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RESUMO
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Diabetes mellitus é uma doenga crénica que afeta o metabolismo de lipidios,
carboidratos e proteinas. Sua principal caracteristica € a hiperglicemia devido a
producao insuficiente de insulina ou a defeitos na resposta a insulina pelos tecidos
periféricos. A hiperglicemia, quando muito acentuada, induz glicosilagdo nao-
enzimatica de proteinas, que é responsavel pela formacao de produtos finais de
glicosilagdo nao-enzimatica (AGEs) e de ligagbes cruzadas intermoleculares.
Neste estudo, organizagdo supramolecular, orientacdo espacial e propriedades
Opticas foram investigadas em proteinas extracelulares da cérnea e da aorta de
camundongos diabéticos n&o-obesos (NOD) e nédo diabéticos (BALB/c).
CORNEAS: Birrefringéncia e dicroismo linear foram investigados em fibras
colagenas do estroma corneal de camundongos NOD/Uni e BALB/c/Uni. A
contribuigao de proteoglicanos do estroma para as anisotropias da cérnea também
foi investigada. Retardo 6ptico foi medido em fibras colagenas de coérneas intactas
e seccionadas com 8 ym de espessura (sem coloragdo). Dicroismo linear e
indices dicroicos foram investigados em cortes de cornea corados com ponceau
SS pH 2.5 e azul de toluidina pH 4.0, usando microespectrofotometro de varredura
e diferentes comprimentos de onda obtidos com régua monocromatica. Analise
morfolégica das birrefringéncias revelou que fibras colagenas de camundongos
NOD e BALB/c estao intercruzadas em varios planos espaciais e orientadas em
mais que uma diregdo ao longo da trajetdria corneal. Cdérneas de NOD
apresentaram maiores valores de retardo Optico das birrefringéncias que o
controle. Fibras colagenas coradas com ponceau SS apresentaram valores

positivos de dicroismo linear e indice dicrdico. Esses valores foram maiores para
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as corneas de NOD. Apds coloracdo com azul de toluidina, cérneas de NOD e
BALB/c apresentaram reagcao metacromatica devido a presenga de grupamentos
anibénicos (glicosaminoglicanos de proteoglicanos) no estroma; e valores negativos
de dicroismo linear e indice dicréico. Nao foi verificada diferenga significativa entre
cérneas de NOD e BALB/c coradas com azul de toluidina. Esses resultados
sugerem que o diabetes foi capaz de alterar as anisotropias Opticas da cornea,
possivelmente por aumentar o empacotamento molecular das fibras colagenas.
Entretanto, o diabetes nao alterou a organizacédo espacial dos proteoglicanos do
estroma. AORTAS: Ocorréncia de glicosilagcdo nao-enzimatica foi verificada em
aortas abdominais de camundongos NOD/Uni, usando azul de nitro-tetrazdlio
(NBT). Alteragcbes moleculares e estruturais foram investigadas em laminas
elasticas e fibras colagenas, apds coloragbes com cloreto de danzila e anilino-
sulfato naftaleno (ANS). Alteracbes em auto-fluorescéncia e birrefringéncia arterial
foram investigadas em aortas sem coloragéo. Proliferagdo de células musculares
lisas também foi investigada em amostras coradas com a reagao de Feulgen,
usando microscopia confocal e analise de imagem. NBT demonstrou a formagéao
de produtos de glicosilagao (frutosamina) na matriz extracelular da aorta de NOD.
Laminas elasticas e fibras colagenas da aorta de NOD apresentaram fluorescéncia
menos intensa que o controle, apds coloracdes com cloreto de danzila e ANS.
Entretanto, a auto-fluorescéncia arterial foi maior nos camundongos NOD. Analise
da birrefringéncia revelou alteragbes no empacotamento molecular das fibras
colagenas da aorta NOD. Nenhuma evidéncia de proliferacdo de células

musculares lisas foi observada em aortas NOD coradas com a reagao de Feulgen.
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Diabetes mellitus is a chronic disorder of the carbohydrate, lipids and protein
metabolism. A characteristic feature of this disorder is the hyperglycemia due to a
deficient insulin production or to metabolic defects on its response in peripheral
tissues. Hyperglycemia induces non-enzymatic glycosylation of proteins, which is
responsible for advanced glycosylation end-products (AGEs), and intermolecular
crosslinks reactions. In this study, supramolecular organization, spatial orientation
and optical properties were investigated in extracellular proteins of the cornea and
of the abdominal aorta from nonobese diabetic (NOD) mice and non-diabetic mice
(BALB/c). CORNEAS: Birefringence and linear dichroism were investigated in
corneal stroma collagen fibers from nonobese NOD/Uni mice and BALB/c/Uni
mice. The contribution of stroma proteoglycans to optical anisotropies of the
cornea was also investigated in NOD and BALB/c mice. Birefringence optical
retardations were measured in stroma collagen fibers of unstained whole and
sectioned (8 um) corneas. Linear dichroism and dichroic ratios were investigated in
cornea sections stained with ponceau SS pH 2.5 and toluidine blue pH 4.0, using
scanning microspectrophotometer and different wavelengths that were obtained
with a monochromator filter ruler. Morphological analysis of the birefringences
revealed that NOD and BALB/c stroma collagen fibers are intercrossed in different
spatial planes and oriented in more that one direction along the corneal
trajectories. NOD corneas showed higher birefringence optical retardation values
than the control. Ponceau SS-complexed collagen fibers showed positive linear
dichroism and dichroic ratios values that were higher for NOD corneas. After

staining with toluidine blue, NOD and BALB/c corneas showed metachromatic
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reaction verifying the presence of anionic groups (proteoglycan
glycosaminoglycans) in the stroma, and negative linear dichroism values. No
significant difference was observed between NOD and BALB/c corneas stained
with toluidine blue. These results demonstrate that diabetes was capable of
altering the optical anisotropies of the cornea, possibly to increase the number of
intermolecular crosslinks in stroma collagen fibers, making them more crystalline
and aggregate than the control. However, diabetes did not affect the spatial
organization of the stroma proteoglycans. AORTAS: Nonenzymatic glycosylation
was assessed in aorta extracellular matrix from NOD/Uni mice, using nitroblue
tetrazolium (NBT). Molecular and structural changes were investigated in elastic
lamellae and collagen fibers of diabetic mice aortas, after staining with dansyl
chloride and anilinonaphthalene sulfonate (ANS). Alterations in arterial
autofluorescence and birefringence of collagen fibers were investigated in
unstained aortas. Smooth muscle cells proliferation was also investigated by
confocal microscopy and image analysis, after Feulgen reaction. Assessment of
nonenzymatic glycosylation demonstrated glycosylation products formation in the
aorta extracellular matrix from NOD mice. Elastic lamellae and collagen fibers from
diabetic aortas presented less intense fluorescence after staining with dansyl
chloride and ANS when compared to controls. However unstained NOD aortas
showed more intense autofluorescence when compared to controls. Birefringence
analysis suggests alterations in the higher molecular packing of the arterial
collagen fibers in diabetic aortas. In aortas stained by Feulgen reaction no

evidence of smooth muscle cells proliferation was observed in diabetic aortas.
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DIABETES E GLICOSILACAO NAO-ENZIMATICA

O diabetes € uma doenga tao antiga quanto a propria humanidade
(CARVALHO, 1996). O primeiro relato da doenga data de 1500 anos antes de
CRISTO, em um documento egipcio chamado papiro de EBNERS, e faz referéncia a
um sintoma clinico comumente apresentado por individuos diabéticos: a frequente
e abundante emissao de urina (apud ARDUINO, 1962). Ja na década de 50 da era
crista, CELSUS referiu-se ao diabetes como uma poliuria indolor, porém perigosa.
Dois séculos depois, 0 médico romano ARETAEUS descreveu uma doenga, cujos
principais sintomas eram eliminagdo copiosa de urina, sede incontrolavel e
emagrecimento. Nesta mesma época (131-201d.C) GALEANO descreveu o
diabetes como uma fraqueza dos rins. Do século Il ao VI d.C, o diabetes foi
descrito nos VEDAS (livros sagrados da india) como uma condicdo de politria e
urina doce. Posteriormente CAWLEY, em 1788, descreveu a relagdo causal entre
diabetes e pancreas, ao verificar destruicado pancreatica durante a necropsia de
um paciente diabético. Cinquenta anos depois, AMBROSIANI (1835), pela primeira
vez, constatou que o sangue de pacientes diabéticos contém mais agucar que o
de pacientes nao-diabéticos. Em 1862, BRUNNER observou que a remogao total do
pancreas causava poliuria e polidipsia, porém nao correlacionou esse achado com
o diabetes (apud CARVALHO, 1996). Anos mais tarde, LANGHERANS (1869)
descobriu as hoje denominadas “ilhotas de Langherans” no tecido pancreatico,

porém as confundiu com ganglios linfaticos. Por fim, MASSIGLIA (1912) demonstrou
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que a destruicdo das ilhotas causava glicosuria, e os jovens cirurgides BANTING &
BEST (1921) descobriram e isolaram a insulina verificando, posteriormente, que
sua injegao intravenosa diminuiu os niveis de glicose sanglinea em caes
submetidos a pancreactomia. Ainda em 1921, COLLINS, pela primeira vez, injetou
extrato de pancreas (insulina) em um menino diabético, conseguindo controlar
seus niveis de glicemia (apud ARDUINO, 1962).

O pancreas é uma glandula mista, ou seja, tanto de secregcao exocrina
como enddcrina. Sua porcdo endodcrina € constituida por aproximadamente um
milhdo de unidades microscopicas denominadas “ilhotas de Langherans ou
pancreaticas”. Em mamiferos, cada ilhota é formada por quatro diferentes tipos de
células variando de poligonais a arredondadas, das quais 60-80% sé&o células beta
que sintetizam e secretam a insulina (GANONG, 1977).

A insulina € um hormdnio polipeptidico constituido por duas cadeias de
aminoacidos conectadas por pontes de dissulfetos. Este hormdnio tem importante
fungdo no armazenamento de glicogénio, no transporte de aminoacidos e na
sintese de acidos graxos, DNA, RNA e proteinas (ANDERSON et al., 1994).
Quando, as células beta deixam de produzir insulina, por fatores hereditarios ou
relacionados a obesidade, surge um quadro clinico denominado diabetes mellitus
(GANONG, 1977).

Em humanos, duas formas clinicas de diabetes mellitus foram descritas: 1)
o diabetes mellitus dependente de insulina ou tipo | (infanto-juvenil), resultante de
um processo destrutivo, frequentemente autoimune, que ocasiona deficiéncia

absoluta da producdo de insulina e 2) o diabetes melittus nao-dependente de
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insulina ou tipo Il (adulto) que resulta de alteragdes no receptor de insulina ou em
uma, dentre as varias enzimas, envolvidas na transducgao intracelular do sinal da
insulina. O diabetes tipo Il também pode resultar da deficiéncia parcial da
producao de insulina o que, geralmente, estd associado a obesidade (AHMED,
2005).

Levantamentos estatisticos mostram que, no ano de 1996, o diabetes tipo |
se manifestava em aproximadamente 10% dos pacientes diabéticos do ocidente,
debilitando seus portadores e, em alguns casos, obrigando-os a se afastarem de
suas atividades profissionais (STEFAN, 1996). Nesse mesmo ano, nos Estados
Unidos, o diabetes foi responsavel por 2% dos obitos registrados, estando entre as
dez doengas que mais ocasionaram morte nesse pais (STEFAN, 1996). Estima-se
que, atualmente, o diabetes afete cerca de 1-2% da populagdo mundial (AHMED,
2005).

Nos ultimos anos varios estudos tém sido realizados na tentativa de
descrever e/ou elucidar a patogenia das complicacbes sistémicas que
acompanham o diabetes e determinar se elas podem ser revertidas por
tratamentos farmacolégicos e/ou dieta nutricional. Para isso, o uso experimental
de animais fenotipicamente diabéticos, seja por indugdo quimica (estrepzotocina
ou aloxana) ou por expressao natural, tornou-se comum (STEFAN, 1996). Dentre os
animais utilizados nesses estudos, os modelos murinos, em especial
camundongos diabéticos nao-obesos (NOD), tém contribuido significativamente

para o avango das pesquisas.
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Aproximadamente 80% das fémeas e 20% dos machos da linhagem NOD
desenvolvem uma forma de diabetes autoimune (tipo 1) muito parecida com a
doenca manifestada por humanos. Isto porque esses animais, assim como
humanos, possuem varias combinacdes de alelos aparentemente normais e
numerosos /oci recessivos associados a doenca. De modo geral, a expressao do
diabetes em camundongos NOD resulta de uma complexa interagdo que envolve
genes do complexo maior de histocompatibilidade e afeta a auto-tolerancia e a
imunorregulacdo, promovendo o recrutamento de linfécitos T CD* e CD®* pelas
ilhotas de Langherans e a autodestruicdo das células beta pancreaticas (YANG &
SANTAMARIA, 2003).

Assim como pacientes diabéticos, camundongos NOD manifestam varios
sintomas, sendo que os mais comuns sao poliuria, perda de peso, glicosuria,
cetose, acidose e hiperglicemia. Embora todos esses sintomas clinicos sejam
fundamentais para o diagndstico da doencga, especial relevancia tem sido atribuida
a hiperglicemia, pois grande parte da comunidade cientifica acredita que todos os
demais sintomas surgem em decorréncia dela (GANONG, 1977). Ha um consenso
de que a hiperglicemia seria um dentre os muitos fatores, alguns deles ainda
desconhecidos, que contribui significativamente para a patogenia das
complicagdes sistémicas que acompanham o diabetes.

A hiperglicemia em si é relativamente indcua, a ndo ser quando ela é muito
acentuada (GANONG, 1977). Neste caso, a glicose excedente no sangue é, em
grande parte, incorporada as biomoléculas por uma via atipica que independe de

um mecanismo enzimatico de carater fisiologico. Geralmente essa via é referida
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como glicosilagdo nao-enzimatica ou reagao Maillard (BAILEY et al., 1998; BISHARA
et al., 2002). Dentre as biomoléculas susceptiveis a glicosilacdo ndo-enzimatica
destacam-se 0s nucleotideos, os lipidios estruturais, os carboidratos e as
proteinas intra e extracelulares.

