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Quando me amei de verdade, compreendi que em qualquer circunstancia, eu estava no
lugar certo, na hora certa, no momento exato.
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Quando me amei de verdade, parei de desejar que a minha vida fosse diferente e
comecei a ver gque tudo o que acontece contribui para 0 meu crescimento.

Hoje chamo isso de.... Amadurecimento.

Quando me amei de verdade, comecei a perceber como é ofensivo tentar forcar alguma
situacdo ou alguém apenas para realizar aquilo que desejo, mesmo sabendo que néo € o
momento ou a pessoa Nao esta preparada, inclusive eu mesmo.

Hoje sei que 0 nome disso é.... Respeito.

Quando me amei de verdade comecei a me livrar de tudo que nao fosse saudavel...
Pessoas, tarefas, tudo e qualquer coisa que me pusesse para baixo. De inicio minha
razdo chamou essa atitude de egoismo.

Hoje sei que se chama.... Amor-préprio.

Quando me amei de verdade, deixei de temer o meu tempo livre e desisti de fazer
grandes planos, abandonei os projetos megalémanos de futuro. .

Hoje faco o que acho certo, o que gosto, quando quero e no meu proprio ritmo.

Hoje sei que isso é... Simplicidade.

Quando me amei de verdade, desisti de querer sempre ter razao e, com isso, errei muitas
menos vezes.

Hoje descobri a.... Humildade.

Quando me amei de verdade, desisti de ficar revivendo o passado e de preocupar com 0
futuro. Agora, me mantenho no presente, que € onde a vida acontece.

Hoje vivo um dia de cada vez. Isso é.... Plenitude.

Quando me amei de verdade, percebi que minha mente pode me atormentar e me
decepcionar. Mas quando a coloco a servi¢o do meu coracéo, ela se torna uma grande e
valiosa aliada.

Tudo isso é.... Saber viver!!!

Charles Chaplin
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APRESENTACAO

Esta tese é o resultado da investigacdo do efeito da seccdo do nervo isquiatico sobre
parametros ultraestrutural, histoquimico, imunoistoquimico e de captacdo de anadlogos
da glicose em géanglio da raiz dorsal de rds Lithobates catesbianus. A tese estd
estruturada em seis capitulos, onde inicialmente se apresenta a introducdo ao tema, que
estd organizada em cinco subitens de referencial tedrico que abordam os achados
relativos ao tema, provenientes da literatura cientifica atual. Em seguida, é apresentado
0 objetivo do estudo, dividido em dois subitens. No primeiro é mostrado o objetivo
geral da tese e no segundo os objetivos especificos. No capitulo Material e Métodos e
Resultados sdo apresentados trés artigos cientificos, que mostram 0s materiais e
métodos usados e os resultados obtidos nos estudos. O primeiro artigo apresenta o efeito
da seccdo do nervo isquiatico sobre a ultraestrutura, a reacdo da nicotinamida adenina
dinucleotideo fosfato-diaforase (NADPH-diaforase) e a imunoistoquimica a serotonina,
tirosina hidroxilase, c-Fos e transportadores de glicose dos tipos 1 e 3 no ganglio da raiz
dorsal (DRG) de ras Rana catesbeiana, que foi recentemente publicado no periodico
Brazilian Journal of Medical and Biological Research. Os resultados detalhados da
ultraestrutura, da reacdo a NADPH-diaforase e da imunoistoquimica a serotonina,
tirosina hidroxilase e transportadores de glicose dos tipos 1 e 3 no DRG de ras
Lithobates catesbianus sdo mostrados no segundo artigo, que esta neste momento sendo
analisado pelo corpo editorial de um periédico da area. O terceiro artigo apresenta o
efeito da seccdo do nervo isquiatico sobre a captacdo de analogos da glicose e oxidagédo
de lactato no DRG rds Lithobates catesbianus, que foi aceito para publicacdo no
periddico Braziliam Journal of Biology. No capitulo Discussdo, os principais resultados
dos trés artigos cientificos sdo discutidos em conjunto, amparados por achados da

literatura. No quarto capitulo sdo apresentadas as conclusGes deste trabalho de



doutorado, juntamente com as perspectivas de futuros estudos sobre o tema da tese. No
altimo capitulo encontram-se as referéncias bibliograficas dos textos cientificos
consultados para a redacdo dos capitulos Introducdo e Discussdo. As referéncias

bibliograficas dos artigos cientificos sdo apresentadas ao final de cada trabalho.
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RESUMO

As ras sdo utilizadas como modelos experimentais em diferentes situacOes
experimentais. Uma delas € o estudo dos efeitos da secdo do nervo isquiatico (SNI)
sobre o tecido nervoso. Essa ampla utilizacdo desses animais como modelos
experimentais justifica a realizacdo de estudos que visam o0 conhecimento
morfofuncional de seus tecidos.

Inimeros estudos mostram que, assim como nos mamiferos, o principal substrato
energético no tecido nervoso de ras é a glicose. Porém, é desconhecida a distribuicéo
dos transportadores de glicose no tecido nervoso de rds, bem como se a SNI altera esse
transporte. Outra questdo em aberto € se o lactato, cuja concentracao estd aumentada no
plasma de rds durante periodos de hibernacdo e ap6s atividades motoras, € usado como
substrato energético pelo tecido nervoso, o0 que estd demonstrado em outras espécies de
vertebrados.

E desconhecida ainda no ganglio da raiz dorsal (GRD) de r&s a distribuicdo e os
efeitos da SNT sobre a reacdo a nicotinamida adenina dinucleotideo fosfato diaforase
(NADPH-diaforase), enzima considerada equivalente a Oxido nitrico sintase,
responsavel pela sintese de 0xido nitrico, e a reacdo ao acido periddico-reativo de Schiff
(PAS), que indica a presenca de mucopolissarideos, incluindo o glicogénio, uma
importante reserva energética no tecido nervoso de ras. Desconhece-se também a
distribuicdo e os efeitos da SNT sobre a imunorreatividade a serotonina, importante
molécula com funcdo neurotransmissora e/ou moduladora no sistema nervoso, tirosina
hidroxilase, enzima limitante na sintese de catecolaminas, moléculas com diversos
papéis fisiologicos, incluindo acdo neurotransmissora e/ou neuromoduladora no tecido
nervoso, e c-Fos, proteina considerada marcadora de ativacdo neural por estimulacao
nociva.

Outras questdes ainda em aberto sdo os efeitos da SNT sobre: a captacdo do
analogo da glicose 1-[**C] 2-deoxi-D-glicose (*C-2-DG) e concentracdo plasmatica de
glicose e lactato; se os tipos Il e Il de células gliais satélites (CGSs), recentemente
descritas no GRD de coelho, estdo presentes nesse ganglio de ras; e os efeitos da SNT
sobre a ultraestrutura de CGSs e neur6nios do GRD. Assim, 0 objetivo dessa tese foi
determinar: 1) a ultraestrutura de neurdnios e CGSs; 2) a distribuicdo das reacdes a
NADPH-diaforase e PAS, e a imunoistoquimica a serotonina, tirosina hidroxilase, c-Fos
e transportadores de glicose tipo 1 e 3; e 3) a captagdo de *C-2-DG, na presenca e
auséncia de lactato, em GRD de ras Lithobates catesbianus com e sem SNI. A escolha
pelos transportadores de glicose tipos 1 e 3 foi pelo fato de ocorrerem na membrana de
endotélio, células gliais e de neurénios.

Para a realizacdo do estudo inicialmente 12 r&s Lithobates catesbianus, adultas,
machos, com peso de 100-200g, que ndo sofreram qualquer manipulacdo cirdrgica
foram mortas por decapitacdo e os ganglios das raizes dorsais (GRDs) do nervo
isquiatico retirados e preparados para analises ultraestrutural, histoquimica a NADPH-
diaforase e PAS, e imunoistoquimica a serotonina, tirosina hidroxilase e transportadores
de glicose dos tipos 1 e 3. Feito isso, 18 outras rds, nas mesmas condiges fisicas, foram
divididas em trés grupos experimentais (n=6/grupo): controle (rds que ndo sofreram
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qualquer manipulacdo cirdrgica), sham (rds onde foram efetuados apenas os
procedimentos para isolamento do nervo isquiatico) e SNI (rds que tiveram 0 nervo
isquiatico direito totalmente seccionado em seu tronco comum). Esses animais foram
mortos trés dias apds a intervencdo cirurgica e seus GRDs do nervo isquiatico usados
para demonstrar os efeitos da sec¢do nervosa sobre a ultraestrutura, a reagdo a NADPH-
diaforase, e a imunoistoquimica a serotonina, tirosina hidroxilase, c-Fos e
transportadores de glicose dos tipos 1 e 3 no GRD. Outros 20 animais, divididos nos
mesmos grupos experimentais, foram usados para demonstrar os efeitos da SNI sobre a
captacdo de *C-2-DG, na presenca ou auséncia de lactato, e a taxa de producéo de
YC0, a partir de **C-L-lactato e de **C-glicose no GRD. Essas ras foram usadas ainda
para demonstrar os efeitos da denervacdo periférica sobre a concentracao plasmatica de
glicose e lactato.

Nossos resultados mostraram que 0s neurdnios sensoriais do GRD de ré
Lithobates cateshianus tiveram distribuicdo, didametro e morfologia que foi similar
aquela descrita para essas células em ganglio de mamiferos. As CGSs apresentaram
morfologia similar aquela descrita para essas células em ganglios de outras espécies de
vertebrados. As células dos tipos Il e 111, observadas no GRD de coelho, ndo ocorreram
no GRD de Lithobates catesbianus. O padrdo de atividade a NADPH-diaforase e a
distribuicdo da imunorreatividade a serotonina, tirosina hidroxilase e Glut 1 e 3 foram
também similares ao descrito em mamiferos. Pela primeira vez foi demonstrada, em
anfibios, a presenca de reacdo a NADPH-diaforase em CGCs do GRD. A captacdo de
C-2-DG foi reduzida quando o lactato foi acrescentado ao meio de incubacdo. As
alterac@es induzidas pela SNI foram também similares aquelas descritas nos mamiferos.
Houve acréscimo no nimero de mitocéndrias, reticulo endoplasmatico, ribossomas e
filamentos no citoplasma das CGSs, mais neur6énios e CGCs com reacdo positiva a
NADPH-diaforase, um maior numero de prolongamentos imunorreativos a tirosina
hidroxilase em torno de somas de neurdnios sensoriais, e mais nucleos neuronais
imunorreativos a c-Fos. Nenhuma alteragdo ocorreu na imunorreatividade a serotonina e
transportadores de glicose. Houve aumento na captacio de **C-2-DG, que foi reduzido
quando o lactato foi acrescentado ao meio de incubacdo. Porém, a formacéo de *CO. a
partir de '“C-L-lactato e de *C-glicose ndo alterou nessas condicdes. Todavia,
diferentemente dos mamiferos, a SNI ndo provocou mudanca no nimero de CGCs no
GRD, mostrando uma peculiaridade na resposta das rds a SNI.

Assim, nosso estudo reforga o uso de rds como modelo experimental para estudo
dos efeitos da SNI, um modelo de dor fantasma, sobre o tecido nervoso. Porém, dada a
diferenca peculiar ocorrida no GRD de ras com SNI, é evidente a necessidade de mais
conhecimento dos efeitos dessa situacdo experimental nesses animais.

Palavras-chave: Axotomia, Histoquimica, Imunorreatividade, NADPH-diaphorase,
Serotonina, Tirosina Hidroxilase, 1-[**C] 2-deoxi-D-glicose, 3-O-[**C] metil-D-glicose.
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ABSTRACT

Frogs have been used as experimental models in different experimental situations.
One of these is the study of the effects of the sciatic nerve transection (SNT) on the
nerve tissue. The wide use of these animals as experimental models justifies the studies
aimed at morphofunctionally understanding of their tissues.

Numerous studies have shown that glucose is the main energy substrate in the
nerve tissue of frogs as well as in mammals. However, the distribution of glucose
transporters in the nerve tissue of frogs is unknown as well as whether SNT alters such
transportation. Another unanswered question is whether the lactate, whose
concentration is increased in the frog plasma during hibernation periods and after motor
activities, is used as an energy substrate by the nerve tissue, which has been
demonstrated in other vertebrate species.

In the dorsal root ganglion (DRG) cells of frogs are still unknown the distribution
and effects of SNT on the reaction of nicotinamide adenine dinucleotide phosphate
diaphorase (NADPH-diaphorase), an enzyme that is considered equivalent to nitric
oxide synthase, responsible for the synthesis of nitric oxide, and on the reaction of
periodic acid-Schiff (PAS), which indicates the presence of mucopolysaccharides,
including glycogen, an important energy reserve in frog nerve tissue. Moreover, the
distribution and effects of SNT on immunoreactivity to serotonin, an important
molecule that functions as a neurotransmitter and / or neuromodulator in the nervous
system, tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis,
molecules with various physiological roles, including neurotransmitter and / or
neuromodulator action in the nerve tissue, and c-Fos, a protein that is regarded as a
marker of neuronal activation by noxious stimulation are also unknown.

Other questions regarding is the effect of SNT on the uptake of glucose analogue
2-Deoxy-D-glucose-1-14C (**C-2-DG) and glucose and lactate concentration plasma;
whether the types Il and 111 of satellite glial cells (SGCs), recently described in rabbit
DRG, are present in this ganglion of frogs; and the effects of SNT on the ultrastructure
of SGCs and DRG neurons remain unanswered as well. Thus, this thesis aimed to
determine: 1) the ultrastructure of neurons and SGCs; 2) the distribution of NADPH-
diaphorase and PAS reaction, and immunohistochemistry for serotonin, tyrosine
hydroxylase, c-Fos and glucose transporters types 1 and 3; and 3) the uptake of 2-DG-
14C, in the presence and absence of lactate, in DRG of frogs, Lithobates cateshianus,
with and without SNT. Glucose transporters types 1 and 3 were chosen because they
occur in the membrane of endothelial cells, glial cells and neurons.

Initially, 12 adult male frogs, Lithobates catesbianus, weighing 100-200g, not
having undergone any previous surgical manipulation, were killed by decapitation. The
DRGs of the sciatic nerve were removed and prepared for ultrastructural analysis,
histochemistry of NADPH-diaphorase and PAS, and immunohistochemistry for
serotonin, tyrosine hydroxylase and glucose transporters types 1 and 3. After that, 18
other frogs in the same physical conditions were divided into three experimental groups
(n = 6/group): control group (frogs not subjected to any surgical manipulation), sham
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(frogs in which only surgical procedures for isolating the sciatic nerve were performed),
and SNT (frogs in which the right sciatic nerve was completely transected). These
animals were killed three days after the procedure, and their sciatic nerve DRGs used to
demonstrate the effects of nerve transection on the ultrastructure, NADPH-diaphorase
reaction, and immunohistochemical serotonin, tyrosine hydroxylase, c-Fos and glucose
transporters types 1 and 3 in the DRG. Other 20 animals, divided into the same
experimental groups, were used to demonstrate the effects of SNI on the uptake of *C-
2-DG in the presence or absence of lactate, the production rate of **CO, from **C-L-
lactate and **C-glucose in the DRG. These frogs were used to further demonstrate the
effects of peripheral denervation on plasma glucose and lactate levels.

Our results have demonstrated that sensory neurons of bullfrog, Lithobates
catesbianus, DRG showed distribution, diameter and morphology similar to those
described for these ganglion cells in mammals. The CGSs showed morphology similar
to that described for these cells in the lymph nodes of other vertebrate species. Cells
types Il and 111, observed in rabbit DRG did not occur in the Lithobates cateshianus
DRG. The pattern of NADPH-diaphorase activity and distribution of immunoreactivity
of serotonin, tyrosine hydroxylase and Glut 1 and 3 were also similar to those described
in mammals. For the first time, it has been demonstrated the presence of NADPH-
diaphorase reaction on SGCs of DRG in amphibians. The uptake of *C-2-DG was
reduced when lactate was added to the incubation medium. SNT-induced changes were
also similar to those ones described in mammals. There was an increase in the number
of mitochondria, endoplasmic reticulum, ribosomes and filaments in the SGCs
cytoplasm; more neurons and SGCs with positive reaction to NADPH-diaphorase; a
greater number of tyrosine hydroxylase immunoreactive extensions around body
sensory neurons; and more c-Fos immunoreactivity in neuronal nuclei. No changes
occurred in serotonin immunoreactivity and glucose transporters. There was an increase
in the uptake of **C-2-DG, which was reduced when lactate was added to the incubation
medium. However, the formation of **C-2-DG from **°-L-lactato and glucose did not
change under these conditions. Unlike mammals, SNT caused no change in the number
of SGCs in DRG, showing a peculiarity in the response of frogs to SNT.

Therefore, our study supports the use of frogs as an experimental model to study
the effects of SNT, a model of phantom pain on the nerve tissue. However, given the
peculiar differences occurred in the DRG of frogs with SNT, it is clearly necessary to
carry out further studies to better understand the effects of an experimental situation like
this in such animals.

