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CHAPTER 1

INTRODUCTION

Neurodegenerative diseases

The central nervous system is composed of a variety of specifiomse that are
important for every physiological process. The health of theonsus essential to maintaining
control of these physiological processes. Neurodegeneration iskagllanierm that covers any
stress that causes the premature loss of structure and function of neurondlitezlisss of these
neuronal cells can lead to the irreversible loss of vital physadbgprocesses.
Neurodegenerative diseases such as Alzheimer’s, Parkinson’s, andngéaafflict the lives of
millions of aged Americans and are increasing in prevalenceodureincrease in lifespan. Over
50 million Americans suffer from a neurodegenerative disordemrdic to the National
Institute of Neurological Disorders and Stroke. There are over G0logical disorders. It is
estimated that over 5.4 million Americans suffer from Alzheimelisease, 2.8 million suffer
from Parkinson’s disease, and 2.22 million suffer from glaucoma (EnieéBleiler 2011; EDP
Research Group 2004). Alzheimer’s disease accounts for mora th2m billion dollar burden
on the United States a year (Brown et al., 2005). Typicalntesdts for the 600 neurological

disorders specifically target treating the symptoms of @adividual disease and not actually



curing the disease itself. However, it is known that apoptos@uats for neuronal cell death in
almost every neurological disorder. This similarity provides aptimthat a neuroprotectant
intervention could be uniformly beneficial to a number of neurodegenedisiwelers; however,

efficacious candidate neuroprotectants are lacking (Waldmeier diach P904).

Neuroprotection
Due to the increasing numbers of neurodegenerative diseafiesngffmillions of

individuals, an emerging field of scientific research is in fieéd of neuroprotection. A
neuroprotective agent protects neurons within the nervous system froratpre apoptosis or
degeneration that occurs during a neurodegenerative disorder or neueotréEven though
several potential neuroprotective compounds exist, very few drugsbleavedeveloped and/or
approved to treat neurodegenerative diseases and neurotraumas dudiqeuy @f patient
tolerance (Lipton 2007). An example of a compound that is currentlyg gbnough clinical
trails to treat wet Age-related Macular Degeneration (AM®Ranibizumab. Ranibizumab,
produced by Genetech, is a monoclonal antibody fragment (Fab) thetst& EGF-A, which
increases macular edema. Thus, Ranibizumab decreases macniartedrighout the entire
retina. Ranibizumab significantly improves or stabilizes visioss in AMD, as shown
following a phase lll clinical trial. However, a single atitreal injection of Ranibizumab costs
2,000 dollars U.S., which limits access (Brown et al., 2009; Raftal,&007). Two potential
efficacious neuroprotective agents are FK506 Binding Protein 51 atid/leree blue. Thes
studies examined FK506 Binding Protein 51 (FKBP51) and the compounglenetiblue (MB)

as potential neuroprotective interventions.



FK506:

FK506, also known as Tacrolimus, is an immunosuppressant drug usetdlte tee
activity of a patient’s immune system either locally eatrdermatitis (eczema), or systemically
to treat allogeneic organ transplants. FK506 achieves itsimoguppressant properties through
inhibiting calcineurin, also known as calmodulin-activated protein phosghai Inhibition of
calcineurin within T lymphocytes prevents dephosphorylation and theatamt of Nuclear
Factor of Activated T-cells (NFAT). Inhibition of NFAT pravs transcription of the cytokines
interleukin-2 (IL-2) and interferop<(INF-y). Therefore, FK506 causes immunosuppression and
blocks inflammation (Yano, 2008).

The Food and Drug Administration (FDA) approved FK506 (Tacrolimus)994 for
liver transplantation. In contrast to other immunophilins such dssparine, FK506 crosses
the blood-brain barrier and is more potent (Yano, 2008). Within the cemrabus system,
FK506 exhibits profound neuroprotection and neuroregeneration. NeuroprofeatioRK506
has been shown during several forms of trauma, including optic nerve traighatic brain
injury, brain ischemia, sciatic nerve injury, and focal and glabahemia (Freeman and
Grosskreutz, 2000; Giordani et al, 2003; Kaminska et al, 2004). Intrhwjeeions of FK506
increase gene transcription of molecules within the retina thmat associated with
neuroprotection, including the estrogen receptor, the erythropoietin secppitein kinase C,
the gamma-aminobutyric acid receptor, fibroblast growth factor,gttzé cell line-derived

neurotrophic factor receptor and the neuropeptide Y receptor (Ohii, €2087). FK506



increases the rate of neuronal recovery and functional recafterynerve crush in rats (Yeh et
al., 2007). In vivo andin vitro experiments indicate that FK506 increases transcription of GAP-
43. These effects are blocked by rapamycin, an immunosuppressaalsthathibits FKBP51
(Stan et al.,, 1994). Within retinal ganglion cells, FK506 displagsiroprotection and
neuroregeneratiom vivo, following optic nerve crush (Freeman and Grosskreutz, 2000; Huang
et al., 2005). FK506 caused greater than 33% retention of retindiogaoglls following crush
(Freeman and Grosskreutz, 2000). The characteristics of FK506 provideing potential
treatments for retinal ganglion cell loss observed during glaucoma.

Even though FK506 displays several beneficial properties, the neuciu®te
downstream signaling molecules have not been completely defined. HkBO&cts through
several binding proteins, leading to a number of neuroprotective andregemerative traits
independent of calcineurin inhibition (Herdegen and Klettner 2003). Charation of these
signaling pathways would be advantageous in treating neurodegemedsgeases without

systemic immunosuppression.

FK506 Binding Proteins:

Immunophilins are peptidyl-prolyl cis/trans isomerases (Rfpldbat interact with
immunosuppressive drugs such as FK506, cyclosporine, or rapamycin. Prbtemcstaerized
for binding directly to FK506 are referred to as FK506 binding prot@¢tkE8P). FKBPs are
present in all eukaryotes from yeast to humans and have a bragel shmeuroprotective
functions (Klettner and Herdengen, 2003). FKBPs are defined bas#tkiommolecular size.

FKBP 12, 13, 22, 23, 25, 36, 38, 51, 52, 60, 63, 65 have been identified. FKBP12 is the most



studied and defined immunophilin, based on its inhibition of calcineurin ar@ irol
immunosuppression. FK506 binds to FKBP12, which inhibits calcineurin (Yano,.2003
complex blocks the translocation of NFAT into the nucleus, preventkiydxpression and T
cell activation, leading to neuroprotection (Kochel and Strzadala 2064)iro gene silencing
of FKBP12 in T cells through short interfering RNA (siRNA) lleemmunosuppressive effects
from the addition of FK506, indicating FKBP12 as the sole FKBP respendin
immunosuppression and inhibition of calcineurin (Xu et al., 2002). Howevedditioaal
immunophilin may be responsible for some of FK506’s neuroprotection beE&ii6 still
protects neurons in FKBP12 knockout mice (Guo et al., 200f)vitro studies resulted in
FK506 being equipotent for neuroprotection in cell lines with or with&BHAFL2. Furthermore,
FK506 drug analogues (GPI-1046), which function independently of ERBave been shown

to be neuroprotective (Burnett et al., 2003).

FK 506 Binding Protein 51

FKBP51 is a potential immunophilin responsible for FK506 induced neuropootect
FKBP51 is expressed in numerous tissues, including the central negates). In most tissues,
it is expressed in molar excess over FKBP12 (Weiwad et al., 2006gever, FKBP51 has not
been extensively studied for its neuroprotective properties. The FREBE&51 complex
inhibition of calcineurin is controversial; however, the FK520-FKBP5Shmex has been shown
to directly inhibit calcineurin. Nonetheless, the FK520-FKBP51 cem 400 times weaker
than FK520-FKBP12 in regards to inhibiting calcineurin (Baughmaal.et1997; Xu et al.,

2002). FKBPS51 is a large molecular weight immunophilin, suggestiggeater capability of



diverse interactions and function than smaller molecular weiglhumophilins, such as
FKBP12, because it has two FK domains and three tetrati-copeppidats (TPR) domains (Li
et al., 2011). Currently, FKBP51 is mostly characterized for itperiome properties with native
steroid receptors. This may result from the presence of omanregntaining TPR, which are
responsible for protein-protein interactions (Li et al., 2011). FKBPTPR domain has high
affinity for Heat Shock Protein 90 (hsp90) in steroid receptor coraplexFKBP51-hsp90
complex can bind with the glucocorticoid receptor, the progesteromptoec the androgen
receptor, and to a lesser degree with the estrogen receptar éCal., 1998; Zhang et al., 2008;
Nair et al., 1997). FK506 potentiates the transport and stability &fKB&51-hsp90-hormone
receptor complex (Zhang et al., 2008). Hsp90 is an important cofactor of cell bpreiveting
molecules, such as V-Raf-1 Murine Leukemia Viral Oncogene Hombl¢Baf-1) and Akt,
suggesting a novel mechanism — FK506 increasing cell survival artiimdpiapoptosis through
the FKBP51-hsp90 complex (Zhang et al., 2005; Neckers 2002; Sinars et al., 2003).
FKBP51 also plays a significant role in the activation okRJFan important cell survival
protein. The activation of N&B is initiated through the degradation of the inhibitory molecule,
IxB. This leads to the activation and translocation ofkBlFnto the nucleus to initiate
transcription of several pro-survival proteins, growth factors, aneapaptotic proteins. B is
ubiquitinated through the serine/thereonine kinase, IKK, leading tadeéigeadation of KB
through the proteosome. FKBP51 has been shown through a proteomicchpirdze an
important cofactor of the catalytic subunit (IkK of IKK (Giraudier et al., 2002). The over
expression of FKBP51 upregulates®f~expression in cancerous cell lines, which is believed to
increase their resistance to apoptosis-inducing chemotherapegtcas.aThis suggests a new
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potential mechanism, resulting in FKBP51 being neuroprotective (Koreural., 2005;
Krappmann and Scheidereit 2004). FurthermoresBNFegulates transcription of several anti-
apoptotic proteins, including BCL-2, which has been shown to be neuroprotective
neuroregenerative (Fahy et al., 2003).

FKBP51 overexpression is observed in several cancers, including tidopa
myelofibrosis, prostate cancer, and haematopoiesis causing aposisiance to several
chemotherapy agents (Bock et al., 2004; Febbo et al., 2005). During idiopgttliafibrosis,
FKBP51 is overexpressed up to eight times greater than its basal levelB5FKerexpression
leads to apoptosis resistance during cytokine deprivation in cedl (@raudier et al., 2002).
Furthermore, the JAK/STAT pathway is over activated during idiopatiyelofibrosis and is
shown to be mediated through FKBP51 overexpression. Specifically, 3&aAd STATS over
activation and translocation are observed. These STATs are coynrassociated with
tumorigenesis. Furthermore, sustained activation of the JAK/SPpaAthway leads to the
transcription of several anti-apoptotic proteins, including Bcl-xdrfkira et al., 2003; Giraudier
et al., 2002; Yoshida et |., 2002). Interestingly, inhibition of the JAK/STAT pathvaygh the
antagonist AG490 during acute elevated IOP had a detrimental effdRGC survival (Yao et
al., 2007). This provides evidence of another possible mechanism FKB®5fhmugh to
achieve neuroprotection and neuroregeneration. FKBP51’s proposed mechamistiorofis:

NF-kB activation, transcription factor transport, and STAT 3/5 activafigare 1).



