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RESUMO

A detroestimulagcdo cortical repetitiva (ECr) aumenta a susceptibilidade a
depressdo aastrante cortical (DAC) em ratos nutricionalmente normais (FREGNI, et al.,
2005). O presente trabalho investigou se as condi¢des de lactacdo poderiam influenciar
os efeitos da ECr sobre a DAC. O estado nutricional foi manipulado durante o
aleitamento modificando-se o nimero de filhotes em cada ninhada, originando grupos
de lactacdo desfavoravel (LD12), normonutrido (N6) e lactacdo favoravel (LF3),
compostos por filhotes amamentados em ninhadas com 12, 6 e 3 lactentes,
respectivamente. Em outro grupo (D-DBR), a desnutri¢éo foi induzida alimentando-se
as maes lactantes com dieta hipoprotéica (“ Dieta Bésica Regiona”, DBR, contendo 8%
de proteina). Do desmame (21 dias de idade) aos 60 dias, a dieta de manutencdo do
biotério (“Labina’, com 23% de proteina) foi oferecida a todos os filhotes. Nessa idade,
aDAC foi registrada em dois pontos de cada hemisfério cerebral por 2h (registro basal).
Em seguida, a ECr foi aplicada por 20 minutos no cortex esgquerdo, por meio de um
eletrodo bipolar situado entre os eletrodos de registro da DAC. O registro da DAC
continuou por mais duas horas. A manipulacdo precoce do estado nutricional
influenciou, de maneira estatisticamente significante, os pesos corporais (0 grupo D-
DBR apresentou 0 menor peso e o grupo LF3 foi 0 mais pesado) e as velocidades de
propagacdo da DAC navida adulta (LF3 < N6 < LD12 < D-DBR). Em todos os grupos,
a ECr aumentou a velocidade de propagacéo da DAC, no hemisfério estimulado [média
+ epm, LF3 (14,65%+1,10), N6 (25,70%+5,05), LD12 (10,13%+1,70), D-DBR
(13,19%+1,02)] e s6 no grupo LF3, também no hemisfério ndo-estimulado
(8,66%+1,38). A importancia clinica da utilizacdo desta técnica no tratamento de
disturbios que envolvam a diminuicdo da excitabilidade cerebral, como acidentes
vasculares cerebrais, depressdo maior e doenga de Parkinson, tem sido destacada por
diversos autores (BENABID, 2003; FREGNI e PASCUAL-LEONE, 2007). Os efeitos
benéficos parece serem devidos ao aumento na excitabilidade cortical provocado pela
ECr. Mecanismos como o envolvimento de neurotransmissores e/ou ions e a geracdo de
“potenciacdo de longo prazo” poderiam explicar as modificacdes na velocidade da
DAC. Os resultados representam apoio cientifico para a compreensdo dos efeitos da
estimulagdo elétrica em certas patologias neurais, associadas ou ndo a ateragdes
nutricionais durante o desenvolvimento cerebral, assim como para o uso da DAC como
modelo de estudo experimental destas abordagens terapéuticas, em associagdo com
condicdes nutricionais especificas prevalentes no periodo de desenvolvimento cerebral.

Palavras-chave: Eletroestimulaggo cortical. Condigdes de lactagdo. Depressdo
alastrante.
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ABSTRACT

The repetitive cortical electric stimulation (rCES) increases cortical spreading
depression (CSD) propagation in the stimulated hemisphere of well-nourished rats
(FREGNI, et al., 2005). This work investigated whether lactation conditions could
influence the rCES-effect on CSD. The nutritional status was manipulated during the
lactation period. Wistar rats pups were suckled in unfavorable lactation conditions
(LD12, 12 pups per litter), standard lactation (well-nourished [N6] 6 pups per litter) and
favorable lactation (LF3, 3 pups per litter). In other group (M-BRD), the malnutrition
was performed in sucklings by feeding their lactating mothers alow-protein diet (“Basic
Regional Diet”, BRD, containing 8% of protein). From weaning to 60 days of age, all
pups received a standard lab-chow (LABINA, with 23% protein). At this age, CSD was
recorded on 2 cortical surface points of each cerebral hemisphere. After a 2-h “baseline
recording”, rCES was applied for 20 min on the left cortex with a bipolar electrode
placed between the CSD recording electrodes. The CSD recording continued for two
more hours. The early nutritional status manipulation significantly influenced the body
weights (the M-BRD group presented the lowest weights and the LF3, the highest ones)
as well as the CSD velocities of propagation in adulthood (LF3 < N6 < LD12 < D-
DBR). In al groups, rCES increased the CSD velocity of propagation, in the stimulated
hemisphere [mean +* sem, LF3 (14,65%+1,10), N6 (25,70%+5,05), LD12
(10,13%+1,70), D-DBR (13,19%+1,02)]. Additionally, this CSD-effect was seen, in the
LF3 group, in the non-stimulated hemisphere (8,66%+1,38).. The clinical relevance of
this technique for the treatment of human neural disorders which involves areductionin
the cerebral excitability, as stroke, major depression and Parkinson’s disease, have been
stressed by severa researchers (BENABID, 2003; FREGNI e PASCUAL-LEONE,
2007). The beneficial effect seems to be due to the increase in the cortical excitability
provoked by the rCES. The underlying mechanisms are still insufficiently understood,
but the participation of neurotransmitters and/or ions as well as long-term potentiation
could explain the modifications in the CSD velocities. The data represents scientific
support to the understanding of the electrical stimulation effects in some neurological
pathologies, associated or not to nutritional aterations during the brain development, as
well as for the use of CSD as a model for experimental studies of that therapeutic
resource, in association with specific nutritional prevailing conditions in the cerebral
development period.

Key words. Cortical Electrical Stimulation. Lactation Conditions. Spreading
Depression.
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1.0 INTRODUCAO

1.1 Manipulagéo nutricional e sistema nervoso

O desenvolvimento do encéfalo, nos seus distintos aspectos (fisico, quimico e
fisiolégico), bem como os conseqlentes comportamentos, em todas as espécies de
mamiferos evoluem a partir da interacdo continua de fatores genéticos e ambientais.
Nestes ultimos fatores, estdo incluidos agueles dependentes da educacéo, das doencas e

de variaveis culturais e nutricionais (MORGANE, et al., 1993).

N&o ha davidas de que a nutricdo adequada no inicio da vida é importante para o
desenvolvimento normal do sistema nervoso (SN) de mamiferos. Durante os periodos
de crescimento e maturacéo cerebral, ha alguns momentos “vulnerdveis’, nos quais 0s
efeitos deletérios da nutricdo inadequada podem interferir criticamente. A nutricéo
inadequada pode influenciar os mecanismos reguladores, produzindo alteracdes
estruturais e metabdlicas do SN em desenvolvimento (MORGANE, et al., 1993;
GRANTHAM-MCGREGOR, 1995, GRANTHAM-MCGREGOR, et al.,1998;
GUEDES, 2005; SANTOS-MONTEIRO et al., 2002; GALANOPOULOU & MOSHE,

2002 e YOUNG, 2002).

Nas fasesiniciais da vida, os processos envolvidos no desenvolvimento do sistema
nervoso (gliogénese, neurogénese, migracdo, diferenciacdo celular, mielinizacéo,
formacdo de sinapses, sintese e liberacdo de neurotransmissores) ocorrem com
velocidade méxima. Essa fase € denominada de periodo critico ou periodo de
crescimento rgpido do cérebro, porgue nela 0 sistema nervoso € mais vulnerével as

agressdes externas como, por exemplo, a deficiéncia nutricional (DOBBING, 1968).
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Este periodo critico ocorre em épocas diferentes nas diversas espécies animais.
Em alguns mamiferos, o desenvolvimento cerebral comega na embriogénese e continua
durante uma fase relativamente curta da vida pés-natal. Em outros, como o rato, ele
ocorre essencialmente no periodo do aeitamento. Nos seres humanos, o periodo critico
estende-se do terceiro trimestre da gestacéo até os primeiros dois a quatro anos de vida

pos-natal (SMART e DOBBING, 1971).

A influéncia da nutri¢éo sobre o desenvolvimento cerebral no inicio davida e suas
conseguéncias duradouras sobre a fun¢éo mental tem motivado uma série de estudos;
alguns investigaram, particularmente, os efeitos da desnutricdo (MORGANE, et al.,
1993; GRANTHAM-MCGREGOR, 1995; GRANTHAM-MCGREGOR, et al.,1998;
GUEDES, 2005; SANTOS-MONTEIRO et al., 2002; GALANOPOULOU & MOSHE,
2002; ALMEIDA et al., 2002) enquanto, outros, os efeitos do sobrepeso/ obesidade
(ROCHA-DE-MELO et al.,, 2004 e 2006; PLAGEMANN et al., 1998; 1999;
VELKOSKA E. et al., 2005; DAVIDOWA e PLAGEMANN, 2000; DAVIDOWA et

al., 2003)

Apesar de estudos demonstrarem um declinio progressivo da desnutri¢éo infantil
nos paises em desenvolvimento (ONIS et al., 2000), a desnutricdo em criangas ainda é
considerado um sério problema de salde publica nestes paises, inclusive em algumas
regides do Brasil. Os efeitos da desnutricdo sobre o desenvolvimento do sistema
nervoso central (SNC) tém sido estudados, principalmente, devido a incidéncia da
desnutricdo infantil e as evidéncias consideraveis de seus efeitos neurais, alguns deles
permanentes. Estes Ultimos, geralmente estdo associados com danos a fungdo mental,

inclusive déficits dainteligéncia (GRANTHAM-McGREGOR, 1990).

Dados epidemiologicos confirmam uma mudanga no perfil nutricional mundial

especiamente em criancas e adol escentes, caracterizada por um declinio progressivo da
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preval éncia da desnutricéo e uma rapida elevacdo de sobrepeso/obesidade (OKEN et al.,
2003; BATISTA-FILHO e RISSIN, 2003; KOHN e BOOTH, 2003). Portanto, a
influéncia da ingest&o alimentar excessiva (IAE) sob o crescimento e desenvolvimento
do SN comega a gerar grande interesse. Embora menos investigado, é atual mente aceito
gue uma ingestdo alimentar excessiva no inicio da vida pode também interferir no
desenvolvimento e funcédo cerebral (DAVIDOWA e PLAGEMANN, 2000; ALMEIDA
et al., 2002; PLAGEMANN et al., 1998 e VELKOSKA et al., 2005). Em nosso
laboratério, estudos preliminares com ratos previamente submetidos a IAE, segundo a
técnica descrita por PLAGEMANN et a (1998), demonstraram alteragdes ponderais e
histoquimicas cerebrais (ROCHA-DE-MELO et a. 2004) e modificacOes

eetrofisiologicas da DAC (ROCHA-DE-MELO et a., 2006).

Além da nutricdo, a eletroestimulacéo cerebral, utilizada com fins terapéuticos,
parece modular a funcéo cerebral. A utilizacdo clinica dessa técnica tem aumentado
durante a Ultima década. Entretanto os seus mecanismos de acdo ainda ndo estdo bem
esclarecidos. Um dos mecanismos propostos é que a eletroestimulagdo repetitiva
aumente a excitabilidade do cortex cerebral (FREGNI et al., 2005). Portanto os efeitos
da associacdo dessas duas variaveis foram estudados neste trabalho, como descrito

adiante.
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1.2 Eletr oestimulagéo cortical, sistema nervoso e manipulagdo nutricional

Trabalhos recentes tém demonstrado que a eletroestimulagdo cortical pode
influenciar o funcionamento do cérebro. Vérias formas de estimulagdo elétrica cerebral
parecem ser efetivas no tratamento de distUrbios neuroldgicos e psiquiatricos. A
estimulagdo magnética transcraniana e a estimulagdo transcraniana com corrente direta
(continua) fraca tém demonstrado efeitos benéficos no tratamento de pacientes com
doenca de Parkinson, depressdo maior, epilepsia, esquizofrenia e acidentes vasculares

cerebrais (BENABID, 2003; BURT et al., 2002).

A ECr é um tipo de estimulacdo elétrica cortical, que mimetiza a técnica da
estimulagcdo magnética transcraniana (FREGNI et al., 2007) e pode gerar uma mudanca
na atividade cortical cerebral da area estimulada por um periodo prolongado (FREGNI
et al., 2005 e PASCUAL-LEONE €t al., 1998). As séries de ECr podem induzir efeitos
imediatos de modulaggo na excitabilidade cortical. Essa modulagéo pode variar entre
inibicdo e facilitacBo da atividade cerebral, dependendo dos parametros de ECr
utilizados (PASCUAL-LEONE et al., 1998; MAEDA et al., 2000), bem como daregido
estimulada (BOEX et al., 2007). A ECr tem se tornado uma abordagem terapéutica para
certas indicagbes como acidentes vasculares cerebrais e epilepsia (FREGNI &

PASCUAL-LEONE, 2007).

Uma vez que, como mencionado acima, um dos mecanismos propostos para
explicar a agdo terapéutica da ECr seria baseado na modulago da excitabilidade cortical
(FREGNI et al., 2005), decidiu-se utilizar, no presente trabalho, o fendbmeno da DAC,
como um instrumento para 0 estudo dessa excitabilidade. Além de ser um método
experimental para avaliagdo de ateragdes da excitabilidade do tecido cortical (vide item
1.3 adiante), a DAC apresenta pontos de semelhanga com certas patologias neurais, tais

como epilepsia, enxagueca com aura e isquemia cerebral, fazendo suspeitar da
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existéncia de mecanismos comuns entre eles (LEAO, 1972; LEHMENKUHLER et al.,
1993; TAKANO et al., 1996; GUEDES, 2005). Por exemplo, relacdo entre
mecanismos envolvidos na enxaqueca com aura e a DAC fala a favor da associacéo
entre a DAC e a excitabilidade corticall (LEHMENKUHLER et al., 1993). Algumas
coincidéncias interessantes, como o fato de que esses fenbmenos apresentam
velocidades de propagacdo semelhantes (LAURITZEN, 1994 e GORGI, 2001) séo
também favoraveis a essa associagdo. Além disso, a hipoglicemia, que pode
desencadear episodios de enxaqueca com aura (JACOME, 2001) esta também associada

aum aumento na susceptibilidade a DAC (COSTA-CRUZ e GUEDES, 2001).

Com a perspectiva acima, pode-se afirmar que o presente estudo poderia trazer
achados relevantes para a compreensdo dos mecanismos envolvidos na utilizagdo clinica
da ECr, e ainda, se estes mecanismos podem ser influenciados por ateractes precoces
do estado nutricional, mediante o0 estabelecimento de condicdes experimentais
favoraveis ou desfavordveis de lactacdo (ingestdo alimentar excessiva ou deficiente,
respectivamente), conforme descreve a literatura (PLAGEMANN et al., 1998;
DAVIDOWA e PLAGEMANN, 2000; ROCHA-DE-MELO e GUEDES, 1997,

ROCHA-DE-MELO et al., 2004; 2006).

1.3 Depressdo alastrante cortical, manipulacdo nutricional e estimulacéo elétrica

cortical

Técnicas diferentes no campo da detrofisiologia podem ser utilizadas para
registrar a atividade elétrica cerebral em animais de laboratério e em humanos. A
atividade elétrica neuronal (AEN) é a principa caracteristica fisiolégica do tecido
nervoso. Através da AEN, o encéfalo é capaz de executar diversas agdes fisiologicas,
desde as mais simples, até as mais complexas. Logo, as técnicas que permitam o

registro e a andise dessa atividade podem fornecer informacfes relevantes para a
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compreensdo do funcionamento do sistema nervoso, tanto sob condi¢des normais, como

patol 6gicas (GUEDES, 2005).

Estudos e etrofisioldgicos tém sido desenvolvidos no “Laboratério de Fisiologia
da Nutricdo Naide Teodosio” (LAFINNT; Departamento de Nutricdo da UFPE), numa
linha de pesquisa em colaboragdo com o Dr. Felipe Fregni, do Centro de Estimulagcéo
ndo-invasiva da Faculdade de Medicina da Universidade de Harvard e Centro Médico
Beth Israel Deaconess, Boston, USA e com o Dr. David Liebetanz, do Departamento de
Neurofisiologia Clinica, Universidade Georg-August, Goettingen, Alemanha. Nessa
linha, tem se utilizado o fendbmeno da DAC para o estudo dos efeitos da ECr (FREGNI
et al., 2005), da estimulagéo transcraniana com corrente direta (ETCD, LIEBETANZ et
al., 2006) e da combinagdo destas técnicas (ETCD e ECr, FREGNI et a., 2007) sobre a

excitabilidade cortical. A presente dissertagdo dé continuidade a essa linha de pesquisa.

A DAC foi descrita pela primeira vez como uma “onda’ propagéavel de depresséo
da atividade elétrica cortical espontanea (LEAO, 1944). O fendbmeno consiste numa
resposta reversivel do tecido cortical, provocada por estimulacdo elétrica, mecanica ou
guimica, de um ponto desse tecido. Essa depressao propaga-se de forma concéntrica por
todo o cértex (com velocidade da ordem de 2 a5 mm/min) e ao final, cercade 10 a 15
min, o tecido cortical acha-se recuperado. A medida que a DAC se propaga para regioes
cada vez mais afastadas, a atividade elétrica comega a se recuperar a partir do ponto
estimulado. Acompanhando a depressao da atividade €l étrica espontanea, foi observada
uma variacdo lenta de voltagem (VLV) naregido cortical onde estava ocorrendo aDAC

(LEAO, 1944; 1947).

O uso da DAC parainvestigacdo experimental apresenta duas razfes principais: 1)
fornecer uma maneira simples e interessante de estudar aspectos nutricionais e do

desenvolvimento da eletrofisiologia cerebral; 2) favorecer a compreensdo dos
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mecanismos da DAC que pode ser extremamente importante para auxiliar no melhor
conhecimento e tratamento de patologias neurais humana, tais como epilepsia,

enxagqueca com aura e isquemia cerebral (GUEDES, 2005).

Desde a primeira descri¢do da DAC muitos estudos tém sido feitos para esclarecer
0S Processos responsaveis por este fendbmeno. A susceptibilidade cortical ao fenémeno
da DAC depende das condic¢des em que se encontra o tecido cerebral. Dessa forma, em
alguns casos, 0 cortex pode apresentar uma maior susceptibilidade ao fendmeno,
indicada por velocidades de propagacdo mais atas, e em outros casos se tornar mais

resistente, ajulgar pelas vel ocidades mais baixas.