Keywords: Axotomy, Histochemistry, Immunoreactivity, =NADPH-diaphorase,
Serotonin, Tyrosine Hydroxylase, 1-[**C] 2-deoxy-D-glucose, 3-O-[**C] methyl-D-
glucose.



LISTA DE ABREVIATURAS

GLUT - Transportadores de glicose

GRDs - Ganglios das raizes dorsais

GRD - Ganglio da raiz dorsal

NADPH-diaforase - nicotinamida adenina dinucleotideo fosfato-diaforase
CGSs - Células gliais Satélite

CGS - Célula glial satélite

RER - Reticulo endoplasmatico rugoso

SNI - Seccdo do nervo isquiatico (do inglés, Sciatic nerve transection - SNT)
YC-2-DG - 1-[*C] 2-deoxi-D-glicose

1C-3-OMG - 3-O-[**C] metil-D-glicose

5-HT - serotonina

TH - Tirosina hidroxilase

14



15

LISTA DE FIGURAS

Figura 1 - Esquema de um segmento da medula espinal ilustrando a formagéo do nervo

isquiatico pela unido das raizes dorsais e ventrais da medula espinal. ................c.......... 26

LISTA DE FIGURAS DO ARTIGO 1

Figura 1 - Fotomicrografias de secc¢Oes coronais do ganglio da raiz dorsal de Lithobates

07z L (=1 01 F= 1 0 11 KT UU TR 54

Figura 2 - Fotomicrografias de secc¢Bes coronais do ganglio da raiz dorsal de Lithobates
catesbianus mostrando o nicleo da célula glial satélite (CGS) com heterocromatina

(seta larga) acoplada & membrana NUCIEAr. ...........cooveveiereie i 55

Figura 3 - Fotomicrografias de secc¢Bes coronais do ganglio da raiz dorsal de Lithobates
catesbianus mostrando reacdo positiva as técnicas acido periddico-reativo de Schiff (A)
e NADPH-diaforase (B) em neurdnios (NEU) e celulas gliais satélites (CGS).............. 56

Figura 4 - Fotomicrografias de secc¢Bes coronais do ganglio da raiz dorsal de Lithobates
catesbianus mostrando imunorreatividade a serotonina (A), tirosina hidroxilase (B) e

transportadores de glicose dos tipos 3 (C) e 1 (D) em células desse ganglio.................. 57

LISTA DE FIGURAS DO ARTIGO 2

Figura 1 - Fotomicrografias de sec¢des coronais do ganglio da raiz dorsal de ras que nao
sofreram qualquer manipulagdo cirdrgica no nervo isquiatico (A, B) e apds a seccdo
dESSE NEIVO (C, D). ittt nae s 62

Figura 2 - Fotomicrografias de sec¢des coronais do ganglio da raiz dorsal de ras que nao
sofreram qualquer manipulacao cirdrgica no nervo isquiatico (A, B, C) e ap6s a sec¢do
deSSE NEIVO (D, E, F). oottt 63



16

Figura 3 - Fotomicrografias de sec¢des coronais do ganglio da raiz dorsal de ras trés

dias apds a secGao do NErvo ISQUIALICO. ......c.ccvveieiieieeie e 63

Figura 4 - Fotomicrografias de sec¢des coronais do ganglio da raiz dorsal de ras que nao
sofreram qualquer manipulacao cirurgica no nervo isquiatico (A, C, E) e apds a sec¢ao
deSSe NEIVO (B, D, F). oot 64

Figura 5 - Imunorreatividade a serotonina (A) e Glut-3 em neurénios de diametro médio
do géanglio da raiz dorsal de rds que ndo sofreram qualquer manipulacéo cirdrgica no

Qe YO J o (U T U o o SRS 64
LISTA DE FIGURAS DO ARTIGO 3

Figura 1 - Captacdo de 1-[**C] 2-deoxi-D-glicose (A e B) and 1-[**C] 2-deoxi-D-glicose
mais lactato (C) no géanglio da raiz dorsal (A) e medula espinal (B) de rds que néo
sofreram qualquer manipulacdo cirtrgica no nervo isquiatico, que tiveram esse nervo

apenas manipulado e apds a SECCAO A0 MESMO. ...cvvevververierierieiieeeeeeeie e see e sresreereeneas 95

Figura 2- Formacdo de **CO; a partir de [**C] L-lactato (A) e **C-glicose (B) no ganglio
da raiz dorsal (DRG) e medula espinal de ras que ndo sofreram qualquer manipulagéo

cirurgica no nervo isquiatico e que tiveram esse Nervo seccionado. ..........ccoceververeenen. 96

Figura 3 - Concentracdo de lactato (A) e glicose (B) no plasma de rés que ndo sofreram
qualquer manipulacdo cirargica no nervo isquiatico e que tiveram esse nervo

SBCCIONAUD. ..o e —————— 97



17
LISTA DE TABELAS
LISTADE TABELAS DO ARTIGO 3
Tabela 1 - Captacdo de 1-[**C] 2-deoxi-D-glicose e 3-O-[**C] metil-D-glicose no

ganglio da raiz dorsal (DRG) e medula espinal (SC) de rds que ndo sofreram qualquer

manipulacdo cirdrgica N0 NErvo iISQUIALICO. .......ccvcveiieriieie e e 94



1. INTRODUCAO



19

1.1. Caracteristicas gerais dos anfibios

Quase todos os dados da Fisiologia Animal, e a maior parte do conhecimento da
Fisiologia Humana, séo derivados de estudos com animais de experimentagcdo usados
para responder questdes especificas sobre como funcionam os processos fisioldgicos.
Inimeros exemplos na literatura mostram que a identificagdo de similaridades e
diferencas de estrutura e funcdo entre as espécies permite constatar que algumas delas,
de acordo com certas peculiaridades, podem servir como modelo ideal para o estudo de
processos fisioldgicos basicos. Assim, sdo muitas as contribuicdes da Fisiologia Animal
na medicina, pois distintas espécies animais podem ser utilizadas como modelos no
estudo de doencas especificas. Estes modelos permitem uma diversidade de
experimentos que foram previamente apenas imaginados. O uso inteligente e perceptivo
da informagdo proveniente desses modelos animais depende do entendimento de
processos fisiologicos basicos fundamentais dos mesmos.

Os anfibios sdo utilizados em uma grande variedade de estudos cientificos. A
classe Anfibia compreende atualmente aproximadamente 4550 espécies. Destas 390 sao
salamandras, ordem Caudata (Urodela); 163 sdo cobras-cegas, ordem Gymnofiona
(Apoda); e em torno de 4000 sdo ras e sapos, ordem Anura (Salientia) (Stebbins e
Cohen, 1997). Em muitos locais do mundo, as ras constituem parte importante da
alimentacéo, sendo que em algumas sociedades primitivas e pobres elas constituem uma
das principais fontes de proteina animal. Além desta importancia na alimentagéo,
milhdes de estudantes de nivel superior adquirem muitos de seus conhecimentos em
anatomia e fisiologia de vertebrados utilizando como modelo as rds. Estes animais
também tém sido empregados em pesquisas, sendo que sua utilizagdo muito contribuiu e

continua contribuindo amplamente para o avanco da ciéncia nas areas de embriologia,
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endocrinologia, fisiologia, bioquimica, farmacologia, neurociéncias e genética (Koskela
e Pasanen, 1975; Stebbins e Cohen, 1997; Kiss et al., 2009; Voituron et al., 2009).

Esta ampla utilizagdo dos anfibios, principalmente na area cientifica, justifica a
realizacdo de estudos que visam o conhecimento morfofuncional dos tecidos desses
animais. Uma espécie de anfibio muito empregado como modelo experimental é a ra
Lithobates cateshianus®, conhecida como ra touro. Este anfibio aquético, resistente as
baixas temperaturas, é tipico da regido norte dos Estados Unidos, mas que se adaptou as
condigdes climéticas do Brasil, sendo o espécime encontrado em criadouros locais
(Stebbins e Cohen, 1997; Rocha e Branco, 1998).

Uma caracteristica dos anfibios é sua grande distribuicdo geografica. Esses
animais sdo encontrados em uma diversidade de regides, desde areas desérticas até os
circulos polares (Stebbins e Cohen, 1997). Para se adaptar a esta vasta distribuicéo,
diferentes estratégias foram desenvolvidas, como por exemplo, a aquisicdo de dois
estados funcionais durante o ano nos climas temperados, 0s quais séo referidos como
ativo (verdo e primavera) e inativo (outono e inverno) (Mizell, 1965; Scapin e
Giuseppe, 1993; 1994). Esta estratégia de sobrevivéncia decorre do efeito da
temperatura e da luminosidades sobre a atividade e processos metabolicos, 0s quais
visam proporcionar aos animais plasticidade fisiologica e metabolica para sua
sobrevivéncia (Smith, 1952; Mizell, 1965; Pasanen e Koskela, 1974; Hermes-Lima e
Storey, 1998).

O metabolismo energético no tecido nervoso de vertebrados é muito ativo, sendo
a glicose o principal substrato (Larrabee, 1987; 1996; Bouzier-Sore et al., 2006; Pellerin
e Magistreti, 2011; Du et al., 2012). Em Rodentia, sete tipos de transportadores de

glicose (GLUT, sigla do inglés glucose transporter), denominados GLUT1-5, 7 and 8),

De acordo com Frost et al. (2006), o nome da rd Rana catesbeiana mudou para Lithobates
catesbianus (para consulta, ver Bulletin of the American Museum of Natural History, No.
297)
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sd0 os responsaveis pela entrada, por difusdo facilitada, da glicose para o interior de
células do tecido nervoso. Os principais tipos nesse tecido sdo GLUT-1 e GLUT-3, que
se localizam nas membranas de células endoteliais, gliais e neurdnios. Estudos mostram
que a densidade destes transportadores é alterada de acordo com a demanda energética
do tecido (Stark el al., 2000; Duelli e Kuschinsky, 2001; Choeiri et al., 2002; Tabernero
et al., 2006; Devraj, 2011). Porém, é desconhecida a distribuicao dos transportadores de
glicose no tecido nervoso de rds, animais que passam por dois estados funcionais
diferentes durante o ano. Desconhece-se também o padrdo de captacdo da glicose no
tecido nervoso de anfibios, embora o glicogénio seja uma importante reserva energética
no sistema nervoso de rds (Yamamoto, 1963; Hunt e Nelson, 1965; Berthold, 1966;
Gleeson, 1991).

Outra molécula usada como substrato energético no tecido nervoso de vertebrados
é o lactato (Larrabee 1996; Chih et al., 2001; Bouzier-Sore et al., 2006; Ghandi et al.,
2009; Dienel, 2012). Neste tecido de aves e mamiferos, o lactato parece constituir um
dos substratos energéticos preferenciais em rotas metabdlicas oxidativas (Larrabee,
1980; 1982; 1985; 1987; 1995; 1996; Bouzie-Sore et al., 2003a,b; 2006; Pellerin e
Magistretti, 2011). E sabido que as rds acumulam altas concentraces de lactato durante
periodos de hibernacdo e apds atividades motoras (Warren e Jackson, 2005). Assim,
pode-se pensar que o lactato pode ser um dos substratos energéticos para o tecido

nervoso de ras, o que ainda nao foi demonstrado nesses animais.

1.2. Caracteristicas gerais do ganglio da raiz dorsal de anfibios

Assim como em mamiferos, os axdnios dos nervos espinais de anfibios possuem

ou ndo bainha de mielina. Os corpos neuronais de onde emergem esses axdnios estao
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localizados nos géanglios das raizes dorsais (GRDs) (Beccari, 1943; Butler e Hodos,
1996; Kardong, 1997). De acordo com a morfologia neuronal, a velocidade de conducao
e a laténcia de resposta, as fibras aferentes dos nervos periféricos de anfibios foram
classificadas em trés tipos: 1) as chamadas fibras do tipo A, que séo fibras de grosso
calibre e com bainha de mielina; 2) as chamadas fibras do tipo B, que sdo fibras pouco
espessas e com bainha de mielina; e 3) as chamadas fibras do tipo C, as fibras finas ndo
mielinizadas (Stevens, 2004). Assim como em mamiferos, as fibras do tipo B e C estdo
envolvidas com a codificacdo e transmissdo de estimulos nocivos (Hamamoto e
Simone, 2003; Garry et al., 2004; Stevens, 2004).

Os somas neuronais nos GRDs séo classificados em grandes e pequenos. Os
neurdnios grandes normalmente se apresentam claros nas coloragdes de rotina, dao
origem a axonios mielinizados e s&o chamados neurdnios A. Os neurdnios pequenos
geralmente se apresentam escuros nas coloragdes histologicas rotineiras, seus axonios
séo mielinizados e amielinicos e s&o denominados neurdnios B (Maruhashi et al., 1952;
Yamamoto, 1963; Berthold, 1966; Hanani, 2005). Contudo, 0 emprego de técnicas
histoquimicas, imunoistoquimicas e eletrofisioldgicas tem identificado diferentes
subpopulacdes de neurénios no GRD de ras (Berrios et al., 2008).

Ultraestruturalmente, os somas neuronais localizados no GRD de rés estdo
envolvidos por células gliais chamadas células gliais satélites (CGSs) (Pannese, 1981;
Hanani, 2005). Nesse ganglio, as CGSs se dispdem em torno dos somas neuronais em
um arranjo similar aquele observado nos mamiferos. Ai, cada neurdnio ganglionar,
juntamente com o segmento inicial de seu axdnio, esta envolvido por uma camada de
células satélites, sendo este um conjunto individualizado, separado do conjunto
adjacente por tecido conjuntivo (Pannese, 1981; Matsumo e Rosenbluth, 1986; Pfeifer

et al., 1995; Hanani, 2005; Huang et al., 2005; Hanani, 2010a).
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Em mamiferos, estd demonstrado que a distancia entre as membranas neuronal e
da CGS é de aproximadamente 20 nm (Pannese, 1981). Os neurbnios enviam
numerosos prolongamentos citoplasmaticos, similares a microvilosidades, em direcdo as
CGSs, muitos dos quais se aproximam de invaginacbes e prolongamentos
citoplasmaticos que partem de CGSs (Pannese, 2003). Essa caracteristica sugere intensa
comunicacdo entre CGSs e neurdnios. Segundo alguns autores, a CGS, por sua
disposicdo em relacdo ao neurénio, poderia controlar o fluxo de substancias quimicas
para o espaco extracelular neuronal. Além disso, ela estaria apta a atender as demandas
energéticas do neurbnio (Pannese, 1981;2003; Hanani, 2005). Contudo, permanece
ainda especulativo o papel funcional das CGSs.

Os estudos ultra-estruturais de ganglios sensoriais de diversas espécies de
vertebrados, incluindo ganglio simpético de ras, mostraram que cada CGS possui um
nucleo ovoide, com muitos grumos localizados centralmente e a cromatina formando
uma banda periférica. No citoplasma sdo encontradas todas as estruturas caracteristicas
de uma célula animal. E comum a ocorréncia de granulos de glicogénio e inclusdes
lipidicas (Pannese 1964; Leech, 1967; Pannese, 1981; Matsumoto e Rosenbluth, 1986).
Estudos quantitativos em diferentes espécies de animais demonstraram que o nimero de
CGSs, por soma neuronal, aumenta em propor¢do ao volume neuronal, o que favorece o
provavel papel de apoio metabolico ao neurénio dessa célula (Ledda et al., 2004; Ohtori
et al., 2004; Dublin e Hanani, 2007). Em lagartos, a média de CGSs por soma neuronal
é de trés células gliais por corpo neuronal. Em camundongos esse numero chega a
cinco. Em ratos, o nimero de CGSs para cada neurdnio € oito, enquanto ele chega a dez
em coelho. Ainda ndo se conhece essa relacdo nos anfibios. Como a diferenca no

numero de CGSs por corpo neuronal provavelmente decorre da demanda metabolica do
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tecido nervoso de cada espécie (Ledda et al., 2004), € interessante o conhecimento dessa
relacdo em distintas espécies de vertebrados, inclusive nos anfibios.