Figure 1: Proposed mechanism of FKBP51
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Figure 1: A schematic representation of FK Binding Protein 51's (FKBP51) hypothesized neuroprotective
and neuroregenertative functions. 1: FKBP51's Neurotrophic properties are achieved through
heterodimerization with Heat shock protein 90 (HSP90) in order to aid transport of transcription factors
(TF). In addition, Hsp90 can increase stability and function of survival promoting signaling molecules
such as Raf-1 and Akt. 2: FKBP51 sustains cell survival through association with IKKa, allowing
disassociation with 1kB-kinase complex. Degradation of IkB prevents inhibition on NF-xB allowing NF-xB
to sustain cell survival and promote transcription of Bcl-2. 3: FKBP51 anti-apoptototic properties are
attained through NF-xB (previously mentioned) and activation of JAK-STAT pathway, which increases
activation and translocation of STAT-3, STAT-5 and Bcl-xI, which promote cell survival pathways.




Actions of FKBP51 provide a compelling case for further inveshgaits role in
neuroprotection and neuroregeneration. We therefore hypothesizeddtestses in FKBP51
protein levels lead to neuroprotection, while decreases in FKBRB#&sston lead to an increase
in neuronal cell death when exposed to a challenge inducing cell d&ik. investigation
further evaluated changes to prosurvival ’&s and phosphorylated N&B proteins following
changes in FKBP51 protein leveBigure 2). FKBP51's ability to prevent neurodegeneration
during neurotoxic incidences could potentially provide new insights fxtical treatments to
target during neurological disorders that are clinically imgodrin treating neurodegenerative

diseases.



Figure 2: FKBP51's Role in Neuroprotection
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Figure 2: A schematic overview of FKBP51's mechanism of action in neuronalaurAn increase
(green arrows) in FKBP51 protein levels leads to an increase in neuronal siaflovehg a challenge
promoting cell death by increasing prosurvival moleculexdBFand phospho-NikB. Furthermore, a
decrease (red arrows) or knockout of FKBP51 protein levels leads to impaired heureval following

a challenge promoting cell death by a decrease irBIBnd Phospho-NkB.
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Mitochondrial dysfunction during neurodegenerative diseases

Mitochondria are highly dynamic organelles typically reférreo as the cell's
powerhouse because they generate adenosine triphosphate (ATP) tlerabghraspiration and
oxidative phosphorylation (Detmer and Chan, 2007). Furthermore, the mitochocaini@iso
influence intermediary metabolism, calcium homeostasis, celifemation, development and
apoptosis (Oakes and Korsmeyer, 2004; shaw and Nunnari, 2002; Chen et al., A398) the
high energy demand of neurons, a growing body of evidence has linkedhomdrial
dysfunction to age-related neurodegenerative diseases, inclAdithgimer's disease (AD),
Parkinson’s disease (PD), and glaucoma (Reddy, 2009). For exampysjsaafinitochondria
structure within AD brains showed significant changes to the morphabtgye mitochondria
(Baloyannis, 2006). Furthermore, these neurons had increased oxidatives dardaggnificant
levels of cytochrome c oxidase within the cytosol (Hirai et 2001; Castellani et al., 2002).
Decreased cytochrome c oxidase activity as well as &awsenin energy metabolism has been
observed during Alzheimer’s disease as well as a decreaseligy metabolism (Nunomura et
al., 2001; Cardoso et al., 2004). During glaucoma, mitochondrial dysmnstbelieved to be a
secondary pathology. The increase in intraocular pressure legdsisent ischemia and thus
mitochondrial dysfunction (Kong et al., 2009). This suggests thatfieacbdus mitochondrial
metabolic enhancing compound could uniformly benefit neuronal survival during

neurodegenerative disease, specifically protecting against mitocHahdfanction.

Methylene Blue

11



Methylene blue, also known as methylthioninium (C(16)H(18)N(3)S8HI(2)O), is a
remarkable compound that is already Food and Drug Administration appahesap and causes
minimal side effects. MB is an autoxidizable phenothiazine wpibtent antioxidant and
metabolic enhancing properties (Bruchey and Gonzalez-Lima 26@8)ré 3). MB was the
first phenothiazine compound developed, and its unique properties have beemvestagation
for over 120 years. MB was successfully transformed into akwdarivatives including;
antimalarial agents quinacrine and chloroquine, the phenothiazine amiimstpromethazine,
and the first antipsychotic drug chlorpromazine (Bruchey and Gonrkaiez 2008). MB is a
metabolic poison antidote to induce methemoglobinemia (Clifton arkdnl.€l003). Chronic
treatment with MB is safe and can protect against mentald#iss and prevents encephalopathy
in humans undergoing chemotherapy (Naylor et al., 1988; Kupfer et al., 19®ferket al.,
1996; Pelgrims et al., 2000).

Methylene blue can protect against several formeiaivo and in vitro neurotrauma.
For example, methylene blue protects the retinal and retingligarcell layer against rotenone
toxicity (Rojas et al., 2009). Rojas showed the intravitreal tiges of rotenone in rats
significantly impaired the structure of the retina and visuaitpof the rats. Co-administration
of methylene blue significantly improved the structure of thieaeand the visual acuity of these
rats (Rojas et al., 2009; Zhang et al., 2006). Methylene blue ghaticgintly improved learning
and memory of rats during amnestic mild cognitive impairmRittg et al., 2011). Furthermore,
methylene blue enhanced discrimination learning, extinction of fesn bkidative metabolism
and memory in rats (Callaway et al., 2004; Riha et al., 2011; Wrulaé&l €007; Wrubel et al.,

2006).

12



Figure 3: Methylene Blue Structure:
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Figure 3: Methylene Blue Structure
Methylene blue is a compound capable of reversible reduction-mndatMethylene blue’s
oxidized state can accept electrons. Methylene blue’s redaoed leukomethylene blue, can

transfer electrons to different molecules such as cytochrome ¢ oxidasegend@yform water.

13



Methylene blue Protection in Central Nervous System

Methylene blue has a high bioavailability in the brain and readisses the blood brain
barrier (Peter et al., 2000; Wainwright and Crossley, 2002). In p@s,protects against
hypoxia-induced neuronal injury and systemic oxidative stressci@édisu et al., 2006).
Furthermore, MB protects the brain and retina from rotenone inducedhwitdrial toxicity
(Rojas et al., 2009; Zhang et al., 2006). MB also protects againsingaand memory
impairments induced by sodium azide (Callaway et al., 2002). Addiormdihical trials are
being performed with chronic MB treatment to prevent the progres$idizheimer’'s disease

(Wischik et al., 2008).

Methylene blue mechanism of action

MB is an autoxidizable phenothiazine with potent antioxidant andbwlétaenhancing
properties (Bruchey and Gonzalez-Lima 2008) that facilitatesnane and promotes
neuroprotection (Callaway et al., 2004; Riha et al., 2005; Gonzalez-auntaBruchey 2004;
Zhang et al., 2006). MB is a compound capable of reduction-oxidation astdi@aort electron
cycling. This property allows MB to transfer electrons to oxygehich is specifically
important for the electron transport chain of the mitochondria (Gedalet al., 2007)Fgure 4).
MB cannot enter a neuron until it is reduced (MBH2) at the celase. Once MBH2 enters the
cell it can be re-oxidized back into MB, maintaining it within ttedl (Bongard et al., 1995).
MB may be re-oxidized by a heme-protein such as cytochrome aytochrome c oxidase

(Atamna et al.,, 2007). MB can accept electrons from electron denots as nicotinamide

14



adenine dinucleotide (NADH) or flavin adenine dinucleotide (FADH2) ana do@ate electrons
to coenzyme Q (CoQ) or cytochrome c. Within the cell, MB and MBIH2 maintained in
equilibrium making a reversible reduction-oxidation system (Magl.e 2004). The numerous
neurodegenerative diseases that are potentiated by mitochondfiaiation could be uniformly
protected with methylene blue treatment (Baltmr et al., 201iyestigating methylene blue’s
protective properties during a model of retinal ganglion cell deatlid lead to a novel,

inexpensive and efficacious treatment of glaucoma.
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Figure 4: Methylene Blue’s Mechanism of Action:
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Figure 4: Methylene Blue’s Mechanism of Action:

The mitochondrial electron transport chain couples electron trafsfier electron donors

(NADH and FADH2) and electron acceptors (O2) in order to cragbeoton gradient.

proton gradient between the outer and inner membranes is the driviegtdocreate chemical

energy in the form of adenosine triphosphate (ATP). During hotodrial dysfunction, several

of the electron transport chain complexes become impaired and cangeo tiamsfer electrons

from one molecule to another. Methylene blue can preserve the piiopagbelectrons by

acting as an electron acceptor from NADH and FADH2 and then dtmatelectrons further

down the electron transport chain at coenzyme Q (CoQ), cytochroams ©xygen.

preserves the gradient of protons thus allowing ATP synthase to gen€&Rite A
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Specific Aims

Neurodegeneration is a wide-ranging problem involving the progrelssisef structure
and function of neurons. Neurodegeneration includes several types of neurotradigeases
such as glaucoma, Alzheimer’s disease, and Parkinson’s. Asalesalvances to sub-cellular
levels, these neurotraumas and diseases show an increasing ameuntlasities. These
similarities provide insight that a neuroprotectant intervention coulthbermly beneficial to a
number of neurodegenerative disorders; however, efficacious candidatgpnog¢ectants are
lacking. FK506, a widely used immunosuppressant drug, has profound neuwtbgzotand
neuroregenerative properties throughout the central nervous system. F&aidgent binds to
the FK Binding Protein 51 (FKBP51), suggesting FKBP51's possibleoitance in
neuroprotection and neuroregeneration. However, the specific mechaieded to FKBP51
actions still needs further investigation. Additionally, mitochondiifunction is a common
symptom of neuronal death during neurodegenerative diseases and ne@stfldunomura et
al.,, 2001; Cardoso et al.,, 2004). The FDA approved compound methylene Blue grovide
preliminary evidence that it could be useful as a potential gbate intervention. The
hypotheses tested was (1) increased FKBP51 protein leveloprote neuroprotection while
decreases in FKBP51 protein levels impair cell survival andhait (2) methylene blue will
specifically protect retinal ganglion cells from neuronal stres. The specific aims tested

were:

1. Determine FK506’s effect on FKBP51 in retinal cell culture.

17



1.1: Measured if FK506 treatments increased protein levelKBPbl and related

signaling molecules, NFkB and phospho-NFKkB, in retinal cell cultures.

2. Determined if over-expressing FKBP51 through stable trarmfegith an over-expression
vector affects survival of neuronal cells in culture following l&maes promoting cell death

in retinal cell cultures.

2.1: Measured changes in prosurvival proteins NFkB and phospho-NFkB ifglow

changes in FKBP51 protein levels.

2.2: Determine whether FKBP51 expression protects cells froarosporine-induced

neurotoxicity by monitoring cell death using calcein AM/propidium iodidd caspase 3

detection.

3. Determined if methylene blue can protect retinal ganglion cells from ogigrotsults.

3.1 Use calcein AM/ethidium homodimer-1 to determine whether hesthyblue

treatments protected primary rat retinal ganglion detisy rotenone, staurosporine and

hypoxia induced cytotoxicity.

