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RESUMO

OBJETIVO: Avaliar a migracdo, integracdo e diferenciacdo retiniana de células-tronco

mesenguimais (CTM) injetadas na cavidade vitrea de ratos portadores de lesdes retinianas.

METODOS: Ratos Wistar adultos submetidos a mdltiplas lesdes retinianas por meio do YAG
laser foram submetidos a injecao intravitrea de células-tronco mesenquimais marcadas com
DAPI (4',6-diamidino-2-phenylindol) e Quantum Dot. Em duas, quatro e oito semanas o
tecido retiniano lesado/tratado foi estudado com a finalidade de se avaliar a migracao,

integracao e diferenciacao retiniana.

RESULTADOS: As células injetadas na cavidade vitrea sobreviveram na retina por pelo
menos 8 semanas e quase todas CTM migraram para a retina neural, principalmente nas
camadas nuclear externa e interna e camada de células ganglionares. Uma pequena
guantidade de células foi encontrada no espaco sub-retiniano. A andlise imunohistoquimica
dos tecidos lesados/tratados ap0s oito semanas mostrou que a maioria das células injetadas
expressou rodopsina (marcador para fotorreceptores), parvalbumina (marcador para células
bipolares e amacrinas) e GFAP (marcador de células gliais). As células injetadas né&o
expressaram a pancitoqueratina, que € a marcadora de células do epitélio pigmentar da

retina. Ocorreu difusdo do DAPI para células de camadas adjacentes da retina

CONCLUSAO: Células-tronco injetadas na cavidade vitrea migraram para o sitio de les&o.
Ndo é possivel afirmar se ocorrem diferenciacdo e incorporagdo de células-tronco
mesenguimais na retina de ratos apos injecao intravitrea destas células, pois a difusdo do

DAPI dificulta a interpretacéo dos resultados.
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ABSTRACT

PURPOSE: To evaluate the migration, retinal integration and differentiation of bone marrow-
mesenchymal stem cells (BM-MSCs) injected into the vitreous cavity of rat eyes with retinal

injury.

METHODS: Adult rat retinas were submitted to laser damage followed by transplantation of
DAPI (4',6-diamidino-2-phenylindol) and Quantum Dot-labeled BM-MSCs grafts. Host
retinas were evaluated at two, four and eight weeks after injury/transplantation to assess the

migration, integration and differentiation of BM-MSCs in the laser-injured retina.

RESULTS: The grafted cells survived in the retina for at least eight weeks and almost all BM-
MSCs migrated into the neural retina, mainly in the outer nuclear layer (ONL), inner nuclear
layer (INL) and ganglion cell layer (GCL) whereas a subset of grafted cells were found in the
subretinal space after the transplantation. Immunohistochemical analysis with several retinal
specific markers revealed, at eight weeks, that the majority of the grafted cells expressed
rhodopsin, a rod photoreceptor marker, followed by parvalbumin, a marker for bipolar and
amacrine cells. A few subsets of cells were able to express the glial marker, GFAP.
However, grafted cells failed to express pan-cytokeratin, a retinal pigment epithelium marker.

There was DAPI diffusion for adjacent cells of the retina.

CONCLUSION: There is BM-MSCs migration toward the lesion site following intravitreal
injection of the cells. It is not possible to assure that there is differentiation and incorporation
of the stem cells into the retina of rats after injury. DAPI diffusion to adjacent cells may be a

bias.
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As células-tronco tém sido estudadas em varios campos da medicina,
especialmente na cardiologia, em que seu uso ja tem alcangado a pratica clinica
(BLATT A, et al., 2005; CORREIA AS, et al., 2005; BALSAM LB, et al., 2005; VAN
LAAKE LW, et al., 2005). Existem dois principios basicos envolvidos no estudo das
células-tronco: auto-renovagado e multi-potencialidade para originar todos os tipos
celulares de um determinado tecido (KLASSEN H, et al., 2004).

Existem varias doencgas degenerativas da retina capazes de levar a cegueira
legal, tais como a retinose pigmentar e outras distrofias retinianas. Nao existem
terapias eficazes, até o presente momento, capazes de prevenir ou reverter o
processo degenerativo nestas doencgas. O transplante de retina € uma opgao,
entretanto a integragdo neuronal e sobrevivéncia das células diferenciadas ainda
sao questdes nao resolvidas.

A identificacado e caracterizacdo de células-tronco, nos ultimos anos, levaram
ao uso potencial dessas células como uma alternativa promissora para a
regeneracgao tecidual (WARVFINGE et al., 2001). A injegcao de células-tronco teria a
capacidade potencial de ser utilizada para o tratamento de distrofias retinianas. O
efeito benéfico poderia advir do seu auxilio na restauragdo da visdao pela
regeneragao da retina lesada e/ou pela paralisagao da degeneracéo progressiva dos
neurénios (SMITH LEH, 2004).

As células-tronco mesenquimais, extraidas da medula dssea, apresentam
facilidades de obtencdo e utilizagdo. O doador das células pode ser o proprio
individuo, o que elimina complicagdes relacionadas a rejeigao tecidual. O fato destas
células poderem ser facilmente obtidas e multiplicadas em grande quantidade em
cultura, com potencial de auto-renovacgao, faz com que estas sejam candidatas para

regeneracgao retiniana por meio do transplante autélogo.
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As células-tronco mesenquimais (CTM) podem ser induzidas a diferenciacao,
in vivo e in vitro, em células nao-mesenquimais tais como neurbnios, em um
processo chamado de “plasticidade das células-tronco” (MORRISON, et al., 1995;
POUNTOS e GIANNOUDIS, 2005). As CTM da medula 6ssea podem se diferenciar
em neurbnios, in vivo e in vitro, e quando implantadas em locais submetidos a
lesdes, em modelos experimentais animais, demonstram habilidade para migrar para
o local da lesdo e iniciar o reparo tecidual (KLASSEN, et al., 2004). Embora as
células-tronco possam integrar-se as camadas lesadas da retina e diferenciarem-se
em células da retina, ainda ndo ha evidéncias de restauracédo da funcao visual e de
sobrevivéncia destas células por longo prazo (WOJCIECHOWSKI, et al., 2002;

SCHRAERMEYER, et al., 2001).
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2. REVISAO DA LITERATURA
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As primeiras investigacdes a respeito da renovacao celular em doengas
retinianas foram realizadas transferindo-se fotorreceptores maduros para ratos
portadores de distrofias retinianas. Observou-se que ocorre migragdo parcial das
células transplantadas. Entretanto ndo se observou integracdo dessas células no
tecido receptor (SILVERMAN, et al.,, 1992; ARAMANT, et al., 1995; BERSON e
JAKOBIEC, 1999; KWAN, et al., 1999).

O corpo humano contém diversos tipos de células progenitoras que sao
capazes de dividir varias vezes, originando células-filhas com potencial de
desenvolvimento mais restrito. Os principais exemplos dessas células-tronco incluem
o zigoto totipotente, células-tronco embrionarias, células-tronco hematopoiéticas e
células-tronco mesenquimais.

Células-tronco embrionarias (CTE) sao coletadas no estagio de blastocisto do
desenvolvimento embrionario. Estas células podem originar outras células derivadas
dos trés folhetos embrionarios: endoderma, ectoderma e mesoderma. Estudos
recentes sugerem que as CTE podem ser diferenciadas e incorporadas a retina apds
lesdo (BANIN, et al., 2006; MEYER, et al., 2006)

As células-tronco hematopoiéticas sao responsaveis pela constante
renovagao do sangue. Estas células sao classicamente isoladas na medula 6ssea
ou sangue, embora sejam também encontradas no corddo umbilical (sistema
hematopoiético fetal). Elas sdo capazes de auto-renovacgido e diferenciagdo em
células sanguineas e células do sistema imunoldgico (REUBINOFF, et al., 2000). O
marcador destas células € o CD34 (D'COSTA, et al., 1999).

Células-tronco mesenquimais (CTM) sdo isoladas da medula o6ssea de
organismos adultos. Elas caracterizam-se por apresentarem aderéncia ao plastico,

ter aspecto de fibroblastos e poder se diferenciar em células distintas (POUNTOS, et
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al.,, 2005). Estas células sdo encontradas em varios tecidos durante o
desenvolvimento, e em adultos, sdo encontradas principalmente na medula éssea,
de onde podem ser facilmente aspiradas (BERTRAM, et al., 2005; AHRENS, et al.,
2004; CHIOU, et al., 2005). As células podem ser isoladas, expandidas em cultura e
estimuladas a se diferenciarem em osteoblastos (KASSEM, et al., 1993), condrdcitos
(JHONSTONE, et al.,, 1998), musculo esquelético (SAMPAOLESI, et al., 2005),
endotélio (ABEDIN, et al., 2004), cardiomiocitos (LEE, et al., 2004), hepatdcitos
(JUSTESEN, et al., 2002), adipdcitos (JIANG, et al., 2002) e outros tipos celulares
nao-mesodérmicos como neurdnios, in vivo e in vitro (SANCHEZ-RAMOS, et al.,
2000; DE BARI, et al., 2003).

A medula 6ssea é considerada fonte ideal de células-tronco pluripotentes.
Apresenta diversas vantagens quanto ao uso de suas células pela sua natureza
autdloga, relativa facilidade de isolamento e auséncia de problemas éticos e
religiosos em relacdo ao seu uso, quando comparadas as células-tronco
embrionarias.

Em animais a regeneragao retiniana pode ocorrer por duas vias. Em uma
delas as células diferenciadas proximas a uma lesao tecidual sofre um processo de
desdiferenciagédo e subsequente re-diferenciacdo em uma linhagem especifica, para
reparacao da lesao, em um processo chamado trans-diferenciacio. A outra via € por
meio de células-tronco. Em algumas espécies animais células-tronco provenientes
de trans-diferenciacdo podem ser recrutadas para repovoar a retina lesada
(HAYNES, et al., 2004; MITSUDA, et al., 2005).

Em peixes e anfibios a neurogénese nao é interrompida apdés o estagio
embrionario; ela ocorre durante toda a vida do animal. A retina continua a “crescer”

e novas células sdo adicionadas continuamente na regido que contém as células-



21

tronco - a zona ciliar marginal (ZCM) - uma area circunferencial neurogénica
localizada na extrema periferia da retina (STRAZNICKY, et al., 1971, JOHNS, 1977,
FISCHER, et al., 2000, SPENCE, et al., 2004). Observou-se que a maioria das
células da retina destes animais é originada ap6s o periodo embrionario (JOHNS,
1977).

Em anfibios, a ZCM contribui para a regeneragéo retiniana, mas é o EPR
representa a mais importante fonte de regeneragao. Apos lesao retiniana as células
do EPR perdem a sua pigmentacao, desdiferenciam e geram neurbnios através de
um processo chamado transdiferenciagao (REH, 1987, FISCHER, et al., 2001).

Em galinhas, ao final do periodo de embriogénese, a retina esta
completamente formada. A trans-diferenciacdo celular ocorre via EPR e ZCM. Em
outros passaros adultos, o dano retiniano é reparado pela trans-diferenciacao de
células de Mdller (TSONIS, 2002; TSONIS, et al., 2004; MITASHOV, 1996; AMATO,
et al., 2004).

Em mamiferos, uma vez completada a histogénese retiniana, ndo ha
producdo continuada de neurdnios retinianos. Até recentemente, ndo havia
evidéncia da existéncia de uma regido de crescimento similar a ZCM das galinhas.

Estudos em retinas humanas adultas mostraram a expressao de um marcador
de progenitor neural denominado Nestina. Na retina humana, a Nestina é expressa
em algumas células na jungao da retina neural e o corpo ciliar, o que sugere a
presenca de um remanescente da ZCM em humanos, que podem ser consideradas
como “células-tronco da retina” (MAYER, et al., 2003). O mesmo estudo que sugere
a presenga da ZCM em humanos evidenciou a presenca de células Nestina-
positivas em membranas epirretinianas presentes na vitreorretinopatia proliferativa

(PVR), o que implica que este tipo celular pode contribuir para esta doenca.
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Tem sido relatado o uso experimental de células-tronco neurais (CTN) como
fonte potencial de diversas células no sistema nervoso central, como astrdcitos e
oligodendrdcitos. Estas células foram isoladas in vitro na zona ciliar marginal de
ratos e humanos. Elas podem se diferenciar em neurbnios, como fotorreceptores,
células bipolares e células gliais, in vitro. (TSONIS, et al., 2004; TROPEPE, et al.,
2000, AHMAD et al., 1999; CANOLA et al., 2007). Entretanto, esta ndo é uma fonte
viavel de células-tronco para terapias oculares, considerando a disponibilidade muito
limitada de células-tronco retinianas (KICIC, et al., 2003).

Existem varias fontes de células disponiveis para o reparo de lesdes
retinianas, entretanto, a multipotencialidade das CTM, associada a facilidade de seu
isolamento e cultivo, além do seu grande potencial de multiplicacdo faz com que
estas células sejam uma fonte apropriada para o estudo do reparo de danos
retinianos.

Estudos recentes demonstraram que as CTM cultivadas podem ser induzidas
in vitro e in vivo a se diferenciarem em derivados ndo-mesenquimais como as
células neurais (MEZEY, et al., 2000; WOODBURY, et al., 2000). Tomita et al.
(2002) injetaram CTM em ratos portadores de lesdes retinianas e observaram que
as células se diferenciaram em células retinianas in vivo. Kicic et al. demonstraram
que as CTM podem ser induzidas se diferenciar em fotorreceptores in vitro e in vivo.
Apesar da integracdo e diferenciagdo das células-tronco na retina lesada, a
funcionalidade deste tecido é ainda questionavel (TSONIS, et al., 2004;
TAKAHASHI, et al.,, 1998). Em contraste com esses estudos, outros trabalhos
mostram que o eletrorretinograma (ERG) melhora apdés a inje¢cao de células-tronco,

indicando integracao funcional das células transplantadas (MOSHIRI, et al., 2004).
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Diversos “sinais” podem direcionar as CTM no sentido de se diferenciarem em
células de linhagens teciduais diferentes. Estes sinais incluem trauma, fratura,
necrose e tumores. Demonstrou-se, experimentalmente, que as CTM podem migrar
para tecidos lesados e estimular o reparo tecidual pela diferenciagao celular
(POUNTOS e GIANNOUDIS, 2005).

