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ABSTRACT
Stressed Astrocytes: Insights tme Pathology of Alexander Disease

EileenGuilfoyle
Alexander disease (AxD) is a rare and fatal neurological disorder caused by mutations in the gene that
encodes glial fibrillary acidic protein (GFAP), an intermediate filament protein found in astrocytes in the
central nervous system. The climipresentations of AXD are diverse, ranging from onset in infancy to
onset in early adulthood, andcludeseizures, psychomotor retardation, ataxia, and a variety of
neurological signs related to abnormal brain stem function. The defining neuropattallbgilmark is
the presence of cytoplasmic, proteinaceous inclusions called Rosenthal fibers in astrocytes. Although
GFARxpression is astrocytiéxDpatients also show de/dysmyelination and variable amounts of
neuronal loss, most sevdygan infantileonset patients. Astrocytes undergo severe morphological
changes, beyond that of typical reactive astrocytes, and develop several forms of cell stress. However,
how stressed astrocytes cause the loss of myelin in this disease is unkhothis work | lave
conducted a largely immunohistological investigation of AXD patient tissue, model mice, and primary
astrocytes cultured from the AxD model mice, focusing on factors that might provide insight into the
pathological manifestations of AXxD and paying patttr attention to those factors which might

contribute to de/dysmyelination.

To gain insight on the morphological transformation of astrocytes in AxD, | analyzed GFAP in the
hippocampus of the most severely affected AXD mouse. Astrocytes in these sedédir stadike

shape, and become hypertrophic and often multinucleated. They accumulate large amounts of GFAP.
Subsequent study of primary cultured astrocytes from AXxD mice revealed that these cells have

perinuclear inclusions of GFAP surrounded ispldced microtubules and displaced Golgi.



I next investigatednother mechanism of stress that may affect astrocyte function in AkDrk in our

fro IyYyR 20KSNARAQ KIFIa RSY2yadNlGSR LINRPGSFaz2Ylt AYyKA
protein regponse in the endoplasmic reticulum (ER) can be enacted by proteasomal inhibition, |

examined the immunohistochemical expression of two proteins commonly increased under conditions

of ER stress. We foulBIFGrp78, an ER chaperone, increased in AXD patistibcytes and model

mice. Additionally, the CCAAT enhancer binding protein homologous protein (CHOP) was expressed by a
smallsubsetof astrocytes in the AXD mouse hippocampus, unveiling ER stress as a potential

contributory factor in AxD pathology

Work in other labs has foundan in astrocytes in AxD model mice. To further elucidate mechanisms of
cellular stress in AxD, | conducted an immunohistochemical analysis of iron and several regulatory
proteins in AxD patients and found @ Sy K| y OS R, ReR MRaséntha fiberd afidiingrBand
ferritin accumulated in astrocytes. This finding is in marked contrast to what one sees in the normal

CNS, with little staining of astrocytes, and easily detectable staining of oligauismnels.

Finally, | examined the localization of the cell surface glycoprotein G4 with several related

proteins, including its ligand hyaluronan. | found CD44 protein expression greatly increased in the white
matter, cortex and hippocampus of Axatients and in the hippocampus of AxD mice. Additionally,
through use of a biotinylated hyaluronan binding protein, | found abnormally high levels of hyaluronan

in the hippocampus of AXD mice in the same areas where increases in CD44 wereVitarkd.

elsewhere has foun€D44 and hyaluronan in other disorders that affect myelinatom experiments

have revealed an inhibitory effect of hyaluronan on oligodendrocyte development and myelination.

The studies in this thesis contribute novel stressors toligtef those that impact astrocytes in AxD and,
in particular, suggest the accumulation of iron in astrocytes as potentially important to the pathological

manifestations of AxD. Additionally, my research has revealed dramatic increases in the expfession



CD44 in AxD astrocytes which, in conjunction with widespread increases in hyaluronan, may be critical

to understanding the mechanisms underlying the de/dysmyelination that occur in this disease.
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Chapter 1

Introduction



Alexander Diseasea brief history

In 1949 W. Stewart Alexander, Awistralianphysiciandescribed a case of a 15 month old boy who was
admitted to the hospital presenting with progressive megalencephaly, hydroencephalus, frequent
vomiting, psychomotor delays and almost continuous screaming and who died 4 weeks later of massive
pulmonary embti. Remarkably, the pathological examination revealed abundant inclusions in
hypertrophic astrocytes that stained brightly for eosin and were located throughout the white matter

and in subpial locations, especially surrounding blood vegatdgander, 1949) Pathologists would

later identify these protein aggregates found wittdstrocytes as Rosenthal fibgEng et al., 1998Jirst

describeda case of syringomyeligrosenthal, 1898; Wippold et al., 2006)

Additional cases in infas and childrerwere described, and although a range of clinpralsentations
were noted all cases shareextensive, especially frontal, white matter loss or deficiemag the
presence of Rosenthfibers(Crome, 1953; Friede, 1964; Wohlwill et al., 195%)thors ofthesepapers
and Alexander himselfad proposeddisease namg but in 1964Friede jettisoned these anektablished

a! £t SEI Yy RS NJ &pbrirSousih®rioringthe BHysician who first described (Eriede, 1964)

Rosenthal fibers were also reporteddases involvinglder childen and adult patients whpresented
with lessseverefeaturesandhad aslower clinical courséHerndon et al., 1970; Pridmore et al., 1993,
Russeet al., 1976Seil et al., 1968) Eventually, three clinical subtypes based upon age of onset were
suggested to characterize AxIinfantile (onset within 24 months of birth), juvenile (onset from ages 2
through 14) and adult (onset over age 1Bprrett and Becker, 1985riBmore et al., 1993; Russo et al.,
1976) Infant patientgypically suffera diseaseourse which includeseizures, megalencephaly,
developmental delays and a leukodystrophy associated with sevesefanyelin in the frontal lohe
Death usuallyoccurswithin the first de@ade of life. The progressi@md clinicamanifestationsof

juvenile and adult forms are usually less sevberg,vary widelywith bulbar symptoms, spasticity and



ataxia being common between thenWhile the disease coursesemetimesslower in these AxD

patients, ittoo is usuallyfatal.

Rosenthal ibers
Description

In reporting the sixth case of AxD, Friede stressed that the most consistent feature of all of the cases
described were what we now know as Rosenthal fibers and this hagfredde, 1964Gorospe et al.,
2002; Herndon et al., 1970; Li et al., 2Q0Beseastrocytic inclusions ammost eaily found around

blood vesseland at thepial and subependymasurfaces (see Fig 3/And n infant casepredominate in

the subcortical white matter (WMut can be found in ategions of the CNSrregular in shape, some
beadlike and others elongatedRosenthal fibeshave a distinct hyaline or glassy appearance, staining
bright pink with eosirfAlexander, 1949; Crome, 1952; Wohlwill and Paine, 1958t and electron
microscopic studies of patienissue have reported a range sifzes mostbetween 1@um-40umin

length, butas small as 0.2m, and othersas largelOQum in siz (Herndon et al., 1970; Towfighi et al.,

1983)

Ultrastructurally, Rosenthal fibers are electrdanse, granular and membraneless aggregates, which
are in close association to intermediate filamegts:iany seeming to radiate from the electron dense
core(s)(see Fig3gBorrett and Becker, 1985; Gullotta and Kuchelmeister, 1986; Herndon et al., 1970;
Seil et al., 1968; Tihen, 1972; Tomokane et al., 1991; Towfighj &08B; Walls et al., 1984; Wippold et
al., 2006) Electron dense material can be a solid mass or loosely scattered deposits or a combination
where acore (or coresjs surrounded by maller deposit§ Tomokane et al., 1991 F5mall éposits are
thought to be an initial stage of Rosenthal fiber formatand these can sometimes be found
perinuclearocations(see Fi@B)(Eng et al., 1998; Herndon et al., 1970; Townsend et al., 1985)

Because some of these have been found in biopsies of children in early stages of diseases, it has been



hypothesized thaRosenthal fibes s starfat this location and eventually travel to a resting location at

astrocyte endfee{Messing and Goldman, 2004)

There seems to be no correlation between numbers of Rosenthal fibers and extent of demyelitation
autopsy(Friede, 1964)in general, the distribution of Rosenthal fibers correlates with GFAP levels, which

are highest in the white matter and subpial locations.

Components of Rosenthdibers

Immunohistochemical studies of Axiatient tissuehave showranti-GFAP staining around the periphery
of Rosenthal fibersorresponding to where filamentre seen ultrastructurallfBorrett and Becker

1985; Goldman and Corbin, 1988; Janzer and Friede, 1981; Towfighi et al., H6@&@)er,

immunogold éectron microscopy studigsavedemonstrated that GFARB a component of electron

dense cores bRosenthal fiber¢Dinda et al., 1990; Johnson and Bettica, 1989; Tomokane et al., 1991)
along with alpha Bcrystallin and HSPZTomokane et al., 1991)Bythis method,ubiquitin was found in
the cores of smaller and scattered osmiophilic clumybsle inlargercores ubiquitin was found

primarilyin the outermostpositions(Tomokane et al., 1991)

Rosenthal fibers were partially purified biochemically from the AxD brain by the Goldmaririgi2é6
SDS and found to contain GFABiguinated alpha Brystallin and HSPZGoldman and Corbin, 1991,
Iwaki et al., 1989; Iwaki et al., 1992By immunostaining, Rosenthal fibers were also found to contain
the S20 proteasomgrlang et al., 2010p62, LC8Tang et al., 2008p-JNK(Tang et al., 200&nd

Plectin, a cytoskeletal linkéTian et al., 2006)

Rosenthal fibers ar@ot unique to AxD

While AxDisbestdefy SR FNBY | LI} K2t 23AaGQa LISNRLISOGAGS
inclusions are not unique to the diseasedare also found surrounding reactive lessmuch as slow

growing tumors, cysts, vascular malformations and in some cases of climBammation like glial scars

(@]



in multiple sclerosis. They are perhaps best known in pilocytic astrocytomas, but have also be found in

other neoplasms such as gangliogliorfa (nore complete list, seEig4 ) (Wippold et al., 2006)

Nickelimplantation controversy

Intriguingly, Rosenthal fibdike structures also have been found in the endfeet of astrocytes in the rat
brain ater nickel implantation(Kress et al., 1981)Because blood brain barrier disruption was also
found in these rats, the authors hypothesizibdit Rosenthal fibers contained plasma proteins engulfed
under circumstances of chronic blood brain barrier disruptidnis was a controversial proposbalt

there was supportHerndon, 1999) Whilethere have been reportsef lymphocyte invasion in AxD,
especially inthe brainstem(Rankin et al., 1977; Russo et al., 1976; Soffer and Horoupian, 1979; Towfighi
et al., 1983)widespread inflammation or blood barrier disruption has not been suggestedat least
one of these reports may be due teported concomitant viral infectio(Soffer and Horoupian, 197.9)
Subsequento the Kress et al. pdization, Rosenthal fibers wefeund negative by immunostaining for
serum proteinssuch agylobulins, albumin and fibronectifseil et al., 1968; Tomokane et al., 1991,
Towfighi et al., 1983) Moreover, subsequent research dorot support thaRosenthal fiberare due

to disruption of the blood brain barrieand the Rosenthal fibdike structures found by Kress et al.

were determined not to be Rosenthal fibers (J. Goldman, unpublished observation)

GFAPprotein and GFAHmutation
GFAPRrotein

GFAP was first purified from plaques obtained from pusttem tissue from multiple sclerosis patients
(Eng et al., 1971)The human gene resides on chromosome 17921 and encodes a 432 amino acid long
polypeptide with a molecular weight of 55 kifBongcardRudloff et al., 1991; Reeves et al., 198bhe
genehas nine exons and shows high hdogy between specie@dsaacs et al., 1998; Reeves et al., 1989)
Spedically,human and mous&FARhow highhomology(Brenner et al., 1990)GFAP shares the highly

conserved structure of other intermediate filament prats¢ a central alphéhelical rod domain flanked



by a nonconserved nterminal head and-terminal tail which allow many of these proteins to interact

and form the characteristic approximately 10nm diameter filaméf@sisler and Weber, 1982; Parry

and Steinert, 1992; Steinert and Roop, 198Bjtermediate filament proteins have been classified into
subtypes based upon similarities in the amino acid composition of the rod domain, the overall charge of
the protein and the predicted structure and ability to-assemble with other intermediate filaments
(Steinert and Roop, 1988)Jsing these classifications, GFAP is a type Il intermediate filament protein

along with vimentinwith which it can interact.

In the mature CNS, GFAP is expressed in astrocytes of the white matteippoddmpus and in those
found at the subkpial and sukependymal areas. They are also found in neuronal precursor cells in the
subgranular zone of the hippocamp{Boetsch et al., 199%nd subependymal layer of the cerebral
cortex(Roelofs et al., 2005)0utside of the CNS, GFAP is found in the perisinusoidal stellate cells of the
liver and its expression decreases as these cells differerfiBateiatian et al., 1996a; Buniatian et al.,

1996b)

GFAP has several splice isoforms. Astrocyte lineage cells expreBsapha predominantly. GHéda
is found mainly in the peripheral nervous system, expressed alelegls by Schwann cel(ldagiwara et
al., 1993) whereas GFAP gamma is found both in the CNS and in mouse bone marrow and spleen
(Brenner, 1994; Zelenika et al., 199%)elta GFARCondorelli et al., 1999also known as epsilon GFAP
(Hol et al., 2003; Nielsen et al., 2002ajplso expressed in the CN&yies from the other isorms in

that its cterminal tailis almost entirelyunique in amino acid sequenéiol et al., 2003)

GFARVutations

Background
Prior to the events which led to the discovery ti@@EARNutations were the basis of most AxD cases,

thought on the origin of the disease were mix&hre fanlial cases were identified, bthe majority of



reported disease cases did not appear to be passed on from pag@otiason et al., 1996; Pridmore et

al., 1993; Schwankhaus et al., 1999)e sporadic nature of the disease with its wide range of clinical
manifestations and ages of ong@orrett and Becker, 1985; Herndon et al., 1970; Pridmore et al., 1993;
Russ et al., 1976; Springer et al., 2000; van der Knaap et al., 20de it unclear if AxD was genetic or
environmental(Pridmore et al., 1993}hough ifgenetic, it was postulated to be a recessive miatat

based upon the number of unaffected parents and family memfiReschard et al., 1996)

An unexpected and monumental leap in the understanding of the origin of AXxD washyltissing et
al. with the development of aligl fibrillary acidic protein (GFAP) transgenic moMessing et al.,

1998) This mouse carrieseveralcopies of the huma&GFAR)ene driven by its own promoter in

addition to the endogenous murineFARIndwasdeveloped to study the role of elevated GFAP levels
in reactive gliosigMessing et al., 1998)Concomitant with very high levels of GFAP, ¢hmgce were
found to have astrocytes with enlarged cell bodies and, by GFAP immunostaining, hypertrophic cell
processes. Surprisingly, some astrocytes were found to contain Rosenthal fibers. Ultrastructurally,
these Rosenthal fibers were found to be idenal to some founchuman AxD patients. Cultured primary
astrocytes from these mice displayed perinuclear inclusions that bore high similarity on an electron
microscope level to similardipcated Rosenthal fibers from a-hionth old infant(Eng, 1985) These
findings made a powerful case that Rosenthal filveere a cell autonomous response to excess GFAP

and that AxDwas in fact, a primary disorder of astrocytes.

GFAMad been earlier been proposed as a candidate gesponsibldor AxD(Becker and Teixeira,
1988). It was not until Rosenthal fibers were found@FARransgenic miceand DNA sequencing
became feasible that the gene for thidermediate filament protein genbecame the prominent
candidate for AxD anthe GFARyene from patients was probed fanutations. In 2001 Brenner et al.

significantly advanced the field by reporting they had amplified and sequenced each exon and several



adjoining introns of th&sFARyene from 11 AxD patients whose diagnosis had been confirmed at

autopsy and found that 16f 11 contained noftonservative, heterozygous missense mutationSkAP

while two control leukodystrophy cases were found be normal. The heterozygosity of the mutation
suggested that th&sFARNutation was acting in a dominant fashion. The missense tioutaall

affected Arginine residues at four different positions, which were located on both the rod and talil

regions of the protein. Parental DNA, where available, was analyzed specifically for the mutations found
in their children and all were found tme normal, demonstrating that these particular mutations arose

sporadically and thuthe disease was not genetically bagBtenner et al., 2001)

A total of 78 unique mutations in the coding region of GFAP account for most of the currently diagnosed
cases of Ax[[Prust et al., 201) (see Figp Most of AXD mutations allow the mutated proteins to

dimerize and assemble into 10nm filaments with the exception of R416W, which aggregates into
broader and shorter configuration{dielsen et al., 2002b)Themutated proteing however, have been

found to form aggregates in celand in primary culture, which inhibits proteasome acti@ty reviewed

by Brenner etl., 2008)

Gainof-function mutation

The full role of GFAP has not been fully elucidated, so it is impossible to rule out the possibiitylhat
pathology comes from a lossg-function. Arguments that disease mutations are gain of function have
predominated in reviews in the literatur@lessing et b, 2001a; Messing et al., 2001b; Messing et al.,
2012b; Quinlan, 2001)The first argument proposed is that GFAP null mice do not have Roséinghnal f
or any pathology resembling AxD. The phenotype of GFAP null mice is extremely, sudyldave full
lifespans, reproduce normally and have unimpaired gross motor @Réleny et al., 1995; Shibuki et al.,
1996)and are no diffeent than wild type mice (WT) in response to several injury paradigms including

kainic acid administration and stab wou(@omi et al., 1995)ut do show susceptibility to blunt head



injury (Nawashiro et al., 1998)schemigNawashiro et al., 1998; Tanaka et al., 20/} hypotonic
stress(Anderova et al., 2001)hough mechanisms arunknown. Minor changes in astrocyte
morphology visa-vis shortened processes were shown with ultrastructural and dye injection studies
(Anderova et al., 2001; Liedtke et al., 1996; McCall et al., 1998)er studies suggested primary
astrocytes fromGFAPUIl mice had alteed expression ofxtracellular matrix ECN) components, but
GKAEA AayQil Sniivdsthides(Wandxt of,11907) Aduioivally, blood brain barrier
alterations were foundn vivoand suggested in a cell culture modeiedtke et al., 1996; Pekny et al.,
1995) The second argument is that only overexpressioBEARIr missense mutations of the disease
can cause Rosenthal fibers or other pathology seen in(@xiihlan, 2001) Finally reviewers make the
case that most of the missense mutations in AxD allow for filament formation are not like null, nonsense
or frameshift mutations that may occur in other intermediate filament disorders where there is loss of

function.

GFAP mutations alondo not seensufficient for the phenotpe

Two arguments have been raisedsupport ofthe proposition thatGFARNutationsalone may not be
sufficient for the phenotypic expression of the disease and that genetic or environmental modifiers may
be necessary to trigger the disease in affected individuals. First, there are adult individuals who have
GFARnutations but who are s of yet asymptomatic. These were identified as part of analysis of the
DNA of relatives of patients in the three familial cases of @sDeviewed by Messing et al., 2012a)
While some have suggested inherit&FARnutations act at nearly 100% penetran@éessing et al.,
2012a; Stumpf et al., 2003his estimate seems questionaldbecause it is based only on the

percentage of individuals whose DNA was analyzed, while more than half of unaffected siblings of
affected individuals in these families have not been tested¥BARMutations. Two adult siblings in

these families whose &g have not been revealed to protect their identity are positive for the

mutations of their siblings but as of publication of the review in early 2012, are unaffected.



10

The secon@rgument that there may be additional factors at hand other ti&PARMutations in AxXD is
that identicalgenetic mutatiors of GFAP rarely produce commages of onset, clinical symptoras
disease courses. This has been most frequently noted in the R416W mutations which can tiypébth
andtype ll (or Infant, Juvenile and Adwhset)(Brenner et al.2001; Gorospe et al., 2002; Li et al., 2006;
Thyagarajan et al., 2004)t should be noted that the leukodystrophies express sinvitaiables in

expression.

Support for this argument comes from the fact that AXD chsee been found to present with other
genetic mutations or after illnesses. For example, laboratory testing of an infant typsdtpatient

who presented with refractory epilepsy and hypotonia found increased concentrations of lactate in the
plasma, ntochondria with structural abnormalities and decreased cytochrantxidase activity

collectively suggesting mitochondrial disease. MRI examination was conducted at 5 months and while
the child showed some WM abnormalities, AXD was not suspected. mbtths the changes were
consistent with diagnosis of AXD and the child was subsequently found to hengue mutation

(N386I) in the tail region of GFAPaceresvarzal et al., 2006) Neither parent bore &FARNutation.

This child suffered a severe course of progress of the disease and died at the age of 22 months. While
some cases of AxD and intermediate filament diseases may cause apparent mitochondrial abnormalities,
the nature of the defects found in this child were very unlikely secondary to(Br&hner et al., 2008)
Another patient was found to haone of twelve reported R88C mutations and also had a rare
polymorphism of mitochondrial DNA which had been previously found in argatith mitochondrial
myopathy. Although this patient was reported to undergo a less severe course of AxD than mest oth
with this mutation and still live@Brenner et al., 2008)t is plausible that the mitochondrial dysfunction

in this case maiave contributed to the onset and the severity of the disease.
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Potential environmental triggers may be ones that can produce increased levels of GFAP, such as brain
trauma, high fever and infection which push GFAP levels over a threshold. This maygasetirea

patient whose onset of seizureagmptomatic of Axdccurred after receiving a polio vaccine at four and

a half months an experiencing a high fever. Other cases have been repdvietpresentedafter brain
trauma(Namekawa et al., 2002nd high fever and /or infectiofHerndon et al., 1970; Kyllerman et al.,
2005; Shiroma et al., 2003)nd several adult cases have presented after prolonged medical illness

(Mastri and Sung, 1973; Riggs et al., 1988; Schwankhaus et al., 1995)

AxDis an astrogliopathy

Because heterozygous mutationgiire gene encodinghe intermediae filamentGFAP have been found

in most cases of Ax@Brenner et al., 2001; Li et al., 2005; M et al., 20889 this protein is

predominantly expressed in astrocytéle diseaseas considered the best example of a disorder that is
primary to these glial cells, or an astrogliopathy. Upon observing what we now know ashbfibets

in astrocytes, Alexander presciently predicted the disease to be an astrocytic disorder. While this was
later opposed Crome, 1953; Herndon, 1999; Vogel and Hallervorden, 1862toncept of an
FAGNRORGAO RAASIFAS 3AFAYSR &adzllll2 NI 6KSYy CNRASRSQa
GS2aAiAy2LKAE84OARSLIE EFNeBcO®EABNVhiIER GRARsSiessed in neural stem cells
and in noamyelinating Schwann cells of the peripheral nervous system, none of these cells have
Rosenthal fibers nor are tissues where these cefiedyreside affected with any patholagyssibly
suggesting that to manifest itselEFAP levels in cells need to reach a certain thregfasldeviewed by

Messing et al., 2012a)

ThoughAxD isa primary disease of astrocytes, astrocyte loss has not been extensively documented.
Pathological examinations of patient tissue have noted a loss of oligodendrocytes, CA1 neurons and

axonal degeneratioand theactivaion of microgligGorospe et al., 2002; Walls et al., 1984)

LJ
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AxDand other leukodystrophies
De/dysmyelination inAxD

The mechanism by which this primary disease of astrocytes cdasaad dysnyelination is not kown.
Diseased astrocytes mé deficientin their ability provideoligodendrocytes or lineage cells with
essential trophic factors or impaired their ability to make contact with these cells. Astrocytes could
themselves be the source of inflammatorytoxic factors or activate other cells such as microglia to
become toxic to oligodendrocytes. One major mechanism by which astrocytes in AxD could damage
other cells in the CN$cluding oligodendrocytess through the loss of normal fiction in glutanate
uptake and potassiurand other ion buffering. Deficits in astrocytic abilityperform normal regulatory
functions in the CN&ould create d@oxic environment and be damaging tdigodendrocytesand

neurons.

Leukodystrophies

AXD is classified as all@dystrophy, however therare two distinct patterns of myelinatiodefectsin
this diseasehat can be detected by Magnetic Resonance Imaging (MRB first which occursn

infant onset, type | patientds characteristiof a leukodystrophy anthvolves a symmetric loss and
frontal predominancéSee Fid and Fig 7, right)The other is that more typical faype Il patientsand

involves the brairstem and cerebellum.

Genetic disorders which cause a defect directly related to the synthesis aimemance of myelin are
called leukodystrophies, while disorders causing secondary myelin damage are called
leukoencephalopathiefohlschutter and Eichler, 201The former term, howevers used more
broadly to describe hereditary or metabolic white matter abnormal@garkovich and Messing, 2006)
AxD shares with other leukodystrophies variable age of ogg#ant, juvenle and adult and a variety

of manifested phenotypes, sometimes based upon the severity of mutation, but also within identical

genetic mutationgas reviewed by Kohlschutter akgchler, 2011) The variable age of onset for
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leukodystrophies is most likely is due to the fact that while the majority of myelination occurs during the
first two years of life, the process in some parts of ltin@in may not be complete until adolescence or
young adulthoodas reviewed by Baumann and Ph&imh, 2001; Gorospe and Maletkovic, 2Q06ike
Canavan disease, megalencephalic leukodystrophy with cysts and vanishing WM disease, AXxD shows a
frontal predominance. And likelked adrenoleukodystrophies amdegalencephalic

leukodystrophiesdU fibers. ér the white matter just under the cortex, are often spar@feriede, 1964;
Kohlschutter and Eichler, 2011hlowever, while other leukodystrophies, likelikked

adrenoleukodystrophies and megalencephalic leukodystrophies are active demyelinatingpés<bot
showsimilar progressioon anMRI, so appears to perhaps be a dysmyelinating disdrder der Voorn
etal.,20®). 2 KAf S [ SAIKQa & dufcRypari®ntaRdy8lia losg, & is syinptidnatically

similar to AXD and before genetic testing the two diseasee sometimes confused.

Diagnosic tools

Becausehe most common mutations1 GFAmave been identifiedDNA sequencing for mutations in

GFAP has been established as the gold standard to confirm a diagnosis f@rémber et al., 2001)

While there are no molecular markers specific for AxD thataurrently known, laboratory tests are

helpful in the context of ruling out other disorders, especially leukodystrophies, woiplbssess

specific or suggestive molecular markers. While GFAP has been found in the CNS of three out of three
patients tesed (Takanashi et al., 199&he intermediate filament isimilarly found in a wide range of
neurological conditions and is not specific to Ak2m and Messing, 20Q9%arly in the diseasena
extremely reliable diagnostic toelasbrain biopsy and histological examination for the presence of

Rosenthal fibers, buthis has been largely done away with in favor of genetic sequencing.

MRI patterns ofAxD

MRIis a highly sensitive and specific tool for analyzing deficits in myadimgelination and has proved

powerful in diagnosing Ax{Mess et al., 1990; Takanashi et al., 1928 der Knaap et al., 1996; van der
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Knaap et al., 2001; van der Knaap et al., 1995)r a disease of such diverse clinfeatures, MRIs of
type | casesare remarkably consisterfPrust et al., 2011; van der Knaap et al., 2G01) havea
characteristic frontal predominance of white matter Igsee Fig 6and symmetric whitenatter
abnormalities (see Fig 1, centghpwever, this is shared with other leukodystrophies, especially ones

with a metabolic basis like nechromatic leukodystrophy.