18



The experimental design developed determined the neuroprotectivetigomé two
therapeutic agents, FKBP51 and methylene blue. The experinoegan determined if
FKBP51 overexpression or knockout affected the viability of neuraglhcualtures and retinal
ganglion cells following toxic insults. Furthermore, the experialedesign determined if
methylene blue was a potential treatment to protect retinal ganggils and explored methylene
blue’s mechanism of action. Results from this investigation not yirlgded insight into the

actions of these neuroprotective agents but also provided insight into new potenttalgiets
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Abstract

Purpose: Neurodegenerative diseases and neurotraumas typicallynregudptosis of specific
neurons leading to the pathology observed during the disease statmgbixeatments target the
symptoms instead of preventing the death of these neurons. Although nexgtbprodrugs
should be useful as a treatment to prevent further loss of neurfinacietis molecules are
lacking. FK506 (tacrolimus), a widely used immunosuppressant drug, igagficant
neuroprotective and neuroregenerative properties throughout the cesetialus system,
including the eye. FK506 achieves these properties through imb@ragith FK506 binding
proteins (FKBP), including FK506 binding protein 51 (FKBP51). In this stugyexamine the

effects of FKBP51 as a neuroprotective agent on a neuronal cell line.

Methods: We cultured 661w cell cultures with or without FK506, or stabhsfected them with
an FKBP51 expression vector. These cells were then exposed to thesepoptucing agent
staurosporine. Cell viability was determined using a calceinptdpidium iodide assay. Protein
levels and activation of nuclear factor kappa-light chain-enhasfcactivated B cells (NkB)

were determined by western immunoblot analysis.

Results: FKBP51 overexpression significantly protected 661w gkillres from staurosporine-

induced apoptosis. FKBP51 overexpression also significantly increaBed Nb65 protein
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levels and activated NkB p65. FK506 treatment significantly protected 661w neuronal cultures
from staurosporine-induced apoptosis. FK506 increased FKBP5XkBN#G5, and levels of

activated NFReB p65 protein.

Conclusions: These results suggest that FKBP51 protects 661wuttelles from apoptosis
induced by staurosporine. Additionally, FK506 protected 661w cell culttwes dpoptosis and
displayed a mechanism similar to that of FKBP51 overexpressiotih. BK506 and FKBP51
appear to act through activation of MB- p65 protein, suggesting a common pathway for
neuroprotection. These findings suggest that FKBP51 is a compound importemuronal cell
culture survival. FKBP51 may be a potential therapeutic drug tagetpreventing the

neurodegeneration and neurotrauma that occur during neurodegenerative diseases.

Key Words: FKBP51, Neuroprotection, 661w, apoptosis, staurosporine
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INTRODUCTION

Neurodegenerative diseases such as Alzheimer’'s disease, Pasidsmadse, and glaucoma
affect the lives of millions and are increasing in prevalehee to the progressive increase in
human lifespan [1]. Each year, over 3 million people worldwide die fn@urologic disorders
such as Alzheimer’'s and Parkinson’s disease [2]. Typicalntexds for neurologic disorders
specifically target treating the symptoms of each individuatadis and are not directed to
intervening in the disease process. However, it is known that apopimsisints for most
neuronal cell death during neurologic disorders [3]. This similaptgvides hope that
neuroprotectant intervention could be uniformly beneficial to sevamlrodegenerative

disorders; however, efficacious neuroprotectants are currently unavailable [4].

FK506 (tacrolimus) exhibits significant neuroprotective and neuroreg@ree properties in
several forms of neurotrauma, including optic nerve crush, traunbaain injury, brain
ischemia, sciatic nerve injury, and focal and global ische®&.[This protection is not limited
to neurons; it extends to glia cells within the brain and sevehar adrgans [9]. These
characteristics of FK506 make it potentially useful for neuroptiate; however, FK506
produces calcineurin-induced immunosuppression by binding FK506 Binding nPrbgei
(FKBP12), which can increase the incidence of cancer [10,11]. FK5G6 fetand to be
equipotent in protecting cells lacking FKBP12 (U251 human glioma), caudptr cells

expressing FKBP12 (SH-SY5Y human neuroblastoma) [12]. Furthermé&f®)6Falso was
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found to protect neurons in FKBP12 knockout mice [13]. FK506 drug analogs, suéRla
1046, which function independently of FKBP12, were shown to be neuroprotective [12,14]
However, not all FK506 downstream signaling pathways have been dieRK®&06 interacts
through several binding proteins, leading to several neuroprotectd/@euroregenerative traits
devoid of calcineurin inhibition [15]. Characterization of thesaaigg pathways would be

advantageous to treating neurodegenerative diseases without systemrmosappression.

FKBP51, an immunophilin that interacts with FK506, is a potential neuegioé agent for
preventing apoptosis during neurodegenerative disease and neurotraunfb1FKRBys a
significant role in the activation of nuclear factor kappa-light-chain-esdraof

activated B cells (NkB), an important cell-survival protein. The activation of KE-is
initiated through the degradation of the the inhibitory molecule, IKagpd®. This leads to the
activation and translocation of N&B into the nucleus to initiate transcription of several
prosurvival proteins, growth factors, and anti-apoptotic protedsid ubiquitinated through the
serine/thereonine kinase, IKappaB Kinase (IKK), leading to tlygadation of «B through a
proteosome. FKBP51 is an important cofactor of the catalytic subliidtoj of IKK [16].
Overexpression of FKBP51 has been shown to upregulateBNftotein levels in hematopoietic
cells [17]. This suggests a new potential neuroprotective and ratjgaemechanism of
FKBP51 [18]. Furthermore, NkB regulates the transcription of several anti-apoptotic proteins,
including BCL-2 [19]. In a melanoma cell line, siRNA-mediated réiduacof FKBP51 protein
levels decreased expression of dB-and increasedkBo and kBp protein levels [20]. In UT7

cells, FKBP51 overexpression increased the protein levels ofB\NB65 and NFR<B p50, and
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decreased the protein levels &Bb [17]. Sustained activation of NEB was neuroprotective

against glutamate-induced excitotoxicity in primary cortical neuf@ils

FKBP51 is a potential neuroprotective target; however, it is uncfe&KBP51 plays a
neuroprotective role. Currently, we are testing the hypothesisnitratases in FKBP51 protein
levels decrease 661w neuronal cell culture death in reaction tapth®osis inducing agent

staurosporine [22-24].

MATERIALS AND METHODS

661w cell culture

The 661w cells were derived from a murine retinal tumor (thege haen shown to have the
same relevant cellular and biochemical characteristics of glo®receptor neurons [25]). The
661w cells were grown in Dulbecco’s modified Eagle’s medium (DMEM,no. 23700-040;
Invitrogen-Gibco, Grand Island, NY), supplemented with 10% heat inastivigtal bovine
serum (cat no. 26140-079; Invitrogen-Gibco), 100 U/ml penicillin, and 106instyeptomycin
(Fisher Scientific, Pittsburgh, PA). The 661w cells were cettwat 37 °C in 5% CO2 and air for

all experiments.
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Stable transfection

The pCL-neo-FKBP51 overexpression vector and parental control pGlestor were a kind
gift from Dr. Marc B. Cox, University of Texas El Paso, EE&arXx. Vectors were reconstituted
in sterile TrissEDTA buffer and transformed into Di%E. coli. Competent bacteria were
selected using ampicillin LB plates. Colonies that produced the dtidgneels of vectors were
selected through miniprep. Maxipreps were performed using a Ga@iegt. Vectors were

rehydrated in sterile TE buffer and maintained at —20 °C.

The 661w neuronal cell cultures (passage 6) were seeded in 100simes dnd grown with
complete DMEM. After 24 h, the cell cultures were transfectedugh a lipophilic method
(Metafectene Pro; Biontex, Toulouse, France), as instructed byn#mifacturer. After an
additional 24 h, 2 mg/ml of G418 were added to kill cells that did mzirporate the vectors.

Cells were maintained on 0.2 mg/ml G418 and grown to a maximum 15 passages.

Western blot analysis

Cultured cells, from cells grown at 60%-80% confluence, weretexbland lysed as previously
described [26]. Protease inhibitors (1 mM Dithiothreitol [DTT] and 5QM
Phenylmethanesulfonyl fluoride [PMSF]) were added. Cells weaesested at 60%—80%
confluence. Protein concentrations were determined using Bio-RadfoBdl Protein Assay
((500-0006; Bio-RaD, Bio-Rad Laboratories, Hercules, CA). Samplgsatéin (25ug) were
run on a sodium dodecyl sulfate 7.5% polyacrylamide gel and immunoblotteddiacc to

previous published methods [27-29]. Briefly, the separated proteirirarasferred to 0.4hm-
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supported nitrocellulose membranes (162—-0094; BioRad) and blocked with 7.5% npmnfidikdr
in Tris-buffered saline with Tween. The following primary antibodiese used: mouse anti-
FKBP51 (610582, 1:500; BD Transduction Laboratories, Lexington, KY); mousé\BniB
(SC-8008, 1:500; Santa Cruz, Santa Cruz, CA); mouse anti-GAPDH (P04406, Ml0P6re,
Billerica, MA); rabbit anti-phospho-NkB (3033, 1:500; Cell Signaling, Cell Signaling
Technology, Inc, Danvers, MA); and mouse dhtubulin (T0198, 1:1,000; Sigma, Sigma-
Aldrich, St. Louis, MO). Primary antibodies were incubated and wiaernight at 4 °C. Blots
were washed for 30 min at room temperature. Prior to the additeecohdary antibodies ECL-
rabbit IgG, HRP-linked, or ECL-mouse IgG, HRP-linked (NA9340 and NA9310, 1:10,@00; G
Piscataway, NJ) for 30 min. Luminescence was detected usingSsymed West Dura (34075;
Thermo Scientific, Waltham, MA) in the BioRad Molecular Imad2ensitometric analysis was

performed using the Bio-Rad Image Lab. GAPDH gstdbulin were used as loading controls.

Calcein-acetomethoxy/propidium iodide cell-survival assay

Cell viability was determined using a calcein/propidium iodidd. (na. C3099; Invitrogen-
Molecular Probes, Carlsbad, CA) dual-staining assay. The ceéliresilwere treated with or
without 100 nM-10uM staurosporine, an apoptosis-inducing agent [22- 24], for 24 h (ALX-
380-014-M001; Enzo Life Sciences, Plymouth Meeting, PA). After treafntbat culture
medium was removed, and the coverslips were rinsed with 1° phosphate dalifie (PBS).
Then, 1uM calcein and 2ug/ml propidium iodide in 2 ml 1 PBS were added to each culture
well. The culture dishes with the cells were incubated at 3660 min, and fluorescence was

measured (Microphot FXA digital fluorescent microscope; Nikon, Melville, NY).
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Caspase-3 detection assay

Caspase-3 activity was determined using the SR-DEVD-FMK Gaspadetection kit, Cell
Technology Inc (Mountain View, CA) following the manufacturer’'s proto€overslips were
coated with 1Qug/ml Poly-D-Lysine for 60 min, washed, and then placed into wetls 500l

of DMEM. Either 10,000 empty vector or FKBP51-overexpressing 661w waelie added to
each well and incubated for 24 h. Staurosporine or a vehicle wad tmldach well to reach a
final concentration of 10 nM, 100 nM, onuM for 6 h. Cells were washed three times with PBS.
Prepared caspase-3 detection reagent ((BO®as added to each well and incubated for 60 min.
Cells were washed three times with PBS and then inverted afitteavith Fluorosave. Images
were taken at the same exposure times on a fluorescenoesooipe (Microphot FXA digital

fluorescent microscope; Nikon). Images were measured for intensitylosgg J software.

