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O sistema nervoso central (SNC) pode ser analisado com a utilizagdo de distintas
abordagens metodolégicas, sendo que, o progresso das avaliagdes bioquimicas/histologicas do SNC
esta vinculado intimamente ao desenvolvimento da microscopia Optica, das técnicas histologicas,
histoquimicas e imunohistoquimicas.

Neste sentido, os avangos no processo de analise das imagens digitalizadas obtidas a partir
da utilizag@o destas técnicas, sdo de fundamental importéncia para uma interpretagdo fidedigna dos
resultados obtidos.

Neste trabalho, foram padronizados, implementados e descritos os seguintes procedimentos
de analise de imagens: 1- O procedimento de analise semi-quantitativa por medida de densidade
oOptica, no software Image Pro Plus 4.1; 2-O procedimento de analise estereoldgica, pela aplicagio
do método de Cavalieri e o protocolo de calculo do coeficiente de erro do método de Cavalieri
associado a técnica de contagem de pontos, no software Microsoft Excel.

A padronizagdo, implementa¢do e descricdo destes procedimentos, nos permitiu a analise
das imagens geradas a partir da realizagdo de distintos procedimentos histoldgicos (hematoxilina-
eosina); histoquimicos (citocromo oxidase) € imunohistoquimicos (proteinai glial fibrilar acida
(GFAP), substancia P e tirosina hidroxilase) em diferentes modelos experimentais (SNC de ris,
tartarugas e ratos) em distintas regides do SNC (medula espinhal, amigdala medial, substincia
nigra, area ventral tegmental e hipocampo).

Além dos resultados experimentais, foram descritas as vantagens e as limitacGes destes
procedimentos de analise de imagem, assim como as peculiaridades metodologicas inerentes aos

diferentes experimentos realizados.



1. Introducéio

O sistema nervoso central (SNC) pode ser analisado in vivo ou in vitro, com a utilizagdo de
diversas ferramentas de investigac¢do como por exemplo: o comportamento animal, a les@o
estereotaxica, o uso de anticorpos, a autoradiografia, o raio X, a ressonancia magnética, a
tomografia computadorizada, o uso de infusdes intraencefalicas, os slices encefalicos, as culturas
celulares, a pesquisa clinica, os modelos computacionais, o eletroencefalograma, os estudos
epidemiologicos, o uso de potenciais evocados, os registros eletrofisiolégicos intra e extracelulares,
a espectroscopia, a cromatografia gasosa, a cromatografia liquida de alta performance, a
‘microdialise, o “patch clamp”, a medida do binding de receptores, entre outras (Martin, 1997,
Celis, 1998).

Todas estas técnicas de investigagdo cientifica tem as suas vantagens e as suas limitagdes,
mas certamente contribuem de forma inequivoca para um melhor entendimento do SNC. Contudo,
o detalhamento da composi¢co bioquimica do tecido nervoso, assim como suas variagdes frente a
diferentes situagdes patologicas e/ou funcionais, esta vinculado, de forma muito intima ao tema
central deste trabalho, que €, o desenvolvimento da microscopia Optica, das técnicas histoldgicas,

histoquimicas e imunohistoquimicas e 0s avangos nas metodologias de analise de imagem.

1.1 O microscopio optico

E dificil descrever com exatiddo, a localiza¢@o temporal dos experimentos prévios que

levaram a invengdo do microscopio optico, entretanto, existem registros de que os primeiros estudos
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sobre as propriedades Opticas das superficies curvas, foram realizados por Euclides (390 aC),
Ptolomeu (127-151 dC) e Alhazan no século XI (Singer, 1931; De Robertis ez al., 1963).

Provavelmente, o primeiro uso pratico destes estudos, que versavam sobre a amplificac¢do
gerada a partir destas superficies curvas, ocorreu na Italia no ano de 1285 quando Salvino Degli
Armanti inventou os Oculos. Contudo a aplicabilidade destas investigagbGes ndo terminara no
invento de Armanti, no século XVI, Leonardo da Vinci e Francisco Maurolyco insistiam nas
vantagens inerentes a aplicacido destas lentes para o estudo de pequenos objetos (Singer, 1931; De
Robertis ez al., 1963).

Neste mesmo periodo, em 1590, dois irm&os holandeses que trabalhavam na fabricacdo de
oculos em Middleburg, Zacarias e Francisco Janssen, baseando-se nos estudos de seu pai, um
renomado optico da época, combinaram duas lentes convexas no interior de um tubo, obtendo assim
um instrumento oOptico capaz de amplificar a imagem de objetos. O impacto da invencdo dos
Janssen foi tdo grande, que no mesmo ano, um dos mais importantes cientista da época, Galileo
Galilei, construiu seu proprio instrumento optico, combinando duas lentes em um tubo, a partir de
rumores de que um holandés havia feito o mesmo (Singer, 1931; De Robertis ez al, 1963).

O instrumento optico criado pelos irmédos Janssen se popularizou, e recebeu a denominagio
de microscopio por Jaime Faber de Bamberg, um médico residente em Roma, que trabalhava para o
papa Urbano VIL, sendo que a palavra microscopio derivou-se da associagdo dos vocabulos gregos
mikros = pequeno e skopein = ver, examinar ( Singer, 1931; De Robertis eral., 1963).

Em 1665, Robert Hooke modificou o instrumento dos Janssen, intercalando uma terceira
lente entre a objetiva e a ocular, no intuito de eliminar a aberragdo cromética, e apresentou a Real
Sociedade de Londres os resultados de sua investigacdo cientifica sobre “A textura da cortica, por
meio de lentes de aumento”. Neste trabalho, Hooke descreveu pequenos poros nas sec¢des de

cortica e chamou estes de células (do grego kytos = espago vazio), este foi o ponto de partida para a
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obtengdo de todos os conhecimentos que temos atualmente sobre a organizacdo microscopica da

matéria viva ( Singer, 1931; De Robertis ez al, 1963, Alberts et al., 2002).

1.2 A Histologia

O uso de coloragdes nas secgdes teciduais analisadas ao microscopio era extremamente raro
até 1860, ainda que Hooke em 1660 ja fosse conhecedor de coloragdes a base de campeche e de
cochonilha e que Antony van Leeuwenhoek, um humilde mercador holandes responsavel pela
descoberta das bactérias e dos protozoarios, em 1714 utiliza-se o acafrdo para melhorar a
visibilidade das fibras musculares ao microscopio (Conn, 1977).

A criagdo do termo histologia (do grego histos = rede) € atribuida a um anatomista alemio
chamado Mayer em 1819. A primeira utilizagdo da hematoxilina como corante histologico foi
realizado por Bohmer em 1865, embora Waldeyer tenha empregado esta sem sucesso em 1863. O
progresso da histologia era tal que, em 1875 Ranvier ja enumerava seis corantes sintéticos, a base
de anilina, para estudos histologicos (De Robertis ef al., 1963; Conn, 1977).

Embora a utilizacdo da histologia como ferramenta de estudo aumentasse de forma
vertiginosa no final do século XIX, os resultados obtidos com o emprego das técnicas histologicas
para coloragdo do SNC ndo eram muito empolgantes, a principal técnica neurohistoldgica da época
baseava-se na coloracdo com hematoxilina e carmin, um procedimento razoavelmente adequado
para o estudo de outros tecidos, mas insatisfatorio para a maioria das investigagdes do SNC, uma
vez que as imagens reveladas por esta técnica eram incompletas, mostrando, na melhor da
hipbteses, os segmentos iniciais dos dendritos, impedindo o discernimento correto sobre a natureza
da célula estudada, o que fez com que muitas vezes células neuronais e gliais fossem classificadas

em um mesmo grupo, e chamadas de granulos (Pannese, 1996).
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Em 1873, o italiano Camillo Golgi descobriu uma técnica de vital importancia para o estudo
do SNC, fundamentada na impregnagdo do tecido nervoso com dicromato de potassio e nitrato de
prata, a reacdo negra, conhecida atualmente como técnica de Golgi (Pannese, 1996).

Camillo Golgi publicou as observagdes iniciais de sua técnica em 2 de agosto de 1873 na
Gazzetta Medica Italiana de Lombardia, publicando novamente esta, sem sucesso ainda, em outros
dois periodicos alemdes (Pannese, 1996).

A técnica desenvolvida por Golgi ndo ficaria adormecida por muito tempo, pois a associagdo
entre o surgimento de uma nova técnica de investigagdo e a inquietude de um génio constituem o
terreno adequado para o desenvolvimento do conhecimento cientifico, e neste sentido € impossivel
ndo citar a importante contribui¢do dada no fim do século XIX e inicio do século XX pelo espanhol
Santiago Ramén y Cajal, que utilizando-se das técnicas de impregnagdo argentica desenvolvidas
por Golgi e de adaptagdes proprias destas, realizou a maior obra histologica conhecida até os dias
atuais, no que diz respeito a descri¢do da circuitaria e da morfologia neuronal do SNC de seres

humanos e diferentes animais (Pannese, 1996; De Felipe e Jones, 1992; Ramon y Cajal, 1909).

1.3 As técnicas histoguimicas e imunohistoquimicas

Os numerosos estudos neurohistologicos realizados até o final dos anos 30, constituiram
uma base morfologica extremamente sélida para as investigacdes futuras, ainda que estes trabalhos
tenham sido extremamente importantes, com raras excecdes, até aquele momento, a grande maioria
das técnicas histologicas permitiam apenas investigagdes descritivas, sendo que com o uso da
histologia convencional pouco podia ser avaliado a respeito das alteragdes bioquimicas e funcionais

da célula frente a situagdes distintas (De Robertis ef al, 1963, Conn, 1977).
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Esta situagdo comecou a se modificar a partir da década de 30, gracas aos progressos
paralelos de ciéncias como a bioquimica e a biofisica, que, a partir da complexa associagdo de
moléculas que constituem a célula, conseguiram isolar substdncias como lipideos, glicogénio,
acidos nucleicos, vitaminas horménios € enzimas (Conn, 1977). Por outro lado, houveram grandes
avangos nos campos da enzimologia e da bioquimica dindmica, que estabeleceram as bases para os
estudos sobre o metabolismo das substidncias, desde que estas penetram nas células até sua
excrecdo, bem como, de que modo estas sdo transformadas em energia ou incorporadas a propria
célula (De Robertis ef al, 1963, Conn, 1977).

Entretanto, os ensaios bioquimicos desenvolvidos em solu¢des, embora extremamente
precisos, ndo sdo adequados para o estudo detalhado de estruturas enceféalicas complexas, ainda que
procedimentos modernos e sofisticados como a dissecagdo regional € a extragdo tecidual localizada
“punch biopsy” tenham melhorado significativamente a discriminag@io espacial das técnicas
bioquimicas, estes ainda constituem ferramentas inadequadas, para a avaliagdo dos resultados de
experimentos que necessitem de uma localizagdo tecidual/celular extremamente precisa, devido a
heterogeneidade regional e celular do sistema nervoso (Hammond ef al., 1996).

Os histologistas e os bioquimicos ndo podiam ficar indiferentes a um problema desta
magnitude, e deste modo, a histologia ¢ a bioquimica associaram-se criando as tecnicas
histoquimicas, que passaram ent@o a representar um forte elo entre a sutil abordagem morfoldgica
da histologia e a precisa interpretagdo quimica obtida por métodos bioquimicos classicos. Esta
associagdo permitiu a localizagdo tecidual exata dos mais variados eventos bioquimicos
(topoquimica), bem como a avaliagdo de suas varia¢des frente a diferentes situacdes experimentais.
(De Robertis ef al., 1963, Conn, 1977, Hammond ef al., 1996 ).

Embora as primeiras reagdes histoquimicas sejam normalmente atribuidas a Gomori e

Takamatsu, que em 1939 demonstraram a presenca de fosfatase alcalina em sec¢les teciduais,
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devemos lembrar que o primeiro experimento histoquimico propriamente dito foi a descoberta do
glicogénio realizada pelo fisiologista francés Claude Bernard em 1857 (De Robertis et al,, 1963,
Conn, 1977).

Paralelamente ao desenvolvimento das técnicas histoquimicas podemos observar o
surgimento de outra ferramenta originada da histologia classica, a imunohistoquimica, que €
caracterizada pelo uso de anticorpos marcados com reagentes especificos para a localizagdo dos
constituintes teciduais (antigenos) in situ (Polak € Van Noorden, 1992).

A imunohistoquimica foi criada por Albert Coons e seus colaboradores em 1941, quando
estes marcaram um anticorpo com uma substincia fluorescente, o isocianato de fluoresceina, que
emite um brilho verde quando excitada por um comprimento de luz de 490 nm (Polak ¢ Van
Noorden, 1992).

Apés os primeiros estudos, o uso da técnica imunohistoquimica foi grandemente expandido,
novos anticorpos foram produzidos e marcados com distintas substdncias como o isocianato de
rodamina e a peroxidase, que atualmente ¢ o marcador mais utilizado na revelagdo das reagdes
imunohistoquimicas, atuando sobre um cromogeno como a diaminobenzidina gerando um polimero
indaminico, eletron-denso, insoluvel e de cor marrom caracteristico (Sternberger, 1986; Polak e
Van Noorden, 1992).

O desenvolvimento das técnicas histoquimicas permitiram progressos consideraveis na
investigacdo da organizacdo bioquimica tecidual, atualmente s3o identificadas cerca de 80
diferentes enzimas através dos métodos histoquimicos, entre estas diferentes hidrolases, oxigenases,
dehidrogenases, diaforases, € enzimas proteoliticas, além de acidos graxos, fosfolipideos, glicideos,
lipoproteinas, acidos nucleicos e metais (Polak e van Noorden, 1992; Alberts ef al., 2002; Hardie

et al., 2002).
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Por outro lado, o avanco das técnicas imunohistoquimicas em sec¢des de tecido nos
fornecem informagdes valiosas sobre a localizagdo de diferentes antigenos no SNC, determinando
quais tipos celulares e/ou regides de uma mesma c€lula sdo imunoreativos para proteinas neuronais
e gliais, neurotransmissores, hormonios, fatores de crescimento, toxinas, prions etc... (Polak e van
Noorden, 1992, Celis et al., 1998; Everbroeck ef al., 1999; Alberts ef al., 2002).

Ademais, o uso das técnicas imunohistoquimicas ndo € restrito a investigagdo dos tecidos
normais, sendo amplamente utilizado no estudo das diferentes patologias, uma vez que, com o
empregos das técnicas imunohistoquimicas podemos obter importantes informagdes sobre a
natureza dos diferentes tumores (Polak e van Noorden, 1992, Celis et al., 1998; Everbroeck et al.,

1999; Alberts et al. 2002).

1.4 AvaliacAo _dos resultados obtidos com _técnicas histologicas, histoquimicas e

imunochistoguimicas

Quanto a interpretag@o dos resultados obtidos pelas técnicas histoldgicas, histoquimicas e
imunohistoquimicas, podemos dividir esta em trés grandes grupos: 1-Avaliagdes histologicas,
histoquimicas e imunohistoquimicas qualitativas que se caracterizam pela identificacio e
localizagdo dos diferentes compostos quimicos dentro, fora das células e nos espagos intercelulares
de um determinado tecido (Harley e Bielajew, 1992; Tashima et al., 2000; Lin et al., 2004); 2-
AvaliagGes histologicas, histoquimicas e imunohistoquimicas semi-quantitativas, que utilizando-se
das medidas de densidade optica (DO), avaliam alteragSes na concentra¢do e/ou atividade dos
compostos analisados, entre diferentes tecidos, sem entretanto quantificar com precisdo a
concentragio tecidual exata destes compostos (Gdénzalez-Lima e Garrosa, 1991; Knyihar-Csilik ef

al., 1998; Ruiz-Tomer et al, 2001; Alonso-Magdalena et al., 2003; Strazielle ef al., 2003) e 3-
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AvaliacBes histologicas, histoquimicas e imunohistoquimicas quantitativas, realizadas atraveés de
técnicas kfundamentadas em principios estatisticos e matematicos sélidos, como as técnicas
estereoldgicas, empregadas para uma estimativa tridimensional precisa de pardmetros como volume
estrutural e numero total de células em uma determinada estrutura (Pillegard e Ladefoged, 1996;

Howard & Reed, 1998; Idrizbegovic ef al. , 2003; Rodriguez et al. , 2004).

1.5 Avaliacio_semi-quantitativa, por densitometria optica, dos resultados obtidos com a

utilizacdo de técnicas histoquimicas e imunohistoquimica

A analise dos resultados, obtidos & partir da execugdo de técnicas histoquimicas e
imunohistoquimicas no SNC, vem sendo realizada, ao longo dos anos, de modo descritivo e
qualitativo, visando apenas o mapeamento topoquimico de diferentes substdncias nas diferentes
regides do SNC em diferentes modelos biologicos (Harley e Bielajew, 1992; Tashima et al., 2001;
Chieco et al., 2001; Lin et al., 2004).

Neste tipo de analise qualitativa, usualmente sdo atribuidos conceitos de acordo com os
critérios de analise do investigador, como por exemplo 0 = nenhuma reagdo, + = reacdo de
intensidade fraca; ++ = reac¢do de intensidade intermediaria e +++ = reagdo de forte intensidade
(Harley e Bielajew, 1992; Tashima ef al., 2000; Lin et al., 2004).

A analise qualitativa dos resultados obtidos nestes experimentos esta sujeita a todos os
problemas encontrados nas analises semi-quantitativas e quantitativas, contudo, a analise
qualitativa apresenta o agravante da subjetividade inerente a cada pesquisador, uma vez que, a
determinagdo correta do grau de intensidade de reagfes histoquimicas e imunohistoquimicas,
somente através da observagdo ao microscopio optico, esta relacionado as expectativas € aos

critérios de cada pesquisador, a que tipo de reacdo histoquimica e imunohistoquimica este observa
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normalmente e qual a experiéncia prévia que este tem na analise de experimentos desta natureza.
Portanto, salvo raras excegdes, as analises puramente qualitativas que tenham por objetivo comparar
diferentes grupos experimentais devem ser realizadas preferencialmente por histologistas
extremamente experientes € apenas em situagdes que inviabilizam totalmente a utilizacdo das
metodologias de analise semi-quantitativa e/ou quantitativa (Celis, 1998; Chieco et al,, 2001).

A utilizacdo da analise semi-quantitativa por medida de densidade dptica em técnicas
histoquimicas e imunohistoquimicas, esta associado ao desenvolvimento dos métodos opticos, para
determina¢do da quantidade de substéncias coloridas encontradas em solugio, que atualmente s3o
realizados rotineiramente por espectrofotometria, nos mais variados ensaios biologicos. A
investigacdo por espectrofotometria baseia-se na medida da transmiténcia (T) através da equagio
(Fukuda ef al., 1978; van Noorden e Butcher, 1991; Celis, 1998; Chieco ef al., 2001):

Transmitancia (T) = Il

Onde: I = intensidade de luz monocromatica que atravessa uma solucdo colorida; I =
intensidade da mesma luz monocromatica que atravessa uma solu¢io sem cor (branco), com indice
de refragdo de luz similar ao da solugfo colorida. Ao multiplicarmos o resultado obtido por 100
obtemos a porcentagem de luz transmitida através da solugé@o colorida (Fukuda ef al., 1978; van
Noorden e Butcher, 1991; Celis, 1998; Chieco et al., 2001).

A avaliagdo semi-quantitativa da intensidade de reag@io obtida através do emprego de
técnicas histoquimicas e imunohistoquimicas, pode ser realizada com o uso de softwares de anélise
de imagens, a partir de uma adaptacio das técnicas de medida da transmitdncia por
espectrofotometria, conhecida como medida de densidade Optica (DO), também chamada de
extin¢do ou absorbancia (Fukuda ez al., 1978; van Noorden e Butcher, 1991; Celis, 1998; Chieco et

al., 2001).
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A medida de DO em técnicas histoquimicas e imunohistoquimicas € influenciada por fatores
como a concentrag@o da substancia a ser medida (usualmente a concentragio de produto gerado pela
reagdo bioquimica do revelador, lembrando que a revelagio da grande maioria das técnicas
imunohistoquimicas também € realizada por reagdes enzimaticas), e a espessura da seccdo
analisada. Estas influéncias podem ser avaliadas pela Lei de Beer-Lambert, representada na
seguinte equagio (Fukuda et al., 1978; van Noorden e Butcher, 1991; Celis, 1998; Chieco et al,
2001):

DO =k c d

Onde: DO = Densidade oOptica, k =constante especifica ou coeficiente de extingdo
especifico; ¢ = concentracdo da substancia; d = espessura da sec¢io analisada.

Como a intensidade de luz apresenta ﬁma decaimento exponencial, a medida que se aumenta
a concentracdo de matéria dentro da secg@o analisada, pode-se inferir que a medida de DO ¢ o
logaritmo do inverso da transmitancia, que € expressa pelas seguintes equagdes:

DO =log 1o/l ; ou DO =log 1/ Transmitancia (T)

Atualmente, grande parte das avaliagdes dos resultados obtido a partir do uso das técnicas
histoquimicas e imunohistoquimicas € realizado de forma semi-quantitativa por medida de
densidade 6ptica. Com o uso deste procedimento € possivel estimar de forma rapida e precisa as
variagles de concentragdo de uma determinada substincia existente em uma sec¢do de tecido,
medindo a quantidade de luz absorvida por esta seccdo apds o desenvolvimento da reagdo
enzimatica. (Fukuda et al., 1978; Gdénzalez-Lima e Garrosa, 1991; Chieco ef al, 1994; Knyihar-
Csilik et al., 1998; Chieco et al., 2001; Ruiz-Torner et al., 2001; Alonso-Magdalena et al., 2003;

Strazielle et al., 2003).
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Contudo, deve-se ter alguns cuidados basicos na execugdo das técnicas histoquimicas e
imunohistoquimicas, no intuito de que os valores de DO ndo sejam sub-estimados ou super-
estimados.

1-As medidas de DO realizadas em secgdes obtidas a partir da realizacdo de técnicas
histoquimicas e imunohistoquimicas, apresentam uma correlagdo positiva com o tempo da reagdo
histoquimica e/ou reagdo do revelador e com a espessura da sec¢@o tecidual, € uma correlacdo
negativa com o tempo de fixag@o e as concentracdes dos fixadores e detergentes empregados. A
intensidade destas correlagdes varia de acordo com o tipo de técnica histoquimica ou
imunohistoquimica utilizada. Portanto a padronizacdo de variaveis como espessura da secgdo
tecidual utilizada, concentragdes dos reagentes empregados e tempos de fixagdo e incubagdo podem
variar de forma consideravel entre as diferentes técnicas histoquimicas e imunohistoquimicas.
(Figuras 1, 2 e 3) (Cantu e Nelson, 1994; Gonzales-Lima e Jones, 1994; Hammond et al., 1996;
Vaid et al., 1996; Everbroeck ef al., 1999; Tangeng ef al., 2001).

2-As medidas de DO nio podem ser realizadas em sec¢des que apresentem artefatos,
rompimentos ou dobraduras, pois estes alteram a espessura da sec¢do e consequentemente alteram
as medidas de DO (van Noorden e Butcher, 1991; Chieco ez al., 1994; Celis, 1998; Chieco e al.,
2001).

3- Algumas vezes, sdo utilizados diferentes recursos para amplificagdo e intensificagdo de
reagOes histoquimicas e imunohistoquimicas fracas, como por exemplo, a intensificacio com
cloreto de cobalto, sulfato de aménio niquelado e cloreto de magnésio (Adams, 1977, De Olmos €
Heimer, 1977). O aumento do numero de moléculas produzido pelo uso destes procedimentos pode
gerar um obstaculo estérico acentuado, que conduz a perda da estequiometria, fazendo com que

,nestes casos, a medida de DO se torne uma tarefa sem sentido.
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Figura.l. A intensidade da medida de DO é proporcional ao tempo de incubagdo da reagfo histoquimica e¢/ou ao tempo de
revelagdo da técnica imunohistoquimica. A- Observar que as variagdes de intensidade de coloragfo, representada pela medida
de DO, gerada pela aplicagfio da técnica histoquimica para revelagfo da enzima acetilcolinesterase em secgbes de diferentes
estruturas encefilicas de ratos Sprague-Dawley adultos s3o diretamente proporcionais ao tempo de incubacio (NVPL- micleo
ventro postero lateral taldmico ; NVPM- niicleo ventro péstero medial talamico). B- Efeito do aumento do tempo de incubagdo
sobre a medida de DO em secgdes do encéfalo de gerbilos da mongolia (Meriones unguiculatus) (40pm) submetidos a técnica
histoquimica para deteccdo da enzima mitocondrial citocromo oxidase (Adaptado de Gonzales-Lima ¢ Jones, 1994 ¢
Hammond, 1996).
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Figura 2. A intensidade da mediada de densidade optica (DO) € influenciada pelo processo de fixagdo e tratamentos com
detergentes. Neste grafico podemos observar o efeito dos diferentes tempos de fixagdo e do uso de detergentes em secgdes do
encéfalo de ratos Spague Dawley (10xm) processadas para detecgdo histoquimica da enzima acetilcolinesterase. As secgdes
foram montadas em laminas histologicas ¢ previamente a realizacdo da técnica. histoquimica para revelagdo da enzima
acetilcolinesterase foram banhadas com duas soluctes distintas, uma de paraformaldeido tamponado (4%) (PAF) ., ¢ outra
com o mesmo paraformaldeido adicionado do detergente Triton X 100 (0,5%) (PAF + TX100) em diferentes intervalos de
tempo (0,10,20,30,40,50 ¢ 60 minutos), Note a queda de reatividade gerada pelo aumento do tempo de fixacdio e pela
utilizacdo do detergente (Adaptado de Hammond, 1996).
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Figura 3. A intensidade da medida de DO ¢ influenciada pela espessura da secgio tecidual. Nos graficos A-1; A-2; A-3 ¢ A-4,
podemos observar a intensidade da coloracio gerada pela técnica histoquimica para revelacdo da enzima acetilcolinesterase,
representada pela medida de DO, e as alteragdes encontradas em secgdes com espessuras distintas em diferentes regides do
encéfalo de ratos Spague-Dawley adultos. Note que neste experimento, utilizando-se um tempo de incubacdo de 5 horas,
obtemos a saturacdo da medida de DO no talamo ¢ no estriado (Est) em secgdes de 8 e 10 pm, enquanto a medida de DO no
cortex cerebral ndo apresenta saturagdo até a maior espessura testada (20um), enquento a coloracio nfo especifica, tingdo de
fundo (TF), aumenta indefinidamente, comportando-se como uma funcio linear da espessura. No gréifico B observamos o
efeito das variactes de espessura da sec¢do tecidual em secgdes do encéfalo de gerbilos da mongdlia (Meriones unguiculatus)
submetidos a técnica histoquimica para detecg¢do da enzima mitocondrial citocromo oxidase por uma hora a 37° C, note que
a medida de DO apresenta uma correlacfio positiva 6tima com a espessura da secglo e que ndo ha saturagdo da DO até a
maior espessura testada (80um). Portanto a espessura da secgdo tecidual a ser analisada, deve ser escolhida de acordo com o
tipo de técnica histoquimica e imunohistoquimica empregada, a natureza da regido encefélica investigada analisada, e os
tempo de incubagdo utilizado. (Adaptado de Gonzales-Lima e Jones. 1994 ¢ Hammond, 1996).
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4-Um procedimento utilizado rotineiramente nas técnicas histoquimicas e
imunohistoquimicas € a contracoloracdo com alguma técnica histologica tradicional, objetivando
uma localizag@o histologica mais precisa destas reagdes. Este tipo de procedimento deve ser
utilizado apenas se for extremamente necessario, e o corante empregado na contracoloragio
obrigatoriamente ndo deve absorver luz no mesmo comprimento de onda absorvido pelo revelador
destas técnicas (Fukuda e al., 1978; van Noorden e Butcher, 1991; Celis, 1998; Chieco et al,
2001).