Diagnosis of the disease took a significant leap in 2001 when van der Knaags#dlallshed criteria to

be used for MRI diagnosis of AxD. The authors analyzed the MRIs of three AxD patients who had
autopsy confirmation ofliagnosis, and established five MRI criteria for A%@ur of which had to be

met to establish diagnosis. They then applied these to 217 cases of children with leukoencephalopathy
of unknown origin and 19 cases fulfilled these criteria. Four of theiddreh were subsequently tested

by biopsy and all were confirmes$sAxD(van der Knaap et al., 2001These criteria were a significant
advance irthe field (Gorospe et al., 2002; Prust et al., 20&at)lare considered highly reliablior

diagnosigBarkovich and Messing, 2006; Kohlschutter and Eichler, 2011)

Beause adult patients have less regular and often focal demyelination, their cases have been cases
have been confused with Multiple Sclero@iterndon et al., 1970; Lt al., 2005; Schwankhaus et al.,
1995; Seil et al., 1968) low grade gliomagDuckett et al., 1992)kspecially pilocytic astrocytomas
putativelybecausehe presence of Rosenthal fibereeates similar spectra on MRisan der Voorn et

al., 2009) And in fact diagnostic disiction between reactive gliosis and legvade infiltrating gliomas

sometimes presents a pathological challerfge reviewedy RiveraZengotita and Yachnis, 2012)

Age of onsetan important indicator of AxDseverity

From the identification of the first Infant, Juvenile and Adalses, age of onset has been recognized as
an important indicator of AxD severifBorrett and Becker, 1985; Pridmore et al., 1993; Russo et al.,

1976) However, ecently, Prust along with 33 ethors published an impressive study which reviewed
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185 previouslyeported cases of AXD along with 30 new cases, assessing clinical and radiologic data

(Prust et al., 2011) They assessed the retmship between age of onset and clinical data, and used

Wilcoxan rank sum tests to identify variables associated with survival. Not surprisingly, these authors
found that earlier age of onset was a strong predictor of severityotfil  LJ- G A Say 1 Q& Of AyA O
manifestations andhe results ofMRL The authors found onset earlier than the age of four was

predicted by seizures, febrile seizures, motor delay, cognitive delay, history of failure to thrive, history of
paroxysmal deterioration (that associated with an illness or injury), macrocephdlglassical MRI

features ofAxDas defined by van der Knapp (see diagnadieye except for those related to brain

stem abnormalities. Clinical phenotypes that predicted late onset (greater than the age of four) were
bulbar symptoms, autonomic dysfumet, gait disturbance, ataxia, dysarthria, dysphonia, ocular
Y2@SYSYyl Foy2NXYIFEAGASE FyR LI tFdFf Yez20t2ydza | yR
Knaap et al. criteri@van der Knaap et al., 2001The abnormalities most commonly seen through

magnetic resonance imaging MRI in adult patients were past&/hite matter fossa abnormalities and

atrophy of the brairstem, atrophy of the cerebellum or atrophy of the spinal cord (see Fig 1).

dassificationsof AXD¢ type | and type Il

While acknowledging age of onset as an important predictor, Prust atgue for a more nuanced view

of AxD. Using statistical methods to analyze the age of onset in 215 cases and 6 dichotomous variables

that the authors judge to represent the phenotypic spectrum of AxD expressed across the lifespan, as

well as an assessmeot MRI data as being typical or not according to accepted standards set by van der
Knapp(van der Knaapetal.,2000)2 FAG | € FGSyd Of I &aypdLyel t8a Ara Y 2t NSBY:
ASOSNB F2NY 2Fpelik$d RAEA S 4 Grasiet @ QS SEFiRL Ty

obtained admirable correct class membership assignments with 0.9ggdel and 0.90 fotype Il. Post

hoc analysis showed that patients witfpe | AxD usually presented before the age of 4, wiyipe ||

patients developed clinical signs and symptoms throughout their lifespans. Survival analysis predicted
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that there was a 2.0 fold increase in incidence of mortalitytype | patients (mearsurvival 17.3 +/3.6)
overtype Il patients (mean survival 25.0-4/.9). This study significantly simplified classification of
disease severity among the many ages of patients it affects and will be useful to describe patients who
are symptomatically me like patients who typically present at other ages of onset. For example for

the 10% of patients assigned tiype | who presented after the age of four and the approximately 28% of
type Il patients presented before this age. This classification will be especially useful in conjunction with
ageof-onset and, where applicable, age at death to give a concise, if not altogether thorough

dzy RSNRGFYRAY3 2F | LI GASYdQa RAaASIHaS O2daNES®

AxDmouse models

Several lines of GFAP transgenic nhiaee beerdeveloped which have the WhumanGFARxpressed

in several copies and driven off of its own promafelessing et al., 1998)Lines of this mouse

expressing the highest levels afhanGFARlied by 14 days postnatal of unknown causes and these
contained more Rosenthal fibers than did lines whigpressed lessumanGFARNd had a normal

lifespan. The current transgenic mouse line that is used (73.7) is less in body weight than its normal
counter parts but lives a normal lifespfifagemann et al., 2005n addition to the humaGFAP

transgent 73.7(Tg mouse, several knoek lines have been developgElagemann et al., 200@)hich
reproducethe genetic modifications found in AxD by expressing missense mutations in one copy of the
mouseGFAP The R76H mouse carries the mouse homologue to human R79H while the R236H mouse
carries a genetic change analogous to R239H in AxD pati#imtsmost lethal of all AXD mutations
(Hagemann et al., 2006 Because the R236H mouse has the most severe phenotype and because it is
the only knockin mouse luse for our studies, | will limit dllirther references to kack-in (KI) mice to it,

unless otherwise specified.



17

Both the Kl and Tg mice have increased levels of GFAP pastdeterminedy ELISAand have

Rosenthal fibers, though fewer Rosenthal fibran is typically seen in patients and not generally at
blood vesselgHagemann et al., 2006; Hagemann et al., 2005; Messing et al.,. 198@&ver the mice

have relatively normal lifespanshow no show detectable myelin loss, and appear to have normal levels
of myelin basic proteiHagemann et al., 2006l mice were found to be substantially more susceptible
to Kainic acid induced seizures and subsequent neuronal damage compared with WHagiemann

et al., 2006) Additionally they die after seizure at much greater nunsitéan do WT mice.

A third type of mouse is derived from mating the TG mouse with the KI mdgae€l, This mouse has a
particularly severe phenotype and dies between four and fieels,from seizures, but like the Tg and

Kl mice the Tg/KI mouse igported toshowno indication of myelin abnormalitiggéiagemann et al.,

2006; Hagemann et al., 2012} is also know that there is a synergistic increase in the amount of GFAP
protein they produce and the insoluble fraction of GFAP protein almost doubles over that of the Tg

mouse(Hagemann et al., 2006)

AxDand cellular stress

AxD patients and model mice, flies and primary astrocytes and cell lines expressing mGFAP and/or
transgenic GFAP have been found to undergo many biochemical charyets may involve or are
indicative of a stress response as they accumulate high levels of GBAfe. of these are discussed

below.

Heat shock proteins

One of the first indicatorsf astress response in AXD was the discovery that the heat shock proteins
alpha Bcrystallin(lwaki et al., 198%nd HSP7 (lwaki et al., 1992are major constituens of Rosenthal
fibers. Furthermore, the mRNA transcript and protein expression of these heat shock proteins by

Western blot were both foud elevated in brains of AXD patier{tdead et al., 1993)
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Proteasomainhibition in AxD

The ubiquitinproteasome pathway is the primary pathway for elimination of cytosolic proteins. The
proteasome is composed of a 20S core where protairsdegraded via three catalytic enzyritat
activitiesq trypsirtlike, chynotrypsinlike and peptidyblutamyl peptide hydrolaséike (PGPHPickart

and Cohen, 2004) andthe 19S lid that possesses ubiquitin receptors and ATPase activity, which strips
ubiquitin from substrates before they are presented to the 20S proteaseebar and Brodsky,

2008) Accumulation ad aggregatiorof misfolded proteins associated with pathological conditions,
including CNS disordetsave been hypothesized to ocdoecause of defects in either the ability of
mutant proteinsto bind the proteasome othe impaired proteolytic capacity dhe cell(as reviewed by

Johnston, 2006)

Inroads leading to an understanding of how a mutation in an intermediate filament protein can be so
pernicious have been made bye Goldmarlab. Tang et al. demonstrated that there is decreased
proteasomal activity in AXD patient tissue by showilggificantly decreasedegradationof

chymotrypsin and PGPH substrates in lysates of frozen autopsy tissue obtained from the white matter of
patients with the R239C, R239H and the R416W mutations versus cdii@olg et al., 2006)The

authors also suggest that astrocytes may be involved in this impairment as that the 20S proteasome and
ubiquitin are localized to Rosenthal fibers in patient tissue immunohistochenti&ryg et al., 2006)
Additional support for proteasomal inhilgin in AxDastrocytes comes from Cho et,alho found

proteolytic activityimpaired in primary astrocytes from Tg and Kl nficko and Messing, 2009)

In vitroexperiments by Tang et al. demonstrated that, like other intermediate filament proteirtls, bo

WT human GFAP and R239C are able to bind the 20S proteasome in both thX Bdtable (or

Gdzy | aaSandtheSIBRE 6 SG 62NJ al aaSYot Simmunopfediditalian argiy @JA L NS
vitro co-sedimentation assays in transfected COS7 (Edlag et al., 201@ ¢KS adzylaaSyof SR

GFAP significantly inhibited proteasome actiuityitro® CdzNI KSNY2NB GUKS adzyl aasy
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comprised a collectionof olgY SNE X G KS I NAS&Ad 2ySa y20 ®W&ESYy Ay G
addition of alphaB-crystallin to the mutant GFAP oligomers returned the size distribution of the

population to the WT GFAP distribution and also relieved the proteasome inhibitioritiohddy Tang

and colleagues showed that U251 cells stably expressing WT or R239H GFAP and exposed to the
proteasomal inhibitors MG132 and lactacystin show an increase in GRAIBdbgrn bla indicating a

feed forward mechanism by which GF&creasedn AxD(Tang et al., 2006)Roteasomal inhibition

in these cells activate theitogen-activated protein kinase stress pathways leading to the activation of

JNK and p3apkinasesand these in turractivate AR 1 transcription factorsincreasngthe

transcriptionof GFAP

Autophagy is indicatedn AxD

Autophagy is aother means by whicRosenthal fibers in AXD patient tissue are surrounded by positive
signal for an antibody against LC3, a marker for autophagosfhaag et al., 2008)E&ctron

microscopic images of AxD patient tissue and AxD mice show double membraned autophagosomes in
close proximity to Rosenthal fibefSang et al., 2008)These results suggest that autophagy may b
increased iMAxDastrocytes in ordeto degradeGFAP and otheroteins associated witRosenthal

fibersor these characteristic protein inclusions themselves

Oxidative stress

AxDpatients, model mice and model flies all have indications of oxidative stRssenthal Fibenwere
found to contain a pyrrole modifation arising from the lipid peroxidation product 4 hydreBeponenal
(HNE)Castellani et al., 1998Both Tg and Kl mice crossexda reporter mouse expressimgransgene
consisting of the core antioxidant response element (ARE) frorhl&2H quinone oxidoreductase
(Ngo1l) promoter placed in front of the human placental alkaline phosphatase geneh(®¥ showed
robustantioxidantgene expressio(Hagemann et al., 2006; Hagemann et al., 2008he Kl mice these

ARENhPAP expressing cells were found in the hippocampal fissure, corpus collosum, cingulum, rostral
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migratory stream, lateral olfactory tract and glomeaulayer of the olfactory bulb. Interestingly, the

only subset of GFAP positivdlsén these mice expressed AREARHagemann et al., 2006)

Inducible expression of AREEven genes is thought to be largely mediated through N@Ban and Kan,
1999; Itoh et al., 1997; Itoh et al., 1999)transcription factor activated under conditions of oxidative
stress(as reviewed by Hayes and McMahon, 20&1d which mediates many phase Il detoxification
response genesln a microarray gene expression analysis of the olfactory bulb of the AxD Tg mice, at 3
week (eary) and 4 month (late) time points, many genes driven by Nrf2 were found upregulated both
early and late, indicating that oxidative stress responsa isagly phenomengHagenann et al., 2006)

It should also be noted that in addition to Nrf2, other nuclear transcription factors inclueing,oNrf1,
JunB, and Jub can bind to the ARE and regulate expression and induction of NQO {Jg&veal,

2000)

Oxidative stress may also be indicated by the presence of iron found increased in astrocytes of AxD
model mice, where it is normally fourid oligodendrocytesCSob ANRY ¢l a F2dzy R 0@
stain to be greatly increased in astrocytes of the olfactory bulb and hippocampus in AxD Kl and Tg mice,
and this was also found true for ferritin by immunostain{tagemann et al., 2006; Hagemann et al.,

2005;Hagemann et al., 2012)

Primary astrocytes fromAxD Kl and Tg mice are more susceptible, tdxicity than those from wild
type counterparts, and this may be an indication that that iron is too elevated in these cells, making

Fenton chemistry possiblg€ho and Messing, 2009)

In a Drosophila model of AxD, expression of human R79H GFAP (and to a lesser extent, Wi hGFAP
glia produces &senthal fibeflike aggregates, and a naell autonomous oxidative stresssponse that
is toxic, through glial glutamate transporters, to neurgwéang et al., 2011)Overexpressing heat shock

proteins/chaperones amelioraghoth Rosenthal fiberlike aggregatiorand the neuronal lethal

Y :
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phenotype, while overexpressing antioxidant genes or treating with oral antioxidants attenuates the
lethal phenotype, but have no effect on aggregafdtng et al., 2011)These data suggest oxidant

stress as a primary mechanism in AXxD neurotox{fitgng et al., 2011)

Impairedglutamate uptake and astrocyte coupling in AxD

AxDKI micdose expression of Gt andhave compromised glutamate uptak€ian et al., 2010Both

Glt-1 protein and transcript are found reduced in tihg/Kl micHagemann et al., 200%8nd

collaborative work on Tg/KI mice that will be published along with some of the work in this thesis has
confirmed and extends this, demonstiagy not only impaired glutamateptakeand loss of GL-Tin

Tg/KI mice, but also loss of coupling of astrocy&ssunov et al., 2013)

Reactiveastrocytes

The condition of reactive astrocytesastrogliosis, or reactive astrocytogifrasmanydefined
characterstics, but ioften detected byan increase ithe amount ofGFARmMmunoreactivity (GFARR)
(as reviewed by Eddleston and Mucke, 199Bhe hypertrophied or enlarged appearance of GFAP
processes on astrocytes is a characteristic response to injury, inflammation, viral infection and
degenerative diseaseof the CNSTheexpressiorof GFARan be induced by cytokine production by
infiltrating mononucleacells and/or resident microglia araditocrine stimulation by factors such as

LCNZZamanian et al., 2012)

Astrocyte proliferation during astrogliosis

Astrocytes have been shown to proliferate during moalastrogliosis. Stab wound induces
[3H]thymidine incorporation into celthat also expressed GFARiyake et al., 1988) More recently,
fate mapping studies have shown that while most reactive astrocytes are derived from phenotypic
transformation of existing astrocytes, a small subset of &sties do in fact divide after stab wound

(Buffo et al., 2008and after the induction of experimental autoimmune encephalomyelitis (EB&)
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et al., 2011) In the EAE spinal cord only fibrous astrocytes in the white matter dind@mliferate
while the reactive astrocytpopulation in the grey matteisderived exclusively from phenotypically

transformed protoplasmic astrocytes.

The detrimental effects of reactive astrocytes have bespeciallynoted with respect to myelination,
perhaps because they are more apparent, but more recently reactive astrocytes have been shown to be
essential for the beneficial effects of withstanding CNS injury, and improving recovery after
experimental autoimmune emphalomyelitis, particularly in their ability to prevent invasion by

inflammation producing cell@ush et al., 1999; Faulkner et al., 2004; Voskuhl et al., 2009)

Expression of stem celike or early genes in reactive astrocytes

Subsets of reactive astrocytes are able to show features of stem and progenitdBeditset al., 2010)
Reactive astrocytes rexpress many proteins preseint highamountsduring development in gcursor

cells such as, vimentin and nestin, lameé absent or less present in matuells(Fawcett and Asher,

1999; Ridet et al., 1997)The reactive response in terms of gene expression is heterogeneous to specific
type of CNS insult at an early timepoint after inj@@amanian et al., 2012)The morphological
transformation of reactive astrocytes also varies in severity, as well as upon distance from the wound or

neuropathological lesion.

Reactive atrocytes are not homogeneous

A recent and microarray study used GFP transgenic mice driven from the Aldhlll promoter, a gene
which codes formaldehyde dehydrogenase 1 family, member L1, a protein found in all astroniikes,

GFAP. The authors identified a set of genes differentially regulated by astrocytes isolated from mice one
day after undergoing reactive gliosis in two separate models of brain igjsghemia produced by

middle cerebral artery occlusion and iaperitoneallipopolysaccharidelP$injection. While

approximately half othe genes differentially expressed were common to both models of reactive
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gliosis, the other half was unique to each injury model, indicating that while reactive astrocytes have
common markers, astrogliosis, at least in the one day post injury timeframe the authors chose to

document, is a heterogeneous response specific to the injury (pmanian et al., 2012)

The transcripts that were most highly induced and common to both models of injurylweand
Serapina3n Lcn2codes for lipocalin2, a secreted protein which has increased expression in a wide
variety of pathological states and which has bacteriostatic effects through its capture and depletion of
iron binding molecules called siderophores that are used by someimas a means of iron acquisition
and which may be involved in cellular iron acquisition and/or deplgiiametz et al., 2002; Schmi@itt

et al., 2007; Yang et al., 2002)cn2 has recently beemplicated as an autocrine mediator of reactive
gliosis through upregulation of GFAP in astrocysia et al., 2011; Lee et al., 2009erapina3n is an
inhibitor of peptidase activity and its expression is increased after nerve injury and inflammation

(Gesase and Kiyama, 2007; Takamiya et al., 2002)

Thesis oveview

In Chapter 21 undertake an immunohistological examination of GFAP expression in astrocytes in mouse
models to gain insight on how their transformed shape and other endogenous stressors might impact

other eells in the CNS.

In Chapter 31 explorethe causes of demyelination more directly by examining the expression of CD44,
a cell surface glycoprotein that is specifically expressed by astrocytes in the white matter guidlsub
and subventricular regions, where Rosenthal fibers are found in abwedawe also examirseveral of

its binding partnersthe extracellular matrix molecule hyaluronan, its principal ligardi the

ezin/radixin/moesin proteins, which link CD44 to the cytoskeleton.

InChapter4~ L O NRARSTFE & AyidNE R tzaSandits@galatian irthe ICRSdditbndl@S (2

| reviews the ways that iron can be toxic to cells and potential destructitreen present the results of a
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brief histochemical analysis of two infant onset, type 1 AxD patients and a control pasiegta

Y2RAFTASR tSNIaQ ANRY adrlAy F2NJ CSob YR FYyGAo2RAS

these iron related proteins.

In Chapter 5| review the resuftof these experiments and relevant discussion points and discuss their
interpretation and significancel also put forth future directions that are suggested as a result of my
work. Chapter 6provides a detailed description of the materials and methods atllip carry out this

thesis project.

Tissue used in these studies

Where posible,l used AxD patient tissue for immunostaining alféstern blot Human autopsy tissue,
however, is limiting because it often represents the end course of a disease, and therataised

AxD mice. Very few studies have been conducted using tbe pnoduced as a cross between the Tg

and Kl AxD strains. As described above, it is known that these mice do not show any overt loss of myelin
and die between 30 35 days, most likely from seizurgdagemann et al., 2006 he increased lethality

of these mice whose individual strains show normal lifespans suggest that the synergistic increase in
levels of GFAP leads to overwhelming astrocyte dysfunction and subsequent ItHagismann eal.,

2006)

In autopsy tissu¢mainly examine the subcortical white matter, where there is extensive demyelination
and Rosenthal fibers iype | patients. However, becaugethe mousehe amount of subcortical white
matter is small and because early dies did not show demyelination in these animéalshose to focus

on the hippocampus in the mouse for several reasons: first, unlike protoplasmic astrocytes of the cortex,
astrocytes in the hippocampus express high levels of GFAP; particularly in thendaaunosum;

secondthe hippocampus is a major locus for seizure activity andtpp®l patients suffer from

seizures while the Tg/KI mice die of seizures; third, CD44, a protein we examine later in this thesis, is
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expressed abundantly imé stratum &cunosurmmoleculare a hippocampal layer that contains
myelinated fiber projections from the entorhinal cortex that synapse on dendrites of pyramidal and

dentate neurons (See Fig 7).



Chapter 1: Figures

Figure 1. Typical MRI of AxD

Magnetic Resonece Images (MRIs) typical for an infant onset, typatient showsymmetricalwhite
matter abnormality. (Image froniMessing A et al. J. Neurosci. 2032;50175023).

26
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Type | and Type 1IAXDg Comparison okge of onset, clinicaldatures,radiologicalfeatures
andsurvival

Type | Type Il
Age of onset Before age4 Acrosslifespan
Clinical features Seizures Autonomic dysfunction
Macrocephaly Bulbar symptoms
Encephalopathy Ocular movement abnormalities

Suddenrdeterioration after
insult or injury

Failure to thrive
Developmental delay

Palatal myoclonus (muscle spasms in
palate which make noise in ears)
Few or no neurocognitive or
development deficits

Radiological features

Classical radiological features

Atypical radiological features

Survial

Survival 2 years +after
diagnosis

Survival as long as 25 yeaffter
diagnosis

(from Pust et al.Neurology2011; 77:128794)
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Figure 3. Morphologicalfeatures of Rosenthdiibers

(A) Hematoxylin and eosin stain of the brain stem dfyeearold child shows abundant Rosenthal fibers
(arrows), stained darker pink, in perivascular astrocyte endfeet surrounding a blood vessel (V). (B) Lot
scattered electron positive deposits (arrow) surrounded by intermediate filaments (arrowheawl}gfor
perinuclear Rosenthal fiber in the astrocyte of a 17 month old child. (N) nucleus. Transmission electrc
microscopy.

(Modified from:Messing A et al. J. Neurosci. 2012; 32:58023).
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Figured. Lesions demonstrating Rosenthal fibers

Category Examples
Parenchyma surrounding slowly growing| Hemangioblastoma,
low-grade tumors craniopharyngioma
Parenchyma surrounding cysts Syringomyelia, pineal cyst

Reactive Lesions | parenchyma surrounding vascular Arteriovenous malformations,
malformations cavernomas
Parenchyma surrounding chronic Multiple sclerosis
inflammation
_ Pilocytic astrocytoma
Neoplastic -
Ganglioglioma
Genetic/Metabolic Alexander disease

(WippoldFJ et al. Aml. Neuroradiol.2006 27:95861).
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ReportedAxD associate@GFAP mutations as of 2011

late onset
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Figure6. Extensivedemyelination intype | infant onsetAxD

(A) Coronal section showing a cavitation and near total loss of white mgBeiT 2weighted
MRI of an 8month-old patient showing cystic degeneration in the frontal and parietal lobes
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Hippocampus
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(A) Toluidine blue stained rat hippocampus showing the distribution of different layers. Key:
Denate Gyrus; Gkc Granular cell layer; Mo Molecular cell layerS Luc: Stratum Lucidum; Lac mc
Lacunosum Moleculare; SR: Stratum Radiatum; SO: StratiensO(adapted from Rodjuez

unpublished photograplzourtesy of Markel Olibarr)a(B) Scheme of the hippocampus illustrating t
main types of neurons of the principal layers: Granular cell neurons populate the Grcl extendi
dendritic tree to the Md& and projecting mossy fibers the pyramidal neurons of the CA3.

pyramidal neurons in the CA3 and CALl display apical and basal dendritic trees (Ataptdrblls,

2009).
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Introduction

In this chapter, through immunoanalysis and Western bloAxibmice and patient tissue, | explore
manifestations of morphological stress in astrocytes and a novel stressors to Awiestrocytes might
be subject.Astrocytesand cell linsexpressing mGFAP and/or transgenic Gird\e been found to
undergo many biochemical changag)ich may involve or arindicative of a stress response as they
accumulate high levels of GFAP. These include an inhibition of proteasomal activity, indfiction
autophagy, activation of mitogeactivated protein kinase stress pathways leading to the activation of
JNK and p38 kinases, upregulation of small heat shock protein genes endptmB-crystallin and
Hsp27, and loss of GILTa major glutamate trangpter in astrocytefCho and Messing, 2009; Tang et
al., 2010; Tang et al., 2006; Tang et al., 2008; Tian et al.,.20%@)ant stress is indicated by iron
accumulation in astrocytes of Kl and Tg mice, vastly increased expression of genes driven by antioxidant
response elemenfHagemann et al., 2006; Hagemann et al., 2@0&) the presencef advanced
glycation end products anddydroxynoneal in Rosenthal fibef€astellani et al., 1998; Castellani et al.,

1997).

Astrocytes in AXD patients experience severe morphological transformation, beyond that of a typical
reactive astrocyts, includingformation of Rosenthal fiberdiugely distended cell bodies, greatly
hyperphotried processes ariminucleated and otherwise abnormauclei In the first part of this

chapter, | use AxD model mice and primary celleiplorephenotypic changei astrocytes that might
lend insight to he changes we sdabe astrocyteof patients | findthat along with an almost-fold
increasein GFAP proteiin the hippocampughere are profound changes in astrocyte phenotype,
especially in the stratum lacunosunmoleculare. GFAP immunostaining reals hypertrophied

processes on many of these celiadadditionalsome processewhichappear retracted®® NJ & O 2é £ | LJa SR
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BIR In thesecondpart of this chapter] examine theendoplasmreticulum (ER) anche unfolded

protein respons€UPR)n AxD. Theibiquitin proteasomesystemis important for clearance of proteins
marked for degradation biRquality control mechaniss) andproteasomal inhibition can induce ER
stress(Mancini et al., 2000; O'Hare et al., 1999; Ward and Kopito, 19&jause therare many
indicators of proteasomal inhitidn in AxD, | hypothesizbat the ER stress pathwsyareactivated in
AxD. BIR conducted an immunohistological examination of Asdlientsand mice, and found increased
expression oBIFGrp78 in astrocytesAdditionallyl found present the CCAAT entwer binding protein

homologous protein (CHOP) in some astrocytes of the Tg/KI mice.

