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Zona de promesas

Mama sabe bien

Perdi una batalla

Quiero regresar
Solo a besarla

No esta mal
Ser mi duefio otra vez
Ni temer que el rio sangre y calme
Al contarle mis plegarias

Tarda en llegar
Y al final, al final
Hay recompensa

Mama sabe bien
Pequena princesa
Cuando regrese
Todo quemaba

No esta mal
Sumergirme otra vez
Ni temer que el rio sangre y calme
Se bucear en silencio

Tarda en llegar
Y al final, al final
Hay recompensa
En la zona de promesas

Soda Stereo


http://www.rock.com.ar/artistas/soda-stereo�

ACKNOWLEDGEMENTS

First of all I would like to thank all the members of my jury, Pr. Ian Kitchen, Dr. Florence
Noble and Dr. Michel Barrot for having accepted to read and judge my work.

[ would particularly like to thank Pr. Brigitte Kieffer for the opportunity to perform my
PhD thesis in her lab and her insistence in moments of crisis.

[ would like to thank as well all the members of the lab that have shared with me this
hard road...

Particularly to Julie for her guidance and advice; to Pascale, not only for the virus
preparation but for her constant support, sensitivity and encouragement; to Claire and Katia
for having corrected and helped with my manuscript; to Dom for having introduced me in the
molecular biology; to Audrey for taking care of so many things in the lab and for her
friendship; to Amynah who has always transmitted me peace and optimism and to her
beautiful family whom I miss a lot; to Domi for her honest and always very accurate scientific
and personal advices; to Jérome, Pierre-Eric, Chihiro, Eric, David, Abdel...

And very special thanks to the group of wonderful people I've the great opportunity to
meet and | hope we keep always in contact: to Manu, Paul, Olivier, Pauline, Raph, Lauren,
Megan. Without your support and unconditional help I'm sure I wouldn’t be able to do this,
thank you for having been the necessary smile (and laugh) to keep fighting!!

And of course! To the second floor for their constant support and joy: Michel, Anne,
Aline, Yvan, Xavier and Sercan... And yes, for you I'd need a full page of acknowledgments and
still wouldn’t be enough, so I'll simply THANK YOU, in capitals, for your unconditional support,
help and friendship... I'essentiel est invisible pour les yeux, on ne voit bien qu'avec le coeur.

I would also like to THANK in capitals to Gilles and Djemo for being two incredible
people whom have take care not only of my mice but also of me during all this time, merci
merci merci! Vous me manquez déja!

Next, I would like to thank to Gronnemeyer’s team members and so many people in the
institute that I'm afraid of forgetting names, so [ apologize but I'll do it general... thank you for
the great years I've spent in this huge house, because even with all the difficulties, the amazing
people I've met here have made of this place a real home for me... Well... I have to thank
specially to Mannu, can’t avoid your name my brother! © Be strong, you are almost there and
you can do it greatly!

And a huge special thank to Maité for being a great person and essential for the
completion of this work.

Then I would like to move outside the IGBMC to thank all my friends here in France, my
support, my refuge, my family (and I'm sorry, but I'll switch languages here): Fran, Tina, Fer,



Stefanie, Lucio, Frida (mi tocaya que llegd para robarse un pedacito de mi alma), Murielle,
Carlos (... animalito, cuantas cosas vividas, cuantas cosas aprendidas, cuanto camino aun nos
queda por delante!! Verdad? ©), Elena!!! (Qué seria de mi vida sin ti amiga del alma!!!
Simplemente no tengo palabras)... Pablo y Naty!! (compafieros de ruta! cada vez tengo menos
palabras... Increible amigos este lazo inquebrantable que siento entre nosotros)... Las gracias
en este caso no son a ustedes, son a la vida por cruzarlos en mi camino... Como diria Mercedes
Sosa: GRACIAS A LA VIDA, QUE ME HA DADO TANTO TANTO! © (Porque Fer, es bonita la vida,
verdad? Gracias por los arcoiris!!!).

