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Recomeco

Quando a vida bater forte e sua alma sangrar,
guando esse mundo pesado lhe ferir, Ihe esmagar,

€ hora do recomeco, recomece a lutar.

Quando a estrada for longa e seu corpo fraquejar,
guando n&ao houver caminho, nenhum lugar para chegar,

€ hora do recomeco, recomece a caminhar.

Quando vocé cair e ninguém lhe aparar,
guando a forca do que é ruim lhe derrubar,

€ hora do recomeco, recomece a levantar.

Quando a falta de esperanca lhe acoitar,
se tudo que for real for dificil suportar,

mais uma vez é hora de recomecar, recomece a sonhar.

E preciso de um final para poder recomecar.

Como é preciso cair para poder se levantar.

Nem sempre engatar a ré significa voltar.

Remarque aquele encontro, reconquiste um amor, reiina quem lhe quer bem.
Reconforte um sofredor, reanime quem esta triste, reaprenda na dor.
Recomece, se esforce, relembre o que foi bom, reconstrua cada

sonho, redescubra algum dom, reaprenda quando errar, rebole quando dancar.

E se um dia I4 na frente a vida der uma ré, recupere sua fé e

recomece novamente.
Braulio Bessa
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PROPRIEDADES BIRREFRINGENTES E ORGANIZACAO
MACROMOLECULAR DOS COLAGENOS FIBRILARES DO ESTROMA
CORNEAL DE CAES

RESUMO - Visando compreender como se comporta a organizacao das fibras
colagenas do estroma corneal de caes por meio de propriedades birrefringentes,
objetivou—se com a pesquisa mapear a supraorganizacao das fibras do estroma
corneal de cées, de maneira setorizada e comparativa, nos diferentes sitios e
fragmentos. Corneas (n=22) foram removidas de 11 cdes submetidos a
eutanasia por razdes ndo relacionadas a pesquisa. Quatro corneas foram
estudadas in totum, apos confec¢cdo de montagens totais, e 18 foram incluidas
em parafina e transversalmente seccionadas para 7 um. Todo o material foi
estudado sob microscopio de luz polarizada (Olympus BX-53 Pol, Téquio, Japao)
munido de luz policromética e monocromética de 546 nm, compensadores de
Sénarmont e Brace-Kohler, e sistema para video-analise de imagens. As fibras
coldgenas foram posicionadas a 45 e 90 graus do plano da luz polarizada (PLP)
e avaliadas setorialmente, ou seja, nas regides anterior, média e profunda dos
estromas superior, inferior, central, nasal e temporal das coérneas. A
supraorganizacao das fibras colagenas foi estabelecida a partir dos valores da
diferenca do caminho 6ptico (OPD) quantificados pelo método de Sénarmont e
Brace-Kohler. O tensor de estrutura, foi processado com auxilio do plugin Java
“Orientationd”. Diferencas com P<0,05 foram consideradas significativas. N&o
foram observadas diferencas em alinhamento das fibras colagenas entre as
regides superior, inferior e central da cérnea (P>0,05). As fibras colagenas nos
sitios anterior e médio dos fragmentos nasal e temporal das corneas foram
menos alinhadas e mais onduladas do que as fibras coldgenas dos demais
fragmentos corneais (P<0,05). As fibras colagenas dos fragmentos centrais das
cérneas apresentaram valores altos de OPD, ou seja, foram mais compactadas,
se comparadas com as fibras das outras regides da cornea (P<0,01). Em
contraste, as fibras do fragmento inferior foram menos compactadas
(valores<OPD) do que nos outros fragmentos (P<0,01). As fibras colagenas
estromais da cornea canina apresentam birrefringéncia de forma (Br) positiva. A
contribuicio da Br para a Birrefringéncia total (Br) foi superior a 80%.
Relativamente a birrefringéncia intrinseca (Bi), fibras colagenas nos fragmentos
corneais central e inferior apresentaram, respectivamente, 0 menor e 0 maior
valor. Em conclusédo, a birrefringéncia total (forma e intrinseca) em caes é
positiva em todos os fragmentos e profundidades da cornea, e a cérnea canina
apresenta dispersao anémala de birrefringéncia em sua periferia. Além disso, o
padrdo de ordenacédo das fibras colagenas nédo é constante em toda a cornea,
sendo diferente entre os fragmentos estudados.

Palavras-chave: cao, cérnea, colageno, tensor de estrutura, microscopia de luz
polarizada
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BIREFRINGENT PROPERTIES AND MACROMOLECULAR ORGANIZATION
OF THE FIBRILLAR COLLAGEN OF THE CANINE CORNEAL STROMA

ABSTRACT - In order to comprehend the behavior of the organization of the
canine cornea stromal collagen fibers by birefringent properties, this research
aimed to map the supraorganization of the canine corneal stroma fibers, sectorial
and comparatively, in different sites and fragments. Corneas (n =22) were
removed from 11 dogs submitted to euthanasia for reasons not related to this
research. Four corneas were fully studied, after the total montage confection, and
eighteen of those were embedded in Histosec® and transversely sectioned to 7
um. All material were studied under a polarized-light advanced microscope
(Olympus BX-53 Pol, Tokyo, Japan) equipped with polychromatic and 546 nm
monochromatic light, Sénarmont and Brace-Kohler compensators, and an image
analysis system. The collagen fibers were positioned at 45 e 90 degrees to the
polarized light plane (PPL) and evaluated by sector, that is, at the anterior,
medium and deep stroma of the superior, inferior, central, nasal and temporal
corneal fragments. The supraorganization of the collagen fibers was defined
based on values of optical path difference (OPD) quantified by Sénarmont and
Brace-Kohler method. The structure tensor, a 2x2 matrix that calculates the
coherency coefficient of local pixels to inform about the orientation of the fibers in
the X and Y microscopy images planes, was processed with a Java plugin named
“Orientationd”. Differences were considered significant when P<0.05. No
differences regarding the alignment of the collagen fibers among superior, inferior
and central regions of the cornea (P>0.05) were observed. Collagen fibers in the
anterior and middle sites of the nasal and temporal corneal fragments were less
aligned and more wavy than the collagen fibers from other corneal fragments
(P<0.05). The collagen fibers in the central fragments of the corneas presented
high OPD values, that is, they were more compact, when compared to the fibers
from other regions of the cornea (P<0.01). In contrast, the fibers in the inferior
fragments were less compact (values<OPD) than in the other fragments
(P<0,01). The stromal collagen fibers of canine cornea present positive Br. The
contribution of BF to Bt was greater than 80%. Regarding B, collagen fibers in
the central and inferior corneal fragments presented, respectively, the lowest and
the greatest value. In conclusion, total (form and intrinsic) birefringence in dogs
Is positive in all corneal fragments and depths, and canine cornea presents
anomalous dispersion of birefringence in its periphery. Also, the ordering pattern
of the collagen fibers is not constant through all the cornea, being different among
the fragments studied.

Keywords: dog, cornea, collagen, structure tensor, polarized light microscopy



1. CAPITULO - Consideracdes gerais

1.1 Introducéao

A acuidade visual dos mamiferos depende, entre outros fatores, das
caracteristicas macro e microscépicas da coOrnea, estrutura em contato com o
ambiente externo que, juntamente com a esclera, protege as estruturas oculares
internas. Por se tratar de uma lente refrativa, a cérnea saudavel é transparente e
possui peculiaridades quanto ao formato e propriedades biomecanicas. O poder
refrativo da cérnea tem relacdo com a adaptacdo do animal ao ambiente, resulta de
processos evolutivos, e parece ser espécie-especifico. Refracdo, transparéncia,
formato/curvatura e biomecéanica corneal emergem, em parte, do arranjo Unico e
altamente supraorganizado das fibrilas e fibras colagenas que compdem as lamelas

estromais.

