally involves chain reactions amenable to interruption in their 

initiation or propagation phase (Roberfroid and Buc-Calderon, 1995). Similarly, the 

process of energy production occurring in mitochondria is tightly coupled with neuronal 

energy demands and the manipulation of energy metabolism could be used to trigger 

intrinsic mechanisms of neuronal survival. It is expected that targeting free radical 

production and energy depletion would produce watershed effects that stop the 

pathogenic process of neurodegeneration in its very early stages. A number of agents 

with known effects on mitochondrial function have been shown to prevent 

neurodegeneration in a variety of models. These compounds include acetyl-L-carnitine, 

creatine, α-lipoic acid, nicotinamide and coenzyme Q10 (CoQ10). Their mechanism of 

action relates to mitochondrial function but it does not necessarily affect the activity of 

the electron transport chain (ETC). A notable exception is the case of analogs of 

coenzyme Q, which is itself a component of the ETC. Difficulties in the clinical use of 

these agents have derived mainly from their poor bioavailability but newer approaches 

are being developed and some of them are being currently tested in clinical trials.  
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1.3.1 Acetyl-L-carnitine 

 Acetyl-L-carnitine (ALC) is an ester of the trimethylated amino acid L-carnitine, 

which is synthesized in the human brain mitochondria. ALC is used in intermediate 

metabolism reactions in mitochondria and, when administered at supraphysiological 

concentrations, ALC is neuroprotective (Traina et al., 2009). ALC is a precursor of 

acetyl-CoA in the tricarboxylic cycle and facilitates the uptake of acetyl CoA into the 

mitochondria during fatty acid oxidation. ALC supplementation has been associated with 

enhanced acetylcholine production, and stimulates protein and membrane phospholipid 

synthesis (Pettegrew et al., 2000). ALC supplementation to old rats markedly reverses the 

age-associated decline in many indices of mitochondrial function and general metabolic 

activity, but does not decrease oxidative stress (Ames and Liu, 2004). In the normal rat 

brain, ALC induces up-regulation of prostaglandin D2 synthase, brain-specific Na+-

dependent inorganic phosphate transporter, and cytochrome b oxidase (Traina et al., 

2009). In an in vivo model of 3,4-methylenedioxymethamphetamine (MDMA)-induced 

neurotoxicity, ALC decreased mtDNA deletion, improved the expression of respiratory 

chain components, and prevented the decrease in serotonin levels in several regions of the 

rat brain, including the frontal cortex, striatum and hippocampus (Alves et al., 2009). 

ALC also attenuates oxidative stress, ATP depletion and cell death induced by Aβ 

neurotoxicity (Dhitavat et al., 2002). In combination with N-acetylcysteine and 

adenosylmethionine, ALC enhanced and maintain cognitive function, and attenuated or 

prevented aggression, in normal mice and mice expressing human Apoε4 (Chan and 

Shea, 2007). In patients with Alzheimer’s disease, ALC improved the response to 
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acetylcholinesterase inhibitors, a clinical finding of interest given the neuroprotective 

effects of ALC that requires the activity of choline uptake system and the activation of 

M2 muscarinic receptors in in vitro models of ischemia (Bianchetti et al., 2003; Picconi 

et al., 2006). A meta-analysis of 21 double-blind, placebo-controlled prospective, clinical 

trials of 3- to 12-month duration on the efficacy of ALC in mild cognitive impairment 

and early AD concluded that ALC had a mild but significant beneficial effect on clinical 

scales of the severity of the disease and psychometric tests of attention/performance, 

memory and higher intellectual functions, learning and drawing compared to placebo 

(Montgomery et al., 2003). 

 

1.3.2 Creatine  

Creatine (Cr) is a natural ergogenic compound widely used by athletes as a food 

supplement to enhance muscular performance, as it is a cellular energy-buffering agent. 

Cr supplementation increases phosphocreatine (PCr) and prevents ATP depletion (Bender 

et al., 2008), which has been the main rationale to use creatine as an experimental 

neuroprotective agent. Creatine has anti-apoptotic, anti-excitotoxic (Xu et al., 1996), and 

anti-oxidative properties (Lawler et al., 2002), both in vitro and in vivo. Cr has 

neuroprotective effects in rodent models of degenerative diseases, in particular 

Parkinson’s disease (PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis 

(ALS) (Matthews et al., 1999; Andreassen et al., 2001b; Andreassen et al., 2001a). 

However, a major factor limiting its clinical application as a neuroprotective agent is the 

poor brain bioavailability of systemically administered creatine. Since creatine is a very 
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polar molecule, it crosses the blood–brain barrier with difficulty via a transporter. Its 

brain accumulation after systemic administration is very slow and limited, even after 

administration of high parenteral doses (Lensman et al., 2006). The effects of creatine on 

the course of early PD are being currently tested in a phase III clinical trial (NINDS 

NET-PD Investigators, 2006).  

 

1.3.3 α-lipoic acid 

α-lipoic acid is a water insoluble cofactor of a multienzyme complex that boosts 

intermediate metabolism by catalyzing the oxidative decarboxylation of α-keto acids. α-

lipoic acid recycles other intracellular antioxidants like vitamin C and E, gluthatione and 

coenzyme Q and displays radical scavenging activity. It is readily absorbed in the diet 

and has shown neuroprotective effects in several in vivo and in vitro models of neuronal 

damage (Phillis, 2002). α-lipoic acid improves the age-associated decline of memory, 

improves mitochondrial structure and function, inhibits the age-associated increase of 

oxidative damage, elevates the levels of antioxidants, and restores the activity of key 

intermediate metabolism enzymes (Packer et al., 1995). Nevertheless, the antioxidant 

activity of α-lipoic acid is limited to hydroxyl radicals, with minimal effects on 

superoxide or hydrogen peroxide (Packer et al., 1995). α-lipoic acid has a total 

bioavailability of only 30% due to intense hepatic metabolism, which suggests that its 

main metabolites may play a major role in its pharmacological effects (Teichert et al., 

2003). In addition, α-lipoic acid’s mitochondrial and neuroprotective effects are 

improved with co-administration with mitochondrial nutrients, such as ALC and 
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coenzyme Q10 (Liu, 2008). It has been suggested that α-lipoic acid prevents the cognitive 

decline in patients with AD, but its clinical neuroprotective effects have not been tested 

in double-blinded, placebo-controlled, randomized clinical trials (Hager et al., 2007). 

 

1.3.4 Nicotinamide  

Nicotinamide is a precursor of nicotinamide adenine dinucleotide (NADH), an 

essential cofactor of several mitochondrial enzymes involved in energy production, 

including complex I (NADH-ubiquinone oxidoreductase) and α-ketoglutarate 

dehydrogenase. Nicotinamide has been shown to prevent the neurodegenerative effects of 

sustained energy-failure, by providing a pool of substrates for efficient energy 

metabolism (Beal, 2002). Nicotinamide also inhibits poly (ADP-ribose) polymerase, a 

DNA damage-activated enzyme that depletes cellular stores of ATP and NADH 

(Klawitter et al., 2007). Nicotinamide has shown neuroprotective effects against γ1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity, and significantly 

reduces neuronal death and cerebral edema following traumatic brain injury (Hoane et al., 

2006b; Hoane et al., 2006a; Hoane et al., 2006c). Nicotinamide also reduces the infarct 

volume following focal cerebral ischemia in rats by reducing ROS production and 

calcium influx in neurons (Shen et al., 2004). Given together with Cr, nicotinamide 

produced significantly better neuroprotection than Cr alone against malonate-induced 

lesions in vivo (Malcon et al., 2000). The specific effects of nicotinamide in humans 

remain untested due to bioavailability constrains. Vitamin supplementation, including 

niacin (vitamin 3), a precursor of nicotinamide has not been shown to prevent the 
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cognitive decline observed in patients with AD. In addition, a stable form of NADH 

improved cognitive functions in patients with AD, and improved L-dopa metabolism in 

patients with PD (Birkmayer, 1996; Kuhn et al., 1996; Demarin et al., 2004). Nonetheless 

other studies have not been able to replicate these beneficial results (Rainer et al., 2000).  

 

1.3.5 Coenzyme Q10 

Coenzyme Q is a lipid soluble compound composed of a redox active quinoid 

moiety and a hydrophobic tail. Its predominant form is coenzyme Q10 (CoQ10) or 

ubiquinone, which contains 10 isoprenoid units in the tail. CoQ10 is an essential cofactor 

in the electron transport chain, where it accepts electrons from complex I and complex II 

(Beal, 2002). It is soluble and mobile in the hydrophobic core of the phospholipid bilayer 

of the inner mitochondrial membrane, where it transfers electrons to complex III and 

serves as a local antioxidant. The potential of CoQ10 as a neuroprotective agent is 

considerable and is the only mitochondrial strategy acting directly on the ETC that has 

been tested clinically. CoQ10 significantly attenuates lesions produced by the intrastriatal 

administration of malonate in rats, as well as malonate-induced depletions in ATP (Beal 

et al., 1994). CoQ10, used as a food supplement, resulted in a marked increase in plasma 

concentrations of CoQ10, accompanied by a significant protection against loss of 

dopamine (DA). CoQ10 increased the expression of mitochondrial uncoupling proteins, 

decreased free radical generation in the substantia nigra of primates, and produced 

marked neuroprotection against MPTP-mediated neurotoxicity (Chaturvedi and Beal, 

2008). However it is known that CoQ10 lacks solubility in aqueous media and shows poor 
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brain bioavailability (Sikorska et al., 2003; Artuch et al., 2004; Pineda et al., 2008). 

Although there is some evidence showing that CoQ10 might slow functional decline in 

PD (Shults et al., 2002), a recent multicenter randomized double-blind placebo-controlled 

trial failed to show any improvement of motor functions. CoQ10 did not have beneficial 

effects on the delay in the start of levodopa treatment, and it did not produce significant 

effects on activities of daily living (ADL) scores (Storch et al., 2007). 

 

1.4 NOVEL MITOCHONDRIAL NEUROPROTECTIVE STRATEGIES 

Three alternate candidate neuroprotective strategies that target the early events of 

mitochondrial dysfunction (i.e. oxidative stress and energy failure) are the focus of this 

dissertation: 1) the redox dye methylene blue (MB), 2) photobiomodulation with near-

infrared light (NIL), and 3) the uncompetitive NMDA receptor antagonist memantine. 

 

1.4.1 Methylene blue 
 

Methylene blue (MB) [3,7-bis(dimethylamino)-phenazathionium chloride] is a 

synthetic cationic tri-heterocyclic redox compound with unique biochemical properties 

that make it an ideal candidate neuroprotective agent against mitochondrial dysfunction. 

Its two imine groups confer it superior antioxidant capacity compared to phenolic 

compounds, β-carotenone and bilirrubin (Moosmann et al., 2001). MB is an FDA grand-

fathered drug used as the treatment of choice against methemoglobinemia, a form of 

blood poisoning characterized by a predominance of oxidized forms of hemoglobin 

(Clifton and Leikin, 2003). Furthermore, MB’s central aromatic thiazine ring system 
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confers it a mid-range reduction potential and autoxidizable capabilities in aerobic 

conditions. Thus, besides acting as an electron scavenger, MB can support mitochondrial 

function by shuttling electrons from cytochrome c, to oxygen or alternate electron 

acceptors (Lindahl and Oberg, 1961; Scott and Hunter, 1966; Visarius et al., 1997). MB 

has a remarkable permeability through biomembranes compared to other antioxidants 

such as vitamin C, tocopherol and polyphenols (Moosmann et al., 2001). In vitro, MB 

displays powerful antioxidant and metabolic enhancing properties in neural tissue (Zhang 

et al., 2006a). It also stimulates processes coupled to mitochondrial energy production 

such as oxygen consumption (Riha et al., 2005), ATP synthesis (Lee and Urban, 2002), 

Na+/K+ ATPase activity (Furian et al., 2007) and intermediate metabolism (Visarius et 

al., 1997), and increases whole-brain cytochrome oxidase activity after systemic 

administration (Callaway et al., 2004). 

 

1.4.2 Photobiomodulation with near-infrared light 
 

Photobiomodulation with near-infrared light (NIL) is another potential way to 

prevent neurodegeneration associated with mitochondrial dysfunction. 

Photobiomodulation is based on the principle that certain molecules in living systems 

absorb photons and trigger signaling pathways in response to light (Sutherland, 2002). 

Since absorption and scattering of light in biological tissue are maximal at wavelengths 

below 600 nm, and water significantly absorbs light at wavelengths greater than 1150 

nm, there is an “optical window” in tissue covering the red and near-infrared wavelengths 

(600-950 nm), where the effective tissue penetration of light is maximal (Hamblin and 
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Demidova, 2006). Molecules that absorb NIL in cells were discovered 20 years ago to be 

components of the respiratory chain (Karu, 1989). In particular, the absorption spectra of 

cytochrome oxidase in different oxidation states have been found to parallel the action 

spectra (photoresponse as a function of wavelength) of biological responses to NIL 

(Karu, 2000). Thus, cytochrome oxidase has been regarded as the primary photoacceptor 

in cells, including those in nervous tissue. NIL enhances cytochrome oxidase activity 

(Wong-Riley et al., 2005), and induces a wide range of neural effects ranging from 

enhancement of ATP production (Ying et al., 2008), neurotransmission (Wong-Riley et 

al., 2001) and gene expression (Eells et al., 2004) to prevention of cell death in vivo and 

in vitro (Byrnes et al., 2005a; Liang et al., 2008). Most importantly, photobiomodulation 

prevents neurodegeneration induced by mitochondrial toxins in vitro (Eells et al., 2003; 

Liang et al., 2006; Ying, 2006; Liang et al., 2008), which supports its potential use as an 

effective non-invasive treatment against neurodegeneration associated with mitochondrial 

dysfunction.  

 
1.4.3 Memantine 
 

Memantine (1-amino-3,5-dimethyl-adamantane) is an anti-excitotoxicity agents 

that can potentially interrupt the vicious cycle involving oxidative stress, calcium 

overload and metabolic failure. Memantine is a low-affinity, open-channel, NMDAR 

uncompetitive antagonist that blocks only pathologically active NMDAR channels, 

sparing their physiological activation and diminishing calcium-induced excitotoxicity 

(Lipton, 2006). It is hypothesized that NMDAR hyperactivation might be a consequence 

of energy depletion secondary to mitochondrial dysfunction and that memantine could 
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prevent neurodegeneration in this context. Memantine is already an FDA-approved drug 

used to retard the cognitive decline in patients with moderate-to-severe AD (Cummings, 

2004), and experimental data indicates that it is possible that its effects are not only 

symptomatic but related to neuroprotection stricto sensu (Tozzi et al., 2007).  

 

1.5 SCOPE 
 

The long-term goal of this project is to contribute to the development of effective 

interventions to prevent the onset (or slow down their progression) of neurodegenerative 

disorders. The specific goal is to determine the efficacy of interventions that target 

mitochondrial function in preventing neurodegeneration induced by rotenone in vivo. The 

effectiveness of three innovative approaches focusing on mitochondrial function are 

tested using a novel in vivo rodent model of optic neuropathy induced by rotenone, a 

specific mitochondrial complex I inhibitor (Zhang et al., 2002, 2006b; 2006a; Hayworth 

et al., 2008). The overarching hypothesis is that the proposed interventions, by supporting 

or improving mitochondrial function, are efficacious at preventing retinal degeneration 

induced by rotenone. Chapter 2 presents the results of a series of in vivo experiments 

providing evidence of structural, behavioral and metabolic neuroprotective effects of MB. 

Chapter 3 describes the in vivo neuroprotective effects of photobiomodulation using the 

same model of rotenone-induced optic neuropathy. Chapter 4 presents a series of 

experiements testing the effects of memantine against rotenone-induced retinal 

neurodegeneration. These experiments also shed light on the link between 

neurodegeneration, energy failure, mitochondrial dysfunction, excitotoxicity and 
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oxidative stress. Finally, chapter 5 offers a summary of the results, a brief discussion of 

their implications and their potential as compared to other attempted mitochondrial 

interventions. Together, this work is expected to contribute to the consolidation of a 

sound theoretical basis for developing effective ways to prevent and treat 

neurodegenerative diseases. 
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Chapter 2: Methylene blue provides behavioral and metabolic 
neuroprotection against optic neuropathy 

 
 
2.1 BACKGROUND 
 

There is a growing consensus that the oxidative stress and energy failure induced 

by mitochondrial dysfunction play a key role in the pathogenesis of neurodegenerative 

illnesses (Lin and Beal, 2006). Strategies that are aimed at preventing these early 

mitochondrial events may efficaciously treat neurodegeneration. Methylene blue (MB) is 

a potent redox diaminophenothiazine with unique properties that make it suitable for 

improving mitochondrial function and for use as an intervention against 

neurodegeneration. In biological systems MB is readily reduced by electron donors and 

in its reduced form, leukomethylene blue, it is highly susceptible to autoxidation. Its 

reduction-oxidation capacity benefits electron cycling, without MB gaining any 

permanent stoichiometric or net reduction (Clark and Switzer, 1977). MB is an FDA-

grandfathered drug  prescribed to humans as an antidote for the treatment of poison-

induced methemoglobinemia due to its powerful antioxidant properties (Wright et al., 

1999).  

Paul Ehrlich first injected MB into live rats in 1886, and used the name “magic 

bullet” to describe MB’s selective uptake by respiring nerve cells (Peter et al., 2000; 

Wainwright and Crossley, 2002). MB readily crosses the blood-brain barrier and has 

great affinity for mitochondria, a property that has allowed the use of MB as a redox 

indicator and supravital stain of nervous tissue for over 120 years (Peter et al., 2000; 

Wainwright and Crossley, 2002). In contrast to membrane-embedded electron carriers 
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such as ubiquinone or cytochrome c, MB is easily reduced by mitochondrial complex I 

(Lehninger, 1964). In fact, MB has displayed powerful antioxidant effects in brain tissue 

treated with rotenone, a potent mitochondrial complex I inhibitor (Zhang et al., 2006a). 

Similar to oxygen, MB has a reduction potential much higher than that of superoxide 

radical and typical electron donors, such as NADH and FADH2 (Kussmaul and Hirst, 

2006; Buchholz et al., 2008). Such evidence supports that MB is able to either compete 

with oxygen (Atamna et al., 2008) or act as a radical-scavenging antioxidant, decreasing 

the oxidative stress contributed by dysfunctional respiratory chain components (Zhang et 

al., 2006a). Nonetheless, MB is not only a potent antioxidant, but due to its auto-

oxidizable activity and a reduction potential lower than cytochrome c and oxygen, it can 

bypass blocked points of electron flow in the respiratory chain by shuttling electrons 

directly to these molecules  thus enhancing metabolic rate and cell respiration (Scott and 

Hunter, 1966; Visarius et al., 1997; Zhang et al., 2006a; Atamna et al., 2008), which has 

been recently demonstrated as a mitochondrial mechanism of cytoprotection relevant to 

cell senescence (Atamna et al., 2008). 

It has been previously demonstrated that in the mouse retina, MB has short-term 

neuroprotective effects against morphological damage induced by rotenone (Zhang et al., 

2006a). However, it is uncertain whether MB’s neuroprotective effects on retinal 

morphology have functional implications. Thus, this is the first study aimed at assessing 

the long-term neuroprotective effects of MB against rotenone-induced neurodegeneration 

in the rat at a functional level, correlating these effects with structural and metabolic 

changes. It was hypothesized that MB would prevent rotenone-induced retinal 
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degeneration as well as the accompanying deficits in a visually-guided task and retinal 

metabolic activity. 

 
2.2 MATERIALS AND METHODS 
 
2.2.1 Subjects and chemicals 
 

Male Long-Evans rats (N=28, 40 days old) were obtained from Harlan (Houston, 

TX). Animals were handled the first five days after arrival to allow for acclimatization. 

They were maintained in clear plastic cages with food and water ad libitum and subjected 

to standard light cycles (12 hr light/12 hr dark). MB (1% solution USP grade pure, 

preservative free) was purchased from Faulding Pharmaceuticals (Aguadilla, PR). Unless 

otherwise specified, all other chemicals were purchased from Sigma-Aldrich (St. Louis, 

MO). All experimental procedures were approved by the Institutional Animal Care and 

Use Committee of the University of Texas at Austin. 

 

2.2.2 Visual function testing 
 

The general experimental timeline is in Table 2.1. Visual function was assessed 

using a descending method of limits in a two-choice visual task apparatus designed to 

determine changes in the dark-adapted illuminance sensitivity threshold (Hayes and 

Balkema, 1993; Prusky et al., 2000). Testing in this apparatus occurred in three phases: 1) 

task acquisition or training, 2) pre-injection (i.e. baseline before eyes are injected) 

threshold determination, and 3) post-injection (after eyes were injected) threshold 

determination.  
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Table 2.1 General experimental timeline 
Phase Period 

1. Task acquisition Day 1 to 9 
2. Pre-injection threshold determination Day 10 to 18 
3. Intravitreal injections Day 19 
4. Post-injection threshold determination Day 27 to 35 
5. Tissue extraction Day 36 
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Each phase was divided into working sessions that took place 24 hr after the previous one 

and consisted of 5 trials in which subjects performed a task. The task consisted in finding 

an escape platform (12.7 x 12.7 cm) submerged 1-2 cm in a circular tank (radius = 50 

cm) containing water at 17-22°C in the shortest possible period of time (Figure 2.1). 

Before each session, subjects underwent dark adaptation during 20 min. All sessions were 

performed in a dark room without intra-maze visual cues except for the escape platform, 

which received illumination at 78.5 lm/m2, from a white light source located 1.3 m above 

it. Dispersion of light to the rest of the tank was avoided by connecting the light source to 

a 1 m long opaque tube with a diameter of 6 cm. The same place near the tank wall was 

designated as a starting point whereas the location of the escape platform varied 

randomly between trials between two defined positions equidistant to the starting point 

and located at the other end of the tank. With this randomization of the platform position 

that took place starting from the acquisition phase, animals were forced to learn not 

previous positions of the escape platform but to rely on visual information to find it, thus 

minimizing errors of habituation and expectation. The two possible platform positions 

were separated by a dark barrier dividing the tank into a left and right compartment. A 

decision line to determine the entry into a compartment was drawn perpendicular to the 

proximal edge of the barrier. 

The water in the tank was stirred and solid surfaces were cleaned with an iodide 

solution between trials to eliminate olfactory cues. The acquisition phase consisted of 

seven sessions and the platform received the maximal illuminance possible in each trial. 

The trial was stopped if the subject did not find the platform after 60 sec. In this case, the 
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Figure 2.1 Two-choice visual discrimination apparatus. In each trial, subjects swam 
from the starting point to the escape platform located in one of the two 
compartments separated by a dark barrier. The position of the platform was 
randomized between trials. Entrance to any compartment was considered 
when the whole body of the subject crossed the imaginary decision line. In 
the threshold determination phases the illuminance on the platform was 
gradually decreased, while latencies and rate of successful trials were 
determined. 
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subject was taken to the platform with the aid of a plastic stick. The subject remained on 

the platform for 10 sec and was picked up and dried by a researcher. A 30-60 sec interval 

was allowed between trials. For pre- and post-injection threshold determinations, the 

platform illuminance was systematically reduced 0.5 log units between daily sessions, 

starting with the maximal illuminance of 78.5 lm/m2 and ending at 2.1x10-3 lm/m2. 

Consequently, the illuminance threshold was determined by progressively decreasing the 

illuminance level until a behavioral modification was observed.  

The measured behavioral variables consisted of escape latencies and percentages 

of correct choices, as in our previous water maze and visual discrimination studies in rats 

(Villarreal et al., 2002; Hu et al., 2006). A correct choice was made when the first chosen 

compartment to swim into was the same as the one in which the escape platform was 

located in that trial and the platform was reached. The illumination level immediately 

higher to the one producing a significant increase in escape latency was considered as the 

dark-adapted illuminance threshold. All sessions were video-recorded and swimming 

patterns were analyzed. A number of control trials were done in pilot experiments after 

acquisition to evaluate the modality specificity of the apparatus. To rule out the 

possibility of animals using the olfactory cues from the platform to escape, the platform 

was not entirely submerged in a number of trials, but this did not decrease the escape 

latency at the illuminance level beyond the average illuminance sensitivity threshold. 

