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Resumo

O presentre trabalho mostra uma revisdo ampla das diferentes teorias sobre os
processos do aprendizado e motivagdo assim como a relagdo que estes pocessos tem
com diferentes estruturas corticais e sucorticais no sistema nervoso central.
Adicionalmente, é feita uma revisdo do conhecimento atual sobre o papel dos ganglios
da base nesses processos assim como o seu envolvimento em processos emocionais,
afetivos e motores. O conhecimento atual dessa ralagdo tem aberto a possibilidade de
melhorar as estratégias de tratamento psicosociais, farmacolégicas e cirdrgicas em
doengas relacionadas com o funcionamento inadequado de algumas estruturas
cerebrais, entre elas os ganglios da base. Uma dessas estratégias, com multiplos usos
na atualidade, é a estimulagao cerebral prufunda, da qual é feita uma exaustiva reviséo
neste documento. Finalmente, sdo mostrados o resultados de um experimento onde a
aplicacao de um farmaco benzodiazepinico modifica a liberacdo evocada de dopamina
no nucleo accumbens. O farmaco usado, diazepam, € um agonista benzodiazepinico
com propriedades ansioliticas e aditivas. Diferentes estudos usando microdialise tém
mostrado que, enquanto outras drogas de abuso aumentam direta ou indiretamente a
concentragdo de dopamina no nucleo accumbens, os farmacos benzodiazepinicos
fazem o contrario: diminuem a concentragdo de dopamina no nucleo accumbens. No
presente estudo usamos a técnica de voltametria ciclica de varredura rapida visando
estudar o efeito do tratamento agudo com diazepam (1, 2 e 3 mg/kg, i.p.) na liberagéo
de dopamina no nucleo accumbens quando evocada pela estimulacdo elétrica da area
tegmentar ventral de camundongos anestesiados. Os resultados mostraram uma
reducdo dose-dependente na liberacdo de dopamina no nucleo accumbens que foi
significante para as doses de 2 e 3 mg/kg. Esse efeito foi prevenido pela administragao
do antagonista de receptor benzodiazepinico flumazenil (2.5 mg/kg, i.p.). Apds a
administracdo de diazepam nao foram observados efeitos significantes sobre a
recaptacdao de dopamina. Uma redugdo significante na recaptagcdo de dopamina foi
observada com um controle positivo para esse efeito: apds a administragdo do inibidor
do transportador de dopamina, nomifensina (20 mg/kg, i.p.). Esses resultados sugerem
que o efeito ansiolitico dos farmacos benzodiazepinicos poderia ter um componente
dopaminérgico. Adicionalmente, este estudo prové um possivel mecanismo pelo qual as
benzodiazepinas sdo efetivas no tratamento de outras drogas de abuso tais como a

cocaina, as anfetaminas e opiédes
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Abstract

This work shows a comprehensive review about learning and motivation
theories and their relation with several cortical and subcortical structures in the
Central Nervous System. In addition, we review current knowledge about the role of
the Basal Ganglia over emotional, affective and motor processes. This knowledge
has improved psychosocial, pharmacological and surgical treatments for diseases
related to inadequate functioning of several brain structures included the basal
ganglia. One of the most important advances regarding basal ganglia disease
treatment is Deep Brain Stimulation and we provide an exhaustive review of this
treatment. Finally, we show the results of an experiment where the application of a
benzodiazepine drug (diazepam) modifies electrically evoked dopamine release in
the nucleus accumbens. Diazepam is a benzodiazepine receptor agonist with
anxiolytic and addictive properties. Microdialysis studies have shown that while most
addictive drugs increase dopamine concentration in the nucleus accumbens,
benzodiazepines cause the opposite effect. In the present study we used sub-
second fast-scan cyclic voltammetry measures to show that diazepam (2 and 3
mg/kg, i.p.) caused a dose-dependent decrease in the dopamine release in the
nucleus accumbens evoked by electrical stimulation of the ventral tegmental area of
mice. This effect was prevented by the administration of the benzodiazepine receptor
antagonist flumazenil (2.5 mg/kg, i.p.). No significant effects on measures of
dopamine re-uptake were observed. This finding suggests that the anxiolytic effect of
benzodiazepines might have a dopaminergic component. In addition, this study
provides a likely mechanism by which benzodiazepines are effective in the treatment

of other drugs of abuse such as cocaine, amphetamines and opioids.
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Apresentagao

Essa tese consiste em dois artigos de revisdo e um artigo de resultados
experimentais. O primeiro artigo de revisao aborda o desenvolvimento de técnicas
eletroquimicas de registro da concentracdo de dopamina no cérebro de animais
acordados em tempo real e suas aplicacGes em sistemas fechados de estimulacdo cerebral
profunda. O segundo artigo revisa o estado da arte sobre o papel dos nucleos da base em
comportamentos motivados. O artigo de resultados mostra a aplicacdo da mais moderna
técnica eletroquimica usada para registro intra-cerebral in vivo da concentragao de
neurotransmissores a um estudo farmacoldgico — o papel da dopamina no mecanismo de
acao dos ansioliticos benzodiazepinicos. A revisao de literatura mais detalhada sobre as
técnicas eletroquimicas, estimulacdo cerebral profunda e neurobiologia dos nucleos da
base esta contida nos artigos de revisao. A introdugdo da tese contém uma revisao sobre
os aspectos tedricos do tratamento farmacoldgico dos transtornos de ansiedade e da
neurotransmissdo dopaminérgica. Os resultados, métodos e discussdao desse trabalho
experimental estdo apresentados no paper que estd sendo submetido a revista ACS
Chemical Neuroscience encartado na tese. Essa tese é finalizada com a um tépico de

conclusdes gerais e as referéncias usadas no texto em portugués.
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1. Introdugio

Os Transtornos de Ansiedade (TA) incluem uma série de entidades clinicas
caracterizadas por manifestacbes excessivas de medo além de outras expressdes
comportamentais. Embora o medo e a ansiedade fagam parte do repertério de
comportamento normal dos animais, nos TA ha uma super-estimacdo das situacGes de
perigo resultando em uma resposta emocional desproporcional (AMERICAN PSYCHIATRIC
ASSOCIATION, 2013). Os TA ndo podem ser resumidos simplesmente ao ser “muito
ansioso”, mas sim a uma permanente preocupagao e evitagao irracional de situagdes que
constituem o foco de tal preocupacdo. Dessa forma, pessoas com transtorno de panico
ficam preocupadas com a possibilidade de sofrer um colapso, pessoas com transtorno de
ansiedade social se preocupam que seu comportamento resulte em vergonha e aquelas
com fobias especificas se preocupam com a possibilidade de sofrer algum tipo de dano. A
preocupacdo é uma caracteristica central nos TA, embora seja mais evidente em alguns
deles quando comparado com outros. Tal como acontece no caso do transtorno de
ansiedade generalizada (TAG) onde a persistente e excessiva preocupagdo abarca varios
dominios tais como o desempenho no trabalho e na escola, a familia, a economia, entre
outras preocupacdes (TYRER e BALDWIN, 2006; ANDREWS et al, 2003). Além da
preocupacdo, os individuos com TAG apresentam sintomas fisicos como tensdo muscular
e fadiga e comportamentos como agitacao e irritacdo. Esses sintomas vém acompanhados
de manifestagdes cognitivas como falta de concentragdo, dificuldades no aprendizado e
déficits de memoria e atencdo constantemente relacionada com os focos da preocupacao
(a lista completa dos critérios diagndsticos para TAG pode ser conferida na Tabela 1).
Adicionalmente, boa parte dos individuos diagnosticados apresentam dificuldades no
sono (AMERICAN PSYCHIATRIC ASSOCIATION, 2013) e sdo mais suscetiveis ao estresse —
gue rapidamente se transforma em ansiedade. Além disso, podem desenvolver outros

transtornos de ansiedade e depressao por conta da sua vulnerabilidade.



Transtorno de Ansiedade Generalizada

Critérios Diagnosticos 300.02 (F41.1)

A. Ansiedade e preocupagao excessivas (expectativa apreensiva), ocorrendo na maioria dos dias

por pelo menos seis meses, com diversos eventos ou atividades (tais como desempenho escolar
ou profissional).

. O individuo considera dificil controlar a preocupagao.

. A ansiedade e a preocupagao estao associadas com trés (ou mais) dos seguintes seis sintomas
(com pelo menos alguns deles presentes na maioria dos dias nos Gltimos seis meses).

Nota: Apenas um item é exigido para criangas.

Inquietagdo ou sensagao de estar com os nervos a flor da pele.

Fatigabilidade.

Dificuldade em concentrar-se ou sensagbes de “branco” na mente.

Iritabilidade.

Tensd@o muscular.

Perturbagao do sono (dificuldade em conciliar ou manter o sono, ou sono insatisfatorio e
inquieto).

. Aansiedade, a preocupagao ou os sintomas fisicos causam sofrimento clinicamente significativo ou
prejuizo no funcionamento social, profissional ou em outras areas importantes da vida do individuo.
. A perturbagdo nao se deve aos efeitos fisiologicos de uma substancia (p. ex., droga de abuso,
medicamento) ou a outra condi¢ao médica (p. ex., hipertireoidismo).

. A perturbagao nao e mais bem explicada por outro transtorno mental (p. ex., ansiedade ou preo-
cupagao quanto a ter ataques de panico no transtorno de panico, avaliagao negativa no trans-
torno de ansiedade social [fobia social], contaminagdo ou outras obsessdes no transtorno ob-
sessivo-compulsivo, separagao das figuras de apego no transtorno de ansiedade de separagao,
lembrangas de eventos traumaticos no transtorno de estresse pos-traumatico. ganho de peso na
anorexia nervosa, queixas fisicas no transtorno de sintomas somaticos, percep¢ao de problemas
na aparéncia no transtorno dismorfico corporal, ter uma doenga séria no transtorno de ansiedade
de doenga ou o contetdo de crengas delirantes na esquizofrenia ou transtorno delirante).

O nE LN

Tabela 1. Critérios diagndsticos para o Transtorno de Ansiedade Generalizada (TAG).
Manual Diagnostico e Estatistico de Transtornos Mentais (DSM-V, American
Psychiatric Association, 2014)

13
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Em geral, os TA representam boa parte das estatisticas em saude mental do
mundo. Segundo o Ultimo estudo em salde mental da Organizacdo Panamericana da
Saude para América Latina e o Caribe feito em 2009, os TA avaliados (TAG, transtorno de
panico, agorafobia, transtorno de estrese pods-traumatico e transtorno obsessivo-
compulsivo) se apresentaram em 66,5 milhdes de pessoas maiores de 15 anos, durante
algum momento da vida. Levando em conta que a populagdo da América Latina em 2010
era de 575,867,000 de pessoas (CEPAL, 2009), perto de 10% da populacdo (tabela 2)
apresentou algum tipo de TA ao longo da sua vida. De fato, observando sé os dados do
TAG, 20.7 milhGes de pessoas foram diagnosticadas em 2009. Isso explica os elevados
valores investidos em medicamentos para se tratar transtornos de ansiedade na regido.
Segundo o ultimo informe mundial de saude mental feito pela Organizagdo Mundial da
Saude em 2011, nesse ano foram investidos em torno de US 2,680.00 por cada 100.000
habitantes em medicamentos para o tratamento dos transtornos de ansiedade
(ORGANIZACAO MUNDIAL DA SAUDE, 2011) o que daria um total aproximado de
USS$1,.433,235.00 uma quantidade assombrosa levando em conta que esse valor diz

somente aos farmacos ansioliticos.

1.1. Tratamento dos TA

Existe uma grande quantidade de abordagens psicossociais e farmacolégicas para o
tratamento dos transtornos de ansiedade, cada uma delas com vantagens e desvantagens
dependendo do tipo de transtorno e as caracteristicas de intervencdo. Por meio da
intervengdo, procura-se a reducdo da piora dos sintomas cognitivos e somaticos da
ansiedade. Apesar da importancia de complementar estratégias psicossociais e
farmacoldgicas no tratamento dos TA, a énfase para o presente trabalho sera

farmacoldgica.
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Em relagdo aos tratamentos farmacoldgicos, a natureza dos medicamentos usados

varia em funcdo das suas caracteristicas farmacodinamicas e farmacocinéticas. Estdo

disponiveis no mercado farmacos benzodiazepinicos (BZ), inibidores seletivos da

Prevaléncia
A vida toda Ultimo Ano Atual
Transtorno Total Hom  Mul Total Hom  Mul Total Hom  Mul
Psicose ndo afetiva. 5,5 2,3 3 39 1,7 2,2 59 2,3 34
Depresséo Maior 38,4 12,8 25,3 19,6 6,1 13,3 17,2 5,7 11,2
Distimia 12,5 3,1 9,2 6,7 1,7 5,2 3,9 1,3 2,6
Transtorno Bipo|ar 5,1 2,7 2,8 2,7 1,3 1,4 2 0,8 1
Ansiedade Generalizada 20,7 7,1 13,7 12,9 4,8 8,4 5,1 1,5 3,4
Transtorno de pénico 5,9 1,7 4,2 3,5 1,1 2,4 2,3 0,6 1,6
Agorafobia 14,5 7 20,7 8,6 3,1 13,3 5,9 2 9,4
Transtorno de estrese pds-traumatico 18 14,1 21,5 7 74 6,3 23 1,2 3,5
Transtorno obsessivo-compulsivo 74 31 4,2 55 23 3 59 1,9 3,8
Abuso ou dependéncia de Alcool 44,2 38,9 6,2 22,3 18,7 38 13,3 11,4 2,6
Abuso o dependéncia de drogas 8,2 6,1 2,4 2,7 17 1 - - -

Tabela 2. Adultos maiores de 15 anos e mais afetados por algum tipo de transtorno mental em América
Latina e o Caribe. (Organizagdo Panamericana da Saude, 2009). Traduzida do original para lingua portuguesa
pelo autor da tese.

recaptacdo de serotonina (ISRS), inibidores seletivos da recaptacdo de serotonina e
noradrenalina (ISRSN), valproato de sédio, gabapentina, pregabalina; antipsicoticos
sedativos; anti-histaminicos e varios outros agentes estdo sob pesquisa (JANICAK et al,
2011). Contudo, os farmacos de maior uso no tratamento dos transtornos de ansiedade,
particularmente do TAG, continuam sendo as BZs. Diferentes estudos tém mostrado a
eficacia das BZs no tratamento agudo do TAG com um tamanho do efeito de 0.70 (GOULD
et al., 1997). Porém, existe uma grande quantidade de efeitos indesejados que incluem
déficits cognitivos, sonoléncia e letargia e dependéncia fisica e psicoldgica posterior a uso
prolongado.

Adicionalmente, a descontinuacao do tratamento resulta na volta ou intensificacdo
da ansiedade com suas manifestacdGes fisicas e psicoldgicas em 25% a 75% dos pacientes,
sindrome de abstinéncia em 40% a 100% e tolerancia em 63% a 81% dos individuos
(DUBOVSKY, 1990). Esses resultados levaram a recomendacdo do uso das BZs na sua

menor dose eficaz pelo menor tempo possivel (RICKELS, 1987; GORMAN e PAPP, 1990).
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1.2. Mecanismo de a¢ao das BZs

As BZs agem incrementando a afinidade do acido y-aminobutirico (GABA) por
alguns subtipos de receptores GABAa resultando na inibicdo do neurbnio pds-sinaptico
pelo incremento na condutdncia da sua membrana para ions de ClI (RUDOLPH E
KNOFLACH, 2011). O GABA é o neurotransmissor inibitério mais abundante do sistema
nervoso e estd associado com o controle da excitabilidade neuronal, reducdo da
ansiedade, controle dos ritmos circadianos, cognicdo, vigilancia, memoria e aprendizado
(SIEGHART e SPERK, 2002). Sdo conhecidas duas classes principais de receptores GABA: os
receptores GABAA (ionotrdpicos) e os receptores GABAg (metabotrépicos). A maioria das
acoes fisioldgicas do GABA sdo geradas pela sua ligacdo a receptores GABAa, € a sua
atividade pode ser modulada por uma grande variedade de drogas tais como as BZs,
barbituricos, esterdides anestésicos e anticonvulsivantes (SIEGHART, 1995).

Essas drogas produzem os seus efeitos ao se ligar em um sitio especifico localizado
nos receptores GABAax modulando a atividade dos canais através dos quais os ions CI
entram na célula. Essa modulagdo resulta no aumento da afinidade do GABA pelo
receptores GABAx (ANDREWS et al, 2003). Consistente com o incremento da afinidade do
GABA pelo receptor, as BZ prolongam a queda das correntes inibitorias pds-sinapticas
espontaneas e aumentam a sua amplitude em diferentes popula¢des neuronais (PERRAIS
e ROPERT, 1999; HAJOS et al., 2000) sugerindo que tal incremento na afinidade resulta
num maior recrutamento de receptores para serem ativados pelo GABA. Contudo, em
outras populacdes de neurbnios, as correntes inibitorias pds-sindpticas espontaneas
permanecem inalteradas pelas BZs (MODY et al., 1994; PONCER et al., 1995; HAJOS et al.,
2000).

Os receptores GABAérgicos apresentam uma grande heterogeneidade estrutural
(MOHLER et al, 2001). Eles sdo compostos por 5 subunidades, cada uma com diferentes
subtipos (6a, 4B, 3y, 16, 1¢, 1m, 3p, 16) (SIEGHART e SPERK, 2002). A maioria dos
receptores GABAx se compbem de subunidades a, B, vy e a diversidade na configuracao

dessas subunidades determina diferengas na cinética dos receptores, a afinidade pelo
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GABA, a taxa de dessensibilizacdo e a sua distribuicdo em neurdnios pré- e pds-sinapticos
(Fig. 1) (SIEGHART E SPERK, 2002). Receptores contendo subunidades al, a2, a3, ou a5,
combinadas com qualquer das unidades B e a subunidade y2 sdo os mais prevalentes no

cérebro e apresentam um sitio com alta afinidade por BZs.

GABA, receptor

Cell membrane

Benzodiazepine
binding site

(b)

Figura 1. Estrutura receptor GABAa (Vinkers e Olivier,
2011).

O subtipo de receptor mais comum é composto pelas subunidades alf2y2
(FRITSCHY e MOHLER, 1995; PIRKER et al., 2000) embora receptores formados por
subunidades a2 e a3 também existam em menor quantidade no cérebro. Acredita-se que
o sitio de ligacdo das BZs no receptor esteja localizado na interface da subunidade o com a
subunidade y (Fig. 1). As subunidades a2, a3 e a5 estdo frequentemente expressas com

subunidades B3 e y2 (para ver as diferentes possibilidades de expressdo e localizacdo dos
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receptores GABAa ver Tabela 3). Receptores que expressam subunidades a4 e a6 sdo

menos abundantes no cérebro e ndo apresentam resposta frente ao uso de BZs.
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1.3. Efeitos das BZs associados as subunidades do receptor GABAa

Os principais efeitos das BZs estdo associados a configuracdo dos receptores
GABAA com os quais se ligam. A sedacdo, amnésia anterdgrada, a protecdo frente a
convulsao e os efeitos ansioliticos guardam relagdo com a subunidade a expressa no
receptor. Assim, os efeitos sedativos, amnésicos e protetivos parciais frente a convulsGes
sdo mediados por receptores contendo a subunidade al (Fig. 2) (MCKERNAN et al., 2000;
CRESTANI et al., 2000; RUDOLPH et al., 1999). Os efeitos ansioliticos das BZs parecem
estar ligados a atividade de receptores contendo subunidades a2 (LOW et al, 2002) e em
menor propor¢ao, receptores a3 e a5 (com farmacos em desenvolvimento como L-

838,417 ou SL65.1498) (MCKERNAN et al., 2000; SCATTON et al., 2000).



= Sensorimolor gating
= Cognitive impainment
= Myorelaxation

= Sedation

= Addiction

= Anterograde amnesia

= Anticonvulsant activity

= Premature cortical plasticity

= Sensorimotor gating

= Suppresshon of thalamic oscillations
= Myorelaxation

= Antihyperalgesia

= Anxiolysis

= Antihyperalgesia

= Antidepression

= Cognitive knpairments in schizophrenia
= Myorelaxation

Figura 2. Efeitos farmacolodgicos dos receptores GABA, de acordo a com a

distribuicdo da subunidade a. Essa figura ilustra a distribuicdo desses

receptores no cérebro de camundongos (Rudolph et al., 1999)
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1.4. Dopamina

O neurotransmissor dopamina (DA) tem um papel importante na modulacdo de
fungbes motoras, mas também tem sido associado com motivagao, recompensa e reforgo
(DA CUNHA, 2012).

A dopamina (DA), assim como a adrenalina e noradrenalina pertence a familia de
neurotransmissores da classe quimica das catecolaminas (TRITSCH e SABATINI, 2012).
Esses neurotransmissores ndo causam despolarizacdo de outros neurdnios; eles modulam
a neurotransmissao glutamatérgica e GABAérgica. Por essa razao podem ser mais
propriamente chamados de neuromoduladores que neurotransmissores.

A sintese da DA tem como precursor o aminoacido tirosina. A tirosina é convertida
em L-3,4-diidroxifenilalanina (levodopa, L-DOPA) por agdo da enzima tirosina-hidroxilase .
Subsequentemente, a L-DOPA é convertida em DA por acdo da enzima DOPA-
descarboxilase. Uma vez sintetizada, a DA é transportada para vesiculas sinapticas pela
proteina transportadora de catecolaminas (VMAT) (KOLB e WHISHAW, 2007). Quando os
terminais sinapticos dos neurdnios dopaminérgicos sdao despolarizados a DA é liberada por
exocitose e se liga a receptores especificos, tanto pré- quanto pds-sindpticos (TRITSCH e
SABATINI, 2012). A DA liberada pode ser degradada pela enzima catecol-O-metil-
transferase (COMT) assim como pela enzima monoamina-oxidase (MAQ) extracelular ou
ser transportada de volta para o terminal sinaptico pela agdo do transportador de DA
(DAT) onde é armazenada em vesiculas sinaptica ou degradada pela acdo da MAO
intracelular. Além disso, uma parte da DA liberada se difunde, podendo atuar em
receptores que estdo fora da sinapse. (STANDAERT e GALANTER, 2012; BJORKLUND e
DUNNETT, 2007)

Os receptores dopaminérgicos sdo do tipo metabotrépicos (acoplado a proteina G)
e fazem parte de duas familias: D1 e D2. A ligacdo da DA a receptores da familia D1
(formada por receptores D1 e D5), leva ao aumento do AMP ciclico (AMPc), o que resulta
na ativacdo da proteina cinase A (PKA). O contrario ocorre quando a DA se liga com

receptores da familia D2 (formada por receptores D2, D3 e D4). Estes receptores estdo



23

acoplados a proteina Gi e Gp e a sua ativacdo resulta na diminuicdo da concentracdo de
AMPc. A PKA fosforila canais idnicos de K* e Ca*? voltagem-dependentes. Isso altera o
potencial de membrana resultando em uma maior ou menor probabilidade de que a
liberacdo de glutamato despolarize o neurénio pds-sinaptico. Na maioria das situacdes, a
ativacdo de receptores da familia D1 resulta em uma maior probabilidade de
despolarizacdo, enquanto a ativacdo de receptores da familia D2 resulta em uma menor
probabilidade de despolarizacdo. Porém, a depender do potencial de repouso da
membrana pos-sinatica e da frequéncia de potenciais de acdo das fibras glutamatérgicas,
a ativagdo dos receptores D1 pode resultar em uma menor probabilidade de
despolarizacdo (FLORES-BARRER a et al.,, 2011, BEAULIEU e GAINETDINOV, 2011; NEVE
et al., 2004). A ativagdo de receptores D2 pré-sindpticos inibe a sintese e a liberagdo de DA
(STANDAERT e GALANTER, 2012).

Os corpos dos neurdnios que produzem DA formam pequenos nucleos localizados
no mesencéfalo chamados de substancia negra pars compacta (SNc) e area tegmentar
ventral (ATV) (GERFEN e SURMEIER, 2011). Os neur6nios da SNc formam projecdes para o
estriado dorsal e os neurdnios da ATV formam projecdes para o estriado ventral (incluindo
o nucleo accumbens, NAc), cortex pré-frontal, amigdala e hipocampo.

Existem trés principais vias dopaminérgicas: a via nigroestriatal que vai da SNc aos
nucleos caudado e putamen, dois nucleos que em conjunto sdao chamados estriado dorsal;
a via mesolimbica que forma projecdes da ATV direcionadas ao cortex pré-frontal, ao NAc
e outras estruturas do sistema limbico relacionadas com os transtornos de ansiedade, tais
como a amigdala e hipocampo e a via tubero-infundibular, em que os neurdnios que
contém DA nos nucleos arqueado e periventricular do hipotalamo projetam ax6nios para
a eminéncia mediana do hipotalamo. Entre as areas do cértex pre-frontal que recebem
aferéncias dos neurdnios dopaminérgicos meso-limbicos estdo também estruturas
relacionadas aos transtornos de ansiedade, tais como o cértex orbito-frontal e o cortex

cingulado anterior (KOLB e WHISHAW, 2007).
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1.5. Técnicas de monitoramento da DA

Existem técnicas de monitoramento da concentragao extracelular da DA como a
microdialise e a voltametria ciclica de varredura rapida, ambas usadas no nosso estudo. A
microdialise tem uma boa seletividade quimica, porém, tem uma resolucdo temporal
pobre, da ordem de minutos a horas, sendo mais adequada para observar as liberacoes
tbnicas de DA (CHEFER Et al., 2009; ROBINSON et al., 2009). J& a voltametria ciclica de
varredura rapida ou FSCV (fast scan cyclic voltammetry) realiza uma amostragem com alta
resolucdo temporal (décimos de segundos), embora ndo apresente uma alta seletividade
guimica. A FSCV é a técnica mais adequada para registrar a liberacdo fasica de DA.

