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“"Worship the spirit of criticism

(Louis Pasteur)

Hello darkness, my old friend,

I've come to talk with you again,

Because a vision softly creeping,

Left its seeds while I was sleeping,

And the vision that was planted in my brain
Still remains

Within the sound of silence.

In restless dreams I walk alone

Narrow streets of cobblestone,

'Neath the halo of a street lamp,

I turned my collar to the cold and damp

When my eyes were stabbed by the flash of a neon light
That split the night

And touched the sound of silence.

And in the naked light I saw

Ten thousand people, maybe more.

People talking without speaking,

People hearing without listening,

People writing songs that voices never share
And no one dared

Disturb the sound of silence.

"Fools" said I,"You do not know
Silence like a cancer grows.

Hear my words that I might teach you,
Take my arms that I might reach you."
But my words like silent raindrops fell,
And echoed

In the wells of silence.

And the people bowed and prayed
To the neon god they made.
And the sign flashed out its warning,
In the words that it was forming.
And the signs said, 'The words of the prophets are written on the
subway walls
And tenement halls.
And whisper'd in the sounds of silence.
(The Sound of Silence, Simon and Garfunkel)
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Sumari

Avui en dia l'obesitat, les malalties cardiovasculars, la deméncia i la
depressio, entre d’altres, son algunes de les patologies més freqients
arreu del mén. Esta ampliament demostrat que el sedentarisme i les
dietes altes en greixos en son dues de les causes principals. Una amplia
evidencia recolza la idea que l'exercici fisic produeix beneficis per a la
salut i podria contrarestar els efectes nocius de les dietes altes en
greixos i, de fet, esta molt recomanat. No obstant, les pautes d’exercici
que aporten aquests beneficis no han estat investigades en profunditat.
Més concretament, hi ha poca evidéncia sobre els efectes de I'exercici
moderat (caminar de pressa), tot i que és la pauta que pot practicar
més gent. En aquest context, els dos objectius principals d’aquesta tesi
soén: i) establir un model animal d’exercici moderat i dieta alta en
greixos que permeti extrapolar recomanacions d‘estil de vida en
humans; i ii) analitzar els efectes de I'exercici i la dieta des d’una
aproximacio psicologica i fisioldgica conjuntament. Usant rates sanes,
mascles i femelles, joves i ancianes com a model de recerca, hem
aplicat les recomanacions d’exercici moderat i regular fetes per als
humans. En el nostre procediment les rates sén entrenades en una
cinta ergomeétrica a una intensitat de 12metres/minut (m/min) durant
30min, fins a 36 setmanes, entre 4-5 dies/set.; i utilitzem rates
manipulades i no-manipulades per a controlar aquest efecte. Hem vist
que l'exercici redueix els nivells de colesterol, de triglicérids i l'activitat
de l'eix Hipotalamic-Pituitari-Adrenal (HPA) en situacions d'estreés.
L'exercici i la manipulacié augmenten la conducta exploratoria (Hole
Board - HB, Elevated Plus Maze - EPM i Open Field - OF). L'exercici
millora I’'aprenentatge associatiu en una situacio estressant (Shuttle Box
- SB) més rapidament i amb més éxit en femelles que en mascles.
Finalment, alguns parametres relacionats amb la variabilitat de la
freqléncia cardiaca (HRV), un indicador de l'estat de salut del sistema
nervios autonom, milloren després de 9 setmanes d’exercici moderat,
perd no s’observen canvis a més llarg termini ni en mascles ni en
femelles. En I'4ltim experiment, hem administrat durant 8 setmanes

una dieta de cafeteria (CAF) analoga a la dieta rica en greixos d’alguns
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humans i hem vist que indueix la sindrome metabolica; perd també
redueix l'ansietat i incrementa I'exploracid i l'activitat social en les rates.
En conclusio, I'exercici moderat, regular i a llarg termini és una bona
recomanacid per a reduir l|'estrés, fomentar les estratégies
d’afrontament actiu i millorar els valors d'alguns parametres metabolics,
perd no és la principal eina per a millorar la salut cardiovascular. En
rates, la magnitud dels efectes conductuals de l'‘exercici a la cinta
ergométrica depén en part de la manipulacié dels animals inherent al
protocol d’entrenament d’exercici, la qual actua en la mateixa direccid
que l'exercici. La dieta alta en greixos empitjora la salut; no obstant,
millora la resposta emotiva. Malgrat que un estil de vida actiu és un bon
cami per a millorar la nostra salut, sembla que calen més de 30min/dia
d’exercici moderat per obtenir beneficis en el nostre sistema

cardiovascular.

Abstract

Nowadays obesity, cardiovascular disease, dementia, depression and so
on are some of the most prevalent pathologies all over the world. It has
been extensively reported that sedentary lifestyle and fat diet are two
of the main causes. Considerable evidence supports the idea that
physical exercise produces benefits for overall health and might be able
to counteract the negative effects of fat diets. In fact, it is widely
recommended for humans in order to prevent those diseases. However,
specific recommendations on exercise regimens that confine those
benefits have not been fully explored. Thus, the two main objectives of
this thesis are: i) establish a model of exercise and fat diet in rats so as
to be able to test those human recommendations; and ii) apply these
two models in basic research to analyze the effects of exercise and diet
in both psychological and physiological approaches. Using healthy,
female and male, and young and older rats as a basic research model
we applied the human idea of moderate but long-term exercise. Rats
were trained in a treadmill at 12m/min for 30min during 36 weeks 4-5
days/week. Handled and not handled rats were used as controls to

assess the effect of manipulation. Anxiety, cognition and physiological
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function were assessed. Exercise reduced cholesterol and triglycerides,
the activity of the HPA axis, and increased exploration (Hole Board - HB,
Elevated Plus Maze - EPM and Open Field - OF) as handling did in males.
Exercise also increased associative learning during a stressful situation
(Shuttle Box - SB) faster and more successful in females than males.
Finally, heart rate variability (HRV) was reduced by 9w, but not by long-
term exercise and compared with control animals either in males or
females. Eventually, we applied a cafeteria diet model (CAF) as a
human fat diet for 8w and showed that cafeteria diet induced metabolic
syndrome; but reduced anxiety and increased exploration and social
activity in both male and female rats. In conclusion, moderate long-
term exercise is a good recommendation to reduce stress, but perhaps
another protocol could be even better to improve cardiovascular health.
In addition, handling was showed as a good treatment. Fat diet
decreased health; however, improved emotional-like behaviour. An
active lifestyle is a good way to enhance our health; nevertheless, a
more accurate exercise protocol and type of diet would be optimal for

each case.
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Abreviatures

a: anys
ACSM: American Collague of Sports
Medicine

ACTH: Hormona
Adrenocorticotropica

BDNF: Brain Derived Neurotrophic
Factor

BPM: Batecs Per Minut

BWO95: E/ 95% de I'ample de
l'espectre

CAF: Djeta de Cafeteria

CF: Fregliéncia central

CON: Control (Grup)

cort. (o B): Corticosterona

CRF: Factor Alliberador de
Corticotropina

dieta std: Dieta Estandard, pinso
ECG: Electrocardiograma

EPM: Elevated Plus Maze

FC: Freqiiéncia Cardiaca

FST: Forced Swimming Test

HB: Hole Board

HCR: High Capacity Runners

HF: Alta Freqiiencia

HPA: Eix Hipotalamic-Pituitari-
Adrenal

HRV (o VFC): Variabilitat de la
Freqiiéncia Cardiaca

LCR: Low Capacity Runners

LDB: Light Dark Box

LF: Baixa Freqgliéncia

m/min: metres/minut

mA: miliampers

ms: milisegons

MWM: Morris Water Maze

OF: Open Field

PVN: Nucli Paraventricular de
I’hipotalem

RHA: Roman High Avoidance rats
RLA: Roman Low Avoidance rats
RMSSD: Arrel quadrada del valor
mig de la suma de les diferéncies al
quadrat de tots els RR successius
RR: Interval R-R

SAP: Avaluacié del risc en I'EPM
SB: Shuttle Box

SDRR: Desviacid Estandard de RR
sec. (0 s.): segons

SED: Sedentari (Grup)

set.: setmana/es

SMA: Eix Simpatic-Adrenomedular
SNA: Sistema Nerviés Autonom
SNC: Sistema Nervids Central
SNP: Sistema Nervids Parasimpatic
SNS: Sistema Nerviés Simpatic
ST: Social Test

TM: Treadmill (Grup)

WR: Wheel Running
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Estructura de les publicacions

La tesi doctoral titulada “Exercici fisic i dieta en models animals: efectes
emocionals, fisiologics i cognitius” es presenta sota el format de
compendi de publicacions. Ha estat realitzada entre el setembre de
2010 i el juny de 2014, en base als coneixements que el doctorant va
adquirir durant el Practicum de la llicenciatura en Psicologia, durant el
Master de Recerca en Psicologia de I'Esport i de I"Activitat Fisica de la
Universitat Autonoma de Barcelona (UAB) i durant el treball fet al
laboratori en relacié als projectes de recerca que s’han desenvolupat
durant aquest periode. Els experiments i les publicacions que es
presentaran s’emmarquen en els seglients projectes finangats (ordre
cronologic):
- Ministerio de Educacion y Ciencia: PSI 2008-06417-C03-01, 02,
03; SAF2009-01175; SAF2009-13093.
- Instituto de Salud Carlos III: DPS2008-06998-C01, C02;
RD06/0001/0015.
- Redes Tematicas de Investigacion Cooperativa en Salud.
- Generalitat de Catalunya: SGR2009-16, 2009/SGR00893,
2009/SGR-0535.
- ACC10: TECRD12-1-0005.
- Ministerio de Economia y Competitividad: PSI 2011-29807-C02-
01, 02.

El doctorant, Jaume Ferrer Lalanza, ha rebut entre febrer de 2011 i
gener de 2014 una beca predoctoral de la Generalitat de Catalunya (FI-
DGR 2011) que culmina amb la presentacié d’aquest treball de tesi.
Durant aquest periode també ha gaudit d'altres ajuts de la Generalitat
de Catalunya com una borsa de viatge per 6 mesos a la University of
British Columbia (Vancouver, Canada) sota la tutela de la Dra. Liisa A.M.
Galea (BE DGR 2012), i un ajut d'innovacié docent durant el curs
2013/14 (AAD 2014) a la Facultat de Psicologia de la UAB; també un
ajut per assistir al workshop: “Animal Models of Neurodegeneration and
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Behavioural Tests for Assessment of Motor and Cognitive Function” de
I""Hellenic Pasteur Institute” (Atenes, Grecia).

Les publicacions incloses en la tesi per compendi sén (ordenades

per tematica):

Part 2A:

Lalanza, J.F.; Sanchez-Roige, S.; Gagliano, H.; Fuentes, S.; Bayod,
S.; Camins, A.; Pallas, M.; Armario, A.; Escorihuela, R.M. (2012).
Physiological and behavioural consequences of long-term moderate
treadmill exercise. Psychoneuroendocrinology, 37, 1745-1754. IF 2011:
5.809

Part 3:

Lalanza, J.F.; Caimari, A.; del Bas, J.M.; Torregrossa, D.; Cigarroa, I.;
Pallas M.; Capdevila, LI.; Arola, L.; Escorihuela, R.M. (2014). Effects of
post-weaning cafeteria diet in young rats: metabolic syndrome, reduced
activity and less anxiety-like behaviour. Plos One, 9(1), e85049. IF
2012: 3.730.

Manuscrits no publicats:
Part 1: L'exercici moderat incrementa la conducta exploratoria i millora

els parametres de la freqliéncia cardiaca en rates mascles adultes

Part 2B: L'exercici a llarg termini promou les estratégies d'afrontament

en rates mascles i femelles

Altres dades no sotmeses a publicacio incloses en la Tesi son:
Annex 1: Dades cardiovasculars
Annex 2: Dades neuroendocrines en femelles

Annex 3: Dades sobre diferéncies individuals que predisposen a correr.
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Altres publicacions relacionades amb aquesta tesi i que formen part

d’una altra tesi doctoral sén:

Bayod, S., del Valle, J., Canudas, A.M., Lalanza, J.F., Sanchez-
Roige, S., Camins, A., Escorihuela, R.M., Pallas, M. (2011) Long-
term treadmill exercise induces neuroprotective molecular changes
in rat brain. Journal of Applied Physiology, 111(5), 1380-1390.
Bayod, S., del Valle, J., Lalanza, J.F., Sanchez-Roige, S., de
Luxan-Delgado, B., Coto-Montes, A., Canudas, A. M., Camins, A.,
Escorihuela, R.M., Pallas, M. (2012). Long-term physical exercise
induces changes in sirtuin 1 pathway and oxidative parameters in
adult rat tissues. Experimental Gerontology, 47(12), 925-935.
Bayod, S., Menella, I., Sanchez-Roige, S., Lalanza, J.F.,
Escorihuela, R.M., Camins A., Pallas, M., Canudas, A.M. (2014).
Wnt pathway regulation by long-term moderate exercise in rat
hippocampus. Brain Research, 1543, 38-48.

Bayod, S.; del Valle, J.; Pelegri, C.; Vilaplana, J.; Canudas, A.M.;
Camins, A.; Jiménez, A.; Sanchez-Roige, S.; Lalanza, J.F.;
Escorihuela, R.M.; Pallas, M. Macroautophagic process was
differentially modulated by long-term moderate exercise in rat brain
and peripheral tissues. Journal of Physiology and Pharmacology (en

premsa).
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Proleg

La societat esta canviant. No és cap secret que cada cop vivim més
anys i amb més comoditats. Podem tenir una vida estressant, amb
moltes preocupacions i mals de cap, pero plena de dreceres que ens la
fan més facil. Per menjar n'hi ha prou amb escalfar qualsevol plat
precuinat al microones, treballem asseguts davant de pantalles
d’ordinador i ens desplacem en cotxe o en metro. Sense cap mena de
dubte, la majoria de les persones no canviarien aquesta vida per la dels
nostres besavis. No obstant, aquesta evolucié tecnologica ha comportat
uns canvis en l'estil de vida de les persones; uns habits poc o gens
saludables que hem de replantejar-nos per poder gaudir d’una vida
llarga, sana i plaent. La practica d’exercici regular d’intensitat moderada
(correr poc a poc o caminar de pressa) és una de les pautes més
recomanades, perd0 hi ha pocs estudis que avaluin amb detall els

beneficis d’aquesta practica.
- "Per qué useu rates?"

Segurament és la pregunta que he hagut de respondre més vegades
durant aquest periode de predoctorat. I no és facil de contestar. A més,
de vegades ha fet replantejar el propi projecte: "és veritat, per qué fem
servir rates?" La recerca amb models animals permet aillar les variables
i incrementar la validesa interna, perd disminueix la capacitat de
generalitzar els resultats (Daffner, 2010). Els animals només viuen per
rebre els tractaments els quals, en el nostre cas, consisteixen
essencialment en cérrer i menjar diferents tipus de dieta. Prenent com
a referéncia l'analisi teorica sobre els models animals i les valideses
experimentals descrites per Paul Willner (Willner, 1991), el model
animal presentat en aquesta tesi és el que s'anomena una simulacid,
atés que es pretén caracteritzar una (o diverses) conducta humana i
avaluar-ne els seus efectes. En concret, nosaltres seguim una
caracteritzacié “top-down”, perqué apliquem una simulacié animal per

estudiar amb més detall una conducta/paradigma que ja es ddna en
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humans (Gosling, 2001). Les altres dues tipologies soén: i) test de
cribratge, per detectar efectes farmacologics; ii) assaigs conductuals,

per estudiar les bases bioldogiques d’'una determina conducta.

Les simulacions haurien de complir tres tipus de validacié: i) predictiva:
el rendiment en el test prediu el rendiment en la condicié que s’esta
modelant; ii) aparent: el model i la conducta humana a modelar
presenten similituds fenomenologiques; iii) de constructe: el model té
un suport teodric consistent. Encara que les simulacions mostrin una
validesa acceptable, no es pot garantir plenament I'aplicacié dels
resultats als humans, atés que la validesa és dificil de mesurar
objectivament. Ara bé, abans de continuar, i malgrat que el nostre
model compleix aquests tres criteris teorics de validesa, ens hauriem de
preguntar: épodem modular estats mentals com la depressio, I'estres,
I'ansietat o la memoria en animals? Panksepp (2011) en un excel-lent
assaig argumenta a favor de les emocions en els animals a través de
I'evidéncia neurocientifica. Principalment, demostra que tots els
mamifers tenen les xarxes emocionals cerebrals concentrades en
regions homologues a les dels humans, que s'activen quan I'animal esta
emocionalment excitat. Aixo faculta a la neurociéncia per estudiar els
diferents estats emocionals i almenys llurs bases biologiques mitjancant
models animals (assaigs conductuals, seguint la terminologia de
Willner). De fet, l'evidéncia cientifica ha demostrat que, des
d'investigacions amb ratolins i rates (Bartal, Decety, Mason, 2011;
Berridge i Robinson, 2003; Langford, Bailey, Chanda, Clarke,
Drummond, Echols, et al., 2010), fins a estudis amb primats (Call i
Tomasello, 2008; de Waal, 2011) o amb cetacis (Marino, Connor,
Fordyce, Herman, Hof, Lefebvre, et al., 2007), els mamifers senten i
expressen emocions. Pero, qué ocorre amb la conducta? Hi ha algunes
maneres de "preguntar" als animals sobre llurs emocions i capacitats
intel-lectuals. Els tests de conducta poden ser una bona manera d'inferir
els estats interns i emocions dels nostres animals de laboratori (Archer,
1973; Homberg, 2013). Finalment, Paul i col-laboradors (2005) exposen
les diferents metodologies a I'abast dels investigadors per poder simular
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emocions humanes i llurs conseqléncies, com ara processos d’avaluacio,
atencid, memoria o biaixos de judici en models animals; encara que
aquest Ultim és un tema polémic i amb opinions en contra (Premack
2007, LeDoux 2012).

Si partim de la teoria de I'evolucié (Darwin, 1859), les caracteristiques i
les conductes dels organismes es mantenen perqué aporten un
avantatge. Actualment, correr, a més a més de ser una resposta basica
davant d’un estimul amenacador o perillés, com ara perdre el tren, és
una forma primaria d'exercici i d'oci; perdo al mateix temps la conducta
de correr podria ser tant antiga com el génere Homo, i haver contribuit
a la fisonomia actual humana i, fins i tot, a I'encefalitzacié (Bramble i
Lieberman, 2004; Mattson, 2012). De fet, recentment s'ha provat que
I'increment de conductes locomotores produien cervells més grans al
llarg de I'evolucio, especialment en mamifers (Raichlen i Gordon, 2011).
Concretament, els autors d‘aquesta troballa van correlacionar la massa
cerebral (en grams) amb la capacitat aerobica (VO,max €n ml/min) de 29
especies de mamifers no humans. Trobaren una correlacié positiva
entre aquestes dues variables, sent els mamifers que tenen els cervells
més grans, els més actius. Els autors proposen una explicacié a la qual
hi tornarem més endavant: l'exercici incrementa lI'angiogenesi, la
formacio de vasos sanguinis, proporcionant un millor aprofitament dels
factors neurotrofics (com el BDNF) als circuits neurals. Per tant,
I'associacié entre exercici i massa cerebral podria ser deguda a un
increment de neurotrofines i factors de creixement en el torrent
sanguini cerebral. No obstant, aquesta teoria de moment és
complementaria i s'ha de relacionar amb altres teories més provades
per explicar I'evolucié cognitiva de I'Homo Sapiens, com ara pertanyer a
grans grups socials o referents a l'alimentacié basada en menjar fruita i
carn en lloc de fulles Unicament (Allman, 2003). Per exemple, sembla
que el bipedisme va permetre als nostres avantpassats recérrer grans
distancies i instal-lar-se en nous habitats (Bramble i Lieberman, 2004),
tenir les mans lliures per usar eines i, més endevant, millorar la dieta

(Boyd i Silk, 2004), cagant animals més grans o cuinant la carn amb el
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domini del foc (Gibbons, 2007). No en va, a partir de I'Homo Ergaster i
Erectus les grans migracions intercontinentals dels nostres antecessors
van ser una constant, sortint de I'Africa per buscar nous ninxols
ecologics (Finlayson, 2005). Aquestes migracions van afavorir I'aparicio
de diverses especies d’hominids des del primer europeu, I'Homo
Antecessor (Carbonell, Bermludez de Castro, Parés, Pérez-Gonzalez,
Cuenca-Bescds, Ollé, et al., 2008), passant pel darrer Neandertal
(Arsuaga, 1999) i el rar Homo Florensis (Brown, Sutikna, Morwood,
Soejono, Jatmiko, Saptomo, et al., 2004), fins a I'hegemonia de I'Homo
Sapiens. Per tant, els canvis en l'activitat fisica i en la dieta es poden
relacionar amb els canvis evolutius que hem experimentat com a
espécie, incloent: augment del volum cerebral, bipedisme, Us d'eines,
menjar carn (Pickering i Bunn, 2007), establiment de societats
cacadores i recolectores, etc., des del primerenc Australopithecus al

modern Sapiens (Malina i Little, 2008).

Un altre gran problema de l'estil de vida actual és la manca d’una dieta
sana. Alguns consideren que l'obesitat i la diabetis sén la nova epidémia
del segle XXI (James, 2008). El ritme frenétic i 'estil de vida actual han
afavorit el consum de menjar rapid, aliments poc nutritius, saborosos i
hipercalorics elaborats amb un alt contingut de sucres i greixos, en
detriment de dietes més sanes riques en llegums, fruita i verdures.
Aguest nou model alimentari es coneix com a “Dieta de Cafeteria” (CAF)
i als rosegadors també els agrada.

éQuan i perqué va apareixer el sedentarisme i el menjar rapid a les
societats modernes? Probablement, la causa I'hem de buscar en el
desenvolupament socioeconomic que ha eliminat el treball fisic (Archer i
Blair, 2011). Aquests autors descriviren I'evolucié del treball i la relacié
amb el sedentarisme i les malalties cardiovasculars en detall. El primer
gran canvi economic va ocorrer junt amb |'aparicié del conreu entre el
10.000 i el 5.000 ac, quan el desenvolupament de I'agricultura facilita la
transicido des de la caga i la recol-lecci6 a un sistema de vida menys

costos: el que es coneix com a "revolucié del neolitic" (Weisdorf, 2005).
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El segon canvi va ocorrer als inicis del segle XX amb "la revolucié
industrial" associada a la mecanitzacié de la industria i I'agricultura. Va
ser aleshores que la ciéncia i les institucions publiques comengaren a
preguntar-se sobre l'increment de les malalties cardiovasculars. I el
tercer canvi es va donar fa només dues generacions amb l'inici de I'era
digital. Tots els avancos tecnologics han creat una incongruéncia entre
les demandes ambientals i la nostra genetica, adaptada durant milers
d'anys a un ambient que fins fa menys de 150 anys requeria una

elevada dosi d'activitat fisica (O'Keefe, Vogel, Lavie, Cordain, 2011).
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Introduccio

Models d’exercici fisic

A qualsevol avinguda arbrada de qualsevol ciutat del mon és facil
creuar-te amb un reguitzell de persones fent alguna mena d’activitat
fisica. N'hi ha que corren, altres pedalegen, alguns a un ritme suau,
altres elevat; fins i tot n’hi ha que aprofiten els bancs per fer
estiraments o flexions. D’estils i maneres de practicar esport n’hi ha
gairebé tants com persones ocupant les voreres i els parcs un cop
acabada la jornada laboral. Aquest és un petit exemple, perd podriem
parlar dels gimnasos o dels poliesportius i el resultat seria semblant.
Pero, équina és la millor manera de practicar esport per obtenir el
maxim nombre de beneficis? (I en quins diferents tipus de parametres
psicologics, conductuals, fisiologics, bioquimics i/o metabolics podem

observar els beneficis de pautes concretes d’entrenament?

L’American Collague of Sports Medicine (ACSM), reconeguda autoritat
mundial en I'ambit de l'activitat fisica i la salut, va establir per primer
cop al 1995 que s’hauria de fer un exercici aerobic moderat gairebé
diari d'almenys 30 minuts. Fins aleshores, les recomanacions anaven
encaminades a protocols d’exercici de caire agut i intens: 3 dies per
setmana, entre 20 i 60 minuts per dia, a una intensitat del 60-90% de
la nostra capacitat cardiovascular maxima (Pate, Pratt, Blair, Haskell,
Macera, Bouchard, et al., 1995). Recentment, I'ACSM ha revisat les
recomanacions establertes al 1995 tot proposant pautes especifiques i
diferents per a persones adultes i per a la gent gran. Respecte als
adults (18 a 65 anys), I'ACSM recomana un exercici moderat de minim
30 minuts, almenys 5 dies per setmana o un exercici vigorés de minim
20 minuts 3 dies per setmana. En tots dos casos es fa referéncia a
I’'exercici aerobic i es poden combinar sessions d’intesitat moderada
amb sessions d’intensitat vigorosa. Finalment, també es recomanen
exercicis anaerobics, encara que no son tan rellevants per la salut com

els aerobics (Haskell, Lee, Pate, Powell, Blair, Franklin, et al., 2007). Pel
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que fa a les persones grans, les recomanacions son similars a les dels
adults, perd es centren en intensitats moderades i en la combinacio
d’exercicis aerobics amb exercicis anaerobics i de flexibilitat (Nelson,
Rajeski, Blair, Duncan, Judge, King, et al., 2007). Més recentment,
altres autors fan indicacions basades més en la promocié d'un estil de
vida actiu i no tant en la intensitat de I'exercici (Chodzko-Zajko, Proctor,
Singh, Minson, Nigg, Salem, et al., 2009). Aquestes recomanacions es
basen en estudis on es veu que les persones més longeves i amb millor
qualitat de vida sén aquelles que mantenen al llarg de tota la seva vida
un estil de vida actiu (Gremeaux, Gayda, Lepers, Sosner, Jeneau,
Nigam, 2012).

En aquesta tesi modelem un procediment d’exercici moderat en
rosegadors de laboratori, basat en la practica d’exercici aerobic, 5 dies
per setmana, minim 30 minuts per sessid. Aixi, modelem |'exercici
aerobic d’intensitat moderada en relacio a les pautes recomenades a les

persones.

En rosegadors de laboratori es fan servir preferentment dos
procediments d’exercici: I'un es basa en un model d’exercici voluntari
amb rodes d’activitat (ho anomenarem Wheel Running, WR) i I'altre es
basa en un model d’exercici forcat a la cinta ergométrica (Treadmill)
(Voss, Vivar, Kramer, van Praag, 2013). Les principals caracteristiques
dels dos procediments es resumeixen a la Taula 1.

Sobre el tipus, un estudi comparatiu mostra que un exercici forgat
d'alta intensitat a la cinta ergométrica (30m/min, 30min per dia amb
motivacié eléctrica) durant 3 setmanes va sobre-activar el
funcionament basal de l'eix HPA, perd va reduir el risc d'infart de
miocardi comparat amb les rates d'exercici voluntari a la roda d’activitat
(Hayes, Sprague, Guo, Davis, Friedman, Kumar, et al., 2008). En un
altre estudi fet amb ratolins, ambdds protocols milloraren la memoria
en una tasca d’orientacid espacial (el Morris Water Maze, MWM) i la

neurogenesis a I'hipocamp, perd només |'exercici a la cinta ergométrica
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millora la memoria en una tasca d'evitacié passiva i la neurogénesis a
I'amigdala (Liu, Chen, Wu, Kuo, Yu, Lu, et al., 2009).

Taula 1: Principals caracteristiques dels dos models d’exercici en
rosegadors, voluntari (wheel running) i forgat (treadmill) (basada en:
Dishman, et al., 2006; Greenwood, et al., 2013; Leasure i Jones, 2008;

Voss, et al., 2013)

Parametre

Wheel Running

Treadmill

Tipus

Voluntari.

Forcat.

Controlabilitat

Cada animal fa la
quantitat i intensitat

d’exercici que vol.

Tots els animals del mateix grup
experimental fan la mateixa
quantitat d’exercici a la
intensitat que els investigadors

determinen.

Caracteristiques
d’estabulacié

Normalment en gabies
individuals per poder

quantificar I’'exercici.

Aillats o en grup.

Nivell d’estres

Principalment fisiologic,
degut a l'exercici per

ser.

Fisiologic i psicologic en
protocols aguts, d’elevada
intensitat i/o amb electroshock.
En alguns estudis es “motiva”
als animals a mantenir-se
damunt la cinta mitjangant
I'administracié de descarregues
eléctriques quan el subjecte surt

de la cinta i s'atura.

Relacié amb les conductes

Llibertat per cérrer o

no, i a la intensitat

L'exercici esta regulat i es duu a
terme en llocs especials, com
els gimnasos. Amb aquests

procediments controlats per

humanes desitjada en cada )
I'experimentador, I'entrenament
moment. . o, i
a la cinta ergomeétrica és més
regular al llarg dels dies.
Usat principalment en... Ratolins. Rates.

Usat principalment per

estudiar...

Mecanismes relacionats
amb aprenentatge,
memoria, plasticitat i

neurogenesi.

Efectes en muscul, sistema
motor, sobrecarregues
d’entrenament, sistema

cardiovascular, aprenentatge,

memoria, emocions i estrés.
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Com que la cinta ergomeétrica i la roda d’activitat son aparells diferents i
com que s’ha qliestionat que aquesta caracteristica d’exercici voluntari i
forgat pot estar implicada en els diferents beneficis que s‘observen en
un i altre model, alguns autors han ideat procediments per poder
comparar |'exercici voluntari i forcat en el mateix aparell. Per exemple,
I'exercici voluntari en rodes d’activitat va millorar I'aprenentatge en una
tasca d’evitacié condicionada al gust, perd no s‘observa el mateix efecte
positiu en animals entrenats de manera forcada a les rodes d’activitat
(Forristall, Hookey, Grant, 2007). Una hora d’exercici voluntari, perd no
I'exercici forcat, va reduir els nivells de CRF (factor alliberador de
corticotropina, veure el segient punt) al nucli paraventricular de
I’'hipotalem (PVN) (Yanagita, Amemiya, Suzuki, Kita, 2007). Leasure i
Jones (2008) van comparar l'exercici voluntari i el forcat en rodes
d’activitat en un excel-lent article. L'originalitat de la investigacio
consistia en limitar la distancia recorreguda per evitar les grans
diferéncies que normalment s’obtenen entre tots dos models, de
manera que els animals dels diferents grups van seguir protocols
d’exercici molt similars en quant a intensitat, distancia recorreguda i
condicions d’estabulacio (totes les rates estaven estabulades en grups
de 3). L'exercici forgat va disminuir I'exploracié a I'Open Field (OF); la
neurogenesis al gir dentat va ser més alta en tots dos grups d'exercici
en comparacié amb el grup sedentari i, fins i tot, més alta en el grup
forcat comparat amb el voluntari; mentre que no es varen trobar
diferencies en el MWM entre els 3 grups. Més recentment, Greenwood
et al. (2013) han fet servir el mateix disseny tot i afegint un grup
corredor a la cinta ergomeétrica. Els autors entrenaren als animals
durant 6 setmanes en cadascuna de les modalitats. Obtingueren que la
cinta ergometrica augmenta la laténcia de resposta d’escapada i el
temps de petrificacid (freezing) en un paradigma d’evitacid activa en
dos sentits (Shuttle Box, SB), en comparaci6 amb la roda d’activitat

forcada o voluntaria.

Els principals avantatges de I’'exercici voluntari (Taula 1) sén que no cal

motivar als animals a correr fent servir estimulacié aversiva, i que
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I'animal pot escollir la intensitat a la que es troba més comode i la
durada dels episodis d’activitat (Novak, Burghardt, Levine, 2012). No
obstant, els principals inconvenients sén que no es pot controlar a priori
la quantitat d’exercici que fa cada animal, la qual cosa origina una
mostra molt heterogénia d’animals corredors i es fa molt dificil esbrinar
quines “dosis” d’exercici poden associar-se a beneficis concrets. Per
exemple, degut a l'alta variabilitat del grup d’exercici voluntari amb
roda d’activitat, Garcia-Capdevila i col-laboradors (2009) van aplicar
una analisi post hoc classificant a les rates corredores en: poc, forga i
molt corredores. Quelcom similar ha ocorregut en altres investigacions
(Burghardt, Pasumarthi, Wilson, Fadel, 2006; Diaz, Siontas, Mendoza,
Arvanitogiannis, 2013; Narath, Skalicky, Viidik, 2001), deguda a l'alta
heterogeneitat en |'exercici que fan els animals. De fet, s’ha suggerit
que els estudis sobre exercici fisic haurien de ser molt més rigorosos
amb la quantitat d’exercici administrat, aplicant una metodologia similar
als assaigs farmacologics (Hoydal, Wisloff, Kemi, Ellingsen, 2007), i

aixd només és possible amb la cinta ergomeétrica.

El segon problema que hi ha amb el model d’exercici voluntari és que
exigeix aillar als animals si es vol: i) quantificar I'exercici que fan, ii)
assegurar que tots els animals de la gabia fan exercici, o iii) evitar
baralles per la roda d’activitat i que només I'animal dominant corri. Una
possible solucid seria col-locar tantes rodes com animals, perdo aixo
tampoc permet controlar amb exactitud el nombre de voltes que fa en
concret cada animal. Una alternativa és mantenir als animals en grup i
col-locar-los individualment a les gabies amb la roda només durant un
periode de temps determinat (Sanchez-Roige, et al., en revisid). Se sap
que l'aillament en animals socials com els rosegadors pot incrementar
I'estrés i I'ansietat (Hermes, Li, Duman, Duman, 2011; Valzelli, 1973;
Weiss, Pryce, Jongen-Rélo, Nanz-Bahr, Feldon, 2004), l'aparicié de
conductes relacionades amb la depressio i I'esquizofrénia (Fone i
Porkess, 2008), pot disminuir la capacitat cognitiva (Bianchi, Fone,
Azmi, Heidbreder, Hagan, Marsden, 2006), empitjorar la salut

cardiovascular (Grippo, Lamb, Carter, Porges, 2007) o alterar els
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efectes de l'exercici per se (Leasure i Decker, 2009; Stranahan, Khalil,
Gould, 2006).

