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APRESENTACAO
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sao realizadas as Consideragbes Finais, seguidas de todas as referéncias
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RESUMO

O presente estudo buscou estudar a relacdo entre ritimicidade circadiana e
comportamento tipo-depressivo em roedores. Animais expostos ao claro
constante (LL) expressam o periodo circadiano enddégeno da atividade
locomotora com uma longa duracdo ou entdo deixam de apresentar
ritimicidade. Neste estudo, estratégias que visam prevenir esta perda da
ritimicidade também preveniram o comportamento-tipo depressivo. A exposi¢cao
neonatal de ratos ao LL previne a perda da ritimicidade quando 0os mesmos sao
re-expostos ao LL durante a vida adulta. O mesmo ocorre quando ha co-
habitacdo entre um rato previamente exposto ao LL e outro que foi mantido em
ciclo claro/escuro regular (LD). Observamos que a co-habitacdo também
previne o comportamento tipo-depressivo quando 0s animais Sao expostos ao
LL durante a vida adulta, desde que um dos ratos do par tenha sido
previamente exposto ao LL neonatal. Além da luz, a disponibilidade de alimento
€ um dos mais importantes sincronizadores do sistema de temporizacdo
circadiana. Também observamos em ratos que a restricdo alimentar (6 h de
disponibilidade) previne o comportamento tipo-depressivo induzido pelo LL.
Adicionalmente, quando o alimento é fornecido apenas durante a fase clara,
mas ndo quando é fornecido apenas durante a fase escura, também promove
comportamento tipo-aneddnico. Em camundongos, a alimentagdo durante
apenas a fase clara também promoveu comportamento tipo-depressivo, que
nao foi revertido por tratamento cronico com imipramina, agomelatina ou
melatonina, mas sim por uma Unica administracdo de quetamina, uma droga
com acao antidepressiva eficaz em pacientes refratarios ao tratamento. A luz
pode afetar o comportamento ndo apenas através da ritimicidade circadiana,
mas também através de efeitos diretos. Os camundongos deficientes para o
gene Per3 (Per3”) apresentam menor sensibilidade aos efeitos diretos da luz,
especialmente quanto ao mascaramento, definido como inibicdo da atividade
motora induzida pela luz. Quando expostos cronicamente a luz de baixa
intensidade a noite, os camundongos Per3”- se mostraram mais sensiveis aos
efeitos  tipo-depressivos em relagdo aos camundongos selvagem.
Possivelmente este efeito ocorre devido ao menor comportamento de escape a
luz (sono, fechar os olhos ou se enterrar no cepilho), fazendo com que os
camundongos Per3”- sejam mais expostos a luz, sofrendo mais seus efeitos
diretos. Os efeitos da luz foram associados ao aumento da corticosterona
plasmatica, aumento da expressdo hipocampal de Bdnf em ambos os
gendtipos e aumento da expressdao hipocampal de Tnf-a apenas nos
camundongos Per3”, indicando que além da maior exposicdo a luz, fatores
relacionados a resposta inflamatoria e a sensibilidade a corticosterona também
podem estar envolvidos com a maior sensibilidade ao efeito da luz de baixa
intensidade a noite sobre o comportamento tipo-depressivo. Em conclusao, os
dados apresentados sugerem que a manutencdo da ritimicidade circadiana,
bem como reducdo da poluicdo visual noturna podem ser fatores protetores
para o desenvolvimento da depresséo.



ABSTRACT

The present study sought to evaluate the relation between circadian rhythms
and depressive-like behaviour in rodents. Animals exposed to constant light
(LL) express either lengthened intrinsic circadian period of the locomotor activity
or show arrythmicity. In this study, strategies aiming to prevent this loss of
rhythmicity also prevented depressive-like behaviour. Neonatal exposure to LL
prevents the arrythmicity when the animals are re-exposed to LL during
adulthood and the same occurs with co-habitation between a rat previously
exposed to LL with a rat kept under regular light/dark cycle (LD). We observed
that co-habitation also prevents LL-induced depressive-like behaviour, as long
as at least one rat of the pair had been previously exposed to LL during
lactation. Besides light, food availability is one of the most important
synchronizers of the circadian system. We also observed in rats that food
restriction (6 h of food availability) prevents LL-induced depressive-like
behaviour. Additionally, when food is provided only during the light phase, but
not when it is provided only in the dark phase, also promotes anhedonic-like
behaviour. In mice, food restriction also induced depressive-like behaviour,
which was not rescued by chronic imipramine, agomelatine or melatonin
treatment, but it was improved by a single administration of ketamine, a drug
with antidepressant effect in refractory patients. Not only light affects behaviour
through the circadian system, but also through a direct pathway. Mice deficient
for the Per3 gene (Per3) show reduced sensibility to the direct effects of light,
particularly the masking effect, defined as light-induced inhibition of locomotor
activity. Per3”- were more sensitive to the depressive-like effect of being
chronically exposed to dim light at light (5 lux) than the wild-type mice, possibly
due to reduced escape behaviour, such as sleeping, closing the eyelids or
burying themselves in the bedding, so that they were more exposed to light,
suffering more its direct effects. The dim light at night effects were associated
with increased plasmatic corticosterone and increased hippocampal Bdnf
expression in both genotypes and increased hippocampal Tnf-a expression in
Per3-- mice only, indicating that factors related to inflammatory process and
increased sensitivity to corticosterone might also be involved with the increased
response to dim light at night in promoting depressive-like behaviour. In
conclusion, the presented data suggest that maintenance of the circadian
rhythms as well as reduction of light pollution can be protector factors for the
development of depression.






INTRODUCAO

Transtornos de humor

Humor pode ser definido como uma emocdo sustentada que influencia o
comportamento de uma pessoa e a sua percepc¢ao do mundo, enquanto que a
expressao do humor é denominada afeto (Feinstein et al, 1988)

Portanto, os transtornos de humor (ou transtornos afetivos) séo
transtornos psiquiatricos que envolvem altera¢cdes do humor, conforme o relato
do paciente. O humor reduzido € a caracteristica principal da depresséo. Ja o
humor elevado € caracteristica da mania. A separacdo em polos de humor
levou aos termos depressdo unipolar e depressdo bipolar. A depressdo
unipolar é caracterizada pelo presenca apenas do polo do humor deprimido,
sem gue ocorram episédios de mania. Além disso, existem evidéncias para
casos de mania unipolar, sem a ocorréncia de episédios depressivos (Yazici,
2014). De acordo com o DSM-5 (Diagnostic and Statistical Manual of Mental
Disorders - 5% Ed.), a presenca de cinco sintomas caracteriza a depressao
maior (ver abaixo), enquanto que a presenca de 2-4 sintomas caracteriza a
distimia. Dentro do espectro de transtornos bipolar do humor, existem pelo
menos outras trés importantes classificagdes. Pacientes com transtorno bipolar
tipo | apresentam episddios de mania completos, enquanto que pacientes tipo Il
apresentam episédios de mania menos intensos (hipomania). Quando o
episédio de mania ocorre quatro ou mais vezes ao ano, 0 paciente é chamado
de ciclador rapido. Sintomas depressivos e maniacos podem ocorrer dentro do
mesmo quadro, sendo chamados de episddios mistos. Finalmente, o transtorno
da ciclotimia € caracterizado por episédios de distimia intercalados por
episodios de hipomania.

Importante ressaltar que nem todas as variacbes de humor sao
patologicas e que, assim como a distribuicdo de outras variaveis bioldgicas,
como a altura, o humor também é sujeito a variagdes individuais dentro do que
€ considerado normal. Estas variagcbes podem ser denominadas
temperamento, e fazem parte da personalidade. Entretanto, alguns tracos de

temperamento estdo associados com maior risco para desenvolvimento de



transtornos psiquiatricos. Por exemplo, o traco de esquiva a danos,
caracterizado principalmente por pessimismo, é considerado fator de risco para
transtornos do humor e de ansiedade (Mochcovitch et al, 2012).

Dados epidemiologicos da populagcéo europeia mostram alta prevaléncia
em 12 meses para transtornos de ansiedade (14%) e transtornos de humor
(7,8%) (Wittchen et al, 2011). A prevaléncia em 12 meses representa o
percentual da populagcdo que dentro de um periodo de 12 meses é
diagnosticada com o transtorno. Apenas a depressao unipolar apresenta
prevaléncia de 6,8%, sendo aparentemente de consideravel maior prevaléncia
que os transtornos de humor do espectro bipolar. Entretanto, até o0 momento
em que pacientes com o transtorno bipolar venham a apresentar o primeiro
episddio de mania, estes sdo classificados dentro da depressao unipolar.
Dados similares sdo encontrados para a populacéo brasileira. Em uma revisao
sistematica, a prevaléncia em 12-meses para depressdo maior foi estimada em
8%, sendo maior em mulheres (11%) em comparagdo com homens (4%) (Silva
et al, 2014). Além disso, a prevaléncia ao longo da vida foi estimada em 17%
(Silva et al, 2014).

Segundo o DSM-5, para o diagnéstico da depressdo maior, sdo
necessarios cinco dos sintomas listados abaixo, por ao menos duas semanas,

sendo que € obrigatério que um deles seja humor deprimido ou anedonia:

1. Humor deprimido

N

Anedonia (reducdo na capacidade de sentir prazer). Perda de interesse
em atividades

Perda ou ganho de peso. Diminui¢ao ou reducéo do apetite

InsGnia ou hipersonia

Retardo ou agitacdo psicomotora

Fadiga ou perda de energia

Sentimento de inutilidade ou sentimento de culpa

Reducéo na capacidade de se concentrar

© © N o 0 b~ W

Pensamentos recorrentes de morte ou ideagao suicida

Como pode ser observado, diferentes combinagbes de cinco ou mais

sintomas podem ser formadas desta lista com nove itens. Além disso, alguns



sintomas podem tomar direcbes opostas, como retardo ou agitacdo
psicomotora. Desta forma, mesmo utilizando um diagndstico padronizado,
existe uma grande variabilidade psicopatolégica em pacientes diagnosticados
com depressao maior. O diagnostico padronizado € uma ferramenta importante
para nomenclatura e estudos clinicos. Entretanto, por exemplo, cinco sintomas
€ um numero arbitrario, assim como o periodo de suas semanas de
sintomatologia. Desta forma, a cada edicdo, o DSM é sujeito a criticas de
especialistas (Nemeroff et al, 2013). Outros sintomas também sdo bastante
relacionados com depresséao, porém nao se enquadram na lista dos nove itens,
como por exemplo, o sentimento de desesperanca (Maiden, 1987).

A lista de sintomas pode ser deceptiva quanto o impacto do episddio
depressivo. Os pacientes em quadro depressivo descrevem 0s sintomas com
uma qualidade distinta em relacdo a emocdes normais de tristeza e Iuto
(Ramos-Brieva et al, 1987). Frequentemente, 0s sintomas emocionais
negativos sédo descritos em termos de dor agonizante. Em quadros graves,
atividades do cotidiano, como se levantar da cama poder passar a ser
excruciantes (Cabello et al, 2012). Assim, a perda de motivacao ou interesse
para atividades € ainda agravada pela dificuldade em se engajar em atividades
devido a fraqueza ou perda de energia. Cerca de 2/3 dos pacientes
apresentam ideacdao suicida e 10-15% cometem suicidio.

Além da morte por suicidio, ocorre maior morte por problemas
cardiovasculares em pacientes deprimidos em comparagdo com a populacao
sem transtornos de humor. Adicionalmente, ocorre a perda de anos de vida
saudaveis devido a depressdo. Para levar em conta tanto a morte prematura
quanto a invalidez, foi criado um indice denominado anos de vida perdido
ajustado pela invalidez (DALY, disability adjusted life years lost). Um DALY
representa um ano de vida saudavel perdido por morte prematura ou por se
encontrar em estado de invalidez. O ultimo relatério da Organiza¢do Mundial da
Saude (GBD, 2012) aponta a depressao unipolar como a maior causa de anos
perdidos por invalidez, a frente de dor no pesco¢co e coluna lombar,
representando 10,3% das causas de invalidez (Ferrari et al, 2013). O mesmo
relatorio aponta o transtorno bipolar ocupando o 17° lugar, atras de

esquizofrenia, ansiedade e uso de etanol.



A depressao maior ndo apresenta uma causa Unica bem definida. Assim
como outros transtornos, tanto fatores genéticos e ambientais podem contribuir
para o desenvolvimento do episédio. Apesar do fator genético ter participacédo
no quadro depressivo, incluindo hereditariedade entre 30-40% (Sullivan et al,
2000), estudos de associacao entre polimorfismos genéticos e depressdo em
pacientes falham frente a tentativas subsequentes de replicacdo (Bosker et al,
2011). Dentre os fatores ndo-genéticos envolvidos com o desenvolvimento do
quadro depressivo, 0s eventos da vida, particularmente o estresse, se
destacam. Entretanto, ndo sdo todos os individuos submetidos a
situacdes/periodos de vida altamente estressantes que vem a desenvolver
depressao. Estas pessoas sdo denominadas resilientes. A resiliéncia vem
sendo bastante estudada em modelos animais de depressdo, com forte
associacao a epigenética e a experiéncia durante a fase neonatal (Russo et al,
2012). Além disso, h& pacientes com diagndéstico de depressdo com auséncia
de um fator estressante bem delimitado (van Praag, 2004). Neste caso,
diversos fatores externos, bem como genéticos podem interagir para o inicio e

manutenc¢do do quadro.

Tratamento e neurobiologia

O tratamento farmacoldgico para depressao usualmente envolve o aumento da
transmissdo monoaminérgica no sistema nervoso central (SNC). Desde a
descoberta que os farmacos que aumentam a transmissdo monoaminérgica
melhoram o humor, ocorreu um grande investimento para a sintese de novas
drogas com mecanismo similar. O inibidor da monoamino oxidase (IMAO)
iproniazida (Zeller and Barsky, 1952) se mostrou eficaz em melhorar o humor
dos pacientes, apesar de estar sendo testada para o tratamento da tuberculose
(Selikoff and Robitzek, 1952). A imipramina também foi descoberta por acaso
em testes devido a possivel propriedade antipsicotica por apresentar estrutura
similar a clorpromazina. Entretanto, observou-se que a imipramina, apesar de
leve efeito sedativo, ndo apresentava acdo antipsicotica. Porém, a imipramina

melhorou o humor de pacientes deprimidos (Kuhn, 1958).



A imipramina, cujo mecanismo de acdo € inibir a recaptacdo de
serotonina e/ou noradrenalina na fenda sinaptica, apresenta uma ampla gama
de reacOes adversas, tais como constipagéo, sedacdo, ganho de peso e boca
seca. Estas reacdes sdo em parte atribuidas a atuacdo ndo especifica em
outros sistemas de neurotransmissdo, como antagonista dos receptores
histaminérgicos, a-1 adrenérgicos e muscarinicos, além de bloquearem canais
de sodio. Este ultimo efeito pode levar & depressdo cardiaca, apresentando
grave risco em pacientes com insuficiéncia cardiaca (Glassman et al, 1993).

A partir do mecanismo de acdo da imipramina e outros antidepressivos
como a amitriptilina e clomipramina, novos antidepressivos mais seletivos para
os transportadores de monoaminas foram desenvolvidos. Os inibidores
seletivos da recaptacdo da serotonina (ISRS) incluem a fluoxetina, o
citalopram, a paroxetina e a sertralina, enquanto que a reboxetina inibe
seletivamente a recaptacdo de noradrenalina. A venlafaxina € um farmaco que
inibe tanto a recaptacao de serotonina como de noradrenalina. Além destes
farmacos, também existem os chamados antidepressivos atipicos, os quais
incluem a mirtazapina (antagonista a-2) e a trazodona (antagonista 5-HT2).

O mecanismo de acdo dos antidepressivos classicos (i.e., aumento da
neurotransmissao monoaminérgica) levou a hipétese monoaminérgica da
depressdo. De acordo com a versao original desta hipotese, a diminuicdo da
sinalizacdo monoaminérgica no sistema nervoso central levaria ao quadro
depressivo. Além disso, a reserpina, um antigo antihipertensivo que depleta as
reservas de monoaminas, produz sintomas depressivos em alguns pacientes.
No entanto, embora a deplecdo experimental de monoaminas possa piorar o
humor de pacientes deprimidos ndo medicados, 0 mesmo ndo ocorre com
pacientes saudaveis, demonstrando que a simples redu¢cdo de monoaminas
nao é o suficiente para induzir um quadro depressivo (Ruhe et al, 2007). Além
disso, apesar do mecanismo de acdo dos inibidores da recaptacdo de
monoaminas, a tianeptina apresenta acéo antidepressiva, ainda que seu efeito
seja diminuir a neurotrasmissdo monoaminérgica (Lucki and O'Leary, 2004),
embora o efeito antidepressivo da tianeptina também possa ser atribuido a
modulacdo da transmisséo glumatérgica (McEwen et al, 2010)

Antidepressivos  podem produzir aumentos imediatos na

neurotransmissdo monoaminérgica, entretanto o efeito na melhora do humor



requer semanas de tratamento (Berton and Nestler, 2006). O tratamento
cronico com inibidores da recaptacdo de monoaminas dessensibiliza
receptores 5-HT1a pré-sinapticos, sendo esta uma resposta implicada no efeito
antidepressivo (Kreiss and Lucki, 1995). Além disso, o aumento sustentado de
monoaminas nas fendas sinapticas produzido pelos antidepressivos leva
secundariamente a processos de neuroplasticidade que podem ser
responsaveis pelo efeito antidepressivo (Krishnan and Nestler, 2008; Pittenger
and Duman, 2008).

Antidepressivos administrados cronicamente em roedores alteram a
expresséao do fator de transcricdo CREB (proteina que se liga a regido CRE do
DNA, ou elemento de resposta ao AMPc). A expressdo de CREB esta
diferentemente afetada em modelos animais de depressdo de acordo com a
regido cerebral. Por exemplo, a expressdo de CREB no hipocampo encontra-se
reduzida, sendo restaurada apds tratamento com antidepressivo (Carlezon et
al, 2005; Nestler and Carlezon, 2006). Por outro lado, expressdo de CREB é
aumentada no nucleo accumbens em modelos animais apés administracédo
cronica de drogas de abuso e de estresse crbnico através da derrota social
(Pittenger et al, 2008).

Durante situacfes de estresse ocorre ativacdo do eixo hipotalamo-
hipéfise-adrenal (HPA) e consequente aumento dos niveis de cortisol. Visto
gue eventos estressantes sao fatores relacionados com o quadro depressivo,
associa-se o aumento da liberacdo de glicocorticoides como um dos fatores
desencadeantes da depressdo. O tratamento agudo com dexametasona,
agonista de receptores glicocorticéides, induz quadro de anedonia em
roedores, verificada através da diminuicdo da preferéncia por solucdo de
sacarose em relacdo a agua, sendo revertido pelo tratamento repetido com
paroxetina (Casarotto and Andreatini, 2007). Dentre os modelos de depressao
mais estudados relacionados ao estresse, encontram-se o estresse crénico
brando e imprevisivel (Katz et al, 1981; Willner et al, 1987), o desamparo
aprendido (Seligman and Beagley, 1975) e a derrota social (Kudryavtseva et al,
1991). Outras formas de estresse incluem o isolamento prolongado (Wallace et
al, 2009) e alteracdes do ciclo claro/escuro (Martynhak et al, 2011).

O estresse cronico brando e imprevisivel é considerado um modelo

animal de alta validade de face e constructo (Willner et al, 1987).