ER has essential roles in lipid and sterol synthesis, intracellular calcium homeostasis and protein
secretion(as reviewed by Ma and Hendershot, 2004) this last role, roughly one third of all proteins
enter the enaplasmic reticulum as part of the secretory pathwiag reviewed by Kanapin et al., 2003)
Here, they are folded to their native conformation and acquire goamtslational modifications that
include lipidation, glycosylation and formation of intra and iateolecular disulfide bond&s reviewed

by Ma and Hendershot, 2004 Quality control is maintained in the ER by a set of resident chape

and multiple check points that assure only properly folded proteins exit the ER while unfolded proteins
are retained in the ER, remaining associated with chaperones before they are de@madesliewed by
Fewell et al., 2001; Hammond and Helenius, 1999)is degradation process for failed proteins is
termed endoplasmic reticulum associated degradatifERAD)Werner et al., 1996) Much work has

been conducted in yeast elucidating mechanisms of ERAD, but it is unknown whether mammeaidisha
of these mechanismwith yeast(as reviewed by Vembar and BrodskyQ2p It is known that some
proteins marked for ERAD are ubiquinated and degraded by the proteasome, thatcaherhibitors of
the proteasome can inhibit this process, and that the activity of the proteasome is required for some
ERAD designated proteins to leave the(ERncini et al., 2000; O'Hare et al., 1999; Ward and Kopito,

1994) Eperimentshavedemonstrated that specific ERAD designated proteins can leave the ER under
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condition of proteasmal inhibition Thesare transported on microtubules to perinuclearganelles
calledaggresomes where tlyeare then degraded by autophagosomes reviewed by Johnston, 2006)

ER stress is known as any process that disrupts the balance between the folding load and the capacity of

the folding machineryas reviewed by Ron and Walter, 2007) ¢ KS GSNY &NH&EATIRYRSR LINJ
(UPRYyrew out ofseveral proofof-principle experiments establigty that foldingincompetent proteins

could induce a response that induced transcriptional and translational increases in ER resident
chaperonegAdams and Rose, 1985; Gething et al., 1986; Kozutsumi et al., 1988; Zimmer et al.]t1999)

has since been established that pathways activated by as part of the UPR, however, can also be caused

by condtions other than excess or foldiigcompetent proteins, such as those that interfere with ER

calcium storegPaschen et al., 2003; Sambrook, 199Qitrient stresgHarding et al., 28 Scheuner et

al., 2001; Schroder et al., 2000)ral infection, iron deprivation, hypoxia/ischemia and oxidative stress,

as well as differentiation of cells to highly secretory tyf@alfon et al.2002; lwakoshi et al., 2003)

CtKA&d KFa SR (G2 GKS AYiUNRBRdAzOGAZ2Y 2F GKS Y2NB AyOf

to unfolded protein responséas reviewed by Markowitztal., 2007)

Under conditions of ER stress, a set of coordinated transcriptional responses are introduced to bring the
ER back to homeostasis and proper protein folding. These activities are mediated by three
transcriptional pathways, which are transduced by the pmdePERK, IRE1 and ATF6. These proteins are
located in the ER membrane facing the lumen and, under normal physiological conditions, are bound by
the ATRPdependent ER chaperori&P(immunoglobulin heavghain binding protein). During conditions

of ER stres,BIPdissociates from these proteins and functions in protein chaperone aciivitye

lumen, freeing PERK, IRE1 and ATF6 to mediate transcriptional events. ATF6 translocates to the Golgi
where it is processed to an active form that then functionga &isnscription factor. IRE1 dimerizasd,
through subsequent activation of RNase activéyiicesthe transcription factoiXBP1 ta form that is

potent for transcriptional activation PERK is unique in that it participates in three UPRM&dRated
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events, both translational attenuation and activation and additily, through activation of N2f

antioxidant responséas reviewed by Cullinan and Diehl, 200®)anscriptional attenuation occurs via
phosphoylation and subsequent inactivation of the elongation factor, eif2alpha, and during this process
genes that respond to transcription factor ATF 4 are preferentially transc(dseteviewed by Schroder

and Kaufman, 2005)PERK phosphorylatiof bZIP transcription factor Nrf2 allows it to translocate to

the nucleus and activate transcription through the ARE (antioxidant response elef@iantgt al., 2008;

Schroder and KaufmaB005)(Fig A)

In Chapter 1, studies conducted by the Goldman lab were described that suggest that proteasomal
inhibition is a major contributoto the pathology caused by AxD. In vitro and cell culture experiments
have denonstrated that mutant and human WT GFAP cause proteasomal inhibition and the 20S
proteasome is associated with Rosenthal fibers in patient ti¢faag et al., 2010; Tang et al., 2Q08)
Additionally, primary cells from Tg and KI mice show impaired proteolysis bydteapome(Cho and
Messing, 2009) Because inhibition of the proteasome was found to impair the ERAD pi@sess
reviewed by Vembar and Brodsky, 20@8}) there is strong evidence for proteasomal inhdaitin AxD

astrocytes] hypothesized that ER stress might be a factor in AxD.

Results
GFAP is increased in AxD Tg/KI mice at 2 and 4 weeks

Because amumulated GFAR astrocytes is thought to trigger many pathological manifestations of AxD,
| first examined GFAdRstribution andlevels in the most severely affectefl AxDmice,the Tg/KI mouse
that has a lifespan of less thaf 8ays and found, as exgrted, a dramatic increase in the GFAP protein
in Tg/Kl animals over controls at both time points because these mice carry extra copies of GEARN
and its promoter in addition to their endogenous WT and mutant GFAP ¢kfessing et al., 1998)n

the WT hippocampus at 2 weeks, most of thmunostaining for GFAP could be seen in the stratum

lacunosum moleculare (str. lamol.) FiglA, left), while in the 4 week old Wiiore GFAP
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immunoreactivity was apparent in the stratum radiatum (str. rad.), which contains the dendrites of the
CA1 pyranidal cells, and the stratum moleculare (str. mol.), which contains the dendrites of the granule
cells of the dentate gyrusSee Chapter 1 Fig 7 for anatomy of the hippocamptuig)KI animals, in
contrast, had alreadyby 2 weeksimmunoreactivity forGFA in both the str. rad. and the str. mol. in
addition to that in the str. lacmol. (FiglA, right) andn the 4 week old Tg/KIl mousleis appeared to
greatly inceased(Fig1B, right). The increases in GFAP in the Tgiidethat were observedy
immundluorescencewere alsambserved byWestern blot analysid{g1C). Note that for Tg/KI animals
there are many faint bands at upper levels in the gel that may represent ubiquitifédP protein

and, likelydimers (~100kDa) and tetramers (~200kDa) ZEly In addition there is a band migrating at

a faster rate immediately below the major baatlapproximately 49 kDQavhich may represend
proteolytically or otherwiseleaved species thas not present in WT anima(Big2C) Quantification of

the GFARrotein leves of three independent experimentsing densitometric analysieemonstrated a
roughly 3fold increasein GFARexpression in Tg/Khouseat two weeks t** p < 0.0005) and a 4 fold
increase at 4 week@*** p < 0.00005}FiglD) GFAP levslin the Tg/KI animakisoincreased

significantly betweer2 and 4 week(*p < 0.05) while there was no significant increase in WT GiFAP

1D).

Severemorphologicalchanges are seen in astrocytes in the. lac. of 4 week old Tg/KI mice

We noticed that astrocytes in the str.lagnol., which appeared to be the first of the regions we
examined to become immunoreactive to GFAP in the WT aniar@severely morphologicaliffected,
characterized byypertrophicprocesses andell bodies.To assess theorphological changes that may
ensue from increased GFAP expressioafirst examined astrocytes in i severehaffected portion of
the hippocampus. In 4 week old Tg/KI mguke str. lac-mol. contains many cells that appear to have
lost processes and hawerounded appearance (Fig\2ight arrow). Similar cells examed at high

magnification (FigRand C) havegreatly accumulated GFARthe cell bodyanddisplay single
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hypertrophied processes (Fig 2C, arjpand what appear to be retractedl NJ ¢ O2f f | ¢ SR¢ DC! t

processegFig2B, arrow) Nuclei are often abnormal or binucleat¢éig 4B, arrowheads)

GFAP and Alpha Tubulin are found together in peritaar inclusions

In order to obtain another perspective on the morphologically transformed cells ifT ¢}l mousel

turned to cell culture and examined primary astrocytes from. Both Tg and Tg/KI cells in culture show
perinuclear inclusionsln theseexperiments] used T cellsdue to their resilience, and the fact that

their inclusions are similar to those seen in Tg/KI mice, though less numdrexamined these cells for
the expression of GFAP, along with alpha tubulin to visualize microtubules. WT cells at low
magrification (Fig 3A) show few GFAP+ ceiscommonly reported observation for mouse primary
astrocytes. Tg cells (Fig 3B) show many cells with perinucledikarigclusions; arrows point to three.
We were surprised to see microtubules in close assiociavith these ringlike inclusions (Fig 3B).

When examinedby high magnification, WT cells (Fig 3C) had filamentous GFAP+ and alpha tubulin +
processes, while Tg cells (Fig 3D) showlifkegnclusions of GFAP around centirat lack
immunofluorescace GFAP is in the innermost part of these inclusiangle alpha tubulinis at the

outermost part and the periphergFig 3D, arrows).

Golgi is mislocalized in Tg primary astrocytes with perinuclear inclusions

Positioning of the @lgi is im@cted by micotubule stability(Hehnly et al., 2010}hereforel next
examined several organelle markers with GFAP to determine if they also might be impacted by
perinuclear inclusionsl used a cis @lgi marke GM130, along with GFAP, tarnunostain Tg primary
cells and foundhat in cells with perinuclear inclusions the golgi appeargdiocalizedn comparison to
neighboring cells with normal filamentous GFAP expression (Fig 4A and B, akMéesjamined hese
cells with high magnification and confocal 3D reconstruction to better understand these inclasibns

found thecis ®lgi appeared associated with or underneath a Géslge (Fig 4D and F).
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AxD patients show accumulateBIPexpression in white matér astrocytes

In order to determine if ER stress pathways are part of the pathology ofl AgBd

immunohistochemistry to examine the expression of the ER chapeBtffia AxD patient cortex and
underlying white matter.l began my investigatiowith BIPbecause the antibodies were available and
reported to be successful for immunostaining of both mouse and human t{gsuecs et al., 2009 At

low power,l immediately saw a significant contrast between control (Fig 5A) and AXDAR#I1d 5B)
immunostains While the control patient had high levelsBiPimmunoreactivity in the cortex flanking

the WM, and light immunostaining within the WM (Fig 5A, arrows), the R239H patient showed the
reverse¢ WM with high levels oBIPimmunoreactivity (Fig 5B, arrows) and cortex with low levels. The
R416W patient WM (BiSC, arrows) did not show more immunostaining than in the cortex but did show
less of a contrast between the WM agdey matterthan control. Uponhigher magnification (Fig 5D, E,

F, G, H and)Idifferences between AxD and control became far clearer. The control WM showed many
oligodendrocytes witlBIPimmunoreactivity in small cell bodies some with characteristic lacey
processes (Fig 5G, arrows) and astrocytes with discrete, compact perinBifssaining (Fig 5G, red
asterisk) aralisplayed Almost all oligodendrocytes cell bodies, which have small nuclei, Biow
immunoreactivity (some marked with black arrows) &l®immunostaining can be observed into lacey
processes (Fig 5G, blackaar, top). The tissue section from the AXxD R239H patikisyilays

hypertophic astrocytes and many Rosenthal fibers that immunostained a very light blue with
hemotoxyin. In the WM of the AxD R239H patiemtmost all astrocytefiave granular deposits @& Pin
their cell bodiegFig 5H, redsterisk}. Especially coarsely stained astrocytes can be seen at lower right.
Some oligodendrocytes cell bodies can be observed with a tight ring of immunostaining to around their
cell bodies, and several seem to baxery little or no reactivity t®IP(Fig 5Hplack arrows). The

R416W patient has a relatively welleserved cortex and astrocytes are striking in their accumulation of

BIR, which often appears slightly granular. Several perinuclear Rosenthal farebeseen in the tissue
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(Fig 5I, lower right red asterisk) and the more lightly immunostained Rosenthal fibers are surrounded by

darker, granulaBIPimmunostaining here.

BIPis significantly elevated at 2 weeks and 4 weeks in AxD Tg/KI mice

To study futher the role ofBIPin AxDastrocytepathologyl turned to AxDmodel miceto determine if
BlPwas increased in these animals. Firsboked atthe most severely affected animal, the Tg/KI mouse
which dies at about 3@5 days.l examined the total hippcampus foBIPimmunostaining at low
magnification (Fi®A and B) and there appeared to be some increases in Tg/Kl animal, especially in the

CALl in the 4 week old Tg/KI.

Because neuronstain forBIPR it would be difficult to measurastrocytespecificBIPlevels by Western

blot, sowe countedBIPpositiveand GFAPastrocytes on images and found significant increas&imn

already in 2 weelold mice tp=0.037 Fig 6{, progressing to enore dramatic difference at 4 weeks of

age (**p=0.008; FiQ. Layer specific analysis showed that changes at 2 weeks of age only take place in
the str. lac-mol. (*p=0.041; FigCand D) while at 4 weeks of age differenceB8iRexpression become
strikingand is significantlfigher in both str. laemol. and stratun radiatum (str. rad.) (*p=0.008 and

*p=0.041; FigC and D).

Expression oBIPin astrocytes of one year old Tg Mouse

Having observed widespread increase iBIPamong most astrocytes in the 4 week old Tg/KI mouse,
examined the one year olshice. WTmouse GFAP positive astrocytes showed very low lev@fof
immunostaining (Fi§A, arrows). Likewise, in the Tg animal some GFAP positive astrocytes were
observed with very little or no expressionBIP(Fig8B and Carrows) butstrikingly some GFApbsitive
astrocytes in the one year old Tg mice showed very high and aberrantly localized expre8i®aof

ER resident protein{g8B and Cyellow arrowheads Thus, in contrast to the Tg/KI mouse, there is a
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heterogeneous pattern dBIPimmunostaning among the GFAP positive population of cells in the TG

mouse hippocampus.

CHOP is cexpressed withBIPin a subset ofastrocytes

BothBIPand CHOP are regulateédwnstream of thehree maininitiators of the unfolded protein
response.However, whileBIPis a generally thought a preurvival chaperone, CHOP is induced when
the balance between folding demand and capacity cannot be resolved favorably by the UPR. In four
week old Tg/KI animalsconsistently saw several GFAP positive astrocytes wi@RC3taining in nuclei
(Fig9B-F, small yellow arrowheadahd, to a lesser extent, in the cell body immediately adjaterhe
nucleus (Fig 9B, F, large yellow arrowhead®hile induction oBIPwas widespread in the 4 week old
Tg/KI mousel, observednly a few CHOP positive astrocytdgjenerally saw more CHOP positive
astrocytes close to the pyramidal layer in the CAL, howewér four animals were examinedVT

animals Fig 9\, top pane$) show little or no CHOP labeling at 4 weeks of &yaeek Tg/KI animals

show a variable number of CHOP positive astrocytes ranging from 1 to 6 counts per analyzed

hippocampus.

A note: | attempted to immunostain patient tissue with an antibody for CHOP ) baind no reactivity

in either AxD patient or contrgtata not shown).

Discussion

In this chaptel revealed severe phenotypic changes in astrocytes in the Tg/KI mice that resulted in the
conversion obtarlike protoplasmic astrocytes in WT mitecells that havédnypertrophied or

G 02t t GHAR gositiveell bodies and are multinucleated or have other nuclear abnormalities
connection with theaccumulation of GFAP (Bijand 2)Sosunov et al., 2013) nextfound that

primaryTg astrocytes culture have large perinuclear rings of GFAP filamamntka disrupted

microtubule network and GolgpparatugFig 3 and4). Additionally] present stong
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immunohistological evidenddat supportsmy hypothesis that ER stregsastrocytes is component of
the fatal pathology oAxD first, | foundBIPat higher levels in astrocytes in AXxD patient tissue; second,
found significantly higher reactivity tBIPin astrocytes in the Tg/KI mouse at both 2 and 4 weeks; third,
in the Tg/Kl micé foundCHOP in astrocyted the hippocampus at 4 weekgvhile | have not explored

the mechanism by which these proteins are indudbdse results suppot role for the induction of the

unfolded protein response.

High levels of GFAP expression in AxD mice coincide with morphological transformation of astrocytes

Theexpression of mutant GFAPAxDpatients causes massive increases in the levels of GFAP in
astrocytesboth by immunofluorescence and by Western bldtiewed at a terminal stage, these
diseased astrocytegain thick processesxhibitdistended cell bodisanddisgay abnormal nuclei
which are sometimes multinucleatedMorphologically they undergo dramatic changes to reéhend

state.

| examined the most severely affected AxD mice, the Tg/KI for GFAP expressionmmanmtbreactivity
We found GFAPRtbe increased almost 4 fold over WT mice by Westerndilboth 2 weeks and 4
weeks (FidD). By immunofluorescence for GFAP, these cells at 4 weeks displayed an extremely
reactive phenotype. Some, especially in the str-faol., had undergone whakegmed to be

GO2ft f I LJa S RERBOaSrdwsandothétsih&dgreatly hypertrophic processeBi@2C, arrows)

Astrocytes of the hippocampus, like other protoplasmic astrocytes, form a highly organized network
with individual cells regulating andtegrating neuronal and vascular interactions within discrete regions
(Bushong et al., 2004; Tout et al., 1998) order to carry out these functigrastrocytes must be able to
extend fine processes into small domains between cédlle loss of thin GFAP+ processes we saw in 4
week old Tg/Kl micd={g2B,C), may be indicative adds of the fine processedn fact collaborative

work with the Tg/KI mice where astrocytes from the str.-laol. were injected with_ucifer yellow
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demonstrated loss of finprocesses in these astrocytes, which rhaye severe consequences for the
surrounding cellsvith respect touptake of glutamate and potassiumAxDKI mice have compromised
glutamate uptakgTian et al., 201@ndcollaborative worlon Tg/KI miceéhat will be published along
with some of the work in this thesigsconfirmed and extends thislemonstratingnot only impaired
glutamate uptakean Tg/KI mice, and loss of GLTn these mice, but alsods of coupling of astrocytes

and impaired potassium uptake in some more phenotypically transformed(Seltsinov et al., 201.3)

The results in this chapter and these collaborative studies sudgédstrocytesare extremely
transformed andliffer in morphology front i & Likabtive astrocytesFor example, theell

morphology of astrocytes after an electricailihyduced cerebratortex lesion was studied by

Wilhelmsson et alWilhelmsson et al., 2006)The authors injected reactive astrocytes with dye in the
tissue surrounding, but not immediately adjacent tioe lesion. These astrocytes showed hypertrophic
processes by reactivity to GFAP antibodies, and dye injection demonstrated that the soma and main
processes were thickehowever thesecells retained their bushy morphology and fine processes
(Wilhelmsson et al., 2006)Similar injury models have been employed that demonstrate that
concomitant with glial scarring of the lesion, reactive astrocytes not immediately adjacent to the lesion
itself eventually return to normal levels of GFAP reactidMgthewson and Berry, 1985and this has

been found to be true in other models of CNS injury, allowing investigators to conclude that the glial
reactions not involving astrotgs within the glial scar itself, are reversible upon removal of the stimulus
for reactivity(Kalman, 2004)BecauseAxDis an astrogliopathy, the initial reactivity stems from the cell

itself and therefore there is no resolution.

Binucleation of astrocytes

Thepresence of multiple nuclei on astrocytes in the Tgride (Fig 2A3uggests that they are driven to
proliferate, but cytokinesis is inhibited. Phosphorylation of intermediate filaments by Cdk1, Plk1, Rho

kinase and Auror8 kinases is required duringtokinesis(lzawa and Inagaki, 2006The accumulation
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of GFAP in AxD astrocytes may in some way interfereimtghmediatefilament phosphorylation aa
critical timein mitosis leading to failure of cytokinesis and a polyploid state. A polyploidg staly in
turn dramatically increase the amount of GFAP produced by any given cell, thus contributing te a feed

forward mechanism of cellular stress.

Perinuclear ringof GFAP and microtubulds primary Tg astrocytes

Transgenic human GFAP mice expeessral copies ohuman GFAP in addition to their endogenous
GFAP. In the cultured astrocytes from the Tg miobserveal in some cells large perinuclear inclusions,
composed on the exterior by caged or capped GFAP (Fig 3t), 4e GFAP inclusions suerounded

08 NAy3Ia 2F RAANHZII SR YAONR(dzo dzZ Sao ¢KS GNAYy3IEE
filament expression in astrocytes after microtubule network disruption using drugs, such as colchicine
(Sotelo et al., 1980)These experiments demonstrated that organized intermediate filaments require
assembled microtubules and these interactions were fotondot be direct, but to occur via

intermediate filament linking proteins reviewed in Sonnenberg and Liem, 20 ectin is one such
linker protein and has been found in AXD patient Rosenthal fiiées et al., 2006) The overexpression

of plectin rescues aggregated mutant GFAP Hraonsfected cells, restoring a filamentous phenotype
(Tian et al., 2006) There are several possibilities of why plectin has this efaggregation of proteins

in AxDmay be caused by an insufficient linker protein to intermediate filament protein;ratio
alternatively, fnosphorylation status of intermediate filament proteins may also impact plectin binding
(Foisner et al., 1991)Conversely hypephosphorylation of intermediate filaments is known to urod
cytoplasmic aggregates of disassembled intermediate filam@itisu et al., 1990k0me of which are
distributed around the centrosome during early mitosisis possible then that the perinuclear

inclusions obsenakin the Tg cells may be caused by insufficient plectin or altered phosphorylation of

GFAP, vimentin or nuclear lamins.
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Aberrant expression oBIPin ER of AxD Patients

In AXD patient tissud,observed both increased expression and a grainy appearangéto
immunoreactivity. The R239H patient, in particular, shows an overwhelmingly high level of
immunostaining oBIPin the white matterand grain expression in astrocyt$sg 1H)which was also
observed in theR416W patient, where a distinct, perinuctesccumulation oBlPappears in a granular
pattern. Although the literature does not readily suggest what these grainy bodies may be, perhaps

they are accumulated proteins in the ER.

BlPexpression has been found protective to cé¥sl et al., 1999)rand this has been demonstrated in
astrocytes. In a model of lsemia, transient transfection dIPinto mouse primary astrocytes is
protective against cell death thugh Ca+ stabilization and suppression of mitochongriatiuced

oxidative stres¢Ouyang et al., 2011)

ER stress is an early and widespread response in Tg/Kl animals

We found that WT mice express&dPat relativelyhigh levels in pyramidal and granular cell neurons

and in scattered cells that appeared to be neurons throughout the hippocampus. Some WT astrocytes
also showed detectable levels BfP butwerelow in immunoreactivity in comparison to neurons.
Becauseéhe basal expression &iPby neuronsprecluded accurate measurement of BIP by Western

blot, we countedBIPpositive and GFAP positive cells to quantitate astrocytic expressidhiPot he

increase in the total number of Tg/KI astrocytes vBiPexpression versus WT was found significant at
both 2 and 4 weekBig 6C) While the number of BiP positive and GFAP positive cells in the str. lac.
mol., an area of the hippocampus where there is early GFAP expression, appeared to reach its highest
levelat 2 weeks of age and remain at this le{f/gy 7D). However, the decrease in expression by WT
astrocytes, in comparison to the unchanged levels of BIP, accounted for the large increase in BIP
expression betweel weeks and 4 week&ig3D). This effeatvas also true fooverall expression of BIP

in the hippocampug while numbers oBIPpositive and GFAP positive cells are approximately emjual
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weeks and at 4 weekthe overall fold change over WT expression increases consideyal#y>fold
changein the 2 week Tg/KI animal and a#fidd change its 4 week counterpgfig 6C) There is not a
significant change iBIPreactivity in the str. rad. of the 2 week old Tg/Kl animal and this most likely
reflects the low relative level of GFAP reactivityhés age, in comparison to the 4 week old aninfrad)(

6A and B.

These results suggest thdtd induction ofBIPin the hippocampus of Tg/KIl mitearesponse to
tremendous increases in level GFAP By 4 weeksnanyastrocytes in the hippocampus are
undergoing a stress response, in contrast to the one year old Tg mouse, where only occasional very high

GFAP expressing, morphologically aberrant astrocytes experience the same stress.

ER stress anll mouse mortality after Kainic Acithduced stress

Kairic acid administration to rodents causes cell death of neurons and is accompanied by an increase in
the number of GFAPBositive astrocytes in the hippocamp(ang et al., 1997)While AxD KI mice have
little discernible pathology, they were found to be substantially more susceptible to Kainindwoeakd
seizures and subsequent neuronal damage compared with WT(riémemann et al., 2006)

Additionally they die after seizure at much greater numbers than do WT mice. More recently, Kainic
acid administration to micevas shown to upregulate ER stress marl&i2and OASIS in astrocytes in

the str. rad. and str. ladChihara et al., 2009)The aithors found more neuronal death in OA$i#nice
after kainic acid insult, suggesting OASIS as the protective proteins in astroagtaxcytesfrom OASIS

/- mice express leBIPthan WT mouse primary astrocytes after ER st(Esmdo et al., 2005)OASIS is

a less weltharacterized ER stress protein, most likely due to the fact that there are no functional
commercial atibodies available. LIKRE1 and ABF-OASIS is a transcription factor and is expressed in
astrocytegKondo et al., 2005)OASIS null mice have shown more neuronal damagekaitgte acid
administration and less GFAP expression. The authors concluded that the reduction in the number of

GFAPositive cells in OASIS mice is not due to the degeneration of GFpditive cells following
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kainic acid treatment, but from lack of cell divisesimesured bydUTP labeling. Taken together, these
results suggested that the increased presence of astrocytes in the kainic acid induiceid pratective

as isBIPinduction. Taking these data into consideration it is possible that the high mortalignassin

the KI mice after kainic acid exposure may be due to increased sensitively to ER stressors, due to high
basal activation levels. However, if exacerbated by other stressors that require a functioning ERAD
system, such as the protection astrocytamfer to neurons, under conditions of kainic acid exposure

the system could potentially fail and cell death could ensue.

