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RESUMO

Nos mamíferos, evidências experimentais e clínicas demonstram que os hormônios 

ovarianos influenciam o cérebro, desde o seu desenvolvimento até a idade adulta. Durante o 

desenvolvimento,  essa  influência  hormonal  inclui  vários  mecanismos  com  importantes 

repercussões  nas  propriedades  eletrofisiológicas  do  cérebro  adulto,  muitas  delas 

influenciadas  pela sua atividade sináptica.  Neste trabalho,  nós  caracterizamos,  em ratas 

adultas ovariectomizadas durante o desenvolvimento, a habilidade cerebral em propagar o 

fenômeno da depressão alastrante cortical (DAC) como indicador dos efeitos da ausência 

dos  hormônios  ovarianos  no  cérebro  eletrofisiologicamente  desenvolvido.  Ratas  wistar 

recém-nascidas  (7  dias  de  idade)  foram submetidas  à  ovariectomia  (grupo  Ovx),  ou  à 

cirurgia fictícia (grupo Sham),  ou deixadas sem cirurgia (grupo “Intacto”,  ou ingênuo). 

Quando  atingiram  a  idade  de  90-130  dias,  foram  submetidas  ao  registro  da  DAC 

(eletrocorticograma  e  variação  lenta  de  voltagem –  DC)  em dois  pontos  da  superfície 

cortical durante 4h. Ovariectomia bilateral aos 7 dias de vida resultou em pesos corporais 

maiores  (de  50-65  dias  em  diante).  Houve  também  redução  dos  pesos  uterinos  e  da 
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velocidade de propagação da DAC, em comparação com ambos os grupos controle (Intacto 

e Sham). Conclui-se que a ovariectomia durante o período do desenvolvimento cerebral 

está associada, de forma causal, com a redução da propagação da DAC no cérebro adulto, 

indicando um efeito  de longo prazo.  Sugere-se  que esse  efeito  está  relacionado com a 

supressão  duradoura  da  ação  dos  hormônios  ovarianos  sobre  a  transmissão  sináptica 

cerebral.

Palavras-chave:  Desenvolvimento  cerebral;  hormônios  ovarianos;  depressão  alastrante 

cortical; ratas.

ABSTRACT

The brain  of  mammals  is  one  important  target  organ  for  the  action  of  gonadal 

steroids and, when occurring during development, this hormonal influence may result in 

important repercussion on the brain electrophysiological properties at adulthood, some of 

which  depending  on  the  synaptic  activity.  Here  we  have  characterized  in  early 

ovariectomized  adult  rats  the  brain  ability  to  propagate  cortical  spreading  depression 

(CSD), as an index of the cerebral electrophysiological effects of the early-induced absence 

of  the  ovarian  hormones.  Wistar  female  rat  pups  (7  days  old)  underwent  bilateral 

ovariectomy (Ovx group; n=21) or sham surgery (Sham group; n=22), or no surgery (Naive 

group;  n=22).  When the pups became adult  (90-130 days),  they were anesthetized and 

submitted to the recording of CSD (electrocorticogram and slow DC voltage variation) in 

two points of the cortical surface during 4h. Compared with both Naïve and Sham controls, 

bilateral ovariectomy early in life resulted in significantly higher body weights (from day 

50-65 onwards) and severely reduced uterus weights at adulthood. Furthermore, in the Ovx 
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animals the amplitudes and durations of the DC potential changes of CSD were higher, and 

the CSD propagation velocities were reduced. It is concluded that ovariectomy during the 

period of brain development is causally associated with the impairment of CSD propagation 

in the adult brain, indicating a long-lasting effect, which we suggest as being related to the 

long-term suppression of the action of the ovarian hormones on synaptic transmission.

Keywords: Brain development, Ovarian hormones, Cortical spreading depression, Rats

INTRODUÇÃO

O sistema nervoso central é um órgão-alvo importante para as ações dos hormônios 

esteróides  gonadais,  desde  o  desenvolvimento  à  vida  adulta  (Genazzani  et  al.,  2005, 

Kawata, 1995). O cérebro é susceptível às variações sistêmicas dos hormônios ovarianos, 

pois eles podem atravessar a barreira hematoencefálica e exercer efeitos profundos sobre a 

função cerebral (Eikermann-Haerter et al., 2007; Kawata, 1995).

No  sistema  nervoso  embrionário,  os  processos  de  neurogênese,  gliogênese  e 

migração neuronal ocorrem mais intensamente na fase chamada ―período de crescimento 

rápido do cérebro ou simplesmente período crítico. Essa fase é considerada crítica para o 

perfeito  desenvolvimento  e  funcionamento  neurológico,  sendo  uma  etapa  de  grande 

vulnerabilidade do cérebro a agressões internas e/ou externas (Dobbing, 1968). Tal fase 

acha-se compreendida entre o terceiro trimestre gestacional e o segundo ano de vida, no 

homem, e corresponde ao período de aleitamento, no rato (Fig. 1; Morgane et al., 1993).
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Figura 01: Comparação entre as etapas de desenvolvimento do sistema nervoso no homem 
e no rato. Adaptada de Morgane et al., 1993.