And even more far far away, on the other side of the huge puddle, I would also like to
thank my friends (and again [ switch, I'm sorry)... Tengo que agradecer en especial al Tonga!!!
Por ser el verdadero soporte final de mi tesis. Increible! Segunda vez que me ayudas con esto
chanchito!! GRACIAS! A la Juli, negra! Porque llorar, reir y putear de a dos es mas facil, gracias
por estar siempre ahi comprendiendo y compartiendo al 100% esta aventura (o desaventura?)
del doctorado en el extranjero! Y al Gaby, narigon!! Ahora estas de nuevo allg, asi que entras en
este apartado, pero sin vos acd tan cerca esto hubiera costado el doble, gracias por tanto
aguante!

Y gracias por supuesto a los incondicionales trocitos de mi alma: Juli, Jaz, Flaca, Chete,
Choli, Vale, Pili, Andre, Vane, Noe, Romi, Eve, Pato, Flor, Iva, Mauri, Jorge, Gordo, Waldo, Gus,
Valen... Porqué sin su apoyo y empuje constante, sin esa fuerza que me da su amor, al que no le
importan distancias ni tiempos, no sélo que no habria logrado esto, sino que no seria nada de
lo que soy.

Reaching the end, I would like to give VERY special thanks to my family, por el gran
esfuerzo que fue para ellos también tenerme lejos de casa, por el apoyo y la confianza
constante... A mis hermanos, por ser hermanos y ser amigos, por ser la parte mas importante
de mi; a mi papa, por ser puro corazén; a mi mama por ser coraje, por ser la mujer mas
hermosa del mundo; a mi abuela, por ser la persona mas maravillosa del mundo, sin duda
alguna; y a mis abuelos que ya no estan, por seguir guidndome en mis suefos... A mi familia
“politica”, o mas bien del corazoén, por ser amor y ser valor, por hacerse querer tanto y
quererme tanto.

And finally, I would especially like to thank Dani... If I believed in the concept of “the
other half”, he would be mine for sure... Gracias mi amor, por vivir conmigo esta aventura, por
creer en mi, por TODO lo que me das, por ser una persona increible, y por este verdadero
trabajo de equipo! WE DID IT! ©



To Dani



SUMMARY

| U753 1 1<) o= 118 000 o0 Yo L0 Ut o (o) o U 1

A. Drug dependence

1. Definition and thEOTIeS. .. ..ot e s s s eee e eas s e s eessee e sasesees srrsens 2

2. Relation of addiction with emotional disorders..........cccccceeeeieiiiiiiiiee i eeeee e 4

B. Neuronal circuits underlying drug dependence and emotional disorders

1. Addiction and brain CIrCUIES.............coi i e e e e e e eees 5
a) The mesocorticolimbic dopamine SYStem...............cccccccevueiinie e niesses e e 6
b) The extended amygdala...........................ccocoroiiiiiiiiiries e e s 7

2. The emotional brain Circuits. ... e e 8
a) Frontal-subcortical CIFCUILS ...................cccoooeeiiiieeieee e e e e e 8
b) AMygdalar CIFCUIL...................cooooeiiiie ettt e e e e e en e 9

» The basolateral nucleus of the amygdala.........................ccooccouririveineriiinnnen. 10

C. Neurotransmitter and neoromodulator systems involved in addiction and

emotioNal diSOTAETS ..o 11
An overview of the endogenous opioid system..............cccooiiiiiiiinicnin s e 13
D. CHOLECYSTOKININ........cciiitiitiet et st sttt es e ese s ees s s e e e e e e e i en e 16
1. BIOSYNERESIS....... oo e e e e s r e e 16

2. Receptors and signal transduction...............ccoo i 17

3. Intestinal distribution and major effects as a gastrointestinal hormone...... 19

4. Brain distribution and central systems..............cccccoo i 20

5. Major effects as a neuromodulatory peptide..............ccooviiiiiiiiiiincn e 21

6. CCK and opioid system interactions................ccooiiiniein e e e 24

7. Characterization of the CCK-peptide deficient mice...........c..cccovvvrriiniviiiiennn. 25

E. Aims of the thesis ... 26



IL Partl.... e 29

“CCK mRNA regulation during morphine dependence in the mouse brain”

A INEFOAUCHION.......cooe e e e e e e st e e s n e sr e s enee s sanaesreesenaens 30
1. The involvement of BLA and Cg Ctx regions in drug dependence..................... 31
2. The autoradiographic film quantification technique...................cccccoo e 32
B. Materials and methods................coo e e 34
C. RESUILS ... e e e s e e e e e e e e e e e e e e en e 38