Also, some sessions were run without wiping surfaces or stirring the water in the tank, 

which did not affect the escape latencies either. Finally, in some trials, the light source 

mismatched the platform position. In those cases subjects followed the light beam, 
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regardless of the platform position. After the pre-injection threshold determinations, 

subjects underwent surgery and the post-injection threshold determination started 5 days 

later.  

 

2.2.3 Surgeries 
 

Surgical procedures were like in our previous reports except that rats were used 

instead of mice (Zhang et al., 2002, 2006b; Zhang et al., 2006a; Rojas et al., 2008a). 

Briefly, subjects were anesthetized with 2% isoflurane (Baxter, Deerfield, IL) using an E-

Z anesthesia vaporizer system (Euthanex, Corp, Palmer, PA). Under a stereomicroscope, 

a small sclerotomy was performed in the superior temporal quadrant of the eye to give 

access to the vitreous body. A 30-G dental microinjection needle (Monoject®, Sherwood 

Medical Company, Norfolk, NE) was inserted immediately underneath the corneoscleral 

junction. The needle was connected by polyethylene tubing (internal diameter=0.38 mm) 

to a 10 μl Hamilton microsyringe. The injections were delivered over 6 min using a 

microinjection pump (CMA microdialysis AB, North Chelmsford, MA) (3 μL, final 

volume) and the injection needle was left in place for an additional 20-sec period to allow 

for diffusion away from the needle tip and to avoid any efflux of fluid through the 

injection site. The edges of the injection point were gripped with forceps while the 

microsyringe was slowly withdrawn.  
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2.2.4 Drug treatments 
 

The specific doses of rotenone and MB chosen were based on our previous 

studies indicating morphological retinal toxicity and neuroprotection, respectively (Zhang 

et al., 2002, 2006a, 2006b; Rojas et al., 2008). The vitreous bodies of both eyes of each 

subject were injected with either: 1) Control group: the vehicle dimethylsulfoxide 

(DMSO) only as control (n = 5), 2) Rotenone group: 200 μg/kg rotenone in DMSO (n = 

5), 3) Rotenone plus MB group: 200 μg/kg rotenone in the vehicle DMSO, plus 70 μg/kg 

MB (n = 5), or 4) MB alone group: 70 μg/kg MB alone (n = 6). After 14 days of 

behavioral testing, animals were decapitated, and the eyeballs and brains were rapidly 

removed and frozen in isopentane (-40°C). The eyeballs were transferred to cubic 

aluminum foil containers (2 mm3) filled with Shandon M1® embedding matrix (Thermo 

Electron Corporation, Pitsburgh, PA) and stored at -40°C. Forty μm-thick sagittal eyeball 

and brain coronal sections were obtained in a 2800 Frigocut E Reichert-Jung cryostat 

(Leica Microsystems, Bannockburn, IL) at -18°C and were mounted on glass slides to 

create three adjacent series for histological analysis. Sections were stored at -40°C until 

further use. 

 

2.2.5 NADH dehydrogenase histochemistry 
 

Retinal sections were stained for NADH dehydrogenase activity following a well-

established histochemical procedure based on the reduction of tetrazolium salts to 

formazan (Jung et al., 2002; Zhang et al., 2002) . This staining technique allows the clear 

visualization of the retinal nerve fiber layer (RNFL) and was used to estimate retinal 
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layer thickness. Fresh-frozen sections were pre-fixed in a solution containing 0.5% 

glutaraldehyde and 10% sucrose in phosphate buffer (PB) for 7 min at room temperature, 

followed by 10% sucrose in PB baths (3 times, 5 min each). The sections were then 

incubated at 37oC for 15-20 min with gentle agitation in PB containing NADH (1 

mg/ml), nitroblue tetrazolium (1.33 mg/ml), and 1 M sodium azide. After this, sections 

were rinsed in PB, fixed in 10% paraformaldehyde for 30 min at room temperature, 

dehydrated in alcohol series, cleared in xylene and coverslipped with Permount®.  

 

2.2.6 Nissl staining 
 

Nissl staining was used to obtain stereological estimates of ganglion cell layer 

(GCL) cell density. Frozen retinal sections were delipidized in a series of 95% ethanol, 

70% ethanol, distilled water, and 0.1 M sodium acetate buffer at pH 4 (2 min each). 

Sections were stained in 0.1% cresyl violet in sodium acetate buffer at 45°C for 7 min, 

differentiated in 70% and 95% ethanol and dehydrated in 95% and 100% ethanol. Slides 

were cleared in xylene and coverslipped with Permount®.  

 

2.2.7 Cytochrome oxidase histochemistry 
 

Fresh-frozen retinal and brain sections and brain homogenate standards (10, 20, 

40, 60 and 80 μm thick) were stained for cytochrome oxidase histochemistry as 

previously described (Gonzalez-Lima and Cada, 1994; Gonzalez-Lima and Jones, 1994). 

Briefly, frozen sections were fixed in 0.5% glutaraldehyde/10% sucrose in PB, pH 7.6 at 

4°C for 5 min, followed by three baths of 10% sucrose in PB (5 min each). The sections 
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were then incubated for 10 min in a solution containing 50 mM Tris, 1.1 mM cobalt 

chloride, 10% sucrose and 0.5% DMSO. After a 5 min rinse in PB at room temperature, 

the sections were stained for 60 min at 37°C in a PB solution containing 1.3 mM 3,3’-

diaminobenzidine tetrahydrochloride, 75 μg/ml cytochrome c, 20 μg/ml catalase, 5% 

sucrose and 0.25% DMSO. Sections were fixed in 4% formalin in PB at room 

temperature for 30 min, dehydrated in ethanol series, cleared in xylene (3 times, 5 min 

each) and coverslipped with Permount®. 

 

2.2.8 Retinal histopathology 
 
2.2.8.1 Layer thickness 
 
  An estimate of ganglion cell layer + retinal nerve fiber layer (GCL+RNFL) 

thickness was obtained by systematic analysis of NADH dehydrogenase activity stained 

sections (Gundersen et al., 1978). The eyeball sections selected for thickness estimates 

were those with the largest diameter by 2X microscopic inspection, preferentially those in 

which the largest diameter of the lens, the pupil and the optic nerve were identified. In 

order to maximize the efficiency of the estimate while avoiding the effect of retinal 

thickness by position in the medial-lateral axis of the eye, data were obtained from 

systematic samples 100 to 200 μm adjacent to the optic pole within each eyeball section. 

Retinal images at 20X were analyzed using a microscopic image-processing system 

including an Olympus BX40 microscope (Olympus America; Lake Success, NY), a CCD 

camera (Javelin Electronics; Torrance, CA), a Targa-M8 digitizer and JAVA imaging 

software (Jandel Scientific; Corte Madera, CA). An isotropic uniform random system of 
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test lines was superimposed on captured images and distances between the intercepts of 

each line with GCL and RNFL were calculated. An unbiased estimate of GCL + RNFL 

thickness was obtained as Tret = ΣLength of intercept/No. of intercepts.  

GCL + RNFL thickness per quadrant was analyzed in coronal eyeball sections 

following the method described by Buttery et al (1991). This was done as an additional 

control for thickness differences due to section orientation. This control showed that in 

normal pigmented rats, there are no significant thickness differences in the superior-

inferior or medio-lateral axes. Layer thickness, however, decreased as a function of 

distance from the optic disc, which agrees with previous reports concerning the rat retina 

(Buttery et al., 1991). GCL + RNFL thickness in the peripapillary region was 

significantly higher than in the peripheral retina (Figure 2.2). For group comparison 

purposes, the sampling strategy systematically targeted the midsagittal retina in the optic 

pole. For this reason, the decreases in retinal thickness observed near the periphery did 

not affect the accuracy of the thickness estimate. 

 

2.2.8.2 Retinal GCL cell density 
 

Cell density (cells/volume) in the GCL was estimated from Nissl stained sections 

of control (n = 10 eyeballs), rotenone (n = 5 eyeballs) and rotenone/MB (n = 5 eyeballs)-

treated subjects using the optical disector stereological method (Harding et al., 1994). 

The imaging setting consisted of a Labophot-2 binocular bright field microscope (Nikon 

Corporation, Tokyo, Japan), connected to a DVC-1312C-FW scan camera and DVCView 

3.3 imaging software (DVC Company, Austin, TX), a Microcode II digital readout  
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Figure 2.2 Topographic analysis of ganglion cell layer and retinal nerve fiber layer 
(GCL + RNFL) thickness in the pigmented rat. Complex I stained 
coronal sections allowed estimation of retinal layer thickness while 
controlling for section orientation. This method allowed assessing for 
differences in layer thickness in the medio-lateral (A) and rostro-caudal (B) 
axes. Layer thickness in the nasal retinal was comparable to that of the 
temporal retina and no differences were observed between the superior and 
inferior quadrants. GCL + RNFL in the peripheral retina is significantly 
thinner than in the central retina. 
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(Boeckeler Instruments, Inc., Tucson, AZ) and a PC computer. Data were obtained from 

the retinal optic pole, following a sampling system similar to that used for thickness 

measurements. Cells were identified at 50X through the thickness of a section and were 

counted when they first came into focus (except those on top of the sections) within an 

unbiased counting frame. One sample was obtained from each of three sections per 

retina. GCL cell density was estimated as Nvcells = ΣQ-/Σv(frame), where ΣQ- is the sum 

of cell counts per sample, and Σv(frame) is the area of the unbiased counting frame 

(0.0061 mm2, adjusted for 140X magnification) multiplied by the length of the analyzed 

region (d). This length was calculated as d = (No. of analyzed sections– 1) x No. of 

section series (3) x section thickness (40 μm). 

 

2.2.9 Metabolic imaging of visual pathway 

 Cytochrome oxidase activity was used as a marker of neuronal activity and was 

quantified by optical densitometry as detailed by Gonzalez-Lima and Cada (1998). 

Optical density values for each brain region of interest were converted to units of 

cytochrome oxidase activity using calibration curves calculated under the assumption that 

tissue thickness is directly correlated with an increase in histochemically-revealed 

cytochrome oxidase activity. Calibration curves predict cytochrome oxidase activity from 

optical density measurements of the experimental tissue within each cytochrome oxidase 

activity staining batch. Stained sections were placed on a DC-powered light box, 

digitized and analyzed using a CCD camera (Javelin Electronics; Torrance, CA), a Targa-

M8 digitizer and JAVA imaging software (Jandel Scientific; Corte Madera, CA). 
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Digitized images were corrected for slide and light box artifacts by means of background 

substraction. For each area of interest, optical density was averaged bilaterally across 

three retinal or brain sections per subject. Brain regions of interest included: 1) superficial 

gray matter of the superior colliculus (SupG), 2) intermediate gray matter of the superior 

colliculus (IntG), 3) primary visual cortex (V1), 4) lateral peristriate cortex (V2), 5) 

dorsal lateral geniculate nucleus (LGNd), 6) lateral posterior nucleus of the thalamus 

(LPN), and midbrain periaqueductal gray (PAG) that was used as non-visual control 

region. These areas were delineated with reference of AP Bregma levels -4.16 to -7.04 of 

a standard rat brain atlas (Paxinos and Watson, 1997). Cytochrome oxidase activity units 

were expressed as mmoles/min/g. The use of standards controlled for within-subject and 

between batches error. In addition, regional activity was normalized by dividing each 

area of interest with the average whole brain cytochrome oxidase activity of the level 

containing that area of interest. This was done after ruling out the presence of between-

group differences in whole-brain cytochrome oxidase activity. This step has been shown 

to reduce the within-group error in a previous study of brain metabolic activity (Bruchey 

and Gonzalez-Lima, 2006). 

 

2.2.10 Mechanism of action of MB in vitro 

2.2.10.1 Antioxidant activity 

 Lipid peroxidation, as quantified with the thiobarbituric acid-reactive substances 

(TBARS) assay, was used as an index of oxidative stress to asses the antioxidant effect of 

MB. The TBARS method used in the present study is a variation of the technique 
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previously described by (Lee et al., 2002). Samples of brain homogenates diluted at 125 

mg/ml in 0.01 M PBS, pH 7.4 were incubated during one hour in the dark at 37°C either 

with rotenone (12 μM or 120 μM) or with a combination of rotenone and MB (40 μM or 

400 μM). Control samples consisted of homogenates incubated with no compound or MB 

only. A similar volume of 25% trichloroacetic acid was added to the samples which were 

then briefly vortexed and centrifuged at 10,000 rpm at room temperature for 20 minutes. 

The supernatant was extracted, mixed with a similar volume of 1% thiobarbituric acid in 

0.3% NaOH and incubated at 90°C in the dark during 40 minutes. Absorbance was read 

at a wavelength of 532 nm in a visible light spectrophotometer (Shimadzu model UV-

1201V). Levels of lipid peroxides were calculated from a standard plot obtained with 

tetraethoxypropane (TEP) and expressed as TEP units per milliliter. All samples were 

analyzed by triplicate. 

 

2.2.10.2 Metabolic enhancing activity 

Percent changes in dissolved oxygen concentration of brain homogenates were 

used to asses the effect of MB as an enhancer of oxygen consumption as previously 

described (Riha et al., 2005). Aliquots of brain homogenates were dissolved in cold 

isolation buffer, pH 7 (0.32 M sucrose, 1 mM EDTA, 8.4 mM Trizma HCl, 1.6 mM 

Trizma base) at a 250 mg/ml concentration and kept at 4°C. Cell membranes were 

solubilized with 10% deoxycholate, and incubated at 37°C, either in the presence of 

rotenone (12 μM and 120 μM) or a mixture of rotenone and MB (40 μM and 400 μM). 

Control samples consisted of homogenates incubated with no compound or MB only. 
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Rotenone stock solutions were prepared using a mixture of 70% propyleneglycol and 

30% DMSO as solvent. The dissolved oxygen concentration remaining after incubation 

during one minute was measured with a fiber optic fluorometric oxygen sensor system. 

(Ocean Optics, Dunedin, FL). Oxygen consumption in rotenone and rotenone/MB treated 

homogenates were expressed as percent changes in oxygen concentration per minute 

regarding controls. Measurements were repeated at least five times. 

 

2.2.10.3 Complex I activity in brain mitochondria 

Brain mitochondrial isolation was accomplished following a modification of a 

previously described protocol (Drew and Leeuwenburgh, 2003). Fresh brains from seven 

rats were homogenized in ice-cold suspension (10 mM MES, 200 mM mannitol, 70 mM 

sucrose,1 mM EGTA, and 0.02% delipidated BSA, pH 7.5) (1:10 wt/vol) using a glass-

glass homogenizer (10-15 strokes per brain) and centrifuged at 1000 x g at 4°C for 5 min. 

The supernatant was centrifuged again at 3500 x g at 4°C for 15 min, and the pellet 

resuspended in 1 mL of ice-cold suspension for further centrifugation at 1000 x g at 4°C 

for 5 min. The supernatant centrifugation step was repeated and the remaining pellet was 

resuspended (40 μL per 100 mg of tissue), assayed for protein concentration, and stored 

at -40°C until use. Freeze-thaw cycles were avoided. An assay based on the detection of 

the NADH oxidation rate was used to measure complex I activity (Estornell et al., 1993). 

Mitochondria (1 μg/mL) were incubated in a reaction buffer (250 mM sucrose, 1 mM 

EDTA, 50 mM Tris-HCl, pH 7.4) containing 10 μM decylubiquinone, 2 mM sodium 

azide, 2 μM antimycin A and 75 μM NADH. It has been demonstrated that under these 
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conditions the permeability barrier for NADH is completely loss and use of detergents is 

not needed (Degli Esposti and Lenaz, 1982; Estornell et al., 1993). NADH oxidation was 

followed spectrophotometrically by the decrease of absorbance at 340 nm for 1 min at 

30°C in cuvettes with a pathlength of 0.4 cm (ε = 6.75 mM-1 cm-1). Rotenone (2 μM) 

and/or MB (0.5-25 μM) were added in subsequent experiments to approximate the doses 

used. Total complex I activity was adjusted for NADH light-induced decay by 

subtracting the absorbance of NADH alone from the absorbance value of each sample. 

All experiments were done at least in triplicate. 

 

2.2.11 Statistical analysis 

Repeated measures ANOVA followed by simple effect, simple contrast, and 

interaction analyses were used to reveal within group and between group differences in 

latencies and correct choices. Dunnett-corrected one-way ANOVA, using the control 

group as the reference, was conducted to determine between-group differences in correct 

choices and performance per illumination level, with a criterion of p<0.01. Group and 

individual threshold differences were determined through a series of 2-tailed t tests of 

mean latencies per illumination level, with a criterion of p<0.01. Layer thickness, cell 

count and metabolic activity differences were determined using Dunnett-corrected one-

way ANOVA, using the control group as reference. Determination of differences in 

oxidative stress was done by means of repeated measures ANOVA. Mann-Whitney U-

tests were used to evaluate differences in percent changes in oxygen consumption of 

samples treated with rotenone or rotenone/MB as regards to control.  Within each group, 
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brain-behavior and morphology-behavior relationships were determined using partial 

Pearson product-moment correlations. All statistical analyses were conducted using SPSS 

11.5 for Windows. P values <0.05 were considered significant. 

 

2.3 RESULTS 
 
2.3.1 Visual function 
 
2.3.1.1 Choice performance 
 

In normal conditions, it is expected that low illuminance levels will produce a low 

rate of correct choices, with the election of one or other compartment of the water maze 

determined by chance. Control subjects usually swam in a straight pattern directly to the 

platform at high illuminances. As the illuminance level decreased, choices were more 

often preceded by a vicarious trial-and-error type of behavior as they approached the 

decision line. This behavior consisted in subjects turning their heads alternately towards 

each compartment before entering one of them, as is typical of rats making difficult 

visual discriminations (Hu et al., 2006). Before injection, subjects showed an average 

84.8 ± 3% rate of correct choices, across illuminance levels when electing an initial 

compartment to escape the water maze and there were no performance differences 

between groups (F(2,24) = 1.17, p = 0.325). Overall, subjects made fewer correct choices in 

the two lowest illuminance levels pre-injection (65.3 ± 5%), compared to highest levels 

(90.4 ± 1%), which evidences the visual sensory modality specificity of the task.  

After injection, subjects in the rotenone-treated group performed at chance rates 

across all illuminance levels and the overall post-injection mean performance of this 
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group was inferior to that of the control group (49.3 ± 2% vs. 93.7 ± 3%) (Dunnett, F(2,24) 

= 19.9, p < 0.001). MB co-administration prevented this decline in performance produced 

by rotenone, which was evidenced as a similar total mean performance rate in the 

rotenone/MB co-treated and control groups (83.5 ± 8%, p = 0.298). Similar to pre-

injection conditions, subjects in the three groups displayed poorer performances at the 

lower illuminance levels. The effect of rotenone was specifically evident as a poor 

performance at all illuminance levels. This performance was different from the post-

injection performance at high illuminance levels in the control group, which showed 

levels similar to pre-injection conditions. In contrast, the rotenone/MB-co-treated group 

performed similar to the control group in all illuminance levels. Compared to control, an 

additional group with MB alone showed that MB by itself did not significantly affect the 

mean rate of successful trials in the behavioral task across illuminance levels post-

injection (98.6 ± 1% vs 95.5 ± 3%, respectively, p = 0.42). A multivariate test further 

confirmed that the performance rate was influenced by the illuminance levels before 

(F(1,23) = 6.4, p = 0.018) and after injection (F(1,23) = 11.6, p = 0.002) and by treatment 

group post-injection (F(2,23) = 28.7, p < 0.001) but not pre-injection (F(2,23) = 1.4, p = 

0.256) (Figure 2.3).  

 
2.3.1.2 Latencies 
 

Before injection, the mean escape latency was similar for all the groups (5.1 ± 0.3 

sec) and it tended to increase with lower illuminance levels. These increases in escape 

latency as a function of illuminance further support the sensory modality specificity of 

the task. After injection, rotenone induced a right shift in the psychometric function, with 
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Figure 2.3 Methylene blue prevents rotenone-induced decreases in visually-guided 
behavioral performance in the water maze. Pre-injection measures refer 
to “baseline” visual conditions before eyes were injected. Dunnett-corrected 
one-way ANOVA were conducted per illuminance level for behavioral 
performance (% correct choice of platform location). This test showed that 
in pre-injection (or baseline) conditions, there are not statistically significant 
differences. Similarly, a Bonferroni-corrected one-way ANOVA showed no 
between-group differences post-injection at -2.7 Log lm/m2. Group 
differences compared to control were found only in the post-injection test 
(after eyes were injected) and are indicated with asterisks. 
Rotenone+methylene blue (MB)-treated subjects maintained mean rates of 
successful trials similar to control, whereas subjects in the rotenone group 
performed at chance levels, across all illuminance levels. The post-injection 
curve also shows the expected decrease in performance in subjects with 
unimpaired visual sensitivity (Control and Rotenone+MB subjects) in the 
last two illuminance levels. * = significant difference compared to control at 
p < 0.01. 

 

 



 

48

mean escape latencies that were significantly higher from control across all illuminance 

levels, except for the two lowest levels of the illuminance range (15.6 ± 1 sec rotenone 

vs. 3.2 ± 0.2 sec control). In the rotenone group, escape latencies were differentially 

affected compared to correct choice performance. Whereas rotenone-treated subjects 

performed at chance rates across all illuminance levels, illuminance influenced escape 

latency in this group. Hence, although rotenone exerted a potent retinotoxic effect, it was 

not sufficient to induce total blindness and spared some degree of illuminance sensitivity. 

MB induced a protective effect that prevented the rotenone-induced changes in latency. 

The MB/rotenone-treated group showed no change in the psychometric function of mean 

escape latency (6 ± 1.1 sec) compared to the control group. Latencies in the 

MB/rotenone-treated group were similar to control and to pre-injection conditions across 

all illuminance levels. Compared to control, MB alone produced a small increase in the 

mean escape latency across illuminance levels post-injection (3.2 ± 0.3 vs 7.7 ± 1 sec, 

respectively, p < 0.05). A multivariate analysis supported that escape latencies were 

influenced by the interactions between time of testing relative to injection and treatment 

group (F(1,108) = 28, p < 0.001), and between time of testing relative to injection and 

illuminance level (F(8,108) = 5.9, p < 0.001) (Figure 2.4). The multivariate analysis 

demonstrated a large effect size and high power (η2 = 0.88, β = 1.0).  

 

2.3.1.3 Threshold 
 

Escape latencies were used to calculate the individual pre- and post-injection 

dark-adapted illuminance thresholds. The mean pre-injection threshold for all groups was  
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Figure 2.4 Methylene blue prevents rotenone-induced increases in escape latencies 
in the water maze. Pre-injection measures refer to “baseline” visual 
conditions before eyes were injected. Dunnett-corrected one-way ANOVA 
were conducted per illuminance level for escape latency (time in sec to find 
platform). Group differences compared to control were found only in the 
post-injection test (after eyes were injected) and are indicated with asterisks. 
In pre-injection conditions, only a main effect of illuminance on escape 
latencies was observed, whereas post-injection both illuminance and 
treatment affected latencies. Post-injection, rotenone-treated subjects 
showed increased escape latencies across iluminance levels, compared to 
control, whereas increased latencies were observed only at low illuminance 
levels (-2.7 and -2.1 log lm/m2) in subjects co-treated with MB. * = 
significant difference compared to control at p < 0.01. 
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-1.62 log lm/m2. After injection, the mean threshold change in the control was only of 

0.52 log lm/m2 (33%). The largest shift in the illumination threshold was observed in the 

rotenone-treated group, with a mean increase of 1.4 log lm/m2, relative to the pre-

injection threshold for this group, which represented a mean 3.8-fold increase in the log 

illuminance threshold. In contrast, MB co-administration prevented the rotenone-induced 

change in threshold by decreasing the threshold in 0.09 log lm/m2, which represents a 

19% improvement in the mean illuminance sensitivity. Post-injection, the mean threshold 

of the rotenone-treated group was different from that of the control group (-0.0090 ± 0.3 

log lm/m2 vs. -1.9 ± 0.4 log lm/m2, respectively) (Dunnett F(2,12)  =  5.5, p = 0.01), 

whereas the threshold in the MB/rotenone-treated group was similar to control (-1 ± 0.4 

log lm/m2, p = 0.25). MB alone did not significantly affect the post-injection illuminance 

threshold compared to control (-0.9 ± 0.4 vs. -1.9 ± 0.4 log lm/m2, respectively, p = 0.07) 

 

2.3.2 Retinal histopathology 
 
2.3.2.1 Layer thickness 
 

The retinal nerve fiber layer (RNFL) contains the centrally projecting axons of the 

retinal ganglion cells. The combined thickness of the ganglion cell layer and the retinal 

nerve fiber layer (GCL+RNFL) was used as a morphologic marker of neurodegeneration. 