Na glicosilagcédo nao-enzimatica de proteinas, o grupo aldeido da glicose
reage com a amina livre de uma proteina, formando em poucas horas, uma base
Schiff reversivel que, por sua vez, sofre um rearranjo para formar um produto de
Amadori (BROWNLEE et al, 1988; VLASSARA, 1994). O produto de Amadori é
irreversivel e, apos longo periodo de tempo, pode originar produtos finais de
glicosilagdo avangada (AGEs) (FIG. 1) capazes de desencadear ligagdes cruzadas
intra e intermoleculares (ANDREASSEN et al., 1988). Ligagbes cruzadas
desencadeadas por AGEs afetam o funcionamento de proteinas, aumentam a
resisténcia dos peptideos a degradacgao proteolitica (CLOOS & CHRISTGAU, 2002) e
diminuem a flexibilidade e a permeabilidade dos tecidos (BAILEY et al., 1998).
Aparentemente, a glicosilagdo n&o-enzimatica é mais efetiva em proteinas que
possuem longo periodo de atividade biolégica. Estudos anteriores verificaram que
a glicosilagdo nao-enzimatica aumenta com o avangar da idade, ocasionando
acumulo de pentosidinas na matriz extracelular (MEC) humana e,
consequentemente, uma série de alteragdes deletérias que contribuem para as
patogenias do envelhecimento (SCHNIDER & KOHN, 1982; MONNIER, 1989). Em
pacientes diabéticos, essas alteragbes sao aceleradas pela hiperglicemia e
correspondem as causas principais da morbidade e mortalidade prematura destes

individuos (DIABETES CONTROL AND COMPLICATIONS TRIAL, 1993).
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HC=0 + H,N —proteina HC = N - proteina H,C — NH - proteina
H—|C—OH H—|C—OH |C=O
OH—|C—H HO—|C—H O—|C—H
H—|C—OH H—|C—OH H—|C—OH
H—|C—OH H—lC—OH H—|C—OH
|CH3OH éHQOH |CHzOH
Glicose Proteina Base Schiff Produto de Amadori

AGE

prOtel/na 4.............----------

e/ou

Produtos Finais de Glicosilacao Avancada

FIGURA 1 — Glicosilagdo ndo-enzimatica de uma proteina genérica e a subsequiente formagéo dos

produtos finais de glicosilagdo avangada (AHMED, 2005).
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CONSIDERAGOES SOBRE A MATRIZ EXTRACELULAR (MEC)

Nos vertebrados, a MEC dos tecidos conjuntivos é basicamente composta
por quatro grandes classes de macromoléculas: os colagenos, os proteoglicanos
(PGs), as proteinas ndo-colagénicas e as proteinas do complexo elastico. A
qualidade e a quantidade dessas macromoléculas variam entre os diferentes
tecidos conjuntivos, contribuindo para as propriedades biomecéanicas das
estruturas anatébmicas nas quais se encontram (HAY, 1991).

Todas as macromoléculas possuem em suas superficies “mapas quimicos”
ou “requerimentos estruturais” que |hes sdo especificos, tornando possiveis os
fendbmenos espontdneos de auto-reconhecimento e automontagem intra e
intermoleculares (VIDAL, 1994). Dessa forma, a supra-organizagao de
macromoléculas extracelulares em niveis hierarquicos superiores, bem como o
arranjo final de uma MEC, sao determinadas em parte pelos processos de auto-
reconhecimento e automontagem molecular (HAY, 1991). O processo de
automontagem apresenta controle cinético e temporal, podendo ser regulado por
diversos tipos celulares envolvidos com a sintese de macromoléculas, v.g.,
fibroblastos e células musculares lisas (HAY, 1991; LEHN, 2002).

Conceitos atuais de auto-reconhecimento e automontagem molecular tém
demonstrado a importancia bioldgica desses processos que hao sao exclusivos da
MEC, ocorrendo em praticamente todos os sistemas bioldgicos. Em termos

evolutivos, a automontagem é a forca motriz que possibilita a evolugdo do mundo
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biologico. Devido a labilidade das interagdes que conectam os componentes
moleculares de uma entidade supramolecular, a automontagem permite que um
dado elemento feito de um tipo bem definido de componente seja selecionado a
partir de um conjunto de compostos com todas as constituicbes possiveis, sob a

pressao de fatores internos e/ou externos (LEHN, 2002).

Desde que a MEC possa ser conceituada como um sistema resultante de
automontagem molecular tem sido proposto a existéncia de mecanismos de
regulagem e controle responsaveis pela sua realimentacédo (“feedback”).
Atualmente, sdo conhecidas duas vias (FIG.2) pela qual o sistema MEC é
realimentado: 1?) a primeira via depende da interagdo dos componentes de MEC
com receptores de superficie presentes em células que possuem toda maquinaria
necessaria para sintetizar componentes para esse sistema (fibroblastos, por
exemplo); 22) a segunda via depende da ordem molecular resultante do fendmeno
de automontagem, em especial do componente colagénico, e gera sinalizagao
para as células por meio de deslocamentos intra e intermoleculares e piezo-
piroeletricidade. Em ambas as vias, a mensagem ¢é percebida pelos setores de
sintese e exportacdo da célula que responde ao sinal aumentando ou diminuindo

a produgao de macromoléculas para a MEC (VIDAL, 1994).
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FIGURA 2 — Mecanismos de regulagem e controle responsaveis pela realimentagdo da matriz

extracelular (VIDAL, 1994).
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B Colagenos

Colagenos sao as principais macromoléculas estruturais de uma MEC.
Dentre outras fungdes, eles podem atuar, direta ou indiretamente, como agentes
promotores de adesao e diferenciacdo celular, agentes quimiotaxicos para
macrofagos e fibroblastos, e antigenos nos processos imunoldgicos (LINSENMAYER,
1985). Atualmente, sdo conhecidos 26 tipos de colagenos (TABELA 1), cujas
diferencas residem na composicdo de aminoacidos, nos dominios moleculares e

nos diferentes arranjos estruturais (VAN DER REST & GARRONE,1991).

TABELA 1

Classificagao dos colagenos de vertebrados

Organizacao dos colagenos Tipos de colagenos

Colagenos fibrilares I, 1, 11, Ve Xl

Colagenos associados as fibrilas (FACIT) IX; XllI, XIV, XVI e XIX

Colagenos nao-fibrilares — cadeia curta Vill e X

Colagenos de membrana basal \Y

Colagenos de ancoragem VII

Colagenos microfibrilares Vi

Outros colagenos X, XV, XVII, XVII, XX, XXI, XXII, XXIV,
XXV e XXVI

Fonte: MICHELACCI, 2003.
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De agora em diante, maior énfase sera dada a caracterizacdo dos
colagenos fibrilares. A molécula de colagenos fibrilares tem forma de bastdo, com
peso molecular em torno de 300kDa. Ela é composta por trés cadeias
polipeptidicas, denominadas cadeias a, ricas em prolina e glicina, formando uma
tripla fita helicoidal (VAN DER REST & GARRONE, 1991). Sua estrutura primaria
contém uma sequéncia repetitiva de Gly-X-Y, podendo X e Y ser qualquer
aminoacido, porém frequentemente X €& prolina e Y é glicina (VAN DER REST &
GARRONE, 1991). O colageno também apresenta alanina e quantidade expressiva
de hidroxiprolina, sendo que esse ultimo aminoacido ndo ocorre em outras
proteinas de vertebrados (REDDY et al., 1998; STEHNO-BITTEL et al., 1998).

A hélice do colageno apresenta uma série de restricbes estruturais que
estdo relacionadas ao seu conteudo n&o-habitual de aminoacidos (NELSON & COX,
2002). Moléculas de colageno sao enzimaticamente glicosiladas em seus residuos
de hidroxiprolina (HAY, 1991). Seus residuos de prolina, por sua estrutura em anel,
nao apresentam rotacdo em seu dominio N-Ca, enquanto a rotacdo entre os
carbonos de Ca-C=0 apresenta-se restringida. Dessa forma, esses residuos sao
0s principais responsaveis pela estabilidade conformacional do colageno, lhe
proporcionando, juntamente com as ligagdes cruzadas intermoleculares, uma
resisténcia a tensdo maior do que aquela proporcionada por um fio de ago de
idéntica secgéo transversal (NELSON & CoX, 2002).

As cadeias o das moléculas de colageno s&o unidas por ligagdes cruzadas

envolvendo residuos de lisina, hidroxilisina ou histidina. Essas ligagdes cruzadas
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sao determinadas geneticamente, e ddo origem aos residuos de aminoacidos n&o-
primarios, como a hidroxilisinonorleucina. Tanto o niumero de ligagcbes cruzadas do
colageno quanto o alinhamento especifico dessas ligagdes diferem entre os
tecidos conjuntivos, produzindo bandas caracteristicas em uma micrografia
eletrénica (NELSON & Cox, 2002).

O colageno apresenta caracteristicas mesofasogénicas, i.e., de cristal-
liquido. Essas caracteristicas, juntamente com a ordem molecular (cristalinidade),
estabelecem as condigdes necessarias para que o colageno, a exemplo de outros
polimeros biolégicos ou artificiais, tenha propriedades piezo-piroelétricas
(ATHENSTAED, 1974; FUKADA, 1974) que geram sinalizagdo celular, conforme
mencionado anteriormente. O colageno também possui importantes propriedades
Opticas anisotrépicas, denominadas birrefringéncia e dicroismo linear, que

permitem seu estudo sob luz polarizada (VIDAL, 1964).

(1) A Birrefringéncia € a anisotropia devida a diferenga de indices de
refracdo do colageno, o que significa propagacdo de luz com velocidades e
diregdes diferentes. Dois tipos de birrefringéncia podem ser detectados nas fibras
de colageno: a birrefringéncia intrinseca e a birrefringéncia de forma ou textural

(VIDAL, 1964).

Birrefringéncia intrinseca: deve-se a transigcbes de elétrons nas ligagdes
peptidicas planares (FiG.3) situadas ao longo do eixo das fibras de colageno

(VIDAL, 1964). Dessa forma, birrefringéncia intrinseca € uma consequéncia da
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diferenca no caminho Optico ou no retardo o6ptico da luz (RO) (ORIELL &

SCHELLMAN, 1966):

RO = S x é/2eomaw®

onde:

S é o numero de ligagdes peptidicas/cm?; e e m séo a carga e a massa do
elétron, respectivamente; g € a permitividade do espaco (constante dielétrica); wp
€ a freqUéncia de ressonancia do elétron (ORIELL & SCHELLMAN, 1966).

Birrefringéncia textural ou de forma: resulta da compatibilidade dos

comprimentos de onda (L) do féton com as dimensdes nanométricas da molécula
de colageno, e também da sua concentragdo molecular, estado de agregacéo e
organizagao espacial 3D. As informagdes sobre a birrefringéncia de forma de um
corpo anisotropico sao obtidas por medidas acuradas de RO efetuadas em meios

de embebic&o com indices crescentes de refragédo (VIDAL, 1964).

Para expressar a birrefringéncia de forma de corpos birrefringentes

positivos, WIENER (1912) propds a seguinte equacgao (apud VIDAL, 1987):

3182 (n12 + n22)2

nez_no =
(1 + S1) n22 + Szn12

onde:

n; € indice de refracdo das micelas que compéem o corpo; n; € indice de
refragdo do meio de embebicdo; S; e S, s&o volumes parciais dos componentes

com os indices de refracdo_n; e np, respectivamente, de tal modo que: S;+ Sy = 1;
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ggz— no’ € a constante elétrica para uma dada freqiiéncia. Contudo, a equacéo de
WIENER, ndo é aplicavel as fibras/feixes de colageno, pois ndo fornece as
variagbes da birrefringéncia intrinseca como uma fungdo do solvente,
superestimando a contribuicdo textural (TAYLOR & CRAMER, 1963; CAsSsIM &
TAYLOR, 1965; ORIEL & SCHELLMAN, 1966; CASsSIM & TOBIAS, 1968; NORDEN, 1978).
Os feixes de colageno n&o apresentam um unico indice de refracdo n; nem um
unico volume relativo Sy devido a sua complexidade em composi¢éo e interagdes

moleculares. Assim, os procedimentos experimentais seriam mais indicados para

expressar a birrefringéncia de forma do colageno.

(2) O dicroismo linear manifesta-se em corpos que absorvem a luz
polarizada diferentemente na dependéncia da direcdo de seu grupo cromofdrico
em relagdo ao azimute do vetor elétrico. Quando a luz polarizada incide sobre a
regido cromoférica da molécula, cujos elétrons estejam vibrando em um plano que
coincida com o azimute do vetor elétrico ocorre um maximo de absorcdo da luz
polarizada. As estruturas biolégicas, geralmente, sao desprovidas de grupos
cromoféricos que apresentem dicroismo linear detectavel em espectro visivel,
sendo que o colageno exibe dicroismo linear somente em luz ultravioleta (190-200
nm), devido as mesmas ligagdes peptidicas planares (transigdes eletronicas) que
respondem pela birrefringéncia intrinseca. Dessa forma, sdo observados
fendbmenos de dicroismo linear extrinsecos, de maneira similar ao que ocorre em

fendmenos de dicroismo circular extrinsecos (VIDAL, 1984).
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FIGURA 3 — Ligacao peptidica planar situada ao longo do eixo longitudinal das fibras de colageno,

cujas transicoes eletrénicas respondem pela birrefringéncia intrinseca (DICKERSON & GEIS, 1969).
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B Proteoglicanos

Proteoglicanos (PGs) sao glicoconjugados macromoleculares complexos
que contém um core protéico covalentemente ligado a uma ou mais cadeias de
glicosaminoglicanos (GAGs). Eles também podem apresentar em sua estrutura,
oligossacarideos dos tipos N- e/ou O-ligados (SWEET et al., 1977; LOHMANDER et
al., 1980).

Nos espacgos intercelulares existem duas classes principais de PGs: os
grandes, representados pelo agrecam e versicam; e os pequenos PGs, onde
destacam-se o decorim, biglicam, fibromodulim, lumicam, epificam, queratocam e
a osteoglicina (Kuc & ScoTT, 1997; CHAKRAVARTI et al., 1998).

Do ponto de vista funcional, PGs sdo macromoléculas extremamente
versateis podendo desempenhar inumeras fungbes estruturais nos tecidos
conjuntivos. Essa versatilidade dos PGs reside em diferencas no esqueleto
protéico, e nas classes, quantidades, comprimentos e padrdoes de sulfatacdo das
suas cadeias de GAGs (HAscALL & HAscALL, 1985). Freqlientemente, a porgao
formada pelo glicosaminoglicano corresponde a maior fragcdo (em massa) das
moléculas de PGs, sendo o principal sitio de atividade biolégica. Em muitos casos,
a atividade biolégica dos PGs resulta de multiplos sitios de ligagao, ricos em
possibilidades de realizar pontes de hidrogénio e interacbes eletrostaticas com
outras proteinas da MEC (NELSON & Cox, 2002).