Primeiramente, o comportamento tipo-depressivo € causado por fator causal
também associado com a depressdo em humanos, o estresse. Adicionalmente,
como mencionado acima, o estresse cronico induz ou predispbe a alteracdes
que sdo vistas como comorbidades em pacientes depressivos. Além disso,
alteracdes neurobiologicas observadas em pacientes depressivos também sao
observadas em animais ap0s o estresse cronico, sendo estas implicadas com o
desenvolvimento do quadro. Por exemplo, a expressdo do fator neurotréfico
derivado do encéfalo (BDNF, brain-derived neurotrophic fator) é reduzida tanto
no hipocampo de roedores (Song et al, 2006) como no soro de pacientes
deprimidos (Shimizu et al, 2003). Assim como para a validade preditiva do
modelo em relagdo ao comportamento anedoénico, o tratamento crénico com
antidepressivos também restaura as concentracées hipocampais de BDNF em
roedores (Song et al, 2006). Em pacientes depressivos, a concentracao
plasméatica de BDNF se mostrou maior em pacientes tratados com
antidepressivos em comparacdo com pacientes ndo tratados (Shimizu et al,
2003), embasando a hipotese neurotréfica da depressdo. O estresse crénico,
além de promover alteragcbes na expressdao de BDNF também reduz a
fosforilacdo de seu receptor (pTrkb), se tratando de uma medida interessante,
pois avalia a funcionalidade da sinalizacdo via BDNF (Kubera et al, 2011).

Entretanto, apesar da compreensdo de alguns mecanismos associados
a acdo dos antidepressivos e da introdu¢cdo de novos medicamentos,
importantes  limitacdes permanecem na clinica: o retardo na acao
antidepressiva (2 a 4 semanas), baixa eficacia do tratamento e alta prevaléncia
de recorréncia (Zarate et al, 2013). Dentre os novos farmacos, a quetamina se
destaca. A quetamina é utilizada como anestésico dissociativo, atuando como
antagonista dos receptores glutamatérgicos NMDA. A administracdo
intravenosa de quetamina promove acdo antidepressiva algumas horas apés a
administracdo, sendo efetiva em pacientes refratarios ao tratamento com
inibidores da receptacdo de monoaminas (Zarate et al, 2006).

Em 2009, a ANVISA aprovou o uso do antidepressivo agomelatina no
Brasil. A agomelatina € um agonista dos receptores melatonérgicos MT1 e
MT2, além de ser antagonista do receptor serotonérgico 5-HTzc (Loo et al,
2002). Tendo em vista que novas drogas com promissor efeito tipo-

antidepressivo na pesquisa pré-clinica falham em demonstrar eficacia em



pacientes (Belzung, 2014), o desenvolvimento da agomelatina se baseou em
uma estratégia baseada na jungcédo de um mecanismo antidepressivo conhecido
por ser eficaz (serotonérgico) com um novo potencial mecanismo
(melatonérgico) na mesma molécula (Millan, 2006).

Visto que a melatonina € uma das eferéncias do sistema de controle da
ritimicidade bioldgica, a investigacdo da relagdo entre ritimicidade circadiana e
depressdo pode vir a revelar novos alvos terapéuticos, ou estratégias nao-

farmacoldgicas, tanto para tratamento como para prevencéo da depressao.

Introducéo aos ritmos biolégicos

Os ritmos circadianos, ritmos fisiolégicos com duracdo aproximada de 24h, sédo
encontrados em praticamente todos os seres vivos, incluindo bactérias, plantas
e animais. A principal caracteristica dos ritmos circadianos € o seu carater
endogeno. Os ritmos circadianos sdo gerados endogenamente e sincronizados
as 24h do dia da Terra principalmente pelo ciclo claro/escuro. Mesmo em
condicdes ambientais constantes, como 0 escuro constante para roedores
noturnos e o claro constante para humanos, 0s ritmos ainda Sdo expressos
com um periodo proximo do ciclo da Terra, o que evidencia seu carater
enddégeno. Os organismos que expressam a ritmicidade nestas condicdes
constantes sdo ditos em livre-curso, referenciando-se a auséncia de pistas
temporais do ambiente (Golombek and Rosenstein, 2010).

Visto que existe a geracdo de um ritmo enddgeno e que este é
sincronizado pelo ciclo claro/escuro, pode-se supor que exista uma estrutura
que integre estas informacdes para entdo ajustar os ritmos de todo o
organismo. Nos mamiferos, esta estrutura se localiza nos nudcleos
supraquiasmaticos (NSQs) do hipotalamo. Os NSQs sdo compostos por cerca
de 10.000 neurdnios cada, esquerdo e direito, e recebem fibras
glutamatérgicas da retina através do trato retinohipotalamico. A informagéo
luminosa que se dirige ao hipotalamo é recebida pelo pigmento melanopsina
localizado nas células ganglionares da retina. Entretanto, recentemente foi
observado que os bastonetes também podem fornecer esta informacéo
(Altimus et al, 2010; Li et al, 2010). Além de fibras aferentes da retina, os NSQs



também recebem aferéncias serotonérgicas dos nucleos da rafe, expressando
receptores 5-HTia e 5-HT7 (Pickard and Rea, 1997).

Os NSQs constituem o oscilador central do sistema de temporizagao.
Assim como em todas as células nucleadas, os NSQs expressam conjunto de
genes que se autorregulam através de alcas de feedback positivo e negativo
(Shearman et al, 2000b). Estes genes sdo denominados genes-reldgio. Os
genes CLOCK e BMAL1 codificam proteinas que se unem formando um
heterodimero. Este promove, entdo, a transcricdo dos genes PER1, PER2,
PER3, TIM, CRY1 e CRY2. Os dimeros PER-TIM, PER-PER, TIM-CRY e PER-
CRY unem-se a Caseina Kinase € ou 9, sao fosforilados e, apds penetrarem no
nucleo, bloqueiam o heterodimero CLOCK-BMAL1, formando assim, uma alca
de retroalimentacdo negativa (Fig. 1). Outra alca regulatéria consiste na
ativacao dos receptores orfaos nucleares relacionados ao acido retindico, REV-
ERBa e RORa, pelo heterodimero CLOCK-BMALLl. Estes receptores
competem pela ligacdo no promotor do gene BMAL1, sendo que REV-ERBa
atua inibindo a transcricdo do gene e RORa ativando (Ko and Takahashi,
2006).

Formacao de
dimeros

PER | CRY

Controle da

+ atividade celular
CLOCK | BMAL] |

Perl, Per2, Per3, Cryl, Cry2
E-box , .-
Genes controlados pelo relégio

Figura 1 — Al¢a de retroalimentagdo negativa que constitui a base para o relégio molecular. O
heterodimero CLOCK-BMAL1 promove a transcricdo dos genes Per e Cry, que por sua vez,
apos transcritos e traduzidos, inibem a agdo de CLOCK-BMAL1.

A expressao dos genes relogio, que por sua vez controlam a expressao
dos genes controlados pelo relégio, gera um padréo circadiano nas eferéncias
dos NSQs. As eferéncias dos NSQs sado diversas, como, por exemplo, para 0s
nacleos paraventricular e arqueado, participando entdo da modulacdo da

hipdfise (Panda and Hogenesch, 2004). Uma das projecdes do nucleo
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paraventricular € o ganglio simpatico da raiz cervical da medula, que por sua
vez, envia fibras para a pineal, controlando a secrecdo de melatonina, cuja
secrec¢do € inibida pela luz (Wurtman and Ozaki, 1978).

E possivel fazer uma distingdo anatémica dos NSQs e de acordo com 0s
neurotransmissores expressos (Antle and Silver, 2005). A porcao dorsomedial
€ pouco inervada pela retina, sendo entdo o componente essencial para a
geracdo do ritmo enddgeno. A porcao ventrolateral recebe fibras da retina
através do trato retino-hipotalamico, levando ao sistema de temporizacdo as
informacbes sobre o ambiente. O desacoplamento entre as porcoes
dorsomedial e ventrolateral pode ser induzido por meio do protocolo de
dessincronizacao forcada. Em ratos, um ciclo claro-escuro de 22 h é imposto
ao animal, de forma que ele passe a exibir dois ritmos locomotores, um
sincronizado ao ciclo claro-escuro imposto e outro obedecendo ao periodo
circadiano endogeno (de la Iglesia et al, 2004).

Esta dissociacéo entre as por¢des dorsomedial e ventrolateral dos NSQs
também pode ser observada em roedores quando o horario de apagar ou
acender das luzes do biotério é adiantado em trés horas (Nagano et al, 2003).
Portanto, € provavel que mudancas bruscas de horarios possam levar a esta
dessincronizacdo em humanos também, mais notavelmente em trabalhores em
turno e pessoas que atravessam fusos horarios em voos, sofrendo o chamado
jet lag.

Tanto o jet lag quanto o trabalho em turno podem trazer problemas para
a saude. Por exemplo, o trabalho em turno € associado a diversas patologias,
como aumento da incidéncia de cancer, dispepsias gastricas, hipertensdo e
infarto do miocardio (Foster and Wulff, 2005). Dentre elas ainda se enquadram
questdes de saude mental, envolvendo depressao e ansiedade, tdpico

discutido a seguir.

Associagao entre alteracOes da ritimicidade circadiana e transtornos de
humor

Episédios depressivos sdo associados a alteragbes do ritmo circadiano.
Variacbes no humor ao longo do dia sdo comuns em pacientes deprimidos

(Gordijn et al, 1994). Alteragbes nos ritmos circadianos, incluindo o ciclo
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vigilia/sono, sdo heterogéneas na depressao maior, como evidenciado pelo
proprio critério diagnostico sugerido pelo DSM-5, em que pode haver tanto
insdnia ou hipersonia. Outras alteragcées incluem alta temperatura corporal
durante a noite, secrecao de cortisol com avanco de fase, além de reducéo no
sono de ondas lentas, adiantamento de fase do sono REM, bem como o
aumento da duracdo total do sono REM (McClung, 2013). A temperatura
corporal pode até mesmo deixar de apresentar a ritmicidade de 24h em alguns
pacientes deprimidos (van Londen et al, 2001). De forma geral, pode-se dizer
gue os pacientes apresentam uma dessincronizacao interna e/ou encontram-se
em livre-curso (Ehlers et al, 1988; Li et al, 2013; Stetler et al, 2004). Uma das
formas de se conceber esta dessincronizacao interna € a relacao de fase entre
o ciclo vigilia/sono com a secrecdo de melatonina. Muitos pacientes deprimidos
apresentam a secrecdo de melatonina muito adiantada em relacdo ao horario
de dormir, sendo inclusive importante para as abordagens terapéuticas
envolvendo luz intensa (Wehr et al, 1979). Além disso, ratos submetidos ao
CMS apresentam uma alteracdo dos ritmos circadianos, como, por exemplo,
diminuicdo da amplitude do ritmo da atividade motora (Gorka et al, 1996).

Disturbios nas propriedades de sincronizagdo do sistema de
temporizacdo circadiano também sdo observados em mutacdes de genes
reldgio. Além de seu papel potencial na preferéncia por horarios de sono e na
sindrome da fase atrasada de sono (Archer et al, 2003; Pereira et al, 2005), o
gene relégio PER3 também foi associado a caracteristicas dos transtornos de
humor, como a responsividade ao tratamento com antidepressivo e a idade do
aparecimento do transtorno (Artioli et al, 2007).

Diferencas individuais nas preferéncias por horarios de sono também
sdo relacionadas com depressdo. Existe uma associagdo entre a
vespertinidade, preferéncia por horéarios de dormir e acordar mais tardios, com
a depressdo maior (Merikanto et al, 2013). Individuos vespertinos estédo
frequentemente privados de sono (Korczak et al, 2008) e também apresentam
maior prevaléncia para outros transtornos, como esquizofrenia, depressao
bipolar (Wood et al, 2009) e déficit de atencéo (Caci et al, 2009). Entretanto,
apesar da privacdo crbnica de sono, insdnia e vespertinidade aparentemente
sao fatores independentes de risco para depressdo (Chan et al, 2014). A

7 \

associacdo entre vespertinidade e depressdo € curiosa devido a individuos
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deprimidos frequentemente apresentarem a ritmicidade mais adiantada na
secrecdo de cortisol, e ndo mais atrasada. Por outro lado, estes dados
reforcam a hipGtese da dessincronizacdo temporal interna, visto que o0s
horarios de sono estdo com menor acoplamento com o ritmo da temperatura,
melatonina e cortisol. Além disso, a exposicdo a luz intensa pela manha,
conhecida por adiantar os ritmos, também apresenta efeito antidepressivo
(Golden et al, 2005).

A privacdo de uma noite de sono, assim como a privacdo da ultima
metade da noite de sono, também promove efeito antidepressivo em pacientes
deprimidos. Assim como pacientes bipolares diagnosticados com depressao
maior que iniciam o tratamento com antidepressivos podem apresentar um
episodio de mania, pacientes bipolares também podem entrar em quadro de
mania quando sdo privados de sono (Riemann et al, 2002). A privacao de uma
noite de sono em roedores, assim como o tratamento com antidepressivos,
aumenta a neurogénese no hipocampo (Grassi Zucconi et al, 2006). Entretanto,
a privacdo de 72h de sono promove o efeito oposto: ocorre diminuicdo da
neurogénese (Mirescu et al, 2006). Caso seja imposta uma restricdo cronica de
sono, roedores passam a apresentar comportamento depressivo (Novati et al,
2008).

Tanto manipulacbes dos ritmos biolégicos podem levar a efeitos
antidepressivos, como o tratamento com farmacos antidepressivos pode alterar
0os ritmos circadianos. Um dos efeitos do tratamento com inibidores da
recaptacao de serotonina é o adiantamento dos ritmos (Cuesta et al., 2008). Os
neurénios dos NSQs apresentam receptores para a serotonina, podendo entao
ser diretamente sensiveis a0 aumento de serotonina na fenda sinaptica. Além
disso, a agomelatina atua diretamento na regulacao da ritimicidade circadiana,
ao ativar receptores melatonérgicos.

Em humanos, a depressdo também é associada com a reducdo do
fotoperiodo que ocorre durante o inverno. A depressdo sazonal ocorre mais
frequentemente em paises localizados em altas latitudes, ou seja, em areas do
mundo onde h& pouca luz solar por extensos periodos de tempo (Booker et al,
1991; Mersch et al, 1999). A maioria dos pacientes apresenta atraso nos seus
ritmos. Entretanto, um pequeno subgrupo apresenta avancgos de fase durante a

depressdo de inverno (Lewy et al, 2006). Em concordancia, ratos diurnos
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mantidos em fotoperiodos curtos ou que receberam administracdes de
melatonina durante a fase clara do ciclo apresentaram comportamento
depressivo nos testes de preferéncia por sacarose e natacao forcada
(Ashkenazy et al, 2009b). Além disso, exposi¢cdo por uma hora de luz intensa
foi suficiente para reverter 0 comportamento depressivo no teste da natacéo
forcada (Ashkenazy et al, 2009a). O uso da luz intensa pela manha vem sendo
utilizada tanto para depressdao sazonal como para pacientes com depressao
maior (Oldham and Ciraulo, 2014).

A completa privacdo de luz, ou seja, 0 escuro constante, apos seis
semanas também promoveu a inducdo de comportamento depressivo em
ratos, além de acarretar danos em neurénios monoaminérgicos, principalmente
noradrenérgicos, sendo ambos os efeitos revertidos por tratamento com
desipramina, um antidepressivo noradrenérgico (Gonzalez and Aston-Jones,
2008). Os autores observaram aumento no tempo de imobilidade e diminuicédo
no comportamento de escalada no teste da natagcéo forcada. A diminuicdo do
comportamento de escalada e o maior dano dos neurdnios noradrenérgicos
reforcam a distincdo do comportamento de escalada e natacdo como
relacionados predominantemente com um componente noradrenérgico e
serotonotérgico, respectivamente (Detke et al, 1995).

No outro extremo, camundongos ou ratos expostos a luz constante
apresentaram comportamento tipo-depressivo (Fonken et al, 2009; Martynhak
et al, 2011; Tapia-Osorio et al, 2013). Exposicdo prolongada a iluminacéo
constante também promove arritmicidade na atividade locomotora (Eastman
and Rechtschaffen, 1983; Honma and Hiroshige, 1978). Porém, a luz também
pode exercer efeitos diretamente sobre o humor independentemente da
ritimicidade circadiana. A luz é recebida tanto por cones e bastonetes, como
também por células ganglionares fotossenstivas contendo o fotopigmento
melanopsina (Altimus et al, 2010; Berson et al, 2002). A luz pode exercer
efeitos no humor de forma indireta, como através da regulagéo da ritimicidade
circadiana via conexdo com o0s NSQs, assim como também de forma direta,
através da ativagdo de areas como a amigdala e habénula (LeGates et al,
2014). A disponibilidade de um tubo opaco foi capaz de prevenir parcialmente o
comportamento tipo-depressivo induzido pela luz constante (Fonken et al,

2009), argumentando para o papel direto da luz sobre o humor. Entretanto,
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exposicao neonatal ao claro constante previne tanto a perda da ritimicidade
(Cambras et al, 1998), como o comportamento tipo-depressivo induzidos pela
luz constante (Martynhak et al, 2011), argumentando em favor do efeito indireto
da luz sobre a regulacédo do afeto. Camundongos expostos a um ciclo de 7 h
(3,5:3,5 h, claro:escuro) ndo sdo capazes de se sincronizarem ao ciclo
claro/escuro, entrando em livre-curso, ou seja, expressando o periodo
circadiano enddgeno, proximo de 24 h (LeGates et al, 2012). Apesar de
manterem a ritimicidade, a exposicdo prolongada a este ciclo aberrante leva a
comportamento tipo-depressivo, que € prevenido em animais que nao
expressam células ganglionares fotorreceptoras. Desta forma, pode-se concluir
para este modelo a luz exerce seus efeitos sobre o humor de forma direta, sem
participacéo da ritimicidade circadiana (LeGates et al, 2012).

Visto a relacdo entre ritimicidade circadiana e depressédo, além do uso
terapéutico da agomelatina e da luz intensa, este trabalho visa aprofundar os
estudos acerda da relagéo entre alteragdes na exposicao ao ciclo claro/escuro

e 0 comportamento tipo-depressivo em modelos animais.
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OBJETIVOS ESPECIFICOS

- Avaliar o efeito da co-habitacdo entre um animal que expressa ritimicidade
circadiana em claro constante e outro que ndo a expressa em relacdo ao
comportamento tipo-depressivo

- Avaliar o efeito da restauracdo da ritimicidade circadiana sobre o
comportamento tipo-depressivo em animais expostos ao claro constante
através da restricao alimentar

- Avaliar o efeito da dessincronizacdo entre o ciclo claro/escuro e a
disponibilidade de alimento sobre o comportamento tipo-depressivo

- Avaliar a resposta sobre o comportamento tipo-depressivo em alteracdes
do ciclo/claro escuro em camundongos menos sensiveis aos efeitos diretos

da luz (deficientes para o gene reldgio Per3).
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prevents depressive-like behavior induced by constant light in adulthood
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ABSTRACT

Circadian rhythm disruptions are often observed in depressed patients, and
changes in the light/dark cycle promote depressive-like behavior in animal
models. Prolonged exposure to constant light (LL) is known to lead to
arrhythmicity of circadian locomotor activity and depressive-like behavior in rats.
Interestingly, neonatal exposure to LL prevents both arrhythmicity and
depressive behavior in adulthood. Arrhythmic rats under LL conditions that
cohabitate with a rhythmic rat exhibit improvement in circadian rhythms.
Therefore, we tested whether such cohabitation also protects against LL-
induced depressive-like behavior. Wistar rats were assigned to conditions of
either neonatal constant light (neonatal-LL) on postnatal days 10-22 or a regular
light/dark cycle (neonatal-LD). On day 45, the animals were assigned to three
possible pair combinations. After the baseline sucrose preference test, half of
the pairs were placed under LL conditions. Weekly sucrose preference tests
were used to evaluate depressive-like behavior. The animals were isolated by
an aluminum wall on the test day. At week 2 of LL, sucrose preference was
reduced in neonatal-LD/neonatal-LD pairs of animals. At week 5, neonatal-
LD/neonatal-LD pairs exhibited anhedonic-like behavior, but the pairs with at
least one neonatal-LL rat did not. The LL cycle was changed back to an LD
cycle, and 2 weeks later the neonatal-LD/neonatal-LD pairs exhibited a
restoration of sucrose preference. We conclude that social interaction can
prevent depressive-like behavior induced by circadian rhythm disruption as long

as one of the animals is more prone to present a strong rhythm.