A medida DO, usualmente, se caracteriza pela utilizacdo de imagens digitalizadas das
seccOes teciduais, obtidas a0 microscopio dptico que sdo posteriormente convertidas para tons de
cinza, normalmente em uma escala de 8 BPP, ou 8 bits por pixel (picture element ou pixel € a
menor area dentro da imagem digitalizada, geralmente medindo cerca 0.021cm’ da imagem obtida,
ndo da secgdo analisada, ou menos), ou seja, cada pixel pode apresentar 256 diferentes tons de
cinza, variando de 0-255 onde O = preto absoluto e 255 = branco absoluto. O emprego de qualquer
meétodo de contracolorag@o altera a intensidade do tom de cinza encontrado no pixel, deste modo, a
contracolorag@o associada a medida de DO nio pode ser realizada em imagens que sdo convertidas
para tons de cinza, uma vez que, neste caso, qualquer contracolorac@o conduz a uma alteragdes das
medidas de DO (Fukuda et al., 1978; van Noorden e Butcher, 1991; Celis, 1998; Chieco et al,
2001).

Portanto, a contracoloragdo associada a medida de DO pode ser empregada somente nas
medidas de DO realizadas em imagens digitalizadas coloridas do tipo RGB (Red, Green, Blue),
também referidas como cor verdadeira, sendo que corantes como hematoxilina e eosina ndo devem
ser utilizados, nem mesmo neste caso, pois estes absorvem luz em praticamente todo o espectro de

luz visivel, gerando alteragdes significativas da DO (Celis, 1998; Chieco et al., 2001).
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5- Um problema relativo a analise densitometrica das técnicas histoquimicas
imunohistoquimicas ¢ a comparagdo freqlientemente realizada entre técnicas realizadas em
diferentes ocasides e portanto com solugdes distintas. Embora estas reagdes mantenham constantes
pardmetros como tempos de incubagdo e concentragcdes dos reagentes empregados, a simples
realizacdo das mesmas em dias distintos, pode modificar de forma significativa os resultados
obtidos devido a uma maior ou menor colorag¢do do tecido ndo reativo (tingdo de fundo), o efeito
negativo deste procedimento € potenciado nas andlises qualitativas, entretanto este pode atingir
inclusive as avaliages por densitometria Optica, uma vez que, caso ndo haja uma subtragdo prévia
da tingdo de fundo no processo de medida da DO, esta pode interferir nos resultados obtidos,
‘gerando uma superestimacdo das medidas de DO (Celis, 1998; Chieco et al, 2001).

Além das precaugdes relativas a execucdo das técnicas histoquimica e imunohistoquimicas,
devemos ter importantes cuidados no processo de aquisicdo da imagem digitalizada da secgdo, para
uma correta mensuragao da DO, como por exemplo:

1-As lentes do microscépio e da cdmera digital devem ser limpas periodicamente, para evitar
que pequenas manchas possam aparecer na imagem digitalizada da sec¢do, alterando a medida de
DO (Hardie et al., 2002).

2-0 procedimento de Kohler deve ser realizados previamente a cada medida de DO para
garantir a uniformidade da intensidade de luz que atravessa o material (Celis, 1998; Hardie ez al,
2002).

3-O microscopio deve ser sempre colocado sobre uma bancada rigida, no intuito de
minimizar as vibragdes (Hardie ef al., 2002).

4-A fonte de luz do microscopio e da camera responsavel pela obtengido das imagens devem
estar conectadas a um aparelho regulador de voltagem, que elimina as flutuagdes de corrente que

podem alterar a qualidade da imagem adquirida (Hardie et al., 2002).
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5- Conforme podemos observar na lei de Beer-Lambert a medida de DO ¢ influenciada
diretamente por fatores como intensidade de luz e contraste, (que afetam o coeficiente de extingio
especifico) utilizados no processo de digitalizagdo da imagem. Portanto, a comparag@o entre grupos
experimentais distintos, exige que o processo de obtengdo das imagens digitalizadas destas segdes
seja padronizado, de modo que se mantenham constantes parametros como: a intensidade de luz, o
brilho, a abertura numeérica etc....(Celis, 1998; Chieco et al., 2001; Hardie et al., 2002).

Além destas precaucdes técnicas, a analise de imagens por DO apresenta alguns problemas
peculiares, como por exemplo o fato de que a formula utilizada para célculo da densidade optica,
DO= log 1 / Transmiténcia (T), embora correta, ndo contemple varidveis importantes como as
variagdes maximas e minimas de intensidade de luz captadas pelo sistema de analise de imagens, a
corregdo do background, a subtragio da tingdo de fundo e as relagdes desta férmula com as medidas
de intensidade de tons de cinza de cada pixel. Ademais a maioria dos artigos cientificos que avaliam
a atividade histoquimica e/ou imunohistoquimica por densitometria ndo apresentam e forma clara os
algoritmos e macros utilizados para facilitar a medida de densidade Optica nos diferentes softwares
de analise de imagem (van Noorden e Butcher, 1991; Chieco ef al. , 1994; Celis, 1998; Chieco et
al., 2001; Hardie et al., 2002).

Uma limitagdo inerente ao uso da analise das técnicas histoquimicas e imunohistoquimicas
por densidade Optica, € que os incrementos ou diminui¢des reais de DO, ndo produzidos por
variagdes na tingdo de fundo, podem ser gerados por fatores distintos, tais como o aumento ou
diminuicdo do numero de células; o aumento ou diminui¢io do nimero de células reativas; o
aumento ou diminui¢o da 4rea celular reativa; aumento ou diminui¢io da reatividade intracelular;
maior ou menor exposi¢do dos epitopos relacionada as variacdes nos métodos de fixacdo; o
aumento ou diminui¢do da expressdo génica ou sintese proteica. Muitas vezes a natureza destes

fatores ndo pode ser avaliada somente pela medida de densidade optica, necessitando de outros
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experimentos complementares para uma melhor elucidagdo do problema biologico (van Noorden e

Butcher, 1991; Chieco et al. | 1994; Celis, 1998; Chieco et al., 2001).

1.6 Avaliacdo das técnicas histolégicas, histoquimicas e imunohistoquimicas por estereologia

com aplicacio do método de Cavalieri .

Um dos grandes desafios inerentes a avaliagdo de técnicas histologicas em geral, incluindo
as histoquimicas e as imunohistoquimicas, € a estimativa precisa de variaveis quantitativas como
volume estrutural e o numero total dos diferentes tipos celulares presentes nesta estrutura, em
diferentes situagdes experimentais (Cruz-Orive e Weibel, 1990).

Neste sentido, pode-se enumerar uma serie de problemas praticos relacionados a estimativa
correta destas variaveis, como por exemplo: 1-A determinag@o do volume estrutural de uma forma
geométrica simples, como um cubo por exemplo, pode ser obtida facilmente elevando se o valor da
medida de um dos seus lados (L) ao cubo (L*), contudo, podemos nos perguntar - Qual formula
matematica, € capaz de estimar com precisdo o volume de estruturas encefélicas, que naturalmente
ndo constituem formas geométricas simples, com por exemplo, um hipocampo? 2-Supondo-se que
em uma seccio tecidual com 40 um de espessura tivéssemos quatro neurdnios nos 20 pm superiores
e nenhum nos 20 um inferiores, e fosse necessario uma estimativa precisa da relagdo (numero de
neurénios/volume estrutural), lembrando que a imagem obtida no microscdpio Optico €
bidimensional, se analisdssemos uma imagem obtida dos 20 pm superiores provavelmente
obteriamos uma superestimac@o desta relacdo, por outro lado, na analise dos 20 um inferiores

provavelmente obteriamos uma subestimag@o desta mesma relagdo (Howard e Reed, 1998).
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Além dos problemas praticos relativos a analise quantitativa dos resultados obtidos a partir
do emprego de técnicas histologicas, histoquimicas e imunohistoquimicas, podemos citar também
alguns problemas “filosoficos” sobre o casamento das velhas técnicas histologicas com as modernas
ferramentas de analise matematica (Cruz-Orive, 1994):

1- Sao muito distintos os formatos de um artigo cientifico publicado na area da matematica e
de um artigo publicado na 4rea das ciéncias biologicas/biomédicas. Artigos cientificos publicados
na area da matematica, geralmente ndo apresentam discussdo, uma vez que as regras do jogo sio
bem definidas nos resultados. Portanto, ponderar sobre a consisténcia dos resultados apresentados,
caracteriza-se como um exercicio redundante. Por outro lado, os resultados obtidos em
experimentos biologicos certamente nio sdo teoremas, e portanto deve haver algum espaco, na
discussdo, destinado a interpretacdo dos resultados numéricos obtidos, sendo que, muitas vezes, a
discussdo também € utilizada para encobrir as diferengas inerentes ao emprego de metodologias
imprecisas (Cruz-Orive, 1994).

2- Novos métodos matematicos quantitativos tendem a ser adotados por pesquisadores das
ciéncias biologicas/biomédicas apenas quando julgados como reproduziveis em uma grande
quantidade de experimentos realizados em diferentes laboratérios (Cruz-Orive, 1994).

3-Os pesquisadores das ciéncias bioldgicas/biomédicas normalmente hesitam em modificar
seus métodos de analise, devido a uma série de razdes, como a impossibilidade de comparar os
novos resultados obtidos com os resultados antigos; a problematica inerente a publicagdo de uma
nova metodologia que pode conduzir a resultados distintos aos relatados na literatura corrente
(Cruz-Orive, 1994).

Mas o fato € que, a precisdo € obtida somente através do argumento estatistico matematico,
e este geralmente € pouco compreendido pela grande maioria dos pesquisadores da &rea biologica

(Cruz-Orive, 1994).
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No intuito de solucionar estes problemas, no inicio dos anos 80, alguns neuromorfologistas
apropriaram-se de conceitos estatisticos e matematicos que comegaram a ser organizados ja nos
anos 60, a estereologia (do grego stereos = espacial ou tridimensional) para a criagdo de uma
poderosa ferramenta de analise quantitativa no SNC a neuroestereologia (Howard e Reed, 1998).

O termo estereologia foi criado por Elias em 1961, e serve para designar um conjunto de
métodos simples, eficientes e precisos, fundamentados nos principios da geometria e da
probabilidade, utilizados para a quantifica¢iio das caracteristicas tridimensionais de um objeto como
por exemplo: volume, superficie de area, comprimento, etc...(Haug, 1986; Cruz-Orive e Weibel,
1990; Cruz-Orive, 1997; Howard e Reed, 1998).

As técnicas estereologicas podem ser aplicadas em qualquer imagem digitalizada
(microscopio optico, microscopio confocal, ressondncia magnética, tomografia computadorizada
etc...), desde que o observador possa identificar nitidamente os limites da estrutura analisada
(Howard e Reed, 1998).

Estas caracteristicas tornaram as técnicas estereologicas ferramentas imprescindiveis para
desenvolvimento dos diferentes campos das ciéncias biologicas, destacando-se entre estes, a
morfologia. Neste sentido, o emprego de técnicas estereologicas vem ganhando especial destaque
na avaliacdo quantitativa dos resultados obtidos a partir das técnicas histologicas, histoquimicas e
imunchistoquimicas no SNC, constituindo uma das principais ramificagdes da neuroestereologia
(Howard e Reed, 1998).

A estimativa de volume estrutural com a utilizacdo de metodologia estereoldgica, foi
inicialmente desenvolvida por Gundersen e Jensen, em 1987, que utilizaram o teorema descrito em
1635 por Bonaventura Cavalieri, como um arquétipo para a criagdo de um estimador estereologico,
que tem como unica necessidade natural uma amostragem sistematica randomica e uniforme

(Cavalieri, 1635; Gundersen e Jensen, 1987).
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A estimativa volumétrica pelo método de Cavalieri, fundamenta-se na divisdo de uma
estrutura em secgdes paralelas de igual distancia (T), sendo na neurohistologia algo equivalente a
cortes coronais ou sagitais. Apods esta divisdo, € realizada a medida da area da estrutura inerente a
cada sec¢do (A), sendo que o volume desta estrutura (V) pode ser estimado a partir da soma das
medidas de area da estrutura inerentes as secgdes multiplicada pela distdncia entre as secgdes,
representada pela férmula: V=X A . T (Gundersen e Jensen, 1987, Cruz-Orive, 1997) (Figura 4).

Conforme citado anteriormente, um dos principios do método de Cavalieri € o emprego de
uma abordagem sistematica randomica e uniforme. Neste tipo de amostragem o pesquisador deve
realizar estimativas piloto, no intuito de definir o tamanho do intervalo entre as amostras, T, de
modo que se obtenha um coeficiente de erro reduzido. Apds a defini¢o do intervalo entre as
amostras, o pesquisador deve definir com o auxilio de uma tabela de mimeros aleatorios a
localizagdo da primeira amostra dentro do intervalo T (por exemplo, secciona-se uma determinada
estrutura encefalica em 100 partes eqiiidistantes, com um intervalo T=10 partes, obtemos em uma
tabela de numeros aleatdrios o nimero 3, deste modo a amostragem sera composta das sec¢Oes
3,13,23,33,43,53,63,73,83,93). Este tipo de amostragem garante o principio estatistico basico de
que cada seccio tenha a mesma chance de ser selecionada no processo de amostragem (Gundersen e
Jensen, 1987; Thune e Pakkenberg, 2000).

Contudo, a realizacdo da medida de area da estrutura inerente a sec¢do, com o auxilio de
softwares de analise de imagens, geralmente € uma tarefa demorada e cansativa ao pesquisador,
uma vez que depende de um delineamento preciso da éarea estrutural da imagem obtida a partir da
microscopia 6ptica. No intuito de tornar mais eficiente o processo de estimativa volumeétrica, a
estimativa da area da estrutura analisada inerente a seccdo, pode ser realizada pelo método de

contagem de pontos (uma metodologia de estimativa de area proposta pelo gedlogo russo Glagolev
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em 1933) (Haug, 1986; Gundersen e Jensen, 1987; Cruz-Orive, 1997, Howard e Reed, 1998;
Gundersen ei al., 1999).

A metodologia de contagem de pontos fundamenta-se na sobreposi¢do de uma grade de
pontos sobre a imagem digitalizada da secgdo, obtida ao microscopio éptico, determina-se que cada
ponto € representativo de uma area (A/P =area ponto), sendo contados todos os pontos que se
sobreponham & area analisada na imagem digitalizada da seccdo (Haug, 1986; Gundersen e Jensen,
1987; Cruz-Orive, 1997; Howard e Reed, 1998; Gundersen et al., 1999) (Figura 5).

Com objetivo de que ndo ocorra uma superestimacgio ou subestimacdo do volume estrutural
realizada pelo método de contagem de pontos, os pontos da grade de pontos devem ser divididos em
quatro angulos, sendo que cada angulo € representativo de uma area/ponto, portanto, somente um
destes angulos, previamente determinado por uma tabela de numero aleatérios, deve ser
considerado no processo de contagem de pontos (Cruz-Orive, 1997). A determinag¢@o do tamanho
da area/ponto e a magnificacdo das imagens € feita de acordo com a estrutura analisada,
considerando-se que, na pratica para uma estimativa precisa do volume estrutural, com um
coeficiente de erro em torno de 5%, devem se contados entre 100 e 200 pontos, utilizando entre 3 a
15 seccdes por estrutura, por encéfalo (Gundersen e Jensen, 1987; Cruz-Orive, 1997; Thune e
Pakkenberg, 2000). A estimativa final do volume das diferentes regides, pode ser obtida pela

equagio:

Volume (estimado)=T.a/p.)_ Pi

=1

onde: Vesy= Estimativa do volume; T= Distancia entre as secgdes analisadas, neste exemplo 120

um; A/P= Area ponto; P= Soma dos pontos.
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Figura 4. Ilustragdo do método de Cavalieri, onde um objeto € seccionado em uma série de planos paralelos separados
por uma distincia (T). A estimativa de volume de cada uma destas fatias seccionadas pode ser obtida multiplicando-se a
drea da secgdo (A) pela distincia entre elas (T); V,=A.T. a soma da estimativa de volume de todas as fatias
(V,+V,+..Vn) constitui uma estimativa precisa do volume total do objeto. Adaptado de Howard e Reed, 1998;
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Figura 5. llustragdo do método de contagem de pontos mostrando um objeto seccionado em uma série de seis planos
paralelos separados por uma distincia (T). Sobre a imagem da 4rca destas secgdes é sobreposta uma grade pontos
equidistantes, sendo que cada ponto ¢ representativo e uma determinada drea ponto a/p. A area das seccdes (A) pode ser
estimada pela soma dos pontos que tocam a imagem da sec¢do (Pi) multiplicada pelo valor da area ponto (a/p): An
=(a/p).Pi . A estimativa de volume das fatias que compdem o objeto pode ser obtido pala formula Vr= (a/p).Pi T:
cnquanto a estimativa de volume estrutural (V) € obtida pela soma da cstimativa de volume de todas as fatias V( )=
(V,+V,+..Vn).Adaptado de Howard e Reed. 1998:
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A determinacfio de area estrutural pode ser realizada por ambos: pelo método de contagem
de pontos ou por delineamento da 4rea da estrutura com o auxilio de softwares de analise de
imagens. Embora a técnica de contagem de pontos tenha uma fragilidade metodologica aparente,
devemos salientar que existem varios estudos comparativos entre as duas abordagens, e estes ndo
mostram qualquer diferenca significativa entre os resultados obtidos. Entretanto, o tempo
empregado no delineamento da estrutura € significativamente maior do que o empregado na técnica
de contagem de pontos, 0 que atesta uma maior eficiéncia, e portanto superioridade, da técnica de
contagem de pontos sobre o métodos de delineamento estrutural com o uso de soffwares de analise
de imagens (Mathieu ef al., 1981, Regeur e Pakkenberg, 1985, Arteni et al., 2003).

Embora extremamente precisa € confidvel, a abordagem estereologica pelo método de
Cavalieri também apresenta algumas limitacdes técnicas como por exemplo:

1-A estimativa de volume estrutural pelo método de Cavalieri necessita de limites precisos
entre as estruturas a serem analisadas, condigdo esta, que ndo € encontrada em muitas das estruturas
do SNC (Howard e Reed, 1998).

2-As medidas volumétricas obtidas a partir de material submetido a tratamento histoldgico
estdo sujeitas a importantes alteragdes, devido aos métodos de desidratagdo e fixacdo que podem
alterar de forma significativa a espessura das secgdes (eixo Z), alterando portanto a estimativa do
volume tecidual (Gardella ez al, 2003).

3-0 calculo de coeficiente de erro (CE) empregado para a analise de amostragens estatisticas
comuns, ndo € aplicavel ao teorema de Cavalieri, uma vez que a medida de area de uma secgio
obtida 4 partir de uma amostragem sistematica randomica e uniforme ¢ influenciada pelas medidas
de area das sec¢Oes adjacentes, o que faz com que o calculo do CE por técnicas estatisticas
convencionais normalmente produza valores erréneos de CE. Ademais, os dois diferentes

componentes responsaveis pelo CE gerado pela execugdo do método de Cavalieri associado a
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técnica de contagem de pontos (1-O componente relativo a diferenga entre as secgles; 2-O
componente relativo a técnica de contagem de pontos), ndo podem ser identificados por métodos

estatisticos convencionais. (Cruz-Orive, 1997; Howard e Reed, 1998; Gundersen e al., 1999).

1.7 O calculo de coeficiente de erro da estimativa de volume pelo método de Cavalieri

A estimativa de volume estrutural pode ser realizada de forma rapida e precisa pelo método
de Cavalieri. Entretanto, a predi¢do da precisdo desta estimativa de volume ndo € uma tarefa
matematica trivial, uma vez que a area das segdes s@o variaveis dependentes entre si, deste modo a
formula usual para calculo de coeficiente de erro, onde se divide o desvio padrdo de uma amostra
pela raiz quadrada do numero total de observagdes, ndo pode ser aplicada (Cruz-Orive, 1989).

As primeiras estimativas do CE da aplicacdo do método de Cavalieri associado ao método
de contagem de pontos, foram realizados por Gundersen e Jensen em 1987, a partir de uma
adaptacdo das teorias de Matheron (Matheron 1965; Matheron 1971; Gundersen e Jensen, 1987).
Em 1993, Roberts realizou um trabalho de estimativa volumétrica de tumores encefalicos estudados
por ressonancia magnética, e neste documentou que as formulas para calculo de CE propostas por
Gundersen em 1987 produziam predi¢des da varidncia e de CE adequadas principalmente a objetos
que apresentassem um formato regular quase elipsoidal (Roberts er al., 1993). Neste mesmo ano
Cruz-Orive desenvolveu uma forma alternativa para calculo de CE que poderia ser utilizado para
avaliacdo de objetos com formatos distintos (Cruz-Orive, 1993), esta formula foi testada, com
sucesso, por Roberts e colaboradores em 1994, na estimativa de volume fetal por ressonincia

magnética (Roberts ef al., 1994)
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Contudo, a formula definitiva para o calculo de CE gerado a partir da aplicagdo do método
de Cavalieri ainda ndo foi descoberta, e constitui objeto de estudo de varios centros de pesquisa nas
areas da matematica e da estatistica em todo mundo. A crescente utilizagdo do método de Cavalieri
como ferramenta de investigagdo tem renovado ainda mais o interesse no problema da predigdo
correta da varidncia e do coeficiente de erro dentro de amostras sistematicas que apresentem
variaveis dependentes entre si (Cruz-Orive, 1999). Neste sentido, pode-se destacar os progressos
significativos produzidos por pesquisadores como Souchet (1995) e Kiéu (1997) que aprimorando a
formula desenvolvida por Cruz-Orive (1993) construiram a mais precisa formula de calculo de CE
conhecida, utilizada por estereologistas do mundo inteiro (Kiéu ef al., 1999).

Deste modo, o calculo de CE, atualmente utilizado, ¢ fundamentado em uma complexa
aproximacdo da varidncia de acordo com as propriedades geométricas da estrutura analisada (Kiéu
et al., 1999).

Para o calculo coeficiente de erro, os dados relativos a contagem de pontos por area da
estrutura inerente a seccdo Pi devem ser agrupados em uma planilha, onde se deve calcular os

valores de P?; P;. P;. 1; P.P; s e P, Pia.

Seccdo P, p/’ P. P . P.P .y PPy
1
2
3
...n
Total
Co C, C, C,

O calculo de coeficiente de erro comeca com a predicdo da varidncia da estimativa da area
das secgdes gerada pelo método de contagem de pontos pela seguinte formula (Matheron, 1971;

Gundersen e Jensen, 1987; Cruz-Orive, 1989)



26

3 52 =00724-2 "k (nZPz)

=1 i=1

No célculo da varidncia da estimativa de area das seccdes gerada pelo método de contagem
de pontos, deve-se sempre levar em conta, o calculo do coeficiente de forma, ou shape Z, que € a
média do comprimento dos limites das areas analisadas dividido pela raiz quadrada da média das
areas da sec¢do (por exemplo, um cubo com L=2, seccionado paralelamente a um dos seus eixos
principais apresenta: média do comprimento dos limites das areas analisadas = 8; média das areas
da secgdo = 4, portanto apresenta um coeficiente de forma no valor de 4) (Matheron, 1971,

Gundersen e Jensen, 1987; Cruz-Orive, 1989).

Shape Z =

o

Onde:

B=média do comprimento dos limites das areas analisadas

A=raiz quadrada da média da area da seccéo
Embora o célculo do coeficiente de forma, constitua um modo pouco natural, para a
estimativa desta varidncia, uma vez que adapta o calculo do CE a geometria das diferentes
estruturas analisadas, este € o Ginico modo confiavel de realizar o célculo de CE nas distintas regides
encefalicas avaliadas pelo método de Cavalieri (Garcia-Fifiana et al., 2003).
Apbs o célculo da varidncia da estimativa da area das secgdes gerada pelo método de
contagem de pontos pode-se estimar, pela férmula de Ki€u-Souchet, uma constante que exprime a

suavidade da variacdo entre as medidas de area realizadas no intervalo T (Kiéu ef al., 1999) .
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: 3G pedeCodd,
§ = (og4y'log| 5T = 2 1
3.(CO—Z_;(S-,.)+C2—4Cl 2

Apoés a obtengdo desta constante, calcula-se o coeficiente alfa para estimativa da varidncia e do

coeficiente de erro (Garcia-Fifiana ef al., 2003).