Os GAGs sao heteropolissacarideos lineares constituidos por unidades

dissacaridicas repetidas contendo sempre uma hexosamina (D-glucosamina ou D-



36

galactosamina) e um agucar nao-nitrogenado que pode ser um acido urénico (D-
glucurdnico ou L-idurbnico) ou um agucar neutro (D-galactose) (HASCALL &
HASCALL, 1985).

Alguns GAGs possuem uma ou mais hidroxilas de seu agucar aminado
esterificadas com sulfato, e isso juntamente com os grupamentos carboxila das
unidades dissacaridicas, confere aos GAGs uma alta densidade de cargas
negativas (NELSON & Cox, 2002). Tais cargas se associam a uma elevada
quantidade de cations livres retendo agua nos tecidos, de modo a responder por
grande parte das caracteristicas funcionais atribuidas aos PGs (HAY, 1991). E o
padrao caracteristico das unidades sulfatadas e nao-sulfatadas dos GAGs que
estabelece um reconhecimento especifico por uma grande variedade de proteinas
ligantes, as quais eles podem se associar (NELSON & Cox, 2002).

Para estudos de orientacdo de GAGs e disponibilidade de seus
grupamentos aniénicos nos tecidos conjuntivos, a utilizacdo de material corado
com azul de toluidina (AT) pH 4.0 tem sido amplamente recomendada (VIDAL,
1964, 1972).

O AT é um corante tiazinico dotado de propriedades O6pticas (dicroismo
linear e dispersdo anOmala da birrefringéncia) que tém sido amplamente
estudadas por inumeros autores (BERGERON & SINGER, 1958; LISON, 1960; VIDAL,
1963; TOEPFER, 1970; MELLO & VIDAL, 1984). A molécula de AT é privilegiada para
estudos de orientacdo molecular porque é pequena (podendo assim intercalar-se
entre outras moléculas), apresenta geometria planar e elétrons ressonando ao

longo do seu eixo (VIDAL, 1963; MELLO & VIDAL, 1973). A ligagao eletrostatica da
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molécula de AT aos substratos anidnicos € caracterizada pelas reacgbes de
basofilia e metacromasia, obedecendo aos principios atuais da quimica

supramolecular (VIDAL, 1987).

A metacromasia, no caso do AT, € um efeito espectral caracterizado pelo
abaixamento do pico original de absor¢do da luz, até muitas vezes o seu
desaparecimento (hipocromismo), simultaneamente ao deslocamento dos maiores
valores de absorbancia para comprimentos de onda mais curtos (hipsocromismo).
Uma das causas apontadas para a manifestacdo da metacromasia é a formacao
de dimeros, trimeros e tetrameros por empilhamento das moléculas do corante
(LIsON, 1960). Esse empilhamento ordenado pode ocorrer espontaneamente em

solugdo ou ser induzido por um biopolimero acido (VIDAL, 1963, 1977, 1980).

Na MEC, o AT se liga ordenadamente aos grupos anidnicos dos GAGs,
sendo que seus eixos mais longos orientam-se perpendicularmente ao maior eixo
da molécula de colageno (LISON, 1960; MELLO & VIDAL, 1973; SILBERMAN & FROMER,
1973). Baseando-se nessa Uultima observagdao e nas propriedades O&pticas
anisotropicas das fibras de colageno, VIDAL (1963) propbs que os GAGs dos PGs
estdo estatisticamente alinhados paralelamente ao eixo longitudinal das fibrilas de
colageno, e também a cadeia polipeptidica do esqueleto protéico dos PGs pode
assumir uma conformacéao helical com respeito as fibrilas (FiG.4). Além do modelo
de interacdo proposto por VIDAL, atualmente estdo descritos inUmeros outros
modelos de interacdo PGs-fibrilas de colageno. Em todos os modelos, os autores

propdem que os PGs sdo ordenados em relacéo as fibrilas de colageno, porém
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discordam quanto a orientacdo espacial das suas cadeias de GAGs e do
esqueleto protéico em relagdao ao longo eixo das fibrilas de colageno (MATHEWS
1965; JACKSON & BENTLEY 1968; ScOTT 1995; MULLER et al., 2004). Provavelmente,
essa discordancia deve-se a diferencas de interpretacdo dos dados e, talvez, ao
fato de alguns autores ndo considerarem ou conhecerem profundamente a base

fisica da metodologia utilizada.

B Proteinas ndo-colagénicas

Além dos colagenos e PGs, a MEC contém diversas proteinas nao-
colagénicas, dentre as quais destacam-se a laminina e a fibronectina (COMPER,
1996). A laminina € um componente de lamina basal que atua como mediadora
da adesao celular com outros componentes de MEC. Ja as fibronectinas sao
abundantes na MEC dos tecidos conjuntivos, nas membranas basais e nos fluidos
corporais (PIEz & REDDI, 1984). Fibronectinas séo sintetizadas por fibroblastos,
células endoteliais, condrocitos, células gliais e midcitos, contribuindo
significativamente para processos de migracao e diferenciagao celular, coagulagao
sanguinea, formacao de metastases, além do desenvolvimento embrionario.

Mais recentemente, outras proteinas nao-colagénicas foram identificadas,
dentre elas as proteinas oligoméricas de matriz de cartilagem e as proteinas de 58

e 36kDa (HEDBOM et al., 1992; HEINEGARD & PIMENTEL, 1992).
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FIGURA 4 — Modelo de interagédo entre fibras de colageno e PGs, conforme proposto por VIDAL
(1987). Segundo esse modelo, os GAGs dos PGs estdo alinhados paralelamente ao eixo
longitudinal das fibrilas, e também a cadeia polipeptidica do core protéico dos PGs pode assumir

uma conformacéao helical com respeito as fibrilas de colageno.
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B Proteinas do complexo elastico

As principais proteinas do complexo elastico sao a elastina e as fibrilinas.
Elas sdo encontradas como componentes das laminas e fibras elasticas e das
fibras elauninicas e oxitalanicas (COTTA-PEREIRA et al., 1976, 1984).

A elastina, ao contrario das demais proteinas de MEC, nao sofre
glicosilacdo durante sua biossintese. Ela apresenta em sua estrutura aminoacidos
contendo residuos de glicina e alanina, e com riqueza em prolina e valina. Sua
sequéncia primaria,apresenta como caracteristica principal a alternéncia de
residuos de lisina e alanina em seqiiéncias do tipo lys’-ala®-ala®-lys* e lys’-ala®-
a/a3-ala4-lys5. Esse tipo de alternancia permite que segmentos de elastina se
organizem em o-hélice contendo lisina em cada uma de suas extremidades e do
mesmo lado da hélice, possibilitando assim a formacao de ligagbes cruzadas intra
e intercadeias. Os segmentos em a-hélice fazem conexdo com segmentos
hidrofdbicos capazes de se distenderem e exporem seus aminoacidos ao meio
aquoso toda vez que uma for¢ca de deformacédo é aplicada. Quando a forga de
deformacdo cessa, os aminoacidos dos segmentos hidrofébicos tendem a
espontaneamente  se  re-agruparem, retornando a uma condi¢ao
termodinamicamente mais favoravel, i.e., a conformacgao inicial observada em
repouso (PIMENTEL & CARVALHO, 2003).

A associagao das moléculas de elastina para formacao de fibras e laminas
elasticas depende da existéncia de um arcabougo de microfibrilas, dentre elas a

fibrilina. Entretanto, parece que a estrutura final de uma fibra elastica também
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apresenta controle celular, uma vez que numerosos prolongamentos
citoplasmaticos podem ser observados contornando as fibras elasticas durante
seu processo de maturagao (PIMENTEL & CARVALHO, 2003).

Fibras elasticas podem interagir com outras macromoléculas da MEC
contribuindo para a biomecanica tecidual e estrutural. Bons exemplos de
estruturas, cuja biomecanica é determinada, em parte, pelos componentes do
sistema elastico, sao as artérias elasticas de mamiferos, o pescogco de boi e os
tenddes elasticos de aves (MECHAN & HEUSER, 1991; KREIS & VALE, 1999). Nas
artérias elasticas, os dominios hidrofébicos das moléculas de elastina, contribuem
junto com o colageno, para a distensédo da parede arterial durante a sistole e o seu
relaxamento durante a diastole cardiaca. Ja em tenddes elasticos de frangos, as
fibras elasticas alongam-se toda vez que o tendado é distendido por forgas
tensionais, possibilitando que as fibras colagenas (inicialmente onduladas) se
alinhem com o eixo do tendao de modo a resistir as forcas de deformacao.
Igualmente, quando as forgcas tensionais cessam, as fibras elasticas retornam ao
estado retraido, fazendo com que as fibras colagenas retornem ao estado inicial,
i.e., ondulado (PIMENTEL & CARVALHO, 2003).

Embora, seja possivel encontrar na literatura muitos métodos para
descricdo morfologica e topografica das fibras elasticas, seus mecanismos de
especificidade ainda nao sao totalmente conhecidos. Dentre esses métodos
destacam-se aqueles que utilizam sondas fluorescentes como o 1-anilino-8-sulfato

de naftaleno (ANS) e o cloreto de danzila (BRAGA-VILELA & VIDAL, 2006).
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ANS e cloreto de danzila tém sido amplamente usados para estudos de
polaridade, hidrofobicidade, reatividade e conformagao molecular de proteinas
(STRYER, 1965; RADDA, 1973). A coloragao com ANS tem sido descrita como um
meétodo destinado a deteccao de sitios moleculares nao-polares, desde que esses
sitios sejam extensos e estericamente disponiveis para ligagdo ao corante
(STRYER, 1965). O ANS tem sido usado para detec¢do do grau de agregagéo em
histonas, para avaliacao de alteracbes estruturais em elastina, em histoquimica
para identificagdo de elastina e colageno, e mais recentemente, em biossensores
destinados a detecgdo de hemoglobinas glicosiladas (LAURENCE, 1966; GOSLINE,
1976; VIDAL, 1978). Ja o cloreto de danzila tem sido utilizado para o estudo
estrutural de inumeras moléculas e para a analise quantitativa de aminas
primarias, secundarias e terciarias (BARTZATT, 2003); isso porque, a solugéo de
cloreto de danzila é especifica para demonstragcao microfluorométrica de a-NH; e
e-NH3 (ROSSELET & RUCH, 1968). Em aminoacidos ligados a proteinas, o cloreto de
danzila liga-se a amina livre da lisina. Em estruturas ricas em tecido conjuntivo, a
coloragcao com cloreto de danzila tem sido usada como um método fluorescente

para identificagdo de elastina e colageno (TIMBERLAKE et al., 2002).

CORNEA

A cornea é uma estrutura anesférica (curvada), transparente e avascular,

que juntamente com a esclera, constitui a tunica fibrosa externa dos olhos
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(MAURICE, 1957, 1984; MICHELLACCI, 2003; MARTINS, 2005). Limitando a cérnea e a
esclera ha uma regiao de transicdo denominada limbo esclerocorneal (KYCE &
BEUERMAN, 1988). Em termos de funcionalidade, a cérnea atua como uma lente
convergente responsavel, em humanos, por 70% do poder diéptrico dos olhos.
Além disso, ela responde pela manutengao da forma do olho e protege as demais
estruturas oculares devido a sua alta resisténcia a forgas mecanicas (WARING llI,
1984; KLYCE & BEUERMAN, 1988).

Histologicamente, a cornea é constituida por um estroma central delimitado
anteriormente por um epitélio estratificado pavimentoso e, posteriormente, por um
endotélio que repousa sobre uma membrana basal denominada membrana de
Descemet (FiG. 5) (KLYCE & BEUERMAN, 1988; MARTINS, 2005). Em humanos,
primatas superiores, grandes herbivoros e aves, o epitélio repousa sobre uma
membrana espessa denominada camada de Bowman (KLYCE & BEUERMAN, 1988).
Nos demais vertebrados, a camada de Bowman esta ausente e o epitélio repousa
sobre uma lamina basal similar aquelas observadas em epitélios de revestimento
de outras estruturas (MARTINS, 2005).

O estroma representa aproximadamente 90% da espessura corneal
(JARONSKI & KASPRzAK, 2003) e corresponde a uma MEC altamente especializada,
cujas principais macromoléculas s&o os colagenos fibrilares (ROBERT et al., 2001;
MiCHELLACCI, 2003; INHANAMAKI et al., 2004).

O colageno predominante no estroma corneal é o tipo | (ROBERT et al.,
2001; MICHELLACccCI, 2003), mas também colagenos V (LEE & DAVISON, 1984) e VI

séo encontrados em quantidades relativamente altas (ZIMMERMANN et al., 1986).



FIGURA 5 — Micrografia de cérnea porcina. Barra = 65 uym
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Aparentemente, as moléculas de colageno | sdo incorporadas ao colageno
V formando fibrilas heterotipicas com periodicidade de 65 nm (BIRK et al., 1988;
MALIK et al., 1992). J& o colageno tipo VI forma estruturas microfibrilares por
agregacao lateral (MICHELLACCI, 2003). Também os colagenos tipo I, Xll, Xl e
XIV estdo presentes no estroma da cornea, porém em pequenas proporcdes
(MICHELLACCI, 2003). Varios estudos tém demonstrado que colagenos Xl e XIV
sdo colagenos FACIT que podem interagir com inumeras proteinas estromais,
auxiliando na regulagéo da estrutura e do funcionamento dos colagenos fibrilares.
Colageno Xlll € um colageno nao-fibrilar que tem sido encontrado em 2/3 do
estroma posterior da cérnea (SANDBERG-LALL et al., 2000).

Os colagenos fibrilares do estroma corneal originam fibras com
espacamento  lateral regular e didametro uniformemente  pequeno
(aproximadamente 31 nm) quando comparadas as fibras presentes em outras
estruturas (MICHELLACCI, 2003; DOUGHTY & BERGMANSON, 2004). Inumeros estudos
tém reportado que o espagamento e diametro das fibras de colageno, juntamente
com os baixos niveis de hidratacdo e os PGs estromais (Lumicam, Decorim,
Mimecam e Queratocam) constituem a base fisica da transparéncia e biomecénica
corneal (MAURICE, 1957; GOLDMAN et al., 1968; QUANTOCK et al., 1990; FARREL,
1994; CHAKRAVARTI et al., 1998).

Centenas de camadas de fibras colagenas com espessura variavel entre
1.5 e 2.5 um se reunem (auto-reconhecimento e automontagem molecular),

formando as chamadas lamelas estromais (JARONSKI & KASPRzAK, 2003; Louls-
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DorRR et al, 2004). Em geral, cérneas normais (sadias) possuem
aproximadamente 300 lamelas na regiao mais central do estroma e 500 lamelas
na regiao do limbo (JARONSKI & KASPRzAK, 2003).