Os estudos em nosso laboratério tém identificado uma série de condicdes de
interesse clinico, que podem facilitar a propagacéo da DAC, enguanto outras podem
inibir esse fendbmeno. Dentre as condic¢des que dificultam a propagacéo da DAC pode-se
citar 0 envelhecimento (GUEDES et al., 1996), 0 uso de anestésicos (GUEDES e
BARRETO, 1992), o hipotireoidismo (GUEDES e PEREIRA-DA-SILVA, 1993),
tratamento agonistas serotoninérgicos (GUEDES et al., 2002 e AMANCIO-DOS-
SANTOS et al., 2006), aplicacdo tdépica cortica de antagonistas de aminoécidos
excitatorios (GUEDES et al., 1988), hiperglicemia (COSTA-CRUZ e GUEDES, 2001),
estimulagdo ambiental precoce (SANTOS-MONTEIRO et al., 2000) e aleitamento em
condicbes muito favoréveis (reducdo da ninhada para 3 filhotes; ROCHA-DE-MELO et
al., 2006). Por outro lado, dentre as condigdes que facilitam a propagacéo da DAC,
identificou-se a reducdo do cloreto extracelular (por lavagem gastrica, GUEDES e Do
CARMO, 1980), tratamento com agonistas GABAérgicos (GUEDES et al., 1992),
hipoglicemia (XIMENES-DA-SILVA e GUEDES, 1991), privacdo dietética de
vitaminas antioxidantes (EL-BACHA et al., 1998) e aeitamento em condigBes

desfavoraveis, seja por deficiéncianutricional da mae lactante (GUEDES et al., 1987a e
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ANDRADE ¢t al., 1990), sgja por aumento da ninhada de 6 para 12 filhotes (ROCHA -

DE-MELO et al., 2006). Estas condicdes estéo apresentadas na tabela 1.0.

Com relagdo aos efeitos da ECr sobre a DAC, FREGNI et al., (2005)
demonstraram em ratos normonutridos que a ECr, aplicada com a frequiéncia de 1 Hz
em um dos hemisférios cerebrais, aumenta a velocidade de propagacéo da DAC apenas
no hemisfério estimulado. Ao utilizar a DAC como modelo experimental, o presente

trabalho tem ajustificativa descrita a seguir.
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Tabela 1.0 — Condic¢des de interesse clinico que facilitam ou inibem a propagagéo

daDAC.

Condicbes deinteresse clinico

Referéncia bibliogr afica

Condicdes que dificultam a DAC

Envelhecimento
O uso de anestésicos
O hipotireoidismo

Tratamento com drogas que aumentam
a atividade do sistema serotoninérgico

Aplicagéo topica cortical de
antagonistas de aminoacidos
excitatorios

Tratamento com carotendides
Hiperglicemia
Estimulagdo ambiental precoce

Reducéo do tamanho da ninhada de 6
para 3 filhotes (pequenas ninhadas)

GUEDES et al ., 1996
GUEDES e BARRETO, 1992
GUEDES e PEREIRA-DA-SILVA, 1993

GUEDES et al., 2002 e AMANCIO-DOS-
SANTOS et al., 2006

GUEDES et al ., 1988

BEZERRA et al., 2005
COSTA-CRUZ e GUEDES, 2001
SANTOS-MONTEIRO et al., 2000
ROCHA-DE-MELO et al., 2006

Condigdes que facilitam a DAC

Reducdo do cloreto extracelular por
lavagem géstrica

Desnutricdo no inicio da vida por
alimentagdo materna deficiente

Tratamento com agonistas
GABAGérgicos

Hipoglicemia

Tratamento com etanol

Privacdo dietética de vitaminas
antioxidantes

Aumento da ninhada de 6 para 12
filhotes (grandes ninhadas)

GUEDES e Do CARMO, 1980
GUEDES €t al., 1987a e ANDRADE et al.,
1990

GUEDES et al., 1992

XIMENES-DA-SILVA e GUEDES, 1991

GUEDES E FRADE, 1993; BEZERRA et
al., 2005

EL-BACHA et al., 1998

ROCHA-DE-MELO et al., 2006

Modificada de GUEDES, 2005.
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2.0JUSTIFICATIVA

Em nosso laboratério, achados recentes mostraram que a propagacéo da DAC
encontra-se facilitada em animais submetidos a sessdes de ECr (FREGNI et al., 2005).
Para complementar a investigagcdo dos efeitos da eletroestimulacéo cortical sobre a
excitabilidade cerebral, esta dissertagdo investigou, em animais normonutridos, ou
amamentados em condic¢des desfavoraveis ou favoraveis, o uso da estimulagdo cortical
direta como meio eficaz de interferir na excitabilidade cerebral. Esta abordagem
experimental pode contribuir para a investigagdo dos mecanismos de acdo da ECr, bem
como para compreensdo de possiveis associagfes dos efeitos da ECr ao estado

nutricional precoce.

Dessa forma, este trabalho pode também trazer uma contribuicdo interessante e
pioneira para a compreensdo da relacdo entre alimentacdo, nutricdo, e etroestimulacéo

cortical, desenvolvimento e fungdo neural.

3.0HIPOTESES

e A ECr aplicada sobre o cortex cerebra esguerdo durante o registro

eletrofisioldgico facilita a propagacdo da DAC;

e O efeito da ECr durante o registro da DAC se faz de forma assimétrica,

limitando-se ao hemisfério estimulado;

e Essesefeitos da ECr sobre a DAC sdo influenciados também pela condicéo
nutricional (desnutricdo ou ingestéo alimentar excessiva) a que o cérebro

foi submetido no inicio davida
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4.0 OBJETIVOS

4.1 Objetivo geral

Avadliar, em ratos entre 60 e 90 dias de vida, amamentados em condigoes

favorévels, ou normais, ou desfavoraveis, os efeitos da el etroestimulagdo cortical sobre

a propagacéo da depressdo alastrante (DAC).

4.2 Obj etivos especificos

Acompanhar a evolugdo do peso corpora durante todo o periodo de
experimentacdo (ver tdpico DeterminagBes Ponderais), correlacionando
esse peso com a respectiva condicdo (favoravel ou desfavoravel) de

aetamento;

Avdiar a influencia da ateracBo no estado nutricional precoce

(aleitamento) sobre os efeitos da ECr durante a propagacéo da DAC;

Investigar a associacdo entre o tipo de desnutricdo (dieta materna
multideficiente ou aumento do nimero de filhotes por ninhada) e os efeitos
da ECr sobre a velocidade de propagacéo da DAC e aincidéncia de DACs

espontaness;

Comparar a velocidade de propagacdo da DAC nos dois hemisférios
cerebrais, para verificar se o efeito da ECr, aplicada unilateralmente, estara

limitado ao hemisfério estimulado.
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5.0METODOLOGIA

Foram utilizados 52 ratos machos abinos da linhagem Wistar, da colénia do
Departamento de Nutricdo da Universidade Federal de Pernambuco. Esses ratos foram
mantidos sob condi¢Bes padrdo do biotério, em sala a temperatura de 23 + 1°C e
submetidos a um ciclo artificia claro-escuro de 12/12 horas (0 claro iniciando as 7

horas da manhd), com livre acesso a &gua e a comida.

Todos os procedimentos utilizados no presente estudo foram aprovados pela
Comissdo de Etica em Experimentagdo Animal da UFPE (Processo n° 001166/2007-

40).

Para formar as ninhadas dos grupos nutricionais descritos abaixo, ratos neonatos,
com 24h apds o nascimento, provenientes de varias ninhadas, foram reunidos em um
Unico grupo e em seguida aleatoriamente distribuidos, segundo a manipulagéo do estado

nutricional, descritaa seguir.
5.1 Manipulagéo do estado nutricional no aleitamento

Em cada grupo, a condi¢do nutricional foi determinada variando-se 0 nimero de
filhotes por ninhada, ou sga, 0s grupos experimentais foram divididos em lactacéo
desfavoravel (LD12), normonutrido (N6) e lactacdo favoravel (LF3), os quais eram
compostos por filhotes amamentados em ninhadas formadas por 12, 6 e 3 lactentes,
respectivamente, conforme descrito por PLAGEMANN et al., 1998, DAVIDOWA e
PLAGEMANN, 2000; ROCHA-DE-MELO et al (2004; 2006). Em um outro grupo,
para comparacdo, outra forma de desnutricdo (D-DBR) foi induzida em lactentes cujas
mées, no aetamento, receberam uma dieta multideficiente (“Dieta Béasica Regiond”,
DBR, ver tabela 2.0 para composicao; Teodosio et al., 1990), contendo 8% de proteina.

Apbs 0 desmame, aos 21 dias, todos os filhotes foram alimentados com a dieta de
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manutencdo do biotério (“Labina’, ver composicdo na tabela 3.0), com 23% de

proteina.

A DBR representa um modelo de desnutricdo experimental elaborado com
alimentos que constituiam a base da alimentacdo de familias de comunidades rurais do
Nordeste brasileiro (Zona da Mata do Estado de Pernambuco). Esses alimentos foram
determinados apds um inquérito nutricional realizado nesta regido elaborado pelo

Departamento de Nutricdo da UFPE (BATISTA-FILHO et al., 1968).

Uma refeicdo ideal deve seguir preceitos bésicos. a adequacdo da quantidade e da
qualidade de seus congtituintes. A DBR é uma alimentagdo rica em carboidratos e
fibras, entretanto, pobre em gorduras, proteinas, vitaminas e sais minerais, e ainda, as
proteinas presentes sdo predominantemente de origem vegetal, ou seja, uma proteina de

baixo valor biolégico. Mostra-se, portanto, bastante inadequada.

Segundo alguns estudos experimentais, a DBR pode levar a alteracOes
significativas em parametros fisiolégicos, bioquimicos e metabdlicos do sistema
nervoso, similares aos observados em humanos desnutridos (ANDRADE et al., 1990;
GUEDES, 1984; SANTOS-MONTEIRO et al. 2000; ROCHA-DE-MELO e GUEDES,

1997; TEODOSIO et al., 1990; BARROS &t al., 2006).
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Tabela 2.0 Composicdo centesimal da “Dieta Basica Regiona” (DBR), segundo

TEODOSIO et al., 1990. PTN: proteina; HC: carboidratos; L: lipidios e F: fibras

Composicéo (g%)
| ngredientes g% PTN  HC L c F Kcal %
Feijdo mulatinho 18,34 3,99 1066 0,24 0,57 1,09 60,76
(Phaseolus vulgaris)
Farinha de mandioca 64,81 0,84 4859 0,12 0,43 5,64 198,80
(Manioc esculenta)
Carne de charque? 3,74 2,74 - 0,06 0,06 - 115
Gordura de charque 0,35 - - 0,35 - - 3,15
Batata doce? 12,76 0,30 9,99 0,03 0,20 0,48 41,43
(Ipomaea batatas)
Total 1000 7,87 69,24 0,80 1,26 7,21 315,64

a= cozido, seco e moido.
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Tabela 3.0 Composicao da dieta de manutencdo do biotério: “Labina’

Composicao basica: milho, farelo de trigo, farelo de soja, farinha de carne, farelo de
arroz cru, carbonato de célcio, fosfato bocalcico, sal, pré-mix.

ENRIQUECIMENTO POR KG DE PRODUTO

Vitamina A 20.000 UI
Vitamina D3 6.000
Vitamina E 30 UI
VitaminaK 6 mg
Vitamina Bz 10 mg
Vitamina B, 28 mg
Pantotenato de célcio 24 mg
Niacina 95 mg
Tiamina 4mg
Colina 2.000 mg
Piridoxina 6 mg
Biotina 0,1 mg
Acido félico 0,5mg
Manganés 50 mg
lodo 2mg
Ferro 65 mg
Zinco 35mg
Cobre 26 mg
Antioxidante 100 mg

NIVEISDE GARANTIA

Umidade (max) 13%
Proteina (min) 23%
Extrato Etéreo (min) 4,0%
Matériafibrosa (max) 5,0%
Matéria mineral (max) 10,0%
Célcio (Ca)(max) 1,3%
Fosforo (P) 0,85%

* Fonte: PURINA do Brasil Ltda, consulta ao site:

http://www.agribrands.com.br/produtos _labina labina.asp dia 22 de janeiro de 2008, as 21:25h.



http://www.agribrands.com.br/produtos_labina_labina.asp
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5.2 Procedimentos cirUrgicos para os registros el etrofisiol 6gicos

Entre 60-75 dias de idade, os animais foram anestesiados com uma solucdo de
uretana a 10% + cloralose a 0,4%, a dose de 1000 mg/kg de uretana + 40 mg/kg de
cloralose, via intra-peritoneal. O animal permaneceu respirando espontaneamente e foi
colocado em decubito ventral sobre um aquecedor elétrico de temperatura regulavel,
para manutencdo da sua temperatura retal em 37,5 + 1°C, que foi verificada
continuamente por um termémetro. Em seguida, a cabeca do animal foi fixada a base de
um aparelho estereotaxico (marca "David - Kopf", USA, modelo 900), de modo a
permitir a incisdo da pele e a remogdo do peridsteo para exposi¢éo do cranio. Por meio
de trepanacdo, foram feitos 6 orificios, de cerca de 2 a4 mm de didmetro cada, sendo 3
em cada lado do cranio, alinhados no sentido antero-posterior e paralelamente a linha
média.

5.3 Registro eletrofisiol 6gico

Os registros eletrofisiologicos foram feitos com eletrodos do tipo "Ag-AgCl",
confeccionados no proprio laboratorio (ver Guedes et. al.,1992), conectados a um

poligrafo modelo 7D (Grass Medical Instruments).

Os registros da variacéo lenta de voltagem (VLV) que acompanha a DAC foram
feitos durante 4 horas (2 horas pré-eletroestimulacéo e 2 horas pos-€letroestimul agéo),
por 2 pares de eletrodos “registradores’, um par em cada hemisfério na area fronto-
parietal. Os eletrodos registradores foram colocados sobre essas regides corticais com o
objetivo de registrar a atividade eletrofisiol 6gica em éreas equivalentes ao cortex motor,
conforme descrito previamente (FREGNI et al., 2005). Um quinto eletrodo do mesmo
tipo foi colocado sobre 0os 0ssos nasais e serviu de referéncia comum ("eletrodo de

referéncia’) aos 4 eletrodos registradores.
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A DAC foi provocada, a cada 20-30 minutos, por estimulagdo quimica uma
pelota de algodéo de 1 a 2 mm de didmetro, embebida em uma solugéo de cloreto de
potéssio (KCl) a 2%, foi colocada durante 1 minuto sobre um ponto da superficie
cortical, através do orificio de estimulagcdo, na regido parietal posterior. A estimulacéo
guimica com KClI foi realizada em cada hemisfério alternadamente com intervalo de 10-
15 min entre elas, de modo que cada hemisfério sofreu estimulagdes a interval os de 20-

30 minutos, como mencionado anteriormente.

A velocidade de propagacéo da DAC foi calculada com base na distancia entre os
eletrodos registradores e no tempo gasto pela DAC para percorrer esta distancia. Para
cada uma das horas de registro foram calculadas as vel ocidades médias de propagacéo

do fenbmeno.

5.4 Eletroestimulacdo Cortical

A detroestimulacdo cortical  repetitiva (ECr), conforme mencionado
anteriormente, € uma técnica de eletroestimulacdo que mimetiza a estimulacéo
magnética transcraniana repetitiva [EMTr (FREGNI et al., 2007)]. A ECr foi utilizada
neste estudo por causa das limitacGes técnicas da EMTr em ratos, uma vez que as
bobinas de indugdo eletromagnética utilizadas para a EMTr em humanos, se usadas em
ratos resultaria numa estimulacéo difusa e isto ndo seria adequado para o presente

estudo.

A ECr foi redlizada durante o registro eletrofisiolégico. Apds as 2 horas iniciais
(“registro basal”) o registro da DAC foi interrompido e a ECr foi aplicada sobre o
cortex esquerdo através de um par de eetrodos bipolares metalicos (fios de prata
isolados com teflon, com a disténcia entre as pontas igual a 0,5 mm), sendo o anodo

situado préximo ao orificio parietal anterior e o catodo préximo ao orificio frontal,
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colocados na superficie cortical, no espago entre os dois eletrodos de registro da DAC.
Esta ECr foi aplicada por um estimulador elétrico (Insight, Equipamentos Cientificos,
Ribeiréo Preto, Brasil) durante 20 minutos com os seguintes parametros, anteriormente
utilizados por FREGNI et al., (2005): freqiiéncia 1 Hz, intensidade de 600 pA e duracdo
de pulso de 5ms. Ao término da ECr, o registro da DAC foi retomado e continuou por
mais duas horas. A comparacdo, no mesmo animal, das velocidades da DAC antes e
apos a eletroestimulacdo cortical serviu para indicar eventuais efeitos da ECr sobre a
DAC. Neste experimento, o animal serviu de controle para ele mesmo. As velocidades
de propagacdo da DAC no periodo p6s-ECr foram comparados com os valores pré-ECr
(registro basal). Para excluir possiveis efeitos da colocacdo dos eletrodos na superficie
cortical sobre a propagacdo da DAC, foi estudado um grupo sham (estimulacéo ficticia).
Os animais desse grupo foram submetidos a colocacéo dos eletrodos corticais usados
para a ECr, bem como a todos os demais procedimentos realizados nos grupos
estimulados com a ECr, porém o aparelho de eletroestimulacdo permanecia desligado

durante todo o registro da DAC. Os grupos experimentais estéo descritos na Figura 1.0.