The nerve fiber layer was expected to be particularly sensitive to the neurotoxic effects of 

rotenone since axons have high energy demands for membrane potential and microtubule 

dynamics maintenance (Ikegami and Koike, 2003). Rotenone induced a marked decrease 

(56.5%) in the mean GCL+RNFL thickness compared to control [29.8 ± 3 μm rotenone 
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vs. 68.6 ± 3 μm control (Dunnett, F(2,25) = 28.3, p < 0.001)] and MB prevented this 

change as shown by a minimal thinning (6.1%) (64 ± 5 μm, p = 0.356) (Figure 2.4). The 

inner plexiform layer (IPL), which contains the synapses between bipolar cells and 

ganglion cells, also showed a 48.1% reduction in thickness in the rotenone-treated group 

compared to the control group (13.8 ± 2 μm vs. 26.8 ± 2 μm, respectively) (Dunnett 

F(2,25) = 6.8, p = 0.001), whereas only a 11% reduction in IPL thickness was observed in 

the rotenone/MB co-treated group (23.6 ± 3 μm, p = 0.312) (Figure 2.5).  

 
2.3.2.2 GCL cell density 
 

Mean cell density in the ganglion cell layer decreased 32.5% in the rotenone-

treated group compared to the control group (7.1 ± 1.5 x 103 cells/mm3 rotenone vs. 

control 10.6 ± 0.6 x 103 cells/mm3) (Dunnett F(2,17) = 6.1, p = 0.04). In contrast, the mean 

GCL cell density in the rotenone/MB group showed no difference from control (p = 0.29) 

(Figure 2.6). 

 

2.3.3 Metabolic imaging of visual pathway 
 

MB co-treatment was associated with maintenance of retinal metabolic activity 

levels similar to control. Rotenone-treated subjects showed a 32.6% decrease in the mean 

retinal cytochrome oxidase activity compared to control (Dunnett p = 0.034), whereas 

this parameter showed a 17.2% increase in the rotenone/MB co-treated group. MB alone, 

did not affect retinal metabolic activity, compared to control (80.7 ± 7 vs. 105.7 ± 10% 

activity, respectively, Dunnett p = 0.21). The metabolic-enhancing properties of MB were 
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Figure 2.5 Methylene blue effectively prevented the neurotoxic effects of rotenone 
on retinal structure. NADH dehydrogenase histochemistry-stained 
midsagittal eyeball sections show the different retinal strata. The staining 
differentiates layers rich in fibers from those rich in somata. The 
neuroprotective effects of methylene blue (MB) were evident as a 
preservation of thickness in the ganglion cell layer + retinal nerve fiber layer 
(GCL + NFL) and inner plexiform layers (IPL). INL = inner nuclear layer, 
OPL = outer plexiform layer, ONL = outer nuclear layer, PR = 
photoreceptor layer, RPE = retinal pigmented epithelium. Scale bar = 100 
μm. Light microscopy, 20X.  * = significant difference from control at p < 
0.01. ** = significant difference at p < 0.001. 
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Figure 2.6 Methylene blue prevented the `rotenone induced-decrease in ganglion 
cell layer (GCL) cell density. * = significant difference from control at p < 
0.05. 
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also observed in the superior colliculus, the first main relay node of the rat central visual 

pathway. Rotenone-treated subjects showed signs of partial functional deafferentiation, as 

evidenced by a decrease in the mean cytochrome oxidase activity in the SupG (18.4%) 

and IntG (6.8%) as compared to control subjects (p = 0.012 and p = 0.032), respectively. 

In the Rotenone/MB co-treated group, the level of cytochrome oxidase activity in the 

superior colliculus was not different from control, which probably reflects the 

preservation of function and structure of the retina. A similar trans-synaptic functional 

effect was found in the primary visual cortex, where rotenone induced an 8.8% decrease 

in the metabolic activity relative to control (p = 0.032). In contrast, the decrease in 

metabolic activity in the rotenone/MB co-treated group was only 2% in this region (Table 

2.2).  

 

2.3.4 Structure-function correlations 
 

Various significantly correlated measures supported the idea that functional 

changes were a consequence of retinal neurodegeneration and that the improvement 

observed with MB was due to a retinal neuroprotective effect (Table 2.3). Changes in 

correct choice performance were associated with changes in the illuminance threshold. 

There was also a strong linear negative correlation between escape latency and retinal 

layer thickness, for both GCL+RNFL (-0.91, p < 0.001) and IPL (-0.8, p < 0.001), so a 5 

sec increase in escape latency could predict an approximately 11.2 μm decrease in 

GCL+RNFL thickness (Figure 2.7). These data also support the sensory modality 

specificity of the model. In addition, increased retinal metabolic function correlated with  
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Table 2.2. Effect of intraocular treatment with rotenone and methylene 
blue on neural metabolic activity 

 Normalized cytochrome oxidase activity (%) 

Region Control 
Mean ± SEM 

Rotenone 
Mean ± SEM (Δ%)a 

Rotenone+MB 
Mean ± SEM (Δ%)a 

Retina 105 ± 7 71 ± 7 (-32)* 124 ± 11 (+17) 
SupG 138 ± 4 112 ± 3 (-18)* 128 ± 9 (-6) 
IntG 130 ± 2 121 ± 3 (-6)* 126 ± 2 (-2) 
V1 126 ± 4 115 ± 3 (-8)* 123 ± 1 (-2) 
V2 123 ±  2 120 ± 2 (-2) 125 ± 7 (+1) 
LGN 117 ± 6 113 ± 3 (-3) 116 ± 5 (-1) 
LPN 108 ± 5 106 ± 2 (-1) 109 ± 5 (+0.6) 
PAG 116 ± 4 112 ± 1 (-3) 112 ± 1 (-4) 
* Significantly different from control 
a Percent change compared to control 
Abbreviations: superficial gray matter of the superior colliculus (SupG), intermediate 
gray matter of the superior colliculus (IntG), primary visual cortex (V1), lateral peristriate 
cortex (V2), dorsal lateral geniculate nucleus (LGN), lateral posterior nucleus of the 
thalamus (LPN), and midbrain periaqueductal gray (PAG). 
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preserved GCL+RNFL thickness (0.72, p = 0.002) and improved escape latencies (-0.64, 

p = 0.009), and a preserved retinal structure was positively correlated with increased 

metabolic activity in the superior colliculus. 

 

2.3.5 Neurochemical effects of MB in vitro 
 

In order to evaluate the mechanism of action of MB as a neuroprotective agent, 

oxidative stress and oxygen consumption were measured in rotenone-treated brain 

homogenates and were compared to rotenone-treated brain homogenates co-treated with 

MB. As shown in figure 2.8, oxidative stress was increased in brain homogenates by the 

presence of 12 μM rotenone (4.6 ± 0.1 TEP U/ml vs. control 2.2 ± 0.2 TEP U/ml, 

repeated measures ANOVA, n = 12, p < 0.001). The effect of rotenone was dramatically 

reversed by the addition of 400 μM MB (1.1 ± 0.05 TEP U/ml, repeated measures 

ANOVA, n = 9, p = 0.004). Such potent antioxidant MB effect persisted when 

homogenates were exposed to a higher rotenone concentration (120 μM) and to an MB 

concentration that was ten times lower (rotenone 5.1 ± 0.3 TEP U/ml vs. MB/rotenone 

0.9 ± 0.1 TEP U/ml, repeated measures ANOVA, n = 9, p = 0.008) (Figure 2.8).  

Besides decreasing oxidative stress, MB also was capable of inducing an 

enhancement of oxygen consumption in brain homogenates. After the incubation, 

rotenone-treated samples (12 μM) showed a one percent decrease in oxygen consumption 

compared to controls.  MB reversed this inhibitory effect and promoted a significantly 

increased oxygen consumption compared to controls at 40 μM (4.7 per cent, U-test, n = 

30, p = 0.01) (Figure 2.9A and 2.9B). A higher rotenone concentration (120 μM) was  
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Table 2.3. Structure-function correlations 

Significant Pairs of Correlated Measures Pearson Correlation 
Coefficient 

p  
Value 

Behavior   
Choice performance - illuminance threshold -0.65 0.008 
Structure   

GCL thickness - IPL thickness 0.67 0.006 

GCL thickness - GCL cell count 0.68 0.005 
Metabolism *   
SupG activity - IntG activity 0.55 0.03 
LGN activity - LPN activity 0.74 0.002 
Structure - Behavior   
GCL cell count - choice performance 0.59 0.01 
GCL thickness - latency -0.91 0.001 
IPL thickness - latency -0.8 0.001 
GCL thickness - illuminance threshold 0.59 0.01 
GCL thickness - choice performance 0.91 0.001 
Structure - Metabolism   
GCL thickness - retina activity 0.72 0.002 
GCL cell count - retina activity 0.64 0.01 
GCL thickness - SupG activity 0.51 0.04 
IPL thickness - SupG activity 0.68 0.005 
IPL thickness - V1 activity 0.52 0.04 
Metabolism - Behavior   
Retina activity - latency -0.64 0.009 
Retina activity - choice performance 0.64 0.01 
SupG activity -choice performance 0.59 0.01 
V2 activity - illuminance threshold -0.54 0.03 
* Metabolism refers to regional cytochrome oxidase activity 
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Figure 2.7 Retinal structure-behavior correlation after methylene blue treatment. 
The strongest structure-function correlation was observed between the 
ganglion cell layer + retinal ganglion cell layer thickness and escape latency, 
which showed a strong negative correlation. This implicates the 
neuroprotective effects of methylene blue on retinal structure in the 
preservation of optimal visually-guided behavior.  
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Figure 2.8 Effect of methylene blue on rotenone-induced brain lipid peroxidation. 
Two different methylene blue concentrations (40 and 400 μM) displayed 
powerful antioxidant effects in whole-brain homogenates. * = p < 0.05 as 
compared to control samples.  
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more potent in inducing a decrease in oxygen consumption compared to control (5%), but 

MB again reversed such effect. The increase in oxygen consumption facilitated by MB in 

rotenone-treated homogenates was significantly different from the inhibition observed in 

rotenone alone-treated ones (40 μM, 3.2%, U-test, n = 30, p < 0.001 and 400 μM, 0.4%, 

U-test, n = 30, p = 0.001) (Figure 2.9C and 2.9D). 

Brain mitochondria complex I activity was analyzed in vitro to rule out the 

possibility that MB improves metabolism by directly acting on complex I or directly 

deactivating rotenone. Rotenone promoted an 89.5% reduction in complex I activity 

compared to control (0.15 ± 0.04 μmol/min/mg, rotenone vs. 1.4 ± 0.2 μmol/min/mg, 

control) (Dunnet F(4,16) = 5.4, p < 0.05). This inhibitory effect persisted in the presence of 

MB (0.5 and 5 μM) (Figure 2.10). Furthermore, mitochondria treated with MB alone 

showed similar levels of complex I activity as compared with control, even at high 

concentrations (1.7 ± 0.4 μmol/min/mg, 25 μM MB).  

 

2.4 DISCUSSION 
 

Biochemical, toxicological and clinical data support a role of complex I 

dysfunction in neurodegeneration. Besides the fact that complex I can be inhibited by 

more than 60 different families of compounds, its importance in neurodegeneration stems 

from at least two of the main consequences of its dysfunctional activity: 1) oxidative 

stress and 2) energy depletion (Degli Esposti, 1998; Sherer et al., 2003; Sherer et al., 

2007). Complex I is one of the main sites of oxygen radicals production in mitochondria, 

since electrons can leak from one of its sectors and react with oxygen to form superoxide 
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Figure 2.9 Effect of a low (A and C) and a high (B and D) concentration of 
methylene blue on rotenone-induced decrease in brain oxygen 
consumption. ** = p < 0.001 and * = p < 0.01 as compared to rotenone only-
treated group. 
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Figure 2.10 Effect of rotenone, methylene blue/rotenone and methylene blue alone 

on mitochondrial complex I activity. Methylene blue (MB) did not prevent 
the rotenone-induced decrease in mitochondrial complex I activity, which 
rules out an interference of MB at the action site of rotenone in complex I, 
or an interaction between both compounds. MB alone had no effect on 
complex I activity. * = significant difference from control at p < 0.05. 
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 anions (Lenaz et al., 2004). It is also involved in the formation of the transmembrane 

proton gradient, so its inhibition is consequently associated with a decrease in energy 

production (Lenaz et al., 2006) and activation of mitochondrial-dependent apoptosis 

(Perier et al., 2005). Complex I dysfunction can be observed in the substantia nigra of 

patients with Parkinson’s disease (Schapira et al., 1990), and patients with Leber’s 

hereditary optic neuropathy carry mutations in mitochondrial DNA that encodes for 

complex I subunits (Brown et al., 2001). Rotenone, a selective and potent inhibitor of 

complex I, has been used to model the biochemical and behavioral deficits of Parkinson’s 

disease in rodents (Betarbet et al., 2000) and has been shown to induce retinal ganglion 

cell toxicity in vitro by promoting oxidative stress, impairing the cellular bioenergetic 

potential, decreasing ATP synthesis, and increasing excitotoxic vulnerability (Sherer et 

al., 2003; Kudin et al., 2004; Beretta et al., 2006; Sherer et al., 2007; Yadava and 

Nicholls, 2007). Furthermore, Zhang et al. (2002) demonstrated that a single intravitreal-

injection of rotenone induces retinal neurodegeneration in the mouse after 24 hr in vivo. 

The neurotoxic effect of rotenone in this retinal model was manifested as retinal layer 

thinning (approximately 40%), mostly at the expense of the nerve fiber layer, with a 23% 

decrease in GCL cell count (Zhang et al., 2006b). This neurotoxicity has been determined 

to be selective to retinal ganglion cells, since it is detectable in a mouse strain lacking 

photoreceptors (Zhang et al., 2002). Furthermore, after only 1 hr of intravitreal rotenone 

infusion, mice showed an increase in TUNEL positive cells and oxidative stress that was 

restricted to the ganglion cell layer (Rojas et al., 2008a). These early biochemical changes 
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seem to preceed actual retinal neurodegeneration, since at 1 hr post-infusion no 

significant retinal layer thinning was detected (Zhang et al., 2006b). 

In the present study, the in vivo long-term effects of an intravitreal injection of 

rotenone were evaluated after 14 days in the rat. At this time, rotenone induced retinal 

histopathological changes that correlated with a decrease in the individual illuminance 

sensitivity threshold, and number of correct choices and escape latencies in a water maze 

designed to analyze visual function in rats (Prusky et al., 2000). We provide evidence that 

both the morphologic and functional visual changes paralleled a decrease in retinal 

cytochrome oxidase activity. The metabolic change induced by rotenone may be a 

consequence of energy depletion associated with dysfunction of the electron transfer 

chain, and this may be part of the mechanism mediating retinal neurodegeneration. Since 

brain regions of sensory systems respond to metabolic demands imposed by peripheral 

input, the decrease in metabolic activity observed in the superior colliculus and primary 

visual cortex after rotenone treatment can be interpreted as a sign of functional visual 

deafferentiation (Wong-Riley, 1979). The local toxic effect of rotenone was potent 

enough to cause a functional deafferentiation effect in the visual pathway that can explain 

the loss of illuminance sensitivity detected behaviorally.  

It was also previously demonstrated in the mouse model of rotenone-treated eyes 

that MB prevents the neurodegenerative effects of complex I inhibition in the retina in a 

dose-dependent manner as determined by morphometric parameters (Zhang et al., 

2006a). To determine the functional consequences of MB’s effects in the rotenone-treated 

retina, a behavioral test of visual function for rats was used. In addition, the local and 
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trans-synaptic effects of MB on cytochrome oxidase activity, a recognized endogenous 

biochemical marker of neuronal energy metabolism (Wong-Riley, 1989; Hevner and 

Wong-Riley, 1990) were evaluated. Similar to what was observed in the mouse, MB 

potently prevented the rotenone-induced neurodegenerative effects in the rat retina. The 

robust effects of MB were evident at the behavioral, morphologic and metabolic levels. 

Behaviorally, MB preserved visual function at levels comparable to pre-treatment and 

vehicle-treated animals, and these effects correlated with preservation of retinal 

morphology as determined by GCL cell count and layer thickness. Whereas rotenone 

induced an approximate 50% reduction in retinal layer thickness, MB prevented this 

change, and mean cell density and layer thickness were similar to vehicle-treated 

controls. Finally, MB’s effects were also evident at the metabolic level, where it 

prevented the decrease in retinal cytochrome oxidase activity induced by rotenone.  

Previous studies suggest that the neuroprotective effects of MB may be mediated 

by both antioxidant and metabolic enhancing properties (Figure 2.11). MB interacts with 

tissue oxidases, scavenges electrons and decreases the production of oxygen radicals 

(Salaris et al., 1991). MB has been shown to potently inhibit brain lipid peroxidation 

(Zhang et al., 2006a). For example, we have tested the direct antioxidant action of MB in 

brain homogenates, and found that 40 μM MB produced an 82% decrease in rotenone-

induced lipid peroxidation, as measured with the thiobarbituric acid-reactive substances 

assay (Zhang et al., 2006a). In addition MB has been shown to reduce oxidative stress-

induced Alzheimer disease-like tau and β-amyloid aggregation in vitro (Wischik et al., 

1996; Taniguchi et al., 2005; Necula et al., 2007) and decrease the oxidative damage 
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induced by ischemic-reperfusion injury to the lungs (Galili et al., 1998), heart and brain 

(Miclescu et al., 2006). Since MB readily cycles between its oxidized and reduced forms, 

it displays not only antioxidant activity, but it can also act as an electron shuttle, 

improving electron transfer in the respiratory chain and enhancing mitochondrial 

metabolism (Scott and Hunter, 1966; Clark and Switzer, 1977; Callaway et al., 2004; 

Gonzalez-Lima and Bruchey, 2004; Zhang et al., 2006a; Wrubel et al., 2007; Atamna et 

al., 2008). MB maintains mitochondrial function by bypassing electrons derived from 

complex I to oxygen and complex IV, a mechanism insensitive to antimycin A, a 

complex III inhibitor (Scott and Hunter, 1966; Clark and Switzer, 1977). Also, MB 

appears to enhance biochemical mechanisms dependent on mitochondrial respiration 

such as lipid β-oxidation (Visarius et al., 1997), glycolysis, ATP synthesis and 

extracellular matrix production, and it can also replace oxygen as an oxidant in anoxic 

conditions (Lee and Urban, 2002).  

The present study also showed that MB had no effect on the rotenone-induced 

inhibition of complex I activity in vitro.  In addition, mitochondria treated with MB alone 

showed complex I activity levels similar to untreated controls. This suggests that MB’s 

neuroprotective effects are not due to either direct inhibition of rotenone nor to 

enhancement of complex I activity. In contrast, a series of MB studies in our laboratory 

were the first to show that MB increases brain oxygen consumption (Riha et al., 2005; 

Zhang et al., 2006a) and cytochrome oxidase activity both  in vitro and in vivo (Callaway 

et al., 2004; Gonzalez-Lima and Bruchey, 2004; Wrubel et al., 2007), and improves brain  
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Figure 2.11 Mechanism of action of methylene blue against rotenone-induced 
neurotoxicity. The figure shows a schematic of the inner mitochondrial 
membrane components and their interaction with methylene blue (MB). 
(A) Normally electron donors (NADH and FADH2) reduce mitochondrial 
complex I or II. Electrons (e-) are subsequently transferred to ubiquinone 
(CoQ), complex III, cytochrome c (Cyt c) and complex IV. As this 
electron transfer occurs in a tightly regulated fashion, the energy released 
from each redox reaction is used in to pump protons (H+) into the 
intermebrane space to generate an electrochemical gradient that activates 
the enzyme ATP synthase. (B) However, inhibition of complex I by 
rotenone impairs the entry of electrons into the respiratory chain and not 
only reduces the potential for energy formation, but also generates an 
unregulated electron leakage that promotes the formation of highly 
neurotoxic reactive oxygen species, in particular, superoxide (O2

.-). (C) 
MB is an auto-oxidizable compound that becomes readily available to 
mitochondria, where it can trap electrons from complex I or superoxide 
and be reduced to leucomethylene blue (MBH2). In turn, MBH2 has the 
potential to reduce CoQ and Cyt c, especially in the oxidizing conditions 
that prevail during mitochondrial inhibition. Thus, the neuroprotective 
effects of MB derive from its ability to prevent mitochondrial failure by 
acting as both an antioxidant and an electron shuttle to support the 
mitochondrial respiratory chain function. 
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function in vivo in the presence of sodium azide, a cytochrome oxidase inhibitor 

(Callaway et al., 2002). Anti-aging effects have been demonstrated by Atamna et al. 

(2008) in fibroblasts in tissue culture in which MB delays cell senescence by increasing 

oxygen consumption and preventing the formation of oxidants through cycling of MB 

between oxidized and reduced forms. This group also demonstrated that MB increases 

the expression of cytochrome oxidase and phase-2 enzymes as well as the synthesis of 

heme. Together this supports the interpretation that while MB is able to accept leaking 

electrons derived from the rotenone-inhibited complex I without improving the catalytic 

activity of the complex, it can promote metabolic-preserving effects by reducing oxygen 

or shuttling electrons to the other members of the electron transport chain (Scott and 

Hunter, 1966; Clark and Switzer, 1977; Callaway et al., 2004; Gonzalez-Lima and 

Bruchey, 2004; Riha et al., 2005; Zhang et al., 2006a; Wrubel et al., 2007; Atamna et al., 

2008).   

The local metabolic properties of MB were evident as an increase in cytochrome 

oxidase activity in the retina that likely influenced the visual pathway, and it is possible 

that this effect is a mechanism mediating the observed visual neuroprotective effects. 

Cytochrome oxidase activity in the visual system of the MB-treated group was not only 

greater than the rotenone-treated group, but also tended to be higher than the control. 

Furthermore, these metabolic effects were accompanied by an improvement in visual 

function. Subjects in the MB co-treated group showed a significant change in illuminance 

threshold as compared to rotenone alone, displaying a value similar to that of the vehicle-

treated control group. It is thus possible that MB not only prevented local retinal cell 
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death as evidenced by its effects on GCL cell count, but allowed the rescued cells to 

maintain adequate levels of function which impacted the metabolic activity of the visual 

system and visually guided behavior.  

The findings support the broader idea that interventions aimed at improving 

mitochondrial energy metabolism may effectively treat neurodegenerative disorders. 

Specifically, such interventions could potentially be used in a number of genetic and 

acquired conditions associated with degeneration of the optic nerve and linked to 

mitochondrial dysfunction. Genetic conditions featuring optic neuropathy and 

mitochondrial failure include Leber’s hereditary optic neuropathy (Chalmers and 

Schapira, 1999), Leigh syndrome (Borit, 1971; DiMauro, 1999), Friedreich’s ataxia 

(Carelli et al., 2002), myoclonic epilepsy ragged-red-fibers (MERRF) (Chinnery et al., 

1997), mitochondrial encephalomyopathy-lactic acidosis and stroke-like syndrome 

(MELAS) (Hwang et al., 1997), hereditary spastic paraplegia (Casari et al., 1998) and the 

deafness-dystonia-optic atrophy syndrome (Tranebjaerg et al., 2000). Similarly, acquired 

diseases featuring optic neuropathy with an association with mitochondrial dysfunction 

include the tobacco-alcohol ambyopia, and intoxication with chloramphenicol, 

ethambutol, carbon monoxide, clioquinol, cyanide, hexachlorophene, isoniazide, lead, 

methanol, plasmocid or triethyl tin (Carelli et al., 2002). Even patients with Alzheimer’s 

disease, a common neurodegenerative disorder linked to mitochondrial dysfunction, show 

a reduction in the number of retinal ganglion cells and axons, compared to healthy 

individuals (Hinton et al., 1986; Valla et al., 2001; Danesh-Meyer et al., 2006; Iseri et al., 

2006). Thus, the present results are not only relevant for several neuro-ophtalmological 
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conditions, but also support a more general paradigm for the development of therapeutic 

approaches in neurodegeneration focusing on counteracting the immediate consequences 

of mitochondrial failure.  