Keywords: depression, depressive-like, anhedonia, circadian rhythms, constant
light, neonatal
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1. Introduction

The disruption of circadian rhythms has long been known to be related to
mood disorders. Although the causality of this relationship is not well
established, the manipulation of circadian rhythms via light schedules, meals, or
social interaction might provide a valuable tool for improving treatments for
mood disorders or even preventing their onset.

Constant light (i.e., conditions of a 12 h/12 h light/light [LL] cycle, in
contrast to the usual light/dark [LD] cycle) has been shown to induce
depressive-like behavior (Fonken et al, 2009; Martynhak et al, 2011) and
reduce hippocampal neurogenesis in animal models (Fujioka et al, 2011).
Prolonged exposure to LL also induces arrhythmicity in circadian locomotor
activity (Eastman et al, 1983). Neonatal exposure to LL prevents this
arrhythmicity in adulthood (Cambras et al, 1998). This protocol has been shown
to prevent LL-induced depressive-like behavior (Martynhak et al, 2011).
Therefore, arrhythmicity appears to be essential for the effects of LL.

Rats under LL conditions that cohabitate with a rhythmic rat (i.e., a rat
that was exposed to LL during weaning) exhibit improvements in circadian
patterns of motor activity (Cambras et al, 2012). Therefore, we sought to
determine whether this cohabitation can also protect against depressive-like
behavior induced by LL. We hypothesized that pairs of rats that consist of at
least one rat that was exposed to neonatal LL would be protected from LL-
induced depressive-like behavior. We also hypothesized that pairs that consist
of both animals that were not previously exposed to LL would be more resilient
to the effects of LL than single-housed animals, given that social isolation has

already been used as a model of depression (Wallace et al, 2009).

2. Materials and Methods

Adult male and female Wistar rats were obtained from the Federal
University of Parana and maintained under a controlled temperature (22 + 3°C)
and 12 h/12 h light/dark (LD) cycle (lights on 7:00 AM-7:00 PM). Food and
water were available ad libitum. All of the animal procedures were approved by
the Ethical Committee of Animal Experimentation of the Federal University of
Parana (protocol no. 600) and were in accordance with the Guide for the Care

and Use of Laboratory Animals adopted by the Department of Pharmacology,
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Federal University of Parana. The mating procedure involved placing each male
in a cage with three female rats for 1 week as described previously (Martynhak
et al, 2011). For this experiment, 18 females were used and 13 of them had

litters.

2.1. Experimental design

A . .
Neonatal Pairing after weaning
Weaning (LD-LD)-LD or -LL {LL-LL)-LD or -LL (LD-LL)-LD or -LL
i o © A
N feseegge 1R\ CHE|([C L[
T FELILLLLS " " "
1 L 1 1 L L L L 1 1

PN day T T PR L N N I RS R | ,_- | | | | | l

LD orLL LD or LL LD LL{no-pair)-LL

* Habituation with sucrose in
the indicated concentration Sucrose 0.5%  Sucrose 0.25%

1

Additional group separated by an
aluminum wall and later exposed
only to LL cyle during adulthood

Fig. 1. (A) Experimental timeline and (B) group distribution. All pair combinations were set
according to the neonatal light schedule and later divided into LD and LL groups in adulthood.
*One additional group consisted of pairs of two rats that were housed in the same cage
separated by an aluminum wall. These animals were all exposed to LL during adulthood, as in a
previous study (Martynhak et al, 2011).

On postnatal day 10-22, a total of 13 litters were assigned to two groups:
neonatal-LD (control) group and neonatal-LL group (~200 lux) (Martynhak et al,
2011). This period has been reported to be the most sensitive time period for
preventing arrhythmicity in adulthood (Canal-Corretger et al, 2001). The litters
were randomized into neonatal-LD and neonatal-LL groups according to the
total number of pups within each litter to minimize possible litter size effects.
Seven litters were exposed to the regular LD cycle (36 males), and six litters (30
males) were exposed to LL. The behavior and weight of the dams were not
evaluated during or after the LL exposure. The LL-exposed rats were
maintained in a separate room that was used specifically for this experiment.
The neonatal-LD group was maintained in a common room. After weaning, we
randomly distributed the male rats into pairs. To evenly distribute the influence
of eventual fighting across groups, we avoided placing siblings together. During
distribution of the pairs at weaning, the rats were weighted and no differences
were found comparing LD and LL animals. The animals were not further
weighted throughout the experiment. As depicted in Fig. 1, the final
experimental pairings were the following: neonatal-LD housed with neonatal-LD
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(LD-LD), neonatal-LD housed with neonatal-LL (LD-LL), and neonatal-LL
housed with neonatal LL (LL-LL). We then randomly distributed the cages into
the LD room ([LD-LD-LD], [LD-LL]-LD and [LL-LL]-LD) and a room that would
later be placed under LL conditions ([LD-LD]-LL, [LD-LL]-LL and [LL-LL]-LL).
Finally, for rats in adulthood, we had five cages for each pair combination.
Moreover, six neonatal-LD rats were assigned to an additional group. These
rats were housed two per cage but separated by an aluminum wall throughout
the entire experiment. These no-pair animals were later placed under LL
conditions (LD[no-pair]-LL). This group was included as an internal control,
given that it was similar to our previous experiment with LL (Martynhak et al,
2011).

In a previous experiment, imipramine treatment was able to rescue LL-
induced anhedonic-like while the rats were still kept in LL (Martynhak et al,
2011). For this experiment, after detection a reduction in sucrose preference in
week 5, the rats that were under the LL cycle were transferred back to a regular
LD cycle to evaluate possible spontaneous improvements in depressive-like
behavior (Fig. 1).

2.2. Sucrose preference test

To evaluate anhedonic-like behavior, sucrose preference tests were
conducted (Willner et al, 1987). The tests consisted of a modified two-bottle
choice procedure. When the rats were 45 days old, they were habituated to the
sucrose solution (0.5%, w/v) for 2 days, during which they were allowed to
choose freely between the sucrose solution and water. After 2 days, a baseline
test was performed. To measure individual intake for each animal of the pair,
the rats were separated by an aluminum wall for the duration of the test. The
bottles were weighed before they were offered to the animals and weighed
again 24 h later. Sucrose preference was calculated as the percentage of the
volume of sucrose intake over the total volume of fluid intake. Subsequently,
sucrose preference tests were performed weekly in the same manner.

In a previous experiment, the no-pair group exhibited a reduction of
sucrose preference at week 3 (Martynhak et al, 2011). Given that no reduction
was observed in the current experiment at week 4, we sought to increase the

sensitivity of the test by devaluating the reward. At week 5 of exposure to LL,
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we reduced the sucrose concentration by half (0.25%). The animals were first
habituated to this concentration to minimize possible negative contrast effects
(Justel et al, 2012). For the habituation, animals were offered two bottles, one
with water and other with the new sucrose centration for 24 h. The test was then
performed 1 day after the end of habituation. The tests at weeks 6 and 7 were

also performed using this concentration.

2.3. Statistical analysis

The data are expressed as mean + SEM and were analyzed using two-
factor (group x week) repeated-measures analysis of variance (ANOVA)
followed by Duncan’s post hoc test. Differences were considered statistically

significant at p < 0.05.

3. Results

The ANOVA revealed significant main effects of group (Fss7 = 5.80, p <
0.001) and week (F7399 = 15.79, p < 0.001) and a significant group x week
interaction (Fse,399 = 3.73, p < 0.001). In week 2, neonatal-LD animals that were
housed in pairs with one another (other neonatal-LD rat) and exposed to LL in
adulthood (LD[LD-LD]-LL) exhibited a reduction of sucrose preference
compared with baseline (p < 0.05) and the equivalent LD group (LD[LD-LD]-LD;
p < 0.05), but this difference did not persist in weeks 3 or 4, during which
preference returned to control levels (Fig. 2B).

After reward devaluation (weeks 5-7), neonatal-LD animals that were
exposed to LL in adulthood, both animals that were housed in pairs with similar
animals (i.e., LD[LD-LD]-LL; p < 0.001) and animals that were separated by the
aluminum wall (i.e., LD[no-pair]-LL; p < 0.01), exhibited a reduction of sucrose
preference in week 5 compared with baseline (Fig. 2B). In addition, LD(LD-LD)-
LL and LD(no-pair)-LL rats also had reduced sucrose preference compared with
the control group, LD(LD-LD)-LD and to the other groups exposed to LL,
LD(LD-LL)-LL and LL(LL-LL)-LL (p < 0.05 for all comparisons).

One week after changing the light schedule from LL back to LD in week
6, all of the previous groups that were protected from LL-induced anhedonia
(i.e., all of the groups with at least one neonatal-LL rat in the cage) exhibited a
reduction of sucrose preference (p < 0.01) (Fig. 2B,C). In week 6, LD(LD-LL)-LL
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and LL(LD-LL)-LL groups showed reduced sucrose preference compared with
LD-(LD-LD)-LD (p < 0.001), but the LL(LL-LL)-LL did not. Additionally, the
LD(LD-LD)-LL group exhibited an increase in sucrose preference compared
with the previous week (p < 0.005), although sucrose preference in this group
was significantly lower compared with baseline (p < 0.05). In the second week
under LD conditions (week 7), sucrose preference was at baseline levels in all
of the groups that were previously exposed to the LL cycle and there were no
differences compared with LD(LD-LD)-LD group.
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Fig. 2. Sucrose preference in rats subjected to constant light (LL) during the neonatal period
and adulthood. (A) Control groups exposed to LD during all of adulthood. (B,C) Groups exposed
to LL during weeks 1-5 and LD during weeks 6 and 7. The data are expressed as mean + SEM
(n = 5-10 rats/group). The boxes in B and C represent the maximum and minimum 95%
confidence intervals (calculated from each week) for the control group (i.e., LD[LD-LD]-LD). *p <
0.05, compared with baseline in the same group; #p < 0.05, compared with previous week in the
same group. LD, standard light/dark cycle; LL, light/light cycle (lights on for entire 24 h). tp <
0.05 compared with LD(LD-LD)-LD in the same week. The group abbreviations are the
following: LD cycle during the neonatal phase (the pair in the cage during adulthood refers to
the neonatal cycle)-LD cycle in adulthood. For example, LD(LD-LL)-LL indicates an animal that
was under LD conditions during the neonatal phase and shared a cage with an animal that was
under LL conditions during the neonatal phase, and both animals were exposed to LL during
adulthood.
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4. Discussion

The main finding of the present study was that anhedonia-like behavior
induced by LL could be prevented by social interaction with an animal that was
presumed to be rhythmic. These results reinforce the influence of circadian
rhythms on mood and extend our previous data that showed that LL induces
anhedonia, which can be reversed by imipramine treatment (Martynhak et al,
2011). In this study, not only the rat with stronger rhythm under LL is protected
from depressive-like behavior, as previously found (Martynhak et al, 2011) but
its presence also protects the other rat in the cage. Considering that the LL was
switched to LD immediately after detection of anhedonic-like behavior, we
cannot affirm that the social interaction rendered the animals fully protected
from depressive-like behavior induced by LL. However, a late onset for the
reduction of the sucrose preference can be considered a form of resilience.

However, LL with standard constant light (200 lux) is not the only
manipulation that promotes depressive-like behavior. Another type of LL that
employs a dim light (=5 lux) rather than a normal light at night also decreases
sucrose preference and increases the latency to float in the Nile grass rat,
which is a diurnal rodent (Fonken et al, 2012). Moreover, citalopram is able to
reverse depressive-like behavior in the forced swim test in ovariectomized
female hamsters that are exposed to dim light at night (Bedrosian et al, 2012).

Cohabitation with a rhythmic rat has been shown to improve locomotor
activity and temperature rhythms in a previous study (Cambras et al, 2012) and
prevent anhedonia in arrhythmic rats in the present study. In the previous study,
social interaction commenced after long-term exposure to LL, and the animals
that were born under the LD condition exhibited gradual increases in the
stability of their temperature rhythms. In the present study, the animals were
already in the same cage at the time LL was imposed to prevent the weakening
of circadian rhythm stability rather than rescue such stability later. Another
difference between these studies was that we examined all possible
combinations of neonatal-LL and neonatal-LD pairings, whereas the previous
study (Cambras et al, 2012) examined only one group, which involved social
interactions between animals with strong and weak rhythms under LL

conditions. Notably, interactions with neonatal-LD rats increased rhythm stability
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in neonatal-LL rats during cohabitation (Cambras et al, 2012). However, as
addressed in another study, social interaction itself does not delay the time at
which the animals become arrhythmic under LL conditions (Cambras et al,
2011). Accordingly, we observed that social interactions between two animals
that were expected to show weak or absent rhythms were insufficient to prevent
LL-induced anhedonia. Therefore, to prevent or rescue the depressive
phenotype, social interaction must strengthen circadian rhythmicity. In order to
further support this conclusion, after long exposure to LL, the pairs of protected
animals could be switched (i.e., replacing a neonatal-LL rat for a neonatal-LD).
Thus, accordingly to our hypothesis and observed results, we could expect that
the new pair would become more susceptible to depressive-like behavior.
Instead, we opted to test whether the anhedonic-like behavior induced by LL
would be restored by switching the light/dark cycle back to LD.

In fact, the groups under LL with anhedonic-like behavior had their
sucrose preference restored to baseline levels after two weeks under regular
LD. Discontinuation of stress in the unpredictable chronic mild stress has also
been reported to spontaneously recover the sucrose consumption in rats with
‘optimistic’ trait, but not in ‘pessimist’ rats (Rygula et al, 2013). Considering the
high rate of recurrence in remitted patients and that not only stress, but also
other factors are implicated in the maintenance and relapse of depressive
episodes, a non-spontaneous recovery would be a unique feature in an animal
model of depression. However, here we showed that the depressive-like
behavior is reversible when the normal light/dark cycle is restored.
Unexpectedly, sucrose preference in anhedonia-protected animals was reduced
after their light/dark cycles were changed from LL to the regular LD schedule.
Because this reduction occurred in LL animals that were supposed to be
rhythmic and exhibited high sucrose preference, this shift may have been too
abrupt and caused temporary mood changes. For example, after a delay of 10 h
in the light/dark schedule, male Wistar rats exhibited desynchronization of the
dorsomedial and ventrolateral portions of the suprachiasmatic nucleus that
lasted for approximately 6 days (Nagano et al, 2003). Additionally, chronic
light/dark shifts have been shown to be stressful and reduce immune responses
in rats (Kort and Weijma, 1982).
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The reduction of the sucrose concentration effectively increased the
sensitivity of the sucrose preference test. Importantly, all of the control groups
(always under the LD cycle during adulthood) were unaffected by this reduction
(Fig. 1A). In our previous study (Martynhak et al, 2011), we observed reductions
of sucrose preference in the third week of LL while sucrose concentrations
remained constant. Therefore, the difference between the present and previous
results may be attributable to a borderline effect of LL exposure (i.e., when a
0.5% sucrose solution is used, the results are more variable). Another
possibility is that the high hedonic value of the sucrose solution could have
masked differences between groups. Depressive-like effects of LL after 4 and 8
weeks have been reported using a 5% sucrose concentration (Tapia-Osorio et
al, 2013). However, this previous study used a different procedure for the
sucrose preference test that included food and water deprivation, which we
chose to avoid. Moreover, other unknown factors might have influenced the
sensitivity to LL and responses to the sucrose concentration. Interestingly and
consistent with our hypothesis, a recent study confirmed that these animals
were arrhythmic under LL conditions (Tapia-Osorio et al, 2013).

The present results may be related to the loss of circadian rhythms or
changes in these rhythms. Other light/dark cycle manipulations, such as
shortening the photoperiods for both diurnal and nocturnal animals (Einat et al,
2006; Prendergast and Nelson, 2005), exposure to constant darkness
(Gonzalez et al, 2008), and changing the 24 h period to a 7 h period with 3.5 h
of light and 3.5 h of dark (LeGates et al, 2012), have also been shown to cause
depressive-like behaviors. A common feature of these studies is that these
manipulations do not lead to the loss of circadian locomotor activity rhythms.
Thus, although the loss of circadian rhythms can induce depressive-like
behaviors, such loss is not necessary to induce depression. Moreover, the
mechanism of the induction of depressive-like behaviors does not appear to
involve reductions of neurogenesis. One study did not detect a reduction of
neurogenesis after arrhythmicity induced by prolonged LL exposure (Mueller et
al, 2011).

Not only changes in the light/dark cycle can influence mood by
modulation of the circadian rhythms, but light can also influence the affect

through a direct pathway (LeGates et al, 2014). For example light has acute
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arousal effect in humans. Interestingly, this effect is also observed in a small
portion of blind patients, suggesting a role for the melanopsin-expressing retinal
ganglion-cells (Vandewalle et al, 2013). In addition, mice that did not express
photosensitive retinal ganglion cells also did not show depressive-like behavior
or memory impairments after exposure to a 7 h light/dark period (LeGates et al,
2012). Interestingly, the depressive-like behavior induced by constant light in
mice is partially reversed by providing an opaque tube for escape of the light
(Fonken et al, 2009). Therefore, constant light might also lead to anhedonia
through the direct effect of light. Although the animals exposed to LL during
lactation have normal synchronization to the light/dark cycle (Cambras et al,
1998), one cannot rule out reduced sensitivity to light as an explanation to the
protection of LL-induced anhedonia. In fact, response to light pulse-induced
phase shift in animals under constant darkness was reported to be reduced
depending on the amount of days exposed to LL during lactation, although this
effect was only observed in a specific phase of the subjective day on which the
light pulse was administered (Canal-Corretger et al, 2000). In this current study,
not only rats exposed to LL during lactation, but also the cage conspecifics
exposed to LD during lactation were protected from the reduction of sucrose
preference under LL in adulthood, reinforcing the putative role of improvement
in circadian rhythmicity as the protective factor from anhedonia.

Unexpectedly, pairs of rats under a regular LD cycle during lactation that
were exposed to a LL cycle in adulthood exhibited a reduction of sucrose
preference in the second week of LL (i.e., before reward devaluation), whereas
the single-housed animals did not. Perhaps social interactions between two
arrhythmic animals have more deleterious effects compared with rats that are
arrhythmic and single-housed. However, the reduction of sucrose preference
was transient. The preference level was restored to normal levels by the third
week, and both groups exhibited reduced sucrose preference after devaluation
of the sucrose solution. Additionally, the aluminum wall did not provide complete
separation, so that the animals might still have influenced each other through
movement and noise.