_T(24+2)£(24+2).cos(Gz)
Q2r)"q -2

a(q)

Nesta formula encontra-se as fungdes I' e £ , gamma e zeta respectivamente, estas fungdes
podem ser obtidas facilmente com o auxilio de tabelas matematicas ou em soffwares de
processamento matematico. Entretanto se n3o for possivel a obtengdo destas, os seguintes
polindmios podem prover uma 6tima aproximagdo do valor real do coeficiente alfa e dos resultados
encontrado a partir do calculo deste coeficiente (Cruz-Orive, 1993; Gundersen et al., 1999; Garcia-
Fifiana et al., 2003).

Se, o valor da variancia da estimativa da area das secgOes gerada pelo método de contagem
de pontos ficar entre 0 e 0.25 utiliza-se o seguinte polindmio (Cruz-Orive, 1993; Gundersen ef al,

1999; Garcia-Fifiana et al., 2003).

a(q) ~0.0833-0.2153g +0.2820g -0.2890¢

Se, for entre 0.25 e 0.75 utiliza-se o seguinte polindmio (Cruz-Orive, 1993; Gundersen et

al., 1999; Garcia-Fifiana et al., 2003).

a(§) =0.0220+0.0627(0.5—G )+ 0.0764(0.5—G) +0.0590(0.5—G)
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Se, for maior que 0.75 utiliza-se o seguinte polindmio (Cruz-Orive, 1993; Gundersen et al.,

1999; Garcia-Fifiana ef al., 2003).
a(é) ~ 0.004167+ 0.01693(]——@) + 0.02468(1_@)2 + 0.01895(1_@3

A partir do célculo do coeficiente alfa podemos estimar a varidncia da estimativa de volume
estrutural pelo método de Cavalieri pela seguinte férmula (Cruz-Orive, 1993; Gundersen et al.,

1999; Garcia-Fifiana et al., 2003):

Var(V) =alg) T2{3 [é;é&f}ézwé,}ﬂ’zgo{

Note que o calculo da varidncia total € obtido a partir da soma de dois componentes, um
gerado pela varidncia entre as sec¢des e outro gerado pelo método de contagem de pontos (Cruz-

Orive, 1993; Gundersen et al., 1999; Garcia-Fifiana et al. , 2003):
Var (V)(Secgges) - a(q) T ~_{3 [Co - ;O‘; ]+ G- 4C1} Var (V)(contagem depontos)y ~ 1 :éo-f

A varidncia gerada pelas sec¢des, usualmente € muito maior do que a variancia gerada pelo
método de contagem de pontos (Gundersen, 1988). Portanto, para uma estimativa mais precisa do
volume estrutural, com um valor de CE reduzido, ¢ recomendavel o aumento do numero de
amostragens por estrutura, no intuito de reduzir o intervalo (T), ao invés de uma diminuic@o da area
ponto, com um conseqiiente aumento do numero de pontos contados por secgdo, ou uso de
delineamento de area por analisador de imagens, manobras estas que reduziriam apenas o CE

relativo a contagem de pontos (Gundersen, 1998).
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Para obtencdo dos coeficientes de erro (CE) relativos a sec¢do e relativos a técnica de
contagem de pontos devemos dividir ambos os lados da equagdo de calculo da varidncia pela

seguinte férmula (Cruz-Orive, 1993; Gundersen et al., 1999; Garcia-Fifiana et al., 2003):

T(Z Pz]&
i=1

Deste modo obtemos os dois componentes do CE, um relativo a secgdo e outro relativo a
técnica de contagem de pontos (Cruz-Orive, 1993; Gundersen et al., 1999; Garcia-Fifiana et al.,

2003).

o) 1°B3[¢-E6]-¢ma) | r'So’

CE(contagem de pontos.)=

NEAN (1)
T{;sz T(E ’j

CE(sec¢do)=

O coeficiente de erro total, expresso sob forma percentual € obtido a partir da seguinte

formula (Cruz-Orive, 1993; Gundersen et al., 1999; Garcia-Fifiana et al., 2003).

CE(total)=[CE(sec¢o) + CE(contagem de pontos)] . 100
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2-Objetivos

A analise semi-quantitativa por medida de densitometria Optica e a analise estereologica sdo
ferramentas que se complementam para uma interpretagdo adequada de distintos resultados
histofisiologicos. Assim, a analise semi-quantitativa por medida de densitometria Optica carateriza-
se perfeitamente para uma avaliagdo rapida, objetiva e precisa da intensidade de coloragdo gerada
com a utilizagdo de técnicas histoquimicas ou imunohistoquimicas. Enquanto que a avaliagdo
estereologica constitui uma ferramenté quase que indispensavel para a avaliacdo de diferentes
pardmetros quantitativos como o volume estrutural. Portanto, a analise correta dos resultados
obtidos com o emprego das técnicas histologicas, histoquimicas e imunohistoquimicas deve tentar
contemplar, sempre que possivel, a associagdo entre as técnicas semi-quantitivas densitomeétricas as
técnicas quantitativas estereologicas, objetivando a obtenc&o de resultados cada vez mais fidedignos
neste tipo de investigagdo cientifica (Conn, 1977, Howard e Reed, 1998; Chieco et al., 2001).

O objetivo principal principal deste trabalho foi contribuir para o estabelecimento,
aprimoramento e desenvolvimento destas técnicas de analise de imagens no Laboratério de
Histofisiologia Comparada da UFRGS, visando a criagdo de um Laboratorio de Analise de Imagens
no DCM-ICBS-UFRGS, onde possam ser realizados procedimentos precisos e de facil execugdo
para analise de diferentes técnicas histologicas, histoquimicas e imunohistoquimicas, atendendo as
necessidades locais e regionais, neste sentido, este trabalho apresentou os seguintes objetivos
especificos:

1-Padronizar e implementar os procedimentos de avaliagdo da atividade histoquimica e da
reacdo imunohistoquimica por meio de densitometria Optica, executando este de forma semi-

automatica em um dos software de andlise de imagens mais utilizados um todo mundo, o Image Pro
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Plus 4.1 (IPP 4.1) (Media Cybernetics, MA, USA). Para tanto, serdo criadas macros com a
linguagem Auto Pro, um subconjunto da linguagem BASIC, de acordo com a sintaxe Visual Basic.
2-Padronizar e implementar de forma rotineira a técnica de estimativa de volume estrutural
baseada no teorema de Cavalieri, executando esta de forma semi-automatica no software de analise
de imagens IPP 4.1

3-Padronizar e implementar de forma rotineira os procedimentos para o calculo de
coeficiente de erro inerente a aplicagdo do teorema de Cavalieri, executando estes de forma semi-
automatica em planilhas do soffware Microsoft Excel.

4-Apobs a padronizagdo e implementagdo destes procedimentos, utilizar estes para a analise
dos resultados obtidos com o uso de técnicas histolégicas, histoquimicas e imunohistoquimicas
distintas, testando a aplicabilidade destes em diferentes modelos experimentais, diferentes técnicas
histologicas, histoquimicas € imunohistoquimicas em diferentes regides encefalicas, analisando as
peculiaridades e as dificuldades inerentes a cada uma desta investigagdes.

Os resultados obtidos na implementag@o e padronizagdo das técnicas de analise de imagens,
assim como, os diferentes experimentos realizados com a utilizagdo destas, serdo apresentados na
se¢do de resultados sob forma de artigos cientificos publicados ou submetidos e anexos, listados a
Seguir:

4.1-Analise semi-quantitativa da atividade imunoreatividade da proteina glial fibrilar acida
(GFAP) na amigdala medial de ratos machos e fémeas em diestro -Artigo publicado- “Glial
fibrillary acidic protein immunodetection and immunoreactivity in the anterior and posterior medial
amygdala of male and female rats”; Brain Research Bulletin, 58: 67-75 (2002).

4.2-Analise semi-quantitativa da imunoreatividade para substdncia P na medula lombosacral

de ras (Rana catesbeiana) apds a secg@o de nervo ciatico- Artigo publicado- “Sciatic nerve
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transection decrease substance P immunoreactivity in the lumbosacral spinal cord of frog Rana
Catesbeiana”; Comparative Biochemistry and Physiology; 131:807-814 (2002).

4 3-Analise semi-quantitativa da imunoreatividade para substincia P na medula lombar de
tartarugas Trachemys dorbigni apds a sec¢@o de nervo ciatico- Artigo publicado- “Substance P
immunoreactivity in the lumbar spinal cord of the turtle Trachemys dorbigni following peripheral
nerve injury”; Brazilian Journal of Medical and Biological Research, 36: 515-520 (2003).

4 4-Analise semi-quantitativa da imunoreatividade para tirosina hidroxilase na por¢éo
compacta da substincia nigra € na area ventral tegmental, do encéfalo de ratas tratadas com o
agente neurotoxico 6-hidroxidopamina (6OHDA), verificando os possiveis efeitos neuroprotetores
da reposi¢do hormonal com estradiol -Artigo publicado- “Failure of estrogen to protect the
substantia nigra pars compacta of female rats from lesion induced by 6-hydroxydopamine”; Brain
Research, 986: 200-205 (2003).

4.5- Estimativa estereologica, pelo método de Cavalieri, do volume da camada piramidal de
CAl e do giro denteado; correlacionando esta, com as variagdes da atividade da enzima
mitocondrial citocromo oxidase, analisada por medida de densitometria Optica, no hipocampo de
ratos controle e submetidos a isquemia letal, a isquemia subletal e ao precondicionamento
isquémico.- Artigo Submetido- “Preconditioning changes cytochrome oxidase activity and
hippocampal volume after global cerebral ischemia”. Neuroscience Research.

4.6-Protocolo para execucdo de medida de densidade Optica em imagens digitalizadas
obtidas a partir de técnicas histoquimicas e imunohistoquimicas no software IPP 4.1, apresentando
todos os algoritmos e macros empregadas -Artigo submetido- “A simple and fast densitometric
method to analyze tyrosine hydroxilase immunoreactivity in the substantia nigra pars compacta and

in the ventral tegmental area”; Brain Research Protocols.
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4.7- Protocolo para execugio do calculo de coeficiente de erro gerado 4 partir da aplicac@o

do teorema de Cavalieri, em planilhas do software Micrososft Excel —~Anexo.
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ABSTRACT: The medial amygdala (MeA) has receptors for go-
nadal hormones and modulates reproductive behaviors in rats.
Adult male and female rats were used for the immunodetec-
tion, a less accurate technique, and the immunohistochemistry
for the astrocytic marker glial fibrillary acidic protein (GFAP)
in the anterior and posterior MeA. Both procedures were done
using polyclonal anti-GFAP and were quantified by densitom-
etry. The first technique provided no evidence for a difference
between sexes in the immunocontent of GFAP in any region of
the MeA (p > 0.1). Nevertheless, the measure of the intensity
of GFAP immunoreactivity (GFAP-IR) showed that females had
a higher GFAP-IR in the posterodorsal (p < 0.01) and in the
posteroventral subregions of the MeA (p < 0.01) than males.
No sex difference was found in its anterodorsal part (p > 0.1).
The present results point out the differences between these
two above-mentioned techniques but add a new finding to the
previously described sexual dimorphism in the MeA, i.e., the
GFAP-IR. Data also suggest that probably astrocytes can be
affected by sex steroids in this brain area. It is likely that this
regionally specific difference in the GFAP-IR may contribute to
the distinct functional roles that the MeA subregions have in
male and female rats. © 2002 Elsevier Science Inc. All rights
reserved.

KEY WORDS: Amygdaloid complex, GFAP, Sexual
differentiation, Glia, Gonadal hormones.

INTRODUCTION

gonadotrophin releasing hormone (GnRH), is markedly influenced
by the neonatal and adult sex steroid environments and shows a
clear functional differentiation between males and femglésl9]
Amygdala is the name given to an anatomically and functionally
heterogeneous group of nuclei that are located near the ventral sur-
face of the temporal lobe of ratf2(63], but sedq1,64,78). Among
them is the medial nucleus of the amygdala (MeA), a superficial
nucleus part of the conceptual “extended amygdd5@], but see
[7]), which has many intranuclear, intra-amygdaloid, interamyg-
daloid and extra-amygdaloid connectigf8]. It basically receives
inputs from the prefrontal cortex, bed nucleus of stria terminalis,
and hypothalamuf63]. On the other hand, the MeA sends effer-
ents to the olfactory bulb and vomeronasal organ, hippocampus,
ventral striatum and pallidum, bed nucleus of the stria terminalis,
several hypothalamic nuclei (such as the medial preoptic area, the
ventromedial nucleus, and the ventral premammillary nucleus, for
example) thalamus, periaqueductal gray, ventral tegmental area and
midbrain raphg7,8,63] Besides, it is noteworthy that receptors for
testosterone and estrogen receptoend 8 are remarkably found
in the MeA[56,72,74] the area of this nucleus appears to be larger
in males than in female ra{80,47], and it modulates the sexual
behavior in both sexef5,43,45,52,66,82]Therefore, based on
the presence of neural cells that are influenced by gonadal hor-
mones in the MeA and the connections made by this nucleus, it is
likely that the MeA participate in a sex steroid-responsive and sex-
ually dimorphic circuit that integrates chemosensory information
and hormonal signals for the occurrence of behaviors in males and

Gonadal hormones modify the morphology and the electrophysiofemales(4,6,18,26,42,52,82]n addition, it appears that the MeA
logical properties of neurons in the central nervous system (CNShecomes integrated with information about the animal’s internal
of several specie§38,44,50,51,53,65]Through plastic changes and external milieu by virtue of its reciprocal connections with the
that occur throughout the animal life, these sex steroids lead tbypothalamus and via parallel intra-amygdaloid pathw&ags63]
modifications in neuronal morphology and neurochemistry, mod- It has been described that glial cells are relevant for CNS
ulate neuroendocrine function and affect the occurrence of repragfunctions such as migration and maturation of neurons, myelin
ductive and non-reproductive behaviof23,34,39,44,67,68,82] ensheathing, regulation of ionic concentrations, metabolism of
and see[14]). Moreover, gonadal hormones contribute to the chemical transmitters, synaptic integration, energy supply to neu-
development of sexual dimorphisms that became evident in theons, and response to brain injufy,31,35,41] Notwithstanding,
structure and function of specific CNS arda6,30,47,54,62,79] glial cells could also be considered as patrticipant in the process
For example, the synaptic organization of the hypothalamic arcuatef sexual differentiation of the CN$L0,17,19] Neuronal-glial
nucleus of rats, which is involved with the preovulatory surge ofinteractions can affect the synaptic patterning in the developing

* Address for correspondence: Alberto A. Rasia-Filho, Ph.D., Fundacdo Faculdade Feder@ndasChMedicas, Depto. @ncias Fisidgicas,
R. Sarmento Leite, 245, Porto Alegre, RS 90050-170, Brazil. F&6-51-33163092; E-mail: aarf@ufrgs.br

67



68 RASIA-FILHO ET AL.

brain as well in the adult CN$19,20,48] Recentin vivo and  were prepared with a punch. The location of the subregions of the
in vitro experimental findings have shown that immunoreactivity, MeA was based on previous descriptids7,58] According to
enzymatic activity, and gene expression of astrocytes are modifiethe atlas of Paxinos and Watsf&8], samples were taken from the
by sex steroid$10,40,46,77] Astrocytes may respond to gonadal anterodorsal MeA (MeAD) and anteroventral MeA (MeAV), cor-
hormones via their interaction with neurons that possess receptorssponding to the anterior MeA for this initial study (plates 26-29,
for these steroidgL3]. Glial cells have receptors for progesterone, from 1.80 to 2.30 mm posterior to the bregnfidg. 1), and from
androgen and estroggh3,33] and participate in the metabolism the posteroventral MeA (MePV) and posterodorsal MeA (MePD),
of sex steroid$9]. corresponding to the posterior MeA in the first part of this study
The morphology of astrocytes and the amount or the distribu{plates 32—-33, from 3.14 to 3.30 posterior to the breghigs. 1
tion of the astrocytic marker glial fibrillary acidic protein (GFAP), and 2. In order to have enough material for the immunodetection
which is the major intermediate filament protein of differentiated procedure, pools of the anterior part of the MeA (MeADeAV)
astrocytes, are sexually dimorphic and can be altered by the leveind pools of the posterior part of the MeA (MeRIMePV) were
of the gonadal hormong&2,40] However, the effects of the go- prepared for each rat from each sex and both sides of the brain were
nadal hormones on GFAP seem to be dependent on the brain arealised. The location of the microslices was further confirmed by
which these steroids af29]. For example, cyclic hormonal varia- staining the sampled brain slice with cresyl violet (data not shown).
tion of estrogen and progesterone in females are able to down- and Three microslices from the anterior and posterior MeA were
up-regulate the GFAP synthesis in the hypothalamus, in the hipadded to 10@! of 0.5% sodium dodecyl sulfate (SDS). Solubility
pocampus, and in the interpeduncular nucld®s20,29,40]Inthe  of the tissue was completed by homogenization with a microsy-
arcuate nucleus, estradiol induces an increase in GFAP levels duringe and further 1021 of SDS was added. A dose-response curve
ing the proestrou§l9,21] On the other hand, castration of adult was obtained (data not shown) and a dilution of 1:7 was chosen.
male rats enhanced GFAP mRNA in the hippocamias. Samples of 4@l were applied as dots onto a nitrocellulose mem-
The aim of the present study was to investigate a possible sexdrane. The dots were developed by the luminol method using a
ual dimorphism in the GFAP immunoreactivity (GFAP-IR) in the polyclonal antibody to GFAP (Sigma Chemical Co., U$24,69]
anterior and posterior subregions of the MeA of male and femalélhe intensity of the dots was quantified by densitometry of the
rats. The MeA was divided in subregiof7] because there are a X-ray films, as described previoudl§9]. To be certain that males
greater number of androgen receptors present in the posterior paahd females could be compared directly, a sample from a male was
of the MeA of maleq72], and estradiol receptotsandg have a  always paired with a sample from a female on the same membrane.
heterogeneous expression pattern throughout the MeA of females For the GFAP immunohistochemistry, males and females were
[56]. In addition, there are sex differences in the dendritic spine dendeeply anesthetized using sodium thiopental (50 mg/kg, i.p.) and
sity and synaptic connections in the neurons that compose the anterere perfused through the left cardiac ventricle with 200 ml of
rior and posterior aspects of this nucléb4,65]and they appearto  saline solution followed by 200 ml of 4% paraformaldehyde in
form functionally different circuits of cellg52]. Supposedly, these 0.1 M phosphate buffer pH 7.4. The brains were removed and left
differences might all alter GFAP-IR in the different subregions of for post-fixation in the same fixative solution atCGifor 2 h. Af-
the MeA. Our initial approach used a rather less accurate techniquéegr this, the material was cryoprotected by diving the brain in
that is, the dot immunodection for GFAP. Because this procedur@0% sucrose in phosphate buffer atC4 The brains were em-
may result in an overestimation of the protein content in a specifibedded in Optimal Cutting Temperature (Sakura Finetek, USA)
brain ared80], our next step was to determine the intensity of thecompound and sectioned (&@n) on a cryostat (Leitz). The sec-
reactivity for the GFAP present in the subregions of the MeA usingtions were collected in phosphate buffer saline solution (PBS) and
an immunohistochemical technique and a semi-quantitative analyprocessed for GFAP immunohistochemistry following the unla-
sis by densitometry. This latter procedure is a more refined methobeled antibody peroxidase—antiperoxidase (PAP) procelditie
and was assumed as the main indicator of the GFAP-IR in the MeA-ree-floating sections were treated in 10% methanol and 3% H
of rats. To our knowledge, this is the first report of a sexual dimor-for 30 min and washed carefully. Then, the sections were preincu-
phism in the GFAP-IR at a subdivisional level of the rat MeA.  bated in 3% normal goat serum (NGS) in PBS containing 0.3%
Triton X-100 (PBS-Tx, Sigma Chemical Co.) for 30 min and in-
MATERIALS AND METHODS cubated with polyclonal GFAP antiserum raised in rabbit (Sigma
. Chemical Co.) diluted 1:150 in 3% NGS in PBS-Tx for 48 hat4
Animals After washing several times with PBS-Tx, tissue sections were in-
Adult male and female Wistar rats 3—6 months old were used:ubated in a rabbit anti-rabbit IgG diluted 1:50 in PBS-Tx at room
(n = 11 for males and females in the dot immunodetection studytemperature for 2 h. Sections were washed again in PBS and in-
andn = 5 for males and females in the GFAP immunohistochem-cubated in a rabbit PAP (Sigma Chemical Co.) diluted 1:500 in
istry study). Animals were bred locally and housed in groups withPBS for 2h at room temperature. The immunohistochemical re-
free access to food and water, temperature aroun@,2thd a 12h  action was revealed by incubating the sections in a histochemical
light—dark cycle. medium that contained 0.06% 3@aminobenzidine (DAB, Sigma
Vaginal smears were taken from nulliparous females to deterChemical Co.) dissolved in PBS for 10 min and then, in the same
mine the different stages of the estrous cycle. Subjects were invargolution containing kM of 3% H,O, per ml of DAB medium
ably studied on the morning of the diestrus. This arbitrary criterionfor approximately 10 min. Afterwards, the sections were rinsed in
was primarily chosen to avoid unpredictable variations in the re-PBS, dehydrated in ethanol, cleared with xylene and covered with
sults due to different levels of sex steroids in circulation. In addi-Entellan and coverslips. Control sections were prepared omitting
tion, it was our intention to employ a naturally occurring event andthe primary antibody by replacing it with PBE0]. The brains
not techniques of endocrine ablation and hormone replacement. of males and females were fixated and post-fixated for the same
time in identical solutions and rigorously processed in pairs, in-
cubated in an identical medium, and during the same time. This
For the dot immunodetection, rats were sacrificed by decapitacaution was taken to reduce the possibility of an overreaction, dif-
tion and the brain dissected. Coronal brain slices (0.4 mm) werderences in the chromogen reaction or changes in the background
cut with a Mcllwain chopper and microslices 0.7 mm in diameterlevels.

Immunodetection and |mmunohistochemical Procedures
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FIG. 1. Anatomical regions analyzed for GFAP-IR in the medial amygdala of rats. Schematic drawings of coronal slices of
the rat brain showing the location of the anterodorsal medial amygdala (MeAD, upper part of the figure) and posteroventral
medial amygdala (MePV) are shown relative to their distance in mm posterior to the bregma. Photomicrographs are
representative for each subregion of the MeA of males and females from which material for the optical density determination
of the GFAP-IR was obtained. Scale bars correspond to 1 mm for schematic drawings apartdds@he photomicrographs.

Data Acquisition Data were obtained and the selected areas were converted in an
8-bit gray scale (0-255 gray levels). A square with 84,066

For this immunohistochemical study, we selected the MeAD,(our area of interest, AOI) was overlaid and the regional optical
the MePD, and MePV subregions of the MeA because they are théensity was measured. The obvious blood vessels and other arti-
largest ones in the MeA. The images of GFAP-IR from these thredacts were avoided. Both left and right sides of each brain were
MeA subregions were also compared to the brain slices from theised and 20 readings per subregion of the MeA were obtained
atlas of Paxinos and Wats§b8], as described above. from each sex (i.e., four sections per subregion obtained from five

The protocol used for measuring the optical density of GFAPmales and five females). Background staining from a non-reactive
imunohistochemistry was modified from Petito et f9]. The place in the slide was determined and used to correct the measures
intensity of reaction product of GFAP-IR was measured by aof the optical density. All lighting conditions and magnifications
semi-quantitative analysis using a Nikon Eclipse E-600 ¢400 were held constant. Moreover, the investigator was unaware of the
microscope coupled to a Pro-Series High Performance CCD canexperimental groups from which the slices were obtained during
era and Image Pro Plus Software 4.1 (Media Cybernetics, USA)he analysis.
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FIG. 2. Anatomical regions analyzed for GFAP-IR in the medial amygdala of rats. Schematic drawings of coronal slices of
the rat brain showing the location of the posterodorsal medial amygdala (MePD) relative to its distance in mm posterior to
the bregma, in its more dorsal aspect (A) close to the optic tract (opt) and the stria terminalis (st), and in its intermediate
aspect (B), lateral to the optic tract, where material for the optical density determination of the GFAP-IR was obtained.
Photomicrographs are representative for each aspect of the MePD of males and females. Scale bars correspond to 1 mm
for schematic drawings and to &@n for the photomicrographs.