Maintenance of cellular respiration and energy production in the context of 

respiratory chain dysfunction may be a way of triggering adaptive stress responses 

leading to cell survival. Besides MB, other treatments with metabolic-enhancing 

properties have displayed neuroprotective effects in models of neurodegeneration. 

Photobiomodulation with near infra-red light (λ=630-1000 nm) increases cytochrome 

oxidase activity and the expression of anti-apoptotic genes, reducing cell death and 

preventing rotenone-induced retinal neurotoxicity (Rojas et al., 2008b). 

Photobiomodulation also prevents the neurotoxic effects of complex IV inhibitors such as 

methanol, sodium azide and sodium cyanide (Eells et al., 2003; Wong-Riley et al., 2005; 

Liang et al., 2006). Similarly, safflor yellow B, an extract from the flower of the 

safflower plant (Carthamus tinctorius L.), also exhibits radical scavenging properties and 

improvement of respiratory control, preventing brain ischemic injury in vivo (Wang et al., 

2007). The results implicate MB, and interventions with similar effects on nervous tissue, 

as candidate neuroprotective agents that may be used in the treatment of 

neurodegenerative disorders. The present study provides evidence that MB effectively 

prevents the functional and structural retinal neurodegenerative changes induced by 

complex I inhibition with rotenone in vivo and that this effect is associated with an 

improvement of retinal energy metabolism. Finally, by combining behavioral and 

stereological methods, our approach allowed detection of minute changes in illuminance 
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sensitivity that correlated with changes in retinal morphology. Given the high correlation 

between morphological and functional changes induced by the treatments, the proposed 

model may be included in a holistic strategy for screening the neuroprotective and 

neurotoxic retinal effects of other compounds. 

 

2.5 SUMMARY 
 

Methylene blue (MB) is a diaminophenothiazine with potent antioxidant and 

unique redox properties that prevent morphologic degenerative changes in the mouse 

retina induced by rotenone, a specific mitochondrial complex I inhibitor. This study 

evaluated pigmented rats to determine whether MB's neuroprotective effects against 

rotenone-mediated retinal neurotoxicity have functional relevance and whether these 

effects are mediated by an improvement in neuronal energy metabolism in vivo. Visual 

function was behaviorally assessed by determining differences in the illuminance 

sensitivity threshold pre- and post- bilateral intravitreal injection of rotenone (200 μg/kg) 

or rotenone plus MB (70 μg/kg). Retinal degeneration was morphologically studied using 

unbiased stereological tools. Changes in histochemically-determined cytochrome oxidase 

activity in the visual pathway were used to evaluate the impact of treatments on neuronal 

energy metabolism. Rotenone induced a 1.4 log unit increase in the illumination 

threshold compared to baseline, as well as a 32% decrease in ganglion cell layer cell 

(GCL) density, and a 56% decrease in GCL layer + nerve fiber layer thickness. Co-

administration of MB prevented the changes in visual function and the retinal 

histopathology. Furthermore, rotenone induced a functional deafferentation of the visual 
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system, as revealed by decreases in the metabolic activity of the retina, superior 

colliculus and visual cortex. These metabolic changes were also prevented by MB. In 

addition, MB decrease the oxidative stress induced by rotenone and increased cell 

respiration in brain homogenates, but did not affected complex I activity in whole-brain 

mitochondria.  The results provided the first demonstration of MB’s behavioral and 

metabolic neuroprotection against optic neuropathy, and implicate MB as a candidate 

neuroprotective agent with metabolic-enhancing properties that may be used in the 

treatment of neurodegenerative diseases associated with mitochondrial dysfunction. 
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Chapter 3: Neuroprotective effects of near-infrared light in an in vivo 
model of mitochondrial optic neuropathy 

 
 
3.1 BACKGROUND 
 

Near-infrared light (NIL) therapy constitutes a novel intervention shown to 

regulate neuronal function in cell cultures, animal models, and clinical conditions (Eells 

et al., 2004). NIL treatment exposes a target tissue to a low-power, high-fluency source of 

directional and monochromatic photon radiation (λ= 630-1000 nm), delivering energy 

doses that are too low to cause damage, yet high enough to modulate neuronal functions 

(Sommer et al., 2001). In vitro, photobiomodulation with NIL has shown metabolic-

enhancing, antioxidant and anti-apoptotic properties that prevent the neurotoxic effects of 

mitochondrial inhibitors, such as sodium azide and potassium cyanide (Wong-Riley et al., 

2001; 2005; Liang et al., 2006). Such properties support that NIL, or interventions with 

similar neurobiological effects, may have a role in the treatment of neurodegeneration, a 

phenomenon that underlies debilitating clinical conditions. 

In particular, the detrimental effects of the type of mitochondrial dysfunction 

implicated in patients with Parkinson’s disease (Schapira et al., 1990) and Leber’s 

hereditary optic neuropathy (Brown et al., 2001), has been prevented with NIL treatments 

in cell cultures treated with rotenone, a mitochondrial complex I inhibitor. Mitochondrial 

optic neuropathies involve inherited and acquired impairments of mitochondrial function, 

especially affecting complex I in the respiratory chain (Sadun, 2002). Rotenone is not 

only a specific complex I inhibitor but also a commonly used pesticide regarded as an 

environmental mitochondrial toxin (Zhang et al., 2006a). Recently, Liang et al. (2008) 
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demonstrated that NIL treatment not only prevents the decreases in rotenone-induced 

adenosine triphosphate cellular content and the increases in reactive oxygen species and 

nitric oxide, but also the apoptosis in rat occipital cortical and striatal neuronal cultures 

(Liang et al., 2008). Eells et al. (2003) described that NIL prevents the morphological and 

electrophysiological photoreceptor abnormalities induced by reversible inhibition of 

cytochrome oxidase, but no studies have addressed whether NIL treatment provides 

neuroprotection against the degenerative effects of other mitochondrial toxins in vivo. 

The present report contributes a description of the efficacy of NIL treatment at 

preventing the toxic effects of rotenone in the retina of living subjects. A rodent model of 

rotenone-induced retinal degeneration described previously as a screening tool for 

neuroprotective interventions (Zhang et al., 2002, 2006b; 2006a; Rojas et al., 2008a) was 

used to determine the in vivo neuroprotective effects of three different protocols of NIL 

treatment. This animal model allows the efficient assessment of neuronal damage at 

combinatorial levels of organization: visually-guided behavior and metabolic activity in 

the visual pathway are reported as measures of functional effects, whereas a retinal 

histopathological analysis provides evidence of structural defects. A baseline analysis of 

visual function was followed by bilateral intravitreal injections of rotenone and delivery 

of NIL treatments. Post-injection, a second evaluation of visual function was 

accomplished and eyeballs and brains were analyzed for histopathologic and 

neurochemical changes. The results showed that NIL treatment prevents retinal 

neurodegeneration induced by rotenone, in a dose-dependent fashion at functional and 

structural levels. Furthermore, whole brain-based neurochemical analyses demonstrated 
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that NIL treatment increases both cytochrome oxidase and superoxide dismutase 

activities, implicating a transcranial effect of NIL treatments on the nervous system. 

3.2 MATERIALS AND METHODS 
 
3.2.1 Subjects 
 

Male Long-Evans rats (n = 42, 40 days old) were obtained from Harlan (Houston, 

TX). Subjects were handled during five days after arrival to allow for habituation. They 

were maintained in clear plastic cages with food and water ad libitum and subjected to 

standard light cycles (12 hr light/12 hr dark). All experimental procedures were approved 

by the Institutional Animal Care and Use Committee of the University of Texas at 

Austin. Unless otherwise specified, all chemical reagents were purchased from Sigma-

Aldrich (St. Louis, MO). 

 

3.2.2 Behavioral testing 
 

Visual function was assessed using a descending method of limits in a 2-choice 

visual task apparatus designed to determine changes in the dark-adapted illuminance 

sensitivity threshold (Hayes and Balkema, 1993; Prusky et al., 2000). Testing in this 

apparatus consisted of task acquisition, pre-injection and post-injection phases (Table 

3.1).  

Each phase was divided into working sessions that took place 24 hrs after the 

previous one and consisted of 5 trials in which subjects performed a task. The task 

consisted in finding an escape platform (12.7 x 12.7 cm) submerged 1-2 cm in a circular 

tank (radius = 50 cm) containing water at 17-22°C in the shortest possible period of time. 
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Table 3.1 General experimental timeline 
Phase Period 

1. Visual task acquisition Day 1 to 9 
2. Pre-rotenone threshold determination Day 10 to 18 
3. Pre-rotenone NIL treatment Day 19 and 20 
4. Intravitreal rotenone injection Day 21 
5. Post-rotenone NIL treatment Day 21 to 26 
6. Post-rotenone threshold determination Day 29 to 37 
7. Tissue extraction Day 38 
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Twenty min prior to each session, subjects underwent dark adaptation in the testing room. 

All sessions were performed in the mornings in a dark room without intra-maze visual 

cues except for the escape platform which received 78.5 lm/m2 of illumination from a 

white light source located 1.3 m above it. Dispersion of light to the rest of the tank was 

avoided by connecting the light source to a 1 m long opaque tube with a diameter of 6 

cm. The same place near the tank wall was designated as a starting point whereas the 

location of the escape platform varied randomly between trials between two defined 

positions equidistant to the starting point and located at the other end of the tank. With 

this randomization of the platform position, animals were forced to learn not previous 

positions of the escape platform but to rely on visual information to find it, thus 

minimizing errors of habituation and expectation. The two platform positions were 

separated by a dark barrier dividing the tank into a left and right compartment (Figure 

3.1A).  

The water in the tank was stirred and solid surfaces were cleaned with an iodide 

solution between trials to eliminate olfactory cues. The acquisition phase consisted of 

nine sessions in which the platform received the maximal illuminance possible in each 

trial. The trial was stopped if the subject did not find the platform after 60 sec. In this 

case, the subject was guided to the platform with the aid of a plastic stick. The subject 

remained on the platform for 10 sec and was picked up and dried by a researcher. A 30-

60 sec interval was allowed between trials. For pre- and post-injection phases, the 

platform illuminance was systematically reduced 0.5 log units between daily sessions, 

starting with the maximal illuminance of 78.5 lm/m2 and ending at 2.1x10-3 lm/m2.  
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Figure 3.1 Two-choice visual discrimination task apparatus and near-infrared light 
administration. (A) In each trial, subjects swam from the starting point to the 
escape platform located in one of the two compartments separated by a dark 
barrier. The position of the platform was randomized between trials. Entrance 
to any compartment was considered when the whole body of the subject 
crossed the imaginary decision line. In the threshold determination phases the 
illuminance on the platform was gradually decreased, while latencies and rate 
of successful trials were determined. (B) Near-infrared light treatments were 
delivered to subjects under general anesthesia, via two light emitting diode 
arrays located at 3.8 cm above their heads. 
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Consequently, the illuminance threshold was determined by progressively decreasing the 

illuminance level until a behavioral modification was noted. The measured behavioral 

variables consisted of escape latencies and percentages of successful trials. A successful 

trial occurred when the first chosen compartment to swim into was the same as the one in 

which the escape platform was located in that trial and the subject sat on top of the 

platform. The illuminance level immediately higher to the one producing a significant 

increase in the escape latency was considered as the dark-adapted illuminance threshold. 

All sessions were video-recorded and swimming patterns were analyzed. After the pre-

injection phase, subjects underwent surgery and the post-injection phase started six days 

after surgeries.  

 

3.2.3 Intravitreal injections and tissue processing 
 

Anesthesia was induced for 3 min with 3% isoflurane (Baxter, Deerfield, IL) and 

maintained at 1.5% using an E-Z anesthesia vaporizer system (Euthanex, Corp, Palmer, 

PA). Under a stereomicroscope, a sclerotomy was done in the superior temporal quadrant 

of each eye to give access to the vitreous body and a 30-G dental microinjection needle 

(Monoject®, Sherwood Medical Company, Norfolk, NE) was inserted into the vitreous 

body in a rostro-caudal direction to avoid damaging the lens. The needle was connected 

by polyethylene tubing (internal diameter = 0.38 mm) to a 10 μl Hamilton microsyringe. 

The injections were delivered over 6 min using a microinjection pump (CMA 

microdialysis AB, North Chelmsford, MA) (3 μL, final volume) and the injection needle 

was left in place for an additional 20-sec period to allow for diffusion away from the 
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needle tip and to avoid any efflux of fluid through the injection site. The edges of the 

injection point were gripped with forceps while the microsyringe was slowly withdrawn. 

Subjects were divided into control and experimental groups.  

In the control group (n = 7), the vitreous body in both eyes of each subject was 

injected with the vehicle dimethylsulfoxide (DMSO). Subjects in the experimental group 

(n = 23) received bilateral intravitreal injections of 200 μg/kg rotenone in DMSO. 

Sixteen days after the rotenone injection, the subjects were decapitated, and the eyeballs 

and brains were rapidly removed and frozen in isopentane (-40°C). The eyeballs were 

transferred to cubic aluminum foil containers (2 mm3) filled with Shandon M1® 

embedding matrix (Thermo Electron Corporation, Pitsburgh, PA) and stored at -40°C. 

Forty μm-thick sagittal eyeball and brain coronal sections were obtained at -18°C using a 

Leica CM300 cryostat (Leica Microsystems, Bannockburn, IL) and were mounted on 

glass slides to create three adjacent series for histological analysis. Sections were stored 

at -40°C until further use. 

 

3.2.4 Near-infrared light treatments 
 

Near-infrared light (NIL) treatments were delivered via two R30-123 narrow-

angle light-emitting diode arrays (radius = 4.4 cm) (LEDtronics, Inc, Torrance, CA) 

located 3.8 cm above the subjects’ head (Figure 3.1B). All NIL treatment sessions were 

given at peak λ= 633 nm, with power density of 2 mW/cm2, during 30 min for an energy 

density dose of 3.6 J/cm2. This single-session energy density was based on previous 

studies showing beneficial NIL effects in in vitro and in vivo models of 
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neurodegeneration induced by mitochondrial dysfunction (Eells et al., 2003; Liang et al., 

2008). The average power measured at the corneal surface level (exposed thorugh a 

window with an approximate area of 49 mm2) at a distance of 3.8 cm was 274 μW, so the 

estimated energy delivered to this area was 493 μJ in each 30 min session.  NIL doses 

were calculated based on measurements of average power done with a Newport 1830C 

power meter (Newport, Irvine, CA). Subjects were anesthetized with 1.5% isoflurane and 

kept on a thermal bed at 36.5°C during the totality of each one of the NIL treatment 

sessions. Three different protocols of NIL treatment were assessed in subjects receiving 

bilateral rotenone intravitreal injections (i.e. the experimental group) for their 

effectiveness to prevent rotenone-induced retinotoxicity (Table 3.2).  

Protocol NIL 1 (n = 7) consisted of a total dose of 10.8 J/cm2 fractionated in three 

sessions of NIL treatment each one occurring at 10 min, 24 hr and 48 hr after rotenone 

injections. Protocol NIL 2 (n = 5) consisted of six sessions of NIL treatment occurring at 

10 min, 24 hr, 48 hr, 72 hr, 96 hr and 120 hr after rotenone injections, for a total dose of 

21.6 J/cm2. Protocol NIL 3 (n = 5) also consisted of a total dose of 21.6 J/cm2, similar to 

protocol NIL 2, but in this case treatment sessions occurred at 48 hr and 24 hr before the 

rotenone injections, and continued at 10 min, 24 hr, 48 hr and 72 hr, after the injections. 

These dose fractionation schedules were implemented based on studies reporting that 

multiple NIL treatment sessions over days are more beneficial than the administration of 

a single treatment (Brondon et al., 2005). Six subjects in the experimental group received 

bilateral rotenone injections but no NIL treatment (i.e. rotenone group). Seven subjects in 

the control group were also further subdivided into radiated (receiving a protocol similar  
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* Intravitreal injections of rotenone are done this day. 

Table 3.2  Near-infrared doses and schedules 
Protocol Day Dose/day Total dose 

 19 20 21* 22 23 24 25 26   
NIL 1   • • •    3.6 J/cm2 10.8 J/cm2 
NIL 2   • • • • • • 3.6 J/cm2 21.6 J/cm2 
NIL 3 • • • • • •   3.6 J/cm2 21.6 J/cm2 
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to NIL 1) (n = 3), and non-radiated groups (n = 4). No differences in behavioral or 

morphological parameters were observed between these two control sub-groups so they 

were combined for further between-group comparisons. Regardless of whether they 

received rotenone or DMSO injections or whether they were treated with NIL or not, all 

subjects were anesthetized with 1.5% isoflurane during similar periods of time at the 

same intervals, with the exception of an additional group of rotenone-treated subjects (n = 

5) that were not given anesthesia. 

 

3.2.5 NADH dehydrogenase histochemistry 
 

Retinal sections were stained for NADH dehydrogenase activity following a 

procedure based on the reduction of tetrazolium salts to formazan that allows the 

identification of retinal layers, including the retinal nerve fiber layer (RNFL) (Jung et al., 

2002; Zhang et al., 2002). Fresh-frozen sections were pre-fixed in a solution containing 

0.5% glutaraldehyde/10% sucrose in phosphate buffer (PB) for 7 min at room 

temperature, followed by 10% sucrose in PB baths (3x, 5 min each). The sections were 

then incubated at 37oC for 20 min with gentle agitation in PB containing 1 mg/ml NADH, 

1.3 mg/ml nitroblue tetrazolium, and 1 M sodium azide. Sections were rinsed in PB, fixed 

in 10% paraformaldehyde for 30 min at room temperature, dehydrated in 30%-100% 

ethanol series, cleared in xylene and coverslipped with Permount®.  
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3.2.6 Nissl staining 
 

Frozen retinal sections were delipidized in a series of 95% ethanol, 70% ethanol, 

distilled water, and 0.1 M sodium acetate buffer at pH 4 (2.5 min each). Sections were 

stained in 0.1% cresyl violet in sodium acetate buffer at 45°C for 4 min, differentiated in 

70% and 95% ethanol and dehydrated in 95% and 100% ethanol. Slides were cleared in 

xylene and coverslipped with Permount®.  

 

3.2.7 Cytochrome oxidase histochemistry 
 

Retinal sections, brain sections and sections of brain homogenate paste standards 

(10, 20, 40, 60 and 80 μm thick) were stained with a cytochrome oxidase histochemistry 

procedure previously described (Gonzalez-Lima and Cada, 1994; Gonzalez-Lima and 

Jones, 1994; Gonzalez-Lima and Cada, 1998). Briefly, frozen sections were pre-fixed in 

0.5% glutaraldehyde/10% sucrose in PB, pH 7.6 for 5 min at 4°C, followed by three 

baths of 10% sucrose in PB (5 min each, allowing for gradual increases in temperature). 

The sections were incubated for 10 min in a solution containing 50 mM Tris, 1.1 mM 

cobalt chloride, 10% sucrose and 0.5% DMSO. After a 5 min rinse in PB at room 

temperature, the sections were stained for 60 min at 37°C in a PB solution containing 1.3 

mM 3,3’-diaminobenzidine tetrahydrochloride, 75 mg/L cytochrome c, 20 mg/L catalase, 

5% sucrose and 0.25% DMSO. Sections were fixed in 4% formalin in PB at room 

temperature for 30 min, dehydrated in series of 30%-100% ethanol series, cleared in 

xylene (2 times, 5 min each) and coverslipped with Permount®. 
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3.2.8 Retinal layer thickness 
 

Estimates of retinal nerve fiber layer + ganglion cell layer (RNFL + GCL) and 

inner plexiform layer (IPL) thickness were obtained by systematic analyses of NADH 

dehydrogenase activity-stained sections, based on previous reports (Zhang et al., 2002; 

Rojas et al., 2008a). The eyeball sections selected for thickness estimates were those with 

the largest diameter by 2X microscopic inspection, preferentially those in which the 

largest diameter of the lens, the pupil and the optic nerve were identified. In order to 

maximize the efficiency of the estimate while avoiding the effect of retinal thickness by 

position in the medial-lateral axis of the eye, data were obtained from systematic samples 

100 to 200 μm adjacent to the optic pole within each eyeball section. Retinal images at 

20X were analyzed using a microscopic image-processing system including an Olympus 

BX40 microscope (Olympus America; Lake Success, NY), a CCD camera (Javelin 

Electronics; Torrance, CA), a Targa-M8 digitizer and JAVA imaging software (Jandel 

Scientific; Corte Madera, CA). An isotropic uniform random system of test lines was 

superimposed on captured images and distances between the intercepts of each line with 

the inner and outer margins of the layer of interest were calculated. An unbiased estimate 

of thickness was obtained as Tret = ΣLength of intercept/No. of intercepts (Gundersen et 

al., 1978).  

 

3.2.9 Retinal GCL cell density 
 

Cell density (No. of cells/volume unit) in the GCL was estimated from Nissl 

stained sections using the optical dissector stereological method (Harding et al., 1994). 
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The imaging setting consisted of a Labophot-2 binocular bright field microscope (Nikon 

Corporation, Tokyo, Japan), connected to a DVC-1312C-FW scan camera and DVCView 

3.3 imaging software (DVC Company, Austin, TX), an a Microcode II digital readout 

(Boeckeler Instruments, Inc., Tucson, AZ). Data were obtained from the retinal optic 

pole, following a sampling system similar to that used for thickness measurements. Cells 

were identified at 50X through the thickness of a section and were counted when they 

first came into focus (except those on top of the sections) within an unbiased counting 

frame. One sample was obtained from each of three sections per retina. GCL cell density 

was estimated as Nvcells = ΣQ-/Σv(frame), where ΣQ- is the sum of cell counts per sample, 

and Σv(frame) is the area of the unbiased counting frame (0.0061 mm2, adjusted for 140X 

magnification) multiplied by the length of the analyzed region (d). This length was 

calculated as d = (No. of analyzed sections– 1) x No. of section series (3) x section 

thickness (40 μm). 

 

3.2.10 Visual pathway and whole-brain metabolic activity 
 

Cytochrome oxidase activity was quantified by optical densitometry as detailed 

by Gonzalez-Lima and Cada (1994). Optical density values for each region of interest 

were converted to units of cytochrome oxidase activity using calibration curves based on 

standards of tissue thickness and spectrophotometrically-determined cytochrome oxidase 

activity. Stained sections were placed on a DC-powered light box, digitized and analyzed 

using a CCD camera (Javelin Electronics; Torrance, CA), a Targa-M8 digitizer and 

JAVA imaging software (Jandel Scientific; Corte Madera, CA). Digitized images were 
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corrected for slide and light box artifacts by means of background subtraction. For each 

area of interest, optical density was averaged bilaterally across three retinal or brain 

sections per subject. Areas of interest included: 1) superficial gray matter of the superior 

colliculus (SupG), 2) dorsal lateral geniculate nucleus (LGN), 3) primary visual cortex 

(V1) and 4) lateral peristriate cortex (V2). These areas were delineated with reference of 

AP Bregma levels -4.16 to -7.04 of a standard rat brain atlas (Paxinos and Watson, 1997). 

For estimation of whole-brain cytochrome oxidase activity, all regions of interest plus 

images of six entire coronal brain sections/subject within AP Bregma levels -4.16 to -

7.04 were captured and analyzed for average optical density intensity. Cytochrome 

oxidase activity was reported as μmol/min/g of wet tissue. 

 

3.2.11 Superoxide dismutase activity 
 

Superoxide dismutase (SOD) activity was measured following a procedure based 

on the ability of SOD to inhibit the spontaneous oxidation of adrenaline to adrenochrome 

(Misra and Fridovich, 1972). Mitochondrial extraction was done following a modification 

of the procedure described by Seaton et al. (1996). The forebrains of subjects in the 

control and experimental groups were diluted 12.5% w/v in ice-cold buffer containing 

320 mM sucrose, 1 mM EDTA and 10 mM TRIS at pH 7.4 and homogenized in a 7 ml 

Dounce glass homogenizer (40-50 strokes per brain). The homogenates were further 

diluted 1:11 with ice-cold buffer and centrifuged at 320 x g for 10 min at 4°C. The 

supernatant was centrifuged again at 10,000 x g for 30 min. The supernatants and pellets 

were used to measure cytosolic and mitochondrial SOD activity, respectively. SOD 
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activity controls were determined in a sample mixture containing 0.1 mM EDTA in 50 

mM sodium carbonate buffer, pH 10.2. The oxidation of adrenaline bitartrate (0.3 mM) 

was followed spectrophotometrically at 480 nm and 30°C for 3 min. In separate 

measurements, aliquots (10 μl) of cytosolic or mitochondrial preparations were added to 

the sample mixture to produce between 40 and 60% inhibition. Results were expressed as 

peak units of enzyme activity per gram of wet tissue (1 unit = 50% inhibition of 

adrenochrome formation, relative to control). All samples were assayed in quadruplicate. 