Os registros de FSCV sao feitos com eletrodos de fibra de carbono, onde é aplicado
repetidamente um ciclo de variagao de potencial elétrico. Essa variagdo ou varredura tem
a forma de uma onda triangular que vai de valores de potencial elétrico onde nenhum dos
analitos se oxida até valores superiores aos necessdarios para oxidar todos os analitos.
Apds a inflexdo do potencial, este faz uma varredura decrescente, diminuindo
gradativamente até os valores iniciais (ver Fig. 3). Na fase ascendente dessa rampa de
potencial elétrico, os grupos quimicos dos analitos que podem se oxidar, doam 0s seus
elétrons para a superficie da fibra de carbono. Na rampa descendente de potencial, os
analitos que podem se reduzir, recuperam os elétrons anteriormente perdidos para o
eletrodo, regenerando, assim, o analito que serviu de substrato as reacdes de oxi-reducao.
Apds os registros de FSCV in vivo, os eletrodos de carbono sdo calibrados com
concentracgGes conhecidas de DA para que os valores de corrente possam ser extrapolados
para as concentracdes de DA reais (ROBINSON et al., 2003; WIGHTMAN, 2006; ROBERTS
et al,, 2013).
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Figura 3. Voltametria ciclica de varredura rapida. A) Ondas triangulares ciclicas de varredura do potencial
elétrico sdo aplicadas ao eletrodo de registro. Isso faz com que a dopamina se oxide na fase ascendente da
varredura e que o seu produto de oxidagdo, a dopamina orto-quinona, se reduza a dopamina na fase
descendente da varredura. Os elétrons gerados pela dopamina durante a oxidagdo sdo doados para o
eletrodo e os elétrons necessarios para a oxidagdo da quinona sdo doados de volta pelo eletrodo. B) As
correntes de oxi-redugdo da dopamina e sua quinona estdo representadas em 3 tipos de grafico. Aqui estdao
representados apenas os dados apds a subtragdo da linha de base (veja texto). O voltamograma ciclico da
oxi-redugdo dopamina/dopamina orto-quinona mostra seus potencias 6timos de oxidag&o (valores positivos)
e de redugdo (valores negativos). Os dados de todos os voltamogramas (10 voltamogramas a cada segundo)
sao representados em um color plot onde o tempo é representado no eixo do x, a variagdao de potencial
elétrico a cada ciclo é representada no eixo y e as correntes de oxida¢cdo/redugdo sdo representadas por
cores. Os pontos verde e preto desse color plot mostram a oxidagdo e redugdo da dopamina
respectivamente. A variagdo de corrente no potencial 6timo de oxidagdo da dopamina ao longo do tempo
(linha pontilhada do gréfico central em B) é mostrada no grafico de linha a direita. Esses valores podem ser
transformados em valores de variagdo na concentragao de dopamina usando uma curva de calibragdo do
eletrodo obtida com concentragées conhecidas de dopamina (Robinson e Wightman, 2007).
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1.6. Substrato neural da ansiedade, o medo e o panico

Um dos assuntos mais estudados nos TA, sdo os seus substratos neurobiolégicos.
Assim, tem sido estabelecida a participacdo de diferentes estruturas corticais e
subcorticais modulando rea¢des emocionais como a ansiedade, o medo e o panico
(GRAEFF, 2010). Na ansiedade humana, o Sistema septo-hipocampal parece estar
relacionado com as manifesta¢des cognitivas na ansiedade, como a tipica preocupacao
sobre eventos futuros e o rumo desses pensamentos. A ativagdo que acompanha esses
processamentos cognitivos parece ser mediada pela amigdala. Esta ultima, parece estar
envolvida adicionalmente nos processo de medo aprendido, assim como, na recuperagao
e evocacdo das memorias emocionais (FANSELOW, 2010; DAVIS, 2004).

Por outro lado, a emocao que é experimentada naqueles casos em que a tendéncia
¢é evitar a fonte de perigo, a emocdo presente é medo e ndo ansiedade. As estruturas
envolvidas nesse sistema, chamado “sistema cerebral de defesa” s3do a amigdala, o
hipotalamo medial e a substancia cinzenta periaquedutal (SCP) (GRAEFF, 2010). A
amigdala avaliaria o tipo e magnitude do perigo enviando essa informagdao ao
hipotalamo e SCP que e organizariam os comportamentos adaptativos de defesa
(FANSELOW, 2010). Paralelamente, outro grupo de estruturas, incluindo o complexo
septo-hipocampal foi chamado de “Sistema cerebral de aproximacdao”. O principal
subtrato desse Sistema de defesa (defesa proximal) é a coluna dorsolateral da SCP
(BANDLER E KEAY, 1996).

O Coértex Prefrontal Medial (CPFm) esta envolvido na coordenacdo das reagdes de
defesa dadas as conexdes diretas com estruturas subcorticais (amigdala), diencefalicas
(hipotalamo) e no tronco encefalico (PAG e nucleo dorsal da raphe que contém células
serotoninérgicas). Como foi comentado previamente, estas estruturas participam na
modulacdo de comportamentos de defesa (GRAEFF, 2010). A CPFm pode também
modular a atividade do feixe Hipotalamo-Pituitdria-Adrenal (HPA) através de conexdes

diretas com o Nucleo Vermelho da Estria Terminalis (NVET) ou o Nucleo Paraventricular
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do Hipotalamo (NPV) e indiretamente através da suas conexdes com a amigdala a qual
projeta para o NPV através do NVET (GRAEFF, 2010). Finalmente, o CPFm modula a
atividade cognitiva caracteristica dos humanos é de particular interesse nos TA. Tal
atividade permite, emtre outras coisas, prever eventos futuros e anticipar as
consequéncias do proprio comportamento, ambos os dois possiveis fontes de
preocupacdo (BERKOWITZ et al, 2007), o sintoma pricipal do TAG. Essa modulagcdo tem
um efeito direto na resposta emocional exacerbada tambem caracteristica deste
trastorno.

Finalmente, o CPF tem uma importante tarefa na regulacdo das expressoes
emocionais (o que tem sido observado através de estudos de neuroimagem) atenuando a
resposta emocional nas estruturas subcorticais involvidas o que poderia ser a base da

modulac¢do da experiéncia emocional (GRAEFF, 2010).

1.7. Nicleo Accumbens, DA e Ansiedade

Embora o NAc ndo tenha sido centro da pesquisa em Ansiedade, as conexdes que
mantém com estruturas diretamente envolvidas no processamento emocional tem dado
bases para estudar a sua possivel participagdo no processamento da experiéncia
emocional (LE MAITRE et al, 2006). O NAc esta localizado na parte ventral do estriado e
tem sido relacionado com diferentes funcbes que podem ser relevantes para os
transtornos de ansiedade, tais como o medo, estresse, motivacdo, recompensa,
comportamento de defesa, cognicdo, atividade motora, comportamento sexual, estresse
(ZARRINDAST, 2015). O NAc contém duas sub-regides conhecidas como “core” e “Shell”,
as quais tém algumas diferencas na sua conectividade e nas suas fung¢des (PISTILLO et al,
2015). A principal populagdo de células no NAc se compde de neurbnios espinhosos
médios (NEM) que representam 95% das células nervosas localizadas nesta regido. O
outro 5% consiste de inter-neurdnios colinérgicos e GABAérgicos (TEPPER E BOLAM,
2004). Embora tenha sido identificada uma organizac¢do similar as chamadas vias diretas e

indiretas do estriado dorsal (NICOLA, 2007), a organizagao dos NEM no NAc é menos clara
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(SESACK E GRACE, 2010). O NAc core projeta para a porcao dorsolateral do palido ventral
e do nucleo subtalamico que, por sua vez, projeta para o nucleo médio dorsal do talamo.
Os NEMs do NAc shell que recebem projecdes da ATV projetam de volta para os NEMs do
NAc core (PISTILLO et al, 2015). Os NEM recebem também projecGes glutamatérgicas do
cortex pré-frontal, do hipocampo ventral, da amigdala basolateral e do tdlamo medial.
Eles levam diferentes tipos de informacGes, particularmente aquelas relacionadas com o
aprendizado por reforc¢o positivo (BRITT E BONCI, 2013).

O NAc participa do circuito neuronal da ansiedade. Ele forma uma estacdo que
recebe da amigdala e de outras estruturas limbicas informagdo sobre a relevancia
motivacional de estimulos e pode deflagrar respostas motoras relacionadas a ansiedade
(LE MAITRE et al., 2006). Alguns neurotransmissores liberados no NAc podem estar
envolvidos na ansiedade como acontece no caso da DA (ZARRINDAST et al, 2008). O NAc
pode mudar a atividade dos neurdnios dopaminérgicos da ATV direta ou indiretamente,
através dos NEM que projetam do NAc para a ATV ou envolvendo o palido ventral
respectivamente (NICOLA, 2007). Assim, tem sido observado que em ambientes
estressantes ocorre o aumento da DA no NAc (ZARRINDAST et al, 2008; LECOURTIER ET
AL, 2008; XIA et al, 2011) levando a uma reorganizagao funcional dos NEM, um efeito que
poderia ser relevante na explicacdo dos estados motivacionais alterados observados nos
transtornos de ansiedade (CHRISTOFFEL ET AL, 2011). Dar mas detalles

O presente estudo visa elucidar, por meio de uma abordagem neuroquimica, o
efeito do agonista benzodiazepinico diazepam (DZP) na liberacdo de DA evocada
eletricamente no NAc, assim como o efeito do antagonista benzodiazepinico flumazenil
(FLU) sobre esse mesmo parametro. Os resultados deste estudo sdo importantes para
compreender melhor o mecanismo de acdo das BZs, dada a sua importancia terapéutica
no tratamento dos transtornos de ansiedade e outros usos na clinica, assim como os

possiveis mecanismos envolvidos nas suas propriedades aditivas.
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2. Objetivo Geral

Determinar o efeito de um agonista benzodiazepinico (DZP) e de um antagonista
benzodiazepinico (FLU) na liberacdo de DA evocada eletricamente no NAc de

camundongos anestesiados.

2.1. Objetivos especificos

1. Padronizar o uso da técnica de voltametria ciclica de varredura rdpida
(FSCV) para uso em animais anestesiados.

2. Monitorar os niveis extra-celulares de DA evocada eletricamente no NAc de
camundongos anestesiados durante aplicagdo de um agonista e um
antagonista BZs

3. Observar a capacidade da voltametria ciclica de varredura rapida (FSCV)
para identificar variacdes na cinética de liberacdo e recaptacdo da DA apds
a aplicagao de um agonista e um antagonista benzodizepinico assim como
do inibidor do transportador de DA nomifensina.

4. Interpretar os dados a luz do conhecimento atual sobre o mecanismo de

acdo dos BZs e os resultados obtidos neste trabalho.
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53.  Role of NAC DA in motivation

Deep bran stimulation (DES) of the basal ganglha (BC) s a
welleestablished FDA-approved therapy for a vanety of move.
ment disorders such as Parkinson’s disease (PD), essential tremor,
and dystonsa (Benabnd et al., 1989, 1994 2006; Benabed, 2003:
Lang and Lozano, 1998) Addmonally, it 15 an emerging thers
mhmﬂm&ﬂ:nﬂwmm
epulepsy. Tourette syndrome (15), major depression, and obsessives
mmuu(ocn)(mgn al, 200%; Fsher et al,
2010} Despite s chimacal success on these and other neuros
logx and psychiatnc disorders, there s 2 hmited understanding
of the therapeutx mechamism behund DES. In this review we
discuss the current theones of DBS behind modulating BC dysfuncs
tion. Here, we explore current theones regarding BC dysfunction
and the mechanisms underiying the assocated motor deficat and
neuropsychiatne symptoms in order to explore BC dysfunction

n response to DES of cortico-BC targets.

A complete implanted DES system consasts of 2 pulse genera-
tor i the abdommal or mfraclavicular repon, which delivers the
stimulation pulses via an intracerebrally implanted electrode. The
stimulus is delivered via 3 chinecal multicontact electrode in whach
each contact is typically 1.5 mm in length and 1.27 mm in duameter
{odinho et al, 2006). The generator is connected to the electrode
and battery powered. Stimulation parameters (pulse wadth, amph.
tude, frequency etc.) can be changed transdermally in order to
optimaze the therapeunc effects (Lyons, 2011)

There are several DES targets within the basal ganghia (BC) that
have been optimized to treat the aforementioned disorders. The
subthalamec nucleus (STN) (Rodnguez<Oroz e al, 2004), internal
part of the globus pallidum (CP), or pedunculopontine tegmens
tal nucleus (PPT) (Stefans et al, 2007) are shown to be effective
in treatmg PD. To treat Huntington's disease (HD) and prnimary
dystonia, CPi has been effectively targeted (Moreno ot 2l 20014
Vidadhet et 2l 2013) The nudeus accumbens { NAc), angulate cors
tex, and antenor lumb of the internal capsule are targets to treat
major depression (Kuhn et al, 2014: Schizepfer et al, 2008: Lozano
et al, 2008; Baker et al, 2007; Bewermack et al, 2010; Pandya et al,
2012). The antenor imb of the internal capsule = targeted to treat
OCD(Creenberg et 2l 2006). Finally, the internal capsulefNAC, cene
tromedian/parafasaculans (CMPY) and the CP1 are used to treat TS
(Hanz and Robertson, 2010; Neuner et al, 2009 Saleh ot 2l 2012;
Welter et al, 2008: Wilhams and Okun, 2013) Here, we wll dis.
cuss the rationale and potential mechanism behind the effective
treatment of the disorders associated with these BO DBS targets.

In this review, we explan how BC dysfunction is thought to
give nse to an array of motor-related and newropsychiatne dise
case states, and present the current theones surrounding how
DES of cortico=-BG targets may lead to symptom relief The BC has
been proposed as 2 system to make selections: actionesedection,
reasoningfcognition related selections, and motvational state

selections (Do Cunha et al, 2009, 2012; Redgrave et al, 2011}
Understanding how the cortico-BC arcuitry 1s susted for such come
putations 1s antxal to understand how eleancal stimulation of
parts of this system can improve motor and psychiatne functions.
Here, we new emergng theones pertamming to the diverse
roles of the BC in acton-selection, cognition, and motivation that
support the notion that BC function s haghly complex, and may
therefore be sub-optimally controlled by simple continuous large

systems level, will open the door to more sophasticated and mdi.
viduahzed DBS technologees.

2. BC cortico-thalamic loop
2.1. Crcunts and comnections

A growing body of evidence has shown that the BC forms a
neural network dedscated to selechion (MNicola, 2007 Redgrave
et al, 2008, 2010; Da Cunha et al, 2009, 2012; Goliner et al,
2011). The strongest evidence is related to achoneselection by the
cortico-BC motor loop (Frank and Claus, 2006; Frank, 2011; soda
and Hikosaka, 2011; Mmnk, 1996; Mogenson ot al, 1980) in this
loop, information from nearly all cortical and limbec subcortical
areas flow mto the BC imnput stations, including the dorsal stnatum
{Alexander et al, 1986) and STN (Nambu e al, 2002) The dorsal
striatum also recesves nput from the thalamus (Parent and Hazran,
19953 ). More than 90X of the stnatal neurons are CABAeTgic pro-
jection neurons named medmum spmny neurons (MSNs) (Sesack
and Crace, 2010). They compose two populations that make direct
and mdirect projections to the mam output stations of the BG:
the substantia nagra pars reticulata (SNr) and the CP (Alexander
et al, 1986) The external part of the globus pallidum (CPe) sends
inhibitory projections to the SNrfCPL Next, the STN sends excit-
atory projections to the SNrfCh (Alexander et al, 1986). The BC
output stations (SNrfCP1) project mostly to motor areas of the
thalamus (e.g. the ventrolateral thalamus), which in tum, progect
to motor areas of the neocortex (Alexander et al., 1986: Albmn
et al. 1999 Parent and Hazrary 199%2.b) The inhdbitory control
of the BC over the thalamocortical neurons can be increased by
the hyperdwect pathway formed by cortical projections that bypass
the stnatum by sending “hyperdirect” exaitatory projections to the
STN that stsnulate the SNrJCPI (Nambu et al, 2002) (Fig 1) AR
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BC nuclel are modulated by dopamunergic and CABAsTEx projecs
tions from the substantia nigra pars compacta {SNc) and ventral
tegmental area (VIA) , and by cholinergic, glutamaterge and, to a
lesser extent, by CABAergic projections from the PPT (Parent and
Hazrat, 1995b: inghs and Winn, 199%)

22, Dopamime as the mamn modulator of the BC

In the dorsal stnatum, both direct and indirect pathways are
modulated by newrons. Dopamune (DA) is released
in the dorsal and ventral stnatum (which mcludes the NAC) by SNc
and VIA neurons, respectively (Bporkiund and Dunnett, 2007). Pope
ulation release of DA produces a slow tme course of changes i
extra-synaptic DA concentrations (Crace. 1991). Under thas tonic
release of DA, the extra<synaptic DA concentration in the striatum
may be as low as 40 to 50 nanomolar (Sharp o1 al, 1986 Church
et al, 1987) Short duration bursts of high-frequency firmg of DA
nEUrons cause transent ncreases m the extracellular DA concens
tration to mucromolar levels, which have been labeled as phasic DA
release. While changes in tonic DA do not seem to impact behawvior,
phasx DA = proposed to cause robust changes in behawvior and to be
mvolved in predichioneerTor encoding and resnforcement learmang
(Kuczensia and Segal, 1989; Kabvas and Duffy, 1990; Shultz, 1997)

DA receptors have been classified into two subtypes desige
nated D1+ and D2-like DA receptors (Richfield et al, 1989) Tomc
levels of extracellular DA concentrations can activate high affine
ny D2 receptors. In contrast, phasic actwvity of DA neurons is
needed to increase the extracellular DA to 2 concentration neces-
sary to activate D1 receptors (Kichfield et al, 1989: Crace, 199%;
Horesco et al, 2003). D1shke receptors (D1 and D3) stmulate Cs
proteins; D2-hike receptors (D2, D3 and D4) stimulate Co or Ci
protens (Neve et al, 2004) The result 5 shmulation or inhibi.
tion of the cychc adenosine monophosphate (cAMFP) dependent
protein lkanase A (PKA) (Stoof and Kebabian, 1984). PKA, in turn,
phosphorylates voltage-dependent K* and Ca** channels, leading
to changes in the resting potentials of pre- and post-synaptic mems
branes (Svenningsson et al. 2004). Although all five DA receptors
are expressed in the stnatum, D1 and D2 receptors are by far the
most abundant (Surmeser et 2l 1996). MSNs of the direct and indis
rect pathways (see Fig 1) express predommantly D1 and D2 DA
receptors, respectively (Cerfen et al, 1990 Vahent et al, 2009
Certier et al, 2008; Hersch et al, 1995 Surmeser et al., 2007). D2.

like receptors are also expressed in the presynaptic termanals of

migral and VTA doparmunergic neurons (Benos-Marand et al, 2001)
and in the termunals of corticostnatal newrons (Wang and Pckel,
2002} As mentioned above, in the dorsal and ventral stnatum, D1-
and D2<like receptors are mostly segregated into two populations
of MSNs whach send direct and mdirect projecnions to the BC out-
put stations { Kobertson and jlan, 1995; Nucola, 2007 ). Although thas
has not been completely established, it has been proposed that
MSNs in the NAC expressing predominantly D1« and D2«like recepe
tors are also segregated into two subpopulations of MSNs; both
project to the ventral pallidum (the mamn output station of the ven-
tral stnatum) in 2 manner that might be equivalent to the direct
and indirect pathways of the dorsal stnatum (Nxols, 2007)

Stnatal MSNs osallate between the so-called down state
(hyperpolanzed) and up state (membrane potential closer to the
depolanzanon threshold ). MSNs fire in response to exctatory ghue
tamatergic cortical and thalamic iputs only when they are n the
up state and DA 15 released in 2 concentration enough to actie
vate D1<like receptors. Under these conditions activation of D1 like
receptors merease the likelthood of an MSN of the dwect pathway
to fire. In contrast, in the hyperpolarzed down state actvanon of
D1 receptors cause mnbabetion of MSNs (Flores<Barrera et al_ 2017;
for a review see Surmeser ot 3l 2011} This dual<condition mecha«
nism probably works as a filter to increase the signaleto-noise rato
of corticostnatal neurotransmission. MSNs switch between down
and up states depending on the activety of corticostnatal neurons.
Stronger cortcostnatal are supposed to encode relevant
mformation for acnon-selecnon whale weak signals are more hikely
tobe urelevant nowe. This mught increase the likelihood of the most
proper action to be chosen by activation of speafic MSNs. Activae
tion of D2 receptors prevents the transition of MSNs from the down
state to the up state (Surmeser et al, 2011)

3. Current theory of DES on modulating BC dysfunction
1.1. DES m Parlanson’s disease (PD)

PD is one of the most common neurclogical movement dise
orders. It is charactenzed by a progressive loss of dopamanergic
neurons in the SN, leading to a massive reduction of extraceliu.
lar DA levels in the striatum (Lim and Lang, 2010; Wichmann and
Delong, 2011) This reduction prevents activanion of both D1 and
D2 dopaminergic post=synaptic receptors in the stnatum that stime
ulate the direct and inhabt the indirect cortico-BC pathways. Thus,
activity in the direct pathway 1s diminashed and activaty in the indie
rect pathway s increased (Alexander et al, 19%6). High frequency
neuronal discharges in CPYSNr and STN and low frequency finng
in the CPe are observed and this causes inhsbition of motor nucle:
n the thalamus (Bergman et al, 1994; Miller and Delong, 1987;
Soares et al, 2004; Wichmann et al., 1999) (Fig 2). The final result
is the inhsbinon of movement mitiation (alonesia) and increased
mhsbetion of ongoing movements (muscalar npdety ) {Okun, 2012}

DES has grown consaderably in the past decade as a therapeunic
alternative for advanced PD and 15 consadered an effective inter-
vention to treat PD motor deficats (Wichmann and Delong, 2011)
The most common targets for this intervention indude the motor
portions of CP1 or ST\ In 2009, NIH COMPARE tral revealed no
signsficant differences in STN or CP1 DBS regarding motor deficat
mmprovement { Williams and Olaan, 20113} In addition, recent tne
als found comparable results for medicanon reduction, notably
t=DOPA, mn patients with STN or G DBS (Deuschi et al, 2006;
Okun et al, 2012; Schuepbach ot al, 2013; Odekerken et al, 2013;
Folletr, 2010). However, long«term cognitive problems have been
reported in some STN DBS patsents (Weaver et al, 2012} Hence, STN
DBS 1s considered to be more suitable for patients with high dose

medications and no sigmficant cogmtive deficats (Rodnguez«Oroz
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et al, 2004 ) CP1 s 2 good target for patients with dyskmesia andjor
preexisting cognitive msues (Wilhams and Okun, 2013} Thus, DES
in both STN and Ch sigmificantly improves the qualsty of life for
advanced PD panents and 1s mare effective than medication mane
m(w;-amrs&m).

The mechanssms of acthon of DES for motor improvement in PD
patients are still unclear. In agreement with the hypothesis that
DES modulates neural activiaty, CPe and SNr newronal finng records
show that pathologxcal low-frequency (~9 Hz) network osaillations
are regulanzed by hagh-frequency STN DES; and that newrons are
entraned to fire at the stimulation frequency pattern (Mo onnedl
et al, 2012} in addithion, STN DES may inhibit STN neurons through
activation of CABAergic neurons progecting from the CPe to directly
activate axons of nearby neurons (Mcntyre ot al, 2004). Recent
studies in rodents suggest that STN DES influences cortical actrve
ity via antidromic activation of the hyperdwect pathway (L e al,
2007 Cradinaru et al, 2009) In general terms, there are multiple
putative mechamisms by which STN/CP DES may affect BCG newral
activaty in 2 manner that improves PD motor deficts. DES inhibats
local neural finng while activating antxdromec and orthodromic
axonal conduction (Li et al., 2007; Deyean et al, 2009; Gradinaru
et al, 2009). It alters concentrations of excitatory and inhibstory
neurotransmutters, neural finng patterns, and may mcrease neuros
geness (Lee ot al, 2009; Tye et al, 2009; Bourne et al, 2012) Thus,
it appears that the multiple mechanisms of action of DES in cortico-
BC function culmanate i the remnstatement of balance within BC
connections {Wichmann and Delong, 2011). One potential expla.
nation for effective STN or GPi DES 1s the idea that DES normalizes
inhibition from CP to thalamus (Rubin et 2l 2012).