The formula for measurement of optical density (OD) used wasobtained represent the mean of all pixels in the selected area in

the following: a 100% scale. In the present study, the thickness of the brain
BACKGROUND,, ,, — BLACK) — (INTENSITY, ,, — BLACK)/(INCIDENT — BLACK
OD.,,, = 100— {( ) ) = ( 555 ) ) )} x 100

where BACKGROUNDR,,,, is the intensity of background at sections used did not lead to immunohistochemical overreactions
pixel,,,y, INTENSITY(, ) is the intensity at pixgl,), BLACK is  or saturation of optical density.

the intensity generated when no light goes through the material, The size of the AOI was determined to avoid obtaining data from
and INCIDENT is the intensity of the incident light. The results outside the MeA (from the optic tract or other adjacent amygdaloid
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FIG. 3. Schematic drawings of coronal slices showing the localization and relative
size of the square (84,000n%) used to determine the optical density of GFAP
immunoreactivity in each MeA subregion of males and females. The location
of each subregion (MeAD, MePD, and MePV) was the same as described in
Figs. 1 and 2

nuclei, for example) but also to gather a significant number of pix-were reliably identified in the MeAD and those that were observed
els from the different subregions of the MeA. And, at this point, had rod or, more often, stellate shapes. On the other hand, some
it is important to describe that the GFAP-IR data used for furtherGFAP-IR processes were present within this nuclétig.(1). As
comparisons among MeA subregions and between males and fe-general view, the MeAD appeared to have less GFAP-IR expres-
males were not selective for one specific layer of GFAP-IR cells, asion than the adjacent amygdaloid areas (data not shown). And, in
will be described below. That is, the square with 84,006 used females, the posterior subregions of the MeA (MePD and MePV)
to determine the optical density of GFAP-IR in each MeA subre-appeared to have more GFAP-IR than the MeAy§. 1, 2 and B
gion allowed us to have quantitative results restricted to one MeA In the posterior MeA of males and females, some general as-
subregion but not exclusively from one specific layer of GFAP-IR pects were noteworthy. First, the GFAP-IR in the MePD and in the
cells within it (Fig. 3). For example, data obtained in the MePD MePV appeared to be higher in females than in males. Second, the
correspond to all layers of GFAP-IR cells that could be found inorganization pattern of the GFAP-IR cells observed in the most
its intermediate region, as depictedRig. 3. dorsal part of the MePD subregion, close to the stria terminalis,
Satistical Analysis was rather different than the general aspect of the GFAP-IR cells
located in the intermediate part of the MePD, in the way to its ven-
For the dot immunodetection data, males and females weré&al position. In the most dorsal part of the MePD, many astrocytes
submitted to the Wilcoxon paired-sample test to compare the rewith an intense immunoreaction were detected. These cells had
sults of the densitometry for the GFAP dots in the anterior MeAvariable soma sizes with stellate or rod shapes and some processes
(MeAV + MeAD) and in the posterior MeA (MePB MePV) be-  (Figs. 2 and % In the MePD region intermediate between the
tween sexes. MePV and the dorsal portion near the stria terminalis, GFAP-IR
For the GFAP immunohistochemistry, data regarding GFAP-IRastrocytes appeared to form three cellular layers. One medial
from the MeAD, the MePD, and MePV of males and femaleslayer with intense GFAP-IR extended close to the lateral border
were compared using a two-way analysis of variance (ANOVA) forof the optic tract; a second layer appeared to have less GFAP-IR
repeated measures. A Student—-Newman—Kpass-hoc test was  than the medial one; and, the third and more lateral layer had
employed to detect specific differences of the GFAP-IR for eachwell-identified astrocytes with large stellate cell bodi€$g§. 2
subregion of the MeA within each sex and between sexes. In botAnd 5. And, third, in the MePV another pattern of GFAP-IR cells
cases, the level of significance was sefpas 0.05. appeared to occur. From the medial border that accompany the
optic tract and going to the ventral surface of this subnucleus
RESULTS there appeared to be a first layer of abundant radially oriente_d
GFAP-IR processes where astrocytes cell bodies were not easily
The results of the dot immunodetection will be presented first.distinguished. In the close vicinity, there appeared to be a second
The densitometric values for females were normalized to 100% anthtermediate layer with not so many astrocytes cell bodies but,
the values for males are expressed as a percentage compared to thigin, with abundant GFAP-IR processes that follow the ventral
reference valug69,81] When males were compared to females, shape of the MePV, and a third inner part that looked like as a
no statistical difference was found in the immunocontent of GFAP“core” of this subregion in which there were more cell bodies with
in the anterior MeA p > 0.5) or in the posterior MeAg > 0.2; stellate or rod shape§igs. 1 and b
Fig. 4). Statistical analysis of the data regarding the immunohistochem-
Immunohistochemical reaction for GFAP was detectable in theical study of the different subregions of the MeA in males and
three studied subregions of the MeA, that is, the MeAD, the MePDfemales showed that there was an interaction between sex and
and MePV Figs. 1, 2 and B In both sexes, few GFAP-IR glial subregion of the MeA for the measures of the optical density
cells were found in the MeADHig. 1). That is, few cell bodies of GFAP-IR cells (2,29 = 7.46, p < 0.01]. The post-hoc
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m the anterior medial amygdala (ANT MeA) and

posterior MeA (POST MeA) of male (M) and female (F) rats £ 11 in each group). Values

are group medians and interquartile intervals

of peak heights of duplicate dots determined by

densitometry and expressed as a percentage, comparing the results of the females with the males,
after the data from females being normalized to 100%. No statistical significance was found.

comparison of the GFAP-IR data obtained from the different sub-

regions of the MeA per sex showed that, in males, there was n
difference in the results obtained in the MeAD, in the MePD or in
the MePV {p > 0.05). The same was not true for females. That is,
the values of the optical densities for the GFAP-IR in the MePD

and in the MePV were higher than the one obtained for the MeAD

(p < 0.01 in both cases). Moreover, the GFAP-IR in the MePD is
even greater than in the MePV of femalgs= 0.03). These data
are presented iRig. 6.

Finally, when the data of males and females were compared for
each subregion of the MeA, there was no statistical difference in

the optical density of GFAP-IR in the MeAD of males and females
(p = 0.22), but females had a higher GFAP-IR in the MeRD<
0.01) and in the MePVj < 0.01) than malesKig. 6).

Bregma -3.30mm

FIG. 5. Camera lucida drawings of GFAP-immunoreactive cells in the
MePD and MePV of male and female rats. The locations of each subregio
of the MeA are identical to those describedfigs. 1 and 2 The optic
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FIG. 6. Percentage of the maximum possible GFAP-IR optical density
(mean+ SEM) obtained by immunohistochemical procedure from the
anterodorsal (MeAD), the posteroventral (MePV), and the posterodorsal
(MePD) subregions of the medial amygdala of male and femalerats (

5 in each group). In males, no statistical difference was found when
the GFAP-IR data from the three subregions were compared together. In
females, the GFAP-IR in the MePD and in the MePV are greater than in
the MeAD (‘a’ corresponds tp < 0.01 in both cases) and the GFAP-IR in
the MePD is even greater than in the MePV (‘b’ corresponds 0 0.05).
When the data of males and females were compared together, females
had a higher GFAP-IR in the MePD and in the MePV than males (‘c’
corresponds tg < 0.01).

DISCUSSION

The present data point out the differences in the results ob-
tained using two different techniques, the immunodetection using
dot—blot and the immunohistochemistry for GFAP-IR. The latter
was assumed to be more accurate than the former and, more than
this, it is the same immunohistochemical procedure that was used
by other authors to demonstrate sexual dimorphisms and the effects

tract (opt) and the stria terminalis (st) are indicated. Scale bar correspond3f gonadal hormone manipulations on the GFAP-IR in several re-

to 300um.

gions of the rat braif10,19,29,40] Based on this, our results add
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a new finding to the previously described sexual dimorphism in the It has been already reported that males have a greater area of
MeA (i.e., the GFAP-IR found in the subregions that compose thishe MeA [30,47], and that estrogen modifies dendritic morphol-
nucleus) and suggest that probably astrocytes may also be affectedy [38] and androgen secretion influences the postnatal develop-
by sex steroids in this brain area. Moreover, analysis of GFAP-IRment, sexual dimorphism and structural maintenance of the MeA
in the MeA showed that sexual dimorphism is regionally specific[11,23,42,47,53]it is possible that the MeA neuropil, where astro-
and occurs mainly in the MePD and MePV. cytes can be found, is the main target for the morphological effects
Different methods may present distinct results when evaluatingdf gonadal hormonef55]. Moreover, as astroglia play a role in
the GFAP content and immunoreactivity in the MeA. In fact, the the synaptic connections of neurd26] and more dendritic spines
immunodot appears to be more susceptible to misleading resul&re found in the anterior MeA of malg85], it is noteworthy that
because the solution used for tissue fixation, the storage conditionap sex difference in the GFAP-IR in the MeAD was observed.
the number of freeze—thaw cycles, the degree of protein phosphd@nd this point raises the question of why, supposedly having fewer
rylation or number of epitopes, and the presence of high calciunnumber of synapses in the MeAD, females have the same quan-
content may alter antibody recognition on dot blit3,28,80] tity of GFAP-IR in this area. Unfortunately, detailed ultrastructural
Based on these possible pitfalls, we decided to consider the resultiata are still not available to answer all of these questions. And the
of the GFAP immunohistochemisty as a more realistic indicator ofnumber of unanswered questions raised in the present study, as oc-
the modulation of the GFAP immunoreaction by gonadal hormonesurred for other brain ared49], emphasizes the need for further
in the different regions of the MeA of male and female rats. In knowledge about steroid effects on glial cells in the MeA.
the near future, experiments usiimgsitu hybridization and stere- Nevertheless, it is possible that the sex difference in the
ological methodologies could be considered for further comparGFAP-IR described here may be related with the pattern of synap-
isons with the present findings. Sex differences in GFAP-IR maytic contacts, and the functional consequences of them, made on
be due to an increased content of this protein per cell or a highethe different subregions of the MeA. Some possible physiological
branching pattern of the glial cdR2]. In this sense, it was demon- roles for the MeA subregions were recently described in detail
strated that estradiol enhanced the number of process-bearing ielsewhere[1,6-8,26,52,66,71,82]in males, the MeAD may be
tense GFAP-IR cells in hypothalamic culturg®] whereas glia  involved with the display of a general behavioral arousal and the
cell size or number in the rat hippocampus were not affected byMePD, more influenced by gonadal hormones, may respond to
gonadal hormonefd 3]. pheromones and modulate behavioral responses, such as male
In fact, a clear statement about the number of astrocytes withisexual activity[52]. In females, it is well established that the
each subregion of the MeA would be very helpful to determinehypothalamic ventromedial and the arcuate nuclei are influenced
what are the main effects of sex steroids in these brain areas. Hovy the physiological variations in the circulating levels of ovarian
ever, this could not be reliably done here because, when the GFARormones and are relevant sites for the modulation of reproductive
immunohistochemistry is used, astrocytes do not have an identbehavior of female ratfl9,20,51] The MeAD and the MePV (at
fiable nucleolus and it is very hard to identify with precision the least in males) massively innervate different parts of the hypotha-
borders of the cell nucleus of all astrocytes present in a specifitamic ventromedial nucleus but only sparse to moderate inputs
brain area. In addition, a precise estimation of the total numbefrom the MeA subregions reach the arcuate nuc[@lisAlthough
of cells per volume of tissue requires a reliable determination othe MePD projects only sparsely to the ventromedial nucleus, it
the borders of the brain area in study. This could be done for theppears to be involved with neuroendocrine functions activated
hippocampug36,61] but, in contrast, the ultimate borders of the by vaginocervical stimulatiofi60] and projects to the anteroven-
different subnuclei of the MeA are still somewhat unsettled (com-tral periventricular nucleus of the preoptic region to influence
pare the MeAD area if57,58)). These pitfalls hindered the use gonadotropin secretiofr3].
of the optical disector and/or precise measurements of the length Lesions of the anterior part of the corticomedial amygdala de-
of each astrocytic process per individual cell. Another method thatrease sexual receptivity of female rats, whereas the stimulation of
could be used for quantification of immunohistochemical studieghis region has opposite effefet3]. Recently, it was demonstrated
is the evaluation of the surface density of GFAP-IR profiles. Un-that maternal and defensive behaviors involve the MePD in female
fortunately, it also could not be done because for this purpose weats[37,71] For example, the presence of pups in the same cage
have to employ vertical sections and it was proved to be very difpromotes avoidance responses in nulliparous females. On the other
ficult to establish the real borders of each MeA subregion wherhand, pups were able to induce maternal behaviors in multiparous
sections with different angles are used (data not shown). Thereforenes. In both cases the MePD showed Fos immunoreactivity that,
we decided not calculate the surface density of astrocytes per Medue to its difference, suggest that this subregion is involved with
subregion and the total number of astrocytes in each MeA regiomhe inhibition of maternal behavior and stimulation of defensive
in the present study in order to avoid misleading req@lt$2,32] behavior[71]. Pup-induced Fos immunoreactivity in the anterior
Although the functional significance of our data deserves furtheMMeA and in the MePV was equivalent in maternal and nonmaternal
research, they can be viewed in the context of the already describexlibjectg71]. Probably, gonadal hormones can change the activity
activities of the MeA and the modulatory actions of the gonadalof the MePD, which in association with interconnected olfactory
hormones upon it. An interesting relationship between the develand hypothalamic areas and in the context of the previous maternal
opment of neurons and glial cells exists in the QNI&17,76] The  experience, modulates the occurrence of appropriate female behav-
morphology of astrocytes described above may well accompanjors according to environmental circunstan¢26,63,71] Based
neuronal morphology, synaptic patterning, and cellular packagingn these anatomical and functional connections, it remains to be
within the MeAD, MePD, and MeP\2,5,30,38,42,47,54,65]n established if GFAP-IR in the MePD can also be affected by the
this sense, although they are interconnected, these three subregidhstuations of gonadal hormones during the estrous cycle or fol-
of the MeA appear to have different afferent and efferent conneclowing parturition. In addition, our present data, which showed that
tions[7]. Thus, it is likely that the regionally specific differences the MePD has the higher GFAP-IR in females, open the possibil-
in the GFAP-IR, within each sex and between both sexes, are raty to suppose that glial cells in this subregion participate in the
lated with the distinct aspects of cellular organization and func-modulation of female typical behaviors.
tional roles that the MeA subregions have in male and female rats In conclusion, the present findings showed that a sex difference
[2,15,30,54,55,64] in the GFAP-IR can be found in the posterior, but not the anterior,
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subregions of the MeA. Compared to males, females have a highdi6
GFAP-IR in the MePD and MePV. These data seem to be relevant
for further understanding of the emotional processing of informa-
tion and the modulation of defensive and reproductive behaviorsl7
with which the subregions of the MeA are involv§®{26,52,71]
However, it is likely that glial cells may be another element in-

volved with the sexual dimorphism in the rat MeA. Further studies1g.

may reveal the sex steroid-dependence of GFAP-containing cells
and, in order to compare with other CNS ar¢h8,21,29,40,49]

elucidate the functional consequences of this regionally specifid®-

sex difference in the MeA.
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Abstract

Using immunohistochemistry and optical densitometry, substant®PPwas investigated in the lumbar spinal cord
of the frog Rana catesbeiana after sciatic nerve transection. In control animals, there was a high density of SP fibers in
the Lissauer’'s tract and in the mediolateral band of the dorsal gray matter. Other SP immunoreactive fibers were
observed in the dorsal part of the lateral funiculus and in the ventral horn. No SP label was found in any cell bodies.
After axotomy, SP immunoreactive fibers decreased in the Lissauer’s tract on the same side of the lesion. The other
regions remained labeled. The changes were observed at 3 days following axonal injury and persisted at 5, 8 and 15
days. At 20 days, there was no significant difference between the axotomized side and the control one, thus indicating
a recovery of the SP expression. These results indicate that the frog may be used as a model to study the effects of
peripheral axotomy, contributing to elucidate the SP actions in the pain neurd@pa2B02 Elsevier Science Inc. All
rights reserved.

Keywords: Substance P; Lumbosacral spinal cord; Frog; Immunohistochemistry; Axotomy; Sciatic nerve; Densitometry; Pain

1. Introduction has been frequently used in physiological and
pharmacological studie{Stevens and Pezalla,
Substance PSP) is a neuropeptide prominently 1983, 1984; Pezalla and Stevens, 198 report-
expressed in small sensory primary afferents that ed was found on the effect of peripheral axotomy
is involved in the modulation of pain-related infor- on SP immunoreactivity. In rats it was observed
mation in the spinal dorsal horRang et al., that the peripheral nerve section leads to a marked
1994). Its chemical structure is highly conserved  quantitative decrease of SP, which is partially or
in non-mammalian species, being found also in  completely restored after a variable tini@essler
frogs (Lorez and Kemali, 1981 In the spinal cord et al., 1985; Himes and Tessler, 1989; Wang et al.,
of these animals the SP is mainly located in  1991). Thus, the main goal of the present study is
substantia gelatinosa, suggesting some role in noci- {4 provide detailed information on the effect of
ceptive process. Although the spinal cord of frogs  eripheral axotomy on SP immunoreactivity in the

*Corresponding author. Tel+55-51-316-3320; fax:+55- frog Rana catesbe_lana. The compar!son of the
51-316-3166. present results with those obtained in other verte-

E-mail address: achaval@ufrgs.bW.A. Partata. brates will undoubtedly increase our knowledge of
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the evolution of the brain neurochemistry in ver-
tebrates, and it might give a phylogenetic basis for
better understanding the functions of SP in the
spinal cord of the frogs and mammals.

2. Materials and methods
2.1. Animals

Experiments were conducted on frod&mna
catesbeiana, adult, both sex, weighing 30-60 g.
These animals were obtained from Javapark Com-
ercio de Alimentos LTDA(Porto Alegre, R% at
all seasons of the year. Upon arrival, frogs were
housed in cages through which water at 22°@6
was frequently flushed, and fed ad libitum with
specific ration. Experimental procedures were
approved by the authorities of the Instituto Brasi-
leiro de Meio Ambiente e dos Recursos Renoviveis
(IBAMA ) (License 03195 DEVIS). Under anes-
thesia (lidocaine—0.1 m{100 g body wf) and
sterile conditions, the right sciatic nerve was
exposed and transected approximately 5-mm distal
to the sciatic notch. Groups of three animals were
killed after 0, 3, 5, 8, 15, and 20 days.

2.2. Immunohistochemical procedure

The operated and control frogs were descere-
brated at different survival times and, after a brief
saline flush, were intracardically perfused with 4%
paraformaldehyde in 0.1 M phosphate buftpH
7.4). The lumbar spinal cord was quickly dissected
out, immersed in the same fixative solution for 4
h and then cryoprotected in 15 and 30% sucrose
solutions in phosphate buffer at@. Coronal serial
sections(50 wm) were obtained on cryostat and
collected in cold phosphate buffered sal{i®BS).
The sections were then treated with 3% hydrogen
peroxide in 10% methanol for 30 min, washed
with PBS for a further 30 min and incubated for
30 min in 3% normal goat serum in PBS contain-
ing 0.4% Triton X-100(PBS-T). The sections
were incubated overnight with gentle agitation at
4°C in a polyclonal antibody to rabbit S&a gift
from Dr Joaquin Del Rio—Pharmacological
Department, Faculty of Medicine, Navarra Univer-
sity, Spain, diluted 1:800 in PBS-T. The primary
antibody was then removed and the sections
washed in PBS-T for 30 min. Then the sections
were immersed in a secondary antibd@yti-lgG,
Sigma, diluted 1:50 in PBS-T, for 2 h at room

temperature with gentle agitation. After washing
with PBS-T for 30 min a soluble complex of
horseradish peroxidase rabbit anti-horseradish per-
oxidase diluted 1:500 was appliedrfd h at room
temperature. The samples were then washed in
PBS, incubated in a solution of 3;8iaminoben-
zidine tetrahydrochoridé60 mg/100 ml, Sigma
and 0.005% yv hydrogen peroxide in PBS. The
sections were washed, mounted onto gelatinized
slides and coverslipped with EntellagMerck).
Specific immunostaining was abolished when the
primary antibody was omitted from the staining
sequence. The intact contralateral spinal segments
were used as a control.

Sections were examined and photographed with
Nikon Optiphot-2 microscope equipped with a
Nikon FX-35DX camera.

2.3. Optical densitometry

In order to measure the intensity of reaction
product of SP immunohistochemistfgemiquan-
titative analysig, a Nikon Eclipse E 600400X)
microscope coupled to a Pro-Series High Perform-
ance CCD camera and Image Pro Plus Software
4.1 (Media Cybernetics, USA was employed.
Immunoreactive regions of the lumbar spinal cord
were selected, the blood vessels and other artifacts
were avoided. At least five readings were taken,
per animal. Selected areas were converted into
black and white digital image®-255 gray levels
and the optical density was measured. Background
staining was determined and used to correct the
optical density measurements. All lighting condi-
tions and magnifications were held constant for
the different sections. The animals with different
times of survival could not be compared, because
the immunohistochemistry was performed on dif-
ferent days. Statistical analysis was carried out
using a paired Student'stest. A p-value of 0.01
or less was considered significant. The statistical
analysis was made using SPSS 7.0 software.

The formula of optical density used was:

OPTICAL DENSITYy )

= —log[(BACKGROUND y, — BLACK)
—(INTENSITY (x y)

—BLACKY )/((INCIHENT — BLACK)]

Where: Background,, is the intensity of back-
ground at pixel; Intensityy, is the intensity at
pixel; Black is the intensity generated when no
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light passes through the material, in this case 5,
32 (0-259; and Incident is the intensity if the
incidental light in this case 250, 40—-255.

The results obtained represent the mean of all
pixels in the selected area. The estimation of
surface densitya precise and unbiased, stereolog-
ical method (Cruz-Orive, 1997 could not be
used, because this approach requests the use of
vertical sections and it is impossible to determine
the localization of the dorsal horn in vertical
sections.

3. Reaults

SP immunoreactivity was only detected in var-
icose fibers and dot-like structures without inter-
varicose connections. These structurg@srmed
fibers below are nerve terminals according to
Ljungdahl et al.(1978). These structures appear
as distinct dark brown particles afat ‘strings of
beads'(Fig. 1B-D).

Control sections did not reveal any immuno-

reactivity. In control animals, SP immunoreactivity
was found in the dorsal and ventral horns of the
lumbar spinal cord. A similar density of fiber
clusters was found in both sides of the spinal cord
(Fig. 1A). In the dorsal horn, the SP fibers entered
the dorsal root. The strongest positive fibers were
located in the Lissauer’s tra¢Fig. 1A,B). Other
SP immunoreactive fibers were identified in the
dorsal part of the lateral funiculus. The density of
these fibers in the lateral funiculus decreased in a
dorsal to ventral direction. Medially, these fibers
were continuous with a concentration of SP fibers
located at the base of the dorsal horn, between the
dorsal and ventral terminal fieldg=ig. 1A). This
cluster of fibers, referred to as the mediolateral
band, showed the highest density of SP immuno-
reactivity in the dorsal gray matter. These fibers
seemed to cross the midline of the spinal cord and
continue to the contralateral side. A few SP fibers
were observed in substantia gelatind§ag. 10).
No SP label was found in any cell body. SP
immunoreactivity varicosities were scattered in the
ventral horn and some of them abutted on moto-
neurons, which did not show immunoreaction
(data not showh

After the sciatic nerve section, there was a
reduction in SP immunoreactive fibers in the dorsal
horn of the lumbar spinal cord on the same side
as the lesior(Fig. 2). The depletion of immunos-
taining was observed in the small fibers of the
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Lissauer’s tract and in fibers located in the dorsal
part of the lateral funiculus. The other fibers were
still labeled, with a similar reaction to the control
side. These changes already appeared at 3 days
following nerve transection. These data persisted
at 5, 8(Fig. 2B), and 15 day«<Fig. 2C). But no
difference from contralateral side were found at
20 days after sciatic nerve transectifig. 2D).

In experimental frogs the pattern of the immuno-
reaction in the ipsilateral side was virtually iden-
tical to that of the contralateral side. This
immunohistochemical data was confirmed by opti-
cal density(Fig. 3).