En referéncia a l'exercici forcat, s’ha trobat que pot induir respostes
d’estrés conductual (Greenwood, et al., 2013) i neuroendocrines quan
s’utilitzen procediments de motivacid aversius (Brown, Johnson,
Armstrong, Lynch, Caruso, Ehlers, et al., 2007). Es rellevant tenir en
compte la manipulacié (o handling) associada al procediment de la cinta
ergometrica alhora d’estudiar els efectes de |'exercici. Per citar un parell
d'exemples, l'estudi de Salim i col-laboradors (2010) va descobrir que
I'exercici a la cinta ergométrica era capa¢ de contrarestar els efectes
negatius de I'estrés oxidatiu a I'Elevated Plus Maze (EPM) i a la Light
Dark Box (LDB), perd el grup control, no era exposat a la cinta ni rebia
la mateixa manipulacid. Albeck i col-laboradors (2006) descobriren que
un entrenament suau a la cinta ergomeétrica millorava la cognicié
(mesurada amb el MWM, laténcia i distancia) en rates mascles velles,
pero igual que en el cas anterior, usaren un grup control poc adequat.
Analitzant aquells estudis que fan servir un disseny similar al nostre,
controlant tan la manipulacié com el sedentarisme, trobem resultats
significatius deguts a la manipulacidé i no pas a l'exercici. Per exemple,
O'Callaghan, Griffin i Kelly (2009) aplicaren un entrenament
moderadament intens (16,8m/min durant 30min amb electroshock
motivant) durant 8 mesos a la cinta ergomeétrica comparat amb un grup
control manipulat (electroshock inclés) igual que I'entrenat. Van
descobrir que tan I'exercici com la manipulacié del grup control
milloraren la memoria espacial i incrementaren el BDNF al gir dentat en
comparacié al control no-manipulat; en canvi, Burghardt et al. (2004)
no van trobar cap diferéncia en conducta ansiosa entre el grup que

havia fet exercici i el grup manipulat.

Finalment, pel que fa als efectes de |'exercici a llarg termini, s’ha trobat
que 3 a 4 mesos a la cinta ergometrica milloren I'orientacié espacial al
MWM en comparacié al control manipulat (Asl, Sheikhzade, Torchi,
Roshangar, Khamnei, 2008; O’Callaghan, et al., 2009). Pero si el
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periode d’exercici és més llarg (6-9 mesos) els efectes no son tant
robustos.

En conclusidé, el model més adequat i que s’adapta millor als nostres
objectius, per tal de poder garantir la mateixa dosi d’exercici en tots els
animals, és la cinta ergomeétrica, utilitzant una intensitat suau-

moderada sense electroshock motivador.

Exercici, estrés i ansietat

Al 1936, Hans Selye va definir I'estrés com a qualsevol estimul capag
d’alterar I'hnomeostasi (un exemple d’estimul pot ser I'exposicié al fred)
(Selye, 1936). Actualment, l'estrés es defineix com: "la resposta de
I'organisme, evolucionada en el curs de la filogénia, enfront agents que
fisicament o simbolica posen en perill la seva integritat” (Vigas, 1980, a
Armario, 2006). Durant l'estrés, els eixos simpatic-adrenomedular
(SMA) i hipotalamic-pituitari-adrenal (HPA) (Figura 1) sén els principals
sistemes implicats en mantenir o restablir I'hnomeostasi (Ulrich-Lai i
Herman, 2009). L'eix HPA incrementa els nivells plasmatics d'ACTH i
glucocorticoides, mentre I'eix SMA incrementa els nivells de
catecolamines i determina les interaccions amb altres sistemes
vegetatius com el cardiovascular (Armario, 2006). Els nervis simpatics
innerven a les glandules suprerenals directament i, en resposta a
I'estrés, I'activacio simpatica augmenta la secrecié de les catecolamines
suprarenals, principalment la noradrenalina i I'adrenalina (Kvetnansky,
Sabban i Palkovits, 2009). L'eix HPA juga un paper vital en I'adaptacio
de l'organisme en els desequilibris homeostatics i la seva activacio
culmina amb la secrecié dels glucocorticoides (Herman, Figuereido,
Mueller, Ulrich-Lai, Ostrander, Choi, et al., 2003). L'activacié de I'eix
comencga al nucli paraventricular (PVN) de I'hipotalem (Carrasco i van
den Kar, 2003), on, principalment, se segreguen dues hormones a
través de l'eminéncia mediana. Aquestes hormones soén el factor
alliberador de corticotropina (CRF or CRH), encarregat d’estimular tan
la sintesi com la lliberacié de I'hormona adrenocorticotropica (ACTH); i

la arginina-vasopressina (AVP) que en tandem amb el CRF estimulen
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I’ACTH. El segiient nucli important és la pituitaria anterior. Alli, el CRF
actua en les cél-lules corticotropes per segregar I’ACTH. El nivell maxim
de segregacié d’ACTH acostuma a océrrer al cap de 15-20min des de
I'inici d'aparicid de I'estressor (Garcia, Marti, Vallés, Dal-Zotto, Armario,
2000). Els nivells circulants d’aquesta hormona al torrent sanguini
actuen a l'escorca de les glandules suprarenals, estimulant la sintesi i la
segregacio de glucocorticoides, principalment corticosterona (cort.) en
rates i cortisol en humans (Armario, Daviu, Mufioz-Abellan, Rabasa,
Fuentes, Belda, et al., 2012). Els glucocorticoides sén els efectors finals
de l'eix HPA i duren entre 30 i 60 minuts. En condicions normals, els
nivells de glucocorticoides basals segueixen un marcat ritme circadiari,
amb nivells més elevats durant el periode d’activitat. En les rates, els
nivells de corticosterona al mati sén més baixos que al vespre i a la nit,
atés que son animals nocturns (Armario, 2006). Per aquesta rad, en
estudis com el que plantajarem posteriorment, és adequat realitzar

dues mesures basals, una al mati i I'altra al vespre.

En general, hi ha evidéncia que I'entrenament a la cinta ergomeétrica
augmenta l'activitat de I'eix HPA (Brown, et al., 2007; Kawashima,
Saito, Yoshizato, Fujikawa, Sato, McEwen, et al.,, 2004; Soya,
Nakamura, Deocaris, Kimpara, Iimura, Fujikawa, et al., 2007); i, també,
hi ha antecedents sobre una disminucié en els nivells basals i després
d'una situacié aversiva en rates entrenades (Tharp i Buuck, 1974;
Watanabe, Morimoto, Sakata, Tan, Morimoto, Murakami, 1992). Les
discrepancies trobades es poden explicar, com ja hem anat apuntant,
degut al diferent tipus de protocol utilitzat. Com en el cas de la
conducta, en qué protocols aguts redueixen |'exploracid en entorns
nous (mesurada per inferir ansietat en rosegadors) (Mello, Benetti,
Cammarota, Izquierdo, 2008); a nivell neuroendocri ocorre quelcom
semblant. Protocols intensos sobre-activen I'eix HPA en comparacié a
intensitats més moderades (Chennaoui, Merino, Lesage, Drogou,
Guezennec, 2002). Els treballs citats anteriorment que demostraren un
increment de l'activitat de I'eix HPA, aplicaren un protocol d'entre 25 a

30m/min; mentre que els treballs on es redueix |'activitat de |'eix HPA
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aplicaren un protocol d'entre 15m/min a 26m/min (encara que els
seguim considerant forca alts). Aquests resultats es poden entendre
pels canvis fisioldogics que implica l'exercici fisic, que a la llarga
modifiquen l'organisme (“adaptacié fisiologica”), generant els beneficis
que estem comentat en aquesta tesi. No obstant, a curt termini i/o a
elevades intensitats I'organisme pot no adaptar-se, superant els seus
limits pre-establerts i provocant estrés fisiologic (Guillet i Genéty, 1978;
Rojo, 1997). Les adaptacions “centrals” sén aquelles que incrementen
la capacitat aerobica (V0,max) i Un major volum de sang que el cor pot
bombejar; mentre que les adaptacions “periferiques” fan referencia a
una major capacitat muscular, derivada d’una major capil-laritzacio,
d’'un augment de les mitocondries muscular, del metabolisme adipds,
etc. (Woolf-May, 2008).

Sobre els antecedents de com I'exercici modifica la conducta ansiosa en
rates; s'ha demostrat que almenys 4 setmanes d'exercici voluntari a la
roda d'activitat disminueixen l'ansietat, mesurada en tests d’interaccid
social i en I'Elevated Plus Maze (EPM) (Lapmanee, Charoenphandhu,
Charoenphandhu, 2013; Greenwood, Loughridge, Sadaoui, Christianson,
Fleshner, 2012). Fulk i col-laboradors (2004) després d'entrenar rates
mascles durant 10 setmanes a la cinta ergometrica (20m/min per
20min) trobaren que les rates corredores, comparades amb les rates
control manipulades, mostraren menys ansietat a I'EPM i a I'OF. Per la
seva banda, Nguyen i col-laboradors (2013) entrenaren als animals
durant 5 setmanes a 10m/min (30min/dia i amb una inclinacié de la
cinta del 5%), sense trobar efectes a I'EPM en comparacié amb el grup

control manipulat.

Per tant, tenint en compte els resultats observats en cinta ergométrica
en rates, i d'acord amb les recomanacions fetes pels humans, sembla
que un tipus d’exercici adequat hauria de tenir una intensitat moderada,
com ara 12m/min, sense utilitzar electroshock “motivador” i sense

inclinaci6 de la cinta ergomeétrica (0% de pendent).
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Efectes de I'exercici sobre la cognicid
Al 1900 hi havia un 9,2% de poblacié major de 60 anys, al 2013 hem
passat al 11,7% i al 2050 es preveu que sera del 21,1%, mentre que

en els paisos més desenvolupats sera del 32% (United Nations, 2013).
Si a més, afegim una incidencia d'Alzheimer del 0,3-4,4% en els
menors de 70 anys i fins a un 25,8% entre la poblacié de 80-85 anys
(Bermejo-Pareja, Benito-Ledén, Vega, Medrano, Roman, 2008), és facil
entendre que la gran part dels recursos en recerca es destinin a
investigar tipus d'intervencions encaminades a estudiar i intentar
prevenir les problematiques de salut i socials relacionades amb la
qualitat de vida de la gent gran (per a una revisio, Archer, 2011). En
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dos estudis epidemiologics que ja es poden considerar classics, es va
trobar que un estil de vida actiu basat en caminar diariament
disminueix el risc de demeéncia (en un 20%) en poblacié anciana tan en
dones (Weuve, Kang, Manson, Breteler, Ware, Grodstein, 2004) com en
homes (Abbott, White, Ross, Masaki, Curb, Petrovich, 2004). Altres
estudis més recents han arribat a conclusions similars (Elwood, Galante,
Pickering, Palmer, Bayer, Ben-Shlomo, et al., 2013). Encara que també
hi ha evidéncia en contra (Etnier, et al., 2006). Hi ha estudis
experimentals que demostren els beneficis cognitius de I'exercici
aerobic moderat tan en nens (Hillman, Pontifex, Raine, Castelli, Hall,
Kramer, 2009; per a una revisid: Rasmussen i Laumann, 2013), com en
adults (Hopkins, Davis, Vantighem, Whalen, Bucci, 2012; per a una
revisio: Lambourne i Tomporowski, 2010) i en persones grans
(Voelcker-Rehage, Godde, Staudinger, 2012; per a una revisio:
Colcombe i Kramer, 2003).

Fins ara hem parlat de poblacioé sana, perd en relacié a la prevencié de
malalties neurodegeneratives associades a lI'envelliment com ara
I'Alzheimer (Kaliman, Parrizas, Lalanza, Camins, Escorihuela, Pallas,
2011) (Figura 16), estudis en humans han trobat que les persones
grans que porten un estil de vida actiu, amb activitat fisica regular,
tenen menys probabilitats de patir demeéncia cognitiva (Ahlskog, Geda,
Graff-Radford, Petersen, 2011; Rao, Chou, Bursley, Smulofsky,
Jezequel, 2014). La recerca amb models animals utilitza generalment
models transgénics, sent els ratolins 3xTg-AD un dels models més
complets que expressen les plaques de B-Amyloides i la proteina Tau
(Oddo, Caccamo, Kitazawa, Tseng, LaFerla, 2003; per a una revisio:
McGowan, Eriksen, Hutton, 2006). S'ha demostrat que I'exercici fisic
pot millorar la capacitat cognitiva dels animals i reduir les plaques de B-
Amyloide i la Tau en aquest model de ratoli de malaltia d'Alzheimer
(Intlekofer i Cotman, 2013).
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La Variabilitat de la Freqgliéncia Cardiaca (HRV) com a un

indicador d’estrés

Avui en dia, I'analasi de la variabilitat de la freqUéncia cardiaca (HRV,
Heart Rate Variability; per a més informacié sobre els parametres
d'HRV, veure l'apartat de Metodologia i la Taula 3) s’ha convertit en un
dels procediments més utilitzats per avaluar el balang autonomic, tan
en humans (Lavie, Thomas, Squires, Allison, Milani, 2009) com en
animals (Aubert, Vandeput, Beckers, Liu, Verheyden, Van Huffel, 2009).
En la seva primera aplicaci6 al 1965, Hon i Lee demostraren la
importancia clinica de les variacions del cicle QRS en la monotoritzacié
fetal (Vanderlei, Pastre, Hoshi, Carvalho, Godoy, 2009). Ha resultat una
tecnica molt Util perque no és una invasiva i és facil de fer servir (Rodas,
Pedret, Ramos, Capdevila, 2008), en comparacio a l'analisi del VO,max 0O
del lactat en plasma, que tenen un cost economic alt i sén técniques

invasives per al subjecte (Parrado, 2010).

Esta ben establert que els cors sans son aquells que bateguen de
manera irregular, amb més variabilitat entre batecs consecutius (per a
una revisio: Thayer, et al., 2010). I és que I'HRV es defineix com a la
variacié batec a batec; especificament, I’'HRV és la variacié en el temps
entre dos pics R (interval RR), al llarg d'un periode concret de temps
(Task Force of The European Society of Cardiology and The North
American Society of Pacing and Electrophysiology, 1996; Sztajzel,
2004).

Abans de continuar, farem un repas breu i esquematic del funcionament
cardiac. El cor és el muscul encarregat de proveir el corrent sanguini a
tot el cos; esta dividit en 2 auricules (o atrium) que recullen la sang i 2
ventricles que la bombegen (Guyton, 1977). L'auricula dreta (right
atrium) agafa la sang sense oxigen de la vena cava i la passa al
ventricle a través de la valvula tricispide. Aquest la bombeja per
I'arteria pulmonar cap als pulmons, on s’oxigena. Aquesta sang
oxigenada torna al cor i entra a la auricula esquerra per la vena

pulmonar, i passa al ventricle esquerra per la valvula mitral que,
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finalment, bombeja la sang oxigenada a tot al cos per l'arteria aorta

(Figura 2). En humans i en rep0s, aquest procés succeeix

aproximadament entre 60 i 80 vegades per minut i s'anomena cicle

cardiac (des d'un batec al segtient). Ocorren dos sub-processos durant
el cicle:

- sistole: és el moment en que el cor es contrau i bombeja sang

de l'auricula al ventricle (sistole auricular) i des del ventricle a

la arteria pulmonar o aorta (sistole ventricular).

- diastole: el moment en el qual el cor es relaxa després de la

contraccid i es prepara per recarregar-se de sang en circulacio.

Mitral Figura 2. Estructura i
funcionament del cor
huma. El cor dels
... rosegadors també
Valye S'ajusta a aquest
esquema. VetGo
Cardiology (2013)®

Inderior Vena Cava

Aquests processos estan regulats per una activacié eléctrica especifica
que es pot detectar a partir de I'electrocardiograma (ECG). A la Figura 3
es mostra un ECG tipic i a la Figura 4 I'esquema detallat de I'activitat

eléctrica durant el cicle cardiac i, en concret, el complex QRS.
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Figura 3. Exemple d’electrocardiograma (ECG) d’una rata femella de
I'experiment explicat en I'Annex 1.

QRS

Comprex
R

o

PR Seg ment T

P Segment

PR Interval Q Figura 4. Esquema

P — S detallat de I'activaci6

eléctrica durant un

QT Interval cicle cardiac.
Wikipedia, QRS
Complex (2013).
L'explicacié del cicle cardiac pas a pas seguint I'ECG és |

- Ona P: les auricules comencen a despolaritzar-se abans de

contraure’s i bombejar la sang cap al ventricle.

- Segment PR: Uneix I'ona P amb el complex QRS.
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- Complex QRS: els dos ventricles comencen a despolaritzar-se,
causant la seva contraccié i bombejant sang fora del cor. Al
mateix temps, les auricules comencen a re-polaritzar-se per
agafar la sang del cos un altre cop. Aquest complex és el que
correspon al senyal eléctric més potent de I'ECG i coincideix
amb el que anomenem “pols” o “batec”.

- Segment ST: Connecta el complex QRS amb la ona T. Durant
aquest segment els ventricles estan totalment despolaritzats.

- Ona T: representa la re-polaritzaci6 (o recuperacié) dels

ventricles.

L'HRV depén del sistema nervidos autonom (SNA) (Hautala, Kiviniemi,
Tulppo, 2009; Silva, Ushizima, Lessa, Cardoso, Drager, Atala, 2009) i,
més concretament, de les seves dues branques (Figura 5), el sistema
nervios simpatic (SNS) i el sistema nervids parasimpatic (SNP), les
quals normalment regulen la funcié cardiaca en tandem (Paton, Boscan,
Pickering, Nalivaiko, 2005). L'activacio del primer accelera el cor i la del
segon el desaccelera (Acharya, Joseph, Kannathal, Lim, Suri, 2006).
Encara que l'activacié del SNS representa la resposta predominant en
les estratégies d'afrontament i en la conducta de supervivéncia, una
activacié simpatica cronica i excessiva pot representar un factor de risc
per malalties cardiovasculars i no-cardiovasculars (Montano, Porta,
Cogliati, Costantino, Tobaldini, Casali, et al., 2009). Per aquesta rao, és
preferible una predominanca del SNP, atés que, la hiper-activacié
simpatica s'ha associat amb I'ansietat (Michels, Sioen, Clays, De
Buyzere, Ahrens, Huybrechts, et al., 2013; von Borell, Langbein,
Després, Hansen, Leterrier, Marchant-Forde, et al., 2007). Hi ha
evidéncies que el nucli central de I'amigdala pot disminuir I'HRV i
incrementar els batecs per minut (BPM) per influéncia del cortex
prefrontal i en resposta a una activacié (arousal) emocional. Estudis de
ressonancia magnética han descobert que l'activitat en el cortex
prefrontal medial esta associada amb I’'HRV, en concret I'activacié vagal
(Lane, McRae, Reiman, Chen, Ahern, Thayer, 2009). En funcié de
I’emocionalitat del context, I'amigdala pot modular la resposta cardiaca,
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incrementant-la davant estimuls temorosos o disminuint-la en
situacions relaxants (Figura 5) (Saha, 2005). Aix0 es coneix com a
"fight or flight response". Aquesta resposta automatica de supervivéncia
deriva en patologia quan es fa cronica i el cortex prefrontal s'hipoactiva

(per a una revisio: Thayer i Lane, 2009).

Prefrontal Cortex
mPFC Orisitalrontal

:

Cingulate Cortex
pACC idACC + pCC

Insula
Anterior Division

Amygdala
Caniral Nucleus

Hypothalamus (PYNILHA)
Periaqueductal Gray
Parabrachial - Pontine h1u-c=l-crl.iI
l Figura 5. Esquema que

mostra les vies neurals per

Baroafferent— ™ les que el cortex

Input NTS —= CVLM BVLM prefrontral a través de
I'amigdala influencien la

funcié cardiaca. L'amigdala

DVN/NA ML Column és I'encarregada de mediar
entre el SNA i el cortex
Y Y prefrontal. (Thayer i Lane,

Sympathetic
Activation

2009). El model que els
autors anomenen: “The
Neurosvisceral Integration
Model”.

FParasympathetic
Supressiom

Heart Rate

Ja ho deien els grecs (i els romans): mens sana in corpore sano. Sabem
que un estil de vida sedentari comporta uns riscos per a la salut fisica i
mental, i que les cardiopaties es poden, en part, prevenir i pal-liar amb
I'exercici regular. I aix0 és rellevant si es té en compte que les malalties
cardiovasculars sén la primera causa de mort i discapacitat a nivell

mundial, perd, sobretot, en els paisos desenvolupats. Thayer,
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Yamamoto i Brosschot (2010), en una excel-lent revisid, conclouen que
I'HRV és un bon index no invasiu per a diagnosticar cardiopaties i que
és correlaciona amb els principals factors de risc de malaltia
cardiovascular i d'infart de miocardi en general. A més, basant-se en el
model que proposa la "National Heart, Lung, and Blood Institute of US
National Institutes of Health"

(http://www.nhlbi.nih.gov/hbp/hbp/hdrf.htm) sobre els factors de risc

per cardiopaties; els autors resumeixen els avengos d'aquests amb
I'HRV.

Hi ha dades positives en quant a la reduccié de factors de risc com ara
hipertensid, diabetis, colesterol, habit de fumar, sedentarisme i obesitat
a base de fer exercici fisic i dieta. Per exemple, respecte a la hipertensid,
en un estudi fet amb una mostra de 6.931 subjectes es va veure que en
els hipertensos I'HRV (mesurada amb el parametre SDRR) era més
baixa en comparacié als normotensos (Schroeder, Liao, Chambless,
Prineas, Evans, Heiss, 2003). Respecte al colesterol i la diabetis s'ha
trobat que els nivells de colesterol correlacionen negativament amb
I’'HRV (SDRR) i que en diabétics la variabilitat cardiaca és menor que en
subjectes sans, i millora al reduir de pes (Thayer i Fischer, 2013;
Sjoberg, Brinkworth, Wycherley, Noakes, Saint, 2011; respectivament).
Sobre el tabac, s'ha trobat que fumadors actius i també passius
presenten una menor variabilitat i una major predominanga de
I'activaciéo simpatica (Dinas, Koutedakis, Flouris, 2013). Respecte a
I'obesitat, s'ha detectat una menor variabilitat (SDRR) i una menor
activacié del sistema nervids parasimpatic (SNP) en pacients obesos
(index de massa corporal entre 31 i 52) comparant amb subjectes
control (index de massa corporal entre 17 i 27) (Karason, Molgaard,
Wikstrand, Sjostrom, 1999). I respecte al sedentarisme, hi ha forga
estudis que han analitzat els beneficis de I'exercici aerobic sobre I'HRV
en humans (per a una revisié: Routledge, Campbell, McFetridge-Durdle,
Bacon, 2010). Per exemple, en un estudi epidemiologic fet amb 3.328
subjectes (29% de dones, entre 45-68 anys) es va veure que les

persones moderadament o vigorosament actives mostraven una major
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variabilitat i una predominanca del SNP (només en homes) en
comparacié a les persones sedentaries (Rennie, Hemingway, Kumari,
Brunner, Malik, Marmot, 2003). Sloan i col-laboradors (2009) van
entrenar durant 12 setmanes a persones adultes-joves (38% homes,
mitjana de 30 anys) a fer exercicis aerobics o anaerobics (disseny
intersubjecte) i només el grup d’exercici aerobic (1h/sessié, 3d/set.,
12set.) incrementa la variabilitat cardiaca. L'exercici aerdbic suau
també augmenta I'HRV en dones (James, Reynolds, Maldonado-Martin,
2010) i en persones grans (mitjana de 70 anys) (Albinet, Boucard,
Bouquet, Audiffren, 2010).

Finalment, s'ha descobert que els esportistes amb una elevada
intel-ligéncia emocional mostren una major HRV (mesurada amb el
parametre RMSSD) i una major activacié del SNP (mesurada amb el
parametre LF/HF) (Laborde, Brill, Weber, Anders, 2011). De la mateixa
manera, s’ha trobat que alguns parametres de I'HRV sén capacos de
distingir entre I'ansietat més baixa dels entrenaments i la més alta de la
competicié en nedadors (Cervantes, Rodas, Capdevila, 2009). A més,
alguns estudis que utilitzen proves de ressonancia magnética en
poblacié general han descobert una correlacié de I'activacio de les arees
frontals del cervell relacionades amb la funcié emocional, rostral medial
del prefrontal i escorca cingulada anterior, amb I'HRV (Thayer, Ahs,
Fredrikson, Sollers III, Wager, 2012). En una metanalisi recent sobre
estudis de HRV i depressié es va concloure que els pacients depressius
mostraven una menor variabilitat cardiaca en comparacié a subjectes
sans; i que el tractament amb antidepressius triciclics augmentava
aquesta variabilitat (Kemp, Quintana, Gray, Felmingham, Brown, Gatt,
2010).

Pel que fa als efectes de I'exercici aerobic sobre la variabilitat cardiaca
en rates, les dades obtingudes fins ara no sén consistents. S'ha vist que
I'entrenament a la cinta ergométrica a una intensitat moderada-alta
reduia els BPM (Li, et al., 2008; Sanches, Sartori, Jorge, Irigoyen, De
Angelis, 2009). A molt llarg termini, 36 set. d'exercici a una intensitat

elevada (20m/min) incrementa la variabilitat cardiaca (mesurada en
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milisegons, ms), en un model de rates mascles de regurgitacié de la
valvula aortica severa (Lachance, Plante, Bouchard-Thomassin,
Champetier, Roussel, Drolet, et al., 2009). Per contra, en rates sanes i
usant també un protocol d'intensitat moderada-alta (anava augmentant,
mantenint-se entre el 50-70% de la capacitat maxima dels animals) es
troba una reduccié de I'HRV (Moraes-Silva, De La Fuente, Mostarda,
Rosa, Flues, Damaceno-Rodrigues, et al., 2010). També s’ha trobat que
8 set. d’exercici voluntari redueixen l'activacié del SNS (LH) en un
model de rates hipertenses (DiCarlo, Collins, Rodenbaugh, Smitha,

Berger, Yeragani, 2002).

Semblen, per tant, que la majoria d'estudis en rossegadors s'han
concentrat en estudiar els efectes de I|'exercici més intens i que els
efectes de l'exercici moderat sobre la variabilitat de la frequéncia

cardiaca en animals de laboratori no estan encara descrits.

Som el que mengem

Una de les més grans pandémies que estem patint els humans és
I'obesitat (Odgen, Carroll, Curtin, McDowell, Tabak, Flegal, 2006),
éssent |'obesitat infantil la que més preocupa i la que augmenta més
rapidament (van Vliet, Heymans, von Rosenstiel, Brandjes, Beijnen,
Diamant, 2011). Hi ha nombroses malalties associades a I'obesitat,
destacant l'infart de miocardi, l'ictus, la diabetis tipus II, el cancer, la
hipertensid, I'asma, etc. (per a una revisié: Dixon, 2010). En relacié a
les dietes de cafeteria poc saludable que hem comentat en el proleg, és
important saber si hi ha efectes a nivell emocional que puguin associar-
se a l'increment del consum. Hi ha dades prévies que demostren que el
consum de dietes saboroses, augmenten en situacions d'estres,
d'ansietat o d'avorriment (Bennett, Greeme, Schwartz-Barcott, 2013).
En una recent revisio, Parylak i col-laboradors (2011) trobaren que els
humans, davant de situacions emocionals aversives, tendim a menjar
major quantitat d’aliments saborosos (rics en greixos, carbohidrats,
calories, etc.; “comfort food”); i sembla que aix0 podria estar relacionat

amb el sistema del reforcament cerebral i la dopamina.
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No hem de deixar de banda els canvis socials relacionats amb els habits
alimentaris que impliquen passar de consumir apats regulars (esmorzar,
dinar i sopar) i elaborats amb productes naturals, a un consum gairebé
de manera continuada de productes manufacturats de consum
immediat, rics en sucre, greixos, sals i carbohidarts (James, 2008;
Perry i Creamer, 2014). S'ha vist que la influéncia social és molt
important en la poblacié adolescent (Li, Barnett, Goodman, Wasserman,
Kemper, 2013) i que els patrons de consum es modifiquen. Nielsen et al.
(2002) van fer un estudi epidemioldgic sobre els habits de consum en
adolescents, i van trobar que els adolescents dels anys 90 consumien
més pizzes, snacks salats, hamburgueses, patates fregides, refrescs,
etc. que els adolescents dels anys 70, a més d’incrementar els apats
basats en el fast food en detriment de menjar a casa. Aquests canvi
d’habits es manté; encara que hi ha una petita tendéncia a disminuir el
consum d'aquests productes en els adolescents, perd segueix

incrementant en els nens (Slining, Mathias, Popkin, 2013).

L'estudi en models animals d'aquestes dietes poc saludables que
consumim els humans permet investigar a fons les alteracions
metaboliques i avaluar I'eficiéncia de tractaments i/o intervencions per

pal-liar els efectes nocius que provoquen aquestes dietes.

En rates hi ha diversos models que simulen patrons d'alimentacié poc
nutritius inductors de sobrepés i obesitat. Per exemple, alimentar als
animals amb llard (la Fleur, Akana, Manalo, Dallman, 2004) o donar als
animals pinsos amb un elevat contingut caloric (per exemple, Scarpace,
Matheny, Strehler, Shapiro, Cheng, Timer, et al., 2012). També es
poden emprar models geneétics d'obesitat (per a una revisié: Guerre-
Millo, 2013), com les Zucker Diabetic Fatty Rats (Aleixandre de Artifiano
i Castro, 2009; Unger, 1998), o els ratolins Lep/Lep o ob/ob (Zhang,
Proenca, Maffei, Barone, Leopold, Friedman, 1994). Una altra estratégia
és treballar amb un model de dieta de cafeteria (CAF) per a rosegadors,
composta per productes de consum huma rics en sucres, greixos,

calories, carbohidrats, etc., com ara: snacks de formatge, galetes,
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salsitxes de frankfurt, bacon, brioixeria industrial, salami, xocolata, llet
ensucrada, etc. (Caimari, Oliver, Rodenburg, Keijer, Palou, 2010;
Goularte, Ferreira, Sanvitto, 2012). S’ha demostrat que aquest tipus de
dieta produeix profundes alteracions metaboliques en rates (Sampey,
Vanhoose, Winfield, Freemerman, Muehlbauer, Fueger, et al., 2011) i
altera l'expressié de I'enzim que degrada la insulina (insulin-degrading
enzyme) a més a més d'altres aspectes relacionats amb patologia
metabolica (Castell-Auvi, Cedd, Pallarés, Blay, Ardévol, Pinet, 2012).

Igual que a les persones, aquestes dietes saboroses agraden molt als
animals, de manera que, el consum de pinso en els animals alimentats
amb dieta CAF representava el 15% del que consumien les rates
alimentades només amb dieta estandard (Sampey, et al., 2011). Per
altra banda, sembla que els patrons de consum que utilitzen les rates
també s'assemblen forca als dels humans. En un estudi, els
investigadors van distingir entre "meals" (dinars) i "snacks" (picar entre
hores); considerant que després de menjar un "meal" la rata es renta
(grooming) i dorm o descansa, mentre que després d'un "snack" no
segueix aquest patré. Trobaren que les rates amb dieta CAF
incrementaven significativament els "snacks" en detriment dels "meals",
i que hi havia una correlacié positiva entre I'augment del pes corporal i
el consum d'"snaks" en la dieta CAF (Martire, Holmes, Westbrook,
Morris, 2013). Hi ha indicis que les rates més consumidores de pinso ric
en greix, oli de blat de moro i llard mostraven menys ansietat que les
rates alimentades amb pinso normal (Alsid, Roman, Olszewski, Jonsson,
Fredriksson, Levine, et al., 2009). En un altre estudi, rates adolescents,
que havien patit separacié maternal durant la seva infancia, i que
posteriorment havien estat alimentades amb dieta CAF i/o van fer
exercici, mostraven menys conducta ansiosa que les rates control de
separacio breu (Maniam i Morris, 2010). En un altre estudi, la xocolata
contraresta els efectes de la immobilitzacié en rates femelles (Krolow,
Noschang, Arcego, Adreazza, Peres, Gongalves, et al., 2010). A més a
més, altres investigadors trobaren que una dieta rica en greixos (pinso)

reduia la conducta ansiosa i la conducta depressiva (Boukouvalas,
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Antoniou, Papalexi, Kitraki, 2009). A més a més, hi pot haver
diferéncies de génere en els efectes d'aquestes dietes. Per exemple,
una dieta rica en carbohidrats incrementa el pes i els nivells triglicerids
en les femelles adolescents que havien sofert estres, perd aquest efecte
es dilui en I'edat adulta; mentre que en els mascles, els efectes foren
més persistents (Krolow, Noschang, Arcego, Huffell, Marcolin, Benitz, et
al., 2013).

Si bé hi ha evidéncia que la dieta CAF indueix patologia metabolica en
rates, la caracteritzacido conductual d'aquest tipus de dieta encara no

esta ben definida.
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- by -

Objectius i Hipotesis

L'objectiu principal és avaluar en un model animal els efectes de
conductes relacionades amb I'estil de vida saludable, I'exercici fisic i la
dieta, abordant conjuntament aspectes cognitius, emocionals, socials,
neuroendocrins, cardiovasculars i metabolics, tot considerant

diferéncies de genere.

Els objectius especifics que ens hem plantejat han estat:

1. Establir i caracteritzar un protocol d’exercici moderat i regular
adaptat per a rates i que no generi respostes d’estres.

2. Comprovar si l'exercici moderat i regular a llarg termini té
beneficis, fisioldgics, cognitius, emocionals i/o cardiovasculars
en relacio a l'ansietat i 'estres.