Siemionow et al. (2006) relataram a presenca de trés tipos de CGSs no GRD de
coelhos. De acordo com a morfologia, essas células foram denominadas de Tipo I, Il e
I1l. As CGSs do tipo | foram descritas como CGSs tipicas, sendo as mais numerosas e
representando 55,8% do total das células analisadas. Estas células tinham nulcleo de
formato fusiforme, heterocromatina densa e poucas fendas na membrana nuclear. O
citoplasma se apresentava com mitocondrias dispersas ou agrupadas, de formato
alongado ou arredondado contendo granulos densos nas cristas mitocondriais. Foram
observados ainda complexo de Golgi, reticulo endoplasméatico rugoso (RER) e
numerosas vesiculas de didmetros variados com material de baixa densidade no seu
interior, as quais estavam localizadas proximas a membrana plasmatica. O espaco entre
a CGS e o0 neurdnio tinha aproximadamente 15 a 20 pm. As CGSs do tipo Il, as quais
totalizaram 4% do total das células satélites analisadas, foram observadas sempre
proximas de neurdnios e, até 0 momento, ndo foram descritas em outras espécies. Esse
tipo de CGS possuia muitas projecdes emergindo de seu citoplasma, as quais formavam
multiplas camadas sobrepostas que deixavam isolado o nucleo dessa célula. Essa
quantidade de camadas tornava dificil a determinacdo do término do citoplasma da
célula glial e o inicio da membrana neuronal. O ndcleo da CGS tipo Il foi 0 maior dos
diferentes tipos dessas células. As células do tipo Il representaram 39,7% do total de
células satélites observadas. Este tipo tinha como caracteristica a presenca de um espaco
entre a CGS e o neurbnio preenchido por substancia fundamental. Estas células
envolviam parcial ou completamente o segmento inicial dos axénios neurénais do GRD.
Até 0 momento, ndo héa estudos relatando a presenca das CGSs do tipo Il e 1l em outras

espécies de animais, incluindo as ras.
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Uma caracteristica do tecido nervoso de rds é a presenca de reacdo positiva a
diversas técnicas histoquimicas. Aqui sera citada a reacdo positiva & enzima
nicotinamida adenina dinucleotideo fosfato (NADPH-diaforase) (Crowe et al., 1995;
Cristino et al., 2004), por ser essa reagdo usada no presente estudo. A NADPH-diaforase
é considerada equivalente a enzima Oxido nitrico sintase, responsavel pela sintese de
oxido nitrico (Hope et al., 1991). Em mamiferos, o éxido nitrico desempenha diversos
papéis, inclusive na nocicepcdo (Cury et al., 2011), processo onde estimulos térmicos,
mecanicos e quimicos intensos sao detectados por uma subpopulacdo de fibras nervosas
periféricas denominadas nociceptores (Basbaum et al., 2009; VVon Hehn et al., 2012).
Contudo, ainda se desconhece a distribuicdo da NADPH-diaforase no GRD de réds Rana
catesbeiana, espécie muito usada como modelo em distintas situacdes experimentais.

Foi demonstrado que células do GRD de rds respondem & serotonina, substancia
quimica que desempenha diversas fungdes fisiologicas, dentre elas a de
neurotransmissdo e/ou neuromodulacdo (Lesch e Waider, 2012). Em rés, a serotonina
exerceu efeito despolarizante quando aplicada diretamente no GRD ou em fibras
aferentes primarias (Holz e Anderson, 1984; Philippi et al., 1995). O mesmo efeito
despolarizante ocorreu quando noradrenalina, uma das catecolaminas com diversos
papeis fisiologicos, incluindo acdo neurotransmissora e/ou neuromoduladora (Ko e
Strafella, 2012; Tolleson e Claassen, 2012), foi aplicada em neurdnios isolados de GRD
de sapos (Chen et al., 1993). Porém, assim como ocorre com a NADPH-diaforase, se
desconhece o padrdo de distribuicdo da imunorreatividade a serotonina e as

catecolaminas no GRD de ras.

1.3. Efeito da lesdo nervosa periférica sobre células do GRD
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Existe na literatura uma vasta quantidade de trabalhos mostrando que a secg¢do do
nervo isquiatico’ (SN, sigla do inglés sciatic nerve transection - SNT), um modelo para
0 estudo da dor fantasma, a dor decorrente da amputacdo de membros, provoca
alteracGes nas células do GRD de distintas espécies de vertebrados, inclusive em
ganglio simpatico de ras (Hunt e Nelson, 1965; Humbertson et al., 1969; Pannese, 1981;
Shinder et al., 1999; Hanani, 2005; Li et al., 2013). Esse modelo de dor fantasma foi
desenvolvido por Wall e colaboradores em 1979 (Figura 1). Em mamiferos, as
alterac@es iniciam no 1° dia apos a lesdo nervosa periférica, apresentando um pico no 6°

dia, e retornando aos numeros iniciais no 18° dia (Humbertson et al., 1969).

™= Sural
™ Tibial

Peroneal
comum

Figura 1. Esquema de um segmento da medula espinal ilustrando a formacdo do nervo
isquiatico pela unido das raizes dorsais e ventrais da medula espinal. Nas raizes dorsais
estdo mostrados os ganglios das raizes dorsais (L4, L5 e L6) do nervo isquiatico. Esta
mostrado também as trés divisbes do nervo isquiatico: nervos tibial, sural e peroneal
comum. No tronco comum do nervo isquiatico € mostrado a sec¢do desse nervo pela
descontinuidade do mesmo (Modificado de Klusakové e Dubovy, 2009).

As modifica¢bes nos somas de células do GRD devido a SNI sdo diversas, desde

alterac@es estruturais e moleculares, e mudangas metabdlicas (Li et al., 2013). Dentre

lIsquizitico ¢ a nova denominagdo em substitui¢do ao termo “ciatico”, conforme ultima edi¢do da
Terminologia Anatomica elaborada pelo Federative Committee on Anatomical Terminology (FCAT).
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essa diversidade de mudancas, pode-se citar a redu¢do no nimero de neur6nios nesses
ganglio (Oliveira, 2001; Yun e Jakobsen, 2010). Segundo Hart el al. (2002), os
primeiros sinais de morte neuronal estdo presentes 24 horas ap0s a lesdo nervosa
periférica. Doze semanas ap6s a lesdo, sdo encontrados neurbnios com citoplasma
vacuolizado. A membrana plasmatica dessas células ndo apresenta sinais de alteragdes
estruturais. O nlcleo da célula estd deslocado da regido central e se apresenta com
condensacio e deslocamento irregular da cromatina. E comum a presenca de
invaginagdes na membrana nuclear. No citoplasma se encontra mitocondrias
vacuolizadas. O RER e o complexo de Golgi frequentemente se apresentam dilatados
(Leech, 1967; Hart et al., 2002; Atlasi et al., 2009). Contudo, as altera¢cfes estruturais
ndo se limitam aos neurdnios, ocorrendo também em CGSs. Apds a SNI, diversos
estudos relataram aumento no numero dessas células (Hunt e Nelson, 1965;
Humbertson et al., 1969; Pannese, 1981; Shinder et al., 1999; Hanani, 2005; 2010b). De
acordo com Shinder et al. (1999), a hiperplasia das CGSs determina ao conjunto
neurdnio-células gliais uma aparéncia que lembra “as camadas de uma cebola”.
Especula-se que a hiperplasia das células satélites, ao reduzir o espaco extracelular,
poderia diminuir 0 acesso de substancias quimicas ao meio extracelular dos neurénios
(Hanani, 2005). Porém, elas estariam aptas para melhor atender as demandas
energéticas neuronais (Pannese, 1981). A SNI também ocasiona aumento no niumero de
expansdes lamelares que emergem das CGSs, as quais se distribuem pelo tecido
conjuntivo. Nessas expansdes se observa a presenca de mitocéndria, polissomas, RER e
filamentos (Hanani et al., 2002; Pannese et al., 2003).

Além das mudancas estruturais, a SNI provoca também alteracdes funcionais nas
células do GRD. A seguir, serdo citadas algumas dessas mudancas, todas relacionadas

com moléculas de interesse no contexto deste trabalho. Em mamiferos, Hansen et al.
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(2011) mostraram que a deficiéncia de transportadores de serotonina ocasiona melhora
nos sintomas de alodinia (resposta dolorosa a estimulos considerados inocuos) e
hiperalgesia (aumento da sensacdo dolorosa a estimulos potencialmente nocivos),
eventos comumente observados apo6s lesdo em nervos periféricos (Cheng e Ji, 2008;
Basbaum et al., 2009; Nickel et al., 2012; VVon Hehn et al., 2012). A imunorreatividade
a tirosina hidroxilase (TH), a enzima limitante na sintese de catecolaminas, a qual
catalisa a conversdo de L-tirosina a dopamina que serd posteriormente convertida em
noradrenalina e adrenalina, é aumentada ap6s SNI (Ma e Bisby, 1999; Hu e McLachlan,
2001; 2003). Esta condicdo experimental também provocou acréscimo na expressao de
c-Fos, proteina considerada marcadora de ativacdo neural por estimulacdo nociva
(Soares et al., 2001). Ainda, a SNI ocasiona aumento no nimero de somas neuronais
positivos a NADPH-diaforase no GRD (Keilhoff et al., 2003; Lukacova et al., 2003).

A lesdo em nervos periféricos também modifica pardmetros metabdlicos nos
mamiferos. Nessa situacdo experimental foi demonstrada reducdo na imunorreatividade
ao GLUT-1 em estruturas do sistema nervoso central e periférico (Stark et al., 2000). A
compressdo no nervo isquiatico provocou acréscimo na utilizacdo de glicose nos cornos
ventral e dorsal da medula espinal de rato (Price et al., 1991). A seccdo nos nervos
facial e hipoglosso aumentou a utilizacdo desse substrato energético nos nucleos
motores desses nervos cranianos (Kreutzberg e Emmerst, 1980). Resultado similar foi
observado ap0s lesdo na coclea, 0 que ocasionou acréscimo na captacdo do andlogo da
glicose 1-[**C] 2-deoxi-D-glicose (**C-2-DG) nas regides envolvidas com o
processamento da informagéo auditiva (Ahn et al., 2004).

Uma consequéncia da lesdo em axdnios de nervos periféricos € o aumento na
liberagdo de glutamato no corno dorsal da medula espinal, regido de entrada dessas

fibras aferentes (Klusdkova e Dubovy, 2009). Um aumento no numero de
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transportadores de glutamato do tipo 2 ocorreu nas fibras do nervo isquidtico apo6s a
seccdo do mesmo (Brumovsky et al., 2007). Estd demonstrado que em situagOes
experimentais onde ha acréscimo na concentracdo de glutamato ocorre também aumento
no lactato, que pode ser usado como substrato energético pelas células neurais (Schurr
et al., 1999; Schurr e Payne, 2007; Barros e Deitmer, 2010; Schurr e Gozal, 2012). Esta
pode ser a situacdo no GRD ap6s a SNI. Todavia, essa questdo permanece em aberto.
Como ja mencionado, os estudos citados acima foram realizados, em sua maioria,
em mamiferos. Contudo, as rds vem sendo utilizadas como modelo experimental em
estudos de nocicepcgdo (Stevens, 2004; Stevens et al., 2007; 2009; Chen et al., 2011,
Coble et al., 2011; Ohkita et al., 2012; Saito et al., 2012), inclusive em estudos com SNI
(Partata et al., 2002; Guedes et al., 2004a, b). De acordo com Stevens (2004), 0 uso
desses animais na pesquisa sobre nocicepcdo permite uma abordagem filogenética do
tema. Permite ainda o uso de um sistema nervoso com organizacao mais simples do que
a de um mamifero, além de vantagens econdmicas, tanto pela facilidade na manutencao
dos animais como pelo menor preco dos mesmos. Porém, os estudos com ras mostraram
que as alteragbes morfofuncionais no tecido nervoso desses animais com SNI séo, em
parte, similares aquelas observadas nos mamiferos (Partata et al., 2002; Guedes et al.,
2004a, b; Schaible e Richter, 2004; Nickel et al., 2012). Todavia, outras foram
peculiares a esses animais. Apenas em rdas a SNI provocou aumento na
imunorreatividade ao neuropeptideo Y nos somas neuronais do GRD ipsilateral e
contralateral a lesdo nervosa periférica, enquanto em ratos o acréscimo ocorreu somente
no GRD ipsilateral a lesdo (Guedes et al., 2004b). Em ras, a SNI também provocou
reducdo na imunorreatividade ao peptideo substancia P no corno dorsal da medula
espinal. Porém, o retorno da imunorreatididade foi mais rapido em rdas do que em

mamiferos (Partata et al., 2002).
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1.4. Considerac0es finais

A presenca de similaridades nas respostas de rds a SNI fortalece o uso desses
animais como modelos experimentais para o estudo dos efeitos da lesdo nervosa
periférica sobre o tecido nervoso, tema que ainda possui muitas questdes em aberto. E
certo que o entendimento dos efeitos da SNI sobre o tecido nervoso proporcionara o
desenvolvimento de melhores abordagens para o tratamento da dor fantasma, condi¢do
dolorosa dificil de ser tratada. Porém, dada as peculiaridades em muitas das respostas
patofisiol6gicas de rds torna-se evidente a necessidade de realizacdo de estudos
complementares para melhor compreensdo dos efeitos de uma lesdo nervosa periférica
sobre o tecido nervoso de ras. O conhecimento dessas diferencas indiscutivelmente
permitira um melhor entendimento das respostas fisioldgicas desses animais em uma
condicgéo dolorosa, o que, sem duvida, reforcara o emprego dos mesmos como modelos
experimentais para o estudo dos mecanismos envolvidos na codificagdo e transmissao
da informacédo nociceptiva. O emprego de rds como modelos experimentais em uma
condicdo dolorosa também oferecera subsidios ao entendimento evolutivo dessa
resposta, ja que os anfibios foram os primeiros vertebrados terrestres. Assim, com 0
intuito de ampliar o conhecimento dos efeitos peculiares da SNI sobre o tecido nervoso
de rés, e fortalecer 0 uso desses animais como modelos experimentais para o estudo da
nocicepcdo, o presente estudo demonstrou o efeito da SNI, que simula um quadro de
dor fantasma, sobre parametros ultraestrutural, histoquimico, imunoistoquimico e de
captacdo de analogos da glicose em ganglio da raiz dorsal de ras Lithobates

catesbianus.



2. OBJETIVOS
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2.1 OBJETIVO GERAL

O objetivo geral do presente trabalho foi determinar: 1) a ultraestrutura de
neurdnios e CGSs, 2) a histoquimica e imunoistoquimica de algumas moléculas com
papel importante na neurotransmissdo neural, e 3) a captacdo de *C-2-DG, anélogo da
glicose, na presenca e auséncia de lactato, em GRD de rés Lithobates catesbianus
submetidas a SNI. Para isso 0s experimentos foram realizados 3 dias apds a leséo e

como controle foram utilizadas ras sem qualquer manipulacéo cirurgica.

2.2 OBJETIVOS ESPECIFICOS

e Determinar a ultraestrutura de neurdnios e CGSs do GRD de rés sem qualquer
manipulacdo no nervo isquiatico e submetidas a manipulacdo e a sec¢do nesse
nervo, realizando as determinac@es 3 dias apds a cirurgia;

e Determinar a distribuicdo da imunorreatividade a c-Fos, serotonina, tirosina
hidroxilase, GLUT-1 e GLUT-3 no GRD de ras sem qualquer manipulacdo no
nervo isquidtico e submetidas a manipulacdo e a sec¢do nesse nervo, realizando
as determinagdes 3 dias ap0s a cirurgia;

e Determinar a distribuicdo das reacdes a NADPH-diaforase e ao &cido periddico-
reativo de Schiff (PAS) no GRD de ras sem qualquer manipulagdo no nervo
isquiatico e submetidas a manipulacdo e a seccdo nesse nervo, realizando as
determinacdes 3 dias apds a cirurgia;

e Determinar a captacdo de '*C-2-DG, na presenca ou auséncia de lactato, no
GRD de ras sem qualquer manipulacdo no nervo isquiatico e submetidas a
manipulacdo e a sec¢do nesse nervo, realizando as determinacdes 3 dias apos a

cirurgia;
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e Determinar a taxa de producdo de *CO, a partir de **C-L-lactato e de *'C-
glicose no GRD de ras sem qualquer manipulacdo no nervo isquiatico e
submetidas a manipulacdo e a sec¢do nesse nervo 3 dias apds a cirurgia;

e Determinar os efeitos da SNI sobre a concentracdo plasmaética de glicose e
lactato em rds sem qualquer manipulacdo no nervo isquiatico e submetidas a
manipulacdo e a seccdo nesse nervo, realizando as determinac@es 3 dias apos a

cirurgia.
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ABSTRACT

Amphibian dorsal root ganglia (DRG) cells contain glycogen, show reactivity to
nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-diaphorase), respond
to application of serotonin and catecholamine, and have one type of satellite glial cell
(SGC), according to previous descriptions. Recently a new type of SGC was identified
in rabbit DRG. To investigate whether this new SGC type occurs in frog DRG and to
determine the pattern of immunoreactivity to glucose transporters (Glut) types 1 and 3,
tyrosine hydroxylase and serotonin, as well as NADPH-diaphorase and Hotchkiss’ PAS
(periodic acid-Schiff) reactions, dorsal root ganglia were excised from 12 adults of the
bullfrog Rana catesbeiana, prepared, sectioned and analyzed under transmission
electron and light microscopy. The neuronal and SGC ultrastructure displayed typical
characteristics. The new type of SGC was not found. Glut-1-like immunoreactivity
occurred in the SGC and blood vessels, while Glut-3 was found in medium-diameter
neurons. The tyrosine hydroxylase-like immunoreaction was located predominantly
around neurons and SGC, while serotonin occurred in a few medium-diameter neurons.
The NADPH-diaphorase reaction was intense in SGC and medium and small neurons,
but weak in large neurons. The PAS reaction was moderate in neurons but strong in
SGC. These results concord with previous ultrastructural descriptions of amphibian

DRG, and show the functional similarity between frog and rodent DRG.
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1. Introduction

The amphibian spinal cord and ganglion have been frequently used as a model in
physiological and pharmacological studies (Partata et al., 2002; Guedes et al., 2004a;b;
Stevens, 2004; Guo et al., 2011; Kaeser et al., 2011; Ohkita et al., 2012). In these
animals, as in mammals, the dorsal root ganglia (DRG) are composed of three classes of
neurons, which are distinguished according to their morphology and function. A recent
study identified six distinct subpopulations of neurons in frog DRG, based on neuron
morphology and size in light microscopy (Berrios et al., 2008). In DRG, in addition to
neurons, myelinated and unmyelinated fibers, macrophages and fibroblasts, and satellite
glial cells (SGCs) also constitute the resident components (Yamamoto, 1963; Pannese,
1981; Jhaveri and Frank, 1983; Szekely and Antal, 1984; Baluk, 1986; Ten Donkelaar,
1998). Various roles such as protective, trophic and secretory functions have been
assigned to SGCs, and their morphology has been studied in detail in some vertebrate
species, including frogs (Yamamoto, 1963; Baluk, 1986; Pannese, 1981; 2010; Hanani,
2005; 2010). A previous study described a new type of support cell in rabbit DRG
(Siemionow et al., 2006). According to the authors, this new type represents a different
cell line or a highly adapted cell with specific functional capacities that differ from
those of a typical satellite cell. It is unknown if this new type is present in frog DRG.