O arranjo do estroma corneal é do tipo lamelar e parece ser altamente
conservado entre os mamiferos. H& evidéncias, no entanto, de que a
supraorganizacdo, em termos de orientacdo, cristalinidade e estado de agregacéo,
das fibras colagenas que formam as lamelas varia entre os animais, acompanhando
diferencas interespécies em acuidade visual. Tais evidéncias tém implicagdes diretas
em oftalmologia veterinéria, pois indicam que conhecimentos sobre a arquitetura
colagénica da cérnea humana, a qual tem sido exaustivamente estudada por
diferentes autores, ndo devem ser totalmente extrapolados para cérneas de animais,
principalmente quando envolvem manejo, prognastico ou diagnostico de doencas cuja
causa de base envolvem mudancas na microestrutura do estroma. Ademais,
peculiaridades espécie-especificas quanto ao arranjo das fibras coladgenas podem
explicar porque algumas espécies sao mais predispostas do que outras ao
desenvolvimento de certas disfungdes que resultam em opacidade e em dispersao

elevada de luz na cérnea.

Frequentemente, a oftalmologia veterinaria utiliza técnicas empregadas em

oftalmologia médica para diagnosticar e tratar doengas corneais em cdes. Nem



sempre, todavia, as respostas observadas na cérnea do cdo sdo as mesmas da
cérnea humana. Diferencas microestruturais entre a cornea canina e a humana podem
responder por certas discrepancias em resultados clinicos, quando a extrapolacéo de
técnicas de uma espécie para outra. Conhecimentos sobre a supra-organizacao
colagénica estromal da coérnea canina podem direcionar abordagens ou o
desenvolvimento de algoritmos de diagndstico por imageamento que permitam melhor

atender essa espécie.

Diferentes aspectos supraorganizacionais qualitativos e quantitativos das fibras
coldgenas na cornea do cdo podem ser mapeados aferindo-se as fracdes intrinseca
e de forma da birrefringéncia corneal, condicdo que desencadeia mudancas no estado
de polarizacdo da luz. A birrefringéncia pode ser acessada de cérneas "in totum" ou
de seccbes de tecido corneal, e quali-quantificada sob microscépio avancado de luz
polarizada equipado com compensadores de fase (cristais com caminho Optico
conhecido) e com "softwares" de analise de imagens a fim de se obterem informacdes
sobre topografia, orientacdo, estado de agregacdo e cristalinidade de fibras

colagenas.

Com a presente pesquisa, objetivou-se descrever padrboes de
supraorganizacdo das fibras colagenas do estroma corneal canino, por meio de
estudos quali-quantitativos da birrefringéncia corneal. Avaliacdes foram conduzidas
de forma setorizada e comparativa, visando-se 0 mapeamento de sitios estromais
distintos (anterior, médio e profundo) em diferentes fragmentos (superior, inferior,

central, nasal e temporal) da cornea.



1.2 Revisao de literatura

1.2.1 Consideracdes sobre a cérnea

A coérnea é uma estrutura refrativa, transparente, avascular e deturgescente,
em contato com 0 ambiente externo, que corresponde ao sexto anterior da tunica
fibrosa ocular (Holland et al., 2015). Ela esta presente em todos os tipos de olhos de
vertebrados, com excecdo das enguias (Holland et al., 2015). Possui formato
arredondado, é convexa na superficie anterior e céncava na superficie posterior
(Maurice, 1957; Meek; Knupp, 2015). As principais funcdes da cérnea sédo convergir
os raios luminosos que adentram o olho e proteger as estruturas oculares internas,
uma vez que, adjunto a esclera, ela atua como barreira de protecdo contra agentes
trauméticos e infecciosos (QAZI et al., 2010). Os tecidos corneais sao nutridos pelo
filme lacrimal, pelas glandulas tarsais, pelas conjuntivas palpebras e pelas arcadas
vasculares do limbo corneoescleral, que correspondem aos ramos da artéria ciliar

anterior (Holland et al., 2015).

Os tecidos corneais originam-se do ectoderma superficial embrionario e
continuam a crescer e a aplainar apés o nascimento. Em seres humanos, a cornea
atinge medidas adultas (aproximadamente 11,5 mm em didmetro) apds o primeiro ano
pés-natal (Holland et al., 2015). Em cédes, as medidas da cOrnea adulta variam
dependendo da raca, da idade e do sexo (Montiani-Ferreira et al., 2003). Em felinos,
o diametro corneal aumenta com a idade, atingindo medidas adultas a partir da
trigésima semana de vida (Moodie et al., 2001).

As espessuras totais da cornea humana adulta sdo de 0,52 mm no centro e de
0,65 mm na periferia. O quadrante central da cornea possui contorno esférico com
raio de curvatura externo de aproximadamente 7,8 mm, enquanto que a coOrnea
periférica é radialmente assimétrica (Holland et al.,2015). Em cées e em gatos, as

espessuras da cornea central adulta sédo de 0,55 mm (Montiani-Ferreira et al., 2003)



e de 0,56 mm (Moodie et al., 2001), respectivamente. Em felinos adultos, a curvatura
média da cornea € de 38,9 dioptrias, enquanto que nos caes ela varia entre 40 e 45
dioptrias (Gaiddon et al., 1991).

A cornea humana responde por aproximadamente 80% do poder refrativo do
olho, com cerca de 42 dioptrias e indice de refracédo de 1,376 (Waring Ill, 1984; Klyce;
Beuerman, 1988). Comparativamente aos humanos, os indices de refragao corneal
dos animais domésticos sdo de mesma ordem, com variagdes sutis (1,333 a 1,338).
Relativamente a dioptria, os valores diferem significativamente entre os animais
(Coile; O’keefe, 1988).

A cOrnea da maioria dos animais € formada por quadro camadas: o epitélio, o
estroma, a membrana de Descemet e 0 endotélio (Samuelson, 1999). Em seres
humanos, observam-se ainda a camada de Bowman e a de Dua (DUA et al., 2013).
O epitélio e o endotélio sdo corresponsaveis pela manutencdo da transparéncia
corneal, funcionando como barreiras seletivas a entrada de fluidos no estroma (Qazi
et al., 2010; Hassell; Birk, 2010). O estroma é um tecido conjuntivo com caracteristicas
Unicas e cujo arranjo altamente organizado de seus componentes favorece a
curvatura e a biomecéanica corneal e reduz a dispersdo da luz, o que confere
transparéncia a coérnea, além de lhe prover importantes propriedades anisotropicas e
polarizantes que representam, na atualidade, a base diagnéstica de muitos métodos

nao invasivos de imageamento (Hassel; Birk, 2010).

1.2.2 Implicag6es do estroma na biomecéanica e na transparéncia da cornea

O estroma representa cerca de 90% da espessura corneal nos vertebrados
(Michelacci, 2003). Ele é formado de matriz extracelular contendo fibrilas heterotipicas
de colageno fibrilar do tipo | associado com colageno tipo V, colagenos tipos lll, Xll,
Xl e XV, fibrilas elasticas, ceratdcitos (fibroblastos), proteoglicanos, glicoproteinas



ndo-colagénicas, sais inorganicos e agua (Birk et al.,, 1988; Michelacci, 2003;
Massoudl et al., 2016; Qazi et al., 2015; Meek; Knupp, 2015; Lewis et al., 2016).