3. Avaluar els efectes de la dieta de cafeteria sobre la conducta
ansiosa en rates mascles i femelles.

4. Estudiar els efectes diferenciats de I'exercici moderat i regular i

de la dieta CAF en mascles i femelles.
Les hipotesis incials son:

1. Un exercici moderat, regular i al llarg de tota la vida hauria de
disminuir l'ansietat i afavorir l'aprenentatge, de la mateixa
manera que hauria de millorar la salut cardiovascular.

2. Aquests efectes beneficiosos haurien de ser observables tan en
mascles com en femelles.

3. La dieta CAF hauria d’afectar negativament el metabolisme i la
composicié corporal dels animals i, també, l'emotivitat, la

tolerancia a l'estrés i I'activitat motora.
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Metodologia General

Malgrat ser una tesi per compendi de publicacions, on en cada article es
descriu la metodologia que s’ha seguit, hi ha elements metodologics
comuns en el model d’exercici fisic i la dieta que volem destacar en

aquest apartat.

Animals

Tots els experiment es van fer amb rates de la soca Sprague-Dawley
obtingudes dels serveis d’estabulari de la UAB i de la UB. Tots els
animals, excepte els utilitzats en Lalanza et al. 2014, van ser estabulats
per parelles, per tal d'evitar estrés per aillament. Es mantingueren en
unes condicions de cicle de llum/foscor de 12h (els llums s’encenien a
les 8:00), estandards de temperatura (21+1°C) i humitat (50+10%),
amb pinso i aigua ad libitum. Tots els protocols van ser aprovats pel
comité d’etica de la UAB o la UB (en funcié de I'experiment), seguint els
“Principles of laboratory animal care” i realitzats d’acord a “European
Communities Council Directive (86/609/EEC)".

Cinta Ergomeétrica o Treadmill

Els treadmills que hem fet servir consten de 3 carrils (45cm de llarg,
1lcm d’ample i 12cm d’‘algada; Columbus Instruments, USA) en
paral-lel separats per parets de les mateixes caracteristiques, amb una
Unica cinta d'una amplada de 38cm. Els carrils tenen una inclinacié de
0° i no utilitzem electroshock “motivant” al final del carril (Figura 6).
Les sessions d’entrenament es van fer a la sala d’estabulacié, entre 4 i
5 dies per setmana, durant la fase ditirna amb una durada de 30 minuts.
Els animals del grup entrenat (TM) eren habituats a la cinta ergométrica
durant la primera sessié de 30min sense velocitat; per minimitzar
I'estrés induit per la novetat i facilitant I'habituacié a l'aparell i a la
situacié d'entrenament. A la segona sessid, |’'exercici ja comengava
suaument i anava augmentat gradualment durant 3 setmanes
aproximadament fins a una velocitat de 12 metres/minut (m/min), que

es mantenia fins al final de I'experiment.
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Figura 6. Cinta ergométrica (o treadmill) emprada en aquesta tesi
(Columbus Instruments, USA)

Dieta de Cafeteria

La dieta de cafeteria (CAF) consistia en: llet ensucrada (220gr de sucre
per un litre de llet sencera), bacon o frankfurt, magdalena o ensaimada,
galeta maria amb formatget i paté, i pastanaga (aquest ultim ingredient
es va incloure per tal de garantir I'aportacié de vitamines necessaries
pel desenvolupament dels animals). La dieta CAF també va incloure
pinso de creixement (2018 Teklad Global 18% protein Rodent Diet,
Harlan, USA) i aigua ad libitum.

Disseny experimental

Utilitzarem 2 tipus de grups controls. El primer grup control
I'anomenem sedentari (SED) i el composen animals que sempre
romangueren a la seva gabia. El segon és el grup anomenat control
(CON) i el composen animals manipulats exactament igual que els que
fan exercici, pero la cinta estava parada durant tota I'estona que durava
la sessid. Es treien cada dia de la gabia i es col-locaven a la cinta
ergometrica durant la mateixa estona que les rates d’exercici.
D’aquesta manera podiem controlar els efectes de la manipulacio i
I'exposicié a l'aparell, i distingir-los dels de l|'exercici exclusivament.
Finalment, hi ha el grup de rates que feien exercici, a aquest grup
I'anomenem TM.
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Variables dependents

Variables Conductuals

Els comportaments que hem avaluat i els tests on els analitzarem
(Taula 2) van ser:
- Conducta ansiosa (o ansietat) i reaccié a la novetat: Hole Board
(HB), Elevated Plus Maze (EPM) i Open Field (OF).
- Activitat motora i reaccio a la novetat: HB, EPM, OF.
- Desesperanga conductual (o estat d’anim): Forced Swimming
Test (FST).
- Aprenentatge en situaci6 de conflicte (o Estrategies
d’afrontament): Shuttle Box o Two-way Avoidance Task (SB).
- Sociabilitat en rates adolescents: Social Test (ST).

Les caracteristiques de cada prova en particular foren:

Hole Board (Boissier, Simon, Lwoff, 1964) (Figura 7): Consistia en una
caixa de fusta quadrada (66cm d'amplada i llargada i 47cm d’algada) de
color beix amb 4 forats equidistants (3.7cm de diametre i 18cm de
profunditat) i dividit en 16 quadrats per linies vermelles. Les variables
mesurades van ser: temps i nimero de head-dippings, definits com
ficar el cap al forat fins el nivell dels ulls. Les variables d’activitat
motora foren el nimero de rearings (I'animal aixecat amb les potes del

darrera) i el nUmero de crossings (cada cop que creuava d’un quadrat

amb les 4 potes).

Figura 7: Hole Board
(HB).
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Elevated Plus Maze (Handley i Mithani, 1984; Pellow, Chopin, File, Briley,
1985) (Figura 8): L'EPM consistia en 4 bragos (50cm de llarg i 10cm

d’ample) de férmica negra en forma de “+”. Dos bragos oposats tenien

parets de 40cm d’alt (bragos tancats, closed arms) i els altres dos
oposats no tenien parets perd si un socul de 0.5cm per evitar
relliscades i caigudes a l'animal (bragos oberts, open arms). L'aparell
estava aixecat 50cm del terra. Col-locavem els animals al centre de
I'aparell de cara al mateix brag tancat. Les variables d’ansietat que vam
mesurar foren: les entrades i el temps als bragos oberts, el temps al
centre i l'avaluacié de conductes de risc (stretched attend postures,

SAP). Les variables d’activitat motora foren el temps i les entrades als

bragos tancats.

Figura 8: Pla frontal de
I’Elevated Plus Maze
(EPM).

Open Field (Hall, 1934; Goma i Tobefia, 1978) (Figura 9): Consistia en
una arena (100cm de llarg, 50cm d’ample i 45cm d’alt. En Lalanza et al.,
2014 en vam usar un de: 75x45x45cm) de Plexiglass blanc. L'animal
es col-locava al centre de |'arena i és mesurava la distancia recorreguda
(usant el sistema de video-traking, ViewPoint, Franga) i les defecacions
com a variables d’ansietat. En Lalanza et al. (2014), a més, es va
mesurar el temps en l'area central, mitjancant el sistema de video-

traking Smart (Panlab, Barcelona, Espanya).

56 | Metodologia General



Figura 9: Open Field
(OF) de 100 x 50 cm
amb dos compartiments
independents.

Forced Swimming Test (Porsolt, Le Pichon, Jalfre, 1977) (Figura 10A):
Els animals es submergien en un cilindre transparent de metacrilat
(60cm d’algada i 19cm de diametre) omplert d’aigua a 25°C (35-40cm
de fondaria, en funcié de la mida de la rata).El test es composava de
dues sessions separades per 24h, la primera durava 15min i la segona
5min. La immobilitat de la segona sessid de 5min s'interpreta com
desesperanga apresa i, per tant, com estat d'anim deprimit. Dues rates
es col-locaven en dos cilindres diferents, separats per una paret negra
(40cm d’alcada), i es mesuraven al mateix temps, gravant-se en un pla
frontal. Les variables que es van mesurar foren (Dal-Zotto, Marti,
Armario, 2000) (Figura 10B): temps d'immobilitat, la rata roman sense
moure’s, traient només el cap de l'aigua; temps de lluita (struggling), la
rata intenta activament escapar de la l'aigua, submergint-se, escalant
per les parets i movent activament les quatre potes; natacié suau,

correspon a la resta del temps.
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B) Conductes principals en el FST

60cm

35-40cm “ : . . -
St lin Natacio
X y p ruggling

Suau Immobilitat

Figura 10: A) Esquema d’un aparell de Forced Swimming Test (FST). B) Imatge de
la conducta de lluita a I'esquerra, de la conducta de natacid suau al mig i
d'immobilitat a la dreta, basat en Dal-Zotto, et al. (2000).

Shuttle Box o Evitaci6 Activa en dos Sentits (Fernandez-Teruel,

Escorihuela, Nufiez, Zapata, Boix, Salazar, et al., 1991)(Figura 11A):
Consisteix en dos compartiments negres iguals amb una graella al terra
(25cm de llarg, ample i alt) i comunicats per una porta. Estava
encabida dins una caixa també fosca, opaca i insonoritzada (Figura
11B). L'animal havia d'aprendre (Figura 11C) a associar un llum (7w) i
un so (2400hz a 40db) (estimuls condicionats) amb una descarrega
eléctrica (0.6mA i 10sec. que durava l'estimul incondicionat) que rebia
per les potes, i a canviar de compartiment per evitar la descarrega
durant els 10 segons de duracié de I'estimul condicionat (llum+to). Un
cop transcorregut el periode de descans de 40sec. (intertrial), apareix
un altre cop l'estimul condicionat i es tornava a repetir la seqliéncia
anterior. Quan l'animal canviava de costat o si no ho feia, quan
s'acabenven els 20sec. d'estimul incondicionat, comencava el periode
de descans. En la primera sessid, els animals tenien 5min d’habituacié a
la SB, a les fosques i sense cap mena d’‘estimul. En Lalanza et al.
(2012) els animals van fer una Unica sessié de 40 assaigs; mentre que
en Lalanza et al. (sotmés a Physiology and Behavior) els animals van
fer 5 sessions de 30 assaigs cadascuna. Les variables que es
mesuraven eren: el niumero d’evitacions (respostes correctes), quan la

rata és capag de canviar de compartiment durant els 10sec. de |'estimul
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condicionat; el criteri d’aprenentatge 8 (la rata fa 8 evitacions seguides
dins una mateixa sessid; Escorihuela, Tobefa, Driscoll, Fernandez-
Teruel, 1995); la laténcia d’evitacid i/o escapada, defecacions i nimero

de creuaments durant el periode d’habituacio.

B)

5{1
"

- ﬂ)) 0.6m

Figura 11: A) Aparell de Shuttle Box i B) caixa d’insonoritzacié per la Shuttle
Box (SB) (Panlab, Barcelona, Spain). C) Esquema d'adquisicié que ha de seguir la
rata per evitar el shock eléctric.

Social Test (ST) (File i Hyde, 1978; File i Seth, 2003) (Figura 12): El
test de joc social es feia a I'Open Field. Primer cal habituar els animals a
I'aparell durant 5min; el dia seglient es col-loquen dues rates del mateix
sexe, una d’elles experimental i l'altra naive, al mateix temps; durant
5min. Les rates naive s'anaven alternant per evitar I'habituacié dels
animals de manera que cadascuna es va fer servir un maxim de 3
vegades. Les variables que es mesuraven en les rates experimentals
foren (Trezza, Baarendse, Vanderschuren, 2010): i) poucing: saltar
sobre el clatell del company/a (que es considera una sol-licitud per

iniciar el joc social); ii) boxing/wrestling: totes dues rates es mantenen
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dretes sobre les potes posteriors i fan simulacres de lluita amb les potes
davanteres (segueix al poucing es considera una resposta positiva a la
sol-licitud de joc social; iii) following/chasing: una de les rates
persegueix a l'altra; iv) social grooming: olorar o llepar qualsevol part
del cos del company/a; v) pinning: la rata manté a l'altra en posici

supina.

{a) Pouncing

Figura 12: Dos exemples
de joc social en rates. (A):
poucing i (B) pinning.
(Trezza, et al., 2010).

Tots les proves conductuals es van fer en una sala diferent a la sala
d’estabulacié i entrenament. Normalment s'utilitzava una sala pintada
de negre (excepte en la part 3, que és blanca) i il-luminada per una o
dues bombetes de 40w. En els experiments que s'avaluaven dos
animals simultaniament, els dos animals eren sempre de la mateixa
gabia, no es podien veure entre ells durant la prova i es col-Locaven

individualment en aparells idéntics. Les proves conductuals sempre es
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van fer entre les 8:30h i les 14:30h (fase de Ilum) i els aparells eren
netejats amb una solucié d’etanol al 10% després de cada subjecte. A
la Taula 2 es resumeix la cronologia i la seqiiéncia, que sempre era de
menys a més estressant per I'animal, de cada una de les parts que

inclou aquesta tesi (Mcllwain, Merriweather, Yuva-Paylor, Paylor, 2001).

Taula 2: Cronologia dels tests conductuals en funcié de I’'experiment

Part de resultats
1 2A 2B 3
Hole-Board 1 1 1
Elevated Plus Maze 2 2 2
Open-Field 3 3
Test Forced Swimming Test 3

Shuttle Box 4* 1

Social Test 4

Els nombres corresponen a l‘ordre seguit. *va ser utilitzada per induir
estrés, no com a test de conducta.

Variables Neuroendocrines

L'estudi neuroendocri es va fer en col:-laboracié amb el grup de recerca
dirigit pel Dr. Antonio Armario (Institut de Neurociéncies, Unitat de
Fisiologia Animal, Universitat Autonoma de Barcelona) i amb la
participaci6 de Humberto Gagliano i la Dra. Silvia Fuentes. Les mostres
de sang s'obtingueren fent un petit tall al final de la cua de I'animal.
Aquest procediment sempre es va fer amb dos investigadors i amb la
rata tapada per una tovallola, per reduir la seva ansietat i igualar les
condicions de presa de mostra entre tots els subjectes. Les mostres de
sang es recullien al cap de 15 minuts des de l'inici del test conductual,
atés que és el temps minim que necessita la corticosterona plasmatica
per segregar-se amb l'activacié de I'ACTH (Armario, 2006). En dies
diferents als dels tests, també s'obtingueren mostres basals al mati (9-
10h) i al vespre (19-20h) per controlar les fluctuacions circadiaries de
I'eix HPA.
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Variables Bioguimiques

Els resultats bioquimics s'obtingueren en col-laboraci6 amb el grup
dirigit per la Dra. Merce Pallas (Unitat de Farmacologia i Farmacognosia,
Facultat de Farmacia, Institut de Biomedicina (IBUB), Universitat de
Barcelona), i amb la participacié del Dr. Sergi Bayod i la Dra. Anna M@
Canudas (Lalanza, et al., 2012). L'estudi metabolic dels animals
alimentats amb dieta CAF es va fer amb col:-laboracié6 amb el grup
dirigit pel Dr. Lluis Arola (Centre Tecnologic de Nutricié i Salut (CTNS),
TECNIO, CEICS, Reus), i amb la participacio del Dr. Josep Ma del Bas i
el Dr. Antoni Caimari (Lalanza, et al., 2014).

Variables Cardiovasculars

La variabilitat de la frequéncia cardiaca (HRV) s'ha obtingut amb el
sistema telemétric de Data Science International (DSI, St Paul, USA)
(Figura 13, 14). A la cavitat abdominal de I'animal es va implantar un
transmissor TA11CA-F40 (Figura 13); els seus dos eléctrodes es van
inserir subcutaniament al pectoral dret de l'animal i a la paret
abdominal esquera. Una versi6 igual del mateix model, per6 inoperant,
s'implanta en altres animals per controlar |'efecte de la cirurgia i de
I'impant. Tal i com es pot veure en la Figura 15, els transmissors no
impedien la correcta mobilitat de I'animal ni generaven cap alteracié
fisica. Totes les cirurgies es van fer en un entorn aseptic al Servei
d’Estabulari de la UAB. Els animals s’anestesiaren amb isuflora (3-4%) i
reberen un tractament analgésic (metoxicam, s.c. 1mg/kg/0.2 ml)
entre 20-30 minuts abans de l'intervencid, a I’endema i 48h després. En
cas que alguna rata, al cap de les 48h, encara mostrés signes de dolor,

rebia una dosis de metoxicam diaria fins que li revertia.
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Figura 14: Receptor RCP-1 (DSI,
USA). La gabia amb l'animal
implantat es posava al damunt
d’aquesta placa.

Figura 13: Transmissors
cardiac TA11CA-F40 (DSI,
USA).

Figura 15: Rata (de I’Annex 1)
després de ser sotmesa a
I'intervencidé quirtrgica per
implantar-li el transmissor de
registre de I'ECG i I’'HRV. Aix0
no li implica cap malestar fisic.

Els intervals RR es rebien a través d'un receptor RCP-1 (Figura 14)
connectat al PC. Es va desenvolupar ad hoc un detector del complex
QRS amb el MATLAB (MATLAB R2009b, Mathworks, USA), basant-nos
amb l'algoritme de Pan-Tompkins (Pan i Tompkins, 1985) adaptat a la
rata. El detector va ser desenvolupat pel grup del Dr. Juan Ramos i el
Dr. Miguel Angel Garcia-Gonzélez (Grup d’Instrumentacié Biomédica i
Electronica, Departament d’Enginyeria  Electronica, Universitat
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Politecnica de Catalunya, Barcelona), amb qui també vam fer I'analisi
d'HRV complert. Els calculs dels parametres d'HRV estan basats en els
estandards proposats per la Task Force of the European Society of
Cardiology and the North American Society of Pacing and
Electrophysiology (1996) (i en: Garcia-Gonzalez, Fernandez-Chimeno,
Ferrer, Escorihuela, Parrado, Capdevila, et al., 2011). Aquests
parametres soén (resumits a la Taula 3): i) la mitjana dels intervals R-R
(RR, ms) i els batecs per minut (BPM); ii) la desviacié estandard de RR
(SDRR, ms), que seria el parametre d'HRV més directe (a major
variabilitat major salut); iii) I'arrel quadrada del valor mig de la suma
de les diferéncies al quadrat de tots els RR successius (RMSSD, ms);
iv) I'espectre a baixes freqliencies, situades entre 0,06Hz i 0,85Hz (LF,
ms?), que es considera un indicador de I'activacié del SNS; v) I'espectre
a altes freqliéncies, situades entre 0,85Hz i 3Hz (HF, ms?), que es
considera un indicador de l'activacié del SNP; vi) la proporciéd entre
baixes i altes frequéncies (LF/HF, %), que es considera un indicador
del balang entre activacié simpatica i parasimpatica; vii) la freqiéncia
central, el rang on es troba més de la meitat de freqtieéncia de I’'espectre
(CF, hz); viii) el 95% de I'ample de l'espectre definit com el rang de
frequéncies centrals que contenen el 95% del total de I'espectre (BW95,
hz).

Analisi Estadistica

Totes les dades s’analitzaren amb el programari “Statistical Package for
Social Sciences” (SPSS v17 i 18). S’aplicaren proves parameétriques (T-
Test, Oneway-ANOVA, Twoway-UNIANOVA i GLM) i no parameétriques
quan es vulnerava I'homogeneitat de variancies (Kruskal-Wallis). Les
comparacions post hoc es van fer amb els tests de Bonferroni, Duncan
o Tukey en funci6 del nombre de comparacions. En lI'apartat
metodologic de cada article es descriuen en detall cada una de les
proves estadistiques. S'ha considerat un nivell de significacié estadistica
p<0.05.
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Taula 3: Resum de les principals variables analitzades per I'analisi de
I'HRV, classificades en funcié del tipus i relaci6 amb I'estat de salut

global.
. ) L, Per a una major
Parametre (unitat) Breu descripcio
salut...:
RR (ms) Interval entre els pics R T
AVRR (ms) Duracié mitjana dels RR 0
L Calcul del nombre de picsR en 1
Domini del BPM NZ
minut
Temps 3
SDRR (ms) Desviacid Std. de RR T
Arrel de les diferéncies entre els
RMSSD (ms) T
RR
LF (ms?) Predominancia del SNS N2
HF (ms?) Predominancia del PNS 0
LF/HF (%) Equilibri del ANS NZ
Espectral Rang on es troba >50% de
CF (hz) NZ
|'espectre
Rang on es troba el 95% de
BW95 (hz) \)
|'espectre
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Resultats

Els resultats d'aquesta tesi s'agrupen en 4 estudis identificats com a
Part 1, Part 2A, Part 2B i Part 3. Dos d'aquests estudis estan ja
publicats (Part 2A i Part 3) i els altres s6n manuscrits no publicats. En
cada part hem fet un resum on s'agrupen diferents resultats afins i
s'interpreten segons els objectius plantejats, es comenten les principals
aportacions i s'especifiquen les conclusions que se'n deriven. Les
referéncies, les taules i les figures especifiques dels manuscrits no

publicats es poden localitzar al final de la Part corresponent.

Part 1: L'exercici moderat incrementa la conducta exploratoria i

millora _els parametres de la freguéncia cardiaca en rates

mascles adultes

Aquest primer manuscrit no publicat inclou dos experiments on hem
explorat si un protocol d'exercici moderat i regular (12m/min) durant 9
setmanes afecta la conducta ansiosa (experiment 1) i la salut
cardiovascular, mesurada a través de la variabilitat de la freqliéncia
cardiaca (HRV) (experiment 2). El procediment experimental del segon
també inclou una segona fase on s'atura la practica de I’'exercici durant
3 setmanes i s'avaluen els canvis deguts a la interrupcié i manca
d'entrenament. Comparats amb el nivell de linia base, les 9 setmanes
d’exercici van reduir els batecs per minut (BPM) en els animals i
incrementaren I'HRV mesurada amb la CF i la bw95. Sorprenentment,
després de les tres setmanes d'haver aturar l'entrenament els valors
cardiacs tornaren als nivells basals. Els resultats conductuals
(experiment 1) indicaren que després de 9 setmanes d’exercici els
animals corredors incrementaren el temps de head-dipping al HB en
comparacié al grup SED. Igualment, |'exercici incrementa el temps i les
entrades als bracos oberts de I'EPM en comparaciéo amb el grup SED. El
grup manipulat (CON) es va comportar de manera semblant al grup
d’exercici i també va fer més temps d'exploracié al HB que el grup SED.

No es van trobar efectes en el FST.
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Aquests resultats es poden interpretar en el sentit que el protocol
d'exercici moderat no augmenta la conducta ansiosa dels animals, més
aviat al contrari, la disminueix de manera semblant a com ho fa la
manipulacié. La variabilitat de la frequéncia cardiaca (HRV) augmenta
en alguns parametres perd no en tots, la qual cosa concorda amb els
efectes esperats, si bé els canvis que s'observen sén d'una magnitud
modesta. Per tant, el protocol d'exercici és valid, no provoca estrés en
els animals i pot ser util per avaluar efectes de |'exercici moderat i

regular a més llarg termini.
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Regular Low-moderate Exercise Increases Exploratory Behavior

and Improves Heart Rate Parameters in Adult Male Rats

Abstract: The present study was aimed to investigate the effects of
moderate exercise on exploratory behavior, anxiety and mood, as well
as on heart rate parameters. Rats were trained in the treadmill
(12m/min, 30min/day, 5days/week) for 6 weeks and compared with
sedentary control and handled animals in the hole-board, elevated plus
maze and forced swimming test (experiment 1). In the second
experiment, telemetric devices were implanted in naive animals to
measure the heart rate and RR interval in baseline conditions, over 9
weeks of training and 3 weeks after exercise cessation. Both handling
and trained increased exploratory behavior compared with sedentary
control group, but only the trained group showed reduced anxiety. No
significant effects were found in behavioral despair. As expected, heart
rate decreased over training and increased after exercise was
interrupted, while the opposite changes occurred with the RR interval.
Heart rate variability was not significantly modified, a marginally
increase appeared in the SDNN variable. However, two spectral indices
of the power spectrum of RR time series, such as the location of the
dominant oscillator, were robustly decreased over treadmill training and
increased after training cessation. In conclusion our data indicate that
moderate forced exercise increases exploration, reduces anxiety-like
behavior, lengthens RR interval and diminishes central frequency and
bandwitdth 95. These findings are consistent with other reports showing
that physical exercise has positive effects on affective states and HRV

indices related with stress

Keywords: forced exercise; head-dipping behavior; Heart Rate; Heart
Rate Variability; Central Frequency; 95% bandwidth.
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1. Introduction

It has been extensively reported that the regular practice of physical
exercise has robust benefits in the prevention and treatment of
cardiovascular diseases in humans [1]. More recently, it has also been
shown that exercise can enhance cognition, brain functioning [2] and
mental health [3]. Moreover, animal research in rodents has consistently
demonstrated that exercise induces neurogenesis, synaptogenesis,
angiogenesis, and enhances learning and memory in tests of spatial

memory, fear conditioning, passive avoidance or object recognition [4].

However, more studies are needed in order to further characterize the
specific effects of different types of exercise in both healthy and
pathological conditions. Although regular moderate aerobic exercise has
been widely recommended in humans [5], animal studies investigating
the effects of exercise of moderate intensity are still scarce. It appears
that regular moderate physical exercise could provide more beneficial
cardio-vascular, immunological and metabolic effects on the body than
excessive exercise and over training [6]. Forced intensive protocols
could overstress the animals [7] and produced alterations and immune

responses associated with chronic stress [8].

In rodents, the two main animal models used for investigating the
effects of exercise are the voluntary wheel running and the forced
treadmill training and the form that produces better benefits does not
concur among the different studies [9, 10]. Voluntary wheel running
consists of placing a free access running wheel inside the home cage,
thus allowing the subject to perform exercise ad libitum. The main
disadvantage of this model is that animals perform different amounts of
exercise and self-administer heterogeneous training intensities, thus
leading a great amount of variability between subjects and training
procedures [11]. This disadvantage is not present in the forced treadmill,
which consists of placing the subjects in the lines of the apparatus for a
certain time period during which the intensity of exercise, as well as the

duration and the frequency of the session are scheduled by the
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experimenter. However, forced treadmill can involve a certain degree of
stress [10], and in some cases of hard training procedures animals are
motivated to run by using aversive stimuli. In a previous work we found
that long-term moderate forced treadmill training (12m/min, 4-
5days/week, 30 min/session) reduced adrenocorticotropin response to

mild and severe stressor [12].

Regarding anxiety-like and affective behaviors inconsistent effects have
been reported. Fulk et al [13] showed that treadmill exercise during 10
or more weeks decreased anxiety in the open field and the elevated plus
maze tests [13]. Burghardt et al [9] found no effects in those tests and
others such us the social interaction and the conditioned freezing [9],
whereas Costa et al. [14] reported recently that more than 3 treadmill
sessions per week increased anxiety in the elevated plus maze test rats.
Additionally, the effects of exercise on the affective behavior have been

reported to be neutral [15], negative [16], or positive [17, 18].

Heart rate and some heart rate parameters, such us the R peak from
QRS complex [19], have become one of the most used cardiac
parameters for both, human [20] and animal research [21], since it is
non-invasive and easy use [22]. Heart rate variability (HRV) reflects the
cardiovascular control mediated by the sympathetic and parasympathetic
(vagal) systems, and a reduction of HRV is clinically associated with an
increased risk of cardiac death [23]. In humans, exercise may improve
HRV in myocardial infarction, chronic heart failure and revascularization
by increasing vagal tone and decreasing sympathetic activity [24], and
more recently, improvements in HRV have been associated to a
decreased risk of cardiovascular disease in depressed patients [25],
decreased inflammatory markers [26], or improved performance in
cognitive tests [27]. By contrast, impairments in HRV indices have been
associated with negative emotional state, stress, anxiety and mood
disorders [28, 29] and reduced HRV in a mouse model of innate anxiety

has been recently reported [30].
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Thus, the aim of the present study was to evaluate the effects of
moderate exercise on anxiety-like behaviors, mood and HRV indices.
Exploratory behavior, anxiety and behavioral despair; as well as heart
rate, RR interval and HRV were investigated in order to evaluate the
effects of the forced low-moderate training in adult rats. It has been
reported that long-term xercise improved survival and HRV indices in
animal models of cardiovascular disease [31-33], but the long-term
effects of the regular low-moderate training protocol remain to be

elucidated.

2. Method

2.1 Subjects

The subjects were Sprague-Dawley male rats bred and raised at the
main animal facility (Servei d’Estabulari) of the Universitat Autonoma de
Barcelona. Animals were housed in pairs in standard macrolon cages (50
x 55 x 14 cm.), fed ad libitum and maintained in standard conditions of
temperature (22°C + 2°C), humidity (50+£10%) and on a 12-12 h light-
dark schedule (lights on at 0800h). Subjects of experiment 1 were 5
weeks-old when the treadmill training started, and subjects of
experiment 2 were 10 weeks-old before surgery. All behavioral
procedures were performed during the light phase of the light-dark cycle,
between 0830h and 1700h. The experimental protocol was approved by
the Ethics Committee of the Universitat Autonoma de Barcelona,
following the ‘Principles of laboratory animal care’ and was carried out in
accordance to the European Communities Council Directive
(86/609/EEC).

2.2 Experiment 1: training

Animals of experiment 1 were randomly assigned to sendentary (SED,
n=8), control (CON, n=8) and treadmill (TM, n=10) groups by stratifying
the total body weight (mean+SEM: SED, 179.9+8.5g; CON, 181.7+9.0g
and TM, 180.9%+4.7g). The treadmill apparatus (Cibertec, Spain)

consisted of three lines separated by a plexiglass panel. The TM subjects
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were trained for a total of 9 weeks (45 sessions, 30 min/day) (from
Monday to Friday) reaching the intensity of 12 meter/minute with a
gradual increase. Neither electrical shock nor physical prodding was used
to force training. CON rats were placed in the treadmill (0 m/min) for the
same number of sessions and the same duration than TM rats. SED rats

were handled once a week for cage cleaning and tail marking.

2.3 Experiment 1: Behavioral procedures

Animals were tested in the hole-board (HB) the day after the last
training session, in the elevated plus-maze (EPM) in the next day, and in
the forced swimming tests (FST) two days later. All experiments were
carried out in the morning (between 0900h and 1400h) in an isolated
experimental room painted black with dim lighting. The whole
procedures were videotaped and further analyzed by an experimenter
who was unaware of the treatment that each animal received.

The hole-board test for measuring exploratory behavior consisted of a
white (66cm x 66cm x 47cm) wooden box with four equidistant holes
(3.7cm in diameter, 18 cm deep) in the floor, which was divided in 16
equal squares with a red marker. The animal was placed in the centre of
the floor apparatus and allowed to explore the holes for five minutes.
The test was recorded by a video camera, and the number of squares
crossed (ambulation), the number of head dips and the time spent head
dipping were measured.

The elevated plus maze test apparatus consisted of four arms made of
black formic extending from a 10 cm square centre positioned 90° from
each other to form the shape of a plus sign. Each arm was 44 cm long
and 10 cm wide. Two of the opposing arms had wooden walls (closed
arms, 40 cm high) whereas the other two were the open arms which had
only a 0.5 cm ridge to provide additional grip. The whole maze was
elevated 50 cm above the floor. The rat was placed in the centre of the
maze (always facing the same closed arm) and during five minutes the

behavior was videotaped. The number of open and closed arm entries
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(defined as placing all four paws into a given arm), as well as the total
time spent in the open and closed arms were scored. The number of
entries and time spent in the open arms is indicative of the anxiety
levels of the animal, with a high amount of time and entries in the open
arms being an indicative of low anxiety.

For the forced swimming test, the animals were immersed into the
transparent cylindrical plastic tank (height 40 cm, diameter 19 cm)
containing water (25°C) with a depth of 24 cm. They underwent two
trials of 15 and 5 min, respectively, spaced 24 h. The trials were
videotaped and the following behaviors were recorded: (1) climbing,
defined as active forepaw contact with the wall; (2) swimming, defined
as an active attempt to keep the head above water by moving the limbs,
and (3) immobility, recorded when no additional activity was observed
other than required to keep the rat’s head above the water surface. After
each trial, the rats were carefully dried with a towel and returned to their
home cage, and the water of the tank was changed before the next rat

was tested.

2.4 Experiment 2: Heart Rate Variability

The devices for electrocardiogram (ECG) recordings were implanted in
10-week-old male rats (n=6; 451+29g). The telemetry system (Data
Sciences Int., St Paul, MN, USA) consisted of a transmitter device
(TA11CA-F40), a receiver (RPC-1) and a personal computer with the
acquisition software (version 4.0). The transmitter was implanted into
the abdominal cavity and the 2 electrodes for ECG recording were
positioned subcutaneously; the positive lead was fixed to the right of the
xyphoid process and the negative lead was fixed to the right pectoral
muscle. Animals received three doses of metoxicam (s.c. 1mg/kg/0,2
ml), 20-30 min before anaesthesia (with isofluorane), 24 h and 48 h

post-surgery.

After transmitter implantation the animals were individually housed and

three weeks later a cage partner was introduced into the home cage to
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avoid isolation [34]. Treadmill sessions started 2 weeks after the animals
were pair-housed and ECG recordings were done every 3 weeks during
the weekend, from Friday evening until Monday morning, with a
sampling frequency of 5 kHz. Each home cage was placed on the
corresponding platform receiver (RPC-1) during recordings. Three
recordings were included in the repeated measures ANOVA analysis: 1)
baseline, just before starting the treadmill exercise, 2) after 6 weeks of
treadmill training, and 3) after 9 weeks of training. When the training
period had finished and the animals had remained 19-21 days without

doing physical activity, a fourth ECG recording was done.