As células-tronco mesenquimais humanas isoladas em cultura podem ser
estudadas pela citometria de fluxo, que identifica em sua superficie as moléculas
CD29, CD44, SH2, SH3, CD71, CD90, CD106, CD120a e CD124. (PITTENGER, et
al., 1999; LODIE, et al.,, 2002; JAVAZON, et al., 2004; HAYNESWORTH, et al.,

1992).
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3. OBJETIVOS
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Os objetivos deste estudo foram:

1) Criar e padronizar um modelo experimental adequado para o estudo de
indugdo de lesao retiniana, a fim de se avaliar possivel regeneragao

tecidual, apos injec&o intravitrea de células-tronco;

2) Avaliar a migragdo das células-tronco mesenquimais provenientes da
medula 6ssea e sua integracao a retina lesada, apos diferentes tempos do

transplante;

3) Avaliar, por meio de estudo de imuno-histoquimica, se €& possivel
caracterizar a diferenciacdo das células-tronco transplantadas apoés

injegao intravitrea dessas células no tecido retiniano lesado.
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4. MATERIAIS E METODOS
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4. ESTUDO IN VITRO

4.1.1. Isolamento e Culturadas CTM

Todos os experimentos foram realizados de acordo com o Comité de Etica
Animal (CETEA/UFMG) e aprovados sob o numero 3/2006. As células-tronco da
medula 6ssea foram coletadas de ratos Wistar isogénicos, com 2 meses de idade.
Os animais foram sacrificados e tiveram suas tibias e fémures extraidos. Em meio
estéril, as epifises dos ossos coletados foram cortadas expondo a medula. Realizou-
se uma injec&o, sob pressao, de DMEM (Dulbecco’s Modified Eagle’s Medium), na
cavidade medular do fémur e tibia dos animais. As células foram incubadas a 37°C e
5% CO, por 48 horas e as células ndo-aderentes foram removidas. As células, que
apresentaram forma similar a de fibroblastos, foram cultivadas e expandidas por 3
semanas. Estas células demonstraram caracteristicas tipicas de CTM.

Utilizou-se o meio de cultivo DMEM (Dulbeco’s Modified Eagle Medium,
Gibco) suplementado com 5mM de bicarbonato de Sédio (Merck), 10% de soro fetal
bovino (Gibco), 100 wunidades de penicilina G/mL, 100 wunidades de

estreptomicina/mL e 0,25ug de anfotericina B /mL (PSA, Gibco).

4.1.2. Teste de Viabilidade Celular

Para testar a viabilidade celular utilizou-se o ensaio de MTT (metil tetrazol)
(DENIZOT e LANG, 1986) que € um método colorimétrico sensivel e quantitativo
capaz de medir a viabilidade e estado de ativagdo das células. Esse ensaio baseia-
se na capacidade de enzimas desidrogenases, presentes nas mitocéndrias de

células viaveis, em converter o substrato dimetiltiazol (MTT), soluvel em agua, no
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cristal de formazan, produto insoluvel em agua. A quantidade de formazan produzido
€ diretamente proporcional ao numero de células viaveis.

As linhagens celulares foram cultivadas, em sua terceira passagem, em meio

5
de cultura basal em uma placa de 24 pocos numa densidade de 5x10 células/ mL/

poc¢o e incubadas por 18 horas a 37°C em estufa com 5%002' ApOs este periodo, o

meio de cultura foi retirado e 210uL de meio de cultura basal foram adicionados. Foi

acrescentado as células, 170 pyL da solugédo de MTT (SIGMA) 5 mg/mL. A placa foi
novamente incubada em estufa com 5% de CO2 a 37OC por 2 horas e, em seguida,

as células foram observadas em microscopio Optico para a visualizagao dos cristais
de formazan. Foi acrescentado a cada pogo 210uL de SDS10%-HCI para a
solubilizacdo dos cristais. Apds 18 horas, foram recolhidos 100uL de cada pogo e a
leitura dos valores de absorbancia da solugao resultante foi realizada a 595 nm em

um leitor automatico de micro placas (EIx800, Bio-Tek, Instruments Inc.).
4.1.3. Deteccao da atividade da fosfatase alcalina.

O nivel de diferenciagcao celular foi avaliado por meio da atividade da
fosfatase alcalina, que € um marcador celular precoce tanto de células-tronco quanto
de osteoblastos. Além disso, a atividade desta enzima nos permite distinguir células-
tronco mesenquimais de outras células do mesénquima tais como fibroblastos, ja
que a producao da fosfatase alcalina é elevada nas CTM quando comparada aos
fibroblastos. A produgado de fosfatase alcalina foi avaliada por meio do ensaio de
NBT-BCIP (bromo-cloro-indol fosfato) (Gibco). Este ensaio é baseado na reagao
cromatogénica iniciada pela clivagem do grupamento fosfato presente no BCIP pela

fosfatase alcalina presente nas células. A reagao produz um préton que reduz o NBT
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(nitro blue tetrazol) a um precipitado insoluvel de cor purpura.

Para a deteccao de fosfatase alcalina nas células em terceira passagem, na

concentracéo de 5 x105 por poco, todo o “sobrenadante” celular foi retirado. As
células foram lavadas com PBS e 200 uL de solugao de BCIP-NBT, preparada de
acordo com as instrugdes do fabricante (Gibco). Apoés 2 horas de incubagao, cada
poco recebeu 210 pL de SDS 10% HCI para a solubilizagao dos precipitados de cor
purpura. As placas foram incubadas a 37°C por 12 horas. Apoés a solubilizagao, 100
ML de cada poco foram colocados numa placa de 96 pocos e a densidade Optica da

solucao foi medida a 595 nm num leitor automatico de micro placas.
4.1.4. Analise fenotipica das CTM por Citometria de fluxo (CF)

A analise das moléculas de superficie das CTM foi realizada por citometria de
fluxo em células cultivadas. Os resultados foram plotados em forma de histograma.

As CTM de medula éssea foram caracterizadas por citometria de fluxo através
da analise da presenca de moléculas de superficie celular CD29,CD44, CD90, CD54
e CD73 que sédo consideradas como marcadores positivos de células-tronco
mesenquimais (PITTENGER, et al, 1999). Para verificar a existéncia de
contaminagdes da cultura de células-tronco mesenquimais com células-tronco
hematopoiéticas, foi analisada a presenca das moléculas de superficie celular CD34
e CD45, que sédo considerados marcadores positivos de células-tronco

hematopoiéticas.
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4.1.5. Marcacdao celular com anticorpos primério e secundario

As CTM, em terceira passagem, de medula éssea na quantidade 1x106
células foram incubadas com uma concentragao de 1ug dos anticorpos primarios
(Tabela 1) em diferentes pogos em uma placa de 96 pogos (placa fundo em U) por
30 minutos a 4°C. Apds a incubacgao, as células foram lavadas com PBS e
incubadas com 1ug do anticorpo secundario monoclonal de coelho anti-IgG de
camundongo, marcado com FITC fluoresceina isotiocianato (calbiochem) ou ALEXA
(Invitrogen) — 568nm ou 488nm (invitrogen) por 30 minutos a 4°C. As células foram
novamente lavadas em PBS e depois fixadas em formaldeido 2%. Como controle
negativo de fluorescéncia, também foi adicionado o anticorpo secundario, as células
nao marcadas com o anticorpo primario. Células sem qualquer tipo de marcacao
foram fixadas e utilizadas para gerar o grafico de tamanho versus granulosidade

para estabelecer a populagao a ser analisada.

4.1.6. Leitura no citbmetro de fluxo FACScan (Becton-Dickinson

Immunocytometry System, San Jose, CA)

Um minimo de 15.000 eventos foi adquirido, utilizando o programa
CELLQuest. Os dados obtidos foram analisados no programa WinMDI 2.8.
Primeiramente, a populacdo de células a ser estudada foi delimitada através de
regides que sao definidas em graficos de tamanho versus granulosidade gerado pela
andlise de células que ndo foram submetidas a nenhum tipo de marcacgao.
Posteriormente, utilizou-se um grafico de histograma para se delimitar a regido do
controle negativo de fluorescéncia referente as células que foram incubadas apenas

com o anticorpo monoclonal de coelho anti-IgG de camundongo marcado com FITC
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e com Alexa . A partir da definicdo destes paradmetros, iniciou-se a analise das

células marcadas com os anticorpos primarios e secundarios.

4.1.7. Analise fenotipica das CTMs por Imunocitoquimica (ICC)

As CTMs de medula 6ssea em cultura na terceira passagem, foram fixadas
por 10 minutos com uma solugao de 4% de paraformaldeido em PBS, lavadas com
PBS e permeabilizadas através da incubagdo com 0,25% de TritonX-100 (Roche,
Alemanha) em PBS por 10 minutos. Apds a permeabilizagdo, as células foram
lavadas 3 vezes em PBS, 5 minutos cada lavagem e bloqueadas, a temperatura
ambiente, com 3% de BSA em PBS-Tween 0,05% por 2 horas. As células foram
entdo novamente lavadas 2 vezes em PBS, 5 minutos cada e, posteriormente,
incubadas com anticorpos primarios por 1 hora a temperatura ambiente (tabela 1).
Ap0ds o periodo de incubacgao, as células foram lavadas 3 vezes com PBS, 5 minutos
cada, e incubadas com os anticorpos secundarios. Os anticorpos secundarios foram
diluidos na mesma solucdo dos primarios. Os anticorpos secundarios usados, na
diluicdo de 1:500, foram: anticorpo de cabra anti-lgG de camundongo conjugado ao
fluorocromo Alexa 488 (Molecular Probes) e cabra anti-IgG de Coelho conjugado ao
fluorocromo Alexa 568 (Molecular Probes). Novamente as células foram incubadas
por 1 hora, em temperatura ambiente, ao abrigo da luz. Apdés o periodo de
incubacgao, as células foram novamente lavadas, 3 vezes em PBS, 5 minutos cada,
ao abrigo da luz. As células foram incubadas em DAPI, na diluicdo de 1:200, por 1
minuto e lavadas em PBS por 5 minutos. Para prevenir a perda da fluorescéncia e o
ressecamento do material, as laminulas receberam Hidramount e foram montadas

sobre uma lamina. As ladminas foram analisadas usando um microscopio de
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fluorescéncia (Olympus®, Optical sectioning microscope attached to an Axioplan
imaging Apotome® apparatus, Zeiss®, Germany). A co-localizagao das imagens
com dupla marcacgao foi feita pela sobreposigcdo de imagens digitais separadas de

cada fluorocromo.

4.1.8. Marcacdao celular para rastreamento

o DAPI
Apoés a terceira passagem as CTM foram incubadas, em cultura, com 50
ug/mL de 4',6-diamidino-2-phenylindole (DAPI; Molecular Probes, Invitrogen) a 37°C
e 5% CO; por 2h. As CTM foram tratadas com tripsina (Gibco) por 3 minutos para
gerar uma suspensdo celular homogénea, lavadas 3 vezes com DMEM,
ressuspendidas em DMEM sem soro, contadas, e mantidas em gelo até a realizagao

do transplante.

e Quantum Trackers
Quantum trackers (Invitrogen) sdo microcapsulas que liberam nanocristais
fluorescentes chamados quantum dots (Qdots) no citoplasma de células vivas
usando um peptideo ligante especifico. Uma vez dentro das células vivas, estes
nanocristais emitem uma fluorescéncia intensa e estavel que pode ser rastreada
durante varias geracbes mas nao sao transferidas para populagdes de células
adjacentes. Para marcagdo das CTMs com os Qtrackers foi realizado o seguinte
procedimento:
Preparou-se uma solugdo de marcacao de 10nM misturando1pul do reagente A e

B do Qtracker em um eppendorf de 1,5 mL que foi incubada a temperatura ambiente
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por 5 minutos. A seguir adicionou-se DMEM ao tubo, procedeu-se a sua
homogeneizagdo e adicionou-se uma suspensdo de 1x10° CTM. As células foram
incubadas a 37°C por 60 minutos e lavadas com meio DMEM 3 vezes. As células

foram mantidas no gelo até a realizagéo do transplante.

4.2. ESTUDO IN VIVO

4.2.1. Estabelecimento de um modelo de lesao pelo laser

Os ratos Wistar (n=18) foram anestesiados com uma mistura de ketamina (40
mg/kg peso) e xylazina (15 mg/kg peso), injetadas por via intraperitoneal. A midriase
foi induzida pela anestesia sem necessidade de dilatagao pupilar medicamentosa. A
lesdo retiniana foi induzida pelo Nd-YAG laser, utilizando-se uma energia média de
0,5 mJ. Utilizou-se a lente de 3 espelhos de Goldman para visibilizagao da retina e
realizou-s aproximadamente 15 a 20 disparos de laser, ao redor do disco optico. As
lesdes produzidas foram todas de espessura total da retina e coréide, observando-
se na maioria das vezes uma hemorragia sub-retiniana profunda e as vezes leve
hemorragia vitrea, apos o disparo do laser. Animais que evoluiram com hemorragia

vitrea macica (3 animais) foram excluidos do estudo.

4.2.2. Transplante intravitreo das CTM

Dezoito ratos Wistar SHR, com 10 a 12 semanas de vida foram anestesiados
por injecao intraperitoneal de ketamina (40 mg/kg peso) e xylazina (15 mg/kg peso).
Uma suspenséo celular (20 pl) contendo aproximadamente 4 x 10° CTM marcadas

pelo DAPI foi lentamente injetada na cavidade vitrea, por via justalimbica, utilizando-
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se uma agulha 30 gauge, 24 horas ap6s a inducao da lesado. A injecao foi realizada
em ambos os olhos de 9 ratos. Portanto, dois grupos de animais foram estudados: 1)
Ratos com lesdes retinianas e inje¢ao de CTM (n=9); 2) Ratos com lesdes retinianas

sem injecéo de CTM (n=9) .

4.2.3. Preparo dos tecidos para analise

Os animais foram sacrificados 2, 4, e 8 semanas ap6s o transplante. O bulbo
ocular foi enucleado, por peritomia limbica 360°, isolamento dos musculos extra-
oculares e disseccdo do nervo Optico até o apice da orbita. Os olhos foram
processados de duas formas: ainda frescos (embebidos em OCT e congelados) ou
fixados em Omnifix (FR Chemical Inc, Mount Vernon, NY). Os olhos processados
ainda frescos foram cortados (10 um) no criostato e analisados imediatamente em
microscopio de fluorescéncia. Os olhos fixados ficaram na solugdo de Omnifix por
24h, foram desidratados através de diferentes concentracbes de etanol, xilol,
embebidos em Paraplast-Plus (Sigma Chemical Co., St. Louis, MO), e cortados (7
um) usando um micrétomo. Para ambos os processos, as ldminas foram coradas
com hematoxilina/eosina, e examinadas em um microscopio Optico para avaliar a

preservacgao da morfologia retiniana.