Frog DRG neurons also show reactivity to nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-diaphorase) (Cristino et al., 2004; Crowe et al., 1995),
but we are unaware of any report on the distribution of this reaction in DRG from
bullfrog. Frog DRG cells respond to application of serotonin (Holz and Anderson, 1984;

Philippi et al., 1995) and catecholamine (Cheng et al., 1993). No report, however, was
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found on the pattern of serotonin and tyrosine hydroxylase immunoreactivity in frog
DRG.

Energy metabolism is very active in frog nervous tissue, with glucose as the
obligatory energy substrate (Larrabee, 1987; 1996), although glycogen forms a limited
energy store (Yamamoto, 1963; Hunt and Nelson, 1965; Gleeson, 1991). In rodents, a
family of seven facilitative glucose transporters (Glut-1-5, 7 and 8) mediates the cellular
uptake of glucose. The main types found in the brain are Glut-1 and Glut-3, which are
located in the membranes of endothelial cells, astrocytes and neurons, and their
densities are well adjusted to changes in local energy demand (Duelli and Kuschinsky,
2001; Choeiri et al., 2002). In frog DRG, however, the distribution of these glucose
transporters is unknown.

In order to elucidate the ultrstructure and patterns of metabolic substances in
bullfrog DRG cells, we used transmission electron microscopy to reveal the
ultrastructure of these cells, especially SGCs. In addition, we used light microscopy to
demonstrate the pattern of Glut-1- and 3-, serotonin- and tyrosine hydroxylase-like
immunoreactivities, and the distribution of the NADPH-diaphorase and Hotchkiss” PAS

(periodic acid-Schiff reaction) reactions.

2. Materials and methods

2.1. Animals

Twelve adult male frogs Rana catesbeiana, weighing 100-200g, were obtained

from RANASUL (Imbé, RS) in summer and autumn. Upon arrival at the laboratory they

were housed in cages with water and kept under natural conditions of temperature and
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photoperiod. The animals were fed ad libitum with specific food and acclimated to
laboratory conditions for at least 2 weeks before being used. The experimental protocol
followed the NIH Guide for the Care and Use of Laboratory Animals (NIH publication
85-23 revised 1985). All efforts were made to minimize the number of animals used and

their suffering.

2.2. Transmission Electron Microscopy

After acclimation the frogs were killed by decapitation and their bilateral DRG of
the sciatic nerve were dissected out within 3 minutes. The ganglia were fixed
immediately by immersion in a solution containing 2% paraformaldehyde and 1.5%
glutaraldehyde (Sigma, USA) diluted in 0.1M phosphate buffer pH 7.3 (PB) for 1h. The
material was washed in the same buffer solution and postfixed in 1% osmium tetroxide
(Sigma, USA) diluted in PB for 1h at room temperature. After this, the sections were
washed in PB and subsequently dehydrated through an ascending series of acetone, and
then embedded in Araldite (Durcupan, Fluka, Switzerland). Semithin sections (1 um)
were obtained using an ultramicrotome (MT 6000=XL, USA) with a diamond knife
(Diatome - Switzerland) and stained with 1% toluidine blue for examination under a
light microscope. The ultrathin sections (70 nm) were cut with the same ultramicrotome
using a diamond knife (Drukker — Netherlands). These sections were stained with 2%
uranyl acetate (Merck, Germany) followed by 1% lead citrate and examined with a JEM
120 EX 1l electron microscope (Centro de Microscopia Eletrdnica, Universidade

Federal do Rio Grande do Sul).

2.3. Histochemistry and Immunohistochemistry
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Glycogen was detected according to Hotchkiss’ PAS (periodic acid-Schiff
reaction) technique. Ten frogs were decapitated, and the DRG were dissected and
sectioned (10 pum). The sections were mounted on gelatinized slides to dry. After
hydration in water, the sections were placed in a solution of 0.5% periodic acid for 10
min. After being washed in destilled water, the sections were incubated at room
temperature for 30 min in Schiff reagent (1 g basic fuchsin in 200 mL water) and then
were washed three times in a sulfur solution prepared with 10 mL HCI, 10 mL sodium
bisulfite and 180 mL water. The sections were rinsed in water for 5 min, dehydrated in
an ethanol series, cleared and covered with Entellan (Merck). For control, some sections
were treated with saliva for 1 h at 37° C before PAS staining.

For NADPH-diaphorase and immunohistochemical procedure the frogs were
descerebrated and after a brief saline flush were intracardially perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB). The DRG were 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 4° C. Coronal serial sections (50
um) were obtained on cryostat and collected in cold phosphate buffered saline (PBS).

For NADPH-diaphorase procedure free-floating sections were treated with 10 mL
PB containing 12 pL Triton X-100 for 10 min and transferred to fresh NADPH-
diaphorase medium containing 0.5 mg/ml B-NADPH, 0.2 mg/mL nitro blue tetrazolium
and 0.2 M PB containing 12 pL Triton X-100. After pre-incubation at room temperature
for 5 min under continuous shaking, they were incubated at 37 °C for 4 h. The reaction
was stopped by the addition of excess 0.1 M PB. Control sections were incubated in a
reaction medium without substrate.

For immunohistochemistry the sections were treated with 3% hydrogen peroxide

in 10% methanol for 30 min, washed with PBS for further 30 min and incubated for 30
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min in 3% normal goat serum in PBS containing 0.4% Triton X-100 (PBS-T). The
sections were incubated overnight with gentle agitation at 4° C with primary antibody
[Glutl, polyclonal antibody that recognizes ~42-45 kDa protein, diluted 1:1000
(Sigma); Glut3, polyclonal antibody that recognizes C-terminal sequence of the protein,
diluted 1:1000 (Sigma); serotonin, polyclonal antibody, diluted 1:1200 (Sigma);
tyrosine hydroxylase, polyclonal antibody, diluted 1:1000 (Sigma)]. The primary
antibody was then removed and the sections washed in PBS-T for 30 min. Then the
sections were immersed in a secondary (anti-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 peroxidise rabbit anti-horseradish peroxidise 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 tetrahydrochoride (60 mg/100 mL,
Sigma) and 0.005% v/v hydrogen peroxide in PBS. Specific immunostaining was
abolished when the primary antibody was omitted from the staining sequence.

After NADPH-diaphorase and immunohistochemical procedures, the sections
were mounted onto gelatinized slides, dehydrated in an ethanol series, cleared, covered
with Entellan (Merck) and examined and photographed with Nikon Optiphot-2

microscopy equipped with a Nikon FX-35DX camera.

3. Results

In light microscopy, the frog DRG showed a typical morphology. Neurons with
small (10 pm), medium (30 pum) and large (55 um) diameters were present. The large
neurons were usually located in the ganglion cortex, while the medium and small cells

were located at the center. The nerve-cell body was surrounded by one or more SGCs.
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Ultrastructurally, sensory neurons showed the morphometry typically described for
these cells. Some of them exhibited electron-dense cytoplasm and others showed
intermediate electron densities. Neuronal cell bodies and the initial segment of the axon
were completely ensheathed by SGCs. Sometimes only a thin ring of cytoplasm of SGC
was observed around the soma of the sensory neuron. SGCs also showed the typical
morphometry of these cells; they were fusiform and were separated from adjacent
neurons by a space of around 20 nm. This space commonly contained lamellar
cytoplasmic expansions of the SGC (Fig. 1A, B) and neuronal projections (Fig. 1A).
The lamellar expansions were numerous and irregularly shaped (Fig. 1B, C).

No different electron densities of nuclei and cytoplasm of the SGCs were found.
The plasmatic membrane of these cells was around 10-12 nm thick. Their nucleus
showed a characteristic chromatin condensation, with heterochromatin attached to the
nuclear membrane (Fig. 2A). When visible, the nucleolus was centrally located.
Mitochondria (Fig. 2B), Golgi complex and rough endoplasmic reticulum (RER) could
be observed near the nucleus. Mitochondria clusters were found dispersed through the
cytoplasm, but this was not a frequent feature. The Golgi complex was not abundant in
SGC cytoplasm. This organelle usually appeared with 4-6 flattened cisternae associated
with a few vesicles with different electron densities, that were separate from or adjacent
to the cisternae (Fig. 2B). RER was a common structure, with its usual features. Some
lysosomes and round clear vesicles were also found (Fig. 2B, D); the vesicles had
different sizes and often showed amorphous content. Many ribosomes (15 nm
diameter), free or in clusters, and intermediate filaments (8-10 nm diameter) were
observed both adjacent to the nucleus and scattered through the cytoplasm (Fig. 2C, D).

Lipid (Fig. 2E) and glycogen droplets was also found in SGC cytoplasm.
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The Hotchkiss’ PAS reaction was moderate in the sensory neurons, but strong in
SGC (Fig. 3A). While this positive reaction disappeared in neuronal cytoplasm after
saliva treatment, it was still found in SGCs. A strong NADPH-diaphorase reaction
occurred in medium and small neurons, primarily in the former. A weak NADPH-
diaphorase reaction was observed in large neurons. SGC showed strong NADPH-
diaphorase staining, regardless of whether these cells surrounded positive large,
medium or small neurons (Fig. 3B).

DRG cells were immunopositive for all antibodies, although the pattern of
immunostaining was different for each molecule. Very few medium and small sensory
neurons showed serotonin-like immunoreactivity (Fig. 4A). This immunoreaction was
always moderate. SGCs did not show serotonin-like immunoreactivity. Tyrosine
hydroxylase-like immunoreactivity occurred around small, medium and large neurons
(Fig. 4B). These formations were not common in frog DRG. A few immunoreactive
neurons were observed throughout the DRG. Tyrosine hydroxylase-like
immunoreactivity was also found surrounding the SGCs. Glut3-like immunoreactivity
was found in sensory neurons, which were moderately stained for this antibody (Fig.
4C). These neurons were predominantly medium-sized. No immunoreaction was found
in SGCs. No vascular Glut3 staining was observed. Moderate Glutl-like
immunoreactivity was found in the capsule of the DRG and in blood vessels. No
labeling could be detected in the neurons, but moderate labeling was found in SGCs

(Fig. 4D).

4. Discussion
The present investigation demonstrated that the new type of SGC, recently

described in rabbit DRG (Siemionow et al., 2006), was not found in bullfrog DRG. The
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distribution patterns of PAS and NADPH-diaphorase reactions and Glutl- and 3-,
tyrosine hydroxylase- and serotonin-like immunoreactivities were similar to that
described for mammals, including a positive NADPH-diaphorase reaction in SGCs from
frog DRG.

Structurally, the nerve-cell bodies from bullfrog DRG showed a distribution
similar to that described for autonomic ganglia of frogs (Yamamoto, 1963; Baluk, 1986)
and spinal ganglia of other vertebrate species (Siemionow et al., 2006; Arkhipova et al.,
2010; Pannese, 1981; 2010; Hanani, 2005; 2010). With respect to size, the frog DRG
neurons fit the three general classes described for amphibians: large, medium and small
(Maruhashi et al., 1952; Yamamoto, 1963). The fixation of the ganglia probably
prevented identification of the six classes of neurons that were recently described for
this tissue (Berrios et al., 2008). Each nerve-cell body was usually enveloped by a SGC
sheath, distinctly separated from sheaths encircling adjacent neurons by connective
tissue. SGCs displayed the typical morphometry attributed to these cells (Matsumoto
and Rosenbluth, 1986; Siemionow et al., 2006; Arkhipova et al., 2010; Pannese, 1981;
2010; Hanani, 2005; 2010). Thus, our observations are in agreement with the
morphological type of SGC described in other studies with frog species (Yamamoto,
1963; Pannese, 1981; Baluk, 1986).

The positive reaction to NADPH-diaphorase in SGCs may indicate the synthesis
of nitric oxide by this cell. NADPH-diaphorase is a nitric oxide synthase, the enzyme
responsible for nitric oxide synthesis (Hope et al., 1991), and the simple histochemical
technique of NADPH-diaphorase is an indication of the cellular localization of nitric
oxide synthase. This is the first demonstration of this reaction in SGCs from
amphibians. Recently, the NADPH-diaphorase reaction was demonstrated in SGCs

from rat DRG (Nascimento et al., 2008). It has been suggested that in these animals the
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effects of nitric oxide are mediated by the collaboration between neurons and SGC
(Thippeswamy and Morris, 2002; Nascimento et al., 2008). This collaboration may be
occurring in frog DRG, since the neurons also stained for NADPH-diaphorase and
many of them were close to positive SGC. The presence of the NADPH-diaphorase
reaction in neurons from frog DRG was also described by other authors (Crowe et al.,
1995; Philippi et al., 1995; Cristino et al., 2004), although none of them mentioned
SGC.

Since Hotchkiss> PAS reaction is used to show glycogen distribution, the
moderate reaction found in nerve-cell bodies may be due to the low glycogen content.
Energy reserves fluctuate seasonally in amphibians, and sequential deposition of lipid
and carbohydrate stores occurs throughout summer and autumn, with fat being
deposited earlier than liver glycogen (Boutilier et al., 1997). Our study was performed
with frogs collected mostly in autumn, which may explain the lipid droplets present in
the SGC cytoplasm and the moderate PAS reaction in DRG cells. The presence of
energy substrates in SGC cytoplasm reinforces its role as a metabolic support for
neurons.

Immunoreactivity for tyrosine hydroxylase, the rate-limiting enzyme that converts
tyrosine to catecholamines, which are neurotransmitters and/or hormones in the
periphery and in the central nervous system, was similar to results reported for rodents
(Brumovsky et al., 2006; Li et al., 2011; Xia et al, 2011). The result for serotonin was
also similar to that described in rodents (Delree et al., 1992). The functional significance
of these findings is not yet understood and needs to be analyzed. It would be interesting
to investigate if the immunoreactive neurons fall in the classical “peptidergic” or “non-

peptidergic” categories. Research into this question is under way in our laboratory.
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In conclusion, the new type of SGC described in rabbit DRG was not found in
frog DRG. This may indicate an evolutionary difference, but further ultrastructural
studies with other vertebrate species are necessary to clarify this hypothesis. This study
provided the first demonstration of a positive NADPH-diaphorase reaction in SGCs
from frog DRG. Since these results were similar to that found in rodents, it may indicate
the early evolutionary appearance of this reaction in SGCs from vertebrates. Similarities
were also found in the pattern of PAS and NADPH-diaphorase reactions and Glutl- and
3-, tyrosine hydroxylase- and serotonin-like immunoreactivities. Thus, our study
concord with previous ultrastructural descriptions of amphibian DRG and show the

functional similarity between frog and rodent DRG.
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Legends to Figures

Fig. 1. Cross section of Rana catesbeiana’s dorsal root ganglion. (A) Note the
projections emerging from neuron (NEU) and the lamellar expansions of the satellite
glial cell (SGC) (arrows). (B) From SGC cytoplasm, a lamellar expansion (Le) emerges
and spreads through the interstitial space. (C) Two SGC (SGC1 and SGC2) with

lamellar expansions (arrows) are visible. Scale bars: A = 1um; B = 0.5 um; C =2 pm.

Fig. 2. (A) Cross section of Rana catesbeiana’s dorsal root ganglion showing satellite
glial cell (SGC) nucleus with heterochromatin (large arrow) attached to the nuclear
membrane. Note the nuclear pore (arrow). (B), (C), (D) and (E) Mitochondria (M) with
mitochondrial cristae (MC) and dense granules (DG), Golgi complex (GC), vesicles
(V), ribosomes (R), filaments (F), lysosomes (LY) and lipid droplets (LD) are seen in

the SGC cytoplasm. Scale bars: A, E =2um; B, C, D = 0.5 um.

Fig. 3. Cross section of Rana catesbeiana’s dorsal root ganglion showing Hotchkiss’
periodic acid-Schiff (A) and NADPH-diaphorase (B) positive reactions in neuron

(NEU) and satellite glial cell (SGC). Scale bars: A and B =20 um.