Data were extracted from the ECG recordings in segments of 1 minute.
The portion of the electrocardiogram comprising the Q, R, and S waves,
together representing ventricular depolarization (QRS complexes), were
detected offline with a QRS detector developed in MATLAB (MATLAB
R2009b, Mathworks, USA) and tailored to the characteristics of the ECG
of these rats. The QRS detector was based on the Pan-Tompkins
algorithm [35] with and adaptation to this animal specie. The
enhancement of the QRS complex was performed by band pass filtering
of the ECG signal in the 50 Hz to 100 Hz range. The time elapsing
between two consecutive R waves in the electrocardiogram (RR interval)
were obtained as RR time series and saved for further processing. RR
time series with less than a 5% of artifacts were included in the study.
Artifacts were identified and corrected automatically prior to analysis as
follows: i) for a false positive, a corrected RR beat whose value was
close to the mean of the previous ten RR intervals; ii) a false negative
was split in as many RR intervals with equal value as needed to be close
to the mean of the previous ten RR intervals; and iii) an ectopic beat like
was substituted with two equal RR intervals corresponding to the mean
of the two RR intervals involved. We removed the slow frequency
components with a smoothness prior detrending procedure [36] with
A=3000. After resampling with cubic splines at 30 Hz, the power
spectrum of each one-minute long RR time series was computed using

the Fast Fourier Transform with a Hann window. The following
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parameters were calculated from the raw RR time series: 1) mean R-R
intervals (in ms); 2) standard deviation of all normal RR intervals (SDNN,
ms); 3) square root of the mean square successive differences between
successive normal intervals (RMSSD, ms). From the power spectrum
the calculated parameters were: 4) the power in the low frequency band
defined between 0.06 Hz and 0.85 Hz (LF); 5) the power in the high
frequency band defined between 0.85 Hz and 3 Hz , 6) the central
frequency of the power spectrum defined as that frequency in which the
integration of the power spectrum from 0 Hz to CF Hz produces half the
total power (CF); 7) the 95% power bandwith defined as the range of
frequencies centered on CF that contain the 95% of the total power
(bw95, Hz) [37].

For each rat, the indices were averaged to a single 24-h period for each
recording, and subsequently for two 12-h blocs corresponding to the
light and the dark period of the light-dark cycle. One animal was
excluded for presenting an increasing number of ectopic beats after 3

weeks of treadmill training.

2.5 Statistical analysis

Data was analyzed with the SPSS (v.17.0, SPSS Inc., USA) applying the
one way analysis of variance (one-way ANOVA), and Bonferroni test was
used for the post hoc comparisons between groups. A Repeated
measures ANOVA was used to analyze heart rate (beats per minute), RR
intervals and HRV indices over treadmill training, with ‘session’ and
‘light-dark’ as a within-subjects factors. The data obtained from the
different weeks were compared by paired t-test. p<0.05 was considered

significant.
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3. Results

3.1 Experiment 1: Hole-Board and Elevated Plus Maze

Results of experiment 1 indicated that CON and TM groups increased the
time spent head-dipping (F(2,24)=9.67, p=0.001; Fig. 1C) in the hole-
board whereas no effects appeared in the number of head dips
(F(2,24)=2.07, n.s.; Fig. 1B) and ambulation counts (F(2,24)=2.052,
n.s.; Fig. 1A). Post-hoc comparisons revealed that both, CON and TM
groups spent more time head-dipping than SED group (Bonferroni:
p<0.01). No differences were found in the number of total entries in the
elevated plus maze (F(2,19)=0.15, n.s.; Fig. 2A), and a marginal
significant effect was obtained in the percentage of entries in the open
arms and the percentage of time spent in the open arms (F(2,19)>2.73,
p=0.094 and p=0.083, respectively; Figs. 2B and 2C), suggesting
decreased emotionality in the TM group compared with the SED group.
In fact, TM animals increased the percentage of time and entries in the
open arms as compared with SED animals (p<0.05 t-test), whereas CON
animals did not reach such a difference. In the forced swimming test the
three groups showed the same amount of immobility time during the
testing session (SED: 259.7 + 21.8; CON: 242.9 £ 13.9; TM: 240.9 %=
11.5).

3.2 Experiment 2: ECG recordings

Heart rate (Fig. 3A) was overall higher during the dark phase in
comparison with the light phase (LD cycle: F(1,4)=194.716, p<0.0001),
decreased over training (session: F(2,8)=9.594, p<0.01) and, the
decrease was more pronounced in the dark phase (session x LD cycle
interaction F(2,8)=9.117, p<0.01). Nine weeks of training significantly
decreased heart rate in comparison with the baseline value (p<0.05
paired t-test), but this difference during the light phase of the LD cycle
disappeared 3 weeks after the exercise had been interrupted. The
analysis of the RR intervals revealed that the mean length of the interval

increased as a result of training (session: F(2,8)=18.74, p<0.01; Fig.
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3B) and was longer during the light period than during the dark period of
the light-dark cycle (F(1,4)=91.99, p<0.001). The increase of the RR
intervals recorded during the dark phase appeared to be significant from
week 6, whereas the values recorded during the light phase reached
significance from baseline at week 9 (p<0.05). In addition, RR intervals
decreased over the sedentary period without treadmill training, the light
measure of that record being not different from baseline value. Moreover,
bw95 decreased over the training period (F(2,8)=12.72; p<0.01; Fig.
3D), and the effect was more pronounced during the light phase of the
light-dark cycle in comparison with the dark phase (‘weeks of training x
light-dark’ interaction: F(2,8)=7.76; p<0.05). The bw95 values recorded
3 weeks post exercise were greater than those recorded after 9 weeks of
training (p<0.05), thus indicating again that the sedentary period
reverted the change observed over training. In addition, bw95 did not
differ from baseline after the three weeks of inactivity (Fig. 3D). Central
frequency (CF) decreased over session (F(2,8)=6.18, p<0.05; Fig. 30),
but there were no effects or interactions with the light-dark factor on
that variable. Finally, the analysis of the parameters calculated from the
RR series showed that SDNN marginally increased over session
(F(2,8)=3.93, p=0.065), whereas the rest of the variables analyzed did
not show any significant effects (table 1).

4. Discussion

The behavioral results from the HB showed a similar behavioral pattern
for the treadmill trained and the control groups. In comparison with the
sedentary group, those two increased the exploration time. Exercise
increased time in the open arms (EPM), suggesting decreased anxiety;
whereas no differences were found regarding behavioral despair in the
FST. A possible explanation for exploration is a main effect caused by
the handling manipulation involved in the treadmill training procedure. It
consisted of individually handling the subjects out of the home cage to
be placed in the treadmill line for a daily period of 30 min. During the

first minutes of that period, the subjects of the control group usually
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explored the apparatus and the subject placed in the adjacent line;
being ambulatory, rearing and sniffing behaviors initially observed and
progressively decreased over the 30-min session. In another experiment
performed in our laboratory, we have recently observed that treadmill
handling over a long period can robustly affect the behavior in different

tests [12], which is also in agreement with other authors.

For example, O'Callaghan et al. [38] found that not only 8 months of
exercise, but also handling improved spatial learning and enhanced long-
term potentiation in the dentate gyrus. This interpretation is also
consistent with previous studies reporting increased exploratory behavior
in early handled animals [39]. In fact, the effects of handling could be
considered as a subtype of environmental enrichment [40], which has
widely been proved as treatment to reduce anxiety and increase
cognition [41]. Our experimental design including the SED, CON and TM

groups allowed us to evaluate the effects of treadmill handling alone.

In the elevated plus maze, the trained animals showed an increase of
40-50% in the percentage of entries and time in the open arms of the
maze, whereas the percentage of sedentary animals was around 20% in
those variables. This result suggests that regular low-moderate forced
training decreased anxiety and is in agreement with Fulk et al. [13] who
reported a reduction of anxiety-like behavior in treadmill trained rats
compared with sedentary animals that remained in their home cages.
Moreover, other authors have also shown anxiolytic effects of more
intensive training procedures (60-75% peak oxygen uptake for 50min;
and 15m/min for 60min) [42, 43, respectively]. By contrast, Costa et al.
[14] have recently evaluated the effects of different treadmill protocols
and found that the only protocol that diminished anxiety in the middle-
aged rats was one 20-min session per week (12m/min), whereas other
protocols in which the frequency of the exercise sessions was higher
increased anxiety in the elevated plus maze test. Thus, all those results
indicate that in addition to the form of exercise, others parameters such

us the intensity and the frequency can be crucial to determine the long-
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term effects of the exercise. It has been hypothesized that exercise
could reduce anxiety, because of exercise attenuates
hyperresponsiveness of the HPA axis to other stressors [44], caused by
an adrenal hypertrophia [12] that enhances capability of the HPA axis to
respond to further challenges [45] like HB or EPM.

On the other hand, no effects of treadmill training were observed in the
swimming forced test in the present study. This is in line with another
study showing no significant changes [46], and contrasts with others
reporting positive [17, 18] or negative effects [16]. In the studies of
Marais et al. [18] and Huang and Lin [17], wheel running and treadmill
training, respectively, reversed the increase of immobility time induced
by early maternal deprivation; while Arunrut et al. [16] reported that
treadmill exercise alone decreased swimming time, although exercise
combined with a norepinephrine reuptake inhibitor increased climbing
and diving in the tank. Thus, it is possible that such an antidepressant-
like effect of exercise could be observed only in those circumstances
where affective behavior had been impaired as a result of previous
stress or other factors. With this in mind, we can not discard that regular
low-moderate forced exercise could show the antidepressant-like effect
in other circumstances and reveal that more experiments need to be

done to conclude this point.

In the present study, regular low-moderate forced exercise significantly
decreased heart rate and induced a progressive increase in the length of
RR intervals, whereas the standard deviation of all normal RR intervals
(SDNN) marginally increased over session. Moreover, low-moderate
forced exercise also decreased two spectral indices of the power
spectrum of RR time series such as the location of the dominant
oscillator, measured by the central frequency (cf) and the bandwidth at
95% of power (bw95).

Although these indices need more evaluation, both measures appear to
be related with stress, with lower values indicative of diminished stress

[37]. The significance of spectral indices without band definition have
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been recently suggested as an alternative analysis to account for the
great differences in the mean heart rate among humans and rodents and
the subsequent imprecise definition of very low, low and high frequency
bands [21, 37]. In the present experiment, we did not observe
significant changes of LH and HF bands over training although a
tendency to increase SDNN over treadmill training sessions appeared
(table 1). Heart rate variability has been briefly studied in rats. Few were
addressed to evaluate the relationship between anxiety and
cardiovascular function. Contradictory results were found, since social
defeat reduced RR interval and HRV [47], but maternal separation plus
restrain exerted no effects [48]. Other alternative cardiovascular
parameters were also assessed. It has recently demonstrated that
learning the startle task was correlated with increasing of blood pressure
and decreasing of sympathetic tone [49]. Finally, only 1-day of ethanol
withdrawal increased the QT dispersion (a parameter related with
sudden death and ventricular arrhythmias) and the LF [50]. There are a
few number of studies investigating the effects of regular moderate
exercise on HRV; Li et al. [51] reported that an acute session of exercise
reduced RR interval (or increases beats per minute), and it has been
shown that intensive training protocols increased HRV in rats [31, 32].
Therefore, functional changes of moderate forced exercise upon HRV
indices had not been reported yet, the present study being the first
reporting an improvement in cf and bw95 indices of HRV [37]. This
result concurs with the reduction of anxiety-like behavior observed in the
elevated plus maze, and suggests that moderate exercise could be
beneficial for the treatment of anxiety disorders and/or psychopathology
of affective states [52]. The neurovisceral model of cardiac and emotion
regulation proposes specific links between cardiovascular variability and
anxiety disorders mediated by the medial prefrontal cortex and
amygdala (among other brain areas) [28]. Moreover, low baseline high
frequency HRV has been recently reported in panic, social, obsessive-
compulsive and generalized anxiety disorders relative to healthy controls
[53].
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5. Conclusion

In conclusion, moderate-intensity aerobic treadmill exercise decreased
emotional-like behavior in the elevated plus maze test. Regarding the
indices of cardiovascular health, an increase of RR interval and a
decrease of the spectral indices without band definition as a result of
moderate-intensity aerobic exercise in adult rats are reported for the

first time.
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Table 1. HRV parameters (mean £ S.E.) averaged over the
corresponding weekend recording (baseline, 6 weeks or 9 weeks after
the treadmill training started, and 3 weeks after the treadmill training
finished). SDNN, Standard deviation of RR intervals; RMSSD, square root
of the mean square successive differences between successive normal
intervals; LF, power in the low frequency band; HF, power in the high
frequency band.

i i T
\ - - @ & = A - =
2 2 4 S @ A PR
o A = L = oA . e
-] sl — H =]
H H [= =) - e
. =] =]
E @ e QA - 4y ~o
=3 LT [ o =} P
[= o - — — H
-
-
2
& |
[=-] — =+ [ i N=] [+ [=]
4 T L T T | R T = S | RS TR SR | B |
A [=-] [=] o [=] (=] — W —
g H H H H
H -+ [l [=,% =]
@ ;1!' <] ; ) $ [rd % —_
2 g ! ' '
3 ~ @ n 2 a - o
H 1 o T —
LB w9 T D = a2 o
s 8 o2 @ 3 @ S
w0 o+ - 1
) oo [ + O - O
E -~ 5 N oy T a5
= e * = =+ — o
s o - i
-
™
[
a
7= [fe) re) 2] o — le) [
E I T ) IR | T T
~ H wa com =]
g H H H H
- [l (] Eal [l
1) eI o & in [ B W
2 a0 - I NS
E I~ e [ e
.
c % % = o <
Z 8 2 < =l
a8 & E =2 ch ch

91 | Resultats



92| Resultats



Part 2A: Conseqgueéncies fisiologiques i conductuals d'un exercici

moderat a llarg termini a la cinta ergométrica

En aquesta segona part avaluem els efectes a llarg termini de I'exercici
moderat i regular en resposta a situacions d'estrés i en aprenentatge en

situacions de conflicte.

Resposta d’estrés

En Lalanza et al. (2012) hem demostrat que després de 36 setmanes
d'exercici moderat i regular (12m/min) les rates entrenades mostraren
una resposta hormonal de I'eix HPA disminuida immediatament després
d'un estimul estressant d'intensitat mitjana (exposicié a la novetat) i,
també, immediatament després d’una situacié molt aversiva, com és la
fase inicial de I'adquisicié de I'evitacié activa en dos sentits a la gabia
Shuttle Box (en ACTH). A més a més, en mesures de corticosterona
immediatament després de la Shuttle Box i al cap de 30min les rates
entrenades es van recuperar més rapid que les no entrenades. Aquest
resultat demostra una major capacitat de les rates TM en recuperacié
neuroendocrina, i de funcié de I'eix HPA en general. Les rates TM també
presentaren una glandura suprarenal més gran, en coherencia amb
resultats anteriors. No hi va haver diferéncies entre grups en nivells
basals d'hormones. Cal afegir que I'exercici redui els nivells de
colesterol i triglicérids, en concordancia amb els efectes esperats.
L'aportacié novedosa d'aquest treball demostra per primera vegada que
I'exercici forgat de moderada intensitat practicat a llarg termini pot

reduir la resposta d'estrés en rates adultes.

Manipulacid

En la primera part haviem trobat que I'exercici augmentava |'exploracio
al Hole Board, la conducta als bragos oberts de I'Elevated Plus Maze i a
I’Open Field, en comparacio a les rates SED. No obstant, no hi va haver
diferéncies en comparacié amb el grup CON, la qual cosa indica que la
manipulacié per si sola té efectes similars als de I'exercici en aquestes
proves. Les rates CON tampoc va mostrar una menor ansietat que el

sedentari. Les dades hormonals de la segona part indiquen que la
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manipulacié no modifica significativament la resposta de I'eix HPA a
estimuls estressants, mentre que |'exercici disminueix significativament

la resposta a l'estrés.
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Summary The benefits of long-term moderate exercise for health are widely accepted in humans,
but few animal studies have been undertaken to characterize the effects of such activity on
emotionality and responsiveness to stress. The present study describes the effects of long-term
moderate forced treadmill training (36 weeks) on exploratory activity, anxiety-like behaviour, and
the resting or stress levels of some physiological variables, including pituitary-adrenal (PA) hor-
mones. Five-week-old male Sprague-Dawley rats were trained on the treadmill (TM) for 36 weeks,
using a more moderate training (12 m/min, 30 min/day, 4—5 days/week) than that currently used in
the literature. Two groups were used as controls: a non-handled sedentary (SED) group, receiving no
manipulation, and a control (CON) group exposed to a stationary treadmill for the same amount of
time as the TM group. In accordance with literature data, TM rats showed lower resting levels of
glucose, triglycerides and cholesterol than the other two groups. The TM and CON groups both
showed higher ambulation than the SED group in some behavioural tests, without evidence for
altered anxiety. Resting levels of adrenocorticotropin (ACTH) and corticosterone did not differ
among the groups, but a reduced ACTH response to both a novel environment (mild stressor) and an
active escape-avoidance task (severe stressor) was observed in TM rats, whereas changes in
corticosterone were modest. The results support the view that the physiological consequences
of long-term moderate training are beneficial, including reduced PA responsiveness to stress, even
though exercise training did not affect anxiety-like behaviour.
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1. Introduction

Considerable evidence now supports the idea that an active
lifestyle produces benefits for overall health, preventing car-
diovascular diseases (Blair and Morris, 2009; Crimi et al.,
2009), enhancing cognitive function (Dishman et al., 2006;
Kramer et al., 2006; Cotman et al., 2007; van Praag, 2009) and
improving mood (Russo-Neustadt et al., 2001; Greenwood
et al., 2003; Deslandes et al., 2009; Marais et al., 2009).
Exercise has also been associated with a reduced risk of
dementia and could help to reduce late-life cognitive impair-
ment (Kramer et al., 1999; Colcombe and Kramer, 2003;
Abbott et al., 2004; Weuve et al., 2004), although the oldest
age at which starting physical activity can benefit cognition has
still not been determined (Bunce and Murden, 2006).

Exercise of moderate intensity for 30 min, five days per
week, has been widely recommended for humans (Haskell
et al., 2007; Nelson et al., 2007), but there are few studies
specifically aimed at characterizing the exercise conditions
(intensity and duration) that can produce the most robust
effects in both healthy people and those with pathological
conditions (Kramer et al., 2006; Rolland et al., 2010). It is
unclear the extent to which increased levels of exercise can
exert additional healthy effects (Blair et al., 2004), but there
is evidence that moderate exercise is better than excessive
exercise and over-training in terms of improvement of car-
diovascular function, upregulation of the immune system or
modulation of redox homeostasis (Radak et al., 2008).

It is well accepted that exercise improves cognition in
humans (van Praag, 2009) and most data in animals favour
this hypothesis, although the effects are not always consis-
tent. For instance, wheel running in rats for 13 months (from
5 to 18 months of age) showed no protective effect on spatial
memory (Hansalik et al., 2006). In contrast, in another study,
improvement of age-related impairment of spatial learning
and associated cellular mechanisms (long-term potentiation,
LTP, in the dentate gyrus) was observed in middle-age rats
after 8 months of treadmill training (O’Callaghan et al.,
2009). Quite interestingly, in the latter study, the beneficial
effect was also observed in the group of animals receiving the
same treatment in a stationary treadmill, suggesting a con-
tribution of enriched environmental information acquired by
the animals, rather than a specific contribution of exercise.

Less is known about the influence of exercise on emotional
reactivity and anxiety-like behaviour in experimental ani-
mals. Indeed, to our knowledge, there have been no animal
studies about the influence of prolonged periods of exercise
(several months) on these two aspects of behaviour. With
shorter periods of exercise (1—10 weeks), the results are
clearly inconsistent and cannot be explained by the species
used (rat or mice), the type of exercise (wheel running vs.
treadmill), the period of exposure, or the age of the animals
(e.g. Dishman et al., 1996; Fulk et al., 2004; Trejo et al.,
2008; Garcia-Capdevila et al., 2009; Fuss et al., 2010). There
are two possible reasons for these inconsistencies. First,
exercise-trained animals are exposed to handling and other
manipulations that can reduce the response to such proce-
dures, as compared to non-trained (sedentary) animals that
have not been subjected to the same manipulations. Second,
although certain training procedures may initially increase
anxiety, this effect may progressively disappear over time,

thereby, making long-lasting exercise training the most
appropriate protocol for discovering any real beneficial
effects of exercise on anxiety.

Given the critical role of glucocorticoids on cognitive
function and aging-associated neurodegeneration (de Kloet
et al., 1999), considerable attention has been paid to the
influence of exercise on the hypothalamic—pituitary—adre-
nal (HPA) axis, one of the key systems in the response to stress
(Armario, 2006). Although it is well documented that acute
exercise can activate the HPA axis, less is known about the
influence of long-lasting exercise on resting HPA function,
and its responsiveness to additional superimposed stressors.
Moreover, all studies have used a relatively short period of
training (2—10 weeks). The general pattern is that increases
in resting levels of corticosterone can be observed during the
first week after wheel running, with normalization after 4 or
8 weeks (Fediuc et al., 2006; Campbell et al., 2009). This
pattern results in null or small effects of prolonged periods of
exercise on resting levels of HPA hormones, either in rats or
mice (Watanabe et al., 1991, 1992; Chennaoui et al., 2002;
Droste et al., 2003, 2006, 2007). Regarding the PA response to
predominantly emotional stressors, normal (Chennaoui
et al., 2002; Droste et al., 2006, 2007) or reduced (Watanabe
et al., 1992; Droste et al., 2003) response has usually been
reported.

On the basis of the above studies, the main objective of
the present work was to characterize the still untested
effects of a long-term regular moderate exercise procedure
(36 weeks) on exploratory and anxiety behaviour, HPA func-
tion, cholesterol and triglyceride levels in adult male rats.
The treadmill model was used to administer the same amount
and intensity of exercise to the animals throughout the entire
period of training, thereby, avoiding the differences
described with voluntary running models (Narath et al.,
2001; Garcia-Capdevila et al., 2009). Furthermore, an addi-
tional control group of rats, which was exposed to the
stationary treadmill, was included to rule out a specific
influence on the variables of interest, by daily handling
and other procedures associated to treadmill exposure.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (from the Servei d’Estabulari,
Universitat Autonoma de Barcelona) were used. They were
housed 2 per cage in standard macrolon cages (40 cm in
length x 23 cm in width x 18 cm in depth) and maintained
under 12 h/12 h light/dark cycle (lights on at 08:00 h) in
standard conditions of temperature (21 + 1 °C) and humid-
ity (50 £ 10%), with free access to food and water. Animals,
which were 5 weeks old at the start of the training, were
randomly assigned to three groups, balancing the total body
weight before starting the training sessions: sedentary (SED,
n=238,95.85 +4.8g), control (CON, n=8,102.2 + 5.2 g)and
treadmill (TM: n=11, 99.4 + 3.7 g). The experimental pro-
tocol was approved by the Ethics Committee of the Uni-
versitat Autonoma de Barcelona, and was carried out
following the ‘Principles of laboratory animal care’, in
accordance with the European Communities Council
Directive (86/609/EEC).
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2.2. Moderate forced treadmill training
procedure

Two treadmills were used, each consisting of 3 parallel run-
ways (35cm x 8cm x 24cm, Cibertec, Spain; and
45cm x 11 cm x 12 cm, Columbus Instruments, USA) with-
out inclination. Training sessions were conducted in the
colony room, 4-5 days per week, between 1330h and
1630 h, and lasted for 30 min. Subjects were habituated to
the treadmill for 30 min (0 m/min) on the first day, to mini-
mize novelty-induced stress. Exercise training began gently
the day after, and the intensity of the treadmill speed was
gradually increased until reaching a maximum intensity of
12 m/min, which was maintained until the end of the experi-
ment. The treadmill (TM) and control (CON) rats were
weighed daily before being placed in the treadmill. The
CON rats stayed in a stationary treadmill (0 m/min) for the
same number of sessions and the same amount of time as the
TM rats. The SED rats remained in their own cages and were
weighed weekly. Neither electrical shock nor physical prod-
ding was used to motivate the animals. During the first
sessions, some animals slowed their gait over the session
and displaced towards the back wall of the lane; on such
occasions they were gently pushed by hand for a few seconds
to stay at the front part of the lane. Despite these cautions,
25% of the rats had to be rejected from the experiment
because they refused to run. This percentage is similar to
that reported by other authors (Dishman et al., 2000). Rats
were trained for 36 weeks, receiving a total of 152 sessions.
Behavioural tests were intercalated between the last 20
sessions to avoid training interruption and a possible
decrease in the effects of exercise.

2.3. Behavioural procedures

All experiments were performed in a room painted black and
illuminated by one 40 W bulb or two 40 W bulbs, in the
experiments where the two animals of the same cage were
being simultaneously tested on two separate apparatus. The
testing battery was administered over five weeks between
09:00 h and 14:00 h (except for basal hormones, see physio-
logical variables) as follows: hole board, day 1; basal hor-
mones, day 3; elevated plus maze, day 7; open field, day 14;
and the shuttle box stress test for escape-avoidance beha-
viour, day 31. Apparatus were cleaned with a 20% ethanol
solution after each rat.

2.3.1. Hole-board test

The two hole-board (HB) apparatus were beige wooden boxes
(66 cm x 66 cm x 47 cm), with four equidistant holes
(3.7 cm diameter, 18 cm deep) on the floor, which were
divided into 16 equal squares with red lines. A score was
kept of the number of head dips (HD), the time spent head
dipping, and the number of crossings. The two animals
housed in the same home cage were tested simultaneously,
and were recorded by two cameras; each placed 140 cm
above one of the two hole-board apparatus. The rat was
placed into the centre of the arena and allowed to explore it
for 15 min and then, immediately afterwards, blood was
taken from each rat by tail nick (see below) in a different
room.

2.3.2. Elevated plus maze (EPM)

The EPM consisted of four arms made of black Formica,
extending from a 10-cm square centre positioned 90° from
each other to form the shape of a plus sign. Each arm was
50 cm long and 10 cm wide. Two opposing arms had wooden
walls (enclosed arms, 40 cm high), whereas the other two
were open arms with a 0.5 cm ridge to provide additional
grip. The whole maze was elevated 50 cm above the floor.
The rat was placed in the centre of the maze facing a closed
arm, and during the 5 min test the following data were
recorded: total entries; entries in open and enclosed arms;
time in enclosed and open arms, as well as in the central
area; latency to enter for the first time into an open arm; and
the number of defecations. An entry was defined as *placing
all four paws into a given arm”.

2.3.3. Open field (OF)

A 10-min OF session was administered. The two animals of the
same home cage were tested simultaneously in two identical
apparatus, which each consisted of a white open arena
(100 cm x 50 cm x 45 cm) made of white Plexiglas. The ani-
mal was placed in the centre of the arena and the distance
travelled was measured using video tracking software (View-
Point S.A.).

2.3.4. Shuttle box (SB)

Shuttle Box apparatus (Panlab, S.L.) was divided into two
equally sized compartments (25cm x 25cm x 25 cm) con-
nected by an opening door (8 cm wide and 10 cm high). A trial
consisted of simultaneously presenting a light (7 W, 10 s) and a
sound (2400 Hz at 40 dB) stimulus, followed immediately by a
scrambled electric shock (0.6 mA), which was administered
through the metal grid floor of the box. Animals received 30
trials for a period of 30 min, with an inter-trial interval of 15 s.

2.4. Physiological variables

Plasma levels of some physiological variables were measured
under resting conditions or in response to stress. Samples
were taken by tail nick (ACTH, corticosterone, glucose) or by
decapitation (cholesterol, triglycerides). The tail nick was
carried out by gently wrapping the animals with a cloth,
making a 2-mm incision at the end of the tail vein and then
massaging the tail whilst collecting, within 2 min, 300 pl of
blood into ice-cold EDTA capillary tubes (Sarsted, Granollers,
Spain). The two cage-mated animals were sampled simulta-
neously by two experimenters in a separate room from the
colony room and the testing room.

To evaluate the HPA response to a mild stressor, the
animals were exposed for 15 min to the HB in a testing room.
Immediately afterwards, the animals were transported to
another room and sampled. This time point was chosen
because 15 min is the minimum time needed for plasma
corticosterone to reflect initial ACTH release (Armario,
2006). To evaluate the HPA axis response to a more severe
stressor, the animals were previously exposed to the SB.
Immediately after the SB session, and again 30 min after
its termination (SB30), rats were sampled by tail nick. Basal
samples were taken two days after the HB exposure, on a day
when neither behavioural testing nor treadmill training was
being undertaken to prevent possible interferences with
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hormonal data. Sampling was carried out, under resting
conditions, during the morning (09:00—10:00 h) and during
the evening (19:00—20:00 h).

2.5. Radioimmunoassays

Plasma ACTH and corticosterone levels were determined by
double-antibody radioimmunoassay (RIA). In brief, ACTH RIA
used '?°I-ACTH (PerkinElmer Life Science, Boston, USA) as the
tracer, rat synthetic ACTH 1—39 (Sigma, Barcelona, Spain) as
the standard and an antibody raised against rat ACTH (rb7)
kindly provided by Dr. W.C. Engeland (Department of Surgery,
University of Minnesota, Minneapolis, USA). The characteris-
tics of the antibody have been described previously (Engeland
et al., 1989), and we followed a non-equilibrium procedure.
Corticosterone RIA used '?°|-corticosterone-carboxymethylox-
ime-tyrosine-methyl ester (ICN-Biolink 2000, Barcelona,
Spain), synthetic corticosterone (Sigma, Barcelona, Spain)
as the standard, and an antibody raised in rabbits against
corticosterone—carboxymethyloxime—BSA kindly provided
by Dr. G. Makara (Institute of Experimental Medicine, Buda-
pest, Hungary). The characteristics of the antibody and the
basic RIA procedure have been described previously (Zelena
etal., 2003). All samples to be statistically compared were run
in the same assay to avoid inter-assay variability. The intra-
assay coefficient of variation was 3.8% for ACTH and 7.8% for
corticosterone. The sensitivity of the assays was 12.5 pg/ml
for ACTH and 0.1 pg/dl for corticosterone.

2.6. Cholesterol and triglyceride determination

Blood samples for cholesterol and triglyceride determina-
tions were collected in 5% EDTA-tubes at the time of death;
plasma was obtained by centrifugation and stored at —80 °C
until needed. Plasma triglyceride and cholesterol concentra-
tions were measured by using the colorimetric test kits for
triglyceride and cholesterol, respectively, from Wako Che-
micals GmbH (Neuss, Germany).

2.7. Statistical analysis

The statistical analysis was performed with the ‘Statistical
Package for Social Sciences’ (SPSS, version 17.0), using one-
way ANOVA and repeated measures ANOVA. All values are
expressed as mean + standard error for the mean. All post
hoc contrasts were carried out with Bonferroni correction,
with p < 0.05 considered to be significant.

3. Results
3.1. Body weight

Body weights were analysed by repeated measures ANOVA with
treatment as the between-subjects factor and age as the
within-subjects factor. The ages included in the analysis were:
4weeks (pre-exercise), 5 weeks (1 week after treadmill training
had started) and 9, 13, 17, 21, 25, 29, and 33 weeks. The
analysis indicated (Fig. 1) a significant effect of age [F(8,
160) = 1857.4; p < 0.0001], but not for group or interaction
[F(2, 20) = 0.64, ns; age*group: F(16, 160) = 0.54, ns; respec-
tively].

775
675
575
475
375
275
175

75

Body weight (gr)

Pre 5 9 13 17 21 25 29 33
Weeks of age
Figure 1 Mean (+SEM) of the body weight changes over the
weeks of the training period. Groups were: sedentary (SED),

control (CON) and treadmill (TM) (n = 7—8/group). No significant
differences were observed between groups.

3.2. Hole board

A repeated measure ANOVA was used to analyse exploratory
behaviour in the HB, with groups as the between-subjects
factor and time (3 time bins of 5 min) as the within-subjects
factor. The analysis of the number of head dips did not show
any significant main effect or interaction [Fig. 2A; group:
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Figure 2  Control group (CON) made more crossings (C) than the
sedentary group (SED), during the first 5 min of the hole-board
test. Mean + SEM of (A) the number of head dips, (B) the time
spent head dipping, and (C) the number of crossings are shown
over 3 time bins of 5 min in the hole-board test. TM, treadmill
group (n =7—8/group). **p < 0.01 vs. SED (Bonferroni).
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Figure 3 Animals in the sedentary (SED) group showed a
reduced number for enclosed and total entries in the elevated
plus maze. This figure shows the mean + SEM of number of total
entries and entries in both open and closed arms. CON, control
group; TM, treadmill group (n=7-8/group). *p < 0.05 (Bonfer-
roni) between the indicated groups.

F(2, 20)=0.07; time: F(2, 40)=1.79; group*time:
F (4, 40) = 1.43]. Time was significant in the analysis of time
spent head dipping [Fig. 2B; F(2, 40) = 3.59; p < 0.05], but
not for group and group*time [F(2, 20) =0.21, ns; F(4,
40) = 1.09, ns, respectively]. A trend toward significance
was found for the effect of group [F(2, 20)=3.32;
p < 0.06], whereas the significant effects of time [F(2,
40) =29.12; p < 0.0001] and interaction group*time [F(4,
40) = 6.39; p < 0.0001] appeared for the number of crossings
(Fig. 2C). Decomposition of that interaction revealed that
groups differed during the first 5min [F(2, 20)=9.12;
p < 0.01], with the CON group making more crossings than
the SED one (Bonferroni, p < 0.01; Fig. 2C).

3.3. Elevated plus maze

The one-way ANOVA revealed an overall significant effect for
group on the number of total entries, as well as of entries into
the closed arms [F(2, 20)=6.39; p<0.01 and F(2,
20) = 5.23; p < 0.05, respectively]. Animals in the SED group
showed reduced activity (Bonferroni, p < 0.05) in the EPM in
comparison with those in the CON (both measures) and TM
(closed arms only) groups (Fig. 3). The time spent in the open
[F(2, 20) = 1.32, ns] or closed arms [F(2, 20) = 1.32, ns], the
latency to enter for the first time in an open arm [F(2,
20) =2.52, ns], and the defecation rate [F(2, 20)=1.25,
ns] were not affected by handling and/or exercise (data
not shown).
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Figure 4 Control (CON) group was more active than the sed-
entary (SED) group during the first minute of the Open field test.
This figure shows the mean + SEM of the distance travelled over
the 10 min of exposure to the open field test. TM, treadmill group
(n=7-8/group). *p < 0.05 vs. SED group (Bonferroni).