4.2.4. Analise morfolégica por imunohistoquimica

Todos os blocos embebidos em paraplast foram cortados, o paraplast foi

removido, os cortes foram re-hidratados e submetidos a marcagéo imunoldgica

usando varios anticorpos especificos para células retinianas (Tabela 2). Apos
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bloquear por 1 hora ,em temperatura ambiente, com 2% de soro fetal bovino diluido
em PBS, os cortes foram incubados com os anticorpos primarios, durante a noite em
4°C em camara umida. Os cortes foram posteriormente lavados trés vezes por 5
minutos em PBS e entdo incubados por 1 hora (temperatura ambiente) em uma
diluicdo de 1:500 com os seguintes anticorpos secundarios: anticorpo de cabra anti-
IgG de camundongo conjugado ao fluorocromo Alexa 488 (Molecular Probes) e
cabra anti-lgG de coelho conjugado ao fluorocromo Alexa 568 (Molecular Probes).
Os cortes foram entao lavados trés vezes por 5 minutos com PBS, as |laminas foram
montadas utilizando hidramount e analisadas usando um microscopio de
fluorescéncia (Olympus®, Optical sectioning microscope attached to an Axioplan
imaging Apotome® apparatus, Zeiss®, Germany). Co-localizagdo das imagens com
dupla marcagao foi feita pela sobreposicao de imagens digitais separadas de cada

fluorocromo.
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priméarios para Imunocitoquimica (ICC) e Citometria de

Fluxo (CF)
Antigeno Teste Espécie Fornecedor Diluicao
CD29 CF Camundongo Abcam 1:50
CD34
CF Camundongo Abcam 1:50

=
S CD44
[ CF Camundongo Abcam 1:50
3
.g CD45 ICC e CF Camundongo Abcam 1:50
e BD
o CD54 ICCeCF Camundongo o 1:500 e 1:50
= Biosciences
®)
o BD
8 CD73 ICC e CF Camundongo o 1:500 e 1:50
£ Biosciences
5 BD
S CD90 ICCeCF Camundongo o 1:500 e 1:50
= Biosciences
L
c BD
g GFP ICCeCF Coelho 1:500 e 1:50

Biosciences




Quadro 2 - Anticorpos primarios para Imunohistoquimica

Imunohistoquimica

Antigeno Clone Espécie Fornecedor | Diluigéo
Rodopsina [RET-P1] | Camundongo Abcam 1:16
GFAP (Glial
fibrillary acidic Coelho Abcam 1:1000
protein)
Parvalbumina Coelho Abcam 1:1000
Pan-

Citoqueratina
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5. RESULTADOS
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As células-tronco foram testadas quanto a sua viabilidade, producéo de fosfatase
alcalina e quanto a presenca de marcadores especificos de membrana para células-

tronco mesenquimais.

5.1. Morfologia das Células-Tronco mesenquimais isoladas de medula 6ssea

As células-tronco isoladas de medula 6ssea de ratos Wistar, em cultura com
meio de cultivo celular DMEM - 10% SFB, assumiram a forma fusiforme alongada
com nucleo central e alguns prolongamentos. Essas células apresentaram altas

taxas replicativas e aderiram as garrafas de cultivo celular.

Figura. 1. Cultura celular de células-tronco isoladas de medula 0ssea .
Documentagao fotografica das células-tronco apds 3% passagem ao microscopio

Optico no aumento de 100x.
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5.2. Analise morfolégica das atividades enzimaticas das células-tronco

mesenquimais isoladas de medula 6ssea

A andlise morfolégica documentada nos ensaios de viabilidade celular (MTT)
das CTM mostrou a presencga de cristais de formazam , comprovando a viabilidade
celular por meio da atividade enzimatica. Nos ensaios da atividade da Fosfatase
alcalina (FA) foram observados pontos escuros, nas figuras, que representam a
formagao do produto e sua sedimentagao. Isso comprova a atividade enzimatica das

CTM (Fig. 2).

Figura 2. Ensaio da atividade de fosfatase alcalina. Andlise morfologica

documentada no aumento de 100X ao microscoépio optico.

5.3. Analise fenotipica das CTMs por Citometria de fluxo (CF)

A visualizacdo da presenga dos marcadores celulares em ensaios de

citometria de fluxo objetivou comprovar o fendtipo das células-tronco obtidas de
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medula 6ssea. Para o estabelecimento da cultura de CTM foram selecionados os
determinantes de complementaridade: CD45, CD54, CD73,e CD90. Os CD29,
CD44, CD54, CD73 e CD90 sao, de acordo com a literatura marcadores especificos
para CTMs. Os CD34 e CD45 sao caracteristicos das células-tronco

hematopoiéticas.
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Figura 3- Analises individuais plotadas a partir das analises fenotipicas para
marcadores moleculares obtidas por citometria de fluxo das CTM. Na fig. 3A, o gréfico
de pontos (1° fig. a esquerda) mostra a populagdo analisada e os histogramas mostram a
intensidade de fluorescéncia de cada marcador analisado. Na fig. 3B, a analise quantitativa

dos controles (s6 células e controle de conjugado) e de cada marcador esta representada

em forma de gréfico.
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5.4. Marcacéo das células para rastreamento

Para verificar o destino das CTM transplantadas em retinas lesadas pelo Nd-

YAG laser, as células foram pré-marcadas em cultura com DAPI antes da realizagao

do transplante.

Figura 4- Andlise morfologica das CTM em cultivo e marcadas com DAPI. A
figura 4A mostra uma microscopia de contraste de fase das CTM de rato em
garrafas de cultura, na segunda passagem. As setas mostram a presenga de células
(eritrocitos) nao aderentes de forma redonda. Depois de expandir essas células até
a terceira passagem, obtivemos uma cultura homogénea em monocamada (CTM) a

qual foi marcada com DAPI, como é mostrado na fig. 4B.
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5.5. Padréo de migracédo das CTM apds transplante

Para verificar a incorporagcao e distribuicdo das células transplantadas na
retina lesada, os olhos foram enucleados em duas, quatro e oito semanas apds o
transplante (Fig. 6). Observou-se que as células transplantadas incorporaram ao
tecido retiniano de forma tempo-dependente. A maioria das células transplantadas
sobreviveu em todos os olhos e em todos os tempos avaliados. Na segunda semana
(Fig. 6B), a maioria das CTM se manteve na cavidade vitrea, na quarta semana (Fig.
6C) algumas células foram encontradas na retina. Na oitava semana (Fig. 6D) péde-
se observar que uma grande quantidade de células encontrava-se na retina neural.
Estes achados sugerem que as CTM transplantadas possuem capacidade de
migragdo em direcdo ao tecido lesado (trofismo) e sdo capazes de se incorporar

neste tecido.
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Figura 5- Microscopia de fluorescéncia mostrando a migracdo das CTM
marcadas com DAPI ap0s transplante intravitreo em ratos cujas retinas foram
lesadas pelo laser. A Figura 5A mostra um corte de retina do grupo controle, cuja
retina foi lesada mas nao houve injecdo de células-tronco. Fig. 5B: Distribuicdo das
células transplantadas 2 semanas apods o transplante, mostrando que a maioria das
células ainda se encontra na cavidade vitrea. Fig. 5C: Quatro semanas apds o
transplante algumas células transplantadas ja haviam se incorporado na retina. Fig.
5D: Oito semanas apds o transplante observa-se que a maioria das células
transplantadas ja se encontrava nas camadas nuclear externa, nuclear interna e de
células ganglionares. As setas mostram a localizacdo das CTM apds transplante.
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5.6. Andlise imunohistoquimica da retina

Com o objetivo de averiguar se as CTM transplantadas e distribuidas pelo
tecido retiniano (na oitava semana) expressavam marcadores especificos de células
retinianas, foi realizado um ensaio de imunohistoquimica, em que o tecido retiniano
foi fixado e embebido em paraplast. Optou-se pela fixacdo do tecido ao invés da
avaliagcao deste tecido a fresco, pelo fato de que a fixacdo do tecido e sua inclusao
no paraplast promovem uma melhor preservagao de sua morfologia, fazendo com
que ocorra uma melhor identificagcdo das estruturas e consequentemente uma
anadlise mais confiavel. A co-localizacdo do DAPI com um dos marcadores
especificos para células retinianas foi usada para avaliar a capacidade de
diferenciacao neural das células transplantadas. Os marcadores especificos para
células retinianas utilizados neste estudo foram a rodopsina, para bastonetes, a
GFAP (glial fibrillary acidic protein) para células de Mdller e astrdcitos, parvalbumina
para células bipolares e amacrinas, e pan-citoqueratina para o epitélio pigmentar da
retina (Tabela 2). A maioria das células marcadas com DAPI, presumivelmente CTM,
incorporou na camada nuclear externa (CNE) e expressaram rodopsina (Fig. 6A-
painel direito), e parvalbumina (Fig. 6B- painel direito). Um pequena quantidade
destas células também se mostrou positiva para GFAP (Fig. 6C-painel direito).
Também foram observadas células marcadas com DAPI no espaco sub-retiniano,
mas estas células ndo expressaram marcadores retinianos especificos (Fig. 6 Ae D
painel direito). Nos cortes de tecido retiniano do grupo controle (onde a retina lesada
recebeu somente PBS), os marcadores retinianos especificos ficaram evidentes e
nenhuma fluorescéncia inespecifica foi observada, excluindo a possibilidade de

auto-fluorescéncia das préprias células retinianas (Fig. 6-painel esquerdo). Nao



47

houve co-localizagao de células marcadas com DAPI e marcadores especificos para

EPR. (Fig.6D-painel direito).
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Figura 6- Andlise imunohistoquimica das CTM marcadas com DAPI em cortes
de retinas lesadas 8 semanas apoés transplante intravitreo. As imagens
localizadas no painel esquerdo da figura 6 mostram imuno-reatividade por um
marcador retiniano especifico em cortes de retinas lesadas tratadas somente com
PBS (controle). As imagens no painel direito da figura mostram imuno-reatividade
por um marcador retiniano especifico (verde), em cortes de retinas lesadas e
tratadas com CTM. Oito semanas apo6s o transplante, as células transplantadas
marcadas com DAPI (azul) co-expressaram rodopsina (verde-6A) , parvalbumina
(verde-6B) e GFAP (verde- 6C) . As cabecgas de setas no painel direito (A e D)
indicam a presencga de células transplantadas (azul) no espago sub-retiniano. As
imagens do grupo controle (painel esquerdo) nao mostraram marcagoes
inespecificas. Observa-se o nucleo azul corado pelo DAPI na maior parte das
células, devido a difusdo do corante para as células do tecido receptor. Os
anticorpos especificos se ligam a membrana celular das células, o que
provavelmente obscureceu os nucleos celulares supostamente corados pelo DAPI.

Barras de escala, 20 pym.

5.7. Dupla marcacao: Resultados do QuantumbDot

Realizou-se uma dupla marcacgéao das CTM . O nucleo foi marcado com DAPI e o
citoplasma foi marcado com Qdot, um nanocristal que emite fluorescéncia e precisa
de um peptideo alvo para entrar na célula. Por isso, se ocorrer morte celular durante
0 processo de transplante as células marcadas com DAPI e Qdots podem liberar
ambos no tecido hospedeiro, mas para o Qdot marcar células hospedeiras & preciso

que existam peptideos alvos neste meio, 0 que nao ocorre.
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Duas semanas apods o transplante, o tecido retiniano lesado pelo Nd-YAG laser
foi processado da mesma forma que anteriormente. Neste tempo é esperado que a
maioria das células ainda se encontre no espaco vitreo, com pouca integragao. Foi
feita, entdo, uma coloragao por Hematoxilina e Eosina em alguns cortes (fig. 7A e B)
para avaliar a morfologia, e outros foram simplesmente processados a fresco para
localizagédo das células transplantadas no tecido por meio de sua fluorescéncia (fig.

7C e D).
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Figura 7- Migragcdo das CTM marcadas com DAPI e Qdot, duas semanas
apos o transplante. Nas figuras 7A e B, coradas por HE pode ser observada uma
desorganizagao no tecido retiniano pela lesao induzida (setas). Pode-se observar
também um grupo de células adjacentes. E dificil precisar se s&o células do tecido
ou se sao CTM que estdo migrando em diregcdo a essa lesao (asteriscos), por
eventual trofismo. Nas figuras 7C e D é verificado também que neste grupo de
células existem células duplamente marcadas com DAPI e Qdot (azul e rosa,
respectivamente) confirmando a hipétese de que estas sdo mesmo as células
transplantadas. No entanto, as células do tecido retiniano ja se encontram marcadas
com DAPI (azul) figs. 7C e D, mas ndo com Qdot (rosa). Isso indica que realmente
estd havendo transferéncia do corante DAPI de células mortas transplantadas para

células residentes do tecido.
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6. DISCUSSAO
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Existem varias doencgas degenerativas da retina, como a retinose pigmentar e
outras distrofias, que podem evoluir com acentuada baixa de acuidade visual
(HARTONG, et al, 2006; GOODWIN P, 2008). Embora se procure prevenir ou
retardar o processo degenerativo, os resultados dessas medidas ainda sao muito
limitados. A possibilidade do uso de células-tronco com esta finalidade despertou
grande interesse e ensejou pesquisas cientificas para avaliar seu real alcance e
limitacdes.

As células-tronco vém sendo estudadas por meio de varios modelos
experimentais. O modelo experimental utilizado neste experimento mostrou-se de
facil execucdo e boa reprodutibilidade. Optou-se por realizar o trabalho em ratos
Wistar pelo fato destes animais serem facilmente mantidos em biotério em grande
quantidade e serem isogénicos, ou seja, 0 material genético dos ratos doadores é
idéntico ao material genético dos animais receptores - 0 que descarta a possibilidade
de rejeicao as células injetadas e torna desnecessario o uso de imunossupressores.

Alguns estudos (TOMITA, et al 2002, COLES, et al., 2004), sugerem o uso de
agulha de insulina para indugao da lesao na retina. Inicialmente, no presente estudo,
as lesdes retinianas foram induzidas com agulha de insulina, por via pars plana.
Entretanto, a baixa reprodutibilidade das lesdes criadas nos fez abandonar este
método de inducdo de lesdo. Foi aventada a hipdtese de realizar as lesbes
retinianas utilizando laser de argbénio, mas devido ao fato dos ratos serem albinos
(EPR né&o pigmentado), além da lesdo pelo laser de argbnio teoricamente n&o ser
profundamente destrutiva, foi abortada a idéia de realizar este método de lesdo.

As lesbes foram induzidas com YAG laser, pela obtencao de trauma retiniano
de espessura total, em regidao peripapilar, utilizando-se lente de 3 espelhos de

Goldman. O padrao de lesdo induzida foi muito similar em todos os animais
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estudados, razao pela qual este modelo foi selecionado para a realizacdo deste
estudo.