BIPin 1 yearTg animal suggests unresolved ER stress

In WT 1 year old animals, immunostaining BdPin GFAP positive cells wasiliea to a smalblrea close

to the nucleus (Fig 8Arrows) while h one year old'ganimalsBIPprotein expression was

heterogeneous among GFAP+ cells. Some cells some had venydlowmmunoreactivity (FigBandC,
arrows) while othes had strong but rather diffus8IPimmunostaining that appeared to occupy a large
volume around the cell body of extremely pathologiappearingastrocytes by GFAP expressi@irig8B
yellow arrowheads This was a consistenbservedfeature. While study of a wider range of ages of

both Tg and Kl animals is necessary in order to more fully understanding the UPR/ISR in these animals,
the high cosistency oBIPimmunostainingr these very morphologically aberrant astrocytes that have
accumulated high kels of GFAP, along with what appears to be a potentially enormously distended ER,
suggestsfirst that accumulated GFAP may be linked to accumulatiddi®f Second, iBIPexpression is
denoting the physical location of the ER, theome T@strocytes laveanabnormally large EBnd
perhapscorrespondingly high numbers of proteins within. Finally,gbtentiallyabnormally large ER

these animalsuggests chronic ER stregstthe UPR/IPR has favorably enacted adaptive mechanisms
andby-passed apoptosis. This may banintrinsic quality of astrocytes to withstand greater levels of
stress than other cellsa quality of astrocytes in cultu(&oldbaum et al., 2006; Griot et al., 1990; Husain

and Juurlink, 1995)In cells adapation to short term demand®f increased protein synthesis and
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folding are part of normal ER functicand studies have shown thaté volume of the ER necessary to
accommodate an accumulation of unfolded protein will expand wekd while other systems are put

in place to enhance degradation of proteifMenzel et al., 1997; Takewaka et al., 1999)

Possible causesf UPRIn In AxD

Inferring that the large increases we seaéBIPby immunostaining imstrocytesn AxD patients and mice
indicates theUPR/ISR is enacted, | suggest thpessible eventin AxDthat might convergeto causing
ER stress astrocytes; increasedprotein processing through the ER, proteasomal inhibition and
inhibition of autophagy First,in AxD it idikelythat increased protein synthesandtherefore inadeased
protein trafficking through the ER taking place Sudies in our lab have shown that both mGFAP and
GFAP can cause proteasomal inhibition #rat this in turnactivates INK and p38 kinag€anget al.,
2010; Tang et al., 200@)hichcanactivateAR1 mediatedtranscription. Anothegene transcription
pathway that is activated in AxD mj@nd that likely contributes to increased processing of genes

through the ERisgene expression driven by thREHagemann et al., 2006; Hagemann et al., 2005)

The ERAD pathway targets proteins rejected fl@Rguality controlmechanismdo the proteasome In

AXxD there is abundant &lence that the proteasome is inhibited in astrocy{€ho and Messing, 2009;

Tang et al., 2010)Therefore, this means of potential ERAD inhibition seems likely in AxD, however the
activaion of the UPR may also lsaused, or at least aggravated, by possible inhibition of autophagy.
Alternate methods of ERAD associated proteolysis occur through trafficking of prmteiggresomes

where they can be degraded by autophagosomeésublemembraned structures that engulf

substrates and deliver the to lysosomes for degradatidias reviewed by febar and Brodsky, 2008)

A third event can be enacted to degrade both the ER and accumulated substrate in case of ERAD failure
and this t@ involves autophagynediated degradation of accumulated proteins and portions of the ER

itself (Ogata et al., 2006)
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Inhibition of MTOR inducesitophagyin animal models of Huntgion diseas€éRavikumar et al., 2004)
andpSe6, avell-knownmarker for mTORctivation is abundanthexpressedn the Tg/KI micéSosunov

et al., 2013) Sress pathways enacted by proteasomal inhibitiomtandem witha demonstrated
oxidative stress responsmayincrease protein processing thrgh the ERindelevatethe volume of
ERABdestined proteins.Meanwhile, he mechanisms responsible for thegtadation of these proteins,
proteasomal clearance on one harahd aggresomes to autophagosormmsthe other,are or may be
impaired These ardlely contributors to the induction of the UPR in AXD astrocytes and the ability of
the Tg animal to withstand this level of ER stress, liedg the relatively fewastrocyteswith high levels

of BIPin comparison to that which were demonstrated in theKlgnouse (Fig 6C)

BIPloss in patient oligodendrocytes may signal impaired myelination

In both AXD patientsexaminedthere appeared to bdessBIPin oligodendrocytes than in control

tissue. Humans have many more oligodendrocytes than do rodelitdiuman white matter, these cells
can often be identified by their smatlompact cell bodies. kontrol patienttissue, oligodendrocytes

were of note because they seemed to exhibit a substantial level of endog&iB(fSig 5G).
Oligodendrocytepossess huge membrane areas that can outweigh their cell bodies by up to 100 fold
(Wiggins et al., 1974)nd thus their metabolic demands are high for protein and lipid synthesis. While
the transcript for myelin basic protein is transported to distal tips of cell processes and translateg locall
(Ainger et al., 1993pther myein proteins such as proteolipid protein (PLP), myalsociated

glycoprotein and myelin oligodendrocyte glycoprotein are processed through the ER. Therefore, the ER
of oligodendrocytes may be under considerable demand, especially during myelinatioh,ogbics

through childhod, and thus duringhe age of our patientsand requires the assistance of additional
chaperones. Along these lines, the induction of components of the ER stress response pathway in
oligodendrocytes via IFN gamradministrationwas found protective to oligodendrocytes in mouse

models of MSLin et al., 2007)
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We observed a decrease BiPimmunostaining in oligodendrocytes ame AxD patient(Fig5I, black
arrow), and what appeared to be a decrease inplagtern of pernuclear expressioof BIPin another
(Fig5H, black arrows) in contrast to control counterpariSg5G). This may béndication thatthey have
decreasedsynthesis ofmyelinrelated proteins,and mayserve as useful marker to assess in

understanding the de/dysmyelination that occurs in AxD

CHOP epression may not be prapoptotic

| found CHOP in a small subseBdPpositive and GFAP positive astrocytes in the Tg/KI mice. CHOP was
detected either in the nucleus or the cytoplasm, but not in both of these areas togethed drid9). If
expresgd under conditions of ER stress, CHOP is generally thought to be proapéstatiwiewed by

Kim et al., 2008; Maytin et al., 2001; Wang et al., 199@) this waslemonstratedin primary rat

astrocytes undergoing oxygen glucose depriva{lBanavides et al., 2009n this model of cell stress,

CHOP was found expressed in the nucleus of astrocytes that eventually underwent ap@sosigdes

et al., 2005) CHOP expression, however, may not necessarily be demonstrative of cells umglergoi
apoptosis. In neonatal rats presenting witinus infection of the CNS, CHOP was detected in both
neurons and astrocytes in the hippocampus and cerebellum, but subsequent cell death occurred only in
neurons(Williams and Lipkin, 2006)Y0f note was thiano BIPwas found in neurons, but astrocytes in

these same animals eexpressedIPand CHOP, which may be one reason they were able to withstand

infection (Williams and Lipkin, 2006)
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Chapter 2: Figures

Figure A. The unfolded protein responséntegrated stress response (UPR . ISR)
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cleaved releasing ATH&0, a transcription factolC NS S splise@uMBP 1 taXBP1 which can now

be translated. PERK phosphorylatdgi@wn substrates S an@Nrfgp SL Chh RSLINB & & S¢
translation initiation, bufavors translatiorof ATF4. ATFB53, sXBPland ATF4 translocate to the

nucleus and activate transcriptiaf chaperone proteins likBiPto re-establish homeostasis.

Concomitantly, phosphorylatioof Nrf2 by PERK disruptateraction between Keapl and Nrf2 leading

to translocationof Nrf2to the nucleus andransactivation of antioxidant genes including GST>did
Together theseresponses reducexidative stress and establish protein refoldifiglarkowitz, White,

Kolson & JordarSciuttg CellScience2009).
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Figure 1. GFAP isignificantlyincreasedin Tg/KI mice
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(A, B) GFAPmmunofluorescencén hippocampus of Tg/KI mice 2tand 4 weeks of agel'g/KI mice at 2
weeks(A, right) and 4weeks(B, right) show highreactivity with antibodies for GFAP when compared to
agematched WT (C)Western blotanalysis of GFAP in hippocar{fOug total protein/lane) of 2 and 4
weekWT and Tg/Kihice. GAPDH is assessed as a loading control. One blot of three shown. (D)
Quanttative evaluation ofSFAP levels based upon optical densities radized to the level of GAPDH
shows GFAP is significantly higher in Tg/KI hippocampus than liipp6campus at both freeks(*** p

< 0.0005) and 4 wesK****p < 0.00005). Additionally thehere is a significant difference in the
increase in GFAP betweem2eksand 4 weeks (*p < 0.05Note that all GFAP immunoreactive bands

were scanned for optical density evaluatjarot only the 50 kDa bandata are mean +/tandard



error of mean (SB) of 3 independent experimentsTwo wayANOVAwith Tukey test¥p < 0.05,

*#*p <0.0005, ***p < 0,00005
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Figure 2. Phenotypic changes in astrocytes in 4 week Tggl lac-mol.

GEAP DAPI
o Te

Morphological changes to astrocytes in the 4 week Tg/KIl mouse hippocampus are especially apparent in
the str. lac-mol. (A) Low magnification image of stacmol. in WT andTg/KI| mousevith

immundluorescence foGFAP. DAPI is used to visualize nu¢f® WT mice show many GFAP+

astrocytes that display thin GFAP+ processes extending from cell bodies idikkestaanner. Some

GFAP+ processes collect around the blood vessels of the sindadA, left arrow). In Tg/KI str. lac.

mol., GFAP+ immuameactivity revealsounded large cells lacking main branches é&ow). (BC)High

magnification images of the str. lamol. reveal astrocytes with greatly diminished numbers of GFAP+
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cell processes and hypertrophied appearance of those that ren@aiarfows) and cells that have
aSSYSR (2 KI®S KIFIR GKSANIDC!t LINRBOSaasSa NBGNIF O
immunoreactivity (B, arrows). Many of these astrocytes have binucleated (B, arrowheads), lobulated or

otherwise abnormal nclei. Confocal microscopy.
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Figure 3. Primary astrocytes from Tg mice form perinuclear inclusions of GFAP and microtubules

GFAP Alpha Tubulin MERGE

Primary Tg astrocytes triple stainddr the expression of GFARd), alpha tubulin(green)to visualize
microtubulesand DAP(blue) for nuclei (A)WT cells at low magnificatiodisplay few GFAP+ cetls
commonly reported observation for mouse piny astrocytes. (B) Most Tg cal®owGFAP expression

andmany cellcontainperinuclear ringike inclusionsarrow point to three. Microtubules(green) are in
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close association with these inclusio€&)WT cell at high magnification display lacey, filamentous
GFAP+ andlpha tubulin+processes. (Drg cellsit high magnificatioshow ringlike inclusions oGFAP
around what £JLJS I NJ ( 2 aeBersaTKpefsthiring shows thaFAP is in the innermost part of

these inclusionsvhile alpha tubulin surrounds (far right panel



Figure 4. Golgi is mislocalized in celgith perinuclear GFAP aggregates

Cis Golgi
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Tg primary mouse astrocytes grown fe#d 2lays in vitro aftereplating from culture flasks were fixed
and ceimmunostained for GFA&hd GML.30, a marker for the cis Golghd DAPI showing nuclei
(A,B)Arrows mark cells with perinuclear inclusiamiile arrowhead marks normadppearing cell. Note
that the golgi (red) in inclusiebearing cells appearsislocalizedA, B, arrows, left panel), in
comparison tagolgiin normal appearing Tg cell (B, left panel arrowhea¢B) F) & reconstructiorof
cellshisected in position of box in (E) respectivelyGFAP (red)ften appears on top of aassociated

with cis Golgi (green)Arrows in CE represent direction from which images were reconstructed
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Figure 5. Increased immunohistochemical expression BfPin astrocytes ofAxD patients

Control AxD R239H AxD R416W

(A-C) Immunohistocheroal analysis of BIP expression incrtical white matter and adjoining cortex

at low magnification (A) Control patient cortical section shows higtels\wofBIPin neurons of the grey

matter which flanks, above and below, the white matter (arrows), that appears lightly immunostained at
this low magnification (4x). This is in stark contrast to the heavily stained white matter of an AxD patient
with the R239H mutidon (arrows) in (B) where the surrounding cortex appears lightly stained in
comparism. (C) The white matter fromAxD patient with a R416W mutation (arrows) inti@3 more

intenseimmunareactivity to BIRhan the controlpatient (A), but less so thathhe R239H mutation (B).
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Heavily stained neurons can be seen in the flanking cortical tissue to the right and the uppanigft
corner. Boxed selections in-() are shown at higher magnifications below:-I\&ighpower
magnification of white mattem boxed sections, above. (G) Control patient white matter shows an
astrocyte (,asterisk) with compadBIPin the cell body, around the nucleus. Many oligodendrocytes
(black arrows), shoBIPimmunoreactivity compactly located in cell bodiestainingcan sometimes be
seen in lacey processes (arrowhead). (H and 1) Almost all astrocytes in white matter of AXD patient have
granular deposits dBIPin their cell bodies (asterisks, H). Most oligodendrocytes seem to have
diminished or ndBIPimmunostainingand no lacey processes are visibly immunostaifidack arrows,
H). Rosenthal fibers are not appreciably stained WitR (I) Astrocyte on the lower right contains a
large, perinuclear Rosenthal fiber which appears lighter than does the surroundimgagalP
immunostaining(asterisk, 1) This is in contrast with the large Rosenthal fiber on the top left which is
just barely rimmed bIP(red arrow). Oligodendrocytes are marked with black arrows, and show

remarkably les8IPimmunostaining, than doligodendocytes in control brain tissue.
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Figure 6. Immunofluorescent expression dIPis increased in Tg/KI mice
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(A-B). Immunofluorescence foBIPwas performed in the (A) 2 week (B) and 4 week hippocampus of WT
and Tg/KI AxD mousé&aimmunostaining for GFAP is shown in lower pai@dnfocal images of

merged stack are shown. (Qyantitative analysis @dIP-and GFAP+ celfinds the number oBIP+
astrocytes increased & weeks {p=0.037 and4 weeks {*p=0.0085) in Tg/KI totahippocampus.The
numbers of labeled cells in aldim? area of the indicated hippocampal regions were calculated as
describedm materials and methodsData are mean +/standard error of mean (SEM) of 3 independent

experiments. Two wayANOVAwith Tukey ést; *p < 0.05, ***p < 0.0005, ****p < 0.00005



Figure 7. BIPis associated with GFAP+ astrocytes in hippocampus of Tg/KIl mice
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Immunofluorescehexpression patterns dBIPin the 2 week (A) and 4 week (B) hippocampus of WT and
Tg/KI AXD mousgA) In 2 week AXD mouse str. katol., highest immunoreactivity tBIPin WT (top

panel) is in GFAP negative cells (yellow arrowheads), most likely neurons. Astrocytes (white arrows) are
lightly immunostained. In Tg/KI animal (bottom panel) many astescghow immunostaining fdsIP

(white arrows), as do GFAP negative cells. (B) 4 week WT animal Str. Rad. (top pané&)Bhows
immunostaining in GFAP negative cells (yellow arrowheads), most likely neurons. Astrocytes (white
arrows) show light or no imunostaining less than do 2 week WT astrocyte in (A). In Tg/Kl animals
(bottom panel) many GFAP positive cells are double immunostainedBhtiConfocal imagesf

merged stack are shown. (@) Quantitative analysis @dIP-/GFAP+ cld in the strrad. (C) confirms a
significant increase in BIP+/GFAP+ cells in this at 4 wgek3.042, but not at 2 weeks while thsir.

lac-mol. (D) shows a significant increase at both 2 we&ks({.041) and4 weeks(** p=0.008. The

numbers of labeled cells m1-mm? area of each of the hippocampal layers were calculated as described
in materials and methodsData are mean +/standard error of mean (SEM) of 3 independent

experiments. Two way ANOVA with Tukey test; *p < 0.05, ***p < 0.0005, ****p < 0.00005
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Figure 8. BlPexpression is increased in morphologically aberrant astrocytes in 1 year Tg mice

BIP GFAP DAPI BIP DAPI BIP
A' Ii.w—i'.-- . s

Immunofluaescence for BIP (red), GFAP (green) and DAPI (blue) in tredstf. T year WT and Tg

mice. (A)WT GFAP+ asficytes (arrows) have compact Bifpression in cell bodyB) Tgshows an

astrocyte with aberrant morphology and with what appears to be greatly thickened and retracted
processes (yellow arrowheadhile nearby a typicadppearing reactive astrocyte has very litB&P
expression in comgrison (white arrow). (C) High magnification image of a blood vessel in the Tg mouse
with GFAP processasirroundingit. Perivascular astrocyte with aberrant GFAP expression (yellow

arrow, middle) has large area mfactivity toBIP, while nearbgstrocyte(white arrow)appears tchave
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little or no detectableBIPimmunostaining while the astrocyte on the left, with much higher levels of
GFAP has greatly elevatBtP(yellow arrowhead, left). NotBIPappears to associate viatproximal

GFAP process on this celih addition to thecell body.



Figure 9. CHORP is cexpressedwith BIP in a subset of Tg/Kdstrocytes
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4 weeks stratum moleculare
DAPI

CHOP DAPI GFAP

Immunofluorescence for CHOP in the 4 week AxD Tg/KIl mouse. CA1 str-Cadf KT mouseX)
shows very light immunoreactivity to CHOP in what appears to be GFAP positive processes (white
arrows). Astrocytes in Tg/KI animalB,C)show strong CHOP immunoreactivityBtPpositive and G&P
postive cells (yellow arrowheads). n@ cell here displys CHOP in the cytoplas@®large yellow

arrowhead) while other have nuclear expression of CHGEFAP positive cells with no reactivity (white
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arrows) are far more abundant than these images demonstrg)str. mol. (EF) str. lac-mol. Tg/KI
GFA+ cells with CHOP immunoreactivitithe nucleusan be seen (yellow arrowheadd).cell is
identified that displays CHOP in the cell body in contrast to most others in the stmdaqF, large

yellow arrowhead).



Chapter 3
Characterization oCD44, hyaluronamand

Ezrin Radixin Moesin proteins in Alexander disease
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Introduction

Agene expression studyonducted on the olfactory bulb &xDTgmicefound the mRNAranscript for
CD44was elevated in these micd both 3 weeks (+ 5 fold) and 4 months (+14 féltBgemann et al.,

2005) In the normal human brain CD44 is found in fibrous;gaband subependymal astrocytes,

regions viherethere is higler constitutive expression of GFAP and abundant numbers of Rosenthal
fibers in AxD patients. In this chaptecharacterize the expression of CD44 in the brains of AxD patients
and mouse modelsSecondl explore via immunohistochemistry the expressafrits principal ligand,
hyaluronan, in the AxD Tg/Kl mouse. Fina#yxaminethe ezrinradixinmoesin (ERM) proteins that are

associated with the cytoplasmic tail of CD44 in AxD patient tissue and in 1 year old KI mice.

CD44 is a single pass cell scefglycoprotein that was first purified by Underhill and colleagues from
white blood cell{Underhill et al., 1985and was found to be the principal receptor for the extracellular
matrix molecule, hyaluronaAruffo et al., 1990) CD44 has been found in the mature mammalian CNS
localized to the fibrous, supial, sub-ependymal astrocytefGirgrah et al., 1991; Picker et al., 1989;

Quackenbush et al., 198&%)d inMuller cells of the retindChaitin et al., 1994)

Multiple isoforms of CD44 are generated from a single dgnalternative splicing of 10 (mouse) and 9
(human) norconserved variant exons which lie between two higtidynserved constant regions

(Screaton et al., 1992The most common isoform, CD44s (for standard), is produced by the excision of
all variant exons between the two constant regipaad because it is found on hematopoietic £l
sometimes referred to as CD44Peach et al., 1993)This isoform, found expressed in human white
matter byWestern blot(Girgrah et al., 1991as a molecular weight of approximately 50kDa, but
because of extensive pestanslational modifications is usually found to run on SDSajdéletween 75

85kDa.
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The extracellular region of CD44s, encoded by the first fivevaoiant axons, is a globular domain and

FG AdGa FIENIIFYAY2 GSN¥YAYylLE SyR NBaARSa || adNBGOK
the extracellular matrix moleule, hyaluronan, and other glycosaminoglycéPsach et al., 1993;

Sherman et al., 1994)The link domain is also found in anotlggycoprotein, the link protein, which

stabilizes the interaction between hyaluronan and aggrecan in the extracellular riié¢dxme and

Barry, 1993) Other extracellular matrix proteirgscollagen, laminin, fibronectin and osteopontircan

bind to the globular domainf CD44 but their binding sites are not characterized and there appears to

be no cellular signaling which is generated by their interaction with ¢Bddand et al., 1998; as

reviewed by Ponta et al., 2003)

Larger splice isofornsf CD44are generated by insertion of any number of the ten variant domains
between the globular domaiand the transmembrane domain. The largest among these, CEDW\&
expressed by colorectabncer cells and keratinocytéas reviewed by Lesley et al., 1993; Ponta et al.,
2003; Ponta et al., ). In theory, hundreds of splice isoforms of CD44 are pogsialeWeering et

al., 1993)nd several dozen have been detectgésley et al., 1993)

CD44 has been found to function as a platform organizer for cell surface proteins and metalloproteases
(as reviewed by Ponta et al., 20@8)d as a caeceptor for several proteins including M@tlestl et al.,

2001) ERB1 and ERB2u et al., 2002andwith the Betal and Beta2 integririBujisaki et al., 1999;
Koopman éal., 1990; Lee et al., 2007b; Verrddesroches et al., 1995Most of these caeceptor

interactionsare associated with variant isoforni@s reviewed by Ponta et al., 2003)

The eterminal, cytoplasmic domain of CD44 has sites that bind the phosphorylated ERRMJPof
proteins(Legg and Isacke, 1998; Tsukita et al., 1994; Yonemura et al., 488&) separatsite for an
association with ankyrifLokeshwar et al., 1994)Deletion of the ankyrin binding domain of CD44

dramatically reduces its binding to hyalurongrokeshwar et al., 1994nd there are conflicting reports
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of the importance of the ERMinding region to hyaluronan bindir{§rown et al., 2005; Legg and

Isacke, 1998)

The afinity CD44 has for hyaluronan has been reported tantyeacted by many factorssoform
expressed, receptor numbeand clusteringposttranslational modifications; the phosphorylation of
CD44 cytoplasmic domain and mitogenic stinfadi reviewed by Ponta et al., 2003)here are five
potential Nlinked glycosylation sites on CD44, all of which if mutated abrogate bifBartplazzi et al.,
1996) however the actual necessity oflidked or Glinked glycosylation for hyaluronan binding varies
between cell type, likely due to influence oktlother factors mentioned abov@artolazzi et al., 1996;

Bennett et al., 1995; Katoh et al., 1995; Lokeshwar and Bourguignon,. 1991)

CD44hylauronan interactions in astrocytes have not been well documented. In general, interactions
with high molecular weight (HMWgnd to mediate cell migratiorfBourguignon et al., 2007; Thomas et
al., 1992) pericellular matrix assemb({iKnudson et al., 1993¢ell aggregatiofGreen et al., 198&nd

the endocytosis and subsequent clearance of hyaluronan irpldwesicle¢Culty et al., 1990; Miyake

et al., 1990; Stamenkovic et al., 1991; Tammi et al., 200d)braneassociated metalloproteases are

able to cleave the extracellular domain of CD44 close to the transmembrane domain, creatinge solubl
fragmen{Okamoto et al., 1999b)This proteolysis occurs and is regulated by multiple signaling
pathways including PKC, cellular calcium influx, members of the Rho family of GTPases and the Ras
oncoprotein(Okamoto et al., 1999a)Subsequent to this cleavage, sequential presefilnediated
processing of the transmembrane regifitrammich et al., 2002; Murakami et al., 20p8)duces an
intracellular domain that travelto the nucleus and acts as a transcription factor for, among other
genes, CD44 itsel©Okamoto et al., 1999b)Mettaloprotease processing and subsequent intracellular
domain generation is preferentially observed on immortalized cancer cells and is thought to contribute

to cellmotility (Okamoto et al., 1999b)
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In development CD44 is expressed on an astremggéricted precursor found in the rat spinal cdidu

et al., 2004pnd the white matter of the mouse cerebellui@ai et &, 2012) When sorted from
embryonic brains and cultured without growth factors, most of these astrocyte restricted precursors
cells die, however surviving cell differentiate idé-AP-astrocyes and under no conditions differentiate
into neurons ooligdendorcytes. CD44 is also expressed on neuronal precursaiNeCsilerived

from brains of the rat and human embryBaghbaderani et al., 2011; Rampon et al., 2008)

In pathologieof the CNSCD44 is found on reactive astrocytes both in white and grey matter. It has
been found on astrocytes of patients with Multiple Sclerosis ((€8)z et al., 1986; Girgrah et al., 1991)
children with perinatal white matter injurgBuser et al., 2012pnd in canine distemper disorder
(Alldinger et al., 2000)here astrocytes are a viral target. In rodent models of disease and,iGD¥4
has been found in astrocytes in EAE nildaegel et al., 1993FEAE ratéKim et al., 2004and in
SOD1G93A ALS model mikatsumoto et al., 2012) The transcript has also been found upregulated in
astrocytes at very early timepoints after both middle cerelaréry occlusion and LPS injection

(Zamanian et al., 2012)

CD44 is widely expressadcancer celland is a marker for cancer stem céNssvader and Lindeman,

2008) In rodent CNS gliomas it has been observed to be nefially expressed on cells located on the
invasive front of the tumor and is seen on cells that escape through GFAP positive cells which separate
the tumor from the surrounding parenchynf#/iranonska et al., 2006) Additionally, CD44 is found on
astrocytoma cell lines one of which, interestingly, has been demonstrated to bind and internalize myelin

basic protein preferentially via a spice varigdivh et al., 1997)

We foundCD44to be a compelling candidate to explore with respect to AxD pathologihiee
reasors: first,its elevation at both early and late time periods as determined by microgHagemann

et al., 2005) second, theexpression patterrof CD44n the normal braim astrocytes in the white
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matter, subpial and subependymal regiongarallels that of normal astrocytes with higher levels of
GFAP expression, and of Rosenthal fibers in AxDghéndglits expression in association with
demyelinating tisue (Alldinger et al 2000; Buser et al., 2012; Cruz et al., 1986; Girgrah et al., 1991,
Haegel et al., 1993; Kim et al., 2004; Matsumoto et al., 20d2Jel characterize CD44 expression in
AxD patient tissue and in that of AXD model mice. Additionlatlyaracterize the expression of the
extracellular matrix molecule hyaonan, the principal ligand of CD@druffo et al., 1990Q) Finally)
characterized ERM proteins, which are able to link CD44 to the actin cytoskeletmeal several novel
findings in increased expression of CD44 and ERM pratebwth AXD mice and in patient tissue, and

hyaluronan in Tg/KI mice.