O colageno fibrilar do tipo | corresponde a principal macromolécula extracelular
do estroma corneal. Ele tem forma de bastdo, com peso molecular de 300 kDa, e &
composto por trés cadeias polipeptidicas denominadas alfa, que formam uma tripla
fita helicoidal (Van Der Rest; Garrone, 1991). A estrutura primaria do colageno tipo |
contém uma sequéncia repetitiva de aminoacidos do tipo Gly-X-Y, na qual X
frequentemente € prolina e Y é glicina (Van Der Rest; Garrone, 1991), além de uma
guantidade expressiva de hidroxiprolina, um aminoacido modificado ausente em todas
as demais proteinas de origem animal (Reddy et al., 2002). Os residuos de prolina
possuem estrutura em anel, estabilizam a molécula de colageno e, juntamente com
as ligacfes cruzadas, conferem as fibrilas colagenas uma capacidade de resisténcia
a tensdo maior do que aquela proporcionada por um fio de aco de mesma espessura

transversal (Nelson; Cox, 2002).

Fibras de colageno tipo I, juntamente com a rede de elastina, conferem forca e
elasticidade variaveis ao tecido corneal. Tanto a forca quanto a elasticidade
dependem de fatores como a espessura corneal, a pressao intraocular e o
comprimento axial do bulbo ocular, bem como da presenca de erro refrativo, de
oftalmopatias (e.g., glaucoma) ou de doencas sistémicas (Garcia-Porta et al., 2014).
Ademais, dependem da acédo das pélpebras e dos musculos extraoculares durante a
movimentacdo ocular normal e da movimentacdo da musculatura ciliar na
acomodacédo visual, por se tratarem de forcas fisiolégicas de deformacdo que
impactam a cérnea. Deformac0des clinicas (e.g., afericdo da pressao intraocular por
tonometria) ou patoldgicas (e.g., cirurgias ou traumas, doencas) podem também
repercutir na trama colagénica corneal, resultando em aberracdes oOpticas e distor¢édo
da visdo (Ambekar et al., 2011). Quaisquer mudancas no formato ou na curvatura
corneal resultam em aberracfes Opticas e, por conseguinte, em modificagcdes no foco
da imagem na retina, ensejando perda da acuidade visual (Hayes et al., 2007; Winkler
et al., 2015).



Alteracbes na microestrutura corneal, notadamente as decorrentes de
mudancas na maquinaria de sintese e nos mecanismos extracelulares de montagem
das fibrilas e fibras colagenas estromais, modificam as propriedades macroscopicas
da cornea (Boote et al., 2005; Boote et al., 2016). Em seres humanos, por exemplo,
colagenos com cristalinidade “anormal”’, como 0s encontrados na cérnea com
ceratocone, comprometem a rigidez e a viscoelasticidade da cérnea (Ambekar et al.,
2011; Mercatelli et al., 2016).

Outrossim, mudangas na microestrutura estromal comprometem as
propriedades oOpticas e refrativas da cérnea. Com base nas propriedades fisicas da
luz, foi proposto que a transparéncia corneal € uma funcdo da homogeneidade dos
indices refrativos de todos os constituintes da cornea, em especial do estroma
(Hassell; Birk, 2010). A trajetéria da luz no estroma corneal depende da transparéncia
corneal e vice-versa, sendo que a absorcédo e a dispersdo minimas de fétons séo
condi¢cdes necesséarias para ambas (Misson, 2012). Qualquer alteracdo no estado
ordenado de agregacao, na orientacdo espacial e na espessura das fibras colagenas
interfere na transparéncia corneal e, consequentemente, no caminho optico da luz. Os
fétons de luz, ao atingirem a superficie da cérnea saudavel, interagem diretamente
com a microestrutura estromal gerando ondas eletromagnéticas que permeiam as
fibrilas colagenas, produzindo ondas secundérias que se anulam e geram uma s
direcdo de propagacdo da luz, evitando dispersdo de fotons (Hassell; Birk, 2010;
Meek; Knupp, 2016). Nas opacificacdes corneais de diferentes etiologias, a dispersao

de fétons é elevada (Meek; Knupp, 2016).

Alteracbes na sintese de proteoglicanos também modificam a qualidade do
colageno estromal corneal, uma vez que as cadeias glicanicas dos proteoglicanos
estdo intimamente associadas com as fibrilas coldgenas, influenciando o
remodelamento, a cicatrizacdo, a biomecanica e as propriedades Opticas do tecido
(Quantock et al., 2015). A distrofia macular corneal humana € um exemplo de
alteracdo em proteoglicanos que afeta o colageno. Trata-se de uma doenca
hereditaria que altera o espacamento intermolecular das fibras colagenas e esta

caracterizada por opacificacdo corneal progressiva secundaria a uma mutag¢ao na via



de sulfatagdo enzimética dos keratan sulfatos (Hassell et al., 1980; Quantock et al.,
2015).

1.2.3 Padrdes supraorganizacionais das fibrilas e fibras coldgenas do estroma

corneal

Colagenos fibrilares possuem “requerimentos estruturais” tecido-especificos e,
por meio de fenGmenos espontaneos de auto-reconhecimento e de automontagem
intra e intermoleculares, geram tecidos ou estruturas supra-organizadas, com
diferentes atributos macroscopicos e funcionais (Hay, 1981). Na cérnea, 0 processo
de automontagem das fibrilas estromais de colageno tipo | origina fibras mistas com
espacamento regular e diametro uniformemente reduzido (x 31 nm, ou seja, menor
gue o comprimento de onda da luz), comparativamente as fibras presentes em outras
estruturas do corpo (Michellaci, 2003; Doughty; Bergmanson, 2004). As fibras
colagenas estromais se reunem para formar lamelas (Boote et al., 2005; Park et al.,
2015), cujas orientacdes nos planos da cérnea variam entre as classes de vertebrados
(Hayes et al., 2007; Winkler et al., 2015). Embora as lamelas estejam dispostas em
todas as possiveis orientacdes no plano da cérnea, elas exibem orientacbes
preferenciais que diferem entre o0s quadrantes central, periférico e limbal

corneoescleral (Boote et al., 2005, Ottani et al., 2002; Nguyen; Boyce, 2011).

As corneas dos mamiferos possuem padrao estrutural diferente dos descritos
para corneas de outros vertebrados. Winkler et al. (2015) mostraram que nos
mamiferos os feixes de fibras colagenas sdo dinamicos e podem se orientar em
direcBes variaveis dentro de um mesmo plano corneal. Ademais, os feixes e fibras
colagenas possuem ramificacbes e anastomoses cruzando os planos lamelares. A
densidade das ramificaces varia em funcdo da profundidade do estroma e diverge
entre as espécies. Evidéncias sugerem que a funcdo das ramificacbes lamelares é
estabilizar o formato da cornea, o que € crucial para a funcéo refrativa (Winkler et al.,
2015).



Nao obstante o arranjo lamelar corneal seja bem conservado entre 0s
mamiferos, a supra-organizacdo colagénica estromal, em termos de orientacao,
cristalinidade e estado de agregacdo de fibras, parece variar entre as espeécies
(Hanlon et al., 2015), contribuindo para diferencas espécie-especificas em acuidade
visual (Hayes et al., 2007; Winkler et al., 2015). A cérnea humana, por exemplo,
apresenta padrdo ortogonal de orientacao fibrilar, com direcdes preferenciais nos
sentidos superior-inferior e nasal-temporal (Hayes et al., 2007). Entretanto, fibras
coldgenas nas corneas de saguis, cavalos e bovinos tém padrao vertical de orientacao
no sentido superior-inferior. Coérneas de porcos, camundongos e coelhos apresentam
fibras dispostas em padrdo circunferencial de orientacdo. Estudos prévios apontam
gue a semelhanca entre todas as espécies é a presenca do annulus circunferencial
limbal (também chamado de circum-corneal annulus) (Hayes et al., 2007), que
corresponde a uma rede de fibras coldgenas circunferencialmente organizadas na
periferia corneal, interligada a uma rede de fibras elasticas que correm paralelamente
a ela, auxiliando na manutencao da curvatura e conferindo estabilidade biomecanica
a cornea (Kamma-Lorger et al., 2010). Relativamente a cornea do cédo, desconhecem-
se detalhes sobre os padrdes de orientacdo e supraorganizacdo das fibras colagenas

estromais.