 

3.2.12 In vitro whole-brain cell respiration 
 

Cell respiration in brain tissue was measured as a change in partial pressure of 

oxygen, using dynamic fluorescence quenching as described previously (Zhang et al., 

2006a). Aliquots of a pool of whole brain homogenates from naïve Long-Evans rats (n = 

7, male, 300-350 g) were solubilized in ice-cold buffer (0.32 M sucrose, 1 mM EDTA, 

8.4 mM Trizma HCl, 1.6 mM Trizma base, pH 7), to get 25% w/v tissue solutions. The 

tissue was diluted 1:80 in sample medium (0.5% deoxycholate in ice-cold buffer, 4 ml 

total volume) and vortexed briefly several times during a 10 min incubation period at 

room temperature, in which cell membranes solubilization took place. Samples with or 

without 10 μM rotenone were incubated for 10 min on a heating plate at a constant 

temperature of 37°C, in the dark with 0.1 or 1 J/cm2 NIL. The light-emitting diode arrays 

were located 3.8 cm from the samples. The change in temperature during this 10 min 

incubation period with or without NIL radiation was negligible (< 0.01°C/min). Cell 

respiration measurements were done in 15 ml biochemical oxygen demand bottles 
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(Kimble, Vineland, NJ), by means of a fiber optic fluorometric oxygen sensor system 

(Ocean Optics, Dunedin, FL). The fluorometric probe was immersed into the sample 

through the capillary pipette dropping stopper, which was sealed with Parafilm®. 

Measurements took place during 4 min, at 37°C and a sample integration time of 120 ms. 

Cell respiration recordings were always done immediately after the 10 min incubation 

period, in the dark, and at least in quadruplicate. Results are expressed as percent changes 

in oxygen concentration compared to baseline, per unit of time. 

  

3.2.13 Statistical analysis 
 

Repeated measures ANOVA followed by simple effects, simple contrasts, and 

Dunnett’s post-hoc correction were used to determine within-group and between-group 

differences in mean illuminance sensitivity thresholds, escape latencies and successful 

trials. Individual illuminance thresholds were determined through a series of 2-tailed t 

tests for within-subject escape latencies with a criterion of p < 0.01. Layer thickness, cell 

density, metabolic activity, SOD activity and cell respiration differences were determined 

using Dunnett-corrected one-way ANOVA. Within-group, brain-behavior and structure-

behavior relationships were determined using group-corrected partial Pearson product-

moment correlations. All statistical analyses were conducted using SPSS 11.5 for 

Windows. A p value < 0.05 was considered significant. 
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3.3 RESULTS 
 
3.3.1 Behavioral effects 
 

After rotenone injection, subjects exposed to NIL treatment preserved their pre-

lesion illuminance sensitivity threshold, a measure based on individual minute changes of 

visual function, whereas subjects in the rotenone group showed a 72.7% decrease in their 

illuminance sensitivity threshold, compared to control (p < 0.01; Figure 3.2A). Further 

analyses of the psychometric curves for escape latency and successful trials revealed 

between-group behavioral differences of NIL treatment in a dose-related manner.  

Subjects treated with the high-dose NIL protocols (NIL 2 and NIL 3) displayed overall 

escape latencies across different illuminance levels that were not different from control 

and pre-lesion conditions (p = 0.76 and p = 0.27, respectively). In contrast, subjects in 

both the rotenone and the 10.8 J/cm2 NIL (Protocol NIL 1) groups showed mean escape 

latencies that were significantly increased compared to control and pre-lesion conditions 

(p < 0.001 and p < 0.05, respectively) (Figure 3.2B). Subjects treated with the high-dose 

NIL protocols, but not with the low-dose one, also had an overall post-rotenone rate of 

successful trials (73.3%) that was not different from control (92%, p = 0.22), whereas the 

rotenone alone group performed at chance levels (49.1%), which was different not only 

from control, but also from pre-lesion rates (p < 0.01; Figure 3.2C).  

 
3.3.2 Structural effects 
 

It was hypothesized that the behavioral effects described above were due to the 

direct neuroprotective effect of NIL treatments on the retina. Since the intravitreal 

injection of rotenone has previously been shown to decrease layer thickness and cell  
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Figure 3.2 Neuroprotective effects of near-
infrared light on visually-guided 
behavior. (A) Rotenone (Rot) 
induced a significant decrease in the 
illuminance sensitivity threshold but 
no significant changes post-injection 
were observed in subjects receiving 
rotenone plus near-infrared light 
(effect size = 0.33, power = 0.73). 
(B) Subjects in the Rot group 
displayed mean post-injection escape 
latency across illuminance levels 
that were significantly higher than 
control and baseline. High NIL 
doses prevented this change, 
whereas a low NIL dose was not as 
effective (effect size = 0.62, power = 
0.99). (C) Rotenone-treated subjects 
displayed mean post-injection escape 
performances across illuminance 
levels that were not different from 
chance. This performance was 
significantly worse than control and 
baseline. High NIL doses prevented 
this change, whereas a low NIL dose 
was not as effective (effect size = 
0.41, power = 0.88). NIL 1 = 
rotenone + 10.8 J/cm2 NIL post-
injection, NIL 2 = rotenone + 21.6 
J/cm2 post-injection, NIL 3 = 
rotenone + 10.8 J/cm2 pre-injection 
+ 10.8 J/cm2 post-injection. 
Asterisks indicate a significant 
difference compared to control. * = p 
< 0.05, ** = p < 0.01, *** = p < 
0.001. 
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density, we assessed the effects of NIL treatments on these two histological variables. 

Microscopic examination visibly showed a neuroprotective effect of NIL on the retinal 

layers associated with ganglion cells, including the layer with the axons of ganglion cells 

(retinal nerve fiber layer), the layer with the soma of ganglion cells (ganglion cell layer) 

and the layer with the dendrites of ganglion cells (inner plexiform layer). Interestingly, 

the structural effects of NIL treatments also followed a dose-response pattern similar to 

that observed in the behavioral experiments, with NIL 2 and 3 protecting against the 

histopathological effects of rotenone (Figure 3.3).  

Morphometric analysis (Figure 3.4) showed that rotenone produced a 44.4% 

decrease in the mean retinal nerve fiber layer + ganglion cell layer thickness (RNFL + 

GCL) (p < 0.01), compared to control. However, 21.6 J/cm2 NIL after rotenone injection 

(Protocol NIL 2) limited the RNFL + GCL thickness reduction to only 12.4%, which was 

not significantly different from control (p = 0.69). A similar protective effect was 

observed with protocol NIL 3 (10.8 J/cm2 NIL pre- + 10.8 J/cm2 NIL post-injection), 

which produced a RNFL + GCL thickness reduction of 24.5% (p = 0.15). Retinas 

exposed to 10.8 J/cm2 NIL post-injection (Protocol NIL 1) showed a RNFL+GCL 

thickness reduction of 37.7% (p < 0.01), indicating that low-dose NIL was not as 

effective as the high-dose NIL protocols at preventing this neurodegenerative effect of 

rotenone.  

A dose-response effect was also observed in the inner plexiform layer (IPL) 

thickness. Rotenone produced a 28.8% decrease in the mean IPL thickness (p < 0.05) and 

subjects treated with Protocols NIL 2 and NIL 3 showed thickness reductions of only  
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Figure 3.3 Neuroprotective effects of near-infrared light on retinal structure. Images 
of mid-sagittal eyeball sections from the optic pole show profound between-group 
differences in retinal anatomy. Retinal layers were clearly identified in control subjects. 
A dark purple staining was found in zones with heavy formazan deposits, which represent 
retinal regions with high NADH dehydrogenase activity. Layer thinning was a 
histopathological feature of rotenone-induced neurotoxicity. This was more drastic in the 
innermost layers including the retinal nerve fiber layer (RNFL), ganglion cell layer 
(GCL), inner plexiform layer (IPL) and inner nuclear (INL) layer. Whereas structural 
defects of similar severity where observed in the group treated with the NIL 1 protocol, 
protocols NIL 2 and NIL 3 where effective at preventing the retinotoxic effects of 
rotenone. NIL 1 = rotenone + 10.8 J/cm2 NIL post-injection, NIL 2 = rotenone + 21.6 
J/cm2 post-injection, NIL 3 = rotenone + 10.8 J/cm2 pre-injection + 10.8 J/cm2 post-
injection. OPL = outer plexiform layer, ONL = outer nuclear layer, PR = photoreceptor 
layer. Light microscopy, 10X. 
 
 
 
 
 
 

 
 
 



 

94

25.1% and 23.7% compared to control (p = 0.11 and p = 0.14, respectively). In contrast 

Protocol NIL 1-treated subjects showed a 50.5% reduction in thickness compared to 

control (p < 0.001), which reveal a detrimental structural effect that parallels an absence 

of beneficial effect at the functional level, with this same dose. Changes in IPL thickness 

were minimal in NIL 2 and NIL 3-treated groups, but they  were proportional with 

changes in RNFL + GCL thickness as demonstrated by a high correlation between these 

two measures (r = 0.74, p < 0.001). Similarly, lower IPL thickness values correlated with 

longer escape latencies in the behavioral task (r = -0.56, p < 0.01). 

Rotenone produced a 39.8% reduction in the GCL cell density (p < 0.001), 

compared to control (17.5 ± 1 vs. 8.8 ± 1 cells x 103/mm3). GCL cell densities were 

similarly different from control in all rotenone + NIL-treated groups, but GCL cell 

densities were positively correlated with RNFL + GCL thickness (r = 0.62, p < 0.001). 

This result not only shows a consistency of treatment effects in two different 

morphologic variables, but implicates a neuroprotective effect of NIL that spares neural 

tissue from rotenone-induced neurotoxicity. Furthermore, shorter escape latencies in the 

behavioral task negatively correlated with both RNFL+GCL thickness (r = -0.71, p < 

0.001) and GCL cell density (r = -0.57, p < 0.01) (Figure 3.5). 

 
3.3.3 Metabolic effects 
 

Cytochrome oxidase histochemistry-based analysis of the metabolic activity in the 

visual pathway was used as an ancillary measure of the functional effects of NIL 

treatment, especially searching for signs of functional deafferentation after rotenone 

administration. For example, in the superior colliculus, the main recipient of retinal  
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Figure 3.4 Effects of near-infrared light on retinal layer thickness. Rotenone induced 
a significant decrease in the retinal nerve fiber layer + ganglion cell layer (RNFL + GCL) 
and inner plexiform layer (IPL) thickness. NIL treatments prevented degeneration in the 
RNFL+GCL in a dose-response manner. Rot = rotenone, NIL 1 = rotenone+10.8 J/cm2 
NIL post-injection, NIL 2 = rotenone + 21.6 J/cm2 post-injection, NIL 3 = rotenone + 
10.8 J/cm2 pre-injection + 10.8 J/cm2 post-injection. * = significant difference compared 
to control at p < 0.05. ** = significant difference compared to control at p < 0.01. 
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Figure 3.5 Structure-function 
correlations after near-
infrared light tratment. 
Better preserved retinal 
nerve fiber layer + ganglion 
cell layer (RNFL + GCL) 
thickness (A) and GCL cell 
densities (B) correlated 
with shorter mean post-
injection escape latencies 
in the behavioral apparatus. 
RNFL + GCL thickness 
was also correlated with 
GCL cell density (C). 
These results implicate a 
functionally relevant 
neuroprotective effect of 
NIL that spares neural 
tissue from rotenone-
induced neurotoxicity. 
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ganglion cell axons in the rat, metabolic activity was clearly affected by the intravitreal 

rotenone injections. Mean cytochrome oxidase activity was 21.8% lower in rotenone-

treated subjects, compared to control. NIL treatments prevented this effect in a dose-

response manner (Figure 3.6).  

In addition, being cytochrome oxidase activity a maker of increases as well as 

decreases in neuronal metabolic activity, it was expected that it would reveal not only 

between-group differences due to rotenone neurotoxicity but also signs of neural 

activation correlating with both functional and structural changes due to NIL treatments. 

The results supported these predictions. First, the local metabolic activity in the retina 

showed a significant 32.4% decrease after rotenone, compared to control (p < 0.01). The 

metabolic activity was also lower in the rest of the treatment groups, compared to control 

(Figure 3.7), but significantly correlated with both behavioral and structural variables. In 

other words, although NIL treatment did not increase the cytochrome oxidase activity in 

the retina, as compared to the rotenone-treated group, subjects with higher retinal 

metabolic activity displayed shorter escape latency (r = -0.54, p < 0.01) and a higher 

percentage of successful trials in the behavioral task (r = 0.44, p < 0.05). Similarly, a 

higher retinal metabolic activity positively correlated with intact retinal structure, 

including RNFL + GCL thickness (r = 0.60, p < 0.001), IPL thickness (r = 0.57, p < 0.01) 

and GCL cell density (r = 0.61, p < 0.001).  

Figure 3.7 also shows that between-group effects of NIL treatments on brain 

metabolic activity were evident trans-synaptically in central visual pathway relays at 

midbrain, thalamic and cortical levels. The functional deafferentation induced by the  
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Figure 3.6 Central metabolic effects of rotenone-induced visual deafferentation. (A) 
The metabolic activity in the superior colliculus, a main recipient of afferent 
visual information in the rat, was severely affected by the intravitreal 
rotenone injections. Mean cytochrome oxidase activity was 21.8% lower in 
rotenone-treated subjects, compared to control. NIL treatments prevented 
this effect in a dose-response manner. The black bar represents the group 
mean. (B) Tectal images of brain coronal sections stained with the 
cytochrome oxidase histochemical technique show a less intense staining in 
the superficial gray matter of the superior colliculus (SupG) in a rotenone-
treated subject (region between white arrows). This contrasts with the 
intense staining observed in control and NIL-treated subjects. These changes 
took place 16 days after rotenone injection. IntG=intermediate gray matter 
of the superior colliculus. Rot=rotenone, NIL 1 = rotenone + 10.8 J/cm2 NIL 
post-injection, NIL 2 = rotenone + 21.6 J/cm2 post-injection, NIL 3 = 
rotenone + 10.8 J/cm2 pre-injection + 10.8 J/cm2 post-injection. 
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Figure 3.7 Effect of near-infrared light treatment on retinal and visual pathway 
metabolic activity. Rotenone significantly decrease the metabolic activity 
in the retina, superficial gray matter of the superior colliculus (SupG), dorsal 
lateral geniculate nucleus (LGN), primary visual cortex (V1) and lateral 
peristriate cortex (V2). NIL treatments prevented this effect in a dose-
response manner. In thalamic and cortical regions, the metabolic activity of 
high dose NIL-treated subjects reached values higher than control. Rot = 
rotenone, NIL 1 = rotenone + 10.8 J/cm2 NIL post-injection, NIL 2 = 
rotenone + 21.6 J/cm2 post-injection, NIL 3 = rotenone + 10.8 J/cm2 pre-
injection + 10.8 J/cm2 post-injection. * = lower than control at p < 0.05. ** 
= lower than control at p < 0.01. *** = lower than control at p < 0.001. + = 
higher than control at p < 0.05. ++ = higher than control at p < 0.01. +++ = 
higher than control at p < 0.001. 
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retinotoxic effects of rotenone were evidenced as a significant decrease in the metabolic 

activity in each one of the analyzed neuroanatomical regions compared to control. Also, 

the effects of NIL treatment appeared in a dose-response fashion. Visual pathway 

metabolic activity in subjects treated with the low-dose NIL was significantly lower than 

control and similar to the rotenone group, whereas high-dose NIL prevented the decrease 

in metabolic activity observed in the rotenone group. Remarkably, protocols NIL 2 and 

NIL 3 not only prevented the local decreases in metabolic activity in visual structures, but 

actually increased their activity to levels higher than control. These metabolic increases 

relative to control were more reliable in higher brain regions such as LGN, V1 and 

especially V2, where an increase of 26.1% was observed with protocol NIL 3. 

    

3.3.4 Trans-cranial NIL neurochemical effects 
 

The results of regional brain metabolic activity measures suggested the possibility 

that some of these effects were mediated not only by the afferent influences of retinal 

inputs, but by a direct transcranial effect of near-infrared radiation on the entire brain. To 

test this hypothesis, whole brain measures of cytochrome oxidase activity were obtained 

from the histochemically-stained brain sections of subjects treated with the different NIL 

doses. As compared to subjects not exposed to NIL (the control and rotenone alone 

groups), a dose-dependent increase in whole-brain cytochrome oxidase activity of 14.8% 

(p = 0.08), 56.7% (p < 0.001) and 66.6% (p < 0.001) was observed in subjects treated 

with protocols NIL 1, NIL 2 and NIL 3, respectively (Figure 3.8).  
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Figure 3.8 Trans-cranial effects of near-infrared light on whole-brain metabolic 
capacity. A dose response effect was observed, with the protocol including 
pre-rotenone treatment sessions producing the highest increase in cytochrome 
oxidase activity. The “control” data represents averaged activity of groups not 
exposed to NIL (i.e. control + rotenone groups). NIL 1 = rotenone + 10.8 
J/cm2 NIL post-injection, NIL 2 = rotenone + 21.6 J/cm2 post-injection, NIL 3 
= rotenone + 10.8 J/cm2 pre-injection + 10.8 J/cm2 post-injection. * = 
significant difference compared to control at p < 0.01. ** = significant 
difference compared to control at p < 0.001. 
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Further evidence of a dose-response transcranial effect of NIL treatments was 

obtained analyzing the whole brain cytosolic and mitochondrial superoxide dismutase 

(SOD) activity of subjects in each treatment group. While protocols NIL 1 and NIL 2 had 

no significant positive effect due to high variance, protocol NIL 3 induced a 51.5% 

increase in cytosolic SOD activity, relative to subjects not exposed to NIL (the control 

and rotenone alone groups) (Figure 3.9). 

 

3.3.5 Anesthesia and in vitro studies 
 

A series of control studies were conducted to verify that NIL effects were not due 

to anesthesia effects or photodegradation of rotenone, but rather to direct NIL stimulation 

of mitochondrial respiration. First, the use of general anesthesia with isoflurane to 

immobilize the subjects while they received NIL radiation raised the concern that the 

anesthetic state induced by isoflurane would be the real cause of neuroprotection, instead 

of NIL treatments. However, subjects in the rotenone group were also anesthetized with 

isoflurane for the same period of time as subjects receiving NIL treatment; the mean 

illuminance sensitivity threshold and behavioral performance in this rotenone group were 

not improved compared to a rotenone-treated group not exposed to isoflurane (p = 0.17 

and p = 0.79). Also subjects in the rotenone and the rotenone+isoflurane groups showed 

no differences in other measures such as retinal layer thickness (p = 0.42), GCL cell 

density (p = 0.49) and retinal metabolic activity (p = 0.20).  

Second, there was the concern that NIL may photodegrade rotenone. But 

compared to rotenone solutions incubated in the dark, rotenone solutions radiated with 
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Figure 3.9 Trans-cranial effects of near-infrared light on whole-brain superoxide 
dismutase activity. Whereas subjects treated with the low-dose (NIL 1) 
protocol tended to show lower superoxide dismutase (SOD) activity levels, 
subjects treated with the high-dose protocols (NIL 2 and NIL 3) increased 
SOD activity compared to control. NIL 1 = rotenone+10.8 J/cm2 NIL post-
injection, NIL 2 = rotenone + 21.6 J/cm2 post-injection, NIL 3 = rotenone + 
10.8 J/cm2 pre-injection + 10.8 J/cm2 post-injection. + = significantly lower 
than control at p < 0.05. * = significantly higher than control at p < 0.01. 
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NIL showed no decrease in their pro-oxidant properties, as measured by its ability to 

induce lipid peroxidation in brain homogenates (3±0.1 vs. 3.2 TBARS μmoles/L, p = 0.8; 

10 μM rotenone and 10 μM rotenone + 3.6 J/cm2, respectively). Levels of lipid 

peroxidation in brain homogenates treated with these two solutions were higher than that 

of a control (1.5±0.1 TBARS μmoles/L, p < 0.001).  

Finally, we verified that NIL directly stimulates mitochondrial respiration in vitro. 

Cytochrome oxidase catalyzes the synthesis of water in mitochondria, the main oxygen-

consuming reaction in neurons and thus constitutes the rate-limiting step for cell 

respiration. Whole-brain homogenates were radiated with NIL to test the hypothesis that 

in vitro treatment would directly prevent the decrease in the rate of oxygen consumption 

induced by rotenone. Rotenone was expected to block the electron flow through the 

respiratory chain components and inhibit oxygen consumption. Whereas rotenone alone 

induced nearly a 75% decrease in the cell respiration rate (p < 0.05), in the presence of 

rotenone, even a small dose of NIL treatment (0.1 J/cm2) increased cell respiration rates 

to levels similar to control (Figure 3.10).  

 
3.4 DISCUSSION 
 

This is the first report providing evidence that NIL treatment via light-emitting 

diodes exerts neuroprotective effects against rotenone-induced neurotoxicity in vivo. 

These neuroprotective effects were observed at the behavioral, morphologic and 

neurochemical levels in a dose-response manner. These results add to a large body of 

compelling evidence suggesting that the biological effects of NIL could be effectively 
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Figure 3.10 Effect of near-infrared light on cell respiration in vitro. Rotenone 
decreased the rate of oxygen consumption. Small (0.1 J/cm2) and large (1 
J/cm2) pulses of NIL reversed the inhibitory effect of rotenone. Rot = 10 
μM rotenone.* = significant difference compared to control at p < 0.05. 
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used to treat neurodegenerative conditions, in particular those associated with 

mitochondrial dysfunction. In vitro NIL effects include: 1) increased expression of the 

anti-apoptotic protein Bcl-2 and reduced expression of the pro-apoptotic protein Bax 

(Shefer et al., 2002), 2) decreased numbers of apoptotic cells after exposure to the 

amyloid beta protein (Duan et al., 2003), 3) improved function of cortical neurons 

inactivated by toxins (Wong-Riley et al., 2005; Liang et al., 2006), 4) increased survival 

and ATP content of striatal neurons after rotenone- and MPP+-induced toxicity and 

decrease oxidative stress and nitric oxide production (Liang et al., 2008), 5) increased 

neurite outgrowth (Wollman and Rochkind, 1998), 6) regulation of genes encoding for 

DNA repair proteins, antioxidant enzymes and molecular chaperones (Eells et al., 2004), 

and 7) increased proliferation of olfactory ensheating stem cells (Byrnes et al., 2005a), 

Schwann cells (Van Breugel and Bar, 1993), astrocytes, and oligodendrocytes (Rochkind 

et al., 1990). In vivo, NIL induces peripheral and central nerve regeneration after trauma 

(Anders et al., 1993; Byrnes et al., 2005b), reduces neuroinflammation (Byrnes et al., 

2005b), and prevents methanol-induced photoreceptor degeneration (Eells et al., 2003). 

In humans, NIL has been successfully applied in the treatment of neuropathic pain (Iijima 

et al., 1991), prevention of oral mucositis in immunocompromised patients (Whelan et 

al., 2002), and in stimulation of wound closure and skin graft healing (Conlan et al., 

1996). 

An in vivo model of retinal degeneration induced by rotenone was used in this 

study. Rotenone-treated subjects showed decreased visual function, which correlated with 

abnormal retinal morphology, and with impoverished retinal and visual pathway 
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metabolic activity. Rotenone is a natural pesticide regarded as a probable environmental 

neurotoxin (Sherer et al., 2001). Rotenone is a mitochondrial complex I inhibitor that 

induces oxidative stress, energy depletion and neuronal death, and has been used to 

model neurodegenerative disorders associated with complex I dysfunction, including 

Parkinson’s disease and optic neuropathy (Betarbet et al., 2000; Zhang et al., 2002; 

Sherer et al., 2003; Beretta et al., 2006).  