Statistical analysis

SigmaPlot 11.0 (Systat Software Inc., San Jose, CA) was useddmpall statistical analyses.
Results were expressed as mean + standard error. Paired isompavere analyzed using a
Mann-Whitney U test. Multiple comparisons were performed using awageanalysis of
variance (ANOVA) followed by a Mann—Whitney U test. Significa was defined as a p value

of <0.05.
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RESULTS

FKBP51 expressed in rat retina and brain.An adult Sprague Dawley rat was sacrificed and
the brain, retina, heart, lung, liver, akdiney were collected in HEPES buffer containing
protease inhibitors (1 mM DTT an 508 PMSF). Tissue and cells were lysed using sonication.
Fifty micrograms of protein were added to each well. An antiHF&Bantibody (Cat: 610582,
BD Transduction Laboratories) was used to detect FKBP51 proteilrP5K@as detected in all

tissues that were analyzed (Figure 1).

FKBP51 overexpression increased protein levels of NkB and activated NFxB and
decreases protein levels ofBa. FKPB51 is expressed in many organs, including the retina
(Figure 1). We used western blot analysis to determine theessipn of FKBP51 and the
potential downstream signaling molecules dB--p65 and phosphorylated NB (n=6).
FKBP51 was overexpressed 5 fold in FKBP51 transfected cells, camnfmeells transfected
with the empty vector controls. The overexpression of FKBP51 alscasenteprotein levels of
phosphorylated NikB p65 by 3.2+0.5 fold and NkB p65 by 18+14 foldp-tubulin (kBo and
NF-xB p65) or GAPDH (FKBP51 and phosphor NB-p65) was used for normalization (Figure

2).

FKBP51 overexpression protected 661w cell culture from staurospine. We wanted to

determine whether an increase in FKBP51 protein would protect neumhalultures from
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staurosporine, the apoptosis-inducing agent. Cell viability was detedmusing calcein
AM/propidium iodide double-staining. In the absence of staurosporine, 99%-100%e of t
FKBP51 and empty-vector transfected cells remained viable. Tuiticm of 10 nM
staurosporine for 24 h did not induce a significant level of apoptosisthar esell culture.
FKBP51 cells had 98+0.02% viability, and 99+0.01% of empty vector agNsved. In contrast,
the addition of 100 nM staurosporine induced cell death in both FKBP51xpvessing and
empty-vector cell cultures. However, FKBP51 overexpressionfeignily protected the 661w
neuronal cells from 100 nM staurosporine-induced apoptosis (83+0.02% viabiktgBrR51
cells versus 71+0.04% viability in control cells, p=0.013). Furthermore, BAKRBRerexpression
significantly protected the 661w neuronal cell culture from the 24 h of staurosporine-
induced apoptosis. The FKBP51 overexpression significantly protecteahetin®nal cells
(62+0.03% viability in FKBP51 cells versus 12+0.02% viability in controls¢gk0.001; Figure

3).

FK506 treatment increased FKBP51 and NR¢B protein levels. Western blot analysis was
used to determine the protein expression of FKBP51 anaB\NpB65 after 24 h of FK506
treatment (n=3). FK506 dose-dependently increased FKBP51 andB Ngrotein levels.
FKBP51 was significantly elevated with 1M FK506 (p=0.023) and NkB at 100 nM
(p=0.004). All three concentrations of FK506 (@M, 1 uM, and 10uM) increased FKBP51
protein expression by 1.36+0.3 fold, 2.7+0.9 fold, and 2.6+0.4 fold, respectively. Fustieer
the same FK506 concentrations increaseckBfp65 protein levels by 1.58+0.1 fold, 2.42+0.21

fold, and 5.6+0.4 fold, respectively. GAPDH was used as an equal loaatiglc(Figure 4).
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Additionally, there were no changes to phosphorylateckBIp65 protein levels when analyzed

during the 24 h treatment (unpublished data).

One micromole FK506 treatment increased activation of NkeB. NF-xB is a nuclear
transcription factor with diverse activities, including the retiotaof cell survival [30]. The
majority, but not all, of the available research indicates thaiBlfncreases anti-apoptotic
actions and prevents cell death in various cells [31-33]. It woultegful to determine if
FK506, like FKBP51, activates NEB, because it may be a common downstream molecule
activated by both FK506 and FKBP51 to achieve neuroprotection. Westeunohlat analysis
determined that the FK506 (M) phosphorylates NikB p65 after 30 min, 1 h, 2 h, and and 4 h
(n=6 at each timepoint). FK506 significantly increased the phosphorylaf NF«B p65
2.2+0.5 fold (p=0.004) after 30 min. It was also determined that phospteolryNE«xB p65
returned to baseline after 1 h, 2 h, and 4-ubulin was used as the equal-loading control.
Therefore, the protein levels of NdB p65 increased after 24 h of treatment, while the

phosphorylated form of NkB p65 increased sooner (Figure 5).

FK506 protected 661w cell cultures from staurosporine-inducecell death. FK506 is

neuroprotective against several forms of toxicity as welhaseveral in vivo [5,6] and in vitro
models [7,8]. Although FK506 is significantly neuroprotective outsidenefaye, we want to
determine whether FK506 protects ocular neuronal cell cultuoss &taurosporine-induced-
apoptosis. The 661w neuronal cell cultures were processed for hetiom of apoptosis using

calcein AM/propidium iodide double-staining [34] following ™M staurosporine and LM
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FK506 treatments. Virtually all 661w neuronal cell cultures vadiree when untreated or treated
with 1 uM FK506. In contrast, when the 661w neuronal cell cultures were exposkedM
staurosporine for 24 h, only 28+0.05% of the cell cultures survived. The additiqiVbFK506
significantly protected the 661w neuronal cell culturesO(p01) from 1uM staurosporine-
induced apoptosis over the 24 h treatment, by increasing the suateabr95+0.01 (p=012;

Figure 6).

FKBP51 overexpression protected 661w cell culture from staurospine induced caspase-3
activation. Apoptosis accounts for most of the neuronal cell death observed durirggogeur
disorders [3]. It would be advantageous to prevent apoptosis in order domlgitreat a wide
range of neurologic disorders. Staurosporine was used to induce apojadsi4]. We
investigated whether an increase of FKBP51 protein protectedsagaispase-3 activation, a
common marker of apoptosis. Six hours of staurosporine treatment wastauseduce a
significant amount of caspase-3 activation. FKBP51 overexpressiorficagtly decreased the
amount of caspase-3 activation at all three concentrations of sgatnes 10 nM (p=0.006),

100 nM (p=0.001), and M (p<0.001; Figure 7).
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DISCUSSION

FKBP51 has diverse physiologic functions. FKBP51 is a chaperoneinptbtg aids in the
transport of several hormones and hormone receptors. It is increaseekeral forms of cancer.
It may also be increased in prostate cancer patients. Thissecd FKBP51 is a suggested
cause for positive feedback from androgen and the androgeptaesxceThis promotes cell
survival and growth in these non-neuronal cells [35-37]. An increaB&BP51 protein levels
has been shown to cause resistance to chemotherapeutic agenitsdilcat apoptosis in
cancerous tumors [35,38]. Even though this is a disease state, in vamaostasis is out of
balance, it would be advantageous to more thoroughly understand whetbas@scin FKBP51
activity can promote cell survival and growth. In neurons, FKBP51 promuteotubule
stability and elongation. FKBP51 works with Hsp90 to bind phosphorylate 88uFKBP51
catalyzes the cis-trans isomerization of the peptidyl—prolyl bahdsRPlase reaction), allowing
tau to be recycled. With a mutant or defective FKBP51 moledudePPlase reaction will not
occur, causing an accumulation of phosphorylated tau proteins, potemdatling to an
Alzheimer’s disease-like state [39]. Furthermore, FKBP51 is wabin several cell-signaling
pathways that promote cell survival and neuroregeneration [16,40]. FKBRb&sse
physiologic functions, including its prosurvival properties, make itraportant molecule to

continue researching.

In this study, we have shown that FKBP51 neuroprotects 661w neurondiheslifrom the

apoptosis-inducing agent, staurosporine. Even though FKBP51 has been eslthed for its
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protective properties outside of the central nervous systemratecfive properties within
neurons need more research [16,17]. FKBP51's neuroprotective efficabynatidn in other in
vitro and in vivo models of ocular neurodegeneration need to be testenmide its potential
for treating neurodegenerative diseases and neurotrauma. The @awngstiolecules that
FKBP51 interacts with appear to be similar to those that intevilc FK506. Furthermore, a
drug that targets FKBP51 without inhibiting calcineurin through FK5@® @ausing systemic
immunosuppression would be beneficial. A drug that is a potential daiedis GP11046.
GPI1046 is an FK506 analog, a non-immunosuppressive immunophilin ligand thatsatgpea
have the same neuroprotective properties [12]. GP11046 displays neurakand regenerative
activities in vivo and in vitro [41,42]. Further investigation of GP11046 is needed to dstatm
value not only as a neuroprotective molecule, but also as an ddrecterizing immunophilins

such as FKBP51.

FKBP51 is an important coactivator of the NB-signaling pathway [34]. NkB has both
detrimental and prosurvival effects in neurons. ®=-activity still remains an important
signaling molecule to investigate. Many argue thatdBFhas a large effect on prosurvival
genes, supported by the finding that NB-knockouts are lethal during development [30,43,44].
This present study demonstrates that an increase of FKBP5fhotaease protein levels and the
activation of NF«B’s major subunit, NReB p65. Interestingly, FK506’s effect on N@B in
neurons is still controversial [45,46]. NeverthelesgMLof FK506 caused a phosphorylation of

NF-kB p65 in 661w neuronal cell cultures after 30 min. The mechanismso&c¢hivation is still
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not understood; however, it may occur through FKBP51. Additional testingeesled to

determine whether FKBP51 is essential to FK506 phosphorylation a@BN#65.

In summary, we have shown that an increase of FKBP51 protein gré@&biv neuronal cell
cultures from the apoptosis-inducing agent staurosporine. Both FK506 anB5EK&hare
similar downstream signaling molecules, suggesting that uitdizadf FKBP51 by FK506.
FKBP51 has has diverse physiologic functions in promoting several pnadupathways. A
potential therapeutic intervention is to increase the function of BEKB®hich could increase
the stability and duration of several FKBP51 downstream moletulasintain or even increase

cell survival.
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Figure 1. FK506 (tacrolimus) binding protein 51 is expressed imat retina and brain.
Tissues were extracted from an adult Sprague Dawley rathangrotein was isolated. FK506
binding protein 51 (5(g) was added to each lane. Western blot analysis detectectbam pn

the brain, heart, lung, liver, kidney, and retina.