Nos últimos anos, o conhecimento de como os hormônios sexuais interferem no 

desenvolvimento das funções cerebrais dos mamíferos tem aumentado substancialmente. O 

ciclo de vida normal do sexo feminino está associado a uma série de variações hormonais, 

incluindo a menarca, a gravidez e a menopausa e freqüentemente uso de contraceptivos ou 

reposição  hormonal.  Todos  esses  eventos  e  intervenções  alteram os  níveis  e  ciclos  de 

hormônios sexuais e podem influenciar o sistema nervoso.

No cérebro em desenvolvimento o estradiol atenua a excitotoxicidade mediada pelo 

glutamato diminuindo a regulação dos receptores metabotrópicos tipo 1 e diminuindo a 

quantidade de cálcio liberada do retículo endoplasmático (Hilton et al., 2006). Além disso, 

o estradiol marcadamente reforça as respostas GABAérgicas despolarizantes, específicas do 

período de desenvolvolvimento cerebral (Nunez et al., 2008; Perrot-Sinal et al., 2001). 

No  cérebro  adulto,  o  estrógeno  exerce  efeitos  sobre  a  excitabilidade  cerebral 

regulando “para cima” a expressão do gene da subunidade do receptor excitatório N-metil-

d-aspartato  (NMDA:  Eikermann-Haerter  e  al.,  2007;  Martin  and  Behbehani,  2006)  e 

diminuindo a atividade inibitória dos neurônios GABAérgicos (Eikermann-Haerter et al., 
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2007). Tanto o β-estradiol quanto a progesterona podem aumentar a potenciação de longo 

termo (LTP) nos tecidos neocorticais (Sachs et al., 2007).

Estados hipoestrogênicos no cérebro adulto podem causar mudanças neuroendócrinas 

em diferentes áreas cerebrais. A ausência de produção hormonal ovariana gera sintomas 

específicos devido ao desarranjo do sistema nervoso central, no hipotálamo, por exemplo, 

pode originar sintomas vasomotores, bem como distúrbios do comportamento alimentar e 

controle alterado da pressão arterial (Genazzani et al., 1999).

Estudos a partir de modelos animais indicam que o cérebro é realmente sensível à 

progesterona  durante  períodos  críticos  de  desenvolvimento  e  maturação  (López  and 

Wagner, 2009). Receptores de progesterona (PR) são transitoriamente expressos durante 

desenvolvimento fetal  e neonatal (Wagner, 2008). A progesterona é capaz de promover 

crescimento  dendrítico,  spinogênese  e  sinaptogênense  nas  células  de  Purkinje  em 

desenvolvimento (Tsutsui, 2008).

Um  modelo  interessante  para  o  estudo  das  relações  entre  hormônios  gonadais 

femininos  e  excitabilidade  cerebral  constitui-se  no  fenômeno  da  depressão  alastrante 

cortical  (DAC),  que  foi  empregado  no  presente  trabalho.  A  DAC  é  um  fenômeno 

eletrofisiológico caracterizado por uma onda de excitação neuronal seguida de inibição. O 

fenômeno se auto-propaga como uma onda de despolarização com características iônicas, 

metabólicas  e  hemodinâmicas  peculiares,  plenamente  reversíveis  ao  cabo  de  alguns 

minutos, acompanhada por supressão transitória da atividade neuronal (Leão, 1944a,b).

A  propagação  da  onda  de  depressão  da  atividade  eletroencefalográfica  ocorre 

simultaneamente a uma variação lenta de voltagem (VLV) tecidual. Essa propagação se dá 

de forma concêntrica e reversível, a partir do ponto estimulado, numa velocidade entre 2 e 
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5 mm/min, sendo sua latência de reversão de 10 a 15min (Martins-Ferreira, 1983). A Fig. 2 

ilustra o fenômeno.

                           

Figura 02:  À esquerda observa-se a seqüência temporal cíclica dos eventos que ocorrem 
durante  a  propagação  da  DAC.  R1  e  R2  indicam  pontos  de  registro.  Um 
estímulo externo (x) deu início ao fenômeno (etapa 1) que se propaga de forma 
concêntrica (etapas 2-4). As áreas escuras (etapas 2, 3 e 4) representam áreas 
corticais na vigência do fenômeno, enquanto que as áreas quadriculadas (etapas 
3 a 6) indicam o princípio da recuperação tissular. As áreas claras indicam o 
tecido recuperado (etapas  5-6),  o  que também ocorre  de forma concêntrica, 
retornando  à  condição  inicial  (etapa  1).  À  direita  observa-se  o 
eletrocorticograma (ECoG) e a variação lenta de voltagem (VLV), esta última 
presente durante a DAC, quando o ECoG diminui sua amplitude. Tais registros, 
obtidos em nosso laboratório foram feitos simultaneamente nos pontos R1 e R2. 
Observe a recuperação do ECoG após a passagem do fenômeno (Guedes et al., 
2004). 