Além do tipo celular a ser utilizado, outra questdo a ser estudada é a via
preferencial de transplante das células-tronco para dentro do olho. As principais vias
sao a intravitrea e a sub-retiniana. Ambas sdo amplamente descritas na literatura. O
implante sub-retiniano de células-tronco necessita de vitrectomia prévia, com a
indugdo de descolamento localizado da retina sensorial para inje¢ao das células. A
injecao intravitrea € um procedimento menos invasivo € com menor risco de
complicagdes (JAISSLE, et al, 2005), razdo pela qual se escolheu esta via de

administracao de células-tronco.

Diferentes estudos publicados tém mostrado diferentes resultados quanto a
migragéao, incorporagao e diferenciagdo das CTM no tecido retiniano. Embora tenha
sido demonstrado que o transplante de células-tronco possa sobreviver na retina
receptora (KLASSEN, 2007), integrar-se as varias camadas da retina e estabelecer
sinapses com as células receptoras, o seu uso para substituir/renovar
fotorreceptores parece ainda ser limitado. De fato, varios estudos sugerem que néo
ha integragdo de células doadoras na camada nuclear externa e que as células-
tronco nédo se diferenciam em fotorreceptores (PRESSMAR, et al.,, 2001; VAN
HOFFELEN, et al., 2003; MEYER, et al., 2006; CANOLA, et al., 2007).

Algumas células expressando marcadores especificos de fotorreceptores
foram detectadas em estudos apds transplante sub-retiniano (KWAN, et al., 1999;
QIU, et al., 2005) e intravitreo (COLES, et al., 2004) de células-tronco. Entretanto,
nestes estudos, ndo se demonstrou, que as células transplantadas desenvolveram
um aspecto morfolégico tipico de fotorreceptores maduros.

Por outro lado, outros estudos como o de Kicic et al (2003), sugeriram que as
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CTM estao aptas a se diferenciar em fotorreceptores in vitro e in vivo. Nesse estudo,
sob condicbes de cultura especificas, as CTM se diferenciaram em fotorreceptores
em oito a dez dias, in vitro. Esses autores demonstraram também, in vivo, que houve
diferenciacao das CTM em fotorreceptores, duas semanas apos transplante de CTM
em ratos portadores de distrofias retinianas.

No presente estudo observou-se que com duas semanas de transplante havia
alguma migracéao celular em diregcédo ao sitio da lesdo. Um maior numero de células
havia migrado para a retina quatro semanas apds a inje¢do das células-tronco. Ao
final de oito semanas a maioria das células injetadas encontrava-se na retina
receptora.

A sobrevivéncia celular com duragdo de alguns meses foi observada em
estudos prévios. De fato, Warfvinge et al (2005) e Klassen et al (2007), em trabalho
utilizando porcos, observaram que as células podem sobreviver por até cinco
semanas apos o transplante. Em trabalho mais recente, em porcos GFP, KLASSEN
et al., 2008 descreveram que as células transplantadas sobreviveram por até 10
semanas apos o transplante e sugeriram que esta maior sobrevida era devida a
utilizagao de células alogénicas GFP+ como doadoras.

Neste estudo, os resultados obtidos por imunohistoquimica realizados apoés
oito semanas de inje¢cao das CTM na cavidade vitrea sugeriram que , se as células
transplantadas (CTM) estdo co-expressando marcadores especificos de células
retinianas elas teriam se diferenciado em neurénios retinianos.

Analisando-se as imagens de imunohistoquimica observa-se que toda a
camada da retina que contém os fotorreceptores, se encontrava marcada, ou seja,
seus nucleos estavam marcados com DAPI e suas membranas estavam marcadas

com anticorpo anti-rodopsina, sugerindo que todas essas células poderiam ser as
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células transplantadas (CTM) que ja teriam, assim, se diferenciado em bastonetes e
estavam produzindo rodopsina.

Na andlise desses resultados devem ser considerados alguns fatos
relevantes. Inicialmente, consideramos que teria ocorrido diferenciagao das células
injetadas em células das camadas especificas da retina. Esses resultados -
aparentemente contundentes - sugeriam que uma analise cuidadosa necessitava ser
implementada para verificar eventuais limitagdes metodoldgicas. De fato, estudos
publicados apds estas nossas observagcdes (BURNS et al., 2006) vieram esclarecer
algumas destas limitagées. Nesse estudo os autores relataram que no momento do
transplante, muitas células transplantadas morrem (por diferengas no micro-
ambiente ou por agressodes fisicas), e que neste momento liberam a substancia
quimica que estava sendo usada na sua marcagédo (como DAPI, timidina, BrDU,
iodeto de propideo, e muitos outros marcadores que usam 0 mesmo principio de
marcagao, ou seja, captacdo ativa da substancia pela célula em cultivo). Essa
substancia, no caso o DAPI, livre no micro-ambiente hospedeiro é ativamente
captada pelas células residentes neste local. Este evento, que ocorre in vivo,
demonstra uma importante limitacdo de experimentos que utilizam tais corantes
como marcadores, ja que células normalmente residentes no tecido podem se tornar
marcadas e sendo assim, confundidas com células transplantadas, o que
caracterizaria um falso positivo (BURNS et al., 2006).

Os resultados observados neste estudo demonstraram que, de fato, o uso
desses corantes apresentam estas limitacdes. Os resultados do nosso estudo bem
como as observacdes de BURNS et al., 2006, sugeriram que a difusdo do corante
era um fator que precisava ser considerado e se possivel eliminado, permitindo

assim a melhor identificagdo das CTM que migraram.
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Embora o DAPI seja extensivamente utilizado para marcacdo de células-
tronco, uma falsa marcagao celular pode produzir resultados pouco confiaveis, ja
que a marcagao adequada das células-tronco € um passo indispensavel na
validagao de qualquer terapia celular baseada em propriedades de diferenciacao.

O corante fluorescente azul, DAPI, liga-se a cadeia dupla de DNA da célula
(BARCELLONA e GRATTON, 1989; BARCELLONA e GRATTON, 1990;
KAPUSCINSKI, 1995) para formar um complexo que fluoresce 20 vezes mais que o
DAPI isoladamente. Embora o corante seja impermeavel as células, altas
concentracdes penetram em células vivas. O DAPI é um corante popularmente
utilizado em técnicas fluorescentes multicoloridas, hibridizac&o in situ do RNAmM e
experimentos celulares in vivo.

Corantes fluorescentes podem extravasar das células marcadas e
“‘contaminar” células adjacentes. A marcagao celular sem alterar sua morfologia ou
funcdo € um fator critico na investigagdo do comportamento celular, crescimento,
migracdo e diferenciagcdo. Por estas razdes, pesquisadores estdo sempre
procurando marcadores que sejam estaveis, ndo-toxicos e que nao sejam
transmitidos de célula a célula em experimentos in vivo e in vitro.

Para provar a hipétese de difusdo do DAPI para células adjacentes, foi feito
um experimento controle. Neste, foi realizada uma dupla marcagao das CTM. O
nucleo foi marcado com DAPI e o citoplasma foi marcado com Qdot, um nanocristal,
marcador citoplasmatico, que emite fluorescéncia e precisa de um peptideo alvo
para entrar na célula (MULLER-BORER et al., 2007; SHAH et al., 2007; SOLANKI et
al., 2008; FERREIRA et al.,, 2008). Este peptideo, que normalmente nao esta
presente nos tecidos oculares, € adicionado durante o preparo da marcagao das

células-tronco. Por isso, caso ocorra morte celular durante o processo de transplante
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das células marcadas com DAPI e Qdots, pode haver liberagdo de ambos no tecido
hospedeiro. Entretanto, para o Qdot marcar células hospedeiras é preciso que
existam peptideos alvos neste meio, o que nao ocorre. Ou seja, 0 QuantumDot sé
pode ser incluido dentro das células através de um peptideo, e ndo pode ser
transferido de uma célula para outra.

Neste ultimo experimento, duas semanas apds o transplante, o tecido
retiniano também lesado por Nd-YAG laser, foi processado como no experimento
anterior. Foi feita, entdo, uma coloragdo por HE em alguns cortes (fig. 8A e B) para
avaliar a morfologia, e outros foram simplesmente processados a fresco para
localizagdo das células transplantadas no tecido através de sua fluorescéncia (fig.
8C e D). Observou-se que as células coradas pelo QuantumDot (rosa) haviam
migrado em direcédo a lesdao, mas um numero muito maior de células estava corado
em azul (DAPI), o que confirma a difusdo do DAPI para células adjacentes.

Varios marcadores tem sido utilizados para marcacgao de células-tronco antes
do transplante. Os principais marcadores sao analogos de timidina, como o 5-bromo-
2-deoxiuridina, DAPI, iododeoxiuridina, e timidina tritiada. Alguns estudos mostram
que estes marcadores permitem a identificacdo adequada das células
transplantadas. (LIMB, et al, 2006; VEMUGANTI, et al, 2006; KAN, et al, 2007).
Entretanto, como descrito por trabalhos recentes, a difusdo dos corantes, assim
como a captacao e incorporacado destes pelas células receptoras limitam o seu uso.
Tais corantes tendem a ser perdidos em situacbes em que ha divisao celular das
células doadoras, e em casos em que seja necessario avaliar detalhes da morfologia
celular (KLASSEN et al., 2008). O presente estudo demonstra a limitacdo da
utilizacdo de corantes que se difundem, como o DAPI, quando utilizados

isoladamente. A utilizacdo de outros marcadores, como o QDot utilizado neste



59

estudo, parece ser fundamental para uma melhor avaliagdo do comportamento das
células-tronco.

Em sintese, o presente estudo mostrou que o modelo experimental
desenvolvido €& util para estudos envolvendo transplante de células-tronco
mesenquimais. Entre as vantagens deste modelo incluem-se:

1. A facilidade de obtencdo, manuseio e baixo custo dos animais;

2. A utilizagdo de ratos albinos isogénicos favorece o mesmo padrao de
resposta biolégica, minimizando assim a ocorréncia de respostas
diferentes secundarias a peculiaridades individuais;

3. Os parametros para a inducdo da lesédo produzida pelo YAG-laser podem
ser precisamente selecionados, de forma a tornar as lesbes mais
reprodutiveis, de acordo com os padrdes pré-estabelecidos;

4. A inducdo da lesdo por meio de procedimento néo-invasivo reduz o risco
de infecgao, que nao é infreqiente com os procedimentos mecanicamente
produzidos por agulha.

Ao iniciarmos este estudo o DAPI vinha sendo amplamente utilizado para
estudar a integracédo e diferenciagdo das CTM transplantadas. Este estudo, assim
como outros recentemente publicados, demonstraram que a difusdo do DAPI limita
grandemente a andlise dos resultados observados quando ele é utilizado como
marcador de células-tronco. Este fato explica inequivocamente resultados
aparentemente discrepantes de diferentes trabalhos publicados na literatura.
Embora algumas CTM possam ter sido incorporadas e ter experimentado
diferenciagao, os métodos utilizados ndo permitem esta conclusao.

Este estudo mostrou que, nas condigdes do experimento, as CTM obtidas da

medula 6ssea de outros ratos isogénicos quando injetadas na cavidade vitrea,
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migram, ao longo das primeiras semanas, para o sitio de lesdo induzida pelo YAG-
laser. A comprovacao que as CTM experimentam diferenciagao em células do tecido
normal, requer, estudos adicionais que apresentem metodologia especifica e

adequada para a identificagdo e comprovagao desse efeito bioldgico.
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7. CONCLUSAO
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1) O modelo experimental criado mostrou-se adequado, reprodutivel e efetivo

para o estudo de indugao de lesao retiniana e injecéo intravitrea de CTM,;

2) Houve migracéo das células-tronco para o sitio de lesao coriorretiniana. A
migracgao foi progressiva e ocorrreu ao longo das primeiras semanas apos

o transplante;

3) Nao é possivel afirmar se ocorreram integracdo e diferenciagdo das

células-tronco transplantadas em células do tecido neurorretiniano.
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ABSTRACT

Stem cells have been studied in several fields of Medicine, and their
applications are not too far from the clinical practice. Retinal impairment
by neuronal death has been considered incurable due to the limited
regenerative capacity of the central nervous system. The capacity of
stem cells to regenerate tissues, as well as their plasticity makes them a
potential source for retinal repair. The stem cells are a great promise for
the therapy of inherited retinal disorders and retinal-neuronal degenerative
diseases, such as retinitis pigmentosa and allied retinal dystrophies,
which canresultin blindness. Because of the accessibility, expansibility,
and multipotentiality mesenchymal stem cells are expected to be useful
for clinical applications, especially in regenerative medicine and tissue
engineering. Mesenchymal stem cells are clonogenic, nonhematopoietic
stem cells present in the bone marrow. Given the appropriate microenvi-
ronment, they could differentiate into cardiomyocytes or even into cells
of nonmesodermal derivation including hepatocytes and neurons. So far,
the results of a few studies are consistent with the belief that cell-based
therapies using mesenchymal stem cells may be effective when it comes
to retinal damaged tissue repair.

Keywords: Stem cells; Regeneration/physiology; Retina; Mesenchymal stem cells; Retinal
ganglion cells

STEM CELLS: GENERAL OVERVIEW

The stem cells have been widely studied in the last few years in virtually
all fields of Medicine", especially in Cardiology®®. There are two cardi-
nal principles of stem cells: self-renewal and the multipotentiality to make all
of the cell types of the particular tissue to which they belong®.

The human body contains several types of progenitor cells that are
capable of dividing many times, while also giving rise to daughter cells with
more restricted developmental potentials. Eventually these cells differen-
tiate and have specific phenotypic characteristics that contribute to their
highly specialized function. Examples of such stem cells include the totipo-
tent zygote, as well as embryonic stem cells, hematopoietic stem cells and
mesechymal stem cells.

Two types of mammalian pluripotent stem cells have been isolated -
Embryonic Stem Cells (ES) derived from pre-implantation embryos and
Embryonic Germ Cells (EG) derived from primordial germ cells of the post-
implantation embryo®. Embryonic stem cells express the transcription fac-
tor Oct-4, which maintains them in an undifferentiated state, with conti-
nuous proliferation. However, when these cells are removed from their
origin, they begin to differentiate into other tissues even without stimulus.

Arq Bras Oftalmol. 2007;70(2):371-5
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As a result of the loss of the Oct-4 factor, in vivo, these cells
could differentiate properly or inappropriately forming tumors
after transplantation. So, when it comes to transplants, this
becomes a very serious safety issue and the ability of these
cells to form tumors in histocompatible animals reinforces the
idea that it might be better to use differentiated cells, rather
than embryonic stem cells for transplantation®.