Results
AxDpatients have increased immunohistochemical expression of CD44

In the normal human brain, CD44 is expressed in fibrouspgl@nd subependymal astrocytes, areas
where namally GFAP is highly expressed and in AxD patientsyhere there are abundant Rosenthal
fibers and pathological astrocytes. In order to determine if Qdteinis elevated in expression in
patients as is its transcript #&sxD Tg mic€Hagemann et al., 20058)e conductedby an
immunohistochemtal analysis of CD44 expressiortwo AxD patients and two control patients using a
monoclonal antibody that recogrés all isoforms of the proteilVe first examined the subcortical white
matter and proximal cortex. In thentrol patient thewhite matter showed very light, diffuse
immunostaining of much of the white mattand was especially strong around blood vesdeiglA,
white arrow). Indivdual astrocytes (Fig 1C, black arr@my long, thin astrocytic processesuld be
distinguishedsomeextending into the adjoining cortex where there was little overall CD44 reactivity
(Fig 1Cwhite arrows. In comparison to control tisspie the AXDR239H @tient subcortical white
matter, there wasveryintense overallmmunostainingof the white matter that extended well into the

proximal cortex EiglB, D), unlike that of the control patient. Immunostainigs not ascribable to
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individual cells oreen blood vessels, except for occasional enlarged astrocytes which could be more
easilydistinguished in the proximal cortékig 1BandD). Immunostaining in AXD patient tissue was also
found greatlyincreased at the pial surface (Fig Iif)gomparisond controls FiglE). We next
examinedthe hippocampuswhere protoplasmicastrocytes express high legedf GFARNnd where in
autopsy tissue of AxD patients, there is extensive loss of CA1 n€liiamt al., 2010)In the control
patient, there was a thin band of intense CD44 immunoreactivity in the str. lac. FigilQ, arrowhead)
and diffuse overall immunostaining of the hillGgM DX &1 Af dzaé 0 S&aLISOALl f £ &
to what we observedn the control white matter. In théxD R416W hippocamptisere was intense

and greatly increased immunoreactivity to CD44 in the str. lac. mol., CAl and hilus @igwHead,
FNNRga | yR &l A WhoedlEoinpaheB GDUSpDoieih €xpréssinip Western blot in three
patients versus two controls, differences in CD44 expression levels were not apparem).(Figi¢ may
be due to degradation of tissue stored and fre¢rawed many times over long periods and also to the
fact thatwe attempted to isolate white matter which is often difficulin type Ipatientsbecause it is

degraded and substdially cavitated

CDA44 izlevated inat 2 and 4 weeks ih\xD Tg/KI mouse

We next examined total protein levels and the anatomic expression of Cdd iry/KI mouse
hippocampus at 2 and 4 weeks. Immunofluorescent expression @ fein the WT micewasstrictly
confinedto adistinct arc covering the str. lamol. and an immediately adjacent portion of the str.rad.
at both 2 (Fig 2A, left) and 4 wks (Fig 2B, left)At 2 weeks in th&g/Kimouse, arintenselyabnormal
expression patterof CD44can alreadyoe seenFig2A, right). The diffuse overall immunostaining of
WT str. lacmol. is gone and instead, many focal increases of CD44 immunivigacén be detected
throughout the str. lacmol. and extending into the proximal str. rad. and most of the str. rBgi 4
weeks, CD44 immunoreactivity exteridgo the entire str. rad. mol. and appears elevated throughout

the hippocampal layers we examed. Western blot analysief CD44 protein expression in the Tg/KI

N2
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mouse hippocampus at 2 and 4 weeks confirmed what we had found by immunofluoresEege)(
anddensitometic analysis demonstratedhat there was an approximateB:5-fold increase irtCD44 in

the Tg/KI hippocampus at 2 weekp < 0.05) and a greater thahfold increase at 4 weeks

(*** p<0.0005. Additionally, CD44 levels rose significantly in the Tg/KI hippocampus between 2 weeks
and 4 weeks (*p<0.05) where there was no significz® in CD44 in the WT hippocampus between

those two timepoints. Data are mean-standard error of mean (SEM) of 3 independent experiments.

Two way ANOVA with Tukey test; *p < 0.05, ***p < 0.0005, ****p < 0.00005

Comparison of CD4 and GFAP in all Axibem

Nextl examined CD44 in the hippocampi of Tg/KI mice at 4 weeks along with GFAP expression and
compared it to WT, Kl and Tg littermates (Fig 3). In line with previous réplagemann et al., 2006;
Messing, 1998)many astrocytes in the hippocampi in the Tg and Kl animals displayed high levels of
GFAP versus WFig 3EandH), although the GFAP+ agtiytes in both were less widely distributéhan

in the Tg/KI mice (Fig BKThe Tg/KI mice show very high levels of Gib44veekqFig3) and this
coincidedanatomicallywith areas ofincreased GFAP signal (FigaBid L). Astrocytes in the Kl and Tg
mice accumulated CD44 in the str. mol. and str. rad. édliately adjacent to the str. tamol., but to a
much lesser extent than in the Tg/KI m{gég D andG). In the 4 week Tg and Kl mice, reactike
astrocytes were observed mainly in the str..daml. (Fig EandH, arrows), similar to the pattern
observed in Tg/KI mice younger thanveekgSosunov et al., 2013)Thus, both the Tg and KI mice
showed pathological changes in expression of GFAP and CD44 sinhilarfés less severghan those

in the Tg/KI mice.

Heterogeneousexpressia of CD44 in Tg/KI mice occurs in GFAP positive astrocytes

Whilethe increased levels of GFAP immunostaining seemed to be coincident with increases seen in
CD44 in Kl, Tg and Tg/KI mice (Fiz’8hextexaminedmore closely 4 week oM/T and Tg/KI mice ifo

co-expression of these two proteins. At low magnificatidnyeek oldNT animals display a single swath



80

of intense diffuse CD44 immunoreactivity that covers the entire strnta., extendingnto the str. rad.
andthis cannot be ascribed to individuaells. At this same magnification in 4 week Tg/KI animals, many
individual astrocytes can be seen that display CD44 immunoreactivity around GFAP positive cells (Fig 4B
yellow arrowheady however, the immunostaining is heterogeneous from astrocytestooayte. Some
GFAP+ positive cells next to GFAP+/CD44+ cells show little or no detectable CD44u(kitg 4Bows.

We noted especially high signal for CD44 that was very closely associated with GFAP+ processes that
was not associated with a nucleumsthis merged stack (yellow arrowheads). We looked more closely at
CD44 in two week WT animals using higher magnification at the str.lac./str. mol. modiéound CD44
signal to be heterogeneous on WT astrocytes @isg 4C) Some astrocytes could mbserved with

diffuse membrane staining-{g 4C, yellowrrowhead) while others appeadto have no membrane

staining (white arrow Fig 4Chn addition to the GFAPprocesses, which appear to be extending from

the dentategyrus is als&€D44+it is likely that the WT expression of CD44 in the str. lac./str. rad. of the

hippocampus stems from astrocytes.

Aberrant CD44 immunostaining of astrocytes in 4 week old Tg/Kl animal

Astrocytes have many fine, intricate processes, which allow them to make conthaitiver cells. As a
plasma membrane protein, CD44 displays a diffuse and fluffy appearance when observed in the 4 week
str. lac-mol. by high magnification (Fig 4D). This is similar to Whlagerved on astrocytes in 2 week

old WT animals (Fig 4C). ¥ examined astrocytes at high magnification in the 4 week Tg/KIISLM

see what appears to be a reticulated expression of CD44 on membrimte WT, the staining looks
granular and fairly homogeneous, while in the/Klit looks less granular and metinear, with a lack of
immunostaining in between these short lines. This is similiéachangave observen other

astrocytic membrane proteins, Glast and-Glthatwe observed in thel'g/Klhippocampus of animals of

this age(Sosunov et al., 2013)Thusit appears that the plasma membrane of astrocytes is remarkably

different in the 4 week old Tg/Kl animal compared with WT animals.
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Hyaluronan accumulates Tg/KI mouse

Because CD44 the principal receptor for the extracellular matrix molecule hyaluroffuffo et al.,

1990) I next examined the distribution of hyaluronan in the hippocampus of the 2 and 4 week Tg/KI
mice and WT controls using a biotinylateghluronanbinding protein,and subsequentlyisualized
usingafluorescenty labeled streptavidin probe. We double stained these sections with an antibody to
CD44. The hyaluronan staining in WT animals at both 2 (Fig 5A) and 4 (Fig 5B) weeks of age was strictly
limited to the str. rad. and could also be observed above the pidaheell layer in the stratum oriens.

The str. lacmol. and str. mol. have a far lower hyaluronan signal than the str. rad. \Ndmwmpared

CD44 with hyaluronan in these same WT animals and merged the images (Fig 5A and Baotbm

the degree to with the two occupied separate but adjacent layers in the hippocampus was striking as
was the lack of immunoreactivity in the str. mol. (Fig 5B bottom). Thus, the hyaluronan binding protein
distribution did not match that of CD44 in the WT hippocampuscohirast, the hyaluronan staining in

the Tg/KI animals was visible throughout the hippocampus at both 2 weeks (Fig 5A) and 4 weeks (Fig 5B)
as was the distribution of CD4Z he pecificity of the biotinylated probe for hyaluronan was
demonstrated by treting a 4 week Tg/KI section with bovine testicular hyaluronanidase before
immunostaining with the biotinylated hyalurondsinding protein and streptaviditabeled fluorescent
secondary antibody (Fig 5C). Because AxD disease patients show pathologyi@tshgace] also
examined the pial surface of the cortex of 4 week Tg/KI mice and found increased expression of
hyaluronan here also (Fig 5D)he immunostain also shows far more GFAP in the upper cortical layers
in the Tg/Kl mouse. To quantitate tyesnan expression, optical density measures were taken and
found to be significantly increased in the total hippocampus of Tg/KI mice at 4 weeks GpF@ 5E)

and when optical density wagiantitatedby hippocampal layeryaluronan expression wdsund
significantly increased at 4 weeks in Tg/Kl animals in the str. Mi@=Q*7) and str. lac.*(p=0.035)

over WT counterparts (Fig 5G)
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AxD patient tissueshowsincreased immunohistochelical staining ofP-ERM

Because CD44 can associate with aatid the underlying cytoskeleton through interactions with
phosphorylated ERM proteinB-ERN), | wasnext interested in examining the expression of ERM
proteins in AXD patient tissue. Cortical sections that included underlying white matter of a R239H
patient and an agenatched control were examined (Fig 6). Hitssed an antibody that is reported to
recognize the total pool of ERM proteins, both phosphorylated andptwsphorylated, to examine the
white matter and adjacent cortex (Fig 6A and 6B). AX2 patient showetbtal ERMstaining insome
astrocyteg(Fig 6B white arrow$ and faint localization to RosentH#bers. The control patient showed
only staining of blood vessels (Fig 6A). Nesed an antibody fordERM that recognizes the activated
pool of ERM proteins to examine patient tissue. While there was no reactivite®®NP antibody in the
control cortex or white matter (Fig 6F) and none in AxD cortex (Fig 6G), AXD patient whiewaatt
positive forP-ERM (Fig 6C, D and E). Inpe#iserved portion of AXD patient white matter, there is an
increased overall staining forEPBRM (Fig 6C) and individual astrocytes can be seen with
immunoreactivityto P-ERM in their cell bodies (Fig,8hite arrows). In deeper, more pathological
white matter, where there is widespread loss of myelin, immunostaining of astrocytes is dramatic (Fig
6D and E). There are many streaks of relatively straight processes that are immunostain&tRidr P
and sane can be seen to localize to astrocytes (yellow arrowhead). In addition there are intensely

immunostained and unusualustersof Rosenthal fibers (red arrows).

Glioblastomas have high levels of immunoreactivitgzoin(Geiger et al., 2000)Accordinglyl
immunostained two serial sections of glioblastoma tissue #&RM (Fig 6H) and total ERM (Fig 61) as
positive controlsand fourd the necrotic core (g 6H, arrows) to be more reactive teHRM than total
ERM, demonstrating that increased reactivity shown by AxD tissue to-BiMPantibody versus total
ERM antibody by AxD tissuenigst likelya function of difference in affinitgf antibodies to antigens

and not a function of AxPathology
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ERM proteins are greatly increased in 1 year old KI mice

Given the increased expression of CD44 in patients and mice, the striking immunostaining of patient
tissue with PERM and the potentidbr CD44 and ERM proteins to interdicegg and Isacke, 1998;
Tsukita et al., 1994; Yonemura et al., 1998xamined several different genotypes of AxD mice for
expression of ERM. We used an advanced age for Tg and Kl mice, reasoning that the pathology may
be more severe with aging. In 1 year old WT mice exaddiéow magnification] observed a light,
diffuse overall immunostaining for-ERM (FigA). Howeeer, in the 1 year old Kl (Fig)7&d 9 month Tg
(Fig © there was intense focal immunoreactivity I8ERM in the str. rad. and the stratum oriens,
while the diffuse overall immunostaining observed in WT mice did einsto be present (Fig 7A and
B). In 1 month WT there was almost no detectablERM in contrast to the 1 year WT. Surprisingly, the
1 month old Tg/KIl mouse had less immunoreactivity-#6RFM than didboth the 1 year Kl and Trgice
There was less-BRM immunostaining than in theedyTg and Kl mice, but still above that for one
month WT, while there was the high immunoreactivity t&ERM in both Kl and Tg animalgurther
characterize ERM protein expressionith respect to CD44 and GFiRthe 1 year KI mouse. Wheare
co-immunostained forCD44and P-ERM CD44 expressiowasmore widespread (Fig 7F) and the two
proteins were variably coexpressed on the same ¢Elts 7G. Some cells were found to coexpress
CD44 and ERM(Fig 7G bottom panel, arroyvhilemany cells do not (§i7G top panel)l next ce
immunostained for GFAP aneBRM and founéhterestinglythat at least some of the abnormalERM
immunoreactivity was associated with GFAP positive cells (RIaadK, arrows). Notable and surprise
was the bizarre patterof RERM expression in relation to GFAP (Fig 7J and K). These immunostains
suggested the astrocyte membrane mayretacted. In order to determindf this was true, | nexto-
immunostainedhe Kimousehippocampuswvith P-ERM and5LTF1, an astroctytic meabranelocalized

glutamate transporter Ifound that cells witrabnormally close association betweesERM and GFAP
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did not showalteration inGLTF1 immunostaining. Thus, whileERM appears tbave lost its association

with the membranethe membrane isntact (Fig T).

Total moesin and totalezrin are dramatically increased in 1 year old KI mice amoesinco-localizes
with CD44

To try to gain insight on which of the three ERM proteinsaderrantlyassociated with GFAP positive
cells, | further characterized Kl mice for totakin(Fig 8) and totamnoesin(Fig 9) expression. Ezrin has
been found to be associated with fine astrocytic processes ensheathing syriBesesiche and
Frotscher, 2001) Given the morphological changes we observed in AxD astrocytes (Chapterd) Fig 2
(Sosunov et al., 2013)was interested in analyzimgmunofluorescenexpression of this membrane to
cytoskeletal linker protein in the AXD mge hippocampusWe foundezrinexpression increased in the
1 year old KI mouse (Fig 8B, bottoimdwever if tissue section were not treated with antigen retrieval
ezrinexpression was difficult to determine (Fig 8A) and therefore we didlatgrmine ifthere is coe
expression of this protein with CD44 (Fig 8A)-immunostainng with GFAP revealed some that some
ezrinimmunoreactivity was closely associated with GFAP+ processé@&B(Higttom), especially in the
stratum oriens (Fig 8B, bottomMoesinimmunostaining is also increased in comparison to(Aid 9A

and B) andnoesinand CD44 appear to have a high-erpression with cd44 (Fig 9A).

Discussion

In this chapter] used immunohistochemistry and &8tern blotanalysido study the expression and
distribution of CD44along with its ligandhyaluronan, and ERM pieins which are able to link marxgll
surface receptas, including CD44o the underlying cytoskeletonBecause the expression of these
proteins has never baecharacterizedn AxD patients or model mice, these findings are novel and some
are notable Firstl discovered that CD44 is increased in expressiohalCNSf AxDpatient tissue and
dramatically increased in the hippocampus of Tg/KI AxD nhigeted that this expression in the mouse

coincided spatially and temporally to increases in the levels of GFAP. Most reméafkably
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widespread increases in the amount of hyaluronan that was recognized by a biotinylated hyaluronan
binding protein Fially,| found in patient tissue and AxD 1 year old KI mice increasddinusual
expression oPhosphoERM proteingPERM). Further characterization of CD44 and ERM proteins

determined a high degree of dmmunostainingoetween cd44 andnoesin

High levés of Hyaluronanimmunostaining in Tg/KI mice

| found very high levels of hyaluronan immunostaining in both the 2 week and 4 week Tg/KI mouse.
While other AxXD model micand AxD patient tissudas not been stainetbr hyaluronan, the

overwhelming presereat both two weeks and four week$ age along with CD44, suggests that this
may be a significant finding. Hyaluronan serves as an organizer of the extracellular matrix in cartilage
(Knudson, 1993nd from experiments showingeurocanand chondroitin sulfate releasater

hyaluronanidase treatment, it appears toniction similarly irthe hippocampugForster et al., 2001)

CD44and hyaluronanalsofound together in demyelinating disorders

Type IAXDis a leukodystrophy. Infal{xDpatients have massive, frontal myelin loss and type Il

patients often have focal white matter lesions that would suggest myelin damage or loss that was not
able to be repaired. The mechanism by which a mutation in GFAP causes the de/dysmyelination in AxD
is entirely unknown. We found greatly increased expression of CD44 on astrocytes and a widespread
and significant increase in the CD44 ligand hyaluronan in the hippocampus of AxD Tg/KI mice and found
CD44 increased in AxD patient tissue (hyaluronan egfmesvas not assayed in patients). CD44 on
astrocyteg(Alldinger et al., 2000; Back et al., 2005; Buser et al., 2012; Cruz et al., 1986; Girgrah et al.,
1991; Haegel et al., 1993; Kim et al., 2084d, more recently, hyaluronan the surrounding ECNBack

et al., 2005; Buser et al., 2012; Sloane et al., 2B88¢ been noted in other diseases and disorders

where myelin is lost.
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The role for CD44 in astrocytes in conditions of demyelination has notdiaeidated. One author
hypothesized that the white matter injury itself may be the source of increased CD44 on astrocytes
(Alldinger et al., 2000drawing from a study that a found a 100kDa splice variant of CD44 on an
astrocytoma line could preferentially bind and internalimgelin basic proteinwhich in turn increased
the expression of CD44 on these c@svh et al., 1997) A Fceltlike role for astrocytes expressing the
v6 CD44 isoforms has also been propo@éaegel et al., 1993partially due to the fact that primary
astrocytes in culture stimulated with cytokines express the same v6 isoform of CD44 as xmaessed

by activated T cells.

Posttranshtional modifications are critical for the functioning of CD44 with respect to binding and
uptake of hyaluronan. We found that in human tissue cd44 was expressed at about 80 kDA and this did
not appear to vary between patient tissue and control tisslremice CD44 this was at a slightly lower
molecular weight than in humargat about 72kDa. In four week animals, two of three experiments

showed slightly higher MW for the Tg/KI mice od&D patienicontrols (only one shown).

CD44soforms

CD44mRNAcan be extensively processed to isofortasgerthan CD44sTreatment of rat primary

astrocytes with TNF alpha induces expression of the v6 isdidemgel et al., 1993)hich migrates

more slowly on aVedern blot than does CD44s.sAnentioned above, CD44 on oue¥tern blot

analysis of AxD patient tissue ran at about 80kDA and no larger isoforms were observed. In Tg/KI mouse
lysatesat both 2 weeks and weeks,the IM7 antibody, which reacts with the gppe of CD44 common

to all splice isoforms, also showed no evidence of more slowly migrating bataseverpbecause

these splice isoforms are likely expressed at lower lettedy, may not have been detectedVestern

blot of AXD and control patient isie showed no difference with respect@D44expression Thids
contradictory tomyimmunohistochemistrypf CD44, which showed a much higher presence of CD44 in

AxD tissue The IM7 antibodywe usedrequires nonreducing conditions, which may affect thbility to
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detect differentially postranslationally modified species of CD4dollectively, hese reasons further
supporta thorough biochemical analysis of CD4#ath mouseand human tissugincluding

immunoprecipitaton of CD44 to determiné alternates are expressed

Reactive astrocytes and CD44

The likelihood thaincreasedCD44 is specific to white matter disorders is unlikelys widely expressed
on reactive astrocytes in a range of CNS diseases and after injury, including as eadyday after LPS
induced inflammation and or middle cerebral artery occlugitamanian et al., 20123uggesting that

both the presence of cytokines and conditions of oxidative stoe$s/poxiaimpact its expression.

Along with increased levels of CD44dlso found profound changes in shape to these astrocytes.

Because CD44 particigatin a diverse number of events related to cell motitych as the extravasion

of leukocytesand migration of cancer cell@s reviewed by Marhaba and Zoller, 20@4)d participates

in both the etraction and extension of cell processes in migrafidarrero-Diaz et al., 2009}t is

possible that the increase in CD44 expression on these astrocytes mediates this shape change through

interactions with the underlying ECM.

In the four week old animadlnoticed that some of the highest levels of immunoreactivity to CD44 were
with GFAP+ prmesses that could not be traced to a perinuclear cell body within the infédgelB,

yellow arrowheads). This suggests these processes were distal from the cell body and possibly
extending. hoticed thatCD44 was much mordosely associated with the GFAprocessesn these

cells than in somether CD44+ cellssuggesting that the plasma membrane may be retracting into a
hypertrophied GFAP processwce versa. CD44 is expressed on cells transformed from an epithelial to
a mesenchymal phenotypavhere cells reexpress stem cell markefas reviewed by Marhaba and

Zoller, 2004) These cells may participate in the transformation of astrocytes to a reactive phenotype.

In cultured astrocytes cd4hyaluronan interactions induce Racl signaling and cytoskeleiediated



88

migration and this may be indicated these cells by the abundance of hyaluron{@ourguignon et al.,

2007)

It is also possible that the CD44 on these cells is inhibitory to proliferation. A subset of reactive
astrocytes in modelsfanjury and disease are able to prolifergtuffo et al., 2008; Guo et al., 2011;
Miyake et al., 1988) CD4ull NPCyperproliferate bothin vitroand in the subgranular zone of older
adult mice. It is possible tha€D44 serves as an inhibitory molecule ta@sgte proliferation, possibly

through interactions with hyaluronan.

In AXD, as in other conditions of reactive gliosis where CD44 is found on astrocytes, we do not know the
what role this membrane glycoprotein plays, however its abundant expressiofrAR @ astrocytes in

the hippocampus of these mice offers an opportunity for biochemical analysis of isoforms expressed,
posttranslational modifications and through €onmunoprecipitation assays the determination of
associated proteins. In other word&D mice present an opportunity to potentially elucidate the role

of CD44n reactive astrocytes.

Hyaluronan increase may have inhibitory effects on OPC differentiation and neurogenesis

The high levels of hyaluronan observed in AXD Tg/KI mice could fifecaigrto the pathology of AxD

with respect to myelination and deficits in memory and learning observed in the maédyssuronan or
hyaluronic acid (HA), is a very large glycosaminoglycan that consists of highly regular repeats of multiple
disaccharide nits of glucuronic acid and-acetylglucosaminéToole, 2004) It isproducedby

hyaluronan synthetases, HAS1, HAS2 and H¥86éh are located just under the plasma merabe of
cells(Luke and Prehm, 1999Hyaluronan usuly exists as a high molecular weight (250@00kDa),

and at thishigh molecular weighhas been demonstrated to initiate angiogenesis, motility of cells and

cell growth. Hyaluronan has a very short Hid.
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The mechanisms of hyaluronan signaling, synthesis, degradation and uptake are much better
understood in the priphery than in the CNS. For example, it is known that hyaluronan receptor for
endocytosis (HARE) and hyaluronanidases such as tHania&fl HY A2 are involved in uptake and
degradationof hyaluronanSampson et al., 1992; Weigel and Weigel, 2008Xhe CNS, where HARE is
not found (Weigel and Weigel, 2003} is hypothesized but not yet demonstratédtht uptake of
hyaluronan occurs through CD4dediatedinteractions on astrocytesThus, the impaired function of

astrocytes in AxD could impedeigtprocess.

Hyaluronan is highly expressed in the CNS in development and thought to provide a hydrated and
otherwisebeneficial environmenthat facilitates growth and migration of developing céBsgnami and
Asher, 1992) As rodents develop, hyaluronan expressabthe perinatal periodn the CNS declines
about the same time that vimentidecreasesGFAP expression increase®l myelination begins

(Bignami and Dahl, 1985)

¢CKSNB INB I ydzYoSNJ 2F daKel f dzr RKS N yadchange,inkl@liNg G K|y
RHAAM, C8Z, Hbp, IHABP4, TS&; LYVH, LEQas reviewed by Girish and Kemparaju, 200i)

addition, dher ECM proteins can adhere lyaluronansuch as versican, aggrecan, link protein,

brevican, neurocaandfibrinogen(as reviewed by Girish and Kemparaju, 200A}eractions of

hyaluranan with thesecomponents of ECvhay also have an effect in the Tg/KI hippocampus.

Interestingly, small, potentially more pathological LMW fragments of hyaluronan can be produced by
both hyaluronanidases and inflammatory events such reactive oxygen sg&gies et al., 1997;
Moseley et al., 1997; Sampson et al., 199%) these LMW fragments have been showpaaticipate in
signaling andyenerate a variety of cytokines, including monocyte chemoattractant pretgiMCPL)
(McKee et al., 1996Which was found highly upregulated in the Tg mice via microdkageman et

al., 2005)and thatl have found increased in AXD Tg/KI mice primary cultures (E. Guilfoyle, E. Hod
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unpublished data).Themolecular weight determinatiofior hyaluronan in the Tg/KlI hippocamphiave
not yet determined, therefore the edict of excess hyaluronan in the Tg/KI mouse hippocampus is

difficult to predict.

The aberrant presence of hyaluronan in AXD mice may have inhibitory effects on oligodendrocyte
precursor cell (OPC) proliferation and differentiation. Studies from two sépgroups studying
hyaluronan in the context of MS and animal demyelination have demonstrated that the presence of
hyaluronan is inhibitory to OPC differentiati¢®loane et al., 2010)While one group found HMW
hyaluronan preferentially inhibitory to OPCs, Sleamd colleagues, in a more extensive study, found
that LMW hyaluronan generated from HMW hyaluronan by hyaluronanidase expression on OPCs
inhibitory through interaction with TLR2 expressed by OPCs in MS lesions in conjunction with MyD88
(Sloane et al., 2010)This suggests several avenues of research with respect to the expression of
hyaluronan in AxD and its inhibitoeffects on OPCs. It may be mechanism for demyelination in AxD or

the inhibition of myelin repair.

The increase and aberrant localization of hyaluronan in AxD mice may also have effects on adult
neurogenesis. This may explain why older AXD model mice @éfisits in memory and learning
(Hagemann et al. unpublished results). The presence of hyaluronan in the adult dentate gyrus
subgranular zone has been shown to be necessamyaimtainNPCst a quiescent statéSu et al.,
2010) CD44 is expressed on neonatalérived NPC&Rampon et al., 2008%0 itmay be through
interactions with this receptor thanhibition takes place. CD44ull NPCs hypeagroliferate in vitro and
in the subgranular zone of older adult mice, giving rise ¢évaled numbers of doublecortin
mmunoreactive cells in this region. Atidnally, CD44ull mice have memory and learning deficits

which are consistent with abnormal neurogeng@si et al., 2010)It should be noted that the critical
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reference with respect to adulheurogenesis and cd4&u et al., 2010)as presented as a talk at

Society for Neuroscience in 2010 and doesappearto have been subsequently published.

There seem to be several ways pitide that the pathologyobserved with respect to hyaluronan and

CD44 might impact neurogenesis in the hippocampus of older KI or Tg mice. The abnormal presence of
hyaluronan in the hippocampus may inhibit differentiation of NPCs. On the other haral e have

not yet determined the molecular weight of the hyaluronan expressed in the hippocampus, it is possible
that it is ina smallel.MWform, possibly due to reactive oxygen species (ROS). In addition, in the
dentate gyrus, there is very severe4Zpathology in, presumably, astrocytéslifl not examine this

area closely). The presence of CD44 on astrocytes where they are not normally expressed could
interfere with the endogenous hyaluronan in the subgranular zgeiher by facilitating uptaker

aggregation of the moleculeCD44hyaluronan interactions with respect to NPCs in the adult

hippocampus presents an interesting area for further exploration.