GRUPOS EXPERIMENTAIS (n=52)
Animais submetidos ao reaistro da DAC

v y v
Lactacao desfavoréavel Normonutrido Lactacdo favoréavel
(ingestéo alimentar deficiente) (ingestéo alimentar padré&o) (ingestdo alimentar excessiva)
D-DBR LD12 N6 N-sham LF3
(n=12) (n=7) (n=12) (n=9) (n=12)

Figura 1. Esquema demonstrativo dos grupos experimentais. Ratos foram amamentados em
ninhadas formadas por 12, 6 e 3 lactentes. lactacao desfavoravel (LD12), normonutrido (N6) e
lactacéo favoravel (LF3), respectivamente. Animais D-DBR foram criados em ninhadas de 6
filhotes e amamentados por nutrizes aimentadas com DBR-dieta bésica regional. Estes animais
foram submetidos a ECr durante o registro da DAC aos 60 a 90 dias de vida. Shanm+ grupo de
animais que ndo foi estimulado (estimulagdo ficticia, vide topico 5.4 da metodologia). Os
valores entre parénteses indicam a quantidade de ratos em cada grupo.
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5.5 Determinacoes Ponderais

O peso corporal foi obtido aos 7, 14, 21, 30 e 60 dias de vida e no dia do registro
eletrofisiologico da DAC. Os animais foram pesados em baanga Marte (modelo 1001).
Os pesos corporais foram comparados entre os grupos (N6, LD12, D-DBR e LF3) e

analisados estati sticamente segundo descricao adiante.

5.6 Analise estatistica

Os dados eletrofisiolégicos e a evolugdo do peso corporal foram analisados
estatisticamente utilizando-se a“ANOVA” - andlise de variancia, seguida por teste “ post
hoc” (Tukey), quando indicado. No que diz respeito a andlise da velocidade de
propagacdo da DAC intra-grupo, nos momentos pré e pés-ECr, bem como na
comparacdo entre os dois hemisférios do mesmo animal, foi utilizado o teste “t”

pareado. Foram consideradas significantes as diferencas em que p=0,05.
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6.0 RESULTADOS
6.1 Pesos cor porais

Os pesos corporais médios dos diferentes grupos nutricionais, quando em ordem
crescente, apresentaram a seguinte seqiéncia. D-DBR<LD12<N<LF3, isto €, o grupo
D-DBR apresentou o menor peso e o grupo LF3 foi o mais pesado. Estes resultados
estdo apresentados na Tabela 4.0. Os animais D-DBR apresentaram peso corporal
significantemente menor gue os animais N e LF3 em todas as idades avaliadas. Quando
comparados aos animais do grupo LD 12, osratos D-DBR apresentaram pesos corporais
significantemente menores ao longo das determinagdes ponderais, exceto no 7° dia de

vida

Os ratos do grupo LD12 apresentaram pesos corporais, nos 7°, 14°, 21° e 30° dias
de vida, significantemente menores do que os ratos N e LF3. No 60° diade vida e no dia
do registro da DAC, estes animais tiveram seus pesos corporais significantemente

maiores que o dos animais DBR e menores que os do grupo LF3.

Em comparacdo com o grupo N, os animais LF3 tiveram pesos corporais

significantemente maiores nos 7°, 14°, 21° dias de vida.
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Tabela 4.0- Pesos corporais dos ratos criados em lactagdo desfavoravel (LD12),normal (N6) e lactacéo favoravel (LF3), os quais foram
amamentados em ninhadas formadas por 12, 6 e 3 lactentes, respectivamente (as lactantes receberam a dieta padréo para roedores [LABINA,
23% de proteina]). Um quarto grupo, desnutrido pela dieta basicaregional (D-DBR) foi adicionalmente estudado. Nele, as ninhadas de 6 filhotes
foram amamentadas por nutrizes alimentadas com a DBR (contendo 8% de proteina). Apds o desmame, todos os animais receberam a LABINA.
Os valores representam a média + desvio-padrédo, com 0 nimero de animais indicado entre parénteses. As letras minusculas indicam valores
significantemente diferentes (p=0,05) dos respectivos valores dos grupos marcados com a mesma letra na coluna da esquerda. (ANOV A+teste de

Tukey).
PESO CORPORAL (g)
Idade 7°dia 14° dia 21°dia 30°dia 60° dia Diadoregistroda
DAC
Grupo

N62
(9) 200+ 34 36,8+29 56,3+ 3,3 1035+ 4,7 2778+ 32,6 284,0 + 15,2

LD12° 14,0+ 1,42 234+ 1,8 37,0+ 3.4° 77,0+ 6,8 2490+ 9,2 2724+ 13,8
(7)

D-DBR® 13,4+ 1,162 16,0+ 1,12P 19,7 +2,52P 485+ 523 205,0 + 19,3*P 210,8 + 16,72"

(14)

LF3¢ 233+ 3,1%P¢ 41,9+50%b¢ 63,7+ 6,0"¢ 110,6 + 82" ¢ 206,9+ 17,5>¢ 2990 + 20,6>°¢

(14)




6.2 Velocidade de propagacdo da depr essdo alastrante cortical

Em todos os grupos, a aplicacdo tépica de KCl a 2% por 1 min foi eficaz em
deflagrar a onda da DAC. Esta se propagou normalmente e foi registrada pelos dois
eletrodos situados mais anteriormente no hemisfério estimulado. As figuras de 2 a 5
mostram registros eletrofisioldgicos representativos para as condigdes nutricionais D-

DBR, LD12, N6, N-sham e L F3, respectivamente.

Efeitos da manipulagdo nutricional

A manipulacdo precoce do estado nutricional influenciou, de maneira
estatisticamente significante, a velocidade de propagacdo da DAC na vida adulta, de
acordo com a seguinte ordem crescente de velocidades entre os grupos experimentais:
LF3<N6<LD12 < D-DBR. Este efeito foi evidenciado no periodo “pré-ECr”, tanto no
hemisfério controle (ndo-estimulado), como no hemisfério estimulado. Estes resultados

estdo descritos na Tabela 5.0.

Efeitos da eletroestimulagéo cortical repetitiva (ECr)

No hemisfério estimulado, em todos os quatro grupos foi observado um aumento
significante da velocidade de propagacdo da DAC apds a ECr, a julgar pelas
velocidades maiores do que os respectivos valores pré-ECr no mesmo hemisfério. No
hemisfério ndo-estimulado, as velocidades da DAC foram significantemente maiores

apos a ECr apenas em um dos grupos experimentais. o grupo LF3.

Os aumentos da velocidade da DAC causados pela ECr, quando expressos em
percentual dos valores basais, foram significantemente maiores no hemisfério

estimulado, quando comparados aos percentuais de aumento da velocidade do
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hemisfério controle, ou sga as velocidades de propagacd da DAC foram
significantemente maiores no hemisfério estimulado, em todos 0s grupos experimentais,
em relacdo aos valores do hemisfério controle apés a ECr. O maior efeito da ECr foi
observado no grupo N6. Esse efeito foi estatisticamente significante quando comparado

aqueles dos grupos LF3, LD12 e D-DBR.

Nenhuma diferenca significante foi encontrada na velocidade de propagagdo da
DAC nos animais sham, tanto nas comparacfes inter-hemisféricas, quanto nas
comparacoes entre os momentos pré- e poés- ECr, que neste caso era uma estimulacéo

ficticia (vide topico 5.4).

Estes resultados est&o apresentados na Tabela 5.0 e nafigura 7.0.

Andlise do numero de DAC espontaneas

Como anteriormente referido, em geral, a aplicacdo topicade KCl a2% por 1 min
deflagrava uma Unica onda de DAC. No entanto, eventualmente observou-se o
surgimento de episodios de DAC na auséncia do estimulo quimico, ou sgja, sem a
estimulagdo intencional, que era feita regularmente. Quando a incidéncia de DACs
espontaneas é elevada, considera-se que o tecido cortical esta muito susceptivel ao
fenbmeno. Ao analisar o nimero de DA Cs espontaneas entre 0s grupos experimentais e
0s hemisférios cerebrais, observou-se uma maior incidéncia apés a ECr no hemisfério

estimul ado de todos 0s grupos experimentais, mas ndo no grupo sham (Tabela 6).
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Figura 2.0 - Registros da variagéo lenta de voltagem (VLV) da DAC em um animal do grupo nutrido (N6). Neste grupo, as ninhadas de 6
filhotes foram amamentadas por nutrizes alimentadas com a dieta “LABINA” (contendo 23% de proteind). Apés o desmame, os filhotes
também receberam a dieta “LABINA”. Os registros mostram a deflagracdo da DAC pela aplicacdo de KCl 2% no tempo (1 min) delimitado
pelas barras horizontais nos hemisférios esquerdo e direito, e também, antes e depois da ECr. As barras de calibragéo verticais indicam 10 mV
paraa VLV (variagdo negativa para cima). A ilustragdo esquematica a direita mostra a localizacdo dos dois orificios de registro da DAC em
cada hemisfério (eletrodos de registro 1 e 2), alocalizagdo da aplicacéo epidural de KCl 2% (orificio parietal posterior), o eletrodo de referéncia
para o registro da DAC localizado sobre 0s 0ssos nasais e 0s eletrodos bipolares epidurais (para ECr) entre os eletrodos de registro (1 e 2) no
hemisfério esquerdo.
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Figura 3.0 - Registros da variagéo lenta de voltagem (VLV) da DAC em um animal do grupo N-sham. Neste grupo, as ninhadas de 6
filhotes foram amamentadas por nutrizes alimentadas com a dieta “LABINA” (contendo 23% de proteina). Apos o desmame, os filhotes
também receberam adieta“LABINA”. Osregistros mostram a deflagracdo da DAC pela aplicacdo de KCl 2% no tempo (1 min) delimitado
pelas barras horizontais nos hemisférios esquerdo e direito, e também, antes e depois da ECr. As barras de calibracéo verticais indicam 10
mV paraa VLV (variagdo negativa para cima). A ilustragdo esquematica a direita mostra alocalizagdo dos dois orificios de registro da DAC
em cada hemisfério (eletrodos de registro 1 e 2), a localizagdo da aplicagdo epidural de KCl 2% (orificio parietal posterior), o eletrodo de
referéncia para o registro da DAC localizado sobre 0s 0ssos nasais e 0s detrodos bipolares epidurais (para ECr) entre os eletrodos de
registro (1 e 2) no hemisfério esquerdo (eletroestimulacéo ficticia, vide tépico 5.4).
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Figura 4.0 - Registros da variacdo lenta de voltagem (VLV) da DAC em um animal do grupo experimental LF 3. Neste grupo, as
ninhadas de 3 filhotes foram amamentadas por nutrizes alimentadas com a dieta “LABINA” (contendo 23% de proteina). Apds o
desmame, os filhotes também receberam a LABINA. O registro mostra a deflagracéo da DAC pela aplicacéo de KCl 2% no tempo
(2 min) delimitado pelas barras horizontais nos hemisférios esquerdo e direito, e também, antes e depois da ECr. As barras de
calibragdo verticais indicam 10 mV para a VLV (variagdo negativa para cima). A ilustracdo esgquemética a direita mostra a
localizacdo dos dois orificios de registro da DAC em cada hemisfério (eletrodos de registro 1 e 2), a localizacdo da aplicacdo
epidura de KCI 2% (orificio parietal posterior), o eletrodo de referéncia para o registro da DAC localizado sobre 0s 0ssos nasais e
os eletrodos bipolares epidurais (para ECr) entre os eletrodos de registro (1 e 2) no hemisfério esquerdo.
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Figura 5.0 - Registros da variacéo lenta de voltagem (VLV) da DAC em um animal do grupo experimental LD 12. Nele, as
ninhadas de 12 filhotes foram amamentadas por nutrizes alimentadas com adieta“LABINA” (contendo 23% de proteina). Apds o
desmame, os filhotes também receberam a dieta “LABINA”. O registro mostra a deflagracéo da DAC pela aplicacéo de KCl 2%
no tempo (1 min) delimitado pelas barras horizontais nos hemisférios esquerdo e direito, e também, antes e depois da ECr. As
barras de calibragdo verticaisindicam 10 mV paraa VLV (variacdo negativa paracima). A ilustracdo esquemética a direita mostra
a localizacdo dos dois orificios de registro da DAC em cada hemisfério (eletrodos de registro 1 e 2), alocalizagdo da aplicacdo
epidural de KCI 2% (orificio parietal posterior), o eletrodo de referéncia para o registro da DAC localizado sobre 0s 0ssos hasais e
os eletrodos bipolares epidurais (para ECr) entre os eletrodos de registro (1 e 2) no hemisfério esquerdo.
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Figura 6.0 - Registros da variacéo lenta de voltagem (VLV) da DAC em um animal do grupo desnutrido pela dieta bésica
regiona (D-DBR). Nele, as ninhadas de 6 filhotes foram amamentadas por nutrizes alimentadas com a DBR (contendo 8% de
proteina). Apds o desmame, os filhotes receberam adieta“LABINA”. O registro mostra a deflagracdo da DAC pela aplicagdo
de KCI 2% no tempo (1 min) delimitado pelas barras horizontai s nos hemisférios esquerdo e direito, e também, antes e depois
da ECr. Asbarras de calibracéo verticaisindicam 10 mV paraa VLV (variagdo negativa para cima). A ilustracdo esquemética
a direita mostra a localizagdo dos dois orificios de registro da DAC em cada hemisfério (eletrodos de registro 1 e 2), a
localizag&o da aplicacdo epidural de KCl a 2% (orificio parietal posterior), o eletrodo de referéncia para o registro da DAC
localizado sobre o0s 0ssos nasais e os eletrodos bipolares epidurais (para ECr) entre os eletrodos de registro (1 e 2) no
hemisfério esquerdo.
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Tabela 5.0- Velocidades médias de propagacdo da DAC em ratos amamentados em lactacdo desfavoravel (LD12), lactacdo normal (N6) e
lactacéo favoravel (LF3), os quais eram compostos por filhotes amamentados em ninhadas formadas por 12, 6 e 3 lactentes, respectivamente,
cujas lactantes receberam a dieta padréo para roedores (LABINA, 23% de proteina). Um quarto grupo, desnutrido pela dieta basica regional (D-
DBR) foi adicionalmente estudado. Nele, as ninhadas de 6 filhotes foram amamentadas por nutrizes alimentadas com a DBR (contendo 8% de
proteina). Apds o desmame, todos os animais receberam a LABINA. Sham néo recebeu ECr (estimulagéo ficticia). Os valores pré- e pos-ECr
representam a média + desvio padrdo. As medidas “pds-Ecr” em % de aumento da velocidade estdo apresentadas como média + erro padréo. O
nimero de animais indicado entre parénteses. As letras minusculas indicam valores significantemente diferentes (p=0,05) dos respectivos valores
dos grupos marcados com a mesma letra na coluna da esquerda. (ANOV A +teste de Tukey). * Estatisticamente diferente quando comparado ao
registro basal e “estatisticamente diferente quando comparado ao hemisfério controle (p=0,05, teste t pareado).

Velocidades da Depressdo Alastrante Cortical (mm/min)

Hemisfério controle (HC) Hemisfério estimulado (HE)

Grupos Pré-ECr (Le2h) PoOs ECr (3e4h) POs (% Pré-ECr) Pré ECr (1e2h) Pés ECr (3edh) Pos (% PréECr)
N-sham (9) 3,47 + 0,10 3,50+ 0,10 0,84+03 3,47+ 0,11 3,49+ 0,10 0,33+0,31
N6 (12) 3,53+ 0,20 357+0,19 1,40 + 1,09 361+0,14 4,53 + 0,59* * 25,70 + 5,05*
LD 12°(7) 3,93+ 0,18 4,08+ 0,292 3,89+ 1,85 3,92+ 0,122 432+ 0,13+ 2 10,13 + 1,70* 22
D-DBR®(12) 4,69 + 0,342° 4,64 + 0,312° -1,03+ 0,50 4,69+ 0,343° 5,30 + 0,30* %3P 13,19 + 1,02 %@
LF3%(12) 328+0,042P°  356+0,17* °° 8,66+ 1,38*2° 3,30+ 0,052°° 378+0,13*%3¢ 14,65+ 1,10* *®
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Tabela 6.0 Numero de DA Cs surgidas espontaneamente em ratos adultos previamente submetidos a condicdes de lactacdo desfavoravel (LD12),
normal (N6) e lactacéo favoravel (LF3), os quais eram compostos por filhotes amamentados em ninhadas formadas por 12, 6 e 3 lactentes,
respectivamente, cujas lactantes receberam a dieta padréo para roedores (LABINA, 23% de proteind). Um quarto grupo, desnutrido pela dieta
basica regional (D-DBR) foi adicionalmente estudado. Nele, as ninhadas de 6 filhotes foram amamentadas por nutrizes alimentadas com a DBR
(contendo 8% de proteina). Apds o desmame, todos os animais receberam a LABINA. Sham- ndo recebeu ECr (estimulagdo ficticia). Os valores
representam o somatério de DACs espontaneas, dados basais (pré-ECr, 12 e 22h de registro) e pos-ECr (32 e 42 h de registro). O numero de
animais em cada grupo é indicado entre parénteses, na coluna a esquerda. * Estatisticamente diferente quando comparado ao registro basal

(p=0,05; ANOV A +teste de Tukey).