Fig. 4. Cross section of Rana catesbeiana’s dorsal root ganglion immunostained with
serotonin (A), tyrosine hydroxylase (B), and glucose transporter (Glut) type 3 (C) and 1
(D). Note the presence of immunoreactivity in neuronal (NEU) cytoplasm (serotonin
and Glut-3), satellite glial cell (SGC) (Glut-1) and around neurons (arrows) (tyrosine

hydroxilase). Scale bars: A-E =20 um.
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Abstract

Frogs have been used as an altemative model to study pain mechanisms. Since we did not find any reports on the effects of
sciatic nerve transection (SNT) on the ultrastructure and pattern of metabolic substance s in frog dorsal root ganglion (DRG) cells,
in the present study, 18 adult male frogs (Rana calesbeiana) were divided into three experimental groups: naive (frogs not
subjected to surgical manipulation), sham (frogs in which all surgical procedures to expose the sciatic nerve were used except
transection of the nerve), and SNT (frogs in which the sciatic nerve was exposed and fransected). After 3 days, the bilateral DRG
of the sciafic nerve was collected and used for transmission electron microscopy. Immunohistochemistry was used to detect
reactivity for glucose transporter (Glut) types 1 and 3, tyrosine hydroxylase, serotonin and c-Fos, as well as nicotinamide adenine
dinucleotide phosphate diaphorase (NADPH-diaphorase). SNT induced more mitochondria with vacuolafion in neurons, satellite
glial cells (SGCs) with more cytoplasmic extensions emerging from cell bodies, as well as more ribosomes, rough endoplasmic
reficulum, intermediate filaments and mitochondria. c-Fos immunoreactivity was found in neuronal nuclei. More neurons and
SGCs surmounded by tyrosine hydroxylase-like immunoreactivity were found. Mo change occurred in serotonin- and Glut1- and
Glut3ike immunoreactivity. NADPH-diaphorase occurred in more neurons and SGCs. Mo sign of SGC proliferation was
observed. Since the changes of frog DRG in response to nerve injury are similar to those of mammals, frogs should be a valid
experimental model for the study of the effects of SNT, a condition that still has many unanswered questions.

Key words: Axotomy; Immunoreactivity; Histochemistry

Introduction

In amphibians, as in mammals, the dorsal root
ganglion (DRG) is composed of three classes of neurons
classified according to morpheology and function. In
addition to neurons, myelinated and unmyelinated fibers,
macrophages, fibroblasts, and satellite glial cells (SGCs)
are also resident components (1,2). In this ganglion some
neurons show reactivity to nicotinamide adenine dinucleo-
tide phosphate diaphorase (NADPH-diaphorase) (3.4),
which is considered to be equivalent to nitic oxide (NO)
synthase, the enzyme responsible for NO synthesis (5).
DRG cells also respond fo application of serotonin (6,7)
and catecholamine (8).

Amphibians have been used as a model for the study
of pain mechanisms (9-15). The reasons for using
amphibians in pain research are varied. According to
Stevens (9), the use of these animals provides a
phylogenetic perspective on the mechanisms of pain
research. Other issues include the simplicity of the
amphibian central nervous system, the economic advan-
tage of using these animals, and ethical considerations
about conducting pain research in non-mammalian
vertebrate species. In this context, frog spinal cord and
DRG have been used to demonstrate the changes in
different neurotransmitters and neuropeptides after sciatic

Correspondence: W.A. Partata, Departamento de Fisiclogia, Instituto de Ciéncias Basicas da Salde, UFRGS, 90050-170 Porto
Alegre, RS, Brasil. Fax: +55-51-3308-3166. E-mail: partataw@gmail.com

Received November 22, 2012 Accepted March 18 2013. First published onfine.

www. bjournal.com.br

Braz J Med Biol Res 00(00) 2013



nerve transection (SNT), one of the models that mimic the
clinical conditions of neuropathic pain (16-18). These
studies reported alterations that shared similarities with
those observed in mammals, while others were unique to
this animal species. Moreover, further studies are
necessary to better understand the effects of SNT on
frog nervous fissue to support the use of this model in this
expermental condition.

In mammals, serotonin transporter deficiency attenu-
ated the mechanical allodynia and heat hyperalgesia,
symptoms frequently observed in neuropathic pain (19).
Tyrosine hydroxylase, a ratedimiting enzyme responsible
for catalyzing the conversion of L-tyrosine to the precursor
of dopamine and then norepinephrine and epinephrine,
shows changes in its immunoreactivity pattem in DRG
cells after SNT (20). Glucose transport (Glut) also
appears to be modulated by noxious stimuli and denerva-
tion (21). These experimental conditions upregulated
c-Fos, a protein that is regarded as a marker of neural
acfivation by noxious stimulation (22). SNT also increases
MADPH-diaphorase staining in mammalian DRG cells
(23,24). SGCs, cells that support DRG neurons both
physically and metabolically (25), also change their
ultrastructure after peripheral nerve lesion (26).

In order to elucidate the effects of SNT on the
ultrastructure and pattem of metabolic substances in
bullfrog DRG cells, we used transmission electron
microscopy to reveal the effects on the ultrastructure of
these cells, and light microscopy to demonstrate the
distribution of MADPH-diaphorase reaction and the
pattem of Glut1- and Glut3-, serotonin-, tyrosine hydro-
xylase-, and c-Fos-like immunoreactivity. The experiment
was performed 3 days after SNT because previous
studies demonstrated that the functional changes in frog
nervous tissue are already present 3 days after axotomy
(16-18). We think that these findings will determine if
these responses are similar across amphibians and
mammals, potentially increasing our knowledge of the
effects of SNT on frog nenvous tissue.

Material and Methods

Animals

Eighteen adult male frogs, Rana catesbeiana, weigh-
ing 100-200 g were obtained from Ranasul (Brazil). Upon
amival at the laboratory they were housed in cages with
water and kept under natural conditions of temperature
and photoperiod. The animals were fed specific food
ad libitum and acclimated to laboratory conditions for at
least 2 weeks before being used. They were divided into 3
expernmental groups of 6 animals each: naive (animals did
not undergo surgical manipulation), sham (animals in
which all surgical procedures to expose the sciatic nerve
were used except transection of this nerve), and SNT
(animals in which the sciatic nerve was exposed and
transected). For the surgical procedures, frogs were
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anesthetized intramuscularly with 3% prilocaine
(Prilonest™, DFL Industia e Comércio S.A., Brazil;
0.1 mL/100 g body weight). In the SNT group, the right
sciatic nerve was exposed and transected approximately
5 mm distal to the sciatic notch. Flexion and ocular
reflexes were used to monitor the anesthesic effect. After
surgery, the muscle and skin layer were immediately
sutured with thread and a topical antibiotic was applied.
The animals were killed 3 days after the procedure. The
experimental protocol followed the NIH Guide for the Care
and Use of Laboratory Animals (NIH publication 85-23,
revised 1985) and was approved by the MNeuroscience
Graduate Committee of Instituto de Ciéncias Basicas da
Saude. Universidade Federal do Rio Grande do Sul.

Transmission electron microscopy

The bilateral DRG of the sciatic nerve were dissected
out within 3 min after frog decapitation. They were fixed
immediately by immersion in 2% paraformaldehyde, 1.5%
glutaraldehyde (Sigma, USA) and 0.1 M phosphate buffer
(PB), pH 7.3, for 1 h. The materal was washed in the
same buffer and postfixed in 1% osmium tetroxide
(Sigma) diluted in PB for 1 h at room temperature. Next,
the sections were washed in PB and subsequently
dehydrated with an ascending seres of acetone, and
then embedded in Araldite (Durcupan, Fluka,
Switzerdand). Semithin sections (1 uM) were obtained
using an ultramicrotome (MTE000-XL, RMC, USA) with a
diamond knife (Diatome, Switzerland) and stained with
1% toluidine blue for examination under a light micro-
scope. Ultrathin sections (70 nm) were cut with the same
ultramicrotome using a diamond knife (Drukker, The
Metherlands). These sections were stained with 2% uranyl
acetate (Merck, Gemany) followed by 1% lead citrate and
examined with a JEM 120 EX Il electron microscope
(Joel, Japan).

Histochemistry and immunochistochemistry

For the NADPH-diaphorase and immunohistochem-
ical procedure, the frogs were decerebrated and after a
brief saline flush they were perfused intracardially with 4%
paraformaldehyde in 0.1 M PB, pH 7.4. The DRG were
quickly dissected out, immersed in the same fixative
solution for 4 h and then cryoprotected in 15 and 30%
sucrose solutions in PB at 4°C. Seral coronal sections
{50 uM) were obtained with a cryostat and collected in
cold phosphate-buffered saline (PBS).

For the NADPH-diaphorase procedure, free-floating
sections were pre-incubated in 10 mL PB containing
12 pL Triton X-100 for 10 min. The sections were then
transferred to fresh NADPH-diaphorase medium contain-
ing 0.5 mgfmL B-NADPH, 0.2 mg/mL nitroblue tefrazo-
lium, and 0.2 M PB containing 12 pL Trton X-100. After
pre-incubation at room temperature for 5 min under
continuous shaking, they were incubated at 37°C for
4 h. The reaction was stopped by the addition of excess
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0.1 M PB. Control sections were incubated in a reaction
medium without substrate.

For immunohistochemistry, the sections were 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). The sections were incubated over-
night with gentle shaking at 4°C with a primary antibody
[cFos. a polyclonal antibody against 4-17 amino acids,
diluted 1:700 (Calbiochem, Gemmany): Glut1, a polyclonal
antibody that recognizes ~42- to 45-kDa protein, diluted
1:1000 (Sigma); Glut3, a polyclonal antibody that recog-
nizes the C-ermmninal sequence of the protein, diluted
1:1000 (Sigma); serotonin, a polyclonal antibody diluted
1:1200 (Sigma); tyrosine hydroxylase, a polydonal anti-
body diluted 1:1000 (Calbiochem]]. The primary antibody
was then removed and the sections washed in PBS-T for
30 min. The sections were then immersed in a secondary
antibody (anti-lgG, Sigma), diluted 1:50 in PBS-T for 2 h at
room temperature with genfle shaking. After washing with
PBS-T for 30 min, a peroxidase anti-peroxidase soluble
complex andibody (Sigma) diluted 1:500 was applied for
2 h at room temperature. The samples were then washed
in PBS and incubated in a solution of 3,3'-diaminobenzi-
dine tetrahydrochloride (60 mg/100 mL, Sigma) and
0.005% (v/v) hydrogen peroxide in PBS. Spedfic immu-
nostaining was abolished when the primary anfibody was
omitted from the staining sequence.

After the histochemical and immunochistochemical
procedures, the sections were mounted onto gelatinized
slides, dehydrated, cleared, and covered with Entellan
(Merck). The sections were examined and photographed
with a Nikon Optiphot-2 microscope equipped with a
Mikon FX-35DX camera (Japan).

Results

In naive animals, DRG neurons had a typical aspect
Ultrastructurally, some neurons exhibited electron-dense
cytoplasm while others showed intermediate electron
densities. Neuronal cell bodies (Figure 1A) were
ensheathed by SGCs. Sometimes only a thin ring of
SGC cytoplasm was observed around the soma of the
sensory neuron (Figure 1B). In the SGC cytoplasm, there
were well-developed rough endoplasmic reticulum (RER),
ribosomes and mitochondria (Figures 1 and 2A-C).
Polyribosomes with characterstic rosettes were also
found. SGCs had a fusiform shape and were separated
from adjacent neurons by a space of about 20 nm.
Lamellar cytoplasmic expansions emerging from SGCs
and projections from neurons were commonly observed in
this space (Figure 1A,B).

Three days after SNT, several sensory neurons showed
increased size, mitochondrial accumulation, and vacuola-
tion in their cytoplasm (Figure 1C). Some mitochondria
were so dilated and vacuolated that there were empty
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spaces (Figure 1D). The nuclei of these neurons began to
take an iregular shape. SGCs did not show these changes.
The nucleus of SGCs showed a characteristic chromatin
condensafion, with heterochromatin attached to the nudear
membrane. The nudear envelope showed regular outlines
and no changes were observed in its pores (Figure 2D). A
10-12-nm thick plasma membrane was ocbserved in SGCs
and no interruptions along this membrane were seen.
Although no statistical analysis was performed, more
rnbosomes, RER, intermediate filaments, and mitochondria
were observed in SGC cytoplasm (Figure 2D-F). Many free
ribosomes, polysomes, RER and mitochondra were evenly
distributed throughout the SGC cytoplasm, while intermedi-
ate filaments (8-10 nm in diameter) were more common in
the pernuclear region, which seemed to form a very dense
network. Mitochondra and RER generally appeared nor-
mal. Mitochondria showed intracristal spaces of nomal
aspect. While in most cells the RER showed the usual
features, sometimes it appeared to be a little diated. Many
lamellar cytoplasmic expansions emerged from SGCs.
These expansions had different diameters and lengths
and assumed an iregular shape (Figure 3). Although no
statistical analysis was performed, the number of SGCs did
not seem to be altered after SNT. In the DRG of sham
animals, no ultrastructural change was seen in ganglion
cells (data not shown).

In naive animals, a strong NADPH-diaphorase reac-
tion occurred in medium and small neurons and in SGCs.
In neurons, the positive reaction was more common in
medium-sized neurons. The positive SGCs surrounded
either positive or non-positive large, medium or small
neurons (Figure 4A). Immunocreactivity for c-Fos was
found predominantly in the cytoplasm of large and
medium neurons (Figure 4C), but no immunoreaction
was found in SGCs. Tyrosine hydroxylaseike immuno-
reactivity was found sumounding neurons (Figure 4E) and
SGCs. This glial cell did not show immunoreactivity to
serotonin. Some serotonin-like immunoreactivity was
found in a few neurons (Figure 5A). While Glut3-ike
immunoreactivity was found in neurons (Figure 5B),
Glut1-like immunoreactivity was located in the capsule
of the DRG, blood vessels and SGCs.

SNT also caused changes in histochemical and
immunochistochemical pattems. The NADPH-diaphorase
reaction was more common in neurons from ipsiateral
ganglia. This reaction was strong and prevailed in medium
and small neurons (Figure 4B). The number of positive
SGCs was also higher after SNT, regardless of whether
these cells sumounded positive large, medium or small
neurons. Immunoreactivity for c-Fos was found in a larger
number of nudei of sensory neurons (Figure 4D), but it was
observed in the cytoplasm of only few neurons. SGCs did
not exhibit this immunoreactivity. The number of DRG
neurons and SGCs sumounded by tyrosine hydroxylase-like
immunoreactivity was also increased after SNT (Figure 4F).
However, no change was found in the serotonin immuno-
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Figure 1. Cross-section of a naive (A, B) and transected (C, D) Rana catesbeiana's dorsal root ganglion. A, Nuclear satellite glial cells
(NSGC) close to a sensory neuron (NEU). B, Lamellar cytoplasmic expansions (Le) from a satellite glial cell near the neuronal
projection (NPL). C, Sensory NEU in the chromatolysis process. Note the mitochondrial (M) accumulation in the neuronal cytoplasm
and the characteristic chromatin condensation in the NSGC. D, Sensory NEU in the chromatolysis process and vacuolated M. Scale
bars: A (0.2 um); B (5 um), Cand D (2 um).

reactivity pattem. Similady, Glut1 and Glut3 immunoreac-
tivity did not change after SNT (data not shown).

Discussion

In naive frogs, our results confirmed previous reports
(1-4). SNT, in turn, induced prominent morphological
changes in the ipsilateral ganglion from axotomized frogs.
Most of these changes were similar to those described in
mammals. Differently from mammals, however, SNT did
not induce proliferation of SGCs 3 days after the surgical
procedure in frogs. SGC proliferation appears to be part of

Braz J Med Biol Res 00(00) 2013

the glial responses to nerve injury in mammalian sensory
ganglia (26-29). According to Humbertson Jr. et al. (27),
the SGC/neuron ratio begins to change on the first day
after axotomy, with its value doubling at 6 days and
returning to baseline values around day 18. A possible
explanation for this difference may be the nervous
system's slower metabolic rate in frogs than in mammals
(30). If this is true, we can think that the proliferation of
SGCs may be occurring in a slower fashion in frog DRG.
Clarification of this issue depends on the demonstration of
morphological changes in SGCs from axotomized frogs at
later times. Research into this matter is underway in our
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Figure 2. Cross-section of a naive (A, B, C) and transected (D, E, F) Rana catesbeiana's dorsal root ganglion. A, Nuclear satellite glial
cells (NSGC) with chromatin condensation and heterochromatin attached to the nuclear membrane. Note mitochondria (M) with an
intracristal space of normal aspect. B and C, Ribosomes (R), rough endoplasmic reticulum (RER) and intermediate filaments (F) in the
cytoplasm of satellite glial cell (SGC). Note the lamellar cytoplasmic expansion (Le) emerging from SGC. D, Nucleus of SGC of normal
aspect 3 days after sciatic nerve transection. Note the greater number of M (D), RER (E) and F (F) in SGC cytoplasm. MC = tranverse
mitochondrial cristae. Scale bars: A, B, C = 0.5 um; EandF = 1 uym; D = 0.2 um.

laboratory. Supportive of the continuation of this research
line is the report of increased numbers of SGCs 30and 90
days after nerve fransection in mammals (26).