A recent study investigated functional magnetic resonance
imaging (MRI) analysis of the effects of unilateral (single electrode)
D&S of the STN and entopeduncular nucleus (EN), the non-pnmate
analog of the pnmate CA, n 2 normal large ammal (swine) Ths
study showed that STN and ENJCP DES signsficantly increased
blood-axygenslevel dependent (BOLD) actrvation in the sensonme
otor network (Mm et al, 2012) Concomitant fMRI with DBS has
also been descnibed in rodents, revealing nons-specific motor cortex
BOLD increase (Las et al, 201 3; Younce et al, 2014). Finally, the net«
work effects of DBS in nonhuman pnmates have been investigated,
showmng that STN DES ssmularly increased BOLD activation m the

SCTSOMMOLOr Corex, supplementary motor area, caudate nucleus,
PPT, angulate cortex, msular cortex and contralateral cerebellum.
These results demonstrate that STN DBS evokes newral network
grouping within the motor network and the BC (Min et al, 2014)

There 15 increasing evadence that DES exerts both its thera-
peutic and adverse effects by modulating neural actrwaty through
anatomical and functional connections related to the stime
ulation area and s swrroundmng structures (Chopra e al, 20011:
Frankemolle et al, 2010: Knngelbach et al, 2007 Mallet et al,
2007; Mcintyre and Hahn, 2010) The bram’s dense winng makes
it challenging to charactenze the effect of electncal stmulation
on neuronal commumcation beyond a few synapses. Functional
bran imaging has the advantage of provwding global assessment
of ssmultancous newural activity. Much as we have found in swane
and non-human pnmates, studies in PD patients dunng STN DES
show modulation of motor and non-motor areas mchuding the pne
Mary SensorEmotor CONnex, Premaotor COMex, Sensory motor area
{SMA), dorsolateral prefrontal cortex, thalamus, BC, insular cortex
and contralateral cerebellum (Asanuma et al 2006; Crafton et al,
2006: Hashinger et al., 2003: Kahan et al, 2012; Phalbips et al, 2006:
Stefurak et al, 2003). Positron emission tomography (PET) studses
have implicated panetal and temporal cortices dassically defined
as assocutive and limbic structures (Hershey et al., 2003 Le jeune
et al, 2010)

There are several chimcal observations pointing toward an adds-
tional mechamsm of action of STN DES in PD involving the mdirect
activanon of surviving nigrostnatal dopamanergic neurons. For
example, STN DES typecally decreases or eliminates the need for 1
DOPA (Moro et al., 1999 Molinuevo et al, 2000). It 1s most effective
in PD patients who respond well to 1DOPA (Brest e2 2l 2004) and is
contrandicated for those who do not respond to 1-DOPA (Kern and
Kumar, 2007) Thas suggests that therapeutic DBS requares endoge-
nous DA production in the BC. DBS may even ehat dyskinesias that
resemble those observed with increased L-DOPA dosage (Limousin
et al, 1959%) and impulsivity, 3 DA-related behavior (Frank ot al,
2007). These chnxcal observations point toward the hypothesis
that STN DES may evoke DA release from surviving nigrostnatal
dopamnergic neurons to the BG to contnbute to the
therapeutic effects of STN DBS. They also chict unwanted side
effects when combined with mappropnately hagh doses of L-DOPA.
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Using 1n vivo electrochemical recording techmques, it has been
shown that stmulation of the STN = capable of
evolang stnatal DA redease in the intact and 6-0HDA DA lessoned
rat(Lee et al, 2006 Covey et al, 2008; Blaha et al., 2008) An mpors
tant question for future mvestigation is whether STN DBS improves
PD symptoms via the release of DA in the BC.

Another STN DBS mechanism may be stimuliton-mduced
adenosine (ADO) release. This importamt, but understudied,
endogenous neuromodulator 15 present in all cells and plays a
role in the regulation of physiological activity In vanous tssues
(Latm and Pedata, 2001 ) ADO has been shown to be released near
the DES electrode m the thalamus, and appears to be cntxcal for
tremor relief (Bekar et al, 2008). In the central nervous system,
ADO regulates cerebeal blood flow by signaling at A2A receptors,
and to a lesser extent at A2B receptors | Cechova and Venton, 2008)
As it 15 2 product of ATP degradation, is release from cells s
a sign of a hagh metabolic rate (Masino and Dulla, 2005) Thus,
mcreases in extracellular ADO appear to match clevations in ceres
bral blood flow that result from increases in neural activaty, directly
amenable to measurement with IMRI (Frulbps, 2004; Brundege and
Dunwndde, 1997} ADO A2A and DA D2 receptors are found on
stnatal CABAerpic MSNs that compnse the indirect stnatal out-
put pathway, whereas ADO Al and DA D1 receptors are found
on CABAerc MSNs that form the direct stnatal output pathway
(Fredholm et al, 2005) In the stnatum, cholmergic mterneurons
are one of the main sources of ADO (James and Richardson, 1993)
Dopammergic input from the SN¢ mto the stnatum inhibats the
release of acetyicholine through D2 receptors and also snmulates
its release through DA D1 receptors (Damsma et al, 1990: Bertoreth
and Consolo, 1990} In this regard, it s of interest to note that
at the arcunt level, using fast scan cyclic voltammetry (FSCV) to
measure ADO redease several groups have demonstrated that highe
frequency stmulation of the SNc elxcits ADO release in the striatum
of the rat and pag (Cechova and Venton, 2008: Shon et al., 2010ab)

Current DES practice 15 based on the idea that haghefrequency
stmulation acts as 3 functional lesion by inhibiting or exating
speafic brain repons. However, as our understanding of the meche
anasm behind DES expands, we understand that there 1s substantial
vanabality in s therapewtx effect. A recent study companng pre-
and postoperative diffusion tensor imaging mn a PD patient under-
goang bilateral STN DES showed changes in structural connectivity
before and after DBS. Using a computational model of spontancous
bramn actrvity in thas patient, van Hartevelt et al. found signsficant
localized structural changes after long-term DES in sensory-motor,
prefrontalflimbec, and olfactory bramn regions. Thes suggests thae
longsterm DES affects global structural and functional connective
ity and changes in neural plasticity (van MHartevelt et 2l 2014)
Although our general understanding 15 improving, there are sull
hpwdmmmmmﬁm
D#S in neurologic and neuropsychiatne disease.

312, DES m Huntington's disease (HD)

HD is an autosomal domanant neurodegenerative disorder of
stnatal MSNs caused by the extensive repetition of the CAC
sequence in the huntingtin gene (5pp ¢ 4l 1997 The mutant form

protewn
respiration, autophagy and calcum homeostasis (Ladelberg and
Surmeser, 011}

A predomunant death of striatal MSNs in the ndirect cortico-BG
pathway s observed in HD (Remner et al, 1998: Albmn et al, 1989;
Menalled et al, 2000- Raymond et al, 201 1) Loss of thes circuit leads
to a condition where the ‘break’ provaded by the indwect pathway
15 absent; therefore, improper movements are no longer inhabited.
This 15 proposed to be the cause of chorea, the man observed
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motor . charactenized by spasmodac imegular movements
n arms, legs, or in face muscles (Albin et al, 1990). Motor incoors
dination and cognitive deficits are also observed. In addition, other
hyperikinetic { dystonia, myocionia, tics) and hypolanetic dysfunce
tions (akinesia and muscular ngidity) are present. These motone
deficits are claimed to result from increased DA function in the early
phase and decreased DA function i the late phase of HD (Raymond
etal, 2011}

The preferential loss of mdirect pathway MSNs reduces
mhabstory CABAermc mput to the CPe leading to an increase m
CABAergic inhubstion of the STN from the CPe. This mhibition
s thought to lead to a decrease in STN glutamatergc exctatory
drive on the CPSNI. In tum, CASNr CABAerpc inhibition of
the thalamus = reduced, inducing an overflow of glutamate m
motor areas of the cortex, and resultant hyperkinetx movements
(Chevaler and Densau, 1990; Raymond et al, 201 1). Although much
more s understood into the mechansm of DES and PD, the docu-
mented increased finng rates n CPe and decreased finng rates m
CP1 observed in a HD patient strongly pont toward a mechamsm
behind effective CP DES for motor defiats in HD panients (Fig. 1)
(Starr et al, 2008; Edwards et al, 2012)

1.3 DES i obsessive-compulsive disorder (OCD)

OCD = a type of amaety disorder that happens when habits
become compulsions. Obsessions are falures to inhibit invasive
thoughts or images and compulsions are failures in inhibiting cer
tain behaviors (Bowrne & al, 2012) Disturbances in the cortico=BC
limbic loop, espeaally the orbitofrontal cortex, antenor angulate
cortex, NAC, and mediodorsal thalamus have been reported( Bouwrne
et al, 2012; Kopedl and Greenberg, 2008).

Functonal imagpng studses report a sigmficant dysfunction m
the orbitofrontal cortex (Chamberiam et al, 2008) n OCD patients,
whereby the orbrtofrantal cortex and the basal gangha are hypers
connected (Beucke ot al, 2013). Destinct dysconnectivity has also
been shown in the default mode network between the prefrontal
cortex and BC (Anticewic et al. 201 4). Additional studses investigats
mng OCD in adaolescent-patient populations has helped in disease
prediction ing that the caudate nudeus volume correlates
signsficantly with the OCD symptoms in early adulthood (Eloch
et al, 200%)
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There 15 also a deficit of behavioral mhebition due to 3 misbale
ance between the direct and indwect BC pathways. Increase in the
activity of the direct pathway, without the control of the indirect
pathway, results n positive feedback where obsessive
would permanently reverberate (Loodman et al, 2010) (hig 4)
Abnormal actrvity in the amygdala and the hsppocampus are linked
to the anxety generated by certan stimubi that often accompany
the patient’s urge to perform compulsive behaviors (Bourne et al.,
2012; Kopell and Creenberg, 2008).

A number of DES targets including the antenor limb of the
internal capsule ((reenberg ot 2l 2006), ventral capsule/NAC (Do-
Monte et al., 201 3; Rodnguez-Romaguera et al., 2012), STN(Welter
etal, 2011), and NAc {Denys et al, 2010) have been mvestigated for
the treatment of OCD. DES of the antenor hmb of the internal cap-
sule in OCD patients 15 proposed to influence activity of the nearby
NAc whach, in turn, alters activity 1n other bran areas, predomss
nantly i limbec areas of the cortex, BC and its projections to the
thalamas (Nuttin et al, 2003; Rauch et al, 2008; Wichmann and
Delong, 2011: Okun et al, 2013). A double<blind cross-over study
carned out by Denys et al | mlulnwhchtbﬂkwam
found a 25% improvement i OCD deficits and significant reduc:
Mnmﬂmhﬂwmw
within seconds of stimulation, amaety 1n manutes, obsessions n
days and compulsions in months.

Some reports sugpest that excessive connectivity between
the stnatum and prefrontal cortex 15 normalized wath NAc DES
(Figee et al, 2011, 2014) A rclatively small number of clinecal stud.
ies have investigated the efficacy of DES for OCD. These do not
permut a sufficiently detailed hypothesis of how DES may work
to mmprove OCD deficits. However, it has been proposed that the
mechanisms of action behund the therapeutic effects of DES in OCD
result from a complex combmation of effects on the cortico-BG
arcuit as propased for the mechamesms of DES m PD dscussed
above.

34 DES m major depresson

Major depression disorder 1s one of the most severe and prevas
lent newropsychiatnc dsorders and the most common cause of
disabdity. It = as debaliating as coronary heart disease and more
debilitating as diabetes mellitus or arthnitis (Frnce ot al, 2007)
DES mught be of some help to treat the nearly 30X of major
depression dssorder patients who are unresponsive to traditional
anndepressants, behavioral therapy, vagus nerve snmaulation and
clectroconvulsive therapy (Rush et al, 2006} To date, there 1s no
consensus on which bram regions are responsible for the magor
depression disorder deficits. However, ablanion and imaging stude
1es have indicated some structures that might be involved m the
pathophysiology of the disease: the angulate cortical area 2%
{ Dougherty et al, 2003; Mottaghy et al, 2002); the anteror hmb of
the internal capsule and the NAc (Malone et al, 2009 Hauptman
et al, 2008k the infenor thalamic peduncle (imenez et al, 2005k
and the lateral habenula (Sarmonus et al, 2010). improvement of
depression defiats has been reported in patients recervang DBS in
some of these brain areas. Decreased blood flow in the medial and
frontal orbatal areas and in the hypothalamus has been observed
n major depression panents with DBS m cortical area 25 (Lozano
ot al, 2008 ). Somulation of the antenor lhmb of the mternal capsule
has been shown to result m activanonal changes m the psilat.
eral stnatum, medial thalamus, antenor angulate and contralateral
cerebellum (Baker et 2l 2007) while stmulation of the NAc
decreased metabolism in orbstofrontal and dorsolateral prefrontal
cortex and amygdala (Bewermack et al, 2010). Aithough the nume-
ber of availabie clmical studies 15 relatively small,
has been speculated that DES of the targeted nucier may lead to
activanion or deactivation of adjacent white matter projections in
other cortical and subcortical areas involved 1n mood regulanon,
whuch includes the limbic loop of the BC (Pandya e al, 2012) Data
from a recent MR study of NAc DBS in a large animal (swine) has
shown akerations in the ipsilateral prefrontal cortex, insula, cingu-
late and bdateral paralsppocampal gyrus along with 2 decreased
BOLD signal in the ipsilateral dorsal repon of the thalamus (Knight
et al, 2013) Thes large animal moded may offer 2 new and effective
approach for identifying the cerebral nucle: and bran structures
nvolved i DBS treatment of intractable drug-resastant depression.

315 DES m Tourette syndrome (1S)

TS is a neuropsychiatne disorder with childhood onset that man.
ifests iself in repetitive, stereotyped, mvoluntary movements and
vocalizatons called tics (Kuhn et al, 2011 Tye et al, 2009) These
tics reach 2 peak in adolescence but tend to alleviate in adult.
hood (Wichmann and Dedong 2011; Wilkams and Okun, 2013}
Comortedities can also be observed such as OCD, attennon-deficit
hyperactivity disorder, depression and psychosocial difficultaes
{Ludaiph et al, 2012).

It has been postulated that an overactive thalamocortxcal system
1s responsible for 1S deficts. However, the exaat location within
these pathways remamns unclear (Singer and Minzer, 2003: Singer
et al, 1991), Research has indicated that stmulanon of vanous new-
ral targets promotes amehoration of some of the defiats of TS, such
as dimmishing frequency of tics and improving comorbad psyche.
atric disorders. The main target areas propased for DES in 1S are the
thalamic centromedal/parafasacular nuclews (Savica et al, 20113),
the motor and limbic portions of the GP ((wederxch e al, 2005
Ackermans et al, 2008), and the NAc (Xuhn et al, 2007)

A chinical study involving 18 refractory TS pateents who unders
went bilateral DES in the thalamic centromedial/parafascxular
nucieus reported decreased tics, self<mpunous behaviors and anxo.
ety(Servello et al, 2008). In this regard, a recent study investigating
centromedialfparafasacular DBS m a brge amimal moded supports
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that thalamuc DES has an inhibstory effect in repons that contnbute
to impawed and emotional processang (Kom et al,
2011} Only more recently the CP has also been considered as 2
DES target to treat TS, Some studies have shown great efficacy of
CP DES in reducing motor tics and comorbad psychiatne deficits
(Welter et al, 2008; Willhams and Okun, 2013) Saleh et al (2012)
observed ameboration of hyperianetic states i TS patients under
G DBS. They proposed that thas was a result of inhubition of thala-
mic newrons that project to motor areas of the cortex; as descnbed
m bg. 5.

4. Negative effects in DBS of the BC

DES 15 an emerging treatment option to improve both motor
disabdities and psychiatnc symptoms observed i neuropsycholos
pcal diseases, such as PD, OCD, and depression. However, negative
effects have been descmbed following electrode implantation
and/or after long«term stimulation which may directly worsen DES
outcome. Relative to pharmacologacal treatment, DES 15 substane
tially more intrusive as is any surgical procedure where techmical
dewvices are implanted into the brain. Moreover, these devices are
constantly active and may differentially affect brains repons as the
disease progresses and the overall structure of the brain changes
(Woopen et al, 201 1) Hence, DES negative sade effects may result
from procedure-related complicanons, hardware implant andjor
stmulationsrelated issues (Martnez-Ramarez et al, 2014)

4.1. STN DES and CPY DES sade effects in PD patients

Stumulation of the motor portions of the STN and Ch has near
equivalent benefits in parionsonian symptoms of PD
panents. The site for DES s therefore chosen based on chnical
aspects, such as the mtention to reduce medication intake (STN
DES) or preexistence of dyskinesia or cognative symptoms (CP
D#S), and the modence of negative side effects associated to the
stmulation of each of these targets (Williams and Okun, 2013)
I'he mast common procedure«related complications found for STN
and CPi DBS are psychiatric side effects such as confusion and delir-
um. Moreover, these symptoms appear more prevalent in patients
with STN DBS than G DBS (Videnowic and Metman, 2008). Also,
surgpicaleste pam, low-nsk intracerebral hemorrhaging { 1-2X), and
10X nsk of infection assocuated with the surgery or wath the device

have been reported for DES regardless of the targeted nucleus
(Weaver et al., 2009)

In a randomized controlled tnal conducted by Weaver and co-
workers (2009), patients undergomg DBS surgical intervention had
a 18 nmes higher nsk of expenenaing senous nide effects than
patients on medical therapy. However, these senous side effects
were resolved i 992 of cases by 6 months follow-up. They also
reported other senous side effects that were device-related, such
as kead megration and defective lead ware, and stmulation-related
such as delusions and hallucinations (\Weaver et al_, 2009)

Stimulanion of the SIN may produce wemght-gain (Deuschi
et al, 2006; Videnovic and Metman, 2008), cogntive side effects
(e.g. reduced verbal fluency and deficits n executive functions)
(Stefurak et al, 2003; Funkiewsez et al, 2004; Parsons et al.
2006), and psychiatne symptoms such as depression (with suie
aide attempts or completed suicide ), mania, anxety, and apathy
(Begans ot al, 1999; Stefurak et al, 2003; Funioewsez et al, 2004;
Anderson et al, 2005; Borgoham et al, 2012) Adverse motor symp-
toms are also observed dunng STN stmulation adpustment or after
longsterm SIN stimulation and include inducnon of
severe dysarthna (Rodnguez«Oroz et al, 2004 Okun e al. 2013),
and other parkinsomianelike effects such as bradylkinesia, npdity,
swallowing difficulties, and worsenang of gt or speech (Anderson

impanrments compared to STN DBS (Borgoham et al, 2012) Ths
is likely due to the more extensive separation of motor and
non-motor functions n the CA relative to the STN (Wichmann
and Delong, 2011) However, weight gan, gait ignation fadure,
dysarthna (Videnowvic and Metman, 2008), and muld visual field
defects have been reported (Anderson e al, 2005). The apparent
better “nsk-benefit” of LA DES may lead thes structure to be the
preferred target to treat PD in the future.

4.2, CP DES sade effects in HD patients

Stimubation of the CP1 has been used to treat motonc symp-
toms m HD patients based on of choreic
of PD patients under GP DES (Anderson et al, 200%; Weaver et al,
2009). Although thes improvement has been substantially observed,
bradylanesia can be aggravated by Ch DES depending on the stime
ulation frequency (Spielberger ot al. 2012; Cuslaghn et al, 2013;
Cruber et al, 2014 Maro et al, 2004} Other motonc symptoms
occasionally exacerbated m HD patients under CP1 DES are gast dus»
turbance and dystomia of the feet (Cruber et al, 2014) Imparments
n cogmtion (declne in executive functions and workang memory)
have been described, but they are hkely related to disease progres-
sion, rather than from CP stimulation solely (Fasano et al, 2008;
Kang et al, 2011; Cruber et al, 2014). There are relatively few chine
ical data about the effects of CA DBS in HD and cntical parameters
such as patient selection atera and stimulation settings need to
be carefully considered (Chen et al, 2013)

4.3 Limbec targets = DES sade effects m OCD, depression, and 1S
patients

Stimulation of imbac targets such as the antenor mb of the
mternal capsulejventral stnatum, the NAc, the ventral STN and
himbic portions of the CPy, has improved psychiatne symptoms of

compulsion, obsession, depression, amaety, and motor and vocal
tics (Wichmann and Delong, 201 1) Nevertheless, DBS of the ante-

nor hmb of the internal capsule and the NAC have been shown to
produce forgetfulness and word-finding difficulties ( Maller ec 2l
2008; Denys et al, 2010; Creenberg et 2l 2013) In addition, sevs
eral other psychaatne symptoms such as mansa, fear, irmtability,
and anger may result from thas DES therapy (Shapira et al, 2006;
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Denys et al, 2010; Hag et al_ 2010). Furthermore, the occurrence
of smadal feelings has been reported in some patients with anxe
tety and depression under DBS treatment (Creenberg et al, 2011
Willams and Okun, 2013)

5. Emerging theories in BC mechanism
5.1. Role of the BC motor loop m achonsselection

M3SNs of the direct pathway are proposed to be in position to
select acnons encoded in the motor cortex, whale MSNs of the
indirect pathway can inhibst improper and/or concurrent actions.
A clear means of understanding this process s by the cortico-BL
arcuitry backwards:

{1) Actions are encoded 1n motor areas of the cortex that include
the area M1, the premotor cortex, and the supplementary
motor corex.

(n) Corcal newrons encoding an achion are sclectively activated
by neurons of the motor thalamus.

(m) Thalamic neurons are under tonsc inhibition of CABASTEIC neus
rons of the BC output stations, prowviding 3 distinat selective
threshold pnor to activation (e.g., the SNrjCh)

(1v) In order to tngger the onset of an acnion, selective stnatal MSNs
of the direct pathway disinhabit a2 few selective thalamocortie
cal neurons. At the same time, finng rates of a large number
of MSNs of the indirect pathway and neurons of the hyperdss
rect pathway increase mhabition of the SNrjCP on the other
thalamocortical neurons, thus preventing intianion of the not
selected xctions.

Fundamentally, BC connectmaty Iiterature supports the model
where activation of the direct pathway faciltates movements and
activation of the hyperdirect and indwect pathways prevents moves
ment (Nambu, 201 1; Obeso et al, 201 1) However, although there
15 extensive evidence that achon-selection depends on the corticos
BC loop such evidence is still insufficent to clearly support that
acnon selection occurs as proposed above. Some antical, though
insufficient, pieces of evidence for each of the i=1v paints of the the
BL actioneselection hypothesis are summanzed below:

{1) it = largely unknown how motor actions are encoded I motor
areas of the cortex. Recent evadence suggests that 1 not as
simple as the selective control of all muscles or jont moves
ments as represented in Penfield's functional maps. Instead,
it has been proposed that broader areas of the motor cortex
encode stereotyped behaviors such as defensive movements of
the arms or purpaseful actions such s pointing to and reaching
for a specific place (Schaeber, 2001 Capaday et al. 2013)

(1) Tracng (Asanuma et al, 1983; Holsapple et al, 1991; Hahenty
and Craybeel, 1993) and probabilistic tractography (Hyam
e al, 2012) endence have shown that neu.
rons of the motor thalamus (e.g, central antenorjventrolateral
thalamus) receive hyperdepolanning from CP newe
rons (Hoover and Stnck, 1993) and send projections that can
ativate motor areas of the cortex (pnmary motor cortex,
premotor cortex, and supplementary mator area). Singles
unit recordng studses n awake behaving monkeys show
thalamocortical neurons presenting directionsrelated suse
tamed change mn activity dunng cue-guided motor action
(Xurata, 2005), and before the onset of self-generated move.
ments (Van Donkelaar et al, 1999) This suggests that these
newrons play a role i matiation and execution preparas
tion of instructed and spontancous motor actions. Studies
have also revealed that the nucieus ventralis Lterals, pars

oralis (V0io) which 15 2 part of the motor thalamus that
recerves projections from the BC, s the thalamac region pre.
senting the haghest percentage of neurons responding to active
movements and that these neurons are organized in a somatos
topic manner (Vitek ot al, 1994, 1996) In addition, it has been
shown that electncal macrostimulation of the motor thalamus
evokes movements in the contralateral imbs, trunk or face.
Nearly 202 of the V0o neurons evoked movements when stime
ulated (Vitek et al, 1996) These findings are coherent wath
the hypothesis that activation of a subset of thalamocortical
neurons can selectively tngger motor actions carned out by
specific body parts.