4. Discussion

SP immunoreactivity of the frog lumbar spinal
cord is higher in gray matter than in white matter.
The dorsal horn develops more SP immunoreactiv-
ity than the ventral one. This data is in agreement
with previous studies in other vertebratésvalley
and Ho, 1983; Reiner et al., 1984; Nakaya et al.,
1994 and in frogs(Inagaki et al., 1981; Lorez
and Kemali, 1981; Adli et al., 19898However, in
a recent study in frog spinal cord, the SP immu-
noreactive fibers was also found in the entire
lateral and (adjacent ventral funiculus, and in
sparse cell bodies of the dorsal horn, intermediate
and central gray mattét.orez and Kemali, 1981
In contrast to these results, other studies showed
no SP cells in frog spinal cordinagaki et al.,
1981; Adli et al., 1988, as in the present study.
At the moment it is impossible to explain this
difference. However, it could be emphasized that
our description of the SP immunoreactivity distri-
bution is in general agreement with a study of
Rana catesbeiana (Inagaki et al., 1981 It should
be mentioned that in the latter work the term
‘substantia gelatinosa’ was misused to describe the
dorsal part of the lateral funiculugincluding
Lissauer’s tract

The main finding of the present study is the
decrease in SP immunoreactivity after sciatic nerve
transection. However, this immunoreactivity was
recovered along the temporal course of transection,
as was observed in the r@Tessler et al., 1985;
Himes and Tessler, 1989; Wang et al., 129
this animal the SP changes appear to be a more
general event in nerve de- and regeneration. In a
previous study with a model of chronic constriction
injury in rats, it was suggested that the decreased
level of SP in the dorsal horn could be involved
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Fig. 1. SP immunoreactivity in the frog lumbosacral spinal cokd. Note the abundant fibers in framed regions which correspond to
Lissauer’s tracfLT) and mediolateral ban@VILB). The encircled region indicates the substantia gelatiG8& and the curved arrows
indicate the fibers that seem to cross the midline. The photomicrographs B—D are higher magnification of the framed and encircle
regions in A. Note the varicose fibers and dot-like structures termed fibers(hgmvs. Bar=200 um (A), 80 um (B-D).

in the increased sensibility of the second-order
neurons to incoming signalSommer and Myers,

1995. According to these authors, such mecha-
nism might underlie altered central processing
which has been observed in patients with neuro-
pathic pain. The spinal cord of the frog is remark-
ably similar to that of mammals in terms of both
general layout and some detail€ruce, 1974;

Jhaveri and Frank, 1983; Szekely and Antal, 1984;
Rosenthal and Cruce, 19B5These similarities
may suggest that the SP decrease in frogs could
play the same role as that observed in mammals.
While SP fibers in the dorsal horn of amniotes
are more dense in the superficial lamir@kfelt
et al., 1976; Ljungdahl et al., 1978; Seybold and
Elde, 1980; Charnay et al., 1981; Wolters et al.,
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Fig. 2. SP immunoreactivity in the frog lumbosacral spinal corA3, 8 (B), 15 (C) and 20(D) days after transection dhe sciatic
nerve. The ipsilateral side of the lesion is indicated by asterisks. The framed regions showed here are a higher magnification of the
Lissauer’s tract. MLB, mediolateral band; CC, central canal. 8200 um (A-D), 40 um (in framed regionk
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1986), the upper part of the frog dorsal gray matter
(which corresponds to laminae | and Il of amni-
otes showed few SP fibers. SP immunoreactive
fibers were concentrated in the mediolateral band,
a region poor in primary fiber terminalAdli et

al., 1988. This puzzling situation is quite different
from that found in amniotes, which suggests a
different role to SP in frogs following nerve
transection. However, it is accepted that the dorsal
part of the frog lateral funiculus include the Lis-
sauer’s trac(Adli et al., 1988, as with amniotes.
Thus, it may be that the few SP immunoreactive
fibers in frog substantia gelatinosa could partially
originate from the dorsal roots. Mammalian dorsal
roots and root ganglia contain SP cells and fibers

(Takahashi and Otsuka, 1975 Hokfelt et al., 1976;
Jessell et al., 1979; Seybold and Elde, 1980;
Charnay et al., 1981; Leah et al., 1985%f it is
the case, SP may have a role in the processing of
frog sensory information, and its decrease might
reflect the involvement of this neuropeptide in the
pathogenesis of neuropathic pain in these animals.
In the present study the SP recovery is faster in
the frog than in the rat. In these mammals, meas-
urements of the density of SP immunoreactivity at
the light microscopic level showed a significant
reduction at 4 days, which reached a minimum of
35% of control values 10 days following deaffer-
entation. Immunoreactivity returned to 75% of the
control values 60 days following the lesigWang
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et al.,, 199). In frogs, this rapid response could
be due to the sprouting of the intraspinal unda-
maged projections. In mammals, light microscopic
immunocytochemistry has shown sprouting by
selected undamaged intraspinal projections, includ-
ing those that express the $Broul et al., 1995.
The evidence remains inconclusive in relation to
the significance of the findings. Further studies on
the relationship between SP immunohistochemistry
and electron microscopic characterization in frog
spinal cord after nerve deafferentation are neces-
sary in order to clarify the subject. In rats, quan-
titative immunoelectron microscopy shows a
recovery of SP-containing terminals beginning
within 10 days, which is virtually complete after
approximately 60 days following deafferentation
(Zhang et al., 1998

It is early to speculate whether the SP actions
are similar in frogs and in mammals, and it is
evident that to understand the significance and real
role of this neuropeptide in the frog spinal cord,
multiple approaches, including biochemical, cyto-
chemical, other immunocytochemical, molecular
and other physiological procedures will be neces-
sary. Some of these studies are currently taking
place in our laboratory. Nevertheless, the similar
response of both the frog and rat demonstrated
here must be taken into account. Despite the
difference observed in this immunohistochemical
map, the present study indicates that the frog may
be used as a model to study the effects of periph-
eral axotomy, which mimic the clinical conditions
of pain neuropathy. This model can also contribute
to elucidating the SP actions in this situation.
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Short Communication

Substance P immunoreactivity in
the lumbar spinal cord of the turtle
Trachemys dorbigni following
peripheral nerve injury
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Abstract

Immunoreactive substance P was investigated in turtle lumbar spinal
cord after sciatic nerve transection. In control animals immunoreac-
tive fibers were densest in synaptic field Ia, where the longest axons
invaded synaptic field III. Positive neuronal bodies were identified in
the lateral column of the dorsal horn and substance P immunoreactive
varicosities were observed in the ventral horn, in close relationship
with presumed motoneurons. Other varicosities appeared in the lateral
and anterior funiculi. After axotomy, substance P immunoreactive
fibers were reduced slightly on the side of the lesion, which was
located in long fibers that invaded synaptic field Il and in the
varicosities of the lateral and anterior funiculus. The changes were
observed at 7 days after axonal injury and persisted at 15, 30, 60 and
90 days after the lesion. These findings show that turtles should be
considered as a model to study the role of substance P in peripheral
axonal injury, since the distribution and temporal changes of sub-
stance P were similar to those found in mammals.
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Peripheral nerve injury may result in sig-
nificant changes in neuropeptide production
and the development of neuropathic pain
behavior (1). In rats, peripheral nerve sec-
tioning leads to a marked quantitative de-
crease in the nerve of substance P, a peptide
of 11 amino acids that is present in small
primary afferents and plays an important role
in pain sensation (2,3).

The chemical structure of substance P is
highly conserved in non-mammalian spe-
cies, and is also found in turtles, animals
considered phylogenetically related to the
extincttheropsids from which mammals arose
(4). Previous studies demonstrated substance

P immunoreactivity in the turtle central ner-
vous system (5,6); however, the effects of
peripheral axotomy on substance P distribu-
tion have not been studied. Therefore, the
aim of this study was to determine the effects
of sciatic nerve transection on substance P
immunoreactive fibers in the lumbar spinal
cord of the turtle Trachemys dorbigni.
Under ether-induced anesthesia (7), the
right sciatic nerve was exposed and tran-
sected approximately 5 mm distal to the sci-
atic notch. In this nerve transection, a 2-mm
segment of the nerve was removed to ensure
that the transection was complete. Groups of
three turtles of both sexes, weighing 300-400
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g, were sacrificed 7, 15, 30, 60 and 90 days
later. On the final day of the experiment,
both operated and control turtles were anes-
thetized (25 mg/kg Thionembutal, intraperi-
toneally) and perfused through the heart with
cold saline solution followed by 4% parafor-
maldehyde in 0.1 M sodium phosphate buf-
fer, pH 7.4. The lumbar spinal cord was
quickly dissected out, immersed in the same
fixative for 2 h and then cryoprotected in 15
and 30% sucrose solutions in phosphate buf-
fer at 4°C. Coronal serial sections (50 um)
were obtained with a cryostat (Leitz) and
collected in cold phosphate-buffered saline
(PBS). The sections were then treated with
3% hydrogen peroxide in 10% methanol for
30 min, washed with PBS for a further 30
min and incubated for 30 min in 3% normal
goat serum in PBS containing 0.4% Triton
X-100 (PBS-T). A polyclonal antibody to
rabbit substance P (a gift from Dr. Joaquin
Del Rio, Department of Pharmacology,
Navarra University, Spain), whose specific-
ity has been described in a previous report
(8), diluted 1:800 in PBS-T, was applied to
the sections which were incubated overnight
with gentle shaking at 4°C. The primary
antibody was then removed and the sections
were washed in PBS-T for 30 min and were
then immersed in secondary antibody (anti-
IgG; Sigma, St. Louis, MO, USA), diluted
1:50 in PBS-T, for 2 h at room temperature
with gentle shaking. After washing with PBS-
T for 30 min, a soluble complex of horserad-
ish peroxidase rabbit anti-horseradish per-
oxidase (Sigma) diluted 1:500 was applied
for 2 h at room temperature. The samples
were then washed in PBS, incubated in a
solution of 3,3-diaminobenzidine tetrahydro-
chloride (60 mg/100 ml; Sigma) and 0.005%
(v/v) hydrogen peroxide in PBS. The sec-
tions were washed, mounted onto gelati-
nized slides and coverslipped with Entellan.
Specific immunostaining was abolished when
the primary antibody was omitted in the
staining sequence. The intact contralateral
spinal segments were used as control. Sec-
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tions were examined and photographed with
a Nikon Optiphot-2 microscope equipped
with a Nikon FX-3 5DX camera.

A Nikon Eclipse E 600 (400X) micro-
scope coupled to a pro-series high perfor-
mance CCD camera and image Pro Plus
software 4.1 (Media Cybernetics, Silver
Spring, MD, USA) was used to measure the
intensity of the reaction product of substance
P immunohistochemistry (semiquantitative
analysis). Synaptic subfield la was delim-
ited, the obtained images were digitized and
converted to 8-bit gray scale (0-255 gray
levels) and the regional absorbance was meas-
ured. Obvious blood vessels and other arti-
facts were not considered. The readings were
performed on the left and right side of the
lumbar spinal cord and at least five readings
were obtained. Background staining from a
non-reactive tissue was determined and used
to correct the absorbance measurements. All
lighting conditions and magnifications were
held constant.

During the analysis, the investigator was
unaware of the experimental groups from which
the slices were obtained. The absorbance (A)
measurement formula used was the following:

Axy) = 100 - {[(background, - black) -
(intensityy ) - black)/(incident - black)]/255}
x 100

where background,, ) is the background in-
tensity at pixelyy), and intensity, is the
intensity at pixel ) black is the intensity
generated when no light goes through the
material, and incident is the intensity of the
incident light. The results reported represent
the mean of all pixels in the selected area on
a 100% scale. In the present study, the thick-
ness of the sections (50 pm) used did not
lead to immunohistochemical over-reactions
or saturation of absorbance. Other anatomi-
cal areas located in the lumbar spinal cord
could not be selected because these areas did
not present well-defined limits. The animals
with different survival times could not be
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compared because the immunohistochemis-
try was performed on different days. Statisti-
cal analysis was carried out using the paired
Student ¢-test. The mean diameter of immu-
nostained cell bodies was measured semi-
automatically using the same software em-
ployed to determine absorbance.

Commonly accepted cytoarchitectonic
divisions derived from investigations on
mammals proved inadequate when explor-
ing the dorsal gray of the turtle. Thus, for the
dorsal horn description we followed the pat-
tern described for turtles by Trujillo-Cenoz
et al. (9), which suggests the occurrence of
four axonal populations in the turtle dorsal
horn. According to these investigators, syn-
aptic field la is probably analogous to
Lissauer’s tract in mammals, while synaptic
field II is perhaps homologous to the sub-
stantia gelatinosa.

Substance P immunoreactivity was de-
tected in varicose fibers and dot-like struc-
tures without intervaricose connections.
These structures (termed fibers below) are
believed to be mostly nerve terminals ac-
cording to Ljungdahl etal. (10). They appear
as distinct dark brown particles and/or
“strings of beads”. Control sections did not
present immunoreactivity.

In control animals, substance P immu-
noreactivity was found in the dorsal and
ventral horns of the lumbar spinal cord, which
was higher in gray matter than in white mat-
ter. A similar density of fiber clusters was
observed on both sides of the spinal cord.
The dorsal horn developed more substance P
immunoreactivity than the ventral horn. In
the dorsal horn, dense immunoreactive fi-
bers were identified in synaptic field la (Fig-
ure 1, top, A and B), with the longest axons
invading synaptic field 111, which exhibited
some positive fibers. Furthermore, some long
positive fibers were detected crossing the
midline of the spinal cord and entering the
contralateral side (Figure 1, top, D). The
synaptic fields Ib and II were unstained. A
dense collection of positive fibers was iden-

tified in the ventromedial dorsal horn. Im-
munostaining of neuronal cell bodies (20.08
+ (.72 pm in diameter) occurred in the lat-
eral column of the dorsal horn (Figure 1, top,
C). Substance P immunoreactive varicosi-
ties were scattered in the ventral horn and
some of them appeared to abut motoneu-
rons, which showed no immunoreactivity
(Figure 1, top, E). Other positive varicosities
were found in the lateral and dorsal funiculi
(data not shown). These data agree with
previous investigations that reported the pres-
ence of substance P in the nervous system of
the turtle Chrysemys picta picta (5). How-
ever, our results seem to be higher than those
found in a previous study in the dorsal horn
of Chrysemys d’orbigny (6). These investi-
gators only reported the presence of sub-
stance P immunoreactivity in synaptic field
Ia, which invaded synaptic field III, and in
the ventral horn limit. There is no report of
positive immunoreactive fibers in the lateral
and dorsal funiculi. Nevertheless, it is known
that this neuropeptide has been detected in
these regions in mammals (11,12), frogs
(13,14), and domestic fowl (15). In addition,
these studies demonstrated the presence of
substance P immunoreactivity in the ventral
horn of these animals, as found in turtles.
The same studies do not refer to the presence
of substance P immunoreactivity in cell bod-
ies of the spinal cord, except for frogs (14). It
is possible that the presence of immunoreac-
tive cell bodies in Trachemys dorbigni spi-
nal cord resulted from the different postper-
fusion immersion procedure employed. The
duration of this step has a greater effect on
perinuclear immunoreactivity than colchi-
cine treatment (5). In the present study the
postperfusion immersion time was shorter
than that used by Reiner et al. (5). Further
studies about this question are necessary.
Transection of the sciatic nerve resulted
in small changes in the pattern of substance
P distribution in the turtle dorsal horn. These
modifications were located on the same side
as the lesion. They consisted of a small
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decrease in the long immunoreactive fibers
that penetrated synaptic field Il (Figure 1,
bottom) and in the varicosities of the lateral
and anterior funiculi. These changes were
already present by 7 days after nerve transec-
tion (Figure 1, bottom, A), and persisted
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unchanged at 15, 30, 60 and 90 days follow-
ing the lesion (Figure 1, bottom, B-D). The
synaptic field Ia showed the same staining
pattern on the ipsilateral and contralateral
side of the spinal cord (Figure 1, bottom, A-
D), which was confirmed by optical densi-
tometry (Figure 2).

In mammals, peripheral nerve section
also leads to a marked quantitative decrease
of substance P in the dorsal horn (11,16).
Data from quantitative immunoelectron mi-
croscopy and receptor binding experiments
showed that this change resulted from the
degeneration of dorsal root afferents (17,18).
In turtles, the dorsal root terminals were
found in synaptic fields Ia, Ib, Il and II1, with
some long fibers projecting to the contralat-
eral dorsal horn (9). These findings support
the view that the changes described here
correspond to degeneration of dorsal root
afferents located in synaptic field III. How-
ever, there is a striking similarity between
the immunoreactive patterns of the ipsilat-
eral and contralateral synaptic fields la. How-
ever, a recent study has revealed that the
synaptic arrays in the peripheral synaptic
fields (Ia, Ib and II) are complex, whereas
they are simple in deeper regions of the

Figure 1. Top, Distribution of substance P immunoreac-
tivity in the spinal cord of control turtles. A, Intense
immunoreactive fibers in synaptic field la. From this
area the positive fibers project to deeper dorsal horn
regions until they reach synaptic field Ill. Note the lack
of reactivity in synaptic fields Il and Ib. However, ob-
serve the presence of immuneroactivity in the lateral
column of the dorsal horn (LCDH). CDC: dorsal com-
missure. Scale bar: 300 um. B, High magnification of
the region analyzed in A. Scale bar: 100 um. C, High
magnification of the encircled region shown in A. Im-
munoreactive neuron of the LCDH (arrow). Scale bar:
50 pm. D, Immunoreactive fibers (arrows) in the dorsal
commissure. Scale bar: 100 pm. E, Immunoreactive
fibers (arrows) in the ventral horn. Note that these
fibers appear to abut motoneurons (asterisks). Scale
bar: 50 pm. Bottom, Substance P immunoreactivity in
the spinal cord of the turtles 7 (A), 15 (B), 30 (C) and 90
(D) days following peripheral nerve transection. The
arrows indicate the side of the lesion. Note the de-
crease in substance P immunoreactivity in the long
fibers on the lesion side (open arrow). Scale bar: 300
um.
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dorsal horn (synaptic field I1I), consisting of
typical synaptic boutons contacting either
dendrites or neuronal somata (9). Therefore,
it seems reasonable to speculate on whether
the initial changes following deafferentation
begin in the more simple synaptic arrays and
extend to the complex synaptic field later,
after 90 days. If this occurs, the pattern of
change in the turtle is slower than in the rat,
since in the latter the density of substance P
immunoreactivity showed a significant re-
duction at 4 days, which reached almost
complete terminal restoration at 2 months
following deafferentation (19). Nevertheless,
if this is true, this slow rate of change in the
turtle may permit researchers to follow step
by step the modifications resulting from pe-
ripheral nerve section. This characteristic
makes the turtle an excellent model for the
investigation of the anaerobic process, that
may be common to all vertebrate brains,
since the sequence of mammal changes oc-
curs so rapidly that is difficult to follow it
(20). However, it is possible that the differ-
ence between turtle and rat could be due to a
lack of recovery in the turtle, since the obser-
vations did not continue beyond 90 days.

It is difficult, at this time, to say that the

Time (days)

changes only resulted from primary afferent
degeneration. Further experiments using elec-
tron microscopy and anterograde and retro-
grade tracers will be necessary. In addition,
itis early to speculate whether the actions of
substance P are similar in turtles and mam-
mals, and it is evident that to understand the
significance and real role of this neuropep-
tide in the turtle spinal cord, multiple ap-
proaches, including biochemical, cytochemi-
cal, other immunohistochemical, molecular
and other physiological procedures will be
necessary. However, the observations re-
ported here suggest that the similarity is
probable. Actually, interest in more simple,
experimentally resistant biological material
is increasing. Within this context, the turtle
should not be ignored as a model for the
study of substance P actions and could offer
new insights into nociception, since this neu-
ropeptide is involved in the modulation of
pain-related information in mammals.
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Figure 2. Absorbance of sub-
stance P immunoreactivity, ob-
tained from synaptic subfield la.
No statistical difference was
found between the ipsilateral
(ipsi) and contralateral (contra)
sides in any of the groups stud-
ied (@ P value of 0.05 or less
being considered significant). All
statistical analyses were per-
formed using the Student t-test
and the SPSS 7.0 statistical
package software. The results
are reported as means + SD.
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Abstract

The immunostaining for tyrosine hydroxylase (TH) in the substantia nigra pars compacta (SNpc) and in the ventral tegmental area
(VTA) after intranigral infusion of 6-hydroxydopamine (6-OHDA,&/side) was analyzed in ovariectomized adult female Wistar rats.
Estrogen replacement for 52 days (400-17-estradiol capsules) did not prevent the loss of TH-immunoreactive cells induced by
6-OHDA in the SNpc. This result indicates that the neuroprotective effect of dopaminergic mesencephalic cells is not observed with
long-term estrogen replacement.

O 2003 Elsevier B.V. All rights reserved.

Theme Disorders of the nervous system

Topic: Degenerative disease: Parkinson’s

Keywords Neuroprotection; 6-Hydroxydopamine; Parkinson’s disease; Estrogen; Substantia nigra pars compacta

Mesencephalic dopaminergic cells are among the ele-[16,20,29]. The neuroprotective role of estrogen in PD is

ments of basal ganglia most vulnerable to neurodegenera- partly supported by animal studies showing that high
tion [1,3]. Parkinson’'s disease (PD) results from the estrogen levels observed in females can protect mesence-
degeneration of these dopaminergic neurons in the sub- phalic dopaminergic cells from degeneration. The neuro-
stantia nigra pars compacta (SNpc) and, to a lesser extent, protective action of estrogen against 1-methyl-4-phenyl-

in the retrorubral field and ventral tegmental area (VTA) 1,2,3,6-tetrahydropyridine (MPTP) has being consistently
[5,6,15,17,19]This disease causes progressive impairment reported in various studies of7rm%é2,13,18],but

of motor, autonomic, cognitive and mood functiof2y]. fewer studies have reported the effect of estrogen on

PD affects~1% of the population under 50 years of age 6-hydroxydopamine (6-OHDA)-induced DA depletion in

and several studies have reported that males are more femald9r28. In view of the importance of this

affected than femalefl1,13,14,22]. subject for planning estrogen replacement therapy for
Increasing evidence supports a neuroprotective role for women after menopause and also for the search for

estrogen in neurodegenerative disease (e.g. Alzheimer and neuroprotective treatment for PD, we decided to further

PD), stroke, and seizure-induced hippocampal cell loss study the effect of estrogen replacement on the survival of

dopaminergic mesencephalic cells insulted with 6-OHDA

*Corresponding author. Tel.:55-41-361-1722; fax:+55-41-361- I ovariectomized rats. _
1722. A total of 24 adult female Wistar rats from our own

E-mail address anete@ufpr.bfA.C. Ferraz). breeding stock weighing 220-250 g at the beginning of the
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experiments were used. The animals were maintained in a

temperature-controlled room (22 °C) on a 12/12-h light
cycle (lights on at 7:00 a.m.) and had free access to food
and water. All efforts were made to minimize animal
suffering and both Brazilian laws and the recommenda-
tions of the National Institute of Health guide for ex-
perimental animal care were strictly followed.

Ovariectomy, estrogen replacement and substantia nigra

lesion were planned to determine if high circulating
estrogen concentrations would protect against dopa-
minergic mesencephalic cell lesion according to the ex-
perimental groups described irable 1.

The ovaries of the rats were bilaterally removed under

ethyl-ether anesthesia and a 15-mm-long Silastic capsule

(Down Corning, Midland, MI) was implanted subcuta-
neously close to the region of the removed ovaries. The
capsules implanted in 12 rats contained 408/8 pl of
17 estradiol (Sigma, St. Louis, MO) diluted with corn
oil; capsules implanted in 12 other rats (controls) contained
only corn oil. Plasma estradiol concentration was moni-
tored using blood samples collected from the rat tails 10
and 52 days after ovariectomy and capsule implantation. A

vaginal smear was collected and analyzed every week after

capsule implantation to determine the efficiency of es-
tradiol treatment.

The experimental schedule for the groups is presented in

Table 1.At 7 days after ovariectomy and capsule implanta-
tion, two groups of four rats each with and without

estrogen replacement, respectively, received atropine sul-

fate (0.4 mg/kg, i.p.) to suppress salivation, and penicillin
G-procain (20,000 U in 0.1 ml, i.m.), and were anes-
thetized with 40 mg/kg sodium thiopental (i.p.). 6-OHDA
HCI (Sigma, 6ug in 2 pl of artificial cerebrospinal fluid
(aCSF), 0.33u1/min) was bilaterally infused into the SNpc
through a 30-gauge needle. Two other groups of four rats

each, with and without estrogen replacement, respectively,
were sham-operated, i.e. submitted to the same procedure,

but 2 pl of aCSF was infused into the SNpc instead of
6-OHDA. Two other groups of four rats each were not

Table 1
Experimental schedule of the groups

Experimental Intranigral 6-OHDA Hormonal
group treatment treatment
C Non-operated control Oil

C/E Non-operated Estradiol
S Sham-operated Qil

S/E Sham-operated Estradiol
6-OHDA Lesioned Oil
6-OHDA/E Lesioned Estradiol

Ovariectomy and subcutaneous implant of a capsule witi3-&stradiol
were performed 7 days before intranigral treatment. Animals received
intranigral 6-OHDA infusion and were sacrificed for nigral tyrosine
hydroxylase immunostaining analysis 52 days after ovariectomy, respec-
tively. C, control group; E, estrogen treatment; S, sham-operated group;
6-OHDA, 6-hydroxydopamine treatment.
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submitted to stereotaxic surgery and are referred to as
non-operated groups with and without estrogen replace-
ment, respectively. The coordinates for the injections were:
anteroposterior (ABJ0) mm from bregma, mediolateral
(Mi3.1 mm from midline, dorsoventral (DV)-7.7
mm from skull, adapted from Paxinos and Watspn
The composition of aCSF was as follows: 8.66 g NacCl,
0.250 mg KClI, 0.76 g2EhCl, and 0.173 g MgCl
6H O.
At 52 days after ovariectomy, under deep anesthesia
(200 mg/kg sodium thiopental), the animals were transcar-
dially perfused with saline solution followed by a solution
of 4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.4 (PB). After perfusion, the brains were removed from
the skulls, post-fixed in the same solution at room tempera-
ture for 2 h and cryoprotected by immersion in 30%

sucrose solution in PB at %€ until they sank. For each

brain, serial coronal sectiong@®0Owere obtained using
a cryostat (Leitz, Digital 176204C and collected in
PB. For immunohistochemistry, the free-floating sections
were pretreated with 10% methanol diluted in 3% hydro-
gen peroxidase for 30 min, carefully washed and blocked
with 3% normal goat serum (NGS) in 0.1 M phosphate
buffer, 0.9% NaCl, pH 7.4 (PBS) containing 0.3% Triton
X-100 (PBS-Tx, Sigma) for 30 min and incubated with
monoclonal tyrosine hydroxylase (TH) antibody raised in
mice (Sigma) diluted 1:750 with 3% NGS in PBS-Tx for
48 h &4 After washing several times with PBS-TX,
tissue sections were incubated with a biotinylated sec-
ondary antibody (Dako, Carpinteria, CA) diluted 1:200 in
PBS-Tx at room temperature for 2 h. Sections were
washed again in PBS and incubated with peroxidase-
conjugated streptavidin (Dako) diluted 1:100 in PBS for 90
min at room temperature. The immunohistochemical re-
action was developed by incubating the sections in a
medium containing 0.06% 3,3 diaminobenzidine (DAB,
Sigma) dissolved in PBS for 10 min, and then in the same
solution containingML of 3% H,O, per ml of DAB
medium for 10 min. Next, the sections were rinsed with
PBS, dehydrated with ethanol, cleared with xylene, and
covered with Permount and coverslips. Control sections
were prepared by omitting the primary antibody and
replacing it with PBS. The brains of the animals were fixed
and postfixed for the same time in identical solutions and
rigorously processed at the same time, and the sections
were incubated in an identical medium for the same period
of time. This precaution was taken to avoid overreaction,
differences in chromogen reaction, saturation of optical
density, and changes in background levels. Coronal sec-
tions of substantia nigra were selected for this immuno-
histochemical study. These areas were identified according
to the atlas of Paxinos and Wats{b] and the readings
were made between the coordinates interaural 4.2 mm,
bregma—4.8 mm and interaurat-2.7 mm, bregma-6.3
mm. The intensity of the reaction product of TH was
measured semi-quantitatively using a Nikon Eclipse E-600
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(50X) microscope coupled to a Pro-Series High Per- Table 2

formance CCD camera and Image Pro Plus Software 4 lPIasma 173-estradiol concentration in ovariectomized rats treated or not
. . . "“with this hormone

(Media Cybernetics, Carlsbad, CA). Data were obtained i

and the selected areas were converted to an 8-bit gray scal&xperimental

173-Estradiol (pg/ml)

(0-255 gray levels). The measurements were made by9°"P Day 10 Day 52
placing a 19,60Qsm” sampling box, area of interest ¢ 12.8°0.7 13.9-18
(AOI), on the SNPc and VTA. Obvious blood vessels and c/e 104.6:19.5" 48.1+16.3°
other artifacts were avoided. The readings were performeds 105515 1081.2
in both hemispheres and at least 30 readings per animalg/c')fHDA 1087§i21-9b ﬁ-iﬁf
were obtained. The size and shape of the AOI were 6-OHDA/E 88 6+ 23 1 31035

determined in order to avoid the borders of the SNpc and
VTA and to collect a significant number of pixels from this _

. All lighting conditions and magnifications were held S2PSU implant. Values are expressed as méB.M.; Day 10 and Day
area. All lig 9 . ) 9 52 refer to days after subcutaneous estrogen capsule implantation. C,
constant. Moreover, the investigator was unaware of the control group; E, estrogen treatment; S, sham-operated group; 6-OHDA,
experimental groups from which the slices were obtained. 6-hydroxydopamine treatment.