CD44 and wnentin

Recently the hyaluronan binding domain of CD44 has been found able to interact with the head domain
of vimentin like GFAPatype Il intermediate filament protein and one found in increased levels in AxD
and the Tg/KI micéSosunov et al., 2013 well as in reactive astrocytes in many otheodilsrs. Cell
surface vimentin expressed by endothelial cells was demonstrated tosbinthleCD44 and the

interaction was suggested to be dird€tall et al., 2011) While there is no evidence to suggest CD44 is
shed by astrocytei AXD or model micejmentinwas foundsecretedby activated macrophages,
dependent upon phosphorylation of the protefMor-Vaknin et al., 2003and using mass

spectronetric, proteomic approaches, vimentin has also been identified as a protein found in the
conditioned media of astrocyte culturé¢&reco et al., 2010; Keene et al., 200Becausave found

vimentin to be increased in the Tg/KI mice in the samatomic regio as GFAP, and because vimentin

is upregulated in reactive astrocytes, it is worth furtirerestigationto determine if secreted vimentin
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may interact with CD44especially becaudais interaction may interfere with the uptake of hyaluronan

and/or blockCD44hyal signaling

Ezrin, radixin and moesin proteins and AxD

ERM proteins are broad family of proteins know to function in cell polarity, membrane trafficking and
cell motility. ERM proteins, in their phosphorylated state, link CD44 and manypi&sena membrane
proteins, such as ICAMs, to the underlyingracytoskeleton. Ein has been demonstrated to be
localized with actin in fine perisynaptic astracyirocessegDerouiche and Frotscherp@l) and ERM
proteins potentially link GLAST to the underlying cytoskeleton through interactions with NHE&d#-et

al., 2007a)

Unusual PERM immunostaining in patients and in 1 year old Kl mice

| found twointerestingpatterns of reactivity for ERM. In intact WMf the R239H patientFig 6C)l

found a striking increase via immunohistochemistry4BFM in AxD patient tissue (Fig 6A) argimilar
striking changén one year old KI migéig 7BK), but such dramatic changes iFBRM staining wernot
observed in the one month old Tg/KI mouse, suggesting these changes might occur with prolonged
accumulation of GFAP afud astrocyte reactivity.In order to better understand the-ERM
immunoreactivity | examinedissue from the one year Klioe with antibodies that react to the total

pool ofezrin (Fig 8 andmoesin(Fig 9).1 found a large increase in the expression of both proteins in
GFAP positive astrocytes in the 1 year old &lise,but the WT mouse showed little immunostaining for
either protein (Fig8Band9A). Wherl examinedCD44co-expressionwith these proteinsmoesin
appeared to colocalize with CB4o a greater extent than didzein. This may provide an additional clue

to CD44 function in the AXD mouse hippocampus.
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Ezrin

In human atrocytes, ezrin weakly staiperipheralprocessegGeiger et al., 2000)In rat, ezrin in
astrocytes has been found by electron microscopy to localize with actin to small processes associated
with synapseg¢Derouiche and Frotscher, 2001 ater studies demonstrated that ezrin and the
metabotropic glutamate receptors (mGIuRs) 3 and 5 are compartmentalized to these processes and
require phosphorylated ezrin for formation and motility and tiggutamate and glutamate analogues

induced rapid motility of these processes that is mediated by mGluRs 3 @adialle et al., 2011)

There are sparse reports of increased ERM protein expression in reactive astrocytes, rervieve

expression had been documented in @sigition with neuronal death inerebral HIV infectio(Geiger et

al., 2006) In this study, reactive astrocytes, as assessed by increased staining of GFAP, were found in all
patients, however only inase of encephalopathy was ezrin increased. Additionally in cases where

neuronal apoptosis could be detected, ezrin immunoreactivity was hidfBsiger et al., 2006)

Moesin

In human tissue, expression of moesin has been found in both normal antive astrocytes, and in
both its staining is distinct from that of ezrin in that it resides mainly in the cytoplasm of the cell body
and extends into processéStemmerRachamimov et al., 19970ur human tissue immunostaining
pattern for RERM was just this, so it is possible that arepreferentially observing expression of
phosphormoesinhere. Moesin has beentiod to be strongly expressed in human tissue by pyramidal
neurons of the hippocampustemmerRachamimov et al., 1997and is alsthe dominant ERM protein
expressed by cultured differentiated hippocampal neur@ienn et al., 2002)Moesin is phosphorylated
by PKC and Rho A in response to glutanaad has been found important to the formation of new

filopodia in dendrites in prasynaptic active boutongim et al., 2010)



94

ERM proteins are very similar in structure, but moesin is unique in that has fewer amino acids than do
ezrin and radixin so it migrates at a unique length than do ezrin and radixin, which areafou@dkDa

on SDS gels. Moesin, unlike ezrin and radixin, shows a striking resistance to-Geddiated
proteolysis(Shcherbina et al., 1999)hisattribute is thought important to its role as th@ajor ERM

protein expressed in lymphocytes and blood cells which haveeactilcium signaling mechanisms
(Shcherbina et al., 1998nd may be the reason it is expressed preferentially on pyramidal neurons.
Interestingly, calciuamediated cleavage of GFAP, via Calpain, generates a species of the protein which
migrates at 23 kDa less than the intaprotein, which migrates at ~50 kDa. QMestern blotanalysis

of GFAP using a rabbit polyclonal antibody shows a significant band that migrated at this approximate
MW in Tg/Kl mice, but not at all in WT mice (Fig 1). We also obtained this faster mgigra8kDa band

for Tg/KI hippocampus, but not WT using a separate mouse monoclonal antibody.

Also of note regarding ERM proteins, overexpression of moesin and ezrin has been found to disrupt
stable microtubule formation involved with vesicle and cytdeta trafficking in retroviral infection
(Haedicke et al., 2008; Naghavi et al., 20@nd this is interesting with respect to the microtubule
disruptionl observed in Tg mouse primary astrocytes. We did not examtBRN expression with

respect to microtubules in culture.



Chapter3: Figures

Figure 1. CD44expressionin AxDpatient tissue by immunohistochemistrand Western blot
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Immunohistochemistry of R239H AxD patient saintical white matter and adjoining cortex-{3).
(A-B)Low magnification ofA) control patient shows diffuse immunostaining throughout the white
matter with especially heavy staining around large blood Vegs¢hite arrow) and no visible
immunostaining, at this low magnification, of adjoining cortex (black arrow), (B)l&xD patient

shows high immunoreactivity to CD44 in white matter and immunostaining also into the adjoining
cortex (black arrow)(GD) Higher magnification images show(id)control that there is light diffuse
immunostaining of much of the white matter. Individual astrocytes can be detected in the white matter
(black arrow) and long, linear and thin astrocytic processes extend iatadfoining cortex (white
arrows). Thin astrocyte processes cannot be observed ir{f@hAxD patient and individual cell that
appear to be CD44+ reactive astrocytes can only be observed in the adjoining cortex (black arrow).
(EF)Pial surface ofE)control patient tissue shows light immunostaining only at the pial surface (black
arrows), while(F)AxD patient shows heavy immunostaining for CD44 into lower layers of the cortex
(black arrows).(G-H) Low magnification of the hippocampus-tG showgG)control patient with a thin
band of intense CD44 reactivity in the str. lacr¢whead and diffuse immunostaining of the hilus (as
marked). The CA1 can be observed (black arrow) with faint immunostaining in contrast to that of the
str. lac. (H) At the left AXD R416W patient showgseatly increaseimmunoreactivityto CD44in the str.

lac. (arrovhead but far more CD44 in the CA1 sector of the str. rad. (black aaod/hilus (I) Western



97

blot analysis of CD44 in two controls and three pzabents with tissues taken from neocortex and
white matter were assessed for expression of CD44 and found to be roughly &a&RBDH is shown as

a loading control. 20ug total protein.



Figure 2. CDA44 is increased in hippocampus of AXD Tg/KI mouseaaic?4 weeks
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Confocal images of CD44 immunofluoresceind@)2 week andB)4 week hippocampus of Tg/KI and

WT mice.(C)Western blot analysis of CD44 protein in hippocampi of 2 week and 4 week WT and Tg/KI
mice. GAPDH is assessed as a loading con@ak of threendependent experiments are shown.
(D)Quantification of optical density of CD44 band®\iastern blotshows a significant increase of CD44
expression of Tg/Kl mice 2tweeks(*p=0.025)and4 weeks ohge(**p=0.00037). Data are mean +/
standard error of mean (SEM) of 3 independent experiments. Two way ANOVA with Tukey test; *p <

0.05, ***p < 0.0005, ****p < 0.00005
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Figure 3. Immunohistochemical profile of CD44 and GFAP in hippocamyfues! AXD model mice at
4 weeks

CD44 GFAP DAPI MERGE

CA1 Str. rad.

Str. lac.-mol.

Str. mol.

Kl

Tg/KI

Immunofluorescence for CD44 (red) and GFAP (green) in the 4 week WT, Kl, Tg and Tg/Kl mice. WT

animals {op panels AB, G show normal distribution and labeling pattern of CD44 and GFAP in the

hippocampus. CD44 in (A) is lopedl toa distinct arc centering on thstr. lac-mol. and GFAP

immunostaining (B) is also higher in in this area where there are abundant blood vessels surrounded by

GFAP positive endfeet. Increased immunostaining for both GFAP and CD44 occursnmotieeKI
(panelsD, E, Fand merged imagd- shows that these increase are coincident and occur in botlstthe
lac-mol. (arrow, E) and the adjoining str. mol. The TG mouse (paBeld, } shows similar increases in

str. lac-mol. GFAP (white arrow,)lthat coincides with increases with CD44. The most sevaffdgted
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of the AxD mice, th&g/K| is shown in panels dottom (J, K, Lwhere GFAP immunoreactivit) s
greatly increased beyond trstr. lac-mol. and into the str. rad. (white arrovk) where CD44 is also

greatly increased. Merged stack confocal images.



Figure 4. CDA44 is increased heterogeneously by a subset of GFAP positive astsocy
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Immunofluorescenexpression of CD44 WTand Tg/KI hippocampus at 4 week®) WT. CD44s

localzed toadistinctdiffusearcof reactivitycentering on thestr. lac-mol. Individual cellsannot be
detectedat this magnification.(B)Individual CD44cellscan be distinguishenh Tg/KI hippocampus
wherethey are associated witbnlarged GFAPastocytes. CD44 can be localized to some, but not all,
individual astrocytes- some cells have greater expression while others appear to express far less or
none at all (white arrows). (C) Immunofluorescence of adificenhanced CD44 expressiandbeJ)

shows that 2 week WT astrocytes in the str. mol. layer of CD44 appear to express low levels of CD44 that
is also heterogeneous. Images at right are higher magnification of boxed selection in images at left.
CD44/GFAR astrocyteis seen (yellow aowhead)while GFAP astrocytewithout CD44 expressiaos in

the nearby str. mol. (white arrow)Note the long, radial GFAP process that is CD44 positive extending
from dentate gyrus. CD44 expression (green) is more diffuse around GFAP positiy®)cEligh
magnificationsingle Zseriesimage of 4 week WT and Tg/KI str. daml. astrocytes. CD44 reactivity in

WT animal (top) appears bushy and diffuse and surrounds a GFAP (blue) positive astrocyte (arrow). In
lower panel Tg/Kl astrocyte (arrow) hakeger GFAP positive cell body (blue) and thicker proximal

processes along with an altered, more lin€d44mmunoreactivity Single Zeries images.
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Figure 5. Hyaluronan is increaseth AXD Tg/KI mice at 2 and 4 weeks
A.
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Hyaluronan Optical Density
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Reactivity to a streptaviditabeled probe to biotinylated hyaluronan binding protein (HABP) is shown in
green. (A,B) Double immunofluorescence for HABP and CD44 (red) in WT and Tg/KI mice at both 2
weeks (A) and 4 weeks (B). Specificity of staining is shown by hyaluronaniddse &ed untreated

sections from 4 week Tg/KI mice (C). Double immunofluorescence for HABP and GFAP (red) in the
cortex and pial surface of 4 week Tg/Kl and WT mice shows higher levels of GFAP and increased binding
of HABP at the neocortical pial surfamfeTg/KI mice. Optical density of overall immunofluorescence in
(E)hippocampus (*p=0.035gnd of hippocampal layers &F)2 weeks andG)4 weeks (* p=0.042:*p

=.007) (G)Data are mean +/standard error of mean (SEM) of 3 independent experimeilitgo way
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ANOVA with Tukey test; *p < 0.05, **¥0.0005, ****p < 0.00005Data are mean +/standard error of
mean (SEM) of 3 independent experiments. Two way ANOVA with Tukey test; *p < 0.080*G05,

*ek) < 0,00005.
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Figure 6. Immunohistochemichexpression oERM proteirs inAxD patient tissue
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TotaltERM (AB) in the white matter and adjacent cortex of control (A) and R239H AxD patient.(B).
Astrocytes in AxD patient shows accumulation of ERM (white arrows) while control (A) shows reactivity
only in blood vessels.-PRM (€5) in sukcortical whie matter of AxD R239H patient (FiEY; control

cortex and white matter border(F) and R239H cortex (G). (C) Less affected white matter of R239H shows
astrocytes with FERM reactivity in the cell body (arrows, C). Boxed image in (D) is shown at higher
maghnification in (E) where white arrows mark 2 of many astrocytes whose cell bodies are filled with P
ERM immunoreactivity. Astrocyte marked with white arrow on right shows long straight astrocyte
process extending from cell body of the astrocyte (yellomahead). Similar processes appear
throughout the white matter.Red arrows point to unusugkrinuclearbundles of Rosenthal fibers
surrounded by FERM reactivity. No immunoreactivity teHRM is shown in control white matter and
adjacent cortical sean (F) or in R239H patient cortex (G). GlioblastomB gdctions are positive

controls for PERM (H) and Total ERM (I).
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Immunofluorescentexpressionprofile of PERM in AXD mice

A. B. C.
WT 1 year Kl 1 year Tg 9 months

WT 4 weeks Te /Kl 4 weeks

P-ERM Nissl
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GFAP P-ERM Nissl

Kl 1 year

L. P-ERM GLT-1 GFAP
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P-ERMimmunofluorescenexpression irfA) 1 year WiI(B) 1 year KI(C)9 month Tg(D)4 week WT and
(E)4 week Tg/KI. ERM expression is increased in #rerad and stratum oriens of 1 year Kl and 1 year
Tg mice and to a lesser extent in the 4 week Tg/KI mo(l5eCD4 and PERM ceexpression ints. rad

and stratum oriens of 1 year KI mic@)Highermagnification of CD44 andERM ceexpression irstr.

rad. of 1 year old KI mice sholwsterogeneity in cdocalization of CD44 andERM. The top panel

shows littlecolocalization betweesomecells wih high reactiity to P-ERM and CD44, while lower

panel shows a cell with high coreactivity to antibodies for both protefrtl) Colocalization of ERM

with GFAP in WT and Kl animals demonstrttasaberrant RERM expression in KI animadk]is
associated with GFAP positive cells (arrdwe/T shows little ERM expressioj. Calocalization in Kl
animal of PERM, membrane protein GliTand GFARY in a single optical slice demonstrates that while
P-ERM expression is aberratite astrocyte membrane does not appear to be completely retracted as is

P-ERM expression in this cell.
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Figure 8 Immunofluorescent expressioprofile of total ezrinin 1 year old KI mouse

A. Ezrin CD44 Nissl MERGE

Kl 1 year Kl 1 year Kl 1 year

B. Ezrin GFAP Nissl MERGE
WT 1 vyear WT 1vyear WT 1year

Immunofluorescence of ezrin in 1 year old KI mouse CAnmunofluorescence aézrinwith CD44 in

the 1 year KI mousgemonstrates more overall immunostaining for CD44 than ezrin. Coexpression of

proteins is not apparent in cells highly reactive to CD@)Coimmunofluorescence aézrinwith GFAP
in 1 yea old WT(top panel)and 1 year Kihouse (bottom panel¥hows ceexpressiorin some cells ot

year old KI mouse (right panel)here is little reactivity t@zrin in 1 year WT mice (lefianel).



Figure 9 Immunofluorescent expressioprofile of total moesin in 1 year old KI mouse

A. Moesin Nissl CD44 Nissl MERGE
WT 1year WT 1year WT 1vyear

Kl 1 year Kl 1 year Kl 1 year

B. Moesin Nissl GFAP Nissl MERGE
WT 1vyear

Kl 1 year Kl 1 year
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C. Moesin Nissl CD44 Nissl MERGE
Kl T year Kl 1 year Kl 1year

Immunofluorescent expresmn of moesin in 1 year old Wand Kl hippocampus. @B

immunofluorescence of moesin with CD44 and Kl mouse is sh¢@nHigher magnificationWT mice

show littlemoesin reactivity. Highrimunoreactivity to CD44 in KI mouse appears to be coincident in

many cells with the expression of moesin. Most cells that are brightly immunostained with CD44 also
show some expression of moesin. An exception is noted in higher magnification image@&mo{Q).
Coimmunofluorescence of moesin with GFAP in 1 year old WT and KI mice (B). WT animals shows little
expression of moesin, while Kl animals show in WT animals while KI animals show a much higher

immunoreactivity that, especially in the stratuoniens, coincides with GFAP positive cells.
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Chapter 4
A brief histochemical analysis of Iron, ferritin,

ceruloplasmin and ferroportin irthe Alexander diseas€&€NS
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Introduction

Iron, the 23" element of the Periodic table, is necessary for the growth and survival of almost every
organism. Thid-block transition element can exist in oxidation states ranging fidto +6, by

participating in electron transfer reactions, but in biological egst these states are limited to the

ferrous (Fe2+), ferric (Fe3+) and ferryl (Fe4+) states and in this work | will only discuss Fe2+ and Fe3+.
The interconversion of oxidation states allows iron to reversibly bind ligands, through its unocdupied
orbitals, and its preferred ligands are oxygen, nitrogen and sulfur. These properties make this metal an
essential cofactor and wedluited to participate in generally three types of reactignsxygen transport

and storage, electron transfer and substrate oxidatreduction (redox)as reviewed by Beard, 2001)

In the CNS, iron participates in the control of many metabolic signaling pathways includimgti@spi
myelination and neurotransmitter synthegias reviewed by Beard, 2001; Crichton et al., 2011,
Richardson et al., 2010; Todorich et al., 200Bhe same properties that allow iron to drive eglectron
NEIFOGA2yas faz2 3IABS ANRY (KS cladyspeded that iagan 3 Sy S NI (i
unoccupied electron orbital and is thus able to exist on its ¢aareviewed by Halliwell, 1992Radicals
derived from oxygen are called reactive oxygen species (RD&3e, irorderived and not, are

generated constantly in cells dyproducts of normal metabolic processes and are effectively

O

a0l gSy3aISR o8& | Sttt Qa LiKarksktalf, 208PA\@Alkofet al., gab5) 2 EA R y (i
Disrupted iron homeostasis can cause excedR& which may overpower antioxidant defenses,

causing oxidative stress and damage to DNA, lipids and prdssnsviewed by Valko et al., 2005)

InChaptedz L RA&0dza2aSR K2g CSob ANRY ¢l a4 TFTa@embéRnoe Y2
astrocytes of the olfactory bulb and hippocampus in AxD KI and Tg mice; this was also found true for

ferritin by immunostainingHagemann et al., 2006; Hagemann et al., 2005; Hagemann et al., 264r2)

and ferritin are found prevalently in oligodendrocytes in the normal b¢agreviewed by Connor and

Menzies, 1996) Microglia accumulate iron and ferritin when iron is released under pathological

S

R
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circumstances such as cerebral hemorrhage, hypisgil@emia and M8ishop and Robinson, 2001;
LeVine, 1997; Wu et al., 2003y herefore, iron accumulation in astrocytes in AXD mice is abnormal and

suggests that iron metabolism is misregulated in th&@RNAXD mice.

This is interesting with respect to AxD pathogenesis for several reasons. First, because astrocytes
express proteins that allow transport of iron into and out of cells and make contact with endothelial
cells of the blood vessels, througthieh the vast majority of iron enters the CNS, it has been
hypothesized that astrocytes play a role in the distribution of iron from blood vessels into the brain
(Dringen et al., 2007; Jeong and David, 2006)his is true, then accumulation of iron in astrocytes

might suggest that distribution of iron to other cells in the CNS magnme way be impaired.

Secondiron is critical to myelinatiofas reviewed by Todorich et al., 2008hd in AXD myelination is
severely impacted. As reviewed@mapter 1type | AxD is a leukodystrophy and children suffer
extensive frontal de/dysmyelination while type Il patients show areas of focal demjielh suggestive
of a defect in the ability of these cells to remyeliné®ust et al., 2011) Accordingly, the accumulation
of iron in AxD astrocytes may represent impaired iron efflux from these cells,irggulia deficiency in
the extracellular supply of iron for use by oligodendrocytes and therefore which might impact

myelination and remyelination.

Finally, because iron &sweltknown initiator of RO&as reviewed by Valko et al., 20083 increase in

astrocytes might deplete them of antioxidant defense mechanisms ultimately producing oxidative

damage to DNA, as well as lipids and proteins. Transition mmetdiated oxidative stress is

KeLRGKS&aAT SR G2 LIXlLeé I NRtS Ay &aSOSNIf ySdzZNPRS3ISy
Amyotrophic lateral sclerosiaceruloplasminemia and Alzheimer diseéaereviewed by Carri et al.,

2003; Crichton et al., 2011; Kono, 2012; Rouault and Cooperman, @0063s discussed @hapter 1

there are multiple indications of oxidative stress or an oxidative stress response in AXD patients
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(Castellani et al., 1998; Castellani et al., 198%P model micand primary cell§Cho and Messing,

2009; Hagemann et al., 2006; Hagemann et al., 2005; Hagemann et al.aR@12yD model drosophila
(Wang et al., 2011)If there is evidence of iron accumulation in astrocytes of AxD patients, as there is in
model mice, it could present a plausible hypothesis about howinediated oxidative stress may
exacerbatehe proteasomal inhibition known in AxD astrocytes , deplete astrocytes of endogenous
antioxidant defenses and activate multiple signaling cascades . This could ultimately impede their ability

to maintain a hospitable environment for oligodendrocytes aednons.

Iron metabolism

Iron metabolism in the periphery

Mammals obtain iron from their diegndtherefore many of the mechanisms of iron uptake from the
gut and its subsequent transport to blood serum and use by individual cells have been well
characterized. The protecoupleddivalent metal transporter 1 (DMT1) transports Fe2+ iron from the
apicalmembrane of duodenal enterocytes in the intestine into the lumen of these cells after it has first
been reduced to Fe2+ lilge duodenal cytochrome b reductase (Dcyih3 reviewed by Wang and
Pantopoulos, 2011)Iron not utilized by these cells is either €drin the iron storage protein, ferritin,

or exported to the plasma from the basolateral membrane by the iron efflux transporter ferroportin 1
(FPN1) (previously known at DCT1 or NrangpBpoud and Haile, 2000; Donovan et al., 2000; McKie et
al., 2000) As iron exits the cell it most likely oxidized by hephaestin, a memitramed ferroxidase
closely associated with and important for FRiN&diated Fe2+ exit from cel{Ponovan et al., 2000;
Kaplan and Kushner, 2000; McKie et al., 2000; Vulpe et al., 1996t alel?009) In the plasma, an
excess of high affinityransferrin, mediates Fe3+ transport, but also cdnites to the health of the

organism by keeping iron bound in a nmactive state.
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The transferrincycle

Many cells outside of the CNS obtain iron from the transferrin cygB](as reviewed by Wang and
Pantopoulos, 2011)Transferrin bound to Fe3+ (hetoansferrin) in the plasma binds with high affinity

to the transferrin receptor (TfR1) expressed on the surface of cells. The transferrin and receptor
complex is endocytosed in clathrin coated pits and transported to endosomes, which are acidified by a
proton pump triggering the release of iron from the transfefraceptor complex. Fe3+ ironis

converted to soluble Fe2+ iron by a ferrireductase such as STEAP3 and transported from the endosome
to the cytosol via DMT1, which takes on a second role in ssatiein transport of Fe2+ iron from the
endosome. Without iron, TfR1 and transferrin dissociate and transferrin is recycled to the plasma while

TfR1 remins on the cell surfac@@s reviewed by Wang and Pantopoulos, 2011)

Brainiron metabolism

While some mechanisms of uptake and delivery of iron in the CNS are similar to that in the periphery,
many of the specifics of brain iron metabolism are unique and others have yet to be uncovered.
Transferrinbound iron in the plasma travels into the bb@essels of the brain. Here, the blood brain
barrier (BBB) consisting of blood vessel endothelial cells (BVECS) in contact with pericytes and astrocyte
endfeet(as reviewed by Moos et al., 20Qafevents plasma, transferrin and many other molecules from
freely entering the brain. While all BVECs have bdtiminal and abluminal membrane, only BVECs of
the blood brain barrier have polarity in their protein expression, induced by the contact of the endfeet
of astrocytes with these cellas reviewed by Abbott et al., 20067 frl is found on the luminal
membrane(as reviewed by Bradbur$997; Moos and Morgan, 20Q0)hich is exposed to plasma,

while the abluminal membrane of BVECs are covered by astrocyte endfeet, brain interstitial fluid and in
some cases neuronpltocessegas reviewed by Rouault and Cooperman, 2006)beled transferrin

receptor isendocytosed by BVECSs but very little radiolabeled transferrin or its receptor subsequently
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enter the CN$Gosk et al., 2004; Moos and Morgan, 200Apotransferrin is recycled to the blood,

while iron isleft within endothelial cells.

The mechanism by which iron leaves the endosome and subsequently enters the CNS is uncertain
because DMT1, crucial for the transferrin cycle and for endosomal export of iron, is not found in BVECs
in the rat, but is insteatias been found both by immunohistochemistry and by electron microcopy on

astrocytic processes where the cells make contact with BV®@/ang et al., 2002)

Within the CNS indications are that iron exceeds the binding capacity at of transferrin, so that some of it
in a nontransferin bound form(Moos and Morgan, 1998, 20Q0Yhought on how notransferrin
bound iron exits endosomes or BVECs and moves within the CNS to cells varies widely and has not yet

been demonstratedConnor, 2002; Moos et al., 2007; Rouault and Cooperman, 2006)

In addtion to the iron derived from the vasculature, functional studies using radiolabeled iron injected
into hypotransferrinemia mice have demonstrated that a small amount of iron in the CNS is derived
from the cerebrospinal fluid (CSF), but that transferrindsnecessary for this uptake, which occurs via

the choroid plexus. Transfer of radiolabeled iron emanating from CSF, however, is low and the diffusion

rate limited, reaching only the nearest celldoos, 1996; Ueda et al., 1993)

Iron levels in the CNS during development

The level of iron taken into the normal brain changes drtically during development and varies within
region and cell type. In the rat cerebellum pons and cortex, iron, transferrin and ferritin levels are
higher at birth than at any other tim@Roskams and Connor, 1994)jhese levels decrease until day 17
when ferritin and total iron begin to rise, but transferrin levels remain const@oskams and Connor,

1994) The high levels of iron at birth may be explained by iron that reaches the CNS before the BBB is
formed. Indeed, in the developing brain, amabaeells, resembling macrophages, stain with high levels

of iron (Connor et al., 1995; LeVine and Goldman, 1988j)e midbrain region, which includes the iron
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rich regions such as the globus pallidsisbstantia nigra, and red nucleus, has consistently high levels of

iron, ferritin and transferrin at all aggRoskams and Connor, 1994)

Peak Iron influx coincides with the period of myelination

{GdzZRASE o0& /2yy2NRa 3INRdzZLJ FAYR GKIFdG ¢FNm fS@Sta S
development and are highest at P{Bosk et al., 2004; Moos and Morgan, 20@thich coincides with

the peak period of myelination in the rodent. Levels of radiolabeled Trfl antibody (OX26) injected into

rats were twice that at 15 days postnatal (P15) than at postnatal dB@)) &nd this is twice that than in

adults (P70fMoos and Morgan, 2001) On one hand this might suggest that high uptake of iron into

endothelial cells coincides with a high need of iron for myelination or because transferrin receptor is
upregulated in the brains of rats fed a low iron di€hen et al., 1995put it might also suggest

transferrin receptor upregulation at this age is due to the decreases in iron from levels found at birth.