(mi) The general model of the direct and indirect pathways cone-
trolling movement vs. non-movement predicts that when an
animal is at rest the CP/SNr neurons fire tonically at 2 high
rate and that they decrease thewr actvaty just before 2 moves
ment starts. it has been shown that most monkey CPi neurons
present finng rates which vary from 20=140 spikesfs (Fdion
and Tremblay, 1991: Maller and Delong, 1987); most of the
time they rates of ety 60=80 spekes/s
(Delong, 1971; Delong et al, 1985) A study by Owiedo ot al.
[ 200%) showed that electncal stimulation or infusion of glue
tamate into the dorsal stnatum of rats produced 2 significant
spake rate reduction i palhdal neurons. However, some studses
did not confirm the prediction that CP1 neurons present a pause
before the onset of 3 motor action. Instead, these studies have
shown that most pallsdal neurons alter thewr finng rate after the
action was selected, Le., after the finng rates of neurons n the
pnmary motor cortex and supplementary motor area (SMA)
are increased { Crutcher and Alexander, 1990). In additon, most
Ch neurons increased finng rate at movement onset (for a
review see Loldberg and Bergman, 2011). Thas might happen
because only a subset of CP1 neurons pause to select 2 spectfic
action while the majonty increases finng to prevent concwrment
actions. Indeed, most of the studies have shown movement
related to decreased activity in 2 subpopulation of CP1 new.
roms (Ceorgopoulos et al, 1983 Matchell et al. 1987; Anderson
and Horak, 198%; Tumner and Anderson, 1997). Although less
frequent 2 few CP1 neurons fired before the movement onset.
However, more problematic to the action-selection hypothesis
1s the fact that after inactivation of the CPy, as in palhdotomy
or CP DBS treatment of patents with PD, HD, or TS, patients
mantan the abibty to avoud improper actions (wner and
Desmurget, 2010}

(iv) The Alexander et al (1986) and Albin et al (1989) general
maodel of the BC arcultry predicts that activation of the direct
(D1+) or indurect (D2+) pathway facilitates or inhibits move
ment, respectively. Such predictions have been confirmed by
several approaches. In a study by Kravitz ot al (2010) optoge-
netic control of MSNs of the direct and indirect pathways of
mice expressing Cre recombenase under control of regulatory
elements for the DA D1 and D2 receptors was achieved through
Cre-dependent viral expression of channelrhodopsin«2 (ChR2)
n the stnatum. Bilateral activation of the indwect pathway
resulted in increased freezing, bradylanesia and decreased im-
tiation of locomotor episodes. This picture 15 also seen m PD
patients and in ammal models of PD (Delong. 1990) These
motor deficats result from decreased stnatal DA and, conses
quently, reduced actvanion of the direct pathway and reduced
inhibstion of the indirect pathway by D1 and D2 DA recep-
tors, respectively. Conversely, optogenetic activation of direct
pathway MSNs increased locomotion and rescued deficits i
freezing, bradykinesia and akinesia in D2<(re mice prestreated
with 6=OHDA (Krawnitz et al, 2010) Coherently, umlateral
actwvation of D2 receptors in hemeparkinsomian rats caused
musbalanced locomotor activation in the contralateral side of
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the body causing turming behavior (Da Cunha et al, 2008:
Dombrowsk et al., 2010; Krawitz et al, 2010)

It is currently recognized that other important connections exist
making the BC connectivity more complex than mitially proposed
by Alexander et al (1986) and Albin ot al (1989). First, it 5 now
understood that cortical neurons synapse not only onto the MSNs
but also onto CABAergic interneurons in the stnatum. Second,
MSNs of the dwect pathway are known to have branching cole
lateral fibers that termmate in the CPe. Thard, in addition to the
stnatum, cortical and subcortical inputs target the STN, whach s
now recognized as another important input station of the BC (see
above hyperdirect pathway). Fourth, it is now recognazed that the
CPe projects not only to the STN but also sends branched collater-
als to the CPy, SNr and SNc. Fmally, instead of paraliel cortico-80
loops, the stnatum s now acknowledged to mntegrate function-
ally drverse mformation derwved from cortical and subcortical areas
(Bolam et al., 2000 Nambu et al, 2000; Miwa et al, 2001: jaeger
and Kita, 201 1; Obeso et al, 2013; Surmeser, 2013: Ulbspergeret al,
2014; Woolley et al, 2014). In addition, there is emerging evidence
that challenges the view that activation of the direct pathway pro=
motes movement and actrvanon of the indirect pathway inhibits
movement in 3 nonsselective manner as one mught deduce from
the Alexander et al. (1986) and Alban et al. (1989) model of the
BL awrcuntry. Contrary to this model, bilateral ablations of the man
output station, the CP, are not detnmental but rather therapeutc
to motor deficits m BC diseases such as PD and dystonia.

Alexander et al (1986) and Albm et al (1989) model of
movement/non-movement mediated by the direct/indirect pathe
ways has also been challenged by recent optogenetic studies and
by studses based on optical fiber recordmgs. These studies have
shown that while specific motor actions are carmed out, both the
direct and the indirect pathways are actvated concomutantly (e.g.
Cur et al, 2013)

Based on evidence that some MSNs of the primate putamen and
rodent dorsolateral stratum are activated by sensory and motor
stmulation of the same body part and that they mcrease ther fire
mng when an object projects to that body parnt (see below), it has
been proposed in the mosaic of broken murrors mode! { MBMM ) that
some MSNs can tngger movement of speaific body parts toward
speaific objects and other MSNs can mstiate locomotion to speaific
places( Fig. 603 Cunha et al, 2009, 201 2). This means that all news
rons of the direct or indirect pathways do not samply act as a switch
between movement and non-movement. Rather, the MEMM con-
sniders that these newurons form an action-selection mechanism wath
a great number of channels, each bemng able to start or prevent spe-
cific actions. Whale interpreting the above-mentioned data under
the logic of the MBMM, it 15 important to note that the MBMM
does not predct activation of most MSNs of the dwect pathway at
the onset of 2 motor action as the general model of the BC does
(Alexander et al., 1986) Instead, the MEMM predicts that selection
of 3 motor action depends on actrvation of 2 few specific MSNs of
the direct pathway and inhibition of the few MSNs of the indirect
pathway that inbebets that speaific acnon. It also requres activa-
tion of 2 large number of MSNs of the indirect pathway that mhabet
mitiation of the concurrent actions. Such predictions are daffacule
to be tested because they requare recording the actvation of anly a
few neurons of the direct pathway among a huge population of the
remaining neurons that remam silent.

Though collecting this type of evidence 15 difficult, there s
some ewvidence that supports the MEMM. Optogenetic studies
mvestigating D1.Cre and D2+Cre mace expressing ChR2 in the dors
solateral stnatum showed that unilateral activation of D1+ MSNs
at a decsion-making point 1n 2 nose-poke remnforcement
task shifted the response toward the contralateral ade while actw
vation of D2+ MSNs shifted the response toward the psmilateral

sade (Tan et al, 2012) Without activation the same mice presented
nghtfleft responses according to their previous reward hastory.
These findings are m agreement wath the MBMM in that selecs
tive MSNs of the direct pathway can tngger motor actions directed
to specafic plices. An additional study revealed that stimulation of
D1+ MSNs in the dorsomedial stnatum promoted place preference,
while stimulation of D2+ MSNs did not promote place preference
or place aversion (Kravitz et al, 2012)

A more recent study by Cun et 2l (2013) challenged the gens
eral prediction based on the Alexander ot al [ 1986) and Alban et al
(19%9) model according to which the MSNs of the dwrect pathway
are expected to be active just before movement mitiation and the
MSNs of the indwrect pathway are expected to be active when moves
ment stops. They used Cre-dependent viral expression of a calcum
indscator in the dorsal stnatum of D1-Cre and A2A-Cre to monitor
neural actraty in MSNs of the direct and indirect pathways, respecs
increases in activity of both direct and indirect Just before
mitiation of 3 motor action. These results can be explaned by the
MBMM as reflecting the activation of a few MSNs of the direct
pathway to choose and mitiate motor action and actvation of the
MSNs of the indirect pathway to prevent the mstiation of concurrent
actions.

The MBMM is also supported by evadence correlating activation
of MSNs m response to the approach andfor object touch in none
human pnmates (Cranano and Cross, 1993) and raes (West et al|
1990 Carell and West, 1991 ) The same studses showed correlation
between the finng of speafic MSNs of the nonhbuman primate putas
men or the rat dorsolateral stnatum and passive or self-generated
movements of specific body parts.

Causal correlations between activation of MSNs in the dorsal
stratum and motor action onset have been provaded by old studses
showing that eleancal macrostimulation in different repons of the
nonhuman pnmate putamen cvokes movement of speafic body
parts {Alexander and Delong, 19852.b). These studies also suggest
redundancy in the representation of body parts in the stnatum as
propased by the MBMM, because they showed that stmulation at
different depths of the putamen evoked movement of the same
body part, as if MSNs encoding the same body part were orga-
nzed in columns. The mamn problem with thes evadence s that it
does not discard the alternative explanation that such movements
resulted from antidromic stimulation of the motor cortex neurons
that project to the stnatum. The same cannot be saad about the evie
dence prowaded by Pisa (1985 showing that neurotoxx lesions of
the rat lateral stnatum caused severe and chromc impairment of
tongue and forehmb reach movements.

$.2. Roles of the BC associctive and hmbsc loops in cogmition and
affect

In addition to motor control regulation through the motor loop,
the BC s also nvolved in some non-motor aspects of behawvior
(Lessman et al, 2014). There are other loops connecting cortical
areas to functionerelated repons in the BC. More specifically, these
loops mwvolve the prefrontal and limbec cortices through which the
BC 1s thought to play a role in cogmtive and emotional functions,
respectively ( Yin and Knowiton, 2006). The cortico-BC assoaative
loop in the dorsolateral cortex and projects to
the head of the caudate nucleus and to the rostral part of the puta-
men antenor to the antenor commussure. This prefrontal territory
in the stnatum projects to the rostral CPe, to the dorsal parts of
the caudal CPe and CP, and to the rostromedial SNr. Propections
from these structures have thew termanals in the ventral antenor
and medial dorsal thalamic nucies, whach in turn progect back to the
dorsolateral prefrontal cortex {Alexander & al, 1986: Voorn et al,
2004; Nambu, 2011: Lessman ot al, 2014) This assocative loop is
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implicated n “executive functions” whach mclude attention, spa-
tial onentation and in cognitive “workang memory” tasks (Caghon
etal, 2013)

The selection of an action, among many possibdities stored
along the frontal cortex, would be driven by the goal andjor by
an ntentional signal represented in the prefrontal cortex projecs
tions to the stnatum (Caghon et al, 2013; Thall et al, 2013) Within
the BC cwrcustry, information onginating from vanous sources is
topographacally filtered and supported by prefrontal cortex sagnals
in 3 manner that properly selects the comrect action. Damage to
areas forming this assocative loop s assocuted wath 3 vanety of
behawioral abnormalities related to these cogmative functions such
as attention-deficit and hyperactivaty dusorder, OCD, schizophrenia
and autism (Leasman e al, 2014)

The limbic loop has its ongn in the pre<hmbec, infrasimbic
and lateral orbitofrontal cortices, along with the hippocampus and
amygdala Projections from these structures reach the ventromes
dial caudate nucleus, including the NAc, and the ventromedaal part
of the pre-<commussural putamen. The ventral palbhdum, the rostral
part of CPe and the medul CPISNr recerve those stnatal projecs
tions and, in turn, progects to the paramedian portion of the medial
dorsal nucleus of the thalamus and then back to the hmbic repons
n the cortex (Haber et al, 1990; Ono et al, 2000; Nakano et al,
2000; Nambu, 2011}

Connectivity between the lsppocampus and the NAc also pro-
wides some support for the MEMM hypothesss that “place«to-go™
cells mught exist in the NAC. The NAC recerves afferents from the
hsppocampal formation, a region implicated in mapping the ans.
mal's location and in spatial memory (Croenewegen et al_ 1987:
Van Croen and Wyss, 1990; Witter et al, 1990) In addition, the
NAC recerves 3 dopaminergic projection from the VIA winch is
known to carry information about motivational value and sabience
{Bromberg-Martin £t al. 2010} Furthermare, the NAc projects
to mesencephalic areas related to locomotor functions (Voorn
et al, 2004) These connections put the NAC I 2 strategic posie
tion to select places to go based on expected outcomes (Redish and
Touretzky, 1997)

The NAc 1s modulated by DA and 15 known as the mam brain area
that integrates emotional and cognitive information into achons
known as motrvated behaviors ( Berndge and Bobinson, 1998 Ono
et al, 2000} in general, the hmbx loop 1s involved in the selection
of final reward-guaded goals based on motivational aspects of the
stimuh. Apathy, imtabelity, socal and emotional inability, and lack

of empathy are some of the symptoms present m neuropsychiatne
disorders assocated with damage to areas in the limbic loop such
as OCD and depression (Lesman et al, 2014)

The functionality of each of the three corticos8C loops & given
by a hierarchically-based flow of information according to thesr
respective roles m the action-selection process (Ym and Knowhon,
2006). The sensorimotor loop 1s proposed to control motor actions
onented by deasions made in the current context of the amimal.
Assocutive loop-dniven decmmons are proposed to be guded by
motivational aspects of reward processed by the limbic loop. At
the haghest level, the NAc, ennched with motivational value fors
mation provided by other subcortical structures (e.g, amygdala,
hsppocampus), 1s proposed to help the limba and the associative
cortex to select the more biologically relevant goals. At the lowest
level, the dorsolateral stnatum is proposed to selects the more ade.
quate motor action encoded mn the pre-motor and pnmary motor
cortices (Haber et al, 2010; Caghon et al. 2013} Such selection
depends critically on DA alterations in the stnatum as reviewed
below.

5.1 Role of NAc DA i motivation

DA release i the NAC s related to motivation and dnive states.
It has been shown that states are induced by DA
release m the NAc shelljolfactory tuberdle (Ikemoto and Panksepp,
1999 Hebb, 1953; lkemoto, 2002, 2007). Ths state 1s particularty
important to an organism’'s survival because it promotes approach
behavior to uncondmtioned stimuhi (USs) and conditsoned stimuki
(CSs) (Parlonson et al, 1999) Such affective and drive states mods
ulated by the NAC DA are referred to as “action-arousal.” The imbec
system supphes madbrain DA newrons with informanion about
environmental stimuh that are important for self-preservation
and procreation; thes affects DA release in the NAC in 2 manner
that motivates or “energizes” actions related to self-preservation
{eg. eating. dnnlang. mating, ding from predators) (Maclean,
1990 lkemoto, 2007). This DA system = sensitized by regulatory
imbalances (such as hunger) and 1s activated when ammals detect
incentrve stimul ((kemoto, 2007). Another smportant function of
DA release m the NAc shelljolfactory tubercle s acqusiion and
consohdation of simulus-outcome associations (CS«US) (D2 Cunha
et al. 2012) Later on, when DA is released in the NAC core and lats

eral parts of the NAc shelljolfactory tuberdie, the organism selects
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previowsly learned behaviors through CS-US assocantions | lkemoto,
2007)

54. Role of stnatal DA in esseiative learning

Subjects’ motor behaviors are dnven by changes
unconditioned responses (URs) to biolopically relevant stimuh
(re, USs such as food, sex, and pamful or dangerous situations).
Motor behawior 15 also dnven by expectations about appetitive
and aversive outcomes (Uss) based on predictive cues (1e., (Ss)
The predictive value of different (Ss 1s learned through classic
(Paviowian) conditionung (Paviov, 1927: Rescorla 1988 L and
McNally, 2014) In addition, behavior 15 also dnven by habstual
(automatic) responses to neutral stmuli and by goal-dwrected
actions, both learned through instrumental (operant) conditioneng
(Yin and Knowhon, 2006; Domgan, 2010) Dunng nstrumental
ding appears to be goal-dwected and slowly progresses to habstual
responding (Msshion et al, 1982; Knowiton et al., 1996: Packard
and Knowlon, 2002). Comversely, dunng extinction (when a

appetitive
persist for a relatively longer ime (Devan and Whate, 1999 Yin
et al, 2006; Ballens and O'Doherty, 2009)

An acton 15 consadered to be goaledwected if & 15 sensitive
to outcome devaluation; for example, by pre-feeding the animal
(Dxcionson and Ballemne, 1994). In contrast, stimulus-response (S-
R) habets are considered to be insensitive to outcome devaluwation,
bemng performed not with an intended goal but as an automatc
response to the stimulus that precedes the response’s outcome
(Yin et al, 2008) Therefore, the memory traces of habits are
the S-R associations, meaning that, after 2 habit 5 acquared, the
motor response i1s automatxcally trggered by the neutral stmu.
lus, independent of the outcome. In contrast, the memory traces
of goal-directed actions are the action-outcome (A-0) assocations,
meanmng that goaldirected actons are selected based on expecs
tation of a rewarding (eg., appetitive) outcome (Diclnson and
Balleine, 1994) Another relevant element in selection of motor
responses 15 related to interaction between classical and instrue
mental conditonng. Thes association activates an emotional state
that motivates the instrumental behavior where the emotional
state 15 assumed to be either or megative m valence,
depending on the hedonic property of the US. Condmtioned cues
that predict relevant stimubl can greatly enhance mstrumental
responding. This process is known as Pavioviansto-mnstrumental
transfer (PIT){ Lovibond, 1983). T is hughly influenced by DA active
ity (Dickanson et al, 2000; Wyvell and Berndge, 2000; Niv ot al,
20006; Belin et al, 2009)

There s evidence that the stnatum and other regions
of the BC play a role in reward-motivated action selection learning
(Schultz et al, 1997; Alderson ot al, 2004; Yan et al, 2004, 2006;
Da Cunha et al, 2009; Wilson et al, 2009; Haber and Knutson,
2010; Redgrave et al, 2010; Aagel et al, 2011; Da Cunha et al,
2012; Dezfouh and Ballewne, 2012: Kravatz et al, 2012; Lijeholm
and O Doherty, 2012) In addstion, the stnatum and other regions
of the BC play a role in learning how to select responses mstrumens
tal to avoid aversive stimub (Wadenberg, 20100 La Lumere et al,
2000%; Manago et al, 2009; Darvas et al, 2011; Dombrowska et al,
2013; Wendler et al, 201 4). Stnatal DA also plays a key role in avers
sively dnven associative learmang (Schultz, 1997 Da Cunha et al,
2009; Nivet al, 2006 Bromberg-Martn et al, 2010; Da Cunhaet al,
2012; Fonllo et al, 2013; Schudtz, 2013; Lak et al., 2014).

Strong ewvidence exasts that acquistion of SR and actions
outcome (A-O) memory traces depend on strengthening synapses
between cortical or hmbic neurons with MSNs. These cortxcal neus
rons encode the stimulus or the outcome and the struatal MSNs

tngger the proper motor response/motor action. Furthermore,
many studies suggest that selection of USs occurs m the medial NAc
shell, CRs in the NAc core, S-R habats in the dorsolateral stnatum
(putamen n pnmates), and goal-directed actons i the dorsome-
dial stnatum (head of caudate nucleus in pnmates){ Wendler et al,
2014; for a review see lkemoto, 2007; Da Cunha e al, 2012) Sub=
repons of the dorsal stnatum and NAc are also kmown to play
different roles in learming appetitive-motvated actions (Yin et al,
2004; Yin and Knowiton, 2006; Ym et al, 2006; Redgrave et al,
2010; Dezfoul and Ballewne, 2012)

The dorsomedial stnatum and the dorsolateral stnatum of
rodents are thought to be necessary for selection of goaledirected
and S-R habits learned under appetitive resnforcement (Yin et al,
2006; lkemoto, 2007 ) Although thes 1s well establsshed for appetie
tive motivated learming. it 1s not cear whether the same stnatal
repons play equivalent roles i aversivelyemotivated learmng.
There 13 also evidence that the NAc core plays a role m Pavio-
vian conditioning (edel ot al, 1997: kemoto and Panksepp, 1999:
Berndge, 2012; Bossert et al., 2012; Klucken et al. 2012), but there
15 some uncertanty about the specific roles that the NAc core and
other hmbic structures have in Paviovian conditioning (for a review
see Da Cunha et al, 2012)

Potentiation of corticostnatal synapses depends on three events
happening concomatantly: of the pre- and poste
synaptic membranes of the mvolved neurons and phasic release
of DA (for review see Da Cunha et al., 2009). Phasic release of DA
15 evoked by appetitive USs that are better than expected (posie
tive prechiction error), (Ss that are predictive of appetitive USs and
sahent stmuli (independent of thewr rewarding or aversive nature)
(Ramnans et al, 2004; Schulkz, 2007; Bromberg-Martin et al, 2010;
Berndge. 201.2) Phasic DA drops m extraceliular DA concentrations
WMMMMMMCWHWM

less rewarding than expected happens | negative
pmhmu errors) (Schultz et al, 199%; Tobler et al., 2003) Differs
ent subpopulations of madbrain DA neurons respond to aversive
stimul with phasik increases or phasic decreases m DA release,
respectively (Ljungberg ot al., 1992; Mirenowscz and Schultz, 1996;
Matsumoto and Hikosaka, 2009: Brischoux et al, 2009; Budygm
etal, 2012 llango et al, 2014} Thas supports the view that actions
or responses to neutral stimuls that result in better than expected
outcomes promote phasic release of DA that, n turn, strengthens
the S-R and response outcome (R«0) memory traces. This increases
the likehhood that a response wall be selected as a result of comung
mn contact with the same stimulus or that an action will be selected.
In contrast, phasic decrease of DA release 15 known to weaken the
synapses between the cortical and stnatal newrons encoding S-R
and A-Q associations. Thes dnves avosdance behaviors in situations
m whach the same stimulus = presented or the subject wants to
avoud an aversive outcome (for review see Da Cunha et al, 2009
Do Cunha et al, 2012)

Strong evidence supports the view that activation of DA neurons
m the VTA s cnitical for associative appetitive leaming (Cheng et al,
2003; Nacola et al, 2005; Day and Carell, 2007; lkemoto, 2007;
Berndge and Knngelbach, 2013 Ouachikh et al, 2013; Steinberg
et al, 2013; Stenberg and janak, 2013). Moreover, it has been
shown that not only VTA, but also SN¢ DA neurons are mmphcated
n unconditioned and conditioned responses to appetitive stmul
Mice bar-press to stimulate ether SNc DA neurons (Rosws et al,
2011) or dorsal stnatum neurons expressing D1 receptors (Kravez
etal, 2012} This suggests that DA release in the dorsal striatum has
remnforomg properties. A recent study presented strong evidence
that activation of DA neurons i the SNc are as antical to appe-
tutive and aversive assoaative learming as the DA newrons of the
VTA (llango et al, 2014) The latter study showed that optogenetic
activation of DA neurons of the SNc sustams conditioned.place

preference.
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Aversive-dniven learming has also been shown to depend on
stnatal DA. Optogenetic inactvation of DA neurons in the SNc or
VTA induces conditioned-place aversion (llango et al, 2014) Stud.
1es have demonstrated impaired condioned-avoridance learming

in rats with SNc lesions mnduced by MPTP (Da Cunba e al, 2001:
Cevaerd et al, 2001ab; Perry et al, 2004: Bortolanza et al, 2010)
or 6=0HDA (Cooper, 1971) and n rats with dorsal stnatum lesions

{(Wendler et 2l 2014) dorsal stnatum DA depletion (Rane and King,
2011), and intra-dorsolateral stnatum infusion of D1 (Wietzkosio
et al, 2012) or D2 DA receptor antagomsts (Boschen et al, 20110 A
recent macrochalysis study by Dombrowsiko et al. (2013) found that
dunng conditioned-avoidance learnng, DA release in the stnatum
increased only mn the first tals in which rats avosded footshocks
but not after they had leamned the task. However, no alteration
in DA release was observed when the footshocks were presented
in an unpredictable, unavordable and nescapable manner. In cone
trast, SNc-lessoned rats dad not learn the task Another recent study
showed that mactivation of the tyrosine hydroxylase gene in the
dorsal stnatum, and consequent lack of DA synthesis, impaired the
abdity of mce to learn conditioned-avoidance responses (Darvas
et al, 2011} Imparment n rats with SNc lesions has also been
observed in the cueds and working-memory version of the Moms
Water maze (Bellissomo et al, 2004; Da Cunha et al, 2001; Ferro
et al, 2005; Miyoshs et al, 2002)

The understanding that stnatal DA = involved not only n
motor control, but also in action-selection, leaming and memory,
and affectrve states 1s cntxcal to explan and treat the nonemotor
symptoms of BC diseases such as PD (Conte ¢ al, 2010), drug addic-
ton (Wanat et 2l 2009), bepolar dusorder (Cousins et al, 2009),
schizophrenia (Carlsson et al, 2004) attention deficit/hyperactive
disorder (Del Campo et al, 2011), OCD, and TS. Deficits m
aversive=dnven learming related to the mability of stnatal DA to
encode negative-prediction errors may also explun why depres-
sion and gambling 15 much more prevalent in PD (Rosa et al,
20113)

6. New approaches for BL-DBS research

6.1 Electrophysiological sgnal as a feedback for DES

The DES Hield has advanced at a raped pace and supporting teche
nology to improve current use has evolved wath it. Advanced DES
systems such as those that rely on real«time feedback from elec.
trophyswologacal signals, provide the first generation of mplantable
devicesthat symptomatic and healthy bram states (Cunduz
et al. 2014). These devices include the Medtromc Activa PC+S
(Ryapolova<\Webb et al, 2014) and Neuroscan RNS (Sun ot al,
2008). With the understanding that changes mn newronal fire
ing frequency occur in a pathogenic state, this approach shows
potential 1n many dsorders that are treated wath DES
{Cunduz et al, 2014) Exaggerated beta band (8=35Hz) syne
chromy in STN local field potentials occurs m PD panents, whach
1s attenuated dunng therapeutic DBS, and returns when stimula-
tion stops (Kuhn et al, 2008; Barbenm ot al, 2009) Other studies
have shown beta activaty in the motor cortex (Whamer ot al,
2012), and ! coupling (PAC) between beta and
hagh gamma (>70Hz) (Lopez-Azcarate et al. 2010) observed
PD, are also potential targets for closed-loop D8S (de Hempuinne
et al, 2013} Bectrophysiclogical measurements may also hold
promuse n DBS for the treatment of psychuatric dusorders. For
example, symptom provocation in the setting of OCD has been cors
related with mcreased low frequency (25 Hz) activity over the
frontal cortex (Fogaredl et al, 2006), and DBS of the ventral stn.
atum has been shown to attenuate these low frequency osaillatons
(Figee et al_ 2013)

Although electrophysiological feedback 15 2 promising modale
ity for a closed-loop DES device, these potential feedback signals
could also change during rest andjor voluntary movements, theres
fore hrmating thewr use as 2 sole biomarker (Miller o1 al, 20012
de Hemptmne ot al, 2013). Addmonally, frontal low frequency
osallations, while smplicated in OCD, are correlated with nors
mal goal-directed behavior (Knyazev, 2007 ) Preluminary tnals wall
demonstrate the efficacy of these first generation neural stimulas
tion feedback devices, which may prowvide direction in development
of future generations of closed-loop DBS systems (Cunduz et al,
2014).