         Estudos experimentais prévios indicam que o tecido nervoso apresenta naturalmente 

uma resistência à passagem da DAC (Guedes e Do-Carmo, 1980), e que esta resistência 

pode diminuir ou aumentar na vigência de alguns tratamentos, modificando assim a sua 

velocidade  de  propagação  (Abadie-Guedes  et  al.,  2008).  Diversas  modificações  de 

condições sistêmicas podem alterar a propagação da DAC (Guedes, 1984; Guedes et al., 
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1987;  Andrade  et  al.,  1990;  Guedes  et  al.,  1992;  Rocha-de-Melo  e  Guedes,  1997). 

Tratamentos locais do tecido cortical podem também modificar a sua propagação (Richter 

et al., 2005; Guedes et al., 1987; Amâncio-dos-Santos et al., 2006).

As  Tabelas  01  e  02  apresentam  diversas  condições,  já  estudadas,  que  podem 

dificultar ou facilitar a propagação da DAC. 

Tabela 01: Algumas condições que dificultam a propagação da DAC 

Condição experimental Autor/Ano 
Tratamento dietético com lítio Guedes et al., 1989 
Hiperglicemia Ximenes-da-Silva e Guedes,1991; Costa-Cruz 

et al., 2001 
Anestésicos Guedes e Barreto, 1992 
Hipotireoidismo Guedes e Pereira-da-Silva, 1993 
Envelhecimento Guedes et al., 1996 
Dieta hiperlipídica Paixão et al., 2007 
Epilepsia crônica provocada pela 
pilocarpina 

Guedes e Cavalheiro, 1997; Costa-Cruz et al., 
2006 

Estimulação ambiental Santos-Monteiro et al., 2000 
Ativação do Sistema Serotoninérgico Guedes  et  al.,  2002;  Amâncio-dos-Santos  et 

al., 2006 
Estimulação  Elétrica  Cerebral  direta  e 
trans-craniana 

Fregni et al., 2005; 2007 

Condições favoráveis de aleitamento Rocha-de-Melo et al., 2006 

Tabela 02: Algumas condições que facilitam a propagação da DAC 

Condição experimental Autor/Ano 
Redução do Cloreto extracelular Guedes e Do Carmo, 1980 
Privação do sono paradoxal Vasconcelos et al., 2004 
Diazepam Guedes et al., 1992 
Etanol Guedes e Frade, 1993; Bezerra et al., 2005 
Deficiência nutricional pela DBR Rocha-de-Melo e Guedes,1997 
Hipertireoidismo Santos, 2000 
Hipoglicemia Ximenes-da-Silva e Guedes,1991
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Privação sensorial Tenório et al., 2009 
Arginina durante o desenvolvimento Maia et al., 2009 
Hipertermia ambiental Farias-Santos et al., 2009 
Glutamina durante o desenvolvimento Lima et al., 2009 
Uso de dipirona no início da vida Amaral et al., 2009 

Estudos prévios têm mostrado que alterações hormonais durante o desenvolvimento 

influenciam a propagação da DAC (Guedes e Pereira-da-Silva, 1993; Santos, 2000). Um 

estudo  in  vitro em ratos  adultos  sugere  uma  possível  influência,  dose-dependente,  dos 

hormônios ovarianos sobre a DAC (Sachs et al., 2007). Entretanto, pouca atenção tem sido 

dada  aos  efeitos  sobre  a  DAC dos  hormônios  ovarianos,  ou  da  sua  ausência,  in  vivo, 

quando atuando no cérebro em desenvolvimento.

Frente ao exposto, o presente trabalho se propôs a estudar o efeito da deficiência 

ovariana durante o desenvolvimento cerebral sobre a DAC em ratas adultas. Este trabalho é 

a continuação de uma linha de pesquisa do “Laboratório de Fisiologia da Nutrição Naíde 

Teodósio” (LAFINNT) que utiliza o fenômeno da DAC para estudar o efeito de fatores 

nutricionais, ambientais, farmacológicos e hormonais sobre o cérebro em desenvolvimento 

(Guedes, 2011).
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OBJETIVOS

Geral

Avaliar,  em  ratas,  o  impacto  da  ovariectomia  aos  sete  dias  de  vida  sobre  o 

desenvolvimento eletrofisiológico do sistema nervoso através da susceptibilidade cortical à 

DAC, na idade adulta.

Específicos

• Avaliar a eficácia da ovariectomia, analisando-se, nos animais castrados, alterações 

da evolução ponderal ao longo do desenvolvimento e, na idade adulta, a presença de 
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padrão atrófico do epitélio vaginal e do peso uterino, em comparação com os dois 

grupos controle.