Lewels of radiolabeled OX26 did not change between iron deficient and sufficient rats at P15 and the

authors suggest this may be due to the receptor expression having reached a capacity during this period

of myelination(Moos and Morgan, 2001)

Iron in oligodendrocytes and its importance to myelination

Iron is eetected by MRI and subcellular fractionation at higher levels in the white matter than it is in grey
matter (Curnes et al., 1988; Rajan et al., 19&6)d within the white matter oligodendrocytes

consistently stain strongest for iron in humai@onnor et al., 1990; Dwork et al., 1988; Morrisiet

1992) rats(Benkovic and Connor, 199)d mice(LeVine, 1991)Iron is essential to thenset and
maintenance of myeliiConnor, 1994; Connor and Menzies, 1996; Todorich et al., 280@)drich

cellular organelle of oligodendrocytes that enable these cells to ensheath axons providing greatly

increased conduction of electrical impulgéemke, 1992)
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While iron is important to any cell, it is especially so to oligodendrocytes in order to meet the high
metabolic demands required to establish and maintairdigid cholesteretich membrane sheaths that
can sometimes outweigh their cell bodies by 100 {dfiggins et al., 1974)lroncontaining enzymes
important to metabolism and biosynthesis such as glugdpbosphate dehydrogenase, dioxygenase,
succinic dehydrogenase, NADH dehydrogenasedtandytochrome oxidase system are all elevated in
oligodendrocytes compared to other cells in the GR&mmer, 1984) Additionally HMEGCoA reductase,
which catalyzes the NADRigpendent reduction of HM@&O0A to mevalonate, the first committed
reaction and a major regulatory step in cholesterol synthesis, is also enrichbgddendrocytes

(Pleasure et al., 1984)

The labeling of iron and myelin proteins in oligodendrocytes in the developing brain suggests that the
appearanceoNR Yy AYYSRAI (St & LINBOSRSa 3ISySara 2F YeStAayo
developing brain find iroipositive patches surrounding blood vesg@sirdo et al., 1999) These same

areas around blood vessels are where focalized areas of myelinogenesis octggluisecond post

natal week(as reviewed by Connor and Menzies, 1996)

Iron deficiency causes hypomiigation and impacts OPC proliferation

Chronic severe iron deficiency in rats induced through maternal iron deprivation between gestational
day 5 through weaning produces hypomyelination in 25 day old(@tisz et al., 2004; Wu et al., 2008)

in the subcortical white matter but ndhe hippocampus, and these mice also have behavioral
impairments in surface righting reflex, negative geotaxis reflex, vibrsgaked forelimb placing test

and novel object recognition tagkVu et al., 2008) A less severe course of iron deptiva can also
negatively impact myelination. Both preeaning (postnatal days#2 or 421) and postweaning
(postnatal days 263) iron deprivation in rats causes myelin deficiency in the cerebrum and hindbrain

(Beard et al., 2003)
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Using this same model of maternal iron deprivation as described abovieprgicarsor cells in the

developing spinal cord and corpus callosum were assessed for proliferation by measuring the number of
cells positive for the glial precursor cell marker A2B5 and for BrdU incorporation, which had been
injected into the mothers. Aémbryonic day 17 (E17) there were significantly higher numbers of these
cells in the iron deprived pups in all areas of the brain assessed, including the spinal cord and corpus
callosum. The same rats were assessed at P7 and P14 for GalC expressiker afmature
oligodendrocytegMorath and MayetProschel, 2002) While therewere fewer GalC+ cells in the spinal

cord, surprisingly, at P7 and P14 there we#®Il8l and 1.5fold more of these cells in the corpus

callosum. This result suggests that iron has both a regional and developmental impact on myelination.

In vitro, iron hasalso been found to impact oligodendrocyte precursor cell (OPC) proliferation. The
oligodendrocyte line cell ONR3 is inhibited from proliferating by both Ferric and Ferrous iron chelators,
and the application of excess ferric ammonium citrate (FAC) pte\be inhibition of proliferation by

the Fe3+ iron chelator deferoxamiifelohnholt et al., 2010; Morath and May®roschel, 2001)

Astrocytes and iron metabolism

Because astrocytes make contact with endothelial cells where iron enters the(Braghtman and

Reese, 1969; Kacem et al., 1998has been hypothesized that astrocytes play a role in brain iron

uptake. Electron microscopy has confirmed the immunohistochemical expression of DMT1 in astrocytic
LINEOSaasSa d SYyRTSSU o6KSNB (KSegBuxbd&., 200, Wahg6ti ¢ A 0 K
al., 2002) However, by immunohistochemistry, transferrin receptor has not been found in these cells in

the rodent brain(Giometto et al., 1990; Moos, 1996) human brain, although transferrin receptor is

expressed by primary rat astrocytes in cultg@ian et al., 1999) These results suggest astrocytes in

vivo are capable of uptake of Fe2+ via DMT1, but not transteound iron, however may be induced

to do so under conitions of stress.
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Conner et al. examined munohistochemical expression of iron, transferrin and ferritin in the adult
brain and found that while the majority of iron, ferritin and transferrin was found in oligodendrocytes in
all areas of the brain, a beet of astrocytes were positive for iron, ferritin and transferrin in several
subcortical regions examined, including the basal ganglia, striatum, hippocampus and an\godalar

et al., 1990) In the aging kain, however transferrin expression was routinely seen in white matter
astrocytes, while its expression was unchanged in the grey matter. Transferrin mRNA is expressed in
cultured astrocytegEspinosa de los Monteros et al., 1998) this expression may be due to gene

activation later in life in these cells.

Iron efflux fromastrocytes

FPN1, the only known transporter for iron effl{iMcKie and Barlow, 2004has been found in priary

rat astrocytes, C6 cells and rat astrocytes in y&ardo et al., 2001; Jeong and David, 2QG08) primary
astrocytes from the mouse express mRNA for FEEAng and David, 2003FPNL1 is stabilized on the

cell surface of rat C6 glioma cells by expression of the ferroxidase, ceruloplasmiDg Cmmenico et

al., 2007) In the human brain mRNA for Cp has been found localized specifically to a subpopulation of
astrocytes surrounding the brain microvasculature andaunding dopaminergic neurons in the

substantia nigrdKlomp and Gitlin, 1996)

Interestingly, FPN1 expression in astrocytes has been found importaeitripetination. Knockout of
FPN1 specifically in astrocytes, by crossing mice expressing tomimdfearible Cre driven from the
GLAST promoter (GLAST::CreERT2) with ferroportin floxed mid&/{P{pfor five days in post
weanlings and then administeg the focal demyelinating agent lysophosphatidylcholine, was
demonstrated to decrease the subsequent remyelination of FPN1 KO mice versus that in ¢Sotralg

et al., 2012) Immunostaining of the tissue found cells positive for both Olig2 and proliferation marker

YLct 68NB aA3dyATAOLYy(Gte FTSHSNIOLI XK ndnpo Ay (GKS
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The labile iron pool, the hydroxyl radical and ROS
Ly  y2N¥YIFf OStfX FTNBS ANRYy:I Ffaz2 (yz2s6y -3%of 4KS

total iron in a cell. This pool of catalytically active iron exists in both Fe2Fea8¥dstategas reviewed

by Kakhlon and Cabantchik, 2002; Valko et al., 2808) available for use in the cell, for example, as a
cofactor by cellular enzymes involved in DNA and RNA synthesis, respiration tahdlism. Iron in

the labile iron pool is often bound by low molecular weight chelators such as citrate, phosphate,
carboxylates and also nucleotides. These can bind iron in a way that at least one of its six coordination

sites is available for catalytictivity (as reviewed by Valko et al., 2005)

The properties of transition metals, like iron, that allow them to catalyze electron transfers and make
them excellent cofactors but also enable hydroxyl radical generation through the Feratctiore FigA,
equation 2). Here Fe2+ in the labile iron pool reacts with hydrogen peroxide to generate Fe3+ and the
hydroxyl radical, the most reactive free radical in biological systemseviewed by Nappi and Vass,

2002) The reaction of Fe3+ witduperoxide poduces Fe24which is then available for theenton

reaction. Because superoxide and hydrogen peroxide are both produced liberallpeasdiogts during
oxidative metabolism and other cellular processes, any iron in a reactive state, is at risk gertbeating

hydroxyl radica(Dringen et al., 2007; McCord, 2004)

Like iron, copper is another transition metal that eaardergo redox cycling and generate the hydroxyl
radical and other reactive oxygen spedias reviewed by Valko et al., 200Bpwever becase free
copper in a cell is so limited, estimatationly one atom of free copper per normal cgflae et al.,

1999) iron has been found to be the predominant metal participatinthaFenton reaction when
Jurkat cell are challenged with@ (Barbouti et al., 2001While this chapter focuses on iron and
therefore ironmediated oxidative stress, is important to note that free copper can cause similar

damage, if available.
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Damage to nolecules ly the hydroxyl radical

The hydroxyl radical can damage nucleotides, lipids and proteins. A brief summary of such modifications

are below.

DNA One of the early events to occur after oxidative stress exposutteei human cell is DNA damage
(as reviewed by Halliwell, 1992Hydroxyl radical, but not other oxygen radicals like superoxide,

damage DNA when iron or low molecular weight iron chelates bind DNAoappates in the backbone

or purine or pyrimidine bases. Here, iron can reside at a center for repetitive generation of the hydroxyl
radical. Because the hydroxyl radical is extremely diffusion limited, this positions allows it to make DNA
modifications(as reviewed by Valko et al., 2005; Welch et al., 2082pducts of this oxidation of DNA

include single and double strand breaks, modified bases-bi&in crossinks and chemical

modification of the sugar moietfas reviewed by Valko et al., 2005)

Lipids Lipid oxidation (or peroxidation) occurs when ismiluced oxygen radicals attack

polyunsaturated fatty acid residues of membrane and circulating phospholipids, which are enriched in

the brain(as reviewed by Valko et al., 200%)e function of membranebound organelles such as

mitochondria can be compromised and furthermore produce extremely reactive aldehydes, such as
YIf2yRAIFIft RSK&RS 6as5! 03 [(HNERTheSelalfehydgshire méle skaBleRiNBR E& y 2 Y
the hydroxyl radicbkand can do additional damage to proteins located within the membranes from

which they have been generated or travel distances and even escape théocgd harm(as reviewed

by Halliwell, 1992; Uchida, 2003; Valko et al., 2005)

Protein Modifications Metal catalyzed damage to proteins include introduction of carbonyl groups,

oxidative cleavage, loss of histidine residues, bityrosine dnolss, reduction ofntramolecular disulfide
bridges, and the formatioalkylradicals which can further damage proteifisipinski, 2011; Valko et al.,

2005)
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Antioxidant Defense

Three means of antioxidant defense are known é&oemployed in cells and organisms to deal with both
normal and pathological ROS. First, the prevention of ROS formation occurs through deterrence of
electron leakage from reactive metals. Proteins that bind iron in a redox inactive form such as ferritin,
transferrin and lactoferrin contribute to this effort. Secqtige interception of oxidative damage by
scavenging can remove partially reduced oxygen species before they can react with free iron.
Antioxidant enzymes such as catalase, superoxide dismuatag glutathione peroxidase are important

in this respect. The third mechanism for antioxidant defense in a cell is the repair or swift removal of

damaged moleculefs reviewed by Carri et al., 2003; Welch et al., 2002)

Clearance of oxidatively or HNiodified molecules

Oxidatively modified proteins are often efficiently cleared from the cell. For example, the oxidation of
IRP2 by iron drives its ubiguination and subsequent proteasosgbdation(lwai et al., 1998)

Efficient degradation of other oxidatively modified proteins can alternatively occur in -goruteolytic
specific mannefas reviewed by DalBonne et al., 20068nd HNEmodified proteins have been found

to bedegraded by a ubiquitin and lysosortEpendant, but proteasomal independent pathway

(Marqgues et al., 2004)

Not all oxidatively or HNE modified proteins are efficiently cleared, however. Hydroxyl radical damage
to proteins may also cause protein aggregatiéior example, reduction a@fitramolecular disulfide

bridges followed by the exposure of hydrophobic epis @n have such an effe¢as reviewed by

Lipinsk, 2011yp ¢CKA& FLIWSEFNR (2 0SS (GKS OFrasS soAGK o6Sil

aggregates when exposed to HNE in cell free sys(Siegel et al., 2007)

Y
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GSH and removal of damaged lipids

GSH has been found important to the prevention of HiNElified damage by first actirtg reduce lipid
hydroperoxides before they react with redox metals to produce very destructive epoxides and
aldehydes, one of which is HNE, and second through detoxification of lipids by its conjugation to lipid
adducts, catalyzed by glutathiongr@nsferases(Malone and Hernandez, 20078 SH conjugated to

lipid adducts are subsequently removed from the cell.

Summary

Given the potentially damaging effects of irorduced ROS, | undertook the work in this chapter to
determine if there is evidence that iron is misregulated in astrocytes of AxD patientas &&én found

in AxD model micéHagemann et al., 2006; Hagemann et al., 2005; Hagemann et al., 204#j)ducted

a histochemical analysis of two infant onset, type 1 AxD patients and a control patient using a modified

t SNIaQ ANRY adGlAy F2NJ CSob ANBY I yR Ifogusedon 2 RASa (2
regions of the subcortical white matter where GFAP expression in astrocytes is normally high and in AxD
where there is an abundant presence of Rosenthal fibers and extensive demyelination. In addition |
sometimes examined the pial surface, where thal® abundant Rosenthal fibers, and the brstiem

where there is considerable pathology, especially in adult patients. | detected abnormal accumulation

of iron and ferritin in astrocytes. Iron was detected in Rosenthal fibers accumulated in the ¢efi bbd
astrocytes in théorain stem Ferritin, ferroportin and ceruloplasmin were found greatly increased in
astrocyte cell bodies. These results suggest that iron is misregulated in astrocytes in AxD patients. At

the conclusion of this chapterptopose a model for the pathological exacerbation of AxD by iron.

Results
Fe3+ Iron accumulates in RosentHibers and &trocytes inAxD patient tissue

Fe3+ iron has been found greatly increased in AXD mouse astr@gelagemann et al., 2006; Hagemann

et al., 2005; Hageann et al., 2012) In order to determine if simitancreases in iron occur in AxD
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patients,| used a modified DABnhanced S NI &(Rguyerléghoyet al., 1980@n 5mm-thick
deparaffinized sections to visuadi Fe3+ iron in two infant onset, type | AXD patients, one with the
R239H mutation and another with the R416W mutation, age 10 and 7, and compared these to tissue
from an infant, aged 22 months. In the R239H and control patients we first examined seftibas

cortex which also contained subcortical white matter, areas where there are abundant Rosenthal fibers
(Fig 1A and B). In the R239H AxD patient, positive iron staining in Rosenthal fibers in the white matter
was apparent even at low magnificatiofig 1B, left of open arrowheads), while at low magnification in
control, there was little positive immunostaining except in blood vessels (Fig 1A). Higher magnification
images in control tissue revealed positive iron staining in cells with small neslembling
oligodendrocytes (Fig 1C, arrows), in addition to blood vessels (open arrowhead). This agrees with
published reports of irotocalization in white mattein oligodendrocyte¢Connoret al., 1990; Dwork et

al., 1988; Morris et al., 1992)At higher magnification in the R239H patient white mattesé&hthal

fibers were clearly distinguishable (Fig 1D, arrowheads) and many were located around blood vessels
(Fig 1D, BV). This characteristic featurBasdenthal fiberstaining can be observed in a hematoxylin and
eosin stain of a similar white matter section from the same patient wiResenthal fibes, stained

bright pink, are of similar shape and locatiaround blood vessel${g 1E).

In AXD patients, the pial surface of the cortex consistently shows abundaanial fibes. We were
interested to see if these too contain Fe3+ iron, so next examined the pial surface of the AxD R239H
patient and the contl patient. Similar to what we saw in the white matter, we found iron staining
apparent in the abundant Rosenthal fibers at the pial surface of the R239H patient, even at low
magnification Fig 1Garrowhead$, but none at the pial surface or adjoiningr&x in the control

patient (Fig 1F, arrowheadls Higher power magnification of the pial surface of this patient revealed iron
positiveRosenthal fiberat both the pial surface and in the adjacent cortex including many surrounding

a blood vesseHig 1Harrowheads). We noticed no Fe3+ oligodendrocytes in the AxD tissue, however
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given many Bsenthal fibersare roughly the size and shape of oligodendrocyte nuclei, we can make no
conclusions about the presence or absence of Fe3+ iron in AxD patient oldyodgtes without

counterstaining for oligodendrocyte markers.

The brain stem is an area where in AXD themrigphy andfocd demyelination in some adultype I
cases, and deficits such as speech and swallowing difficultsEsnetype | AXD patientsan be traced

to this area.l examinedbrain stemsections fronthe R416W patient for Fe3+ iron and found intense
iron staining throughout this tissue and astrocytes were apparently positively stafingdI(| ble
arrowheads figure 11). At higher mafjcation we could localize some of the iron staining to completely
filled cell bodies and proximal processes of cells that appeared to be astroEigés,(blue
arrowheads).AxD patient sections incubated in a control solution without potassium feamicg

showed no positive staining for iron (data not shown).

Ferritin is increased iMxD patient tissue

Most cells store excess iron in ferritin. In this way tifa@sition metal accumulates in a napactive,
biochemically inert form and is kept aseserve for cellular iron needas reviewed by Harrison and
Arosio, 1996) In the normal adult humabrain, ferritin is occasionally found in astrocytes in the
striatum, hippocampus, and amygdd{aonnor et al., 1990)Because iron in a cell can trigger
translational activation oferritin through IRP1 and IRR&s reviewed by Arosiand Levi, 2002we

sought to determine if ferritin was detectable in AxD astrocytes. Ferritin is composed of 24 sabunits
H ferritin and L ferritinexpressed by separate genes and which are expressed at varying ratios based
upon cell type and tissu@s reviewed by Harrison and Arosio, 1998) order to detect either of these,
we used an antibody that recognizes both of these ferritins in our-8#&nced immunohistochemistry
of R239H AxD patient and control white matter, where we had previoustydf@ron positive Rosenthal
fibers. In the control tissue we found light, diffuse perinuclear ferritin immunostaining of cells

resembling oligodendrocytes (Fig 2A, black arrows). Several other cells had detectable ferritin
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immunostaining, but were diffidt to identify without double immunasining with cell markersin the

AxD R239H patient we found ferritin to be greatly increased throughout the white matter. Large nuclei
of reactive astrocytes can be seen (Fig 2B, blue arrowheads) and are surrdoynoleith light and more
prominent immunostaining for ferritin in their cell bodies. MargsBnthal fibersstained light blue

with a hematoxylin counterstain, can be observed. Some are surrounded by intense positive
immunostaining for ferritin (Fig 2B,dulk arrowheads), which indicates that ferritin is in the processes of
astrocytes that contain é&senthal fibes. Cells with small, round nuclei, representing oligodendrocytes

also appear to stain positive for ferritin (Fig 2B, black arrows), as they lcadtiml tissue.

Ferritin is expressed by astrocytes in AXD mousgpocampus

Given the high Fe3+ iron and ferritin in patients, and that high Fe3+ iron that had been observed in mice,
we next examined the one year old KI R236H mouse using immunofluoredcerferritin and GFAP, in
order to identify astrocytes. In the wild type mouse, few cells were positive for ferritin, however we did
find occasional cells resembling oligodendrocytedg @Aarrow). Additionally there was a light

punctate reactivity ¢ ferritin in what appeared to be a white matter tract in tegatum oriens (FigA).
Examining the KI moustratum oriens, we found increased immunoreactivity to ferritin, all of which
appeared to be stemming from GFAP+ astrocyfég 8Bwhite arrowg and none from

oligodendrocytes. The immunoreactivity appeared to fill most of the astrocytes, including fine
processes not positive for GFAP. Additionally, in AXD model mice we often saw punctate
immunoreactivity to GFAP that does not appear to be prius with a cell procegSosunov et al.,

2013) perhaps resemblingd®enthal fibes or representing small astrocyte processes. In the KI mouse
we observed these focal areas of GFAP immunoreactivity and some were positive for feigiBisB (

small blue arrows). In the time since conductihgse experiments, Hagemann, Messing et al. have
published datalemonstratingferritin immunostaining irastrocytes oKl mice(Hagemann et al., 2012)

supporting our findings here.
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Ceruloplasmin and Ferroportin are increased in Ap#itient tissue

While Fe3+ iron and ferritin are sometimes observed in some astrocytes of adults, which increases with
aging, particularly in the striatufConnor efal., 1990) detection of iron and ferritin in subcortical
astrocytes is not common, especially on the scale that we observed here. In normal white matter,
oligodendrocytes are the cells that predominantly stain positive for iron and ferritin ihuhgan brain
(Connor et al., 1990; Dwork et al., 1988; Morris et al., 19%8pugh it is rare, the besknown

condition that causes abnormal iron accumulatiorastrocytegKaneko et al., 2002b; Oide et al., 2006)
and the liver is aceruloplasminemia (Acp), a rare autosomal recessive disease caused by mutations in the
ferroxidase ceruloplasmin (Cfhlarris et al., 1995; Morita et al., 1999nterestingly, astrocytes show

large ironpositive protein accumulations in astrocyte endfeet in this diso(é@neko et al., 2002b;

Oide et al., 2006) Cp safelpxidizes Fe2+to Fe3+, coupling this to the controlled reduction of oxygen to
water (as reviewed by Vassiliev et al., 2003Wwo isoforms of Cp are found in primastrocytes from
rodents. Secreted Cp has been found in mouse astro¢idemp et al., 1996)hile rats express both
secreted (Zahs et al., 1993)nd an alternately spliced glycophosphatidylinositol (@Riind form(Patel

and David, 1997) The ferroxidase activity of Cp has been found necessary to maintain the cell surface
stabiity of FPNIwhich is recognized by a ubiquitin ligase while bound by K&&+Domenico et al.,

2007) FPNL1 is aniron efflux protein which possesses a unique protein sequence and shares no
homology with other transporters, so is thought to be the sole means by which iron can be transported
from cells(McKie and Barlow, 2004Because FPN1 cell surface expression has been linked with the
ferroxidase activity of ceruloplasmin, it has Ipeleypothesized that iron accumulation in the brain in Acp

stems from a lack of iron efflux from astrocy{@e Domenico et al., 2007; Jeong and David, 2003)

Given that iron accumulation in astrocytes has been foungoith AXxD and Acp, we sought to determine
the immunohistological expression of FPN1 and Cp in AxD and control tissue. We first examined the

deep, subcortical white matter, an area of interilResenthal fiberand diminished myelination in many
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patients, wth an antibody for FPN1 and found in the control patient many cells including astroEyges (

1A, blue arrowheads) and oligodendrocytdsl{ 4Bplack arrows) were positivdn the AXD R416W

patient the immunostaining for FANn astrocytes was strikingAll astrocytes appeared to be positive

for FPN1 and many had large accumulations of the protein in the cell body cytoplasm (Figure 4B, blue
arrowheads).Furthermore while there was a diffuse background staining of the parenchyma, astrocytes
appeared tabe the primary cells expressing the protein. Oligodendrocytes could be observed, but some
did not appear to express FPN1 (Fig 4B, black arrows). Ferroportin can also be seen accumulated in the
cell body of binucleated astrocytes (Fig 4B, *). Expresdi&®PNL1 in the deep white matter of the

R239H patient, which appeared to be extensively demyelinated, showed intense FPNL1 reactivity. Many
light blue hematoxylin stainedd3enthal fiberscan be seen and the majority are strongly rimmed in
positive immunotaining for FPN1 (Fig 4C, black arrowheads) indicating that there is FPN1 reactivity in
astrocyte cell bodies and processes which conRasenthal fibers Individual cells were difficult to

identify, but a heavily immunostained astrocyte can be seendEidlue arrowhead).

28§ ySEG f221S8SR G GKS SELINBaairzy 2F /LI Ay GKS |
an antibody that should recognize both secreted andlaRéd forms of this protein. In the control

tissue there many cells paisiely immunostaining for Cp that were difficult to identify without double
immunostaining for cell markers. In the AXD R416 patient we found greatly increased reactivity to the
ceruloplasmin antibody throughout the parenchyma, some of which was diffalscribe to individual

cells. In this patient we also observed intense accumulations of ceruloplasmin in clusters of binucleated

and multinucleated astrocytes (Fig 4E, white arrowheads).

Discussion

In this chapter | present a brief but novel immundb&hemical study of Fe3+, ferritin and Cp and FPN1

in the CNS of AxD patients. | show evidence that there is an accumulation of iron and ferritin in

ES5
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astrocytes of children with type | AxD. Additionally, | present evidence that there is ferroportin
accumuation in the cell bodies of astrocytes of two AxD patients and an overall increase in
immunostaining with an antibody for Cp in a single AxD patient. These results expand the findings of
Hagemann and colleagues who found an accumulation of iron in gt Tg and Kl AxD mice
(Hagemann et al., 2006; Hagemann et al., 2005; Hagemann et al., 22y confirm their observation

that there is an increase in ferritin immunofluorescence in astrocytes in Kl anifedemann et al.,

2012) | note strikingsimilarities between Bsenthalfibersand protein inclusions in Acp and suggest

that the unusual and high levels of iron and ferritin we have found in AxD patient tissue may, as in other
disorders, serve as a source for oxygen radical generation. Abtidusion of this chapter, | propose a

model for the pathological exacerbation of AxD by iron.

Rosenthal Fibers and astrocytes contain Fe3+

Despite a wide range of disease courses and neuropathological findings that are observedRnuaixD

et al., 2011) Rosenthal fibes are found universally. | found discrete deposits of Fe3+ that coincided in
shape and location tRosenthafibersin white matter of the R239H patient (Fig 1BamiH). In

contrast, when | examined this same patient and type of tissue for the iron storage protein ferritin, | was
surprised to find large amounts of this protein dispersed throughout the tigsuarying intensity and
located in what appeared to be astrocytes (Fig 2B). Ferritin staining was not Ritbénthal fibersbut

instead around them, sometimes very strongly rimming the edges.