3.4. Open field

A repeated measures ANOVA (between-subjects factor:
group; within-subjects factor: 10 time bins of 1 min) was
used to analyse the distance travelled in the OF. The analysis
indicated no significant effect for group [F(2, 20) = 1.318,
ns], but significant effects for time [F(9, 180)=45.12;
p <0.0001] and the group*time interaction [F(18,
180) = 1.85; p < 0.05] (Fig. 4). Decomposition of that inter-
action showed that the CON group was more active than SED
group during the first minute [F(2, 20) = 4.98; p < 0.05; post
hoc test (Bonferroni): p = 0.017] (Fig. 4).

3.5. Physiological variables

3.5.1. Baseline levels

A repeated measures ANOVA (between-subjects factor:
group; within-subjects factor: time of the day: morning or
evening) was applied to analyse baseline levels of HPA hor-
mones and glucose. A significant time effect was observed
for: ACTH [F(1, 20) = 18.34; p < 0.0001]; corticosterone F(1,
20) =73.57; p<0.0001]; and glucose [F(1, 19)=24.48;
p < 0.0001]; with higher levels for the three variables in
the evening (Fig. 5A—C). A significant effect for group was
found for glucose [F(2, 19) = 4.664; p < 0.05; Fig. 5C), but
not for ACTH or corticosterone [F(2, 20) =0.669, ns; F(2,
20) = 1.694, ns, respectively]. Further comparisons showed
that overall glucose levels of the TM group were significantly
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Figure 5 Overall evening levels of ACTH (A), corticosterone (B) and glucose (C) were higher than morning levels. Treadmill group
(TM) presented less glucose than sedentary (SED) and control (CON) groups. This figure shows the mean + SEM of hormones and glucose

levels under resting conditions during the morning and the evening (n=7-8/group).

ot

p < 0.001 overall time of day effect;

Vp < 0.025, *p=0.011 vs. SED and CON groups, respectively (regardless of time of day).
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Figure 6 Mean + SEMof: (A) triglycerides and (B) cholesterol are shown, both were reduced in the treadmill (TM) group, as compared
with the sedentary (SED) and control (CON) groups (n = 5—6/group). *p < 0.05 (Bonferroni) between the indicated groups; p = 0.065

vs. SED and p = 0.085 vs. CON.

lower than those of the SED (p = 0.025) and CON (p =0.011)
groups. Group*time interactions were not significant.

One-way ANOVA analysis showed significant differences
for measurements of plasma cholesterol and triglycerides
[F(2, 15) =4.246; p < 0.05 and F(2, 17) = 3.983; p < 0.05,
respectively; Fig. 6A and B]. The TM group showed lower
levels of triglycerides than the SED group (Bonferroni,
p < 0.05). A trend toward significance was found in choles-
terol levels of the TM group, as compared to the SED and the
CON groups (p =0.065; p =0.085, respectively).

3.5.2. Response to stressors

Plasma glucose was not studied for the HB response, because
glucose response is low or null after mild stressors. Analysis of
the ACTH and corticosterone responses indicated a signifi-
cant effect of group for ACTH [F(2, 20) = 3.59; p < 0.05]
(Fig. 7A), but not for corticosterone (Fig. 7B). Further com-
parisons of ACTH indicated that TM animals showed lower
ACTH levels than CON ones (Bonferroni, p = 0.05), but they
did not differ from SED animals (Fig. 7A).

Behavioural data regarding escape-avoidance behaviour
in the SB could not be recorded due to technical problems,
but the available data indicate that the number of escapes
was similar in the three groups (SED 26.38 + 1.2, CON
27.5+0.9 and TM 25.5+ 2.3, p=0.67), suggesting that
the amount of shocks received were also similar. A repeated
measures ANOVA (between-subjects factor: group; within-
subjects factor: time SB, SB30) was conducted to analyse the
ACTH response to the SB (Fig. 8A), and showed significant
effects for time [F(1, 20) = 237.23; p < 0.0001] and group
[F(2, 20) =4.63; p < 0.05], but not for interaction group*
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Figure 7 Treadmill (TM) animals presented reduced ACTH
levels (A), but not reduced corticosterone levels (B), than the
control (CON) group, immediately after exposure to the hole-
board test. Means + SEM are shown. SED, sedentary group
(n=7-8/group). *p =0.05 (Bonferroni).

time [F(2, 20)=0.59, ns]. Contrast comparisons indicated
lower ACTH levels in the TM group, as compared with the
SED (p =0.07) and the CON groups (p = 0.063) (Fig. 8A). The
analysis of corticosterone showed a significant effect for
group*time interaction [F(2, 20) =4.47; p =0.025], but no
significant effects for group or time [F(2, 20) < 0.8, ns]
(Fig. 8B). Decomposition of the interaction revealed that
the TM group showed a decrease in corticosterone levels,
during recovery after shuttle-box stress, whereas the SED
and the CON groups did not (Fig. 8B). This decrease was also
confirmed by analysis of the difference between SB30 and SB
levels for each group (SB30—SB: SED: 4.76 + 0.87, CON:
3.06 + 1.24, TM: —4.47 4+ 3.96) [F(2, 20) = 4.47, p < 0.05];
post hoc test (Bonferroni, p = 0.021) TM < SED. The analyses of
glucose showed a significant effect for time [F (1, 20) = 134.78;
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Figure 8

Lower ACTH levels (A) were found in the TM animals, as compared to the sedentary (SED) and control (CON) groups,

immediately after the shuttle-box stress session (SB) and after 30 min of recovery (SB30). Corticosterone (B) decreased only in the TM
group during the post-shuttle period, and overall levels of glucose (C) decreased after recovery. Mean + SEM is shown (n = 7—8/group).

44

(regardless of sampling time).

p < 0.001 (general effect of sampling time); "p < 0.05 between the indicated groups; Vp = 0.07 vs. SED and *p = 0.063 vs. CON group
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Figure 9 Mean + SEM of the relative adrenal weight of seden-

tary (SED), control (CON) and treadmill (TM) groups (n=7-8/
group). *p =0.077 vs. SED and p = 0.095 vs. CON groups.

p < 0.0001], which reflected the decrease in glucose levels
during the post-SB period (Fig. 8C). There were no significant
effects for group or the group*time interaction [F(2,
20) =1.17, ns; F(2, 20) = 1.58, ns, respectively].

Finally, the ANOVA revealed a significant effect for group
on relative whole adrenal weight (Fig. 9; F(2, 20) = 3.63;
p < 0.05), but comparison of groups (post hoc Bonferroni
test) only revealed marginally significant effects: p =0.095
(TM > SED) and p = 0.077 (TM > CON).

4. Discussion

The present study is, to our knowledge, one of the first to
expose young rats to long-term moderate treadmill exercise
(36 weeks) to find out the influence of this exposure on
exploratory and anxiety-like behaviour, as well as on the
resting and stress levels of some physiological parameters.
Two groups of control rats were included, one sedentary (SED)
group that always remained in their home cages, and another
control (CON) one, exposed to the very same procedure as the
treadmill (TM) trained rats, except that they could not run on
the treadmill. In this way, a non-specific effect could be ruled
out for all the procedures associated to TM regarding anxiety
and responsiveness to stress. Hence, our study demonstrates
for the first time that long-term moderate training has ben-
eficial physiological effects and reduces the ACTH response to
stress. Yet, such beneficial effects are not explained by all
procedures associated to training.

The moderate training protocol used in the present study
(12 m/min, 30 min/day, 4—5 days/week) did not reduce body
weight over the entire period of study. Using the treadmill
procedure, body weight reduction has been related to the
intensity of training (e.g. Watanabe et al., 1992; Chennaoui
et al., 2002; Albeck et al., 2006; Hansalik et al., 2006), and
our procedure is milder than all those previously described.
Therefore, it appears that treadmill running exercise must be
above a certain level of intensity to reduce body weight in
rats. Despite the lack of changes in body weight, TM rats
showed lower resting levels of glucose, cholesterol and
triglycerides than CON and SED groups, a result consistent
with previous data obtained in rats (Pels et al., 1985; Suzuki
and Machida, 1995) and humans (Marti et al., 1990). As lower
levels of these variables have beneficial effects on metabolic
and cardiovascular diseases (Eriksson et al., 1997), the pre-
sent data strongly support the efficacy of our moderate
exercise programme.

The behavioural data in the three novel environments
(HB, EPM and OF) revealed that, in general, both TM and CON
rats increased horizontal activity as compared with SED rats.
There were no evident differences between rats in the TM
and CON groups. Furthermore, no group differences were
observed in variables more specifically related to exploration
(head dipping in the HB test) or anxiety-like behaviour (e.g.
entries and time in the open arms of the EPM). Hence, our
results strongly indicate that there is no specific effect of
moderate exercise on activity, exploration or anxiety-like
behaviour, and that increased activity may be related to the
procedures associated to daily exposure to the treadmill,
rather than to exercise per se. Throughout the 36 weeks of
training, CON animals were picked up from the home cage,
weighed, placed in the treadmill for 30 min and returned to
the home cage when the session finished, whereas SED
animals were only weighed once per week. The animals of
the CON group remained in the apparatus without running,
sniffed the surrounding, reared, moved forward and back-
ward in the line, and after some time, sat downward and fell
asleep. Thus, CON animals were exposed to some kind of
enriched rearing condition, and it has been repeatedly
reported that even less intensive and brief handling proce-
dures, as well as other environmental rearing conditions
involving increased stimulation, are able to modify activity,
exploration or anxiety profiles (Fernandez-Teruel et al.,
2002; Leal-Galicia et al., 2008; Pena et al., 2009; Simpson
and Kelly, 2011). Moreover, the behavioural similarities
between CON and TM rats observed in the present experi-
ments agree with previous studies, which also reported a
similar performance by both groups in hippocampal neuro-
trophin expression, spatial learning, anxiety and social beha-
viour (Burghardt et al., 2004; O’Callaghan et al., 2009;
Spangenberg et al., 2009). In line with this, we have recently
reported that both TM and CON rats showed increased serum
levels of IGF-1 and brain activation of sirtuin 1 pathway, as
compared to SED rats, although the increase was higher in the
TM group (Bayod et al., 2011).

Although the research reported in the literature used
relatively shorter periods of exercise (1—8 weeks) and more
intense training than in the present experiments (when the
treadmill was used, allowing comparisons), the effects of
exercise on activity in novel environments and on anxiety-
like behaviour are clearly inconsistent after treadmill exer-
cise, as well as after voluntary wheel running (e.g. Dishman
etal., 1996; Burghardt et al., 2004; Fulk et al., 2004; Leasure
and Jones, 2008; Garcia-Capdevila et al., 2009; Grace et al.,
2009; Hopkins and Bucci, 2010). More consistent beneficial
effects of exercise have been reported when anxiety was
enhanced by pharmacological interventions or psychological
stress. Wheel running reduced conditioned freezing and
reversed the shuttle-box escape deficit produced by
uncontrollable stress (Greenwood et al., 2003, 2007),
whereas treadmill exercise reversed the increase of anxi-
ety-like behaviour induced by acute sleep deprivation (Vol-
lert et al., 2011), and by a drug that increased oxidative
stress markers (L-buthionine-(S,R)-sulphoximine (BSO); Salim
et al., 2010). Therefore, future research about the possible
beneficial effects of exercise on anxiety may benefit from
protocols that assess resilience to stress-provoking stimuli.

The analysis of basal hormones showed that TM animals
did not differ from the SED and CON groups in plasma ACTH
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and corticosterone levels, measured at two points of the
circadian cycle. It cannot be ruled out that transient changes
appeared during the initial phases of training, which pro-
gressively normalized over the long-term period of training
(36 weeks). For instance, increases in resting levels of corti-
costerone during the first week after wheel running, with
normalization after 4 or 8 weeks, have been reported (Fediuc
et al., 2006; Campbell et al., 2009). Our results concur with
those generally reported in the literature, and indicate only
null or small effects of exercise on resting levels of HPA
hormones, either in rats or mice (Chennaoui et al., 2002;
Droste et al., 2003, 2006, 2007; Watanabe et al., 1991, 1992).

To our knowledge, the present study demonstrates for the
first time an important impact of long-lasting moderate
levels of exercise on PA response to stress. TM animals
showed a reduced ACTH response to either a mild stressor
(exposure to a novel environment), or a severe stressor
(escape-avoidance training using foot shock as the aversive
stimulus, SB). That is, the TM group presented a lower ACTH
response to stress than both the SED and CON groups. This
reduced ACTH response to the escape-avoidance task cannot
apparently be explained by a reduced number of shocks
related to better learning of the task, as the number of
escapes was similar in all groups.

Corticosterone response followed a partially different
pattern. No group differences were observed in response
to the novel environment. In response to the escape-avoid-
ance task, slightly higher levels were found in TM rats, as
compared to SED or CON rats immediately after the task,
whereas the post-task decline was greater in TM animals, in
accordance with the greater post-task decline in ACTH in
these animals. Discrepancies between the ACTH and corti-
costerone responses can at least be explained in part by
enhanced adrenal responsiveness to circulating ACTH in TM
rats. These TM rats showed a trend toward a higher relative
adrenal weight, and this parameter correlated with maximal
adrenocortical responsiveness to ACTH (Marquez et al.,
2004).

In general, previous studies on the influence of exercise on
PA responsiveness to stress have used much shorter periods of
exercise (2—10 weeks), and the results showed normal (Chen-
naoui et al., 2002; Droste et al., 2006, 2007) or reduced
(Droste et al., 2006; Watanabe et al., 1992) ACTH response to
predominantly emotional stressors. With these relatively
short periods of exercise, it is important to consider the
dynamic changes in the HPA axis to adapt to exercise. For
instance, Campbell et al. (2009) reported that, after 2 weeks
of exercise, rats showed reduced ACTH but higher corticos-
terone response to restraint stress, whereas a response
similar to that of sedentary groups was observed after 8
weeks of exercise. The dissociation between ACTH and cor-
ticosterone response after 2 weeks was explained by the
observation of enhanced adrenocortical responsiveness to
ACTH. Dissociation between both hormones has also been
observed in mice exposed to wheel running (Droste et al.,
2003, 2006, 2007), suggesting some ACTH-independent spe-
cific effect of exercise on adrenocortical function. Moreover,
the positive effects of exercise on HPA responsiveness to a
stressor may extend beyond the acute response to stressors,
as Sasse et al. (2008) observed a normal corticosterone
response to noise stress, but a significantly improved habi-
tuation to daily repeated noise in exercised animals.

In TM rats, there was no reduced glucose response parallel
to the reduction observed in the ACTH response. As stress-
induced hyperglycaemia is a reflection of adrenaline release
(Marti and Armario, 1998), it can be tentatively assumed that
long-lasting moderate training did not substantially modify
medullo-adrenal responsiveness to predominantly emotional
stressors. However, there are other alternative possibilities.
First, exercise-induced metabolic changes may alter glucose
metabolism, independently of circulating levels of adrena-
line. Second, a reduced ACTH response to stress in TM rats
may be the consequence of an altered regulation of the HPA
axis in the pituitary, the PVN or above, rather than a reflec-
tion of a generalized lower response to stressors. The present
results concur with previous reports that 8—10 weeks of
treadmill training do not have effects on the noradrenaline
and adrenaline response to noise stress (Overton et al.,
1991), although it is possible that exercise can be beneficial
for reducing noradrenaline and adrenaline response to stress
in certain vulnerable animals, such as borderline hyperten-
sive rats (Cox, 1991).

In conclusion, moderate forced exercise practiced from
early ages has an important long-term impact in adulthood.
Exercise, but not handling, reduced plasma levels of glucose,
cholesterol and triglycerides, suggesting beneficial meta-
bolic consequences. The two components involved in the
treadmill training procedure, handling and exercise, can
affect behaviour and responsiveness to stress in a different
manner. Treadmill handling increased horizontal activity, but
did not affect anxiety. Although any treatment altered basal
hormone levels, the present study is probably the first to
demonstrate that long-term moderate treadmill exercise,
but not the handling procedures, reduces the ACTH response
to both mild and severe stress challenges.
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Part 2B: L'exercici_a llarg termini promou les estratégies

d'afrontament en rates mascles i femelles

En el seglent manuscrit no publicat, que esta compost per dos
experiments independents, trobarem que l'exercici millora l'adquisicié
de la resposta d’evitacié activa en dos sentits (Shuttle Box). Malgrat
que tant les rates mascles com les femelles amb exercici assoliren el
criteri d'aprenentatge (evitar el shock durant 8 trials seguits)
significativament abans que les control i les sedentaries; al final de les
sessions d'aprenentatge, totes les femelles assoliren un nivell de
respostes correctes per sobre del 90%, mentre que en els mascles fora
del 70-72% (CON i SED) i 85% (TM). Quelcom similar va ocdrrer amb
les rates corredores. Mentre que les femelles TM ja evitaven més i més
rapid que les femelles SED a la primera sessio, els mascles TM ho van
fer a la segona. Finalment, el grup CON no va mostrar un ritme tant
rapid d'adquisicid com el grup TM; a l'analitzar la progressié en blocs de

10 assaigs varem veure que el grup CON es situava entre el TM i el SED.
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Long-term moderate treadmill exercise promotes stress-coping

strategies in male and female rats

Abstract

The current study examined the capacity of long-term moderate
treadmill running to modify behavioural coping strategies (active vs.
passive) and learning performance in the two-way avoidance task.
Around 32-weeks after the exercise intervention, Sprague-Dawley rats
were tested over five 30-trial sessions in the shuttle-box with two
separate experiments for females and males. Two groups were used as
controls: a non-handled sedentary (SED) group, receiving no
manipulation, and a control (CON) group exposed to a stationary
treadmill for the same amount of time as the trained (TM) group. In the
first experiment, SED females were slower to respond and performed
fewer avoidances during the first session in comparison to CON and TM
females, whereas TM females showed the fastest learning rates. All
groups of females reached an asymptotic level of performance with over
90% correct responses. In contrast, the performance of male rats was
below 90% correct. The SED and CON males achieved 70-72% of
avoidance tasks, whereas the TM males responded with shorter
latencies than the other two male groups, and achieved 85% of tasks.
Overall, long-term moderate forced exercise accelerates active copying
strategies in male and female rats, and implies that exercise may

benefit in conflict situations involving anxiety.

Key Words

physical activity, shuttle box avoidance, gender, anxiety, learning

1. Introduction
Clinical data reveal that a physically active lifestyle is an effective
way for promoting benefits to physiological and mental health. The

earlier hypothesis that physical activity needs to be intense or vigorous
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to induce health gain has been modified by more recent evidence
showing health benefits after moderate levels of physical activity [1].

In humans, 12 weeks to 10 months of brisk walking resulted in
enhanced executive control, increased brain matter volumes and task-
related cerebral activity (reviewed in [2]), although the findings for
working memory were less conclusive [3]. In rodents, eight months of
regular moderate running improved spatial learning [4] and increased
neurogenesis [5], while a longer period of exercise improved
neuroprotection in the hippocampus [6].

Another important positive effect of physical activity and
exercise is observed regarding anxiety. In humans, consistent evidence
supports the prescription of exercise in addition to the pharmacological
and psychological treatment of anxiety disorders [7], although it
remains unclear as to which type and intensity of exercise (moderate to
hard or very light to light) is more effective for the reduction of anxiety
symptoms [8]. In animal models, 8-10 weeks treadmill intervention led
to a reduction in anxiety-like behaviour [9], and counteracted the
impairments produced by postnatal-maternal deprivation on fear
memories [10]. We recently reported that long-term moderate treadmill
training reduced hormonal response after acute mild and severe stress
[11], and Grenwood et al. [12] reported that wheel running for 6
months reversed an escape deficit induced by uncontrollable foot shock
stress.

Given the aforementioned benefits of moderate physical activity
on learning and the reduction of stress response, we investigated the
capacity of long-term moderate physical activity for improving learning
performance in a conflict situation involving stress. To examine this
hypothesis, the two-way (shuttle-box) active avoidance acquisition test
was used. This test involves a fear-mediated conflict between a
tendency to freeze against a tendency to actively run (i.e. “passive
avoidance-active avoidance conflict”) in a box (shuttle-box) of two
compartments separated by an open door. The animal is required to
change compartments to actively escape or avoid the upcoming foot

shock signalled by a light and/or a tone. Low baseline levels of anxiety
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(e.g. low anxious rats, anxiolytic drugs, anxiolytic early postnatal
handling) are associated with enhanced acquisition and faster active
avoidance responses in this task, whereas high anxious profiles
increased the freezing response and favoured passive avoidance,
resulting in slower learning of the task and longer response latencies
[13-15].

In the present study, the long-term effects of a 32-week
treadmill intervention at moderate intensity on active/passive
responding were evaluated using the shuttle-box paradigm. The
characteristics of the protocol used were chosen for two main reasons:
a) using a treadmill model, in which the duration and intensity of
exercise were adjusted by the experimenter, the heterogeneity
described with other models of voluntary exercise was avoided [16];
and b) including two control groups (SED group, receiving no
manipulation and CON group exposed to a stationary treadmill under
the same conditions as for the TM group) served to detect the influence
of other variables, such as daily handling and exposure to the treadmill

apparatus [4].

2. Methods
2.1 Animals

Female (n=29, Experiment 1) and male (n=37, Experiment 2)
Sprague-Dawley rats (obtained from the Servei d’Estabulari, Universitat
Autonoma de Barcelona) were housed 2 per cage in standard macrolon
cages (40 cm in length x 23 cm in width x 18 cm in depth) and
maintained under 12h/12h light/dark cycle (lights on 0800h) in
standard conditions of temperature (21£1°C) and humidity (50+10%),
with free access to food and water. The experimental protocol was
approved by the Ethics Committee of the Universitat Autonoma de
Barcelona, and was carried out following the ‘Principles of laboratory
animal care’, in accordance with the European Communities Council
Directive (86/609/EEC). Animals of the same sex were randomly
assigned to three groups, which did not differ in initial body weights.
(Experiment 1, SED: 331.8+5.6, CON: 312.3%6.7, TM: 319.5%11;
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Experiment 2, SED: 517.5+12, CON: 545.8+9.3, TM: 549.9+12.3;
Mean = SEM). Body weight was recorded weekly until the end of the
experiment. Body weight gain was calculated as the difference between
the body weight measured at the last week of training and the body

weight prior to the onset of treadmill training (Table 1).

2.2 Treadmill training

Treadmill training was started when rats were 14 weeks old and
lasted 32 weeks. The animals were trained using the procedure
described in Lalanza et al [11]. Briefly, rats were first habituated to the
treadmill apparatus for 30 min. The following day, the intensity of the
exercise was gradually increased until it reached a speed of 12
metres/minute (m/minin) without inclination. The treadmill apparatus
consisted of 3 parallel runways without electroshock (Exer 3/6,
Columbus Instruments). Animals were trained in 30-min sessions, 4-5
days/week, between 9h and 14h for 32 weeks. During the first sessions,
some rats slowed their gait over the session and displaced towards the
black wall of the lane; on such occasions they were gently pushed by
hand for a few seconds to stay at the front part of the lane. Despite
these cautions, 25% of the male rats refused to run and were removed
from the experiment, as seen in other studies [17]. No female rats were

rejected.

2.3 Shuttle Box (SB)

Each shuttle box (Panlab, S.L.) was divided into two equally
sized compartments (25cm x 25cm x 25cm), both sound-attenuated,
connected by an opening door (8 cm wide and 10 cm high). The first
session was preceded by a 5 min habituation period followed by five 30-
trial sessions administered at 24-h intervals. Each trial consisted of 10
sec of conditioned stimulus (CS, light of 7 W and sound of 2400 Hz at
40 dB, presented simultaneously), immediately followed by a scrambled
electric shock (unconditioned stimulus, UCS, 0.6 mA) that was
administered through the metal grid floor of the box. CS or UCS
finished when the animal crossed to the other compartment (active
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response). Once a crossing had been made, a 40-s pause (inter trial
interval) was presented. The scores for habituation crossings, the total
number of active avoidances (crossings in the presence of CS), the
number of avoidances and averaged escape latencies during three 10-
trial blocks, and the number of trials required to achieve the criterion of
8 consecutive avoidances (“Criterion 8”, adapted from [14]) were all
recorded. The warm-up index was calculated as the number of
avoidances performed in the third 10-trial block of the previous session
minus the number of avoidances performed in the first 10-trial block of

the next session.

2.4 Statistical Analysis

The statistical analysis was performed using the ‘Statistical
Package for Social Sciences’ (SPSS, version 18.0). Repeated-measures
ANOVA (GLM) was used to analyse the number of active avoidances,
the average escape latencies over the three 10-trial blocks (within
session) and the warm-up index progression over session. Body weight
gain, number of crossings during habituation period, total number of
avoidances, total mean latency and criterion 8 were analysed by one-
way ANOVA, followed by Duncan post hoc comparisons between groups
after significant ANOVA. Student t-tests were performed when required.
All values are expressed as mean + standard error for the mean (SEM).

Statistical significance was set at p<0.05 for all tests.

3. Results

Moderate treadmill training did not reduce body weight gain
(Table 1, n.s.). There was no difference between groups for the humber
of crossings performed during the habituation period in the shuttle-box
apparatus (data not shown).

In Experiment 1, a significant increase was found in the number
of active avoidance responses and a decrease in escape latencies (Fig
1-AB) over the trials (avoidances: F(2,200)=76.60, p<0.001; latencies:
F(2,400)=73.74, p<0.001) and sessions (avoidances: F(4,200)=126.67,
p<0.001; latencies: F(2,400)=130.19, p<0.001). Group differences in
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learning acquisition appeared in the number of avoidances (group x
block x session interaction, F(16,200)=3.18, p<0.001) and latencies
(group x block x session interaction: F(16,200)=3.17, p<0.001) of the
within-subjects analysis, which were corroborated by the overall
residual group differences that appeared in the between-subjects
analysis of avoidances (group factor: F(2,25)=3.37, p=0.051) and
latencies (group factor: F(2,25)=2.79, p=0.081). TM female rats
reached “Criterion 8" significantly earlier than the other two groups
(F(2,27)=4.84, p<0.05; Table 1). Indeed, when analysed for the
progression of the “warm-up” index, significant differences were found
between the SED and TM groups over session (F(3,54)=6.54, p<0.001)
and during sessions 2 and 5 (p<0.05), but not between the SED and
CON groups.

In Experiment 2, male rats also increased the number of
avoidances (F(4,264)=143.1, p<0.001) and diminished escape
latencies over the 10 trial-blocks (F(4,264)=265.1, p<0.001), as well
as over sessions (avoidances: F(4,264)=78.23, p<0.001; latencies:
F(4,264)=56.87, p<0.001; Fig 2). TM male rats showed shorter escape
latencies (F(2,33)=4.11, p<0.05; Fig 2, Table 1), reached “Criterion 8"
earlier (p<0.05 t-test vs. the SED group) and displayed a higher
number of total avoidance responses (p<0.05 t-test vs. the SED group,
Table 1) in comparison to the SED group. No significant differences

were found in the warm-up index.

4. Discussion

In agreement with previous findings by our group [11] and by
others [18], treadmill training did not reduce body weight gain,
revealing that higher doses to those reported here (2.5 hours/week of
running at moderate intensity) are necessary to reduce body weight
gain, as reported both in rodents [19] and humans [1,20].

In Experiment 1, a common pattern of performance was
detected across groups, all showing a progressive increase in the
number of correct responses (i.e. avoidances) during the initial 0-20

trials until, in the final sessions 4-5, a level of performance of 90% or
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higher was reached for avoidances. Specifically, females of both the TM
and CON groups increased the number of avoidances in the third 10-
trial block of session 1 compared with the SED group. Interestingly,
only the TM group differed from SED group in the averaged escape
latencies in that final 10-trial block. TM female rats reached “Criterion
8" 16 trials earlier than the CON group and 30 trials earlier than the
SED group. As all groups displayed an equal number of crossings during
the habituation period, we attributed these differences regarding
“Criterion 8” to be a result of the better conflict solving and coping
strategy employed by TM rats as compared to that of the other groups,
rather than to changes in motor activity. Collectively, TM female rats
showed the fastest initial acquisition rate for the two-way active
avoidance response in comparison with both SED and CON rats,
whereas the SED group performed the lowest number of avoidances in
the first 10-trial block of the last session. We suggest that these
changes may result from the progression between sessions in the first
10-trial block, as related to the performance of the last block of the
previous session, the so-called “warm-up” effect [14].

Considering the high exposure of both CON and TM rats to
handling procedures, it is plausible that handling stimulation could
partially underlie the improvement observed in the number of
avoidances at trials 30 and 130 of CON rats compared to SED female
rats. Such results are in agreement with other handling procedures
requiring chronic intraperitoneal injections or handling exposure at early
age, which also improved shuttle-box learning acquisition and
diminished anxiety-like behaviour [21-23].

CON and TM male groups had a similar performance during the
initial stage, whereas the SED group showed the slowest acquisition
rates. However, from session 2 onwards, TM male rats group performed
better than the other groups as was indicated by shorter escape
latencies, lower “Criterion 8” and a higher number of total avoidance
responses in comparison to the SED group. Overall, in contrast to the
90% acquisition rates observed in females, males learnt the task at a

slower pace. TM male rats displayed the best performance, reaching a
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level of 82% of correct responses by the third session and maintaining
a level of 86% and 85% in sessions 4 and 5, respectively; whereas SED
and CON male groups performed 70% and 72% of avoidances,
respectively, during session 5.

To our knowledge, we demonstrate here for the first time that
long-term moderate treadmill running consistently improved two-way
active avoidance acquisition in both male and female rats. Treadmill
running accelerated the number of trials for reaching “Criterion 8" in
both genders, with TM females being the first group that performed 8
consecutive avoidances. Moreover, female runners increased the
number of correct responses during the initial stages, and male runners
diminished the escape latencies. A possible interpretation for this result
is that long-term moderate running improves the coping strategy and
learning performance in a stressful situation. This effect concurs with
the reduced ACTH response to mild and severe stressors previously
reported in male rats long-term trained in the treadmill [11], but
contrasts with a recent study, which found that treadmill training did
not prevent fear conditioning or the escape-learning deficit produced by
uncontrollable  stress [24]. The discrepancy between the
aforementioned results and our present ones could, in part, be
explained by the differences in the treadmill protocol employed. In that
study [24], the rats were motivated to run by foot shocks and the
intensity of the exercise was 14-20 m/minin, with sessions of over 35
min of duration for a total of 6 weeks. In the present study, no foot
shock motivation was used, the animals were trained at a lower
intensity and the training lasted for 32 weeks. Additional experiments
using different training protocols could help to confirm this explanation.

In summary, the present study demonstrates that long-term
moderate treadmill running enhances two-way active avoidance
acquisition in both adult male and female rats. This suggests that an
exercise regimen of low intensity could improve behavioural coping
strategies under stressful conditions, and that it also could be beneficial

in clinical approaches.
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Figures and Tables

Table 1. Body weight gain after 32 weeks of moderate treadmill
training, averaged latencies over the 150 trials, total number of correct
responses and Criterion 8 in the two-way avoidance learning for male
and female rats.
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SED, sedentary; CON, control; TM, treadmill group (n=8-14 per
group). *p<0.05 vs. SED.
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Figure 1. Mean + SEM of avoidances and escape latencies in the
shuttle box (SB) over 3 10-trial blocks and sessions 1-5 for Experiment
1. SED, sedentary; CON, control; TM, treadmill females (n=8-9 per
group). *p<0.05 vs. SED.
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Figure 2. Mean * SEM of avoidances and escape latencies in the
shuttle box (SB) over 10-trial blocks and sessions 1-5 for Experiment 2.
SED, sedentary; CON, control; TM, treadmill males (n=11-14 per
group). *p<0.05 vs. SED.
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Part 3: Dieta de Cafeteria

En aquest estudi varem administrar una dieta CAF a rates mascles i

femelles adolescents (des del dia 21 de vida, just quan es deslleten)
durant 8 setmanes. També varem incloure a un grup de mascles
alimentats amb dieta CAF durant 7 setmanes als quals retirarem la
dieta CAF la setmana 8ena, durant la qual es van alimentar
exclusicament amb pinso. L'objectiu en aquest grup era avaluar els

efectes conductuals i metabolics de I'abstinéncia a la dieta CAF.

La dieta CAF indui sobrepés i sindrome metabolica en rates mascles
femelles i augmentava el pes corporal, el teixit adipds, la mida del fetge,
aixi com un augment dels nivells plasmatics de glucosa, insulina,
triglicérids colesterol i acids grassos, en comparaci6 amb les rates
alimentades amb pinso del sexe corresponent. Cal destacar que després
d'una setmana d’abstinencia de Ila dieta CAF es revertiren
significativament els nivells de glucosa, insulina i triglicérids en plasma,
i el pes del fetge en els animals abstinents. A nivell conductual, la dieta
CAF redui l'ansietat en mascles i en femelles, perd només en les
femelles la dieta CAF incrementa I'activitat als bragos oberts de I'EPM.
En I'OF la dieta CAF incrementa el temps en el centre en els mascles.
Per tant, tot i que la dieta CAF va reduir I'ansietat globalment, hi hagué
efectes diferenciats de génere en les proves conductuals. Finalment, les
femelles van fer més joc social que els mascles (sobretot en el
grooming), i la dieta CAF incrementa la sociabilitat tant en mascles com

en femelles en comparacio a la dieta de pinso estandard.