• Quando os filhotes se tornarem adultos, avaliar, nos grupos estudados 1) Grupo Ovx 

(ratas  submetidas  à  ovariectomia;  2)  Grupo  Sham  (ratas  submetidas  à  cirurgia 

fictícia  à  ovariectomia)  e  3)  Grupo  Intacto  (ratas  mantidas  sem  tratamento),  a 

incidência  e  propagação  da  DAC,  por  meio  do  seu  registro  eletrofisiológico 

(eletrocorticograma –  EcoG -  e  variação lenta  de  voltagem),  quantificando-se  a 

velocidade de propagação, bem como a amplitude e a duração da variação lenta de 

voltagem que caracterizam o fenômeno.

ARTIGO CIENTÍFICO

Title: Ovariectomy in the developing rat decelerates cortical spreading 

depression in adult brain
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Abstract

The brain  of  mammals  is  one  important  target  organ  for  the  action  of  gonadal 

steroids and, when occurring during development, this hormonal influence may result in 

important repercussion on the brain electrophysiological properties at adulthood, some of 

which  depending  on  the  synaptic  activity.  Here  we  have  characterized  in  early 

ovariectomized  adult  rats  the  brain  ability  to  propagate  cortical  spreading  depression 

(CSD), as an index of the cerebral electrophysiological effects of the early-induced absence 

of  the  ovarian  hormones.  Wistar  female  rat  pups  (7  days  old)  underwent  bilateral 

ovariectomy (Ovx group; n=21) or sham surgery (Sham group; n=22), or no surgery (Naive 

group;  n=22).  When the pups became adult  (90-130 days),  they were anesthetized and 

submitted to the recording of CSD (electrocorticogram and slow DC voltage variation) in 

two points of the cortical surface during 4h. Compared with both Naïve and Sham controls, 
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bilateral ovariectomy early in life resulted in significantly higher body weights (from day 

50-65 onwards) and severely reduced uterus weights at adulthood. Furthermore, in the Ovx 

animals the amplitudes and durations of the DC potential changes of CSD were higher, and 

the CSD propagation velocities were reduced. It is concluded that ovariectomy during the 

period of brain development is causally associated with the impairment of CSD propagation 

in the adult brain, indicating a long-lasting effect, which we suggest as being related to the 

long-term suppression of the action of the ovarian hormones on synaptic transmission.

Keywords: Brain development, Ovarian hormones, Cortical spreading depression, Rats

Introduction

In mammals,  the fetal  environment  is  rich in estradiol  and progesterone derived 

from the maternal organism (McCarthy, 2009; Sanyal, 1978). In the female fetal brain of 

the rat, α-fetoprotein (AFP), a steroid binding globulin, sequesters circulating estrogens to 

avoid  their  brain  masculinizing  effects  early  in  life  (Bakker  et  al.,  2006,  Gillies  and 

MCarthur, 2010) and selectively deliver estradiol to specific neuronal populations (Bakker 

and Baum, 2008; Bakker et al., 2006). As a result, the female fetal brain is exposed to lower 

levels of estradiol, as compared with the male fetal brain. Nevertheless, there is evidence 

that estradiol can be  de novo  synthesized (locally from cholesterol) directly in fetal and 

neonatal neurons during the female developing brain (Amateau et al., 2004; Bakker et al., 

2002;  McCarthy,  2008;  Mellon  and  Vaudry,  2001).  This  hormonal  scenario  extends 
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postnatally and in the offspring it influences the sexual differentiation of the developing 

brain (McCarthy and Konkle, 2005; Amateau et al., 2004).

The brain enzyme aromatase, that synthesizes estradiol, presents its highest activity 

in the immature brain as compared to the mature brain (McCarthy, 2009) and the AFP 

activity no longer plays a significant role postnatally when the ovaries start  to produce 

estrogens (Bakker and Baum, 2008). During this initial period of life, ovarian hormones can 

influence developmental processes in the brain (Bakker et al., 2002). Estradiol is capable of 

modulating  brain  development  by  enhancing  depolarizing  GABA responses,  which  are 

specific  of  the  neonatal  period,  causing a  trophic  effect  (Perrot-Sinal  et  al.,  2003)  and 

preventing glutamate-induced cell death (Hilton et al., 2006). In addition, progesterone is 

capable of promoting dendritic growth, spinogenesis, and synaptogenesis in the developing 

Purkinje cell (Tsutsui, 2008).