Numero de DACs Espontaneas

Hemisferio controle Hemisfério estimulado
Grupos Pré ECr Pos- ECr Pré- ECr Pés- ECr
N- sham (9) 2 5 5 8
N6 (12) 2 1 2 37+
L actacdo desfavor avel
[D-DBR eLD12] (19) 7 12 10 39
L actacéo favor avel

LF3(12) 3 10 12 26+
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Figura 7.0 Variages das velocidades de propagacdo da DAC apds a ECr (expressas como % do valor pré-ECr) em animais criados em lactacéo
desfavoravel (LD12), lactacdo normal (N6) e lactacdo favoravel (LF3), estes filhotes foram amamentados em ninhadas formadas por 12, 6 e 3
lactentes, respectivamente, cujas lactantes receberam a dieta padréo para roedores (“LABINA”, 23% de proteina). Um quarto grupo, desnutrido
pela dieta basica regional (D-DBR) foi adiciona mente estudado. Nele, as ninhadas de 6 filhotes foram amamentadas por nutrizes alimentadas
com a DBR (contendo 8% de proteina). Apos 0 desmame, todos os animais receberam a dieta “LABINA”. Sham- ndo recebeu ECr (estimulacéo
ficticia). Os valores representam a média + erro padrdo, As letras minUsculas indicam valores significantemente diferentes (p=0,05) dos
respectivos valores dos grupos marcados com a mesma letra. (ANOVA+teste de Tukey). * Estatisticamente diferente qguando comparado aos
valores basais (pré-ECr) e ? Estatisticamente diferente quando comparado aos valores do hemisfério controle (p=0,05, teste t pareado).
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Os dados do presente trabalho demonstram que, no hemisfério estimulado, a
eletroestimulacdo cortical repetitiva (ECr) foi capaz de aumentar a susceptibilidade do
cortex cerebral ao fenbmeno da depressdo alastrante cortical (DAC) em todos 0s grupos
experimentais (N6, LD12, D-DBR e LF3), tomando-se como critério as velocidades de
propagacdo do fenébmeno. No hemisfério ndo-estimulado, o efeito foi observado apenas
no grupo LF3. Este efeito da ECr parece depender do estado nutricional vigente durante
0 periodo de desenvolvimento rapido do encéfalo. Esses resultados serdo discutidos
com base nos dados da literatura. Quando pertinente, 0s mecanismos possiveis para

explicar os efeitos observados serdo apresentados.
7.1 A manipulacéo nutricional precoce e a evolugéo ponderal

O peso corporal dos diferentes grupos experimentais foi determinado, uma vez
gue € um bom indicador do estado nutricional global do organismo, sendo ainda de
obtencdo facil e pratica. A evolucdo ponderal dos diferentes grupos indica uma
correlacdo entre os pesos corporais e as condicdes de lactagdo. Pode-se concluir que a
“dieta bésica regiona” (DBR), administrada as lactantes durante o aleitamento, foi
eficaz em produzir desnutricdo nos filhotes. Este efeito negativo da DBR no inicio da
vida, sobre o peso corporal, confirma resultados anteriores de diversos autores
(AMANCIO-DOS-SANTOS et al., 2006; ANDRADE et al., 1990; BARROS et al.,
2006; GUEDES et al., 2002; MONTE-SILVA et al., 2007; ROCHA-DE-MELO &
GUEDES, 1997: TEODOSIO €t al., 1990). A DBR administrada durante o aleitamento
parece modificar a quantidade e a qualidade do leite materno ocasionando a deficiéncia
nutricional nos filhotes lactentes (WANDERLEY, 2003). Segundo RASMUSSEN
(1998), uma nutricdo inadequada durante a lactacdo pode interferir na eficiéncia do

aleitamento, pois o leite de ratas lactantes, submetidas a modelos diferentes de
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desnutricdo, apresenta alteragdes nas concentragdes de proteinas e lactose. Além disso,

ocorreria diminuic¢éo na quantidade produzida.

A desnutricdo pelo modelo da DBR parece ser mais pronunciada do que aquela
induzida pelo modelo das grandes ninhadas (12 filhotes por ninhada) a julgar pelos
pesos corporais significativamente menores do grupo DBR, quando comparados ao
grupo LD12. Ademais, este Ultimo grupo apresentou recuperacdo ponderal na idade
adulta (em comparag&o com os controles), o que ndo ocorreu com o grupo D-DBR. Esse
efeito do modelo de desnutricdo pelas grandes ninhadas confirma resultados anteriores
de ROCHA-DE-MELO et al. (2006) e de MAIA et al. (2006). A esse respeito, admite-
se que, neste modelo de desnutricdo, a qualidade do leite € a mesma, entretanto, a
guantidade de leite recebida por cada filhote é reduzida (MORGANE et al., 1978),
acarretando, assim, pesos corporais menores que os filhotes amamentados em ninhadas

de tamanho médio (N6) e em ninhadas pequenas (LF3).

Os pesos corporais maiores entre os animais criados em ninhadas pequenas (LF3,
3 filhotes por ninhada) corroboram resultados de outros autores acerca do impacto
favoravel dessa técnica sobre o ganho de peso no aeitamento (PLAGEMANN et a.,
1998; VELKOSKA et al., 2005; ROCHA-DE-MELO et al., 2004; 2006; DAVIDOWA
e PLAGEMANN, 2000; DAVIDOWA et al., 2002). Em relacdo a este resultado, é
interessante ressaltar que, em roedores, areducéo do nimero de filhotes da ninhada para
apenas 3 parece representar um aumento na disponibilidade de leite materno para cada
filhote, tornando-se, assim, um modelo experimental apropriado para estudar as
consequiéncias imediatas e duradouras da ingestdo alimentar excessiva (IAE) durante o
periodo pés-natal (VELKOSKA et al., 2005; ROCHA-DE-MELO et al., 2004; 2006).
Embora nédo sgjam obrigados a mamar mais do que precisam, acredita-se que os recém-

nascidos expostos as | AE, durante o periodo pos-natal, através do modelo de reducéo do
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tamanho da ninhada (3 filhotes), apresentam hiperfagia e excesso de peso combinados
com hiperglicemia, hiperinsulinemia, nivel elevado de triglicerideos e resisténcia a
insulina (PLAGEMANN et al., 1999). Tais fatores explicariam o aumento de peso

corporal observado nesses ratos, no presente estudo.

7.2 Alteracdo precoce do estado nutricional e a depressio alastrante cortical (DAC)

O efeito da manipulagcdo precoce do estado nutricional sobre a propagacdo da
DAC sera discutido comparando-se os resultados das duas primeiras horas do registro
detrofisiologico realizado em ambos os hemisférios cerebrais (controle e estimulado),
por se tratar do periodo anterior a eletroestimulacdo cortical. Os ratos criados em
ingestdo aimentar excessiva (IAE, grupo LF3) apresentaram velocidades
significativamente menores, em ambos o0s hemisférios de registro, quando comparados
aos animais nutridos (N6). Essa resisténcia a propagacdo da DAC encontrada no grupo
LF3 confirma achados anteriores (ROCHA-DE-MELO et al., 2006). Por outro lado, as
velocidades de propagacdo da DAC nos ratos dos grupos LD12 e D-DBR foram
significativamente maiores do que os ratos N6. Estes resultados, que indicam uma
maior susceptibilidade & DAC em ratos desnutridos precocemente, também corroboram
resultados anteriores, segja em animais desnutridos pelo modelo das grandes ninhadas
(ROCHA-DE-MELO et al., 2006; FRAZAO et al., 2004), sgja pela desnutricio
ocasionada pelo consumo de DBR pela lactante (GUEDES et al., 1987a; ROCHA-DE-
MELO e GUEDES, 1997; AMANCIO-DOS-SANTOS et al., 2006; MONTE-SILVA et

a., 2007).

Além de confirmarem achados anteriores, estes resultados evidenciam, mais uma
vez, a sensibilidade do cortex cerebral a nutricdo inadequada durante o aeitamento.

Este, como se sabe, constitui no rato o “periodo critico” ou de maior vulnerabilidade do
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sistema nervoso a agressdes externas, representadas neste trabalho pela deficiéncia

nutricional (DOBBING, 1968) ou pelo excesso alimentar (PLAGEMANN et al., 1999).

Varios mecanismos tém sido sugeridos para explicar a maior susceptibilidade
cortical ao fendmeno da DAC em ratos desnutridos. Dentre esses mecanismos, tem-se a
mielinizacdo deficiente, a maior densidade do “empacotamento” celular e alteracoes,
tanto na proporcdo neurdnio/glia, como em sistemas de neurotransmissores e do
metabolismo energético, provocados pela desnutricdo precoce (De LUCA et a., 1977,
GUEDES €t al., 1987a; ROCHA-DE-MELO e GUEDES, 1997; ROCHA-DE-MELO et

al., 2006).

Como descrito anteriormente para 0s pesos corporais, 0 modelo de desnutricdo
pela DBR parece exercer efeitos mais robustos, com relacdo aos parametros
eetrofisiologicos, quando comparados ao modelo de desnutricdo pelas grandes
ninhadas, a julgar pelas velocidades significativamente maiores no grupo D-DBR. A
esse respeito, pode-se sugerir que a desnutricdo pela DBR durante o aeitamento afeta o
desenvolvimento do sistema nervoso de uma maneira mais agressiva que a desnutricéo
imposta pelo modelo das grandes ninhadas, em que a lactante é alimentada com a dieta

de manutencado do biotério.

Os mecanismos descritos acima, relacionados aos efeitos da desnutricdo sobre a
DAC, deixam de ser aprofundados no presente estudo, uma vez, que isto pode ser
encontrado em estudos anteriores (De LUCA et a., 1977, GUEDES et al., 1987g;
ROCHA-DE-MELO e GUEDES, 1997; ROCHA-DE-MELO et al., 2006). Igua mente,
ndo se pretende detalhar os mecanismos responsaveis pelos efeitos da ingestdo
alimentar excessiva sobre a DAC, os quais também podem ser encontrados em estudos

anteriores (ROCHA-DE-MELO, 2001; ROCHA-DE-MELO et al., 2006). Contudo, é
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relevante destacar a coeréncia dos presentes resultados com aqueles dos trabalhos

prévios.

Com relacéo aos efeitos das IAE sobre a DAC, caracterizados pelo aumento da
resisténecia cortical a sua propagacdo, pode-se sugerir a participagdo de um outro
mecanismo possivelmente relacionado a este efeito. SANTOS-MONTEIRO et al.
(2000) e MONTE-SILVA et al., (2007) demonstraram uma reducdo na susceptibilidade
cortical a DAC em ratos submetidos a estimulacgo multi-sensoria e a eletroestimulacéo
periférica (estimulagdo da via somestésica), respectivamente, durante o aleitamento. A
reducdo da ninhada para apenas 3 filhotes poderia aumentar o tempo materno dedicado
aos cuidados de cada lactente, 0 que representaria mais estimulacdo sensorial do filhote.
Esse fator poderia contribuir para aumentar a resisténcia a propagacd da DAC. No

entanto, hipbtese precisa ser futuramente investigada.

7.3Eletroestimulacdo cortical repetitiva (ECr), alteracdo precoce do estado

nutricional e depressdo alastrante cortical (DAC)

Este ponto representa 0 aspecto pioneiro desta dissertacdo, a primeira a abordé-lo
experimentalmente. A ECr foi capaz de aumentar a susceptibilidade cerebral ao
fenbmeno da DAC em todos os grupos experimentais (N6, LD12, D-DBR e LF3), no
hemisfério estimulado, sendo este efeito maior no grupo N6. No hemisfério néo-
estimulado, contudo, o efeito da ECr foi observado apenas no grupo LF3, conforme
descrito previamente. E, pois, razoavel sugerir que este efeito da ECr parece depender

da condic¢ado nutricional no aleitamento e do hemisfério cerebral analisado.

O aumento na susceptibilidade & DAC ndo pode ser atribuido a mera presenca dos
eletrodos epidurais de aplicacdo da ECr, umavez que nas duas horasiniciais do registro

(“registro basal”) as velocidades de propagacdo da DAC permaneceram sem variagdes
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significantes. 1sso também ocorreu, durante todo o registro, nos animais “sham”, que
receberam os eletrodos corticais, mas ndo sofreram ECr (estimulacdo ficticia, vide
topico 5.4 da metodologia). Este resultado confirma os dados encontrados em trabalho
anterior (FREGNI et al., 2005), que analisou apenas animais normonutridos. Segundo
esses autores, a ECr parece aumentar a excitabilidade cerebral, ajulgar pela velocidade
de propagacéo da DAC aumentada, efeito este que foi também detectado duas semanas

apoésakECr.

No presente trabalho, os resultados com a andise do numero de DACs
espontaneas sdo favoraveis aos efeitos da ECr sobre a velocidade de propagacdo da
DAC. Conforme descrito anteriormente, quando a incidéncia de DACs espontaneas é
elevada, considera-se que o tecido cortical estd muito susceptivel ao fenbmeno, a
semelhanca do aumento na velocidade de propagacdo do fendmeno. Diante disso, pode-
se inferir que, o nUmero de DACs espontaneas também pode ser sugerido como um
indicador dos efeitos da ECr sobre a excitabilidade cortica a julgar pela maior
incidéncia de DACs espontaneas apés a ECr no hemisfério estimulado de todos os

grupos experimentais.

Alguns mecanismos poderiam explicar estas modificacfes na susceptibilidade a
DAC. A esse respeito, € interessante mencionar que, embora os efeitos clinicos da
eletroestimulacdo cortical ja estejam bem demonstrados, pouco € conhecido sobre seus
mecanismos de acdo. Alguns autores tém destacado a importancia clinica da utilizagao
desta técnica no tratamento de distarbios que envolvam a diminuicéo da excitabilidade
cerebral, como acidentes vasculares cerebrais, depressdo maior e doenca de Parkinson
(BENABID, 2003; FREGNI e PASCUAL-LEONE, 2007). Nestes casos, admite-se que
o beneficio terapéutico sgja devido ao aumento na excitabilidade cortical que a ECr

parece provocar. Nesse sentido, estudos experimentais tém demonstrado que a DAC



50

representa um instrumento de avaliagdo da excitabilidade cortical (FREGNI et al., 2005;

2007; LIEBETANZ et al., 2006 ).

A excitabilidade cortical pode ser considerada como sendo dependente do
equilibrio fisioldgico de ions e neurotransmissores no tecido nervoso (LENT, 2004). A
DAC, por sua vez, pode ser afetada pela alteragdo de sistemas de neurotransmissores,
bem como por modificacfes de concentracdes ionicas (GUEDES et al., 1992; GUEDES
et al., 2002 e AMANCIO-DOS-SANTOS et al., 2006; GUEDES et al., 1988; GUEDES
e Do CARMO, 1980). Segundo MARTINS-FERREIRA et al., (2000), a DAC decorre
de uma cascata de mecanismos interligados que envolvem o acoplamento de eventos
fisiol6gicos encontrados nos meios extracelular e intracelular, e ainda, o funcionamento
conjunto de populactes celulares via juncdes do tipo gap. Diante do exposto, pode-se
observar que a DAC atuaria como um indicador do balanceamento entre ions e

neurotransmissores, excitatorios e inibitorios.

Os astrécitos tém sido considerados responsaveis, dentre outras fungdes, pelo
suporte nutricional e ambiental dos neurénios. Estudos experimentais tém demonstrado
gue os astricitos se comunicam ativamente e sdo capazes de modular a atividade
neuronal através da liberacdo de calcio (NEDERGAARD, 1994). O cécio liberado
pelos astrécitos parece ser responsavel pela modulagdo da transmissdo sindptica
excitatéria e inibitéria. As “ondas’ de migracéo deste célcio pelo tecido nervoso sdo
fundamentais para a fungéo encefdica. E interessante destacar que elas, por sua vez,
apresentam caracteristicas de deflagracdo e de propagacdo semelhantes a DAC
(MARTINS-FERREIRA et al., 2000). Segundo esses autores, 0 estimulo elétrico é
capaz de desencadear uma onda de liberagdo de célcio pelos astrécitos e este mesmo

estimulo também é capaz de deflagrar uma onda de propagacéo da DAC.
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E conhecido que a propagacio da DAC é acompanhada pela reducdo dos niveis de
cicio extracelular. Este célcio seria regulado pelos astrécitos e a despolarizagéo
secundéria provocada nos neurdnios vizinhos levaria a liberagio de K* e glutamato, o
que, por sua vez, aumentaria, posteriormente a concentragdo de Ca™ citosdlico,
constituindo um possivel mecanismo de retro-alimentacdo para a propagacdo auto-
mantidada DAC (LEIBOWITZ, 1992; NEDERGAARD, 1994; MARTINS-FERREIRA
et al., 2000). Mudangas nas células gliais estéo relacionadas a reorganizacdo sinaptica,
gue ocorre em resposta a atividade neuronal (WILSON et al., 1990). De acordo com
essa idéia, a ECr aumentaria a susceptibilidade a DAC, ndo s6 modificando a atividade
neuronal, como também induzindo mudangas na neuroglia (FREGNI et al., 2005). E
razodvel sugerir que a ECr influenciaria a manutenc&o dos niveis de Ca™ relacionados a

atividade glial e capazes de participar da propagagéo da DAC.

Outra possivel explicagdo para o aumento da excitabilidade cortical apos aplicacéo
da ECr, a julgar pelo o aumento na susceptibilidade a DAC, seria a modificagdo da
“eficiéncia singptica’ (GUEDES et a., 2005; FUETA et al., 1998). Tem sido sugerido
gue a eletroestimulacdo cortical repetitiva pode induzir ou uma potenciacdo a longo
prazo, ou uma depressdo a longo prazo da transmissdo sinaptica, a depender das
condicdes experimentais (FREGNI et al., 2005; FUETA et al., 1998). A potenciacéo a
longo prazo poderia ser um outro mecanismo provavel mente envolvido no aumento da
susceptibilidade a DAC provocado pela ECr. HERRY et al. (1999) demonstraram que a
estimulagcdo elétrica de baixa freqiéncia (2 Hz) esta associada com uma depressdo

imediata e uma potenciacao tardia significante da transmissdo sinaptica.

Em relacdo a participacdo dos sistemas de neurotransmissores no efeito da ECr

sobre a DAC, é interessante mencionar qgue GUEDES et a (1992) e GUEDES &
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CAVALHEIRO (1997) demonstraram gue 0 uso do agonista GABAérgico, Diazepam,
facilita a propagacdo da DAC, enquanto o0 uso dos antagonistas GABAEérgicos
bicuculina e Picrotoxina (GUEDES et a 1992), areduz . GUEDES e FRADE (1993) e
mais recentemente BEZERRA et al. (2005) mostraram que o aumento do consumo de
etanol, que, por suavez, parece exacerbar as acoes eletrofisiol 6gicas do GABA, também
aumenta a susceptibilidade cortical a DAC. Por outro lado, o uso do antagonista de
aminoacidos excitatérios (MK-801, antagonista do tipo NMDA [N-metil-D-aspartato])
dificulta a propagacdo da DAC (GUEDES et al., 1988). Mecanismos opidides também
parecem estar envolvidos na propagacdéo da DAC. GUEDES et al. (1987b)
demonstraram um efeito antagdnico, sobre o inicio e a propagacdo da DAC, do
naloxone, sga aplicado topicamente, intra-peritonialmente ou através de
microiontoforese. Além destes neurotransmissores, a serotonina também parece estar
envolvida na propagacdo da DAC, pois 0 aumento da atividade serotoninérgica parece
dificultar a propagagdo da DAC (CABRAL-FILHO et al., 1995; GUEDES et al., 2002;

AMANCIO-DOS-SANTOS et al., 2006).

Como foi observado um aumento da velocidade de propagacdo da DAC ap6s a
aplicacdo da ECr, é tentador pensar que a ECr atue estimulando mecanismos
GABAGérgicos €/ou diminuindo a atividade opidide e/ou serotoninérgica, conforme
descrito acima acerca dos efeitos destas modificagdes sobre a DAC, entretanto,
investigagdes posteriores serdo necess&rias para analisar a associagdo de tais

mecaniSmos propostos para o efeito da ECr sobre a suscepibilidade a DAC.