62 Electrochemacal methods to determune neural arcuitry
underfymg D&S

The use of in vivo electrochemacal methods to mvestigate the
newral arcuitry underiying DBS makes it possible to arcumvent
the assumptions that are necessary with the use of alternative
methods. The elearochemical procedures FSCV and fixed potens
tial amperometry (FPA) offer the best resolution of all
n vivo electrochemacal methods to date (5«10 samplesfs for FSCV;
10k samples/s for FPA) {Kimble et 2l 2009; Venton et al, 2002)

In fig. 7, FPA in combmation with carbon-fiber microclectrodes
(CFM) permutted quantitatrve detection of stnatal DA overflow
{efflux) evoked by electncal stimulation of excitatory inputs to DA
cells i the SNc such as those ongmating in the hindbramn PPT
(Forster and Blaha, 2001) Overflow of a synaptic transmatter is
referred to as “release” throughout this section. Dommett et al
| 200%) have shown that FPA can be used to momtor stratal DA
release in response to natural stimub such as hght pulses. Visual
stimull evoked increases in stnatal DA release via a direct mput
to the supenar colliculus from the retina that, in tum, activated
mudbrain dopaminergic cells at a short latency. Collectively, these
studies have confirmed the unlity of fast electrochemical recor-
ding procedures to measure DA transmission driven by polysynaptxc
pathways such as those we have proposed to mediate DES-evoked
DA neurotransmission (Lee ot al, 2006, 2009 Shah et al, 2010)

With respect to quantifying glutamate release using FPA, recent
development of enzyme-coated platmum mucroelectrodes based
on work by Hu et al (1994) have shown 2 high degree of reb.
ability as a selectrve, senuitive and rapidly responding glutamate
sensor m vivo (Wilson and Cafford, 2005) Thes glutamate sensor
system provides an additional quantitative measure of potential

transmission in the dorsal stnatal complex arcuitry
mterfacing with SNc DA cells. Our preliminary studses have shown
that elecancal stmulation can evoke frequency- and intensity-
dependent increases in glutamate release recorded locally at the
site of sttmulation (STN) using these procedures (hig 7B=E)

In agreement with the hypothess that STN DES improves motor
symptoms of PD by stnatal DA release, several ansmal studses have
shown that STN DBS increases struatal DA levels. For example,
m vivo microdialysis studies have shown that STN DES increases
the stnatal DA metabolites (DOPAC and HVA) and tyrosine hydrox.
ylase actrvity in normal and 6=OHDA lesioned rats (Messsner e al,
2001, 2002, 2003; Paul et al, 2000} With one exception ( Bruet et al,
2001), STN DES-evoked increases in stratal DA daalysate could not
be detected without first mbubsting DA with nomefennine
and stimulating for durations { 20mun) (Meissner et al,
200%). In vivo momtonng of slow (manutes-hours) changes i DA
release is easaly accomphished using these conventional microdsale
ysss techniques. However, analysis of more rapsd changes in DA
release in the absence of DA reuptake inbubition that may result
from STN DES requires an equally rapid ‘realsime’ detection and
montornng system such as FSCV and FPA. For detection, sensitive
CPM and enzymatic sensors used with these methods permut sub-
micromolar monitonng of central DA and glutamate release. As
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such, to establish the functional charactenstics of the dorsal stne
atal complex circuntry, we and others have utilized electrochemical
recording procedures established for reliable momtonng of DA and
glutamate redease and reuptake in dopaminergic and glutamaters
¢ terminal sites in the bran n vivo (Blaha and Prallps, 1996;
Michaed and Wightman, 1999; Suaud-Chagny, 2004; Wilson and
Cafford, 2005).

Our neurochemical studies have focused on determuining the
functional consequences of STN DES in terms of rapd changes i
stnatal DA release elicited by relatively bnef and prolonged elec-
tmical simulation of the STN in the urethane anesthetized rat. Broef
STN stimulation (15 pulses &t 300 A and S0Hz) resulted in 2
stimulus tme-jocked increase in stnatal DA release as measured
by FPA in combination wath CPMs (Fig. 8). The selectivity of the
recording mxTockectrode to STN stimulation-evoked DA release
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was confirmed by systemsc injection of the DA reuptake inhibitor
nomifensine, which resulted in 2 sigmficant mcrease in DA oxada-
tion current, compared to serotonin ( fluoxetine ) and noradrenaline
(desipramune) reuptake mhibstors, which did not alter the STN
stimulation-evoked stratal response (Lee et al, 2006) These results
support the hypothesis that STN DES results in quantifiable stnatal
DA release. However, as these studies were performed in rats wath
intact SNc dopamanergic neurons, it is crucial to perform systematc
measurements in an ammal moded of PD such as 6=0HDA lesions,
where the SNc neurons are selectively and partially destroyed.

In relation to an ammal moded of PD, our prelimmary results
have shown that, m combination with L-DOPA, repetitive stime
ulations m 6-0HDA lesioned rats are capable of aaltating DA
release to levels comparable to that seen with stimulation in intact
rats and are consistent with recent findings that highefrequency
stimulations modulate the achion of LDOPA (Ouesian e al, 2007}
Micromfusion of the neurotoxin 6<0HDA onto DA cell bodies m
the SNc resulted in the selective degeneranon of dopamunergmic
cells in that regpon (Ferro et al, 2005) As shown m big. 9, come
pared to mtact rats, 6=OHDA lesions resulted in rats exhibiting
a marked, but clearly detectable, attenuation in medial forebram
bundle stimulaton-cvoked DA release in the strotum (16.4 = 83X
of 100X mtact responses) as montored using FPA in combination
with CPMs. Most sgnaficantly, compared to intact anamals receive
ing a systemic injection of saline, systemic admimstration of a
relatively low dose of L-DOPA to lesioned rats resulted in 2 near
complete recovery in the magmitude of the evoked DA responses
(8487 = 16.22% of 100X intact responses at 30 min post-injection).
Since L=DOPA increased the DA response in the lessoned ammals to
the statistical of the nonelesioned (saline-treated ) anie
mals, it can be nferred that on<hne FPA or FSCV would be capable of
(1) detecting depleted extracellular levels of DA in the stnatum and
(2) enhancing these levels in response to t=DOPA treatment across
vanous dose ranges in PD patients (Blaha et al, 2002) These data
highlight the relevance of monstoring dopaminergic transmission
dunng STN DBS; these data also provade a framework for the devels
opment of a dosed-loop neuroprosthesis with chemical sensing
feedback and neuromodulanion to mamtain peurotransmatter leve
els consistent with optimal therapeutc efficacy.

Stimulation frequencies in the range of 37 to 75 Hz and cur.
rent intensities I the range of 200=600uA evoked maximal
DA responses in the stnatum (Fig. 10A and B) (see Lee ot al,
2006) More prolonged SN stmulation evoked a2 DA response
that peaked within 15=20 apphed pulses and fell off 1o ~30%
of presstimulus basehine levels despite continuous stimulation
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Sumulanion dorsomedual to STN, corresponding to a portion of
the medial forebram bundle contaming ascending migrostnatal
dopaminergic axons, resulted in an increase in stnatal DA release
that plateaued $ 5 into stimulation (g 10C). These results suggest
that DES m PD patents typacally applhied to the STN and adjacent
mmhmmmmmumm

that the pattern and magmstude of DA release vanes
depending on the site and nature of stmulation. Ths latter finding

Intensity Dependency

has therapeutic implications for the site and pattern of stmulation
n PD panents, whach so far have not been fully explored.

In addstion to DA, we have also demonstrated our abdity to
measure in Vivo realstime ADO, histamune, and serotonin
release with CFMs and glutamate release wath an enzyme-hnked
biosensor dunng DES (Lee ot al, 2007 Agnes: et al, 2009; Bledsoe
et al, 2009; Chang et al, 20123; Shon et al., 2010a.b) We have also
shown that we can use the Mayo Chinic Engineenng Department
developed Wireless Instantancous Newrotransmutter Concentras
tion Sensing (WINCS) system to electrochemucally codetect in vivo
changes in ADO and DA concentrations in small and large amamal
models of DBS (Shon et al, 20103). More importantly, our results
{Shon et al, 20100) have shown that STN DS elacits DA and ADO
release in the caudate nucieus of isoflurane anesthetized pags. Addse
nionally, we examined striatal DA release evoked by STN DES in
awake monkeys. We identified 2 site-dependency of DA release by

at muitiple posnts along a trajectory passing through
the thalamus and STN. Creater DA release was observed when the

electrode was wathin the dorsal regon of the STN. Our
results showed that the amount of DA release depends cntically on
the location of the stmulating electrode (Cale et al, 2013)

Our pag expenments have demonstrated that STN DES elicits DA
MMMdMn:kmmm-nhgn
{see Shon et al, 20100) For these expenments we implanted 2 sine
gle CFM into the caudate nucleus of isoflurane (1X) anesthetized
pags: FSCV were taken durmg bref { 2 5) electrical stime
ulatons of the human Medtromc 3389 DBS electrode implanted in
the ipmlateral STN. With stmulation (140 Hz ), ADO
and DA were clearly released (Fig. 11A). The temporal patterns and
magnstude of DA (black line) and ADO release (15t peak blue line
and coadation product 2nd peak red line) evoked by STN DES are
shown mn iz 118 The voltammograms obtained with WINCS in
the peg revealed one peak at +0.6 V for DA axdation and two oxidas«
tion peaks for ADO( 15t peak near 1.5V and 2nd peak near «1.0V),
as shown in fig. 11C and D, respectively. Our now established pag
model has permitted testing of our human neurcchemacal recors
ding electrodes, as well as study of distal neurotransmutter release
by STN D&sS.

From knowledge and expenence ganed from tests conducted
n our large ansmal (peg) expennments, we have successfully used
WINCS to momtor DA and ADO release in the hippocampus
of human patients undergoing resective surgery for medscally
intractable epiepsy (Van Compel et al, 2014). A CPM was
implanted S um mto the temporal lobe cortical surface of each
patient for 15man dunng intraoperative electrocorticography
{ECoC) and 10 mun of FSCV recordings pnor to resection. One, out
of ten panents tested, expressed a lateral neocortical sewzure in
which ADO release was observed and this was time-locked wath
the onset and termanation of the serizure. These findings support a

Site Dependency
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potential role of ADO n serzure termmation dunng temporal lobe
sequres.

In addmon, WINCS-based FSCV measurements were taken in
the thalamus of essential tremor patients dunng DBS neurosurgery
(F= 12) all the patents were awake dunng surgery. Arm and
hand tremor were measured using a tnaxial accelerometer which
patients held in the hands opposite to the implanted hemisphere.
Upon implantation of the DBS electrode, but pnor to activanon of
the pulse generator, tremor ampltude was sigmficantly reduced
(n=7; fig 12A) Referred to as the microthalamotomy effect, symp-
tom rehef pnor to neurostimulation has been observed m as many
as 53X of patients undergoing DBS surgery for essential tremor
(Tasker, 1998). Our results showed that, as expected (Lakie et al,
1942), there was no m tremor frequency, but average
tremor amplitude was reduced by 61.2 = 13.7X upon DBS electrode
nsertion (ns 7 patients ).

Cosncident wath tremor reduction, DES electrode implantation
evoked 2 large increase in the FSCV oxdation current peak at
+1.4520.03V (n=?; fig 128} In four patients, thes peak was fol-
lowed by a second signsficantly smaller aadation current peak
at =1.19 2006V (whate arrow n iz 128). Post=calibration anale
yses showed that the two oxxdation current peaks recorded by
FSCV matched those for authentic ADO and its oxadation byproduct
(second peak). In accordance with post-calibration of the human
CFM (see Chang et al, 2012b), the maxamal ncrease in ADO at
the first madanon peak potential corresponded to an increase of
1.76 £0.12 pM. These results demonstrate the first applhication of
WINGS dunng DES in patients (see Chang et al,
2012b; Kasasbeh et al, 2013)

To momitor real-time neurochemical changes assoaated with
DBS, we performed simular FSCV measurements (<04 to <13V
every 100ms) in the ventral intermediate nucleus{ VIM) of the thal
amus of essential tremor patients dunng DES neurosurgery using
WINGS (Fig 13A=C) A FSCV color plot (Fig. 13D) revealed that,
dunng DES, an madation peak current was detected at <1.4V, cors
responding to ADO oxdation (Swamy and Venton, 2007: Cechova

and Venton, 2008; Papsk and Venton, 2013) Although a hand held
accelerometer to measure tremor was not used in thas patient
shown in Fig. 15, the rise in the ADO signal dunng and after DES
(Fiz 131E) was visually observed to correlate with a2 marked reducs
tion In tremor.

6.3. Tronslational importance on new large animal DES models

Large animal models provade 2 necessary bndge between the
fundamental discovenes made m small ammal models and the
translation into chimcal practice. The preferred large ammal model
m newroscience has been the non-human pnmate due to the
higher cognative function and behawvioral ssmelanties to the human
The rhesus macaque, for example, 5 a2 highly conserved ami-
mal model when anatomy is compared to human. The Atlas of
the Rhesus Monkey Bran (Saleem, 2007), combined with highe
preasion stereotactic head frame and hagheresolution MRI coul
allows translational DBS studies i this large amemal model (Mo
et al, 2014)

There are also known ssmilanties between porcine and human
beology that have led to the proposal to use the porcine moded as an
excellent way to study human disease (Lind et al., 2007). Easy to get
and mantam, the domestic pig (Sus scrofa) 1s proving to be an eco=
nomucally viable alternative to the expensive non-human pnimate,
and thus is becomang an increasingly popular amsmal for neuro-
saence research. Several charactenistics make the pig an excellent
model for mock human DBS surgery: (1) the peg has a gyrencephalic
cortex, which s more simular to the human and non-human pramate
structure than that of commonly used hissencephalic rodent brans
(Hofman, 1985, 198%); (2) the adult pig bram (~160g) 1s compa-
rable in size to that of the rhesus monkey (~100g) and baboon
(~140g) and closer in size to the human brain { 1300=1400 g) than
the rat bramn (~2 g) and mouse bran (~0.4g) rodent bram; (3) a
higheresolution pig brain atlas is available allowmng for precision BC
DBS studses in pugs to advance our understanding of the underly-
g mechanism (Feloc e al, 1999; Saikab ot al, 2010); (4) pig bram
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development is complete by ~% months (Dobbang. 1964), whach
enables the use of younger pags { 20=50kg) with adult-sized brans
for easser mobilization and dsssection dunng cranial surgery; (5)
MPTP produces an effective pag PD model ( Danselsen et al., 2000
Dall et al, 2002; Cummung et al, 2003); (6) several high-precision
stereotactic head frames for pig neurosurpcal studhes have been
developed establishang this system for DBS mechanistic studies
(Bparkam et al, 2009 Min et al, 2012); and (7) the pig genome has
been decoded, whach has revealed many key similanties between
human and porcmne genomes, further remforang the translatonal
potential of this large ansmal model (Croenen ot al, 2012) The
advent of high-precision imaging tools such as functional mag-
netic resonance imaging { IMRI), combmned with a recent increase
n our understanding of cross-speces neurcanatomical smilanties
among pig, human, and non-human pnmates highlight the potens
tial of these large ammal models to further our understanding of
the mechansm beband DBS.

.Q WINCS B WincsTrode

N

Fluoroscopy

64 Use of funcrional newrormaging in BC-DES

Damage to the BC produces wellecharacterzed changes that
are related to movement disorders and motor deficats, including
tremor, npdity, and alonesia (Bhana and Marsden, 1994: Delong,
19%1). Functional imaging = often used to indirectly monstor
brochemical and anatomecal changes within BC structures in moves
ment and affective disorders due to its wide dinecal avadabesty and
its global assessment of neural actvity. Techmques including sine
gle photon emission computed tomography (SPECT), IMRL and PET
are used for thas application. SPECT imaging has shown promase as
a diagnostic tool for movement disorders revealing that changes in
the caudate and putamen may help to differentiate early-stage PD
from dystonia or essential tremor (Song et al. 201 4). Other imaging
studies, including PET, have been used to show decreased dopamu.
nergic nnervation within the BC in PD panents (Song et al, 2013}
Longrtudinal MRI studses have also revealed heterogeneity in PD
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patients. These latter studses have shown differential changes in
B structures when patient populations are presented with motor
tasks whether they are responding or not responding to pharmas
cologcal therapy (Holiga et al, 2013} In addition to movement
disorders, BC dysfunction 1s now accepted as playing 2 role in
a vanety of neuropsychatne diseases, including TS (Delong and
Wichmann, 2010)
When

n 1S (Peterson
et al, 199%; Worbe et al, 2010, 2012). Using diffusion tensor
mmagng ( DT1), studies have also shown dysfunction ;n motor, asso-
clative, and imbsc pathways (Neuner et al, 2009, 2010). Taken
together, these studies show a role for neuroimagng in dsease
diagnosis and evaluating functionalsty of DES for treating BC dis-
cases.

As DES 15 an effective treatment option for PD (Benabed et al,
1994, 2006: Benaind, 2003), its application has now been applied to
other neurclogical and psychaatnic disorders (Mayberg e al, 2005)
The incomplete understanding of the therapeutic mechamsms of
DES and Lick of objective methods to measure its central global
effects mhibst the advancement of 3 more mdividualized approach
to DES therapy. The bran’s dense winng makes charactenzing the
effect of electncal stimulation on neuronal communscation beyond
a few synapses extremely Functional neurosmagng
appears well suited to this task due to its wade chinical availabality
and its global assessment of neural activaty. Many imaging studies
m PO patients dunng STN DES show modulation of motor and non-
motor areas including the pnmary sensonmotor cortex, premotor
cortex, SMA, dorsolateral prefrontal cortex, thalamus, BC, msular
cortex, and contralateral cerebellum (Asanuma et 2l 2006; Crafton
etal, 2006; Hashinger et al, 2003; Kahan et al., 2012; Pralips et al,
2006; Stefurak et al, 2001) Other PET studses have implicated pan-
etal and temporal cortices, dassically defined a5 assocative and
lmmbic structures (Hershey et al., 200%; Le jeune et al, 2010). These
studies help to cluadate what makes DBS effective for treating
maotor and non-motor symptoms of PD.

Functional imaging studies of DES have recently been aumed
at wentfying the arcutry elements that underlie effective, as
opposed to meffective, stmulation. For example, a recent trace
tography study of PD patsents undergoing STN DES identified a
durect relationship between the positive chinical outcome and the
targeting within whate matter tracts that involve the cerebellum
(Sweet et al, 2014) In 2 lonptudinal SPECT study, a ssgnaficant
increase was shown in cerebral blood flow 1n the antenor angu-
latefsupplementary motor cortex in PD patients who responded
to STN DES treatment (Antomem: et al, 2003) PET has shown that
longsterm effectrve STN stimulation of PD patients increases frontal
motorfassocative area blood flow compared to baseline (Sestm
et al, 2005). A reponal cerebral blood flow (rCBF) SPECT study
reported 2 correlation between improved motor scores and an
ncrease m rCBF m the pre<SMA and pnmary motor cortex in
PD patients recerving STN DBS treatment (Paschali et al, 2013)
Together, these studies suggest that neurosmagng biomarkers of
effectrve DES may exist for PD treatment.

Imagng has already wdentified structural and functional corre-
lates of cogmitive and affective deficits associated with PD (Kalbe
et al, 2009 Kostic et al. 2010; Regynders et al, 2010) In a case
report in which STN DES elicited several reproducible episodes of
acute depressive dysphona in PD patient, IMRI revealed increases
m the supenor prefrontal cortex, antenor cingulate, antenor thalas
mus, caudate and branstem with wadespread decreases in medial
prefrontal cortex activation (Stefurak et al., 2003) Another case
study wdentified STN DES stmulation parameters whach produced a
hypomamic state in a PD patient. A PET mvestganon showed

mvolvement of hmbsc and association cortex, including areas of
the antenor gyrus and the ventral antenor nucleus of the
thalamus (Mallet e al, 2007}

The fact that STN DES can elicit cognitive and emotional sade
effects s unsurpnuing given our current understandng of the STN
as a structure with anatomically defined subrepons whach cone
nect to motor, associatrve and limbic structures (Benarroch, 2009)
A recent climacal report showed that using model-based optimizas
tion of DBS stimulation parameters to avoid the current spreading
1O NoN-motor areas reduced cognitive and COXMUVE-MOLOr IMPAIrs
ments while mantaming t motor benefits m STN DES PD
patients (Frankemolle et al, 2010) These data suggest that anatoms
wcal target-placement decisions dunng human DES surgery could be
augmented by structural and functional neuroimaging techmiques
which intraoperatrvely assess the motor and non-maotor networks
affected by STN DBS.

7. Concluding remarks

The last decade has held impressive developments in under-
standing the mechanism of BC function and how targeting different
brain sites can improve motor, cogmitive and motivational aspects
of BC diseases. However, we are still far from having the abslity

to fundamentally descnibe the mechanism beland therapeutically
effective DES. Deepened understanding of BC connectivity and the
resultant computational modelng of functional motor, motivas
tional and cognitive processes have emerged in the last decade.
However, these models are snll imsufficent to support the wdea
that different stnatal-C P /SNr-thalamus-motor cortex neurons can
mitiate or prevent a particular movement or a sequence of moves
ments that compose specific actions. Additionally, these studses
have revealed paradoxical challenges to the current BC actions
selection hypothesis. DBS has mdeed emerged as a therapy with
wide applications expanding from STN DES to treat PD, to cover
many neurclogical and psychiatne diseases; however, our funda.
mental understanding of BC DES = himuted in its current state.
A great deal of effort from the newroscience community wall be
required to advance BC DES to the propased level of understanding
and chimecal applxation.
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The rol of the basal ganglia in motivated behavior
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Claudio Da Cunha®, Alexander Gomez-A and Charles D. Blaha

The role of the basal ganglia in motivated

behavior

suggests that unconditioned responses (UR). conditioned
resporses (CR), goal-directed actions and stimulus-
resporse (S-R) habits are selected in the basal ganghia
Such selection depends on activation of stniatal neurons
tioned stimuli (US), conditioned stimuli (CS), goals and
neutral stimuli (S). These neurons project respectively
to the medial mucleus accumbens (NAc) shell/olfactory
tubercle, NAc coref/lateral olfactory tubercle, dorsolat-
these synapses is altered when the levels of extracellular
dopamine in the basal ganglia undergo phasic increases
or decreases., which signal outcomes that are, respec-
tively, better or worse than expected. In addition, dopa-
mine release in response 0 salient USs and to (Ss wath
be selected in the striatum because the striatal neurons
of the so-called direct and indirect pathways can respec-
thalamic projections to premotor and motor areas of the
cortex. According to this view, the basal ganglia is thought
to play a role in the action-selection processes needed for
the expression of both declarative and procedural memo-
nes, but the memaories of the contexts, predictive stimuli
or neutral stimuli associated with free rewards or with an
action’s outcomes are stored elsewhere.

making: dopamine; motivated behavior: motivation.
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Introduction

What are the reasons that someone behaves one way or
another way? What motivates someone to dress in a par-
ticular way. to choose a type of shoe, a car or smply to
choose a certain place for lunch? These questions have
performance of such behaviors. Previous expernience with
contexts, goals and the outcomes of actions are just some
of the reasons. Here we review the accumulated evidence
that action-selection of different motivated behaviors
takes place in the basal ganglia. We start by reviewing his-
torical and current theories of motivated behaviors, Next,
the functional anatomy of the basal ganglia s reviewed
cuitry is dedicated to action-selection. Finally, we review
current evidence for parallel processing in different
regions of the basal ganglia for selection of unconditioned

Classic theories of motivated
behavior

losopher Arthur Schopenhauer (1788-1860). However, the
meaning of this term had been contemplated long before.
Piato (348-328 BC) and Anstotle (384-322 BC) both pro-
(1) a first or nutritional level, related to the essentials for
maintaining life; (8) a second or sensitive level, respon-
sible for regulating pleasure and pain: and (i) a higher
level, exclusive to human beings, that includes choice,
intentions and intellect (Reeve, 2009). René Descartes
(1596~-1650) maintained that mind, the thinking active
entity, is separate from the body and that determination
ts the most important motivating force of the mind con-
trolling the body”s behawvior (Descartes, 1949). These clas-
the impact of motivation in behavior, including Charles
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Freud and Qlark Hull (Reeve, 2009).

Hull, taken from Woodwoth (1918), described the
term ‘drive’ as a power resultant from the body’s needs.
According to this view, motivation has a biological
bases related to the body's needs (Hull, 1943). He main-
it, a function reserved for habits. Habits are learned by
the association between the response and the stimulus
that triggers it. During habit leamning. such association
is reinforced by rewards and weakened by punishments
contingent (that follow) to that response. Such concep-
tualization incorporates the “law of effect” postulated by
Thorndike (1911), according to which the likelihood of a
response depends on its consequence: it will increase
when reinforced by a rewarding stimulus and decrease
when punished with an aversive stimulus. In this sense,
rewards and punishments are conceptualized as stimuli
that decrease or increase drive. In a simple example of
this conceptualization, when a hungry dog eats food
found in a trash container, this decreases drive (hunger),
thus reinforcing the behavior of searching for food in
that place. In summary, Hull’s theory of how motivation
drives action-selection can be expressed by three pos-
tulates: i) drive emerges from the body's needs: ii) drive
learning (Reeve, 2009).

The acknowledgement of considerable limitations
contributed to the decline of this theory. However, it was
observed that some motifs can emerge without a corre-
rexia do not eat, despite a strong biological need for food.
In addition, external sources can energize behavior: for
example, in spite of not being hungry in the middle of the
afternoon, maost people would ke the candy displayed in
a shop window. Finally, in many cases, learning occurs
tion is neither necessary nor sufficient for learning (Milles,
1951; Dickinson and Balleine, 2002).