Per tant, es pot concloure que la dieta CAF en animals adolescents és
un bon model per generar sindrome metabdlica i estudiar els efectes
nocius d'aquest tipus d'alimentacié al llarg de I'adolescencia. Les
aportacions principals sén la demostracié de I'efecte ansiolitic de la
dieta CAF i la reversio parcial de les afectacions metaboliques d'una
setmana d'abstinéncia a la dieta CAF. Finalment, igual que en la Part 2B
i en els Annexes, hi ha diferéncies entre mascles i femelles que haurien

de ser considerades en futurs treballs.
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Abstract

Among adolescents, overweight, obesity and metabolic syndrome are rapidly increasing in recent years as a consequence of
unhealthy palatable diets. Animal models of diet-induced obesity have been developed, but little is known about the
behavioural patterns produced by the consumption of such diets. The aim of the present study was to determine the
behavioural and biochemical effects of a cafeteria diet fed to juvenile male and female rats, as well as to evaluate the
possible recovery from these effects by administering standard feeding during the last week of the study. Two groups of
male and female rats were fed with either a standard chow diet (ST) or a cafeteria (CAF) diet from weaning and for 8 weeks.
A third group of males (CAF withdrawal) was fed with the CAF diet for 7 weeks and the ST in the 8th week. Both males and
females developed metabolic syndrome as a consequence of the CAF feeding, showing overweight, higher adiposity and
liver weight, increased plasma levels of glucose, insulin and triglycerides, as well as insulin resistance, in comparison with
their respective controls. The CAF diet reduced motor activity in all behavioural tests, enhanced exploration, reduced
anxiety-like behaviour and increased social interaction; this last effect was more pronounced in females than in males. When
compared to animals only fed with a CAF diet, CAF withdrawal increased anxiety in the open field, slightly decreased body
weight, and completely recovered the liver weight, insulin sensitivity and the standard levels of glucose, insulin and
triglycerides in plasma. In conclusion, a CAF diet fed to young animals for 8 weeks induced obesity and metabolic
syndrome, and produced robust behavioural changes in young adult rats, whereas CAF withdrawal in the last week
modestly increased anxiety, reversed the metabolic alterations and partially reduced overweight.
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it is a unique and important platform for studying obesity, as it
induces the human metabolic syndrome-like phenotype more
effectively than a high-fat diet (HFD) [6]. Administration of the
CAF diet for 15 days to young adult male and female rats
increased adiposity and decreased adiponectin production in white

Introduction

In recent decades, the prevalence rates of paediatric overweight
and obesity have been increasing, reaching 20% or more in some
countries [1,2]. Paediatric obesity is frequently associated with

cardiometabolic sk factors and severe components of the adipose tissue, whereas the levels of insulin in plasma, insulin

metabolic syndrome, such as impaired insulin resistance, high
glucose, triglycerides and HDL-cholesterol levels, as well as high
blood pressure values [3,4].

Animal models developed to induce obesity in rodents are
usually based on different forms of diet containing high fat, high
sugar or palatable foods regularly consumed by humans. Among
such diets, the cafeteria (CAF) diet has been shown to consistently
increase body weight, induce hyperphagia and alter the metabolic
factors clustered in the metabolic syndrome [5,6]. Moreover,
because the CAF diet also produces inflammation in fat and liver,

PLOS ONE | www.plosone.org

sensitivity and body weight did not change in males [7]. This
finding was interpreted as an early response to obesity because, in
both rats and humans, a decreased production of adiponectin
secreted by adipose tissue is a characteristic of obesity [8,9] that, in
turn, could contribute to insulin resistance. In another study, the
CAF diet administered to female rats, from weaning to adulthood,
induced obesity by increasing body and fat pad weight, resulting in
increased levels of triglycerides, total cholesterol and LDL-
cholesterol, as well as induced insulin resistance and reproductive
deficits [10].
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From a different perspective, emotions are related with eating
behaviour. Consistent data suggest that negative mood induces
overeating and weight gain, and that eating behaviour reduces
anxiety [11]. Palatability is critical in determining food preference
[12], and it appears that high levels of stress can increase the
consumption of this type of food [13]. A recent study of college
students has shown that the desire for and consumption of
palatable food were augmented by negative emotions, such as
stress, boredom or anxiety [14]. However, the direct emotional
implications of eating behaviour and obesity in animal models
have not been determined. Work undertaken with non-obese rats
showed that low-anxiety rats had a higher preference for a
palatable high-fat diet than did high-anxiety rats [15], and that a
palatable HFD or chocolate partially ameliorated anxiety as well
as depressed mood levels caused by adverse early life experiences
[16,17]. Yet, in contrast, another study showed that diet-induced
obese rats were more anxious and aggressive than the non-obese
ones [18]. In that study, animals were fed with a high-fat non-
palatable diet, thereby, emphasizing food palatability as a possible
factor required for reducing anxiety. High-fat diets are usually a
semi-purified chow diet with an elevated calorie content that, in
rodents, did not cause the noticeable hyperphagia that a palatable
cafeteria diet does [6,19].

The present experiment aimed to evaluate the behaviour of
obese male and female rats fed with the CAF diet in terms of
locomotor activity, exploration, anxiety-like behaviour and social
interaction tests. As we were interested in studying cafeteria diet-
induced obesity in young adulthood, animals were fed with the
corresponding CAF or standard (ST) diets for 8 weeks starting at
weaning. Our hypothesis was that, as a result of CAF feeding,
anxiety-related behaviour and locomotor activity would decrease
in young adult obese animals. Body weight, liver weight,
retroperitoneal white adipose tissue (RWAT) weight and bio-
chemical parameters clustered in the metabolic syndrome were
evaluated to determine diet and gender dependent effects and/or
interactions on these variables. It was also investigated whether or
not 7 weeks of CAF diet, followed by a shift to standard chow diet
during the final 8th week (CAF withdrawal) could partially reverse
the negative effects of the palatable CAF diet.

Results

Impact of CAF diet on body and tissue weights

At the beginning of the experiment, body weight did not differ
between male and female rats. CAF-fed males and females
increased the amount of solid and fluid intake compared to ST-fed
animals, with a consequent increase in energy and macronutrient
consumption (see Table S1). Body weight increased progressively
over weeks, and both male and female CAF-fed animals were
significantly overweight from week 5 of the diet onwards, as
compared to the corresponding ST-fed rats of the same sex
(Figure 1). At the end of the study (8th week), CAF-fed males and
females had become overweight by 16.3% and 21.1%, respective-
ly, in comparison with their respective ST-fed controls. Relative
liver weight (%) and relative RWAT weight (%) were significantly
increased in CAF-fed animals compared with the ST-fed groups
(Table 1). This latter effect on RWAT was more pronounced in
females than in males (Table 1).

Metabolic consequences of CAF feeding

As shown in Table 1, 8 weeks of CAF feeding significantly
increased the plasma glucose and insulin levels in both males and
females. Consequently, the homeostatic model assessment for
insulin resistance (HOMA-IR) was higher in these animals,
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indicating a decrease in insulin sensitivity as a consequence of
the CAF diet intake. Both male and female CAF-fed animals
showed increased plasma triglyceride levels, with this effect being
more evident in males than in females (Table 1). The plasma
cholesterol levels were higher in females than in males, and CAF
feeding only raised this parameter in females (Table 1). In both
male and female rats, there were no changes in free fatty acid
levels in response to CAF feeding (Table 1).

CAF feeding increased exploration

Animals were tested using the hole-board apparatus to evaluate
motor activity by the number of crossings (the floor was divided
into 16 squares) and exploratory behaviour through the holes in
the floor (head-dipping behaviour). More exploration (frequency
and duration of head dips) is indicative of high curiosity and
interest in novelty-seeking behaviour [20]. Overall, CAF feeding
reduced the number of crossings (Figure 2A), but increased both
the number of head dips and the time spent head dipping
(Figures 2B and 2C), thereby indicating reduced motor activity
and increased exploratory behaviour in the CAF-fed animals
compared to the ST-fed animals. Females showed a tendency to
explore more than males (gender effect: number of head dips:
$»=0.098; time spent head dipping: p = 0.051) (Figures 2B and 2C).

CAF feeding decreased activity and anxiety

To evaluate anxiety-like behaviour, the animals were tested in
the elevated plus maze (EPM) consisting of two open arms and two
enclosed arms with walls alternatively positioned forming the
shape of a plus sign. A high amount of time and number of entries
into the open arms is considered to indicate low anxiety [21], while
the distance travelled in the enclosed arms is considered to be a
measure of locomotion [22].

The intake of the CAF diet reduced the travelled distance in the
enclosed arms in both males and females (Figure 3B), while in
females, it increased the behaviour in the open arms. CAF-fed
females almost doubled the percentage of time spent in the open
arms (Figure 3D), and residually increased the percentage of
entries in the open arms compared with ST-fed females
(Figure 3C).

Overall, females were less active and slightly less anxious than
males, as they travelled shorter distances in the enclosed arms
(Figure 3B), and also slightly increased the percentage of entries in
the open arms in comparison with the males (Figure 3C).

The analyses of activity and anxiety variables measured in the
open field were consistent with the results of the EPM. Again, CAF
feeding had reduced locomotor activity since CAF-fed male and
female rats showed an overall reduction in the distance travelled in
the test arena (Figure 4A). Moreover, as CAF-fed animals spent
significantly more time in the central area of the open field, they
again displayed reduced anxiety-like behaviour, which was lower
than that of the animals fed with ST chow (Figures 4B). Regarding
gender behavioural patterns, overall females were more active
(Figures 4A), and spent less time in the central area of the open
field than males (Figure 4B).

CAF feeding increased social behaviour

CAF-fed animals increased the frequency of social behaviour
and specifically increased the frequency of pouncing and following
(Figures 5A, 5D and 5F). The patterns of social interaction differed
between genders. Females did more following, social grooming
and total interactions than males (Figures 5A, 5C and 5F), and also
showed a residual increase of boxing/wrestling episodes compared
with males (Figure 5B). Males slightly increased the number of
pursuits in comparison with females (Figure 5D).
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Figure 1. Male (M) and female (F) rats were fed from weaning (at day 21 of life, week 0) and for 8 weeks with standard chow (ST) or
cafeteria diet (CAF). The data represent mean * SEM of body weight (n=8). The increase of body weight over the 8-week period was greater in
animals fed with the CAF diet than in animals fed with the ST diet (diet x week interaction), as well as in males than females (gender x week
interaction, two-way ANOVA for repeated measures). **““Mean values with unlike letters were significantly different between groups (one-way
ANOVA and Tukey’s post hoc comparison, p<<0.05).

doi:10.1371/journal.pone.0085049.g001

Effects of CAF withdrawal on body and tissue relative than the 16.3% overweight shown by CAF-fed male rats.
weights, biochemical parameters and behaviour Moreover, CAF withdrawal reversed the relative liver weight (%)

The group of males fed the CAF diet for 7 weeks and the ST increase observed in the males of the CAF-fed group (Table 1).
CAF withdrawal and the shift to ST feeding only during the 8th

chow only during the 8th week (CAF withdrawal) showed a slightly
week restored insulin sensitivity and completely reversed the

reduced body weight gain in comparison with the CAF-fed group
of males, and had become overweight by only 8.6% compared to
the ST-fed group (Table 1 and Figure 1), which is qualitatively less

increase in glucose, insulin and triglyceride plasma levels induced
by CAF feeding during the previous 7 weeks (Table 1).

Table 1. Biometric and plasma parameters of male and female rats fed with a standard chow diet (ST) or a cafeteria diet (CAF) +
standard chow diet.

M_ST M_CAF F_ST F_CAF M_ABS
Biometric parameters
Body weight gain (g) 3166 ° 378+118 P 204+7¢ 259+4° D, G 350+9°
Liver weight (%)* 2.8+0.1°° BREECNER 26+0.1% 27+0.1% DG 2.8+0.1°
RWAT weight (%)* 0.80+0.05" ° 1.9+038 P 0.82+0.05% 29+0.1°¢ D, G, DxG 1.7+02°
Plasma parameters
Glucose (mmol/L) 56+02" 2 68+0.3°° 56+0.14 6.8+0.3° D 6.0+0.2%
Insulin (mmol/L) 78+1.142 26.4+7.0° ° 48+06" 21.2+4.48 D 87+1.4°
HOMA-IR 20+03"? 86+2.6°° 12+02% 6.6+1.6° D 23+04°
Triglycerides (mmol/L) 0.70+0.03* ® 1.4+0.05% © 0.70+0.04* 1.0+0.05¢ D, G, DxG 0.80+0.1%
Total cholesterol (mmol/L) 3.1+02% 29+041% 3.7+0.2° 47+0.1¢ D, G, DxG 31202
Free fatty acids (mmol/L) 0.70+0.02"° 0.64+0.04% 0.80+0.02° 0.68+0.04"° D 0.61+0.03

Legend Table 1. Male (M) and female (F) rats were fed from weaning (at day 21 of life) and for 8 weeks with a ST (M_ST and F_ST groups) or a CAF diet (M_CAF and
F_CAF groups). An extra group of males were fed with the CAF diet for 7 weeks and with the ST diet only for the final week of the study (M_ABS group). The data are
given as the mean = SEM (n=7-8). *Relative liver weight and relative RWAT weight were calculated following the formula (100* tissue weight/body weight) and
expressed as a percentage of the total body weight. The statistical comparison between males and females fed with a ST (M_ST and F_ST groups) or a CAF diet (M_CAF
and F_CAF groups) was performed by two- and one-way ANOVA. D: the effect of the type of diet. G: the effect of the gender (two-way ANOVA, p<0.05). 5 Mean
values within a row with unlike capital letters were significantly different between groups (one-way ANOVA and Tukey'’s post hoc comparison, p<0.05). In males (M_ST,
M_CAF and M_ABS groups), *® mean values within a row with unlike small letters indicate where there are significant differences between groups (one-way ANOVA and
Tukey’s post hoc comparison, p<<0.05).

doi:10.1371/journal.pone.0085049.t001
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Figure 2. Response to novelty in the hole board. The number of crossings (A), number of head dips (B) and time spent head dipping (C) during
the trial was evaluated in male (M) and female (F) rats fed from weaning (at day 21 of life) and for 8 weeks with standard chow (ST) or the cafeteria
diet (CAF). The data are given as the mean = SEM (n=8). Two-way ANOVAs revealed that the CAF diet decreased the number of crossings (p<<0.05)
and increased head-dipping behaviour (number: p<<0.01; time: p<<0.05). Females spent moderately more time head dipping than males (p=0.051,
gender effect). 2°Mean values with unlike letters were significantly different between groups (one-way ANOVA and Tukey’s post hoc comparison,
p<0.05).

doi:10.1371/journal.pone.0085049.9002

The analysis of exploration in the hole board (HB), as well as the
data for the EPM and the social interaction test revealed no
significant changes in the CAF withdrawal group compared to the
CAF-fed animals (data not shown). However, analysis of the time

(one-way ANOVA: F(2,22)=6.33, p<<0.01; means * SEM:
M_ST, 57.74* 9.02; M_CAF, 98.73+ 9.59; M_ABS, 86.27+
5.7). Post hoc comparisons revealed that CAF withdrawal in the last
week partially restored the differences, as the CAF-fed group spent

spent in the centre of the open field showed a significant effect significantly more time in the centre of the open field compared to
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Figure 3. Behaviour in the elevated plus maze test. The number of total entries (A), distance travelled in the enclosed arms (B), percentage of
entries into the open arms (C) and percentage of time spent in the open arms (D) during the trial was evaluated in male (M) and female (F) rats fed
from weaning (at day 21 of life) and for 8 weeks with standard chow (ST) or the cafeteria diet (CAF). The data are given as the mean = SEM (n=8).
Two-way ANOVAs revealed that the CAF diet decreased the distance travelled in the enclosed arms (diet effect: p<<0.05) and slightly increased the
percentage of TOA (diet effect: p=0.061). Females travelled shorter distances than males in the enclosed arms (gender effect: p<0.01) and
moderately increased the percentage of EOA (gender effect: p=0.055). ®°Mean values with unlike letters were significantly different between groups
(one-way ANOVA and Tukey's post hoc comparison, p<<0.05). The significance of a Student’s t-test between the groups indicated is shown in C) and
D), revealing that the F_CAF group increased behaviour in the open arms compared to the F_ST group.

doi:10.1371/journal.pone.0085049.g003
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Figure 4. Open field test. The behaviour of the rats was measured during the 5-min session. Panels A and B show the total distance and the time
spent in the central area of the apparatus. The data are given as the mean * SEM (n=8). The CAF diet decreased the distance travelled (p<<0.01) and
increased time in the centre (p<<0.01; diet effect in the two-way ANOVA). Females were more active (p<<0.01) and spent less time in the centre
(p<0.01) compared to males (gender effect in the two-way ANOVA). #* Mean values with unlike letters were significantly different between groups
(one-way ANOVA and Tukey’s post hoc comparison, p<0.05).

doi:10.1371/journal.pone.0085049.9g004
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Figure 5. Social play test. The data represent the mean + SEM of the following behaviours (n=8): A) pouncing (jumping on or attacking the
partner’s nape); B) boxing/wrestling (rats stand on their hind paws and struggle using the forepaws); C) social grooming (sniffing or licking the
partner); D) following/chasing (pursuing the partner); E) pinning (holding the partner in a supine position); and F) the total number of social play
behaviours. Male (M) and female (F) rats were fed from weaning (at day 21 of life) and for 8 weeks with standard chow (ST) or the cafeteria diet (CAF).
Two-way ANOVAs indicated that the cafeteria diet increased the frequency of pounces and pursuits and the total number of social behaviours (diet
effect in all three variables p<<0.05). Females showed more pouncing, grooming and total number of behaviours than males (two-way ANOVA,
gender: p<0.05), as well as a residual increase in boxing (two-way ANOVA, p =0.059). Males slightly increased the number of pursuits in comparison
with females (two-way ANOVA, p=0.098). *Mean values with unlike letters were significantly different between groups (one-way ANOVA and
Tukey's post hoc comparison, p<<0.05).

doi:10.1371/journal.pone.0085049.9005
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the ST-fed group (p<<0.01, Tukey’s test), whereas the ST-fed and
CAF withdrawal groups showed a residual difference (p=0.073).
This result indicated that the administration of standard chow
during the last week partially reversed the anxiolytic effect
produced by CAF feeding. No significant effects were found for
the distance travelled.

Discussion

The present study shows that a palatable CAF diet administered
from weaning to male and female rats increased food and fluid
consumption, induced body weight gain, increased adiposity and
liver weight, and produced different metabolic disturbances
strongly related with the development of the metabolic syndrome,
such as hypertriglyceridemia, hyperglycaemia and insulin resis-
tance. It is known that CAF feeding induces hyperphagia,
increases food, energy, fat and carbohydrate intake [23] leading
to overconsumption of the high energy density foods contained in
the diet [23]. Moreover, the deleterious effects of the CAF diet on
body weight, adiposity, plasma lipid profile and insulin sensitivity
have been well described [5-7,24]. The response to CAF diet was
different between males and females in some parameters, such as
RWAT weight and cholesterol that increased more in CAF-fed
males than in CAF-fed females and triglycerides that increased
more in CAF-fed males than in CAF-fed females. These results are
in line with the reported sex-associated differences in the
regulation of proteins controlling body weight [25], and with the
gender differential metabolic responses to the consumption of a
palatable diet found after administering distinct forms of early
stress to the animals [26,27].

Behavioural results indicated that CAF-fed animals were less
active than ST-fed animals in all behavioural tests. They
consistently crossed a smaller number of squares in the hole
board and travelled shorter distances in the enclosed arms of the
EPM and in the open field, in comparison with the ST-fed
controls. This behavioural pattern concurs with the decreased
activity (and hyperphagia) shown by a knockout obese rat model
for monogenic obesity in humans [28], and by obese adult rats fed
with a high-fat diet [19]. In contrast, Souza et al [29] reported no
differences in open field crossings (but increased anxiety-like
behaviour) after four months of palatable diet feeding, compared
with standard chow feeding. Curiously, no body weight differences
were detected as a result of the diet in that study, even though
body fat mass, insulin sensitivity and glucose tolerance were all
altered in animals fed the palatable diet. Moreover, no changes in
locomotor activity or body weight were reported after one week of
a choice diet containing chow, lard and sucrose, which increased
blood glucose and fat stores (mesenteric, epididymal, inguinal and
perirenal white adipose tissues), or after 4 weeks of high fat, high
carbohydrate chow [30,31]. In humans, a longitudinal study
performed with twin pairs discordant for obesity in young
adulthood reported that obese co-twins were less active than
non-obese co-twins according to an interview and questionnaire
indices, and confirmed by accelerometers [32]. These results
corroborate that obesity contributes to reducing activity. Hence,
taken altogether, these results suggest that the overweight or
obesity induced by the diet appears to be a specific and critical
requirement for producing a significant decrease in activity levels.

A relevant finding of our study is that, for almost all variables
analysed, the CAF diet produced an increase in exploratory
behaviour, as well as a robust anti-anxiety effect. The CAF diet
specifically increased head-dipping behaviour in the hole board,
which has been validated as a measure of exploration [21].
Interestingly, selectively bred low-anxiety rats also showed
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increased head-dipping behaviour [33]. Moreover, manipulations
that reduce anxiety, such as environmental enrichment [34], also
increased exploratory activity in the hole board [35]. The results
obtained in the present study consistently indicated that CAF
feeding reduced anxiety. CAF-fed animals spent more time in the
centre of the open field and increased the percentage of time and
entries into the open arms of the EPM, although the magnitude of
the effect varied by gender. In the open field, the effect was more
pronounced in males than females, since males spent around 100 s
in the centre during the 5-min test, whereas females spent 63 s. In
the elevated plus maze the behaviour in the open arms was
significantly enhanced to 35% in CAF-fed females compared to
20% in males. As rodents are fearful of open, unprotected or light
spaces, the animals showing increased behaviour in such areas
were interpreted as being less anxious [22,36]. Previous studies
have consistently reported that a palatable CAF diet reduces the
negative impact of early stress in terms of anxiety, depression-like
symptoms and hypothalamic-pituitary-adrenal (HPA) activity
[29,37]. There is a discrepancy with one study showing increased
anxiety and basal corticosterone levels, but partly increased social
interaction in obese rats fed with a high-fat diet [19]. Inconsistent
results could be due to methodological differences related to the
type of rats, housing conditions or the testing procedure. However,
it cannot be ruled out that reduced anxiety is a specific effect
produced by palatable food, but not by other non-palatable
obesity-inducing diets.

In agreement with the low-anxiety behavioural profile shown in
the other tests, animals fed with the CAF diet also showed
increased social behaviour and, more specifically, they did more
pounces and pursuits than ST-fed rats. Social behaviour has been
validated and used for detecting anxiolytic drugs [38,39] and, as a
rule, increases in social behaviours indicate low anxiety levels. The
main social interaction behaviours in adult rats for which scores
have been recorded are social grooming (sniffing and licking),
following, boxing and wrestling [38]. In the present study, scores
were also recorded for pouncing and pinning, which are social
behaviours related with social play in younger rats. Pouncing is
considered to be the initial behaviour for soliciting play, while
pinning is the most characteristic posture in the social play of
juvenile rats [40]. Social play has stress-reducing effects, is
rewarding and is crucial for the development of social skills and
competences [40]. Our assumption was that, as our animals were
young adults aged 1011 weeks at the time of testing, some play
behaviour would be observed. Therefore, the fact that CAF
feeding increased pouncing (but not pinning) as well as the total
number of social behaviours indicated that the CAF diet enhanced
social interest and motivation to play. Moreover, this is consistent
with the low levels of anxiety observed in the other tests of the
present experiment, with those stress-reducing effects that have
already been attributed to palatable food [41], and with another
study reporting a reduction of the stress hormone response and a
decrease in the corticotropin-releasing factor mRNA levels in the
hypothalamus of animals fed with comfort food [42].

We do not know which mechanisms underlie the anxiolytic
action of the CAF diet. Several systems modulating anxiety and
related with food and feeding behaviour could be candidates. One
is the CRF-CRF1 receptor system of the nuclei of the amygdala
that has been recently involved in excessive eating of palatable
food [43]. A second candidate is the type 1 cannabinoid (CBI)
receptor that renders food more or less pleasurable [44] and
mediates the reduction of anxiety-like behaviour induced by the
inhibition of the endocannabinoid-degrading enzyme fatty acid
amide hydrolase (FAAH) [45]. Another potential system is the
benzodiazepines (BZs)/ GABAA receptor complex, which contains
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the site of action of many anxiolytics, anticonvulsants and
hypnotics, and mediates benzodiazepines-induced hyperphagia
[46]. Further research about any of these systems will help to
increase clarification of the molecular mechanisms and the brain
regions underlying the behavioural effects of the CAF diet.

Yet, it has also been reported that post-weaning isolation
rearing increased anxiety-like behaviour, decreased social interac-
tion and altered hormonal response to stress in both rats [47] and
mice [48]. Furthermore, it has been shown that chronic stress can
increase the ingestion of palatable food [42]. Hence, it cannot be
ruled out that the negative mood associated to isolation rearing
contributed to increase food intake, weight gain and obesity in the
present animals, which were also isolated after weaning. However,
in a different experiment performed in our laboratory with pair-
housed rats, body weight gain curves were similar to those found in
the present study by both CAF- and ST-fed rats (data not shown).
In an exhaustive review, Fone and Pakess [49] argued that the full
behavioural change associated with social isolation in rodents
requires a strict protocol, and that any form of contact with a
conspecific or excessive handling by the experimenter can negate
the expected isolation-induced changes. As the CAF diet required
daily fresh food, CAF-fed animals were handled daily when
measuring water and chow consumption, as were the ST-fed
animals. Those daily interventions involved some interaction with
the animal and decreased the level of isolation. Further
experiments, which allow direct comparisons to be made between
isolated and group-housed rats fed with either CAF or ST diets,
are required to confirm the possibility that daily interventions
reduced the impact of rearing in complete isolation, and increased
the “dampening effect” on the final amount of stress suffered by
the animals.

Surprisingly, CAF withdrawal during the final 8th week allowed
the animals to recover triglycerides, glucose and insulin sensitivity,
as well as liver weight. Some studies have shown an improvement
in different parameters clustered in the metabolic syndrome in rats
switched from the CAF diet to the ST diet [50-52]. In a study
performed with adult male Sprague-Dawley rats fed with a CAF
diet for 16 weeks, the switch from the CAF diet to ST chow for 9
days produced a significant decrease of the white adipose tissue
mass and the plasma levels of leptin and glucose [51]. Ong et al
[52] found similar results in female, but not in male, Albino Wistar
rats fed with a CAF diet for 8 weeks and then switched to chow for
72 hours. However, in any of these studies no changes were found
in plasma insulin levels and no data related to the plasma levels of
triglycerides, liver weight and insulin sensitivity were available
[51,52]. Therefore, to the best of our knowledge, the present study
provides new evidence of a beneficial recovery effect on many
parameters clustered in the metabolic syndrome, after only one
week of CAF withdrawal.

The animals withdrawn from the CAF diet behaved like CAF-
fed animals in most of the behavioural tests except in the open
field, where they showed a decrease in the time spent in the centre,
thereby indicating increased anxiety compared to the CAF-fed
animals. This is consistent with an interesting study of Pickering et
al [53] who also found increased anxiety in the open field in diet-
induced obese rats after 2 weeks of diet withdrawal. Animals
receiving a high-fat high-sugar (HFHS) diet for 7 weeks were
divided into obesity-prone and obesity-resistant groups based on
the relative weight gain and tested 2 weeks after withdrawal.
Interestingly, the withdrawal from the HFHS diet only induced
craving in obesity-prone animals, but not in obesity-resistant
animals also fed with the HFHS diet, thus suggesting that negative
emotions associated with food withdrawal could depend on the
severity of overweight or obesity.
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In conclusion, the present study shows that CAF feeding of
young animals robustly yields reduced activity and decreased
anxiety in male and female rats not suffering stressful circum-
stances in either their past or present life. A major new finding is
the partial recovery from some metabolic alterations found only
one week after CAF withdrawal, which also occurred simulta-
neously with an increase of anxiety levels. In addition, our study
indicates the behavioural and metabolic implications of CAF
feeding in young animals, and that further research is needed to
evaluate possible recovery after withdrawal.

Methods

Ethics Statement

The experimental protocol was approved by the Generalitat de
Catalunya (DAAM 6643), following the ‘Principles of laboratory
animal care’ and was carried out in accordance to the European
Communities Council Directive (86/609/EEC).

Animals and housing conditions

The animals were male and female Sprague-Dawley rats bred
and raised at the main animal facility of the Universitat de Barcelona.
They were weaned at 21-22 days of age, housed singly,
maintained in standard conditions of temperature (22°C£2°C),
humidity (50%+10) and on a 12-12 h light-dark schedule (lights on
at 0800h), and fed with the corresponding diet (see below).

Cafeteria and standard diets

The rats were fed from weaning (at day 21 of life) and for 8
weeks with either a standard chow (ST) (Harlan, Barcelona, Spain)
(M_ST and F_ST groups) or a CAF diet (M_CAF and F_CAF
groups) with the following components (quantity per rat): bacon or
frankfurter (8-12 g); biscuit with paté (12-15 g); biscuit with
cheese (1012 g); muffins or ensaimada (pastry) (8-10 g); carrots (6—
8 g); milk with sugar (220 g/1; 50 ml); water (ad libitum); and ST
chow. The ST chow had a calorie breakdown of 24% protein,
18% fat and 58% carbohydrates, whereas the calorie breakdown
of the CAF diet was: 10% proteins; 41% fat; and 49%
carbohydrates. It is worth noting that not all the components of
the CAF diet are equally eaten by the animals, as they are
accustomed to having a higher preference for compounds that
have a higher lipid content [7]. The animals were fed ad lbitum,
and the food was renewed daily. Body weight was monitored
weekly over 8 weeks. A third group of males was fed with the CAF
diet for 7 weeks and with ST chow only for the 8th week (M-ABS
group) to determine the effects of CAF diet withdrawal during the
last week of the study.

Food was withdrawn 12-14 h before sacrifice. Animals were
sacrificed by beheading and total blood collected. Serum was
obtained by centrifugation at 4°C, 2000 g for 15 minutes and
stored at —80°C until further use. Retroperitoneal white adipose
tissue (RWAT) and liver were dissected and weighed.

Plasma biochemical analysis

Enzymatic colorimetric kits were used for the determination of
serum glucose, triglycerides, cholesterol (QCA, Barcelona, Spain)
and free fatty acids (WAKO, Neuss, Germany). Serum insulin was
determined by a rat/mouse ELISA kit (Millipore, Barcelona,
Spain) following the manufacturer’s instructions.

HOMA-IR analysis

Homeostasis model assessment-estimated insulin = resistance
(HOMA-IR) was calculated following the formula: (Glucose X
Insulin)/22.5 as described previously [54].
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Behavioural procedures

Behavioural experiments were carried out during the 7" and 8™
weeks of administering the diets, when the animals were 10 and 11
weeks of age.

Animals were tested for exploratory activity in the hole board
(HB) (day 1), anxiety in the elevated plus maze (EPM) (day 2),
locomotion and activity in the open field (day 3) and social
interaction (day 5). All experiments were carried out in the
morning (between 9:00 am and 2:00 pm) in an isolated
experimental room with dim lighting. All procedures were
videotaped and further analysed by a researcher who was unaware
of the treatment that each animal had received.

Hole-board test

The hole-board test for measuring exploratory behaviour [20]
consisted of a white (66x66x47 cm) wooden box with four
equidistant holes (3.7 cm in diameter, 18 cm deep) in the floor,
which was divided into 16 equal squares with a red marker. The
animal was placed in the centre of the floor apparatus and allowed
to explore the holes for five minutes. The number of squares
crossed (ambulation), the number of head dips and the time spent
head dipping were measured.

Elevated plus maze test

The EPM test [21] apparatus consisted of four arms (44 cm long
x 10 cm wide) made of black formica extending from a 10 cm
square centre positioned 90° from each other to form the shape of
a plus sign. Two of the opposing arms had wooden walls (closed
arms, 40 cm high), whereas the other two were the open arms that
had only a 0.5 cm ridge to provide additional grip. The whole
maze was elevated 50 cm above the floor. The rat was placed in
the centre of the maze (always facing the same closed arm) and, for
five minutes, scores were recorded for the number of entries into
the open and closed arms (defined as placing all four paws into a
given arm), and for the total time spent in the open and closed
arms. The distance travelled in the enclosed arms was video
tracked (Smart 2.4, Panlab, Barcelona, Spain). The behaviour in
the open arms is indicative of the anxiety levels of the animal, with
a high amount of time and entries into the open arms being
indicative of low anxiety.

Open field test

The open field was a wooden grey box (75x45x45 cm). A
central area (20 cm X 40 cm) was draw in the floor of the
apparatus to score the time in this central zone that is considered
to indicate decreased anxiety [55]. The animals were individually
placed in and allowed to explore the apparatus for 5 min. The
distance travelled and the time spent in the central area were video
tracked.

Social interaction test

The social play interaction test was performed in the open field
where the animals had been previously tested. The animals were
again placed in the open field the day before the social interaction
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test to allow habituation to the apparatus [39]. Naive juvenile male
and female rats (5-week-old) were used as social stimulus for
interaction. The test consisted of placing the experimental rat and
a juvenile rat of the same sex in the box for 5 min. Trials were
videotaped and a trained observer, who was blind to the animal’s
treatment, scored the following social behaviours [40]: pouncing
(jumping on or attacking the partner’s nape, which is considered to
be an initiation or solicitation of play); boxing/wrestling (both rats
stand on their hind paws and struggle using the forepaws; usually
boxing follows pouncing and is considered to be a positive
partner’s response to play); following/chasing (moving in the
direction of or pursuing the partner); social grooming (sniffing or
licking any body part of the test partner) and pinning (the rat holds
the partner in a supine position).

Statistical analysis

The data were analysed using the “Statistical Package for Social
Sciences” (SPSS, version 17.0) using ANOVA. Two analyses were
undertaken. The first one evaluated the effects of gender and diet,
as well as the interaction between these factors (two-way ANOVA;
gender (male, female) x diet (ST, CAF)); four groups were
included (M_ST, M_CAF, F_ST and F_CAF). The second
analysis evaluated the effects on males of the CAF diet
administered for 8 weeks, and the effects of the CAF diet for 7
weeks and ST chow feeding during the final week (one-way
ANOVA); three groups were included (M_ST, M_CAF and
M_ABS). Post hoc comparisons between groups were performed by
Tukey’s multiple range tests after significant ANOVA. Differences
between diets were analysed using the independent Student’s t-test
across groups. Body weight data were analysed by a repeated
measures ANOVA, with week as a within-subject factor (among 9
measurements, including initial body weight at weaning).