Por outro lado, a DAC é acompanhada pelo aumento do K* e diminuigdo do Na’,
Ca'? e CI" extracelulares, variagdo do volume extracelular e mudancas bifésicas do pH,

iniciando com uma pequena e breve acalinizacdo, seguida de uma acidificagdo de



53

maior duracéo (MARTINS-FERREIRA et al., 2000; FERREIRA-FILHO e MARTINS-
FERREIRA, 1992). Ha vérias evidéncias experimentais sobre o movimento de ions e
variagdes metabdlicas em diferentes regides do sistema nervoso central durante a DAC.
Estes estudos estéo principamente relacionados a demanda energética do tecido
nervoso necessaria para o re-estabelecimento do equilibrio i6nico das membranas
celulares apbs as mudancas causadas pela passagem da DAC (MARTINS-FERREIRA
et al., 2000). Assim, condic¢Bes nutricionais adversas durante o aleitamento, ao afetar o
desenvolvimento neural, poderiam comprometer as respostas cerebrais a demandas,
como a representada pela ECr, no periodo poés-desmame. Em consonancia com
idéia, foi observado no presente trabalho que o aumento na vel ocidade de propagacéo da
DAC, ap6s a ECr, no grupo nutrido (N6) foi maior que nos outros grupos. Entretanto,
ndo houve diferenca significante entre eles com relagdo ao aumento na velocidade de

propagacéo da DAC.

Embora a técnica de eletroestimulagdo tenha exercido efeito semelhante no
hemisfério estimulado, nos grupos LF3, LD12 e D-DBR, as velocidades de propagacdo
da DAC apbs a ECr continuaram significativamente diferentes, de acordo com a
seguinte ordem crescente: LF3 < LD12 < D-DBR. Por outro lado, sabe-se que as
técnicas de eletroestimulagdo cerebral, como estimulagdo magnética transcraniana,
(EMTT), estimulagdo transcraniana com corrente direta (ETCD) e eletroestimulacéo
cortical repetitiva epidura (ECr) estéo sendo utilizadas como abordagem terapéutica
para o tratamento de distlrbios envolvidos com alteracbes na excitabilidade cortical,
como, epilepsia, acidentes vasculares cerebrais, depressdo maior e doenca de Parkinson
(FREGNI e PASCUAL-LEONE, 2007). Portanto, é tentador inferir que diante da
escolha destas técnicas como abordagem terapéutica seria interessante investigar o

estado nutricional precoce antes de determinar os parametros da estimulacdo elétrica.
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Embora o efeito sgja semelhante, o resultado final pode ser diferente e este, por suavez,

pode interferir nos objetivos terapéuticos destas técnicas.

Aindaem relacdo as associagdes entre 0 estado nutricional precoce (aleitamento) e
os efeitos da ECr sobre & DAC, deve-se discutir os efeitos desta técnica de
eletroestimulacdo em animais criados em condicdes favoraveis de lactacdo. Nestes
animais (grupo LF3), o efeito da ECr sobre a DAC, ndo se restringiu ao hemisfério
estimulado, aumentando significativamente a susceptibilidade a DAC no hemisfério
contra-lateral. E conhecido que a comunicagio inter-hemisférica influencia a
propagacdo da DAC (PINTO e GUEDES, 2008). Conforme descrito anteriormente, a
ECr parece aumentar a excitabilidade cortical aumentando a eficicia sindptica e
influenciando a atividade da neuroglia. E tentador sugerir que animais criados em
condicOes favoraveis de lactacdo poderiam apresentar um numero maior de células
gliais e/ou uma maior mielinizacdo, o que poderia “facilitar” os efeitos da ECr sobre a
excitabilidade cortical e consequentemente sobre a velocidade da DAC. Entretanto,
serdo necessrias investigagdes posteriores para anaisar tais mecanismos propostos
acerca das associacOes entre 0 estado nutricional precoce e os efeitos da ECr sobre a

DAC.

Diante do exposto, é razoavel sugerir que o estado nutriciona (ingestdo alimentar
excessiva ou deficiente) parece influenciar o efeito da ECr sobre a excitabilidade

cortical.
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8.0 CONCLUSOES

Com base nos dados apresentados, pode-se concluir que:

» A manipulagdo das condi¢cdes de aleitamento, sgja pelo uso materno da DBR,
sgja pela variagdo do tamanho da ninhada, foi eficaz em afetar o
desenvolvimento corporal da prole, a julgar pelas alteracbes ponderais
detectadas, em alguns casos durante todo o periodo experimental, corroborando

achados anteriores;

» Os animais desnutridos apresentaram uma maior susceptibilidade a propagacéo
da DAC, enquanto que nos animais criados com uma ingestdo alimentar
excessiva (IAE) nalactagdo (LF3) ocorreu o contrério, conforme observado em

trabal hos prévios.

» A deroestimulagdo cortical repetitiva (ECr) foi capaz de aumentar a
susceptibilidade cerebra ao fendbmeno da DAC em todos os grupos
experimentais, no hemisfério estimulado, sendo o maior efeito da ECr observado

no grupo normonutrido (N6);

* No hemisfério ndo-estimulado, o efeito da ECr foi observado apenas no grupo

amamentado em condi¢Oes favoraveis (IAE, ninhadas pegquenas; grupo LF3);

» O estado nutricional (ingestdo aimentar excessiva e deficiente durante a
lactacdo) pode influenciar o efeito da ECr sobre a susceptibilidade cerebra a

DAC.
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9.0 PERSPECTIVAS

Evidéncias clinicas tém demonstrado a eficacia da estimulacdo encefdlica ndo

invasiva em vérias condi¢cbes neuroldgicas; entretanto 0os seus mecanismos de acdo

ainda ndo estdo bem definidos. O presente trabalho demonstra a utilizacdo experimental

da depressdo aastrante cortical como instrumento de avaliac@o dos efeitos de técnicas

de eletroestimulacdo encefélica sobre a excitabilidade cerebral. Além disso, este estudo

alerta, de maneira pioneira, para a possibilidade de ateragbes nos efeitos da

eletroestimulagdo cortical repetitiva (ECr), quando associada a condi¢do nutricional

imposta durante o periodo critico de desenvolvimento do sistema nervoso. Assim,

algumas perspectivas séo sugeridas para a continuidade do presente estudo:

Investigar os efeitos da combinacéo de técnicas diferentes de el etroestimulacéo
encefalica sobre a propagacdo da DAC;

Estudar a associagdo dos efeitos da combinacdo de técnicas de el etroestimulagdo
encefdlica com o estado nutricional imposto no inicio da vida sobre a
propagacéo da DAC;

Avadliar as possiveis diferencas regionais corticais, no que se refere aos efeitos
da ECr sobre aDAC;

Analisar os efeitos da ECr sobre caracteristicas comportamentais do animal;
Caracterizar os efeitos de uma “curva freguéncia-resposta’ de ECr sobre a
propagacéo da DAC;

Avadliar os efeitos da ECr sobre a DAC utilizando farmacos, para testar o
envolvimento dos sistemas glutamatérgico, GABAérgico, dopaminérgico, de
opidides e serotoninérgico, N0S Mecanismos neuroguimicos associados a esse

efeito;
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Abstract

Clinical applications of brain stimulation have been increasing during the last decade; however, the mechanisms of action remain
unknown. One proposed mechanism of action is that repetitive stimulation modulates cortical excitability. Herein, we explore the
question of whether repetitive electric stimulation increases cortical excitability as indexed by the cortical spreading depression.
Twenty-four Wistar rats were divided into three groups according to the treatment: sham, 1-Hz and 20-Hz stimulation. Stimulation
was applied to the left frontal cortex through a pair of epidurally implanted silver-wire electrodes. The cortical spreading depression-
features were analysed at three time points (one day before, one day after and 2 weeks after treatment) in both the stimulated and
unstimulated hemisphere. A 3 x 2 x 3 factorial ANOvA with repeated measures showed significant differences in the main effect of
time (P < 0.0001), hemisphere (P = 0.0002) and stimulation group (P = 0.008). The interaction between time vs. hemisphere
vs. stimulation group was also significant (P < 0.0001). Posthoc analysis demonstrated that 1-Hz and 20-Hz repetitive electrical
stimulation significantly increased the velocity of cortical spreading depression in the stimulated hemisphere. Furthermore, 20-Hz
stimulation showed a greater effect on cortical spreading depression compared to 1-Hz stimulation. The results show that 1-Hz and
20-Hz repetitive electrical stimulation results in an increase in cortical spreading depression velocity that is associated with the
frequency and the hemisphere of stimulation. Furthermore, the effects are found to be long lasting. We believe that these findings
have strong relevance to support the clinical application of therapies involving electrical stimulation for diseases of reduced cortical

excitability.

Introduction

Various forms of brain stimulation appear to be effective in the
treatment of neurological and psychiatric diseases (George et al.,
2002; Benabid, 2003; Kennedy et al., 2003; Maertens de Noordhout,
2004). For instance, electroconvulsive therapy (ECT) has been used
for years in the treatment of depression and still seems to be the most
effective treatment of depression available (van der Wurff ef al.,
2003). Recently, new forms of brain stimulation, such as transcranial
magnetic stimulation (TMS) and transcranial stimulation with weak
direct current, have shown promise in the treatment of depression,
epilepsy, chronic pain, tinnitus, schizophrenia and stroke (Burt et al.,
2002; Nitsche et al., 2003). Moreover, deep brain stimulation and
vagal nerve stimulation are potentially promising treatments for
Parkinson’s disease, dystonia, depression and epilepsy (George et al.,
2002; Benabid, 2003).

Although the clinical effects of brain stimulation have been
repeatedly demonstrated to be clinically effective, there is little
information about its mechanisms of action. One suggested mechan-
ism is the modulation of excitability in the targeted brain region with
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resulting impact on connected brain areas along a specific neural
network (Pascual-Leone ef al., 1998). However, supporting evidence
for this is largely indirect as the tools to study brain function non-
invasively in humans, such as functional magnetic resonance imaging
and electroencephalogram, lack causality and spatial resolution. The
study of the cortical spreading depression (CSD) phenomenon
provides a method to experimentally explore such notions directly.
In addition, CSD provides a reliable index of brain cortical
excitability.

CSD was first described by Leao in 1944 (Leao, 1944). It is
characterized by massive alterations in cerebrocortical ion homeostasis
in response to the stimulation of a point of the brain tissue. These
alterations result in a wave of neuronal depolarization that propagates,
in the cerebral cortex of all mammal species that have been previously
studied, at a rate of 2-5 mm/min across the cortical surface,
accompanied by reversible electroencephalogram (EEG) suppression
and a negative deflection of the direct current potential (Guedes &
Cavalheiro, 1997). The study of CSD is important for several reasons.
Firstly, it appears to be related to disorders of altered brain excitability
such as migraine attack and epilepsy (Aurora et al., 1999). Secondly,
CSD has been extensively studied in several conditions of brain
function alteration, providing important information about brain
activity and, therefore being a useful index to study brain function



experimentally (Guedes, 1984). However, given that cortical spread-
ing depression propagates along the cortical surface, it provides
information only about the cortical, but not subcortical, activity.

We hypothesized that repetitive cortical stimulation would alter
CSD propagation. We had two aims in this study: (i) to investigate the
effects of different frequencies of repetitive electrical stimulation on
CSD propagation compared to sham stimulation and (ii) to evaluate
whether the effects of electrical stimulation on CSD propagation are
long-lasting.

Materials and methods
Animals

Twenty-four male adult Wistar rats (275 + 7 g, mean + SE) were used
in this experiment. They were housed individually under controlled
temperature and on a 12-h light : 12-h dark cycle (lights on at
06:00 h) with free access to rat chow pellets and tap water. Testing
was carried out during the light cycle. All rats were cared for and used
in strict accordance to the PHS Guide for the Care and Use of
Laboratory Animals. Importantly, all efforts were made to minimize
the number of animals used. All procedures were approved by the
Institutional Animal Care and Use Committee of Federal University of
Pernambuco State, Brazil, where the experiments were carried out.

Surgical procedure

Rats were anaesthetized with a mixture of urethane and chloralose
(1.0 g/kg plus 0.04 g/kg i.p., respectively; one-third of the initial
dose as supplement, if necessary) and placed in a stereotaxic frame in
a flat-skull position. Urethane plus chloralose were used as these drugs
do not block CSD propagation (Guedes et al., 2002). During surgery
and CSD recording, body temperature was continuously monitored
with a rectal thermometer and was maintained at 37-37.5 °C by using
a heating pad. A midline incision was made to expose the skull. Three
holes (3—4-mm diameter) were drilled on each hemisphere with a 0.5-
mm-diameter dental drill (Fig. 1). These holes were drilled very
carefully while observing the tissue with an operating microscope to
avoid causing injury to the dura. They were aligned in the parieto-
frontal direction and parallel to the midline. A bipolar stimulating
electrode (as described below) was implanted into the left frontal
cortex and secured with dental acrylic. After the electrode implant, a
baseline recording session of CSD was performed for 4 h. After that,
burr holes were washed with saline and closed with vaseline gel, and

FIG. 1. Schematic illustration showing the location of the three holes in each
hemisphere for CSD recording and the location of the electrical stimulating
electrode (left prefrontal cortex).
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the skin was flap-sutured over the cranium; however, the tips of the
electrode were exposed in order to connect the cables from the
stimulator to the stimulating electrode. Topic antibiotic was applied
over the surgical incision and rats were placed in a cage and allowed to
recover from surgery and to fully awaken for 24 h before the first
session of repetitive electrical stimulation (ES).

Electrical stimulation (ES)

A bipolar stimulating electrode was made from Teflon-coated stainless
steel wire (100-pum diameter), and the exposed tips were separated by
0.5 mm. This electrode was implanted epidurally into left frontal
cortex (4.2 mm anterior to bregma and 3.5-4.0 mm lateral to the
midline). We preferred epidural stimulation to decrease the risk of
cortical lesion during the surgical procedure; this method has also been
used in human brain stimulation (Brown et al., 2003). Electrical
stimulation was delivered by a electrical stimulator (Insight, Equipa-
mentos Cientificos, Ribeirdo Preto, Brazil) and consisted of two
different types of stimulation: (i) continuous stimulation of 1 Hz for
20 min (600 pA) with a total of 1200 pulses and (ii) 3-s trains of
20 Hz presented every 30 s for 10 min with a total of 1200 pulses.
The animals were awake for the electrical stimulation as this
stimulation was not painful.

Cortical spreading depression — basic mechanisms

Cortical spreading depression (CSD) is a self-propagating front of
depolarization associated with a depression of neuronal activity for a
couple of minutes. CSD can occur spontaneously, as proposed in
migraine and epilepsy, or can be induced experimentally in animals.
To induce CSD experimentally, the grey matter, e.g. cortex, should
receive a strong stimulus, which can be chemical (KCl) or mechanical.
This stimulus will generate a massive depolarization that is immedi-
ately followed by a depression of neuronal activity. In the rat cortex,
this phenomenon spreads out in all directions at a velocity of
3.5 = 0.5 mm/min. Therefore, to elicit and record this phenomenon,
three holes needed to be drilled on the skull of the animal — one to
trigger and the other two to record CSD. In our experiment, we used
KClI to trigger CSD as this substance is effective in causing a massive
depolarization. Recording was made with two Ag—AgCl agar-Ringer
type electrodes. CSD has been studied in vivo in several animal
species and in vitro in brain slices and in retinal preparations under
various experimental conditions. The hypothesis underlying the
mechanisms of CSD propagation is that the spread of CSD probably
involves the release and diffusion of the chemical mediators, most
likely K" and glutamate into the interstitial fluid. Therefore, levels of
excitatory neurotransmitters, such as glutamate, can affect CSD
initiation and propagation. Therefore CSD can be an index of the
excitatory and inhibitory ions/neurotransmitters balance.

CSD recording

CSD induction was started after 30 min of baseline recording. The
phenomenon was elicited at 20 min intervals by a 1-min application of
a cotton ball (1-2-mm diameter), soaked in 2% KCI solution, to the
posterior hole drilled in the parietal region. We investigated the CSD
propagation in the posterior-frontal direction rather than the opposite
direction as this montage is a more effective method of obtaining and
recording the CSD propagation (Godukhin & Obrenovitch, 2001). The
two other holes (3—4 mm in diameter) on the parieto-frontal region
served as recording sites. The cortical spontaneous electrical activity
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Fi1G. 2. Schematic illustration showing the location of epidural KCI applica-
tion (occipital hole) and the location of the two electrodes (parietal and frontal)
and the nasal reference for cortical spreading (CSD) recording.

(electrocorticogram) and the slow potential change accompanying
CSD were continuously recorded for 4 h (2 h in each hemisphere) by
using two Ag—AgCl agar-Ringer electrodes (one in each hole), against
a common reference electrode of the same type, placed on the nasal
bones (Fig. 2). The CSD velocity of propagation was calculated from
the time required for a CSD wave to pass the distance between the two
cortical electrodes. Velocity was expressed as millimeters per minute
(mm/min). During the recording period, rectal temperature was
maintained at 37-37.5 °C. After the final episode of CSD, the burr
holes were washed with saline solution.

Experimental design

The rats were randomized into three different groups according to the
stimulation parameters: sham, 1-Hz and 20-Hz repetitive electrical
stimulation. Initially, baseline CSD recording session was performed
and stimulating electrode was implanted. Six episodes of CSD were
recorded and their velocities of propagation were calculated in each
hemisphere [left or stimulated hemisphere (SH) and right or unstim-
ulated hemisphere (UH)]. Following the baseline measurement,
animals were allowed to rest for 24 h. ES was then applied according
to the following parameters: sham, 1 Hz or 20 Hz (600 pA). We
decided to use 600 pLA, because this parameter corresponded to an
average of 120% of the forepaw motor threshold. The animals were
stimulated two times per day (morning and evening) for 2 days, total
of four sessions. During the stimulation, the animals were awake and
could move freely in the cage; however, they were placed in a small
cage in order to avoid brisk movements that could detach the
connection cables from the stimulator to the electrodes (Fig. 3).
Furthermore, the investigator observed the animals during the whole
period of stimulation. In the day following the last stimulation, a
second recording session of CSD was performed. The animals were
returned to their cages and were maintained for 2 weeks without any
intervention. After this period, the last recording session of CSD
(follow-up recording) was made. Animals were killed by decapitation
(under anaesthesia) after the last CSD recording.