Em cada lamela, as fibras de colageno séo estabilizadas por PGs e
orientadas paralelamente umas as outras, porém formando diferentes angulos
com fibras localizadas em lamelas adjacentes (MAURICE, 1984; FARREL et al., 1999;
Komal & UsHIKI, 1991; MEEK & FuLwooD, 2001).

Assim como fibras colagenas, as lamelas também possuem direcdes
preferenciais de orientagdo no estroma, em relagéo aos eixos anatdomicos (supero-
inferior e témporo-nasal) da coérnea. Para a maioria dos animais, incluindo
humanos e camundongos, admite-se que no centro da cornea 60% das lamelas se
orientam preferencialmente nas diregdes supero-inferior e témporo-nasal,
enquanto 40% das lamelas estariam orientadas obliquamente (DAXER & FRATZL,
1997; NEWTON & MEEK, 1998; BOOTE et al., 2004).

O arranjo lamelar e a distribuicdo espacial das fibras colagenas (arquitetura
estromal) conferem a cérnea importantes propriedades épticas anisotropicas que
ha muito tempo tém sido reconhecidas como fundamentais para sua eficiéncia
refrativa (MAURICE, 1984; JARONSKI & KASPRzAK, 2003; Louis-DORR et al., 2004).
Essas propriedades sao referidas como birrefringéncia e dicroismo linear.

No estroma da cérnea, dois tipos de birrefringéncias podem ser detectados:
(1) a birrefringéncia intrinseca, que segundo muitos autores, tem origem em cada

fibra colagena individual dentro das lamelas e (2) a birrefringéncia de forma, cuja
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origem seria a orientagcado espacial das lamelas estromais (JARONSKI & KASPRZAK,
2003).

Na literatura encontram-se registrados dois modelos que descrevem a
birrefringéncia de forma corneal. O primeiro modelo propde que a cérnea deve ser
tratada como um cristal uniaxial com seu eixo Optico perpendicular a sua
superficie (STANWORTH & NAYLOR, 1950). Ja o segundo modelo propde que a
cornea comporta-se como um cristal biaxial com a bissetriz dos seus dois eixos
Opticos perpendiculares a sua superficie (VAN BLOKLAND & VERHELST, 1987). Os
mesmos autores que propuseram este segundo modelo descreveram que, na area
central do plano da pupila, os valores de retardo éptico da birrefringéncia de forma
corneal sdo constantes, porém aumentam gradativamente em diregdo as areas
periféricas do plano da pupila (VAN BLOKLAND & VERHELST, 1987).

A outra forma de anisotropia corneal, ou seja, o dicroismo deve-se ao
arranjo estrutural das fibras colagenas (np = 1.52) no material protéico (np = 1.34)
da MEC (JARONSKI & KAsPRzAK, 2003). Estudos recentes usando
espectrofotometria associada a matriz de Mueler (um modelo matematico 4X4)
tém demonstrado que, na cérnea normal, o dicroismo linear € fraco e/ou negativo
quando os valores dos angulos de incidéncia dos feixes de luz na superficie
corneal sdo pequenos, porém torna-se positivo a medida que o angulo de
incidéncia aumenta (JARONSKI & KASPRzAK, 2003). Esta mudanga de sinal sugere

que a cornea se comporte como um cristal biaxial e, portanto, o modelo de
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birrefringéncia de forma segundo VAN BLOKLAND & VERHELST (1987) seria o mais
adequado para descrever essa estrutura.

Desde a descoberta das anisotropias Opticas corneais, muitos
pesquisadores tém utilizado luz polarizada como ferramenta para investigar a
microestrutura e as propriedades O6pticas da cérnea. Entretanto, o uso de luz
polarizada requer certos conhecimentos sobre as propriedades Opticas e
biomecanicas da estrutura ocular e sobre o processo fisico que ocorre quando a
luz polarizada propaga-se através dela. Nos ultimos anos, o emprego de luz
polarizada para investigagcdo da cérnea tem auxiliado na compreensao e no
diagnostico de varias doengas (NEWTON et al., 1998; MARTINS, 2005). Atualmente, a
luz polarizada tem sido utilizada para monitoramento dos niveis de glicose ocular
em pacientes diabéticos (WAN et al., 2005).

Durante o diabetes, as fibras coldgenas do estroma corneal ficam expostas
a uma série de alteragbes, sendo que a mais comum € a glicosilagdo nao-
enzimatica dos residuos de lisina e hidroxilisina da molécula de colageno (MALIK et
al, 1992). Ha indicios de que a (dlicosilagdo n&o-enzimatica ocorra
preferencialmente na regido de intervalo (“‘gap”) da fibra de colageno. Esta area
estaria mais acessivel a glicose em relagéo as outras regidées da fibra (WEsS et al.,
1993). Em tenddes foi demonstrado que as propriedades do colageno, apds
glicosilagdo nao-enzimatica, sdo afetadas em diferentes aspectos tais como na
habilidade para formar agregados supramoleculares (BAILEY et al, 1998), na
susceptibilidade a degradacao térmica (HEDGE et al., 2002), na autofluorescéncia

(ANDREASSEN et al., 1988), na mecanotransducao (RITTIE et al, 1999) e nas
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anisotropias opticas (ALDROVANI et al., 2006). Diabetes e aumento nos niveis de
glicosilagdo podem acarretar deficiéncias de acuidade visual, desde que na cornea
a funcao refrativa depende primariamente das propriedades Opticas das fibras
colagenas. Foi demonstrado que aumento nos niveis de glicosilagédo diminui o
diametro das fibras de coldageno da coérnea, causando opacificagdo corneal

(CHAKRAVARTI et al., 1998).

AORTA

A aorta € uma artéria elastica, cujas principais proteinas de MEC sao a
elastina e os colagenos | e lll, respectivamente (REDDY, 2004). Este tipo de artéria
se caracteriza por apresentar uma tunica intima muito espessa, devido ao grande
desenvolvimento da camada subendotelial, rica em fibras elasticas, quando
comparada com a camada subendotelial de outros vasos sanglineos. Suas
laminas elasticas interna e externa nao sao evidentes, pois se confundem com as
membranas da tunica média (BERGEL, 1961; ATTINGER, 1964; MILCH, 1965). A
tunica ou camada média é formada por numerosas laminas elasticas perfuradas,
dispostas concentricamente e intercaladas por pequenos espagamentos que
contém células musculares lisas, PGs, glicoproteinas e fibras espessas formadas
pela associagdo dos colagenos | e lll (BERGEL, 1961; ATTINGER, 1964; MILCH,

1965). Por fim, a tunica adventicia, camada mais externa da parede vascular, é
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pouco desenvolvida nas artérias elasticas (BERGEL, 1961; ATTINGER, 1964; MILCH,
1965).

Chama a atencao, na aorta, o fato de seus dois componentes principais —
elastina e colageno — serem proteinas de longa atividade bioldgica, cujos
conteudos totais presentes na parede do vaso variam ao longo do trajeto arterial
(MiLcH, 1965). De modo geral, a aorta apresenta em sua porgdo supra-
diafragmatica, em especial préximo ao coragdo, maior conteudo de elastina e
colageno do que em sua porgao infra-diafragmatica. No entanto, apesar dessa
variagao, a elastina sempre predomina na tunica média ao longo de todo trajeto
arterial (MILCH, 1965).

Do ponto de vista funcional, laminas elasticas e fibras colagenas,
juntamente com as células musculares lisas, formam o sistema mioestromal ou
miofibroso que contribui para a viscoelasticidade e biomecanica do caminho
arterial, auxiliando na regulagdo do fluxo sanglineo (RHODIN, 1980; STEHBENS,
1996). Além disso, laminas elasticas e fibras colagenas arteriais s&o responsaveis
pelo tbnus e, em parte, pela contratibilidade das células musculares lisas (CLARK &
GLAGOV, 1985; DINGEMANS et al., 1981).

Devido a aorta estar em intimo contato com o sangue, elastina e colageno
arterial estdo sujeitas a uma série de alteragbes provocadas por processos
bioldgicos, uso prolongado de medicamentos e/ou doengas. Assim sendo, a
hiperglicemia pode rapidamente influir negativamente no metabolismo arterial

(ReDDY, 2004). Atualmente, ha um consenso que anormalidades bioquimicas
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induzidas pela hiperglicemia, tais como glicosilagdo ndo-enzimatica de proteinas,
ativagcao da via poliol e atividade alterada de proteina kinase C podem prejudicar o
fluxo sanglineo e a fungdo hemodinamica (MASSI-BENEDETTI & FEDERICI, 1999;
KASUYA et al., 1999; RUEF et al., 2000; CERAMI et al. 1985; BUCALA & VLASSARA,
1995; BERG et al., 1997; Ross, 1999; HIGASHI et al., 1997). Também ha evidéncias
de que a hiperglicemia causa deposigcdo de placas ateroscleréticas na via
vascular, podendo induzir infarto do miocardio (REDDY, 2004; AHMED, 2005).
Analises bioquimicas do colageno adrtico de ratos diabéticos indicaram
aumento no conteudo, na resisténcia a solubilidade e na distribuicido deste quando
comparado ao controle (ReEDDY, 2004). Além disso, varios estudos tém
demonstrado que tanto o coldgeno quanto a elastina de aortas humanas e
murinas, apos glicosilagao in vitro, sdo capazes de acumular AGEs que causam
endurecimento e perda de flexibilidade arterial (TomizAwWA et al., 1993; BRUEL &

OXLUND, 1996; BAYDANOFF et al., 1996).
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JUSTIFICATIVA & OBJETIVOS
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Diante das numerosas evidéncias que a glicosilagdo nao-enzimatica de
proteinas extracelulares contribui efetivamente para a patogenia das complicagdes
diabéticas secundarias, estruturas ricas em tecido conjuntivo e cuja biomecanica
estd diretamente relacionada a organizagdo supramolecular, ao arranjo
tridimensional e/ou ao conteudo (qualidade e quantidade) de uma ou mais
proteinas de MEC podem ter seu metabolismo gravemente afetado pela doenca.
Dentre estas estruturas, nds elegemos as oculares e vasculares como
merecedoras de um estudo aprofundado devido a freqiéncia na qual elas séo
acometidas por modificagées severas em diabetes e ao impacto negativo que isso

causa na qualidade e/ou expectativa de vida de individuos portadores da doencga.

Objetivo Geral:

Com base na justificativa exposta, o objetivo do presente estudo foi
investigar os possiveis efeitos da glicosilagdo ndo-enzimatica sobre a organizagao
supramolecular, orientacdo espacial e propriedades Opticas de proteinas
extracelulares da cérnea e da aorta de camundongos diabéticos nao-obesos

(NOD).

Objetivos Especificos:
1. Investigar valores de retardo Optico associados com birrefringéncia
intrinseca (cristalinidade) e birrefringéncia de forma (empacotamento molecular)

em fibras colagenas do estroma da cérnea de camundongos diabéticos (NOD/Uni)
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e nao-diabéticos (BALB/c/Uni). Investigar a contribuicdo dos proteoglicanos para
as anisotropias opticas do estroma corneal;

2. Determinar a capacidade do diabetes, por meio da formagao de produtos
de glicosilagao, induzir alteragdes moleculares e estruturais em laminas elasticas e
fibras colagenas da aorta abdominal de camundongos NOD/Uni. Investigar a
ocorréncia de proliferacdo das células musculares lisas nas aortas de
camundongos NOD/Uni;

3. Verificar se os corantes fluorescentes anilino-sulfato de naftaleno (ANS) e
cloreto de danzila sdo capazes de detectar alteragdes provocadas pelo diabetes
em laminas elasticas e fibras colagenas de camundongos NOD/Uni;

4. Verificar se a reagao de Feulgen oferece fluorescéncia adequada para

analises nucleares envolvendo microscopia confocal.
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Abstract

In this work, optical retardation (OR) was investigated in corneal stroma collagen
fibers from nonobese diabetic (NOD mice) and healthy (BALB/C) mice. Linear
dichroism (LD) was investigated in corneas stained with Ponceau SS and Toluidine
Blue, using microspectrophotometer. NOD corneas showed higher OR values than
the control. Ponceau SS-complexed collagen fibers showed positive LD that was
higher for NOD corneas. After staining with Toluidine Blue, NOD and BALB/C
corneas showed negative LD. The results of this study demonstrate that diabetes
was capable of altering the corneal optical anisotropies, possibly altering the

number of intermolecular crosslinks in collagen fibers.

Keywords: Birefringence; Collagen; Cornea; Diabetes; Dichroism
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1. Introduction

The cornea is an aspheric and transparent structure that consists of a
central portion known as stroma, covered anteriorly with stratified epithelium and
posteriorly with endothelium (Maurice, 1957; Klyce & Beuerman, 1988; Michelacci,
2003). The stroma represents the majority of the corneal thickness and exhibits a
fine structure characterized by layers of stacked lamellae (Maurice, 1957; Jaronski
& Kasprzak, 2003). Each lamella is composed of regularly spaced collagen fibrils
that, in general, run parallel to each other and the corneal surface, but they form
large angles with fibrils in adjacent lamellae (Komai & Ushiki, 1991; Farrel, Freund
& McCally, 1999; Meek & Fulwood, 2001). Various studies have reported that
regular spacing of the collagen fibrils is essential for corneal biomechanical and
transparency (Maurice, 1957; Goldman, Dohlman, Benedek & Kravitt, 1968;
Farrell, 1994). In addition, other factors, such as uniform diameter of the collagen
fibrils, stroma proteoglycans (PGs) and stroma hydratation also contribute to
corneal transparency (Maurice, 1957; Quantock, Meek, Ridgeway, Bron & Thonar,
1990; Chakravarti, Magnusson, Lass, Jepsen, Lamantia & Carroll, 1998).

The composition and 3-D organization of stroma collagen fibers confer the
cornea important polarizing properties and optical anisotropies known as
birefringence and linear dichroism (LD) (van Blokland and Verhelst, 1987; Maurice,
1984; Bueno & Jaronski, 2001; Bueno & Vargas-Martin, 2002; Jaronski &

Kasprzak, 2003; Louis-Dorr, Naoun, Allé, Benoit & Raspiller, 2004). Several
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authors have admitted that collagen fibers possess two types of birefringence:
Intrinsic or crystalline birefringence and form or textural birefringence (Vidal, 1964;
Bennet, 1967; Whittaker, Bouhner, Perkins & Canhan, 1987; Jaronski & Kasprzak,
2003). Intrinsic birefringence occurs when many electronic resonators (m-m*-
transitions from the collagen molecules planar peptide bonds) in a medium with
more than one refractive index display preferred directions of symmetry, leading
the medium as a whole to transmit light with different directions of polarization or
propagation (Wied, 1966; Oriel & Schellman, 1966; Bennet, 1967). In contrast,
form birefringence depends on the subwave dimension and geometry of the
collagen molecule, i.e., the compatibility of photon wavelength and collagen
molecules, the aggregation/packing state and the spatial organization of the
bundle/fiber components (Vidal, 2003; Wied, 1966; Bennet, 1967).