Supporting Information

Table S1 Average daily intake (mean * SEM) of
standard chow, fluids, nutrients and energy over the 8
weeks of the experiment. Male (M) and female (F) rats were
fed from weaning (at day 21 of life) and during 8 weeks with a ST
(M_ST and F_ST groups) or a CAF (M_CAF and F_CAF groups)
diet. An extra group of males were fed with the CAF diet during 7
weeks and with only the ST diet the last week of the study (M_ABS
group). g = grams, d = day.
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Discussio

Els resultats d’aquest treball éens permeten concloure que un estil de
vida actiu, amb 30 minuts d’exercici aerobic moderat, practicat 5 dies
per setmana, redueix l'estrés en termes de resposta conductual, de
sistema neuroendocri i de sistema nerviés autonom, i millora les
estratégies d’afrontament en mascles i femelles? Si es tracta de donar
una resposta breu, direm no; pero, en canvi, si es tracta de donar una
resposta més aproximada i argumentada diriem que si amb algunes
limitacions i matisos. Quelcom similar ocorre amb la dieta CAF, perque
tot i que té efectes metabolics perjudicials per a la salut, els resultats
indiquen que té efectes psicologics a priori beneficiosos. A més a més,
hem vist efectes diferencials en funcié del sexe (Taula 3). En els
seglients apartats analitzarem aquestes respostes en base als resultats
obtinguts per nosaltres i per altres autors, amb I'objectiu d'integrar els
resultats obtinguts en els diversos treballs afins. Per aix0 iniciem
aquesta discussié amb una taula resum de tots els resultats obtinguts.
També hem de dir que hi ha alguns experiments que han donat
resultats complementaris que de moment no estan inclosos o que estan
en esborranys de manuscrits. En la discussié en referirem a alguns
d'aquests resultats que els hem inclés en forma d'Annexos. Advertim
que no hi ha cap goldstandard en protocols d’exercici ni cap férmula
magica que solucioni del tot la pregunta inicial. El nostre treball aporta
coneixement sobre detalls metodologics, diferencies entre grups
controls i efectes de I’'exercici sobre I'ansietat i I'estrés que suggereixen
que l'exercici podria tenir utilitat terapéutica de suport en la clinica dels
trastorns d’'ansietat i maneig de l'estrés, aixi com en la capacitat per a

solucionar problemes en situacions de conflicte.
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Taula 3: Resum de resultats

Part de Resultats

Part 1 Part 2A Part 2B Part 3 Annex 1% Annex 2*
Setmanes de 8 set. +
e . 9 set. 36 set. 32 set. 1set. abs 8 set. 48 Set. 36 set. 32 set.
Exercici / Dieta (M_ABS)
Mostra Mascles Mascles Mascles Femelles Mascles Femelles Mascles Femelles Femelles
Joves Adults Adults Adultes Adolescents Adolescents Adults-Vells Adultes Adultes
Batecs per J vs Basal.
Minut (B':,M) 3set. sense TM=CON<SED TM=CON
exercici=Basal
Variabilitat de la 2 vs Basal
Freqiiéncia _
Cardiaca (SDRR, ef:iti.ciszegztseal TM=CON>SED CON>TM
CF, bw95, LH)
Activitat motora _ CAF<Dieta CAF<Dieta
(OF, EPM, HB) TM=CON>SED ST ST
Exploracio
(centre, bragos .
A } CAF>Dieta
ob_ert§ i Head- TM=CON>SED CAF>Dieta ST
Dippings) en ST 053
tests d’ansietat
(OF, EPM, HB)
Lluita en el FST difzft‘:lf;es
Nivells d'ACTH
en resposta a Sense
estimuls TM<CON=SED diferéncies
estressants (HB entre grups
i SB)
Adquisici6 de TM>CON
I'evitacio activa TM>CON=SED —SED
en dos sentits o> ?l
(SB) ¥>C
. CAF>Dieta
Conducta Social CAFZ.I?'Eta ST.
2>d
Alteracions
metaboliquesoli CAF>Dieta CAF>Dieta
sme (colesterol, ST Pinso. sT2
triglicérids, M_ABS<CAF

teixit adipds...)

En els annexos 1 i 2 s'incorporen resultats no publicats relacionats amb els que s'han inclds en les publicacions.



Exercici en situacions d'estrés i conflicte

Els resultats resumits a la Taula 3 mostren que |'exercici moderat
practicat a llarg termini redueix per se l|'activacid6 de I'eix HPA en
resposta a l'estrés en els mascles adults. En canvi, a nivell conductual
no hi ha diferéncies entre la conducta dels animals entrenats i la dels
manipulats; la qual cosa indica que hi ha efectes diferenciats entre la

conducta ansiosa i la funcié neuroendocrina.

Efectes de |'exercici moderat sobre la conducta emocional

Més concretament i respecte a la conducta ansiosa, després de 9 i 36
setmanes d'entrenament tan el grup CON com el TM augmentaren les
entrades als bragos oberts i tancats en I'EPM; també augmentaren la
distancia i temps de head dippings al HB (Lalanza, et al., 2012, en part
1) i la distancia a I'OF (Lalanza, et al., 2012). A mode de resum, per
tant, podem concloure que els grups CON i TM redueixen
moderadament l'ansietat conductual, i que no hi ha efectes especifics
de l'exercici en la conducta ansiosa mesurada en proves d'activitat

espontania.

Pel que fa al FST, no es trobaren diferéncies entre grups (en Part 1). En
rosegadors esta demostrat I'efecte positiu de I'exercici en parametres
relacionats amb trastorns depressius, encara que manca més recerca
sobre la quantitat i intensitat del protocol d’exercici necessari. En un
dels treballs pioners (Russo-Neustadt, Ha, Ramirez, Kesslak, 2001) es
demostra que la combinacié d’un antidepressiu IMAO (tranylcypromine)
amb una setmana d’exercici voluntari augmentava la conducta de lluita
en el FST; més recentment (Lapmanee, et al., 2013), s'ha vist que,
després de 4 setmanes d’estrés per immobilitat, les rates amb accés a
la roda d'activitat (WR) redueixen el comportament depressiu al FST
igual que ho fan els farmacs antidepressius (fluoxetina i reboxetina).
Perd també, s’han trobat resultats negatius. Per exemple, 3 set.
d’exercici voluntari no reduiren la immobilitat en el FST en ratolins
mascles en comparacid al grup sedentari (Fuss, Abdallah, Vogt, Touma,
Pacifici, Palme, et al., 2010). Aquest resultat és consistent amb la
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manca d'efecte observat en aquesta tesi, el qual es podria explicar pel
fet que en els animals evaluats no s'havia induit cap estat depressiu ni
havien sofert cap estimul estressant (per a una revisio: Nestler i Hyman,
2012).

L’exercici moderat redueix la resposta hormonal a l’estrés

En relacio a la resposta hormonal, hem trobat en mascles que 36 set.
d’exercici moderat i regular (12m/min) redueixen els nivells d’ACTH
després de I'exposicid a un ambient nou i poc estressant (HB) i a una
situacié molt més aversiva que inclou estimuls eléctrics (SB) (Lalanza,
etal., 2012).

Sorprén que les rates TM, que responen amb nivells d’ACTH més baixos
davant d'ambients estressants, presentin unes glandules suprarenals
més grans. A més, en una analisi més curods, observem que després de
la SB hi havia patrons diferents d’activacié per la corticosterona (cort.) i

I’ACTH en els animals TM en comparacié amb els CON i SED.

El fet de trobar una glandula suprarenal major en les rates entrenades
concorda amb altres estudis on s’ha trobat que l'exercici en el treadmill
incrementa el tamany de la glandula suprarenal (Moraska, Deak,
Spencer, Roth, Fleshner, 2000) -recordem que |’exercici és un estressor
fisiologic- (Stranahan, Lee, Mattson, 2008). La diferéncia respecte al
nostre estudi, pero, recau en el protocol d’exercici. Mentre que el nostre
protocol d'entrenament es pot considerar suau, atés que les rates
corren a un maxim de 12m/min sense estimulacié aversiva i sense
inclinacio, en l'estudi de Moraska et al. (2000) usen protocol d'exercici
molt intens de 29.2m/min, durant 60min, amb una estimulacié eléctrica
de 1.6mA (a la 8ena i Ultima setmana). En el nostre estudi les mesures
neuroendocrines post-SB es van prendre immediatament després i al
cap de mitja hora d’acabar la sessié d’evitacié activa en dos sentits. Les
rates del grup TM foren les Uniques que havien disminuit els nivells de
cort. als 30 min, encara que immediatament després d'acabar la sessio

tenien els nivells de cort. més elevats. Aix0 es podria explicar per les
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dimensions de la glandula suprarenal. Alguns dels estudis previs han
demostrat que la mida de la glandula suprarenal correlaciona
positivament amb la resposta adrenocorticotropa induida per I'’ACTH
(Marquez, Nadal, Armario, 2004). Es probable que I’exercici determini
una resposta més eficag de cort. a nivells més baixos d'ACTH i que
recuperin abans els nivells basals de cort.. El fet que els nivell basals
fossin iguals en els tres grups (SED, CON i TM) al mati i a la tarda;
demostra que I'exercici a la cinta ergométrica per se no és estressant.
En estudis on es compara l'activacié de I'eix HPA entre 4-10 set.,
tampoc trobaren diferencies basals respecte als grups no entrenats
(Campeau, Nyhuis, Sasse, Kryskow, Herlihy, Masini, et al., 2010;
Chennaoui, et al., 2002; Droste, et al., 2006, 2007; Watanabe, et al.,
1991, 1992).

Es probable que el factor clau per entendre tot plegat sigui el tipus
d’exercici. Se sap que l'exposicié cronica al mateix estimul estressant
tendeix a habituar (disminuir) la resposta de I'eix HPA, mentre que les
exposicions agudes a diferents estressors, encara que siguin repetides
en el temps, tendeixen a sensibilitzar (augmentar) la resposta de l'eix
HPA (Armario, Escorihuela, Nadal, 2008). Tenint en compte aix0d, Sasse
et al. (2008) mostraren que 6 set. de WR facilitaven I’habituacio
neuroendocrina (eix HPA) davant la presentacié d'un so estressant
(98db); en canvi Brown et al. (2007), que havien fet una habituacid de
10 dies d’exercici intens a la cinta ergométrica (30m/min), no van
trobar habituacié de la resposta de la cort.. Altres estudis (treadmill o
WR), on s’utilitzen protocols d’exercici curts, han descrit augments dels
nivells de cort. durant la primera o segona setmana d’exercici, els quals
es normalitzen després de 4/8 setmanes d’entrenament (Campbell,
Rakhshani, Fediuc, Bruni, Ridell, 2009; Fediuc, Campbell, Riddell, 2006).

McEwen (2003) proposa que |'exercici i I'activacié sobre I'eix HPA podria
afavorir I'alostasi, que es defineix com el procés d’aconseguir estabilitat
fisiologica o homeostatica durant els reptes amenacadors en que es

troben els organismes, preparant el sistema per quan hagi de respondre
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davant amenaces reals. Seguint aquesta teoria, s’han trobat resultats
coherents en rates. Tharp i Buuck (1974) van entrenar a rates usant la
cinta ergométrica durant 2, 4, 6 o 8 set. Només els dos entrenaments
més llargs reduiren la resposta de la cort. posterior a la segregacio de
I’ACTH, demostrant I'adaptacié alostatica de la glandula suprarenal

degut a l'exercici.

Un altre argument prové de les rates LCR (“Low Capacity Runners”) i
les HCR (“High Capacity Runners”), obtingudes per crianga selectiva en
funcié de la seva capacitat aerobica (Koch i Britton, 2001). Les rates es
van classificar provinent d'un stock heterogeni (N:NIH stock) en funcio
de la seva capacitat de cérrer fins a I'esgotament, definida com estar
més de 2 segons al final del carril rebent el shock eléctric sense ser
capag de recuperar-se. De les 192 rates inicials, es seleccionaren les 13
millors i les 13 pitjors, creuant-les entre elles (les millors amb les
millors i les pitjors amb les pitjors). En la sisena generacié d’aquesta
cria selectiva les diferéncies en pes corporal i metres recorreguts ja
eren significatives; les rates HCR corrien distancies un 171% llargues
que les rates LCR abans d'arribar a I'esgotament. Actualment, s'han
usat aquestes rates en nombroses investigacions i han trobat
diferéncies en el genotip en la 28ena generacié (Ren, Overmyer, Qi,
Treutelaar, Heckenkamp, Kalahar, et al., 2013); en memoria espacial,
en neurogénesi i en expressio de Sirtl, essent les rates HCR superiors a
les LCR després de 12 set. al treadmill (Sarga, Hart, Koch, Britton,
Hajas, Boldogh, et al., 2013); i, en estratégies d’afrontament (LDB,
EPM i en test d'estrés induit per olor a depredadors com el gat), sent
les rates LCR passives i les rates HCR actives (Burghardt, Flagel,
Burghardt, Britton, Gerard-Koch, Watson, et al., 2011). Per altra banda,
Burghardt et al. (2011) van avaluar el funcionament de l'eix HPA i
trobaren que les rates HCR presentaven una glandula suprarenal de
mida més gran que les rates LCR i que no hi havia diferéncies en els
nivells de cort. basal entre les dues soques. En canvi, després de ser
exposades a la caixa llum-foscor les rates HCR presentaren uns nivells

superiors, pero no hi havia diferéncies després de I'exposicio a l'olor a
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gat. Tot plegat suggereix que la reaccié hormonal no és igual a tots els

tipus d’estres.

Al nostre laboratori vam estudiar quines variables conductuals i
fisiologiques predisposen als animals a cérrer (Annex 3). L'analisi
preliminar de les dades ens indica que correr a la cinta ergomeétrica esta
influenciat preferentment per dues variables diferents: la capacitat
fisica ("aerobic endurance capacity") i la motivaci6 per coérrer
("motivation to run"). Curiosament, correlaciona la primera amb
I'activitat als bracos tancats de I'EPM, amb I'exploracié al HB, i amb uns
nivells més elevats d’hormones de l'eix HPA al mati. La segona
correlaciona amb una major activitat exploratoria (o distractibilitat,
manca d'habituacié) a la Home Cage Activity. Aixi, sembla que més
activitat, menys ansietat conductual i un més activitat basal de I'eix
HPA estan relacionades amb una bona disposicié a correr. Per altra
banda, poca habituacié esta relacionada amb un pobre rendiment a la
cinta ergometrica. Aquests resultats, més enlla de proporcionar un
procediment per detectar animals corredors, suggereixen que la
predisposicié a practicar exercici podria estar influenciada per trets de

personalitat i motivacio.

Amb tot I'anterior, sembla que |’‘exercici moderat al treadmill, malgrat
que a l'inici de I'entrenament pot incrementar els nivells basals d’ACTH i
cort. i augmentar la mida i la resposta de la glandula suprarenal, a la
llarga predisposa a l'organisme a respondre més rapid i eficientment

davant d'estimuls amenagadors.

L’exercici moderat accelera l'adquisicio de l’evitacié activa en
dos sentits (SB)

Per altra part, també vam veure que les rates TM assolien el criteri
d’aprenentatge (el criteri 8) significativament abans que les CON i les
SED, mentre que no trobarem diferéncies del grup TM respecte al CON,
pero si respecte al SED, en evitacions i laténcies d’escapada al llarg dels
assaigs. Aquests resultats es indiquen que l'exercici moderat facilita
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I'afrontament actiu en una situacié de conflictecom com ara |'evitacio

activa en dos sentits.

Aquesta tasca consisteix en un aprenentatge associatiu, on la rata ha
d’aprendre que després d’un estimul inicialment neutre (llum i so)
apareixera un estimul incondicionat aversiu (eléctric). Un cop la rata
aprengui aquesta associacié tendira a canviar de compartiment en
preséncia de la llum i el to i a evitar el shock (Figura 11C). El conflicte
emocional que ha de superar la rata implica que no hi ha cap
compartiment segur, I'estimul aversiu pot apareixer en qualsevol dels
dos compartiments. Per una banda, el conflicte intern que pateix la rata,
li provoca una resposta d’evitacié passiva, el “freezing” (o resposta de
congelacid) per tal d'evitar tornar al compartiment on préviament ha
rebut I'estimul aversiu. En aquest cas, la rata es queda en un racé del
compartiment fins que es repensa i respon activament o bé es manté
petrificada i suporta tot el temps que duri I'estimul eléctric. Obviament,
la resposta més adaptativa i que facilita I'aprenentatge és la resposta
activa (“avoidance” o evitacid), canviant de compartiment (Flint, 2004).
Aquest paradigma s’ha fet servir per fer una cria selectiva de rates que
tenen respostes passives i actives, son les Romanes de baixa (Roman
Low Avoidance, RLA) i d’alta (Roman High Avoidance, RHA) evitacio,
respectivament (Sabariego, Gémez, Mordn, Torres, Fernandez-Teruel,
Tobena, et al., 2011). Aquestes rates van ser seleccionades des de
principis dels anys 70 en base a la conducta d’evitacié. Les rates RHA
destaquen per ser menys ansioses, menys emotives en situacions
estressants i més percagadores de sensacions, mentre que les rates
RLA mostren el perfil oposat (Escorihuela, Fernandez-Teruel, Gil,
Aguilar, Tobefia, Driscoll, 1999). Actualment sén un bon model per a
estudiar la conducta i els mecanismes de I'ansietat i la por (Diaz-Moran,
Paléncia, Mont-Cardona, Cafiete, Blazquez, Martinez-Membrives, et al.,
2012) i, molt recentment, també s’han proposat com un bon model
animal per a l'estudi de l'esquizofrénia (Del Rio, Oliveras, Canete,

Blazquez, Tobefia, Fernandez-Teruel, 2014).
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Per tant, en funci6 del numero de sessions podem avaluar
principalment les estrategies d’afrontament i ansietat, per exemple
usant una Unica sessido de 50 assaigs (Diaz-Moran, et al., 2012); o
podem afegir la part d’‘aprenentatge associatiu si es duen a terme
diverses sessions, per exemple usant 9 sessions d’entre 20 i 50 assaigs
aproximadament (Escorihuela, et al., 1995). Aquests mateixos autors
establiren un criteri d’aprenentatge per a determinar si la rata ha
associat correctament els estimuls i la resposta per a evitar-los.
S’anomena criteri 10 i consisteix en realitzar 10 evitacions seguides en
una mateixa sessid. Nosaltres, degut al niumero d'assaigs per sessio,

I'hem adaptat a 8.

Historicament, Dunlap i col-laboradors (1931) van estudiar els canvis de
compartiment en rates entrenades per a obtenir menjar en una tasca
sensorial discriminativa. A la década dels 50s, Mowrer i Millner van
comencgar a treballar amb un aparell semblant a les actuals gabies
Shuttle Box (SB) (Miller, 1948) i posteriorment, altres investigadors la
usaren per avaluar lI'adquisicié de l'evitacié activa en gossos (Black i
Morse 1961, Maier i Seligman 1976). La SB s’ha utilitzat com a model
per a mesurar ansietat (validat farmacologicament per Fernandez-
Teruel et al., 1991), i s’ha vist que les benzodiazepines augmenten el
nombre d’evitacions en una Unica sessidé de 40 assaigs, les estratégies
d’afrontament i el conflicte (Maier, 1984), i també augmentaren
I'aprenentatge (Stark, Bischof, Wagner, Scheich, 2001). Aixi mateix
s’ha trobant una correlacié positiva entre els nivells de dopamina al
cortex prefrontal (relacionat amb la working memory) i el nombre
d’evitacions (Stark, et al., 2001), i una correlacid6 negativa entre els
nivells de corticosterona i el nombre d’evitacions (Boix, Fernandez-

Teruel, Escorihuela, Tobefia, 1992) .

La Shuttle Box també s’ha utilitzat per induir indefensié apresa (Maier,
1984). Greenwood et al. (2013) van aplicar 100 shocks eléctrics
incontrolables a les rates i posteriorment van avaluar els efectes de 6
setmanes d’exercici de diferents tipus a la SB. Es va veure que |'exercici

forcat o l'exercici voluntari a la roda d’activitat reduien el freezing,
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mentre que |'exercici forcat a la cinta ergometrica no ho feia. En un
altre estudi es va trobar un resultat similar de disminucié de la
conducta de petrificaciéd amb I'exercici voluntari a la roda d’activitat (6-
12 set.) en comparacié amb al grup sedentari (Greenwood, Foley, Day,
Campisi, Hammack, Campeau, et al., 2003; Dishman, Renner,
Youngstedt, Reigle, Bunnell, Buerke, et al., 1997). Sembla que una
hiperactivacié dels nivells de 5-HT als nuclis dorsals de Rafe estaria
implicada en aquesta resposta passiva de petrificacid i que |’'exercici
restringiria l'activacié de les neurones serotoninérgiques dels nuclis
dorsals de Rafe (Greenwood i Fleshner, 2008), afavorint la resposta

activa.

En el nostre estudi (Part 2B) les rates entrenades assoliren el criteri 8
d’aprenentatge abans que les CON i les SED, i també assoliren el nivell
asimptotic d’aprenentatge (a partir de la sessié quarta) en evitacions i
laténcies d’escapada abans que els altres grups. En aquest punt cal
tenir en compte el protocol d’intensitat i durada de I'entrenament a la
cinta ergomeétrica en relacid als efectes de l'exercici sobre funcions
cognitives. S’ha vist que intensitats de 18-30m/min milloren
I'aprenentatge espacial i I'orientacidé al MWM i disminuexen els errors en
el 8-Arm Maze en comparaciéo al grup control (Ang, Dawe, Wong,
Moochhala, Ng, 2006; Marton, Koltai, Nyakas, Bakonyi, Zenteno-Savin,
Kumagai, et al., 2010; Pietrelli, Lépez-Costa, Goni, Lopez, Brusco,
Basso, 2011). Pero, 25m/min empitjorava l'aprenentatge (distancia) en
el MWM en comparacié a un exercici lleugerament més suau que
I'anterior (20-22m/min) (Blustein, McLaughlin, Hoffman, 2006). Amb
exercici d’intensitat moderada-baixa (8 a 16.6m/min) també s'han
trobat efectes positius en tasques d’orientacié espacial (Cetinkaya,
Sisman, Kiray, Camsari, Gencoglu, Baykara, et al., 2013; Uysal, Tugyan,
Kayatekin, Acikgoz, Bagriyanik, Gonenc, et al., 2005) i efectes positius
de reconeixement d’objectes, tan en rates sanes (O'Callaghan, Ohle,
Kelly, 2007) com en un model d'infart cerebral (Shimada, Hamakawa,
Ishida, Tamakoshi, Nakashima, Ishida, 2013). Igualment, també hi ha

un gran nombre d’estudis que demostren I'eficacia de I'exercici voluntari
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en funcions cognitives i en sistemes de memoria (Alomari, Khabour,
Azoubi, Alzubi, 2013; Anderson, Rapp, Baek, McCloskey, Coburn-Litvak,
Robinson, 2000; Cetinkaya, et al., 2013; Hopkins i Bucci, 2010), i en
els mecanismes neurobiologics implicats (per exemple: Dishman,
Berthoud, Booth, Cotman, Edgerton, Fleshner, et al., 2006; van Praag,
2009; Voss, et al., 2013).

Sembla que l'exercici aerdbic pot modificar les bases neurals de la
cognicid, particularment la memoria; més en concret, sembla que té
efectes a I'hipocamp, |'area cerebral relacionada amb la memoria a llarg
termini, i sobre mecanismes subjacents a I'aprenentatge i de plasticitat,
com ara la neurogénesi (naixement de noves neurones). Kemperman
(2008) proposa que l'increment de la neurogénesi deguda a l'exercici
podria respondre a la necessitat de moure's com indicador de nous
reptes cognitius. La neurogénesi per se podria servir al cervell de
reserva neurogénica (neurogenic reserve) per a poder afrontar amb
exit nous reptes cognitius complexes, a curt i a llarg termini. De tota
manera, la neurogénesi no explica tots els efectes de |'exercici a nivell
cognitiu (Leuner, Gould, Shors, 2006; Scharfman i Hen, 2007).

L'entrenament a la cinta ergometrica augmenta la neurogénesi
hipocampal (per a una revisi6 Ho6tting i Rodier, 2013). Ding i
col-laboradors (2006) entrenaren al treadmill (15m/min) durant 3
setmanes a rates femelles envellides (22 mesos d'edat). Resulta que
I'exercici augmenta la neurogénesial cortex i a I'estriat, en comparacio

amb les rates control no-manipulades.

Un dels principals mecanismes que pot explicar aquest augment de
neurogenesi hipocampal degut a l'exercici és l'increment de factors
neurotrofics implicats en el desenvolupament i la supervivéncia de les
neurones (Voss, et al., 2013). Un dels més estudiats en relacié als
efectes de l'exercici és el Brain Derived Neurotrophic Factor (BDNF)
(Cotman i Berchtold, 2002; Neeper, Gomez-Pinilla, Choi, 1995). En
rates s’ha vist que l'exercici voluntari incrementa |'expressié génica
(mRNA) de BDNF (Vaynman, Ying, Gomez-Pinilla, 2004) i la cinta
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ergometrica augmenta els nivell de BDNF a I'hipocamp (Soya,
Nakamura, Deocaris, Kimpara, Iimura, Fujikawa, et al., 2007). En un
model de ratolins d’envelliment prematur, el SAMP8 (Takeda, 2009),
I’exercici a la roda d’activitat durant 24 setmanes (3 dies per setmana)
augmenta |'expressié genica del BDNF i modifica I'expressié de 34 gens
relacionats amb I’'envelliment (Alvarez-Lopez, Castro-Freire, Cosin-
Tomds, Sanchez-Roige, Lalanza, del Valle, et al.,, 2013). 1
consistentment, 8 setmanes d’exercici voluntari incrementaren
I'expressié genica del BDNF i d'altres gens relacionants amb el
deteriorament cognitiu com la Sirtl i el Hdac6 en ratolins femelles
SAMP8 (Cosin-Tomas, Alvarez-Lopez, Sanchez-Roige, Lalanza, Bayod,
Sanfeliu, et al., 2014).

Un mecanisme que també s’ha associat als beneficis de |'exercici
aerobic sobre la neurocognicié és l'angiogénesi, que es defineix com la
creacio de nous vasos sanguinis (Prior, Yang, Terjung, 2004), la qual
cosa afavoreix I'aportacié d’oxigen, glucosa i factors neurotrofics a les
neurones que hi ha al cervell (Kerr, Steuer, Pochtarev, Swain, 2010).
S’ha demostrat que I'exercici voluntari a la roda d’activitat incrementa
I'angiogenesi a I'escorca motora en rates (Kleim, Cooper, VandenBerg,
2002; Swain, Harris, Wiener, Dutka, Morris, Theien, et al., 2003).

Al nostre laboratori vam veure que 36 set. d’exercici regular i moderat
a la cinta ergométrica revertien els deficits de IGF-1 (un factor
neurotrofic) plasmatics associats a l'edat, i activaren la via de la Sirtl
(Bayod, et al., 2011); a més a més d’incrementar els nivells de VEGF i
I'expressié de Sirtl en teixits periférics (Bayod, et al., 2012), activar el
procés d’autofagia relacionat amb I'eliminacié selectiva de proteines
disfuncionals al cortex cerebral (Bayod, et al., en premsa), i activar la
via canonica de la Wnt a I’'hipocamp (Bayod, et al., 2014) recentment
implicada en processos de neurogénesi, plasticitat sinaptica i

neuroproteccio en el SNC (Toledo, Colombres, Inestrosa, 2008).
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L’exercici afecta l'index d’estrés relacionat amb la variabilitat

cardiaca

En l'estudi de la Part 1 l'exercici fisic durant 9 setmanes redui la
freqliencia cardiaca (en batecs per minut, BPM) i augmenta alguns
parametres de variabilitat de la freqliencia cardiaca (HRV) com ara la
CF i la bw95 en comparacié a la linia base. A més a més, després de 3
set. d’haver aturat les sessions d’entrenament, la freqiéncia cardiaca
en BPM, i la variabilitat de la freqléncia cardiaca mesurada en CF i
bw95 augmentaren significativament. En canvi, en un altre experiment
on vam utilitzar periodes d’entrenament a la cinta ergomeétrica més
llargs no vam observar canvis (Annex 1), la qual cosa ens diu que el
conjunt de resultats obtinguts no és del tot consistent. Una possible
explicacié és que vam utilitzar un nimero d’animals petit si és té en
compte la gran variabilitat entre subjectes que observem en els
parametres centrals de I'HRV. En altres estudis d'aquests tipus on
s’‘utilitzen 10-12 animals per grup s’‘observen augments de la
variabilitat cardiaca en parametres centrals com I’AVRR, SDRR, la
RMSSD o el LH (per exemple: Barbier, Reland, Ville, Rannou-Bekono,
Wong, Carré, 2006; DiCarlo, et al., 2002; Trombini, et al., 2012).

Una altra explicacio fa referencia a les mesures que es deriven de les
analisis d’'HRV, on principalment s’hi fan dos tipus de calculs. Un, els
parametres de domini temporal que s’obtenen directament de l'interval
RR i son la SDRR, la RMSSD, entre d’altres. I l'altre, el domini aplicant
calculs matematics des de la freqliéncia o analisi espectral, fa referéncia
a com la variancia dels intervals RR es distribueix en funcié d'una
determinada freqliéncia, normalment calculada amb una Transformacié
de Fourier. Aixi, s’obtenen valors de baixa (LF) i d'alta (HF) freqléncia
(per a una revisio: Task Force of The European Society of Cardiology
and The North American Society of Pacing and Electrophysiology, 1996).
Nosaltres també hem analitzat altres parametres menys habituals com
la CF i la bw95. La CF fa referéncia a l'interval de freqliiéncies que
componen la meitat de I'espectre i la bw95 al rang de freqliéncies que

conté el 95% del total de I'espectre (Garcia-Gonzalez, et al., 2009). En
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altres paraules, a menor CF i bw95, major diferéncia de variancies
(menor igualtat dels intervals RR) i, per tant, major HRV. Precisament,
alguns autors defensen la validesa d’aquestes mesures alternatives en
base a que la LF no és un marcador directe de |'activitat del SNS. Fins
ara, semblava clar que la LF mesurava l'activacié del SNS i la HF
indicava l'activitat del SNP (per a una revisié: Montano, et al., 2009). El
grup de Reyes del Paso i col-laboradors proposen un model (Reyes del
Paso, Langewitz, Mulder, Van Roon, Duschek, 2013) segons el qual
I'antic “low”, equivaldria al “very low” actual (per rang d’Hz). A més a
més, hi ha evidéncia d’'una manca de correlacié entre les catecolamines
(que augmenten amb l'activacié del SNS, fent-nos estar alerta) i el
parametre de LF (indicador de l'activici6 del SNS), i sembla que la
divisié entre I'activacié del sistema nervids simpatic i parasimpatic (els
dos components dels sistema nerviés autbnom) no és simétrica, sind
reciproca i coactivada. En altres paraules, que el sistema simpatic o el
sistema parasimpatic no estan activats exclusivament, sind que més

aviat estarien activats tots dos alhora en diferent proporcid.

La tercera explicacido podria ser que el protocol d’exercici moderat i a
llarg termini no fos l'adequat que generés canvis robustos en I'HRV,
perque la dosi d’exercici no fos prou alta (per exemple de 60 min en
comptes de 30). Calen experiments addicionals amb grups d’animals
que facin exercici de més durada per a comprovar-ho. Altres laboratoris
també han trobat resultats similars als nostres, per exempe En rates
mascles entrenades durant 12 setmanes al treadmill no va mostrar
increments significatius de la variabilitat en l'interval RR (Barbier, et al.,
2006).

L'exercici moderat no redueix el pes

En cap dels experiments hem trobat una disminucié del pes deguda a
I’'exercici, i aix0 és consistent amb altres autors (Albeck, et al., 2006).
Se sap que per reduir pes i greix de manera significativa cal fer exercici
d’alta intensitat (Strasser, 2013; Thompson, Karpe, Lafontan, Frayn,

2012). Per exemple, rates que van fer exercici a 20m/min reduiren el
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pes en comparacié a animals sedentaris (Hansalik, et al., 2006). En un
estudi fet amb humans es va trobar que només les dones entrenades a
alta intensitat reduiren el greix abdominal després de 14 setmanes
d’entrenament, (Lee, Park, Kim, Choi, Kim, 2012). Per altra banda, hi
ha dades en humans que mostren disminucions de pes significatives
quan se segueixen programes d’exercici moderat a dosis de
6h/setmana; de fet, aquesta és la dosi minima que es recomana per a
perdre pes en pacients obesos que estan fent dieta (Wadden, Webb,
Moran, Bailer, 2012).

El grup control

La manipulacié que requereix I'entrenament en la cinta ergomeétrica va
augmentar l'activitat conductual del grup CON en comparacié al grup
SED en quant a les entrades totals i als bragos tancats de I'EPM, la
distancia recorreguda en el primer minut de I'OF i en els cinc minuts del
HB (Lalanza, et al., 2012). També va reduir l'exploracié al HB, en
incrementar el temps de head dipping (Part 1). En tots dos casos, el
grup control va igualar els resultats del grup TM. L'efecte més
sorprenent de la manipulacié al treadmill fou que 36 setmanes
d’exercici (i la seva corresponent manipulacidé) augmentaren la SDRR en
femelles (Annex 1). El grup CON i TM reduiren significativament els BPM
en 48 setmanes d’entrenament i augmentaren els valors dels
parametres que indiquen variabilitat cardiaca (Annex 1). A més a més,
durant les seglients 4 setmanes, el grup SED va igualar als grups CON i
TM, les quals van comencgar a rebre una major manipulacié degut al
control durant el procés post-operatori i al fet de que s’havien de

manipular els animals més sovint per activar el transmissor implantat.