D DESCUSSION ... coiiiiii it e e e e ee e ee s sae e e ssae s snbe s sn e s saneessan e e ns 40

1. Methodological iISSUES............ccoiiiiiiii i e e 40

2. CCK mRNA distribution in the mouse brain.............cccccco oo 41

3. CCK mRNA regulation upon morphine treatment................cccoceccniriieenencen e 42

E. Conclusions and Perspectives...........cccccvivuiiiiiin st e e e e 43

0 L o ) o o 0 OSSPSR 44

“Emotional behavioral responses after AAV2-shCCK-mediated knock-down in the
mouse brain”

SUITIIMIATY ...ttt sttt st et e et s e s he e es e ret e e £ eb e she e es e ebe e eb e ehe et eas e neeas e saeenanns 45
1. INtroducCtion.... ..o 45
a) The SHRNA teCHNOIOGY ..............ccouooeeiiiiiieeeee et e e e e s 46

b) The viral delivery approach.......................ccoccooiiioiiiiiiiiis e e 47

2. Detailed methodology .............cccco i e s 50

a) General procedure

e Technical optimization of the AAV-shCCK knock-down strategy in Cg Ctx and

e Evaluation of the effects of AAV2-shCCK-mediated knock-down in the BLA on
emotional behavioral responses (ManusSCript 1) ......ccceeveveriiiveriiiniinsienesseses e sesssene 51



b) Materials and MeEtROAS..........................cccouereiiiiriiieiiiie e e s 51

o AAV-ShCCK vector-based SErategy .............uummsssssssssssssssssssssssessssssssssssssssssans 51
o AAV-shCCK silencing activity evaluation by in situ hybridization (ISH)................ 53
® BERAVIOTAL tESEING .....eeevvineiiee ettt ettt s e s e ner s e s 55
C) StAtiStICAl ANALYSIS.................c..oooceveiiceiie et e et e sr e s 56

3. Technical optimization of the AAV-shCCK knock-down strategy and
preliminary results targeting Cg Ctx and BLA regions

Double CMV-U6 promoter-based vector StrAteGY .......ccucvuureverussiessvessnesenssneenns 57
- Setting up of the stereotaxic SUrgery ProCeAdUre..........c..ccooeeceeriiesrieeriiesse s seeeernes 58

- Selection of the shCCK sequence producing the best silencing activity............... 59

- Selection of the best viral serotype to target each region of interest................... 61
- Pilot experiment on AAV2-shCCK knock-down quantification................c.ccceeevun. 61
4, ManNUSCEIPE L: oo e e s e e e e e e e e ea e s nee e nreaes 63

“Genetic silencing of cholecystokinin mRNA in the basolateral amygdala has
anxiolytic and antidepressant effects in mice”

Del Boca C, Le Merrer |, Lutz PE, Koebel P, Kieffer BL. In preparation.

5. Conclusions and Perspectives............cccooviieiiiniiinie e e 95
IV. General discussion and perspectives............cccocerivieriiiienisiin v e s s 97
Vi ANNEX ..o oottt sttt e e e et e st e ae e et e s e e eaeaae e es es e sae e s ees e e eeeeaeees£en nee e nrnnes 103

“Contribution to other projects in the laboratory. The lithium-CPA paradigm”
A INEFOAUCHION........oiiiie et rr e e e er e rs e e s e ren e e 104

Experimental cCONLriDULION.......................cccouiiiiiiieiieee et e e s 104



B. ManUSCIIP 2: ... e e s e e e e s 106
“RSK2 signaling in brain habenula mediates place learning”

Darcq E, Koevel P, Del Boca C, Pannetier S, Kirstetter AS, Garnier JM, Hanauer A, Befort K
and Kieffer BL. Submitted.