Embryonic germ cells express SSEA-1®, a cell surface em-
bryonic antigen, whose functions have been associated with
cell adhesion, migration and differentiation and is often diffe-
rentially expressed during development!?. They are derived
from the primordial germ cells, which occur in a specific part of
the embryo/fetus called the gonadal ridge, and which normally
develop into mature gametes (eggs and sperm). Both ES and
EG are able to differentiate into derivatives of all three primary
germ layers-endoderm, mesoderm, and ectoderm when culture
conditions are adjusted'".

Hematopoietic stem cells are responsible for the constant
renewal of the blood. These cells express CD341? and are
classically isolated from the bone marrow or blood but they
can also be found in the umbilical chord, in the fetal hemato-
poietic system. They are capable of self-renewal and differen-
tiate in blood and immune system cells, however, their expan-
sibility and differentiation capacity in vitro is decreased?.

Mesenchymal stem cells are non-hematopoietic, stromal
cells that exhibit multilineage differentiation capacity, being
capable of giving rise to diverse tissues'¥. They are found in a
variety of tissues during development, mainly in the bone mar-
row of adults. These cells can be aspirated directly from iliac
crest of the donors!">!”, They are also easily isolated, expanded
in culture and stimulated to differentiate into osteoblast!®,
condrocytes'”, skeletal muscle cells®”, endothelium®", car-
diac muscle cells®®, hepatocytes®, adipocytes®, and non-
mesoderm-type cells like neurons both in vitro and in vivo®*?>.

The ability of stem cells to migrate to damaged tissue sites
and stimulate repairs by differentiation into tissue-specific
cells has been already demonstrated in vivo®®.

In fact, different signals such as trauma, fracture, inflam-
mation and necrosis, in vivo, can direct MSCs to mobilize and
differentiate into cells of connective tissue lineages as well as
other tissue lineages®?¥,

The human mesenchymal stem cells (hMSC) are a popula-
tion of cells in which a phenotype was determined by analysis
of surface molecules by flux citometry, as CD29, CD44, SH2,
SH3,CD71,CD90, CD106, CD120a and CD124*-3»_ The ability
to isolate, expand and direct the hMSC in vitro in distinct
lineages allows to study the events associated with impair-
ment and differentiation of these cells.

Finally, the bone marrow is the most common used source
of stem cells. On account of its autologous characteristic,
relative easy isolation and less ethical controversial nature
when compared to embryonic stem cells, embryonic or bone
marrow stem cells become the best choice in the treatment of
diseases using cell-based therapy.

Arq Bras Oftalmol. 2007;70(2):371-5

STEM CELLS: RETINA REPAIR

Retinal impairment by neuronal death has been considered
incurable because the central nervous system has a limited
regenerative capacity. The ability to regenerate and repair
damage of the retina is at the center of hopes for the therapeu-
tic use of stem cellsin the eye.

In retina regeneration, two events can occur. In one of
them, differentiated cells neighboring the damage site go
through a natural process of dedifferentiation and subse-
quently redifferentiate into a specific cell lineage for repair, in
a process called transdifferentiation. The other strategy for
retinal regeneration is the use of stem cells. Depending on the
species, transdifferentiation or stem cells can be recruited to
populate damaged retina®*3%.

Regeneration of the retina in fish, bird, and amphibian has
been observed to take place by a transdifferentiation of the
retinal pigment epithelium (RPE). As for embryonic chicks, the
transdifferentiation occurs via RPE and multipotent retinal pro-
genitor cells in the ciliary marginal zone (CMZ), a circumferential
neurogenic zone located at the extreme peripheral retina®-%. In
adult birds, local retinal damage is repaired by the transdiffe-
rentiation of Miiller glia cells®™*. In mammals, once retinal
histogenesis is complete, there is no continued production of
retinal neurons, and there is no evidence for a CMZ-like growth
zone so retina regeneration in these species, even in embryos, is
not observed unless their retina is properly induced“?.

However, studies in humans have examined the expression
of the neural progenitor marker nestin in retina. Nestin is
expressed in some cells at the junction of the neural retina and
the ciliary body, which suggests that a remnant of the CMZ
may remain in humans®”, Furthermore, it has been reported
that neural stem cells (NSC), which are the potential source of
several cells in the central nervous system, including neurons,
astrocytes and oligodendrocytes could be isolated in vitro
from mouse, rat and human remnant ciliary marginal zone;
these cells can differentiate into neurons, such as photorecep-
tors, bipolar neurons and even Miiller glia cells in vitro®™?,
This approach, because of the complication of the extraction
of these cells which involves microsurgical procedures, is not
an option for the treatment of ocular diseases, and it is not
clinically feasible, considering also the limited availability of
pluripotent retinal stem cells“?. In this case stem cells of other
origins (harvested from other tissues) may be a hope for the
retinal disorder therapy.

Retinal stem cells are not the only cells capable of retina
regeneration. In the search for other sources of possible re-
tinal progenitors in mammals, some authors have found that
non-neuronal stem cells present in the eye, such as cells from
the iris, corneal limbus, choroid and sclera can be induced to
differentiate into retinal cells or at least neural cells“+49.
These cells could also potentially provide a source for repla-
cing damaged retina, but further investigation is needed.

There are plenty of possible sources for retina repair.
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However, the multipotentiality of the MSCs as well as the easy
isolation and culture properties and their high expansive po-
tential make these cells the most appropriate source to be used
as a therapeutic tool for retinal repair.

It was recently reported that cultured MSCs can be indu-
ced in vitro and in vivo to differentiate into non-mesenchymal
derivatives such as neural cells“’#®. Tomita et al. injected
MSC:s into injured rat eyes and observed that they were able
to differentiate into retinal neural cells in vivo™®. It was also
demonstrated that MSCs can be induced to differentiate into
photoreceptors in vitro and in vivo™). But despite the inte-
gration of stem cells in damaged retina layers and their diffe-
rentiation into retinal cells, there was no evidence of functio-
nality®>%. In contrast to these studies, another research
using electroretinography (ERG), states that the ERG respon-
se after stem cell implantation was improved, indicating a
functional integration of grafted cells“?.

Taken together, these results suggest that a better unders-
tanding of the differentiated stem cell physiology is still nee-
ded, before considering the clinical application of these cells.
However, it is clear that in the future MSCs could be used as
an alternative in the treatment of degenerative retinal diseases
and could potentially rescue injured retinal tissue.

CLINICAL APPLICATIONS AND FUTURE DIRECTIONS

A lot of inherited retinal and retinal-neuronal degenerative
diseases, such as retinitis pigmentosa and allied retinal dys-
trophies can result in blindness. To date, no effective thera-
pies have been developed to prevent or reverse the degenera-
tive processes in these disorders. Studies were undertaken to
evaluate the prospects of using stem cell transplantation as a
mean of treating those disorders.

The first evidence that cell replacement therapy could be
possible in the retina emerged with the observations that adult
hippocampal stem cells/progenitors, transplanted into the
vitreous of neonatal or adult eyes survived and were incorpo-
rated into the laminar structure of the host retina®'-?. It was
also recently reported that fetal mesenchymal stem cells have
been successfully used already in intrauterine cell transplan-
tation in the treatment of osteogenesis imperfecta, showing
that the scope of potential medical indications is wide®?.

When it comes to transplants, stem cells can be grafted
into the eye in an undifferentiated state or in a more speciali-
zed state, similar to neuronal stem cells. After grafting stem
cells in the retina, it is expected that these cells will differen-
tiate into retinal cells and incorporate into the existing tissue.
The migration and integration of the transplanted cells in host
tissue is probably induced by its injury. According to Chako
et al.®¥, the widespread migration and incorporation of neural
stem cells were observed only in retina that was either disea-
sed®? or traumatized®®. These types of injuries could provide
a local milieu (interleukins, chemotaxins, inflammatory and
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growth factors, etc) which may be responsible for the migra-
tion and incorporation of exogenous ocular stem cells.

Studies using the rd mouse model with retinal degenera-
tion demonstrated that one marrow-derived stem cells exert
great vasculotrophic and neurotrophic effects on the retina
when injected intravitreally®®. This rescue effect is most
efficient when stem cells were injected prior to complete reti-
nal degeneration. In the clinical setting, this could be feasible
in degenerative disorders such as retinitis pigmentosa, in the
early to mid-stages, when theoretically the therapy would be
more efficient®”.

A major issue facing stem cell research, and retinal trans-
plantation of stem cells in particular, is the question of func-
tional integration of grafted cells.

Despite the existence of ocular immune privilege, immune
rejection is a major barrier to successful retinal transplantation.
It is important to evaluate if stem cell grafts in different sites of
the retina will survive without disrupting the morphology and
laminar organization of the host retina and will not induce the
formation of rosettes, which could compromise the functional
integration of the graft within the host retina, failing to recons-
truct its normal anatomy®*7®, It becomes important to deter-
mine whether immune privilege is a feature of the subretinal
space and the vitreous cavity when grafted with stem cells®>%9,

Jiang et al. demonstrated in mice that retinal allografts,
implanted in the subretinal space and vitreous cavity, expe-
rienced immune privilege and promoted deviation of immune
responses at these sites®.

Viidnidnen demonstrated, in rats, that the transplantation
of retinal progenitor cells survived in the subretinal space for
a prolonged period of time and did not induce the formation of
rosettes. In addition, this study suggested that the subretinal
space offers a conductive environment for the differentiation
of these cells as photoreceptors®?.

In addition to the type of cell to be used, another issue to be
investigated is the preferential way to insert the stem cells into
the human eye. There are two ways of transplantation: subre-
tinal or intravitreal. They are widely described in the literature
and both of them have immune privilege features. The subreti-
nal implantation of stem cells requires a vitrectomy, which is a
large and risky procedure. Alternatively, the intravitreal injec-
tion is a more popular and much less invasive procedure®’. As
the current literature shows that, in rats and mice, there are no
differences in both procedures, the intravitreal injection would
be the best choice for being less invasive.

In conclusion, there are still many questions to be investiga-
ted and much work needs to be done before clinical application
of a stem cell-based therapeutic approach in retinal repair could
be applied. It is still too early to predict the possibility of a
vision rescue of a patient with macular degeneration or retinitis
pigmentosa. However, experimental studies point towards this
direction. Findings in the field of retinal transplantation and
stem cell grafting offer a new opportunity for the development
of therapeutic strategies in human eye diseases and open new
fields in the study of retinal repair using stem cells.

Arq Bras Oftalmol. 2007;70(2):371-5
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RESUMO

Células-tronco tém sido estudadas em varias dreas da Medici-
na e suas aplicagdes brevemente deverao estar incorporadas a
pratica clinica. O dano retiniano pela morte neuronal € consi-
derado incurdvel devido a pobre capacidade regenerativa do
sistema nervoso central. A capacidade das células-tronco em
regenerar tecidos, assim como sua plasticidade, faz que estas
sejam uma fonte potencial de células para a regeneragao reti-
niana. Células-tronco sdo muito promissoras para o tratamen-
to das distrofias retinianas, como a retinose pigmentar e outras
doencas neurodegenerativas, que podem evoluir para ceguei-
ra. As células-tronco mesenquimais sdo o tipo mais provavel
de células-tronco a serem utilizadas na pratica clinica devido a
sua facil acessibilidade e multipotencialidade de diferenciacao
em vdrios tecidos. As células-tronco mesenquimais sao célu-
las clonogénicas, ndo-hematopoiéticas, localizadas na medula
dssea. Desde que seja proporcionado um microambiente apro-
priado, estas células podem se diferenciar em cardiomidcitos e
até mesmo em células de origem nao-mesodérmica, como he-
patdcitos e neurdnios. Até o presente momento, os resultados
dos estudos iniciais sdo animadores em relacdo ao uso de
células-tronco mesenquimais e uso eficaz destas no reparo de
tecidos retinianos lesados.

Descritores: Células-tronco; Regeneracao/fisiologia; Retina;
Células-tronco mesenquimais
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ABSTRACT

Purpose: To evaluate the pattern of retinal integration and differen-
tiation of mesenchymal stem cells (MSCs) injected into the vitreous
cavity of rat eyes with retinal injury. Methods: Adult rat retinas were
submitted to laser damage followed by transplantation of DAPI-
labeled BM-MSCs grafts. To assess the integration and differentiation
of BM-MSCs in laser-injured retina, host retinas were evaluated 2.4
and 8 weeks after injury/transplantation. Results: Our results demons-
trated that the grafted cells survived in the retina for at least 8 weeks
and almost all BM-MSCs migrated and incorporated into the neural
retina, specifically in the outer nuclear layer (ONL), inner nuclear
layer (INL) and ganglion cell layer (GCL) while a subset of grafted
cells were found in the subretinal space posttransplantation. At 8
weeks immunohistochemical analysis with several retinal specific
markers revealed that the majority of the grafted cells expressed
rhodopsin, a rod photoreceptor marker, followed by parvalbumin, a
marker for bipolar and amacrine cells. A few subsets of cells were able
to express a glial marker, glial fibrillary acidic protein. However,
grafted cells failed to express pan-cytokeratin, a retinal pigment
epithelium marker. Conclusions: These results suggest the potential of
BM-MSCs to differentiate into retinal neurons. Taken together, these
findings might be clinically relevant for future mesenchymal stem cell
therapy studies concerning retinal degeneration repair.

Keywords: Mesenchymal stem cells/physiology; Cell survival/drug effects; Retinal
degeneration; Retina/injuries; Injections; Vitreous body; Rats

INTRODUCTION

There are a number of inherited retinal and retinal-neuronal degenera-
tive diseases that can result in blindness, such as retinitis pigmentosa, age-
related macular degeneration, glaucoma, and related retinal dystrophies.
No effective therapies have yet been developed to prevent or reverse the
degenerative processes in these disorders. Retinal transplantation has
been considered, but effective neural integration and survival of the diffe-
rentiated cells have not been reported®.

Over the past few years, the identification and characterization of stem
cells has led the potential use of these cells as a promising alternative to cell
replacement therapy. The use of stem cells as a therapeutic option might be
a practical approach for treating retinal dystrophies and might help to
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restore vision by repopulating the damaged retina and/or by
rescuing retinal neurons from further degeneration®.

From a clinical perspective, mesenchymal stem cells (MSCs)
have some potential advantages for retinal transplantation
compared to retinal stem cells. Retinal stem cells have been
extensively used, but the technical difficulties in obtaining
these cells and their limited availability must be overcome
prior to the application of these stem cells for human treat-
ment®. One great advantage of MSCs is that these cells can be
directly obtained from the patient by a simple procedure,
thereby eliminating the complications associated with
immune rejection of allogenic tissue and infectious diseases.
The fact that these cells are easily obtained and propagated in
large amounts in culture with potential plasticity and self-
renewal capacity also makes them an attractive candidate the-
rapeutic tool for retinal repair by autologous transplantation®.