Statistical analysis

The main outcome of this study was the CSD velocity change induced
by repetitive electrical stimulation. Three factors were analysed: the
group of stimulation (three levels — sham, 1 Hz and 20 Hz), time

E
B

Electrical
Stimulator

F1G. 3. Schematic illustration depicting the setting that was used for electrical
stimulation. During the stimulation, the animals were awake and could move
freely in the cage; however, they were placed in a small cage to avoid brisk
movements that could detach the connection (cables from stimulator to tips of
electrodes, black arrow).

(three levels — baseline, after stimulation sessions, and follow-up) and
the brain hemisphere (two levels — stimulated and unstimulated).
Analyses were performed with SAS statistical software (version 8.0,
Cary, North Caroline, USA). Considering that we measured the CSD
at three different timepoints (baseline, immediately after, and 15 days
after stimulation) and on two hemispheres (stimulated and unstimu-
lated hemispheres) in three different groups (sham, 1 Hz and 20 Hz
stimulation), we used repeated measures (on the factor time) of
analysis of variance (ANOVA) to test whether there was an overall
significant effect of time, group, hemisphere or the interaction between
these factors. When appropriate, posthoc comparisons were carried out
using Fisher LSD correction for multiple comparisons. Statistical
significance refers to a two-tailed P-value <0.05.

Results

There were no significant differences in the baseline characteristics
(weight, age, baseline CSD velocity of propagation) of the animals in
the three groups of treatment. A three stimulation-group (sham vs.
1-Hz stimulation vs. 20-Hz stimulation) X 2 hemispheres (left
vs. right) X 3 time (pre-stimulation vs. immediate post-stimulation
vs. 15 days post-stimulation) factorial ANOVA with repeated measures
on time was performed on CSD velocity values. There were significant
differences found for the main effect of time (F5 4 = 754,
P <0.0001), hemisphere (F;7; = 50.8, P = 0.0002) and stimulation
group (F, 14 = 6.7, P = 0.008). The interaction between time vs.
hemisphere vs. stimulation group was significant (F4,¢3 = 9.35,
P <0.0001).

Sham stimulation group

In order to test whether our procedure was associated with changes in
the CSD velocity, we studied a control group that received the same
intervention (including electrode implantation), but electric stimula-
tion was not applied. We did not find any significant change in the
CSD propagation in this treatment group over time. Repeated
measures ANOVA showed that there was neither significant main
effect of time on CSD propagation in the left hemisphere (SH)
(F214 =123, P=0.134) nor in the right hemisphere (UH)
(F214 = 1.9, P = 0.190). The mean results of CSD velocity for the
three timepoints (baseline, immediately after and 15 days after ES)
confirm these findings (3.84 = 0.08, 3.90 + 0.15, 3.91 £ 0.10;
mean £ SD in mm/min for baseline, post-treatment and follow-up,
respectively) (Fig. 4A).
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FI1G. 4. The effects of electrical stimulation of the left prefrontal cortex on the
CSD velocity over the three timepoints (baseline, immediately after stimulation
and 2 weeks after stimulation) in the left (stimulated hemisphere) and right
(unstimulated) hemisphere. (A) The effects of sham ES. Note that there were
no significant effects of sham stimulation on CSD propagation over the three
time points. (B) The effects of 1 Hz ES. Note that there was a significant
increase in the CSD velocity after 1 Hz stimulation in the stimulated
hemisphere (left hemisphere) when comparing baseline and immediately after
stimulation and baseline and after 2 weeks. *Statistically significantly when
compared to baseline. (C) The effects of 20 Hz ES. Note that both
hemispheres (stimulated and unstimulated) had a significant increase in the
CSD propagation immediately after and after 2 weeks of 20 Hz stimulation,
however, the effects were significantly more pronounced in the stimulated
hemisphere. Each point represents mean velocity of CSD + SEM. *Statistically
significantly when compared to baseline.

1-Hz stimulation group

Our results showed that there was an increase in CSD propagation
following 1-Hz stimulation only in the stimulated hemisphere.
Repeated measures ANOVA showed that there was a significant main
effect of time on CSD velocity in the left hemisphere (SH)
(F214 = 19.6, P <0.0001) but not in the right hemisphere (UH)
(Fp14 = 2.1, P =0.16). Posthoc analysis showed a significant
difference between baseline and post-stimulation CSD (P = 0.0005)
and baseline and follow-up CSD (P < 0.0001), but not between post-
stimulation and follow-up CSD (P = 0.15) for the left hemisphere
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(SH). These results suggest that the initial effect on CSD was retained
after 2 weeks of electrical stimulation. The mean increase in CSD
velocity after 1-Hz stimulation was 19.6% (3.76 + 0.41; 4.50 + 0.67,
4.75 £ 0.46; mean + SD in mm/min for baseline, post-treatment and
follow-up, respectively) (Fig. 4B).

20-Hz stimulation group

Repeated measures ANOVA showed that there was a significant main
effect of time on CSD propagation in the left hemisphere (SH)
(F214 =447, P<0.0001) and in the right hemisphere (UH)
(Fp,14 = 31.1, P <0.0001). Posthoc analysis showed a significant
difference between baseline and post-stimulation CSD (P < 0.001
both hemispheres) and baseline and follow-up CSD (P < 0.001
both hemispheres), but not between post-stimulation and follow-up
CSD (P =0.64 and P = 0.07) for left hemisphere and right
hemisphere, respectively. These results suggest that: (i) 20 Hz
electrical stimulation caused a significant increase on CSD velocity
on both hemispheres (stimulated and unstimulated) and (ii) the
initial effect on CSD was retained after 2 weeks of electrical
stimulation. The mean increase in CSD velocity after 20 Hz
stimulation was higher in the stimulated hemisphere compared to
the unstimulated hemisphere: 47.4% versus 13.8% of CSD velocity,
respectively (Fig. 4C).

Comparison across study groups revealed that 20-Hz electrical
stimulation led to a significantly greater increase in CSD velocity
compared to the increase caused by 1-Hz electrical stimulation (47.4%
vs. 19.6%, P = 0.02).

Discussion

These results show that both 1-Hz and 20-Hz electrical stimulation
(ES) resulted in a significant increase in the CSD velocity in the
stimulated hemisphere. Furthermore, 20-Hz cortical stimulation
caused an increase in the CSD propagation also in the contralateral,
unstimulated hemisphere. The effects of electrical stimulation on CSD
propagation lasted for at least 2 weeks. Importantly, these effects
cannot be attributed to the pre-ES (baseline) induced CSD, as animals
that underwent sham stimulation did not show any change in the CSD
propagation between the three time points.

Our study showed that the repetitive ES enhanced CSD propaga-
tion. Various mechanisms could explain these CSD changes. Repet-
itive ES may have altered brain excitability as indexed by changes in
CSD. CSD does provide a measure of cortical excitability. For
example, GABAergic inhibitors, such as ethanol, can cause a decrease
in CSD propagation rate — attributed to the inhibitory effects of ethanol
on brain tissue (Sonn & Mayevsky, 2001). Therefore, the findings of
our study show that ES might have increased cortical excitability.

More evidence that strengthens the association of CSD to brain
excitability involves the relationship between migraine and CSD
(Tepper et al., 2001). Four main arguments support this remark: (i) it
has been postulated that CSD underlies the pathophysiology of
migraine aura as both phenomenon have similar velocity of propa-
gation according to neuroimaging, clinical and animal studies
(Spierings, 2003; Lauritzen, 1987; Parsons, 2004); (ii) magnetoen-
cephalogram and TMS studies have shown that migraine is associated
with an increase in brain excitability (Lang et al., 2004; Brighina
et al., 2002), indeed the migraine attack may represent a protective
mechanism triggered by brain cells to avoid injury due to hyper-
excitability of the brain; (iii) migraine patients seem to respond to
anticonvulsive medications showing that this disease is related to an
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increase in brain excitability (Rogawski & Loscher, 2004); (iv) some
of the migraine triggers, such as stress and hypoglycemia, are also
associated with an increase in CSD propagation (Costa-Cruz &
Guedes, 2001). For the reasons exposed, we believe that an increase in
the CSD propagation is associated with an increase in brain
excitability; therefore, we speculate that ES can cause an increase in
brain excitability similar to the increase in brain excitability that is
observed in migraine.

Another possible mechanism to explain the effects of repetitive ES
on CSD would be an alteration of the glial gene expression. Glial cells
are non-neuronal cells that provide support and nutrition to cells of the
nervous system. Unlike neurons, glial cells do not have chemical
synapses, they, however, can promote the interaction between neurons
and appear to contribute to synaptic development. On one hand, it has
been proposed that glia may actively interfere with CSD; Leibowitz
(1992) suggested that the most essential constituent of CSD is a slowly
propagating, regenerative event in the neuroglia compartment. Indeed,
the dramatic CSD-related changes in the ionic concentrations in the
extra cellular space supports this view (Lian & Stringer, 2004). On
another hand, past research suggests that electrical stimulation might
induce changes in the neuroglia. In fact, it has been shown that
reactive changes in glia are related to the synaptic reorganization that
occurs in response to certain patterns of neuronal activity (Wilson
et al., 1990). As neuronal activity can be changed by electrical
stimulation, this can ultimately alter glia. For instance, it has been
demonstrated that the gene of the glial fibrillary acidic protein (GFAP),
whose expression is a hallmark of glial hypertrophy (Lewis et al.,
1984; Tetzlaff et al., 1988) and is associated with an increase in
neurotransmitters levels, is up-regulated after convulsive electric
shock in animals (Steward et al., 1991). However, in this case, it is
difficult to disentangle the effects of electrical stimulation from the
effects of seizures. Nonetheless, another form of brain stimulation,
transcranial magnetic stimulation, can also increase GFAP gene
expression (Fujiki & Steward, 1997). In this study, authors did not
observe seizures and thus conclude that the increase of GFAP gene
expression is associated with electrical brain stimulation.

Given that repetitive electrical stimulation can cause seizures, it is
conceivable to speculate that seizures might have been one of the
causes for the CSD propagation increase. However, two arguments go
against this association in this study. (i) There was no change in animal
behaviour during or shortly after the stimulation and (ii) the
parameters that we used for stimulation are not associated with
seizure-induction. Behavioural responses to ES-induced seizures
include increased locomotion, circling and convulsions (beginning
with head, one or two forepaws contraction and progressing to a
generalized tonic-clonic convulsion) (Nakamura-Palacios ef al., 1999).
We did not observe any of these alterations during or shortly after
ES stimulation. The protocol to induce seizure uses higher frequency
and longer train durations compared to our study, e.g. frequency of
60 Hz vs. 20 Hz (used in our study) and trains of 30 s vs. 2 s (used in
our study) (Nakamura-Palacios et al., 1999). Furthermore, a long
inter-interval train, such as the one that was used in this study (28 s),
also prevents seizures (Wassermann, 1998). However, although this
appears unlikely, due to the evidence shown above, the occurrence of
seizures could have increased cortical excitability and been respon-
sible for the increase in the CSD propagation. In fact, it has been
suggested that ECT might increase neuronal excitability due to a
suppression of GABA-ergic inhibition (Chistyakov et al., 2005).

Given that ES effects on CSD might be due to an increase in cortical
excitability, it is important to discuss the mechanisms underlying this
increase in the cortical excitability. One possible explanation is that ES
could have changed synaptic strength. It has been shown that low-

frequency repetitive electrical stimulation can induce either a long-
term potentiation (LTP) or a depression (LTD) of the synaptic
transmission. For instance, low-frequency electrical stimulation (2 Hz)
is associated with an immediate depression and late significant
potentiation of the synaptic transmission (Herry et al., 1999).
Furthermore, high frequency electrical stimulation (250 Hz) also
potentiates synaptic transmission immediately and afterward (Herry &
Garcia, 2002). Chen et al. (1996) reported similar results showing that
while high frequency stimulation (100 or 40 Hz) in cortical layer IV
induces LTP, low frequency stimulation (1 Hz, 15 min) induces LTD.
Also this response was reduced by DL-2-amino-5-phosphonovaleric
acid, implying that N-methyl-D-aspartate (NMDA) receptors are
involved in LTD/LTP induction. However, this study only evaluated
the immediate effects, thus could not detect a possible LTP at a later
time. Therefore an increase in the synaptic transmission, or the LTP
mechanism, induced by ES can explain an increase in the CSD
propagation. Furthermore, these studies showed that, after one week of
stimulation, synaptic changes were still occurring. This would explain
the long-lasting effects in our study — there was a persistence of CSD
increase throughout the follow-up period.

However, ES effects on CSD might also be due to non-specific
effects of ES, such as, neuroendocrine, metabolic or behavioural
changes. Several studies have shown that electrical stimulation of
prefrontal cortex is associated with neuroendocrine changes, such as,
an increase in cholecystotokinin release in the nucleus accumbens
septi following 25 Hz ES (You et al., 1998); a decrease in dopamine
release in nucleus accumbens after 10 Hz ES and an increase, after
60 Hz ES (Jackson et al., 2001); and an enhancement of serotonin
levels in the hippocampus and amygdala after 25 Hz TMS (Juckel
et al., 1999). Furthermore, frontal ES can also induce behavioural
changes. Tavares et al. (2004) reported that unanaesthetized animals
submitted to electrical stimulation present behavioural changes
characterized as increased locomotion and cage exploration (Tavares
et al., 2004). However, another study showed that behavioural
changes following frontal ES in these animals do not reflect an
alteration of the spatial learning and short- or long-term memory.
Finally, other non-specific effects after ES stimulation, such as
cardiovascular, are possible. Tavares et al. (2004) showed that ES of
the prefrontal cortex causes stimulus intensity-related depressor
responses in anaesthetized rats and pressor responses in unanaesthe-
tized rats. In addition, this study reported no significant heart rate
changes. Therefore, non-specific changes after prefrontal cortex
electrical stimulation is possible and should be considered when
assessing the effects of this study. However, it is not clear how such
changes would interfere with the phenomenon of spreading depres-
sion.

Our findings show that the effect of ES on CSD propagation
depends on the frequency of the stimulation. We showed that the
frequency of stimulation was related to the degree of impact on CSD
velocity (e.g. higher frequency resulted in faster CSD propagation)
and bihemispheric disruption (e.g. higher frequency resulted in an
effect on both hemispheres). These findings are partially in line with
another form of brain stimulation — repetitive transcranial magnetic
stimulation (rTMS). The effect of rTMS also depends on the
frequency of stimulation. However, in the case of the TMS, the
direction of the modulation seems different, whereas high frequency
(20 Hz) causes an increase in brain excitability, low frequency (1 Hz)
causes a decrease in brain excitability (Gangitano et al., 2002; Romero
et al., 2002). Our findings, however, suggest that 1 Hz and 20 Hz ES
behave in the same way, i.e. increasing brain excitability. The cause of
such discrepancy is unclear, but it can be speculated that this may be
related to the different subtype of neurons that are stimulated by each
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technique (ES and TMS). Nonetheless, recently, Siebner ez al. (2004)
demonstrated that pre-conditioning corticospinal excitability with
transcranial direct current stimulation over the primary motor cortex
can modulate the direction of plasticity induced by subsequent
administration of 1 Hz rTMS in a way that 1 Hz rTMS results in an
increase of cortical excitability (Siebner ez al., 2004). Furthermore,
low-frequency prefrontal ES is associated with a LTP phenomenon
after 1 week of stimulation (Herry et al., 1999). Therefore, such
findings support that low frequency repetitive ES can also have
facilitatory effects.

An important aspect of this study is the long-lasting effect of ES on
CSD. The effects lasted at least 15 days and may have lasted more if
animals had been followed for longer time. This long-lasting effects of
repetitive ES may provide a biological mechanism to explain long-
lasting behavioural and clinical effects of brain stimulation in major
depression (Fregni ef al., 2004; Dannon et al., 2002). However, these
results also raise potential safety concerns when applying brain
stimulation to normal subjects and warrants further investigation. It is
important to note that our animals received multiple sessions of
stimulation to the same brain region; the impact of a single session is
unclear. However, long-lasting effect is critical for the use of this
method as a therapeutic tool. Therefore, this gives additional evidence
that brain stimulation might be a useful therapeutic tool.

Some limitations apply to the present study. As we did not examine
the brain tissue histologically, it is possible that harmful effects may
have contributed to our results. The design of this study cannot
exclude this potential bias. However, some evidences speak against
this effect. First, several studies in which animals received electrical
stimulation in the prefrontal cortex, using similar, or even stronger
parameters as in our study, do not report histological lesion (Penna
et al., 1998; You et al., 1998; Juckel et al., 1999; Jackson et al., 2001;
Tavares et al., 2004). For example, in one of these experiments,
animals were stimulated with 400 Hz for 40 min using an intensity of
700 pA (30 times more pulses than our study; You et al., 1998).
Second, studies that evaluated CSD propagation in animals before and
after cortical and subcortical lesions due to stroke showed no change,
or even a decrease, in CSD propagation (Shimizu et al., 2000 ; Back
et al., 1996). However, we demonstrated that CSD propagation
increased after repetitive electrical stimulation. Finally, there is a trend
of increase in the CSD velocity between immediately after and follow-
up evaluation. If our protocol had induced a cortical lesion, we would
expect that the peak of effects in the CSD would occur immediately
rather than two weeks after stimulation. Indeed, a recent repetitive
TMS study showed that the modulatory effects in the cortical
stimulated area by this method continued after the cessation of
repetitive TMS (Koerselman ef al., 2004). Another limitation is that,
although the method of CSD is a good method to study brain function,
this method provides information only about the cortical surface as
CSD spreads along the cortical surface. Therefore, the results have to
be interpreted in the context of cortical brain alterations. Finally,
although it is conceivable that the different effects observed between
the 1 Hz and 20 Hz could be due to session duration (whereas 1 Hz
stimulation lasted 20 min, 20 Hz lasted 10 min only), we believe that
this explanation is unlikely as the most important factors for cortical
modulation induced by repetitive stimulation seem to be the frequency
and number of pulses (Maeda et al., 2000; Gangitano et al., 2002;
Gershon et al., 2003; Peinemann et al., 2004).