Birefringence and LD measurements provide information regarding
variability in the molecular order, orientation and aggregational state of the
collagen fibers (Vidal, 1964; Geday, Kamisnky, Lewis & Glazer, 2000; Vidal, 2003;
Silva, Vidal, Zezell, Zorn, Nunez & Ribeiro, 2006); corresponding to the ideal
methods for detecting molecular alterations in anisotropical structures, as
confirmed for second harmonic generation and X-ray diffraction studies (Stein &
Norris, 1956; Roth & Freund 1986).

Since the discovery of stroma collagen fiber optical anisotropies, many
researchers have used these phenomena as tools to investigate the cornea during

different physiological and pathological conditions (van Blokland and Verhelst,
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1987; Newton & Meek 1998; Bueno & Jaronski, 2001; Bueno & Vargas-Martin,
2002; Jaronski & Kasprzak 2003). In this context, investigating eventual changes in
corneal optical anisotropies caused by diabetes is also relevant.

Diabetes is an endocrine disorder characterized by hyperglycemia that
causes nonenzymatic glycosylation of collagen and other extracellular proteins
(Bailey, Paul & Knott, 1998; Mentink, Hendriks, Levels & Wolffenbuttel, 2002;
Ahmed, 2005). Nonenzymatic glycosylation is associated with a number of
physicochemical changes in several structures rich in connective tissue (Schnider
& Kohn 1982; Andreassen, Oxlund & Danielsen, 1988; Sady, Khosrof & Nagaraj,
1995; Bailey et al., 1998; Reddy, Stheno-Bittel & Enwemeka, 2002; Mentink et al.,
2002). It is established that nonenzymatic glycosylation affect various properties of
collagen, including its ability to form supramolecular aggregates, its susceptibility to
thermal degradation, its nonlinear susceptibility, its positive charge distribution and
its autofluorescence, crystallinity and turnover (Andreassen et al., 1988; Hadley,
Meek & Malik, 1998; Kim, Eichler, Reiser, Rubenchik & Silva, 2000; Closs &
Christgau 2002; Mentink et al., 2002; Ahmed, 2005).

In mouse corneas, observation verified that an increase in the glycosylation
levels reduces the diameter of the stroma collagen fibers causing corneal opacity
(Chakravarti, Magnuson, Lass, Jepsen, Lamantia & Carroll, 1998), and possibly
prejudices the corneal biomechanical and optical anisotropic properties, beyond
the visual function. Additionally, changes in molecular packing have been reported
for glycosylated corneal and scleral collagen (Malik, Moss, Ahmed, Furth, Wall &

Meek, 1992; Malik & Meek, 1994).



77

In this work, optical retardation (OR) associated with intrinsic and form
birefringences and LD in corneal stroma collagen fibers from nonobese diabetic
(NOD) and healthy (BALB/C) mice were investigated. The contribution of stroma
PGs to optical anisotropic properties of the cornea was also investigated in NOD

and BALB/C mice.

2. Methods

2.1. Theory: Definition for OR and LD

Anisotropy in media leads to changes in the polarization of light (Born &
Wolf, 1980, Savenkov & Sydurok, 2005). There are two known mechanisms of
anisotropy. Polarization may be altered through changes in the phase of the
components of the electric vector E (birefringence) or changes in the amplitude of
the components of the electric vector E (dichroism). In collagen fibers, these two

mechanisms act simultaneously.

2.1.1. OR

If light is introduced into an anisotropic medium, the orthogonal components
of the electric vector E will experience different refractive indices, since the plane of
polarization of the incident light will not be parallel to one of the medium’s optical
axes (Born & Wolf, 1980; Maitland & Walsh, 1997). As the orthogonal components

of the electric vector E travel at different velocities, the vector components
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experience a phase shift relative to one another. The phase shift, 5, can be
represented by (Bloss, 1961; Maitland & Walsh, 1997; Born & Wolf, 1980; Silva et
al., 2006),
8 = (2n/\) LAnp

where, 3 is the phase shift between propagating orthogonal polarizations (radians),
L is the thickness of the sample, Anp is the difference in the refractive indices
between two of the optical axes in a anisotropic sample, and A is the light
wavelength in a vacuum. Each wavelength is associated with a 2z radian phase
change. The quantity LAnp is known as the optical path difference (OPD) or optical
retardation (OR). It is the difference between the two optical path lengths.

When OR is measured (using compensators) in birefringent material
subsequently imbibed in solutions of different refractive indices, the OR values
obtained in each solution can be plotted as a function of the refractive index of the
respective solution (Vidal, 1964, Bennet, 1967). Thus, form birefringence curves
are constructed. Form birefringence curves are characteristically U-shaped, the U
being concave upwards in the case of a material with positive form birefringence,
such as collagen. The distance between the minimum point of such a curve and
the line of zero birefringence indicates the degree of intrinsic birefringence which
characterizes the material. Thus, a form birefringence curve informs on form

birefringence and the degree of intrinsic birefringence.
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2.1.2.LD

Dichroism is defined as the difference in absorption between orthogonal
polarizations (Bennett, 1967; Born & Wolf, 1980; Beydaghyan, Kamisnka, Brown &
Robbie, 2004). The physical basis of dichroism is based on the theories of
dispersion and absorption. In LD, the absorption varies as the azimuth of the
electric vector of the polarizer (EVLP) changes with respect to some fixed axis of
the object. The quantitative treatment of dichroic phenomena depends on the
measurement of absorption according to spectrophotometry techniques (Bennet,
1967; Vidal, 1970; Born & Wolf, 1980; Vidal, Mello & Pimentel, 1982; Vidal & Mello,

2005).

2.2. Material

Ten female NOD/Uni mice (16 weeks old and 28 days of diabetes
expression) and 10 female BALB/c/Uni mice (controls) of the same age were
obtained from the Multidisciplinary Center of Biological Investigation (CEMIB) of
the State University of Campinas, Brazil. The use of NOD mice in this study was
chosen, because they develop a form of chronic autoimmune diabetes (Colluci,
Bergman, Penha-Gongalves, Cilio & Holmberg, 1997), shown to be a useful model
to assess the effects of the nonenzymatic glycosylation of extracellular proteins.

Glycemia levels in NOD mice were measured approximately 6 hours before
the mice were killed. A blood sample was obtained by caudal punction and

analyzed by the automatic glucose meter Accu-Chek Active (Roche Diagnostica
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Brasil Ltd.), which measures glycemia in an interval defined between 10-600 mg/dL
or 0.6-33.3 mmol/L. Values outside this interval are indicated as “LO” when
glycemia is lower than 10 mg/dL (0.6 mmol/L) or “HI” when glycemia is higher than
600 mg/dL (33.3 mmol/L). All the NOD mice used in this study presented “HI”
glucose levels (chronic hyperglycemia).

The mice were killed by decapitation, and their eyes were enucleated. The
left eye of each mouse was fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer for 24 h, processed for routine inclusion in Histosec® (Merck, Darmstadt,
Germany), sectioned in 8 um thicknesses and used for birefringence and LD
analyses. In contrast, the right eye of each mouse was fixed in 4%
paraformaldehyde for 24 h, rinsed in distilled water (1 h), the cornea was removed
from the eyeball, dehydrated in 70% ethanol (1 h), conserved in 80% ethanol at
9°C and used only for birefringence analysis.

All the protocols involving animal care and use were approved by the
Committee for Ethics in Animal Experimentation of the State University of

Campinas and met the Guidelines of the Canadian Council on Animal Care.

2.3. Measurements of the polarization properties

2.3.1. OR
Collagen fiber birefringence OR measurements were realized using whole

(or in totum) and sectioned (8 ym) corneas.
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Whole corneas — Unstained whole corneas were placed on a glass slide and
imbibed for 1h in water (np = 1.333) and pure glycerol (np = 1.471), respectively.
For each imbibing solution, 150 measurements of OR were realized in NOD and
BALB/c collagen fibers oriented at 45° relative to the plane of polarized light (PPL),
using a Zeiss Pol-microscope (Zeiss, Oberkochen Germany) (Fig. 1) equipped with
a 40x objective and monochromatic light (A = 546 nm).

The angle of the phase difference (6) obtained through the measurements
was converted to the birefringence OR (in nanometers) using the Brace-Kdhler
A10 (for measurements realized in water) and A/20 (for measurements realized in
pure glycerol) methods as follow:

Brace-Kohler A/10  OR = 47.20sin (2¢)
Brace-Kohler A/20 OR = 27.35sin (2¢)

where: 47.20 and 27.35 are the retardation of the compensators; ¢ is 45deg-
8, where 45 deg is the position of the collagen fibers long axis relative to the PPL
(Vidal, 1964; Roth & Freund, 1982; Whittaker et al., 1987; Montarou & Gaylord
2004; Silva et al., 2006).

Histological sections — OR associated with form and intrinsic birefringences
were measured in histological sections imbibed for 1h in solutions of different
refractive indices: Water (np = 1.333), water-glycerol mixtures (np = 1.360, 1.386,
1.413 and 1.435), pure glycerol (np = 1.471) and Nujol mineral oil (np = 1.479)
(Vidal, 1964; Bennet, 1967; Roth & Freund, 1982; Whittaker et al., 1987). For each

imbibing solution, 150 measurements of OR were performed on NOD and BALB/c
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collagen fibers oriented at 45° relative to the PPL, using the same working
conditions described for whole cornea analysis. OR values associated with form
birefringence were determined, in water and water-glycerol mixtures, using Brace-
Koéhler A/10 compensator. In pure glycerol, the OR associated with intrinsic
birefringence was determined using Brace-Kohler A/20 compensator.

Some histological sections were treated with hyaluronidase from bovine
testis (1 mg enzyme/mL of 0.9% NaCl) in a humid chamber (37° C) for 6 h (Vidal,
1964; Jackson & Bentley, 1968; Kiernan, 1990) and imbibed in water for 1 h; the
OR was determined only for the refractive index corresponding to this imbibing
solution. The enzymatic treatment with hyaluronidase from bovine testis was used
to determine the contribution of glycosaminoglycans (GAGs) (chondroitin 4-and-6-

sulfates and dermatan sulfate) to the collagen fiber birefringence.

232 LD

Since collagen fibers and glycosaminoglycans of PGs do not present LD in
the visible range of light, extrinsic LD was investigated in sections stained with
Ponceau SS pH 2.5 and Toluidine Blue pH 4.0 (Vidal, 1970; Vidal & Mello, 1970;
Vidal & Mello, 2005). Ponceau SS is a rod-like azo-dye with a geometric and
chemical structure that meet the conditions for orientation in collagens forming a
complex endowed with crystallinity and high optical anisotropy (Vidal & Mello,

2005; Vidal & Volpe, 2005). Toluidine Blue was used to detect the general
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distribution of CO™? and SO anionic groups (glycosaminoglycans of PGs) in the
corneal stroma (Lison, 1960; Vidal & Mello, 1984). Some sections treated with
hyaluronidase from bovine testis were stained with Toluidine Blue and used for
morphological analyses.

Spectral absorption and extrinsic LD were determined in a Zeiss automatic
scanning microspectrophotometer (Oberkochen, Germany) (Fig. 2) equipped with
a Planapo 40x objective, optovar 2, measured diaphragm diameter of 0.1 mm, field
diaphragm diameter of 0.2 mm, and 100-W/12-V lamp; as previously proposed
(Vidal, 1970; Vidal et al., 1982; Vidal & Mello 2005).

Spectral absorption curves were plotted with absorbances obtained for
corneal collagen fibers positioned parallel (Apa) and perpendicular (Apg) to the
EVPL at wavelengths from 500-550 nm for sections stained with Ponceau SS, and
wavelengths from 500-600 nm for sections stained with Toluidine Blue. The
wavelengths were obtained with a Schott monochromator filter ruler (Oberkochen,
Germany).

Values of LD (Apa—Ape) and dichroic ratios (DR = Apa/Apg; the DR parameter
indicates the molecular orientation of the specimen irrespective of its thickness)
(Vidal, 1970; Vidal et al., 1982) were calculated with the median of 30
measurements of Apa and Ape obtained for each group studied (10 corneas from
each group, 3 sections each).

Absorbance computation was obtained by comparison of the absorbing
image to the unstained background that had been calibrated for 100%

transmittance each time a new image was analyzed.
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2.4. Statistical analysis

All calculations and statistical analyses were performed using the Minitab
12™ software (State College, PA, USA) and involved analysis of variance
(ANOVA) and Mann-Whitney (MW) non-parametric test. Differences were
considered statistically significant when P values < 0.05. Form birefringences
curves and spectral absorption curves were constructed using the Origin 50™

software (Microcal Inc., USA).

3. Results

3.1. OR

Birefringence brightness analysis allowed for characterization of the
morphology and topography of stroma collagen fibers. Unstained NOD and BALB/c
whole corneas presented no area of complete birefringence extinction when
rotating the microscope stage. Whole corneas showed stroma collagen fibers
intercrossed in different spatial planes and oriented in more that one direction
along the corneal trajectories (Fig. 3 A, B).

In the histological sections, when the cornea long axis was oriented at 45°
relative to the PPL, the brightness along the collagen fibers was not homogeneous.

Maximum birefringence was observed in stroma collagen fibers oriented at 45°
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relative to the PPL (Fig 3 C, D). The hues of brightness corresponded to different
angles of the collagen fibers lamellae relative to the PPL. When the corneal axis
was oriented parallel or perpendicular to the PPL, the stroma showed small
undulations (Fig. 3 E, F).

OR analysis, using wavelength from 546 nm, revealed that stroma collagen
fibers of whole corneas showed smaller OR mean values, but similar standard
deviation, when compared with collagen fibers of corneas sections in the same
experimental conditions (NOD vs. NOD and control vs. control) (Table 1).

NOD whole and sectioned corneas showed higher birefringence OR values
in all imbibing solutions used, when compared to the healthy controls. Form
birefringence curves obtained by plotting the average OR values in nanometers as
a function of the refractive indices of the imbibing solutions, revealed differences
between NOD and BALB/c corneas (Fig. 4). After treatment with hyaluronidase, a
significant reduction (Po.o00 level, ANOVA) in the OR values of the collagen fibers
from NOD and BALB/c corneas sections was observed (Table 1). The proportion of
macromolecules removed by hyaluronidase was similar (26% NOD and 29%

BALB/c) between the samples studied.