58



FIGURE 1

<« FKBP51

Brain Heart Lung Liver Kidney Retina

59



Figure 2. FK506 (tacrolimus) binding protein 51 overexpressiomcreases protein levels of
nuclear factor kappa-light-chain-enhancer of activated B cell§NF-kB), activated NF«B,
and decreased protein levels of inhibitory molecule, IKappaKIkB). A: FK506 Binding
Protein 51 (FKBP51) overexpression significantly increaseckBIp65 and phospho N&B
p65 protein levels while significantly decreasind@d protein levels. The 661w neuronal cell
culture—stably transfected with an FKBP51 expression vector— swie&KBP51 protein
levels fivefold, compared to the 661w neuronal cell culture stablyféetesl with the parental
empty vector. (-) represents stably transfected empty veotdrot cells and (+) represents
stably transfected FKBP51 overexpression c@lsC: The increase in FKBP51 expression
caused a significant increase in protein levels ofdSH65 and activated NkB p65 (NF«B
p65: n=6, *p=0.002; phospho N&B p65: n=6, *p=0.002).D: The increase in FKBP51
expression caused a significant decrease in protein leveiBaf(IkBa: n=3, *p=0.044). The
loading controls wer@-tubulin for kBa and NF«B p65, while GAPDH was used for FKBP51
and for activated NkB p65. Significance was obtained through one-way analysis of varianc

(ANOVA) and the Mann—Whitney test. Error bars represent SEM.
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Figure 3. FK506 (tacrolimus) binding protein 51 overexpression potects 661w cell culture
from staurosporine. A: The FK506 Binding Protein 51 (FKBP51) protein significantly
protected the 661w neuronal cell culture from staurosporine-induced apo@&ssurvival was
monitored with a calcein-AM/propidium iodide cell-survival assay. Biédw neuronal cell
cultures were stably transfected with either an FKBP51 expres®ctor or parental empty
vector. Cells were treated with or without varying concentratargaurosporine (10 nM, 100
nM, and 1uM) for 24 h (scale bar=100m). B: FKBP51 overexpression significantly protected
the 661w neuronal cell culture from staurosporine-induced apoptosis at 1(8=-0M13) and 1

uM (p10.001) concentrations (n=3). Error bars represent SEM.
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Figure 4. FK506 (tacrolimus) treatment increases FK506 binding ptein 51 (FKBP51) and
nuclear factor kappa-light-chain-enhancer of activated B (NF-B) cell protein levels.A:
Twenty-four hour FK506 treatments significantly increased prdmiels of FKBP51 and NF-
kB in the 661w neuronal cell cultures. The 661w neuronal cell cultures were trea2ddf with

a vehicle—100 nM FK506, &M FK506, or 10uM FK506. Cell lysate proteins (25g) were
separated by sodium dodecyl sulfate polyacrylamide gel electegpbo(SDS—-PAGE),
transferred to membranes, and immunoblotted for FKBP51xBJFand glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). The quantification of band intemsiypresented as a
percentage of FKBP51 or NEB of its corresponding GAPDH control band on the same
membraneB: FK506 significantly increased FKBP51 protein levels at a coratgomrof 10uM
(p=0.03), while 0.1uM and 1uM caused an increased in FKBP51 protein levels; however,
significance was not obtained (n=3}. Additionally, FK506 significantly increased N&B
protein levels at a concentration of 4 (p=0.004), while 1uM and 10uM caused larger

increases in protein levels; however, significance was not obtained (n=2licd@se indicated).
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FIGURE 5: 1 uM FK506 treatment increases the activation of NReB (A) 1 uM FK506
treatment for 30 minutes significantly activated KB-protein in 661w neuronal cell culture.
661w neuronal cell cultures were treated withM FK506 or control (DMSO) for 30 minutes, 1
hour, 2 hours, or 4 hours. Cell lysate proteins (25 ug) were sepayategistern immunoblot
analysis for phosphor-NkB andf-tubulin. The quantification of band intensity are represented
as a percentage of phospho NB-to its corresponding controp{ubulin) band on the same
membrane(B) 1 uM FK506 significantly increased Phospho NB-protein levels (P=0.004) at
30 minutes while phospho NEB protein levels returned near basal levels within 2 hours of

FK506 treatment (n=6).
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Figure 6. FK506 (tacrolimus) protects 661w cell cultures fromtaurosporine-induced cell
death. A: FK506 (1uM) significantly protected 661w neuronal cell cultures from istsporine-
induced apoptosis. Cell survival was monitored with the calcein- Adgigium iodide cell-
survival assay (scale bar=1@@n). The 661w neuronal cell cultures were treated witiML
FK506, with 1 uM staurosporine, with both M FK506 and 1uM staurosporine, or with
vehicle for 24 h.B: The 1uM FK506 treatments significantly protected 661w neuronal cell

cultures from uM staurosporine-induced apoptosis (p<0.001, n=3). Error bars represent SEM.

68



FIGURE 6:
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Figure 7. FK506 binding protein 51 overexpression protects 661w cedlulture from
staurosporine-induced caspase 3 activationStaurosporine treatments for 6 h significantly
increased caspase 3 activation, a marker of apoptosis, in 661w celtecUFKBP51
overexpression in 661w cell cultures significantly decreased @aspaactivation during
staurosporine treatments. Caspase 3 activity was assayed using aetotdaspase 3 detection
kit. Intensity was measured using Image J. FKBP51 significartyected against caspase 3
activation during staurosporine treatment at 10 nM (p=0.006, n=3), 100 nM (p=0=(B)1and

1 uM (p<0.001). Significance was obtained through analysis of varianc®©YA) and the

Mann-Whitney test. Error bars represent SEM.
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FIGURE 7:
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CHAPTER IlI

Methylene Blue Protects Primary Rat Retinal Ganglion Cells from Ceular Senescence

Donald R. Daudt Ill, Brett Mueller, Yong H. Park, Yi Wen and Thomas Yorio

(to be submitted)
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ABSTRACT

Purpose: Glaucoma is a progressive optic neuropathy characterized $yflastinal ganglion
cells (RGC) and optic nerve degradation. Existing treatments fmcuswering intraocular
pressure (IOP); however, vision loss may still progress. Neuempnog drugs may be useful as
an adjunct approach to prevent further loss of RGCs; though, eficsadrugs are lacking. One
agent, methylene blue has been shown to protect neurons in seveaglagenerative models.
Methylene blue potentiates the electron transport chain byisgutflections from NADH and
FADH2 to coenzyme Q (CoQ) and cytochrome c. The purpose of this\wsasito determine if
methylene blue can protect RGCs from noxious stimkthods: Primary rat RGCs were
isolated and cultured following a sequential immunopanning technique u3iRg Bprague-
Dawley rats. Approximately 25,000 RGCs were seeded per dpvarsl cultured for 3 days
before testing. The RGCs were treated for 24 hours witimgoge or staurosporine or for 72
hours of hypoxia. Methylene blue was then assessed for proteétRGCs during each of
these insults. Cell viability was measured using calcein & ethidium homodimer-1.
Cytochrome c oxidase activity was measured using a cytoclranrelase assay kit to monitor
the health of mitochondriaResults Methylene blue (M and 1@M) significantly protected
RGCs against 24 hours oul¥ rotenone. Methylene blue (M and 1@M) significantly
protected RGCs against 24 hours pMLstaurosporine. Methylene blue significantly protected
RGCs against 72 hours of hypoxia. Methylene blue increased acti¥itgomplex 1V,
cytochrome c oxidase, of the mitochondria in the prescence ofdgmmeroxide.Conclusion

Methylene blue is a neuroprotective compound that can protect igaimglion cells. Methylene
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blue’s ability to protect RGCs during rotenone, hypoxia, and staurossonperts its suggested
mechanism of action of preserving the electron transport chaintheFuesting is needed to
determine if methylene blue would be an efficacious treatnfentthe protection of

neurodegeneration that occurs during optic neuropathy.
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INTRODUCTION

Glaucoma is an optic neuropathy characterized by apoptosisimdl rganglion cells
(RGCs), cupping of the optic disc and progressive deterioration af rgrtve axons resulting in
impaired structure and function. Glaucoma is the second leading cibBndness worldwide.
Glaucoma is defined as the impairment of structure and function optteenerve, which results
in death of the retinal ganglion cells. During glaucoma, intraocptessure (IOP) may be
elevated which is believed to cause some of the pathology observedg dinis
neurodegenerative disease. Due to increased lifespan, the prevaigheucoma is projected to
increase to 3.6 million by 2020 (Friedman et al., 2004). Currendgtrhents aim to increase
aqueous humor outflow or decrease aqueous humor formation through surgidaligor
intervention. However, vision loss may still progress in thesemati The exact mechanisms
causing loss of retinal ganglion cells are unknown; however, the asons§ the optic nerve
become strained between lamina cribrosa cells, resulting in regphiot deprivation. The lack of
neurotrophin support leads to apoptosis, also known as programmed cell death €6al.,
2008; Varma et al., 2008; Levin and Peeples 2008; Tezel and Wax 2007).

Methylene blue (MB) is a potential neuroprotective interventmnttie treatment of
retinal ganglion cell (RGC) death during glaucoma. MBIlisaaly approved by the Food and
drug Administration to treat several ailments, including methemagotia (Clifton and Leikin,
2003). Chronic treatment with MB is safe and can protect agaimgahaksorders and prevents
encephalopathy in humans undergoing chemotherapy (Naylor et al., K988y et al., 1994;
Kupfer et al., 1996; Pelgrims et al., 2000). MB is an autoxidizable gheanwte with potent

antioxidant activity with metabolic enhancing properties (Bruchey @onzalez-Lima, 2008).
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Methylene blue has a high bioavailability in the brain and readigses the blood brain barrier
(Peter et a., 2000; Wainwright and Crossley, 2002). Additionally,celinrails are being
performed with chronic MB treatment to prevent the progressioipfieimer's disease
(Wischik et al., 2009).

Methylene blue protects against several models of neurodetiengra vivo; including
amnestic mild cognition impairment, neurotoxin-induced impairment, anid opuropathy
(Riha et al., 2011; Rojas et al., 2009; Zhang et al., 2006; Rojas 2009ts,Imethylene blue
improves discrimination learning, facilitates the extinctionfedr, improves brain oxidative
metabolism and memory retention (Callaway et al.,, 2004; Wrubdl,e2(®7; Bruchey and
Gonzalez-Lima 2008; Zhang et al., 2006). In mice, optic neuropathy ndaged using
rotenone, which causes mitochondrial dysfunction. The experimentaltheyereceived
intravitreal injections of MB maintained visual acuity when comghdoethe control contralateral
eye. MB also maintained structure and function of the retinagluotenone treatments (Rojas
et al., 2009). Furthermore, MB protected the integrity of thealeganglion cell layer (Zhang et
al., 2006).

MB is a potent metabolic enhancing and antioxidant agent thattdseilnemory and
promotes neuroprotection (Callaway et al., 2004; Riha et al., 2005; Gohraleand Bruchey
2004; Zhang et al., 2006). MB is capable of both reduction and oxidatiosuahdsupports
electron cycling. This property allows MB to transfer elmt$rto oxygen, which is an essential
process that exists in the electron transport chain of thecinandria (Calabrese et al., 2007).
MB cannot enter a neuron until it is reduced (MBH2) at the oeflase. Once MBH2 enters the

cell it can be re-oxidized back into MB, maintaining it within ttedl (Bongard et al., 1995).

76



MB may be re-oxidized by a heme-protein such as cytochrome aytochrome c oxidase
(Atamna et al., 2007). Within the cell MB and MBH2 are maintairteghailibrium making a
reversible reduction-oxidation system (May et al., 2004). A numbaneafodegenerative
diseases are potentiated by mitochondrial dysfunction (Lin ant B&@26); so, MB’s electron
coupling ability could protect to neuronal cells during neuronal disstates. Investigating
methylene blue’s protective properties during a model of regawaglion cell death could lead to

a novel, inexpensive and efficacious treatment of glaucoma.