The staining generated from a non-reactive tissue was *P=0.05 compared to control group without estradiol treatment, Scheffe
measured and the mean obtained, which represents thgest after three-way ANOVA. _ _ ]
backaround stainin was used to set the arav scale P=0.05 compared to control group without estradiol treatment, Scheffe

g . g, ) . g _y test after three-way ANOVA.

[24,26]. The algorithm of optical density used in the

' ‘ “P=0.05 compared to control group without estradiol treatment, Scheffe
present study is based on the following form{e4]: test after three-way ANOVA.,

Blood samples were collected 10 and 52 days after ovariectomy and

oD — log[(background,, ,, — black) — (Intensity,, ,,

(x,y)

— black)/(INCIDENT — BLACK)]

=y
vaginal smears that showed corneified cells typical of the
estrous phase throughout the study period.

where OD is optical density background,, ,, is the mean
intensity of background stainingntensity,, ,, is the in-
tensity at pixel,,, ,black is the intensity generated when
no light goes through the material, ahlCIDENT is the
intensity of the incident light. The optical density mea-
sured in different sections was averaged by rat. The
number of tyrosine hydroxylase immunoreactive neurons
(TH-IR) per mnf in the SNpc and in the VTA was

estimated using the same software employed to measure

The effect of treatment of the rats with 6-OHDA and
estrogen on SNpc lesion is presentedrigs. 1 and 2.

Two-way ANOVA showed that the 6-OHDA treatment
caused a significant decrease in the optical density of TH

immunostaining in the SR 16)=35.24; P=0.001),

and in the TH-immunostained neuronal density in the
SRf2,16)=111.54;P=0.001). Furthermore, estrogen

treatment did not protect SNpc neurons from the 6-OHDA-

induced lesion (TH immunostaining in the SNpc:

the optical density. Briefly, a square of known area (0.012 F(1,16)=0.59; P=0.45 and TH-immunostained neuronal

mm®) was overlaid on the analyzed regions. The TH-IR

neurons located inside this square or intersected by the
lower and/or right edge of the square were counted. The
neurons that were intersected by the upper and/or left edge
of the square were not counted. At least ten sections were

density in the SRpt;16)=0.20; P=0.65). Neither

6-OHDA nor estrogen treatments affected the optical
density (6-OHDA treatR{ent6)=2.75; P=0.09 and
estrogen trediets)=0.68; P=0.42) or the neuro-

nal density (6-OHDA treak(&i6)=2.07; P=0.15

analyzed in each brain.

Data were analyzed by two- or three-way ANOVA
taking the estrogen and 6-OHDA treatments as dependent
variables and the day of the sample collection as repeated
measures. Differences between groups were further ana-
lyzed by the post hoc Schéffe test.

The plasma concentrations of Bfestradiol in ovariec-
tomized rats implanted or not with the capsule are pre-
sented inTable 2. The animals implanted with capsules
presented higher plasma Brfestradiol concentration 10
days after capsule implantation compared to the con-
centration observed 52 days after capsule implantation
(F(1,18)=21.21; P=0.0002). Nevertheless, even on the
52nd day, the plasma I1F-estradiol concentration was
higher than in control animals with oil capsule implanta-
tion (F(1,18)=64.65); P<<0.0001). The effectiveness of
estradiol treatment was also confirmed by analysis of

and estrogen treatm&i(t,16)=1.07; P=0.31) of TH
immunostained tissue in the VTA.

The present results suggest that estrogen does no
decrease the neurotoxicity of 6-OHDA on SNpc neurons,
at least under the conditions used in our study. Two other

studies by Dluzen et[@l. and Murray et al.[23]
suggested that estrogen presents a protective effect against
the decrease in striatal DA depletion induced by 6-OHDA.
The former study showed a modest, but significant, effect
of estrogen replacement in ovariectomized rats lesioned
with an intrastriatal infusion of 6-OHDA. The latter study
showed a more consistent protective effect of estrogen
against DA depletion after the infusion of 6-OHDA into
the medial forebrain bundle of ovariectomized rats. The
contradictory results obtained in the present study and
these other two studies may be due to the methodological
differences between them. One of these differences was the
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Fig. 1. Digitized images of substantia nigra and ventral tegmental area after different treatments. Note the decreased TH immunoreactiviBNforind in

but not in VTA, in the animals treated with 6-OHDA. C, control group; E, estrogen treatment; 6-OHDA, 6-hydroxydopamine treatment; S, sham-operated
group; SNpc, substantia nigra-pars compacta; SNpr, pars reticulata; VTA, ventral tegmental area. The schematic drawings were modified arh the atla
Paxinos and Watsof25].

site of 6-OHDA administration (SNpc, striatum and medial insult at a concentration at which the hormone is specific
forebrain bundle). Another difference was the dose of for dopaminergic cells in primary culture.
6-OHDA that varied from 1 to 18.g. It is important to However, the most important difference between the

note that in the study by Murray et 4R3], the protective present study and the studies by DIj2gmand Murray et
effect of estrogen replacement was observed only for doses [23]l.was that they sacrificed the animals 7-10 days
of 6-OHDA lower than 3u.g. The dose used in the present after the 6-OHDA insult while we tested SNpc neuron

study (6 pg/side) was reported to be resistant to the survival 45 days after intranigral 6-OHDA infusion. It is
neuroprotective effect of estrogen by Murray et [&3]. possible that estrogen replacement protected some injured

We can also emphasize that these two previous studies did dopaminergic cells from death for a limited period of time
not investigate cell survival but only the physiological (at least 10 days) but that these cells may die later on. On
capacity of the remaining neurons to produce/release DA this basis, it is interesting to note that estrogen con-
since they reported higher striatal DA concentrations in centration was higher 3 days after 6-OHDA infusion than
estrogen-treated rats, while our study investigated the 45 days later. Since PD presents long-term development
density of TH-immunoreactive neurons. It is possible that and the hormonal treatment lasts many years from meno-
the same number of surviving cells present different pause to the end of life, its effectiveness for long-term
concentration of DA after estrogen replacement. Thus, it is neuroprotection of the SNpc neurons is questionable.
important to note that most of the studies reporting a Our results showed that even 52 days after capsule
neuroprotective effect of estrogen on mesencephalic dopa- implantation, plasma estrogen concentrations were higher
minergic cells in mice also reported a decreased DA compared to the control rats implanted with oil capsules
release induced by MPP[2,7,8], but did not estimate and within the physiological concentration range for a
dopaminergic cell survival. Similarly, Callier et §#] did cycling rat, which does not reach levels higher than 50

not find a neuroprotective effect of estrogen against MPP pd28jl However, a few days after capsule implanta-
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Fig. 2. Effects of 6-OHDA and estrogen treatments on optical density measurements (OD) and neuronal density of tyrosine hydroxylase immunoreactive
neurons (TH-IR) in the substantia nigra pars compacta (SNpc) and tegmental ventral area (VTA) of ovariectomized rats. Values are expressed as
means:S.E.M. C, control group; E, estrogen treatment; 6-OHDA, 6-hydroxydopamine treatment; S, sham-operatedRyr@uf)5*compared to the C,

C/E, S or S/E groups, Schéffe test after two-way ANOVA.

tion, the 17B-estradiol concentration in plasma was higher Acknowledgements

than 100 pg/ml. A study by Leranth and cowork¢?4]

reported a neuroprotective effect of 80—-90 pg/mlRL7- This research was partly supported by CNPg and
estradiol concentration in plasma in female monkeys. CAPES.
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Abstract
Preconditioning by a sublethal ischemic event attenuates hippocampal cell death and

neurochemical outcomes occurring after a prolonged, lethal, ischemic event in rodents. We tested
whether one aspect of brain energy metabolism, i.e., cytochrome oxidase activity, would change
after different periods of transient forebrain ischemia and réperfusion and if ischemic
preconditioning attenuates these effects. Rats were divided into four experimental groui)s: a)
control; b) receiving 2 minutes of ischemia, sublethal ischemia; ¢) receiving 10 minutes of
ischemia, lethal ischemia and d) preconditioned, animals submitted to a 10 min isg:hemic episode 24
hours after the 2 min ischemic event. Animals were sacriﬁced immediatfely, 24 héurs, 48 hours or 7
days after the event and histochemistry for cytochrome oxidase was fun, followed by a semi-
quantitative densitometric analysis. The stereological :volume estimation of the CAl and dentate
gyrus fields of hippocampus of rats submitted to vthe same péribds of ischemia and reperfused for 30
days was also obtained, in order to relate tissue 10S§ with changes in enzyme activity.

Our results were: a) both sublethal and léthéiis"cﬁemic events increase cytochrome oxidase
activity in strata oriens, pyramidale and radi_aié, thié effect was reversed by the ischemic
preconditioning, b) there was an increa‘sve‘in cytochrome oxidase activity in all hippocampal
subfields 24 hours after lethal ischemia, that was not reduced by ischemic preconditioning c) there
are no differences in cytochrome oxidase activity between control and ischemic groups seven days
after the event. In the stereological study, a significant decrease of CA1 volume after lethal
ischemia was observed and that was prevented by ischemic preconditioning. We suggest that the
maintenance of cytochrome oxidase activity caused by the preconditioning episode could be related
to the CA1 neuronal survival caused by this event.

Keywords: Ischemia; Ischemic Preconditioning; Hippocampus; Cytochrome Oxidase; Stereology



1.Introduction

Transient global cerebral ischemia is an important cause of neurological impairment and
neuronal death (Pulsinelli and Duffy, 1983). Some brain regions are more susceptible to neuronal
damage than others; a phenomenon called “selective vulnerability” (Schimidt—Kastér»‘ and Freund,
1991). Although the CA1 hippocampal subfield is particularly sensitive to cerebral iéch:emia,
presenting a characteristic pattern of neuronal death, the dentate gyrus is weli preserved after a
transient ischemic event (Kirino, 1982; Pulsinelli et al., 1982; Schimidt—Kast'er and Freund, 1991).

Cellular and molecular mechanisms involved in cell death due to ce;rebral ischemia and the
neurochemical basis of selective vulnerability are not cqmpletely underst;)od. The elevation in
extracellular levels of excitatory amino acids such as glutamate and aspartate, a disturbance in
calcium homeostasis, the activation of calcium dependent ‘enZymesv, increases in oxygen free radical
formation, activation of specific genes and a speciﬁc increase in protein synthesis are probably
involved in the neuronal death after ischemia (Dienel et al., 1980; Rothman and Olney, 1986; Silver
and Erecinska, 1992; Kogure and Kato, 1993).- .

Previous studies showed that rodenf‘s'made tolerant to brain ischemia, i.e., receiving a
sublethal ischemic episode 24h before va‘ lethal ischemic insult, exhibit a significant attenuation of
neuronal damage observed in hippocampus (Kirino et al., 1991). Although the mechanisms
underlying neuronal survival promoted by ischemic preéonditioning remain to be determined, a few
molecular events have been suggest to participate: the upregulation of neuroprotective genes; the
changes in protein synthesis; the inhibition of post-ischemic activation of N-methyl-D-aspartate (NMDA)
glutamate receptors; the A1 adenosine receptor activation and, more recently, the decrease in mitocondrial

activity (Nagagomi et al., 1993; Heurteaux, et al., 1995; Kato et al., 1995; Kawai et al., 1998; Wiegand et al.,

1999; Currie et al., 2000; Maruoka et al., 2002; Truettner et al., 2002).



Cytochrome oxidase (CO) (Ferrocytochrome C: oxygen oxidoreductase EC1.9.3.1) is at the
end of the mitochondrial respiratory chain; along with other chain enzymes it is responsible for
pumping protons from the mitochondrial matrix to the intermembrane space, generating an
electrochemical proton gradient across the inner mitochondrial membrane which drives ATP
synthase for ATP production in all animal brain cells (Gonzéles-Lima and Garrosa, 1991; Hevner et
al., 1995; Vander-Heiden et al., 1997; Kadenbach et al., 2000). The levels of CO activity, vas
assessed by densitometry of histochemical preparation (Gonzales-Lima and Garrbsa, 1991; Hevner
et al., 1995), has been proposed to be a sensitive index of mitochondrial activity, both in the resting
state (Wong-Riley, 1989; Harley and Bielajew, 1992) and in diffefent.métabolic situations (Wong-
Riley et al, 1997).

The present work was designed to test whether an ischemié event is able to promote changes
in hippocampal CO activity and if this effect would be attenuated by the preconditioning episode. In
addition we obtained an unbiased volume estimation of CA1 and dentate gyrus in animals submitted

to the same periods of ischemia and reperfused for 30 days.

2. Materials and Methods

Animals

100 male adult Wistar rats weighing between 180 and 260 g were used in the present study.
The animals were kept under a constant 12:12h light—dark cycle at a room temperature of 22+ 1°C
and maintained with food and water ad libitum. All efforts were made to minimize animal suffering
aﬁd to reduce the number of the animals needed. The Brazilian Laws and the National Institute of

Health Guide for Animal Care and Use of Laboratory Animals were strictly followed.



Experimental groups

For CO histochemistry, the animals were divided into 4 groups: control, (20); animals
receiving 2 minutes of ischemia, or sublethal ischemia, (20); animals submitted to 10 minutes of
ischemia, lethal ischemia, (20) and animals with 2 minutes of ischemia followed by 24 hours of
reperfusion and a 10 minutes event, named ischemic preconditioned (20). All iséhemic fgroups were
subdivided into 4 subgroups according to the reperfusion time (5 animals each): Immediately
reperfused, (1 or 2 minutes) (Oh), 24 hours (24h), 48 hours (48h), and 7 days (7d) bf reperfusion. As
for the stereological evaluation, animals were divided into the same 4 eXpeﬁmenfal groups, but
sacrificed 30 days after the event. There were at least 5 animals per g’roup;

Animal treatments

Transient forebrain ischemia was produced using fheA—veSsel occlusion method (Pulsinelli
and Brierley, 1979), with minor modifications (Va}entim et al., 2001). Briefly, animals were
anaesthetized with halothane mixed with breathing g_ir and an occluding device (a loop of silicone
tubing) was loosely placed around each cardtid'artery to allow subsequent occlusion of these vessels
with minimal mechanical disturbances. The animals were then placed on a stereotaxic frame and the
vertebral arteries were eletrocoagulated.

One day after surgery, a severe forebrain ischemia was produced by occluding both common
carotid arteries. Animals that did not lose the righting reflex or that convulsed during the ischemic
episode were not used in the experiments (Valentim et al., 2001). The control group was composed
of naive, untouched animals.

Cytochrome oxidase histochemistry

Cytochrome oxidase activity was detected according to the method previously described by
Wong-Riley (Wong-Riley, 1979). Under a deep chloral hydrate (35%) anesthesia (1ml /kg, i.p), the

animals were transcardially perfused with cold saline solution followed by a solution of 4%



paraformaldehyde and 0.2% glutaraldehyde (Sigma) in 0.1 M phosphate buffer, pH 7.4 (PB), using
a peristaltic pump (20 ml/ min). Their brains were then removed from their skulls, postfixed in a
solution containing 4% paraformaldehyde in phosphate buffer (PB) at 4°C for 2 h and cryoprotected
by immersion in 30% sucrose solution in PB, at 4°C overnight with continuous agitation. For each
brain, serial coronal sections (50 um) were obtained using a cryostat (Leitz, Digital 1702) at -20°C
and collected in cold (4°C) PB. Free-floating sections were incubated at 3706 fOr_ 4 hours in the
cytochrome oxidase incubation medium, containing 1.54 mM 3.3 diaminobenzidine
tetrahydrochloride (Sigma), 26 mM cytochrome c, type III (Sigma) and 0.12 mM sucrose dissolved
in 90 ml of PB. After incubation, the sections were washed three tifnes’ in PB, mounted onto
gelatinized slides and then dehydrated in ethanol, cleared with xylene and covered with Permount
(Fischer) and coverslips. For control, some sections were‘incubatied without substrate. The
histochemical procedure was divided in four different experiments (animals briefly reperfused (Oh)
and reperfused for 24hours, 48hours and 7 days); for E‘chis reason groups processed in different days
are not to be compared .

Each experiment was performed under controlled conditions (fixation and postfixation
periods), with the same reagent pool and incubation times, in order to avoid procedural biases in the
experimental group.

Evaluation of cvtochrome oxidase activity

The evaluation of cytochrome oxidase activity was made by regional densitometry (Gonzéiles-
Lima and Garrosa, 1991; Hevner et al., 1995; Ferraz et al., 2003). To measure reaction product
intensity of CO histochemistry (semi-quantitative analysis) a Nikon Eclipse E-600 coupled to an
Image Pro-Plus Software 4.1 (Media Cybernetics, USA) was used. After microscopic analysis of
sections at a final magnification of 500 X, images of different regions of the hippocampus were

obtained with a high resolution CCD camera (Pro-Series High Performance), microscopic fields



obtained were converted into black and white digital images and the optical density was measured.
Optical densitometric readings were obtained from strata oriens, pyramidal, radial and lacunosum-
moleculare of hippocampal formation from both hemispheres. These areas were identified
according to the atlas of Paxinos and Watson (1998) between -1.8 mm and -4.52 mm coordinates
from bregma. The readings were obtained by placing a 67 um’ sampling box over the analyzed
region. Four readings were made for each region in every brain, consequenti'y 2'Ovsamples pér group
per region were acquired. All lighting conditions and magnifications were held coﬁstant between
sections and areas; additionally the investigator was unaware of the éxperimentél groups from
which the analyzed sections were obtained. The optical density was calculated using the following
formula:

OD (= -log [(INTENSITY(x,y)—BLACK)/(INCIDENT-BLACK)]

Where: OD = Optical Density; INTENSITY (. y) is the intensity at pixel (y); BLACK is the intensity
generated when no light goes through the material; }NCIDENT is the intensity of the incident light.
Results obtained represent the mean of all pixels in the selected area.

Volume estimation

After reperfusion, the animals vi}ere anaésthetized with sodium pentobarbital (60 mg /kg, i.p),
transcardially perfused with saline solution followed by 10% formalin solution and the brains were
removed, postfixed for 30 days in the same fixative solution and sectioned in the coronal plane at
100 pm thickness in a vibratome (Leica).

Tissue was stained using the Hematoxylin—Eosin method; the volume of CA1 and dentate
gyrus regions were estimated by the application of Cavalieri design in combination with the point
counting method (Gundersen and Jensen, 1987; Cruz-Orive, 1997). According to the Cavalieri
principle the volume of an object may be estimated by cutting it into equally spaced sections. Thus,

the images of hippocampal sections were digitized in the same software employed for OD



calculation. In each hippocampus, the first section analyzed was chosen using a random number
table, the area of this section was estimated using a point counting method, where, a systematic
array of test points was randomly placed on the digitized images and all points hitting the CA1
subfield and dentate gyrus were counted. This procedure was repeated into other equally spaced
sections.
The volumes of CA1 and dentate gyrus were then calculated using the fbilowing formula: V
=t. a/p.Zp |
Where: V= volume estimated; t= distance between two measures; a/p= éréa of point; Zp=sum of
the points counted. The error prediction of the volume .estimatioﬁ is»e'xpféssed as a coefficient of
error CE*(V.s). The coefficient of error was calculated using this equation.
CE*(Ves) = CE? (Vsections) + CE” (Vipoint counting)
Where CE? (Vsections) 18 the contribution of the variability among sections and whereas CE® (V point
counting) is the mean variability generated by the point counting method (Garcia-Finana et al., 2003).
A more detailed description of CE éaléulation is available elsewhere (Garcia-Findna et al.,
2003). To calculate CA1 and dentate gyfus ‘Volume, an area/point = 44.1 umz and a distance of 300
um between the sections analyied waé employed. Since the thickness shrinkage factor (Schmitz et
al., 2000) could not be calculated, our data are not expressed in micrometers; the CAl and dentate
gyrus volumes of ischemic animals are expressed as percentage of controls.

Statistical Analyses

Statistical analysis of the optical density and volume estimation were run using one-way
analysis of variance, ANOVA, followed by the Tukey Kramer multiple comparisons test, with p
values of 0.05 or less being considered significant. A statistical package software (SPSS 8.0) was

employed.



3. Results

CO activity was present in all hippocampal subfields and dentate gyrus, and was observed
both in neuronal cell bodies and in their processes. The CO stained sections showed a good
resolution under light microscopy allowing a precise delineation of the anatomical boundaries
between the different strata of the hippocampus. Activity in the CA2 and CA3 subfields were
always significantly higher than that of the CA1 region, this observation Was;:fﬁrther conﬁhned by
densitometric measurements (data not shown). The ependymal layer did ﬂot presént any CO
reactivity and the enzymatic activity was not detected when the substrate was omitted.

The animals submitted to lethal and sublethal ische'mia and Bn’eﬂy ‘reperfused showed a
statistically significant increase of CO reactivity in the strata oriens, pyramidale and radiale when
compared to control and preconditioned groups (Table 1; Figure 1);

Twenty four hours after the ischemic event the lethal and preconditioned groups displayed a
significant increase in the CO reaction in all hippo‘:Ampal subfields analysed. After 48 hour of
reperfusion this increase in CO activity refhains only in the pyramidale strata (Tablel; Figure 1).
After 7 days of reperfusion the optical denéity'levels measured in control animals were similar to
those measured in the ischemic animals (T.ablé 1; Figure 1).

The morphological changes in CA1 and dentate gyrus volume after different periods of
ischemia are shown in figure 6 and illustrated in figure 7. All coefficients of error calculated were
below 8%; the average coefficient of error for CA1 volume estimation was 4.86% and for dentate
gyrus was 2.89%.

The lethal ischemic group presented a severe CA1 volume reduction (31%), when compared
to the other groups Fos;3; 16 = 3.625; p = 0.036. There was no significant decrease of CA1 volume

in the sublethal ischemic group nor in the pre-conditioned animals (Figures 2 and 3).



The lethal ischemic CAl volume reduction was more pronounced in the caudal and ventral
portion of CA1l, after bregma - 4.80 mm coordinates, according to the atlas of Paxinos and Watson
(1998). No statistically significant difference was detected in the dentate gyrus when comparing

lethal ischemic animals to all other groups (Figure 2).

4. Discussion

The neuroprotection mediated by preconditioning has been demoﬁstfated in different models
of ischemia (Corbett and Crooks, 1997; Pérez-Pinzon et al., 1997;>Wiega'nd etal; 1999; Maruoka
et al., 2002). However, this work is the first stereologicali study shbwing fhat a previous sublethal
ischemic episode is able to reduce the CA1 ischemic lesion produéed by 10 minutes of global
cerebral ischemia and that no change was observed in fhe dentaté gyrus volume under the same
experimental conditions.

The hippocampal neuronal loss promotéd by .ie;thal ischemic events was described in previous
papers, either using non-stereological methods-(Kojgure and Kato, 1993) or precise stereological
tools (Herguido et al., 1999; Larsson et al., 2001). Herguido and co-workers (1999), by means of
the optical fracionator, showed neuronal loss éveraging 39% in CA1l subfield in animals submitted
to 10 minutes of global ischemia, th‘is result is similar to the data obtained in our work. The more
pronounced CA1 reduction in the ventral-caudal portion of the hippocampus that we report, is
probably associated with the heterogeneity of vascular network along the septotemporal axis of the
hippocampus (Grivas ét al., 2003).

As shown in Table 1 and in Figure 1. CO activity increased immediately after both sub-
lethal and the lethal ischemic events, one effect cancelled by preconditioning. A rapid impairment
of energy production is promoted by global cerebral ischemia, resulting in ATP depletion due to

glucose, phosphocreatine, glycogen and oxygen deprivation (Pulsinelli and Duffy, 1983; Nowak et



al., 1985). Increases in the ATP/ADP ratio are able to promote an allosteric inhibition of CO
activity due to a reversible cCAMP dependent phosphorylation of this enzyme, this effect is reversed
by Ca'™ activated protein phosphatase (Bender and Kadenbach., 2000; Kadenbach et al., 2000).
Immediately after the ischemic insult, the ATP/ADP ratio is decreased and the intracellular levels
of calcium are increased by activation of NMDA glutamate receptors (Nowak etal, 19v85; Silver
and Erecinska, 1992). Therefore, the decrease in ATP levels and the increase in neurotransmitter
release and intracellular calcium levels could explain the enhanced CO ‘a'ctivvity found in the strata
oriens, pyramidale and radiale immediately after ischemia in sub-lethal and lethal ischemic groups.
This increase was not observed in the stratum lacunosum molecular nor in the molecular layer of
dentate gyrus of animals immediately rep¢rfused, and it may be associated with the “pathway
differences”, as the dentate gyrus mainly receives innervation from the enthorrinal cortex through
the perforant pathway (Amaral and Witter, 1995).