3.2.LD

NOD and BALB/c collagen fibers complexed with Ponceau SS absorbed

more polarized light, at all wavelengths used (500-550 nm), when the corneal axis
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was positioned parallel to the EVLP (Fig. 5 A). However, polarized light absorption
proved to be nonhomogeneous along the corneal axis, due to the different angles
of collagen fiber lamellae relative to the EVLP (Fig. 6 A-B).

Analysis of the spectral absorption curves for Ponceau-stained corneas
revealed absorption peaks (Apa and Apg) at 520 nm (Fig. 5 A). When using the
Mann-Whitney test, the parallel condition for NOD mice was far greater, so that the
difference in Apa vs. Ape for NOD mice was large and the difference for BALB/c
mice, while relatively similar in proportional terms, in absolute terms was much less
(Table 2, Fig. 5 A).

Stroma collagen fibers showed positive LD and DR values that were higher
for NOD corneas (Table 2).

After staining with Toluidine Blue, pH 4.0, NOD and BALB/c corneal stroma
showed metachromatic reaction (Fig. 6 C-D). Treatment with hyaluronidase
abolished the corneal stroma metachromasia (Fig. 6 E-F).

Toluidine Blue-stained corneas (non-treated with hyaluronidase) absorbed
more polarized light, at all wavelengths used (500-600 nm), when the cornea axis
was oriented perpendicular to EVLP (Fig. 5 B). Maximum Apa and Ape peaks were
observed at 540 nm (Fig. 5 B). No statistically significant differences (P>0.05, MW)
were observed between Apa, Ape and DR from the NOD and BALB/c corneal
stroma (Table 2, Fig. 5 B). All the samples studied showed negative LD values,

because App<Ape (Table 2).
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4. Discussion

In this work, the morphology, birefringence and LD of corneal stroma
collagen fibers from diabetic and healthy mice were investigated.

Morphological analysis from NOD and BALB/c whole corneas, using
polarized light microscopy, revealed that complete birefringence extinction (when
the long axis of fibers is parallel to one of the polarizer they appear dark, i.e.,
extinction) was never obtained by rotating the microscope stage; there were
always collagen fibers oriented at + 45° relative to the PPL. This observation
confirmed that stroma collagen fibers are oriented in more that one direction along
corneal trajectories, as widely described in the literature.

Birefringent images contain 3-D information: topological bidimensional
information in the X-Y plane of the polarizers and three-dimensional information in
the Z plane due to OR observed by the brilliance of the fibers, which is a function of
the angle between the fibers and the crossed PPL. Thus, variations in the intensity
of birefringence brilliance and small stromal undulations, as observed in this study,
during the morphological analysis of unstained histological sections, reflect the
different angles of the collagen fiber lamellae in relation to the crossed PPL.

Quantitative studies of birefringence are widely used to determine molecular
orientation, ordered aggregational state and concentration in liquid crystals and
biopolymers, showing a strong relationship with second harmonic generation,

chirality and chiroptical effects, and nonlinear optical properties (Vidal, 1963, 1964,
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Cornellissen, Fisher, Sommerdichijik & Nolte, 1989; Hwang & Lee, 2003; Vidal,
2003; Ha, Han, Jeon, Jung, Park, Takezoe & Wu, 2005; Pena, Boulesteix,
Dartilongue & Schane-Klein, 2005; Vidal & Mello, 2005; Silva et al., 2006; Yun,
Kuboyama, Chibata & Ouzigawa, 2006). It should be mentioned that collagen
fibers in vivo are not “solids”; the concept that they maintain liquid crystal
properties is more appropriate to understanding their biological functions (Vidal,
2003). The organization and orientation of the stroma collagen fibers allow for
speculation that the cornea possesses characteristics of cholesteric liquid crystal
(Giraud-Guille, 1996).

The smaller birefringence OR values (wavelength from 546 nm) obtained for
whole corneas, when compared to corneal sections of some experimental
conditions could be associated with the corneal dense cellularity and internal
birefringence extinction at the points of intercrossing of adjacent collagen fibers.
Furthermore, a clear statement exists that the excised corneal punches present
increased form birefringence compared with whole corneas, possibly caused by
the development of asymmetric fibril tension due to pulling towards the center of
section, with nothing to counteract this tension, because the opposing fibrils were
removed. Differences, in terms of OR values, obtained for whole and sectioned
corneas, demonstrated that information regarding optical anisotropy differ in
function of the methodology used for sample preparation and analysis. Thus,
different interpretations, occasionally observed in the literature, are most likely due

to differences in methodological processes.
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In this study, OR associated with intrinsic and form birefringences of
collagen fibers were determined experimentally, using imbibing solutions with
different refractive indices (Vidal, 1964; Roth & Freund, 1982; Whittaker et al.,
1987). The lowest OR values noted in pure glycerol inform on the degree of
intrinsic birefringence; OR values measured in water-glycerol mixtures provide
information regarding the form birefringence; and OR values measured in water
provide information regarding total birefringence (intrinsic and form) (Vidal, 1964;
Whittaker et al., 1987; Silva et al., 2006).

The form birefringence curves of the NOD cornea revealed that diabetes
increased the intrinsic and form birefringence OR values of the stroma collagen
fibers, suggesting that due to the disease the collagen fibers become more
crystalline and densely packed than in the control. Alterations in the molecular
packing of glycosylated collagen have received contradictory reports from several
authors using different methodologies (Tanaka, Avigad, Brodsky & Eikenberry,
1988; Reiser, Amigable & Last, 1992; Kim et al., 2000; Aldrovani, Mello, Guaraldo
& Vidal, 2006). It is possible to speculate that the molecular conformation of the
different sugars used in the glycosylation in vitro process introduce different
interferences in the structural changes observed in collagen. In addition, since the
preferential glycosylation sites are strong influenced by variations in the collagen
structure (helical patch, for example) (Reiser et al., 1992), it is possible that
collagen molecular packing is differentially affected by nonenzymatic glycosylation.

The increase in intrinsic birefringence (crystallinity) of collagen fibers can be

attributed to the increase of total electronic transitions on the collagen molecules
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planar peptide bonds (Sinex, 1968). Additionally, crosslinks mediated by
nonenzymatic glycosylation, as reported by several authors (Schnider & Kohn,
1981; Reddy et al., 2002), can be associated with increased form birefringence
(molecular packing). However, since birefringence is proportional to the collagen
content (Vidal, 1966), is possible that an increase in collagen synthesis also
contributes to the higher form birefringence observed in NOD cornea.

LD observed in Ponceau SS-supramolecular collagen association is caused
by electronic transitions along the major axis of the rod-like dye, where the
chromophores —N=N- are aligned, supporting the idea that the dye molecules are
parallel to the principal axis of the collagen molecules (Vidal & Mello 2005).
Ponceau SS is an ideal dye for detecting changes in the macromolecular
orientation of collagen fibers. Nonhomogeneous absorption of polarized light along
the cornea axis confirmed the results of the morphological analysis of the
birefringence, reflecting changes in the collagen fiber lamellae direction relative to
the EVLP. Spectral absorption curves, LD and DR obtained for Ponceau SS-
stained corneas complement the information provided by the birefringence
analyses, suggesting higher crystallinity and packing of the NOD stroma collagen
fibers in comparison to the control.

Vidal & Mello (1970), studying dichroism spectral curves from tendon
extracellular matrix stained with Toluidine Blue pH 4.0, observed that it showed
Apa<Ape. The authors noted that the Toluidine Blue molecule, bind along their long
axis by unipoint attachment of the quinoneimine group containing resonant

electrons (the molecule must be considered to be an oscillating dipole),
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perpendicular to the substrate (glycosaminoglycans), which is parallel to the long
axis of the collagen fibers (Vidal & Mello, 1970). In the present study, birefringence
reduction observed after treatment with hyaluronidase and negative LD (because
Apa<Apg) obtained for Toluidine Blue-stained stroma allows for deduction that, in
the mouse cornea, glycosaminoglycan chains of PGs also were parallel to the long
axis of the collagen fibers (Vidal, 1963; Vidal & Mello, 1970; Mello & Vidal 1973).
Since in the present study, fixed and sectioned material were used, this finding
reflects a condition of statistical nature, which in vivo can to vary due to the highly
flexible adaptation of glycosaminoglycan chains to the extracellular matrix
metabolism and the functional state of the structure.

Spectral absorption curves obtained for the Toluidine Blue-stained cornea
(non-treated with hyaluronidase) showed no differences concerning the absorption
peaks (Apa and Apg) of the NOD and BALB/c corneal stroma. The present results
are not suggestive of different stacking patterns for the dye molecules as a function
of differences in glycosaminoglycan aggregation provoked by diabetes.

In conclusion, the present study contributes to the literature with quantitative
data regarding corneal birefringence and LD, revealing that diabetes was capable
of altering the OR associated with intrinsic birefringence (crystallinity) and form
birefringence (packing) in corneal stroma collagen fibers of NOD mice. However,
diabetes does not affect the spatial organization of the stroma PGs. It is possible to
speculate that molecular alterations in the corneal stroma could compromise the
biomechanics and transparency of the cornea, prejudicing its refractive function

and consequently the visual acuity of the individual.



92

5. Acknowledgments

This study was supported by the Brazilian National Research and
Development Council (CNPq) (Proc. 04102/2003-0), the State of S&o Paulo
Research Foundation (FAPESP) (Proc. 2003/04597-0) and the Brazilian Research

and Teaching Foundation (CAPES).

6. References

Ahmed, N. (2005). Advanced glycation endproducts — role in pathology of diabetic
complications. Diabetes Research and Clinical Practice, 67, 3-21.

Aldrovani, M., Mello, M.L.S., Guaraldo, A.M.A., & Vidal, B.C. (2006). Ordered
aggregational state and molecular order in tendon collagen bundles of non-obese
diabetic mice. Submitted for publication.

Andreassen, T.T., Oxlund, H., & Danielsen, C.C. (1988). The influence of non-
enzymatic glycosylation and formation of fluorescent reaction products on the
mechanical properties of rat tail tendons. Connective Tissue Research, 17, 1-9.

Bailey, A.J., Paul, R.G., & Knott, L. (1998). Mechanisms of maturation and ageing of
collagen. Mechanisms of Ageing and Develoment, 106, 1-56.

Bennett, H.S. (1967). In: Hafner Publishing Company (Ed), McCling’s Handbook of

Microscopical Technique (pp. 591-677).New York.



93

Beydaghyan, G., Kaminska, K., Brown, T., Robbie, K. (2004). Enhanced birefringence
in vacuum evaporated silicon thin films. Applied Optics, 28, 5343-5349.

Bloss, F.D. (1961). An Introduction to the Methods of Optical Crystallography. Watson,
NY: Holt, 1961.

Born, M., & Wolf, E. (1980). Principles of Optics. Pergamon Press, London.

Bueno, J.M., & Jaronski, J.W. (2001). Spatially resolved polarization properties for in
vitro corneas. Ophthalmic & Physiological Optics, 21, 384-392.

Bueno, J.M., & Vargas-Martin, F. (2002). Measurements of the corneal birefringence
with a liquid-crystal imaging polariscope. Applied Optics, 41, 116-124.

Chakravarti, S., Magnuson, T., Lass, J.H., Jepsen, K. J., Lamantia, C., & Carroll, H.
(1998). Lumican regulates collagen fibril assembly: skin fragility and corneal
opacity in the absence of lumican. The Journal of Cell Biology, 141, 1277-1285.

Closs P.A.C., & Christgau S. (2002). Non-enzymatic covalent modifications of
proteins: mechanisms, physiological consequences and clinical applications. Matrix
Biology, 21, 39-52.

Colucci, F., Bergman, M.L., Penha-Gongalves, C., Cilio, C.R., & Holmberg, D. (1997).
Apoptosis resistance of non-obese peripheral lymphocytes linked to the Idd 5
diabetes susceptibility region. PNAS, 94, 8670-8674.

Cornelissen, J.J.L.M., Fisher, M., Sommerdichijk, N.A.J.M., & Nolte, R.J.M. (1998).
Helical superstructures from charged poly(styrene)-poly(isocyanodipeptide) block
copolymers. Science, 280, 183-193.

Farrel, R.A. (1994). Corneal transparency. In: D.M. Albert, & F.A. Jakobiec (Eds.),

Principle and Practice of Ophthalmology (pp.64-81). London.



94

Farrel, R.A., Freund, D.E., & McCally, R.L. (1999). Polarized light propagation in
corneal lamellae. Journal of Refractive Surgery, 15, 700-705.

Geday, M.A., Kaminsky, W., Lewis, J.G., & Glazer, A.M. (2000). Images of absolute
retardance L center dot Delta n, using the rotating polarizer method. Journal of
Microscopy, 198, 1-9.

Giraud-Guille, M.M. (1996). Twisted liquid crystalline surpramolecular arrangements in
morphogenesis. International Review of Cytology, 166, 59-101.

Ha, N.Y., Han, S.H., Jeon, D.W., Jung, C.S., Park, B., Takezoe, H., & Wu, J.W.
(2005). Analysis of surface second-harmonic generation by orientational
distribution function in a chiral polymers film. Physical Review: E, statistical,
nonlinear, and soft matter physics, 72, 036601-1036601.

Hadley, J.C., Meek, K.M., & Malik, N.S. (1998). Glycation changes the charge
distribution of type | collagen fibers. Glycoconjugate Journal, 15, 835-840.

Hwang, LK., & Lee, Y.J. (2003). Birefringence induced by irregular structure in
photonic crystal fibers. Optics Express, 11, 2799-2806.

Jackson, D.S., & Bentley, J.P. (1968). Collagen-glycosaminoglycans interactions. In:
B.S. Gould (Ed), Treatise on Collagen (pp.189-211). New York: Academic Press.
Jaronski, J.W., & Kasprzak, H.T. (2003). Linear birefringence measurements of the in

vitro human cornea. Ophthalmic & Physiological Optics, 23, 361-369.

Kiernan, J.A. (1990). Histological and histochemical methods: theory and practice
(pp.150). Oxford: Pergamom Press.

Kim, B.M., Eichler, J., Reiser, K.M., Rubenchik, A.M., & Silva, L.B. (2000). Collagen

structure and non-linear susceptibility: effects of heat, glycation, and enzymatic



95

cleavage on second harmonic signal intensity. Lasers in Surgery and Medicine, 27,
329-335.