As behavior does not occur in a vacuum, both drive
(inherent in the subject) and context (what is outside
the subject) constitute fundamental elements to under-
standing motivation. The subject is embedded in par-
ticular contexts, and interaction with these contexts
gives rise to a numbet of behaviors, some of them meds-
ated by the subject’s will, whereas others are automatic
responses or simple reflexes (Bolles, 1972; Latham and
Pindez, 2005).
manner - independent of leamning. Such responses will
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depend exclusively on the presence of the proper stimu-
lus to be triggered. These responses are called reflexes,
or unconditioned responses, and constitute a basic form
of behavior that provides instant adjustments that facili-
tate the welfare of the subject (Staddon, 2003). We can
also learn bow to predict the imminent occurrence of a
biclogically important stimulus and anticipate response

it. Such leaming, known as classicical or Paviovian
stimulus is repeatedly preceded by a neutral stimulus,
as initially demonstrated by lvan Paviov (1849-1936)
tion response occurred naturally when the dog came into
contact with food. A stimulus of this kind was called “an
unconditional stimulus' (US) by Paviov, as the response
was not tied 1o a previous experience of the subject
with that stimulus. The response to a US was called an
‘unconditioned response’ (UR). After learning. the pre-
dictive stimulus was called a conditioned stimulus (CS)
because now the response becomes conditional to the CS
presentation. Accordingly, such a response was called a
conditional response (CR) (Pavioy, 1927). In the context
of motivated behavior, we can say that specific responses
can be motivated either by unconditioned or conditioned
stimuli. Neutral stimuli can also acquire the property of
motivating a behavior when it is paired with a (S_a leamn-
ing process known as second order conditioning (Rizley
and Rescorla, 1972).

Burrus Skinner (1904-1990) also studied the type
of leamning that follows Thomdike's law of effect, but
is different from Hull in that the emphasis is placed on
the reinforcement property of appetitive stimuli_ ie.. in
the relationship between the response and its conse-
quence. Skinnet used a method of analysis of behavior
that did not need to take into account any kind of mental
state to explain how this operant or instrumental learn-
ing occurs. Therefore, this approach does not consider
‘motivation’, understood as an internal state, as a factor
necessary to explain how instrumental learning occurs.
He used the terms reinforcement and punhment to
refer to stimuli that increase or decrease the frequency
of a response that follows it (Skinner, 1938; Staddon,
2003).

An instrumental response is performed in the pres-
ence of a certain stimulus that precedes the response and
is followed by the rewarding stimulus that reinforces the
occurrence of this response. As the discriminative stimu-
lus and the rewarding stimulus occur in close temporal
contiguity, it is possible that they become associated by
classical conditioning. Sometimes a particular context
works as a discriminative stimulus during instrumental
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leaming. In this case, the context may acquire rewarding
properties by a Paviovian conditioning process. There-
after, the discriminative stimulus or the context (CS)
become predictors of reinforcement and determine the
(1930, 1931) and later by Spence (1956). They assumed
that in the process of instrumental conditioning, the
subject learns to present the instrumental response in
the presence of the discriminative stimulus o of the
context and, additionally, acquire the expectation that
the reward is imminent. This expectation is leamed
instrumental response. The mechanism proposed by
Hull and Spense to explain the association between the
stimulus and the reward was the substitution of stimuli.
tional properties of the US,

Other theorists have addressed the interactions
different proposals. One of these proposals is the “two-
processes theory', which attributes an important role to
emotional states generated by classically conditioned
stimuli on the motivation of instrumental behavior (Res-
corla and Solomon, 1967). It is similar to Hull's propasal
to the extent that classical conditioning is important to
motivate instrumental behavior. However, it does not
spedific responses or might contribute to general moti-
vation (Rescorla and Solomon, 1967). In this theory. a
CS comes to induce not a general, but a particular type
of motivation that is specifically related to the US with
which it was paired. Thus, the CS will not necessarily
trigger a particular response, but a motivational state that
can affect performance of different responses, depend-
ing on the context in which it occurs. For example, if the
emotional state is fear, the resulting responses may be
a predator (Blanchard and Blanchard, 1988). During
instrumental learning, these emotional states are con-
ditioned to either contextual or discriminative stimuli.
Later, the emotional state evoked by these CSs can moti-
vate the performance of different kinds of instrumental
responses. In other words, the two-processes theory pre-
dicts that the performance of an instrumental response
can be altered by the presence of a CS according to the
emotional state associated with it. In this way, a CS can
decrease or increase performance, depending on the
emotion that it evokes being similar or opposite to the
emotion that is motivating the instrumental response
(Bolles, 1970).
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Contemporary theories of motivated
behavior

Most old theories imvolved in Paviovian and instrumen-
tal conditioning were developed to describe behavioral
any emotional or cognitive cause for such changes. The
sentence ‘a response is reinforced” is used to report that
the frequency of that response increased, without consid-
erning any emotional ot cognitive cause. The term “moti-
vated behavior' came from studies intended to investigate
the emotional factors involved in the actions that occur
in response to stimuli with hedonic properties. Contem-
porary researchers of motivated behavior assimilated
the concepts of Paviovian and instrumental condition-
the emotional aspects of this phenomenon (Tkemoto and
Panksepp, 1999).

In modern studies of motivated behaviors (Wise,
2008; Dalley and Everitt, 2009 Wilson et al.. 2009;
Humphries and Prescott, 2010; Schmidt et al., 2010; Shin
et al., 2010; Alcaro and Panksepp, 2011; Flagel ot al,
201%; Smith et al., 2011), the concepts of reinforcement
and CS were incorporated into the concepts of incentive
the meaning that the rewarding stimulus has a hedonic
value, ie., it causes a change in the subject’s emotional
state and that this change is implicated in the behavioral
a subject received a free reward or that it was rewarded
because of its behavior, implies that the subject was
i.e., the stimulus has a positive hedonic value.

Contemporary theorists of motivated behavior also
distinguish primary motivation as imvolved in CRs and
URs from appetitive stimuli and secondary or incentive
motivation as determinant of instrumental responses to
stimuli that signals the availability and location of an
{(Mogenson et al., 1960; Ikemoto and Panksepp, 1999).
Stimuli are distinguished according to the phase of moti-
by natural stimuli (USs) are classified as preparatory ot
appetitive, consummatory and post-consummatory (D4
Chiara, 1995 lkemoto and Panksepp. 1999). Incentive
behaviors (Bolles et al, 1975 Bindra, 1978). Reward-
ing stimuli are USs recognized by sensory modalities
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specialized in detecting proximal stimuli - tactile, taste,
of attending to biclogical needs, such as feeding. drink-
ing and breeding, essential to the survival of a species (Di
Chiara, 1995). Incentive stimuli are detected by sensory
in distal stimuli that signal the location of rewarding and
of getting 3 reward or avoiding a punishment, but they
are not themselves the goal of such motivated behav-
a process called instrumental incentive learning in which
the subject faces the rewarding or threat-removing out-
comes of an action. This process is recognized as differemt
from Paviovian conditioning in which a neutral stimulus

toon e of eliciti Stioned m—
responses (Paviovian (Rs), but not instrumental incentive
Balleine, 1994; Di Chiara, 1995). However, a neutral stimu-
lus can also acquire the property of eliciting an approach
response to an appetitive US through a type of Pavio-
(Dickinson and Balleine, 2002).

Incentive stimuli have activational value (they ‘ener-
gize’ the response, what corresponds to the “wanting”) and
tion - approach or avoidance - of the response). Together
these properties determine the intensity and nature of
typical incentive responses of approach or avoidance to
a rewarding stimulus or a threatening stimulus, respec-
positive and negative reinforcement. For avoidance to take
place, safety stimuli - incentive stimuli associated with
safe responding - must be acquired (Mackintosh, 1974; Di
Chaara, 1995).

Paviovian i ve learni flects the
of motivational properties by CSs through their associa-
stimulus (CS) can now motivate approach and consum-
matory actions directed to USs (Berndge, 2007). Accord-
ing to these concepts, USs present incentive salience even
to naive subjects. Paviovian incentive leamning can gener-
ate approach behaviors to a CS that predicts the proxam-
ity or availability of an appetitive stimulus (Ikemoto and
Panksepp. 1999). Although the influence of appetitive (Ss
are modulated by primary motivational states, they exent
a general motivational influence on appetitive behavior.
By contrast, aversive (Ss inlibit appetitive behaviors.

60

value assigned to outcomes of goal-directed instrumental
actions. This incentive value, and its control by primary
motivational states, has to be leamed through experi-
ence of the hedonic reactions elicited by the outcome
(Dickinson and Balleine, 2002).

Dickinson and Balleine (1994) proposed that instru-
mental behavior can be controlled by either a neutral
stimulus (just as proposed by Hull) or by the goal of
getting a reward or avoiding a punishment, ie., by the
consequences of an action. The former kind of instru-
mental behavior is called S-R habit, and the latter goal-
directed action (Yin and Knowlton, 2006). They can
be conceptually distinguished because goal-directed
actions, but not S-R habits, are motivated behaviors
dependent on drive - the biological needs of the subject.
S-R habits, on the other hand, are triggered by a neutral
stimulus, independent of any type of motivation. The
drive can be altered by the alteration of the physiologi-
cal state of the animal. A hungry animal that is bar-
pressing for food in an action-outcome manner has its
behavior controlled by an outcome (food delivery) that
reduces this drive (hunger). Therefore, the performance
of thix action will be reduced if the animal were previ-
ously fed. Such a procedure is called cutcome devahua-
tion - the hedonic value of the outcome (food delivery)
is lower when the animal is sated than when it is hungry.
However, if this instrumental behavior is triggered by a
specific stimulus or context, it is not affected by devalua-
tion of the outcome (Balleine and Dickinson, 1992; Dayan
and Balleine, 2002).

Defining an action as ‘goal-directed’ means that its
performance is mediated by the knowledge of the mla-
tion between the action and its outcome, which, at least in
human beings, is the product of an expectation or belief.
In addition, it is necessary that the subject represents the
result of the action as a goal itself. Objective critenia for
sition of a behavior that is sensitive to the contingency
established between the action and its outcome, thus
allowing distinction from responses elicited by Paviovian
CSs. The second criterion (the goal) aims to certify whether
the action performance is itself a goal for the subject
(Dickinson and Balleine, 1994). Dickinson and Balleine
rescued the concept of cathexis from Tolman (1959),
defined as the connection between a potential goal and
a related motivational state. This motivational state per
se does not appear to directly determine the target value,
unless there is prior experience that faclitates the asso-
(Ballene, 1992).
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The next point of interest lies in the consequences of
the instrumental action (the outcome), assuming that the
state has an important motivational role in goal-directed
behaviors. It seems that the subject tends to learn about
the value of an outcome through direct expenence, the
process that is referred to above as instrumental incen-
tive learning. As a result of it, experimental procedures
that potentially affect the resulting hedonic value of the
outcome, such as motivational changes and flavor-aver-
sion conditioning. do this only when the subject has had
the opportunity to leamn the incentive that can be re-expe-
rienced by an instrumental action. This form of incentive
learning can be clearly distinguished from the learning
process by which the value of the outcome, once acquired,
gains control over the instrumental performance (Bal-
leine, 1992).

Finally, motivational states can interact with incen-
tive learning, determining the reaction of the subject 10
the outcome. As in the example mentioned above, the
subject values the food more when it is hungry. However,
this does not imply an absolute control of the action per-
formance by the motivational state. Previous expernience
of the subject with the outcome seems to be relevant. In
conclusion, the influence of motivational states on goal-
directed actions is apparently indirect and mediated by
learning - what, in the words of Dickinson and Balleine
‘release goal-directed actions from the tyranny of primary
(Dickinson and Balleine, 1994).

A growing body of evidence suggests that it is in the
basal ganglia, especially in the neural circuitry loop that
feeds the nucleus accumbens (NAc), that salient. reward-
ing and aversive stimuli motivate specific behaviors .o
occur (Mogenson et al | 1980; Alexander et al | 1986; Albin
et al., 1989; Gumey et al., 2001; Frank and Claus, 2006;
Balleine et al., 2007; Nicola, 2007; Da Cunha et al., 2009;
boda and Hikosaka, 2011). In the next section, we will
review the functional anatomy of the basal ganglia and
how it operates to translate different kinds of motivation
into URs, CRs and goal-directed actions.

The basal ganglia architecture

The basal ganglia consist of a group of subcortical nucled
that process information received from all areas of the
cerebral cortex and send it back 1o the frontal cortex and
other brainstem structures involved in the control of motor
and emotional responses. Figure 1 offers an overview of
the basal ganglia architecture that is organized into three

61

C. Da Cunha ot 3l - How the Bacal ganglia selects mothvated bedavier —— 751

Corex
V Action 2
[ Actan 3
Truabe—.a
TN Dwect
Com CorSre
yp rect

Figere § Simplified S40iC508 o P mIin 22tRways of the batal

fangia

Graen anows InSCate dODAMinel TiC Drowtions. Blue Mrows
Ndicate eacitatory Phiamates R DIOjeCtiONs and 1ed armews
ndicate mddinory GABASIRIC projections. GPe, globus palldes
anternus; 6P globus pallidus interes; SNC, selstantia Migra pars
COMPACLI; SNe, SubSIINtia nigra pars reticulata; ST, sebthalamic
suchei. Based on Albis ot 3l 1989,

levels: (i) an input station, formed by the striatum and
subthalamic nuclei (STN): (ii) An output station, formed
by the pallidum and the substantia nigra pars reticulata
(SNr): and (i) A modulatory station, formed by the sub-
stantia nigra pars compacta (SNc), retrorubral field (RRF)
and ventral tegmental area (VTA). In addition, cortico-
basal ganglia processing occurs in three parallel loops
to Embic, associative and motor regions of the frontal
lobe (Alexander et al., 1986). Thess loops are partially
a spiral pattern of projections that allows inputs to the
limbic and assocative loops to affect emotional and motor
responses (Albin et al, 1989; Haber and Knutson, 2010).
The input station of the basal ganglia is formed by the
striatum and the STN. Nearly 99% of striatal neurons are
comprised of GABAsrgic medium spiny projection neurons
that are kept under strong tonic inhibition by GABAergic
and cholinergic interneurons ( Kawaguchi ot al_, 1995). The
STN is formed mostly of glutamatergic projection neurons
(Parent and Hazrati, 1995b). The dorsal striatum and STN
receve glutamatergicinputsfromthe thalamus, sensonmo-
tor, associative and Embic areas of the neocortex and pro-
pections from subcortical limbic areas (Parent and Hazrati,
inputs from associative and limbic areas of the prefrontal
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hippocampal formation and lateral hypothalamus
striatal projections follow a divergent pattern that is most
densely concentrated into a region of the striatum, with
a gradual decrease in projection density to neghboring
regions. In addition, tiny ramifications of the projections
from each part of the cortex broadcast the same informa-
tion to a broader field scattered throughout almost the
entire striatum (Habez, 2003; Haber and Knutson, 2010).

Different areas of the striatum recetve projections from
the sersorimotor, associative and Embic conex in rodents.
structures (Parent and Hazrati, 1995a3). In primates, the
dorsal striatum (neostristum or candoputamen) is formed
by the caudate nucleus and the putamen that are separated
by the intemnal capsule (Alexander et al, 1986; Ikemoto,
2007; Haber and Knutson, 2010). In rodents, this anatomi-
cal separation does not exist, but it is considered that the
dorsomedial and dorsolateral parts of the rodent striatum
correspond appraximately to the primate caudate nucleus
and putamen, respectively (Yin and Knowlton, 2006; Bal-
leine and O'Doherty, 2010). The ventral striatum is formed
mostly by the core and shell parts of the NAC (Swanson and
Cowan, 1975) and by the olfactory tubercle (Ikemoto, 2007).

The mnput station of the basal ganglia projects to
pathways. (i) In the hyperdirect pathway, information
received from the neocortex by the STN are sent “hyper-
directly” to the output station, bypassing the striatum.
(ii) The direct pathway is formed by direct projections
from the stristum to the output station. (ifi) The indirect
pathway is formed by projections from the striatum to the
external part of the pallidum (GPe), which in turn pro-
jects to the output nuclei, the SNr and the internal part of
the pallidum (GFi, named x entopeduncular nucleus in
GPe and the STN (Alexander et al., 1986; Albin et al., 1989;
Parent and Hazrati, 1995a b Nambu et al.. 2002a).

The output station of the basal ganglia is formed by
GABAergic neurons of the GP and SNr that project to the
thalamus (Parent and Hazrani, 199%a). Such projections
are mostly segregated in the associative, imbic and motor
loops.
= In the motor loop, projections from the dorsolateral

striatum (putamen and caudal part of the candate

nucleus) in primates are directed to the SNr and GPL

These nuclei project to the oral part of the ventro-

lateral nucleus of the thalamus (VL0o), the lateral
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medial subdivision of the ventrolateral nucleus of
the thalamus (FMLm). the magnocellular part of the
ventral anterior thalamic nucleus (VAmc) and the
dorsal medial part of the paralamellaris nucleus, a
subnucleus of the thalamus (MDpl), which in tum
project mostly to the primate supplementary motor
cortex (Alexander et al., 1986).

= Inthe associative loop, projections from the dorso-
medial and central stristum (head of the caudate
nucleus and antenior putamen) are directed to the
SNt and GPi in primates. These nuclel project to the
ventral anterior part of the parvocellular nucleus of
the thalamus (VApc) and the dorsal medial part of the
parvocellular nucleus of the thalamus (MDpc), which
in turn project to the dorsolateral prefrontal cortex

ot ; Haber and 2010,

= The limbic loop is more complex. The NAc core of
primates projects to the ventral anterior part of the
magnocellular nucleus of the thalamus (mVAmc),
the dorsal medial part of the magnocellular nucleus
of the thalamus (MDmc) and the medial dorsal
part of the posteromedial part of the nucleus of
the thalamus (PMmd), which in turn project to the
(Alexander et al., 1986). In rodents, the medial parts
of the NAc core/shell and olfactory tubercle project
to the ventral pallidum, and this in turn projects
to the prelimbic, infralimbic and agranular insulas
cortices. The medial parts of the NAc shell and
olfactory tubercle also project to the ventral palli-
dum and send direct and indirect projections to the
Iateral hypothalamus and closely connected brain-
processes (Ikemoto, 2007; Haber and Knutson, 2010;
Humphries and Prescott, 2010). Some signals from
the ventral pallidum eventually reach primary motor
and premotor areas of the cortex through polysyn-
aptic pathways, thus providing a mechanism for
motivation to affect action-selection. This is the basis
of imbic/motor integration (Ikemoto, 2007).

The concept of a modulatory station for the basal
" ises intrinsic and o tul
The projection neurons of the striatum are kept under
strong GABAergic and cholinergic modulation by striatal
interneurons. Depending on the pattern of inputs that
down (hyperpolarized) and up (near to the firing thresh-
old) states (Stern et al., 1997). Intrinsic and extrinsic
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corticostriatal neurotransmission, such as dopamine, ser-
otonin, noradrenaline, nitric oxide, endocannabinoids,
adenosine and opioid peptides. Most of these increase the
signal-to-noise ratio of cortico-striatal neurotransmission
by depolarizing the medium spiny neurons that are in the
‘up state’ and hyperpolarizing those that are in the ‘down
state” (Lewis and O'Donnell, 2000). Mechanisms of signal-
to-noise improvement in the cortico-striatal neurotrans-
mission also inchude increasing the release of ghatamate
in fibers under high frequency of firing and decreasing it
in those under low frequency of firing (Hernandez-Lopez
et al., 1987, 2000; West and Grace, 2000; Fredholm et al,
2005 Sesack and Grace, 2010). In addition, dopamine
and other intrinsic modulators (e.g.. endocannabinoids
and adenosine) also play a role in synaptic plasticity of
cortico-striatal neurotransmission (Di Filippo et al., 2009;
Lovinger, 2010).

Dopamine, released from midbrain dopaminergic
neurons, is the most sbundant of the neuromodulators
present in the striatum. The midbrain dopaminergic
neurons are organized in the RRF, SNc and VTA, cor-
respording respectively 1o the A8, A9, and A0 groups
(Prensa et al., 2009). All nucled of the basal ganglia receive
However, only the role of the dopaminergic projections
to the striatum is somewhat understood. These midbrain
nuclei also send GABAergic projections to the striatum,
dopaminerngic neurons follow a gradient in which dopa-
minergic neurons of the more medial parts of the midbrain
(e.g.. VTA) project mostly to the ventral striatum and those
located in more lateral and posterior parts of the midbrain
(SNc and RRF) project mostly to the dorsal striatum (Voorn
et al., 2004; lkemoto, 2007; Haber and Knutson, 2010).
lopontine and laterodorsal tegmentum. They also receive
pontine tegmentum, lateral hypothalamic and lateral pre-
(Forster and Blaha, 2003; Dommett et al.. 2005; May et al.,
2009; Sesack and Grace, 2010).

Action-selection in the basal
ganglia

As outlined above, the frontal lobe is the major neocorti-
cal target of the basal ganglia. Such architecture suggests
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that the roles of the basal ganglia are closely related to the
roles of the frontal lobe itself: motor control, motor plan-
ning and executive functions ( planning. working memory,
and monitoring of action). Here we will focus on the role of
the basal ganglia in action-selection of motivated behav-
o0 as suggested in a growing body of literature (Robbins,
1976; Cools, 1980; Mogenson et al., 1980; Alexander et al.,
1986; Albin et al., 1989; Mink, 1996: Gumney et al., 2001
Frank and Claus, 2006; Yin and Knowlton, 2006; Balleine
etal, 2007; Nicola, 2007; Da Cunha et al., 2009; Isoda and
Hikosaka, 2011; Redgrave et al , 2011).

Motor actions are programmed in premotor and
motor areas of the frontal cortex (Graziano, 2006) and
motor nuclei of the brainstem (Takakusaki et al, 2004;
McHaffie et al, 2005). The motor programs of the cortex
can be selectively activated by neurons of motor nucle
of the thalamus, which are held under tonic GABAergic
mnhibition by neurons of the output stations of the basal
ganglia (GPi and SNr) (Kropotov and Etlinger, 1999). Such
inhibition can be removed o increased by the three path-
a mentioned above (Alexander et al, 1986; Albin et al.,
1989). According to the ‘center-surround model” proposed
by Nambu and co-workers (2002b), when a voluntary
movement of the limbs is about to be imtiated, the hyper-
direct, direct and indirect pathways are sequentially acti-
vated 10 cancel competing programs while the selected
program is initiated and finalized at the proper time. The
hyperdirect pathway is in charge of cancelling compet-
ing programs. |t is formed by neurons of the STN that can
activate large areas of the GPI/SNe, thus increasing their
inhibition over large areas of the thalamus (Nambu et al.,
2002). In contrast, striatal neurons of the direct pathway
project 1o a limited number of neurons of the GPi/SNt,
supposedly those in control of specific motor programs
Because these neurons are GABAergic they can selec-
tively remove the mmhibation of cortico-thalamic neurons,
thus initiating this or that action. The indirect pathway
GPe that keep the GPi/SNr under tonic inhibition. By this
mechanism, the indirect pathway can finalize or prevent
specific actions from occurring (Albin et al., 1989).

This model of basal ganglia orgamization places the
input station (striatum) as the site in which action-selec-
tion occurs (Kropotov and Etlinger, 1999; Gumey ot al.,
2001; Nicola, 2007). In a recent article, we reviewed evi-
tum (putamen) encode actions of body parts directed to
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objects (Da Cunha et al., 2009). Specific striatal newrons
are reported to fire in response to the approach of an
object to a body part (Hikosaka et al., 1989; Grazano and
Gross, 1993; Nagy et al., 2006) and to the touch of that
object (Grazano and Gross, 199% Flaherty and Graybiel,
1994; Nagy et al., 2006) or by the movement of that body
part (Flaherty and Graybiel, 1994). As these experiments
were done in anesthetized animals, we proposed that
such neurons fired, not because the object approached
a specific body part, but because that specific body part
‘the mosasic of broken mirrors model” because it pro-
poses that objects and body parts’ actions encoded n the
neocortex are “mirrored” by striatal neurons in a broken
and repetitive manner (Da Cunha et al., 2009). Different
studies present evidence for the representation of body
parts in the putamen as in a broken mosaic (Flaherty and
Graybiel, 1994) or in a somatotopic ornganization (Graziano
and Gross, 1993 Gerardin et al.. 2003 Obeso et al., 2008).

Roles of different regions of the
striatum in selection of motivated

behaviors

Recent studies suggest that URs and CRs, goal-directed
actions and S-K habits are selected in the regions of the
striatum that belong respectively to the limbic, associative
and motor loops. Here we review evidence in support of
this view and of further segregation. According to such
evidence, URs are selected mostly in the NAc shell and
medial olfactory tubercle, whereas CRs are selected in the
NAc core and lateral olfactory tubercle. In contrast, goal-
directed actions and S-R habits are selected in the dorso-
lateral striatum (caudal parts of the candate nucleus and
putamen of primates). There is evidence for the involve-
ment of both the NAc core and dorsomedial striatum (head
of the caudate nucleus and rostral putamen in primates)
in selection of goal-directed actions.