In vitro isolation and characterization of MSCs is often
based on their adherence, rapid expansion, and expression of
specific cell surface antigens, as well as their ability to dif-
ferentiate into various mesodermal tissues, such as fat, bone,
cartilage, and muscle®!?,

Cultured MSCs can be induced in vitro and in vivo to
differentiate into non-mesenchymal derivatives such as neu-
ral cells, a process called stem cell plasticity!-!¥,

Bone marrow mesenchymal stem cells (BM-MSCs) diffe-
rentiate into retinal neural cells in vivo and in vitro®®, and
when implanted at a site of injury in experimental animal
models, they demonstrate the ability to migrate to the injury
site, initiate tissue repair, and restore function'>!'?. Despite
the fact that stem cells integrate into damaged retina layers
and differentiate into retinal cells, there has been no eviden-
ce of restored functionality or long-term graft survival!$'?.

The purpose of the present study was to evaluate the
pattern of retinal integration and differentiation of MSCs
injected into the vitreous cavity of eyes with retinal injury.

METHODS

Isolation and Culture of BM-MSCs

Bone marrow was collected from two 2-month-old isoge-
nic Wistar rats by flushing their femurs and tibias with Dul-
becco’s modified Eagle’s medium (DMEM; Gibco). Cells
were incubated at 37°C and 5% CO, for 48 h and nonadherent
cells were removed. The cells, fibroblast-like in shape, were
grown and expanded in flasks for several weeks, and exhibi-
ted typical characteristics of MSCs.

Establishment of a laser-injured model

All experiments were performed according to the Ethics
Principles in Animal Experimentation (CETEA/UFMG) and
approved (certificate number 3/2000).

Wistar rats (n=18) were anesthetized with solution keta-
mine (40 mg/mL) and xylazine (60 mg/mL), injected intra-
muscularly. Mydriasis was induced by anesthesia; no eye-

drops were used for pupillary dilation. The retinal lesion was
induced by an Nd-YAG laser, using an average 0.5 mJ energy.
A Goldmann three-mirror lens was used to produce appro-
ximately 15 to 20 YAG laser shots around the optic disc. The
lesions were all full-thickness retina and choroid disruptions,
as observed by deep subretinal hemorrhage and sometimes
mild vitreous hemorrhage after the spot was produced. Ani-
mals in which the laser caused massive vitreous hemorrhage
(n=3) were not used in the study.

BM-MSC labeling and viability

After three passages, bone marrow-derived adherent cells
were incubated with 50 pg/mL 4',6-diamidino-2-phenylin-
dole (DAPI; Molecular Probes, Invitrogen, Carlsbad, CA) at
37°Cand 5% CO, for 2 h. BM-MSCs were treated with trypsin
(Gibco) for 3 min to generate a single-cell suspension, wa-
shed three times with DMEM, resuspended in serum-free
DMEM, counted, and stored on ice until transplantation.
Fluorescence from DAPI labeling of BM-MSCs and cell via-
bility were evaluated at 1, 2, 3, 4, and 8 weeks after cell
labeling.

Intravitreal transplantation of MSCs

Rats (10 - 12-week-old Wistar SHR rats; n=18) were anes-
thetized by intramuscular injection with solution ketamine (40
mg/mL) and xylazine (60 mg/mL). A cell suspension (20 pl)
containing approximately 4x10°DAPI - labeled BM-MSCs was
slowly injected into the vitreous cavity via the pars plana
using a 30 gauge needle 24 h after the retinal lesion was
induced by the laser in 9 animals (both eyes). Three groups of
animals were studied: 1) rats with retinal injury and injection of
BM-MSCs (n=9); 2) rats with retinal injury without injection of
BM-MSCs (n=9); 3) rats without retinal injury with injection of
BM-MSCs (n=9).

Tissue sectioning

The animals were sacrificed 2, 4, and 8 weeks following
transplantation. The eyeball was enucleated by performing a
360° limbal peritomy, isolating the extraocular muscles, and
dissecting the optic nerve at the apex of the orbit. The eyes
were either processed freshly (embedded in OCT compound
and freshly sectioned) or fixed in Omnifix (FR Chemical Inc,
Mount Vernon, NY). For both processes, slides were stained
with hematoxylin/eosin, and visualized under a compound
microscope to evaluate retina morphology.

Immunohistochemical detection

All Paraplast-Plus embedded blocks were cut, deparaffini-
zed, rehydrated, and subjected to immunostaining with seve-
ral antibodies specific for the retinal cells. Following blo-
cking for 1 h at room temperature in phosphate buffered
saline (0.15 M PBS), 1% bovine serum albumin, and 2%
normal bovine serum, ocular tissue sections were exposed to
primary antibodies (Table 1) overnight at 4°C in a moist
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chamber. Control sections were treated identically, but the
primary antibody was omitted. Sections were then washed
three times for 5 min each in 0.15 M PBS. Secondary antibo-
dy (goat anti-rabbit and anti-mouse labeled with Alexa Fluor
488 (1:500, Molecular Probes, Invitrogen) was then applied
for 1 h at room temperature. Sections were washed three times
for 5 min each in 0.15 M PBS. The slides were viewed under a
fluorescence microscope (Olympus®, Optical sectioning mi-
croscope attached to an Axioplan imaging Apotome® appa-
ratus, Zeiss®, Germany). Colocalization of Alexa 488 - labe-
led primary antibodies and DAPI was assessed by superimpo-
sing separate digital images of each fluorochrome.

RESULTS

BM-MSCs characteristics and transplantation

After three passages in culture, the isolated cell popu-
lation became homogeneous, showing a monolayer consis-
ting of adherent cells displaying further traits of MSCs, inclu-
ding a typical fibroblast-like morphology and increased pro-
liferation (Figure 1 Left and Right). Adhesion to the culture
dish also served as a criterion to distinguish MSCs from free-
floating hematopoietic cells.

Incorporation and distribution of the grafted cells

To verify the fate of BM-MSCs grafted in the laser-injured
rat retina, the cells were prelabeled with DAPI and injected into
the vitreous space. Retinal damage has an important role in the
incorporation of transplanted cells in the retina, due to the
high expression of chemoattractants by injured retinal pig-
ment epithelium (RPE). To determine the distribution of BM-
MSC:s in the retina, we examined the tissue 2, 4, and 8 weeks
after the grafting procedure (Figure 2). The transplanted cells
were incorporated in a time-dependent manner. Survival of the
grafted cells was substantial in all transplanted eyes at all
evaluated points. At 2 weeks, the majority of the grafted cells
remained in the vitreous space (Figure 2, top, right) and at 4
weeks the cells had migrated and incorporated into the host
neural retina (Figure 2, bottom left). At 8 weeks, the grafted
cells were almost fully incorporated into the host neural retina;
BM-MSCs were present in the outer nuclear layer, inner nuclear
layer, and the ganglion cell layer (Figure 2, bottom, right).

Immunohistochemical analysis and fluorescence
microscopy

Immunohistochemistry was performed on sections in
which BM-MSCs were incorporated in the injured retina at 8§
weeks after transplantation and in the control group to exami-
ne whether the grafted cells distributed into the retinal layers
expressed retinal cell type-specific markers. The cell-type
markers used were rhodopsin for rod photoreceptor cells, glial
fibrillary acidic protein (GFAP) for Muller cells and astrocytes,
parvalbumin for bipolar and amacrine cells, and pancyto-
keratin for RPE (Table 1).

Most of the DAPI-labeled cells, which we presumed to be
the grafted BM-MSCs, incorporated into the outer nuclear layer
(ONL) and expressed rhodopsin (Figure 3, top of the right
panel), and parvalbumin (Figure 3, top middle of the right
panel), suggesting their potential to differentiate into rod pho-
toreceptors and amacrine or bipolar cells, respectively. A small
subset of labeled cells in the inner retina was also labeled for the
glial marker GFAP (Figure 3, bottom, middle of the right panel),
suggesting that these cells possess the ability to differentiate
into astrocytes and Muller cells. Some DAPI-labeled cells were
also observed in the subretinal space, but they did not express
any retina-associated markers at any point (Figure 3, top and
middle bottom of the right panel). This finding suggests that
these cells might provide a local milieu that somehow evolves
with the incorporation and differentiation of the grafted cells. In
the control group sections (where the injured retina did not
receive BM-MSC transplants), the retina-specific markers were
evident and no DAPI-labeled cells were observed, ruling out
the possibility of auto-fluorescence of the retinal cells (Figure 3,
left panel). There was also no co-localization of DAPI-labeled
cells with the RPE-specific marker (Figure 3, bottom, right
panel), suggesting that the grafted cells did not differentiate
into RPE cells.

DISCUSSION

There are several sight-threatening retinal disorders for
which treatment is not yet available or produces poor results.
In some ofthese diseases, retinal degeneration occurs early in
life and might be quite rapid, whereas in other disorders,
retinal degeneration begins later and progresses very slowly.
There are some possible sources for the repair of retinal dege-

Table 1. Primary antibodies for immunohistochemistry

Antigen Clone
Rhodopsin [RET-P1]
Immunohistochemistry GFAFT (.GI|aI f|b.r|llary
acidic protein)
Parvalbumin
Pan-cytokeratin [C-11]

Species Supplier Dilution
Mouse Abcam 1:16
monoclonal
Rabbit Abcam 1:1000
Rabbit Abcam 1:1000
Mouse Abcam 1:250
monoclonal

Arq Bras Oftalmol. 2008;71(5):644-50



Retinal incorporation and differentiation of mesenchymal stem cells intravitreally injected in the injured retina of rats

Figure 1 - Morphologic analysis of cultivated and DAPI-labeled rat bone marrow mesenchymal stem cells (BM-MSCs). (Left) Phase contrast microscopy

of rat BM-MSCs in the cell culture dish at passage 3, showing a stretched fibroblastic phenotype. Arrows shows the presence of round-shaped

erythrocytes and nonadherent cells. After expansion to the third passage, a monolayer of adherent, fibroblast-like cells were labeled with DAPI. (Right)
Fluorescence microscopy of adherent, fibroblast-like cells labeled with DAPI. Original magnification X150.

Figure 2 - DAPI-labeled BM-MSCs transplanted into the intravitreal space in rats with laser-induced damage to the retina. Distribution of the grafted

cells, (top rigth) 2 weeks after transplantation, most of the grafted cells were still in the vitreous space, (bottom left) 4 weeks after transplantation,

a few grafted cells incorporated into the neural retina, (bottom right) 8 weeks after transplantation, most of the grafted cells were observed in

the ONL, INL, and GCL of the neural retina, (top left) control group - injured retina without BM-MSC transplantation. White arrows shows the location

of the grafted cells after transplantation. Original magnification X150. RPE= retinal pigment epithelium; ONL= outer nuclear layer; INL= inner
nuclear layer; GCL= ganglion cell layer

neration. A current therapeutic approach to neovascular eye should be explored, because, in contrast to inhibiting angio-
diseases involves the application of angiostatic or antiproli- genesis with small molecules or recombinant factors, a cell-
ferative agents to the eye. A cell-based therapy, however, based approach might enable the cell to adapt and respond to

Arq Bras Oftalmol. 2008;71(5):644-50
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Figure 3 - Inmunohistochemical detection of DAPI-labeled BM-MSCs in injured retinal sections 8 weeks after intravitreal transplantation. The
left panel of each row shows immunoreactivity for a particular marker in retinal sections with laser-induced injury without BM-MSC treatment
(control). The right panel of each row shows immunoreactivity for a particular marker (green) in retinal sections with laser-induced injury and
BM-MSC treatment. Eight weeks after transplantation, the grafted cells labeled with DAPI (blue) co-expressed the rod photoreceptor marker (green)
(top) rhodopsin, the bipolar and amacrine cell marker (green) (top middle) parvalbumin and the Muller cell and astrocyte marker (green) (bottom
middle) GFAP. No grafted cells coexpressed the RPE marker (green) (bottom) pan-cytokeratin. Note that only a small subset of grafted cells was
GFAP-immunoreactive (dashed arrows). Arrowheads in the right panel (top) and (bottom middle) indicate the presence of grafted cells (blue) in
the subretinal space. Micrographs of the control group did not show any nonspecific labeling or fluorescence expression. Scale bars, 20 pm.
RPE-= retinal pigment epithelium; ONL= outer nuclear layer; INL= inner nuclear layer; GCL= ganglion cell layer.
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a changing environment. Cell-based therapy likely involves
numerous factors produced by the cell that can be appropria-
tely modulated in response to changing conditions®”. It was
demonstrated that MSCs are able to secrete neurotrophic
factors that promote neural cell survival@?,

The multipotentiality of BM-MSCs as well as their easy
isolation and culture properties and their high expansion
potential makes these cells an ideal source for autologous
transplantation aimed at a cell-based therapy for retinal
degeneration repair®.

Several studies have demonstrated the survival, incorpo-
ration, and morphologic integration of transplanted neural
stem cells in injured retinas®>*¥. Few studies, however, have
examined the potential of BM-MSCs to regenerate damaged
retinas® injecting stem cell-enriched bone marrow cells into
injured rat eyes and observed that the cells were incorpo-
rated into the host retina and that some of the CD45+ cells
differentiated into retinal neural cells in vivo. MSCs can also
be induced to differentiate into photoreceptors in vitro and
in vivo'y,

Also, a recent study compared MSCs and retinal proge-
nitor cells to evaluate their potential as a source for retinal
transplantation®. Both cell types expressed neuronal mar-
kers in vitro but some MSCs differentiated into cells that
resembled microglia rather than neural cells. These findings
suggested that retinal progenitor cells are the best choice for
retinal transplantation studies, but MSCs remain an attractive
candidate as a therapeutic tool for retinal repair in autologous
transplantation.

In the present study, we injected BM-MSCs intravitreally into
the rat eye 24 h after an Nd-YAG laser injury in the retina and
observed that the grafted cells dispersed into the host retina and
assumed different patterns of distribution. Specific antibodies
were used to determine the ability of grafted MSCs to
morphologically differentiate within the environment of trans-
planted eyes. Co-localization of DAPI with one of the specific
phenotypic antibody markers was used to evaluate neural diffe-
rentiation of the grafted cells. The grafted BM-MSCs incor-
porated into the host neural retina and expressed GFAP, rhodop-
sin, and parvalbumin, suggesting neural differentiation.