C. ManUSCIIPE 3: ..o e e e e s 125

“Deletion of the delta-opioid receptor gene impairs place conditioning but preserves
morphine reinforcement”

Le Merrer ], Plaza-Zabala A, Del Boca C, Matifas A, Maldonado R and Kieffer BL. Biol
Psychiatry. 2011

R V4 R 2= (=) =) 4 (o<1 T 130

VIL. RESUME €N FramnGaiS..........cccceviiiiiiiiiiiiniitiessissrsies e sss e sss e e esessre s e sneens e sne es ssssnens 145


javascript:AL_get(this,%20'jour',%20'Biol%20Psychiatry.');�
javascript:AL_get(this,%20'jour',%20'Biol%20Psychiatry.');�

ABBREVIATIONS

5-HT Serotonin

AAV Adeno-Associated Virus
Am Amygdala

BLA Basolateral Amygdala

BNST Bed nucleus of the stria
terminalis

CCK Cholecystokinin

CCK; Cholecystokinin receptor type 1
CCK: Cholecystokinin receptor type 2
CCK-4 Cholecystokinin tetrapeptide

CCK-8s Cholecystokinin sulfated
octapeptide

CCK-IR Cholecystokinin
immunoractivity

CeA Central Amygdala

Cg Ctx Cingulate Cortex

CNS Central Nervous System

CPA conditional place aversion test
CPP conditional place preference test
CPu Caudate-Putamen

CRF Corticotropine-releasing factor
DA Dopamine

DG Dental Gyrus

DOR (8-) delta-opioid receptor

EPM elevated plus-maze test
GABA y-aminobutyric acid

GP Glubus Pallidus

GPCR G-protein coupled receptor

Hipp Hippocampus

Hyp Hypothalamus

ISH In situ hybridization

KO knock-out mice

MOR (p-) mu-opioid receptor
NAcc Nucleus Accumbens
OFC Orbitofrontal Cortex

PC prohormone convertase
PFC Prefrontal Cortex

QAR Autoradiographyc film
quantification

Rph Raphe nuclei

shRNA short-hairpin RNA
SN Substantia Nigra

Th Thalamus

VP Ventral Pallidum

VTA Ventral Tegmental Area
WT wild-type mice

K- kappa-opioid recept



[. GENERAL INTRODUCTION




General Introduction

A. Drug dependence

1. Definition and theories

Drug addiction is a process that manifests itself in compulsive drug-seeking and drug-
taking behaviors with loss of control in limiting intake, and persistence even despite of
negative health and social consequences. According to the DSM IV (Diagnostic and
Statistical Manual of Mental Disorder of the American Psychiatric Association — 5t edition,
2000), addiction is a chronic relapsing brain disorder, defined by the manifestation of at
least three of the following seven significant impairments or distresses, occurring during a
period of 12 months:

1. Excessive drug-taking and difficulties to control substance abuse;

2. Compulsive and persistent desire to consume the substance;

3. Tolerance to the hedonic effect of the substance characterized by the
diminished effect of the same amount of drug and the need of increased
amount to achieve the desired effect;

4. Appearance of withdrawal symptoms and a negative emotional states (e.g.,
dysphoria, anxiety, irritability) when the access to the drug is prevented;

5. Great deal of time spent to obtain the substance;

6. Give up of other recreational and/or social activities;

7. Continued substance use despite knowledge and sufferance of negative
consequences.

These key features distinguish drug use from drug abuse and the transition from the
occasional and controlled drug-taking to an addictive behavior. Such drug use disorder
may begin with initial drug use in vulnerable individuals or individuals at particularly
vulnerable developmental periods (e.g., adolescence) and is often accompanied by deficits
in the capacity to efficiently process and control reward-related information. Therefore, an
emerging deficit in behavioral flexibility and impulse control may represent a crucial
component in the development of an addiction (Winstanley et al 2010). Impulsivity is
behaviorally defined as a predisposition toward rapid and unplanned reactions to internal
and external stimuli without regarding the negative consequences of such reactions
(Moeller et al 2001). Compulsivity, on the other hand, is related with the perseveration in

responding or persistent reinitiation of habitual acts, in the face of adverse consequences,
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Figure 1: Spiraling addiction cycle. Schematic representation of the major psychological
components of the addictive disorder. In this view the addiction is conceptualized as a cycle comprised by
3 stages that interact with each other, increasing their intensity and repetition during chronic drug
consumption, and ultimately leading to addiction. Such stages are: preoccupation/anticipation,
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binge/intoxication, withdrawal/negative affect. (Adapted from Koob and Le Moal, 1997).