In  the  fully  developed  brain,  estrogen  can  exert  effects  on  excitability  by 

upregulating  the  gene  expression  of  excitatory  N-metil-D-aspartate  (NMDA)  receptor 

subunit (Eikermann-Haerter et al., 2007; Martin and Behbehani, 2006) and by decreasing 

the inhibitory activity of γ-aminobutyric acid (GABA)-ergic neurons (Eikermann-Haerter et 

al., 2007). Both  β-estradiol and progesterone may enhance long-term potentiation (LTP) 

induction in  neocortical  tissues  (Sachs  et  al.,  2007).  These  data  indicate  a  relationship 

between ovarian hormones and neuronal excitability, which can be experimentally explored 

by  using  the  electrophysiological  phenomenon  denominated  as  cortical  spreading 

depression (CSD). CSD is characterized by a wave of self-propagating depolarization with 

characteristic  ionic,  metabolic,  and  hemodynamic  changes  followed  by  transient 

suppression of neuronal activity (Leao, 1944a,b). In one in vitro study, ovarian hormones 

applied to neocortical slices obtained from adult rats facilitated CSD (Sachs et al., 2007). 
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However, little attention has been paid to the effects of ovarian deficiency during brain 

development on CSD features in the cerebral cortex of adult rats.

The  present  study  aimed  to  address  these  issues  in  female  rats  that  had  been 

previously  ovariectomized  early  in  life.  Our  hypothesis  is  that  ovariectomy  during  the 

period of brain development is causally associated in adulthood with impairment of CSD 

propagation.

Material and methods

Animals

Wistar female newborn rats (n=65) from the colony of Departamento de Nutrição of 

Universidade Federal de Pernambuco (Brazil) were randomly distributed to three groups, 

submitted  respectively  on  the  postnatal  day  7  to  the  following  treatments:  a)  bilateral 

ovariectomy (OVX group; n=21);  b) sham surgery (n=22);  c)  no surgery (naïve group; 

n=22).

The  handling  procedures  involving  the  animals  were  in  accordance  with  the 

Institution’s guidelines, which comply with the ―Principles of Laboratory Animal Care 

(National Institutes of Health, Bethesda, USA). The experimental design was approved by 

the  University  Committee  on  Ethics  in  animal  research,  which  complies  with  the 

“Principles of Laboratory Animal Care” (National Institutes of Health, Bethesda, USA). 
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Animals were reared in polypropylene cages (51 cm X 35.5 cm X 18.5 cm) in a room 

maintained at 22± 1°C with a 12h light/ 12h dark cycle (lights on at 7:00 a.m.) with free 

access to water and food. 

Bilateral ovariectomy

Under deep surgical cryoanesthesia (Phifer and Terry, 1986; see also Tenório et al., 

2009),  the  ovaries  of  the  7-days  old  rat  pups  were  removed  through  a  dorsal  midline 

incision on the lumbar region, as described elsewhere (Brouwer et al, 1980). In the Sham 

group,  all  rat  pups  received the same incisions  as  the  OVX animals;  the  ovaries  were 

identified and palpated, but not removed. Suture procedures were the same in both groups. 

After  recovering  from anesthesia,  the  pups  were  returned  to  the  maternal  cage.  After 

weaning, they were housed in cages similar to the maternal ones (3-4 rats per cage). Total 

surgery time was 10-15 min and the post-surgery mortality was very low (3 out of 46 

operated pups).

The effectiveness of the early ovariectomy was histologically confirmed on two 

occasions: at 60-90 days of life (by the atrophic pattern of the genital epithelium as well as 

by the delayed vaginal opening, as compared to the Sham and Naïve controls) and on the 

day of CSD recording (90-130 days of life), when the animal was killed and the uterus was 

removed, showing severe atrophy.

CSD elicitation and recording

When the pups were 90 to 130 days old, they were submitted to the CSD recording 

for a 4-hour period. In the sham- and naïve groups, the CSD recordings were performed 
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only  when  the  animals  were  in  the  proestrus  phase  of  the  estrous  cycle,  which  was 

histologically confirmed on the day of the CSD recording. 

Under  anesthesia  (1  g/kg urethane plus  40 mg/kg chloralose,  ip),  three  trephine 

holes (2–3 mm in diameter) were drilled on the right side of the skull. The first hole (on the 

frontal bone) was used to apply the stimulus (KCl solution) to elicit CSD. The propagating 

CSD wave was then recorded on two points of the parietal cortex surface through the other 

two holes, drilled on the parietal bone. Rectal temperature was continuously monitored and 

maintained at  37 ± 1ºC by a heating blanket.  CSD was elicited at 20 min intervals by 

applying a cotton ball (1–2 mm diameter), soaked in 2% KCl solution (approximately 0.27 

M) to  the  anterior  hole  drilled  at  the  frontal  region for  1  min.  The electrocorticogram 

(ECoG)  and  the  slow  DC  potential  change  accompanying  CSD  were  recorded 

simultaneously at the two parietal points on the cortical surface by using a pair of Ag-AgCl 

agar-Ringer electrodes. These electrodes consisted of plastic conic pipettes (5 cm length, 