The role of the NAc shell in selection
of unconditioned responses

As reviewed in the first section of this papes, URs are elic-
ited by specfic USs, independent of previous learming.
Most of these URs are directed to bioclogically relevant
stimuli that are themselves rewarding or aversive. They
involve approach/avoidance motor responses that are
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undert the control of the lateral hypothalamus and visceral
responses under the control of the autonomic and new-
roendocrine systems - systems that are themselves under
the control of the hypothalamus. The medial parts of the
NAc shell and olfactory tubercle are the only regions of
the ventral striatum that send direct projections to differ-
ent subnucled of the hypothalamus, including the lateral
hypothalamus (Heimer et al., 1991 Stratford and Kelley,
1999 Ikemoto, 2007). Therefore, the medial NAc shell/
olfactory tubercle s in a position to select the proper
motor and emotional responses to USs (Meredith ot al.,
2008).
A growing body of evidence supports the hypoth-
esis that URs organized in the lateral hypothalamus can
be elicited by inhibition of sub-regions of the NAc shell.
Inhibition of different sub-tegions of the NAc shell with
the GABA-A agonist muscimol elicits an intense feeding
response (similar to that observed after stimulation of
the lateral hypothalamus) and induces Fos expression
in a great numbet of cells in the lateral hypothalamus. In
addition, injection of a glutamate NMDA receptor antago-
1999). Moreover, inactivation of the rostral part of the NAc
shell with GABA-A receptor agonists or glutamate AMPA/
to those elicited by appetitive USs. In contrast, infusion
of the same drugs into more candal sites of the NAc shell
similar to those elicited by aversive USs (Reynolds and
Bernidge, 2008; Faure et al., 2010b). In addition to eating
(Maldonado et al., 1995; Stratford et al., 1998; Reynolds
and Berridge, 2001, 2002; Baldo et al., 2005), such appe-
tions to taste (Reynolds and Berridge, 2002) and drinking
behaviors (Stratford et al., 1998). The responses similar
to those elicited by aversive USs include negative valence
orofacial reactions to taste (Reynolds and Berridge, 2002)
escape attempts (Reynolds and Berridge, 2001) and defen-
lations of neurons in the NAc of rats undergo increased
ot decreased firing activity in response to intraoral infu-
sion of a sucrose solution (Krause et al., 2010; Roitman
et al, 2010) and abrupt licking when the NAc is electri-
cally stimulated (Krause et al., 2010). Furthermore, differ-
ent subjective emotional responses were also reported by
in the NAc. These responses include anxiety, dizziness,
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sensation of warmth and “Aushing.” signs of increments in
mood, sensation of energy, alertness, laughing, calmness
and talkative behavior (Machado et al., 2009).

Activation of dopamine receptors is nesded following
the inactivation of the NAc shell with ghatamate receptor
antagonists 1o clicit appetitive or aversively-motivated
URs (Faure et al., 2008). Such effects seem to be mediated
by activation of both the D1 and D2 dopamine receptors in
(Nicola, 2007), which might contribute to an increase in
the signal-to-noise ratio of signals, as in what occurs in
the dorsal striatum (see above). Selection of autonomic
responses to USs may contribute to ‘drive’ states related
to positive and negative affect. Release of dopamine in
the medial NAc shell/olfactory tubercle is said to induce
a high action-arousal state, defined as a mind state that
ment, resulting in invigoration of behaviors of approach
to biclogically important stimuli (USs) or escape from
danger (Ikemoto and Panksepp, 1999). This can explain
the behavioral stimulant effect (e.g.. increase in reward-
seeking and other exploratory behaviors) (Pinenbu and
Vanrossu, 1973; [kemoto and Panksepp. 1999; Di Chiara
et al, 2004; [kemoto, 2007) and increment of mood
(Nestler and Carlezon, 2006) caused by drugs that increase
the extracellular concentration of dopamine in the NAc.
These findings are in line with the hypothesis that meso-
striatal dopamine systems are part of the neuronal mecha-
nisms that allow organisms to organize behaviors that are
essential to sustaining life (Panksepp. 1982; Ikemoto and
Panksepp. 1999).

The role of the NAc core and shell in
selection of conditioned responses

As outlined above, during Paviovian conditioning, a pre-
viously neutral CS that is paired with an appetitive or
aversive US acquires a comresponding positive or nega-
tive valence. This permits the CS to automatically elicit
approach and consummatory CRs in anticipation of pres-
entation of the US in a manner that is not dependent on
the consequences of these responses.

In addition to the NAc (Ikemoto and Panksepp, 1999,
Di Chiara, 2002; Belin et al, 2009; Faure et al., 2010b;
Berndge, 2012), many other limbic structures, includ-
ing the basolateral complex of the amygdala (Gallagher
and Holland, 1994; Vardarjanova and McGaugh, 1999;
White and McDonald, 2002; Blundell et al.. 2003; Yin
et al, 2008), the hippocampus (Holland and Bouton,
1999). the orbitofrontal cortex (Gallagher et al, 1999;
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Izquicrdo et al., 2004), the anterior cingulate cortex
(Buchanan and Powell, 1982 Parkinson et al, 2000) and
metz, 2009), have been proposed to play key roles in Pav-
lovian conditioning. However, there remains some con-
tention as to what specific roles each of these structures
play.

It ix also controversial as to what critical roles the NAc
core ot shell play in Paviovian conditioning. Some studies
suggest that the NAc shell plays a role when the (S is a
context (Riede] et al., 1997; Bossert et al., 2007; Ito et al.,
2008; Chaudhri et al, 2010: D'Souza et al, 2011; Bossert
et al., 2012) and the NAc core plays a role when the CS is
a discrete cue (Bossert et al, 2007; Chaudhri et al., 2010}
However, the opposite pattern or lack of effects have been
reported in other studies (Parkinson et al., 1999, Levita
et al, 2000; Pezze ot al, 2001 Cassaday et al, 2005
Chaudhri et al., 2009; Kelsey et al., 2009; Edwards et al.,
2011). In contrast, Bradfield and McNally (2010) pro-
posed that what determines the involvement of the core
and shell regions of the NAc in Paviovian conditioning is,
respectively, the poor or good predictive quality of the CS.

According to lkemoto (2007). the meso-ventrome-
dopaminergic neurons that target the medial parts of the
NAc shell and olfactory tubercle and these target areas,
plays an important role in the aspects of incentive leamn-
ing related to acquisition and consolidation of stimulus-
outcome association (which corresponds to the CS-US
association). In contrast, the meso-ventrolateral striatal
gic neurons that target the NAc core and the lateral parts
of the NAc shell and olfactory tubercle, plays a role in
the selection of adaptive responses based on the learned
(S-US association. Another possibility to explain the evi-
dence that supports [kemoto's view is that the CS-US asso-
ciation is learned and stored in the other abovementioned
brain structures (Gallagher and Holland, 1994 Da Cunha
et al., 1999; Holland and Bouton, 1999; Vazdarjanova and
McGaugh. 1999; White and McDonald, 2002; Blundell et
al_, 200%; Yin et al., 2008), which in turn project to the NAc
where it is associated with selection of a proper CR.
their studies to ehucidate what aspects of Paviovian condi-
= leamning. incentive motivation or pleasure (Belin and
Everitt, 2008; Berridge et al.. 2009). Berridge (2012) defines
(Paviovian) incentive learning as the associative process
that gives incentive value to arbitrary cues, such as a Pav-
lovian (S that is associated with a rewarding US. Incentive
motivation is defined at the moment of performance and
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results from the miegration of what has been learned (that
a US is cued by a (S) and the neurobiological state at the
moment in which the (S s re-encountered (e.g.. appetite
states, satiety states, drug states). From this integration
arises the ‘wanting,” Le., the desire of getting a rewarding
US signaled by that CS. The kast component - the pleasure
or “liking’, is the subjective appreciation of the hedonic
property of that US. These authors maintain that the mid-
brain dopaminergic projections to the NAc (particularly
to the NAc shell) are critical for the incentive salience
that strongly modulates the wanting, but = not needed
for learning the CS-US association or for determining the
hedonic appreciation of the US - the liking. The body of evi-
dence for the role of NAc dopamine in the wanting, but not
the liking and for learning of the CS-US association is quite
strong. The findings of these authors argue in opposition
of the proposal that the phasic release of dopamine in the
striatum s a prediction-error o teaching signal that guides
learning, a hypothesis that is supported by extensive elec-

These two views are not necessarily in contradiction
if the type of learning strengthened by phasic dopamine
release is not the (S5-US association. but the CS-CR or the
CS-instrumental response associations (Da Cunha et al.,
2009). There is compelling evidence that the (S-US
memory traces are consolidated in the basolateral complex
of the amygdala when the (S is a discrete cue (Gallagher
and Holland, 1994 Vardarjanova and McGaugh, 1999;
White and McDonald, 2002; Blundell et al., 2003; Vianna
et al., 2004; Yin et al., 2008) and in the hippocampus
when the CS s a context (Phillips and Ledoux, 1992;
Maren et al. 1997, Holland and Bouton, 1999, Burgess
et al., 2002; Vianna et al, 2004). As both the hippocampus
to the NAc (see above), it is reasomable to posit that the
midbrain projections to the NAc medial shell can gener-
ate either intense appetitive motivation 10 eat or intense
current environment is comfortable and familiar or over-
stimulating and aversive (Berridge, 2012). In other words,
interruptions in glutamate signals coming from the baso-
and context that signal a US) can tnigger approach/avoid-
ance responses toward the US due to the connections of
the NAc with the lateral hypothalamus and ventral palli-
dum. Selection of the proper response can be improved
by the release of dopamine, which increases the signal-
to-noise ratio in glutamatergic synapses in the NAc. Ths
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increase other action-selection processes in response to
a (S previously paired with an appetitive US. This may
explain the action-arousal property of striatal dopamine
proposed by lkemoto (2007). Finally, although striatal
dopamine might not improve (S-US learming. as advo-
cated by Berridge (2012), there is compelling evidence that
the phasic release of dopamine in the NAc signals predic-
tion errors and improves CS-UR assocations by altering
the strength of glutamatergic synapses. In this sense, the
NAc is a site of learning. not of the CS-US, but of the S-CR
association (Dombrowski et al., 2012).

Roles of the striatum in selection
of instrumental actions

It remains controversial whether the ventral striatum
plays a role in learming and performance of instrumental
actions. Smith-Roe and Kelley (2000) reported that rat
learning of actions instrumental to getting food is deeply
delayed by the pre-training administration of D] recep-
observed in rats that received post-training injections of
a protein synthesis inhibitor in the same site (Hernandez
et al., 2002; Jonkman and Everitt, 2011). These findings
are apparently in contradiction with the results of other
studies reporting that excitotoxic lesions of the NAc core
produced no effect on instrumental Jearning (Corbit et al.,
2001; Ito et al_, 2004). Independent of this controversy, it
is well accepted that the release of dopamine in the NAc
shell in response 10 a stimulus with incentive salience (a
CS previously paired with a rewarding US) can invigorate
mstrumental performance directed to the same reward
(Lovibond, 1983; Di Chiara, 2002), a phenomenon known
as Paviovian-to-instrumental transfer (PIT) (Trapold et al.,
1968; Hall et al., 2001). In addition, release of dopamine in
the NAc core seems to invigorate instrumental responses
in the environment where conditioning occurred, a phe-
nomenon called action-arousal in conditioned contexts
(Ikemoto, 2007).

Early evidence for a role of the dorsal striatum in motor
functions appeared more than 200 years ago and became
well established in the first half of the twentieth century.
However, only more recently has a role of the basal ganglia
in cognitive functions been generally accepted (see White,
2009 for a review). The hypothesis that the dorsal striatum
is the core structure in one of the multiple memory systems
in the brain arises from studies with patients that, due to
lesions in the hippocampal formation, had lost the ability
to form memories that could be reported in a declara-
tive manner but conserved the capacity to leamn things
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that could be expressed by a motor procedure (Scoville
and Milner, 1957, Cohen and Squire, 1980). The multi-
ple memory systems theory (McDonald and White, 1994;
Packard and Knowlton, 2002) received extensive support
from studies with models of declarative and procedural
memory in animals and patients with lesions (Packard
et al., 1989 1992; Packard and White, 1990; Packard and
McGaugh, 1992; McDonald and White, 199% McDonald
and White, 1994; Knowlton et al., 1996; Squire and Zola,
1996; Aggleton and Brown, 1999; Da Cunha et al, 2001
Packard and Knowlton, 2002; Schroeder et al. 2002),
pharmacological manipulations (bguierdo et al, 1992,
McDonald and White, 1994; Packard and McGaugh, 1996;
Izquierdo et al., 2006), genetic manipulations (Aggleton
and Brown, 1999; Lobo et al, 2007, Ardxyvfio et al., 2008;
Bach et al., 2008; Leea ot al., 2008 Yu et al., 2009) and
deep brain stimulation (Schumacher et al., 2011) in the
hippocampus and dorsal striatum, as well as from studies
showing activation of these areas (Aosaki et al., 1994;
Jenkins et al, 1994; Aggleton and Brown, 1999; Jog et al,
1999; Maguire et al., 2000; Guzowski et al., 2001).
Studies from our and from other laboratories also pro-
vided support to add other nucled of the basal ganglia 10
the procedural memory system. These include nucles such
as the SNc (Mitcham and Thomas, 1972 Routtenberg and
Holzman, 1973; Staubli and Huston, 1978; Delacour et al,
1977 Hicks et al.. 1979; Nikolaus et al.. 1997; Matsumoto
et al, 1999; Da Cunha et al, 2001, 2006, X007; Gevaerd
et al. 2001ab; Mivoshi et al, 2002, 2012; Perry et al,
2004; Ferro et al., 2005; Tadasesky et al., 2008; Ho et al,
2011), the pedunculopontine tegmental nucleus (Steckler
et al., 1994; Brown et al., 1999; Sstorra-Marin et al., 2006;
Andero et al., 2007; Wilson et al., 2009; Bortolanza et al.,
2010, Lester et al., 2010), the pallidum (Jahanshahi et al,
2000) and the subthalamic nucleus (Hicks et al., 1979;
khanshahi et al., 2000; van Wouwe et al, 2011). It =
important to stress that the influence of these other nucle:
on learning and memory may not only derive from their
Once it was well established that dorsal striatum
and hippocampus encompass the core structures of
declarative and procedural memory systems, the focus of
research moved to the question of what is the nature of the
information encoded in each of these memory systems. In
humans, the declarative memories were defined as those
that store information about facts (episodic memory) and
concepts (semantic memories). Further studies showed
that it is the episodic memories that can be critically
impaired in patients with lesions restricted to the hip-
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pocampal formation (Cabeza et al, 1997; Aggleton and
Brown, 1999). The main features, which can be modeled
in animal models of episodic memory, are the encoding of
occurred and information that can be flexibly used in dif
ferent contexts (Eichenbaum, 2008). Noo-spatial tasks
that mode! the relational and flexible aspects of declara-
tive memories include the social transmission of food
preference (Bunsey and Eichenboum, 199%; Vale-Martinez
(Meunier et al., 1993) and rat versions of the delayed non-
matching-to-sample task (Clark et al., 2001). Leamning of
all these tasks is impaired by lesions in the hippocampal
formation and closely related structures.

The rodent models that better assimilate the “where
and ‘flexible” nature of declarative memories demands
that the animal learn to navigate in a maze in a flexible
mannet (e.g.. departing from different locations) o get
a reward in a specific location. The Morris water maze
(Morris et al, 1982) and the S-arm radial maze (Olton
et al., 1979) are examples of models that have been exten-
sively used in these studies. Vaniations of the same tasks in
which the animal learns how to get the same reward, but
using an 5-K strategy have been used as models of proce-
dural memory tasks. In these vanations, the animal learmns
o approach a cue that, despite being placed in different
locations at each trial, always signals the current location
of the reward (Packard and White, 1991; Da Cunha et al.,
2006). Learning to navigate in these mazes following a
place or a response (of approaching the cue) strategy is
considered, respectively, as a rodent model of declarative
and procedural memories.

Double dissociation studies in which lesions or inac-
tivation of the hippocampus or dorsal striatum impaired,
respectively, place and response learning were taken as
of the declarative or procedural memory system (Packard
and White, 1991; Packard and McGaugh, 1996, Da Cunha
et al., 2006). However, this interpretation could not
accommodate recent findings that lesions in the dorso-
medial parts of the striatum impair place learning (Devan
et al, 1999) and that some striatal neurons fire when
the animal approaches a specific place (Mizumori et al.,
2004). Some suthors have tried to solve this inconsist-
ency by proposing that the dorsomedial striatum is part
of the ‘spatial/declarative memory system’ (McDonald
et al. 2004). However. if this were the case, rats with
double lesions in the dorsolateral striatum and dorsal hip-
pocampus should be as impaired in learning how to mavi-
gate by a spatial strategy as rats with lesions restncted
0 the hippocampus (that are mildly impaired) and those
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with lesions restricted to the dorsolateral striatum (that
are not impaired at all). We tested these predictions, but
found that rats with these double lesions were deeply
impaired in navigating in a Mormis water mare using
spatial o cue strategies (Miyoshi et al., 2012). Such find-
ings suggest that both memory systems based on the hip-
pocampus and dorsolateral striatum are needed for navi-
svstem theory needs to be reformulated.

In addition, experiments with monkeys have shown
habit (procedural) tasks are learned slowly (Fernandez-
Ruiz et al., 2001). However, lesions in the dorsal striatum
of rats impaired hippocampal-dependent tasks, which are
learned quickly by control rats, such as odor discrimina-
tion memory tasks. Such dorsal-striatum-lesioned rats
were also impaired in learning other tasks learned more
slowly by control rats, such as object and pattern discrimi-
nation tasks (Broadbent et al., 2007).

The main problem with the hypothesis that response
of the declarative and procedural memory systems is the
assumption that both the hippocampus and the dorsal
well with the current evidence that the main role of the
dorsal striatum is to select motor actions that result in
rewarding outcomes (Da Cunha et al., 2009). However,
there is no support that the hippocampus and associated
cortex has direct access to the motor nucle: bypassing the
basal ganglia. Therefore, we propose to keep the well-sup-
stores contextual fe.g.. spatial, relational, ie.. stimulus-
stimuhss association (S-S)] information organized in epi-
sodes, but 1o replace the idea that the hippocampus holds
control over motor actions for the (also well-supported)
hypothesis that the striatum uploads information from
the hippocampus and other areas of the brain and uses it
to select actions to approach a place in which the subject
received a reward. According to this view, the answer to the
question posed above is that the episodic memory system
basad on the hippocampus stores memories about rels-
tions among stimuli (S-5) that are encoded as contexts or
episodes, whereas the procedural memory system, based
on the dorsal striatum, stores information about how to
select instrumental actions in response 10 cue Of contex-
tual stimuli that result in rewarding outcomes [stimulus-
resporse-outcome associations(S-R-0)).

The next relevant question is whether different sub-
regions of the stristum store S-K and R-O (also as action
outcome; AD) associations. As reviewed above, the instru-
mental responses (actions) selected on the basis of SR
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ot (A-0) contingencies are named S-R habits and goal-
directed actions, respectively (Dickinson and Balleine,
2002). Currently, the most accepted view is that learning
and performance of instrumental goal-directed actions
and S-R habits in rodents depends, respectively, on the
dorsomedial and dorsolateral parts of the striatum (Yin
et al, 2004, 2006; Redgrave et al., 2010; Dezfouli and Bal-
leine, 2012). Evidence for this comes from experiments
showing that the behavior of bar-pressing for appetitive
rewards is sensitive to outcome devaluation in rats after
lesion or inactivation of the dorsolateral striatum (Yin
et al, 2004, 2006), but not in rats with a lesion in the dos-
somedial striatum, or in controls trained under schedules
that favor S-K habit learning (Yin et al., 2004). In contrast,
lesions or inhibition of the posterior dorsomedial striatum
sion of 5-R habitual responding. which is insensitive to
(Yin et al., 2004, 2005a.b), without impairing the ability
of rats to discriminate either between actions or between
outcomes (Yin et al, 2005b). Further evidence was pro-
vaded by studies in rats wath partial depletion of dopamine
in the dorsolateral striatum as a result of methampheta-
mine treatments (Son ot al., 2011), lesions of the SNc with
6-OHDA (Faure et al., 2005) followed by systemic injection
of D1 or D2 agonists (Faure ot al., 20103) or infusion of 1
or D2 antagonists into this brain region (Boschen et al.,
2011 Wietzikoska et al., 2012). A recent study suggested
that the role of the dorsolateral striatum on S-R habits
also depends on information uploaded from the central
nucleus of the amygdala (Lingawi and Balleine, 2012).

The dorsolateral striatum s in receipt of strong pro-
few projections from limbic and associative areas (Parent
and Hazrati, 1995a). Therefore, it s in position to associ-
ate stimuli to responses that can be suomatically trig-
gered by them. In contrast. the dorsomedial striatum
regions that encode the value of the outcome = well as
goals (Parent and Hazrati, 1995 Ikemoto, 2007). This
may explain why lesions and other manipulations of the
rodent dorsomedial striatum affect performance of instru-
mental goal-directed actions.

As mentioned above, neurons in the putamen of pri-
mates and in the dorsolateral striatum of rats respond to
and also to movement of the animals to locations in which
they were previously rewarded (Grazano and Gross, 1993;
Berke et al., 2009). Striatal neurons also respond to touch or
movement of specific body parts (Graziano and Gross, 1993;
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Flaherty and Graybiel, 1994 Gerardin et al., 2003; Tang
et al., 2007). In the “the mosac of broken mirrors model”, we
propase that these automatic responsss of approach to an
object or location result from activation of specific striatal
neurons of the direct pathway or by inhibition of neurons
of the indirect pathway to the output stations of the basal
ganghia (Da Cunha et al., 2009, Kreitzer and Berke, 2011).

In summary, although some controversies remain, the
pieces of evidence accumulated so far suppoct the view
that instrumental actions are sslected in the dorsal stna-
tum - selection of goal-directed actions dependent on the
dorsomedial striatum and S-R habits dependent on the
dorsolateral striatum.

Concluding remarks

After all, what motivates someone o0 behave in this way or
that wany? Accoeding to the current view, this depends on the
type of behavior being discussed. URs are autormatically trig-
gered by stimuli iImportant for the survival of the subject (e.g.,
food and harmful or threatening USs) o the preservation of
its speces (e.g.. sex-related USs). CRs are not innately trig-
gered by a CS, but depend on previous leaming that predicts
the imminence ot proximity of a US. In addition, CRs are not
motivated by the goal of getting an appetitive US or avoid-
mng an aversive US - it is rather an involuntary response in
anticipation of the US. However, many instrumental actions
are motivated by the goal of approaching/consuming an
appetitive US or avoiding an aversive US. Like the CRs, the
goal-directed actions are not innate, but depend on learn-
mg about the relatonship between specific actions and owt-
are not performed with the goal of achieving specific ow-
comes, but rather s automatic responses 1o a neutral stimu-
In appetitive outcomes of in avoidance of aversive owt-
comes. Therefore, the difference between a habit and a goal-
directed action is that the former is automatically triggered
by a discriminative stimulus, whereas the latter is motivated
by a goal. S-R habits are also different from CRs, which are
leamed by simple exposure 1o paired CS-US stimuli that are
presented independent of the subject’s response. Therefore,
according to the current learning theories, the motivation
to perform different motor behaviors depends on how they
o emotional state (e.g., hunger, thirst, and satiety) as an
additional variable to modify the direction and intensity of a
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The body of evidence reviewed here points to the basal
ganglia as the core system in action-selection. Therefore,
the next critical question is. ‘how does the basal ganglia
select xctions based on emotional states, USs, CSs, goals
and discriminative stimuli? According %o the current ana-
can be mitiated by neurons of the direct pathway (striatum-
SNz/GFi) and ended or avoided by striatal output neurons
of the indirect pathway (striatum-GPe-SNt/GPi), whereas
performance of concurrent actions are prevented by activa-
tion of the hyperdirect pathway (cortex-STN-SNt/GPi). Seri-
atal neurons of the direct and indirect pathways are acti-
vated by cortical and subcortical neurons encoding USs,
(Ss, goals and neutral stimuli. Learning how 1o respond to
specific stimuli or goals in an adaptive manner depends on
alterations in the strength of the synapses between these
cortical/subcortical neurons and striatal newrons of the
phasic increases or decreases in extracellular striatal dopa-
mine occut in response to discrepancies between expected
and obtained rewards (prediction errors). Striatal dopa-
mine also ‘energizes’ performance of adaptive actions by
rotransmission in a mannet that increases the likelihood
of firing in the striatal neurons that are more active due 1o
inputs of information relevant to action-selection. Phasic
increases in stristal dopamine also occur in response o
salient USs or CSs with incentive salience.

Finally. the next question addressed in this review is,
“are there specific regions in the basal gangha dedicated
to selection of actions based on specific emotional states,
USs, CSs, poals and neutral stimuli™? A growing body of
evidence supports a functional compartmentation hypoth-
ganglia loops are. respectively, involved in action-selection
of UR/CRs, goal-directed actions and S-R habits. Studies
addressing the role of the different sub-regions of the stri-
atum support the view that selection of URs depends on
the medial NAc shell and olfactory tubercle, selection of
(Rs depends on the NAc core and lateral olfactory tuber-
cle, selection of goal~directed actions depends on the dor-
somedial striatum of rodents (antenor caudate nucleus of
primates) and selection of S-R habits depends on the dor-
solateral striatum of rodents (putamen of primates).