The sucrose preference test protocol used in this experiment spanned
over 24 hours for behavioral evaluation during the entire circadian period of the

animals. Animals exposed to LL during lactation are expected to have
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lengthened circadian period under LL in adulthood (Cambras et al, 1998). On
the other hand, control animals in LL initially show lengthened period and
gradually become arrythmic. Moreover, not necessarily all animals exposed to
LL become arrhythmic, as they might be free-running with lengthened circadian
period as well. Therefore, the sucrose preference test did not span over the
whole cycle for all animals in this experiment, which might have influenced the
sucrose preference test. However, the groups that were more prone to show the
lengthened circadian period in LL were the pairs that contained at least one rat
exposed to LL during lactation, the same pairs that were protected from the
depressive-like behavior. Rats not only ingest more liquid during the activity
phase, but were also shown to have increased sucrose preference in the dark
phase, although this effect faded after repeated testing (Tonissaar et al, 2006).
Thus, not covering part of inactive phase would not impact significantly the
result of the sucrose preference test, whereas not covering part of the active
phase could result in a lower sucrose preference. However, the groups of
animals which were expected to have lengthened circadian period were also the
groups that did not reduce the sucrose preference.

In conclusion, the present results are consistent with previous studies
that showed that disrupting circadian rhythms can trigger depressive-like
behavior (Tapia-Osorio et al, 2013). Considering the effects of constant light
and cohabitation (Cambras et al, 2012), our results also suggest that the
maintenance of circadian rhythms caused by social interaction can restore
depressive-like behavior. This result should be relevant for non-pharmacological
treatments that seek to recover circadian rhythms for mood disorders, such as
Interpersonal Social Rhythm Therapy (Frank, 2007) and bright light therapy
(Golden et al, 2005).
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ABSTRACT

Constant light (LL) exposure in rodents is known to either lengthen the circadian
period or to promote arrythmicity of the circadian pattern of the locomotor
activity. Prolonged exposure to LL also induces depressive-like behaviour in
rodents. The depressive-like behaviour might be prevented either by strategies
that prevent arrythmicity or by providing an opaque tube for escaping the light.
Besides the light/dark cycle (LD), food availability is the stronger synchronizer of
the circadian rhythms. Food availability might take priority over the LD cycle
when given at the inactive phase of activity. In this study, Wistar rats submitted
to LL showed reduced sucrose preference, an effect that was prevented by food
restriction, in which animals received food dayly for a 6 h interval. Interestingly,
rats under the regular light/dark (LD) cycle submitted to food restriction also
showed anhedonic-like behavior when food was available in only the light
phase, but not when it was available only in the dark phase. The same effect of
food restriction was observed in mice. Although neither melatonin, imipramine
or agomelatine treatment in mice were able to prevent the reduction in sucrose
preference due to food restriction, a single administration of ketamine had
antidepressant-like effects. Thus, food restriction is an effective way to
synchronize the circadian rhythms in constant light conditions. However, food
restriction might also promote desynchrony between feeding schedule and the
light/dark cycle. Altogether, we showed that both arrythmicity and
desynchronization of the circadian rhythms might lead to depressive-like
behaviour. As the depressive-like behaviour induced by food restriction was not
responsive to antidepressant treatment, except ketamine, this protocol might

comprise a treatment-resistant preclinical model of depression.

Key words: depressive-like behaviour, food restriction, constant light, circadian

rhythms, anhedonia
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Introduction

The etiology of depression is multifactorial, including genetic
mechanisms, life events and even the presence of other disorders. In pre-
clinical models, stress is a key component for inducing depressive-like
behaviour in rodents (Willner et al, 1987). Among several stressors, changes in
the light/dark cycle constitute a promising approach to study one of the possible
causal factors for depression. Changes in sleep architecture and in circadian
rhythms are often observed in depressed patients. Core body temperature
rhythm might have flattened amplitude or no detectable circadian rhythmicity
(van Londen et al, 2001). The latency for REM sleep is reduced, occurring
earlier in the night. Conversely, the slow wave sleep, that is usually more
concentrated in the first half of the night, is also reduced. Moreover, the phase
angle between different rhythms might also be altered, which means that not
only phase delays or advances might be present in depressed patients, but also
shortening or lengthening the time interval between two peaks of different
rhythms (Lewy et al, 2006).

Prolonged exposure to constant light (LL) has been shown to induce
depressive-like behaviour in mice and rats (Fonken et al, 2009; Martynhak et al,
2011; Tapia-Osorio et al, 2013). The availability of an opaque tube that provides
an escape from the light prevents the effect of LL in the forced swimming test
(Fonken et al, 2009). Exposure to LL leads to a lengthening of the endogenous
circadian period and a prolonged exposure to LL leads to loss of circadian
rhythmicity. It has been shown that rat pups exposed to LL during lactation are
more resilient to the effect of LL when adults (Cambras et al, 1998).
Accordingly, these animals are also resilient to the effects of LL in reducing the
sucrose preference (Martynhak et al, 2011). Moreover, co-habitation with a
rhythmic rat under LL can improve the rhythmicity of a rat that has not been
exposed to LL during lactation (Cambras et al, 2012). In line, we recently
showed that the same co-housing protects the rat exposed to normal light/dark
cycle (LD) during lactation from the LL-induced anhedonia-like behaviour
(Martynhak et al., submitted).

Apart from light, one of the strongest synchronizers of the circadian
timing system is food availability. When food is available during a restricted and

predictable time of the day, animals exhibit an increase in locomotor activity



32

preceding the presentation of food. Importantly, if food is presented during the
light phase, the animals shift their activity phase to the time of food availability,
despite the light/dark cycle (Mistlberger, 2009).

Considering the synchronizing effects of food restriction, we
hypothesized that depressive-like behaviour induced by LL could be prevented
by food-restricting the animals by rescuing the arrythmicity/abnormal long
circadian period. In addition, we hypothesized that food restriction, when food is
available during the light phase in animal under regular LD, would also lead to
depressive-like behaviour due to the desynchronization between locomotor
activity and metabolism in relation to the light/dark cycle. One of the signals of
the dark phase is the hormone melatonin, whose secretion is inhibited by light.
Thus, we also tested whether exogenous melatonin during the light phase
would have antidepressant effect due to the synchronization between plasma
melatonin and food availability. Additionally, food-restricted animals were also
treated with the antidepressant agomelatine, which is an antagonist of the
serotonergic 5-HT2c receptors and agonist of the melatonergic MT1 and MT2

receptors (Millan et al, 2003).

Materials and Methods

Animals

Male Wistar rats (60 days) and Swiss mice (45 days) were obtained from
the Federal University of Parand and kept under controlled temperature (22+3
°C) and 12 h/12 h light/dark (LD) cycle (lights on 0700-1900 h), unless
specified. ZTO and ZT12 are defined as the lights on and off times, respectively.
Food and water were available ad libitum, unless specified. All animal
procedures were approved by the Ethical Committee of Animal Experiment
(protocol no. 818) and in accordance with the Guide for the Care and Use of
Laboratory Animals adopted by the Department of Pharmacology, Federal
University of Parana.

Rats and mice were singly-housed in all experiments, except for the
acute test for antidepressant action in the forced swimming test, in which mice

were house in cages with 7-12 animals.
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Locomotor monitoring

Rats had their locomotor activity continuously recorded through a
passive infrared detector connected to computer software named SAP, kindly
provided and developed by Marconi Camara (UFRN). Rats were randomized
into four groups. Half of the rats were kept in LD and the other half in LL. After
six weeks, half of the rats from each group was food restricted (food availability

from ZT2-08 for the LD group) for another four weeks (n=5 per group).

Sucrose preference test

Sucrose preference test was performed similarly in rats and mice, except
that the sucrose concentration for rats was 0.25% (w/v) and 1% (w/v) for mice.
Animals were habituated with a sucrose solution bottle as only drinking option
for one day. After one day interval with a water bottle, animals had the choice
between water and sucrose solution bottles for two days. After another day of
interval with only water bottle, animals were tested for the baseline sucrose
preference.

The sucrose preference consisted in offering both bottles of water and
sucrose solution for 24h. The bottles were weighted before and after placing.
The sucrose preference is expressed as a percentage of the total liquid

ingestion. The test was performed weekly throughout the experiments.

Drugs

Melatonin (acute and chronic treatment) and imipramine (acute
treatment) were dissolved in ethanol PA and then diluted in saline (0.9%) to 1%
ethanol (v/v). The used vehicle was also saline solution in 1% ethanol.
Agomelatine (acute and chronic treatment) and imipramine (chronic treatment)
were dissolved in saline (0.9%) and the vehicle was also saline. All drugs were

administered intraperitoneally at a volume of 10 ml/kg.

Experimental design

1. Constant light and food restriction in rats



34

According to the baseline sucrose preference, a group of 40 rats was
randomized into 4 groups, with either LD or LL light schedule and with ad
libitum food or food restriction (with ZT2-8 of food availability, two hours after
lights on).

In a second experiment, a group of 20 rats was randomized according to
the baseline sucrose preference into 2 groups, ad libitum food and food
restriction (with ZT12-18 of food availability, at lights off).

In a third experiment, a group of 30 rats was randomized into 10 rats with
ad libitum food and 20 animals with food restriction (with ZT2-8 of food
availability). After detection of reduction in the sucrose preference, the 20 food
restricted rats were further randomized according to the sucrose preference of
the last test into be kept at the same light/dark cycle or to phase advance 10
hours, so that food would be given at the same external clock. Therefore, the
phase advanced group had food availability at the same external time, but
matching with the onset of the dark phase for the rats (ZT12-18).

2. Food restriction and pharmacological treatment in mice

In order to verify whether mice were also susceptible to the depressive-
like effects of food restriction, a group of 26 mice were randomized according to
the sucrose preference into food-restricted and ad libitum food for five weeks.

In a second experiment, a group of 60 mice was divided into 6 groups,
with either food ad libitum or food restriction (with ZT2-8 of food availability, two
hours after lights on). In addition, at ZT2, animals received vehicle or melatonin
(1 ng/kg and 10 mg/kg) intraperitoneally.

The lowest dose of melatonin was reported to be sufficient to
synchronize the circadian locomotor activity in pinealectomized rats under
constant darkness (Warren et al, 1993). In rats, this dose achieves plasma
levels around 10 times higher than physiological levels (Cassone et al, 1986).
Importantly, a dose 100 times higher did not show antidepressant action,
whereas 10 mg/kg had antidepressant effect in the forced swim test
(Raghavendra et al, 2000). Immediately after the removal of the bottles of the
week 4 test, the vehicle-treated animals were administered ketamine (10 mg /kg

I.p), whereas the other groups were kept being treated with imipramine or
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agomelatine. A new sucrose preference test was performed 24 h after ketamine
treatment.

A third experiment was performed similarly to the previous one, were all
30 mice were food restricted. Animals received daily either vehicle, imipramine

(10 mg/kg) or agomelatine (10 mg/kg) intraperitoneally.

3. Acute antidepressant effect of melatonin, imipramine and agomelatine

In order to test the acute antidepressant-like effect of the adopted doses
of melatonin and agomelatine, mice (n=9-10) were treated with vehicle,
melatonin (1 pg/kg and 10 mg/kg) or imipramine (30 mg/kg) 30 minutes prior to
be submitted to open field and forced swimming test. Imipramine was used as a
positive control. . In a second experiment, animals received vehicle or
agomelatine (10 and 20 mg/kg) and were tested in the open field and forced

swimming test after 30 min.

Statistical analysis

Sucrose preference tests were analysed by repeated measures two-way
ANOVA. For the experiment in mice with agomelatine treatment, in which all
animals were food-restricted, repeated measures ANOVA was performed. Open
field and forced swimming test were analysed by one-way ANOVA. Body weight
was analysed by one-way ANOVA or by independent t-test accordingly. When
pertinent, tests were followed by Newman-Keuls post-hoc analysis. Significance
levels were set at p<0.05. Data are represented as mean + standard error of
mean (SEM).

Results

LL-induced arrythmicity of the circadian locomotor activity is rescued by food
restriction

It was observed that LL lengthens the circadian period, leading to
arrythmicity after a few weeks (Fig. 1). Food restriction restores the rhythmicity
in LL exposed animals. Rats under LD and food restriction prioritize the food

interval over the dark phase the most active phase in the circadian cycle.
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Fig. 1 — Representative double-plotted actograms showing in (A) a rat under LD that shifts the
locomotor activity to the time interval when food is given, despite the light/dark cycle and in (B)
a arrythimic rat under LL that restores the circadian rhythmicity after food restriction is imposed.
Rectangles represent food availability intervals.

Body weight and food consumption

Both LD food-restricted (348.6 + 5.1) and LL-exposed with ad libitum
food (353.8 = 6.1) rats had significantly lower body weight at end of the
experiments in comparison with the control group (381.5 + 9.1) (food restriction:
F1,36=6.1, p<0.05; light schedule: F1,3=3.0758, p=0.088; food restriction x light
schedule: F1 36=4.28, p<0.05). However, LL did not further decreased body
weight in food restricted animals (350.9+8.0) (p>0.2). Food restriction also
reduced body weight when food was available during the dark phase (360.9 £
5.7) in comparison with the ad libitum group (401.2 + 6.2) (t=4.79, p<0.001).

Mice submitted to food restriction (43.6 + 1.1) had no body weight
difference in comparison with the ad libitum group at end of week 5 (44.6 + 1.7)
(t=0.5, p>0.2). However, there was a significant effect of food restriction (41.4 +
0.89 vs. 38.3 + 0.70, means of the factor food, n=30 per group), but not of
treatment at the end of week 4 in the experiment with melatonin administration
(food restriction: F1,54=6.8, p<0.05; treatment: F2,54)=0.17, p>0.2; food restriction
X treatment: F254=0.35, p>0.2). Similar results were found in the experiment

with imipramine and agomelatine treatment (data not shown).
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Effects of exposure to LL and food restriction on the sucrose preference in rats

There was a significant interaction between LL and food restriction
factors (F1,36=42.20; p<0.001). Posthoc analysis indicated that LL reduced
sucrose preference in animals with ad libitum food in weeks 4-5 in comparison
with the LD ad libitum group (both p<0.05) whereas the sucrose preference was
reduced in animals with food restriction under regular LD in weeks 2-5 in
comparison with the control group (all p<0.05) (Fig. 2). Thus food restriction
prevented the depressive-like behaviour induced by LL.

Food restriction did not reduce the sucrose preference when food was
available during the dark phase (F118=1.3546, p>0.2), indicating that food

restriction by itself is not enough to promote depressive-like behaviour (Fig. 3A).
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Figure 2 — Sucrose preference in rats under LD (A) or LL (B) with ad libitum food or food
restriction (food in the light phase). *p<0.05 in comparison with the control group (LD-ad
libitum). #p<0.05 in comparison with baseline of the same group. Repeated measures two-way
ANOVA. N= 10 rats per group.

Synchronization of the food availability with the light/dark cycle has
antidepressant effect

After detection of anhedonic-behaviour in food-restricted rats in weeks 2-
3 F1,28=21.80, p<0.001), the food restricted group was phase advanced 10 h, so
that the food availability was in coincidence with the lights off. After this group
subdivision, a second analysis including weeks 4-5 indicated that phase
advanced group increased the sucrose preference (F227=5.71, p<0.01) (Fig.
3B), despite the animals still being under food restriction (p<0.05 in comparison

with week 4 of the same group and with food restriction-light phase in week 5).
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Fig. 3 — (A) Sucrose preference in rats submitted to food restriction (food in the dark phase). (B)
Sucrose preference in rats submitted to food restriction (food in the light phase). After week 3,
half of the animals under food restriction had their light/dark cycle changed to coincide food
availability with the onset of the dark phase. *p<0.05 in comparison with ad libitum group).
#p<0.05 in comparison with baseline of the same group. £p<0.05 in comparison with week 4.
Repeated measures ANOVA. N= 10 rats per group (in the first segment of the B graph there
were 20 rats in the food restriction group).

Acute antidepressant-like effect of melatonin, imipramine and agomelatine
One-way ANOVA detected treatment effect when the animals were
administered imipramine, melatonin or vehicle in the forced swimming test
(F3,35=5.43; p<0.05). Imipramine (p<0.01) and the high dose of melatonin (10
mg/kg) (p<0.05) showed antidepressant effect in the forced swimming test, but
the low dose of melatonin did not (1 pg/kg) (Fig. 4C).
In a second experiment, agomelatine had antidepressant effect (F2,27=4.37,
p<0.05). Post-hoc comparisons indicated significant effect of both doses
(p<0.05) (Fig. 4D). None of the drugs changed the locomotor activity in the
open field test (Fig. 4A,B)
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Fig. 4 — Locomotor activity in the open field test (A,B) and antidepressant-like effect in the
forced swimming test (C,D) effect of melatonin in the high used dose (10 mg/kg), imipramine
and agomelatine in mice. *p<0.05 in comparison with vehicle. **p<0.01 in comparison with
vehicle. One-way ANOVA. N=8-10 mice per group.

Food restriction and pharmacological treatment
Food availability only during the light phase was also able to induce
depressive-like behaviour in mice (F1,24=5.61; p<0.05). A reduction in sucrose

preference was observed in weeks 4-5 (p<0.05) (Fig. 5).
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Fig. 5 — Sucrose preference in mice with food ad libitum or food restriction (food in the light
phase). *p<0.05 in comparison with ad libitum group). #p<0.05 in comparison with baseline of
the same group. Repeated measures ANOVA. N= 13 animals per group.

Contrary to expected, melatonin treatment in the light phase was neither
able to prevent the reduction in sucrose preference in food-restricted animals
nor it was able to promote depressive-like behaviour in animals with food ad
libitum (food restriction: F154=9.67; p<0.05; treatment: F254=0.58, p>0.2; food
restriction x treatment: F2,54=0.24; p>0.2) (Fig. 6).
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Fig. 6 — Sucrose preference in mice treated with melatonin or vehicle with food ad libitum (A) or
food restriction (food in the light phase) (B). *p<0.05 for all three groups in comparison with ad
libitum group. Two-way repeated measures ANOVA. N= 10 animals per group.

Chronic concomitant agomelatine or imipramine treatment also did not
prevent the depressive-like effect of food restriction (F2,24=0.37, p>0.2).
However, there a was significant week effect, indicating a reduction in the
sucrose preference (F4,96=3.67, p<0.01) (Fig 7A). Ketamine administration after
the sucrose preference test in week 4 in the vehicle-treated group increased the

sucrose preference in comparison with the groups treated with imipramine or
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agomelatine (F2,24)=4.80, p<0.05). Post-hoc comparisons indicated that
ketamine had increase sucrose preference in comparison with both groups
(p<0.05) (Fig. 7B).
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Fig. 7 — Sucrose preference in mice treated with imipramine, agomelatine or vehicle with food
restriction (food in the light phase) (A). Sucrose preference 24 h after a single ketamine
administration in the vehicle-treated animals (B). *p<0.05 n comparison with the ketamine
group. # p<0.05 for the week factor in the repeated measures ANOVA. Two-way repeated
measures ANOVA. N=8-10 mice per group.

Discussion

Here we showed that both arrythmicity induced by constant light and
desynchronization between the imposed light/dark cycle and feeding schedule
are able to promote depressive-like behaviour in rodents (Fig. 2). We also
showed that both rescue of the LL-induced arrythmicity with timed food
availability and synchronization of food availability with the onset of the dark
phase have antidepressant-like effects (Fig. 2B). Pharmacological treatment
with imipramine, agomelatine or melatonin did not improve the depressive-like
behaviour induced by food restriction (Fig. 6 and Fig 7). However, a single
administration of ketamine had antidepressant-like effects in this model (Fig.
7B).