The presence of a subset of cells in the subretinal space
suggests that these cells are accelerating the regeneration
process of the retina. The stimulatory effect of BM-MSCs is
related to the secretion of various neurotrophic factors that
activate compensatory processes in abnormal tissues®’*,
Also, BM-MSCs produce several matrix molecules and have a
great potential to repair damage resulting from injury, ischemia,
and normal aging®?,

In addition to the used cell type, another issue to be
investigated is the preferential method of transplantation
of the stem cells close to the retina. There are two methods
of transplantation, subretinal and intravitreal, that are wi-
dely described in the literature and both seem to be effec-
tive. The subretinal implantation of stem cells is a more

demanding and complex procedure. Intravitreal injection
is a more popular and a much less invasive procedure. No
apparent differences in the efficacy of these cell engrafting
procedures are reported in the literature, thus intravitreal
injection is the best choice because it is less invasive. The
vitreous body anatomy of the rat eye, however, should also
be considered. The vitreous cavity in the rat eye is crescent
moon-shaped, which brings the injected cells closer to the
retinal surface, perhaps allowing easier access of the cells
to the retinal layers.

A comparison of the incorporation of cells between the
injured and non-injured groups suggested that the extent of
the lesion had a role in the engrafting of the cells. The study
demonstrated that the cells incorporated and differentiated in
the injured group, but not in the non-injured group, as pre-
viously reported by some authors. Migration and integration
of the transplanted cells into the host tissue is probably indu-
ced by its injury. According to Chacko, the widespread migra-
tion and incorporation of neural stem cells was observed only
in retina that was either diseased®” or traumatized®®. Those
injuries could provide a local milieu (interleukins, chemo-
taxins, inflammatory and growth factors, etc), that is respon-
sible for the migration and incorporation of exogenous ocular
stem cells. It was recently reported that damaged RPE secretes
cytokines that serve as chemoattractants for BM-MSCs by
regulating the homing and migration of these cells to the
injury site"”.

The use of DAPI as a cell tracer can become a problem in
transplant experiments, due to its considerable diffusion
and uptake by host retinal cells. To overcome this problem,
there are now some ongoing experiments, in our laboratory,
using MSCs labeled with GFP.

These in vitro studies are essential to understand the
process of stem cell-based therapies and allow for the eva-
luation of the nature of the factors responsible for the
homing of these cells as well as the conditions that promote
integration and differentiation of the grafted cells into the
host retina. Once these issues are clear, there is a great
potential for the use of stem cells in clinical therapy, but
further studies are needed to ensure their safe and effective
transplantation.

CONCLUSIONS

The present study demonstrated that MSCs can incorpo-
rate and differentiate into specific cellular components of the
retina after laser-induced tissue injury.
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RESUMO

Objetivo: Avaliar o padrido de integracdo e diferenciagdo
retiniana de células tronco mesenquimais (CTM) injetadas na
cavidade vitrea de ratos portadores de lesdes retinianas. Mé-
todos: Ratos Wistar adultos foram submetidos a multiplas
lesdes retinianas utilizando-se YAG laser e injecdo intravitrea
de células tronco mesenquimais. A fim de se avaliar a
integragdo e diferenciagdo retiniana, o tecido retiniano lesado
pelo YAG laser / tratado pelas células tronco, foi avaliado 2, 4
e 8 semanas apds a lesdo. Resultados: As células injetadas na
cavidade vitrea sobreviveram na retina por pelo menos 8 se-
manas e quase todas células tronco mesenquimais migraram e
incorporaram-se na retina neural, especificamente nas cama-
das nucleares externa e interna e camada de células ganglio-
nares. Uma pequena quantidade de células foi encontrada no
espago sub-retiniano. A analise imuno-histoquimica de 8 se-
manas mostrou que a maioria das células injetadas expressou
rodopsina (marcador para fotorreceptores), parvalbumina
(marcador para células bipolares e amacrinas), GFAP (marca-
dor de células gliais). As células injetadas ndo expressaram a
pancitoqueratina, que ¢ a marcadora de células do epitélio
pigmentar da retina. Conclusdes: Ocorre aparente diferencia-
¢do e incorporacdo de células tronco mesenquimais na retina
de ratos ap0s injegdo intravitrea destas células.

Descritores: Células-tronco mesenquimais/fisiologia; Sobre-
vivéncia celular/efeitos de droga; Degeneracédo retiniana; Re-
tina/lesoes; Injegdes; Corpo vitreo; Ratos
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ABSTRACT

Title: DAPI DIFFUSION AFTER INTRAVITREAL INJECTION OF MESENCHYMAL STEM
CELLS IN THE INJURED RETINA OF RATS

Authors: Paula Castanheira, Leonardo Torquetti, Débora Rodrigues Soares Magalhaes,

Méarcio Bittar Nehemy, Alfredo Miranda de Goes

To evaluate DAPI (4',6-Diamidino-2-phenylindole) as a nuclear tracer of stem cells migration and
incorporation it was observed the pattern of retinal integration and differentiation of mesenchymal
stem cells (MSCs) injected into the vitreous cavity of rat eyes with retinal injury. For this purpose
adult rat retinas were submitted to laser damage followed by transplantation of DAPI-labeled BM-
MSCs grafts and double labeled DAPI and Quantum dot labeled BM-MSCs. To assess a possible
DAPI diffusion as well as the integration and differentiation of DAPI labeled BM-MSCs in laser-
injured retina, host retinas were evaluated 8 weeks after injury/transplantation. It was demonstrated
that, 8 weeks after the transplant, most of the retinal cells in all neural retinal presented nuclear
DAPI labeling, specifically in the outer nuclear layer (ONL), inner nuclear layer (INL) and ganglion
cell layer (GCL). Meanwhile, at this point, most of the double labeled BM-MSCs (DAPI and Quantum
dot) remained in the vitreous cavity and no retinal cells presented the quantum dot marker. Based
on these evidences we concluded that DAPI diffused to adjacent retinal cells while the nano crystals
remained labeling only the transplanted BM-MSCs. Therefore, DAPI is not a useful marker for stem
cells in vivo tracing experiments since, the DAPI released from dying cells in moment of the

transplant are taken up by host cells in the tissue.

Key words: mesenchymal stem cells, stem cells-based therapy, retinal regeneration, DAPI

labeling, Quantum Dot
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INTRODUCTION

To label cells without affecting their morphology or function is a critical issue for
investigating cell behavior, growth, migration and differentiation at a single-cell level. For all
these purposes, researchers are always searching for a stable, nontoxic labeling that also won’t
leak, or be transferred from cell to cell either in vivo, in tracing experiments or in vitro.

The blue-fluorescent DAPI (4',6-Diamidino-2-phenylindole) nucleic acid stain
preferentially binds to double-stranded DNA (31) to form a stable fluorescent complex which
fluoresces approximately 20 times greater than DAPI alone. DAPI exhibits a preference for
repetitive A-T base pairs in the minor groove (6,9). Although the dye is cell impairment, higher
concentrations will enter a live cell. DAPI is a popular nuclear counter stain for use in multicolor
fluorescent techniques, mMRNA in situ hybridization, and in vivo cell tracking experiments.

Since stem cells can easily self-replicate and differentiate into lineage-specific cells,
such characteristics provides several and important challenges for cell labeling. To date,
thymidine analogs, such as 5-bromo-2-deoxyuridine, iododeoxyuridine, and tritiated thymidine,
and DAPI have been extensively used to label stem cells prior to transplantation. These dyes
are used in order to allow the fate of the labeled cells into damaged areas to be determined
(5,21,26).

Mesenchymal stem cells (MSCs) isolated from bone marrow of adult organisms are
characterized as plastic adherent, fibroblastoid cells, which are able to differentiate into
distinctive end-stage cell cycles such as ostoblasts, chondroblasts and adipocytes. Cultured
MSCs can be induced in vitro and in vivo to differentiate into non-mesenchymal derivatives such
as neural cells, in a process called stem cell plasticity or transdifferentiation (19,22,32). Several

reports have shown that bone marrow mesenchymal stem cells (BM-MSCs) differentiate into
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retinal neural cells in vivo and in vitro (11), and when implanted at a site of injury in experimental
animal models, as they demonstrate the ability to migrate to the injury site, initiate tissue repair,
differentiate into retinal cells and restore function. Some of these studies used DAPI or
thymidine analogs as nuclear markers to follow the migration of BM-MSCs and confirm their
differentiation into retinal neurons after transplantation into injured retina (4,20). However, the
specific mechanism responsible for the MSCs capacity of transdifferentiation in vivo remains
unclear and recent reports shows that this “differentiation process” might be due to the fusion of
the transplanted cells with resident cells (8) or even a false positive caused by DAPI up take by
the resident cells when this marker is released from dying transplanted stem cells.

In this study we took advantage of DAPI labeled BM- MSCs transplantation model into
the vitreous cavity of eyes with retinal injury to evaluate DAPI diffusion from labeled BM-MSCs
that die in the transplantation process, releasing its chemical marker into the neighbouring
microenviroment and making possible it's up take by host cells, such as retinal neurons. Double
labeled BM-MSCs using DAPI and Quantum Dot, a cytoplasm marker with intense stable
fluorescence that is only delivered into live cells by a custom targeting peptide that cannot be

transferred to adjacent cells, were also used to confirm the fate of the transplanted cells.

MATERIALS AND METHODS

Isolation and Culture of BM-MSCs

Bone marrow was collected from two 2-month -old isogenic Wistar rats by flushing their femurs and tibias
with Dulbecco’s modified Eagle’s medium (DMEM; Gibco). Cells were incubated at 37°C and 5% CO, for
48 h and nonadherent cells were removed. The cells, fibroblast-like in shape, were grown and expanded

in flasks for several weeks, and exhibited typical characteristics of MSCs.
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Establishment of a laser-injured model

All experiments were performed according to the Ethical Principles in Animal Experimentation
(CETEA/UFMG) and approved under the certificate number 3/2006.

Wistar rats (n=18) were anesthetized with a dilution of ketamine (40 mg/mL) and xylazine (60 mg/mL),
injected intramuscularly. Mydriasis was induced by anesthesia; no eyedrops were used for pupillary
dilation. The retinal lesion was induced by an Nd-YAG laser, using an average of 0.5 mJ energy. A
Goldman three mirror lens was used to produce approximately 15 to 20 YAG laser shots around the optic
disc. The lesions were all full-thickness retina and choroid disruptions, as observed by deep subretinal
hemorrhage and sometimes mild vitreous hemorrhage after the spot was produced. Animals in which the

laser caused massive vitreous hemorrhage (n=3) were not used in the study.

Phenotypic characterization of BM-MSC

The adherent cells were detached with 0.25% trypsin/EDTA, centrifuged for 5 min at 1200xg, and
resuspended in PBS. Aliquots containing 5x10° cells were incubated with monoclonal primary antibodies
specific for CD45, CD73, CD54 and CD90 (table 1) for 30 min at 4 °C. The cells were washed and
incubated with secondary antibody, IgG anti mouse Alexa 488 conjugated (Invitrogen), for an additional
30 min at 4 °C. Alexa 488-conjugated isotype-identical IgG served as negative controls. Finally, the cells
were fixed in 10% formalin and analyzed using a FACScan. For each sample, 20,000 events were
acquired and analyzed using the CELL QUEST software. Cell surface marker expression was determined
by comparison with isotype control on a histogram plot and data analysis was performed using WinMid

2.8 analysis software.

BM-MSC labeling and viability

- DAPI
After three passages, bone marrow-derived adherent cells were incubated with 50 png/mL 4',6-
diamidino-2-phenylindole (DAPI; Molecular Probes, Invitrogen, Carlsbad, CA) at 37°C and 5% CO, for 2h.

BM-MSCs were treated with trypsin (Gibco) for 3 min to generate a single-cell suspension, washed three
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times with DMEM, resuspended in serum - free DMEM, counted, and stored on ice until transplantation.
Fluorescence from DAPI labeling on BM-MSCs and cell viability were evaluated for 1, 2, 3, 4, and 8 wk

after cell labeling.

- Quantum Trackers

Quantum trackers (Invitrogen, Invitrogen, Carlsbad, CA)) are microcapsules that express
fluorescent nanocristal called quantum dots (Qdots), that are delivered by a custom targeting peptide into
the cytoplasm of live cells. Once inside the cells these nanocristal emit a stable and intense fluorescence,
which can be tracked for several cells generations, and do not leak out to be taken up by host cells in the
tissue. Also, Qdots don’t interfere with the self-replication process of stem cells. For BM-MSC (already
labeled with DAPI) labeling with Qdot 655 we prepared a 10nM solution containing 1ul of the reagent A
(Qdot crystals) and 1ul of the reagent B (targeting peptide). This solution was kept at room temperature
for 5 minutes, and then DMEM and a suspension of 1x10° BM-MSC was added and incubated at 37°C for

60 minutes. The cells were washed three times with DMEM and stored on ice until transplantation.

Intravitreal transplantation of MSCs

Rats (10 - 12 wk -old Wistar SHR rats; n=18) were anesthetized by intramuscular injection with a dilution
of ketamine (40 mg/mL) and xylazine (60 mg/mL). A cell suspension (20 pl) containing approximately
4x10° DAPI - labeled BM-MSCs or double labeled (DAPI and Qdot) BM-MSCs was slowly injected into
the vitreous cavity via the pars plana using a 30 gauge needle 24 h after the retinal lesion was induced by
the laser in 9 animals (both eyes). Therefore, two groups of animals were studied: 1) Rats with retinal

injury and injection of BM-MSCs (n=9); 2) Rats with retinal injury without injection of BM-MSCs (n=9)

Tissue Sectioning

The animals were sacrificed 8 wk following transplantation. The eyeball was enucleated by performing a
360° limbal peritomy, isolating the extraocular muscles, and dissecting the optic nerve at the apex of the
orbit. The eyes were fixed in Omnifix (FR Chemical Inc, Mount Vernon, NY). The slides were stained with

hematoxylin/eosin, and visualized under a compound microscope to evaluate retina morphology.
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Immunohistochemical detection

All Paraplast-Plus embedded blocks were cut, deparaffinized, rehydrated, and subjected to
immunostaining with several antibodies specific for the retinal cells. Following blocking for 1 h at room
temperature in phosphate buffered saline (0.15 M PBS), 1% bovine serum albumin, and 2% normal
bovine serum, ocular tissue sections were exposed to primary antibodies (Table 1) overnight at 4°C in a
moist chamber. Control sections were treated identically, but the primary antibody was omitted. Sections
were then washed three times for 5 min each in 0.15 M PBS. Secondary antibody (goat anti-rabbit and
anti-mouse labeled with Alexa Fluor 488 (1:500, Molecular Probes, Invitrogen) was then applied for 1 h at
room temperature. Sections were washed three times for 5 min each in 0.15 M PBS. The slides were
viewed under a fluorescence microscope (Olympus®, Optical sectioning microscope attached to an
Axioplan imaging Apotome® apparatus, Zeiss®, Germany). Colocalization of Alexa 488 - labeled primary

antibodies and DAPI was assessed by superimposing separate digital images of each fluorochrome.