Klyce, S.D., & Beuerman, R.W. (1988). Structure and function of the cornea. In: H.E.
Kaufman, B.A. Barron, M.B. McDonald, & S.R. Waltman (Eds.). The cornea (pp. 3-
54). New York: Churchill Livingstone.

Komai, Y., Ushiki, T. (1991). The three-dimensional organization of collagen fibrils in
the human cornea and sclera. Investigative Ophthalmology & Visual Science, 32,
2244-2258.

Lison, L. (1960). Histochimie et Cytochimie Animales: Principes et Methodes.
Gauthier-Villar (pp. 239-294). Paris.

Louis-Dorr, V., Naoun, K., Allé, P., Benoit, A.N., & Raspiller, A. (2004). Linear
dichroism of the cornea. Applied Optics, 43, 1515-2521.

Maitland, D.J., & Walsh, J.T. (1997). Quantitative measurements of linear
birefringence during heating of native collagen. Lasers in Surgery and Medicine,
20, 310-318.

Malik, N.S., Moss, S.J., Ahmed, N., Furth, AJ., Wall, R.S., & Meek, K.M. (1992).
Ageing of the human corneal stroma: structural and biochemical changes.
Biochemical Biophysical Acta, 1138, 222-228.

Malik, N.S., & Meek, K.M. (1994). The inhibition of sugar induced structural alterations
in collagen by aspirin and other compounds. Biochemical Biophysical Research
Communications, 199, 683-686.

Maurice, D.M. (1957). The structure and transparency of the corneal stroma. Journal

of Physiology, 136, 263-286.



96

Maurice, D.M. (1984). The cornea and sclera. In: H. Davison (Ed.), The Eye (pp. 1-
158). New York: Academic Press.

Meek, K.M., & Fullwood, N.J. (2001). Corneal and scleral collagens — a microscopist’s
perspective. Micron, 32, 261-272.

Mello, M.L.S., & Vidal, B.C. (1973). Anisotropic properties of toluidine blue-stained
collagen. Annales d’histochimie, 18, 103-122.

Mentink, C.J.A.L., Hendriks, M., Levels, A.A.G., & Wolffenbuttel, B.H.R. (2002).
Glucose-mediated cross-linking of collagen in rat tendon and skin. Clinica Chimica
Acta, 321, 69-76.

Michelacci, Y.M. (2003). Collagens and proteoglycans of the corneal extracellular
matrix. Brazilian Journal of Medical and Biological Research, 36, 1037-1046.

Montarou, C.C., & Gaylord, T.K. (2004). Two-wave-plate compensator method for
single-point retardation measurements. Applied Optics, 43, 857-878.

Newton, R.H., & Meek, K.M. (1998). The integration of the corneal and limbal fibrils in
the human eye. Biophysical Journal, 75, 2508-2512.

Oriel, P.J., & Schellman, J.A. (1966). Studies of the birefringence dispersion of
polypeptides and proteins. Biopolymers, 4, 469-494.

Pena, A.M., Boulesteix, T., Dartigalongue, T., & Schane-Klein. M.C. (2005).
Chiroptical effects in second harmonic signal of collagen | and IV. Journal of the
American Chemical Society, 127, 10314-10322.

Quantock, A.J., Meek, K.M., Ridgeway, A.E.A., Bron, A.J., & Thonar, E.J.M.A. (1990).
Macular corneal dystrophy: reduction in both corneal thickness and collagen

interfibrillar spacing. Current Eye Research, 9, 393-398.



97

Reddy, G.K., Stheno-Bittel, L., & Enwemeka, S. (2002). Glycation-induced matrix
stability in the rabbit Achilles tendon. Archives of Biochemistry and Biophysics,
399, 174-180.

Reiser, K.M., Amigable, M.A., & Last, J.A. (1992). Non-enzymatic glycosylation of type
| collagen. The Journal of Biological Chemistry, 267, 24207-24216.

Roth, S., & Freund, I. (1982). Second harmonic generation and orientational order in
connective tissue: a mosaic model for fibril orientational ordering in rat-tail tendon.
Journal of Applied Crystallography, 15, 72—-78.

Sady, C., Khosrof, S., & Nagaraj, R. (1995). Advanced maillard reaction and
crosslinking of corneal collagen in diabetes. Biochemical Biophysical Research
Communications, 214,793-797.

Savenkoy, S.M., Sydurok, O.L. (2005). Conditions for polarization elements to be
dichroic and birefringent. Journal of the Optical Society of America, 7, 1447-1452.
Schnider, A.M., & Kohn, R.R. (1982). Effects of age and diabetes mellitus on the
solubility of collagen from human skin, tracheal cartilage and dura mater.

Experimental Gerontology, 17, 185-194.

Silva, D.F.T., Vidal, B.C., Zezell, D.M., Zorn, T.M.T., Nufez, S.C., & Ribeiro, M.S.
(2006). Collagen birefringence in skin repair in response to red polarized-laser
therapy. Journal of Biomedical Optics, 11(2), 024002.

Sinex, F.M. (1968). The role of collagen in aging. In: B.S. Gould (Ed.), Treatise on
collagen (pp. 409-448). New York: Acad. Press.

Stein, R.S., & Norris, H. (1956). The X-ray diffraction, birefringence and infrared

dichroism of stretched polyethylene. Journal of Polymer Sciences, 21, 381-396.



98

Tanaka, S., Avigad, G., Brodsky, B., & Eikenberry, E.F. (1988). Glycation induces
expansion of the molecular packing of collagen. Molecular Biology, 203, 495-505.
van Blokland, G.J., & Verhelst, S.C. (1987). Corneal polarization in the living human

eye explained with a biaxial model. J. Opt. Soc. Am A, 4, 82-90

Vidal, B.C. (1963). Pleochroism in tendon and its bearing to acid
mucopolysaccharides. Protoplasma, 56, 529-536.

Vidal, B.C. (1964). The part played by the mucopolysaccharides in the form
birefringence of collagen. Protoplasma, 59, 472—-479.

Vidal, B.C. (1966). Macromolecular disorientation in detached tendons. Protoplasma,
62, 121-132.

Vidal, B.C. (1970). Interferometric and histochemical investigation on collagen
bundles: refractive indices and dry masses prior and after staining with orange G.
Annales d’histochemie, 15, 191-205.

Vidal, B.C. (2003). Image analysis of tendon helical superstructure using interference
and polarized light microscopy. Micron, 34, 423-432.

Vidal, B.C., & Mello, M.L.S. (1970). Absorption spectral curves of dichroism on
collagen bundles. Histochemie, 23, 176-179.

Vidal, B.C., Mello, M.L.S., & Pimentel, E.R. (1982). Polarization microscopy and
microspestrophotometry of sirius red, picrosirius and chlorantine fast red
aggregates and of their complexes with collagen. Histochemical Journal, 14, 857-
878.

Vidal, B.C., & Mello, M.L.S. (1984). Proteoglycan arrangement in tendon collagen

bundles. Cellular and Molecular Biology, 30, 195-204



99

Vidal, B.C., & Mello, M.L.S. (2005). Supramolecular order following binding of the
dichroic birefringent sulfonic dye ponceau SS to collagen fibers. Biopolymers, 78,
121-128.

Vidal, B.C., Volpe, P.L.O. (2005). Differential scanning calorimetry and optical
properties of collagen-dichroic azo ponceau SS complexes. Brazilian Journal
morphological Science, 22, 149-153.

Whittaker, P., Bouhner, D.R., Perkins, D.G., & Canhan, P.B. (1987). Quantitative
structural analysis of collagen in chordae tendinae and its relation to floppy mitral
valves and proteoglycan infiltration. Brisitsh Heart Journal, 57, 264-269.

Wied, G.L., 1966. In: Introduction to quantitative cytochemistry (pp. 557-600). New
York: Academic Press.

Yun, JH., Kuboyama, K., Chibata, T., & Ouzigawa, T. (2006). Crystallization
temperature dependence of interference color and morphology in poly

(trimethylene terephyhalate) spherulite. Polymer, 47, 4831-4838.



100

Table 1

OR values (nm) for whole and sectioned (8 um) corneas imbibed in water (np = 1.333) and,

subsequently, in pure glycerol (np = 1.471).

Mice Water Pure glycerol
X SD X SD
Whole corneas
NOD 13.473 2.720 5.959 1.558
BALB/c 9.811 2111 3.908 0.890
Cornea sections (8 pm)
NOD 22.153 2.463 9.241 0.665

NOD H 16.245* 1391  -----  -----
BALB/c 19.140 2.322 7.690 0.960

BALBcH 13501* 1157  -----  -----

*Poooo level compared to the corresponding group non-treated with hyaluronidase.

Statistical test: ANOVA. H = treated with hyaluronidase; X = arithmetic mean; SD =

standard deviation. Number of measurements = 150.
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Table 2
Maximum parallel (Apa) and perpendicular (Apg) absorption peaks
for NOD and BALB/c corneas stained with Ponceau SS and

Toluidine Blue.

Ponceau SS Toluidine Blue

Mice Parameter (A =520 nm) (A =540 nm)
NOD

Apa 1.013 0.562

Ape 0.538 0.581

LD’ 0.475* -0.019

DR’ 1.882* 0.967
BALB/c

Apa 0.570 0.566

Ape 0.482 0.583

LD’ 0.088* -0.017

DR? 1.182* 0.970

The Aps and Ape were determined microspectrophotometrically.
LD = Apa—Are DR = Apa/Ape. Number of measurements = 10
corneas of each group, 3 sections each. Statistical test: Mann-

Whitney. *Statistically significant differences (P01 level).
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Figure captions

Figure 1. Schematic diagram of a polarized light microscope.

Figure 2. Schematic diagram of a scanning microspectrophotometer.

Figure 3. A, C and E = BALB/c corneas; B, D and F = NOD corneas. A and B =
whole corneas analyzed by polarized light microscopy. C-F = cornea sections
analyzed by polarized light. C-D = corneal axis oriented at 45° relative to the PPL.

E-F = corneal axis perpendicular to the PPL.

Figure 4. Form birefringence curves for NOD and BALB/c corneas.

Figure 5. Spectral absorption curves for NOD and BALB/c corneas stained with

Ponceau SS (A) and Toluidine Blue (B).

Figure 6. A, C and E = BALB/c corneas; B, D and F = NOD corneas. A-B =
Ponceau SS-stained corneal collagen fibers. C-D = Toluidine Blue-stained corneal
stroma. E-F = Toluidine Blue-stained corneal stroma, after treatment with

hyaluronidase. Full size = 4.500 um.
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Figure 3
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Summary

In this study, nonenzymatic glycosylation was assessed in aorta extracellular
matrix from nonobese diabetic (NOD) mice, using nitroblue tetrazolium (NBT).
Molecular and structural changes were investigated in elastic lamellae and
collagen fibers of diabetic mice aortas after staining with dansyl chloride and
anilinonaphthalene sulfonate (ANS). Alterations in arterial autofluorescence and
birefringence of collagen fibers were investigated in unstained aortas. Proliferation
of smooth muscle cell was also investigated by Feulgen reaction staining assessed
by confocal microscopy and image analysis. Assessment of nonenzymatic
glycosylation demonstrated glycosylation products in the aorta extracellular matrix
of NOD mice. Elastic lamellae and collagen fibers from NOD mouse aortas
presented less intense fluorescence after staining with dansyl chloride and ANS
when compared to aortas of control non-diabetic mice. However unstained NOD
aortas showed more intense autofluorescence when compared to controls.
Birefringence analysis suggests alterations in the higher molecular packing of the
arterial collagen fibers in NOD aortas. In aortas stained by Feulgen reaction no

evidence of smooth muscle cells proliferation was observed in diabetic aortas.

KEY WORDS: aorta; birefringence; collagen fibers; confocal microscopy; elastic

lamellae; fluorescence microscopy; nonenzymatic glycosylation.
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Introduction

Diabetes mellitus is a chronic disorder related to deficient insulin production
or to metabolic defects in response to insulin in peripheral tissues (Closs and
Christgau, 2002; Ahmed, 2005). Among diabetic complications, special attention
has been attributed to those related to the vascular system. Many studies have
suggested that biochemical abnormalities induced by hyperglycemia, including
nonenzymatic glycosylation, are associated with pathogenesis of vascular
disturbances during diabetes (Cerami et al., 1985; Vlassara, 1994; Bucala and
Vlassara, 1995; Berg et al., 1997; Higashi et al., 1997; Kosuya et al., 1999; Massi-
Benedeti and Frederici, 1999; Ross, 1999; Ruef et al., 2000).

Nonenzymatic glycosylation promotes the condensation of the glucose
aldehyde group with free amines from one or more proteins to form a Schiff base
that gives rise to an Amadori product (Andreassen et al., 1988; Bailey et al., 1998;
Mentink et al., 2002; Ahmed, 2005). The Amadori product undergoes
rearrangements to yield products known as advanced glycosylation end-products
(AGEs) (Andreassen et al., 1988; Bailey et al., 1998; Mentink et al., 2002; Ahmed
2005). Nonenzymatic glycosylation occurs more effectively in arterial elastin and
collagen (Schnider and Kohn, 1982; Monnier, 1989; Rasmussen and Ledet, 1993;
Meng et al., 1996; Paul and Bailey, 1996). Supramolecular elastin and collagen
improve viscosity, elasticity and enhance the biomechanics of the arterial pathway,

contributing to the regulation of blood flow (Stehbens, 1996). Additionally, elastin
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and collagen establish the basis for the extracellular matrix (ECM), allowing it to act
as a signal transducer by modulating cellular biosynthetic activity and proliferative
capability (Vidal, 1994; Bishara et al., 2002).

The principal contribution of this study was to perform an in situ investigation
using dansyl chloride and ANS for elastin and collagen identification (Laurence,
1966; Gosline, 1976; Vidal, 1980; Timberlake et al., 2002; Braga-Vilela and Vidal,
2006) and, based on optical properties, determine the capability of diabetes to elicit
structural and molecular changes in abdominal aorta elastic lamellae and collagen
fibers in nonobese diabetic (NOD) mice. Smooth muscle cell (SMC) proliferation
was also investigated, using the Feulgen reaction and assessed using confocal

microscopy and image analysis.

Material and Methods

Animals

All the protocols involving animal care and use were approved by the
Committee for Ethics in Animal Experimentation of the State University of
Campinas and met the Guidelines of the Canadian Council on Animal Care.

Ten female NOD/Uni mice (16 weeks old; 28 days of diabetes) and 15

female BALB/c/Uni mice (healthy controls) of the same age were obtained from the
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Multidisciplinary Center of Biological Investigation (CEMIB) of the State University
of Campinas (Brazil). Glycemia levels in NOD mice were measured approximately
6 hours before they were killed. All the NOD mice presented “HI” glucose levels
(chronic hyperglycemia).