NIL treatments were effective at preventing rotenone-induced retinotoxicity in a 

dose-response manner. A total dose of 21.6 J/cm2 fractionated in six sessions of 3.6 J/cm2 

post-injection (Protocol NIL 2) was highly effective at preventing the rotenone-induced 

visual deficits. Rates of successful trials, escape latencies and illuminance sensitivity 

thresholds in NIL 2-treated subjects were similar to control, and correlated with 

preservation of the retinal nerve fiber layer and sustained metabolic activation of the 

central visual pathway. This high dose was similarly effective when part of it was 

delivered as a pre-treatment previous to rotenone injections (Protocol NIL 3). In contrast, 

when only half of the total NIL dose (10.8 J/cm2) was given after the injection (Protocol 

NIL 1), no neuroprotective effects were observed. This supports that prophylactic 

administration of NIL occurring before the mitochondrial insult contributed to the post-

rotenone neuroprotective effects, as previously demonstrated in in vitro systems (Wong-

Riley et al., 2005). In addition, the effectiveness of fractionated NIL protocols is in 

agreement with previous studies showing that NIL doses given within the same day are 

not as effective as those that are given over several days and that stimulatory effects are 
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observed at daily energy densities between 1 x 10-3 J/cm2 and 10 J/cm2 (Brondon et al., 

2005; Liang et al., 2008). 

Neural metabolic activity was determined by means of quantification of 

cytochrome oxidase histochemistry, which detects within-brain regional differences in 

long-term metabolic demands (Wong-Riley, 1989; Gonzalez-Lima and Cada, 1994). As 

expected, more cytochrome oxidase activity was revealed in the retina and central visual 

pathway of control animals, in contrast with the decrease observed in rotenone-treated 

subjects. Rotenone’s neurotoxicity was evident as a decrease in retinal and visual 

pathway cytochrome oxidase activity, relative to control. This is evidence of functional 

deafferentation and a trans-synaptic metabolic effect of the lesions (Wong-Riley, 1979; 

1980), which was reversed by NIL treatments.  

Remarkably, the whole brain metabolic activity, and not only that of the visual 

pathway was increased after NIL treatments in a dose-response manner, which suggests a 

direct effect of NIL treatments on the brain, independent of the afferent visual input. This 

evidence also suggests that the neuroprotective effect of NIL may be mediated by a 

buildup of the cytochrome oxidase holoenzyme pool. Previous spectroscopic measures 

have shown that although the directionality of the electromagnetic radiation produced by 

LED arrays is lower than that of laser sources, photons at wavelengths between 630-800 

nm are able to travel approximately 23 cm even in layers of tissues with relatively low 

transparencies such as skin, connective tissue, muscle, bone and spinal cord (Chance et 

al., 1988b; 1988a; Byrnes et al., 2005b). Further neurochemical analyses demonstrated 

that brains exposed to NIL treatments showed not only an increase in cytochrome oxidase 
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activity but also in SOD activity. The increase in SOD was observed in a dose-response 

manner, with higher NIL protocols being more effective than the low-dose protocol. This 

effect was observed in forebrain samples, thus being independent of retinal inputs, which 

supports the notion of a transcranial biological effect of NIL. Finally, the increases in 

SOD activity were seen in cytosolic fractions, which suggest the involvement of extra-

mitochondrial messengers or effectors mediating responses to NIL. These data are 

consistent with previous studies suggesting that the mechanism of action of NIL 

treatment includes regulation of gene expression (Eells et al., 2004; Byrnes et al., 2005a; 

Liang et al., 2006) and suggest that genes involved in neuronal bioenergetics (e.g. 

cytochrome oxidase) and antioxidant defenses (e.g. SOD) may play a role in the intrinsic 

mechanisms of survival against mitochondrial insults.  

But what mechanisms allow for up-regulation of enzyme genes relevant to 

neuroprotection after NIL treatments? Direct catalytic enhancement of cytochrome 

oxidase activity, alteration of metabolic pathways and actions of alternate photoacceptors 

are possible mechanisms that merit further investigation. Cytochrome oxidase is regarded 

as the primary photoacceptor of light in the red to near-infra-red region of the visible 

spectrum (Yamanaka et al., 1988; Pastore et al., 2000). In neural tissue, it is the most 

abundant metalloprotein and wavelength peaks in its absorption spectrum (670 and 830 

nm) highly correlate with its peaks in catalytic activity and with ATP content in vitro 

(Eells et al., 2004). The in vitro study provides evidence of a direct stimulatory effect of 

NIL on mitochondrial respiration independently of in vivo enzyme buildup. In vitro, brief 

pulses of NIL produced a respiratory enhancement that counteracted the inhibitory effect 
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of rotenone, suggesting a direct stimulation of the catalytic activity of cytochrome 

oxidase and acceleration of the electron flow..This interpretation agrees with previous 

observations demonstrating that  low-level laser radiation increases cytochrome c 

oxidation in the presence of cytochrome oxidase (Pastore et al., 2000). However, the 

respiratory enhancing effects demonstrated here were not observed in control conditions, 

but only in systems in which rotenone was added. This suggests that only a partially 

inhibited respiratory chain is permissible to direct NIL-induced increases in electron flow 

at the cytochrome oxidase levels, but not an otherwise uncoupled system in which 

electron flow occurs at the highest possible rate (Kadenbach, 2003).  

NIL has also been shown to induce transient biochemical changes that impact a 

variety of metabolic pathways and redox reactions. For instance, NIL is able to modify 

the interactions between cytochrome oxidase and nitric oxide and to promote the 

generation of free radicals (Karu, 1999; Karu et al., 2005). Although cytochrome oxidase 

is regarded as a major mediator of NIL effects, other proteins may also have a role, 

whether directly acting as photoacceptors or being part of cellular cascades triggering cell 

survival. Of particular interest are other heme-containing proteins implicated in intrinsic 

mechanisms of neuroprotection and cell death. An example is neuroglobin, which is 

predominantly expressed in the brain and shows up-regulation in response to oxygen 

deprivation, and protects neurons from ischemic and hypoxic death (Khan et al., 2008; 

Wang et al., 2008). Neuroglobin is expressed in the retina and reduces cytosolic 

cytochrome c thus being implicated in responses to NIL as both a photoacceptor and 

intracellular effector (Ostojic et al., 2006; Fago et al., 2008). The role of this and other 
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proteins in NIL-tissue interactions together with cytochrome oxidase’s role should be 

further investigated. 

In summary, the present experiments demonstrate that NIL treatment via light-

emitting diodes provides neuroprotection against rotenone-induced retinotoxicity. NIL 

treatments also appear to have in vivo transcranial neurochemical effects that involve 

metabolic-enhancing and antioxidant systems. These data suggest that NIL could be used 

as a non-invasive neuroprotective approach against neurological conditions caused by 

mitochondrial dysfunction. 

 

3.5 SUMMARY 
 

Near-infrared light (NIL) promotes a wide range of biological effects including 

enhancement of energy production, gene expression and prevention of cell death. This is 

the first report of the in vivo neuroprotective effects of NIL against optic neuropathy 

induced by mitochondrial complex I inhibition. Subjects were pigmented rats that 

received single bilateral intravitreal doses of rotenone, a mitochondrial complex I 

inhibitor, or rotenone plus one of three different doses of NIL. Treatment effects were 

evaluated at behavioral, structural and neurochemical levels. Rotenone induced a 

decrease in visual function, as determined by changes in the dark-adapted illuminance 

sensitivity threshold, escape latency and rate of successful trials in a two-choice visual 

task, compared to vehicle-treated controls. Behavioral impairment correlated with a 

decrease in retinal and visual pathway metabolic activity, retinal nerve fiber layer 

thickness and ganglion cell layer cell density. These changes were prevented by NIL 
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treatments in a dose-dependent manner. Whole-brain cytochrome oxidase and superoxide 

dismutase activities were also increased in NIL-treated subjects in a dose-dependent 

manner, suggesting an in vivo transcranial effect of NIL. In whole-brain membrane 

isolates, NIL prevented the rotenone-induced decrease in cell respiration. The results 

show that NIL treatment can effectively prevent the neurotoxic effects of rotenone and 

that it might be used in the treatment of neurodegenerative disorders associated with 

mitochondrial dysfunction. 
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Chapter 4: Neuroprotective effects of memantine in a mouse model of 
retinal degeneration induced by rotenone 

 
 

4.1 BACKGROUND 
 

Mitochondrial dysfunction and excitotoxicity are interrelated events that seem to 

have a critical role in neurodegeneration (Schinder et al., 1996; Sengpiel et al., 1998; 

Kanki et al., 2004). Inhibition of mitochondrial function has been shown to produce 

energy depletion, increase oxidative stress and induce apoptosis in several models (Sherer 

et al., 2003; Beretta et al., 2006; Zhang et al., 2006a). Energy depletion impairs 

membrane potential resetting and maintenance, which promotes constant neuronal 

excitation, massive influx of calcium mainly via NMDA receptor (NMDAR) activation, 

and the concomitant hyperactivation of proteases, lipases and endonucleases (Winkler, 

1983; Henneberry et al., 1989; Chiu et al., 2005). Oxidative stress activates apoptosis 

signaling pathways and further impairs the function of components of both the 

mitochondrial and cell membranes (Cassina and Radi, 1996; Brookes et al., 1998; 

Rosenstock et al., 2004). Thus, mitochondrial dysfunction and excitotoxicity appear to be 

synergistic cellular events implicated in a vicious cycle enhancing occurrence of cell 

death and possibly having significant implications in the pathogenesis of 

neurodegenerative disorders.  

Interruption of this vicious cycle may decrease activation of cell death signals, 

having an impact on the onset and progression of neurodegeneration. One of the 

candidate strategies to achieve this is by impairing NMDAR hyperactivation, a key event 

in excitotoxicity. Memantine is an amantadine derivative that exerts an uncompetitive 
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antagonist effect on the NMDAR activation (Chen and Lipton, 1997). This means that its 

ion channel-blocking effect takes place only when the NMDAR has been previously 

activated by glutamate in a sustained manner. Thus, this antagonist might interfere with 

excitotoxic activity without significantly affecting normal function during synaptic 

transmission or long-term potentiation (Chen et al., 1998). This should represent an 

advantage when excitotoxic damage is to be prevented in a neuronal network subjected to 

the cellular stress introduced by mitochondrial dysfunction. In the present study, this 

hypothesis was tested using an in vivo toxicological model of retinal neurodegeneration 

induced by rotenone described previously (Zhang et al., 2002, 2006b). . Rotenone is a 

specific inhibitor of mitochondrial complex I that may constitute a major environmental 

neurotoxin. It has been previously reported that a single intravitreal injection of rotenone 

causes retinal neurodegeneration by increasing reactive oxygen species production and by 

decreasing oxygen consumption (Zhang et al., 2006a). This model is suitable for 

efficiently testing the efficacy of candidate neuroprotective interventions, since it allows 

the assessment of in vivo biological effects in a relatively accessible part of the central 

nervous system, with the advantage of a within-subject control design. The present 

experiments evaluated the in vivo effects of memantine on cell death, morphological 

neurodegenerative changes, oxidative stress and energy metabolism induced by rotenone 

in the retina. 
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4.2 MATERIALS AND METHODS 
 
4.2.1 Subjects and chemicals 
 

Adult male CBA/J mice (n = 47, average weight 27 g) were obtained from 

Jackson Laboratory (Bar Harbor, ME). Animals were maintained in clear plastic cages 

with food and water ad libitum and subjected to standard light cycles (12 hr light/12 hr 

dark) in an animal facility accredited by the Association for Assessment and 

Accreditation of Laboratory Animal Care. All experimental procedures were approved by 

the Institutional Animal Care and Use Committee of the University of Texas at Austin. 

Unless otherwise specified, all chemical reagents were purchased from Sigma-Aldrich 

(St. Louis, MO). 

 

4.2.2 Intravitreal injections 
 

Subjects were anesthetized by an intraperitoneal injection of a mixture of 

ketamine hydrochloride (45 mg/kg), xylazine hydrochloride (9 mg/kg), and acepromazine 

(1.5 mg/kg). Under a stereomicroscope, a small sclerotomy was performed in the superior 

temporal quadrant of the eye to give access to the vitreous body. The microinjection was 

done immediately underneath the corneoscleral junction with a 30-G dental injection 

needle (Monoject®, Sherwood Medical Company, Norfolk, NE). The needle was 

connected by polyethylene tubing (internal diameter r= 0.38 mm) to a 10 μl Hamilton 

microsyringe. The injections were delivered over 2 min using a microinjection pump 

(CMA microdialysis AB, North Chelmsford, MA) (0.5 μL, final volume) and the 

injection needle was left in place for an additional 40-sec period to allow for diffusion 
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away from the needle tip and to avoid any efflux of fluid through the injection site. The 

edges of the injection point were gripped with forceps while the microsyringe was slowly 

withdrawn. One eye of each animal received an injection of 0.2 mg/kg rotenone in the 

vehicle dimethylsulfoxide (DMSO) plus either 0.7 μg/kg (n = 8 eyes), 7 μg/kg (n = 8 

eyes), or 70 μg/kg memantine (n = 24 eyes), while the other received either 0.2 mg/kg 

rotenone in DMSO (n = 23 eyes) or DMSO only as control (n = 25 eyes). DMSO was 

used as a rotenone solvent, because it has been previously reported that it does not induce 

changes in retinal morphology, compared to non-injected subjects (Zhang et al., 2002). 

Regarding rotenone, its threshold limit value time weighted average for aerial exposure in 

humans is 5 mg/m3, so the occupational exposure (operators dispersing the toxicant) is 

estimated to be below 0.7 mg/kg/day.  This is a dose that compares to the one chosen for 

the experimental model presented here. Animals were decapitated 1 hr (n = 10 mice), 24 

hr (n = 28 mice) or 2 weeks (n = 9 mice) after the injections and eyeballs were rapidly 

removed and frozen in isopentane (-40°C). In order to control for cut angle differences, 

eyeballs were transferred to cubic aluminum foil containers (2 mm3), orienting their 

anterior-posterior axis parallel to surface. The containers were filled with Shandon M1 

embedding matrix (Thermo Electron Corporation, Pitsburgh, PA) and stored at -40°C. 

Forty μm-thick sagittal eyeball sections parallel to the anterior-posterior axis were 

obtained in a 2800 Frigocut E Reichert-Jung cryostat (Leica Microsystems, Bannockburn, 

IL) at -18°C and were mounted on poly-L-lysine coated slides to create three adjacent 

series for histological analysis.  
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4.2.3 TUNEL staining 
 

Detection of cells undergoing cell death in the retinal ganglion cell layer (GCL) 

was determined using the TUNEL technique by means of a commercially available kit 

(FD NeuroApop, FD NeuroTechnologies Ellicott City, MD) (Gavrieli et al., 1992). 

Eyeball frozen sections were fixed in 4% paraformaldehyde, 0.5% glutaraldehyde, pH 7.4 

for 45 min at room temperature and were subsequently treated according to the 

manufacturer’s directions. Sections were air dried for 5 min, counterstained in methyl 

green for 5 min (0.5% methyl green in 0.1 M sodium acetate buffer, pH 4.2), dehydrated 

in 95% and 100% ethanol, cleared in xylene and cover-slipped with Permount®.  

 

4.2.4 Nissl staining 
 

Nissl staining was used to obtain stereological estimates of GCL cell number and 

density. Frozen eyeball sections were delipidized in a series of 95% ethanol, 70% 

ethanol, distilled water, and 0.1 M sodium acetate buffer pH 4 (2 min each). Sections 

were stained in 0.1% cresyl violet in sodium acetate buffer pH 4 at 45°C for 7 min, 

differentiated in 70% and 95% ethanol and dehydrated in 95% and 100% ethanol. Slides 

were cleared in xylene and coverslipped with Permount®.  

 

4.2.5 Complex I staining 
 

Eyeball sections were stained for mitochondrial complex I activity following a 

well-established histochemical procedure based on the reduction of tetrazolium salts 

(Jung et al., 2002; Zhang et al., 2002). This staining technique allows the clear 
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visualization of the retinal nerve fiber layer (RNFL) and was used to estimate retinal 

volume and the combined thickness of GCL and RNFL. Fresh-frozen sections were pre-

fixed in a solution containing 0.5% glutaraldehyde and 10% sucrose PB for 7 min at 

room temperature, followed by 10% sucrose PB baths (3 x 5 min). Sections were then 

incubated at 37oC for 15-20 min with agitation in PB containing NADH (1 mg/ml), 

nitroblue tetrazolium (1.33 mg/ml), and sodium azide (0.065 mg/ml). After this, sections 

were rinsed, fixed in 10% paraformaldehyde for 30 min at room temperature, dehydrated 

in alcohol series, cleared in xylene and coverslipped with Permount®.  

 

4.2.6 Stereological measurements 
 
4.2.6.1 Retinal volume 
  

Total retinal volume was estimated using the Cavalieri principle, which sampling 

methodology controls for biases introduced by object distortion and orientation (Henery 

and Mayhew, 1989). Sections stained for complex I activity were visualized using  stage 

microprojection and a systematic array of test points was randomly superimposed on the 

image of every fourth section [area per point, a(p) = 0.0144 mm3, after adjustment for 

25X magnification]. Points randomly lying on the structure of interest, which included all 

layers and regions (central and peripheral) of the retina, were counted (ΣP). Together 

with d, the average distance between designated sections (d = 240 μm), ΣP was used to 

estimate the total retinal volume, as Vret = ΣP x a(p) x d. Distance d was then calculated 

as the distance between every fourth section (20 μm x 4) by the number of designated 

sections (80 μm x 3). A total of three eyeball sections were used to calculate d. Although 
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originally sections were obtained at 40 μm, tissue processing led to section shrinkage in 

the z plane so a microcator-based estimate of the real section thickness was obtained as 

the mean distance from the top to the bottom focal planes of one section per eyeball. The 

estimated average real thickness was 20 μm.  

 

4.2.6.2 GCL cell density 
  

Density of cells in the GCL (cells/volume) was estimated from cresyl violet 

stained sections using the optical disector methodology, in which cells (except those on 

the top of the sections) were identified at 50X through the thickness of a section and were 

counted when they first came into focus within an unbiased counting frame (Harding et 

al., 1994). Four samples per eyeball were obtained from a region adjacent to the optic 

pole at 200 μm intervals in the horizontal plane. This means that samples were restricted 

to the central retina and did not include the periphery. This sampling strategy was also 

used for thickness measurements. GCL cell density was calculated as Nvcells = ΣQ-

/Σv(frame), where ΣQ- is the sum of cell counts per sample for one eye, and v(frame) is 

the area of the unbiased counting frame (0.0185 mm2, adjusted for 1500X magnification) 

multiplied by the average section thickness (d = 20 μm, as estimated for retinal volume 

measurements). 

 

4.2.6.3 GCL + RNFL thickness 
 

An estimate of ganglion cell layer + retinal nerve fiber layer (GCL+RNFL) 

thickness was obtained by means of a systematic analysis of complex I stained sections, 
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which controlled for biases introduced by object shape (Gundersen et al., 1978; Mayhew, 

1992). Additional control for object shape was obtained by using the same systematic 

sampling strategy used for GCL cell density. Eyeball sections selected for thickness 

estimates were those determined to have the largest diameter by 2X microscopic 

inspection, preferentially those in which the largest diameter of the lens, the pupil and the 

optic nerve were identified (Zhang et al., 2002). Within each section, and in order to 

maximize the efficiency of the estimate while avoiding the effect of retinal thickness by 

position in the medial-lateral axis of the eye, data were obtained from systematic samples 

100 to 200 μm adjacent to the optic pole of the eyeball section. Microscopic retinal 

images at 20X were analyzed using a microscopic image-processing system including an 

Olympus BX40 microscope (Olympus America; Lake Success, NY), a CCD camera 

(Javelin Electronics; Torrance, CA), and JAVA imaging software (Jandel Scientific; 

Corte Madera, CA). An isotropic uniform random system of test lines was superimposed 

on captured images and distances between intercepts of each line with GCL and RNFL 

were calculated. An unbiased estimate of GCL + RNFL thickness was obtained as Tret= 

ΣLength of intercept/No. of intercepts.  

 

4.2.7 Retinal oxidative stress 
 
 Dihydroethidium (DHE) fluorescence was used to determine the levels of 

oxidative stress in unfixed frozen retinal sections. DHE is a cell permeable oxidative 

fluorescent dye that is oxidized to ethidium bromide by superoxide. Ethidium bromide is 

then trapped into the nucleus and intercalates with DNA exhibiting red fluorescence 



 

121

(Dayal et al., 2002). On-the-slide sections were incubated in 10 μM DHE (Invitrogen, 

Carlsbad, CA) in PBS, pH 7.4 for 30 min at 37C in the dark. Fluid excess was removed 

and slides were coverslipped with ProGold antifading medium (Invitrogen, Carlasbad, 

CA). Images were captured with an epifluorescence microscope (BX61, Olympus, Center 

Valley, PA) at λ = Ex: 490 nm, Em: 520 nm, magnification: 20X, and with similar 

camera acquisition settings and exposure times for all sections. Digital images were 

analyzed for densitometry with Image J software (NIH). Data are expressed as the ratio 

of mean gray values in the region of interest/mean gray values of background. 

 

4.2.8 Retinal energy metabolism 
 

Retinal sections were stained with the quantitative cytochrome c oxidase 

histochemistry technique as previously described (Gonzalez-Lima and Cada, 1994). 

Frozen sections were fixed in 0.5% glutaraldehyde/10% sucrose in PB, pH 7.6 at 4°C for 

5 min, followed by three baths of 10% sucrose in PB (5 min each). The sections were 

then incubated for 10 min in a solution containing 50 mM Tris, 1.1 mM cobalt chloride, 

10% sucrose and 0.5% DMSO. After a 5 min rinse in PB at room temperature, the 

sections were stained for 60 min at 37°C in a PB solution containing 1.3 mM 3,3’-

diaminobenzidine tetrahydrochloride, 75 μg/ml cytochrome c, 20 μg/ml catalase, 5% 

sucrose and 0.25% DMSO. Sections were fixed in 4% formalin in PB at room 

temperature for 30 min, dehydrated in ethanol series, cleared in xylene (3 times, 5 min 

each) and coverslipped with Permount®. Cytochrome c oxidase activity was quantified 

by optical densitometry. Stained retinal sections were placed on a DC-powered light box, 
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digitized and analyzed using a CCD camera (Javelin Electronics; Torrance, CA), a Targa-

M8 digitizer and JAVA imaging software (Jandel Scientific; Corte Madera, CA). 

Digitized images were corrected for slide and light box artifacts by means of background 

subtraction. Optical density was averaged across three retinal sections per subject. 

Cytochrome c oxidase activity was reported as μmol/min/g of tissue. 

 

4.2.9 Statistical analysis 
 

Dunnett's tests were used to identify groups whose means were significantly 

different from the mean of the reference control group (DMSO vehicle-treated eyes). 

This test is specifically designed for situations where all groups are to be contrasted 

against one control group, and it was used after ANOVA has rejected the hypothesis of 

equality of the means of the distributions. Dunnett's tests the null hypothesis that no 

group has its mean significantly different from the mean of the control group. Effect sizes 

and Dunnett-corrected independent samples one-way ANOVAs were performed to test 

the significance of differences in total number of TUNEL+ cells, retinal volume, GCL 

cell density, GCL + RNFL thickness, DHE fluorescence and cytochrome c oxidase 

activity, between rotenone, memantine and control groups. “n” was equal to total number 

of eyes per group. All tests used a two-tailed p < 0.05 as criterion for significance. The 

precision of all estimates was described with the Matheron transitive coefficient of error 

method, as described previously (West and Gundersen, 1990). The coefficient of error 

(CE) was calculated with the formula: 
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where P is a single of the multiple measures of thickness, counted particles or volume 

estimates obtained from a given subject, A = Pi x Pi, B = Pi x Pi+1 and C = Pi x Pi+2. In 

addition, the variability of the estimate introduced by the stereological method itself was 

obtained with the formula: Total variability (100%) = Variability due to the stereological 

method – Biological variability (BV), where BV = Expected Coefficient of variation 

(ECV)/Observed coefficient of variation (OCV), OCV = Standard deviation/Mean and 

ECV = OCV-CE. 