In the current study, LL-induced depressive-like behaviour was reversed
by phase advancing the light/dark cycle, so that food availability would coincide
with the onset of the dark phase (Fig. 3B). Despite having food available for
only 6 hours, animals receiving food during the dark phase did not reduce the
sucrose preference in five weeks of restriction. In fact, food restriction, with food
being given in the dark phase, has antidepressant-like effects. More specifically,
food restriction consisting of 60% of average daily intake for 10 days reduced

immobility time in the forced swimming test and prevented the deficits of social
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interaction after exposure to the chronic social defeat model, an effect that was
shown to be dependent on orexins (Lutter et al, 2008). On the other hand, 75%
of average daily intake of food provided 2.5 h before the onset of the dark
phase induced depressive-like behaviour in mice after 3 weeks (Pankevich et
al, 2010).

Though agomelatine and the high dose of melatonin used in the chronic
treatment had acute antidepressant-like effect in the forced swimming test,
neither the high nor the low doses of melatonin were able to prevent the
depressive-like behaviour induced by food restriction. Imipramine was
administered in a lower dose in comparison to the used in the forced swimming
test, although 10 mg/kg is a commonly used dose for chronic treatment in mice
(Papp et al, 2014). One could hypothesized that exogenous administration of
melatonin in a phase where the animal is active, but cannot secrete melatonin
due to the tonic inhibition by light, would complete the shift towards the
subjective night being set at the food availability interval. We also had initially
hypothesized that a low dose of melatonin that reaches plasma concentration
closer to physiological levels would be enough to signal the onset of the dark
phase and, thus, have antidepressant-like effect. It is important to note that
melatonin is quickly metabolized (17-13 min in rats) (Gibbs and Vriend, 1981),
and even a single high dose might not be enough to signal the dark phase
during the light phase. In other study, two melatonin administrations during the
light phase were shown to induce depressive-like behaviour in the diurnal fat
sand rats (Ashkenazy et al, 2009b). Another possibility is that food restriction
might comprise a treatment-resistant model of depression.

In fact, ketamine, used as a dissociative anaesthetic, has rapid
antidepressant action in refractory patients (Zarate et al, 2006) and in mice
submitted to the chronic mild stress model (Autry et al, 2011). In this study,
ketamine was chosen to be administered in the vehicle group after 4 weeks of
food restriction. While the mice kept under antidepressant treatment did not
improve the sucrose preference, a single administration of ketamine improved
the sucrose preference in the mice that were being treated with vehicle.. This
result is consistent with the effect of ketamine in refractory patients. Treatment-
resistant mice with depressive-like behaviour induced by the chronic mild stress

model have been analysed in terms of proteomics (Bisgaard et al, 2012) and
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transcriptomics (Christensen et al, 2011), although, as far as the authors are
aware, the effect of ketamine had not yet been evaluated in treatment-resistant
animals. The confirmation of food availability during the light phase only as a
model of treatment-resistant depression could be useful as a preclinical model
for testing potential antidepressants that might act in a significantly different way
than the currently available antidepressants. However, it was not the initial goal
of this study and further experiments should be performed to specifically
address this subject. For example, more doses or classes of antidepressants
could have been tested. Additionally, other schedules of treatment could be
performed, such as treatment after removal of the food (ZT8) or at the onset of
the dark phase (ZT12).

In conclusion, we showed that maintenance of the circadian rhythmicity
by food restriction might have antidepressant-like effects, while
desynchronization between food availability and the light dark/cycle has the
opposite effect. Stabilization of daily activities is one of the aims of the
interpersonal and social rhythm therapy, which is effective in bipolar patients
(Frank et al, 1997; Inder et al, 2014). Therefore, not only sleep and social habits
should be encouraged to be regular, but also regular schedule for meals should
be kept, both for treatment in patients and also as matter of public health in the

prevention of mood disorders.
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Abstract

Night-time light exposure is known to alter mood and cause depressive
phenotypes in both humans and various rodent models. Besides a direct
effect of light on affect, an indirect pathway has been suggested whereby
light at night alters sleep and circadian timing, which in turn leads to the
development of mood disorders. To further characterise this indirect effect of
light on affect, we explored the development of mood disorders in mice
carrying a functional knockout of the Period3 gene, which is known to
associate with altered sleep homeostasis and circadian photoreception. In
contrast to WT mice, Per3 null mice exhibited a rapid onset of depressive-
like phenotypes as soon as 1 week after the start of night-time dim light (5
lux) exposure, as measured by a significantly reduced sucrose preference.
Analysis of circadian behavioural patterns showed that WT mice respond to
night-time light exposure by delaying their nocturnal onset of behavioural
activity, and that this response was significantly attenuated in Per3 null mice.
The onset of the depressive-like phenotype in Per3 null mice associated with
increased levels of circulation corticosterone, as well as increased
hippocampal expression of TNFa, while hippocampal BDNF expression was
increased in both WT and Per3 null mice. Pharmacological treatment with
imipramine prevented the development of a depressive-like phenotype in
response to night-time light exposure in Per3 null mice without altering the
differential circadian behavioural responses observed. These results
suggest that the shift in circadian timing of activity caused by nocturnal dim
light exposure may in fact be beneficial in protecting against developing a
depressive-like phenotype, and that the involvement of the circadian system
in the aetiology of depressive disorders is upstream of the pharmacological

intervention offered through imipramine treatment.

Key words: depressive-like behaviour; dim light at night, Per3, circadian
rhythms
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INTRODUCTION

The availability of electricity in modern industrialised society has led to
increased nocturnal light exposure in most countries (Bennie et al, 2014).
Electrical light exposure during naturally dark periods is associated with delayed
sleep onset and reduced time in bed (Knutson, 2014; Peixoto et al, 2009).
Reduced sleep duration during weekdays can lead to compensatory long sleep
episodes at weekends (Korczak et al, 2008), which is associated with increased
depression scores (Levandovski et al, 2011). However, the pathway(s) upon
which light acts to cause these deleterious effects on affect are poorly
understood (Czeisler, 2013).

Light is perceived through rod and cone photoreception pathways
(Altimus et al, 2010), as well as through the more recently identified non-image
forming pathway involving intrinsically photosensitive retinal ganglion cells
(Berson et al, 2002). The effect of light perceived through these photoreceptors
on mood is hypothesised to involve both a direct pathway - connecting light
input to the mood regulation regions such as the medial amygdala and lateral
habenula - as well as an indirect pathway which involves light induced changes
in the central circadian timing governed by the suprachiasmatic nuclei (SCN)
(LeGates et al, 2014).

Changes in the light exposure have been associated with mood
disorders in humans, with seasonal affective disorder, characterized by
depressive episodes during winter and recovery in summer (Mersch et al, 1999)
as the most clear example. Mood disorders are strongly associated with sleep
and circadian rhythm disturbances. For instance, the core body temperature
rhythm has been shown to have reduced amplitude (Suzuki et al, 2007) or to be
even absent in some depressed patients (van Londen et al, 2001). The
reciprocal relationship between circadian rhythms and mood is further
supported by the action of antimanic and antidepressants on the circadian
rhythms. Selective serotonin reuptake inhibitors antidepressants are known to
phase advance circadian rhythms (Sprouse et al, 2006). Lithium has both
antimanic and antidepressant activity, inhibits PKC and GSK3-B and phase
advances circadian rhythms.

Depressive-like behaviour in animal models can be promoted by

changes in the light/dark cycle. Both constant darkness (Gonzalez et al, 2008)
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and constant light (Fonken et al, 2009; Martynhak et al, 2011; Tapia-Osorio et
al, 2013) are able to increase immobility in the forced swimming test or to
reduce sucrose preference, which are measures of depressive-like behaviour.
Depressive-like behaviour induced by constant light was partially rescued when
an opaque tube allowed the mice to escape from the light (Fonken et al, 2009),
which suggests a role for the direct effect of the light. On the other hand,
neonatal exposure to constant light prevents both arrhythmicity and depressive-
like behaviour induced by constant light exposure in adulthood (Cambras et al,
1998; Martynhak et al, 2011), suggesting a role for the indirect effects of light
through the disruption of the circadian rhythms. Although constant light
conditions are useful as models, they do not represent light exposure in
humans.

More naturalistic approaches have been tested, particularly attempts to
simulate seasonal affective disorder by reducing the length of the light phase in
diurnal animals (Einat et al, 2006). More recently, a derivation of the constant
light protocol has been used. It is comprised by exposure to dim light (5 lux) at
night (dLAN) instead of complete darkness (Bedrosian et al, 2011). In contrast
to constant light exposure, animals under dLAN are capable to synchronize to a
24-h cycle. Although dLAN is able to trigger depressive-like behaviour, it is
unknown whether its mechanism is related to the direct or indirect pathways of
light. Prolonged exposure to dLAN promotes neurobiological alterations such as
increased hippocampal TNF-a (Bedrosian et al, 2013), decreased hippocampal
BNDF levels (Fonken and Nelson, 2013), and decreased hippocampal CAl
dendritic arborisation (Bedrosian et al, 2011), as also observed in the
unpredictable chronic mild stress, a validated animal model of depression.

The role of direct or indirect light can be further disentangled with the use
of knockout animals. For example, exposure to a period of 7 h does not impair
mood in mice lacking ipRGCs (Opn4aPTAabTA) despite them having intact image
forming pathways (LeGates et al, 2014). The Per3-deficient mice model is of
particularly interest. Lack of Per3 expression leads to reduced response to the
circadian effect of constant light in a light intensity-response (van der Veen and
Archer, 2010). Additionally, these animals show less masking effect of light (ie,
less activity inhibition by light) in an aberrant short light/dark cycle in which both
WT and Per3- exhibit free-running activity (van der Veen et al, 2010) and also



49

display more activity in the light phase when exposed to long photoperiods
(16L:8D) (Pereira et al, 2014). Despite these differential responses, Per3”- are
well synchronised to normal light dark-cycle and respond adequately to light-
induced phase shifts (Shearman et al, 2000a). These data indicate that the
indirect effects of light upon the circadian responses are intact in the Per3 mice,
whereas the direct non-visual effects of light are attenuated.

Thus, we sought to evaluate whether the reduced locomotor response to
the direct effects of light in Per3-deficient mice would either prevent or facilitate
the depressive-like behaviour induced by dLAN. Prevention would suggest a
common pathway for the locomotor and affective effects of light, whereas
facilitation would suggest independent pathways, as reduced locomotor
inhibition of light would increase light exposure, enhancing its negative effects

on mood.

MATERIALS AND METHODS

Ethics statement
All experimental procedures received a favourable opinion by the
University of Surrey Animal Ethics Committee and were carried out under a

U.K. Home Office License and in accordance with the Declaration of Helsinki.

Subjects and housing

All mice used in this study were on a C57BL/6J genetic background.
Male mice homozygous for a targeted disruption of the Per3 gene (Shearman et
al, 2000a) and their wild-type controls were bred in-house from heterozygous
breeding pairs and genotyped (Hasan et al, 2011; van der Veen et al, 2010).
Food and water were available ad libitum unless otherwise stated.

For the forced swimming test, mice were housed in groups of 2-5 per
cage in a temperature-controlled environment with a 12:12-h light/dark cycle
(150 lux, <0.5 lux, lights on: 0700 hours).

For the dim light at night experiments, mice were individually housed in
light-tight, sound-attenuated cabinets. Home cage locomotor activity was
continuously recorded in 1-min bins through passive infrared detectors

connected to a computer (ClockLab, Actimetrics, Wilmette, IL). Individual cage
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illumination was supplied by LEDs (NSPW500BS, Nichia Europe BV,
Amsterdam, the Netherlands) through frosted glass. Light intensity was set with
the sensor at the cage bottom directed toward the light. Animals were kept in
12:12-h light/dark cycle cycle (150 lux, <0.5 lux, lights on: 1000 hours), unless

specified.

Forced swimming test

To evaluate whether Per3-deficient mice had different depressive-like
behaviour compared with WT mice in a baseline condition, the forced swimming
test was performed (Porsolt et al, 1977). Briefly, animals were handled for three
consecutive days previous to the test. Animals were placed in a cylinder of
water at 23—-24°C for 6 min in a room at 40 lux. Total immobility and latency to

the first immobility episode were measured.

Dim light at night (DLAN)

After two weeks of acclimation, a baseline sucrose preference test was
performed and mice were randomly assigned to remain in LD cycle (light: ~150
lux/ dark <0.5 lux) or to change to dim light at night cycle, dLAN (light: ~150
lux/dim light: 5 lux) (Fonken et al, 2013). Sucrose preference tests were
performed weekly to evaluate depressive-like behaviour. After four weeks in
dLAN, mice were killed and trunk blood was collected for corticosterone
measurement. Brain was collected and kept in RNAlater (Sigma Aldrich, St
Louis, MO) and frozen at -80°C for posterior dissection and qPCR.

dLAN with imipramine treatment

In order to investigate whether the dLAN-induced depressive-like
behaviour is rescued with antidepressant treatment, a second experiment was
performed similarly to the first one. In this experiment all mice were placed in
dLAN cycle and half of the animals received imipramine through the drinking
water to avoid synchronization or masking effects due to daily injections.
Imipramine solution was changed twice a week and the concentration was
adjusted aiming at a dose of 10-15 mg/kg/day according to liquid consumption.
The treatment started at the same day the animals were isolated and placed in

the cabinets (2 weeks before changing the cycle to dLAN). During the
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habituation to sucrose and the sucrose preference tests, the animals did not
receive imipramine. The animals were killed at the end of week 3 at the onset of
the light phase.

Sucrose preference test

During the second week of acclimation, the mice were habituated with
sucrose solution (2%) for 3 consecutive days. During the first 24 h, only sucrose
solution was available and both sucrose and water were offered for the
following 48 h.

For the sucrose preference test, bottles of water and sucrose solution
were weighed before being placed and after 24 h. The test was performed

weekly.

Gene expression using quantitative PCR

The hippocampus, prefrontal cortex and hypothalamus were dissected
from the frozen brains. The mRNA was extracted with RNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer's instructions.

The gPCR products were detected using dual-labelled (FAM/BHQ1)
hybridization probes specific to each of the cDNAs (Sigma). The set of primers

that were used are shown in table 1

Table 1 — List of primers and probes

Target Forward Reverse Probe

Tnf-  TACTTAGACTTTG AGAGTAAAGGGGTC AGGTCTACTTTGGAGTCA

a CGGAG AGAG TTGCTC

Bdnf GGGTCACAGCGG GCCTTTGGATACCG TCTGGCGGGACGGTCAC

CAGATAAA GGACTT AGTCCTA

Per2 GACGCACACAAA CTCCGCAGGGCATA TCCACCTCCCTGCAGACA

GAACTGATAAGG CTTCA AGAAGGC

Arp  GGGATTCGGTCT GCCTTTATTTCCATC CCCGCCAAAGCAACCAA

CTTCGACTAA TTTCTCAAATT GTCAGC

Corticosterone measurement

Trunk blood from each animal was collected in heparin-coated tubes,
immediately placed on ice, centrifuged at 4°C and plasma was stored at —20°C
until processing.  Corticosterone was measured by using a rat/mouse

corticosterone [*?°I] radioimmunoassay kit (MP Biomedicals, New York, NY).
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The corticosterone levels were determined in technical duplicates, all samples

were assessed in a single assay.

Statistics

Sucrose preference tests were analysed by two-way ANOVA with
repeated measures, with genotype and either dLAN or imipramine treatment as
factors. Corticosterone and gene expression were analysed by two independent
repeated measures two-way ANOVA, one with genotype, dLAN and week as
factors and other with genotype, pharmacological treatment and week as
factors. Therefore, the group of animal exposed to dLAN and treated with tap
water was used in both analyses. The analysis was followed by the Newman-
Keuls post-hoc test.

Phase of first and second peak of locomotor activity were calculated
through the peak and trough method using fitted Fourier curve (3 harmonics) of
the z-score normalized activity data from the last two days of each week. Some
animals did not show any detectable peak under dLAN, and were therefore
excluded from the analysis. The data from both experiments in which the
animals were under dLAN and received no imipramine treatement was
combined. Thus, a single analysis was performed using PROC MIXED in SAS
9.2 (SAS Institute, Cary, NC, USA) with the factors genotype, light condition and
treatment and week. The post-hoc comparison was based on least square
means (LSMEANS).

RESULTS

Forced swimming test

There were no differences between genotypes, neither in the total time of
immobility (t=1.09, p>0.2) nor in the latency to the first immobility (t=0.67, p>0.2)
in the forced swimming test (Fig. 1), indicating that Per3”- mice does not show

increased depressive-like behaviour under regular conditions.
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Fig. 1 — Immobility time (A) and latency to immobility (B) in the forced swimming test in WT and
Per3’ mice. N=9-12 per group.

Sucrose preference

Dim light at night led to depressive-like behaviour exclusively in Per3-
mice (genotype: F127=27.90, p<0.001; light schedule: Fi127=1.42, p>0.2;
genotype x light schedule: F1,27=5.19; p<0.05; genotype x light schedule x week:
F4,108=18.3, p<0.001). Post hoc analyses indicated that the Per3 * mice
exposed to dLAN reduced their sucrose preference levels in weeks 2 and 3
(p<0.001), whereas the WT counterparts did not (Fig. 2A). The Per3 - mice
exposed to dLAN also had significantly lower levels of sucrose preference in
these two weeks compared to the other groups (p < 0.001), although their
sucrose preference levels restored to baseline levels on week 4 (Fig. 2A).

Imipramine treatment was able to prevent the reduction of sucrose
preference in Per3’ mice exposed to dLAN (genotype: F126=10.0, p<0.01;
treatment: F1,26=0.9, p>0.2; genotype x treatment: F1,26=5.5, p<0.05; genotype x
treatment x week: F378=4.2, p<0.01). Post hoc analysis showed that Per3”’
mice that received no treatment significantly reduced their sucrose preference
on weeks 2 and 3 (p<0.001), whereas imipramine-treated Per3” mice did not
(Fig 2B). Non-treated Per3’ animals also had lower sucrose preference
compared with imipramine-treated Per3” mice (p<0.001). Additionally, WT
mice, both treated and non-treated had higher sucrose preference levels than

the Per3”- mice that received only tap-water (p<0.05) (Fig. 2B).
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Fig. 2 — Sucrose preference in WT and Per3-/- mice in (A) LD or dim light at night and (B) dim
light at night, treated with tap water or imipramine in the drinking water. p<0.05 in comparison
with the control group. $p<0.05 in comparison with baseline. N=6-8 animals per group.

Activity

Phase of the first peak of activity was influenced by genotype, dLAN and
imipramine treatment (genotype: Fi233= 4.59; dLAN: F1233= 25.75; treatment:
F1233= 6.34; genotype x dLAN: Fi233= 10.47 ; genotype x treatment: Fi233=
5.83;p <0.05) (Fig. 3A,3C). dLAN significantly delayed the first peak of activity in
weeks 2-3 for Per3” (p < 0.05) and in weeks 2-4 for WT mice (p<0.001),
whereas it phased advanced the peak of activity in week 1 for Per3- (p<0.001).
The delay in phase of activity was more pronounced in WT mice under dLAN
compared to Per3” in weeks 1, 2 and 4 (p<0.001) (Fig 3B). In Per3’ mice,

imipramine treatment prevented the phase advance and the dLAN-induced
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phase delay in weeks 1 and 2 (p<0.05), respectively whereas imipramine
treatment in WT mice prevented the phase delay in weeks 3 and 4 (p < 0.001).
dLAN phase delayed the second peak of activity similarly in Per3” and
WT mice (genotype: F1,208=2.53, p= 0.11; light schedule: Fi20s= 10.23, p<0.05),
an effect that was partially rescued by imipramine treatment (treatment: F1,208=

9.62, p<0.05), although post-hoc comparisons did not indicate any differences.

Week

12 18 24/0 6 6 12 18 24/0 6 6 12 18 24/0

o A

Zeitgeber time (h) Zeitgeber time (h) Zeitgeber time (h)

Fig.3 — Phase of activity of the first and second peaks of activity. *p<0.05 in comparison with
WT. Gray areas: Per3” mice only, dark grey ares: both genotypes, black: WT mice. N=6-8
animals per group.