A cada dia emergem novas evidéncias de que os padrbes supra-
organizacionais das fibras coldgenas da cornea humana ndo podem ser totalmente
extrapolados para cérneas de outras espécies de vertebrados (Hayes et al., 2007;
Winkler et al., 2015); isso tem implicac6es diretas na abordagem clinica e diagnostica
de doencas corneais em pacientes veterindrios. A oftalmologia veterinaria,
frequentemente, adapta técnicas empregadas em oftalmologia médica para tratar
doencas corneais em animais, principalmente cdes e gatos. Nem sempre, todavia, 0s
resultados alcancados na veterinaria sdao 0os mesmos descritos na medicina. Os
conhecimentos limitados sobre a microestrutura corneal de caes poderia ser um fator
contribuinte para diferencas em resultados clinicos e em prognésticos, quando da
transposicdo de algumas técnicas usadas em seres humanos para céaes.
Conhecimento espécie-especifico sobre a supraorganizacao colagénica estromal da
cornea poderiam direcionar adaptacdes metodologicas que permitam melhor atender

os diferentes pacientes veterinarios.



Conhecimentos sobre a supraorganizagdo do colageno estromal corneal
podem, também, auxiliarem na compreensdo dos processos evolutivos do olho,
permitindo estabelecer uma relacdo entre a filogenia da cérnea, enquanto lente
refrativa em contato com o ambiente, e o habitat das espécies (Winkler et al., 2015).
Quando a luz incide sobre a superficie curva da cérnea, o angulo de refracdo gerado
€ proporcional a diferenca dos indices refrativos dos constituintes corneais. A cérnea
possui indice de refracdo muito préximo ao da agua, de modo que seu formato torna-
se irrelevante no ambiente aquéatico. Em contrapartida, no ambiente terrestre, ha
diferengca marcante entre os indices refrativos da estrutura e do ambiente; assim, para
assegurar um poder refrativo efetivo, a funcionalidade da cérnea dos animais
terrestres depende da curvatura e de outras propriedades relacionadas com a

organizacao da rede colagénica (Winkler et al., 2015).

1.2.4 Birrefringéncia como ferramenta para avaliacdo da supra-organizacao

das fibras colagenas estromais

Na atualidade, a interacdo do coldgeno com a luz polarizada e com as ondas
eletromagnéticas constitui a base biofisica para a interpretacdo de muitos métodos de
diagnéstico por imageamento (Boote et al., 2016; Mercatelli et al.,, 2016). Fibras
coldgenas do estroma corneal podem ser estudadas empregando-se fundamentos de
anisotropias Opticas, uma vez que elas sao altamente birrefringentes (Maurice 1957;
Aldrovani; Vidal, 2007; Gotzinger et al., 2007; Park et al., 2015).

A birrefringéncia € uma condi¢cdo que desencadeia mudancas no estado de
polarizacdo da luz (Aldrovani et al., 2007; Aldrovani; Vidal, 2007; Vidal; Mello, 2009).
As fibras de colageno apresentam dois tipos de birrefringéncia: a de forma (Br) e a
intrinseca (B1), que somadas compdem a birrefringéncia total (Bt). A birrefringéncia de
forma contribui com até 2/3 e a birrefringéncia intrinseca com até 1/3 para a

birrefringéncia total da cornea humana (Misson, 2012).

A Br depende da geometria e da interacdo das moléculas de coldgeno com o

comprimento de onda de um féton, bem como da orientacéo, do grau de organizacéo
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e do empacotamento molecular das fibras colagenas (Ribeiro et al., 2013; Vidal; Mello,
2010). Ela € uma condicao Optica ndo linear que ocorre em corpos mistos (formados
por mais de um tipo de molécula) com periodicidade no arranjo ordenado de seus
constituintes. Sumariamente, a BF emerge da montagem uniforme e paralela entre as
cadeias helicais em forma de bastdo que formam as fibras de colageno, que por sua
vez estdo inseridas em uma matriz extracelular homogénea com diferentes indices de
refracdo. Ela é, portanto, o produto de simetrias e assimetrias do colageno em nivel

supramolecular e depende de indices de refracdo (Misson, 2012).

A B/ é a anisotropia resultante do alinhamento assimétrico de ligacdes
quimicas, ions ou moléculas dentro de um meio de transmisséo. No caso do colageno,
ela depende de polarizabilidade e resulta das interacées do campo eletromagnético

da luz com os elétrons das moléculas (Vidal; Mello, 2009).

Quando a luz polarizada permeia a cérnea, os componentes ortogonais do
vetor elétrico ‘E’ exibem dois indices de refragdo, que causam propagacao de luz em
diferentes velocidades e dire¢cbes (Aldrovani et al., 2007; Vidal; Mello, 2010). A
mudanca de fase dos componentes do vetor elétrico, um em relagdo ao outro, é

representada pela equacéao:

6= (Z—R) LAn
A

na qual ¢ é a diferenga de fase entre as propagag¢des ortogonais polarizadas, 4 € o
comprimento de onda da luz, L é a espessura da amostra e 4,¢€ a diferenga nos indices
de refracéo entre os dois eixos opticos da amostra. LA, corresponde ao retardo éptico,
também chamado de diferenga do caminho 6ptico (OPD) da amostra (Aldrovani et al.,
2007). Sob microscopia de luz polarizada, o OPD corneal é detectado como um brilho,
cujas avaliacbes qualitativa e quantitativa informam sobre morfologia, topografia,
orientacao e empacotamento das fibras de coldgeno (Aldrovani et al., 2007; Aldrovani;
Vidal, 2007; Vidal; Mello, 2010; Ribeiro et al., 2013).

Estudos descrevendo a supraorganizagdo ou O arranjo microestrutural das

fibras de colageno nos tecidos oculares ajudam a entender as propriedades oOpticas e
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biomecanicas dos elementos que compdem o olho (Meek; Boote, 2003). Nos ultimos
anos, varios estudos sobre a microestrutura da cornea foram realizados em diferentes
espécies, mamiferos ou ndo (Winkler et al.,2015; Kinghton; Huang, 2002). A luz
polarizada permite descri¢cdes detalhadas da microestrutura da cérnea, uma vez que
sua interacdo com o0s tecidos anisotropicos resulta em propriedades fisicas,
notadamente a birrefringéncia, cujos padrbes estdo relacionados ao nivel de
organizacdo macromolecular das fibras colagenas dentro do estroma. Uma das
ferramentas mais utilizadas para avaliar as fibras colagenas da cornea é a microscopia
guantitativa de luz polarizada, na qual dados sobre orientacéo, estado de agregagcao
e cristalinidade ou polarizabilidade do estroma ja foram revelados, notadamente na

cérnea humana (Hayes et al., 2007).
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Abstract: This study aimed to compare different regions of the canine cornea considering the
supraorganization of the stromal collagen fibers. All the material was studied under a polarized
light microscope equipped with polychromatic light and 546 nm monochromatic light,
Sénarmont and Brace-Kéhler compensators, and an image analysis system. The collagen fibers
were positioned at 45 and 90 degrees to the plane of the polarized light (PPL) and evaluated
sectorially. Total, form and intrinsic birefringences were defined based on optical path diference
(OPD) values measured in corneal tissue sections embedded in solutions with different
refractive indexes. Microscopy images were processed and examined using the structure tensor.
The main findings of the study were: collagen fibers in the anterior and middle sites of the nasal
and temporal corneal fragments were less aligned and wavier than the collagen fibers in the
other corneal fragments (P<0.05). The OPD values revealed that collagen fibers in the central
and inferior fragments of the canine cornea are, respectively, more and less compact, when
compared to the fibers in other corneal fragments (P<0.01). Collagen fibers in central and
inferior corneal quarters presented, respectively, greater and lower OPD values regarding
intrinsic birefringence. In conclusion, total (form and intrinsic) birefringence in dogs is positive
in all corneal fragments and depths, and canine cornea presents anomalous dispersion of
birefringence in its periphery. Also, the ordering pattern of the collagen fibers is not constant
through all the cornea, being different among the fragments studied.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction

Cornea is the first refractive lens of the eye, and about 90% of the corneal thickness of

the vertebrates is made of conjunctive fibrous tissue containing type 1 collagen fibrils in its
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stroma [1-4]. In the corneal stroma, collagen fibrils form bundles, and they group to form the
lamellae [5]. The hierarchical and supraorganized arrangement of its stroma collagen fibrils
makes it a resistant, resilient [4, 6], convex-shaped, refractive and transparent structure [3,7];
that is, the way collagen fibrils interact and arrange themselves provide optical and
biomechanical characteristics to the cornea [8].

As cornea compounds present as a liquid crystal, its macroscopic and functional properties
depend on the orientation, orderliness and aggregation state of the compounds of the stroma [9
— 13]. Collagen fibrils of the corneal stroma may be studied by optic anisotropies foundations,
since they are highly birefringent [5, 14, 15].

Since corneal birefringence was discovered, the investigation of the preferential orientation of
corneal stroma collagen fibers in different species has been studied [8, 16-18]. The corneas of
mammals structural standard is different from that of other vertebrates [18]. Although the
lamellar arrangement of the corneal stroma is well conserved in mammals, the stromal
collagenic supraorganization seems to vary among species (6), contributing to species-specific

differences regarding visual acuity [17, 18].

Nowadays, the birefringence of human cornea is the most studied [15, 16, 19, 20]. The different
methodologies employed in the investigation of human corneal stroma supraorganization have
contributed to a better understanding of this microstructure’s biological behavior in case of

physiological and pathological manifestations [13,17, 20-23].

Veterinary medicine frequently uses techniques employed in human ophthalmology to diagnose
and treat corneal diseases in dogs [24-26], though the results obtained are not always the same.
Microstructural differences between human and canine corneas may explain certain
divergences between clinical results when techniques are extrapolated from one species to the
other [25, 26].

Different qualitative and quantitative supraorganizational aspects of the canine cornea collagen
fibers may be mapped by measuring the corneal birefringence, condition that unleashes changes
in the state of light polarization [9, 16, 18, 19, 27]. The birefringence may be measured in
corneas in totum or in sections of the corneal tissue and quail-quantified by advanced polarized
light microscope equipped with phase compensators (crystals with known optical path) and
with image analysis softwares, in order to provide information about topography, orientation,

aggregation state, and cristallinity of collagen fibers [10,12, 14, 16, 19, 28, 29].
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In veterinary medicine, few are the studies which provide information about the organizational
standard of domestic animals corneal collagen fibers with clinical, prognostic or diagnostic
purpose for the species. Some researches seek for studies in animal cornea as experimental
model to increase the understanding of the corneal microstructure focusing on providing

relevant information for humans [30, 31].

Due to the lack of comprehension of the organizational standard of the collagen fibers of the
healthy canine cornea, the present research aimed to describe supraorganizational standards of
the canine corneal stroma collagen fibers by quali-quantitative studies of the corneal
birefringence. Sectorial and comparative evaluations were carried out in order to map the
different stromal sites (anterior, middle and deep) and fragments (superior, inferior, central,

nasal and temporal) of the cornea.
2. Material and Methods
2.1. Ethics

The experimental protocols of this study were approved by the Ethics Committee on
Animal Use (Protocol No. 178223/16) of State University Sao Paulo (FCAV-UNESP),
Jaboticabal/SP.

2.2. Animals

Right and left eyes (n=22) were removed from 11 adult dogs, both genders, aged
between 1 and 10 years, weighing 7 to 30 kg ( average = 22,7 kg), mixed breeds, submitted to
humanized euthanasia for reasons not related to this research, after written consent of the

owners. The time interval between dogs' euthanasia and eye removal did not exceed 2 hours.

Eye removal was made by veterinary ophthalmologists who previously examined the
cornea for presence of alterations. All corneas were transparent, with no signs of pigment,
edema, scars, vascularization, and ulcerations. On removal, a scleral suture was added to mark

the superior globe position.
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2.3. Tissue processing

After eye removal, approximately 0.3 mL of humor was drawn from the vitreous
chamber with a syringe, and replaced by an equal volume of 10% buffered formalin (Synth,
S&o Paulo, Brazil). In the sequence, the dog eyes were immersed in 10% buffered formalin for

48 hours [9, 14], and then the corneas were carefully excised within the scleral rim.

The excised corneas were washed in water and sectioned in five fragments identified as
superior, inferior, central, nasal, and temporal (Fig. 1). The central cornea was delimited with

help of a biopsy punch (Miltex, Plainsboro, NJ, USA), measuring 5 mm in diameter.

Fragments obtained of four corneas were stored at 70% ethanol in a refrigerator with
constant temperature of 9°C, until they were used as whole mount preparations [9]. The
remaining samples were washed in water, dehydrated in increasing concentrations of ethanol
(Synth, S&o Paulo, Brazil), processed for embedding in Histosec® without dimethyl sulfoxide
(Merck, Darmstadt, Germany) at a 56—58°C melting point, and transversely sectioned to 7 um

thickness using a paraffin microtome [12].

superior

temporal

inferior

Fig. 1. Schematic representation showing how a cornea was sectioned in five fragments, called superior,
inferior, central, temporal, and nasal.
2.4. Birefringence analyses

2.4.1. Theory. Corneal birefringence is a condition that leads to changes in the polarization of

light. If polarized light passes through the cornea, the orthogonal components of the electric



21

vector E display two refractive indexes which lead to light propagation at different speeds and
directions [9, 10]. The components of the electric vector experience a phase shift relative to one
another, which is represented by the equation:

5= (Zn) LA
=\ n

where 0 is the phase difference between propagating orthogonal polarizations, A is the light
wavelength, L is the thickness of the sample, and A4, is the difference in the refractive indexes
between the two optical axes of the sample. The quantity L4, is known as the OPD and

represents the difference between the two optical path lengths [9].

The OPD is visualized under a polarized light microscope as a brightness, whose
qualitative and quantitative evaluation informs on the supraorganization of the collagen fibers

9, 10, 12, 14].

2.4.2. Equipment. All analyses were performed using a polarized light microscope (Olympus
BX-53 Pol, Tokyo, Japan) equipped with UPLFLN 20/0.75 objective, rotating stage, a 100-watt
halogen lamp to provide polychromatic white light, a narrow band pass interference filter
(Edmund Industrial Optics, Barrington, NJ, USA) to provide 546-nm monochromatic light, a
Sénarmont compensator consisting of a 1/4 wave retardation plate, and a Brice-Kohler

compensator consisting of a 1/10 wave retardation plate (Fig. 2).
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Fig. 2. Schematic diagram of the major parts of a quantitative polarized light microscope. This
microscope is designed to observe birefringent structures, such as the cornea. It is equipped with
UPLFLN objectives, an analyzer (placed in the optical pathway between the objective rear aperture and
the observation tubes or camera port), a polarizer (positioned in the light path somewhere before the
specimen), a rotating stage, a 100-watt halogen lamp, a 546-nm monochromatic light, a Sénarmont
compensator, and a Brace-Kéhler compensator. The microscopic image contrast arises from the
interaction of plane-polarized light with the birefringent sample to produce two individual wave
components that are each polarized in mutually perpendicular planes.