0.5 mm tip inner diameter), filled with Ringer solution and solidified with the addition of 

0.5% agar, into which a chlorided silver wire was inserted. The pipettes were fixed together 

pair-wise with cyanoacrylate glue, so that the interelectrode distance was kept constant for 

each pair (range: 4–5.5 mm). Each pair of electrodes was connected to a lever that could be 

vertically  moved  by turning around a  screw,  so  that  the  recording electrodes  could  be 

gently placed on the intact dura-mater, under low-power microscope control, without any 

excessive pressure on the cortical surface. A third electrode, of the same type, placed on the 

nasal bones, served as common reference electrode. The velocity of CSD propagation was 

calculated based on the time required for a CSD wave to cross the distance between the two 

recording electrodes. In the measurement of CSD velocities, the initial point of each DC 

negative rising phase was used as the reference point.
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Statistics

Body-,  uterus-,  adrenals-  and  brain  weights  and  CSD  propagation  rates  were 

compared between groups by ANOVA, followed by a post-hoc (Tukey–Kramer) test when 

indicated. Differences were considered significant when p≤0.05. All values are presented in 

the text as means ± standard deviations.

Results

Body weights

Fig. 1 shows the body weights of the three groups of rats, measured at the following 

age-intervals: 40-46d, 50-65d, 74-85d and 100-120d. Compared to the two control groups, 

bilateral ovariectomy early in life resulted in significantly higher body weights from day 

50-65 onwards (P=0.006). The mean values (in g) ranged from 114.9±22,2 to 224.0±26.5 

for the Nv group, from 119.2±11.9 to 226.3±26.1 for the Sham group and from 127.1±12.7 

to 262.8±34.8 for the Ovx rats. 
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Fig  1. Body  weights  (mean±EPM)  of  rats  previously  submitted  (at  7  days  of  life)  to 
bilateral  ovariectomy  (Ovx  group),  or  to  sham operation  (Sham group),  or  not 
submitted to any surgery (Nv; Naïve group). The weights were measured at  the 
following ageintervals:  40-46d,  50-65d,  74-85d and 100-120d.  The asterisks  (*) 
indicate the OVX body weights that are significantly higher than the corresponding 
Sham and Naïve values (p=0.006; ANOVA followed by Tukey test).

Uterus and adrenal weights

As can be seen in Figure 2 (upper-left  panel),  the uterus weights were severely 

decreased (P<0.001) in the OVX group (80±27 mg),  as compared with both Naïve and 

Sham controls (490±88mg and 447±88 mg, respectively). The adrenal weights of the Ovx 

group (71±27 mg)  were  slightly  higher  than  the  Sham (56±12 mg)  and  the  Nv group 

(62±19 mg), but the difference did not reach statistical significance (upper-right panel of 

figure  2).  The  two  photographs  in  the  lower  part  of  Figure  2  illustrate  the  easily 

recognizable uterus atrophy in the Ovx condition (right photograph), as compared to the 

Sham control (left photograph). The adrenal glands (also shown in the two photographs) 

were macroscopically comparable in the two groups.
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Fig 2. Uterus and adrenal weights (mean± EPM) of the Nv, Sham and Ovx groups, as 
defined in figure 1. The asterisk (*) in the upper-left panel indicates that the Ovx 
group presents uterus weights significantly lower (p<0.001) than those of the Sham 
and Naïve controls. The mean adrenal weights of the three groups were comparable 
(upper-right panel). The two photographs of the lower part of the figure illustrate 
the  uterus  atrophy in  the  Ovx condition (right  photograph),  as  compared  to  the 
Sham control  (left  photograph).  The  adrenal  glands  are  also  shown  in  the  two 
photographs,  and no macroscopically  appreciable  intergroup difference  could  be 
detected. (ANOVA followed by Tukey test).

CSD propagation

Figure 3 shows a typical electrophysiological recording (slow DC-potential change 

and ECoG) in one Nv, one Sham and one Ovx rat. In all groups, the 1-min stimulation with 

2% KCl at  one point  of the frontal  cortex elicited a single CSD wave that  propagated 

without interruption and was recorded by the two electrodes located more posterior in the 

parietal cortex (see stimulation- and recording points in the inset of the figure). One can 

notice that the ECoG depression and the slow potential change confirmed the presence of 

CSD, after KCl application. 
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Fig. 3 -   Electrocorticogram (E) and slow DC-potential variation (P) recorded during the 
passage of cortical spreading depression (CSD) at two points (designated as 1 and 2) 
in  the  parietal  cortex.  The horizontal  black bars  above the  P1 traces  indicate  the 
period (1 minute) in which the chemical stimulus (2% KCl) was applied to trigger 
CSD, in the frontal region. The inset of the figure shows the position of the reference 
electrode (R), common to the two recording electrodes, as well as the point of KCl 
stimulation and the two recording sites. Vertical bars indicate -10 mV for P and -1 
mV for ECoG.