Correlations between the decrease in mitochond;ial activity and neuronal survival were
previously described using chemical precbnditioning with 3-nitropropionic acid (3-NPA) (Wiegand
etal.,, 1999; Maruoka et al., 2002). In our work, this reduction of mitochondrial activity is
represented by the attenuation of CO activity increase, induced by the preconditioning episode, in
strata oriens, pyramidale and radiale immediately after ischemia, We suggest that is probably
associated with: 1-the inhibition of postischemic activation of NMDA receptors; 2- the upregulation
of [(3)H] muscimol binding to v aminobutyric acid A (GABA A) receptor; and 3-the reduced
intracellular calcium elevation promoted by ischemic preconditioning in the hippocampal CA1
neurons ‘(Silver and Ericinska., 1992; Kogure and Kato., 1993; Sommer et al., 2002).

An increase in ATP levels is required for the gene expression (transcription and translation)
and for the protein synthesis (Katayama and Welsh, 1989). The increase in CO activity found 24

hours after the ischemic event in preconditioned animals can also be related to increases in genic



transcription and protein synthesis such as the heat shock proteins; HSP 60, HSP 70 and HSP 72, or
increases in expression of the anti-apoptotic factors, Bcl-2 and Belx-1-mRNA (Chen et al., 1997;
Abe et al., 1998; Martin et al, 1998; Currie et al., 2000; Truettner et al., 2002).

On the other hand, astrocytes appear to play an important role in neuronal healing and
reorganization in the adult hippocampus some days after the lethal ischemic event, with an
extensive glial proliferation and a massive glial reactivity coupled to an increase in astrocyte
glucose utilization (Beck et al., 1990; Gage et al., 1990; Rischke and Kriegistein, 1991). Thus, this
increase in the energy demand of these glial cells could also be re'sponéiblé fof the increase in CO
activity (Mjaatvedt and Wong-Riley, 1988), affecting the density of CO reaction in the strarum
pyramidale 48 hours after the insult in ischemic groups.

In conclusion, we have mapped CO activity in the hippOCampal subfields after different periods
of ischemia and reperfusion, as well as confirmed that the CA1 neuronal damage is attenuated by the
preconditioning episode. Our most important ﬁnding»was that the preconditioning event is able to
counteract the increase of CO activity induced by the sublethal and lethal ischemic events in the strata
oriens, pyramidale and radiale immédiately after ischemia, but not after other reperfusion times. We
suggest this rapid respiratory chain inhibition could be a common feature of different preconditioning
techniques (Wiegand et al., 1999; Mafuoka et al., 2002), and that it might be used to develop new

pharmacological strategies to:minimize the effects of lethal ischemic event.
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Table |

Stratum 0 hour 24 hours
C 2min 10min 2+10min F C Jmin  10min 2+10min . F
QOriens Mean 0.89 1.02° 103 083 22.83 034 0.51° 0.84® 086 93.09
3Sd 0.09 0.07 0.07  0.30 0.10 0.14 011 0.0
Pyramidale Mean 0.92 1.047  1.06" 0091 9.79 068 0.71 _ 09177 0.87 " 28.67
ISd 0.09 0.08 0.04 0.17 0.01 0.09° 0.09 " 0.09
Radiale Mean 0.70 0.90°" 0.86" 0.57 22.89 034 040 078" 0.64" 8.43
' 3Sd 012 0.09 0.06 0.13 0.13 - 0.05 0.03 0.03
Lac Mol Mean 0.60 0.69 0.68 0.58 272065 076 088%® 0.94% 30.76
Sd 0.04 0.05 0.03 0.13 004 009 008  0.06
48 hours 7 days
C 2min 10min 2+10min F ' C 2min  10min 2+10min F
Oriens Mean 0.62 0.68 0.70  0.55 0.04 058 068 0.69 0.51 1.07
}Sd 011 0.15 0.15  0.18 0.18 0.18 022 0.17
Pyramidale Mean 0.17 034  0.39™ 0.387 48.84 068 073 0.78 0.6l 1.03
sd 0.06 0.06 0.08  0.07 0.15 0.15 020 0.13
Radiale Mean 0.38 0.50 044  035° 184 031 041 036 031 0.39
sd 0.13 0.16 0.15  0.14 0.16 0.13 022 0.16
Lac Mol Mean 0.87 0.91 0.86 0.77 206 070 0.76 0.79  0.68 0.76

*sd 0.04 0.09 0.09 0:13.: 0.17 014 014 0.13

Optical densitometric measurements of CO reactivity in the strata oriens, pyramidale, radiale and lacunosum-
moleculare (Lac Mol) in controls (C), sublethal ischemic animals (2min), lethal ischemic animals (10 min) and
preconditioned animals (2+10 min) after different times of reperfusion (immediately reperfused (0 hour), 24 hours,
48 hours and 7 days); F= Fggs;3,16; (n=5). All values are expressed as mean + SD. *** P<0.001; **P <0.01 relative to
control group; “a” P <0.01 relative to control group “ab™; P <0.01 relative to contro! and sublethal groups
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Fig. 1. Digitized images of coronal sections obtained from hippocampal formation, strata oriens (O); pyramidale (P);
radiale (R); lacunosum-moleculare (LM) and molecular layer of the dentate gyrus (M), showing the changes in
cytochrome oxidase (CO) activity induced by different periods of ischeria and reperfusion. Note an increase in CO
activity inthe strata oriens, pyramidale and radiale in the sublethal and lethal ischemic groups immediately reperfused
(B and C) when compared to controls and preconditioned animals submitted to the same periods of reperfusion (A and
D). Note also an increase in CO activity in all subfields of hippocampal formation 24 hours after the ischemic event in
all ischemic groups (F,G,H) and the increased CO reaction in the stratum pyramidale of ischemic animals 48 hours after
the event (J,L,M). Images were obtained from a dorsal view of the hippocampus between bregma -1.8 mm and bregma -
4.52 mm coordinates (Paxinos and Watson, 1998). Scale bar = lmm.
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hippocampus (Paxinos and Watson, 1998). f
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Abstract

Parkinson's disease is a progressive dyskinetic disorder caused by degeneration of
mesencephalic dopaminergic neurons in the substantia nigra pars compacta (SNpc) and, to a
lesser extent, in the ventral tegmental area (VTA). Tyrosine hydroxylase (TH) is a rate-limiting
enzyme for dopamine synthesis, therefore immunohistochemistry for TH can be used as an
important marker of dopaminergic cell loss in these regions. Traditionally, the product of
immunohistochemical experiments are semiquantitatively evaluated by densitometry. However a
great problem found in these previous articles is the lack of a clear explanation about the
algorithms and macros employed. In this work we describe an easy, fast and precise protocol to
analyze TH immunoreactivity in SNPc and VTA using a popular image analysis software
package (Image Pro-Plus). We believe that this protocol will facilitate the evaluation of TH

immunoreactivity after different experimental Parkinson's disease treatment.

Theme: Disorders of the nervous system

Topic: Degenerative disease: Parkinson's

Keywords: Image analysis, Densitometry, Parkinson's disease; Substantia nigra pars compacta,
Ventral tegmental area.
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1. Type of research

Parkinson’s disease, or paralysis agitans, is a disorder promoted by degeneration of
dopaminergic nigrostriatal system characterized by hypokinetic features as akinesia and bradikinesia
and hyperkinetic features as rigidity and tremor [1,8]. This dopaminergic degeneration is traditionally
assessed by tyrosine hydroxilase (TH) immunohistochemistry [1,8].

This protocol was initially developed to evaluate immunohistochemistry for tyrosine
hydroxilase (TH) in the substantia nigra pars compacta (SNpc) and in the ventral tegmental area
(VTA) after different Parkinson’s disease treatments, but it could also be used for any type of
research that require a semi quantitative evaluation of histochemical and immunohistochemical

procedures in different regions of nervous system.

2. Time required

¢ Treatment with 6-hydroxydopamine (6-OHDA), a potent neurotoxic agent: 45 days

¢ Transcardial perfusion followed by post fixation and crioprotection: 24 hours

e Brain sectioning: 4 hours (30 minutes each brain)

eImmunohistochemistry procedure: The time required for the whole immunohistochemistry
procedure is about 3 days, divided in:

eIncubation with the primary antibody 48 hours

eIncubation with the secondary antibody 2 hours

eIncubation with the revelation system (3.3’ Diaminobenzidine tetrahydrochloride (DAB) and
H>0,): 20 minutes (10 minutes each)

*All washing steps: 2 hours

eSection mounting on glass slide procedure: 4 hours, 30 minutes per brain, dependent on number of
sections)

eDrying of slides: 24 hours



eDehydrating, clearing and coverslipping slides: 2 hours
eDrying coverslipped slides: 3 days
*Creating, measuring and editing areas of interest (AOI) and macros: 2 hours
oCapturing and converting images using macros : 8 hours, (480 images, 1 minute per image)
eMeasuring optical density using macros: 8 hours, (480 images, 1 minute per image)
eStatistical analysis: 1 hour
In fact, the time required to complete whole protocol is about 2 months, but it can be
modified according with the treatment employed. In fact, the time employed for the image analysis is

about 2 days.

3. Materials
3.1 Animals

To demonstrate our protocol eight female adult Wistar rats weighing between 220-250 were
used. The animals were kept under a constant 12:12h light—dark cycle (lights on at 7:00 a.m.) at a
room temperature of 22+ 2°C and maintained with food and water ad libirum. All efforts were made
to minimize animal suffering and to reduce the number of the animals needed. The Brazilian Laws
and the National Institute of Health Guide for Animal Care and Use of Laboratory Animals were

strictly followed.

3.2 Special equipment

o Interactive Image Analysis System (Image Pro-Plus, version 4.1, Media Cybernetics, MA, USA
installed on a Pentium II PC)

eVideocamera (Pro-Series High Performance CCD camera, CA, USA) Attached to a light
microscope (Nikon Eclipse E-600)

o Statistical packages for the social sciences (SPSS), version 8.0



 Perfusion pump (any supplier)

e Criostat (any supplier)

3.3 Chemicals and reagents

¢ Drugs: 6-hydrodopamine (6OHDA) (Sigma-Aldrich); Sodium Thiopental (any supplier)
e Antibodies: monoclonal tyrosine hydroxylase antibody (Sigma-Aldrich); Secondary antibody
biotinylated (Dako corporation, Carpinteria, CA).
ePeroxidase conjugated streptavidin (Dako corporation, Carpinteria, CA).
3.3’ Diaminobenzidine tetrahydrochloride (DAB) and all other chemicals were purchased from
Sigma-Aldrich

All solutions described in this protocol were made in fresh double distilled and deionized

water.

4.0 Detailed procedure

4.1 Drug treatment

The animals were divided 2 groups (4 animals each): control and animals submitted to
intranigral infusion of neurotoxin 6-hydroxydopamine (6-OHDA, 6 y1g/side). Treated animals were
anesthetized with sodium thiopental (200 mg/kg) and 6-OHDA HCI (Sigma, 6 pg in 2 pl of artificial
cerebrospinal fluid (aCSF), 0.33 ul/min) was bilaterally infused into the SNpc through a 30-gauge
needle. The coordinates for the injections were: anteroposterior (AP), -5.0 mm from bregma,
mediolateral (ML) + 2.1 mm from midline, dorsoventral (DV), -7.7 mm from skull, adapted from
Paxinos and Watson [15]. The composition of aCSF was as follows: 8.66 g NaCl, 0.250 mg KClI,

0.76 g CaCly2H,0, and 0.173g MgCl,'6H,O

4.2 Fixation. post-fixation and crioprotection




Fourty-five days after infusion, under deep anesthesia (200 mg/kg sodium thiopental), the
animals were transcardially perfused with saline solution followed by a solution of 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB). After perfusion the brains were removed
from the skulls, post-fixed in the same solution at room temperature for 2 h and cryoprotected by

immersion in 30% sucrose solution in PB at 4°C until they sank.

4.3 Tvrosine hvdroxvylase immunohistochemistry

For each brain, serial coronal sections (50 pm) were obtained using a cryostat (Leitz, Digital
1702) at -20°C and collected in PB. The free-floating sections were pretreated with 10% methanol
diluted in 3% hydrogen peroxidase for 30 min, carefully washed and blocked with 3% normal goat
serum (NGS) in 0.1 M phosphate buffer, 0.9% NaCl, pH 7.4 (PBS) containing 0.3% Triton X-100
for 30 min and incubated with monoclonal tyrosine hydroxylase antibody raised in mice diluted
1:750 with 3% NGS in PBS-Tx for 48 h at 4°C. After washing several times with PBS-Tx, tissue
sections were incubated with a secondary antibody biotinylated diluted 1:200 in PBS-Tx at room
temperature for 2 h. Sections were washed again in PBS and incubated with peroxidase-conjugated
streptavidin diluted 1:100 in PBS for 90 min at room temperature.

The immunohistochemical reaction was developed by incubating the sections in a medium
containing 0.06% 3,3 diaminobenzidine dissolved in PBS for 10 min, and then in the same solution
containing 1 UM of 3% H,0, per ml of DAB medium for 10 min. Next, the sections were rinsed with
PBS, dehydrated with ethanol, cleared with xylene, and covered with Permount and coverslips.
Control sections were prepared by omitting the primary antibody and replacing it with PBS.

The brains of the animals were fixed and postfixed for the same time in identical solutions
and rigorously processed at the same time, and the sections were incubated in the same medium for
the same period of time. This precaution was taken to avoid overreaction, differences in chromogen

reaction, saturation of optical density or changes in background staining levels.



Note that DAB may be carcinogenic and for this reason the revelation procedure should be
performed with special care and gloves. Afterwards all glasswork and other equipment that have been
in contact with DAB solutions should be treated, for at least 24 hours, with 10% sodium hypocloride

solution and washed in excess water. In case of contact, immediately flush skin with water.

4.4 Image Anglvsis

The coronal sections of substantia nigra and ventral tegmental area (VTA) were selected
for this protocol. These areas were identified according to the atlas of Paxinos and Watson and
the readings were made between the coordinates interaural 4.2 mm, bregma — 4.8 mm and
interaural —2.7 mm, bregma — 6.3 mm. The intensity of the reaction product of TH was measured
semi-quantitatively using a Nikon Eclipse E-600 (50X) microscope coupled to a Pro-Series High
Performance CCD camera and Image Pro Plus Software 4.1 (Media Cybemetics, CA, USA).
This procedure can be divided into six different steps: 1-Creating and measuring the Area of
Interest (AOI); 2-Calibrating the Optical density; 3-Acquiring, converting and saving images; 4-
Performing the background correction; 5-Setting of the AOI in the acquired image to measure

the optical density; 6-Creating macros

1-Creating and measuring the Area of Interest (AOI)

To create and save an appropriate AOI; Select: New AOI command. The AOI created can
be measured using the measure commands calibrated by an image of micrometer object captured
with the same magnifications. The size and shape of the AOI should be determined in order to
avoid the borders of the SNpc and VTA and to collect a significant number of pixels from this

area. For our work, we create a square AOI and it was named ODTH.

2-Calibrating the optical density




To calibrate optical density select: Measure/Calibration/Intensity calibration; click in the
Std Optical Density and click in OK.
3-Acquiring. converting and saving images

To acquire images the some previous steps are necessary:

Turn on microscope lamp and leave on for at least 15 minutes to stabilize illumination.
Select in the main menu: Acquire/Video/Digital/Start and adjust the illumination using a proper
Koehler alignment [2] . Adjust the level of light source to a point that permits image capture
without oversaturating the CCD camera, if necessary, neutral filters can be used [2].

After these procedures select an image of SNPc and/or VTA and click in SNAP, return to
the main menu and select:Edit/Convert to/Gray scale 8; return newly to the main menu and

select: File/Save.

4-Performing the backeround correction

To perform the background correction a background image should be captured and
opened during the process, in our protocol this image was named background. The background
image was generated with the slide removed from the microscope stage. For this procedure the
following steps are necessary; select: Background operations/background correction. Click in the
the black level to define the black. Black is the mean intensity generated when no light goes
through the material, in our case 5.3 (0-255); click in OK.

The optical density should be measured only in the image generated after the background
correction. The algorithm employed in the background correction is based on the following
formula:

CL,=[(y—BL/Bl,-BL)x (N-BL)] + BL



where: Clx,-New pixel in the corrected image; 1, , = Pixel value of the original image at
location (x,y); Bl = Pixel value of the background image at location (x,y); M = Average pixel

value of the background image; BL = Level of black

5-Setting of the AOI in the acquired image to _measure the optical density.

To set the AOI and measure the optical density the following steps are necessary.
Select:Edit/AOI; click in the ODTH and click OK and set the AOI into the SNpc or VTA, In
this procedure obvious blood vessels and other artifacts should be avoided.

To measure the optical density select:Measure/Histogram. The result obtained represent
the mean of all pixels in the AOI and it should be transposed to statistical package .

In our work the readings were performed in both hemispheres and at least 30 readings per
animal were obtained. All lighting conditions and magnifications were held constant. Moreover,
the investigator was unaware of the experimental groups from which the slices were obtained.
The optical density was calculated using the following formula:

OD (x,yy= -log [(INTENSITY ,,-BLACK)/(INCIDENT-BLACK)]

Where: OD = Optical Density; INTENSITY 4,y is the intensity at pixel (y); BLACK is

the intensity generated when no light goes through the material; INCIDENT is the intensity of

the incident light.

6-Creating Macros

The time required to perform the measurements of optical density can be greatly reduced
by macros. In our study we created three macros using Auto Pro, a Visual Basic programming
language for IPP 4.1. The macros 1, 2 and 3 reduce the time required to perform steps 3, 4 and 5

respectively. The macros created are described below.

Macro 1 (Press ctrl G)




Sub graysave()

'<e>G
ret=IpAcqShow(ACQ_SNAP, 1)
ret=IpAcqSnap(ACQ_CURRENT)
ret=IpWsConvertToGray()
ret=IpWsSave()

End Sub

Macro 2 (Press ctrl B)

Sub background correction()
'<c>B
ret=IpOpBkgndCorrect(1,5.3,1)
End Sub

Macro 3 (Press ctrl A)

Sub set AOI()

'<e>A

ret= IpAoiManager(AOISET,"ODTH")
End Sub

4.5 Statistical Analysis

A Student ¢ test comparing controls and 60HDA treated animals was performed using statistical

packages for the social sciences (SPSS, 8.0). The level of significance was set as p <0.05.

5. Results

Images of TH immunorectivity in SNPc and VTA in controls and 60HDA treated animals
are shown in the figure 1. Data about the optical density measurements in this regions are shown in

the figure 2.

6. Discussion
The results found in our work were previously described [9] and the present investigation

only confirms the neurotoxicity of 65OHDA on SNPc neurons but not in VTA, this difference is

probably related to the precision in the infusion procedure [9].



This protocol was initially created to analyze TH immunoreactivity in SNPc and VTA, but it
may be adjusted to analyze others histochemistries and immunohistochemistries reactions from any
part of nervous system.

Immunoreactivity differences could be generally promoted, in general, for four reasons: 1-
changes in the total number of cells; 2- changes in the total number of immunoreactive cells; 3-
changes in the immunostained area; 4-changes in intracellular immunoreactivity [3,4,5,6,17].

These changes in the intensity of immunoreaction can be analyzed qualitatively by human
judgment, semi quantitatively by densitometry or quantitatively by stereology
[3,4,5,6,9,10,13,14,16,17]. In fact, semi quantitative analyses by densitometry is much more precise
and discriminative than human judgment.

On the other hand, stereological tools as the optical disector and fractionator [7,10,14,18] are
the golden pattern to evaluate the total number of cells in three dimensions, but some problems are
found in the use of this techniques: 1- The time and experience required; 2-Some regions of central
nervous system don’t have well defined limits; 3-Changes in intracellular immunoreactivity could not
be measured by stereology [4,10].

For these reasons, evaluations of histochemistries and immunohistochemisties
experiments are classically done by densitometry [3,4,5,6,9,16,17,19,20,21,22]. Our protocol is
the first detailed description of a fast and precise densitometric method to evaluate TH
immunreactivity in SNPc and VTA using Image Pro Plus software. We believe that this protocol
will facilitate the evaluation of TH immunoreactivity after different experimental Parkinson's

disease treatment.

7. Essential references

Original Papers : Refs [1,4,6,19,21]
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Legends

Figure 1. Digitized images of coronal sections of substantia nigra and ventral tegmental area, in
controls and 6 OHDA treated animals showing TH immunoreaction and the shape and relative
size of area of interest. Note the decreased TH immunoreactivity found in SNPc, but not in VTA,
in the animals treated with 6-OHDA. 6-OHDA, 6-hydroxydopamine treatment; AOI, area of
interest, SNpc, Substantia nigra- pars compacta; SNpr- Substantia nigra pars reticulata; VTA,
ventral tegmental area. The schematic drawings were modified from the atlas of Paxinos and

Watson (1998).

Figure 2. Effects of 6-OHDA on optical density measurements (OD) of tyrosine hydroxylase
immunoreactive neurons (TH-IR) in the substantia nigra pars compacta (SNpc) and tegmental
ventral area (VTA) in controls and 6-hydroxydopamine (60HDA) treated animals. Note the
decreased optical density in SNPc of the 6-OHDA group. Values are expressed as means and

standard deviation. Student ¢ test *** p = 0.0038.
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3.7 Protocolo para execucdo do calculo de volume e do coeficiente de erro (CE) para o

método de Cavalieri associado a técnica de contagem de pontos.

A implementagdo e a utilizag@o deste protocolo, permite o calculo do volume e do
coeficente de erro gerado pela aplicacio do método de Cavalieri associado a técnica de
contagem de pontos no software Microsoft Excel.

Este protocolo ¢ uma adaptagdo do protocolo desenvolvido pelo professor Luis
Cruz-Orive no Laboratorio de Estereologia da Universidade de Cantabria com a utilizagdo
do software S-Plus.

A seguir, apresentamos uma planilha, na qual podemos observar as coordenadas

(x,y), onde devem ser inseridas as fungSes, os textos e os dados.

Planilha

X,y Fun¢do/ Texto /Dados

Al Estimation of volume from Cavalieri sections

A3 Estimation of strata volume

A5 Stratum
A6 |1

A7 |2

A8 |3

A9 |4

All |T=
Al2 |AP

A26 | Variance point counting

A34 |Kieu Souchet's formula

A36 | =(3*(M29-E32)+P29-(4*029))/(3*(M29-E32)+029-(4*N29))

A38 |g=

A40 |g=0<0.25=formula A

A41 |q=0.25<0.75=formula B

A42 1g=0.75<1=formula C

A44 | Formula A-Result

A45 { Formula B-Result

A46 | Formula C-Result




A49

Var/sec

AS0

Nugget

AS1

Total

AS4

CE2V

AS5

Sections

A56

Nugget

A58

CE sect

AS59

Cenugg

A61

CETOT

B5

1

B6

Numero de pontos contados na 12 seccgéo

B7

Namero de pontos contados na 7¢ seccio

B8

Ndmero de pontos contados na 13% secgéo

B9

Ndmero de pontos contados na 19° secgéo

B28

0,0724

B30

=B28*C28

B32

Variance of section

B38

=(E36+(LOG10(A36))-0,5)

B34

=SOMA(B55:B56)

B35

=B49/(H6*HB)

B56

=B50/(H6*H8)

B58

=100"H55

B59

=100*H56

B61

=100*H54

C4

Section

Cs

2

Cé6

Namero de pontos contados na 2° secgio

C7

Namero de pontos contados na 8° seccio

C8

Namero de pontos contados na 142 seccéo

C9

Numero de pontos contados na 20° seccéo

C18

CE

C28

Valor do coeficiente de forma (shape Z)

C30

=G28*H6

C36

4

C38

0.5-g

C39

1-q

C44

=0,0833-(0,2153*B38)+(0,282*(B38*B38))-(0,289*(B38*B38*B38))

C45

=0,022+0,0627*(0,5-B38)+0,0764*G38+0,059*138

C46

=0,004167+ (0,01693*D39)+(0,02468*G39)+(0,01895*139)

C54

%

C55

%

C56

%

D5

3

D6

Niamero de pontos contados na 32 seccio

D7

Numero de pontos contados na 92 secgio




D8 | Numero de pontos contados na 15° seccéo
D9 | Namero de pontos contados na 212 seccéo
D11 | Valor da distancia entre as medidas (T)
D12 | Valor da area ponto (a/p)

D28 | number of sections

D30 |=RAIZ(C30)

D32 {=B30*D30

D36 | =LOG10(C36)

D38 [=0,5-B38

D39 [=1-B38

D54 | =(B54/B54)*100

D55 | =(B55/B54)*100

D56 | =(B56/B54)*100

E5 4

E6 Ndamero de pontos contados na 42 seccéo
E7 Namero de pontos contados na 10% seccdo
E8 Ndmero de pontos contados na 162 seccéo
E9 Numero de pontos contados na 222 seccio
E32 |=B28*C28*(RAIZ(G28*H10))

E36 |=POTENCIA(D36;-1)

F5 5

F6 Nimero de pontos contados na 5% seccdo
F7 Numero de pontos contados na 112 seccéo
F8 Numero de pontos contados na 17° secgéo
F9 Namero de pontos contados na 23° seccéo
F10 |Total

F38 |(0.5-q)2

F39 |(1-9)2

F54 |raiz CEV

F55 |raiz sections

F56 |raiz nuggets

G5 |6

G6 | Numero de pontos contados na 6° secgéo
G7 |Namero de pontos contados na 12¢ secgdo
G8& | Namero de pontos contados na 18° secgéo
G9 | Numero de pontos contados na 24° seccdo
G28 | Numero de seccdes contadas

G38 | =D38*D38

G39 |=D39*D39

HS5 sum pontos

H6 | =SOMA(B6:G6)

H7 |=SOMAB7:G7)

HR |=SOMA([B8:G8)

H9 [=SOMA(B9:G9)

H10

=SOMA(HG6:H9)




H38

(0.5-0)3

H39

(1-9)3

H54

=RAIZ(B54)

HS5

=RAIZ(B55)

H56

=RAIZ(B56)

I5

V.Cm3

16

=D11*D12*H6

17

=D11*D12*H7

18

=D11*D12*H8

I9

=D11*D12*H9

110

=SOMA(i6:19)

138

=(D38*D38*D38)

139

=D39*D39*D39

K5

Section

K6

K7

K8

K9

K10

K1l

K12

K13

O~ OO A W] -

K14

o
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L12 |=B7
L13 [=C7
L14 |=D7
L15 |=E7
L16 |=F7
L17 |=G7
118 |[=B8
L19 |=C8
L20 |=D8
L21 |=E8
122 |=F8
123 |=G8
124 |=B9
L25 |=C9
L26 |=D9
127 |=F9
128 |=G9
L29 | =SOMA(L6:L28)
M5 |Pi2

Mo |=L6"L6
M7 | =L7"L7
Mg | =L8*L8
MO |=L9*L9
M10 | =L10"L10
M11 |=L11"L11
M12 [=L12"12
M13 | =L13"13
M14 | =L14*L14
M15 |=L15*L15
M16 |=L16"L16
M17 |=LA7*17
M18 |=L18*L18
M19 | =L19*L19
M20 | =L20"20
M21 | =L21"21
M22 |=L227122
M23 | =L23"23
M24 | =L24*24
M25 | =L25"25
M26 | =126"L26
M27 | =L27"27
M28 | =L28"L28
M20 | =SOMA(M6:M28)
M30 | CO

N5 |Pi.P+1




N6 |=L6"L7

N7 | =L7"8
NS | =L8*L9
N9 | =L9*L10

N10 |=L10°L11

N1l |=L11*L12

Ni2 |=L12°L13

N13 |=L13"L14

N14 |=L14*L15

N15 |=L15"L16

N16 |=L16*L17

N17 | =L17"L18

N18 |=L18*L19

N19 |=L19"L20

N20 |=L20*L21
N21 |=L21122
N22 | =L22"123
N23 | =23 24
N24 | =L24*125
N25 | =L25*126
N26 | =L26127

N27 |=L27*L28

N29 | =SOMA(N6:N28)

N30 |C1

05 | Pi.Pi +2
06 |=L6"L8
07 |=L7L9
08 |=L8*L10
09 |=L9"L11

010 |=L10[12

O11 |=L11*L13

012 |=L12*14

013 |=L13"L15

014 |=L14"L16

015 |=L15*17

016 |=L16*L18

017 |=L17*L19

018 [=L18*.20
019 |=L19*L21
020 |=L20%L22
021 |=L21*.23
Q22 |=L22*L 24
023 |=L23"L.25
024 |=L24*.26

025 | =L25"27




026 |=L26"28

029 | =SOMA(06:028)

030 |C2

P5 | PiPi+4
P6 |=L6"L10
P7 | =L7"LA1
P8 |=L8*L12
P9 |=L9"L13

P10 |=L10"L14

P11 |=L11*L15

P12 | =L12"L16

P13 |=L13L17

P14 |=L14*L18

P15 |=L15"L19

P16 |=L16*L20
P17 |=L17*L21

P18 |=L1822

P19 | =L19°L23

P20 | =L20%24

P21 | =L21"25

P22 | =L22"126

P23 | =L23"27

P24 | =L24"128

P29 | =SOMA(P6:P28)
P30 |C4

A utilizagdo desta planilha, permite a analise de até vinte e quatro sec¢Bes por
estrutura. Sugere-se que apOs a implementagdo, esta planilha deva ser testada com os
exemplos 1 e 2, gentilmente fornecidos por E-mail pelo professor Cruz-Orive (um
detalhamento do exemplo 1 pode ser obtido no exercicio 3.4 do livro “Unbiased
Stereology”-Howard e Reed 1998).