Stage of addiction cycle

Animal models
Drug-alcohol self-administration

Reference
Collins et al, 1984

Increased motivation for self-
administration in dependent
animals

Bringe/Intoxication Conditioned place preference Sachis-Segura and Spanagel, 2006
Brain stimulation reward thresholds ~ Kometsky and Bain, 1990
Samyai et al, 1995
Anxiety like responses Schulteis et al, 1998
Baldwin et al, 1991
Conditioned place aversion Tzschentkc, 1998
Elevated reward thresholds Markou et al, 1998
Amhed and Koob, 1998
Withdrawal Ahmed et al, 2000
Negative affect Roberts et al, 2000

Kitamura et al, 2006

O’ Dell and Koob, 2007;

Tomatzky and Miczek, 2000;

Amhed and Koob, 1998;

Deroche-Gamoner et al, 2004;

Vandershur and Everitt, 2004

Preocupation/Anticipation

Drug-induced resinstated

Sachis-Segura and Spanahel, 2006

Cue-induced resinstatement

Sachis-Segura and Spanahel, 2006

Stress-induced reinstatement

Sachis-Segura and Spanahel, 2006

Table 1: Summary of animal laboratory models used for the study of the different stages

of the addiction cycle. (From Koob and Volkow, 2010).




General Introduction

or incorrect responses in choice situations (Everitt & Robbins 2005). Accordingly,
impulsive disorders could facilitate initial drug consumption guided by the positive
reinforcement effects of the substance; and compulsive disorders may be involved in
maintaining the consumption when addiction is established. In this step, drug-taking
behavior is motivated by an emerging negative reinforcement occurring when stopping
drug use (Koob & Volkow 2010). Thus, the transition from drug use to drug abuse may
involve a shift from impulsivity to compulsivity and the occurrence of these disorders in
collapsed cycles would lead to the development of a spiraling behavior as proposed by
Koob and Le Moal (1997). The spiraling addiction cycle is composed of three stages: i)
binge/intoxication, ii) withdrawal/negative affect, and iii) preoccupation/anticipation as
depicted in Figure 1. Each of these stages has been evaluated by different paradigms
developed in animal models as summarized in Table 1. Such models constitute important
tools to understand the neuropharmacological action of drugs of abuse and, therefore, the
neurobiology of drug dependence.

Several neurobiological theories have been proposed to explain the shift from casual
to compulsive drug use. Although early theories were focus only on pleasurable effects of
drugs of abuse, it is currently known that this simplify view does not cover the complexity
of this disorder (Felteinstein & See 2008). More recent theories have been proposed
including positive and negative aspects of drug abuse (Robinson & Berridge 2008; Le Moal
& Koob 2007). Following, a brief description of three of these theories is developed since

they present the fundaments of our understanding of addiction processing:
e Opponent process theory

Solomon and Corbit (1974) postulated that chronic exposure to a drug of abuse
results in a pathological shift of the drug user’s hedonic set point to a lower level. The
concept is based on a mechanism of opponent processes where the drug is first consumed
because of its rewarding properties and then consumption is maintained to avoid
withdrawal symptoms. Briefly, there is an initial positive affective or hedonic response to
drug intake involving an activation of the brain reward system (process a). This process
induces an opposite negative effect that takes place in order to reestablish hedonic
homeostasis and may occur by a “switch off” of the rewarding system and the recruitment
of stress systems (process b). Chronic drug consumption leads, therefore, to the
modification of the hedonic state equilibrium and the establishment of a new allostatic

state (Koob et al 2004).
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e Aberrant learning theory

Everitt and Robbins (2005) proposed that the transition to compulsive consumption
would be the result of the ability of drugs of abuse to produce an aberrant learning.
According with this theory, initially, the individuals consume drugs because of their
reinforcing and hedonic properties; therefore, they have declarative conscious
expectations about its reward, and they can perform a cost-benefit analysis. Next, with the
chronic drug use, this cognitively and explicitly controlled behavior will switch to an
automatic and implicit behavior by the formation of stimulus-response associations. Thus,

drug consumption will progressively become habitual and ultimately compulsive.
e [ncentive sensitization theory

Robinson and Berridge (2008) suggested a dissociation between the hedonic effect of
the drug, termed “liking”, and the motivation to seek and take the drug, termed “wanting”.
In this theory, the development of addiction is accompanied by a hypersensitivity to this
second motivational value of the drug. Chronic drug use results, therefore, in vulnerable
individuals to become hypersensitive to the drug and drug-associated cues while the

rewarding effects of the substance become lower compared to the first administration.