In summary, our study showed that repetitive electrical stimulation
can facilitate CSD propagation and these effects are long lasting.
These findings are important to support the clinical application of
therapies involving electrical stimulation such as transcranial magnetic
stimulation, transcranial direct current stimulation and invasive
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cortical stimulation for diseases of reduced cortical excitability, such
as stroke, Parkinson’s disease and major depression.
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Abstract

Abnormal cortical excitability influences susceptibility to cortical spreading depression (CSD) in migraine. Because transcranial direct current
stimulation (tDCS) is capable of inducing lasting changes of cortical excitability, we investigated the after-effects of tDCS on the propagation
velocity of CSD in the rat. Twenty-five anesthetised rats received either anodal, cathodal or sham tDCS. The stimulation was applied for 20 min
at a current strength of 200 wA after the recording of three baseline CSD measurements. Starting 5 min after tDCS, a further three CSDs were
elicited and CSD velocity recorded at intervals of 20 min. tDCS and CSD recording was performed under anaesthesia with chloralose and urethane.
As compared to the baseline velocity of 3.14 mm/min, anodal tDCS induced a significant increase of propagation velocity during the first post-
tDCS recording (3.49 mm/min). In contrast to anodal tDCS, neither cathodal tDCS nor sham tDCS, which consisted of an initial ramped DC
stimulation lasting only 20's, showed a significant effect on CSD propagation velocity. As anodal tDCS is known to induce a lasting increase of
cortical excitability in the clinical setting, our results support the notion that CSD propagation velocity reflects cortical excitability. Since cortical
excitability and susceptibility to CSD is elevated in migraine patients, anodal tDCS — by increasing cortical excitability — might increase the

probability of migraine attack in these patients, even beyond the end of its application.

© 2005 Elsevier Ireland Ltd. All rights reserved.
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The ability of weak direct current stimulation to induce long-
lasting alterations of cortical excitability is already known from
early animal experiments [4,18]. Recently, the DC-induced
excitability changes have been successfully transferred to the
human motor cortex, with after-effects so far lasting more than
one hour [14-16]. Both the polarity-dependent induction of last-
ing excitability alterations as well as their stimulation duration-
and current strength-dependent prolongation in the human cor-
tex led to the reasonable assumption that this technique could
evolve further into a promising therapeutic tool in various neu-
rological and psychiatric disorders associated with a hypo- or
hyperexcitable cortex, such as major depression, epilepsy or
migraine. Functionally, transcranial direct current stimulation
(tDCS) is able to improve implicit motor learning [17] and visuo-
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motor coordination [2]. Clinically relevant studies demonstrated
beneficial effects of cathodal tDCS in chronic stroke [9] and
depression [6].

CSD was first described by Ledo in the 1940s [11]. It is char-
acterized by massive alterations in cerebrocortical ion homeosta-
sis in response to the stimulation of a point in the brain tissue.
These alterations result in a wave of neuronal excitation that
propagate through the cortex at a rate of about 2-5 mm/min.
The neuronal excitation is followed by a transient inhibition,
which is reflected as EEG suppression and accompanied by a
negative deflection of the direct current potential [23].

Neuroimaging findings indicate that cortical spreading
depression represents the underlying mechanism of migraine
aura [10]. The hypothesis that abnormal cortical activity leads
to a susceptibility to CSD in migraineurs is supported by TMS
studies revealing a cortical hyperexcitability in migraine patients
[3]. Recent evidence of this causal link derives from CSD
experiments, which demonstrated that a pathological cortical
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hyperexcitability in the knock-in mice of familiar hemiplegic
migraine leads to an increased susceptibility to CSD [25]. In
addition to the association to migraine aura, CSD has been exten-
sively studied in several conditions of brain function alteration,
providing important information about brain activity, and has
evolved as a useful index of cortical excitability [7].

We hypothesized that the induction of lasting changes of cor-
tical excitability by tDCS would alter CSD propagation in a
polarity specific way. The aim of this study was to investigate
the effects of cathodal and anodal tDCS on CSD propagation
compared to sham stimulation.

All experiments were conducted in accordance to the PHS
Guide for the Care and Use of Laboratory Animals. All pro-
cedures were approved by the Institutional Animal Care and
Use Committee of the Federal University of Pernambuco State,
Brazil, where the experiments were carried out. The experiments
were performed on 29 male Wistar rats (377 £45g). Animals
were housed under standard laboratory conditions, with food
and water ad libitum.

The animals were randomized into three different groups,
each of which received 20 min of cathodal, anodal or sham
tDCS. Three episodes of CSD, with an interval of 20 min, were
recorded from two cortical points prior as well as after the tDCS.
The first post-tDCS CSD was elicited 5 min after the termination
of tDCS. To test for the focality of the tDCS effects, a control
experiment was performed on additional four animals, where
CSD was recorded at three cortical points (instead of two) and
tDCS treatment was applied, as it had turned out to be effective
in the previous experiment.

The animals were anaesthetised with a mixture of ure-
thane (1 g/kg) and chloralose (0.04 g/kg) and positioned in
a stereotaxic apparatus. Body temperature was maintained at
37-37.5°C. Two holes of 2mm in diameter were drilled over
the right hemisphere, one hole 1 mm posterior to the coro-
nal suture and the other 1 mm anterior to the lambdoid suture
(Fig. 1a). To record CSD, two Ag-AgCl-Agar-Ringer electrodes
(one in each hole) were gently placed onto the pia mater within
a defined distance of each other. A common reference elec-
trode of the same type was mounted on the nasal bone. For
the control experiment, a third electrode was placed in an addi-
tional hole, which was drilled 4 mm anterior to the frontal
electrode.

Cathodal and anodal tDCS was applied at a current strength
of 200 wA by a constant current stimulator (model CX 6650,
Schneider Electronics, Gleichen, Germany). For the transcra-
nial stimulation a plastic jacket was positioned over the right
parietal cortex just between the two boreholes and fixed with
a coating of a glass ionomer cement (Ketac Cem, ESPE Den-
tal AG, Seefeld, Germany). The jacket was filled with saline
solution (0.9% NaCl) prior to the DC stimulation to establish a
defined contact area (7 mm?) towards the skull. A larger-sized
conventional rubber plate electrode (10.5 cm?) that was placed
onto the ventral thorax served as counter electrode. To avoid
a stimulation break effect, the current intensity was ramped
for 10s instead of switching on and off abruptly. In the sham
condition the stimulation was ramped down again after 10s of
stimulation.

reference electrode
=== = trepanation

extra electrode in control exp.
KCI

recording electrode 1
epicranial DC electrode

recording electrode 2

G

post-anodal
tDCS

kL

Fig. 1. (a) Graphical illustration of the positions of the epidural recording elec-
trodes and the epicranial tDCS electrode. (b) Examples of CSDs recorded from
a frontal (1) and from a caudal electrode (2). CSD was elicited with 2% KCl
applied to the frontal cortex at the time-point indicated by the arrow. In the upper
double trace, CSD is recorded prior to the tDCS intervention. The lower double
trace illustrates the acceleration of CSD velocity 5 min after anodal tDCS.

CSD was elicited by applying a cotton ball (1-2 mm diam-
eter) soaked in a 2% KCl solution to the frontal borehole just
anterior to the recording electrodes for 1 min. CSD propagation
was investigated in the fronto-posterior direction. The sponta-
neous cortical electrical activity (electrocorticogram) and the
slow (DC) potential change accompanying CSD were recorded
using a conventional Grass polygraph. The CSD propagation
velocity (expressed as mm/min) was calculated from the time
required for a CSD wave to pass the distance between two epi-
cortical recording electrodes with the tDCS electrode in between
(Fig. 1b). After elicitation of an initial CSD for testing the setup
and the electrode contacts in each animal, we measured the
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baseline CSD velocity, which was calculated as the mean of
three CSDs that were recorded with an interval of 20 min prior
to the tDCS. A further three CSDs were recorded after the tDCS.

In the control experiment, CSD velocity was also calculated
for the passage over the cortex anterior to the tDCS electrode,
i.e. between the additional rostral electrode and electrode 1.

At the end of the experiment, the animals were perfused
transcardially with 100 ml of saline followed by 500 ml fixative
containing 2% paraformaldehyde in 0.1 M phosphate buffer (PB;
pH 7.4). A freezing microtome was used to collect serial coro-
nal 40-pm thick sections throughout the brains. Sections were
stained with cresyl violet and examined under a light microscope
to evaluate tDCS-related alterations of the cortex such as oedema
and necrosis or karyopyknosis, karyolysis and karyohexis at the
cellular level.

Repeated measures analysis of variance (ANOVA) were per-
formed with tDCS condition and time course as the independent
variables and CSD velocity (in mm/min) serving as dependent
variable to test whether there was an overall significant effect of
time and stimulation condition, or an interaction between these
factors. The values of the CSD velocity were normalised and
expressed as alterations of CSD velocity as compared to baseline
CSD velocity in mm/min. Baseline CSD velocity was calcu-
lated as the mean CSD velocity from the three pre-tDCS CSD
recordings. A similar ANOVA was performed for the control
experiment with recording site and time course as the indepen-
dent variables and CSD velocity serving as dependent variable.

Post hoc comparisons were carried out using Scheffé’s cor-
rection for multiple comparisons to compare the CSD velocity
values of each tDCS condition with the respective baseline value
(paired-sample, two-tailed). When appropriate, further calcula-
tions were performed to compare the CSD velocity with the
corresponding time bin of the sham condition and of the tDCS
condition with the opposite polarity including non-standardised
baseline values. Similar post hoc tests were performed for the
control experiment to compare the tDCS effects at both record-
ing sites. Statistical significance refers to a p-value <0.05.

The baseline characteristics (weight, age) of the animals were
not different in the three groups of treatment.

ANOVA with repeated measures on time was performed on
CSD velocity values. There were significant differences for the
main effect of time (F=16.99, d.f.=3, p<0.001), stimulation
condition (F=5.08, d.f. =2, p=0.008) and the interaction effect
between time and stimulation condition (F=11.48, d.f.=6,
p<0.001). Post hoc analysis showed no significant difference
between the baseline CSD velocities of the three animal groups.
In addition, there was no change of CSD velocity after sham
tDCS at any time point of the post-stimulation CSD recordings
when compared to the baseline CSD velocity. Post hoc analysis
revealed a significant change of CSD propagation velocity dur-
ing the first post-anodal-tDCS CSD recording when compared to
baseline (p <0.0001), sham stimulation (p = 0.0002) and catho-
dal tDCS (p <0.0001). After 20 min of anodal tDCS, CSD veloc-
ity was increased in the first CSD recording by 0.35 mm/min as
compared to a baseline CSD velocity of 3.14 mm/min (Fig. 2a).
After this initial increase, CSD velocity returned to baseline level
and then further decreased slightly beneath the baseline level. At
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Fig. 2. (a) Time course of the after-effects on the propagation velocity of CSD
induced by 20 min of tDCS at a current strength of 200 wA. Data are mean devia-
tions from baseline CSD velocity expressed in mm/min (£S.E.M.). Anodal tDCS
(circles) produces a significant increase in CSD velocity, which is present during
the first post-tDCS CSD recording. In contrast, cathodal (squares) or sham tDCS
(triangles) do not lead to a significant alteration of CSD velocity at any time point.
Asterisks indicate significant deviations from pre-tDCS baseline CSD velocity.
Closed symbols indicate significant differences of anodal tDCS as compared to
the respective time bins of sham and cathodal tDCS (Scheffé test, two-tailed,
p<0.05). Time point 0 is immediately after the end of the tDCS. (b) In the control
experiment the effects of 20 min of anodal tDCS are recorded between the tDCS
electrode (circles) as well as between the two frontal electrodes anterior to the
tDCS electrode (squares). Data are mean deviations from baseline CSD velocity
expressed in mm/min (£S.E.M.). The anodal tDCS-induced increase of CSD
velocity is only seen under the tDCS electrode. Asterisks indicate significant
deviations from pre-tDCS baseline CSD velocity. Closed symbols indicate sig-
nificant elevation of the CSD velocity recorded between the tDCS electrode as
compared to the frontal CSD recording sites (Scheffé test, two-tailed, p <0.05).
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this last recording time-point, CSD velocity was not significantly
decreased when compared to baseline level (p =0.3837), sham
(p=0.6933) or cathodal stimulation (p=0.9854). As revealed
by post hoc testing, cathodal tDCS did not lead to a significant
alteration of CSD velocity at any time point in the post-tDCS
CSD recordings, when compared to baseline or to CSD velocity
after sham stimulation.

In the control experiment, where CSD was recorded over
two cortical areas (one under and the other anterior to the tDCS
electrode) after anodal tDCS, CSD velocity is increased in the
first post anodal-tDCS recording, but only under the tDCS elec-
trode (Fig. 2b). ANOVA revealed a main effect of time (F=4.1,
d.f.=3,p <0.043) but not for the recording site (F =4.58,d.f. =3,
p=0.172). However, a significant interaction was calculated
between recording site and time (F=4.58, d.f.=3 p=0.033),
which indicates that the time-course of the CSD velocity is sig-
nificantly different at the two recording sites. This is confirmed
by the post hoc testing, which revealed a significantly elevated
CSD velocity only in the first post-tDCS CSD that was recorded
under the tDCS electrode (Fig. 2b).

Finally, histological examination of the cresyl violet prepara-
tions, showed no tDCS-induced histopathological alteration of
the cortex in any of the tDCS treated animals.

We present here the first in vivo approach determining the
after-effects of tDCS on the propagation velocity of CSD, a phe-
nomenon that is commonly associated with the pathophysiolog-
ical mechanism of migraine aura [20]. In addition to facilitating,
triggering and blocking CSD effects, which are effects known to
result during DC stimulation [8,19], we report here on alterations
of CSD properties that are still present after the termination of
the DC stimulation.

The principle finding of the present study is that 20 min
of anodal tDCS at a current strength of 200 wA is capable of
inducing a localized increase of CSD velocity in the rat cortex.
Interestingly, this acceleration is present about 5 min after the
termination of tDCS. In contrast to the after-effects of anodal
stimulation, cathodal tDCS of the same duration and intensity
did not produce a significant alteration of CSD propagation
velocity in our experiments.

Usually DC stimulation is applied through intracortical or
epidural electrodes. To achieve conditions more similar to clin-
ical tDCS, we developed a method for transcranial stimulation
in the rat. This montage has the advantage that the place of stim-
ulation as well as the current density is well defined and does
not change during the experiment. However, unlike tDCS in the
clinical setting, where the DC stimulation is applied via two
head electrodes, in our animal model a conducting rubber plate
was fixed to the chest to serve as the second electrode. A mon-
tage with two epicranial electrodes would favour a bypassing
of the currents. Moreover, our unipolar setting provides for a
perpendicular current flow to the cortex surface, so that those
neurons, which are oriented along this axis, are affected by the
DC stimulation [24]. Finally, the use of a unipolar epicranial
DC electrode allowed us to stimulate the cortex between the
two CSD recording sites without interfering with the recording
or induction of the CSD a few mm away from the stimulated
cortex. Indeed, our control experiment demonstrates that our

unipolar epicranial electrode assembly is suitable to stimulate
the cortex effectively between two CSD recording sites.

Early animal studies have shown that anodal DC stimulation
produces neuronal membrane depolarisation [18]. This depo-
larisation is associated with an increase in spontaneous spiking
frequency and is responsible for the effects during as well as after
the stimulation [4]. We have previously shown in pharmacolog-
ical tDCS studies that a similar mechanism may apply for the
after-effects on cortical excitability by anodal tDCS in humans:
polarity-driven membrane depolarisation would increase spon-
taneous spiking activity, which in turn would lead to an increased
pre-synaptic input and to a NMDA receptor-mediated upregula-
tion of synaptic strength [12]. Analogous to this condition, we
believe that the anodal tDCS-induced after-effect acceleration
of CSD velocity is caused by a tDCS-related neuronal mem-
brane depolarisation, which results in an increase of synaptic
strength that is associated with an increase in cortical excitabil-
ity. A similar, but more stable increase of CSD propagation
velocity was achieved by repeated epidural application of 20 Hz
electrical stimulation as reported recently [7]. It has been sug-
gested that these effects are based on a change of synaptic
strength that is achieved in this case by repeated cortical electri-
cal stimulation. A lasting change of cortical excitability seems
to represent a common basis of these stimulation-induced neu-
roplastic changes in CSD velocity.

There is some more evidence that CSD propagation velocity
correlates with or represents an index for cortical excitability.
Similar to cortical excitability, CSD propagation is affected by
changes in the level of ions and of neurotransmitters that con-
trol cortical excitability, like glutamate or GABA. Accordingly,
ethanol, a GABAergic inhibitor, has been shown to decrease
CSD propagation velocity [22]. CSD susceptibility and prop-
agation velocity are also affected in other conditions that are
associated with an alteration of cortical excitability, like distur-
bances in the blood glucose level [5], changes of ion concentra-
tion [8] or excitatory amino acids [13]. But most interestingly,
CSD propagation and susceptibility is increased in a mouse
model of familiar hemiplegic migraine [25]. Again, this change
in CSD properties accompanies an increased cortical excitabil-
ity that also has been found in the occipital cortex of migraine
patients by assessing phosphene thresholds [3]. Interestingly,
tDCS is capable of inducing transient alterations in phosphene
thresholds. Anodal tDCS decreases phosphene thresholds while
cathodal tDCS results in the opposite effect [1]. It is exactly this
favourable effect of cathodal tDCS on the excitability of V1,
which leads to the reasonable assumption that cathodal tDCS
could be therapeutically effective in migraineurs. In healthy
subjects, cathodal tDCS induces a lasting decrease of corti-
cal excitability [14]. Applied to the primary visual cortex in
migraineurs, repetitive cathodal tDCS could, analogous to pre-
liminary reports on patients suffering from major depression or
stroke [6,9], counteract the regional cortical hyperexcitability in
these patients lastingly and could thereby decrease the frequency
of their migraine attacks.

To exclude general brain activation by tDCS, e.g. by altering
the activity of modulatory brainstem nuclei, we added a third
CSD recording electrode in a control experiment with 4 animals
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and measured the CSD velocity at aregion 4 mm distant from the
tDCS electrode, in addition to the measurements across the area
under the tDCS electrode. The results show that CSD velocity is
only altered under the tDCS electrode but not in the cortex area
rostral from the tDCS electrode demonstrating that the tDCS
effect is a localized one and is most likely of cortical origin.