Such a view of how different kinds of motivated behav-
jors are selected implies that, instead of encoding, storing
and expressing all aspects of procedural memories, as
proposed by the multiple memory systems theory, the role
of the basal ganglia is restricted to selecting those actions
needed 10 express both declarative and procedural memo-
ries. According to this view, selection of the actions used
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to express a spatial memory, for example, occurs in the
basal ganglia, but the memory per se of a given location
in an environment (independent of the actions needed to
go there) is encoded and stored elsewhere, possibly in the
hippocampal formation and related brain areas. In the
same way, expression of an emotional memory learned
by Paviovian conditioning depends on the basal ganglia
only for the selection of the response conditional to the
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Abstract

Diazepam is a benzodiazepine receptor agonist with anxiolytic and addictive
properties. Microdialysis studies have shown that while most addictive drugs
increase dopamine concentration in the nucleus accumbens, benzodiazepines cause
the opposite effect. In the present study we used 20 min sampling in vivo
microdialysis and sub-second fast-scan cyclic voltammetry to show that diazepam
(1-3 mg/kg, i.p.) caused a dose-dependent decrease in tonic and phasic dopamine
release in the nucleus accumbens of urethane anesthetized mice. This effect was
prevented by administration of the benzodiazepine receptor antagonist flumazenil.
No significant effects on measures of dopamine re-uptake were observed. These
results suggest that the pharmacological effects of benzodiazepines might have a
dopaminergic component. In addition, this study provides a likely mechanism by
which benzodiazepines are claimed by some researchers as effective in the
treatment of addiction by other drugs of abuse such as cocaine, amphetamines, and

opioids.

Keywords
Dopaminergic neurons, electrochemistry, ventral tegmental area, nucleus

accumbens core, GABA, anxiolytic, anticonvulsant.
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Decades ago, the drugs used to treat anxiety (e.g. benzodiazepines and
barbiturates) and psychosis (e.g., chlorpromazine, haloperidol, sulpiride) were
named as minor tranquilizers and major tranquilizers, respectively'. Later on it was
established that these two classes of drugs present quite different mechanisms of
action and therapeutic properties. Benzodiazepines (BZs) are agonists of the central
type BZ receptors linked to the y-aminobutyric acid (GABAA) receptor and are used
as anxiolytics®. The typical antipsychotic drugs are antagonists of the D2 dopamine
(DA) receptors?®. In the current study, using in vivo microdialysis and fast-scan cyclic
voltammetry (FSCV) to make 20 min and sub-second measures of tonic and phasic
dopamine release, respectively, in the nucleus accumbens (NAc), we present
evidence that BZs may also act as indirect DA antagonists by decreasing both tonic
and phasic release of DA from meso-accumbal neural terminals.

Urethane anesthetized mice had a carbon-fiber FSCV recording electrode
placed in the NAc and a stainless steel stimulating electrode placed in the ventral
tegmental area (VTA). The VTA and NAc are brain nuclei rich in dopaminergic
neurons and DA terminals, respectively*. After the electrochemical recording signal
stabilized (did not decay by more than 20% per hour), 4 trains of electric stimulation
3 min minutes apart were applied in the VTA under the following conditions: baseline
(before any drug administration) and 5 min after the administration of vehicle, the BZ
receptor agonist diazepam (DZP 1, 2, or 3 mg/kg i.p), and then the BZ receptor
antagonist flumazenil (FLU 2.5 mg/kg, i.p.). These drugs were administered
sequentially in the same animals, but independent groups of mice received the
different doses of DZP. A second control group of mice was submitted to the same
protocol but received drug injections in a different order: baseline, vehicle, 2.5 mg/kg
FLU, and 2 mg/kg DZP. Another control group received 3 injections of vehicle at the
same time that the other groups received vehicle, DZP or FLU. At the end of this
procedure, the 1 mg/kg DZP group also received an i.p. injection of the dopamine
transporter (DAT) inhibitor nomifensine (20 mg/kg, i.p.) and electrically evoked DA
release was monitored 5, 8 and 11 min later.

All stimulating electrodes were located in the VTA (Figure 1A) and all
recording electrodes were located in the NAc core (Figure 1B). All microdialysis

probes were also located in the NAc, at least 50% in the core part (Fig 1C).
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Cyclic voltammograms and corresponding pseudocolor plots show clear DA
oxidation peaks occurring between +0.65 V and +0.79 V and a reduction peak
between -0.20V and -0.36V (versus the Ag/AgCl reference electrode) with relatively
low currents in other potentials. On average, the oxidation of 0.5 yM DA at an
electrode with 100 um exposed tip caused a current of 4.2 £ 0.3 nA. The average
length of the carbon-fiber electrodes used measured 87 + 18 um.

The voltammograms obtained in vivo have oxidation and reduction currents
peaks in the same range as those observed in the flow cell calibration of the
electrodes. Individual examples of FSCV measurements of DA release in the NAc
evoked by electrical stimulation of the VTA are shown in Figure 2. The selected
examples are representative of the recordings obtained from all animals.
Background noise, defined as the variance of oxidation current measured between -
65 and 5 s before the electric stimulation, was 0.04 £ 0.02 nA and did not vary
significantly among groups (F(4,23) = 0.73; p = 0.58). Data from 31 out of 444
electrically evoked DA signals were discarded because they overlapped with obvious
stimulation artefacts. The remaining data were averaged by animal and the

composite data of all animals were used for statistical tests.
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As shown in Figure 3, i.p. administration of the DAT blocker nomifensine (20
mg/kg) did not change the potentials at which dopamine oxidizes or reduces (Figure
3A and 3C). In addition, nomifensine administration caused significant time-
dependent increases in the amount of DA released (calculated from the height of
the oxidation peak; Fig 3D), increases in decay half-life (T+,2) (Figure 3E) and
decreases in the decay rate constant (K) (Figure 3F). These findings support the use
of the FSCV oxidation current as a measure of variation of extracellular DA release

in the present study®.
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Figure 4A shows the average height of the peaks (A[DA]) and Figures 4B-D
show the temporal variation of the DA concentration in response to the VTA
stimulation. Average T12and K values are shown in Supplemental Table 1. Mice in
the control group received 3 injections of vehicle at the same time that the mice in
the other groups received vehicle, DZP or FLU. Data from the same animals were
used for the control group shown in the Figures 4D-F, Supplemental Figure 1, and
Supplemental Table 1.

As shown in Figure 4A, the height of the DA peaks (A[DA]) in the control
group did not significantly decrease during the 1-hour duration of the experiment
(F(3,24) = 1.17, p = 0.34, one-way ANOVA). This control is important to show that
any observed decrease in the peak heights in the groups treated with DZP was not
caused by electrode desensitization. Figure 4A also shows that DZP caused a dose-
dependent and significant reduction in the size of the peaks. A repeated-measures
two-way ANOVA showed a non-significant drug treatment factor (F(3,19) = 1.82, p =
0.18), a significant time effect (F(3,57) = 17.1, p < 0.001), and a significant
interaction between these factors (F(9,57) = 2.12, p < 0.05). Dunnett’s post-hoc tests
showed that DZP at 2 and 3 mg/kg, but not at 1 mg/kg, caused a significant
reduction in the DA peak height (p < 0.05). Post-hoc tests also showed that 2.5
mg/kg FLU reversed the effect of DZP at 2 mg/kg, but not at 3 mg/kg (p < 0.05,
Figure 4A). Supplemental Figure S1 shows that 2 mg/kg DZP preceded by 2.5 mg/kg
FLU did not cause a significant decrease in electrically-evoked DA release.

The shape of the DA peaks (notably, the descending trace corresponding to
re-uptake of the neurotransmitter) shown in Figure 4B-D and in Supplemental Figure
S1B-D) suggests that DZP did not affect DA re-uptake. This was confirmed by the
analysis shown in Supplemental Table 1. While nomifensine caused a significant and
time-dependent increase in the T2 and corresponding decrease in the K (Figure 3),
these factors were not significantly affected by any dose of DZP (Supplemental
Table 1).
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Figure 5 shows that the tonic concentrations of DA measured in the
microdialysis samples also were significantly reduced by the i.p. administration of 2
mg/kg DZP and that this effect is reversed by the i.p. administration of 2.5 mg/kg
FLU. A repeated-measures two-way ANOVA showed a non-significant drug
treatment factor (F(1,5) = 1.40, p = 0.29), a significant time effect F(10,50) = 2.62, p
< 0.05), and a significant interaction between these factors (F(1,50) = 4.50, p <
0.001). Dunnett’s post-hoc tests showed that DZP caused a significant reduction in
tonic DA concentration (p < 0.05). These post-hoc tests also showed that 2.5 mg/kg

FLU significantly reversed this reduction (p < 0.05).

] DZP
120- Vehicle

.

90+

[DA] (%)

60 -
¥ Control (N=3)
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60 120 180 240 300
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Figure 5. Effect of diazepam on variation of tonic levels of dopamine in the mouse
nucleus accumbens. Mice were anesthetized with urethane and microdialysis samples
were collected every 30 min and DA concentration were measured by HPLC-EC in the
following order: under baseline (BL) condition (before the injections); after the injection of
2 mg/kg diazepam (DZP), and after the injection of flumazenil (FLU). The mice of the
control group always received vehicle when the mice of the other groups received
diazepam and flumazenil. Data are expressed as mean £ SEM percent of the baseline.

p < 0.05 compared to the control group at the same time; p < 0.05 compared to the
same group at the previous time (Dunnett test after repeated measure two-way ANOVA).
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BZ drugs increase the affinity of GABA for certain subtypes of GABAAa receptors,
causing hyperpolarizing inhibition mediated by increase of the postsynaptic membrane
conductance to CI ions?. In the present study we present evidence that BZs also affect DA
neurotransmission in the NAc. More specifically, we showed that the BZ receptor agonist
DZP, used at doses that cause anxiolytic-like effects in rodents®, decreased the
electrically-evoked release of DA in the NAc. The reversal of this effect by the BZ
antagonist FLU’ suggests that the effect of DZP on DA release was mediated by
BZ/GABAA complex receptors.

The a1 subunit of the GABAAa receptor (necessary for BZ binding) is expressed in
GABAergic neurons of the NAc that project to the VTA® and in GABAergic interneurons of
the VTA®. However, GABAx receptors expressing the a1 subunit are not expressed in the
dopaminergic neurons of the VTA?®. This pattern of BZ receptor distribution would be seen
as supporting the hypothesis that, rather than decreasing DA release in the NAc (as
shown in the present study), BZs would increase DA release in the NAc by disinhibiting
GABAergic neurons that make synaptic contact with the DA neurons of the VTA. However,
no direct evidence has been provided that acute administration of a BZ increases DA
release in the NAc. On the contrary, in addition to the present study all microdialysis
studies have shown that DZP'° and other BZs'"'* decreased extracellular DA levels in the
NAc. The mechanism underlying this phenomenon remains unclear.

This is the first time that a suppressive effect of a BZ on DA release was shown by
using well controlled FSCV recording. We also used in vivo microdialysis to confirm that
DZP decreases DA release in the NAc. However, in microdialysis studies samples were
collected at intervals of 20-30 min while in the FSCV recording used in this study changes
in extracellular DA release were measured every 100 ms. Microdialysis measures tonic
variations in extracellular levels of DA which can vary in the time scale of minutes to hours
due to alterations in the synthesis, metabolism, and tonic firing rate of DA neurons®.
However, this temporal resolution is not enough to measure changes in DA release due to
relatively rapid phasic activation or inhibition of DA neurons in response to salient,
rewarding, or aversive stimuli'® ',

Another advance of the present study is that FSCV recording of DA release
allowed measures of the kinetics of both DA release and DA re-uptake. Our results clearly
showed that DZP decreased DA release without affecting DA re-uptake. The lack of

significant difference among groups was not due to low sample size or poor quality of the
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data as using the same method, we were able to detect significant differences caused by
the DAT inhibitor nomifensine on T4, and K during the re-uptake phase of the DA peaks.

In the present study, DZP was injected systemically. Thus, it is possible that DZP
affects DA release in the NAc by acting in other sites of the brain. However, a
microdialysis study by Gruen et al.'” showed that intra-striatal infusion of the BZ receptor
antagonist, Ro15-1788 or the GABAa receptor antagonist SR 95531 increased the
extracellular concentration of DA and that this effect was blocked by co-administration of
DZP or GABA. In addition, Takada et al.'® showed that the BZs midazolam and
flunitrazepam decreased extracellular DA in the dorsal striatum. Furthermore, an
amperometry study reported that the infusion of the GABAAa receptor blocker picrotoxin into
the rat amygdala caused a phasic increase in DA concentration'®. These findings suggest
that BZs act locally at the BZ/GABAA complex receptor to decrease tonic DA in the
striatum. However, two other microdialysis studies reported that local infusion of the BZs
DZP (at a dose similar to those used in the present study) and flurazepam decrease
extracellular DA in the NAc, but not in the dorsal striatum'® ''. Based on our current
findings it seems plausible that proximity of the tip of the microdialysis probes to the NAc in
the Gruen et al."”” and Takada et al.'® studies might explain the differences between their
results''® and those of the other studies® .

The addictive property of BZs is mediated by the same subunit of the BZ/GABAa
receptor complex involved in their anxiolytic effect, which limits the therapeutic use of BZs*
20, However, as discussed above, while other drugs of abuse such as cocaine,
amphetamine, and opioids increase DA release in the NAc?' , BZs cause the opposite
effect. This makes BZs candidates to treat abusive use of opioids and psychostimulants as
shown in animal®??®> and human?® studies.

The VTA-NAc pathway plays a critical role in motivation* '°. Therefore, the
decrease in DA release in the NAc as shown in the present study, might impact the
motivational dimension of anxiety, affecting the response to psychostimulant drugs?’ and
to stressful stimuli such as novelty, physical and social stress?. In other words, the present
study suggests that the anxiolytic properties of the BZs might have a dopaminergic

component.
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Methods

Twenty-eight adult Swiss mice (20-40 g) from the colony of the Universidade
Federal do Parana were used for the FSCV recordings. An additional 7 mice were used in
the microdialysis experiment. They were housed in groups of 5 in polypropylene cages
(41x34x16 cm) with sawdust bedding under a 12 h/12 h light/dark cycle (lights on 7:00 am)
and controlled temperature (22 + 2 °C). Food and water were available ad libitum. After
surgery the animals were housed individually. All procedures were in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals and
approved by the institutional Ethics Committee for Animal Experimentation of the
Universidade Federal do Parana (protocol number 638), and are consistent with the
Brazilian law (Bil#11.794/8 October 2008).

Each mouse was anesthetized with urethane (1.5 mg/kg, i.p) and mounted in a
stereotaxic frame (David Kopf Instruments, Tujunga, CA). A scalpel was used to make a 1
cm midline incision exposing the skull bone surface, which was cleaned using the scalpel
and sterile cotton swaps. A stainless steel burr (David Kopf Instruments) was used to drill
2 circular openings of 2 mm diameter above the NAc in the left frontal bone and above the
VTA in the parietal bone. The openings were centered in the following stereotaxic
coordinates, according to the Atlas of Paxinos and Franklin?®: NAc, AP +1.2 mm, ML +1.2
mm; VTA, AP -3.8 mm, ML +0.2 mm. An Ag/AgCl wire reference electrode was inserted
0.5 mm into a smaller hole drilled in the right parietal bone and fixed to the bone with
dental cement.

Fast-scan cyclic voltammetry recording. The stimulating electrode was lowered into
the VTA in steps of 0.1 mm until the highest evoked DA response was recorded, between
the following DV range below dura: 3.4 - 4.1 mm. This procedure was repeated to optimize
the location for the recording electrode in the NAc core: 3.2 - 4.0 mm. FSCV
measurements were obtained with a Wireless Instantaneous Neurotransmitter
Concentration Sensor (WINCS, Mayo Clinic, Rochester, MN) system and processed by
the WINCSware with MINCS software (version 2.10.4.0, Mayo Clinic). Every 100 ms, a
triangular waveform potential of -0.4 V to +1.0 V to -0.4 V was applied at 300 V/s to the
carbon-fiber recording electrode versus the Ag/AgCl reference electrode. Oxidative and
reductive currents were continuously sampled at 100 ksamples/s, 944 samples/scan. The
digital output was filtered with a Butterworth low pass filter (800 Hz, 3 poles). The
triangular waveform potential was applied to the electrode for 10 min before recording

commenced in order to condition the electrode. Next, trains of 20 biphasic pulses (0.5 ms
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per pulse, 600 pA, 60 Hz) were applied to the stimulating electrode every 180 s via a
programmable optical isolator pulse generator (MINCS, Mayo Investigational
Neuromodulation Control System, Mayo Clinic, MN). Data of 4 evoked peaks during
baseline, vehicle, DZP and FLU were collected for each animal. Background-subtracted
cyclic voltammograms were obtained by subtracting voltammograms collected during
stimulation from those collected up to 3 s before the stimulation. Voltammetric responses
were viewed as pseudo-color plots with the abscissa as voltage, the ordinate as
acquisition time, and the current encoded in color. Temporal responses were determined
by monitoring the current at the peak oxidation potential for DA in successive
voltammograms. Current values were converted to concentration based on calibration
curves obtained after the experiments with the electrodes immersed in known
concentrations of DA in a flow cell. Change in DA concentration (ADA) was measured by
subtracting the higher and lower values of current in the optimal voltage for DA oxidation
(from +0.65 to +0.75 V) recorded between 3 s before and 3 s after the electrical
stimulation. T+, (time required for DA signal to decay 50% compared to the initial value)
and K (kinetic decay rate constant) were calculated by modeling the descending part of the
evoked DA peaks to a one phase exponential decay equation (Y=(YO0 - Plateau)* exp(-
K*X) + Plateau).

Microdialysis monitoring. Mice were anesthetized with urethane (1.5g/Kg, ip.) and
placed in a stereotaxic frame, where the cranium was exposed and a burr hole was drilled
targeting the NAc at +1.2 mm from bregma, +0.8 mm from midline; -3.8 mm from skull
surface, according to the mouse atlas of Paxinos and Franklin?®. A concentric microdialysis
probe (0.24 mm o.d.; permeability 6 kDa; Cuprophan; AgnTho's, Lidingd, Sweden) with
active membrane lengths of 2 mm was inserted unilaterally into the NAc via a
polyurethane guide cannula (shaft 0.d. 0.5 mm; shaft length 8 mm; AgnTho's, Lidingd,
Sweden) and perfused for 30 minutes to stabilize. Dialysate samples were taken every 20
min. Two dialysate samples were taken in basal conditions; 3 dialysate samples were
obtained after vehicle i.p. administration; 3 dialysate samples post 2.0 mg/kg diazepam
i.p.; and 3 dialysates samples after 2.5 mg/kg flumazenil i.p. Control group had the same
procedure except for vehicle i.p. administration at the three moments of injection. The full
experiment lasted 5 hours per mouse. The microdialysis probe was perfused with Ringer’'s
solution (in mM: NaCl, 145.0; KClI, 2.7; CaCl2, 1.2; MgCI2, 1.0, pH 7.4) at a constant rate
of 2 uL/min. All microdialysis samples were collected into polyethylene tubes containing 20

pL of 0.1 M perchloric acid solution (Merck, Darmstadt, Germany) and 0.06% sodium
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metabisulfite (Sigma—Aldrich), and stored at -86 °C until high-performance liquid
chromatography with electrochemical detection (HPLC-ED) analysis. Isocratic separation
was performed on a reverse phase LC-18 column (4.6 mm x 250 mm; Sigma-Aldrich)
using 20 mM Na2HPO4, 20 mM citric acid, 10% methanol, 0.12 mM NaEDTA

Histology. The brains were fixed for 10 days in 4% formaldehyde and transferred to
a solution of 30% sucrose, 4% formaldehyde solution where they were left for 2 more
days. Coronal slices of 50 um thickness were stained with cresyl violet and compared to
the mouse atlas of Paxinos and Franklin® to locate damage along the electrode length
(DV, and ML coordinates). Electrodes tip locations (DV coordinate) were estimated by how
far down the electrode was lowered.

Statistical analysis. Significant differences among DZP-FLU and FLU-DZP groups
were calculated by repeated measure two-way ANOVA followed by the Dunnet post-hoc
test and were considered significant when p < 0.05. Effect of the administration of
nomifensine on dopamine release was calculated using a one-way ANOVA followed by the
Dunnet post-hoc test. All statistical data analysis was conducted using Prism for Windows,
version 6.01 (GraphPad Software Inc., La Jolla, CA).
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Conclusdes gerais

A principal contribuicdo do meu trabalho de tese foi a padronizacdo da técnica de
voltametria ciclica de varredura rdpida (FSCV) para o registro de dopamina in vivo em
animais anestesiados no Laboratdrio de Fisiologia e Farmacologia do Sistema Nervoso
Central do Departamento de Farmacologia da UFPR. Esta conquista foi muito importante
por varias razbes: a primeira delas esta relacionada com a propria tecnologia. Conseguir
registrar um evento neuroquimico in vivo, em tempo real é uma ferramenta poderosa no
objetivo de compreender melhor o funcionamento do cérebro. Conseguir padronizar a
voltametria ciclica de varredura rapida em animais anestesiados é o primeiro passo para
padroniza-la para o seu uso com animais acordados (head-fixed e freely moving) o que
abre a possibilidade de responder a perguntas mais complexas sobre a relacdo entre
cérebro e comportamento com aplicagdes praticas para a neuropsicofarmacologia

comportamental.

A segunda razdo é o reconhecimento. Este é o primeiro experimento realizado
usando voltametria ciclica de varredura rdpida para registros cerebrais no Brasil e
possivelmente na América Latina (até onde o nosso conhecimento permite), o que coloca
0 nosso Laboratdrio, o nosso Departamento e obviamente o Brasil como um dos poucos
no mundo com resultados positivos usando esta técnica. Enquanto estivemos envolvidos
com o esforco e seus percalcos no desenvolvimento dessa técnica pudemos também
interagir com dois grupos dos Estados Unidos que estdo entre os poucos que
desenvolveram e dominam essa técnica. Como fruto dos nossos estudos sobre esse tema,
publicamos com o grupo do Dr. Charles Blaha (hoje na Mayo Clinic) dois trabalhos de
revisdo em revista cientificas de alto impacto. A Revisdo que publicamos em 2012 na
revista Reviews in the Neuroscience (fator de impacto 3.3) ja recebeu 13 citacbes no ISl e
14 citagGes na Scopus. O paper que publicamos em 2015 na revista Neuroscience and
Biobehavioral Reviews (fator de impacto 8.8) ja recebeu 2 citagGes no ISl e 5 citagbes do

Scopus. O outro grupo com o qual interagimos é liderado pela Dra. Donita Robinson
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(University of North Carolina) que me contratou para trabalhar como p’os-doc em seu

laboratorio a partir de marco de 2016.

Em relacdo aos resultados do nosso estudo, além da padroniza¢do, nds atingimos
todos os objetivos propostos no inicio do trabalho. Conseguimos observar os efeitos do
diazepam na liberacdo evocada de dopamina no NAc e, a partir desse resultado, propor
que os efeitos das benzodiazepinas no tratamento da ansiedade e no tratamento da
adicdo podem ter um componente dopaminérgico. Também conseguimos determinar a
efetividade da voltametria para estudar a cinética de liberagdo e recaptagao da dopamina
e do efeito do diazepam e da nomifensina. As diferencas significantes sobre os parametros
de recaptagao que observamos apds a administragao de nomifensina, mas nao apds de
DZ, confirmaram que esse Ultimo ndo alterou a cinética da recaptacdo da DA, mas

também que, usando voltametria, esses parametros sao passiveis de medicao.

Os percalgcos que enfrentamos na implantacdo dessa técnica limitaram nossa
producdo de papers de resultados. Deixamos, porém dois estudos iniciados e que serao
finalizados pelos colegas de laboratdorio e enviados para publicagdo: um sobre a
padronizagao de registros de FSCV em animais head-fixed e outro estudo com registro em
tempo real de liberacdo de dopamina no nucleo accumbens durante o teste de tail-flick
em camundongos head-fixed. Participei também intensamente no treinamento e
acompanhamento dos experimentos de dois mestrandos: Bernardo Firmino e Daniele
Ramos. Desse trabalho resultou um outro estudo sobre o papel da substancia negra
compacta sobre o aprendizado associativo com motivagdes apetitiva e aversiva. Esse
trabalho vai ser submetido a publicagdo assim que for concluido um ultimo experimento

envolvendo FSCV.

Finalmente, o nosso trabalho abre as portas para novos estudos que visem

determinar os efeitos locais das BZ na liberacdo evocada de DA e a sua relagdo com o
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comportamento em animais acordados além de outras possibilidades tanto em animais

“head-fixed” como “freely-moving”. O futuro esta servido!

Em relacdo com as revisGes publicadas e incluidas neste trabalho de tese, as
principais conclusdes sao:

Os GB constituem um sistema central na selecdo de a¢Ges. Para levar a cabo esta
funcdo, os GB usam elementos tais como os estados emocionais dos sujeitos, os eventos
do seu contexto (Estimulos Incondicionados, Estimulos Condicionados, Estimulos
Discriminativos, recompensas), os objetivos e as motivacGes por traz desses objetivos. O
funcionamento anormal dos GB deriva numa série de condicbes onde os processos
dependentes desse funcionamento podem ser severamente danificados como no caso da
doenca de Parkinson ou Hantington entre outras. Entre as posibilidades de tratamento
para estas doengas, a Estimulagao Cerebral Profunda tem mostrado importantes avangos.
Os estudos feitos com sujeitos animais e humanos tem permitido elucidar alguns dos
possiveis mecanismos pelos quais a ECP funciona no tratamento dessas doencas. Contudo,
ainda se esta longe de descrever totalmente o mecanismo por traz da efetividade da ECP,
sendo necessario aumentar os esforcos da comunidade neurocientifica para conseguir

uma maior compreensao das suas bases neurobioldgicas e as suas aplicacdes clinicas.
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