RESULTS

BM-MSCs characteristics and labeling

After three passages in culture, the isolated cell population became homogeneous, showing a
monolayer consisting of adherent cells displaying further traits of MSCs, including a typical
fibroblast-like morphology and increased proliferation (Figs. 1A). Adhesion to the culture dish
also served as a criterion to distinguish MSCs from free-floating hematopoietic cells. Figure 1B
and 1C shows BM-MSCs nuclear labeling with DAPI (blue) and double labeling with DAPI and

Quantum dot (red), respectively.

Phenotypic characterization of BM-MSCs

After the third passage, BM-MSCs were also phenotypically characterized by flow cytometry

using panels of antibodies and were defined as CD90"*, CD73", CD54" and CD45". These could
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be concluded since that from the cell population examined, 96.94% do not express CD45 and
86.77%, 93.99% and 95.10% of cells that expressed CD90, CD73 and CD54, respectively

(figure 2).

Incorporation and distribution of the grafted cells

To verify the fate of DAPI labeled BM-MSCs grafted in the laser-injured rat retina, the cells were
injected into the vitreous space and evaluated 8 weeks after the grafting procedure. Retinal
damage has an important role concerning the homing of transplanted cells in the retina, due to
the high expression of chemoattractants by injured retinal pigment epithelium (RPE). Survival of
the grafted cells was substantial in all transplanted eyes at the 8th week. At this point it was also
observed that all cells in the neural retinal layers presented blue nuclei, characterized by DAPI
labeling (figure 3). These findings could lead to the conclusion that the grafted DAPI labeled

BM-MSCs were able to fully integrate the laser injured neural retina in only 8 weeks.

Immunohistochemical analysis and fluorescence microscopy

Immunohistochemical analysis was then performed on sections in which DAPI labeled BM-
MSCs were presumed incorporated in the injured retina at 8 wk after transplantation and in the
control group to examine whether the grafted cells distributed into the retinal layers expressed
retinal cell type-specific markers. The cell-type markers used were rhodopsin for rod
photoreceptor cells, glial fibrillary acidic protein (GFAP) for Muller cells and astrocytes,
parvalbumin for bipolar and amacrine cells, and pan-cytokeratin for RPE (Table 1).

Most of the DAPI-labeled cells in the neural retina, which could be presumed to be the
grafted BM-MSCs, incorporated into the outer nuclear layer (ONL) and expressed rhodopsin
(Fig. 3A right panel), and parvalbumin (Fig. 3B right panel), suggesting their potential to
differentiate into rod photoreceptors and amacrine or bipolar cells, respectively. A small subset

of labeled cells in the inner retina was also labeled for the glial marker GFAP (Fig. 3C right
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panel), suggesting that these cells could possess the ability to differentiate into astrocytes and
Muller cells. Some DAPI-labeled cells were also observed in the subretinal space, but they did
not express any retina-associated markers at any point (Fig. 3 right panel). In the control group
sections (where the injured retina did not receive DAPI labeled BM-MSC transplants), the retina-
specific markers were evident and no DAPI-labeled cells were observed, ruling out the
possibility of auto-fluorescence of the retinal cells (Fig. 3A,B, C and D left panel). There was
also no co-localization of DAPI-labeled cells with the RPE-specific marker (Fig. 3D right panel),
suggesting that the grafted cells did not reach the RPE layer.

The fact that most of DAPI-labeled cells in neural retinal tissue were able to co- express
it's blue fluorescence in the nuclei with retinal markers, such as rhodopsin, parvalbumin and
GFAP could suggest a possible differentiation of the grafted cells into retinal neurons. However,
further experiments are needed to confirm this possibility, since it's not likely that the grafted
cells would re-populate the entire retinal tissue, as the immunohistochemical images shows
most of the cells in the neural retina labeled with DAPI. Also, it doesn’t seem possible that all
mesenchymal stem cells grafted would incorporate into neural retina and differentiate into retinal
neurons-very specialized cells- in only 8 weeks.

To check the possibility of DAPI leaking or cellular fusion, we double labeled BM-MSCs
with DAPI and Quantum Dot, which due to the need of a targeting peptide cannot be transferred
to host cells in vivo, and transplanted these cells into the vitreous space of injured retinas in the
same condition as the DAPI labeled cells only. Eight weeks after the grafting procedure,
fluorescence images showed that most of the double labeled BM-MSCs were still into the
vitreous cavity, migrating towards the injury site, while the adjacent retinal cells in all layers
presented a blue fluorescent label very similar to DAPI, but did not present any red labeling in
their cytoplasm, characteristic from Qdot marker. (Fig 4A, B) These experiments suggest that a
large diffusion of DAPI occurred probably during the grafting procedure, when some of the

labeled BM-MSCs die and release its chemical marker. After this procedure, we could also rule
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out the possibility of cell fusion between the grafted cells and retinal host cells, since all retinal

cells presented only the blue DAPI labeling and no trace of Qdot fluorescence.

DISCUSSION

Mesenchymal stem cells (MSCs) represent a stem cell population present in adult
tissues that can be isolated, expanded in culture, and characterized in vitro and in vivo. Several
researches continues to support the desirable traits of MSCs for development of cellular
therapeutics for many tissues as they can be used for a broad spectrum of indications including
cardiovascular repair, treatment of lung fibrosis and spinal cord injury (15). However,
transplantation of BM-MSCs has generated unexpected phenotypes in vivo, including muscle
cells (3), liver cells (16,25,30), brain cells (2,22) and others (14). This fact can be partially
explained by several hypotheses.

One of them is the property exert by MSCs of transdifferentiation or plasticity, however,
the phenomenon of fusion between transplanted and host cells has been proposed as an
explanation for the apparent plasticity of stem cells. Terada et al 2002, (29) demonstrated that
mouse BM-MSCs can fuse spontaneously with other cells and subsequently adopt the
phenotype of the recipient cells. This data should be considered as an explanation for the
differentiation of grafted BM-MSCs into unexpected cell types in vivo, reported by several
studies. The fact that in various studies MSCs shows a strong propensity to ameliorate tissue
damage in response to injuries or diseases can also be explained by the fusion of these cell
with host adjacent cell, since 'fused cells' can become a dominant population as they have a
growth or survival advantage over their host cells by supplementing deficient genes. It is also
assumed that the transplanted cells improve the functionally deficient cells as they act as a local

cell delivery system for diffusible trophic factors.
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Another aspect to be considered for the generation of unexpected phenotypes when
BM-MSCs are transplanted into injured tissues, could be the widely use of DAPI, organic dyes,
BrdU or other thymidine analogs as a unique marker of MSCs. These markers are often used
solely as an approach to track the transplanted stem cells in vivo, distinguish the host cells form
labeled cells and assess their potential to integrate and differentiate in the developing or injured
tissues. This is the case of a large amount of studies in which stem cells were transplanted into
neural tissues and it’s differentiation into neural lineage cells were evidentiated by the presence
of these markers. These observations could suggest that MSCs may possess significantly
greater plasticity than was previously realized, with the potential to differentiate into tissues from
unrelated embryonic germ layers (11,12,13,18,24,34). This is a common procedure not only for
ectodermic lineages differentiation process, several studies also take advantage of DAPI
labeling to trace stem cell in vivo or to verify differentiation into mesoderm or endoderm lineages
(7,17,23,28,35).

However, according to recent studies some fluorescent dyes seems to leak from the
cells and 'contaminates' surrounding cells. To test DAPI leakage or transfer from cell to cell we
used a strategy of stem cell therapy in injured retina. Several studies suggest that the retina is
accessible to regenerative medicine strategies, including tissue repair using cell replacement.
Specialized literature shows, in animal models, that visual function can be preserved or possibly
improved after transplantation mesenchymal stem cells to injured or diseased retina. Regarding
this possibility we injected BM-MSCs intravitreally into the rat eye 24 h after an Nd-YAG laser
injury in the retina and observed that, eight weeks after the procedure, the grafted cells
dispersed into the host retina and assumed different patterns of distribution. Prior to
transplantation cells were labeled with DAPI or double labeled with DAPI and Quantum dots.
Specific antibodies were used to determine the ability of grafted MSCs to morphologically
differentiate within the environment of transplanted eyes. Co-localization of DAPI with one of the

specific phenotypic antibody markers was used to evaluate neural differentiation of the grafted

11
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cells.

Immunohistochemical analysis with several retinal specific markers, revealed that the
maijority of the cells that presented DAPI labeling, were also able to express rhodopsin, a rod
photoreceptor marker, parvalbumin, a marker for bipolar and amacrine cells and GFAP a glial
marker. It was also observed that most of the resident cells in retinal tissue present a
fluorescent blue nucleus, which could suggest that all grafted cells not only re-populated the
entire neural retina but also differentiated into highly specialized neural cells in only 8 weeks.

According to Kicic et al 2003 (10), BM-MSCs are able to differentiate into photoreceptors
in vitro and in vivo. Under specific culture conditions, BM-MSCs differentiatiated into
photoreceptors in 8 to 10 days in vitro. However, the differentiation of BM-MSCs into
photoreceptor in vivo, after transplantation into dystrophic rat retina, was observed in 12 weeks.
With this, it's doubtful that most of the grafted cell differentiated into photoreceptors, and were
able to produce rhodopsin in 8 weeks. It's also questionable that the grafted cells could re-
populate the entire neural retina. It is known that most of the cells die during the grafting
procedure, so it's not likely that the subset of grafted cells that survived would re-populate most
of neural retinal tissue in 8 weeks.

To test these hypotheses we double labeled BM-MSCs with DAPI and Quantum dot, a
nano crystal that labels the cytoplasm, with a red fluorescence that cannot be transferred to host
cells in vivo, due to the need of a targeting peptide. Eight weeks after the grafting procedure,
fluorescent images showed that most of the resident cells in neural retina exhibited a blue
fluorescence corresponding to DAPI in the nucleus but did not show any red fluorescence
characteristic by Qdot labeling. Also, most of the double labeled cells were found in vitreous
cavity initiating a process of homing and migration towards the injury site, characterized by
unorganized retinal layers. These results suggest that DAPI diffusion is responsible for the
fluorescence exhibited by the host cells in neural retinal and any kind of stem cell differentiation

can be proved by the use of this marker only.
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304 To date although DAPI have been extensively used to track transplanted cells, false
305 labeling of host cells is an issue when it comes to the use of this marker. Several dyes such as
306 thymidine analogs and organic dyes also appears to have limitations. Recent studies, are
307 taking advantage of genetically encoded fluorescent proteins, such as GFP (green fluorescent
308 protein) to track stem cells in vivo (33). Also, several reports are using various MR (magnetic
309 resonance) contrast agents, such as ferumoxides (Feridex®) —protamine sulfate complexes to
310 label stem cells for monitoring their temporal and spatial migration in vivo by magnetic
311 resonance imaging (MRI) (1,11,27). Those approaches have proved to be very effective so far,
312  but still a reliable and long-term additional marker is necessary to validate any cell based
313 therapy when it comes to migration or differentiation properties.

314
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(6) Figure Legends

Figure 1- Morphologic analysis of cultivated and DAPI- labeled and double labeled (DAPI
and QDot) rat bone marrow mesenchymal stem cells (BM-MSCs).

Fig 1A shows phase contrast microscopy of rat BM-MSCs in the cell culture dish at passage 3,
showing a stretched fibroblastic phenotype. Arrows shows the presence of round-shaped
erythrocytes and nonadherent cells. After expansion to the third passage, a monolayer of
adherent, fibroblast-like cells were labeled with DAPI. Fluorescence microscopy of adherent,
fibroblast-like cells labeled with DAPI (Fig. 1B) or double labeled with DAPI (nucleous) and Qdot

(cytoplasm) (Fig. 1C) Original Magnification %150, Scale bars, 70 um.

Figure 2- Phenotypical characterization of BM-MSCs. The panel of histograms shows the
expression profile of BM-MSC surface markers CD45 (Fig. 2B), CD90 (Fig. 2C), CD73 (Fig. 2D)
e CD54 (Fig. 2E). Figure 2A shows the characteristic of the cell population evaluated, defined at

the size versus granularity graph.

Figure 3- Immunohistochemical detection of DAPI-labeled BM-MSCs in injured retinal
sections 8 weeks after intravitreal transplantation. The left panel of each row shows
immunoreactivity for a particular marker in retinal sections with laser-induced injury without BM-
MSC treatment (control). The right panel of each row shows immunoreactivity for a particular
marker (green) in retinal sections with laser-induced injury and BM-MSC treatment. Eight weeks
after transplantation, the grafted cells labeled with DAPI (blue) co-expressed the rod
photoreceptor marker (green) (Fig. 3A- right panel) rhodopsin, the bipolar and amacrine cell
marker (green) (Fig. 3B- right panel) parvalbumin and the Muller cell and astrocyte marker

(green) (Fig. 3C- right panel) GFAP. No grafted cells co-expressed the RPE marker (green)
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(Fig. 3D- right panel) pan-cytokeratin. Note that only a small subset of grafted cells was GFAP-
immunoreactive (dashed arrows). Arrowheads in the right panel of (Fig.3A and 3C) indicate the
presence of grafted cells (blue) in the subretinal space. Micrographs of the control group did not
show any nonspecific labeling or fluorescence expression. Scale bars, 20 ym. Abbreviations:
RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL,

ganglion cell layer.

Figure 4 — Migration of BM-MSC Qdot and DAPI-labeled BM-MSCs eight weeks after
transplantation. It can be noted a tissue disorganization (Fig. 4B — Hematoxilin-eosin) caused
by the induced lesion (arrows). Some cells are migrating to the lesion (asterisks). The cells are
doubled labeled (QDot - red and DAPI - blue), confirming its origin (the transplanted cells) (Fig.
4A). Most of host cells are shown in blue but not in red — because of transference of DAPI from

died transplanted cells to host cells. Original Magnification %100, Scale bars 40 um.
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(7) Tables

Table 1- Primary antibodies for immunohistochemistry (IHC) and flow cytometry

(FC)

Immunohistochemistry and Flow Cytometry

Antigen Clone Assay Species Supplier Dilution
Rhodopsin [RET-P1] IHC Mouse Abcam 1:16
monoclonal
GFAP (Glial IHC Rabbit Abcam 1:1000
fibrillary acidic
protein)
Parvalbumin IHC Rabbit Abcam 1:1000
Pan-Cytokeratin [C-11] IHC Mouse Abcam 1:250
monoclonal
CD45 69 FC Mouse BD 1:25
Monoclonal | Biosciences
CD54 1A29 FC Mouse BD 1:50
Monoclonal | Biosciences
CD73 5F/B9 FC Mouse BD 1:50
Monoclonal | Biosciences
CD90 OX-7 FC Mouse BD 1:50
Monoclonal | Biosciences
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(8) Figures

Attached
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