 

4.3 RESULTS 
 
4.3.1 Cell death and histopathology 
 

Memantine prevented the increase in TUNEL+ cells in the ganglion cell layer 

induced by rotenone, as early as 1 hr post-treatment. Compared to vehicle treated controls 

(3 ± 0.3 TUNEL+ cells per section), rotenone induced an early significant increase in 

TUNEL+ cells in the retinal ganglion cell layer (GCL) (7.2 ± 2 TUNEL+ cells per section, 

p < 0.01), a change that was detected 1 hr after injection. This effect was prevented by the 

co-administration of 70 μg/kg memantine (0.5 ± 0.3 TUNEL+ cells per section, F(2,36) = 

7.2, p < 0.01) (Figure 4.1). There was no longer a difference in the mean number of 

TUNEL+ cells between control and rotenone-treated groups after 24 hr (F(2,14) = 2.5, p = 
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0.12). By 24 hr the TUNEL+ cells found at 1 hr post-rotenone may have disappeared due 

to the loss of GCL cells seen 24 hr after rotenone (Zhang et al., 2006b). 

Memantine prevented the decrease in ganglion cell layer cell density induced by 

rotenone at 24 hr post-treatment. Since only a small fraction of the GCL cell population 

was TUNEL+ by 1 hr post-injection, and based on previous morphometric analyses after 

rotenone intravitreal administration (Zhang et al., 2006b), a significant change in retinal 

morphology was not expected at 1 hr. Alteration of the retinal anatomy was evaluated 24 

hr after injection, a time-point previously shown to be sufficient to detect alterations of 

retinal stereological parameters induced by rotenone (Zhang et al., 2002). The neurotoxic 

effect of rotenone was reflected as a 19.9% decrease in the mean total cell density in the 

GCL (26,792 ± 2,885 cells/mm3 vs. control 33,476 ± 3,694 cells/mm3, p < 0.04). This 

change was prevented by the co-administration of memantine with cell densities of 

40,427 ± 3,972, 42,680 ± 3,839 and 40,040 ± 6,181 cells/mm3 (respectively memantine 

0.7, 7 and 70 μg/kg) (F(4,65) = 2.6, p < 0.05) (Figure 4.2).  

Memantine visibly prevented the signs of retinal histopathology induced by 

rotenone at 24 hr post-treatment, as illustrated in optic pole samples of sagittal retinal 

sections stained for complex I activity (Figure 4.3). Rotenone induced a 32.6% decrease 

in the mean GCL + retinal nerve fiber layer (RNFL) thickness (16.3 ± 0.9 μm vs. control 

24.2 ± 1.3 μm, p < 0.001) (Figure 4.4). This reduction in GCL + RNFL thickness was 

prevented by memantine in a dose-dependent manner (16.9 ± 1, 18.9 ± 2, 21.8 ± 1 μm, 

for memantine 0.7, 7 and 70 μg/kg, respectively). Only high doses, but no a low dose of 

memantine were effective in preventing the reduction in GCL + RNFL thickness (F(4,62) =  
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Figure 4.1 Effect of rotenone (Rot) alone or co-administered with memantine (Rot + 
Mem 70) on the number of TUNEL+ cells in the retinal ganglion cell 
layer. Memantine (70 μg/kg) prevented the increase in TUNEL+ cells in the 
ganglion cell layer induced by rotenone, as early as 1 hr post-treatment. The 
asterisk represents a significant group difference compared to control 
(vehicle-treated eyes). Dunnett’s test, p < 0.01. A single asterisk indicates 
that only the rotenone alone group differed from control, while the group 
with rotenone plus memantine was not different from the vehicle-treated 
control. 
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Figure 4.2 Memantine prevented the decrease in ganglion cell layer cell density 
induced by rotenone at 24 hr post-treatment. This neuroprotective effect 
on cell density was found for all memantine doses used (0.7, 7 and 70 
μg/kg). The asterisk represents a significant group difference compared to 
control (vehicle-treated eyes). Dunnett’s test, p < 0.05. A single asterisk 
indicates that only the rotenone alone group (Rot) differed from control, 
while the groups with rotenone plus memantine were not different from the 
vehicle-treated control. 
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6.6, p < 0.001). At 2 weeks, there was no group difference in the mean GCL + RNFL 

thickness (control 15.8 ± 1 μm, rotenone 11.8 ± 1 μm, 70 mg/kg memantine/rotenone 

13.3 ± 4 μm, F(2,16) = 0.61, p = 0.5). 

In addition, the rotenone-induced decrease in cell density was not the result of 

edema, since no significant changes at 24 hr were detected in terms of total retinal 

volume between groups (rotenone 0.58 mm3 vs. control 0.56 mm3, p = 0.64) (Figure 4.5). 

This measurement reflects the volume of all layers in both the central and peripheral 

regions of the retina, as opposed to a localized sampling.  

The use of unbiased stereological techniques maximized the accuracy and 

efficiency of the measurements.  At 24 hr GCL + RNFL thickness was highly sensitive to 

rotenone’s neurotoxicity, as demonstrated by the large effect sizes (Table 4.1). The low 

coefficient of error and the low contribution of the stereological method to the observed 

variation between groups demonstrated that most of the variation observed is due to 

treatment effects (Table 4.1). 

 

4.3.2 Retinal oxidative stress 
 

The rotenone-induced histopathological changes described above were 

hypothesized to be mediated by an increase in oxidative stress exacerbated by NMDAR 

hyperactivation. We tested whether memantine would prevent the in situ increase in 

retinal oxidative stress induced by rotenone at 24 hr, by measuring dihydroethidium 

(DHE) fluorescence. Rotenone-treated retinas showed a 2-fold increase in the mean 

relative DHE fluorescence, compared to control (Figure 4.6). Only GCL cells appeared to  
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Figure 4.3 Memantine prevented the retinal histopathological changes induced by 
rotenone at 24 hr post-treatment. The figure shows optic pole samples of 
sagittal retinal sections stained with the complex I activity technique. Light 
Microscopy, 50X. Panel A. The ganglion cell layer and the retinal nerve 
fiber layer (GCL + RNFL) from control eyeballs present a strong staining 
compared to other layers such as the inner plexiform layer (IPL). Panel B. 
Rotenone reduces retinal thickness mainly at the expense of GCL + RNFL, 
which has a mild staining intensity and appears fenestrated (black arrow), 
but also by affecting other retinal regions such as the photoreceptor layer 
(PR) (white arrow). Panel C. Rotenone plus memantine-treated retina (70 
μg/kg) showed no signs of histopathology. Scale bar = 20 μm. 
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Figure 4.4 Dose-response neuroprotective effects of memantine on the thickness of 
ganglion cell layer and retinal nerve fiber layer treated with rotenone. 
High doses of memantine (7 and 70 μg/kg), but not a low dose (0.7 μg/kg) 
prevented the rotenone-induced ganglion cell layer and retinal nerve fiber 
layer (GCL + RNFL) neurodegeneration in the optic pole at 24 hr. Asterisks 
indicate a significant group difference compared to control (vehicle-treated 
eyes). Dunnett’s test, p < 0.001. The asterisks indicate that both the rotenone 
alone group (Rot) and the group with the lowest memantine dose (Rot + 0.7 
Mem) differed from control, while the groups with rotenone plus higher 
memantine doses were not different from the vehicle-treated control. 
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Figure 4.5 Total mean retinal volume at 24 hr post-treatment. No significant group 
differences were evident. Volume measurements include all retinal layers 
and all retinal regions (central and peripheral). 
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Table 4.1  Efficiency of stereological estimates 

 Coefficient 
of error 

Biological contribution 
to variance (%) 

Effect size of 
rotenone treatment 

GCL+NFL thickness 0.01 98.4 0.99 
GCL cell density 0.05 90.3 0.38 
Retinal volume 0.03 86.7 0.12 
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show an increase in oxidative stress in response to rotenone, since DHE signal increased 

only in this layer. Memantine co-administration (70 μg/kg) was effective in reducing the 

increase in oxidative stress induced by rotenone, since memantine-treated retinas showed 

no difference in DHE fluorescence, compared to control (F(2,14) = 3.6, p < 0.05). This 

effect was also evident only in GCL, but not in other retinal layers (F(2,14) = 0.5, p = 0.61). 

 

4.3.3 Metabolic energy capacity 
 

In addition to decreasing oxidative stress, NMDAR modulation by memantine 

was expected to allow the establishment of an adaptive response for neuronal survival. To 

test this hypothesis, we examined the retinal neuroplasticity in response to treatments, by 

means of the cytochrome oxidase activity histochemical staining procedure. Cytochrome 

oxidase is the terminal enzyme of the respiratory chain; its activity is the rate-limiting 

step for oxidative phosphorylation and it is tightly correlated with sustained neuronal 

metabolic demands, showing activity-dependent changes in function and expression 

(Hevner and Wong-Riley, 1993; Gonzalez-Lima and Cada, 1994). Thus, measurement of 

cytochrome oxidase activity was used to determine the effects of rotenone and 

memantine on retinal energy metabolism capacity. Memantine (70 μg/kg) plus rotenone-

treated sections showed an increase in cytochrome oxidase activity relative to control at 2 

weeks (248.2 ± 15 and 161.4 ± 21 μmol/min/mg, respectively, F(2,14) = 3.4, p < 0.05), 

whereas no change was detected at 24 hr (control, 132.7 ± 15 μmol/min/mg and 

memantine/rotenone, 142 ± 15 μmol/min/mg, F(2,14) = 0.32, p = 0.9) (Figure 4.7). Finally, 

the metabolic activity in both the control and rotenone groups at 24 hr was similar to their  
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Figure 4.6 In situ detection of retinal oxidative stress by DHE fluorescence. 
Epifluorescence microscopy, 20X. Panel A: Vehicle-treated retinas show a 
weak signal in both the ganglion cell layer (GCL) (white asterisk) and outer 
retinal layers (white arrow). Panel B: Rotenone induced a marked increase 
in oxidative stress as seen by the increased fluorescence signal localized 
mainly in GCL (white layer). Panel C: The oxidative stress effect of 
rotenone alone was prevented by co-administration of 70 μg/kg memantine . 
Panel D: Summary group data of DHE fluorescence in GCL and inner 
nuclear layer (INL) relative to background for the control, rotenone (Rot) 
alone or co-administered with memantine (Rot + Mem 70). The black 
asterisk represents a significant group difference compared to control. 
Dunnett’s test, p < 0.05. 
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respective counterparts at 2 weeks. Nevertheless, the metabolic activity at 2 weeks in 

retinas co-treated with memantine and rotenone was 74.6 percent higher than the one at 

24 hr receiving a similar co-treatment, a difference that was significant. 

 

4.4 DISCUSSION 
 

This study is the first to report the in vivo effectiveness of memantine as a 

neuroprotective agent against rotenone-induced retinal toxicity. Rotenone is a naturally 

occurring high-affinity inhibitor of mitochondrial complex I that impairs oxygen 

consumption (Zhang et al., 2006a) and oxidative phosphorylation (Ernster et al., 1963; 

Davey and Clark, 1996), and promotes oxidative stress (Koopman et al., 2005) and cell 

death (2003). Rotenone is a potential environmental neurotoxin. The United States is the 

greatest consumer of rotenone, with an annual usage estimated between 25,000 and 

60,000 kg, most of which are used for pesticidal purposes, on both food and non-food 

crops, livestock and lakes (Ling, 2003).  

In this study, low amounts of rotenone (6 μg per eyeball) rapidly triggered a 2.4-

fold increase in the number of TUNEL positive cells after only one hour of exposure. The 

rapid toxicity of rotenone is a phenomenon that has been previously demonstrated in non-

neural cells in in vitro systems where significant increases in apoptotic cells can be 

detected as early as 20 min after rotenone exposure (Isenberg and Klaunig, 2000). Our 

findings confirm that GCL cells are highly sensitive to the neurotoxic properties of 

rotenone in vivo. At 24 hr rotenone produced a ≈20% decrease in the GCL cell density 

and a ≈30% decrease in GCL + RNFL thickness. As previously shown, the reduction in  
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Figure 4.7 Retinal energy metabolic capacity evaluated by quantitative 
histochemistry of cytochrome oxidase activity. After 2 weeks, 70 μg/kg 
memantine/rotenone-treated retinas showed an increased metabolic 
capacity relative to control. The metabolic activity in the 
memantine/rotenone-treated group at 14 days was 76.4% higher than its 
counterpart at 1 day. No between group differences were evident at 24 hr. 
One asterisk indicates a significant group difference compared to control. 
Dunnett's test p < 0.05. Two asterisks indicate a significant difference 
between 1 day and 14 days time points, ANOVA p < 0.05. 
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thickness produced by rotenone at 24 hr is due to a ≈90% decrease in RNFL thickness 

and a 20% decrease in GCL thickness alone (Zhang et al., 2006b). The sensitivity of GCL 

cells was further supported by the fact that GCL showed a higher degree of oxidative 

stress compared to other retinal layers. Previous research has demonstrated that  rotenone 

is particularly toxic to GCL cells in vitro, inducing cell death, impaired glutamate uptake, 

and increases in oxidative stress (Beretta et al., 2006). GCL cells seem to share a 

differential vulnerability to the oxidative damage induced by rotenone with cells in the 

striatum, midbrain and cortex, whereas other neuronal populations in the cerebellum or 

hippocampus appear to be more resistant to rotenone’s toxic effects (Sherer et al., 2003). 

These data highlight that rotenone is not only relevant for the study of a causative role of 

environmental neurotoxins in human diseases, but also that this potent neurotoxic agent is 

ideal for promoting a context of retinal neurodegeneration in order to assess the effects of 

candidate neuroprotective interventions. The stereological estimates used for the 

morphometric analysis reported here displayed great accuracy and showed that the 

observed variability could be more attributable to biological factors and experimental 

conditions than the morphometric method itself. In addition, among the reported effect 

sizes for morphological estimates, the largest one was seen in layer thickness, which 

suggest not only that the status of nerve fibers is specifically vulnerable to complex I 

inhibition, but also that the complex I histochemical method exhibits exquisite sensitivity 

for detection of the layer thickness changes in the retina induced by the pharmacological 

treatments. Although drastic, the neurodegenerative changes in GCL+RNFL could only 

be detected with the application of this methodology, whereas the whole retinal volume 
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analysis, which did not take into account the neurochemical properties of the tissue or a 

differential layer selection, did not reveal such a change.  

Memantine is an FDA-approved drug that is clinically used to retard the cognitive 

decline in cases of moderate to severe Alzheimer’s disease. Memantine has unique 

pharmacodynamic features, with ion channel blocking effects that are limited to 

pathologically hyperactive NMDAR. Memantine reduces NMDA-activated currents, 

while having no effects on responses to GABA or AMPA (Parsons et al., 1993). Both its 

high selectivity and its antagonistic activity on active NMDAR contribute to increasing 

its therapeutic index, while maximizing its anti-excitotoxicity properties. Memantine is a 

versatile agent exhibiting neuroprotective effects in several models of neurodegeneration, 

including ischemia (Ehrlich et al., 1999), oxygen-glucose deprivation (Frankiewicz et al., 

2000) and amyloid β-induced neurotoxicity (Miguel-Hidalgo et al., 2002; Yamada et al., 

2005). Schulz et al (1996), reported that memantine prevented the volumetric changes in 

the mouse striatum following administration of malonate, a complex II inhibitor, 

demonstrating that memantine could be used to prevent the deleterious effects of 

mitochondrial dysfunction. In vitro studies have shown that memantine diminishes the 

toxicity induced by 3-nitropropionic acid, another complex II inhibitor, in cerebellar 

granular cell cultures (Volbracht et al., 2006), cholinergic neurons (Wenk et al., 1996), 

and hippocampal slices (Karanian et al., 2006). Despite the evidence supporting a 

relevant role of complex I inhibition in neurodegeneration, the effects of memantine 

against complex I inhibition have remained largely unexplored. The first demonstration 

of the neuroprotective properties of memantine against complex I inhibition using an in 
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vitro system was recently reported by Volbracht and coworkers (2006). This group 

demonstrated that memantine preserved the neurite integrity and prevented cell death in 

cerebellar granular cell cultures exposed to the synthetic complex I inhibitor MPP+.  

The present study provides evidence that memantine can prevent the in vivo 

morphological damage induced by complex I inhibition with the natural xenobiotic 

rotenone. The neuroprotective effects of memantine co-administered with rotenone were 

observed as early as 1 hr, manifested as no change in cell death in GCL as compare to the 

vehicle-treated control. At 24 hr, rotenone and memantine showed no effects on 

TUNEL+ cell numbers, which suggests that TUNEL+ cells found at 1 hr post-rotenone 

may have disappeared due to the loss of GCL cells seen 24 hr after rotenone (Zhang et 

al., 2006b). 

Memantine may exert an early biological effect that may constitute a relevant 

mechanistic step in neuroprotection. Tremblay et al. (2000) demonstrated that pre-

exposure of rat cortical neurons to memantine for 30 min is sufficient to protect against 

NMDA-mediated cell death, even when this lethal insult is applied 48 hr after the brief 

memantine exposure. Although animal studies have demonstrated that neuroprotection 

with memantine is achieved after relatively prolonged periods of steady plasma 

concentrations, it is possible that even transient exposures to the drug result in 

advantageous cellular effects. The observed effects of memantine on TUNEL+ cells 

found at 1 hr post-rotenone may be a consequence of the features of the model that was 

used. This model involves local intraocular administration of both rotenone and 

memantine. This approach minimizes issues of bioavailability associated with systemic 
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drug administration and accelerates the onset of pharmacodynamic interactions of both 

compounds. 

Memantine had remarkable neuroprotective effects against rotenone-induced 

morphometric tissue changes at 24 hr. It not only prevented the reduction in GCL cell 

density but also prevented the thinning of GCL + RNFL in a dose-dependent manner. 

This effect together with the high efficiency of the stereological estimates support that the 

complex I staining technique is highly sensitive for detecting the thickness changes of 

GCL + RNFL. Rotenone increased in situ retinal oxidative stress, which likely mediated 

the neurodegenerative morphological changes, and memantine prevented this increase in 

oxidative stress. Since memantine is known for its uncompetitive NMDAR antagonistic 

properties, the results suggest that excitotoxic damage mediates neurodegeneration 

induced by mitochondrial dysfunction. Energy depletion induced by rotenone is 

associated with mitochondrial and cell membrane depolarization (Rizzardini et al., 2006) 

and the later facilitates NDMAR activation, which may mediate excitotoxicity and further 

increases in oxidative stress (Sengpiel et al., 1998). NMDAR modulation with memantine 

may stop the excitotoxic response by decreasing the energy expenditure in otherwise 

energy-depleted cells, but most importantly may facilitate the expression of intracellular 

mechanisms to cope with oxidative stress, events that may promote neuronal survival.  

The effects of memantine on long-term metabolic capacity were evaluated 

histochemically by analyzing changes in retinal cytochrome oxidase activity. At 2 weeks, 

memantine produced an increase in retinal metabolic capacity in the presence of 

rotenone, but no effect was observed at 24 hr. Changes in metabolic capacity are 
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expected to parallel changes in neural energy demands (Gonzalez-Lima and Cada, 1994). 

The increase in metabolic capacity in memantine-treated retinas suggests that neurons 

were able to increase the long-term expression of functional proteins, which otherwise 

may be compromised in the presence of rotenone (Figure 4.8). From this perspective, 

neuroplasticity of energy-related proteins such as cytochrome oxidase would be essential 

to sustain further adaptive processes, showing the most robust plasticity effects (Hevner 

and Wong-Riley, 1993). 

The results suggest that memantine may be used to prevent neurodegeneration 

promoted by mitochondrial dysfunction. Strategies against the immediate consequences 

of mitochondrial dysfunction (i.e. energy depletion and increased oxidative stress) 

include induction of antioxidant enzymes or administration of antioxidant xenobiotics. 

Although both of these strategies are theoretically compelling, the first one could lead to 

failure because it relies on gene expression and protein synthesis, cellular processes that 

might be compromised by energy depletion. The second strategy assumes that the 

xenobiotic antioxidant will have an optimal bioavailability in its adequate redox form 

through the blood-brain barrier and cell membranes to reach the effective 

intramitochondrial antioxidant concentrations, which may be problematic for some 

compounds. The results of this study suggest the existence of a critical interaction 

between the mitochondria and the cell membrane that can be manipulated through 

uncompetitive NMDAR blockade to prevent neurodegeneration induced by 

mitochondrial dysfunction. Hence, the results may be relevant for the management of 

some neurodegenerative illnesses, especially Leber’s optic neuropathy.  
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Figure 4.8 Model of A) interaction between mitochondrial dysfunction and 

excitotoxicity in neurodegeneration and B) mechanism of promotion 
of cell survival by memantine. 
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4.5 SUMMARY 
 

This is the first report of the in vivo effectiveness of memantine as a 

neuroprotective agent against rotenone-induced retinal toxicity. We tested the hypothesis 

that uncompetitive NMDAR blockade with memantine prevents mitochondrial 

dysfunction-related neurodegeneration in vivo, using a mouse model of retinal ganglion 

cell layer (GCL) degeneration induced by rotenone, a mitochondrial complex I inhibitor. 

Rotenone induced an increase in cell death and oxidative stress in GCL compared to 

controls, and these changes were prevented by the co-administration of memantine. The 

neurotoxic effect of rotenone was also reflected as a decrease in total cell density in GCL 

and GCL + nerve fiber layer thickness. These changes were also prevented by co-

administration of memantine in a dose-dependent manner. In addition, memantine 

induced an increase in long-term retinal energy metabolic capacity. The results suggest 

that NMDAR activation contributes to cell death induced by mitochondrial dysfunction 

and that uncompetitive NMDAR blockade may be used as a neuroprotective strategy 

against mitochondrial dysfunction in neurodegenerative diseases.  
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Chapter 5: Neuroprotection via enhancement of mitochondrial 
function: summary and future directions 

 
 

5.1 NEUROPROTECTIVE EFFECTS OF METHYLENE BLUE AND NEAR-INFRARED LIGHT IN A 
RODENT MODEL OF ROTENONE-INDUCED RETINAL DEGENERATION 

 
Despite a large body of compelling evidence indicating that mitochondrial 

dysfunction plays a central role in the pathogenesis of neurodegenerative disorders, 

current experimental neuroprotective approaches have not thoroughly integrated the 

manipulation of mitochondrial function as a strategy to prevent neurodegeneration. The 

importance of providing support to mitochondrial function is rarely addressed explicitly 

in studies of neuroprotection. The present work tested two interventions that target 

mitochondrial function in a toxicological model of retinal degeneration induced by the 

mitochondrial complex I inhibitor, rotenone. The major contribution of this work is the 

proof-of-principle that agents that modulate the function of the electron transport chain 

(ETC) and interfere with main mediators (oxidative stress, energy depletion) and events 

(mitochondrial dysfunction, excitotoxicity) of degeneration are effective at preventing 

cell loss and neurological impairment in vivo. Similarly, this work is the first systematic 

pre-clinical screening of mitochondrial interventions that directly target cell respiration in 

an in vivo model of neurodegeneration at various levels of analysis. The model of 

neurodegeneration used in this dissertation project was chosen given its toxicological 

simplicity and its power and efficiency as a drug screening tool. The results are directly 

relevant to the treatment of neurological conditions characterized by retinal degeneration 

and visual impairment associated with mitochondrial dysfunction, such as Leber’s 
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hereditary optic neuropathy. In addition, the results support the hypothesis that these 

mitochondrial interventions might be also effective in alternate models of 

neurodegeneration induced by mitochondrial dysfunction.  

A number of distinguishing characteristics of the experimental model of optic 

neuropathy used in this project should be taken into account to correctly interpret the 

results.  

1) The first relates to the mechanism of neurodegeneration, which is based on the 

action of rotenone, a mitochondrial complex I inhibitor, on the respiratory machinery. 