Some differences between frog and rat responses
appear to be common. While moderate neuropeptide Y
immunoreactivity was found in normal frog DRG, no
immunoreaction to this neuropeptide was observed in rat
spinal ganglia. SNT increased neuropeptide Y immuno-
reaction in ipsilateral and contralateral ganglia of the
frogs, while this increase was only seen ipsilaterally in rats
(18). It is probable that the differences between frogs and
rats represent peculiar responses of frogs. Nevertheless,
they do not preclude the use of frogs to study the effects
of SNT on nervous tissue. Similar to mammals (31,32),
the axotomized frogs' DRG exhibited sensory neurons
with enlarged perikarya, swelling in mitochondria and a
nuclear membrane with enfolding and indentation. In
SGCs there were more intermediate filaments, ribo-
somes, endoplasmic reticulum, and mitochondria.
Figure 3. Cross-section of a Rana catesbeiana’s dorsal root  Histochemical and immunohistochemical changes were
ganglion 3 days gfter sciatic nerve ftransection. Lamell;r also similar to those described in mammals (2,22-24,33-37),
cytoplasmuc expansions (Le) from thg cytoplasm of a sate!lgte ith : in NADPH-di " di
glial cell (SGC) can be seen, spreading through the interstitial w' an mcrggse n Iaphor'ase reacaon:-and in
space toward the projections that depart from the neuronal body ~ immunoreactivity to c-Fos and tyrosine hydroxylase, but
(NEU). Note chromatin condensation of the nuclear SGC  With no change in serotonin, Glut! or Glut3 immunoreac-
(NSGC). Scale bar = 2 um. fivity. Thus, these changes may be playing the same
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Figure 4. Cross-section of a naive (A, C, E) and transected (B, D,
F) Rana catesbeiana’s dorsal rootganglion. Note the larger number
of cells positive for the NADPH-diaphorase reaction (B), the o-Fos-
like immunoreactivity in the nucleus of the neuron (D), and the more
intense tyrosine hydroxylase-ike immunoreactivity surrounding
neurons (F) 3 days after sciatic nerve transection. Arrows point to
neurons positive for NADPH-diaphorase (A) and ¢-FOS (C). Scale
bars:AandB = 20 uym, C = 10 ym,D and F = 40 um.

functional role in frogs. Because total mitochondrial mass
and maximum rate of oxygen consumption appear fo be
directly linked in mammals (38), the increased number of
mitochondria found in frog DRG may indicate a higher
ability of SGCs to produce energy. This hypothesis was
suggested to explain the enlargement of mitochondria in
SGCs from mammalian DRG observed after peripheral
nerve injury (29). The greater number of ribosomes and
RER reinforces the higher activation of SGCs from frog
DRG as early as 3 days after SNT. This higher activation of
these cells also occurs in mammals (39). Another change
that reinforces the activation of SGCs in frog DRG in
response to SNT is the increased NADPH-diaphorase
reactionin these cells and sensory neurons. In mammals, it
was suggested that neuronal NO signals satellite glia in
axotomized DRG to neutralize the cytotoxic effect of
inducible NO synthase by inducing neurotrophic factors in
the glial cell (40). A similar hypothesis may be raised for
frogs to explain the increased NADPH-diaphorase reaction
in parallel to the ultrastructural changes in SGCs.
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Figure 5. Serotonin- (A) and Glut3-like (B) immunoreactivity in a
medium neuron of the dorsal root ganglion from a naive frog.
Scale bars: A = 20 um; B = 40 um.

Overall, the present study provides evidence that SNT
induces ultrastructural, histochemical and immunohisto-
chemical changes in frog DRG that are very similar to
those described in mammals. The difference appears to
be the beginning of SGC proliferation. Thus, our results
support the use of frogs to study the effects of SNT, a
model of neuropathic pain, on nervous tissue. The use of
frogs in these studies provides knowledge not only about
this issue, which still has many unanswered questions,
but also about the evolution of these responses in
vertebrates.
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Abstract

Frogs have been used as an alternative model to study pain mechanisms because the
simplicity of its nervous tissue and the phylogenetic approach on this question. One of
these models is the sciatic nerve transection (SNT), which mimics the clinical
symptoms of “phantom limb”, a condition that arises in humans after amputation or
transversal spinal lesions. In mammals, the SNT increase glucose metabolism and the
lactate appears to serve as an energetic source to nerve cells. These questions are
unknown to amphibians which have glucose as the major energy substrate and
accumulate lactic acid in some conditions. Thus, our study demonstrated the effect of
SNT on frog dorsal root ganglia (DRG) and spinal cord 1-[**C] 2-deoxy-D-glucose
(**C-2-DG) uptake in the presence and absence of lactate. We also investigated the
effect of this condition on the formation of **CO, from *C-glucose and **C-L-lactate,
and plasmatic glucose and lactate levels. The 3-O-[**C] methyl-D-glucose (**C-3-OMG)
uptake was used to demonstrate the steady state tissue/medium glucose distribution ratio
in these conditions. Three days after SNT there was increase in *C-2-DG uptake but no
change in *C-3-OMG uptake. The increment in **C-2-DG uptake was reduced when
lactate was added in the incubation medium. No change was found in glucose and
lactate oxidation after SNT, but it reduced lactate and glucose blood levels. As in
mammals, SNT increased the glucose metabolism in frog DRG. Considering the lactate
effect on this uptake, it may be suggested the use of glucose in glycolitic pathways after
SNT in frogs. Thus, our results strengthen frogs as experimental model to study the

effects of SNT on nervous tissue, condition that still has many unanswered questions.

Keywords: Peripheral Nerve Lesion, 1-[**C] 2-deoxy-D-glucose, 3-O-[**C] methyl-D-

glucose.
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Efeito da secc@o do nervo isquiatico sobre a captacao de glicose e a oxidagao de

lactato em ganglio da raiz dorsal e medula espinhal de ras

Resumo

As rds vem sendo usadas como modelos experimentais alternativos no estudo da
nocicepcao, tanto pela simplicidade do seu tecido nervoso como por permitirem uma
abordagem filogenética sobre o tema. Um desses modelos é a sec¢do no nervo isquiatico
(SNI), o qual simula os sintomas clinicos do “membro fantasma”, uma condi¢do que
ocorre nos humanos apds amputacdo ou sec¢do transversal da medula espinal. Em
mamiferos, a SNI aumenta o metabolismo da glicose, e o lactato é uma fonte energética
para as celulas nervosas. Todavia, essas questdes sdo desconhecidas nos anfibios,
animais onde a glicose constitui o principal substrato energético do tecido nervoso e a
concentracdo plasmatica de lactato esta aumentada em distintas situagdes. Assim, nos
demonstramos os efeitos da SNI sobre a captacdo de 1-[**C] 2-deoxi-D-glicose (**C-2-
DG), na presenca e auséncia de lactato no meio de incubacdo, em ganglio da raiz dorsal
(GRD) e medula espinal de rd. Foram demonstrados ainda os efeitos dessa condi¢ao
experimental sobre a formagdo de '*CO, a partir de **C-glicose e **C-L-lactato, e a
concentracdo plasmética de glicose e lactato. A captacdo de 3-O-[**C] metil-D-glicose
(**C-3-OMG) foi usada para demonstrar a relacéo tecido/meio estavel da glicose nessas
condigBes. A captacdo de “C-2-DG aumentou trés dias apés a SNI, sem qualquer
alteracdo na captacdo de '*C-3-OMG. O aumento foi reduzido quando o lactato foi
acrescentado ao meio de incubacdo. A taxa de oxidacdo da glicose e do lactato ndo
modificou ap6s SNI, mas houve reducdo na concentracdo plasmatica de glicose e de

lactato. Esses resultados mostram que a SNI aumenta o metabolismo da glicose no DRG
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de rds, assim como ocorre nos mamiferos. Os efeitos do lactato sobre essa captagdo
sugerem o uso da glicose na via glicolitica apds a SNT em ras. Assim, nossos resultados
reforcam o uso das rds como modelo experimental em estudos que visam demonstrar 0s
efeitos da SNI sobre o tecido nervoso, ja que ainda ha muitas questdes ndo respondidas

sobre esse tema.

Palavras-chave: Lesdo nervosa periférica, 1-[**C] 2-deoxi-D-glicose, 3-O-[**C] metil-

D-glicose.

1. Introduction

The sciatic nerve transection (SNT) model mimics the clinical symptoms of
“phantom limb”, a condition that arises in humans after amputation or transversal spinal
lesions (Klusakova and Dubovy, 2009). Studies have been demonstrated that this
condition causes structural, electrophysiological, molecular and metabolic changes in
mammalian dorsal root ganglia (DRG) cells and spinal cord. These changes include
progressive cellular loss (Oliveira, 2001; Yun and Jakobsen, 2010), proliferation and
activation of satellite glial cells (Hanani, 2005) and reorganization of the metabolic
priorities of neural cells (Enes et al., 2010). There is evidence that the transection of
facial and hypoglossal nerves produced significant increase in glucose utilization in
motor nuclei of these nerves in rats (Kreutzberg and Emmerst, 1980). Changes in the
glucose uptake also occurred in rat auditory pathways after bilateral ablation of the
cochlea (Ahn et al., 2004). In addition, after SNT there was a remarkable increase in
vesicular glutamate transporter-2 (VGLUT)) in the dorsal root fibers of these animals

(Brumovsky et al., 2007). Studies have demonstrated that conditions where release of
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glutamate is increased there is also a rise in lactate, which may be serving as an
energetic source to nerve cells (Schurr et al., 1999; Schurr and Payne, 2007; Barros and
Deitmer, 2010; Schurr and Gozal, 2012).

Amphibians have been used as an alternative model to study pain mechanisms
(Stevens, 2004; Stevens et al., 2007; Stevens et al., 2009; Coble et al., 2011; Ohkita et
al., 2012; Saito et al., 2012). The reasons for using amphibians in pain research are
varied. According Stevens (2004) the use of these animals provides a phylogenetic
perspective on the mechanisms of pain research. Other issues include the simplicity of
the amphibian central nervous system and the economic advantage of using these
animals. In addition, the metabolic changes are much slower in frog brain than those
found in mammalian one (McDougal et al., 1968). Thus, frog nervous tissue offers a
unique model to examine the relationship between SNT and glucose metabolism.

The bullfrog Lithobates catesbianus is an aquatic amphibian native from Unites
States which was imported during the early 1930s and have been raised in Brazil ever
since (Rocha and Branco, 1998). As this frog adapted to the climatic conditions of the
Brazil, it is the specimen found in the breeding grounds. The ease of acquiring
Lithobates catesbianus specimens has allowed the use of this animal as experimental
model in our studies. One of the experimental situations is the SNT. In this condition,
our results demonstrated changes in different neurotransmitters and neuropeptides after
SNT. Some of alterations share similarities with those observed in mammals, but others
are peculiar to this animal species (Partata et al., 2002; Guedes et al., 2004a, b).
Moreover, further studies are necessary to better understand the effects of SNT on frog
nervous tissue to support the use of this model in this experimental condition. Since
there is a clear linkage between glucose uptake, lactate utilization and SNT in

mammals, we hypothesized a similar relation in frogs because glucose has been
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considered the major energy substrate to frog brain (McDougal et al., 1968), glucose
transporters (Glut) types 1 and 3 are found in nervous tissue of these animals (Rigon et
al., in press) and they accumulate lactic acid in some conditions (Warren and Jackson,
2005). Thus, the purpose of the present study was to demonstrate the effect of SNT on
frog DRG 1-[**C] 2-deoxy-D-glucose (*C-2-DG) uptake in the presence and absence of
lactate. In addition, it was demonstrated the formation of **CO, from *C-glucose and
YC- L-lactate, and glucose and lactate plasma levels after SNT. The 3-O-[**C] methyl-
D-glucose (**C-3-OMG) uptake was used to demonstrate the steady state tissue/medium
glucose distribution ratio in these conditions. All these parameters were also analyzed in
lumbosacral spinal cord where the most sciatic nerve afferent fibers enter and motor
neurons of this nerve are located (Penicnak and Dunlap, 1962; Sutherland and
Nunnemacher, 1974). We used **C-2-DG because this molecule is a glucose analogue
that is incorporated in neural tissue by the same pathways, and the same rate, as
glucose, but it is not completely metabolized and therefore becomes trapped in the cell
as deoxyglucose-6-phosphate and not further metabolized by the glycolytic pathway.
All experiments were performed 3 days after SNT because previous works
demonstrated that functional changes in frog nervous tissue are already present 3 days

following axotomy (Partata et al., 2002; Guedes et al., 20044, b).

2. Material and Methods

2.1. Experimental Animals

Specimens of adult male frogs Rana catesbeiana weighing 100-200g were

obtained from RANASUL (Imbé, RS). Upon arrival at the laboratory they were housed
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in cages with water and kept at 15-25° C temperature (the average laboratory
temperature) and photophase. The animals were fed ad libitum with specific food which
was offered on the vibration plate where the pellets moved. The animals stayed in these
laboratory conditions for at least 2 weeks being used. They were divided in three
experimental groups (six animals/group): naive (animals did not undergo surgical
manipulation), Sham (animals in which all surgical procedures to expose the sciatic
nerve were used except transection of this nerve) and SNT (animals in which the sciatic
nerve was exposed and transected). For surgical procedures, frogs were anesthetized
with prilocaine (0.1 mL/100 g body weight). In SNT group, the right sciatic nerve was
exposed and transected approximately 5 mm distal to the sciatic notch. In all animals
the wound was closed and the animals were killed 3 days after the procedure. The
results reported here were obtained between April and September. The experimental
protocol followed the NIH Guide for the Care and Use of Laboratory Animals (NIH
publication 85-23 revised 1985). All efforts were made to minimize the number of
animals used and their suffering. The experimental protocol was approved by the
graduate committee of the Institute of Basic Health Sciences, Federal University of Rio

Grande do Sul.

2.2. Glucose uptake

Ganglia were excised from naive and transected frogs over a period of 3 min and
rapidly transferred to sterile chilled Ringer’s solution. The Ringer’s solution was
composed of NaCl 110 mM, KCI 1 mM, CaCl, 2 mM and NaHCO3; 2 mM. The pH was
adjusted to 7.4. Glucose was not added to guarantee availability of glucose transporter

as done in other studies (Machado et al., 1991; Kaloyianni and Doukakis, 2003; De
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Fraga et al., 2010). Each ganglion was placed in chilled Eppendorf tubes with known
weight and weighed again. The difference was taken as ganglion weight and the value
used to calculate the uptake. The tissues were then incubated at 25°C with constant
shaking in 250 pL of frog Ringer's solution in the presence of 0.15 pCi of **C-2-DG
(39 mCi/mmol, Amersham). Incubation in the presence 0.15 pCi of 3-O-[**C] methyl-
D-glucose (**C-3-OMG) (53 mCi/mmol, Amersham) was used in the same conditions to
demonstrate the steady state tissue/medium glucose distribution ratio (Dienel et al.,
1997). Incubations were performed in a Dubnoff incubator with an atmosphere of
0,:CO; (95:5, v/v). Following the incubations, the tissues were removed from the
medium, rinsed twice in cold frog Ringer's solution (without radiolabeled products),
blotted on filter paper and immediately transferred to screw-cap tubes containing 1 Ml
of distilled water, and alternately frozen and boiled three times. Aliquots (100 ul) of this
solution and of the incubation medium were used for radioactive counting in toluene-
TritonX-100 (2:1, v/v) -PPO 0.4%-POPO 0.01%. Radioactivity was measured in a
liquid scintillation spectrometer (LKB Wallac scintillation counter). Results were
expressed as tissue/medium (T/M) rate, i.e., dpm/mL of tissue fluid divided by dpm/mL
of incubation medium.

For better visualization of the sequence of experiments, they are described below
in separate experiments and in the sequence of their performance.
Experiment 1: Time curve. DRG and spinal cord from naive frogs were incubated under
the above conditions with 0.15 uCi of **C-2-DG or **C-3-OMG for 5, 15, 60 and 120
minutes.
Experiment 2: Effects of SNT on '*C-2-DG uptake. Three days after peripheral injury
the DRG and lumbosacral spinal cord were quickly dissected out and incubated,

separately, under the above conditions. The ganglia obtained from the same spinal cord
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segment were separated ipsilaterally and contralaterally to the nerve lesion. The tissues
were incubated with 0.15 pCi **C-2-DG or **C-3-OMG for 60 minutes under the same
conditions initially described.

Experiment 3: Effects of lactate on **C-2-DG uptake. The tissues were incubated with
0.15 pCi of **C-2-DG plus 10 mM lactate for 60 minutes under the same conditions
initially described. This value was chosen for lactate because it was used in other

studies with ganglion (Larrabee, 1980; 1996).