Corticosterone

Plasmatic corticosterone was increased in both genotypes after dLAN
exposure (light schedule F120=34.3, p<0.001; genotype: Fi12=1.3, p>0.2,
genotype x light schedule: F126=0.8; p>0.2) (Fig. 4). Moreover, imipramine
reduced the corticosterone of both genotypes exposed to dLAN (treatment:
F126=13.5, p<0.01; genotype: F126=1.3; p>0.2 neither treatment x genotype
(F1,26=0.6, p>0.2).
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Fig. 4 — Plasmatic corticosterone collected at ZTO (lights on). *p<0.05 in comparison with LD.
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Gene expression

Hippocampal Tnf-a expression was increase in Per3” mice exposed to
dLAN (genotype x light schedule: Fi120=4.9, p<=0.05) (Fig. 5A). The same
pattern was repeated analysing the treatment effect. Imipramine treatment
reduced the hippocampal expression of Tnf-a in Per37- under dLAN (genotype X
treatment: Fi118=7.6, p=0.05). Thus, the increase in Tnf-a expression was
observed only in Per3-- mice and reversed by imipramine treatment.

Bdnf expression was increased in both WT and Per3” after dLAN
exposure (light schedule: F1,23=8.2, p<0.01; genotype: Fi123=1.45, p>0.2;
genotype x light schedule: F1,23=1.05, p>0.2) (Fig. 5B). Conversely, imipramine
treatment also reduced Bdnf expression in both genotypes (treatment: F1,23=8,2,
p<0.01; genotype: Fi22=, p=0.16; genotype x treatment. F122=0.15, p>0.2)
Therefore, similarly to corticosterone, dLAN increased Bdnf expression in both
genotypes, an effect that was reversed by imipramine treatment.

There were no detectable effects in the pre-frontal expression of Per2

(Fig. 5C), a central and rhythmically expressed clock gene.
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DISCUSSION

The present study sought to investigate potential differential effects of
dim light at night in Per3-- mice in comparison to WT. In line with previous data
(Pereira et al, 2014; van der Veen et al, 2010), we showed that Per3-deficient
mice were less sensitive to the effects of dim light at night exposure on the
locomotor circadian activity. Nevertheless, Per3-deficient mice were more
sensitive to the light-induced effects on depressive-like behaviour. Reduced
locomotor response to light can actually increase light exposure due to
lessened escape behaviour, enhancing its negative effects on mood. Thus, we
support the view for independent pathways for the locomotor and mood
regulation in response to the direct effect of light.

Prolonged dLAN exposure increased plasmatic corticosterone and
hippocampal Bdnf RNA levels measured at the beginning of the light phase, an
effect that was also prevented by imipramine treatment in the drinking water. As
observed previously with other strains (Bedrosian et al, 2012), the depressive-
like behaviour was prevented by antidepressant treatment. However, despite
the reversal with imipramine treatment, the dLAN-induced increase in
corticosterone is not enough to explain the genotype differences in depressive-
like behaviour, given that corticosterone was equally increased in both WT and
Per3-. Increase in Bdnf expression might not reflect increase in activation of its
receptor, Trkb. It is known that pro-BDNF might actually lead to opposite effects
of BDNF, inducing apoptosis instead of cell survival (Teng et al, 2005). An
increase in pro-BDNF might explain the increase in hippocampal Bdnf
expression after exposure to dLAN. However, similarly to corticosterone, this
increase in Bdnf expression also does not explain the genotype differences,
given it was also increased in both genotypes and reduced by imipramine
treatment.

Hippocampal Tnf-a expression was increased in Per3-deficient mice
only. Moreover, imipramine treatment was able to rescue Tnf-a expression to
control levels, which is in line with previous findings (Bedrosian et al, 2013).
Depression is being associated with a chronic inflammatory process with
increased levels of interleukin (IL)-1b, IL-6, TNF-a), prostaglandin E2 and also
marked increased oxidative and nitrosative stress (Berk et al, 2013). Rats

exposed to chronic mild stress show anhedonia-like behaviour and increased
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oxidative stress, which are both rescued by antidepressant or anti-inflammatory
treatment (Santiago et al, 2014).

In a previous study with wild-type mice, 4 weeks of dim light at night was
sufficient to trigger depressive-like behaviour (Fonken et al, 2013). However,
our wild-type animals did not reduce the sucrose preference within this time
period. This might be explained by the fact that different strain of mice was used
in these experiments. While the mentioned study employed C3H/HeNHsd, mice
that have intact melatonin production, we used C57/BL6 mice, which do not
produce melatonin under normal conditions (Kasahara et al, 2010). Therefore,
suppression of melatonin production through the dim light could be more
deleterious than for animals that do not usually produce it.

Several stressors, which increase corticosterone, are used to promote
depressive-like behaviour in rodents (Willner et al, 1987) and dexamethasone
administration can also lead to depressive-like behaviour (Casarotto et al,
2007). Thus, Per3” mice might be more sensitive to the corticosterone effects,
given that both genotypes had similar increase of plasmatic corticosterone in a
circadian phase where it was supposed to be low. Another possibility is that the
escape behaviour from light is adaptive, so that WT mice are less exposed to
light and consequently more protected from the dim light at night effects on
affective states, despite shifting the circadian phase more than Per3”-. The
escape behaviour comprises the set of behaviours induced by light, such as
sleeping, closing the eyelids or burying in the bedding and nesting material.

In conclusion, Per3” mice had an earlier onset of depressive-like
behaviour under dim light at night. Inflammatory process, increased sensibility
to corticosterone and enhanced exposure to light are possible factors that might

mediate this differential response.
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Abstract

Several physiological processes common to almost all living beings show
fluctuations within the 24 hours that compose the Earth’s light/dark cycle. Some
examples of this in humans are the rise of cortisol levels early in the morning,
the secretion on melatonin during the night and the core body temperature
maxima and minima occurring during the late afternoon and late at night,
respectively. Disruption of the circadian system can be one of the factors
leading to depression and anhedonia. Alterations in circadian rhythms found in
depressive patients include reduced amplitude of circadian rhythms, elevated
temperature at night and early cortisol secretion. One feature of depression is
diurnal variation in mood, which is generally worse during the morning and
improves throughout the day. Moreover, the hedonic value of reward changes
throughout the day and reward can synchronize circadian rhythms, as daily
injections of methamphetamine can induce anticipation behavior. In this
chapter, we will address the neurobiology of circadian rhythms, diurnal mood
variation, fluctuating properties of reward over the 24 hour cycle and, finally, the
ability to synchronize circadian rhythms to reward regardless of the imposed
light/dark cycle.

Key words: anhedonia, depression, circadian rhythms, diurnal mood variation,

reward, food-entrainable oscillator
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Overview of the neurobiology of the circadian rhythms

Nearly all organisms on the planet show 24 h rhythmicity across multiple
levels of their biology, from gene expression to behavior. This rhythmicity
persists even in the absence of time cues. In this case, the organism is said to
be free-running, displaying an endogenous circadian period. This period is close
to the 24 h cycle of the Earth, and it is synchronized every day from exposure to
the light/dark cycle. In mammals, light stimulates a photopigment called
melanopsin, localized in the ganglion cells of the retina. Light information flows
through the retino-hypothalamic tract to a tiny structure called the
suprachiasmatic nucleus (SCN) in the hypothalamus. The SCN is responsible
for generating both endogenous circadian rhythms and for entraining this
rhythm to light information from the environment. The SCN sends projections to
many areas of the brain including the paraventricular nucleus and the pineal
gland.

Inside every single nucleated cell lies a set of genes that are not only
expressed in a circadian manner but also drive the expression of other genes,
orchestrating a molecular clock. The molecular clock is composed of core clock
genes and clock-controlled genes. Given that each nucleated cell has its own
clock, the role of the SCN is to synchronize rhythms within different cells and
different tissues. Therefore, the SCN is also known as the master clock or the
central pacemaker. The core clock genes show both positive and negative
feedback loops of expression. The basic feedback loop is composed of the
heterodimer Clock:Bmall that promotes the expression of members of the Per
and Cry gene families, which in turn also form heterodimers. These dimers
enter the nucleus and inhibit the action of Clock:Bmall, therefore inhibiting their
own expression. The dimers are then degraded, restarting the cycle.

Because the circadian timing system influences a vast array of
behavioral and molecular responses, it is not surprising that the properties of
the reward system are also influenced by the phase of these rhythms.
Additionally, circadian rhythm disruption may be involved in a series of
disorders, including depression, which will be a particular focus of this chapter.
This chapter will address (1) the diurnal mood variation in both depressed and

healthy subjects, (2) the diurnal variation of the reward system in animal
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models, and (3) the synchronization of the circadian system to the availability of

reward.

Circadian alterations in depression

Major depressive disorder and bipolar disorder have long been
associated with circadian rhythm disruption. As far back as the sixteenth
century, there have been descriptions of sleep-wake cycle disturbances and its
effects on mood (Lemmer, 2009).

Symptoms related to circadian rhythm disruption in major depression
include elevated nocturnal body temperature, advanced or delayed and
increased cortisol secretion, as well as advanced or delayed and reduced
melatonin secretion. Reduced amplitude of circadian rhythms is also common in
depressive patients. Flatter diurnal cortisol curves were more likely to occur in
participants with severe depression than in those with mild to moderate levels of
depression (Hsiao et al, 2010), including healthy adolescents that have been
through one episode of major depression (Doane et al, 2013). Temperature
rhythms have been shown to have reduced amplitude (Suzuki et al, 2007) or
are even absent in some depressed patients (van Londen et al, 2001).

The internal synchronization of different rhythms might also be
compromised in severely depressed patients. The onset of melatonin secretion
and minimum core body temperature is desynchronized in severely depressed
patients (Hasler et al, 2010). Moreover, the extent of this misalignment is
correlated with the severity of the anhedonic state, measured by the BDI-
anhedonia score.

Changes in sleep architecture are also observed in depressed patients,
including shortened latency to rapid eye movement (REM) sleep and increased
overall duration and reduction in slow-wave sleep, all of which contribute to
earlier wake from sleep in patients (Monteleone and Maj, 2008). Bipolar patients
in the mania phase have reduced need for sleep (Mitchell et al, 2008) and show
increased melatonin levels (Kennedy et al, 1989). Interestingly, one night of
sleep deprivation can promote temporary antidepressant effects in depressed
patients or manic shift in some bipolar patients (Benedetti, 2012). Sleep

deprivation is also effective when the subject is sleep-deprived only for the
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second-half of the night when REM sleep is more concentrated in healthy
individuals.

It is important to note that remitted patients who fail to restore normal
rhythms have increased risk of major depression early relapse (Breslau et al,
1996). Moreover, most of current treatments for mood disorders shift or stabilize
circadian rhythm (McClung, 2013). In particular, selective serotonin reuptake
inhibitors (SSRI) advance the phase of circadian rhythms (Sprouse et al, 2006).
Animal models have successfully provided further information regarding the
relationship between circadian rhythmicity and depression. Some models have
attempted to study seasonal depressive disorder in either diurnal (Ashkenazy et
al, 2009b) or in nocturnal rodents (Prendergast et al, 2005). In these studies,
reduction of the photoperiod led to depressive-like behavior, such as increased
mobility during the forced swimming test and reduction in sucrose preference.
Interestingly, melatonin administration during the light phase of the cycle also
promoted depressive-like behavior in nocturnal rodents (Ashkenazy et al,
2009b). This finding can be interpreted as a reduction of the photoperiod or a
conflict between melatonin signaling and information from the light. Other
models do not have clear correlations to human life, such as the induction of
depressive-like behavior in nocturnal mice after exposure to a photoperiod of 22
hours of light and 2 hours of dark (Becker et al, 2010). Even more drastic
changes in the photoperiod were analyzed in animal models. Animals exposed
to six weeks of constant darkness (DD) displayed an increase in immobility
during the forced swimming test and showed damage to monoaminergic
neurons (Gonzalez et al, 2008). On the other hand, constant light (LL), which is
known to lead to arrhythmicity, also induced depressive-like behavior (Fonken
et al, 2009; Martynhak et al, 2011).

In summary, it is clear that changes in the light/dark cycle can lead to
depressive-like behavior, including anhedonia, and that depressed patients
show circadian rhythm disruption. Additionally, restoring rhythmicity is
associated with better treatment outcomes, and the prevention of rhythm

disruption can avert the development of depressive-like behavior.
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Diurnal variation of mood in depressed patients

Most of the studies described in this session focus on mood in a general

sense, not specifically in states of anhedonia. However, as anhedonia is a core
symptom of depression, the diurnal variation in mood might be correlated with
diurnal variation in the ability to experience pleasure.
Diurnal mood variation (DMV) with early morning worsening is considered a
classic symptom of melancholic features in The Diagnostic and Statistical
Manual of Mental Disorders IV (DSM-1V) as well as the 10th International
Classification of Diseases (ICD) criteria for somatic major depressive disorder
(MDD) (Wirz-Justice, 2008). Depression patients exhibit the worst depressive
mood during the morning, gradually improving throughout the day. However,
patterns of DMV were analyzed in a large cohort of patients composed of
individuals in the STAR*D (Sequenced Treatment Alternatives to Relieve
Depression). DMV was reported in 22.4% of cases; 31.9% reported morning,
19.5% afternoon and 48.6% evening worsening (Morris et al, 2007).
Melancholic symptom features were associated with DMV, regardless of timing.
Therefore, melancholic depression is in fact not limited to having a worse mood
in the morning, but instead to any type of diurnal mood variation.

Diurnal mood variation has also been hypothesized to influence
treatment outcome. In a large study comprising 2,875 major depressive patients
in a 14-week clinical trial of the selective serotonin reuptake inhibitor (SSRI)
citalopram, participants were divided into three groups: those with early morning
worsening DMV, those with any form of DMV, and those with no DMV. Though
the group with the classic morning worsening DMV had slightly increased
responses compared to the no DMV group, remission rates were not different
between groups (Morris et al, 2009). Another study compared three groups of
depressed patients: morning worsening DMV, evening worsening DMV and no
DMV. Among patients between 18-24 years old, those with no DMV and those
with morning worsening DMV responded better to fluoxetine (SSRI) than to
nortriptyline (tryciclic antidepressant that inhibits noradrenaline re-uptake),
whereas patients with worse mood during the evening did not. On the other
hand, patients older than 24 years demonstrated the opposite results: patients
with evening worsening responded better to nortriptyline, whereas the other

groups did not show any difference between treatments (Joyce et al, 2005).
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Additionally, patients with classic morning worsening DMV responded better to
the acute antidepressant effects of total sleep deprivation in comparison to
those with evening worsening DMV or no DMV (Reinink et al, 1990).

In an attempt to unravel the neurobiology of diurnal variation in mood,
depressed subjects with a worse mood in the morning had their neuronal
activity measured and compared to healthy subjects, both in the morning and in
the evening (Germain et al, 2007). Positron emission tomography (PET) scans
of the regional cerebral metabolic rate of glucose revealed a hypometabolism in
frontal cortical areas and hypermetabolism in subcortical and limbic-paralimbic
areas in depressed subjects regardless of the time of day. However, evening
improvement in mood was associated with greater increases in both parietal
and temporal cortical glucose metabolism. Though the increases were greater
compared to healthy subjects, these areas were still hypometabolic. Despite the
fact that causal relations are hard to establish, one could say that there is at
least a common factor underlying both mood expression and glucose
metabolism in specific brain areas. Of note, in this study (Germain et al, 2007),
the healthy subjects also showed DMV, but instead of the classic morning
worsening, the healthy subjects showed evening worsening DMV.

One important difference between DMV in healthy and depressed
patients is that melancholic patients experience spontaneous mood variations
outside of their control, suggestive of helplessness, whereas healthy controls
consider mood variation almost exclusively related to their own activities and/or
external circumstances (Wefelmeyer and Kuhs, 1996). Naturally, healthy
individuals can show some non-clinical depressive features. A group of healthy
individuals were divided into two groups for low and high depression according
to their score in a depression scale evaluated by the Centre for Epidemiological
Studies-Depression Scale (CES-D). The participants had their positive affect
evaluated throughout the day using an abbreviated version of the well Positive
and Negative Affect Scales (PANAS). It was observed that both low and high
depression groups had the same low scores of positive affect during the
morning, with both groups improving in the evening (Murray, 2007). However,
the evening peak was lower in the high depression group (Murray, 2007),
reinforcing the idea that amplitude reduction/rhythm ablation may be underlying

the development of depression.
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A very interesting study identified individual-level diurnal and seasonal
mood rhythms in cultures across the globe, using data from millions of public
Twitter messages (Golder and Macy, 2011). The authors found that mood
deteriorates as the day progresses. Not surprisingly, they also found that people
had increased positive affect on weekends, with the morning peak in mood
delayed by 2 hours.

One bias to consider in the study of mood variation throughout the day is
the influence of the circadian phase, the time spent awake or both. A protocol
termed forced desynchronization was developed to separate the effect of
circadian phase and sleep. Using this protocol (a sleep schedule of 30 h,
instead of 24 h), the moods of healthy volunteers were evaluated using two
visual analog scales administered regularly during waking periods. Analysis
indicated an effect of the circadian phase but not of the time spent wake on
mood (Boivin et al, 1997). Interestingly, a significant interaction was found
between the circadian phase and time awake: depending on the circadian
phase, mood improved, worsened or did not change according to the duration

of prior wakefulness.

Diurnal variation of reward in animal models

Early studies demonstrated that rewarding self-stimulation of the brain
varies across the day, peaking during the mid to late dark period (see (Webb et
al, 2009a) for review). This rhythm has been shown to persist under constant
darkness conditions, suggesting circadian modulation. Other studies that used
drugs of abuse as a reward also detected circadian fluctuations in drug intake,
where the peak usually correlated with the more active phase within the
light/dark cycle (Baird and Gauvin, 2000; Roberts et al, 2002).
However, intake itself might be increased during the dark phase simply due the
use of nocturnal animals, which are more active at night, instead of being
related to an intrinsic rhythmicity property of the reward system. Further
experiments were performed to address this issue. One study compared
consecutive sucrose preference tests in the light and dark phases (Tonissaar et
al, 2006). Importantly, the sucrose preference is calculated as the percentage of
sucrose intake over the total liquid intake, controlling for factors that might

influence locomotor activity. The authors observed increased preference in
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subjects for sucrose during the dark phase. However, in subsequent tests,
sucrose preference during the light phase increased to the same levels as the
dark phase (Tonissaar et al, 2006). Another study evaluated the influence of the
time of day on intravenous self-administration of cocaine in Sprague-Dawley
rats (Baird et al, 2000). Four selected times of day were chosen for training:
ZT01, ZTO07, ZT13, and ZT19. ZT refers to zeitgeber time, and ZTO is the time
when lights are turned on. Groups that were trained at ZT07 and ZT19 (around
the middle of light and dark phase, respectively) appeared to exhibit enhanced
sensitivity to the reinforcing properties of low-dose cocaine relative to other
groups, independent of locomotor activity and cocaine pharmacokinetics (Baird
et al, 2000).

Daily rhythms have also been reported for psychomotor stimulant-
induced behavioral sensitization and conditioned place preference in mice.
Cocaine sensitization and conditioned place preference were shown to be more
evident when performed at ZT4 (light phase) than at ZT12 (the onset of dark
phase) (Abarca et al, 2002). Similarly, in another study, conditioned place
preference was more evident at ZT5 than at ZT20. Furthermore, pinealectomy
prevented this reduction in conditioned place preference at ZT20,
demonstrating a possible protective role for melatonin during the night
(Kurtuncu et al, 2004). In other words, pinealectomy rendered the animals more
sensitive to the rewarding effects of cocaine administered at night. Such a
conclusion may sound exquisite given that melatonin would be reducing reward,
whereas reward has an active role in the normal and adaptive behavior. The
answer might lie in the difference between how natural and drug-associated
reward are processed throughout the day.