MATERIALS AND METHODS

All animal procedures were performed in accordance and withapipeoval of the
University of North Texas Health Science Center Institutiohaimal Care and the ARVO
Animal Use Committee guidelines. Female time-pregnant Spfagudey rats were obtained
from Charles River (Wilmington, Massachusetts, United Statd3)imary rat RGCs were
isolated and cultured following a sequential immunopanning technique u3iRy Bprague-
Dawley rats (Barres et al., 1988). Retinal ganglion cell&pesitively selected using a T11D7
(anti-thyl) antibody while macrophages were isolated using amagrbphage antibody
(CLAD51240 Cedarlane Laboratories). Primary RGCs were s&&)@8a0 per coverslip, which
were pretreated with poly-D-lysine (P6407 Sigma-Aldrich) and mdaminin (3400-010-01
Trevigen-Celtrex). Cells were incubated at@7n 10% CO2 and air for all experiments, unless

otherwise stated.
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Immunocytochemistry

Dr. Ben Barres trained our laboratory to perform his methodiofgoy retinal ganglion
cell isolation, which yields 99.7% = 0.3 pure cultures of RGCs (Bated., 1988). Primary
RGCs were isolated and cultured for 7 days. Coverslips, contairti¢s Rwere washed 3X
with PBS followed by incubation with cold 100% methanol for 20 minu@slls were washed
3X with PBS and then blocked using 5% Donkey serum in antibody bufférHour. Blocking
solution was removed and cells were incubated with primary antibddi€s anti-Thy 1.2
(550543 BD Pharmingen) and 1:100 anti-GFAP (SC-6170 Santa Cruz BiotechnolGgils
were incubated overnight at@. Cells were washed 3X and then incubated with donkey or goat
secondary antibodies for 2 hours at room temperature. Cells weheav8X using PBS and
then mounted with 184. of prolong gold antifade reagent and DAPI. Images were takea

Confocal Laser Scanning Microscope 510 Meta (Carl Zeiss, Maple Grove, Mianhesot

Calcein-acetomethoxy/ethidium homodimer-1 cell-survival assay:

Primary rat retinal ganglion cells were cultured for 72 hours sxgation before
subjection to any treatment. Upon completion of treatment, celllityalvas determined using
LIVE/DEAD Viability/Cytotoxicity Kit, ethidium homodimer-1 and tzein AM (Invitrogen
L3224, Carlsbad, California, United States). Cultured primary R@&e washed 3X with
phosphate buffered saline (PBS). Cells were incubatedhhclcein AM and 1M ethidium
bromide homodimer-1 in PBS at ®7 for 20 minutes. Cells were washed 3X in PBS and then

mounted on slides containing fluorosave (345789 EMD Biosciences, Gibbston, NJ).
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Fluorescence was measured on a Microphot FXA digital fluorescérosovope (Nikon,
Melville, NY). All cell survival assays were counted by adividual that was masked to the

experimental design.

Cytochrome ¢ Oxidase Assay Kit:

Thc Cytochrome ¢ Oxidase Assay Kit (CYTOCOX1 SimganShouis, Missouri) was
used to measure cytochrome c activity. The assay kit worksiyerting ferrocytochrome c to
ferricytochrome c by cytochrome c oxidase. Ferrocytochromemeasureable at 550 nm while
ferricytochrome c is not. This means, the greater amount ofidnattytochrome c oxidase the
greater the conversion of Ferrocytochrome c to ferricytochronact thus a decrease in
absorbance at 550nm. RGCs were seeded 450,000 per well of a stisiellPrimary RGCs
were cultured for 7 days at 7 at 10% C02 and air. Then the RGCs were treated with a
vehicle, 500uM hydrogen peroxide (216763 Sigma, Saint Louis, Missouri), methybdune
(NDC 17478-504-10 Akorn), or both for 2 hours. Cells were removed using tr{pS201
Sigma-Aldrich) and spun down at 1,000 RPM for 5 minutes. Liquid wasvuetnfrom pellet.
Before each assay, photospectometer was blanked usingL900Dassay buffer and 5QL of
suspended pellet. Then [HO of ferrocytochrome c¢ substrate solution was added and mixed
through inversion. Assay measurements at 550 nm were taken evesgcd@ds for 120
seconds. The change in ferrocytochrome c was expressed as initial absdrir@al absorbance

relative to the control primary RGCs.
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Statistical Analysis

SigmaPlot 11.0 (Systat Software Inc., San Jose, CA) was useddmpall statistical analyses.
Results were expressed as meastandard error. Paired comparisons were analyzed using a
Mann-Whitney U test. Multiple comparisons will be performed usingne-way analysis of
variance (ANOVA) followed by a Mann-Whitney U test. Sigréince was defined as a p value

of <0.05.

RESULTS:

Primary Rat Retinal Ganglion Cell Culture

Retinal tissue was collected from P3 to P7 Sprague Dawlepups. Macrophages were
selected through an anti-macrophage antibody and removed. Retindibryare)ls were
collected using the T11D7 (anti thyl) antibody. After 7 daysulure, the primary retinal
ganglion cell cultures were incubated with DAPI, a thyl.2 antil{oed), and a GFAP antibody
(green). Virtually all cells were expressed the thy1.2 antigen, while ndahe oélls were GFAP

positive.

Rotenone Toxicity Concentration-Response

Rotenone induces mitochondrial dysfunction by inhibiting complex | ofetbetron transport
chain (Zhu et al., 2011). Cell viability was determined using tale®V/ethidium
homodimmer-1 double staining. The vehicle treated primary RGCssgéra 100% survival

and used to standardize each rotenone treatment group. The additiomiM id@none for 24
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hours left 59% of the RGCs viable (P<0.001). The addition flrotenone for 24 hours left
39% of RGCs viable (P<0.001). The addition ofy™® rotenone for 24 hours left 7% of RGCs
viable (P<0.001). The concentrationuM was used for all sequential rotenone experiments

(Figure 2).

Methylene Blue Protects Primary Retinal Ganglion Cells Against Rotenan Toxicity

Rotenone induces mitochondrial dysfunction by inhibiting complex | ofetbetron transport
chain (Zhu et al., 2011). Cell viability was determined using egalcAM/ethidium
homodimmer-1 double staining. Untreated cells were used as a ¢orjr@ntitate the average
amount of viable cells following primary RGC isolation. Resuls expressed as a ratio
(survival % / Untreated survival %). The addition ofil rotenone for 24 hours left 41% of
RGCs viable viable. The addition of 100 nM methylene blue did not induce a significaimflev
protection from 1uM rotenone (43.0% RGC survival). Howeverpl¥ and 10uM methylene
blue significantly protected againstyM rotenone toxicity (67% survival, P<0.001, and 68%

survival, P<0.001) (Figure 3).

Staurosporine Toxicity Concentration-Response

Staurosporine is an apoptosis inducing agent and was used to deténméatieylene blue can
protect of primary retinal ganglion cells against this cytmtaxsult. Cell viability was

determined in the presence and absence of staurospoine. The additbnMfstaurosporine
for 24 hours left 43% of RGCs viable (P<0.001). The addition of 100 nicstporine for 24

hours left 41% of RGCs viable (P<0.001). The addition pMlstaurosporine for 24 hours left
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35% of RGCs viable (P<0.001). The addition of M staurosporine for 24 hours left 0% of
RGCs viable (P<0.001). The 100 nM staurosporine concentration was usddsidrseaquent

staurosporine/cell viability experiments (Figure 4).

Methylene Blue Protects Primary Retinal Ganglion Cells Against Staurgmrine

The addition of 100 nM staurosporine for 24 hours left 17% of cells vialile.addition of 100
nM staurosporine in the prescence of 100 nM methylene blue did not induce a sigrafiebof |
protection whereas, &M and 10uM methylene blue significantly protected againsiu¥

staurosporine toxicity (41% survival, P<0.001, 43% survival, P<0.001) (Figure 5).

Hypoxia Time-Response

Tissue hypoxia in the optic never head and retina is thought toogeaslsecondary response
following elevated intraocular pressure and is associated witlpdti®logy underlying optic
nerve degeneration (Tezel et al., 2004). Cells were incubatefGir8?.5% 02, 10% CO2 and
air for 24 to 72 hours. There was not a significant amount of RE8Cdeath at 24 hours
following hypoxia (93% survival), whereas hypoxia significantlyddlithe primary RGCs at 48
hours, leaving 71% of the cells viable (P<0.001). Hypoxia significkiited the primary RGCs

at 72 hours, leaving 62% of the cells viable (P<0.001). (Figure 6).
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Methylene Blue Protects Primary Retinal Ganglion Cells Against Hypoxia

Cells were incubated at 3Z in 0.5% 02, 10% CO2 and air for 72 hours with or without
methylene blue. Hypoxia for 72 hours left 25% of the cells viableere was not a significant
amount of protection after 72 hours with 100nM methylene blue treat(@éft survival).
However, methylene blue, at concentrations agMLand 10uM, significantly protected primary
retinal ganglion cells from 72 hours of hypoxia (38% survival, P=0.001, 42%val, P<0.001)

(Figure 7).

Methylene blue increases cytochrome c oxidase activity during hydrogerexide toxicity

In order to determine if methylene blue preserves activityhef electron transport chain in
retinal ganglion cells during a toxic challenge, we directlyasnee cytochrome c oxidase
(Complex IV). Approximately 400,000 RGCs were seeded in eaclowalkix well plate. The
cells were incubated for 7 days before being challenged with 500yakdgen peroxide for 2
hours. Cytochrome c oxidase activity is expressed as a pageetat the control group (figure
9). The control RGCs cytochrome c oxidase activity was set tarbigary unit of 1, while
hydrogen peroxide decreased the cytochrome c oxidase atid0p6 of control. The addition
of 1 uM methylene blue protected cytochrome c oxidase activitynagdiaydrogen peroxide

treatment and was 82% of control (Figure 8).
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DISCUSSION

Glaucoma is classified as a neurodegenerative disease chaeactey the progressive
loss of retinal ganglion cells (RGCs) leading to the losssfalifield and eventually blindness.
Glaucoma is the second leading cause of blindness worldwide and theanmoaon form of
glaucoma, primary open angle glaucoma (POAG), which accounts ¥om®the cases (Varma
et al., 2008). Although changes in the outflow pathway cause incredssacular pressure
(IOP), the actual mechanism responsible for optic nerve daraai#l unclear. Mitochondrial
dysfunction is believed to contribute to the pathogenesis observed dlauapma (Kong et al.,
2009).

During the disease state of glaucoma, mitochondria are dersedgntrated at the optic
nerve head, which indicates the high recruitment of Adenosine triphogpidtg at the primary
site of glaucomatous axonal injury (Barron et al., 2004). When cultured retinéibgaceils are
exposed to elevated hydrostatic pressure, the pressure inducefomilidal fission and
disruption ATP production and predisposing the cells for apoptosis (Ju 20@7; Sappington
et al., 2006). A mitochondrial enhancing compound, such as methylene dalict pe used to
protect against the mitochondrial impairment. Methylene bluspeaally intriguing due to its
low toxicity because it could be prescribed to groups of people who d&dugher genetic
prevalence to the disease (Ramdas et al., 2011; Mackey and Craig, 2003).

Our results indicated that methylene blue preserved mitochondrigditya against
oxidative stress caused by hydrogen peroxide induced mitochondriaihdiysh, specifically

involving cytochrome c¢ oxidase (Zhang et al., 2010). This suggestshd neuroprotective
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agent, methylene blue, may prevent mitochondrial dysfunction duringayia, thus leading to
increased retinal ganglion cell survival and preserved vision; however, ftestiag is needed.

Methylene blue significantly protected retinal ganglionscdlliring three challenges that
we examined. This includes protection against mitochondrial dyséunictduced by rotenone,
which selectively impairs complex | of the electron transport chain (Zau,&011). Methylene
blue is known to significantly protect against rotenone and other herdecreasing agents
(Wen et al., 2011; Wright et al., 1999; Zhang et al., 2006). Our resditafe that methylene
blue’s protection against rotenone is preserved within the retinal ganglion aelts.of

Apoptosis is a common form of neuronal death during several neuroresess
including glaucoma (Tatton et al., 2001; Yuan and Yankner, 2000). Even thoughatiie ex
mechanism if unknown, staurosporine activates caspases and induces sbioogen et al.,
2010; Chae et al., 2000). Our results indicate that methylene bluetpratginst staurosporine
cytotoxicity. Even though the exact mechanism of this protectienniod been thoroughly
examined or is not completely understood, it suggests that methllemenay protect against
apoptosis.