Aquests resultats, juntament amb els d’altres estudis que ja hem
presentats en apartat anteriors (Burghardt, et al., 2004; O’Callaghan,
et al., 2009), i que descobriren efectes semblants de I'exercici i la
manipulaci6 en variables cognitives i d’ansietat, mostraren Ia
importancia de controlar la manipulacié en el protocol d’exercici a la

cinta ergometrica. Un darrer exemple seria I'estudi de Hansalik et al.
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(2006), que van fer servir un grup control d’enriquiment social (en
grups de 4 animals en comptes d’aillats). L'exercici intens a la cinta
ergometrica (20m/min) no va tenir cap efecte respecte al grup
d’animals aillats i al grup d’animals enriquits, ni en laténcia d’escapada
ni en distancia recorreguda al MWM.

Dieta de cafeteria

Els resultats indiquen que la dieta CAF administrada en rates mascles i
femelles adolescents incrementa el consum de nutrients, el pes corporal,

el teixit adipos, i indueix sindrome metabolica.

A nivell comportamental, en general, els animals alimentats amb dieta
CAF van disminuir l'activitat en tots els tests conductuals: i) menys
crossings al HB, ii) menys distancia als bracos tancats de I'EPM, iii)
menys distancia a I'OF. Els mascles i les femelles alimentades amb
dieta CAF: van mostrar menys ansietat i més exploracid, en fer un
major nombre de head dippings al HB, més temps als bragos oberts de
I’EPM (especialment les femelles) i més conductes de joc social (poucing,
grooming i following, en aquest darrere, com els mascles); i més

exploracié a la zona central de I’'OF (especialment els mascles).

També cal fer especial mencié dels efectes observats en els mascles
abstinents. Un setmana sense dieta CAF va permetre recuperar els
nivells normals de triglicérids, insulina, glucosa i pes hepatic, de
manera que aquest grup no es diferenciava del grup d’‘animals
alimentats amb dieta estandard en quests parametres. Aquests
resultats concorden amb els de l'estudi de South et al. (2012), on 9
dies d’abstinéncia després de 16 setmanes de dieta CAF reduiren el pes
de teixit adipds, i els nivells de leptina i glucosa; i amb els d’un altre
estudi on 8 setmanes d’abstinencia després de 26 setmanes de dieta
CAF es redui el nivell d'insulina (Goularte, et al., 2012). En properes
investigacions seria rellevant estudiar els efectes de |'abstinéncia en

femelles, perqué en un altre estudi s’ha comprovat que mascles i
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femelles reaccionen diferent a l|'abstinéncia, sent més efectivaen

femelles (Ong, Wanasuria, Lin, Hiscock, Muhlhauser, 2013).

Crida I'atencidé que les rates amb dieta CAF siguin menys actives que les
rates alimentades amb dieta estandard. Aquest resultat és similar a
I'obtingut per altres investigadors (Mul, van Boxtel, Bergen, Brans,
Brakkee, Toonen, et al., 2012) amb un nou model de rata del receptor
de la melanocortina (Mc4r), que guanya més pes que les wild type, i
també redueix la distancia recorreguda a la Home Cage Activity. En un
model de dieta rica en llard i sucre no es van trobar efectes a la caixa
operant ni a I'OF (distancia) (la Fleur, Vanderschuren, Luijendijk, Kloeze,
Tiesjema, Adan, 2007; Teegarden i Bale, 2007). Finalment, en humans
s’han trobat que els adolescents inactius tenen major risc de patir
obesitat (Pietildinen, Kaprio, Borg, Plasqui, Yki-Jarvinen, Kujala, et al.,
2008).

Molt breument, volem comentar els efectes addictius que té la dieta.
Volkow i Wise (2005) van descriure que les vies neurals que regulen la
ingesta de dietes saboroses i riques en greixos i sucres se solapen amb
les vies subjacents a les addiccions a les drogues, més concretament el
sistema opioide i la via mesolimbica dopaminérgica. Per exemple,
Johnson i Kenny (2010) trobaren que les rates obeses alimentades amb
dieta CAF augmentaven el consum compulsiu i el pes, a més a més de
disminuir el nombre de receptors D2 de dopamina, la qual cosa provoca
un efecte de tolerancia i la necessitat d’augmentar cada cop més el
consum de CAF per obtenir el mateix nivell de plaer; un patré similar al
que s'observa durant l'addicié6 a les drogues. En canvi, les rates
alimentades amb dieta CAF que no s’engreixaven no menjaven
compulsivament, ni augmentaven de pes, ni disminuien els nivells de
dopamina a l'estriat. Molt recentment, una investigacié indica que una
exposicid cronica de 15 setmanes a la dieta CAF altera I’'expressio dels
receptors relacionats amb el sistema del reforgament cerebral (m-opioid
i CB1) i disminueix la resposta a altres reforgos (Martire, Maniam, South,
Holmes, Westbrook, Morris, 2014).
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Hem demostrat que la dieta CAF és capac de reduir I'ansietat mesurada
en tests conductuals d’activitat espontania com ara I'EPM, la LDB i el
test de preferéncia a I'aigua ensucrada (Maniam i Morris, 2010; Zeeni,
Daher, Fromentin, Tome, Darcel, Chaumontet, 2013). Possiblement el
resultat més novedds de l'estudi de Lalanza et al. (2014) hagi estat
I'augment de joc al test d’interaccié social (Social Test, ST), el qual fou
validat farmacologicament com a mesura d’ansietat (File, 1980; File i
Hyde, 1978) i de sociabilitat en rates. Per exemple, Tonissaar et al.
(2008) van classificar a les rates en poc i molt sociables, administrant 4
sessions del ST i van trobar que les més sociables foren també les més
vulnerables a I'anhédonia (incapacitat de sentir plaer al test de
preferéncia a l'aigua ensucrada). Els nostres resultats indiquen que la
dieta CAF augmenta el poucing, relacionat amb la sol:licitud de joc
social (Trezza, et al., 2010), el que suggereix que la dieta CAF

augmenta la sociabilitat a més a més de disminuir l'ansietat.

Diferéncies de sexe

Pel que fa als efectes de l'exercici hem trobat diferéncies de sexe en
nivells d’ansietat i resposta d’estrés, sent els mascles els més
beneficiats, mentre que en les femelles la magnitud de I'efecte és en
general més petita i en alguns parametres no hi varem observar canvis.
Primerament a nivell neuroendocri, no hi va haver cap diferéncia quan
comparem els grups TM, CON i SED de femelles que havien seguit el
mateix protocol d’exercici que els mascles (Annex 2). En segon lloc, 36
setmanes d’exercici a la cinta ergometrica tampoc tingueren efectes
sobre els parametres d’HRV de les rates femelles (Annex 1); Unicament
observarem una diferéncia significativa lleu a la setmana 28" en el
parametre SDRR. Contrariament i pel que fa a les estratégies
d’afrontament, globalment les femelles foren més rapides en entendre i
resoldre el problema de I'adquisicié de |'evitacié activa en dos sentits i
les entrenades assoliren el criteri de 8 respostes correctes seguides a la
primera sessid. Per contra, els mascles entrenats assoliren el criteri a la
segona. A més, totes les femelles van aconseguir arribar a la cinquena

sessid amb un 90% d’evitacions, mentre que els mascles dels grups
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CON i SED es quedaren en un nivell d’execuciéo de 70-72%, i els del
grup TM en un 85% d’evitacions. Aquestes diferéncies de sexe també
concorden amb els resultats d’altres investigadors, que troben que les
femelles aprenen més rapid en la tasca d'evitacié activa (per a una
revisio: Dalla i Shors, 2009).

En una revisié recent sobre ansietat i diferencies de sexe, s’indica que
les femelles mostren menys ansietat que els mascles en proves
d’activitat espontania com ara /'Open Field, la Light Dark Box o el
Elevated Plus Maze que també hem utilitzat en aquest treball (Donner i
Lowry, 2013). Una aportaci6 més novedosa de I'estudi de Lalanza i cols
(2014) és que les femelles adultes joves mostraren globalment més
conducta de joc social que els mascles, amb o sense dieta CAF. La qual
cosa concorda amb els humans pel fet que sén les dones i no els homes,
qui presenta més habilitats socials (Ingalhalikar, Smith, Parker,
Satterthwaite, Elliott, Ruparel, et al., 2013). En rates, hi ha poca
recerca feta amb l|'objectiu d’estudiar les diferéencies de sexe en joc
social. Normalment, sén els mascles qui tendeix a iniciar i sol-licitar el
joc (Auger i Olesen, 2009). En el nostre estudi, les femelles fan major
conducta social, sobretot de grooming social (o allogrooming), molt
important no només per a la higiene, sind també per a enfortir els
vincles socials i reduir I'ansietat grupal (Machanda, Gilby, Wrangham,
2014); i que cal distingir de l'auto-grooming que és una conducta
relacionada amb situacions d’estrés i aversives (Estanislau, Diaz-Moran,
Cafiete, Blazquez, Tobefia, Fernandez-Teruel, 2013). Fins i tot els
mascles alimentats amb dieta CAF no feien la mateixa quantitat de
gromming social que feien les femelles alimentades amb dieta

estandard.

I és que, des de les rates fins als bonobos, el grooming social és un
element clau en l'estructura social de molts mamifers (Dunbar, 2010). I
els humans, tenim grooming social? Sembla que si. No ens anem
traient els polls els uns als altres, perdo per alguns autors la mateixa

funcid social que el grooming dels altres mamifers la podriem tenir en
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les abracades, caricies, carentonyes en general, fins i tot sexe; en
definitiva, el contacte fisic entre dues o més persones que comporti
benestar, elements d’empatia, proximitat, etc... De fet, s’ha trobat que
tenir una vida sexual satisfactoria, entesa com a relacions coitals
estables, ajuda a prevenir trastorns depressius, redueix |‘obesitat i

millora I’'HRV (per a una revisié: Brody, 2010).

Pel que fa a les diferéncies de génere en respostes de I’'eix HPA, sembla
que, en general, les rates femella mostren nivells basals ACTH i
corticosterona més alts que els mascles (Fernandez-Guasti, Fiedler,
Herrera, Handa, 2012). Podria ser que les femelles necessiten un
protocol d‘exercici de major intensitat per a obtenir efectes beneficiosos.
Una de les hipotesis més acceptades per a explicar aquestes diferéncies
neuroendocrines son els estrogens, que interaccionarien amb I'eix HPA.
Per exemple, Figuereido et al. (2002) trobaren una cort. basal elevada,
perd només quan les rates estaven en fase proestre (hi ha un pic
d'estrogens); i Barha i col-laboradores (2011) trobaren una
hiperactivacié de l'eix HPA en femelles, comparades amb mascles,
després d’estrés per immobilitzacié. S’ha proposat que els canvis en
I’eix HPA puguin ser deguts a la relacio amb els estrogens via PVN, la
direccio (positiva o negativa) de la qual encara no esta clara (Solomon i
Herman, 2009) i depén de la fase del cicle estral (ter Horst, de Kloet,
Schéchinger, Oitzl, et al., 2012). Amb la presentacié d’aquests estudis
no volem dir que I'explicacié de les diferéncies de sexe acabi aqui, siné
que, coneixent els possibles mecanismes diferenciadors, s’hauria de dur
a terme molta més recerca en femelles controlant o tenint en compte
aquests resultats previs. De fet, en un estudi recent es va descobrir que,
malgrat que les dones tenen aproximadament el doble de risc de patir
psicopatologies relacionades amb trastorns de I'estat d’anim
(Fernandez-Guasti, et al., 2012), en I'ambit de les neurociéncies per a
cada 5,5 estudis fets només amb rates mascle n’hi ha 1 fet només amb

femelles (Beery i Zucker, 2011)
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En estudis amb humans s’ha vist que les dones fisicament actives i les
dones sedentaries tenen un major rang de batecs per minut que els
homes (en comparacid al seu respectiu grup sedentari o actiu del sexe
oposat, Genovesi, Zaccaria, Rossi, Valsecchi, Stella, Stramba-Badiale,
2007). Altres estudis també troben una major variabilitat de la
freqiéncia cardiaca (HRV) en homes que en dones (Faust, Yi, Hua,
2013; Salem, Hussain, Majeed, Khan, 2012)

Of Mice and Men: Qué podem aplicar de la nostra recerca als

humans? De qué ens serveix?

L'objectiu ultim de la recerca basica en animals hauria de ser poder
transferir els coneixements obtinguts a la investigacid clinica o aplicada
i, aixi, contribuir a la millora de la vida de les persones (Voss, et al,
2013). En aquest punt, resumirem les principals troballes d’aquesta tesi
en relacié amb aspectes més aplicats que provenen d’altres estudis amb

persones (per a una sintesi, veure la Figura 16).

Per exemple, igual que hem observat que |'exercici disminueix I'ansitat i
les repostes d’estrés en les rates (Part 2 d’aquesta tesi), hi ha estudis
en humans que han demostrat que l'exercici redueix |'ansietat i I'estrés
(Asmundson, Fetzner, DeBoer, Powers, Otto, Smith, 2013; Conn, 2010).
No obstant hi ha controvérsia. En una recent metanalisi (Bartley, Hay,
Bloch, 2013) no s’hi van trobar efectes significatius de I'exercici aerobic
sobre I'ansietat diagnosticada seguint el DSM, a diferéncia dels efectes
ansiolitics que es concluien d'un estudi anterior que incloia

simptomatologia general d'ansietat (Conn, 2010).

L'exercici, a més, s’ha proposat com a eina terapéutica per combatre
trastorns de l'estat d’anim com la depressié (aan het Rot, Collins,
Fitterling, 2009; Silveira, Moraes, Oliveira, Coutinho, Laks, Deslandes,
2013). Per exemple, Mota-Pereira i col-laboradors (2011) van
administrar a pacients depressius resistents al tractament farmacologic
una combinacié del tractament habitual amb 12 set. d'exercici aerodbic

de baixa intensitat (caminar entre 30min i 1h un minim 5 dies per
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setmana). Els pacients tractats amb exercici milloraren la
simptomatologia depressiva (mesurada amb el questionari BDI) i, fins i
tot, I'exercici va contribuir a la remissio dels simptomes en un 26% dels
pacients. Malgrat aquests bons resultats, també hi ha evidéncia en
contra (Underwood, Lamb, Eldridge, Sheenan, Slowter, Spencer, et al.,
2013), la qual cosa fa més necessari seguir estudiant les bases

psicobioldgiques que relacionen exercici i depressio.

A nivell neuroendrocri, també s’han descrit beneficis ansiolitics de
I'exercici en humans. Per exemple, esportistes d’elit presentaren menys
nivells de cortisol en reposta a un estrés psicosocial en comparacié
amb esportistes amateurs i persones sedentaries (Rimmele, Seiler,
Marti, Wirtz, Ehlert, Heinrichs, 2009); i persones amb una elevat nivell
de fitness (corrien més de 75km per setmana), mostraven menys
activacié de l'eix HPA durant un exercici intens, malgrat presentar
nivells de cortisol basals més alts que les persones poc entrenades

(Luger, Deuster, Kyle, Gallucci, Montgomery, Gold, et al., 1987).

Respecte als parametres cardiovasculars, hi ha forca estudis que
descriuen que |'exercici aerobic augmenta I’'HRV en poblacié sana (per a
una revisio: Sandercock, Bromley, Brodie, 2005), i en persones que han
patit infart de miocardi (per a una revisio: Oliveira, Ribeiro, Alves,
Teixeira, Miranda, Oliveira, 2013) i hipertensid (per a una revisio:
Thayer, et al., 2010). Pero també hi ha alguns estudis amb resultats
discordants. Per exemple, Rimoldi i col-laboradors (1992) trobaren en
humans i gossos que un exercici moderat a la cinta ergométrica
incrementava el parametre LF. En un estudi correlacional amb persones
joves es va trobar que els joves fisicament actius tenien el parametre
HF més alt que els joves sedentaris, perd0 també el parametre LF era
superior (Reyes del Paso, et al., 2013).

Limitacions del treball i propostes per al futur

Una de les limitacions de l'estudi dels efectes de la dieta de cafeteria és

el fet de mantenir als animals aillats, degut als efectes negatius que pot
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tenir aquesta condicié en animals socials (Leasure i Decker, 2009). En
aquell estudi els animals es van individualitzar per quantificar els
consums de cadascun dels aliments individualment. Podria haver passat
que l'aillament per se modifiques els consums, perd en un experiment
posterior fet al nostre laboratori on els animals han estat estabulats per
parelles, hem observat que els consums dels diversos aliments sén molt

semblants als dels animals estabulats individualment.

Una altra limitacié de l'estudi de la dieta CAF és no haver estudiat el
teixit adipés marr6 i el beig. Si bé el teixit adipds blanc es relaciona
amb I’'hnomeodstasis energética, el teixit adipés marrd i beige estan
relacionats amb la termoregulacié (procés pel qual es cremen calories i
es redueix el pes). Una nova hormona clau en els efectes de |'exercici
és la irisina (Bostrom, Wu, Jedrychowski, Korde, Ye, Lo, et al., 2012),
també relacionada amb la termogénesi (Villarroya, 2012). Ja s’han fet
els primers estudis mostrant que l'exercici és capag¢ d'incrementar els
nivells d'irisina (per a una revisid, Cigarroa i Zapata, 2013). Els
seglents pasos serien: establir quin protocol d’exercici pot activar les
funcions de la irisina, o bé estudiar si I'exercici, a través de la irisina,

pot revertir I'increment de teixit adipds blanc induit per la dieta.

Resultats preliminars d’'un estudi fet recentment al nostre laboratori
(Cigarroa, et al., dades no publicades) suggereixen que l|'exercici al
treadmill podria revertir les deficiencies metaboliques que provoca la
dieta CAF, com ara l'augment de triglicérids o de teixit adipés blanc
retroperitoneal. A nivell conductual, es veuen increments de la conducta
exploratoria. Aquest resultat seria consistent amb d’altres on el WR i la
dieta CAF van contrarestar (combinats o separats) els efectes
ansiogeénics i neuroendocrins de la separacié materna infantil (Maniam i
Morris, 2010). A més a més, nedar durant 6 set. igualava els nivells
s'insulina en comparacié a les rates control després de 26 set.
alimentades amb dieta CAF (Goularte, et al., 2012). Com es pot veure,
pero, encara no s’ha estudiat la intensitat concreta d’exercici necessaria

per induir aquests beneficis.
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En quant a l'exercici i els efectes a nivell cognitiu i neuropsicologic en
humans, I'exercici aerdbic (60min, a un 70% del ritme cardiac maxim,
durant 3 mesos) incrementa els nivells de BDNF mesurats en el torrent
sanguini en humans (Seifert, Brassard, Wissenberg, Rasmussen,
Nordby, Stallknecht, et al., 2010), i sembla que el BDNF podria ser un
mecanisme pel qual I'exercici podria prevenir i disminuir els sindromes
depressius (Martinowich, Manji, Lu, 2007). S'ha trobat que pacients
diagnosticats amb depressié major tenen menys BDNF en plasma que
subjectes sans (Lee i Kim, 2009). Ha estat demostrat que I'exercici
aerobic (12 set., 4 dies/set., 1h/d) augmenta 'angiogénesi en humans,
inferida mitjancant ressonancia magneética, que detectava la quantitat
de volum de sang al gir dentat (Pereira, Huddleston, Brickman,
Sosunov, Hen, McHann, et al., 2006). S’ha comprovat que I|'edat
redueix el volum hipocampal i els nivells de BDNF a I’hipocamp, i que
I'exercici compensa aquestes perdues en persones grans (Erickson,
Miller, Roecklein, 2012). De manera que la capacitat aerobica
correlaciona positivament amb el volum hipocampal i amb els nivells de
BDNF; la qual cosa explicaria els beneficis de I'exercici a nivell cognitiu i
emocional. Per exemple, en humans vells I'exercici incrementa el volum
cerebral (substancia grisa i blanca, sobretot de les zones frontals)
(Colcombe, Erickson, Scalf, Kim, Prakash, McAuley, et al., 2006). I
també s’han descrit correlacions positives entre rendiment académic i
rendiment fisic en nens (Hillman, Erickson, Kramer, 2008). A mode de
resum, en la Figura 16 es presenten els principals beneficis de I'exercici

que s’han descrit en les persones.

Per altim i a mode integrador, en humans s’han proposat models
d’intervencié que combinin activitat fisica i enriquiment cognitiu. Kraft
(2012) va resumir els resultats que s’han obtingut en els ultims anys
aplicant intervencions multimodals (activitat fisica i reptes cognitius) en
poblacié envellida. Va concloure que malgrat hi hagi poca evidéncia
cientifica i encara no s’hagin estudiat la freqiéncia ni el temps
d’aplicacio, els resultats de les primeres investigacions combinant tots

dos tractaments sén positius, perqué els subjectes amb el tractament
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combinat mostraren un millor estat de forma i una millor memoria que

els altres subjectes inclosos a I'estudi.

Finalment, sembla que l'entorn on fem l‘activitat fisica també és
important. Estem tots d’acord que no és el mateix anar a correr pel
passeig de les Aiglies o pel passeig Maritim que pel carrer Aragd de
Barcelona. Bos et al. (2011) van trobar que anar en bicicleta a prop
d'arees amb elevada contaminacié ambiental no incrementa el BDNF,
mentre que si el mateix exercici es fa en una sala amb aire net
s'observa un augment significatiu. Nyhan et al. (2014) van trobar que
els vianants i els ciclistes urbans presentaven majors nivells de pol-lucié
als pulmons i menor HRV (SDRR) en comparacié amb els participants
de l'estudi que usaven el bus o el tren per desplacar-se. A I'exercici en
ambients naturals se’l coneix com a “Green Exercise” i s’ha trobat que
millora |'autoestima i I'estat d’anim (Barton i Pretty, 2010). Fins i tot,
s’ha suggerit que a banda dels beneficis emocionals (Bowler, Buyung-Ali,
Knight, Pullin, 2010), fer exercici en entorns més naturalitzats o a l'aire
lliure, podria fer augmentar els nivells de vitamina D per l'efecte de la
llum solar (Holick, 2011). En resum, poder combinar exercici fisic al aire
lliure i fer una bona gimnastica mental sembla una bona recepta per
reduir, no només, el risc de malalties cardiaques, relacionades amb
I'obesitat, sind també malalties neurodegeneratives i relacionades amb

els trastorns de l'estat d’anim.

157 |Discussio



Drisease

Physiopathology Consenue noes

Benefits

Exercise

Parkinson

SiabTLartia nigra

oW

-1- Dopamine

Antamilant sty
Symitheesis of dopamine
LD

BONF

1GE-1

N cagi-ari

/ Cognition in

Stressed situations

» Lidd of ey

+ Reduction of new memornes

» ey (Ural DO el

P-Arrryloid plaques

?

Hugs paid Aimigar

Mtrophy

<

Seroitcnanh jalfraeyy
[white mrmow)
VEGF I Seresanin
Tymibherin of soetyl bl hicsttrprsphinne
BhMF BObaF HPA
IGF-i WEr-1
Araapt -k M opclad by Stres

1

= incenate of mobor Coetnnl

= Jerer periormance in ADLL

& Increase of cognithve fanction
= Im@revemant of quality of lifs

AR

J Anxiety
1 Active Coping Style

= |ire e

¢ Low self-esteem

= Liris o wiiliids i @ngorralile
BCtrvTtEs

Horadrenabne pathways

CAF

Figura 16: Esquema dels efectes neurobioquimics de I'exercici en el cervell i les seves
conseqliéncies tan a nivell conductual com en les neuropatologies de Parkinson,
Alzheimer i depressié major. (extret de: Portugal, Cevada, Monteiro-Junior, Guimaraes,
Rubini, Lattari, et al., 2013). En blau es mostra el que aporta aquesta tesi, des de la
recerca basica, a I'estudi dels beneficis de |'exercici i la dieta.
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Conclusions

1. L'exercici moderat a curt termini (9 setmanes) millora la variabilitat
cardica i disminueix moderadament la conducta ansiosa en rates
mascles adultes.

2. Les rates adultes entrenades que deixen de fer exercici
disminueixen la variabilitat cardiaca.

3. L'exercici moderat a llarg termini (36 setmanes) redueix la
resposta hormonal a l'estrés i facilita I'aprenentatge en situacions
de conflicte (Shuttle Box).

4. Hi ha diferéncies de génere i no s’‘observen canvis d’aquest tipus
d’exercici moderat en les femelles en quant a la variabilitat
cardiaca i la reposta hormonal a l'estreés.

5. La dieta de cafeteria indueix obesitat i sindrome metabolica en
rates mascles i femelles adolescents. També disminueix la
conducta ansiosa i [I'activitat motora en proves d‘activitat
espontania.

6. La retirada de la dieta de cafeteria després de 8 setmanes
reverteix parcialment la sindrome metabolica en mascles
adolescents.

7. Els efectes positius de l'exercici moderat sobre l|'ansietat, la
resposta d’estrés i I'afrontament en situacions de conflicte
suggereixen que aquesta practica pot ser un reforg terapéutic en
alteracions de |'estat d’anim i situacions d’estrés per als humans.

8. Tot i que la dieta de cafeteria té efectes nocius a nivell metabodlic,
el fet que disminueixi l'ansietat en els animals adolescents
suggereix que hi poden haver mecanismes ansiolitics associats al
seu consum, a més a més de factors reforcadors associats a la

seva saborositat.
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Annex 1
Dades cardiovasculars a llarg termini en mascles i femelles

Es van mesurar les variables cardiovasculars a rates femelles
entrenades (TM, n=6) i control-manipulades (CON, n=6) durant 36
setmanes d’exercici moderat (12m/min, 30min) quan tenien 12 mesos
d’edat. El registres es realitzaren cada quatre setmanes i en cap de
setmana per evitar interferir amb el regim d'entrenament. Els resultats
obtinguts es mostren a la Figura 17. Es van seleccionar les mesures
dilirnes, que generen menys variables estranyes, atés que els animals
estan dormint. A més, en tots dos casos (mascles i femelles) es van
eliminar tots els registres (els intervals RR) que presentaven algun
percentatge d’artefactes, a diferéncia de en el Lalanza et al. (en revisio
a Spots) que es varen acceptar fins a un 5%. En la Figura 17A es
mostren els batecs per minut. No hi ha diferéncies significatives entre
grups, ni comparats amb la linia base. En la Figura 17B es mostra la
variabilitat de la freqléncia cardiaca mesurada amb la desviacio tipica
dels pics RR (SDRR). Aplicant un GLM s’han trobat diferéncies
significatives en el factor intrasubjecte (sessié) [F(8, 80)=3,768,
p=0.001] i intersubjecte (grup) [F(1, 10)=6,150, p=0.033], perd no en
la seva interaccié [F(8, 0)=1.647, p=0.125]. L'analisi sessido a sessio
ens mostra una diferéncia significativa entre el grup CON i el TM a les
setmanes 20, 24, 28 i 36 d’entrenament [F(1, 11)>6.173, p<0.032],
sent el grup CON el que mostra una major variabilitat. Finalment, la
prova T de mostres relacionades respecte a la linia base ens indica un
efecte significatiu de la manipulacié (CON) a les setmanes 16, 24 i 28
(p<0.044), incrementant la variabilitat; i un efecte de l'exercici a la
setmana 28 (p=0.05), també d’increment de la variabilitat. Per acabar,
en la Figura 17C, es mostra la proporcio d’activacié del sistema nervids
simpatic i el parasimpatic. Trobem una diferencia marginal entre els dos
grups en la setmana 28 (TM>CON, p=0.039) i un efecte de la
manipulacid a les setmanes 20 i 36 (vs. linia base, p<0.042).

Pel que fa als mascles (n=3-7), es van implantar els transmissors a

rates de 17 mesos d’edat aprox., quan ja portaven 48 setmanes
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d’entrenament. Es van servir rates tan grans perque ja haviem estudiat
els efectes de l'exercici en mascles joves i, d'aquesta manera, també
I'estudiem en poblacié envellida. Es va fer una mesura basal a la
setmana de l'operacid, a les 4 setmanes de tornar a iniciar I’'exercici (6
setmanes des de l'operacid) i a les 8 setmanes de tornar a iniciar
I'exercici (10 setmanes des de l'operacid). Igual que abans, es
presenten només les dades de fase de llum de les tres variables
principals: BPM (Figura 18A), SDRR (Figura 18B) i LH/HF (Figura 18C).
L'Gnica diferéncia és que els registres es feien durant la setmana, no els
caps de setmana, per evitar el solapament amb les recuperacions
quirdrgiques. Respecte als BPM, aplicant un GLM, hi ha una tendéncia a
la significaci6 del factor intrasubjecte (sessid) [F(2, 18)=2.942,
p=0.078]. Si els analitzem els resultats sessié a sessid, tornem a trobar
una altra tendéncia en la linia base [F(2, 19)=2.993, p=0.077]. L'analisi
post hoc (Duncan) indica que significativament (p<0.05) el grup SED fa
més batecs que el CON i el TM. Respecte a la SDRR, trobem una
interaccié significativa en el GLM entre la sessido i el grup [F(4,
16)=3.327, p=0.037] i un efecte significatiu de la sessid [F(2,
16)=4.240, p=0.033]. Al descompondre la interaccié, trobem una
diferéncia significativa en el grup SED. T-Test (p<0.05): BSL < 4set.;
BSL < 8set.; 4set. > 8set. Finalment, no es van trobar diferéncies

significatives entre la proporcié de LF i HF.
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Figura 17. Mitjana £ Error Estandard dels batecs per minut (BPM) (A), la
desviacié estandard dels pics RR (SDRR) (B), i la proporcié de baixa i alta
frequéncia de I'espectre (LF/HF) (C); per 36 setmanes d’entrenament en fase
de llum (10 a 18h). TM: grup de rates femelles entrenades al treadmill (n=6),
CON: grup de rates femelles manipulades com les TM (n=6). *p<0.05 vs. TM

(Oneway); *p<0.05, $¥p<0.01 vs. Basal (BSL) (T-Test, CON); ¥ p<0.05 vs.
Basal (BSL) (T-Test, TM).
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Figura 18. Mitjana + Error
Estandard dels batecs per
minut (BPM) (A), la desviacio
estandard dels pics RR
(SDRR) (B), i la proporci6 de
baixa i alta frequiéncia de
I'espectre (LF/HF) (C); per
48 setmanes d’entrenament
en fase de llum (10 a 18h)
(Linia Base, BSL) i al cap de
4 i 8 setmanes
d’entrenament. TM: grup de
rates mascles entrenades al
treadmill (n=3-7), CON:
grup de rates mascles
manipulades com les TM
(n=3-7), SED: grup de rates
mascles que sempre
romanien a la seva gabia
(n=3-7). *p<0.05 vs. SED

(Duncan, post hoc); )‘p<0.05
vs. BSL (T-Test, SED).
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Annex 2
Dades Neuroendocrines en femelles

Rates femelles (n=29, les mateixes que a Lalanza et al., sotmés a
Physiology & Behavior) van ser entrenades durant 32 setmanes a
12m/min. Es va analitzar l'activacié de l'eix HPA immediatament
després de I'exposicié a la novetat (situacié d’estrés intermedi), com ho
és el Hole Board i, immediatament després d’una situacié molt aversiva,
com és la gabia Shuttle Box (en ACTH). Com es pot veure a la Figura
19, no hi ha diferéncies entre els tres grups (SED, CON i TM), ni en
ACTH, ni corticosterona post Hole Board i Shuttle Box. Tampoc en els
registres basals (resultats no mostrats). Dades presentades al congrés:
"4th Scientific Conference of the Institut de Neurociéncies, Integrative

Neurobiology", Barcelona.
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Fig. 19. Mitjana * Error Estandard del nivell d'ACTH (A) i corticosterona (B)
segregat per rates femelles, sedentaries (SED), controls (CON) i exercitades
durant 32 setmanes (TM) immediatament després del Hole Board (HB), la
primera sessi6 de Shuttle Box (SB1) i la cinquena i ultima (SB5), i després de
30min (P30) de la SB1 i SB5. No es varen trobar efectes significatius.
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Annex 3

Abstract acceptat per presentar un poster al congrés de la FENS

(Federation of European Neuroscience Societies) 2014 (Milano,

Italia) sobre Diferéncies Individuals que predisposen a correr.

FENS-3526
F3. Motivation and emotion

INDIVIDUAL DIFFERENCES PREDISPOSING TO RUN

Nowadays aerobic exercise is one of the most recommended activities
to prevent cardiovascular diseases, obesity and cognitive decline.
However, not everybody enjoy, or even tolerate, to practice exercise.
Few studies have been addressed to undercover the individual
differences that predispose to practice exercise. Herein, we tested adult
male rats in a battery of test including the Hole-Board (HB), Elevated
Plus Maze (EPM), Circular Corridor (CC), Forced Swimming Test (FST),
Home Cage Activity (HCA) and Shuttle Box (SB); and assessed HPA
activity at baseline and after HB and SB as stressful environments.
After that testing, rats run in a treadmill during four sessions of 15min
at different intensities spaced 24h. The performance in the treadmill
was analyzed over different behaviors. Our results indicated that
running in the treadmill is influenced by two different variables:
physical training and the motivation to run. The former is related with
the activity in the closed arms of the EPM and increased levels of HPA
hormones in the morning. The latter is related with increased
exploration in the HB, and higher activity of HPA in the morning.
Therefore, it seems that increased exploration, decreased anxiety-like
behavior and increased HPA-axis basal activity is related with good
predisposition to run. On the other hand, high impulsivity and low
habituation is related to poor performance in the treadmill. These
results besides supporting a procedure to detect runner animals and
avoiding to apply motivational footshock, suggest that the
predisposition to practice exercise is influenced by personality traits and
motivation.
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Investigacion (PSI2011-29807-C02-01). J.F.L. was supported by a
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