In  the  Ovx  rats,  CSD  propagated  with  significantly  lower  velocities  (mean  ± 

standard deviation: 2.72 ± 0.24 mm/min), as compared to the sham and to the naïve control 

groups (respectively 3.36 ± 0.09 mm/min and 3.36 ± 0.10 mm/min;  P<0.001, ANOVA 

followed by Tukey test). Measurement of the amplitudes and durations of the CSD DC-

potential change revealed intergroup significant differences (Ovx > Nv = Sham). Figure 4 

(lower panel) and Table 1 show these CSD findings, as well as the brain weights (upper 

panel  of  Figure  4),  which were  comparable  between the  three  groups:  the  mean  brain 
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weights  (in  g)  for  the  Nv,  Sham  and  Ovx  groups  were  respectively  1.703±0.088, 

1.633±0.084 and 1.642±0.091.

Fig 4 - Mean (± EPM) brain weights (upper panel) and CSD velocity of propagation (lower 
panel)  in  Nv,  Sham and previously  ovariectomized adult  rats  (group Ovx).  The 
brain weights were comparable between the three groups. In the lower panel, the 
asterisk indicates that the propagation of CSD in the OVX group is significantly 
lower (P <0.001) than the values of the two control groups, which didn’t differ from 
each other (ANOVA followed by Tukey test).

Table 1

Amplitudes and  durations of the CSD slow potential shifts in the Ovx, Sham and Naïve 
(Nv) groups. A and P refers to the anterior and posterior recording points respectively.

Group Amplitude (mV) Duration (s)
A P A P

Nv 10,2 ± 4,1 12,1 ± 5,8 61,8 ± 11,4 76,5 ± 20,2

Sham 10,1 ± 4,7 11,4 ± 4,6 62,2 ± 12,1 75,1 ± 12,6

Ovx 18,2 ± 7,7* 21,8 ± 10,6* 77,3 ± 10,4* 76,2 ± 11,4
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Data are expressed as mean ± standard deviation. The asterisks indicate values significantly 
different from the corresponding  Sham and Naïve  group.
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Discussion

Ovariectomy in developing rats

In  this  study  we  observed  important  developmental  systemic  and  localized 

alterations resulting from bilateral ovariectomy, which was performed in the developing 

rats as early as the postnatal day 7. We have chosen this age because it corresponds to the 

time-point in which the ovaries become capable of secreting significant amounts of their 

hormones (Lamprecht et al, 1976). In accordance with a previous report (Gitlin, 1974), the 

effectiveness of the ovariectomy was presently evidenced by the severe atrophic patterns of 

uterus- and genital epithelium, delayed vaginal opening (as compared to the controls), as 

well  as  body  weight  increment.  Regarding  the  ovariectomy-induced  increase  in  body 

weights, it is known that the hypoestrogenic status participates in the increased food intake 

and  the  resulting  higher  body  weight  gain,  as  compared  to  the  controls  (Wade,  1975; 

Roesch,  2006).  The  post-ovariectomy  deficiency  in  the  uterus  development  would  be 

expected, since it is well described in the literature; ovaries participate in the uterine growth 

observed between the second and the fourth postnatal weeks (Branham and Sheehan, 1995). 

Concerning adrenal weights the lack of intergroup statistically significant difference is in 

agreement with data of (Ramaley (1973). Taken together, our data on the systemic and 

localized  developmental  effects  seen  in  early  ovariectomized  rats,  besides  assuring  the 

effectiveness of the ovariectomy procedure also supports the causal link between ovarian 

hormones deficiency and the here described brain CSD effects.
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CSD propagation

The main electrophysiological finding of the present study was that chronic ovarian 

hormones deficiency that was provoked during development reduced brain capability to 

propagate  CSD in  adulthood,  as  indexed  by  its  lower  velocities  in  comparison  to  the 

velocities of the sham and naïve controls. The alterations in CSD amplitude and duration 

also reinforce this conclusion. It is well established that the gonadal steroids exert some of 

its  action on the  central  nervous system,  which is  one important  target  organ for  their 

actions, both during development and in adult life (Genazzani et al., 2005; Kawata, 1995). 

In contrast to its role on the adult brain, in the developing brain GABA is the predominant 

source  of  excitation  via  membrane  depolarization,  and  estradiol  markedly  enhance 

depolarizing GABA responses in neonatal neurons (Nunez et al., 2008; Perrot-Sinal et al., 

2001).  Furthermore,  in  the  developing  brain  estradiol  dampens  glutamate-mediated 

excitotoxicity by downregulating their receptors (mGluR1 and mGluR5) and by decreasing 

the  amount  of  calcium released  from the  endoplasmic  reticulum (Hilton  et  al.,  2006). 

Therefore, it appears to us unequivocal accepting that ovariectomy early in life changes 

excitability of the developing brain, and our CSD findings support that.