Natural and drug-based rewards were evaluated at different times of the
day using the conditioned place preference paradigm. The chosen natural
reward was mating, and amphetamine was used as a drug reward. Diurnal
rhythms were observed for both mating and amphetamine-reward. The peak of
the mating-based reward occurred in the middle of the dark phase (ZT17), and
the peak for the low-dose amphetamine reward occurred between the end of
the dark phase (ZT23) and the middle of the light phase (ZT05). Moreover, this
rhythm persisted in constant conditions, reaching its peak at CT17 (Webb et al,

2009b), where CT refers to circadian time, and CTO is the onset of activity in
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free-running animals. Interestingly, the peak for mating reward showed the
opposite results as those observed for drugs of abuse, in which subjects were
less likely to develop place preference during the dark phase (Abarca et al,
2002; Kurtuncu et al, 2004). In fact, as aforementioned, the increased intake of
drugs of abuse is usually during the active phase, but the mentioned studies
found it easier to induce place preference in the less active phase. Therefore,
there seems to be a difference between the absolute intake of reward,
association between intake and reward and, finally, the type of reward. One
could hypothesize that an organism is ready to receive small rewards during the
active phase (natural rewards) but would be more sensitive to excessive
activation of the reward system during the inactive phase.

Given the central role of the dopaminergic system in reward, many
studies have looked at the circadian fluctuation of dopamine and its metabolites
in the mesolimbic reward system (Webb et al, 2009a). Most of the components
of the dopaminergic system have been shown to express some degree of
diurnal variation.

Using microdialysis, the extracellular concentrations of dopamine (DA)
and the metabolites DOPAC and HVA were evaluated both in the striatum and
nucleus accumbens in Wistar rats over a 30 h period (Castaneda et al, 2004).
Additionally, glutamate, gamma-aminobutyric acid (GABA), serotonin (5-HT)
and its metabolite 5-HIAA were also measured. When animals were exposed to
a regular light/dark schedule (12:12), the authors observed a clear circadian
rhythm for DOPAC, HVA as well as glutamate and GABA in both the striatum
and nucleus accumbens (NAc). Though dopamine was also reported to follow a
circadian rhythm, the peak occurred only during the first measurements of the
30 h experiment and was not observed 24 h later. Therefore, the dopamine
peak was most likely only due to arousal. However, when animals were
exposed to constant light during sample collection, the rhythm of dopamine
concentration was more evident in both the VTA and NAc (Castaneda et al,
2004). Additionally, dopamine clearance has been shown to vary diurnally in the
NAc and medial prefrontal cortex (Sleipness et al, 2008). Using rotating disk
electrode voltammetry and adding a fixed concentration of dopamine, the
authors observed the highest clearance at ZT4 (Sleipness et al, 2008).
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The dopamine transporter (DAT) protein levels and the rate-limiting
enzyme in DA synthesis, tyrosine hydroxylase (TH) is also expressed with
diurnal variation (Sleipness et al, 2007). Western blots analysis was performed
at ZT4 and ZT20 in the NAc and caudate, both in sham-operated and SCN-
lesioned (SCNXx) rats (Sleipness et al, 2007). In the NAc, both DAT and TH
expression were higher at ZT20 than at ZT4. However, SCNx blunted the
difference in DAT expression and increased the peak of TH. Caudate TH
expression was slightly elevated at ZT20 in sham-operated but not in SCNx
rats. These results indicate that most of the diurnal variation in the
dopaminergic system is dependent on the activity in the master clock located in
the SCN.

A population of neurons in the VTA was found to rhythmically fire
selectively during the active phase of the rat and that the SCN indirectly projects
to VTA via the medial preoptic nucleus (Luo and Aston-Jones, 2009).
Additionally, rhythmic expression of cFos was observed in the nucleus
accumbens (NAc) core and shell in the medial prefrontal cortex and in TH-IR
and non-TH-IR cells in the ventral tegmental area (VTA), with peak expression
during the late night and nadirs during the late day (Baltazar et al, 2013).

Circadian fluctuation in anhedonia has also been described. The chronic
mild stress protocol (CMS) was developed by Paul Willner’'s group as an animal
model of depression with face, predictive and construct validity (Willner et al,
1987). The CMS is comprised of a series of unpredictable mild stressors that
within weeks leads animals to anhedonic-like behavior, observed by reduction
of intake or preference for sucrose solution, which is rescued with chronic
antidepressant treatment. However, despite successful use of the model in
other laboratories, Paul Willner's group experienced difficulties in replicating
their own results. One of the differences they noticed was that in most of the
studies from other groups, sucrose preference occurred during the end of the
light phase, instead of the beginning of the light phase (D'Aquila et al, 1997).
Therefore, it was tested whether animals submitted to the CMS would show
anhedonia only when tested close to the dark phase. The animals tested at the
beginning of dark phase displayed reduced sucrose intake and consumption,
while those tested at the light phase did not (D'Aquila et al, 1997), suggesting a

diurnal variation in sucrose reward in an animal model of depression.
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In addition to decreasing responsiveness to reward, CMS also causes
the appearance of many other symptoms of major depressive disorder.
Behavioral changes in animals exposed to CMS include decreases in sexual
and aggressive behaviors (D'Aquila et al, 1994). These phenotypes were
observed during the dark phase of the light-dark cycle, which is the active
period for the rat (Gorka et al, 1996). EEG measurement of active waking is
also decreased during the dark phase (Cheeta et al, 1997), and a variety of
sleep disorders characteristic of depression, including decreased REM sleep
latency, an increased number of REM sleep episodes, and more fragmented

sleep patterns were also observed (Cheeta et al, 1997).

Synchronization to reward

Not only does the response to reward vary throughout the 24 h cycle, but
the availability of reward can also set the internal time. When food is available
during a restricted and predictable time of the day, mammals exhibit food-
anticipatory activity (FAA), an increase in locomotor activity preceding the
presentation of food. If food is presented during the light phase, animals shift
their activity phase to the time of food availability, despite the phases of the
light/dark cycle. Although the participation of the dopaminergic system may not
be enough to explain this behavior, it is becoming clear that dopamine plays a
central role in the FAA.

When mice received either a D1 or D2 dopaminergic receptor antagonist,
the expression of FAA was significantly reduced (Liu et al, 2012). Interestingly,
the co-administration of high doses of antagonists for both receptors showed a
synergic effect, promoting a more robust reduction of the FAA (Liu et al, 2012)
and suggesting that the D1 and D2 receptors contribute in different ways to the
expression of FAA. Consistently, the levels of dopamine and its metabolites in
the striatum and midbrain were significantly increased during FAA (Liu et al,
2012), which is in agreement with the phasic release of dopamine after
exposure to a conditioned stimulus associated with reward. In this case, an
internal oscillator would function as the conditioned stimulus, a neutral time
point that has been now associated with reward. This theoretical oscillator has

been termed the food-entrainable oscillator (FEO), and its discrete localization
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is not clear yet. Studies point to the dorsomedial nucleus of the hypothalamus;
although the SCN may not be necessary, it plays a role in the FAA.

FAA can occur when meals are provided at different intervals other than every
24 h. The availability of food 2 or 4 times a day, every 12 h or 8 h, is able to
induce FAA (Luby et al, 2012). When food is provided in intervals of 30 minutes,
mice can anticipate up to 6 meal times. Interestingly, to a lesser extent, mice
can anticipate food availability given every 18 h (Luby et al, 2012).

Considering that the protocol to promote FAA requires food restriction,
one could assume that metabolic pathways might be more important than
reward to this anticipatory activity. Notwithstanding, it has been shown that
palatable daily meals can also promote FAA in rats fed ad-libitum (Mistlberger
and Rusak, 1987). Mistlberger & Rusak also showed that to promote FAA in
free-fed animals, the palatable food needs to nutrient-rich and to have
significant size, as 4 g of palatable food was insufficient, yet 2 h of free
availability promoted FAA (Mistlberger et al, 1987). However, a daily 5 g dose of
a chocolate bar is sufficient to induce FAA in rats (Mendoza et al, 2005a).
Moreover, the palatable food also shifts the phase within the SCN, specially the
dorsal area, observed by cFos expression. Additionally, cFos expression is also
induced in the NAc (Mendoza et al, 2005b), reinforcing the role of the reward
system in FAA and FEO.

This anticipatory activity is not restricted to food, as drugs of abuse can
also promote anticipatory activity. Animals can anticipate the administration of
drugs such as cocaine (White et al, 2000), nicotine (Gillman et al, 2008),
methamphetamine (Kosobud et al, 1998) and fentanyl (Gillman et al, 2009).
Administration of cocaine for 7 days can induce anticipatory increases of
temperature ranging from 2 to 10 days following withdrawal (Jansen et al,
2012). Additionally, this anticipatory activity remains intact in SNCx rats,
reinforcing the idea that the core of this oscillator involves areas other than the
SCN. These data pose the question whether the FEO is also responsible for
entrainment to drugs of abuse. To answer this question, rats were placed on a
3-h daily restricted feeding regimen (every 24 h) followed by daily cocaine
injections (every 25 h). Though both procedures lead to increases in
temperature and activity, the 24 h rhythm induced by restricted feeding

predominated over the cocaine rhythm. During free-running and drug
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withdrawal, the authors detected two free-running periods, one close to the
feeding period and other close to the cocaine administration period. One could
speculate that FEO and the drug-related oscillator are comprised of two
different oscillators (Jansen et al, 2012). However, in the same way that the
SCN can be uncoupled in aberrant light/dark cycles, (de la Iglesia et al, 2004),
the FEO oscillator could also be uncoupled to mediate different rewards given
at different times or periods.

As mentioned above, daily methamphetamine can also trigger
anticipatory activity in rodents (Kosobud et al, 1998). However, the most
intriguing aspect involving circadian rhythms related to methamphetamine is its
ability to generate a substantial increase in the free-running period when
administered via drinking water. As the methamphetamine anticipatory activity
seems very distinguish from the FAA, it has been theorized as being controlled
by the methamphetamine-sensitive circadian oscillator (MASCO). The
hyperlocomotor effect promoted by administration of psychostimulants such as
methamphetamine or methylphenidate can be used to model manic-like
behavior in rodents (Pereira et al, 2011). Lithium is a well-known mood
stabilizer, and it is able to prevent psychostimulant-induced hyperlocomotion
(Sabioni et al, 2008). Curiously, lithium also lengthens the circadian period and
the combination of lithium and methamphetamine leads to a dramatic increase
in the circadian period (Mohawk et al, 2009). The MASCO is mostly likely
located extra-SCN. Arrhythmic SNCx mice show restored intrinsic rhythm after
treatment with methamphetamine in drinking water (Tataroglu et al, 2006).
Whether this reward system comprises the MASCO is not known; however,

understanding it could prove helpful in the treatment of addiction.
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Conclusions and future directions

Anhedonia is a core symptom of depression. In this chapter, we reviewed
how mood varies throughout the day in both healthy and depressed individuals.
Anhedonia varies according to the circadian time in animal models of
depression, and the reinforcing effects of reward are also influenced by
circadian rhythms. Mood variation in depressed patients can be viewed as a
general reduction in amplitude of the circadian rhythms. The lower peak of
mood and ability to feel pleasure could explain very complex disorders, such as
severe depression and bipolar disorder.

The differential sensitivity to reward, along with the difference between
natural rewards and drugs of abuse, could be involved in the initial steps
leading to addiction. Moreover, the synchronization to reward could explain
increased cravings for the drug at specific times. It is known that environmental
cues can lead to craving. Therefore, it is not surprising that time cues can also
be involved in facilitating drug craving. Strengthening entrainment to the
light/dark cycle over periods of drug abuse could be an additional tool to

improve drug addiction treatment.
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ABSTRACT

Disturbances in the circadian rhythms have long been associated with depression and
mania. Animal models of mania and depression exhibit differential effects upon the
intrinsic circadian period and the same occurs with antidepressants and mood
stabilizers treatment. The intrinsic circadian period is expressed when there are no time
clues or when the light/dark cycle length is beyond the capacity of synchronization. In
summary, while there is no clear association between the circadian period and mania,
depressive-like behaviour is generally associated either with lengthening of the
circadian period or with arrythmicity, and the improvement of depressive-like behaviour
is associated with shortening of the circadian period. Thus, this review is an attempt to
summarize data regarding these correlations and find a putative role of the circadian
intrinsic period in mood regulation, particularly concerning the switch from depression

to mania.

Keywords: depression, mania, bipolar disorder, endogenous circadian period,

antidepressants, mood stabilizers



79

Introduction

Major depressive disorder and bipolar disorder have long been associated with
disturbances in the circadian rhythms. Since the XVI century there have been
descriptions of sleep-wake cycle disturbances and mood (Lemmer, 2009). Clinical
circadian features of major depression include elevated nocturnal body temperature,
phase-advanced and increased cortisol secretion, as well as phase-advanced and
reduced melatonin secretion. Changes in sleep architecture are also observed,
including shortened latency of rapid eye movement (REM) sleep and reduction in slow-
wave sleep, all of them contributing to an earlier awakening (Monteleone et al, 2008).
On the other hand bipolar patients in the mania phase have reduced need for sleep

(Mitchell et al, 2008) and increased melatonin secretion (Kennedy et al, 1989).

Animal models have provided further information regarding the relation between
circadian rhythmicity and depression. Some models aim to study the seasonal
depressive disorder, both in diurnal (Ashkenazy-Frolinger et al, 2010; Ashkenazy et al,
2009a, b) and nocturnal rodents (Prendergast and Kay, 2008; Prendergast et al, 2005).
In these studies, reduction of the photoperiod led to depressive-like behaviour, e.g.,
enhanced immobility in the forced swimming test and reduction in sucrose preference.
Interestingly, melatonin administration during the light phase of the cycle also promoted
depressive-like behaviour (Ashkenazy et al, 2009b), which can be interpreted either as
a reduction of the photoperiod or a conflict between the melatonin signalling and the
information from the light.

Other animal models do not translate directly to the human life, such as the
induction of depressive-like behaviour after exposition to a photoperiod of 22 hours of
light and 2 hours of dark (Becker et al, 2010). Rats exposed to six weeks of constant
darkness (DD) had increased immobility time in the forced swimming test and had
damaged monoaminergic neurons (Gonzalez et al, 2008). Additionally, DD also
increased the levels of pro-inflammatory cytokines, such as IL-1 and IL-6 that are
commonly present in high plasmatic concentrations in depressive patients (Kubera et
al, 2004; Monje et al, 2011). Similarly to DD, prolonged exposure to constant light (LL)
environment also induced depressive-like behaviour (Fonken et al, 2009; Martynhak et
al, 2011).

These manipulations of the light/dark cycles might have an impact in the

endogenous circadian rhythm. The circadian rhythms are exhibited even when free
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from environmental clues. When rodents are placed under constant darkness, they
enter in ‘free-running’, in which they express their endogenous (or intrinsic) circadian
period. This intrinsic circadian period is close to 24h and reflects how much the animal
has to adjust every day to keep synchronized to our 24h earthly light/dark cycle.

Despite the accumulated knowledge about the relation between circadian
rhythms and mood, few conclusions on how circadian rhythm disruption leads to
depression or mania have been drawn. Thus, the objective of this review is to
summarize the current literature and provide a model for the interaction between the

intrinsic circadian period and mood disorders.

Stretching and Shrinking the Rhythms

Depression

The selective serotonin reuptake inhibitor (SSRI) antidepressant fluoxetine
shortens the intrinsic circadian period evaluated by wheel running activity in mice
(Possidente et al, 1992). Additionally, the antidepressants moclobemide, an inhibitor of
monoamine oxidase A, and desipramine, a selective inhibitor of noradrenaline
reuptake, also shorten the circadian period in rats (Wollnik, 1992). In vitro studies point
to same direction, as SSRIs shorten the circadian period both in fibroblasts and in SCN
slices (Nomura et al, 2008). Thus, antidepressant activity is associated with shortening
of circadian period. However, imipramine had no effect on circadian rhythms neither in
golden hamsters (Refinetti and Menaker, 1993) nor in rats (Nagayama, 1996). Also,
electroconvulsive shock, which has rapid antidepressant effects, did not alter the
circadian period, although it was applied to animals that were not previously submitted

to a model of depression (Angles-Pujolras et al, 2009).

If depression is related to changes in the circadian period, besides reduction of
the circadian period by antidepressants, the induction of depressive-like behaviour in
animal models should either increase its length or shatter its rhythms (see the
proposed model in Fig. 1). Although the SCN is the most important regulator of
oscillations in the circadian rhythm, the shape and amplitude of this rhythm are not
solely determined by this structure and models of stress are known to affect the output
and expression of the clock. In particular, studies have shown that models of social

defeat are able to cause severe disruptions of body temperature, heart rate and
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locomotor activity rhythms (Meerlo et al, 1997). Still, when socially defeated animals
returned to their endogenous rhythm, they did so in phase with the same free running
period of control animals, which indicates that these animals were able to keep their
clock in its normal pace. In general, these studies have shown that even though
animals subjected to stressful models and tests such as social defeat and forced
swimming had suppression of their activity and rhythm, once these circadian rhythm
patterns returned to normal, the onset and offset of activity tended to occur on the
expected time. It is believed that if this is so, it's because the clock has kept its normal
pace and did not suffer big changes in period or acute phase shifts throughout the
exposure to those stressors (Meerlo et al, 2002).

Mice selectively bred for high anxiety (HAB) - and co-segregating depression-
like behaviour showed a lengthened circadian period compared to the control strain
(Griesauer et al, 2014). Neonatal desipramine treatment (a model of depression) also
lengthens the free-running circadian drinking activity rhythm in rats (Rosenwasser and
Hayes, 1994). However, the Flinders sensitive line (a strain of rats more prone to
develop depressive-like behavior) has a shorter circadian period compared to its
control strain (Shiromani and Overstreet, 1994). In line with the hypothesis, olfactory
bulbectomy (an animal model of depression with increased locomotor activity)

lengthens the circadian period in mice (Possidente et al, 1996).

The learned helplessness protocol, in which animals are submitted to repeated
sessions of inescapable foot shocks, also promoted the lengthening of circadian
period. Moreover, it was observed an additional and interesting correlation: the further
the circadian period lengthened, the better was the coping with the stressor, evaluated
as escape of the shock when the opportunity was given (Stewart et al, 1990). The
increase in circadian period and better coping resembles the adaptive role of
increasing REM sleep after an acute stress (Meerlo et al, 1997; Tang et al, 2005),
revised recently (Suchecki et al, 2012). Although increase of REM sleep may be
adaptive, it is usually observed an increased amount of REM sleep in depressed
patients (Jones et al, 1987). Moreover, SSRIs have suppressive effect in REM sleep
(Gillin et al, 1978; Mayers and Baldwin, 2005). Either this increase in REM sleep could
be harmful or it could not be enough to cope with the stressors. Given that REM sleep
deprivation has antidepressant effects in humans (Benedetti and Colombo, 2011) and
animal models (Lopez-Rodriguez et al, 2004), shortening the free-running period could
also have antidepressant activity, or, at least, to be predictive for antidepressant

activity.
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Studies report that one night of sleep deprivation followed by a night of sleep
phase advance causes a marked and rapid though transient mood improvement in
depressive patients. This therapy would act as a reboot of the circadian rhythm and
promote synchronization between internal clocks, light/dark cycle and sleep
architecture (Benedetti et al, 2007; Echizenya et al, 2013; Riemann et al, 1999).
Curiously, sleep deprivation is also an animal model to induce manic-like behaviour
and reduced need for sleep can be a predictor for switch to mania in bipolar patients
(Colombo et al, 1999; Gessa et al, 1995; Wehr et al, 1987; Wirz-Justice, 2003).