The mice were killed by decapitation, and their abdominal aortas were
removed. The aortas were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer
at pH 7.2 for 24 h, processed by routine protocols for embedding in Histosec®

(Merck, Darmstadt, Germany). 10 um thick sections were cut by microtome.

Assessment of honenzymatic glycosylation

Nonenzymatic glycosylation was assessed by scanning
microspectrophotometry using nitroblue tetrazolium (NBT) method, as described by
Fitzgerald et al., (1999), Seidler and Yeargans (2002), and Konova et al., (2004).
Some BALB/c aortas were incubated with 1.0 M glucose in phosphate buffer pH
7.4 for induction of nonenzymatic glycosylation in vitro (Andreassen et al., 1988);
processed and sectioned as described above, and used as standard to verify the
efficiency of the nonenzymatic glycosylation in NOD aortas.

Sections (five aortas from each group, ten sections each) were analyzed in
a Zeiss automatic scanning microspectrophotometer (Oberkochen, Germany)
equipped with a Planapo 40x objective, optovar 2, measured diaphragm diameter

of 0.1 mm, field diaphragm diameter of 0.2 mm, 100-W/12-V lamp, and
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wavelengths from 365 and 530 nm (Garner et al., 2000; Seidler and Yeargans,

2002) obtained with an Schott monochromator filter ruler (Oberkochen, Germany).

Histochemical procedures

Dansyl chloride
Histological sections were washed in 95% ethanol and stained with dansyl
chloride (Sigma Chemical Co., St. Louis, MO, USA), as described previously by

Vidal (1980), and Braga-Vilela and Vidal (2006).

1-anilino-8-naphthalene sulfonate (ANS)
Histological sections were stained with 0.1% ANS (Sigma Chemical Co., St.
Louis, MO, USA), as described previously by Vidal (1978), and Braga-Vilela and

Vidal (2006).

Feulgen reaction

Sections were hydrolyzed in 4 M HCI for 90 min at 25°C and then rapidly
rinsed with cold 0.1 M HCI to stop the hydrolysis. The hydrolyzed material was
treated with Schiff reagent diluted in sulfurous water (1:20, v/v) for 40 min in the
dark, rinsed three times (5 min each) in sulfurous water and once in distilled water,
air dried, and mounted with a coverslip in Nujol mineral oil (Schering-Plough S.A.,

RJ, Brazil) (np = 1.479) after the method of Mello (1997).
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Analysis of fluorescence labeling

Sections stained with dansyl chloride and ANS were examined using a Zeiss
Axiophot  microscope (Oberkochen/Minchen, Germany) equipped for
epifluorescence with an HBO-100W stabilized mercury lamp as the light source.
The filters used for fluorescence were: G 365 (BP exciting filter transmitting a
wavelength from 546/547 nm), an FT 395 chromatic splitter, an LP 420 barrier filter
(filter set 2). Unstained sections were mounted with a coverslip in Nujol mineral oil,

and examined to detect natural autofluorescence.

Birefringence optical retardation (OR) analysis

Histological sections from unstained aortas (10 mice from each group, one
section each) were left to soak for 1 h in water (np = 1.333) for birefringence OR
analysis of arterial collagen fibers after Vidal (1964), and Whittaker et al., (1987).
50 OR measurements were made (5 measurements per section), positioning the
long axis of the collagen fibers at 45° relative to the plane of polarized light (PPL).
A Zeiss Pol-microscope (Oberkochen, Germany) equipped with a 40x objective

and monochromatic light (wavelength from 546 nm) was used.
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Confocal laser scanning microscopy

Aortas subjected to the Feulgen reaction were analyzed using a Zeiss LSM
510 META confocal laser scanning microscope equipped with a 40x Plan-neofluar
objective. Channels — BP 500-530 IR and LP560, and wavelengths from 488 and
543 nm were used for simultaneous detection of SMC nuclei, elastic lamellae and
collagen fibers. The images obtained were digitalized, analyzed and reconstituted
in 3-D using Zeiss LSM Image Browser software.

All analysis that required confocal microscopy was performed at the
Laboratory of Parasitology and Malacology at the Butantan Institute (Sdo Paulo,

SP, Brazil).

Video-image analysis

Feulgen-stained SMC nuclei were counted (10 aortas from each mice) using
Olympus equipment (Olympus American Inc., NY, USA) and Image-Pro-Plus 5.01

Media Cybernetic software.
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Statistical analysis

Data obtained from each sample were compared using Minitab 12™ software

(State College, PA, USA), expressed as mean (X ) and standard deviation (SD)

(ANOVA), and were considered statistically significant at P values < 0.05.

Results and Discussion

The NBT procedure used in this study is based on the reducing ability of
fructosamine (glycosylation products) in alkaline solution (Konova et al., 2004). No
statistically significant difference (Table 1, P=0.07) was observed between
absorbance values (wavelength from 530 and 365 nm) obtained for NOD and
glycosylated in vitro aortas stained with NBT. NOD and glycosylated in vitro aortas
showed higher absorbance values than control (BALB/c) (Table 1, P<0.05). These
results suggest that diabetes induced Amadori products and AGEs formation in
aorta ECM from NOD mice. Additionally, absorbances observed in BALB/c aortas
suggest the presence of low concentrations of Amadori products and AGEs in the
healthy ECM. Since elastin and collagen are biological activity half-life
macromolecules (turnover ratio is slow); they are susceptible to the slow process of
glycosylation related to the aging of connective tissue (Hay, 1981; Konova et al.,

2004).
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Dansyl chloride is specific for microfluorometric determination of a-NH, and
e-NH3 (Rosselet and Ruch, 1968). In connective tissue rich structures, dansyl
chloride staining has been used as a fluorescent method for elastin and collagen
identification (Timberlake et al., 2002; Braga-Vilela and Vidal, 2006). ANS staining
has been described as a method for detecting nonpolar molecular sites, as long as
these sites are extensive and sterically available for probe binding (Stryer, 1965).
ANS has been widely used in histochemistry for the identification of elastin and
collagen by fluorometric measurements (Laurence, 1966; Gosline, 1976; Vidal,
1980; Braga-Vilela and Vidal, 2006).

Elastic lamellae and collagen fibers revealed by staining with dansyl chloride
and ANS showed blue fluorescence both in NOD aortas and in controls (Fig. 1 a-
d). NOD aorta elastic lamellae were less (Fig 1 b and d) fluorescent than elastic
lamellae from control aortas (Fig. 1 b and c). Given that during the nonenzymatic
glycosylation process the condensation of ECM protein free amines with glucose
aldehyde occurs (Andreassen et al., 1988; Mentink et al., 2002), it would be
expected that NOD mice elastin and collagen would present fewer free amines
available for binding with dansyl chloride.

Two possibilities can be considered to explain the results observed in aortas
stained with ANS: (1) glycosylation products could sterically block or even diminish
tissue hydrophobic sites available for probe binding; (2) glucose available in the
tissue could induce conformational changes at ANS-binding sites. Although ANS

interacts with lipid components; the possibility that lipid changes, commonly
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observed in diabetes, were responsible for the fluorescence differences detected in
this study can be discounted, since lipids are soluble in the xylene used in the
histological procedures and they would therefore be eluted.

When unstained aortas were analyzed using fluorescence microscopy using
filter transmitting a wavelength from 546/547 nm, they showed autofluorescence
that was more intense in NOD aortas than in control (Fig. 1 e-f). This result
suggests that NOD aortas possess a greater quantity of fluorophores than control.
Previous studies have demonstrated that several AGEs present fluorogenic
properties (Baydanoff et al., 1996; Tomizawa et al., 1993; Mironova et al., 2005)
and this explains the more intense autofluorescence in diabetic aortas.

Birefringence OR measurements performed on unstained sections showed
that collagen fibers from NOD aortas presented higher OR values when compared
to control collagen fibers (X = 14.100, SD = 2.111 for NOD; X = 9.302, SD =
2.111 for control; P=0.02). Increased OR values in NOD mice may be reflecting
changes in molecular packing of the collagen fibers, as reported by Tanaka et al.,
(1988), Malik et al., (1992) Malik and Meek (1994), and Kim et al., (2000).

Confocal microscopy of aortas subjected to the fluorescent Feulgen reaction
permitted their 3-D reconstitution (Fig. 2 a-b). When the samples were illuminated
with wavelengths from 543 nm, elastic lamellae and collagen fibers showing clear
autofluorescence were observed (Fig. 2 c-d). Using wavelengths from 488 nm, cell
nuclei showing red fluorescence that was induced by the binding of the Schiff

reagent to nuclear DNA were observed (Fig. 2 e-f). No evidence of SMC
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proliferation was observed in the NOD aortas analyzed by confocal microscopy
and image analysis (P=0.09). However, it has been reported that incubation with
AGE-BSA and low regulation of the aldose-reductase gene in the sorbitol pathway
in diabetes stimulates SMC mitotic capacity (Higashi et al., 1997; Kasuya et al.,
1999; Ruef et al., 2000).

The results of this study demonstrated that diabetes was capable of altering
aorta ECM proteins, especially elastin and collagen. Changes in arterial elastin and

collagen are potentially capable of altering the functionality of the aortic pathway.
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Table 1 — Absorption values for NOD, glycosylated in vitro and BALB/c aortas

stained with NBT.

A =365 nm A =530 nm
Mice X SD X SD
NOD 1.023 0.41 1.786 0.27
Glycosylated in vitro 1.086 0.68 1.817 0.36
BALB/c control 0.342* 0.21 0.402* 0.07

Number of measurements = 50 (5 aortas of each group, 10 sections each);

statistical test: ANOVA,; *p<0.05 when compared to the NOD or glycosylated in

vitro group.
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Legends of Figures

Figure 1. (a and b) aortas stained with dansyl chloride. (c and d) aortas stained
with ANS. Elastic lamellae and collagen fibers evidenced by staining with dansyl
choride and ANS showed blue fluorescence that was less intense in NOD aortas (b
and d) than control (a and c). (e and f) unstained aortas showed natural
autofluorescence evidenced in blue and more intense in NOD aortas (f) than in
control (e). Bars: (a and b) 35 ym; (c and d) 50 um; (e and f) 20 pm.

Figure 2. (a-f) aortas subjected to Feulgen reaction and analyzed by confocal
microscopy. (a, ¢, e) BALB/c aorta; (b, d, f) NOD aorta. Confocal microscopy
permitted simultaneous detection of SMC nuclei, elastic lamellae and collagen
fibers (a and b). When the samples were illuminated with wavelengths at 543 nm,
only elastic lamellae and collagen fibers were observed, showing green
autofluorescence (¢ and d). Using wavelengths at 488 nm, the cell nuclei
presented red fluorescence that was induced by the binding of the Schiff reagent to

nuclear DNA (e and f).
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Figure 1
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Figure 2
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CONCLUSOES
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Analise dos valores de retardo Optico associados com a birrefringéncia
intrinseca e a birrefringéncia de forma, bem como analise do dicroismo
linear em amostras coradas com ponceau SS revelaram-se metodologias
adequadas para informar sobre alteracbes concernentes a ordem e
empacotamento molecular de fibras colagenas do estroma corneal de

camundongos;

Imagens birrefringentes contém informacao tridimensional. O plano X-Y dos
polarizadores contém informacgao bidimensional relacionada a topografia e
orientagao espacial das fibras colagenas. O plano Z contém a informagao

tridimensional devido ao retardo 6ptico;

O brilho da birrefringéncia de fibras colagenas da cérnea (valores de
retardo Optico) varia de acordo com a metodologia utilizada para
preparacdo das amostras, uma vez que o retardo 6ptico € uma funcio do

angulo das fibras colagenas relativo aos planos de luz polarizada cruzados;

Diabetes foi capaz de alterar a cristalinidade e o empacotamento molecular
de fibras colagenas do estroma corneal de camundongos diabéticos nao-

obesos (NOD);

O estroma corneal de camundongos NOD/Uni e BALB/c/Uni contém
macromoléculas removiveis pela hialuronidase testicular, contribuindo para

as propriedades Opticas do tecido;
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Diabetes n&o foi capaz de afetar a organizagdo espacial dos
glicosaminoglicanos. Tanto nos camundongos NOD/Uni quanto nos
camundongos nao-diabéticos, as cadeias de glicosaminoglicanos estavam
estatisticamente orientadas paralelamente ao longo eixo das fibras

colagenas, contribuindo para suas propriedades anisotropicas;

Alteracbes moleculares em fibras colagenas do estroma corneal séao
potencialmente capazes de comprometer a biomecanica e a transparéncia
da coérnea, prejudicando sua funcao refrativa e, conseqlentemente, a

acuidade visual;

Cloreto de danzila e anilino-sulfato de naftaleno foram capazes de detectar
alteragdes estruturais em elastina e colageno supramolecular da aorta
abdominal de camundongos NOD. Devido a especificidade desses
corantes, em especial do cloreto de danzila, eles poderiam ser
industrialmente explorados para o desenvolvimento de biossensores para

deteccado de hemoglobinas ou outras proteinas glicosiladas por diabetes;

Reacdo de Feulgen mostrou-se um método apropriado para analises
nucleares usando microscopia de varredura laser confocal, uma vez que

oferece fluorescéncia adequada e duradoura;

Diabetes foi capaz de alterar propriedades Opticas (birrefringéncia e
fluorescéncia) em colageno e elastina da matriz extracelular da aorta de
camundongos NOD/Uni. Possivelmente, essas mudangas devem se refletir

na funcionalidade do caminho aédrtico, alterando-o.
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DECLARACAO

Declaro para os devidos fins quc-o conteido de minha dissertagdo/ tese de
mestrado/doutorado intitulada “Organizacdo supramolecular, orientagdo espacial e
propriedades 6pticas de proteinas extracelulares em cOrneas ¢ aortas de camundongos
espontaneamente diabéticos™:

() ndo se enquadra no Artigo 1° § 3° da Informagdo CCPG 002/06, referente a
bioética e biosseguranga.

( ) estd inserido no Projeto CIBio (Protocolo n° ), intitulado

( X ) tem autorizagio da Comissdo de Etica em Experimentacio Animal (Protocolo n°
957-1).

() tem autorizagio do Comité de Etica para Pesquisa com Seres Humanos (?)
(Protocolo n°® ). ;

Tepaeln Edova Q==
\J

Aluno

o

Orieniador

Para uso da Comisséo ou Comité pertinente:

( )Deferido ( )Indeferido

Nome:
Fungéo:
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