2.3. Formation of **CO,

DRG obtained from the same spinal cord segment (separately ipsilaterally and
contralaterally to the nerve lesion) and lumbosacral spinal cord were incubated in flasks
sealed with rubber caps at 25°C with constant shaking in 1 mL of frog Ringer's solution
pH 7.4. In this incubation medium it was added 0.15 pCi [U-**C] L-lactate (108.30
mCi/mmol, Amersham) plus 10 mM of unlabeled lactate or 0.15 pci [U-**C] glucose
(115.00 mCi/mmoL, Amersham) plus 10 mM glucose (Torres et al., 2001). The
incubation occurred in atmosphere of 0,:CO, (95:5, v/v) for 60 min. After addition of
the unlabeled lactate or glucose the incubation medium pH was determined. Saturating
lactate or glucose concentration was used for CO, production. 3MM Whatman papers
were placed into glass wells inserted in the rubber stoppers of the flasks. Incubation was
stopped by adding 0.2 ml of 50% TCA through the rubber cap. Then 0.2 mL of 2 M
sodium hydroxide was injected into the central wells to trap **CO,. These were small
glass wells placed inside the flasks and above the level of the incubation medium. The
flasks were shaken for a further 60 min at 25°C to trap **CO, after which the contents of

the center well were transferred to vials containing toluene-TritonX-100 (2:1, v/v) -
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PPO 0.4%-POPO 0.01% and assayed for CO, radioactivity in a liquid scintillation
counter. The values of *CO, production were expressed as pmol of **C-L-lactate or

“C-glucose converted to **CO, . mg of tissue™ . h™ of incubation.

2.4. Determination of plasma lactate and glucose

Samples of plasma were obtained from naive, sham and transected frogs. Glucose
blood concentration was determined by the glucose oxidase method with a Labtest kit
(Brazil), while blood lactate was determined by Bioclin kit (Quibasa, Brazil). Values of

glucose and lactate were expressed in mmol/L.

2.5. Statistical Analysis

The results obtained from frog ganglia with peripheral lesion were compared
between ipsilateral and contralateral ganglia and with naive and sham ganglia. For
spinal cord the results were compared only between naive, sham and injured frogs. Data
were analyzed by one-way ANOVA followed by Tukey's post hoc test. The
significance level was P<0.05. All tests were performed with the Statistical Package for

the Social Sciences, version 13.0 (SPSS).

3. Results

3.1. Glucose uptake and **CO, formation
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In DRG and spinal cord, the **C-2-DG uptake was not affected by incubation
time. The *C-3-OMG uptake did not show any change in DRG and spinal cord (Table
1).

In spinal cord from naive animals, the **C- 2-DG uptake was 3.5 times higher than
in DRG (Figure 1). This uptake changed in DRG when lactate was added in the
incubation medium. Although **C- 2-DG uptake decreased around 36% in DRG of
naive animals, it remained the same in spinal cord (Figures 1A, B, C).

The *C-2-DG uptake was increased in DRG three days after SNT. The increase
of 1*C-2-DG uptake was 223% and 141% in the ipsilateral and contralateral DRG,
respectively (Figure 1A) as compared to DRG from the naive group. No significant
change occurred in the sham group, showingthat the effectis specific to SNT.
Likewise, the **C-2-DG uptake was not significantly changed in the spinal cord of the
sham group. Moreover, the uptake increased in the spinal cord of transected animals.
The increase was approximately 41% after axotomy (Figure 1B). No change was found
in this uptake in DRG and spinal cord from naive frogs, showing that this effect is
specific to SNT.

In the DRG, the increase in **C-2-DG uptake caused by SNT was smaller in the
presence of lactate in the incubation medium. This increase was approximately 58% in
ipsilateral and contralateral ganglia as compared to those of the naive group (Figure
1C). The values of **C-2-DG uptake in presence of lactate were reduced around 57%
and 46% in ipsilateral and contralateral ganglia, respectively, as compared to ganglia
from SNT frogs (Figures 1A and C). Similarly, 1*C-2-DG uptake in the spinal cord was
also reduced in the presence of lactate by about 50% as compared to the naive group
(Figure 1C), but 59% when compared to spinal cord from SNT frogs (Figures 1B and

Q).
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Both DRG and spinal cord use lactate, but the DRG rate was about 100 times
higher than the spinal cord one (Figure 2A). Sciatic nerve transection failed to induce
any significant changes in the formation of **CO, from *C-L-lactate in these tissues
(Figure 2A). The rate of *C-glucose oxidation did not show change after SNT (Figure

2B).

3.2. Lactate and glucose plasma levels

SNT significantly decreased lactate and glucose plasma levels, but the reduction
was greater in lactate than in glucose. Lactate levels decreased about 65% (Figure 3A),

while glucose levels about 39% (Figure 3B).

4. Discussion

Our results demonstrate that SNT induce increase in '*C-2-DG uptake, but no
change in *C-3-OMG uptake in frog DRG and spinal cord. The increment in 1*C-2-DG
uptake was reduced when lactate was added in the incubation medium. No change was
found in glucose and lactate oxidation after SNT, but this experimental condition
reduced lactate and glucose blood levels. Thus, the frog DRG and spinal cord were able
to transport **C-2-DG efficiently. The absence of changes in 3-OMG uptake in our
experimental conditions demonstrates the steady state tissue/medium glucose
distribution ratio during the incubations. In turn, the lack of changes in **C-2-DG uptake
throughout the time may be due the animal species studied. The uptake of **C-2-DG by
the turtle thyroid incubated at 25° markedly increased at 240 minutes (Machado et al.,

1991).
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Interestingly, there was a reduction in **C-2-DG transport when lactate was added
in the incubation medium. It has been demonstrated that the perineurium around frog
DRG presents a reduced number of cell layers and greater frequency interruptions in
these layers than the mammalian one (Matsumoto and Rosenbluth, 1988). According to
these authors these characteristics increase the susceptibility of DRG to circulating
molecules and permit trophic factors, hormones and nutrients to reach the ganglion cells
more readily. This characteristic would be contributing to higher utilization of lactate by
DRG compared to the spinal cord. In this tissue the blood-brain-barrier has many of the
properties of a tight epithelium, including the presence of tight junctions and specific
transport mechanisms (Abbott, 2005). The more developed barrier in the spinal cord
may be limited the use of lactate by this tissue. By using less lactate, this tissue appears
to depend principally of the glucose, which explains the elevated **C-2-DG uptake and
the absence of change in the uptake when lactate was added in the incubation medium.
The use of lactate as energy substrate by frog DRG is a result that is in agreement with
mammalian and non-mammalian studies. Previous studies showed a preferential use for
lactate in avian, mammalian and human neuronal oxidative metabolism (Larrabee,
1980; 1996; Bouzie-Sore et al., 2003; 2006; Pellerin and Magistretti, 2011).

After SNT, we found an increase in **C-2-DG uptake in frog DRG and
lumbosacral spinal cord. A similar result was observed in mammalian cephalic nerves
after peripheral lesion (Kreutzberg and Emmert, 1980; Singer and Mehler, 1980; Mao et
al., 1993; Moreno-Flores et al., 1997; Moran and Graeber, 2004; Gomez et al., 2011).
Since *C-2-DG is a glucose analogue that is incorporated in neural tissue by the same
pathways, and the same rate, as glucose, the increase in *C-2-DG uptake possibly
reflects the increased energy demand to attend the metabolic necessities of the frog

nervous tissue after SNT. In mammals, glucose incorporation into neurons or
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phosphorylation of glucose appear to be one of the earliest change in metabolism
affected by the signal for regeneration (Kreutzberg and Emmert, 1980; Singer and
Mehler, 1980; Mao et al., 1993; Moreno-Flores et al., 1997).

After SNT, the DRG *C-2-DG uptake was decreased when lactate was added in
the incubation medium. Similar answer also occurred in spinal cord. Moreover, it is
interesting that the conversion of **C-L-lactate and **C-glucose to **Co, did not change
after SNT in these tissues. This lack of change may be due to glycolysis. The rise in *C-
2-DG uptake with SNT, but not CO, production, suggests that the cells may be
producing lactate from the glucose metabolized, which explain, in part, the low
oxidation rate of glucose. The higher lactate oxidation may be due the lactate efflux into
much larger volume driven by glycolysis. It has been demonstrated that neurons
produce lactate from glucose despite the presence of lactate in the extracellular space
and its simultaneous utilization as an oxidative substrate (Bouzie-Sore et al., 2003;
2006; Pellerin and Magistretti, 2011).

Interestingly, the reduction in **C-2-DG uptake in the presence of lactate was
around 50% in both DRG and spinal cord. As cited above, the morphologic
characteristic of the perineurium around frog DRG may be contributing to use of lactate
present in the incubation medium. The use of lactate by frog spinal cord may be due
changes that occurred in blood-spinal cord-barrier. In mammals the permeability of this
barrier increased after injury (Beggs et al., 2010). According to these authors, the
increased blood-spinal cord barrier permeability could allow entry of soluble factors
that are normally excluded but that could contribute to pain hypersensitivity in the
dorsal horn. It can be the situation in frog spinal cord after SNT, which explain our

results. In this context it is interesting to demonstrate the lactate uptake rate by frog
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DRG and spinal cord, principally after SNT. These studies will contribute to better
understanding the role of lactate in these tissues.

The low barrier of the frog DRG should be contributed for the bilateral increase in
C-2-DG uptake in this tissue. The released factors by regenerating nerve likely had
access to both ganglia by the blood circulation. It was demonstrated that regenerating
peripheral nerves stimulate a marked increase in vascular permeability in the portion of
the nerve distal to the lesion (Sparrow and Kiernan, 1981).

Interestingly, while the glucose/lactate ratio (mmol/mmol) was 1.2 in the plasma
of naive frogs, it increased to 2.9 after SNT. This reduction in blood lactate levels may
be related to muscle denervation. However, it has been demonstrated that denervation
decreases succinate and lactate dehydrogenase activities in mammalian muscles and
down-regulates the expression of monocarboxylate transporters (Wilson et al., 1998;
Juel and Halestap, 1999). Other possibility may be the role of mineralized tissues of the
frog to buffering lactic acidosis. It has been demonstrated that the skeleton and
endolymphatic lime deposits function as buffers during anoxia and exercise induced
lactic acidosis in amphibians (Warren and Jackson, 2005). Additional work should
examine the relative contributions of these hypotheses to reduce plasmatic lactate after
SNT.

It could be assumed that utilization of plasma lactate is related to the anaesthesia
performed in the present study. However, it has been demonstrated that anaesthesia
changes haematological and cardiorespiratory parameters in toad, but they are recovered
in 24 hours and the blood lactate concentration does not change in this condition
(Andersen and Wang, 2002). Thus, the results of the present study are probably due to

SNT and not to the anaesthesia by itself.
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In conclusion, our results showed that SNT increases *C-2-DG uptake, showing
similarities with mammal studies. The increase in **C-2-DG uptake suggests high levels
of functional activity of frog DRG and spinal cord after SNT. Nevertheless, this
increment is low in the presence of lactate. No change occurs in glucose and lactate
oxidation after SNT, but it reduced glucose and lactate blood levels. Considering the
effect of lactate on “C-2-DG uptake, it can be speculated that the glucose may be
serving to glycolytic pathway. However, more detailed analyses are necessary to
provide additional insights into the relationship of the changes found here and
glycolysis after SNT in frogs. If this relation occurs in frogs, this result is also similar to
mammals. Thus, our results strengthen the use of frogs to study the effects of SNT on

nervous tissue, condition that still has many unanswered questions.
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Legends to Figures

Figure 1. Uptake of 1-[**C] 2-deoxy-D-glucose (A and B) and 1-[**C] 2-deoxy-D-
glucose plus lactate (C) by dorsal root ganglia (A) and spinal cord (B) from naive, sham
and transected frogs. The tissues were incubated at 25°C and processed as indicated
under Materials and Methods. Data are given as means + SEM. (n= 6/group). Results
were expressed as tissue/medium (T/M) rate, i.e., dpm/ml of tissue fluid divided by
dpm/ml of incubation medium. * indicates significant difference when compared with
naive and sham groups; # indicates significant difference when compared to naive group
(P<0.05, one-way ANOVA followed by Tukey's post hoc test). IPSI, ipsilateral; CL,

contralateral; SNT, sciatic nerve transection.

Figure 2. Formation of **CO, from [U-**C] L-lactate (A) and **C-glucose (B) by dorsal
root ganglia (DRG) and spinal cord from naive and transected frogs. These tissues were
incubated at 25°C and processed as indicated under Materials and Methods. Data are
given as means + SEM. (n= 6/group). Results are expressed as (A) pmol **C-L-lactate
converted to **CO, . mg of tissue™. h™ of incubation and (B) **CO, . mg of tissue™. h™
of incubation. No significant difference was found (one way ANOVA). IPSI, ipsilateral;

CL, contralateral; SNT, sciatic nerve transection.

Figure 3. Blood lactate (A) and glucose (B) in naive and transected frogs. Lactate and
glucose levels were determined as indicated under Materials and Methods. Results were
expressed in mmol/L. * indicates significant difference when compared with naive
group (P<0.05, one-way ANOVA followed by Tukey's post hoc test). SNT, sciatic

nerve transection.



Table 1 Uptake of 1-[**C] 2-deoxy-D-glucose and 3-O-[**C] methyl-D-glucose by

dorsal root ganglia (DRG) and spinal cord (SC) from naive frogs.
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1-[**C] 2-deoxy-D-glucose

3-O-[**C] methyl-D-glucose

Time (min) DRG SC DRG SC

5 0.22 + 0.06 0.22 +0.02 0.23 +0.06 0.26 + 0.06
15 0.22 +0.02 0.26 + 0.03 0.29 + 0.07 0.27 + 0.07
60 0.22 +0.04 0.47 +0.02 0.39 +0.06 0.31+0.09
120 0.25+0.05 0.74 + 0.08 0.38 + 0.06 0.33 +0.07

These tissues were incubated at 25°C for different times and were processed as

indicated under Materials and Methods. Data are given as means + SEM. Results are

expressed as tissue/medium (T/M) rate, i.e., dpm/ml of tissue fluid divided by dpm/ml

of incubation medium. No significant difference was found (one way ANOVA).
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Figure 2
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Figure 3
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O presente estudo teve como objetivo analisar a ultraestrutura de neurdnios e
CGSs do DRG de rés Lithobates catesbianus sem e com sec¢do no nervo isquiatico,
realizando as analises 3 dias ap6s a lesdo nervosa periférica. Objetivou ainda
determinar, nessas mesmas condi¢Bes, o padrdo de atividade as reacdes NADPH-
diaphorase e PAS, além do padrdo de imunoreatividade a 5-HT, TH, c-Fos-, e GLUT 1
e 3. Demonstrou também o efeito da SNI sobre: 1) a captacio de *C-2-DG, na presenca
e auséncia de lactato, e 2) a concentracdo plasmatica de glicose e lactato.

No primeiro e segundo artigos foi observado que no GRD de Lithobates
catesbianus que ndo sofreu qualquer manipulacdo cirdrgica no nervo isquiatico, 0s
neurdnios sensoriais tiveram distribuicdo, didmetro e morfologia que foi similar aquela
descrita para essas células em ganglio simpatico de ras (Yamamoto, 1962; 1963; Baluk,
1986) e no GRD de ratos e coelhos (Pannese, 1981; Feliciano et al., 2007). Assim como
nessas espécies, 0s neurdnios sensoriais do GRD de Lithobates também puderam ser
classificados em neurdnios grandes e pequenos (Maruhashi et al., 1952; Yamamoto,
1963). Provavelmente a fixacdo do GRD impediu a visualizagdo dos seis diferentes
subtipos funcionais de neurdnios sensoriais descritos nesse ganglio (Berrios et al.,
2008).

As CGSs do GRD de Lithobates catesbianus apresentaram morfologia similar
aquela descrita para essas células em ganglios de outras espécies de vertebrados
(Pannese, 1981; Hanani, 2005; Ohara et al., 2009). As CGSs dos tipos Il e IlI,
observadas no GRD de coelho (Siemionow et al., 2006), ndo foram observadas no DRG
de Lithobates catesbianus. Nessa espécie de rd, as CGSs do GRD sempre se
apresentaram com caracteristicas morfoldgicas similares ao do tipo descrito por Pannese
(1981), o que também foi observado por outros autores quando analisaram a

ultraestrutura do ganglio simpatico de outras espécies de rds (Yamamoto, 1962; 1963;
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Baluk, 1986) e ganglios de outros mamiferos (Pannese, 1981; 2010; Arkhipova et al.,
2010; Hanani, 2005; 2010b).

O padréo de atividade 8 NADPH-diaforase e a distribui¢do da imunorreatividade a
serotonina, tirosina hidroxilase e Glut 1 e 3 foram similares ao descrito em mamiferos
(Delree et al., 1992; Stark el al., 2000; Brumovsky et al., 2007; Nascimento et al., 2008;
Li et al., 2011; Xia et al, 2011). Ainda, assim como nos mamiferos (Nascimento et al.,
2008), as CGSs do GRD de Lithobates catesbianus foram positivas a reagdo NADPH-
diaforase. Essa foi a primeira descricdo de reatividade a essa enzima em CGSs de
anfibios. Esse resultado salienta ndo apenas a similaridade funcional entre rds e
mamiferos, mas mostra que o uso de Oxido nitrico na comunicagdo entre neurénios
sensoriais ganglionares e CGSs apareceu precocemente na evolucdo dos vertebrados.
Esse resultado deixa também evidente que o0 GRD de rés pode ser usado como modelo
em estudos que objetivam demonstrar o significado funcional do ¢xido nitrico na
comunicagdo neurénio-célula glial.