Additionally, in humans, the preference for late sleep habits (eveningness) is
associated with depressive symptoms in both diagnosed patients and healthy subjects
(Gaspar-Barba et al, 2009; Kitamura et al, 2010). Eveningness is also associated with
increased intrinsic endogenous rhythms in healthy subjects (Duffy et al, 2001).
Therefore, there is a good relation between a trend to increase the circadian period and
the development of depression.

A Control B Constant light
LD
DD ::
C Antidepressant
LD LD
DD DD =

Fig. 1 — Hypothetical actograms representing the relation between the intrinsic circadian period
and the response to antidepressant treatment or to an animal model of depression (A) control
animal, (B) constant light, “shattering”, ie, turning the animal arrythimic (C) SSRI treatment,
“shrinking”, ie, shortening the intrinsic circadian period (D) animal model of depression,
“stretching”, ie, lengthening the intrinsic circadian period. LD: light dark, DD: constant dark, LL:
constant light, SSRI: selective serotonin reuptake inhibitors. Gray areas represent the dark
phase. Lines and dots represent locomotor activity.
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Mania

Considering that manic-like behaviour is often opposite to depressive-
behaviour, one could expect that a rodent model of mania would have shortened
circadian period. However, animal models of mania are scarcer in comparison with
depression models and many of these models only show partial validity (Kara and
Einat, 2013). Two strains of mice that present several features of mania are the
ClockA19 mutant mice (Roybal et al, 2007) and the neuron-specific Na*,K*-ATPase a3
mutant (Kirshenbaum et al, 2011). These mice show hyperactivity, increased risk-
taking behaviour and increased hedonic response. Moreover, lithium treatment was
effective in reversing these behaviours. However, contrary to the hypothesis, while the
Clock knockout mice have shortened circadian endogenous period (Debruyne et al,
2006), the ClockA19 mutant mice have lengthened circadian period (King et al, 1997,
Vitaterna et al, 1994), similarly to the Na*,K*-ATPase a3 mutant mice (Kirshenbaum et
al, 2011) (Fig. 2).

Interestingly, the knockdown of Clock specifically in the ventral tegmental area
(VTA) promotes a mixed model of mania and depression (Mukherjee et al, 2010),
which is a common feature in bipolar patients. Furthermore, the circadian period of
these animals is shortened, similarly to the Clock knockout (Fig. 2). Unfortunately,
there is no data about the behaviour of Clock knockout in mania and depression
paradigms. It is also unknown whether lithium treatment in the ClockA19 mice would
promote further lengthening of the circadian period.

The mood stabilizer lithium phase delays the rhythms and lengthens the
circadian period (lwahana et al, 2004), an action completely opposed to
antidepressants. It should be noted that lithium has both antimanic and antidepressant
effects, although lithium is less effective in the treatment of depression when compared
to SSRIs. Moreover, both lithium and antidepressants have similar suppressive effects
on the REM sleep (Gillin et al, 1978; Mayers et al, 2005).

Acute administration of psychostimulants is a widely used model of mania for
screening of potential antimanic drugs (Barbosa et al, 2011; Kara et al, 2013; Pereira et
al, 2011; Sabioni et al, 2008; Valvassori et al, 2014; Valvassori et al, 2013). However,
similarly to lithium, methamphetamine (MAP) in the drinking water also increases the
circadian period (Tataroglu et al, 2006) and promotes a rhythmicity in animals with
lesion in the suprachiasmatic nuclei (SNC) and , therefore, do not present rhythmicity
(Mohawk et al, 2009). Other effects of MAP are potentiated by lithium, such as
stereotypy (Ozawa and Miyauchi, 1977), an effect that may be caused by the ability of
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lithium to prolong the half-life of MAP in the rodent brain (Miyauchi et al, 1981).
Nonetheless, lithium inhibits some of MAP’s toxic effects, which is due to the high
activation of dopaminergic system and present during manic phase, e.g. oxidative
stress imbalance (Frey et al, 2006; Youdim and Arraf, 2004). Combination of lithium
and MAP treatment was also studied, showing that MAP increased circadian period,
whereas lithium did not. However, the combination of these drugs led to a further
increase in the circadian period (Mohawk et al, 2009).

The MAP effect on the circadian rhythms is in line with the behaviour showed by
the ClockA19 and Na*,K*-ATPase a3 sodium pump mutant mice. However, a single
day of withdrawal after six days of continuous amphetamine administration promotes
depressive-like behaviour (Cryan et al, 2003), which is consistent with lengthening the
period and development of depressive-like behaviour (Fig. 2).

A Control B Lithium or Metamphetamine
I I
D ‘ LD ‘
DD : bb ::
Clock knockout ClockA19 mutant
C Clock silencing in VTA D Na+,K+-ATPase a3 mutant
| I | I
LD LD
DD DD :_:

Fig. 2 — Hypothetical actograms representing the relation between the intrinsic circadian period
and mania. (A) control animal (B) lithium or metamphetamine treatment, both lengthen the
circadian period (C) Both Clock knockout and inhibition of Clock by RNAI shorten the circadian
period (D) Two genetic animal models of mania have lengthened circadian period. LD: light
dark, DD: constant dark, VTA: ventral tegmental area. Gray areas represent the dark phase.
Lines and dots represent locomotor activity.

MAP is also known to activate the glycogen synthase kinase-3 B enzyme
(GSK3-B) (Mohawk et al, 2009), whereas lithium inhibits it (Enman and Unterwald,

2012). GSK3- B is a serine/threonine kinase involved in energy metabolism,
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neurodevelopment, and circadian regulation. GSK3- has been implicated in the
pathophysiology of mania, as its overexpression induces manic-like behaviours such
as hypophagia, increased locomotor activity and increased acoustic startle response
(Prickaerts et al, 2006). The pathway Akt/GSK3-8 is reported to be disrupted when the
levels of dopamine are high and it results in elevation of GSK3-f3 levels (Beaulieu et al,
2009; Enman et al, 2012). GSK3- seems to have a direct role in the activation of
genes related with circadian rhythms, as it phosphorylates the clock genes Rev-erba
and Per2 (Mohawk et al, 2009).

However, the effects of inhibiting the GSK3- upon the circadian period are not
clear. One could expect that GSK3-B inhibition would lengthen the circadian period,
similarly to lithium. Indeed, knockout of one allele of GSK3-8 in mice was reported to
either lengthen the circadian period (Lavoie et al, 2013) or at least to enhance the
circadian effects of MAP(O'Brien et al, 2004). Results in Drosophila point to same
direction. Overexpression of GSK3-f shortens the circadian period (Martinek et al,
2001), an effect compensated by lithium treatment (Dokucu et al, 2005).

In contrast, in vitro studies point to another direction. In fibroblasts, both
inhibition of GSK3- (Li et al, 2012) and inhibition of GSK3-8 by small-interfering RNA
(siRNA) shortened the circadian period (Hirota et al, 2008). Accordingly, knock-in mice
that have both isoforms, GSK3-a and GSK3-f, constitutively active, have lengthened
circadian period (Paul et al, 2012), which is in line with the effect of GSK3-§ activation
induced by MAP. However, this effect only appears in mixed crossed background mice
(C57BL/6 x Balb/c), but not in backcrossed C57BL/6 and neither when a single isoform
is constitutively active. Lithium lengthens the rhythms and this paradox could be
explained by the presence of additional targets of lithium within the clock network, like

the possible direct increase in Per2 transcription (Li et al, 2012).

Contrary to lithium, valproic acid, another mood stabilizer, shortens the
circadian period in rats (Rietveld and van Schravendijk, 1987) and in fibroblasts
(Chansard et al, 2007), but it has no circadian effects in Syrian hamsters (Klemfuss
and Kripke, 1995). In Drosophila, however, sodium valproate lengthens the circadian
period (Dokucu et al, 2005).

Thus, it appears that lithium increases the length of circadian rhythms while the

results with valproate is not clear.
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Shattering the Rythms

The unpredictable chronic mild stress (UCMS) is a highly validated animal
model of depression. Animals are exposed to a series of stressors including changes in
the light/dark cycle. Exposure to UCMS reduces the amplitude of the temperature and
cortisol rhythms (Ushijima et al, 2006). The amplitude of the circadian locomotor
activity under normal light/dark cycle is also blunted, particularly due to a reduction of
activity in the dark phase (Gorka et al, 1996), as similarly to the learned helplessness
protocol (Kant et al, 1991). However, it is difficult to differentiate between the actual
circadian alterations and the masking effects of the stressors (e.g., inhibition of activity
by light). As far as the authors are aware, there is no evaluation of the intrinsic
circadian period after the UCMS.

Prolonged exposure to LL is known to promote arrythmicity in the circadian
locomotor rhythms (Honma et al, 1978) (Fig. 1). This lack of rhythmicity is prevented
when the animals are previously exposed to LL during lactation (Cambras et al, 1997;
Cambras et al, 1998). In order to further explore the role of arrythmicity, our group
tested whether rats exposed to LL would be protected from LL-induced depressive-like
behaviour. In fact, neonatal-LL animals did not reduce sucrose preference under LL,
whereas the rats raised under standard light/dark cycle showed anhedonic-like
behaviour (Martynhak et al, 2011). Additionally, the anhedonia-like behaviour was
reversed with imipramine treatment (Martynhak et al, 2011). Therefore, we concluded
that LL is able to induce depressive-like behaviour by shattering the rhythms, despite
the direct effect of light in LL per se.

Disruption of the circadian rhythms are also promoted by overexpression of the
class lla histone deacetylase 5 (HDACS5) in mouse fibroblasts (Fogg et al, 2014).
HDACSs are a class of enzymes that have an important role in gene expression. Studies
have shown that hippocampal HDACS5 expression is increased after social defeat
stress and its reduction is associated with resilience or improvement of depressive-like
behaviour (Sun et al, 2013). Moreover, in line with the shrinking pattern, mutation of
HDAC4 in Drosophila shortens the locomotor intrinsic circadian period (Fogg et al,
2014).

Another method to promote arrythmicity is by lesion the suprachiasmatic nuclei
(Stetson and Watson-Whitmyre, 1976). Therefore, one could expect that lesion of the
suprachiasmatic nuclei would lead to depressive-like behaviour. However, one study
reported that lesion in the suprachiasmatic nuclei reduced the immobility time in the

forced swimming test (Tataroglu et al, 2004). Additionally, a decrease in the immobility
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time in black-Swiss mice has been associated manic-like behaviour (Flaisher-Grinberg
and Einat, 2009). Thus, the reduced immobility time in this test due to lesions in the
suprachiasmatic nuclei could be viewed as a manic-like behaviour, contrasting with the

hypothesis of arrythmicity and depression.

Circadian locomotor arrythmicity is also observed in the Per2 mutant mice.
Under constant darkness these animals initially have short circadian period and then
gradually become arrhythmic (Zheng et al, 1999). During a conventional light/dark
cycle, the Per2 mutant mice show decreased monoamine oxidase A in the mesolimbic
system and reduced immobility time in the forced swimming test (Hampp et al, 2008),
which could be interpreted as a manic-like phenotype. Unfortunately, the behaviour of
the Per2 mutant mice in the forced swimming test under constant darkness (i.e.,
arrythmicity) has not yet been evaluated. Nevertheless, the forced swimming test is
highly dependent on locomotor activity and bouts of ultradian activity could bias these
studies. For example, the Per2 mutant mice have increased locomotor activity in the
afternoon, a trait of phase advance and short circadian period that could bias the
behavioural tests, which were performed in the afternoon (Hampp et al, 2008). The
sucrose/saccharin preference test is more suitable in these cases, due to less influence
of locomotor activity and circadian phase differences due to the possibility to run the
test through the 24h of the light/dark cycle (Martynhak et al, 2011).

Even though animals under constant darkness still express their endogenous
circadian period, it could be observed the induction of depressive-like behaviour
(Gonzalez et al, 2008). However, the direct stressful effect of light deprivation per se,
rather than indirectly through the circadian system, was not evaluated. This could be
done by promoting synchronization to a photoskeletal period, with two pulses of light,
which is known to synchronize the rhythms to 24h. Similarly, in another study, mice
were submitted to a period of 7 h: 3.5 h light and 3.5 h dark (LeGates et al, 2012). The
animals were not able to synchronize to this aberrant cycle and thus, to express their
free-running period. In spite of the rhythmicity, the mice showed reduced immobility in
the forced swimming test, reduced sucrose preference and increased corticosterone
secretion, indicating that the direct effect of light can also participate in the regulation of
the depressive-like behaviour (LeGates et al, 2012). Therefore, changes in the
light/dark cycle might exert its effects not only through the circadian system, but due to
the direct effect of light (LeGates et al, 2014).
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Conclusion

Although not all data presented here point towards the same direction, in
general, development of depressive-like behaviour is associated either with arrythmicity
or lengthening of the circadian period whereas improvement is associated with
shortening of the circadian period. As for mania, one could expect the opposite of
depression, i.e., shortening of the circadian period. However, the data regarding this
association between both is not as clear as for depression, maybe due to the lesser
number of animal models of mania with high construct validity or to lack of an actual
relationship or predictive value between the circadian period and mania.

One interesting approach is the forced desynchronization protocol, the
exposure to a 22h LD cycle, which is close to the limit of entrainment to a imposed
light/dark cycle (de la Iglesia et al, 2004). Under these conditions, two locomotor
rhythms with different period lengths are expressed simultaneously. One rhythm is
entrained by the 22h LD cycle, whereas the other free-runs. The change between short
and long periods would ideally result in shifts between mania and depression or in
mixed states.

Manipulation of the length of the circadian cycle to different periods other than
the usual 24h might be helpful to provide insights to a model of bipolar disorder in
which both depressive and manic phases are present within the same animal. Ideally,
chronic exposure to a lengthened cycle would promote depressive-like behaviour,

whereas the shortening the cycle would promote antidepressant or manic-like effect.
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CONSIDERACOES FINAIS

O presente estudo buscou investigar a relacdo entre ritimicidade circadiana e
comportamento tipo-depressivo. Estratégias que visam a prevencdo da perda
da ritimicidade circadiana se mostraram efetivas em também prevenir o
comportamento tipo depressivo em modelos animais. A forma utilizada para
promover a perda da ritimicidade circadiana neste estudo foi a exposicdo ao
claro constante (LL).

Os dados aqui apresentados sugerem que o efeito tipo-depressivo
induzido pelo LL deve-se a perda da ritimicidade. Porém, os grupos de animais
protegidos da anedonia induzida pelo LL ndo foram mantidos em LL por um
tempo mais prolongado. Desta forma, ndo é possivel afirmar se a exposicao
prolongada ao LL ndo iria eventualmente levar também ao comportamento tipo-
depressivo mesmo em animais que mantém a expressdo da ritimicidade
circadiana. Outros protocolos de alteracdo do ciclo claro/escuro também
promovem comportamento-tipo depressivo em modelos animais, ainda que a
ritimicidade seja mantida, como a exposi¢do ao escuro constante (Gonzalez et
al, 2008), ou a um ciclo claro/escuro de 7 h (3,5 h : 3,5 h) ao invés das 24 h
usuais (LeGates et al, 2012). Este ultimo trabalho se destaca por mostrar o
papel direto da luz na regulacdo do comportamento tipo-depressivo através das
células ganglionares que expressam o fotorreceptor melanopsina.

Para avaliar a participagdo da via indireta (via ritmos circadianos) ou
direta da luz no comportamento tipo-depressivo, 0 modelo da exposi¢ao a luz
de baixa intensidade a noite (dLAN) foi utilizado em camundongos nocaute
para o gene-relégio Per3 (Per3”). Apesar de se sincronizarem normalmente ao
ciclo claro/escuro convencional e responderem adequadamente a avangos e
atrasos de fase induzidos por pulsos de luz, estes animais apresentam
reduzida sensibilidade ao efeito direto da luz em inibir a atividade motora (van
der Veen et al, 2010), efeito conhecido como mascaramento. Diferengcas na
resposta de mascaramento a longo prazo podem afetar também a ritimicidade
circadiana. Por exemplo, os camundongos Per3- apresentam menor aumento
da duracéo do periodo circadiano endégeno quando expostos ao LL (van der

Veen et al, 2010). Nossos dados mostraram que os camundongos Per3” se
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foram mais sensiveis ao efeito tipo-depressivo do dLAN. Hipotetizamos que ao
buscar menos escape da luz que os animais selvagem - através do sono ou
comportamento de se enterrar no cepilho - os camundongos Per3” sao mais
expostos a luz. Por usa vez, esta maior exposicao direta a luz pode antecipar
os efeitos no comportamento tipo-depressivo. Estes dados estdo de acordo
com resultados da literatura, em que a disponibilidade de um tubo opaco
preveniu parcialmente o comportamento tipo-depressivo induzido pelo LL
(Fonken et al, 2009). Desta forma, nossos dados apontam tanto para o papel
direto quanto indireto da luz na regulacdo do comportamento tipo-depressivo
em modelos animais.

Importante ressaltar que todos os procedimentos realizados foram
destinados a prevenir o comportamento tipo-depressivo: prevencao a perda da
ritimicidade, pré-tratamento com imipramina antes da exposi¢cao ao dLAN, co-
tratamento com imipramina, melatonina e agomelatina juntamente com o inicio
da restricdo, bem como restricdo alimentar juntamente com o inicio da
exposicdo ao LL. A administracdo aguda de quetamina constituiu o Unico
momento em que o0s animais foram tratados somente apds deteccédo da baixa
preferéncia por sacarose. Visto que tanto o tratamento com imipramina ou
agomelatina ndo foram eficazes em prevenir a redugcdo da preferéncia por
sacarose induzida por restricdo alimentar, este modelo pode vir a ser utilizado
como um modelo resistente ao tratamento. Entretanto, mais experimentos com
mais dose, drogas e esquemas de administracdo sS&o necessarios. A
guetamina, que apresenta acdo antidepressiva em pacientes depressivos
refratarios ao tratamento (Zarate et al, 2006) foi eficaz em aumentar a
preferéncia por sacarose em animais sob restricdo alimentar, reforcando que o
efeito na preferéncia por sacarose representa um comportamento-tipo
depressivo.

Os resultados deste estudo apontam para a importancia da manutencéo
da ritimicidade circadiana e sincronizagao interna para a prevencado do
comportamento tipo-depressivo. A luz pode regular o comportamento tanto de
forma indireta, através do controle da ritimicidade circadiana, quanto exercer
uma influéncia direta sobre o comportamento. Dado ambas as formas de acao
da luz no controle do humor, este estudo ndo permite afirmar que a perda da

ritimicidade circadiana induz comportamento-tipo depressivo, visto que o
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mesmo também é induzido por acdo direta da luz. Assim, a perda da
ritimicidade circadiana é ou suficiente para promover o comportamento tipo-
depressivo ou atua como facilitador dos efeitos diretos da luz. A inducéo de
arritimicidade através da lesdo dos nucleos supraquiasmaticos poderia ser
utilizada para controlar o efeito direto da luz sobre o comportamento tipo-
depressivo.

Em concluséo, sugere-se que a estabilidade da ritimicidade circadiana,
via controle do ciclo claro/escuro e horéarios regulares de alimentacdo, bem
como reducao da poluicdo visual noturna podem ser fatores protetores para o

desenvolvimento da depresséo.
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