Os resultados obtidos com o uso desta planilha, devem ser rigorosamente idénticos
aos encontrados pelo protocolo desenvolvido pelo prof Cruz-Orive, indicando assim, que

esta foi implementada com sucesso.
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110 anterior :pp Responder ::; Responder 3 Todos i:: Encarninhar ::: 4p3gar @i Erogima

Mensagem N°: 10 de 44
De: Luis Cruz Orive <icruz@matesco.unican.es>
Para: lixavier@pucrs.br
cc:
Data: Wed, 3 Jul 2002 21:40:59 +0100 (WET DST)
Assunto: Re: CE

Querido Leder:

Perdona por la tardanza en contestar. Como te decia, he tenido un Junio muy
ocupado.

He decidide darte una carfa de pescar (en lugar de un pescado cada vez).
Al final te incluyc el listado de la funcion ce.cav para que lo insertes

directamente en Splus.

Ejemplo 1

Ejercicio del 'Stereology Course' que te envié.

> Lung.l <(4,12,13,10,9) # P(lung) for Stratum 1 of the exercise
> ce.cav{Lung.l, a = 1/1.472, TO = 0.75, shape.z = 4.5)

# a =1/1.40 cm™2, TO = 0.75 cm are data from the exercise

# shape.z = mean(B)/sqrt(mean(d)) is supposed to be estimated
from a few sections. For the exercise we got the value 4.5.

# Splus gives:

$SSum. P: # Total P
{1] 48
SV: # est (V) cm”3

[1] 18.36735

sC: # constants CO0, Cl, C2, C4
[1

$q: # smoothness constant g

e

3alpha: # alpha(q)

http://webmail .pucrs.br/cgi-bin/mailman.cgi 08/12/03
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f1; 0.028&33392

S5ce2.vol: # ce2 (V) between, within (=nugget), and total
(1] 0.001232782 0.002190656 0.003423438

Sce.vol: # sqrt's of the above
{11 0.0251108% 0.04680445 0.05851015

# You can check that everything coincides with the exercise ANSWERS.

> Hip.l.1l ¢(2,96,7,11,15,10) # Your hippocampus I, stratum 1 data.

# PROBLEM. I see you have a= 0.0441 mm"~2, TO= 0.3 mm
but I can't see which shape factor (shape.z) have
you used! You have to estimate this for each stratum.
Tentatively I'm taking the value 7.0.

> ce.cav(Hip.1.1l, 0.0441, 0.3, 7.0)

SSum.P:
[1] 51
Sv:

[1] 0.67473

5C:
[1] 535 446 285 90

Sq:
[1] 0.7248328

Salpha:
[1} 0.01108444

SceZ2.vol:
[1] 0.0003813478 0.0034084503 0.0037897%981

Sce.vol:
[1] 0.01952813 0.05838193 0.06156134

>

# From the data you sent me, I cannot see many coincidences
{in part this may be due to the fact that you will have used a
different shape factor)

# If you only want say the total ce, just type:

> ce.cav(Hip.1.1, 0.0441, 0.3, 7.0)%ce.vol (3]
[1] 0.06156134

OK Leder, ya me diras si logras implementar la funcion. Si persisten 1as
dudas, no dudes en decirmelo.

o
o

Voy a estar fuera (nhttp://www.neurostereology.infe) del 7 al

http://webmail pucrs br/cgi-bin/mailman.cgi 08/12/03
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> PS:?Tienes algun palpite sobre gquién p

Creo que la ganara Brasil (...!!') {(Enhor
Un abrazo,
Luis
> ce.cav_function{(z, &, T0, shape.z)
{
g.cav.e <- function(y, nug) # K

{
ny <- length(y)
if{ny < D)
return (0)
else C <- numeric{)
Cl[1] <- sum(y"2)

for(k in c(2, 3, 5)) {
C{k] <- sum{yl[se
}
num <- 3 * (C(1] - nug)
den <~ 3 * (C[1l] - nug)
4)

q <- log(num/den) /log(

g <- (g + abs(q))/2
list(g = g, C = C)

}

alpha <- function(qg) # Marta'

{
if(g <= 0)
return(i/12)

2w - e

odré& ganar la Copa?

abuena'!)

ieu-Souchet formula for g

g{ny - (k -

- 4 * C[(31 + C[5]
4 * Cc[2] + C[3]
i/2

s formula, C-O approximation

else 1f(g >= 1)
return(1/240)
else 1f(g > 0 && g <= 0.25)
return(0.0833 - 0.2153 * g + 0.282 * g~2 ~ 0.28% * g~
3)
else if(g > 0.25 && g <= 0.75)
return(0.022 - 0.0627 * (-0.5 + g) + 0.0764 * (-0.5 +
q)~2 - 0.059 * (-0.5 + gq)"3)
else return{0.004167 - 0.01693 * (-1. + g) + 0.02468 * (-1. +
g)®2 - 0.01885 * (-1. + g)”"3)
}
nz <- length{z) # Matheron/Marta/C-0 CE predictors
const <- TO * a
Tz <- sum(z)
Vz <- const * Tz
nz.pos <- length(z[z > 0.1)
nugz <~ (0.0724 * shape.z * sdrt(nz.pos)) * sqrt(Tz)
CO0 <- g.cav.e(z, nugz)$C(1l]
Cl <- g.cav.e{z, nugz)S$C[2]
C2 <- g.cav.e(z, nugz)$C[3]
C4 <- g.cav.e(z, nugz)SC{5]
gz <- g.cav.e(z, nugz)$qg
alphaz <- alpha(gz)
var.V.comp <- c{alphaz * (3. * (C0 - nugz) + C2 - 4. * Cl), nugz)
var.V.comp <~ (var.V.comp + abs(var.V.comp))/2
var.V.comp.fi <- const”2 * var.V.comp
ce2.V.comp <- var.V.comp/Tz"2
ce2.V <- sum(ce2.V.comp)
list(Sum.? = 7z, V =Vz, C = c(CO, Cl, <2, C4), g = gz, alpha = alphaz,
ce2.vol = c(ce2.V.comp, ce2.V), ce.vol = sgrt (ce2.V.comp,
ce2.V)))
http://webmail pucrs br/cgi-bin/mailman.cgi 08/12/03
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48 Unbiased Stereology

Slice Points hitting transect
(P}

a

b

c

d

e

f

g

h

i

i

r 12

Sum ZPI -

Estimate of volume of ventricle:
. 12
V=T-al/p > P=] 11 R ] mm?3.
i=1

Now repeat the exercise using a coarser grid. How do the estimates of
ventricular volume compare? What were the respective times taken for
estimation with the fine and coarse grids?

Exercise 3.4
(Courtesy of Professor L.M. Cruz-Orive, Santander, Spain)

Aim
The aim of the exercise is to estimate the absolute volume of a rabbit’s
lung taken from the study reported by Michel and Cruz-Orive (1988).

Background

The lungs were fixed by vascular perfusion and the right lung stratified
into four anatomically coherent strata (details in Michel and Cruz-Orive,
1988). Each stratum was then separately embedded in agar and serially
sectioned into thin slabs approximately 1.5 mm thick, a constant dis-
tance of 7.5 mm apart. The resulting series of sections is shown as trac-
ings in Figure 3.6. '
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50 Unbiased Stereology

Procedure

1) Calculate the linear magnification, M, of the image.
(ii) Make a copy of point grid P2 (see Appendix B). Calculate the inter-

point spacing (Ax) of the point grid.

(iii) Calculate the area per point of the point grid at the level of the

lung.

(iv) For each section within each stratum count the number of points

hitting the lung transects.

Results
Distance between sections (7" = mm
Magnification, M =
Distance between points in grid (Ax) mm
Area associated with each point (a/p) = mm?
Stratum Sections Total Volume
1 2 3 4 5 points of stratum
A
B
c
D
Total
. 5
Volume of stratum A: V, =T-a/p-y P =] 1-1 11 ] mm?3
i=1
5
Volume of stratum B: V=T -a/p-3 B = 10 11 ] mm?
i=1
4
Volume of stratum C: V, =T-a/p- Y P = | 10 1-{ ] mm?
i=1
6
Volume of stratum D: V, =T -a/p- 3 P, = 1 1-{ ] mm?
i=1
Total volume of lung :
Ving =Va + Vo + V4V, =
( I+1 1+ 1+ ] mm3.

Now enlarge grid P2 (see Appendix B) and estimate the total volume

of the lung from all sections.
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4. Conclusdes e perspectivas

A execug¢io deste trabalho permitiu: 1- A criagdo um protocolo rapido e preciso para
execucdo de medidas de densidade optica com o auxilio do software Image Pro Plus 4.1
(Artigo submetido- Brain Research Protocols “A simple and fast densitometric method to
analyze tyrosine hydroxilase immunoreactivity in the substantia nigra pars compacta and in
the ventral tegmental area”) ; 2- A implementac@o da metodologia de estimativa de volume
estrutural pelo procedimento de Cavalieri, como seu respectivo calculo de coeficiente de
érro, procedimentos estes realizados de forma semi-automatica nos softwares Image Pro
Plus 4.1 e Microsoft Excel (texto anexo).

A seguir apresentamos os principais resultados obtidos, divididos nos cinco artigos,
“ndo metodologicos”, publicados ou submetidos. Nesta se¢cdo do trabalho, serdo
apresentadas apenas as consideragdes metodologicas particulares de cada investigag@o, uma
vez que, todas as consideragGes ndo metodologicas foram previamente discutidas nos

artigos cientificos publicados ou submetidos.

1-Relativas _ae _artigo “Glial fibrillary acidic protein immunodetection and

immunoreactivity in the anterior and posterior medial amvygdala of male and female

rats”: Brain Research Bulletin, 58: 67-75 (2002).

- A reacdo imunohistoquimca para a proteina glial fibrilar acida (GFAP) foi

detectada nas diferentes subregides da amigdala medial (AMe): amigdala medial antero-
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dorsal (AMeAD), amigdala medial postero-dorsal (AMePD) e amigdala medial postero-
ventral (AMePV).

-Em ratas fémeas em diestro, as subregides posteriores da amigdala medial
(AMePD e AMePV) apresentam uma maior imunoreatividade para GFAP quando

comparadas a AMeAD.

-Na AMe de ratos machos ndo ha nenhuma diferenca significativa na
imunoreatividade para GFAP entre as diferentes subregides analisadas, AMeAD, AMePD

e AMePV.

-As subregides AMePD e AMePV da AMe de ratas fémeas em diestro apresentam
uma maior imunoreatividade para GFAP, quando comparadas as mesmas subregifes de

ratos machos.

Consideracoes técnicas

A anilise quantitativa dos resultados obtidos com a utilizacdo da técnica
imunohistoquimica para deteccdo da GFAP nos diferentes subnucleos que compdem a
AMe, ndo é uma tarefa simples, pois estas estruturas encefalicas ndo atendem uma das
premissas bésicas para o emprego das técnicas estereologicas, que € a presenca de limites
estruturais bem definidos (Paxinos e Watson, 1986; Paxinos e Watson, 1998). Portanto,
procedimentos estereoldgicos como: a estimativa de volume estrutural dos distintos
subnucleos da AMe pelo método de Cavalieri (Gundersen, 1988; Cruz-Orive, 1997); a
estimativa do namero total de astrocitos imunorreativos para GFAP nos distintos
subnucleos da AMe pelo método do disector Optico (Sterio, 1984; Pakkenberg e
Gundersen, 1988) ou a medida de densidade de superficie dos astrocitos GFAP

imunoreativos (Baddeley ef al., 1986), ndo podem ser realizados na AMe. Deste modo,
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nestas regides, a analise semi-quantitiva por medida de densitometria Optica se caracteriza

como a ferramenta mais adequada para a mensuragdo da imunoreatividade para GFAP.

2-Relativas _ao _artigo “Sciatic _nerve _transection _decrease substance P

9%

immunoreactivity in the lumbosacral spinal cord of frog Rana catesheiana’:

Comparative Biochemistry and Physiology”: 131:807-814 (2002).

-Apés a secgdo do nervo ciatico de rds (Rana catesbeiana) houve uma redugio
significativa da imunoreatividade para susbtdncia P no corno dorsal da medula espinhal
ipsilateral ao local da lesdo , quando comparado a mesma regido contralateral.

-Esta diminui¢do da imunoreatividade para substincia P permaneceu nos animais
que tiveram uma sobrevida, poOs transecgdo ciatica, de 3, 5, 8 e 15 dias, os animais que
tiveram uma sobrevida de 20 dias ndo apresentaram qualquer diferenga na
imunoreatividade detectada entre os lados ipsilateral e contraleteral a lesdo, indicando uma

restaurag@o da imunoreatividade neste periodo.

Consideracdes técnicas

Neste experimento, os procedimentos imunohistoquimicos, para detec¢io da
substancia P, foram realizados em dias distintos, portanto com solu¢des distintas. Embora
pardmetros como a concentragdo dos reagentes empregados € o tempo de incubagio,
tenham sido rigorosamente controlados, inevitavelmente existem diferencas na coloragio
basal entre estes procedimentos imunohistoquimicos. Portanto, neste caso, ndao € correta a
comparagdo entre os diferentes grupos experimentais (controle, 3, 58,15 e 20 dias ap6ds

deaferentacio), deste modo, foram estatisticamente comparados, através da realizacdo de
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um teste ¢ pareado, os lados ipsilateral e contralateral a deaferentacdo, em cada uma das

sec¢des analisadas por densitometria Optica.

3-Relativas ao artigo “Substance P immunoreactivity in the lumbar spinal cord of the

turtle Trachemys dorbigni following peripheral nerve injury”; Brazilian Journal of

Medical and Biological Research. 36: 515-520 (2003).

-Néo ha nenhuma alteracdo na imunoreatividade para substancia P em tartarugas
Trachemys dorbigni submetidas a desnervacdo, quando comparados os lados ipsilateral e
contralateral a lesdo, nos diferentes tempos de sobrevida apos a sec¢do do nervo ciatico (7

dias, 15 dias, 30 dias, 60 dias e 90 dias).

Consideracdes técnicas

As mesmas consideragdes técnicas, descritas no artigo anterior, sdo validas para esta

investigacao.

4- Relativas ao artigo “Failure of estrogen to protect the substantia nigra pars

compacta of female rats from lesion induced by 6-hvdroxyvdopamine”: Brain

Research, 986-200-205 (2003).

-A infusdo intraencefalica de 6OHDA ¢ responsével pela diminui¢do do numero de
células imunoreativas para tirosina hidroxilase na por¢do compacta da substancia nigra e o
tratamento com estrogeno nio tem qualquer efeito neuroprotetor sobre a lesdo induzida por

60HDA.



119

Estes resultados, sugerem uma cuidadosa analise sobre a utilizagdo terapéutica da
reposicdo de estrdgeno para prevengo e/ou tratamento do mal de Parkinson, devido aos

riscos potenciais deste tipo de tratamento.

Consideracdes técnicas

A estimativa precisa do nimero total de neurdnios dopaminérgicos perdidos na
por¢do compacta da substancia nigra apés a infusio de 60HDA, somente pode ser
realizada, com a utilizacdo de metodologias estereoldgicas como o disector éptico ou
fracionador oOptico (Sterio, 1984; Cruz-Orive, 1997), contudo, para a emprego correto
destas metodologias, se faz necessaria a utilizagdo de um microscdpio Optico equipado com
um platina motorizada (microcator), que se mova nos eixos (x, y € z), informando as
variagdes de distancia nestes trés eixos. Atualmente o Laboratotio de Andlise de Imagens
do DCM-ICBS-UFGRS nZo conta com este tipo de equipamento, o que nos conduziu, a
realizacdo de uma avaliagdo bidimensional da morte neuronal gerada pelo tratamento com
60HDA e do possivel efeito neuroprotetor do estrégeno. Embora este tipo de metodologia
ndo apresente a mesma precisdo da estimativa estereologica, o resultado obtido através
desta abordagem certamente sera confirmado com o uso das técnicas estereoldgicas, devido
a magnitude da lesdo causada pela infusdo de 60HDA na porcdo compacta da substincia

nigra.

S-Relativa ao_artigo “Preconditioning changes cvtochrome oxidase activity and

hippocampal volume after global cerebral ischemia”. Submetido- Neuroscience

Research.
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- Imediatamente apos o evento isquémico ha um aumento da atividade da enzima
citocromo oxidase nos estratos oriens, piramidal e radial do hipocampo de ratos submetidos
a isquemia letal e subletal, entretanto este aumento ndo € encontrado nos animais
submetidos ao pré condicionamento isquémico.

- Vinte e quatro horas apos o evento isquemico ocorre um aumento da atividade da
enzima citocromo oxidase em todos os grupos analisados (isquemia subletal, letal e
precondicionamento isquemico)

- Sete dias ap6s o evento isquemico ndo ha nenhuma diferenca significativa entre a
atividade da enzima citocromo oxidase encontrada no hipocampo de animais controle e
submetidos a qualquer tipo de isquemia prosencefalica (subletal, letal e
precondicionamento isquemico)

- O evento isquemico subletal ndo altera significativamente o volume estrutural da
regiio CA1l do hipocampo e do giro denteado.

- O evento isquemico letal diminui o volume estrutural da regido CAl do
hipocampo, sem entretanto alterar o volume estrutural do giro denteado.

- O pré condicionamento isquemico causa uma atenuagdo significativa da
diminui¢do do volume estrutural da regido CA1 induzida pelo evento isquemico letal.

Os resultados obtidos neste trabalho, confirmam, através da estereologia, os
resultados descritos previamente com a utilizag@o de outras metodologias, mostrando que o
pré condicionamento isquémico, diminui os efeitos de um evento isquémico letal, na

regido CA1l da formagdo hipocampal.
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Consideracdes técnicas

Devido ao grande nimero de animais utilizados neste trabalho, a técnica
histoquimica para a deteccdo da enzima citocromo oxidase foi realizada em quatro
experimentos distintos, os animais foram divididos de acordo com o tempo de reperfusdo
empregado (0, 24h, 48h e 7 dias) com 20 animais em cada experimento, divididos em cinco
animais por cada subgrupo (controle, isquemia subletal, isquemia letal e pré
condicionamento isquémico). Deste modo, nfo foi possivel a comparagdo direta da medida
de DO entre os animais com diferentes tempos de reperfusdo, devido a utilizagio de meios
de incubagdo distintos para realizagdo dos quatro procedimentos histoquimicos.

A preparagdo adequada do tecido nervoso, € uma caracteristica essencial para a
aplicacdo das técnicas estereologicas, neste sentido, 0 modo como o encéfalo € fixado, pos-
fixado,seccionado, desidratado,colocado em laminas histologicas e coberto com resina é
fundamental para a correta estimativa do volume estrutural pelo método de Cavalieri
(Schimitz ef al., 2001). No intuito de cormrigir possiveis erros na estimativa de volume
estrutural, induzidos pelo enrrugamento tecidual, foi constituido o fator de enrrugamento da
espessura da secgdo, obtido através da divisdo da espessura final da seccdo pela espessura
“original” da seccdo. Portanto, um fator de enrrugamento da espessura da sec¢do de 1.0
significa que ndo houve nenhuma alteragdo na espessura original da sec¢io, gerada pelo
processamento histologico, enquanto um fator de enrrugamento da espessura da secc@o de
0.33, indica que a espessura original da secgdo € trés vezes maior que a espessura da sec¢do
apOs o processamento histologico (West, 1996; Schimitz et al, 2001). Os fatores de
enrrugamento da espessura da secgdo variam de acordo com processamento histologico
empregado e a regidio enceflica analisada, por exemplo: sio descritos valores para os

fatores de enrrugamento da secgio variando entre 1.0 e 0.78 para as secgdes incluidas em
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metacrilato (Sousa ef al., 1999; Lukoyanov et al.,2000); valores de 0.8 a 0.32 para tecido
nervoso fixado com formol e seccionado em criostato (Heinsen et al., 1999; Schimitz et al,
2000); e o valor de 0.7 para sec¢es do hipocampo de camundongo, com uma espessura
original de 50 pum, seccionadas com a utilizagdo de vibratomo (Jinno ef al, 1998). Além
disso, o enrrugamento tecidual gerado pelo processamento histoldégico pode variar de
acordo com a regido da sec¢do analisada, Andersen € Gundersen (1999) demonstraram que
seccOes de cerebelo humano com uma espessura original de 100 um, obtidas com o uso de
vibratomo, apresentavam uma reducio média de 57,8% na regido médial da sec¢fo e uma
reducdo de 48,7% nas regido das bordas laterais da mesma seccdo (Andersen e Gundersen,
1999; Gardella ef al., 2003).

Portanto, o calculo o do fator de enrrugamento da sec¢do é fundamental para a
correta estimativa do volume estrutural a partir da utilizacdo do método de Cavalieri, para a
realizacdo deste calculo é necessario a utilizagdo de um microscopio Optico equipade com
uma platina mével, que se mova nos eixos (X, y € z) e informe com precisio a espessura do
eixo z (West, 1996).

Como citado anteriormente, o Laboratorio de Analise de Imagens DCM-ICBS-
UFRGS ndo conta, até o momento, com este tipo de equipamento, deste modo, a
estimativa de volume estrutural foi expressa neste trabalho sob a forma de percentagem do
controle, devido a impossibilidade do célculo do fator de enrugamento da espessura da
sec¢do, gerado pelos processamento histoldgico.

O célculo do coeficiente de erro obtido a partir da utilizagdo do método de
Cavalieri, associado a técnica de contagem de pontos, utilizado para a estimativa
volumétrica da regido CAl do hipocampo e do giro denteado, foi realizado como a

utilizagdo do protocolo para célculo do CE desenvolvido no software Microsoft Excel,
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descrito anteriormente. Os resultados obtidos com a utilizacdo deste protocolo foram
confirmados pela Dra Marta Garcia Fifiana, pesquisadora dno Magnetic Resonance and
Image Analysis Research Centre (MARIARC) da Universidade de Liverpool, utilizando-se

do software S-Plus.

A realizagdo deste trabalho permitiu a criagdo do Laboratorio de Analise de Imagens
no DCM-ICBS-UFRGS, e a partir da utilizagdo das técnicas de andlise de imagens
desenvolvidas neste trabalho foram publicados outros dois artigos cientificos, Comparative
Biochemistry and Physiology- A, 124: 113-122 (1999) e Brain Research 973: 171-178
(2003), e submetidos a analise para publicagdo outros quatro artigos.

Além disso, em um futuro préximo, pretendemos executar de forma rotineira,
metodologias estereologicas como o disector optico, o fracionador e o nucleador no intuito
de criar um centro de referéncia na regido sul do Brasil para este tipo de investigagdo

cientifica.
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