Um resultado intrigante descrito no segundo artigo foi a moderada reacdo ao PAS
no GRD da espécie de rd em estudo. Como a reacao positiva ao PAS indica a presenca
de mucopolissacarideos, e sabendo que a reserva de glicogénio do tecido nervoso de rés
varia nas diferentes estagcfes do ano (Boutilier et al., 1997), é possivel que esse
resultado esteja indicando uma baixa concentracdo desse carboidrato nesse tecido.
Boutilier et al. (1997) mostraram ainda que, nos anfibios, ha uma deposi¢cdo sequencial
nas reservas de lipideos e carboidratos ao longo do verdo e outono, sendo que a
deposicéo de lipideos comeca antes da de carboidratos, o que explica a moderada reacédo
ao PAS e a presenca de lipideos no citoplasma da CGS. Como os estudos atuais com
GRD de mamiferos sugerem um importante papel metabolico para as CGSs (Pannese,

1981; Hanani, 2005; 2010a, b), € possivel que a presenca de lipideos no citoplasma
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dessas células no GRD de rd esteja indicando esse mesmo papel nesses animais.
Estudos futuros abordando essa questdo sdo necessarios para esclarecer a hipotese aqui
apresentada. Porém, caso seja essa a situacdo, 0 GRD de ras podera ser usado como
modelo nos estudos que visam esclarecer a interagdo metabdlica entre neurdnios e
celulas gliais.

Como ainda mostrado no primeiro artigo da tese, a SNI provocou alteragdes tanto
na ultraestrutura como nos parametros histoquimicos e de imunoistoquimica avaliados
nesse estudo. A maior parte das alteracGes foi similar aquelas descritas em mamiferos.
Apds a SNI, se observou somas neuronais com mitocondrias dilatadas e membrana
nuclear com invaginagdes. As CGSs mostraram mais filamentos intermediarios,
ribossomos, reticulo endoplasmatico e mitocéndrias em seu citoplasma, alteracdes essas
que também ocorreram no GRD de mamiferos apds lesdo em nervo periférico (Hanani,
2010; Liu et al., 2012). Em mamiferos, a quantidade de mitocondrias parece diretamente
relacionada com a taxa maxima de consumo de oxigénio (Hoppler et al., 1987). Essa
pode ser a situacdo nas ras. Assim, pode-se pensar que 0 aumento no ndmero de
mitocondrias que ocorreu nas CGSs do GRD de rés indica maior capacidade de
producdo energética dessas células apds a SNT, hipotese que também foi sugerida para
as mudancas no numero de mitocéndrias no GRD de mamiferos (Hanani, 2010b).

Outro indicador de maior interacdo entre neurdnio sensorial e CGSs foi 0 aumento
na reatividade a NADPH-diaforase em somas neuronais e CGSs do GRD de ras apos a
SNI. Em mamiferos, foi sugerido que o éxido nitrico produzido pelo neurénio do GRD,
apos lesdo em nervo periférico, atuaria como sinalizador para a CGSs, o qual induziria
nessa célula glial a producdo de fatores neurotroficos que controlariam, por sua vez, a
ativacdo da isoforma induzivel da enzima déxido nitrico sintase no neurénio (Bradman et

al., 2010). Essa pode ser também a situacdo no GRD de ras. Caso seja essa hipdtese
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verdadeira, o 6xido nitrico esta desempenhando um importante papel de sinalizag&o no
GRD de anfibios e mamiferos.

Da mesma forma, as modificacBes observadas no padrdo de imunorreatividade a
serotonina, tirosina hidroxilase, c-Fos e Glut 1 e 3 apds a SNI foram similares aquelas
descritas em mamiferos (Stark et al., 2000; Soares et al., 2001; Keilhoff et al., 2003;
Brumovsky et al., 2011; Hansen et al., 2011; Xia et al., 2011). Essa similaridade sugere
0s mesmos papéis funcionais para essas moléculas no GRD de rds e mamiferos
submetidos a lesdo em nervo periférico, o que indica o aparecimento precoce dessas
mudancas durante a evolugédo dos vertebrados.

Porém, nem todas as alteracBes provocadas pela SNI no GRD de rds foram
similares aquelas descritas em mamiferos. Essa condi¢do experimental induziu, no
GRD, mudancas que foram peculiares as rds. No tecido desses animais, a SNI ndo
provocou aumento no nimero de CGSs. O aumento dessas celulas apos lesdo em nervos
periféricos de mamiferos esta bem documentado na literatura (Humbertson, 1969;
Arkhipova et al., 2010; Hanani, 2010a, b; Pannese, 2010). Segundo Humbertson et al.
(1969), a razdo CGS/neurénio muda no primeiro dia apés a lesdo nervosa periférica,
estando esse valor duplicado aos 6 dias e igual ao valor pré-lesdo no 18° dias ap6s a
cirurgia. E possivel que a inexisténcia de alteracdo no nimero de CGSs no GRD de rés
submetidas a SNI seja consequéncia da menor taxa metabolica do tecido nervoso de
anfibios quando comparada a de mamiferos. De acordo com McDougal et al. (1968), as
mudancas provocadas pela anoxia foram semelhantes em anfibios e mamiferos. Porém,
a razdo na utilizacdo de fosfatos energéticos foi de 1:20 quando comparados
anfibios/mamiferos. Outro apoio a hipdtese de menor taxa metabdlica no tecido nervoso
de rés foi a observacgdo, no terceiro artigo, de que ndo ha mudanca na taxa de captacédo

de C-2-DG ao longo dos periodos de incubagdo. Esse resultado foi similar aquele
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obtido em tartarugas (Machado et al., 1991). Segundo McDougal et al. (1968), enquanto
a taxa de utilizacdo de fosfatos energéticos foi 1:20 nas rés, ela foi de 1:50 nas
tartarugas, quando comparados as taxas obtidas em mamiferos. A menor taxa
metabolica no tecido nervoso de rds permite especular que o aumento no numero de
CGSs ocorre mais tardiamente no GRD de réds submetidas a SNI. Para demonstrar essa
hipdtese, pretendemos avaliar as alteragdes provocadas pela lesdo nervosa periférica no
GRD de rds 10 dias apds a intervencdo cirdrgica, experimentos que ja foram iniciados
em nosso laboratério. A motivacdo para a realizacdo desses experimentos foi a
demonstracdo, em mamiferos, de que o nimero de CGSs estava ainda aumentado 30 e
90 dias apds a SNI (Arkhipova et al., 2010).

Interessantemente, a SNI ocasionou acréscimo na captacéo de **C-2-DG no GRD
e na medula espinal de Lithobates catesbianus, o que foi similar a resposta observada
em mamiferos com lesdo nervosa periférica (Kreutzberg e Emmert, 1980; Singer e
Mehler, 1980; Mao et al., 1993; Moreno-Flores et al., 1997; Moran e Graeber, 2004;
Gomez et al., 2011). Como esse substrato é transportado para o interior das células pela
mesma rota e na mesma taxa que a glicose, esse aumento sugere acréscimo no uso da
glicose no GRD e medula espinal de rds com nervo isquiatico seccionado. Essa maior
utilizacdo da glicose provavelmente se relaciona com os mecanismos de regeneracao do
nervo lesionado, tal como sugerido para os mamiferos (Kreutzberg e Emmert, 1980;
Singer e Mehler, 1980; Mao et al., 1993; Moreno-Flores et al., 1997). Essa hipotese
parece plausivel jA que o processo de regeneracdo nervosa nao estava impedido em
nossas condicGes experimentais. Cabe ser relembrado que os cotos nervosos foram
deixados livres entre a musculatura.

Um apoio a hipotese de aumento na taxa metabdlica do GRD de ras com SNI foi a

ocorréncia de neur6nios sensoriais com acumulo de mitocéndrias em seu citoplasma,
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muitas delas sem alteragdes em sua morfologia. O mesmo ocorreu no citoplasma das
CGSs. Essas mudancas estruturais sugerem maior capacidade de producgéo de energia
por esses tipos celulares do GRD. Em mamiferos, foi sugerido que a preservacdo da
morfologia de mitocdndrias apos lesdo nervosa periférica é necesséario para garantir o
atendimento da maior demanda metabdlica celular, principalmente de neurdnios em
processo de apoptose (Oliveira et al., 2001). Como a alteragdo estava também presente
no citoplasma das CGSs, esse resultado sugere que essas células aumentam sua
atividade metabdlica ap6s SNT em rds, provavelmente para atender a maior demanda
energética gerada por essa condigdo experimental. O maior nimero de ribossomos e
reticulo endoplasmatico no citoplasma das CGSs sugere maior capacidade de realizacdo
de sintese de proteinas. Nesse contexto, um estudo recente demonstrou que a enzima 3-
fosfoglicerato desidrogenase, a qual participa na biossintese da L-serina, esta presente
no citoplasma das CGSs (Kiya et al., 2011). Assim, pode-se sugerir que a inexisténcia
de indicadores de mudangas em processos mitéticos nas CGSs se relaciona com o papel
metabdlico dessas células nessa condicdo experimental, hipdtese que também é sugerida
nos estudos em mamiferos (Hanani, 2010b; Liu et al., 2012). Desse modo, parece viavel
pensar que a interacdo entre neurdnio sensorial e células gliais, no GRD de vertebrados
em uma condicdo dolorosa, praticamente ndo sofreu modificaces ao longo do processo
evolutivo. Porém, € clara a necessidade de estudos abordando essa questdo para
demonstracdo da viabilidade dessa hipotese.

O terceiro artigo da tese mostrou que a captagdo de **C-2-DG foi reduzida quando
o lactato foi acrescentado ao meio de incubacdo do GRD de rés Lithobates catesbianus,
independente se a amostra foi obtida de rds que ndo sofreram qualquer manipulacéo
cirdrgica, sofreram apenas manipulacdo no nervo isquiatico (animais sham) ou tiveram

esse nervo seccionado. Esse resultado mostra que o GRD de ras pode usar o lactato
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como substrato energético, tal como ocorre com outras espécies de vertebrados. Foi
demonstrado o uso preferencial de lactato em rotas metabdlicas oxidativas em neurdnios
de aves e mamiferos, inclusive de humanos (Larrabee, 1980; 1982; 1985; 1987; 1995;
1996; Bouzie-Sore et al., 2003a, b; 2006; Pellerin e Magistretti, 2011). Uma possivel
explicacdo para o uso de lactato pelo GRD de rés € a existéncia de uma menor barreira
no ganglio (Matsumoto e Rosenbluth, 1988). Isso permitiria 0 uso do lactato pelo
ganglio tanto nos animais que ndo sofreram qualquer manipulagdo cirtirgica como
naqueles submetidos a SNI. Essa maior permeabilidade ganglionar também explica a
ocorréncia de alteracdes bilaterais na captacdo de '*C-2-DG. Como a barreira
hematoencefalica é maior no sistema nervoso central (Abbott, 2005), essa pode ser a
causa para a menor modificacdo na taxa de captacdo de *C-2-DG na medula espinal de
rds sem qualquer manipulacdo no nervo periférico, quando comparada aquela observada
no GRD. Porém, como ha um aumento na permeabilidade da barreira hematoencefalica
apos lesdo (Beggs et al., 2010), isso permitiria maior utilizacdo de lactato pelo tecido
nervoso, o que pode ser a explicacdo para a reducdo na captacdo de **C-2-DG pela
medula espinal de rds com nervo isquidtico seccionado quando o lactato foi
acrescentado ao meio de incubacao.

Apesar do uso de lactato pelo tecido nervoso de rds sem e com SNI, a taxa de
conversdo de **C-L-lactato e **C-glicose a **CO, ndo foi modificada apés a lesdo
nervosa periférica. Uma possivel explicacdo para esse resultado pode ser a glicllise
presente no tecido nervoso de rds apés a SNI. O aumento na captagdo de **C-2-DG, sem
mudanca significativa na taxa de producdo de **CO, sugere que as células do GRD e
medula espinal podem estar produzindo lactato a partir da metabolizacdo da glicose
armazenada, o que explica, em parte, a baixa taxa de oxidacdo da **C-glicose nesses

tecidos. Um apoio a essa hipGtese é a presenca de moderada reacdo ao PAS no GRD de
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rds. A maior oxidagdo de lactato provavelmente se deu devido ao intenso efluxo de
lactato impulsionado pela glicolise. Diversos estudos mostraram que 0S neurdnios
produzem lactato a partir de glicose, independente da presenca de lactato no meio
extracelular e de sua simultanea utilizagdo como substrato oxidativo (Bouzie-Sore et al.,
2003a, b; 2006; Pellerin e Magistretti, 2011). Como esses estudos foram realizados em
mamiferos, novamente se detecta uma similaridade nas respostas de ras e mamiferos, o
que reforca o uso das rds como modelo experimental para o estudo de diversas situacoes
experimentais que ainda possuem muitas questdes em aberto.

O terceiro artigo mostrou ainda que a relagao glicose/lactato foi 1,2 no plasma das
rds que nao sofreram qualquer manipulacgdo cirargica no nervo isquiatico, mas mudou
para 2,9 apds a SNI. A reducdo na concentracdo plasmatica de lactato provavelmente se
relaciona com o procedimento de denervacdo periférica. Foi demonstrado, em
mamiferos, que essa condicdo experimental reduz a atividade das enzimas succinato e
lactato desidrogenases em mdasculos, reduzindo ainda nesse tecido a expressdo de
transportadores de monocarboxilados (Wilson et al., 1998; Juel e Halestap, 1999). Essa
pode ser também a causa do aumento na relacdo glicose/lactato no plasma de rds com
SNI. Porém, nas rds é necessario considerar ainda a hipotese de que o aumento dessa
relacdo seja consequéncia do efeito de tampao de tecidos mineralizados na condicao de
acidose lactica. Em anfibios, foi demonstrado que o esqueleto e tecidos endolinfaticos
atuam como tampdes em condicdes de acidose lactica, como a que se observa nas
situacOes de anoxia e exercicio fisico (Warren e Jackson, 2005). Portanto, ndo é possivel
descartar a contribuicdo desses tecidos na mudanca da relacdo glicose/lactato no plasma
de rds com SNI. Pode-se pensar ainda que a alteracdo dessa relacéo se relacione com o
uso de lactato devido a maior producdo dessa molécula em virtude da anestesia

realizada para a intervencdo cirdrgica nas rds. Contudo, foi demonstrado, em sapos, que
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a anestesia modifica par@metros hematologicos e cardiorespiratdrios, porém 0s mesmos
sdo recuperados 24 horas apds a cirurgia, € a concentracdo plasmatica de lactato ndo se
altera nessa condi¢do (Andersen e Wang, 2002). Assim, nossos resultados em ras
submetidas & SNI sdo decorrentes dessa condicao e ndo devido as mudangas provocadas
pela anestesia dos animais.

Deste modo, o presente estudo demonstra que as alteragdes ultraestruturais no
GRD de ras, induzidas pela SNI, sdo, em sua maioria, similares aquelas descritas em
mamiferos. Porém, algumas sdo peculiares as ras, o que, por um lado, reforca o uso
desses animais como modelo experimental para o estudo de questdes ainda em aberto
sobre os efeitos da SNI sobre o tecido nervoso, mas, por outro lado, salienta a
necessidade de realizacdo de mais estudos para melhor entendimento das respostas

peculiares das ras.



5. Conclusoes e Perspectivas
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A partir dos resultados do presente trabalho pode-se concluir que o GRD de ras é
ultraestrutural e funcionalmente similar ao de mamiferos. A SNI provoca também nas
rds mudancas estruturais e funcionais no GRD que sdo similares aquelas descritas nos
mamiferos. Porém, diferentemente dos mamiferos, a SNI ndo provoca alteragcdes no
nimero de CGSs no GRD de ras trés dias ap6s o procedimento cirdrgico. Assim, n0sso
estudo reforca o uso de rds como modelo experimental para estudo dos efeitos da SNI,
um modelo de dor fantasma, sobre o tecido nervoso, tema que ainda possui muitas
questBes em aberto. Porém, dada a diferenca peculiar ocorrida no GRD de rds com SNI,
nosso estudo deixa evidente a necessidade de um aprofundamento no conhecimento dos
efeitos dessa situacdo experimental nesses animais.

Como perspectivas futuras, sugerimos:

- Demonstrar o efeito das diferentes estacdes do ano sobre parametros funcionais
do GRD de rés com SNI;

- Demonstrar o efeito da SNI sobre a ultraestrutura e parametros histoquimicos e
imunoistoquimicos no GRD de ras 7, 15 e 30 dias ap6s o procedimento cirdrgico;

- Demonstrar, mediante imunoistoquimica a caspase e microscopia eletrénica, o

padrdo temporal de morte neuronal por apoptose no GRD de rdas com SNI.
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