Considering that CSD is influenced by changes in the brain excitability (Leão, 1944; 

1972; Guedes and Cavalheiro, 1997; Guedes et al, 2009; Guedes, 2011), it is reasonable to 

raise the question of if, and how early ovarian deficiency (or ovarian absence, as in the 

ovariectomy  paradigm)  would  modulate  brain  excitability  during  development,  and 

therefore influencing phenomena like seizures and CSD at adulthood. One possibility to 

explain the effects of ovariectomy on the excitability of the adult brain would be based on 

the influence of ovarian hormones on the glutamatergic neurotransmitter system. Estrogens 

can increase neuronal excitability via upregulating the gene expression of NMDA receptor 
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subunit and by decreasing the inhibitory action of GABAergic neurons (Eikermann-Haerter 

et al, 2007; Martin and Behbehani, 2006). Estrogen also can inhibit L-glutamate uptake by 

astrocytes  (Sato  et  al,  2003),  and  increases  the  number  of  dendritic  spines,  which  are 

densely populated with NMDA receptors (Woolley et al., 1997). As a rule, higher levels of 

estrogen are associated with an increased seizure frequency in females (Klein and Herzog, 

1998)  and  seizure  thresholds  are  decreased  during  peak  estrogen  levels  (Woolley  and 

Timiras, 1962), while progesterone is associated with seizure control in catamenial epilepsy 

(Herzog,  2009).  Application  of  exogenous  estrogen  to  the  cerebellum  of  female  rats 

significantly  potentiates  the  excitatory neuronal  response of  Purkinje  cells  to  glutamate 

applied by iontophoresis (Smith et al, 1988). Besides the glutamatergic, the GABAergic 

neurons also are strongly modulated by ovarian steroids.  Estrogen can increase GABA 

release  and  upregulate  the  number  of  GABA  receptors  (Shughrue  and  Merchenthaler, 

2000). Progesterone has been shown to have depressant effects on CNS excitability via 

modulation of the gamma-aminobutiric acid type A (GABAA; Lambert et al., 2003). These, 

and  several  other  pieces  of  evidence  showing  that  gonadal  hormones  can  affect  brain 

excitability (Eikermann-Haerter et al., 2007; 2009; Sachs et al., 2007; Woolley et al., 1997; 

Martin and Behbehani, 2006; Scharfman and MacLusky, 2006; Scharfman et al., 2005), 

collectively  suggest  that  ovarian  hormones  could  have  a  critical  role  in  epilepsy,  and 

perhaps could also play a role in epilepsy treatment (Herzog, 2009).

Concerning the ovarian hormones/CSD relationship, several findings from others 

deserve comment. The CSD susceptibility in familial hemiplegic migraine type 1 (FHM1) 

knockin  mice  is  higher  in  females  than  in  males;  ovariectomy  reverses  this  gender 

difference,  which is  partially restored by estradiol  replacement,  suggesting that  actually 

estrogens can modulate CSD susceptibility (Eikermann-Haerter et al. 2009). The thresholds 
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for CSD elicitation with KCl- and electrical stimulation are lower in female mice compared 

to males (Brennan et al. 2007). In rat neocortical slices, application of both β-estradiol and 

progesterone enhances CSD features (Sachs et al. 2007). This compelling evidence from 

the  literature  favors  our  initial  hypothesis  that  ovariectomy during  the  period  of  brain 

development is causally associated in adulthood with CSD impairment.

In conclusion we demonstrated for the first time that the brains of adult rats that had 

been ovariectomized during their development are more resistant (or less sensible) to CSD 

propagation and we suggest that this effect is related to the long-term suppression of the 

physiological  action  of  the  ovarian  hormones  on  synaptic  transmission.  Our  findings 

document the importance of further searching for the molecular mechanisms underlying the 

role  of  the  ovarian  hormones  on  the  brain  development  and  their  electrophysiological 

properties.
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CONCLUSÕES

A análise  dos resultados desta  dissertação permite  as  duas  seguintes  conclusões e  uma 

sugestão:

• A técnica presentemente utilizada, de remoção cirúrgica dos ovários, em ratas com 7 

dias de vida,  foi  eficaz em alterar  o desenvolvimento das suas estruturas genitais  e 

reprodutoras.

• Tal efeito é baseado na análise macroscópica do padrão atrófico vaginal e uterino.

 

• Esta conclusão é também reforçada pelo ganho de peso corporal, significante a partir de 

50-65 dias de vida.

• Os cérebros das ratas adultas que foram ovariectomizadas durante seu desenvolvimento 

tornaram-se mais resistentes (ou menos sensíveis) à propagação da DAC.

• Sugere-se que este efeito da ovariectomia precoce sobre a DAC seja devido à supressão 

da ação dos hormônios ovarianos sobre mecanismos sinápticos cerebrais, o que deverá 

ser investigado em futuros experimentos.
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