2.4.3. Experimental setup. Qualitative and quantitative aspects of the corneal birefringence

were evaluated using three different procedures:

2.4.3.1. Qualitative studies from whole mount corneas. Cornea’s fragments identified as
superior, inferior, central, nasal, and temporal were removed of the 70% ethanol and washed in
distilled water. In the sequence, they were mounted in water on slides (i.e., whole mount
preparations) and evaluated under polarized light microscopy. No staining was done. Corneal
whole mount preparations were illuminated with polychromatic polarized light to study

interference colors due to birefringence anomalous dispersion.
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2.4.3.2. Studies using video image analysis and structure tensor. Slides containing
unstained sections (7 um) of superior, inferior, central, nasal, and temporal corneas were
mounted in water with the coverslip. This procedure was performed to reduce the refractive
index mismatch, which could leads to considerable alterations of OPD in biological tissues [28].
To studies on morphology and topography, the long axis of the stromal collagen fibers were
oriented at 45 degrees and, later, at 90 degrees relative to the plane of the polarized light (PPL).
Data were collected for collagen fibers into the anterior, middle, and posterior stromas in the

different corneal fragments studied.

With the help of a high resolution video camera (Olympus), images of fibers oriented at
90 degrees to the PPL were transmitted to a computer and captured using the ImageJ software
(http://images.nih.gov/ij/ National Institutes of Health, Bethesda, MD, US). The Orientation]J
(http://bigwww.epfl.ch/demo/orientation/), which is an ImageJ plug-in based on structure
tensor, was used to calculate the coherency coefficient, an alignment metric that informs about

the waviness characteristics of the collagen fibers [32].

The tensor structure (J) is a 2x2 matrix of partial derivatives along the x and y directions,
containing information about the orientation of each pixel within an image [33-35]. It is

mathematically expressed as:

J= [<fx,fx>w<fx,fy>wJ
T < fy>e<fyfy>o

where w is the Gaussian filter that delimits the interest area (5x5, with 0 mean and standard
deviation equal to 1 pixel length in this study), and fx and fy are the partial derivatives of the
image f (x, y), along the principal directions x and y, respectively. In the case of image of
birefringent fibers converted to binary, that is to a gray-scale image, f(x,y) = 0 and f(x,y) = 255

pixels.

Based on the structure tensor, the OrientationJ calculated the coherency coefficient
(ImageJ > Plugins > OrientationJ > Measure) for every pixel of the image [36] by means of the

equation:

X max — X min

X max + X min

_\/(<fy,fy> w—<fx,fx>w)3+4<fx,fy>w
B <fx,fx> w+fy,fy> w
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where « max is the largest and o min is the smallest eigenvalue, respectively. A coherency
coefficient close to 1 indicates a strongly parallelism/alignment of local fibers (low waviness),
whereas a coherency coefficient close to zero denotes a low parallelism (high waviness) of
fibers [34; 36].

2.4.3.3. Calculations of OPD and linear birefringence. OPD values were quantified in
corneal tissue sections after immersion in water (refractive index of 1.333) or in pure glycerin
(refractive index of 1.471), for 1 hour [9; 37]. Anterior, middle, and deep stromal collagen fibers
in the superior, inferior, central, nasal, and temporal corneas were examined. All measurements
of OPD were made on the polarized light microscope, with the long axis of the collagen fiber
oriented at 45 degrees to the PPL, using Sénarmont (for water-immersed tissues) and Bréce-
Kohler (for pure glycerol-immersed tissues) compensators [9, 14]. The function of the
compensators is to introduce known phases difference between the ordinary and extraordinary
rays that pass through the birefringent cornea and thus to generate destructive interferences that

are observed as dark field measurable at angles in the eyepiece of the microscope.

The angles of the phase difference (o) read by the compensators were converted to OPD,

in nanometers, by means of the formulas:
Sernarmont /4 = 6 X 3.03
Brace—Kohler A/10 = 47.20sin(20)

where 47.20 is the retardation of the compensator, @ is 45 degrees — o, where 45 is the

orientation of the cornea long axis relative to the PPL [9].

The OPD values obtained for samples immersed in pure glycerin inform about the B;
of the collagen fibers. The values of OPD quantified from samples immersed in water report
on total birefringence (Bt) which is the sum of BI and Br. In this work, the Br was estimated

by subtracting B from Br[37].

The linear birefringence was calculated by dividing the BI as function of the sample

thicknesses (7 um) [38].
2.4.4. Data analysis

All data were tested for statistical normality using the Kolmogorov-Smirnov test.

Comparisons were made using the one-way analysis of variance (ANOVA) and the Tukey post
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hoc test. Differences with p < 0.05 were considered significant, with 95% confidence interval
(95%Cl). All calculations and comparisons were performed using the Minitab 12™ (Minitab,
State College, San Diego, CA, USA) and the MedCalc (version 9.3.6.0, MedCalc, Mariakerke,
Belgium) softwares.

3. Results
3.1. Qualitative studies from whole mount preparations

Variable birefringence interference colors were observed in the periphery (Fig. 3 a-d),
but not in the center, of the cornea illuminated with polychromatic polarized light. Some
collagen fibers in the cornea’s periphery presented a high degree of branching and intertwining

in different spatial planes. Throughout the corneal periphery, it was possible to observe

populations of fibers that transversely extended from the cornea towards the limbus and the
sclera (Fig. 3b).

Superior ‘ . . ‘ Temporal
] ' J‘ v ’ . : " 3
‘6 i %

Fig. 3. Images of interference colors (due to anomalous dispersion of birefringence) observed in the
peripheral regions from corneas in whole mount preparations illuminated with polychromatic polarized
light. The arrow heads point to areas of intertwined collagen fibers (a, c, d). The asterisks in the image
(b) correspond to collagen fibers that extended from the cornea towards the limbus and the sclera. Bar
= 200 micrometers.
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3.2. Studies using video image analysis and structure tensor

Cornea’s sections, illuminated with monochromatic (A = 546 nm) polarized light,
presented inhomogeneous brightnesses, whose intensities varied depending on the positioning
of the cornea long axis in relation to the PPL, and consequently of the different angles formed
between the stromal collagen fibers and the PPL (Fig. 4 and 5). Stromal collagen fibers in the
temporal cornea showed greater variation and irregularity in brightness intensity (Fig. 4e) when
visually compared to collagen fibers in other cornea’s fragments. In all corneal fragments
studied, the birefringence was never completely extinguished by rotating the microscope stage
and changing the angle formed between the fiber long axis and the PPL from 45 degrees to 90
degrees (parallel to the PPL). Maximum and minimum birefringence brightnesses have always
been observed in collagen fibers orientated at 45 (Fig. 4) and 90 degrees (Fig. 5), respectively,
to the PPL.

Superior Inferior Temporal
. » _ f > ':r_ "" L 3 45 degrees to the PPL

Fig.4. Birefringent images of anterior, middle, and deep stromal collagen fibers oriented at 45 degrees
to the plane of the polarized light. (a), superior cornea. (b), inferior cornea. (c), central cornea. (d), nasal
cornea. (e), temporal cornea. Bar = 200 micrometers.