Rotenone induces cell death by impairing cell respiration and energy production, and by 

inducing oxidative stress in a dose-dependent manner (Sherer et al., 2003). Energy 

depletion and oxidative stress are believed to be critical mechanisms in the pathogenesis 

of neurodegenerative diseases. Methylene blue (MB) (Chapter 2) and near-infrared light 

(NIL) (Chapter 3), the two neuroprotective interventions tested in this project, antagonize 

these two pathophysiological mechanisms. The presented results support that the 

antioxidant effects of MB are mediated by its direct radical scavenging activity, whereas 

those of NIL include induction of the intrinsic antioxidant defense enzyme, superoxide 

dismutase. Also, the data supports that MB enhances cell respiration in the presence of 

rotenone by shuttling leaking electrons from complex I to downstream elements of the 

ETC. In turn, NIL-treated brain homogenates showed increased oxygen consumption, 

which supports that NIL exerts a direct photochemical stimulation of the respiratory 

enzyme cytochrome oxidase.  
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2) The model of optic neuropathy also allowed assessing the interrelation of ETC 

blockade with oxidative stress, excitotoxicity and neurodegeneration (Chapter 4). The 

fact that memantine, an N-methyl-D-aspartate receptor (NMDAR) antagonist, decreased 

oxidative stress, prevented nerve cell and nerve fiber loss and boosted the expression of 

cytochrome oxidase, supports the hypothesis that neurodegeneration is mediated by a 

cascade of events including mitochondrial dysfunction, oxidative stress, energy 

metabolism, and calcium-induced excitotoxicity play a major role. The results presented 

in Chapter 3 support that each one of these events exacerbates the others, leading to 

neurodegeneration. Suppression of one of these events could significantly reduce the 

reciprocal influence on others, preventing the cascade that leads to neurodegeneration. A 

link between energy metabolism and NMDAR activity is also supported by recent 

evidence of coregulation of NMDAR and cytochrome oxidase subunits by the same 

transcription factor (Dhar and Wong-Riley, 2009). These data suggest that NMDAR 

blockade induces a series of watershed effects that allow for compensatory intracellular 

changes associated with neuronal survival, including up-regulation of respiratory chain or 

antioxidant enzymes. If etiologic factors of neurodegeneration (e.g. rotenone) affect 

mitochondrial function, mitochondria represent the most likely entry into this cascade of 

neurodegenerative events and in consequence the target that most likely will produce 

endurable neuroprotective effects. The results presented in this work highlight the 

relevance of mitochondrial function and bioenergetics for neuronal survival. The ETC 

and oxidative phosphorylation seem to be the most elementary mechanisms supporting 

neuronal function. The integrity of these processes is fundamental for neuronal survival, 
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because of their role in the production of energy, and because energy production is a 

prerequisite for intra- and extra-mitochondrial functions such as substrate transport, 

intermediate metabolism, ionic regulation, maintenance of antioxidant defenses, and 

expression of anti-apoptotic proteins.  

3) Finally, the retinal model of neurodegeneration used in this dissertation also 

allowed a fine quantification of structural changes, in correlation with minute changes in 

visual function at the behavioral and neurochemical levels. Thus, the neuroprotective 

effects of MB and NIL were verified with morphometric and functional parameters that 

consisted of corroboration of cell loss and its impact on neurological function. In other 

words, preservation of visual function was achieved not only by functionally enhancing 

remnant neural tissue, but also by sparing cell structure (e.g. nerve fibers, cell bodies) and 

tissue architecture (e.g. retinal thickness). The data supports a neuroprotective effect in 

the strict sense. 

 

5.1.1 Methylene blue 

Chapter 2 presented data demonstrating the efficacy of MB at preventing 

rotenone-induced retinal degeneration. Whereas rotenone produced a noticeable loss of 

cell and nerve fibers, MB co-administration almost totally prevented them. Previous 

studies support that these neuroprotective effects are dose-dependant (Zhang et al., 

2006a). The current work demonstrated that these structural effects correlated with 

preservation of visual function, as measured by metabolic and behavioral parameters. 

MB’s mechanism of neuroprotection appears to be mediated by support of mitochondrial 
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function via its powerful in situ antioxidant effects and its cell respiration-enhancing 

properties. In vitro, MB prevented the rotenone-induced increases in lipid peroxidation in 

brain tissue and stimulated cell respiration in brain homogenates in the presence of 

rotenone (Zhang et al., 2006a). Previous studies have shown that MB displays great 

permeability through biomembranes and high affinity for oxidoreductases, which results 

in enhanced mitochondrial accumulation (Visarius et al., 1997, 1999; Peter et al., 2000). 

These pharmacological properties contrast with those of other therapeutic interventions 

that affect mitochondrial function but have limited potential for clinical use due to their 

low central nervous system (CNS) bioavailability (see below).  

The current work with MB supports that in the presence of complex I inhibition, 

stimulation of the electron transport chain (ETC) paired with free radical-scavenging is 

highly efficacious at preventing the neurodegenerative effects of mitochondrial 

dysfunction. Although not directly addressed in the present work, another possible 

mechanism explaining the robust neuroprotective effects of MB is its inhibitory effect on 

nitric oxide synthase (NOS) (Mayer et al., 1993). Rotenone-induced neurodegeneration is 

associated with NOS activation, increased production of NO and NO-derived protein 

damage (He et al., 2003). Nitric oxide (NO) is a small gaseous free radical with toxic and 

degenerative effects at high concentrations. NO controls oxygen consumption by directly 

inhibiting cytochrome oxidase (Cleeter et al., 1994; Cooper, 2002). In addition, NO 

inhibits other mitochondrial iron-sulfur containing enzymes, including complex I and II. 

NO also reacts with superoxide to form peroxynitrate, a compound that contributes to the 

increases in oxidative stress (Cooper, 1999). Thus, MB has remarkable pleiotropic effects 



 

148

that directly regulate mitochondrial function, and the evidence presented in this work 

supports that modulation of mitochondrial function with MB or similar compounds is an 

efficacious way to prevent neurodegeneration induced by mitochondrial dysfunction.   

Recently, a great deal of scientific and media attention has been given to MB, 

after preliminary data from a phase II clinical trial showed that it prevented cognitive 

deterioration in patients with Alzheimer’s disease (AD). With the trade name of Rember, 

MB was given at a dose of 60 mg three times a day for 24 months to patients with mild to 

moderate AD (Peck, 2007). After 50 weeks, there was an 81% reduction in the rate of 

cognitive decline compared to controls. This is an effect not previously seen with any 

other pharmacological approach against AD. Although this preliminary data relates to a 

study designed to test toxicity and not efficacy, it is promising and grants a phase III 

clinical trial. A point related to these preliminary clinical data that cannot be emphasized 

enough is that this dissertation work provides data demonstrating that MB is able to 

prevent neuronal loss in a model of retinal degeneration not mediated by Tau or β-

amyloid deposition. In contrast, evidence is provided in the present dissertation work 

supporting that the mechanism of action of MB can be related to enhancement of 

mitochondrial respiration and to its powerful antioxidant effect in the presence of a 

mitochondrial complex I inhibitor. This signifies that strategies that enhance 

mitochondrial function in vivo, but not only prevent tangle formation in vitro would be 

ideal models to design effective drugs against neurodegenerative disorders.  

A group of phenothiazinic derivatives of MB could also share some its neurochemical 

and neuroprotective effects. Derivatives such as azure A, azure B or thionin vary in 
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structure from MB by the absence of one, two or three methyl groups respectively 

(Wainwright and Crossley, 2002). Scarce pharmacokinetic data is available on these 

compounds, and they could also be tested for antioxidant and metabolic enhancing 

activity. These compounds also share the imino chemical group present in MB, which 

could support similar neuroprotective effects (Moosmann et al., 2001). 

 

5.1.2 Near-infrared light 

Chapter 3 describes the neuroprotective effects of near-infrared light (NIL) via 

light emitting diodes against rotenone-induced retinal degeneration in vivo. Similar to the 

effects of MB, NIL prevented the loss of retinal nerve fibers induced by rotenone and 

prevented the disruption of visually-guided behavior and the metabolic signs of visual 

deafferentiation. This evidences that highly efficient neuroprotection against 

mitochondrial inhibition is feasible using this non-invasive and non-pharmacological 

strategy. Notably, the neuroprotective effects of NIL were observed in a dose-dependent 

manner in structural and functional dimensions, and were accompanied by global cerebral 

increases in cytochrome oxidase and superoxide dismutase activities. The last finding 

supports a potential application of NIL for the non-invasive treatment of neurological 

conditions in humans. Furthermore, in vitro data supported that the neuroprotective 

effects of NIL against rotenone-induced neurodegeneration were mediated by an 

enhancement of the respiratory chain, quantified as an increase in cell respiration in 

mitochondrial isolates. 
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The present results provide evidence that the biological effects of NIL are 

mediated by its effects on cytochrome oxidase. It has been proposed that absorption of 

photons by enzymes leads to electronically excited states that can accelerate their 

catalytic activity. Here, NIL directly enhanced oxygen consumption in whole-brain 

membrane isolates in the presence of rotenone. In addition, it is has been shown that NIL 

at the same fluencies used in the present work (around 1 J/cm2) not only increase the rate 

of oxygen consumption in hepatic mitochondria, but also increase the phosphate 

potential, energy charge and catalytic activity of mitochondrial complexes I, II, III and IV 

(Yu et al., 1997). The immediate photochemical changes induced by NIL have been also 

proposed to occur via generation of free radicals that act as chemical messengers to 

activate a variety of intracellular pathways. For example, it has been reported that some 

of the effects of NIL begin with the generation of singlet oxygen after the excitation of 

molecules with visible absorption bands like porphyrins lacking transition metal 

coordination centers and some flavoproteins (Friedmann et al., 1991; Eichler et al., 

2005). 

Another noticeable effect of NIL is the one observed in gene expression. A cDNA 

microarray analysis showed that normal human fibroblasts exposed during 3 days to 0.8 

J/cm2 of 628 nm NIL from light emitting diodes display upregulation of antioxidant, 

energy metabolism, respiratory chain, cell proliferation and stress response genes (Zhang 

et al., 2003). The present data supports that this gene expression effect of NIL is also 

possible in the nervous tissue in vivo. Furthermore, the data support that enhancement of 

cell respiration might lead to effective neuroprotection against mitochondrial dysfunction 
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via mechanisms involving expression of genes related to energy metabolism and 

antioxidant defense. Rats treated with NIL showed increased cytochrome oxidase and 

superoxide dismutase activities, which can be linked to buildup of enzyme pool. An 

intriguing question that should be addressed in future research is how the direct effects of 

NIL on the catalytic activity of chromophores or the intracellular redox state are 

translated into a specific pattern of gene expression. Based on current evidence, it can be 

expected that chromophores such as cytochrome oxidase play a central role in 

coordinating changes in intracellular homeostasis and concomitant activation of 

mechanisms for cell survival. 

 

5.2 CHALLENGES AND FUTURE DIRECTIONS OF MITOCHONDRIAL NEUROPROTECTIVE 
APPROACHES 

 
5.2.1 Mitochondrial neuroprotection in the CNS 

MB and NIL showed robust neuroprotective effects in the screening toxicological 

model of this work. These two agents and others with similar mechanisms of action have 

the potential to be effective in the treatment of major neurodegenerative disorders. 

Further pre-clinical work should be carried out to answer critical questions relevant to the 

advancement of the use of the tested mitochondrial interventions in humans. Some of the 

most relevant questions include:  

1) Determine whether the observed neuroprotective effects of the tested 

mitochondrial interventions can be reproduced in alternate models of neurodegenerative 

disorders. Replicating the effectiveness of these neuroprotective strategies in other 

models of neurodegeneration would support their general applicability to common 
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diseases of the nervous system. The toxicological model of retinal degeneration used in 

this dissertation is relevant for patients with Leber’s hereditary optic neuropathy, a form 

of maternally inherited blindness that affect otherwise healthy young males, but is 

relatively rare. Thus, it is desirable to test the effects of MB and NIL in animal models 

directly relevant to common neurodegenerative disorders. For example, these 

neuroprotective interventions could be tested in rat models of Parkinson’s disease (PD) 

based on the local infusion of rotenone or 6-hydroxydopamine in the substantia nigra or 

medial forebrain bundle (Saravanan et al., 2005; Sindhu et al., 2005; Sindhu et al., 2006), 

the chronic and systemic administration of rotenone (Betarbet et al., 2000) or 

manipulation of mitochondrial respiratory genes or PD-linked genes (Harvey et al., 

2008). Similarly, the interventions could be tested in models of toxin-induced striatal 

damage resembling Huntington’s disease (HD) or AD (Riha et al., 2008) or genetic 

models of amyotrophic lateral sclerosis (ALS) (Sasaki et al., 2004).  

2) Determine the interaction of MB and NIL with other neuroprotective strategies. 

The treatment of many clinical conditions is based on a multimodal approach that 

provides a synergistic effect of interventions that would be ineffective if implemented as 

a monotherapy. The effect of MB and NIL when combined with changes in diet, levels of 

physical activity and previous training would be of great interest. For example, physical 

therapy has been shown to prevent further deterioration of motor function after an acute 

insult in models of stroke (Jones et al., 1999; Hsu and Jones, 2005). According to recent 

data the benefits of exercise are not limited to motor functions, but also may have an 

impact on cognitive function. Exercise has been also shown to have a long lasting effect 
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on the progression of AD (Lautenschlager et al., 2008). The effect of MB and NIL in 

combination with other pharmacological interventions is of high relevance. Based on 

current data, it could be anticipated that antioxidants and alternate mitochondrial 

interventions would have a synergistic effect at preventing neurodegeneration in animal 

models.  

3) Another critical aspect of neuroprotective paradigms that should receive further 

attention is the timing of treatment administration. For example, in this work, MB was 

co-administered with rotenone in a single intravitreal injection, but it would be of interest 

to test the long term effects of the neuroprotective strategies when given in advance or 

after the lesion. Similarly, a great area of opportunity exists for exploring the dose 

schedules and fractionation of NIL. In both cases, an approach of particular interest, 

given its clinical relevance, is determining the effects of the neuroprotective interventions 

when given after the onset of the neurodegenerative process. 

In the particular case of MB, it is also necessary to determine its neuroprotective 

efficacy depending on its route of administration and appropriate dose-response studies 

are required. MB is known to reach high brain concentrations when given intravenously, 

which would predict that low-systemic MB doses would be more effective than high 

doses at preventing neurodegeneration. This is also supported by hormetic responses of 

MB reported at the behavioral and neurochemical level (Bruchey and Gonzalez-Lima, 

2008). In order to determine the potential use of MB in neurodegenerative disorders, 

studies to assess its neuroprotective effects after oral or parenteral administration are 

crucial.  
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Prospective work with NIL should also be conducted in order to solve specific 

questions regarding this innovative potential approach against neurodegeneration. A 

matter of major concern is the likelihood that NIL would penetrate thick dense structures 

such as the human skull. For NIL, the energy density measured at a given incident 

surface decays exponentially as a function of depth, an effect that is governed by Beer’s 

law in a medium without multiple scattering. However, the intensity profile deviates from 

an exponential in thick tissue. In this condition, attenuation is not only dependent on the 

coefficient of reflection at the air tissue interface but on the augmentation of the energy 

density due to speckle formation from tissue surrounding the target layer (Boas et al., 

2002). Specking is secondary to constructive interference of light waves but is also 

related to the coefficients of absorption and scattering of the tissue (Grimvlatov et al., 

2006). Whereas the rodent skull induces light attenuation of about 20% (Helm et al., 

2009), transmittance of NIL in rat gray matter fixed with 4% formalin has been shown to 

be 50% at a depth of 0.5 mm and at least 2 times higher than that of white matter at the 

same depth (Abdo and Sahin, 2007). Nevertheless, speckling has been shown to increase 

the energy density up to 3 times at superficial layers (1 mm) of muscle and solid organs, 

to which perfusion is available, compared to incident energy density (Grimvlatov et al., 

2006). In fact, attenuation of the incident energy density can be detected only beyond a 

depth of 3 mm in these preparations (Grimvlatov et al., 2006). NIL has been shown to 

increase microcirculation (Yu et al., 2006), which can potentially change both the 

scattering properties of the target brain area, as well as its metabolic activity. Further 

evidence of near-infrared light penetration into the brain in vivo has been presented in 
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studies of noninvasive optical imaging. Light in the near-infrared range was effectively 

used to detect fluorescent conjugates in the rodent brain in vivo, when injected into the 

brain to a depth of 3 mm from the skull (Skoch et al., 2005). Whole-body penetration of 

NIL in the rat has also been reported, where 6% of the total energy density delivered 

transcutaneously on the dorsal surface of the animal can be detected at the ventral surface 

(Byrnes et al., 2005b). Finally, transcranially-delivered NIL produced sustained 

improvement in behavioral deficits in a rabbit model of stroke (Lapchak et al., 2004). 

In general, tissue chromophores such as hemoglobin, cytochrome c or melanin 

show high absorption at wavelengths shorter than 600 nm. In turn, water significantly 

absorb at wavelengths higher than 1150 nm. Thus, this establishes an “optical window” 

in tissue that covers the red and near-infrared wavelengths, where there is room for a 

biological effect (Hamblin and Demidova, 2006). Although a transcranial effect was 

apparent in the rat, the human skull is thicker and different wavelengths, total doses and 

radiation schedules should be modified to better characterize the biological responses. 

Since wavelengths that easily penetrate the human skull are known to be ineffective at 

stimulating cytochrome oxidase, the possibility of engineering implantable devices to 

administer NIL at effective wavelengths with the appropriate precatutions to control for 

heat generation in the brain should be considered. While transcranial NIL has been shown 

to have a safe profile and a potential effectiveness in humans with affected by stroke 

(Zivin et al., 2009), NIL could also be used in infants and newborns, where light 

penetration issues can be minimized by using a transfontanellar approach. NIL delivery 

to newborns and infants could be useful in conditions such as Leigh’s disease, a 
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hereditary neurometabolic disorder characterized by encephalopathy secondary to 

mitochondrial dysfunction. 

In addition to issues of tissue penetration and the biological effectiveness of 

different wavelengths within the near-infrared spectrum, the effects of alternate 

fractionation regimens deserve further exploration. A major aspect of NIL therapy is the 

biphasic nature of the biological effects achieved with the total delivered dose. For any 

particular biological effect, doses lower than a specific value have diminished therapeutic 

effects. Most importantly, doses higher than the optimal value can not only have no effect 

but induce a negative response (Hamblin and Demidova, 2006). Regarding the effects of 

NIL against mitochondrial toxins, the results of the present work support previous in vitro 

reports in which dosing schedules that fractionate the total NIL dose in several sessions 

yield more effective neuroprotective effects than delivering the total dose in a single 

session (Liang et al., 2006; Liang et al., 2008; Ying et al., 2008a). Finally, it has been 

reported that there is a potential effect of NIL radiation on neurocognitive functions. 

Mice treated with NIL showed decreased levels of anxiety and restored working memory 

(Michalikova et al., 2008). Similarly, NIL has been shown to stimulate the release of 

growth hormone in vivo and in pituitary cell cultures (Hymer et al., 2008). The potential 

neuropsychological effects of NIL should not be ignored as they could have implications 

in the treatment of mental illnesses not directly related to neurodegeneration. These 

neuropsychological effects should also be further analyzed as potential side effects of this 

non-invasive form of treatment.  
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Finally, a methodological aspect relevant to the study of neuroprotective 

interventions is the one related to the use of parameters of mitochondrial function. Given 

the possibility that candidate neuroprotective interventions such as MB or NIL affect 

mitochondrial function, there is a need to systematically measure mitochondrial function 

along with the assessment of structural and functional variables of neurodegeneration. 

Measures of mitochondrial function used in the present project included measurements of 

cell respiration and catalytic activity of specific respiratory chain protein complexes 

(complexes I and IV). A more holistic profile of mitochondrial function should ideally 

also include measurements of oxidative phosphorylation activity, ATP levels, activity of 

the permeability transition pore, mitochondrial membrane potential, levels of reactive 

oxygen and nitrogen species as well as dynamics of mitochondrial DNA (mtDNA) 

depletion/replication, translation and expression (Dykens and Will, 2007). The 

comparative value of each one of these parameters in assessing mitochondrial function 

should be further studied in order to determine those that better reflect responses to 

mitochondrial neuroprotective interventions.  

 

5.2.2 Mitochondrial neuroprotective agents within a comprehensive therapeutic 
approach to neurodegenerative disorders 

 
As it is true for most chronic degenerative conditions, effective ways of 

preventing neurodegenerative disorders will consist not only of isolated therapeutic 

interventions but of dramatic changes in general lifestyle. These changes are usually 

aimed at decreasing the effect of risk factors associated with neurodegeneration, and tend 

to have a major impact on the incidence of certain chronic disorders (Myint et al., 2009). 
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In this scenario, pharmacological interventions, as the ones explored in this dissertation 

work, usually have only a contributive, but not definite role in the prevention or treatment 

of the disease. Thus, a major task of finding ways to effectively treat neurodegeneration 

will consists of identifying those risk factors (i.e. genetic and environmental) 

predisposing to it, with the subsequent implementation of changes in lifestyle. This would 

encompass an effort at epidemiology and public health levels to find these risk factors, 

since the body of evidence about them is growing, but is not by any means complete. It 

can be anticipated, however, that pharmacological approaches against neurodegeneration 

will be more effective when given in combination with such general changes in lifestyle. 

Behavioral variables that might be associated with a decrease risk of neurodegeneration 

include 50 min sessions of  moderate-intense physical activity three times per week 

(Lautenschlager et al., 2008), a mediterranean diet (characterized by high intake of fish, 

vegetables, legumes, fruits, cereals, and unsaturated fatty acids [mostly in the form of 

olive oil], low intake of dairy products, meat and saturated fatty acids, and a regular but 

moderate intake of alcohol)  (Scarmeas et al., 2006; 2009), controlling certain 

comorbidities such as cerebrovascular insufficiency (Schmidt et al., 2000) and 

hyperhomocysteinemia (Morris, 2003), avoiding putative environmental risk factors such 

as MPTP (Burns et al., 1985), aluminum (Polizzi et al., 2002; Gupta et al., 2005) or 

pesticides (Dhillon et al., 2008; Bronstein et al., 2009) and genetic counseling (Fanos et 

al., 2004; Goldman et al., 2007; Pankratz and Foroud, 2007; Bernhardt et al., 2009).  
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5.3 CONCLUSION 

Neurodegenerative disorders are characterized by the gradual, progressive and 

selective loss of neuronal systems. Neurodegenerative disorders constitute medical 

conditions with high worldwide mortality and morbidity. Current approaches to treat 

neurodegeneration provide only mild symptomatic relief but do not modify the course or 

progression of the disease. A large body of evidence suggests that mitochondrial 

dysfunction is a key event in the pathophysiology of neurodegeneration. Supporting and 

improving mitochondrial function has a big potential as a strategy for the therapeutic 

approach of neurodegeneration. This dissertation work provides a proof of principle that 

interventions that target mitochondrial function are effective at preventing 

neurodegeneration induced by mitochondrial failure in vivo. A rodent model of optic 

neuropathy induced by the complex I inhibitor rotenone was used to test the 

neuroprotective effects of MB and NIL, two interventions with mechanisms of action 

localized to mitochondria. Neuroprotective effects were evaluated via a behavioral test of 

visual function and histopathological analysis of the retina that incorporates unbiased 

stereological estimates. The neurochemical effects of MB and NIL were analyzed in vitro 

and in vivo with indicators of oxidative stress, cell respiration and catalytic activity of 

respiratory enzymes, including NADH dehydrogenase and cytochrome oxidase. When 

co-administered with rotenone, MB, a diaminophenothiazine with potent antioxidant and 

unique redox properties, prevented the changes in visual function and the retinal 

histopathology induced by the mitochondrial neurotoxin. In vitro, MB increased oxygen 

consumption and prevented the increases in oxidative stress in brain tissue induced by 
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rotenone. NIL promotes a wide range of biological effects including enhancement of 

energy production, gene expression and prevention of cell death. In the model of optic 

neuropathy used in this project, NIL prevented the behavioral impairment and the 

decrease in retinal and visual pathway metabolic activity, retinal nerve fiber layer 

thickness and ganglion cell layer cell density induced by rotenone in a dose-dependent 

manner. Whole-brain cytochrome oxidase and superoxide dismutase activities were also 

increased in NIL-treated subjects in a dose-dependent manner, suggesting an in vivo 

transcranial effect of NIL. Finally, uncompetitive NMDAR blockade with memantine 

displayed neuroprotective effects against mitochondrial dysfunction-related 

neurodegeneration in a dose response fashion. Although previous studies have used 

agents that enhance energy metabolism to prevent neurodegeneration, no reports are 

available regarding the effectiveness of strategies targeting the electron transport chain 

function in models of neurodegeneration. Further systematic work is required to 

determine the applicability of this principle in clinical practice. Nevertheless, the results 

constitute the first demonstration that MB and NIL, two interventions that target the 

mitochondria and support the function of the respiratory chain, are effective at preventing 

neurodegeneration in vivo. 
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