Hypoxia and ischemia occur during age-related neurodegensratigkiding glaucoma,
and neurotraumas (Schmidt et al., 2004; Simonian and Coyle, 1996). Hypay@en
deprivation, in neurons leads to a localized increased in excitatong acids and proteins that
can result in the premature death of neurons and brain tissue @aetal., 2000). Methylene
blue increases neuronal survival during/ivo ischemia (Miclescu et al., 2010; Bardakci et al.,
2006). Methylene blue’s mechanism of action suggests that itnerkkase the propagation of

electrons, even during oxygen deprivation. Furthermore, methyleneidblaefree radical
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scavenger and can convert superoxide into water (Bruchey and &ohiak, 2008), which

can increase the viability of neurons during oxygen deprivation. Fortine, our preliminary

data suggest that methylene blue’s mechanism of action isywédarretinal ganglion cells by
increasing the activity of cytochrome c oxidase (complexof\the electron transport chain)
(Atamna and Kumar, 2010); however, additional test are needed.

Dr. Gonzalez-Lima’s laboratory showed that methylene blue cateqgtrretinal tissue
during rotenone toxicity (Rojas et al., 2009; Zhang et al., 2006); howeverder to develop
methylene blue as a treatment for the neurodegeneration thas alteing glaucoma, it would
be advantageous to use a more sentient animal with more relegdatsnof glaucoma. For
example, examine if methylene blue can protect monkeys frewateld intraocular pressure.
Additionally, photopic and scotopic electroretinograms (ERG) actiegyld be analyzed to
determine the activity of retinal ganglion cells during this glaucomatousimode

Methylene blue could be used as a treatment once a neurodegendisdiase is
detected; however, optimal treatment would be a prolonged treatmemné lleé disease has
manifested. This would require clinicians to recommend the tegatto individuals who are

genetically predisposed to a higher prevalence of glaucoma; howeaerdesting is needed.
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Figure 1. Primary Rat Retinal Ganglion Cell Culture
Characterization of the isolated primary retinal ganglion cells followindgBn Barres’ protocol
(Barres et al., 1988). Cells were characterized by immunocytocheifoistrgrmally expressed

RGC marker Thy-1. Thy-1 was detectable in virtually all of these cellsle $ar, 20 pm.

96



Figure 1: Primary Retinal Ganglion Cell Cultures
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Figure 2. Rotenone Toxicity Concentration-Response

Rotenone significantly kills primary rat retinal ganglion ce(l8) Cell survival was measured

by simultaneously staining with green-fluorescent calcein-AM to inglicdracellular esterase
activity and red-fluorescent ethidium homodimer-1 to indicate loss of plasma arenbr
integrity. Primary rat retinal ganglion cells were seeded, 25,000 per @ellis were cultured

for 72 hours before beginning rotenone treatment. Cells were treated with or wahpag
concentrations of rotenone (100 nM, 1 uM, or 10 uM) for 24 hours (scale bar = 100(B)M).
Rotenone significantly killed primary RGCs at 100 nM (59% survival P < 0.001), 1 uM (39%

survival P < 0.001), and 10 uM (7% surival P < 0.001) (n = 3).
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Figure 3: Methylene Blue Protects Primary Retinal Ganglion Cells from Rotaone Toxicity
Methylene blue (MB) significantly protects primary RGCs from rotentmxicity. (A) Cell

survival was measured by simultaneously staining with green-fluoresdeeincAM to indicate
intracellular esterase activity and red-fluorescent ethidium homodineeinditate loss of

plasma membrane integrity. Primary rat retinal ganglion cells wedede25,000 per well.

Cells were cultured for 72 hours before beginning rotenone treatment. Cellseagezd twith 1

KM rotenone and with or without varying concentrations of methylene blue (100 nM, 1 pM, or
10 uM) for 24 hours (scale bar = 100 pMB) 1 M rotenone significantly (41% survival P <
0.001) killed primary RGCs. Methylene blue significantly protected prirR&€s from

rotenone toxicity at 1 puM (67% survival P < 0.001), and 10 pM (68% survival P < 0.001) (n =

6).
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Figure 4: Staurosporine Toxicity Concentration-Response

Staurosporine significantly kills primary rat retinal ganglion ceglk) Cell survival was

measured by simultaneously staining with green-fluorescent waddéito indicate intracellular
esterase activity and red-fluorescent ethidium homodimer-1 to indicateflpasma membrane
integrity. Primary rat retinal ganglion cells were seeded, 25,000 per wedls v@re cultured

for 72 hours before beginning staurosporine treatment. Cells were treated wiitmooit w

varying concentrations of staurosporine (10 nM, 100nM, 1 uM, or 10 uM) for 24 hours (scale
bar = 100 uM).(B) Staurosporine significantly killed primary RGCs at 10 nM (43% surival P <
0.001), 100 nM (41% survial P <0.001), 1 uM (35% survival P < 0.001), and 10 puM (0%

surival P <0.001) (n = 3).
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Figure 5

Methylene Blue Protects Primary Retinal Ganglion Cells Against Staurgmrine

Methylene blue (MB) may protect primary RGCs from staurdapor(A) Cell survival was
measured by simultaneously staining with green-fluorescerginahM to indicate intracellular
esterase activity and red-fluorescent ethidium homodimer-1 to ied@sg of plasma membrane
integrity. Primary rat retinal ganglion cells were sekd5,000 per well. Cells were cultured
for 72 hours before beginning staurosporine treatment. Cells weatedr with 100 nM
staurosporine and with or without varying concentrations of matieyblue (100 nM, 1 pM, or
10 uM) for 24 hours (scale bar = 100 uM). Untreated cells wek as a control to quantitate
average amount of cell viability following primary RGC isadati All other experimental
groups will be expressed as a ratio of untreated cell survi{d). The addition of 100 nM
staurosporine for 24 hours induced left 17% cells viable. The addition ofM@@aurosporine
with 100 nM methylene blue did not induce a significant level of priotectThe addition of 1
uM and 10uM methylene blue significantly protected againgtM staurosporine toxicity (41%

survival, P<0.001, 43% survival, P<0.001) (n=6).
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Figure 6:

Hypoxia Time-Response

Hypoxia significantly kills primary rat retinal ganglion cell(A) Cell survival was measured by
simultaneously staining with green-fluorescent calcein-AM tocate intracellular esterase
activity and red-fluorescent ethidium homodimer-1 to indicate losplatma membrane
integrity. Primary rat retinal ganglion cells were sekd5,000 per well. Cells were cultured
for 72 hours before beginning hypoxia (0.5% oxygen). Cells were exposgthér hypoxic or
normoxic conditions from 24 hours or 48 hours (scale bar = 200 |{B)).There was not a
significant amount of death at 24 hours of hypoxia (93% survival). Xgmgnificantly killed
the primary RGCs at 48 hours, leaving 71% of the cells viable (P<0.68/pxia significantly
killed the primary RGCs at 72 hours, leaving 62% of the cells &ig®£0.001). Primary RGCs

will be exposed to 72 hours of hypoxia for subsequential experiments (n=6).
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Figure 7:

Methylene Blue Protects Primary Retinal Ganglion Cells Against Hypoxia

Hypoxia significantly kills primary rat retinal ganglion cell(A) Cell survival was measured by
simultaneously staining with green-fluorescent calcein-AM tocate intracellular esterase
activity and red-fluorescent ethidium homodimer-1 to indicate losplatma membrane
integrity. Primary rat retinal ganglion cells were sekd5,000 per well. Cells were cultured
for 72 hours before beginning hypoxia (0.5% oxygen). Cells were exposgthér hypoxic or
normoxic conditions from 24 hours or 48 hours (scale bar = 200 |{B))72 hours of hypoxic
conditions induced left 25% of the cells viable. There was non#isant amount of protection
after 72 hours of 100nM methylene blue treatment (26% survival). Metnplue (MB), at
concentrations lM and 10uM, significantly protected primary retinal ganglion cellerh 72

hours of hypoxia (38% survival, P=0.001, 42% survival, P<0.001) (n=6).
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Figure 8:

Methylene blue increases cytochrome c oxidase activity during hydrogerexide toxicity
Methylene blue protects cytochrome c activity in RGCs exptiségidrogen peroxide. 400,000
primary rat RGCs were cultured for 7 days before being subjeztiedatment. Primary RGCs
were treated for 120 minutes with a vehicle or 500 pM hydrogesxioker with or without 1 uM
methylene blue. Cytochrome c oxidase activity was measyredcytochrome ¢ oxidase assay
kit (CYTOCOX1 Sigma). This assay utilizes cytochrome cdage activity to convert
ferrocytochrome c, which has an absorance at 550nm, to ferticgtae c, which does not have
an absorbance at 550nm. A spectrophotometer was used to measuaygdeiirome at 550nm.
Results indicate that primary RGCs had the highest functionitrgatyome c oxidase while
hydrogen peroxide decreased it. The addition of methylene blueasecrehe amount of

functioning cytocrhome c oxidase.
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Figure 8:
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CHAPTER IV

CONCLUSIONS

The purpose of this dissertation was to investigate new approacipestéct neurons
during neurodegenerative states and neurotramas. This study desigiecessary to ascertain
not only if FK 506 Binding Protein 51 (FKBP51) or methylene blue is opotective but to
also define key mechanisms associated with these propertiesstddies involving methylene
blue protection in primary retinal ganglion cells was to advanseareh about this known
neuroprotective compound to become an ocular treatment for glaucoma hed ot
neurodegenerative diseases (Rojas et al.,, 2009). Specificallyviogsenethylene blue’s
protection in retinal ganglion cells advances the compound’s potenaat@sroprotective agent
against ocular neurodegenerative disease such as glaucomaindtitctinat was applied to the
primary retinal ganglion cells was selected for their spe@#athology. Rotenone is a well-
documented agent that induces mitochondrial dysfunction; specificaltpraplex | of the
electron transport chain (Bruchey and Gonzalez-Lima 2008). A conpathology observed
during glaucoma is mitochondrial dysfunction of the retinal gangiells, which leads to the
selective apoptosis of these cells (Bruchey and Gonzalez-2088). Furthermore, rotenone
was selected due to methylene blue’s mechanism of actionedscaion acceptor at the electron

transport chain (Bruchey and Gonzalez-Lima 2008). Secondly, staunesp@s selected as an
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insult because it induces apoptosis (Chae et al., 2000; Daudt et al, ZBRL)coma induces

apoptosis of retinal ganglion cells (McKinnon 1997). Finally, hypdxia relevant model for

glaucoma. Hypoxia is a secondary pathology to elevated intragutdasure. As pressure
increases within the eye, transient ischemic insults and oxygeivateon occurs (Tezel and
Wax 2004). We demonstrated that methylene blue increasestyiabilietinal ganglion cells

following exposure to these three relevant models of neuronal d@athresults are what were
expected based on extensive research of the literature. Quts rpsovide evidence that
methylene blue can protect retinal ganglion cell and thus potgrimlgiven as a treatment for
glaucoma; however, more research is needed.