The stromal collagen fibers showed ripples (waviness), characterized by irregular
alternation of light (birefringent) and dark (non-birefringent) areas (Fig. 5). At 90 degrees to
the PPL, collagen fibers in the temporal and nasal fragments of the dog cornea (Fig. 5d and e)

were wavier and clearly had more intertwining than the fibers in other regions.
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Fig. 5. Birefringent images of anterior, middle, and deep stromal collagen fibers oriented at 90 degrees
to the plane of the polarized light. (a), superior cornea. (b), inferior cornea. (c), central cornea. (d), nasal

cornea. (e), temporal cornea. Bar = 50 micrometers.

Statistical comparisons of coherency coefficient calculated for birefringent collagen
fibers in different fragments and stromal sites from the dog cornea’s sections are shown in Table
1. Collagen fibers in the anterior, middle, and deep stromas of superior and inferior corneas
were less wave (p < 0.05) than collagen fibers in the anterior, middle, and deep stromas of other

cornea’s fragments, except for central anterior that was similar to these regions.



TABLE 1. Statistical comparisons of the coherency coefficient calculated in different stromal sites from dog cornea’s
sections. Calculations were performed with the collagen fibers oriented at 90 degrees to the plane of the polarized light
(PPL)

Anterior stroma Middle stroma Deep stroma
Range Range Range
Corneal fragments Mean *SD Min Max Mean =SD Min Max Mean +SD Min Max
Superior 0.322 0.11 0.17 0.42 0.632 0.11 055 0.75 0.542 0.13 0.32 0.65
Inferior 0.362 0.07 0.26 0.43 0.49° 0.09 0.36 0.58 0.592 0.04 0.57 0.67
Central 0.292 0.11 0.17 0.44 0.38¢ 0.09 0.26 0.46 0.29° 0.10 0.18 0.42
Nasal 0.06" 0.03 0.008 0.08 0.10¢ 0.08 0.03 0.22 0.10¢ 0.07 0.04 0.22
Temporal 0.21° 0.05 0.19 0.29 0.30¢ 0.02 0.28 0.34 0.17¢ 0.05 0.10 0.21

Max, maximum value; Min, minimum value; + SD, + standard deviation.

Different letters in the same column indicate the statistical differences between the cornea’s regions compared in this
study.

Differences were significant when p < 0.05 (ANOVA with Tukey post hoc test).

200 measurements were performed from each site (anterior, middle, and deep) of the different corneal regions (superior,
inferior, central, nasal, and temporal) studied.
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3.3. Calculations of OPD and linear birefringence

Collagen fibers in the anterior, middle, and deep stromas of the central cornea presented high
values of OPD associated with Bt compared to stromal collagen fibers in other fragments of the dog
cornea (Table 2). Within each cornea’s fragments (superior, inferior, central, nasal, and temporal), no

differences in Bt of anterior, middle, and deep collagen fibers were observed (p > 0.05).

The OPD values varied according to the refractive indexes of the solutions used for immersion
of the samples (water, refractive index = 1.333, pure glycerin, refractive index = 1.471), indicating that
the stromal collagen fibers of the dog cornea have positive Br. The contribution of Br to corneal Bt
was greater than 80% (ranging from 81.44% in the deep stroma of the inferior cornea to 88.65% in the

middle stroma of the central cornea) (Table 2).

Collagen fibers in the inferior and central corneas, when compared to the fibers in other corneal
fragments, had, respectively, higher and lower B, values. In all corneal fragments studied, the B, values
for anterior stromal collagen fibers were lower than the B, values for middle and deep stromal collagen
fibers (Table 2).

The values of linear birefringence calculated for the dog cornea are presented in the Table 3

and were lower for collagen fibers in the anterior stroma, in comparison with middle and deep stromas.
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TABLE 2. Optical path difference (OPD) values related to the birefringence brightnesses from collagen fibers in different fragments and stromal sites from dog cornea’s sections.
Measurements of OPD values associated with total, form, and intrinsic birefringence were performed with the long axes of the collagen fibers oriented at 45 degrees to the plane of the
monochromatic (A = 546 nm) polarized light

Anterior stroma Middle stroma Deep stroma

Bt Br Bi Br Br Bi Bt Br Bi
Corneal
fragments Mean + SD Mean % Mean + SD % Mean + SD Mean % Mean + SD % Mean + SD Mean % Mean + SD %
Superior 20.02+7.81* 17.29 86.37 2.73+0.18** 13.63 21.64+ 8.622 18.66 86.23 2.98+0.21*B 13,77 21.50+8.08% 18.54 86.38 2.96+0.28* 13.62
Inferior 16.73+7.80* 13.91 83.15 2.82+0.11>* 16.85 17.48+ 8.39° 14.42 8250 3.06+0.17°B 17.50 16.83+5.90° 13.70 81.44 3.13+0.12%B 18.59
Central 22.59+4.10° 19.95 88.32 2.64+0.23°4 11.68 25.37+ 4.44° 2249 88.65 2.88+0.22°B 11.35 24.53+3.13° 21.58 87.98 2.95+0.15°B 12.02
Nasal 20.27+8.69% 17.49 86.29 2.78+0.18** 13.71 21.44+11.77% 18.47 86.15 2.97+0.292B 13.85 20.68+9.712 17.65 85.35 3.03+0.25%% 14.65
Temporal 19.24+6.232  16.45 83.55 2.79+0.14*A 14.50 21.28+ 7.792 18.31 86.05 2.97+0.21*F 1395 20.02+5.87* 16.93 84.57 3.09+0.09%B 1543

Br, form birefringence; B, intrinsic birefringence; Br, total birefringence; + SD, + standard deviation.

Different lowercase letters in the same column represent the statistical differences between mean values obtained for the cornea’s regions (superior, inferior, central, nasal, and temporal)
studied.

Different uppercase letters in the same line represent the statistical differences between the mean values of B, obtained for the different stromal sites (anterior, middle, and deep) within
each corneal region.

Differences were significant when p < 0.05 (ANOVA, with Tukey post hoc test).

Within each region of the cornea, no differences in Br were observed between the anterior, middle and deep stromas (p > 0.05).

Br was calculated as Bt — B, so SD cannot be presented.
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TABLE 3. Values of linear birefringence for dog cornea
Corneal fragments  Anterior stroma  Middle stroma  Deep stroma

Superior 0.0038 0.0042 0.0042
Inferior 0.0040 0.0043 0.0044
Central 0.0037 0.0041 0.0042
Nasal 0.0039 0.0042 0.0043
Temporal 0.0039 0.0042 0.0044

4. Discussion

In this study, polarized light microscopy has been employed in order to evaluate the
collagen fibers of the canine cornea, since knowledge regarding this issue is rare. In order to
gather as much information as possible, studies have been carried out with the use of in totum
preparations of corneal tissue and histological cuts; also, both qualitative and quantitative

evaluations have been conducted [13].

Studies describing the supraorganization or the microstructural arrangement of the
collagen fibers in ocular tissues help understanding the optical and biomechanical properties of
the elements that compose the eye [39]. During the last years, several studies regarding the
microstructure of the cornea have been carried out in different species, mammals or not [17,
18]. The polarized light allows detailed descriptions of the corneal microstructure, since its
interaction with the anisotropic tissues results in physical properties, notably the birefringence,
whose standards are related to the macromolecular organization level of the collagen fibers
inside stroma. One of the tools widely used to evaluate corneal collagen fibers is the quantitative
polarized light microscopy, by which data regarding orientation, aggregation state and
cristallinity or polarizability of the stroma have been revealed, remarkably in human cornea
[16].