The effect of anodal tDCS on the CSD velocity is present
at higher stimulation intensities as compared to the excitability
changes induced in human tDCS studies [15]. This may be due
to a disadvantageous position of the electrode, which is critical
for the induction of tDCS-induced neuroplasticity [16,24].

In contrast to anodal tDCS, cathodal stimulation did not affect
CSD velocity in our rat model. The most likely explanation is
the use of anaesthetics in our experiments. While the polarity-
specific tDCS effects in the human cortex are obtained in awake
subjects, the epicortical recording of CSD requires the animals to
be under deep anaesthesia. The anaesthetics may interfere with
CSD properties. Especially, a decrease of cortical excitability
due to the anaesthetics would in all probability result in a bot-
tom effect, so that cathodal tDCS would not decelerate the CSD
propagation velocity any further than the anaesthetics.

Undesired histopathological alterations of stimulated brain
tissue are presently considered unlikely for several reasons. Cor-
tical and subcortical stroke lesions result in no increase, or even
a decrease in CSD propagation [21], while anodal tDCS in the
present study induces an increase of CSD velocity. In addition,
the latter effects are reversible, which again argues for functional
effects. In keeping with these points, we could rule out tDCS-
related histopathological alterations by histological evaluation
of all rat brains.

We demonstrate that tDCS interferes with the propagation
velocity of CSD in a focal and polarity-specific way that lasts
beyond the termination of tDCS. Since an increased CSD veloc-
ity seems to reflect an elevated cortical excitability [7] and
correlates with a decreased threshold for CSD induction [25],
anodal tDCS may, in addition to acceleration, facilitate the elici-
tation of CSD. Theoretically, anodal tDCS may even elicita CSD
or a migraine attack under pathological conditions. Therefore,
anodal tDCS should be applied carefully in humans. Special care
should be taken in migraine patients, particularly when com-
bining a preconditional anodal tDCS with rTMS or theta-burst
stimulation, which may easily provoke a migraine attack in these
patients.
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Abstract

We have recently shown that two techniques of brain stimulation — repetitive electrical stimulation (ES) (that mimics transcranial magnetic
stimulation) and transcranial direct current stimulation (tDCS) — modify the velocity of cortical spreading depression (CSD) significantly. Herein
we aimed to study the effects of these two techniques combined on CSD. Thirty-two Wistar rats were divided into four groups according to the
treatment: sham tDCS/sham ES, sham tDCS/1 Hz ES, anodal tDCS/1 Hz ES, cathodal tDCS/1 Hz ES. Our findings show that 1 Hz ES reduced
CSD velocity, and this effect was modified by either anodal or cathodal tDCS. Anodal tDCS induced larger effects than cathodal tDCS. Hereby
CSD velocity was actually increased significantly after anodal tDCS/1 Hz ES. Our results show that combining two techniques of brain
stimulation can modify significantly the effects of ES alone on cortical excitability as measured by the neurophysiological parameter of cortical
spreading depression and therefore provide important insights into the effects of this new approach of brain stimulation on cortical activity.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cortical spreading depression; Cortical electrical stimulation; Transcranial direct current stimulation; Transcranial magnetic stimulation; Wistar rats;

Cortical excitability

We have recently shown that cortical stimulation with
repetitive electrical stimulation (ES) (a technique that mimics
the effects of transcranial magnetic stimulation) and with
transcranial direct current stimulation (tDCS) results in a sig-
nificant change in the velocity of the phenomenon of cortical
spreading depression (Fregni et al., 2005a; Liebetanz et al., 2000).
Because the interest in the clinical application of brain stimulation
has been increasing and recent studies investigating the use of
both techniques in combination in humans subjects (Siebner et
al., 2004; Lang et al., 2004) showed that priming rTMS treatment
with tDCS modifies the effects of rTMS on motor cortex
excitability, the further exploration of the neurophysiological
effects of this strategy of brain stimulation is warranted. Therefore
we aimed to investigate the effects of preconditioning of cortical
electrical stimulation with tDCS on an animal model of cortical
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spreading depression (CSD), comparing the effects of 1 Hz ES
(preconditioned with sham tDCS) vs. 1 Hz ES preconditioned
with either anodal or cathodal tDCS on the phenomenon of CSD.

In this study, we used CSD as an index of brain function.
This phenomenon was first described by Ledo (Leao, 1944;
Teive et al., 2005) and it is characterized by massive alterations
in cerebrocortical ion homeostasis in response to the stimulation
of a point of the brain tissue (Somjen, 2005). These alterations
result in a wave of neuronal depolarization that propagates at a
rate of 2—5 mm min~ ' across the cortical surface, accompanied
by reversible electroencephalogram (EEG) suppression and a
negative deflection of the direct current potential (Guedes and
Cavalheiro, 1997). CSD has been extensively studied in several
conditions of brain function alteration, providing important
information about brain activity, therefore being a useful index
to study brain function experimentally (Guedes, 1984; Guedes,
2005). Finally, we used repetitive electrical stimulation, because
the technical limitations of rTMS in rats result in a diffuse
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stimulation throughout the cortex and is thus not suitable for
this study.

Thirty-two male adult Wistar rats (365.5+£7.8 g, mean+
S.EM.) were used in this experiment. They were housed
individually under controlled temperature and on a 12 h light/
dark cycle (lights on at 6 h A.M.) with free access to rat chow
pellets and tap water. All rats were cared for and used in strict
accordance to the PHS Guide for the Care and Use of
Laboratory Animals. Importantly, all efforts were made to
minimize the number of animals used and their suffering. All
procedures were approved by the Institutional Animal Care and
Use Committee of Federal University of Pernambuco State,
Brazil, where the experiments were carried out.

The rats were randomized into four different groups
according to the stimulation protocols: sham tDCS followed
by sham ES (represented by sham tDCS/sham ES), sham tDCS
followed by 1 Hz ES (represented by sham tDCS/1 Hz ES),
anodal tDCS followed by 1 Hz ES (represented by anodal
tDCS/1 Hz ES) and cathodal tDCS followed by 1 Hz ES
(represented by cathodal tDCS/1 Hz ES). Initially, tDCS
electrodes implantation and baseline CSD recording session
were performed. To perform stimulation and CSD recording,
rats were anesthetized with a mixture of urethane and chloralose
(1.0 g/kg plus 0.04 g/kg IP, respectively; one-third of the initial
dose as supplement, if necessary) and placed in a stereotactic
frame in a flat-skull position. For CSD recording, two holes (3—
4 mm diameter) were drilled manually over the right hemi-

sphere (Fig. 1). They were aligned in the parieto-frontal
direction, located either 1 mm posterior to the coronal suture
or 1 mm anterior to the lambdoid suture, and parallel to the
midline (2 mm lateral to the sagital suture). A small plastic
jacket was positioned over the right parietal cortex just between
the two boreholes and fixed with a coating of a glass ionomer
cement (Ketac Cem, ESPE Dental AG, Seefeld, Germany). The
jacket was filled with saline solution (0.9% NaCl) to establish a
defined contact area (7 mm?®) and, thus used as one of the
electrodes for tDCS. After the tDCS electrode implant, CSD
recording, tDCS and ES were performed.

To elicit CSD, we used KCl as this substance is effective in
causing a massive neuronal depolarization. Recording was
made with two Ag—AgCl agar-Ringer type electrodes—gently
placed on the intact dura mater, in each one of the holes situated
anterior and posterior to the DC-electrode, respectively. CSD
induction was started after 30 min of baseline recording. It was
elicited at 20 min intervals by 1 min application of a cotton ball
(1-2 mm diameter), soaked in 2% KCI solution, to the anterior
hole. The cortical spontaneous electrical activity (electrocorti-
cogram) and the slow potential change accompanying CSD
were continuously recorded for 80 min against a common
reference electrode of the same type, placed on the nasal bones
(Fig. 1). CSD velocity of propagation was indexed by the
velocity of propagation of the slow potential change and
calculated from the time required for a CSD wave to pass the
distance between the two cortical electrodes.
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Fig. 1. A—This diagram summarizes the timeline for our experiment. Initially the animals were operated to implant electrodes for cortical spreading depression (CSD)
recording and transcranial direct current stimulation (tDCS)/electrical stimulation (ES). We then record baseline CSD, applied tDCS (sham, anodal or cathodal), ES
(1 Hz or sham) and recorded post-treatment CSD. At the end, the animals were sacrificed and the brains were removed for histological analysis. B—Schematic
illustration showing the location of the two holes in each hemisphere for CSD recording, the location of epidural KCl application (frontal hole), the location of the two
electrodes (for CSD recording and ES), the nasal reference for cortical spreading depression (CSD) recording and the location of the tDCS stimulating electrode

(between two holes of CSD recording).
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For transcranial direct current stimulation, we used a
specially developed, battery-driven, constant current stimulator
(Schneider Electronic, Gleichen, Germany) with a maximum
output of 10 mA that transferred electric current to the electrode
on the cranium (jacket fixed on the parietal cortex filled with
saline solution—area of 7 mm?) and to the electrode placed
onto the ventral thorax that served as a counter electrode (large,
conventional rubber plate electrode —10.5 cm? (Physiomed
Elektromedizin AG, Schnaittach, Germany)). For anodal
stimulation, the electrode on the cranium was the anode and
the electrode on the thorax the cathode, whereas for cathodal
stimulation, the connections were reversed. A constant current
of 0.2 mA intensity (current density of 2.86 mA/cm?) was
applied for 20 min. For sham stimulation, the electrodes were
placed in the same position; however, the stimulator was turned
off after 30 s, similarly to the method used in human studies.

For repetitive electrical stimulation, we used the recording
CSD electrodes to deliver repetitive electrical stimulation. This
procedure assured that CSD would be recorded in the brain area
that received ES. Electrical stimulation was delivered by an
electrical stimulator (Insight, Equipamentos Cientificos,
Ribeirdo Preto, Brazil) and applied using the following
parameters: 1 Hz continuous stimulation for 20 min (total of
1200 pulses using a pulse intensity of 0.6 mA and pulse
duration of 5 ms). We used the same stimulation protocol as in a
previous study that evaluated the effects of repetitive electrical
stimulation on CSD in Wistar rats (Fregni et al., 2005a) and
indeed showed that 0.6 mA corresponds to a suprathreshold
stimulation (approximately 120% of the motor threshold (MT)).

At the end of the experiment, brains were removed and serial
frozen sections were cut using a microtome, mounted on glass
slides, and stained with cresyl violet. The slices were examined
under a light-microscope to evaluate histological lesions
induced by either tDCS or ES.

Statistical analyses were done with SAS statistical software
(version 8.0, Cary, North Caroline, USA). The main outcome of
this study was the CSD velocity change—defined as the
difference between pre- and post-stimulation CSD velocity in
the same animal. Because there were 4 different groups of
stimulation (sham tDCS/sham ES, sham tDCS/1 Hz ES, anodal
tDCS/1 Hz ES, cathodal tDCS/1 Hz ES), we used analysis of
variance to detect whether there was an overall significant effect
of stimulation condition on CSD velocity. When appropriate,
post-hoc comparisons were carried out using Fisher LSD
correction for multiple comparisons. Statistical significance
refers to a two-tailed p value<0.05.

A one-way ANOVA showed that the main effect of
stimulation condition was significant (F=6.37, df=3,21,
p=0.003). After sham tDCS/1 Hz ES, a decrease in the CSD
velocity of 6.9% (+1.9%) was observed as compared to
baseline. Post-hoc comparisons furthermore showed that CSD
velocity changes after sham tDCS/1 Hz ES were significantly
different when compared to sham tDCS/sham 1 Hz (p=0.011),
anodal tDCS/1 Hz ES (p=0.0003) and cathodal tDCS/1 Hz ES
(p=0.045).

The effects of anodal stimulation had a larger magnitude as
compared to cathodal stimulation using sham stimulation as the

reference group (i.e., anodal vs. sham compared with cathodal vs.
sham), whereas anodal stimulation changed the velocity of CSD
as compared with sham tDCS/1 Hz ES in 14.4% (CSD velocity
(mm/min) after anodal tDCS/1 Hz ES: 3.41 (£0.39) and after
sham tDCS/1 Hz ES: 2.98 (£0.28)), this difference was only 4.3%
for the same comparison with cathodal stimulation (CSD velocity
after cathodal tDCS/1 Hz ES: 3.11 (+0.26)). There was also a
significant difference (»p=0.041) between the effects of 1 Hz ES
preceded by anodal vs. 1 Hz ES preceded by cathodal stimulation
on CSD (Fig. 2). In addition anodal tDCS/1 Hz ES resulted in a
significant increase in the velocity of CSD propagation as
compared with baseline (see Table 1 for details).

Finally, we tested whether sham tDCS/sham ES resulted in
CSD velocity change. This analysis revealed no difference
between the post-stimulation CSD compared to pre-stimulation
CSD (change of —0.5%+0.6%, p=0.75). Histological exam-
ination showed that there were no histological lesions induced
by the electric current from either tDCS or ES and combination
of both techniques.

The results of this study extend our previous study showing
that the combination of tDCS with ES can modify the effects of
ES alone. Furthermore this effect depends on the direction of the
current such as that anodal stimulation had a larger effect on
CSD changes modulated by ES.

We showed that preconditioning of electrical stimulation
with anodal or cathodal tDCS modulates the after-effects (i.e.,
the modulatory effects that are observed beyond the stimulation
period) of 1-Hz ES on CSD. Although these findings can be
explained by different mechanisms, we hypothesize that the
most likely mechanism is that different effects of anodal and
cathodal tDCS on membrane polarization are responsible for the
results of subsequent ES on CSD velocity. Low-frequency ES
alone induced long-term-depression (LTD)-like effects in our
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Fig. 2. Changes in the CSD velocity compared to baseline (%) can be observed
after sham tDCS/1 Hz-ES (black column); cathodal tDCS/1 Hz-ES (dark grey
column); sham tDCS/sham ES (light grey column) and anodal tDCS/1 Hz ES
(white column). Each column represents mean velocity of CSD changes from
baseline. Error bars indicate S.E.M.
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Table 1
CSD velocity before and after stimulation

CSD velocity (mm min~ ') (£S.D.)

Treatment group

Baseline After stimulation
Sham tDCS/Sham ES 3.26 (£0.32) 3.25 (£0.34)
Sham tDCS/1 Hz ES 3.21 (+0.29) 2.98 (£0.28)
Cathodal tDCS/1 Hz ES 3.17 (£0.25) 3.11 (+0.26)
Anodal tDCS/1 Hz ES 3.31 (+0.28) 3.41 (£0.39)

tDCS—transcranial direct current stimulation; ES—electrical stimulation;
CSD—cortical spreading depression.

study, which is in accordance with previous animal studies
(Malenka and Bear, 2004). On the other hand, anodal tDCS
might have depolarized postsynaptic membranes relevantly and
thus favored long-term-potentiation (LTP)-like effects of the
same ES protocol, as it was demonstrated in animal experiments
that postsynaptic depolarization combined with low-frequency
electrical stimulation generates LTP (Fregnac et al., 1994).
Conversely, a postsynaptic hyperpolarization generated by
cathodal tDCS might have diminished LTD-like effects of our
ES protocol, since a slight postsynaptic depolarization, however
smaller than the amount of depolarization needed for LTP-
induction, is also a pre-requisite for most LTD-inducing
protocols (Malenka and Bear, 2004). For us, this hypothesis
seems to be the most parsimonious one to explain the results,
because it is applicable for the effects of anodal as well as
cathodal tDCS on ES. Therefore the results of this study shed
light on the mechanisms and effects of two techniques of brain
stimulation on cortical physiology.

The results of this study are important and advance the
knowledge in the field of brain stimulation for several reasons:
(1) we showed, by neurophysiological data, that tDCS is a
powerful method of brain stimulation that when combined with
ES changes its effects; (2) we confirmed and extended the notion
that the effects of tDCS are specific to the polarity of stimulation
using another neurophysiologic method of assessment — cortical
spreading depression — as anodal and cathodal stimulation yield
different results as indexed by cortical spreading depression; and
(3) anodal tDCS in combination with 1 Hz ES changes the
velocity of CSD propagation by 14.4%, and thus to a greater
degree than anodal tDCS alone (change of 11.1%), as shown in
our previous study (Liebetanz et al., 2006) and therefore
suggesting that this combined approach of brain stimulation
might have a greater modulatory impact on brain activity.

Finally, our results might have a potential relevance for the
clinical application of brain stimulation in migraine and
epilepsy. The phenomenon of cortical spreading depression is
associated with these pathologies (Leniger et al., 2003). As we
have shown that anodal and cathodal tDCS change the features
of CSD induced by repetitive ES, we speculate that tDCS in
humans could also shape the likelihood of migraine and
epilepsy attacks induced by stimulatory, trigger factors such as
sleep deprivation, stress and hypoglycemia.

Although we believe that our results might have a clinical
relevance for humans, parameters of DC stimulation were not
the same as those used in human studies and thus the
transferability of these results for application in humans are

limited. We used a current density several times higher than the
one usually used in humans (2.86 mA/cm? (in this study) vs.
0.06 mA/cm>—given a current of 2 mA and an electrode of
35 cm? or 0.03 mA/cm? with a current of 1 mA in humans), the
electrode was fixed directly on the skull instead of being applied
to the skin (as performed in humans) and the duration of
stimulation was 20 min — that is twice the duration used in some
human studies (Fregni et al., 2005b; Nitsche and Paulus, 2001) —
however, 20 min of stimulation has also been used in other
clinical studies (Fregni et al., 2006; Hummel et al., 2005).
Although the parameters of stimulation might change the
magnitude of its effects, its direction (i.e., facilitation or
inhibition) remains the same. Similarly, although electrical
stimulation and TMS might be roughly comparable, these two
types of stimulation might induce at least gradually different
biological effects as epidural electrical stimulation might induce a
more focal and deeper stimulation as compared to TMS.

In conclusion, the results of this study show that tDCS alters
the subsequent effects of 1 Hz ES on the phenomenon of CSD.
Further studies exploring different parameters of stimulation
such as the combination of anodal tDCS with high frequency ES
are necessary in order to develop this novel strategy of brain
stimulation.
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