These findings might be interpreted by comparisonto #etzd & (0 dzZRAS& 2F t SNI aQ adl
which is high in iron and ferritin content. In liver, dispersed soluble ferritin gives only a faint background

stalk Yy o0& t SNIAQSYSAKRBNAGESNBLIMR RdzOG 2F ANRY 2 SN
capacity to synthesize ferritin is exceeded, is prominently Fe3+ std@rsesbviewed by Harrison and
Arosio, 1996) Considering my obesrvationstbé R239H subcortical white matter light of these

studies, several things are suggestédrst, iron contained within ferritin is most likely accumulated
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throughout most of astrocytes, though is unableddlS RS G SOGSR 0@ tinftaidnai®@ adl Ay A
this technique(as reviewed by Todorich et al., 2009gcond, | cannot be certain that$enthal fibers

do not contain ferritin becausenmunohistological determination of protein content withimgenthal

fibers is difficult to assess through standard lightrascopy, due to difficulty of penetrating these

extremely dense structures with antibodies. However, becdneé¢ SNX 4 Q adl AyAy3 61 & &f¢
that the iron that is seen iRosenthal fibergs most likely precipitated out of ferritin or otheise

pathologically accumulated. Finally because the irdRdaenthal fibergs unlikely to be normally bound

by ferritin, it may be available for reactions that produce damaging oxygen radicals.

In contrast to the discrete Fe3+ positiR@senthal fibesin the R239H patients, there is strong staining
of whole astrocyte cell bodies in the brain stem of the R416W patient. This suggests massive
accumulation of Fe3+ iron in these cells. Although | did not immunostain this section with antibodies for

ferritin, it is possible that this high amount of iron might overwhelm cellular ferritin.

These two patterns of Fe3+ iron localizatiorcells discretely irRosenthal fibergn the white matter of

one patient, andsividlyin the cell bodies of astrocytés another, are quite different. While it is likely
there are differences in the endogenous amounts of iron found in the subcortical white matter and the
brain stem it is also possible that this disparity may arise from differences in what may be psotapla
astrocytes in the brain stem and fibrous astrocytes in the white matter and inherent differences in iron

transport and regulatory mechanisms between these cell types and regions of the brain.

The iron storage disorder Aceruloplasminemia and AxDrehsimilarities

Iron in astrocytes, as observed in these children with AxD, is not comiwa.noted instances where
iron is observed in astrocytes is in the adult, and especially, aging hippocampus and si@aturor et
al., 1990; Schipper et al., 1998)d in the cerebral cortex and basal gaagh aceruloplasminemia (Acp).

Acp is caused by mutations in the gene encodin@Hapris et al., 1995; Morita et al., 1999Because
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the ferroxidase activity of Cp kdeen found necessary to maintain the cell surface stability of the iron
export transporter FPN(@De Domenico et al., 20Q#he iron accumulation in astrocytes in Acp is
hypothesized to originate from impaired iron efflux from these cells. Acp onset is usually in middle age
and CNS disturbances of ataxia, involuntary movemeggtkinsonism and cognitive dysfunction are

thought to reflect sites of iron deposition in the basal ganglia and cerebral cviigajima et al., 2003)

The similarities betweend®enthal fibes and the protein inclusions in Acp are notable. Similar to
Rosenthal fibes, Acp patients bear Fe3+ iron containing, membranefgs¢einaceouselectron dense
inclusions in asbcytes, many at perivascular endfd@ide et al., 2006) These have been noted be
AAYAT NI G2 Ga3INXzY2a$S T2 Ye 0 2(Rrkida9s) BottbRséntha fiberF 2 dzy R
and the GSFBke inclusions in Acp immunostain for ubiquitin, HNE and GKafeko et al., 2002b;

Oide et al., 2006) Like in AxD, by electron microscopy (see ChapteigBB), GFAP filaments can be

seen ringing these inclusiofisaneko et al., 2002bJGSFBs in other disorders have HSP27 and alpha B
crystallin, although these are not reported in Acp. In contrafR@senthal fibersGSFBs in Acp can

become much larger than the average Rosenthal fiber, and are only mildly eosinophilic. Notably,
whereas Rosenthal fiberglo not generally immunostain positive for even GFAP, except around their
periphery, because they are so dense, GSFBs immunostain positive for ferritin, and for GFAP, possibly
because they are more diffuse in their electron density sibadies are able to penetrate the surface,

which is not generally the case in AxD.

Abnormal and multhucleated astrocytes in AxD are waticumented (for example see Fig 4B asferi
4C arrowheads); similarly, some of these same striking features cabnseeved in nuclei in astrocytes
in the basal ganglia and cerebral cortex in Acp patients in cellabagtain positive for Fe3¢Oideet
al., 2006) Finally, I find similar the two patterns of Fe3+ iron loatibn that are observed in AxD

tissue. Both GSFBs andsBnthal fibes appear to stain positivier Fe3+ whilghe rest of the astrocyte
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process normally does not, however in other astrocytes Fe3+ appears to fill much of the cell body (Fig 11,

J)(Oide et al., 2006)

Clinical and pathologic studies of Acp patients suggest thainrediated oxygen radical damage
through increased lipid peroxidation and mitochondrial dysfunction are likely primary causes of the
clinical manifestation of this neurological disordes reviewed by Kono, 2012Jhe similarities to AxD
patients with respect to iron accumulation in astrocytes, nuclear abnormalities and protein inclusions
that contain iron, HNE, ubiquitin and GFAP suggest that iron found in AxD astrocytes fhaglsinmlar

oxidative damage

GFAP is oxidatively modified in Acp

Carbonylation is thought the most frequent oxidative modification to protéirgglad and Cotter,

2005) and is can occur in four ways: (1) oxidative cleavage of protein backbone, (2) direct oxidation of
leucine, arginine or histidine , (3) reactive aldehygdmeraed (HNE), and (4) glycation or glycation

product reaction with lysine residuéas reviewed by Curtis et al., 2018n assay that detects such
modified proteins can be used to isolate these and separate them on a gel for protein determination.
This type of experiment demonstrated that GFAP is one of the laggesps of such oxidatively

modified proteins in the cerebral cortex of an Acp patiédaneko et al.,@2a) A portion of

carbonylated GFAP was found at about 40kDa, and therefore may be oxidatively cleaved by this process
(Kaneko et al., 2002athough Kaneko et al. do not rule out proteolytic cleavage of GFAP into smaller
peptides. This suggests several important things: finst, normal human GFAP is subject to ion
mediated oxidative damage; second, that GFAP accumulates in Acp; and finally, that iron accumulation

in astrocytes in AxD may mediate carbonylation of normal human GFAP and extensively modify it.
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The degradation bsome oxidatively mdified proteins is mediated by pteasomalinhibition

The degradation of carbonylated proteins is thought to occur in aproteolytic specific mannegas
reviewed by Dalldonne et al., 2006) However, several carbonylated proteins have been identified
that are susceptible to accumuian after proteasomal inhibition Acarbonyl assay identified seven
proteins that were preferentially resistant to degradation by the proteasome after treatment of

RD4 cell¢Drake et al., 2002) These include the heat shock protein HSP27, Cu/Zn SOD and ER
chaperone calreticulifDrake et al., 2002) Though a number of studies have suggdstarbonylated
proteins are efficiently degrade@rake et al., 2002; Dukan et al., 2000; Grune et al., 2004; Grune et al.,
2003; Huang et al., 1995; Levine et al., 198tjers suggest that aggregation of these proteins is
prevalent(Maisonneuve et al., 2008)A review on the topic suggests aggregation of carbonylated
proteins occurs as they become more heawdybonylated and that these will inhibit the proteasome

(DalleDonne et al., 2006)

Rises in iron mets proteasomal inhibition--Implications for AxD

By extrapolation, these results suggest that existing proteasomal inhibition in AXD by mGFAP and excess
GFAP would inhibit degradation of a subset of oxidatively modified proteins that are degraded through
the proteasome, should levels fiEe iron in an astrocyte transiently rise. Additionally, the presence of
proteins such as the superoxide scavenger, Cu/SOD, the heat shock protein, HSP27 and the ER
chaperone, calreticulin in this pool of oxidatively nifa proteins, makes apparent the impact that

ROS might have on lost protein function. For example, in the case of Cu/SOD its loss of function could
allow an increase in oxidative stress, due to lost scavenging of superoxide radical. Additlumally

presence of Cu/SOD in the cytosol after having been oxidatively modified would make it additionally
vulnerable to further modification by radicals which may expose hydrophobic residues and promote
aggregation and/or allow for the release of copper. Inthse of aggregation, these proteins might

further inhibit the proteasome or through aggregation, contribute to cell toxicity. The release of copper
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on the other had, would further the oxidative stress already presents in the cillAxD, existing
proteasomal inhibition, compounded by what might be transient rises in iron, could creatddeedrd

mechanisms of oxidative stress and proteasomal inhibition.

Iron expression in AXD mice is downstream of Nrf2 signaling in astrocyte

| find iron and ferritiraccumulated in pathological manner in AxD patient astrocytes, however it is not
known how or when this occurs in the disease process. Experiments with AXxD Kl and Tg mice suggest
that iron accumulation is downstream of an oxidative stress response drig&irfd. AxD Tg and K

mice accumulate iron and ferritin astrocytéldagemann et al., 2006; Hagenmeet al., 2005; Hagemann

et al., 2012)They also show a robust oxidative stress response, including expression of genes driven
from the ARE promotefHagemann et al., 2006; Hagemann et al., 20@Hjch includes many Nrf2
regulated genes, includingfdrritin and Lferritin. When Nrf2 null mice are crossedth AxD KI mice or

Tg mouse to create a Nrf2 ndly or Nrf2 null KI, much of the iron detectable by modifie8 Nsfaiirg

is eliminated(Hagemann et al., 2012Additionally and stprisingly, these mice suffer no ill effect from

Nrf2 elimination. The ameliorated iron accumulation in the Nwigll AXD mouse crosses are a strong

case for iron expression being downstream of an activated antioxidant response in these mice.

Possible Initiators ofron accumulation

Given that the AxD ioe show iron accumulation downstream of Nrf2 activation, determining the source
of the iron in AxD patients is critical to understanding the mechanisms of this disease and for developing
therapeutic treatments. Here | discuss ways in which iron mighe@&sein astrocytes, aside from

defectsin influx or efflux mechanisms, as is suspected in Acp.

Initiators of iron may be factors that impact iron regulatory proteins directly to increase the free iron
pool, such as nitric oxide, superoxide or those tlvatk through indirect mechanisms, such as

proteasomal inhibition, depletion of GSH or signaling through HIFsl.HEInally it is conceivable that
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associations of between GFAP and meninl may impact the increase in iron. | briefly summarize each of

thesebelow.

Proteasomal inhibition

Proteasome inhibition has been found a factor in AgBen et al., 2007; Cho and Messing, 2009; &ang
al., 2010; Tang et al., 200Bhe degradton of iron regulatory protein2, (IRP2) is known to occur

through the proteasomélwai et al., 1998) Experiments which used the proteasome inhibitor

lactacystin on the dopaminergic neuroreall line MES23.5 found an early increase in the labile iron

pool and accompanying cell death after treatmé¢hitet al., 2012) Lactacystin treatment also increased
IRP2 protein, but not IRP1, which is not degraded by the proteasome. The levels of DMT1, Transferrin
Receptor, FPN1 anderritin were analyzed by Western blot, but only DMT1 and TfR1 were increased
in the same edy time period. Knocking down DMT1, as well as applying chemical inhibitors to DMT1,
had little effect on the iron increase, but antibodies to Tfrl did have this efféicially, shRNAi of IRP2
attenuated the changes seen in Tfrl andertitin and celldeath relative to its ability to decrease
expression of IRP2. The authors did report results of sShRNAI on total iron levels. These results suggest
that a plausible origin for increase of iron | see in AXD patient astrocytes originates frommédRzed

upregulation of genes involved in influx of iron into celés proteasomal inhibition

Superoxide

Because superoxide can increase iron in a cell, cellular stresses or events that might increase this oxygen
radical or inhibit the function of SOD hate potential to increase ironWhile superoxide is not as

reactive as the hydroxyl radical, it can increase the labile iron pool in two (veyhev and Fridovich,

1994) First, it can release iron stored in ferritin, adding to the labile iron pool and therefore making it
immediately available for the Fenton reactif@iemond et al., 1984; Liochev and Fridovich, 1994)

Second, hydroxide also releases iron from the4satfur cluster of aconétse inactivating i{Liochev and
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Fridovich, 1994) As with ferritin, this produces an immediate increas the labile iron pool, but
additionally, the inactivation of aconitase, through a conformational change, converts this protein to IRP
1, which binds iron regulated elements (IREs) on a group of mRNAs, many of which are involved in iron
metabolism(as reviewed by Tong and Rouault, 200Fprexample, mRNA for FPN1 antetritin and
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transferrin receptor (see Figure @s reviewed byRouault, 2006T herefore, the generation of the

superoxide radical can cause an increase in the labile iron pool.

Nitric oxide

Nitric oxidepromotes constitutive activation of IRP1, by modifying itssaifur cluste{Soum and

Drapier, 2003) Both ROS and reactive nitrogen species (RNS) have been reported to bind IRP1, resulting
in constitutively increased IRP1 binding that may result in redi¢dd1 anderritin. It also results in
increased TfR1 protein and DMT1 levels and thaseases the cellular labile iron pool. In cell cultilre
lbetatreatment of primary human astrgtes increases the expression of inducible nitric oxide
synthetasg(Jana et al., 2005and therefore injury or inflammatory conditions produced by bacterial or
viral infection where this cytokine may be released could trigger an influx of iron into astrocytes. Under
normal circumstances this might be tolerated while the cell adapts acover. However AxD

astrocytes, under the stress of proteasomal inhibition might both inhibit the proteolytic processing of
the increased pool of oxidatively modified proteins, and additionally suffer additional proteasomal

inhibition from this pool.

HemeOyxgenase 1 (HQ)
Iron accumulation in the mitochondria of aging astrocytes occurs aspadalct ofHO 1-mediated

degradation of heme, which is caused by oxidative challenge of astrqS¢hpper, 2004)Increases in


http://europepmc.org/abstract/MED/15683721/?whatizit_url_gene_protein=http://www.uniprot.org/uniprot/?query=IL-1beta&sort=score
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HO1 occur as a result of the hypoxia inducible factor 1, under hypoxic conditions or other conditions of
oxidative $ress. With respect to our results, it is unclear if there is iron accumulation in the

mitochondria of AXD astrocytes.

GSHdepletion

LY R2LI YAYSNHAO buTt OSftffazx AYyKAOAUAY3A D{-I o6& dzaAy
glutamylcysteine ligse (GCL), the rateniting factor inde novoglutathione synthesis, increased the

labile iron pool. Interestingly, this increase was found independeagttbér IRP1/IRP2 or hypoxia
inducible factor (HIF) induction, but was found dependent g@.ldnd protein synthesigKaur et al.,

2009) GSH is a major cellular antioxidant and has many roles in cellular home@&stegis, 1999;
Cotgreave and Gerdes, 198%ingen et al., 2000)It could be @pleted through conditions of intense
oxidative stress of many sources. Additionally because it detoxifies HNE through its conjugation to
modified lipids, its depletion could also occur after/during lipid peroxidatamreviewed by Valko et.al
2005) GSH is also important to provide reducing power in the cell, so is under especially high demand
when a cell is uses glycolysis instead of aerobic respiration. Any factors that might singly or together

increase the demand for GSH might acirtorease iron.

GFAR; Menin interactions may impact iron status of cells

GFAP interacts with a number of netructural proteins, one is a protein known as menin which is
encoded by the tumor suppressor gene, multiple endocrine neoplasia type 1 (M&\Eviewed by
Wuand Hua, 2011) By GST pullown analysis and emnmunoprecipitation experiments, Menin was
found to associate with intermediate filaments GFAP and vimentin in gliomglogfiszEgido et al.,

2002) The head domain of these proteins waarid essential to the interaction, and
immunofluorescence studies showed endogenous menin to aggregate with GFAP and vimentin when

the IF network was disrupted with overexpression ofliedls GFAR.opezEgido et al., 2002)GFAP and
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vimentin are hypothesized to sequester menin at the S and early G2 phases of the céllayeie

Egido et al., 2002)

Asa tumor suppressor, Menin represses cell proliferation and cell cycle in multiple ways and also

interacts with transcription factors, suchas,NF £ tt! w! FyR *5wX (2 AyRdz0S 2
transcription(as reviewed by Wu and Hua, 2018)enin also suppresses ttaetivity of the APL

transcription factor JuniNaito et al., 2005)known to interact with thecisantioxidant response

St SySyida o!'wo9uv 2y pQ dzyidNIryatlidSR NBS3IA2ya 2F 3ASyS
has the potential to affect such a wide range of transcription factors, it is possible that ratdifiof

its normal activity, through aberrant interactions with these two intermediate filaments might influence

gene transcription that could affect iron. In any ca6&FAP/Vimentin are impactingdy A y Q& y 2 NX | €
transcriptional interactions these migincrease as these intermediate filaments become more

numerous or more altered.

Iron begets irong positive feedback

In addition to generating the hydroxyl radical through the Fenton reaction, Fe2+ can react with

Y2f SOdz || NJ 2E& 3Sy Ayaerabik évirdrimbkdi té fRotlucel e 3+ |pntsup&radde
(FigA, equation 4(as reviewed by Valko et al., 2008 uperoxide can immediately increase the labile
by extracting iron from ferritin and from the iresulfur cluster of aconitase, hower this second action,
through activation of IRP1, can additionally impact the translation of iron regulatory proteins in a way

that increases overall free iron in a cell, despite its iron status. §seroxide, above for mechanism.)

Activation of sigraling pathways by iron

The transcription factors NFkB, -ARand p53 are all sensitive to redox active metals, however the most
significant and sensitive to activation are the NFKB and mitageivated protein (MAP) kinase/AP(as

reviewed by Vo et al., 2005) NFkB primarily mediates the inflammatory response, while thé AP
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involved in cell growth and differentiation. The p53 transcription factor serves as a guardian of a critical
cellcycle checkpoint and inactivation of p53 allows uncontrolled cell divisions that occur in human
cancer(as reviewed by Meplan et al., 2000 otably, because GFAP has bothlA#hd NFKB elements

on itspromoter (Pennypacker et al., 1994; Rossi et al., 2088)ncrease in irormediated ROS may

increase GFAP, contributing to a fefedward activation of the disease progression.

Of note is that HNE activates an antioxidant resporigeatment of optic nerve head astrocytes with
HNE induces the expression of Nrich induces the expression of antioxidant response genes,
including glutathione &ansferasegMalone and Hernandez, 2007yhis enzyme catalyzes the

conjugation of GSH to lipid adducts, thereby detoxifying ttiBirlio etal., 1986)

Iron and oxidative stress in other neurodegenerative disorders

With the addition of iron as a component of Rosenthal fibers, there are similarities not only between

these protein inclusions and ¢ise in Acp, but | also add what may be an important component to list of
similarities between Rosenthal fibers and the extracellular plaques of Alzheimer disease and Lewey
02RASAa 27T t | NG o pifisQHNE, Rhe Bestishio proteins H8RA alpha B

crystallin and ubiquitin as components of membraneless protein inclugastellani et al., 1998;

Castellani et al., 2000; Head et al., 1993; Hirsch et al., 1991; LeVine, 1997; Renkawek et al., 1993; Sayre

et al., 1997; Shinohara et al., 1993®mokane et al., 1991; Yoritaka et al., 199@cause ironmediated

oxidation reactions have been implicated in the pathogenesis of these other disorders, it is imperative

that we begin to widen our view and learn not only from Acp (as discussed above), but from the

extensive researchiktl & Kl & 06SSy O2yRdzOGSR 2@0SNJ YlIye @SINA 2V

disease and consider iron as a potential damaging factor in AxD.
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Iron potentiates AxD pathologyg A Model

We found aberrantly high levels of iron in astrocytes of two AxD tyagiénts. Though | have no direct
evidence, | propose that iremduced oxidative stress contributes to the accumulation of GFAP and
proteasomal inhibition in AXD. Though | feel iron is important to the formation of protein
aggregates/Bsenthal fibes inAxD, we have left this out of the model for the sake of simpligity

protein aggregates/Bsenthal fibed Yl & 0SS AYLX ASR o6& AGLINRGSIFaA2YlLt Ay

| propose the following simplified model for the potentiation of AxD pathology byiivdnced ROS in
astrocytes (Figure 5): First, as demonstrated by work in our lab, and supported by work in others,
mutations in GFAP and accumulation of GFAP inhibit the proteafChen et al., 2011; Cho and
Messing, 2009; Tang et al., 2010; Tang et al., 20@@h initiates he JINK/p38 stress pathway, thereby
activating APL transcription factors that can increase GFAP and in doing so, generate a positive
feedback loodTang et al., 2006)An increase in the labile iron pool may occur as a result of
proteasomal ihibition (Li et al., 2012&nd/or may additionally increase through other means such as
GSH depletion, oxidative aitrosativestres®rs, or the interaction of GFAP with merflropezEgido et
al., 2002) Next, free iron produces ROS through the Fenton reaction. Fourth, ROS damages
biomolecules such as DNA, lipids and proteins and the lipid peroxidation prddiEetdditionally may
damage proteins. Finally three positive feedback loops are enacted by ROS: (1) excessively oxidatively
modified proteins can exacerbate proteasomal inhibition, (2)-mediated ROS activates the
transcription factors, NFkB and APwhich can additionally increase GH&Pambilla et al., 2005;
Pennypacker et al., 1994nd subsequentlinhibit the proteasome, and (3) hydroxide radical releases

iron from proteins and activates IRP1, additionally increasing free iron pool.

Conclusion

In this chapter | contribute to the increasing body of waskich suggests there is oxidative stress

involved in the pathological manifestations of AxBly histological examinationf the CNS of two AxD
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patients found Fe3+ iron and ferritin accumulated in astrocytes, where normally this occurs in
oligodendrocytes.This furthers work from th&lessing lab thafound Fe3+ and ferritin increased in
astrocytes in AxD Kl and Tg mielmgemann et al., 2006; Hagemann et al., 2005; Hagemann et al.,
2012) Additionally, | found FPN1 and CP abundantly localized in cell bodies of astrocytes in patient

tissue.

In this chapter | note that iroaccumulationn AxD patient astrocytes is comparable to that found in
astrocytes in AcpProtein inclusions in these cells are strikingly simiBacause the clinical

manifestations of Acp are thought to stem from irorediated oxygen radical damaggs reviewed by
Kono, 2012)I propose that the iron accumulation in AXD patients is likely to cause oxygen radical

generation and contribute to the clinical manifestations of AxD.
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Chapter 4 Figures

Figure A. Iron and Free Radicals

Equation 1
3+
Fe + O,e- €2 Fe2++ O,

Ferric iron + superoxide €2 Ferrous iron + Molecular
oxygen

Equation 2 - Fenton Reaction
2+ 3+ --
HO,+Fe —>Fe + «OH+OH

Hydrogen peroxide + ferrous iron = Ferric iron + hydroxyl
radical + hydroxide

Equation 3
The above steps (1 and 2) combined are called Haber-
Weiss reaction:

0,e-+H,0, <> O,+ *OH + OH

Superoxide + hydrogen peroxide €2 Molecular oxygen +
hydroxyl radical + hydroxide

Equation 4
24 34
Fe + 0,2Fe +0, e

Ferric iron + molecular oxygen = Ferrous iron + superoxide

iValko et al. Curr. Med. Chem. 2005; 12:1161-208)
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Figure B. Transferrin Cycle
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Developing erythroid cells, as well as most other cell types, acquire iron from plashnantf.
loaded holeTf binds with high affinity to TfR1 on the surface of cells, and the complex underg
endocytosis via clathrigoated pits. A proton pump promotes acidification of the endosome to |
5.5, triggering the release of efrom Tf that remans bound to TfR1. THerrireductase $EAB
reduces F&+to Fe&+, which is transported across the endosomal membrane by DMT1 to the
cytosol or, possibly, directly to mitochondria in erythroid ceksllowing the release of iron, the
affinity of Tf to TR1 drops ~504old, resulting in its dissociatiorin the final step of the cycle, apc
Tf is secreted into the bloodstream to recapture8ire(Wang, 2001 Biochm..J)



149

Figure C. IRP1 and IRP2 bind iron responsive elements
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Figure 1. Immunohistochemical profile of Fe3n AxD patient autopsy tissue

Control AxD R239H

E. AxDR239H
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(A and B)Qubcortical white matter (left of arrowheads) and adjacent cortex (right of arrowheads) of
control (A) and AxD R239H (B) patient. Note in (B) the abundance of positively stained, globular
Rosenthal fibers in white matter. The subcortical white mattexeng@ned at higher magnification in

control (C) and R239H D) patient tissue. In control patient (C), iron staining appears in cells with small
nuclei, characteristic of oligodendrocytes (black arrows) and also in blood vessels (BV). R239H AxD
patient (D) shows positive staining for Fe3+ iron in Rosenthal fibers around a blood vessel (BV) and
throughout the white matter. Rosenthal fibers (arrow heads) are seen staining strongly for eosin (bright
pink) in hematoxylin and eosin stain of AxD R239H pafEnt Pial surface (open arrowheads) is

examined (F and G). AxD R239H patient shows abundant Rosenthal fibers positively stained for Fe3+
iron lining the pial surface (G) and these can be seen in more detail (arrowheads) at higher magnification
(H). NoteRosenthal fibers surrounding a nearby blood vessel (BV). In the brainstem of a AxD R416W
patient there is intense Fe3+ iron staining as seen at low magnification(l), though even here Fe3+
positive astrocytes can be detected (I, blue arrowheads). At higlagnification, astrocytes in the

brainstem can be seen filled with Fe3+ iron (J, blue arrowheads).
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Figure2. Ferritin accumulates in astrocytes of R239H AxD Patient

A. Control

In controlpatient (A), an antibody with reactivity to both H and L ferritin stains oligodendrocytes (black
arrows) and blood vessels. In AxD RR@Batient (B), ferritin staining is principally in astrocyte cell
bodies (blue arrows) and can be seen in close associatitrthétperiphery of Bsenthal fibes (black
arrowheads), which indicates ferritin is within astrocyte processes which contain these cytoplasmic

inclusions. Ferritin can also be observed in small cells resembling oligodendrocytes (black arrows).
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Figure 3  Ferritin immunostaining in one year oldhouse

Ferritin GFAP MERGE + MNissl

A.

Immunofluorescence for GFAP (red) and Ferritin (green) in Str. oriens in hippocampus of wild type (WT)
(A) and R236H IAFARB) mouse. (A) WT shows immunostaining in what is likely an oligodendrocyte

cel body (white arrow). (B) AXD mouse, in contrast, displays ferritin immunostaining in much of the cell
body and distal fine processes in several GFAP+ astrocytes (white arrows). Some focal areas of GFAP

immunoreactivity are also positive for ferritin (athblue arrows).
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Figure 4. Ferroportinand ceruloplasmin immunohistochemistry in AxD patient tissue

In control tissue (A), oligodendrocytes (black arrows) and astrocytes (blue arrowhead) cell bodies are
positive for the iron transporter FPN1. In B¥\{ AxD tissue (B), however there is intense accumulation

of FPNL1 in cell bodies of many astrocytes (B, blue arrow heads) some binucleated (B, *). Cells resembling
oligodendrocytes in AXD R416W appear to express less ferroportin than do control (B, dack.dn

AxD R236H tissue (C) a high overall immunostain for ferritin is seen in greatly degraded tissue. Several

Rosenthal fibes stain for FPN1 (black arrowheads), indicating the FPN1 immunoreactivity is in an





































