A strong point of this study is that evaluations were conducted sectorially, that is, in
different corneal sites and regions. As it is widely accepted that the supraorganization of
collagen fibers, in the corneas of mammals, varies through central and peripheral regions [40],
we have concentrated the analysis on the central and paracentral regions of the cornea, that is,
inside and around visual axis, in order to provide new information for the literature. Hence, the
central corneal fragment, in the histological cuts, comprehends the visual axis and the extension

of the pupillary region, and the other fragments comprehend the areas near the pupillary region.
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The evaluation of the in totum samples illuminated with polychromatic light was an exception,

since that examination was carried out from the center to the peripheries of the corneal tissue.

The in totum evaluations revealed standards of interference colors in the peripheries of
the cornea, that is, regions of transition between limbus and sclera [12, 41, 42]. The interference
colors result from the anomalous dispersion of birefringence, a non-linear optical effect which
is intimately associated with variations of the thickness (not the diameter) and of the orientation
of collagen lamellae/fibers and bundles in relation to the crossed polarizers. The colors of the
total spectrum visually represent OPDs of various nm, and the tonalities are a function of the
orientation of tissular elements which form the birefringent structure [42].

Based on the interpretation of the interference colors, it is possible to state that the
peripheral regions of canine cornea, in its different fragments, are heterogeneous in spatial
orientation and in collagen fibers thickness, including with intertwinements between fibers in
different spatial planes. In contrast, the absence of interference colors in non-peripheral
(central/paracentral) regions of the cornea indicates presence of fibers with uniform spatial
periodicity and thickness [43, 44]. These findings are similar to those previously reported for
human cornea, in which the existence of variations in the orientation of corneal peripheral
collagen fibers, including with intertwinements between corneal and scleral fibers, are well-
known [40, 44 -46]. Besides, they converge with the observations of Newton e Meek (1998),
according to whom human cornea collagen fibers change their direction once they reach the
most peripheral regions of the cornea, merging with the fibers from the limbal/scleral region.
The density of the branchings and intertwinements between fibers in the cornea-limbus-sclera
area varies among species [18] and could not be quantified with the methodology employed in
this study. There are evidences that the presence of these branchings and intertwinements gives
support to the tensional forces and to the corneal curvature [17, 18, 43, 44], which is crucial for
the refractive function [17, 18, 21, 43].

In the histological sections, evaluations were carried out with monochromatic light and
image video analysis or phase compensators. When monochromatic light is used, given the
conditions for the occurrence of birefringence, informations about the organization of the
collagen fibers around the ordinary and extraordinary axis are gathered [9, 47]. Generally, the
brighter is the birefringence of a sample, the greater is the number of electronic vibrations and

intermolecular crosslinks among the collagen fibers in the mentioned tissue [9]. This knowledge
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is important since crosslinks play a role in alignment, stability and molecular packing of the
fibers, which are determinant supraorganizational conditions for the biomechanical properties
of a structure [10, 12].

Regarding the fibers alignment, qualitative birefringence studies showed waviness
standards (alternance between birefringent and non-birefringent bands) in all corneal fragments
and sites studied. The wavinesses, better seen with fibers oriented at 90 degrees to the PPL, are
called crimps, and were previously reported in humans, mice and swine’s corneas [9, 14, 48].
Morphologically, the crimps represent changes in the collagen microfibrillar arrangement,
which, in corneal stroma, seems to also form an helicoidal arrangement similar to what has been
described in fibrils of other conjunctive tissues [49, 50], which is not surprising, since collagen
molecule is a propeller, and, according to the structural chirality principles, “chiral molecules
form chiral bodies” [9]. Functionally, the crimps are associated with collagen fibers flexibility,
in terms of capacity of absorbing and transmitting physiological charge/forces applied to the
structure [48-52]. Liu et al. (2014), in a study of constitutive model of the corneal
microstructure, showed that the wavy aspect of collagen fibrils in rest position is a
morphological requirement for the non-linear mechanical behavior of the cornea. Interestingly,
some studies point out that the majority of the corneal deformations due to intraocular pressure
increase occur at the periphery, while central and paracentral regions remain without significant
changes [52, 53]. In this study with canine cornea, we have also noticed that wavinesses are
prevalent outside corneal central/pupillary region in the temporal fragment, which may be
related to the transmission of forces from the extraocular musculature.

Still with the purpose of evaluating the alignment of the fibers, image analysis by
structure tensor was used in this study. It consists in matrixes which represent partial
derivatives, widely used in image processing. OrientationJ evaluates, among other parameters,
the local coherency of the fibers, that is, the degree of parallelism of the fibrillar arrangement
that emerges from every pixel of the image which is converted to binary. Canine cornea sections
presented fibers alignment variation depending on the fragment or site under study. Nasal and
temporal fragments exhibited coherency values that suggest lower fiber parallelism in all
stromal sites, while superior and inferior fragments presented more aligned fibers in middle and
deep stromae and less aligned fibers in anterior stroma. That converges with previous studies
regarding human cornea, according to which corneal collagen fibers are partially organized,
being the anterior stroma less organized and more isotropic [32].
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Although qualitative analysis of birefringence have revealed that canine cornea presents
fibrillary collagenic arrangements which are similar to those described in corneas of other
species, quantitative OPD studies have revealed some canine cornea particularities in terms of
ordered aggregation state (Bt and Br) and fibers crystallinity (B)). In terms of Bj and linear
birefringence, the results were very similar to those regarding human cornea, in which previous
studies showed lower OPD values in the central cornea [16, 54].

In the cornea of dog, OPD values associated with Bt and Br did not differ among the
stromal sites (anterior, middle and deep) of a same corneal fragment, which suggests that
molecular ordering of stromal fibers around the extraordinary axis is constant through the
stromal regions. This finding diverges from what has been described in cats, for example, in
which Bt seems greater in anterior stroma than in the posterior one [55]. On the other hand, B,
differed among the stromal sites, being lower in the anterior stroma of all fragments under study
and diverging from linear birefringence values of the human cornea, which indicate isotropic
standards of fiber distribution, with lower electron polarizability [54, 56].

The polarizability of a molecule is intimately related with the capacity of forming
dipoles. In the presence of a magnetic field, the relative position of positive and negative ions
change slightly, which induce dipole moments [57, 58]. Therefore, it is considered that B OPD
values are proportional to the density of electronic surface [59]. In crystallinity state, the
molecules are near each other and their intermolecular forces are more amplified, which makes
them denser, more bonded and resistant to external action — that is, more ordered —, a
characteristic observed in the values found in middle and deep stroma [57, 58, 60]. Study carried
out by Freund et al. (1995) reported that the middle and deep stromae of the corneas of rabbits
and humans presented themselves more hydrated, and its collagen fibrils were denser than the
ones in the respectives anterior stromae. In a study with cats, B, values in the central region
were greater in the anterior stroma than in the posterior one, revealing greater fibers packing
density in the anterior segment of the stroma [55].

This study’s findings regarding birefringence are, in a general way, close to the ones
described by Boote et al. (2003), which revealed greater fiber ordering in the central region of
the human cornea. In functional and biomechanical terms, this greater fiber ordering in the
central cornea, which is, in most species, less thick in comparison to the other corneal framents,
may contribute to the containment of tensional forces and the maintenance of the curvature
[60].
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5. Conclusion

The results obtained in this study revealed that total - form and intrinsic - birefringence in dogs
is positive in all corneal fragments and depths, and also that canine cornea presents anomalous
dispersion of birefringence in its periphery. The morphological and quantitative analysis of the
birefringence revealed that the ordering pattern of the collagen fibers is not constant through all

the cornea, being different among the fragments studied.
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