Methylene blue is an autoxidizable phenothiazine with potent antioxahehtnetabolic
enhancing properties with a reduction-oxidation capacity for electycling. Methylene blue is
reduced by accepting electrons from reduced electron transport dambrsethylene blue
transfers electrons to oxygen to form water, thus maintainingitgatif the electron transport
chain (Bruchey and Gonzalez-Lima 2008). We demonstrated that hygregeade decreased
activity of the mitochondria, specifically at cytochrome c oge&la Methylene blue increased
cytochrome c oxidase activity following this insult. This swgggethat methylene blue’s
mechanism of action includes sustaining cytochrome c oxidasetygbreserving retinal
ganglion cells.

Methylene blue is a neuroprotective compound that could potentiallysée to treat
neuronal loss during a several neurodegenerative disease. Metlbllenehas several
characteristics that make its use clinically more imirng. For example, methylene blue has

been used clinically for over 100 years and it is well documentedat® low toxicity
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(Wainwright and Crossley, 2002). Methylene blue could be administeadlgl by the patient
because of MB’s high bioavailability and ability to readily crtéss blood-brain barrier (Peter et
al., 2000; Wainwright and Crossley, 2002). This means a compound likelenetlipjue would
have a great patient compliance than a neuroprotective compound thatcbedsdministered
through intravitreal injections. Additionally, methylene blue cduddadministered to a patient
once a neurodegenerative disease is detected; however, it waulostrd@dvantageous to treat a
patient long before the disease manifests because methylendathkse neuroregeneration.
Every individual could be thoroughly examined in terms of genetics atoyin order to know

if they are susceptible to a specific neurodegenerative djssask as glaucoma, and then
receive methylene blue treatment for a long duration before &edtlaé disease manifest itself.
This would help each patient preserve the greatest number of neuropstentilly decrease
the progression of the disease. Because of these reasondenestiiye is already undergoing
clinical trails to treat the progression of Alzheimer’s disease (Wksathal., 2008)

Furthermore, we investigated the neuroprotective actions of FK5060(ihags). While
FK506 is significantly neuroprotective within the central nervousesystit also induces
systemic immunosuppression by binding to one of its downstream bipditgins, FK 506
Binding Protein 12 (FKBP12). Interestingly, FK506 is still sigmifily neuroprotective in cell
lines lacking FKBP12 (Guo et al., 2001) and FK506 analogues that are daéwadtineurin
inhibition are still significantly neuroprotective (Burnett et, @003). This suggests that there
may be additional FK506 binding proteins that mediate FK506’s neuroprotective actions.

This lead to an investigation that suggests FKBP51, an FK506 binding pro#sin,

neuroprotective properties and appears to be devoid of immunosuppressieh gXu2002).
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We designed our studies to determine if FKBP51 is expressed whthiorain and retina. We
also designed our experiments top determine viability of a neuosigah cell culture. We
selected the 661w neuronal cell line to perform our studies asdbiseare of retina neuronal
origin and are readily available. Furthermore, we performed stewe blot analysis that
displayed FKBP51 expression in the 661W neuronal cell cultures.

In order to confirm that FK506 was protective in these cell cudtune designed our
experiments to test if FK506 could protect against toxic insutaurosporine was selected
because it specifically induced apoptosis. Staurosporine induced &carmgnamount of
apoptosis in the 661w neuronal cell cultures (Nguyen et al., 2010; Clede 2000). The
addition of FK506 significantly protected the 661w neuronal cell cedtur We also stably
transfected 661w cell cultures with an FKBP51 over-expression vectm empty vector as a
control. Staurosporine induced a significant amount of apoptosis in thg gegtor control
cells. This was observed through a caspase 3 detection assegleein AM/propidium iodide
assay. The over expression of FKBP51 significantly protecte@@h®/ neuronal cell cultures
from cell death and specifically apoptosis. This result indicathat FKBP51 was
neuroprotective and prevented apoptosis in this model.

We also examined FKBP51’'s downstream signaling molecules. FK&BS$Xkhown to
interact with the NFReB signaling pathway (Giraudier et al., 2002). The over-expression of
FKBP51 caused an increase in the pro-survival moleculeBN#nd activated NEB while
decreasing the inhibitory subuniB protein levels. Furthermore, we were interested if FK506
activates the same signaling proteins as FKBP51. The additiekdfe to 661w cell cultures

significantly increased the protein levels of®-while decreasing the protein levels eBl At
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30 minutes of FK506 treatment, NB was significantly activated. This suggests that FK506
and FKBP51 act through a similar mechanism of action. This pathvegybe the signaling
pathway responsible for both of their neuroprotection properties.

FKBP51'’s neuroprotective actions make it an intriguing proteirett heuronal loss and
even potentially regenerate neurons. Because FK506 activates b Flknd FKBP12 it can
not be given to protect against neurodegenerative diseases bieedllsacrease the incidence
of cancer. While there are several molecules that aaogues of FK506 they need to be
thoroughly examined for toxicity and which molecules they intenaitt before they could be
given to patient. Ideally, creating a compound that specifiadtwates FKBP51 would be
advantageous to treat neuronal loss during a neurodegenerativee disghseurotrauma;
however, extensive research would need to be performed to makibaiutee compound does
not increase the incidence of cancer due to FKBP51 prevalerssyanal cancers. Ideally, a
localized delivery system of the theoretical FKBP51 actigatiompound could protect the rest
of the body from side effects.

Furthermore, several FK506 analogues are being examined tokirealainds. This
means that FKBP51 could be investigated as a topical target to increaste thichealing.

In summary, these studies identified two important pathways thgtodential targets for
neuroprotection: maintaining mitochondrial function (as shown with metaylelue) and
increasing cell prosurvival pathways, such askBlIFsignaling (as shown with FKBP51).
Methylene blue treatments could be taken orally by a pdiergeveral years before a disease
manifest itself because of its low side effects and minitogicity. This may prevent the

progression of a neurodegenerative disease before the diseaseaev@st itself. FKBP51 on
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the other hand is neuroprotective and potentially neuroregeneratives nieans that a
compound, which increases FKBP51 activity, could be administeredaattesease or trauma

manifests itself. However, further studies are needed to eeveach protective pathway and

compound.

123



REFERENCES:

Bruchey AK, Gonzalez-Lima F. 2008 Behavioral, Physiological amath&mical Hormetic
Responses to the Autoxidizable Dye Methylene Blue. Am Jnidwa Toxicol.

1;3(2):72-79.

Burnett A, Kramer M, Dalrymple S, Isaacs J, 2003 Nonimmunosuppressant immunaogdiioh |
GPI1-1046 does not promote in vitro growth of prostate cancer cells ogyroMolume

65, Issue 5, Pages 1003 — 1007

Chae HJ, Kang JS, Byun JO, Han KS, Kim DU, Oh SM, Kim HM,eC8%/, and Kim HR 2000
Molecular mechanism of staurosporine-induced apoptosis in osteoli¥dmstanacol Res.

Oct 42(4):373-81

Daudt DR, Yorio T 2011 FKBP51 protects 661w cell culture from stauno@omduced

apoptosis. Mole Vision [ahead of epub]

Giraudier S, Chagraoui H, Komura E, Barnache S, Blanchet B, LeCailRedi8mith DF, Larbret
F, Taksin AL, Moreau-Gachelin F, Casadevall N, Tulliez M, Huln Debili N,
Vainchenker W. 2002 Overexpression of FKBP51 in idiopathic myelofbnegulates
the growth factor independence of megakaryocyte progenitors. Blood. Oc

15;100(8):2932-40.

124



Guo X, Dawson VL, and Dawson TM (2001) Neuroimmunophilin ligands exert
neuroregenerative and neuroprotection in midbrain. Eur J Neurosci. M8Y; 1883-

1693.

McKinnon SJ 1997 Glaucoma, Apoptosis, and neuroprotection. Curr Opin Ophthalmol.

Apr;8(2):28-37.

Nguyen TL, Kim CK, Cho JH, Lee KH, Ahn JY 2010 Neuroprotection sigggtathway of
nerve growth factor and brain-derived neurotrophic factor againgsfzorine induced

apoptosis in hippocampal H19-7/IGF-IR. Exp Mol Med. 2010 Nov 30;42(11):798.

Peter C, Hongwan D, Kupfer A, and Lauterburg BH 2000 Pharmacolanatid organ

distribution of intravenous and oral methylene blue. Eur J Clin Phatmdan; 56(3):

247-50

Rojas JC, Simola N, Kermath BA, Kane JR, Schallert T, and &ent.ima F. 2009. Striatal

neuroprotection with methylene blue. Neuroscience Oct 20;163(3):877-889.

Tezel G and Wax M 2004 Hypoxia-Inducible Factor 1 alpha in the glaucomatimasaned optic

nerve head. Arch Ophthalmol. 2004;122:1348-1356.

125



Wainwright M and Crossley KB. 2002 Methylene Blue — A therapeiaticall seasons? J

Chemother. Oct;14(5):431-43.

Wischik, C Staff R., 2009. Challenges in the conduct of diseaseymagtfails in Alzheimer’s
disease: practical experience from a phase 2 trail of Tédg¥emation inhibitor therapy. J

Nutr Health Aging 13, 367-369.

Xu X, Su B, Barndt RJ, Chen H, Xin H, Yan G, Chen L, Cheng D, Heitmahudang Y,

Fleischer S, Shou W, 2002 FKBP12 is the only FK506 binding protein mediated

inhibition by the immunosuppressant FK506. Transplantation. Jun 15;73(11):1835-8

126



CHAPTER V

PROPOSAL OF FURTHER RESEARCH

Although the research presented in this dissertation provided several striking new
findings regarding novel therapeutic targets and potential drug interventiamg gonestions
remain unanswered. For example, does the absence of FKBP51 decrease the néwmprotec
properties of FK506? Does the absence of FKBP51 decrease the neuroprotectiepaipe
FK506 drug analogues, such as GPI-1046? Can methylene blue increase neurosuirvgval dur

elevated intraocular pressure? Listed below are several future garests:

Determine if knockout of FKBP51 is detrimental to RGC survivalrdyuocular hypertension in
primary retinal ganglion cells and if FKBP51 deficient mé&ze more susceptible to apoptosis

following toxic challenges like hypoxia.

1: Quantitate through Calcein AM/propidium iodide and caspase 3tidetécprimary retinal
ganglion cell cultures lacking FKBP51 are more susceptible to @gegbxic insults compared

to cells expressing FKBP51.
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2: Determine if overexpressing FKBP51 using an overexpression weatells from FKBP51
knockout mice can re-establish neuroprotection when cells lacking<tBB3-(FKBP51) gene

are exposed to toxic stimuli.

3: Determine if the absence of FKBP51 causes impairment td @isuidy or decreases retinal
ganglion cell survival in FKBP51 deficient mice through virtual opiton training and

guantitation of RGCs.

4. Determine if metheylene blue, when given orally, can pratgainst elevated intraocular
pressure in rats. Rats could undergo the Morrison model of eleva®edrid then determine if
methylene blue treatment before and during increases survival of retnggibgeacells and visual

acuity.

Hypothesis Apoptosis in primary retinal ganglion cells lacking FKBP51 proteill increase
when challenged through a stress inducing apoptosis. In FKBP5ledefmimary retinal
ganglion cells, re-introducing FKBP51 through an overexpression ve&datbrre-establish
neuroprotection. Finally, the absence of FKBP51 will cause iredeasll death of retinal
ganglion cells during development in FKBP51 deficient mice, cgusisignificant change in the
guantity of RGCs and visual acuity. Methylene blue could protéoteganglion cells against

elevated intraocular pressure if given before and during the insult.
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