Altogether, the presented theories, involving both positive and negative
reinforcements processing of drug addiction, summarize diverse but complementary
aspects of this disorder, given the multilayered complexity of addictive states and their

prevalence.

2. Relation of addiction with emotional disorders

The addictive process is closely linked to other mental disorders and patients
suffering of psychiatric illness (e.g., bipolar disorder, schizophrenia) are often more
vulnerable to drug addiction according to the reports of the National Institute of Mental
Health (http://www.nimh.nih.gov/index.shtml). Such records also suggest that depression
plays a major role in substance abuse since many people try to escape from this negative
state by using psychoactive substances. Moreover, evidence from epidemiological and
clinical studies has consistently shown a strong association between affective and
substance use disorders (SUDs). Individuals with affective psychopathology, including

mood and anxiety disorders, demonstrate high rates of comorbidity with SUDs (Cheetham

4
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Figure 2: Major mesocorticolimbic dopaminergic pathway. Schematic representation of a
rodent sagittal brain section depicting the mesocorticolimbic system consisting in dopamine neurons
located in the ventral tegmental area (VTA) and projecting to: prefrontal cortex (PFC), hippocampus
(Hipp), caudate-putamen (CPu), nucleus accumbens (NAcc), ventral pallidun (VP), lateral hypothalamus
(LH), basolateral nucleus of the amygdala (BLA), and extended amygdala (BNST, bed nucleus of the stria
terminalis; CeA, central nucleus of the amygdala). The system is activated by natural rewards and drugs of
abuse, main roles of the different brain structures on the addictive disorder are noted in the picture.
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et al 2010). In the same direction, there is a large and growing body of clinical and
preclinical evidence suggesting an important and complex relationship between stress,
anxiety and alcohol use disorders (Silberman et al 2009).

Furthermore, emotional disorders have not only a causal relationship with
addictions. Drug abuse, in turn, affects cognitive and emotional processes leading to
overvaluation of drug reinforcers, and deficits in inhibitory controls for drug consumption
(Goldstein & Volkow 2002). Indeed, clinical studies have documented that exposure to life
stressors is correlated with compulsive drug abuse and relapse to drug taking after even
long periods of abstinence, influencing treatment prognosis in addicts (Lu et al 2003).

These complex relationships between drug dependence and emotional disorders
might be due to common underlying neurobiological processes, involving overlapped
neuronal substrates and molecular mechanisms. The following describes some of the key

central circuits and molecular components implicated.

B. Neuronal circuits underlying drug dependence and emotional
disorders

1. Addiction and brain circuits

Addictive substances were reported to display a wide variety of behavioral and
pharmacological effects. Nevertheless, they all share the common ability to produce both
feelings of pleasure and relieve of negative emotional states. The same effects are produced
by naturally satisfying behaviors. Therefore, researchers have postulated that drugs of
abuse may affect a specific brain circuit normally involved in the regulation of fundamental
processes to initiate and maintain behaviors important for survival (e.g., eating, sexual
activity). This circuit has been called the “natural reward system”, and it is widely accepted
that chronic drug use produces dysregulation of specific neurochemical mechanisms
leading to neuroadaptations in the brain subtrates involved in this circuit. These
modifications, therefore, may provide the motivational state that drives addiction. Here I
will briefly introduce two main systems contributing to this circuit and to different aspects
of the development and maintenance of drug dependence: The mesocorticolimbic

dopamine system and the extended amygdala circuit.
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Figure 3: Neural circuitry associated with the three stages of the addiction cycle. (A)
Binge/intoxication stage in blue, reinforcing effects of drugs engage associative mechanisms in the nucleus
accumbens and stimulus-response habits in the dorsal striatum. (B) Withdrawal/negative affect stage in
red, the negative emotional state of withdrawal engages principally the extended amygdala, involving not
only dopaminergic transmission but also corticotropin-releasing factor, norepinephrine, and dynorphin.
(C) Preoccupation/anticipation (craving) stage in green, this stage involves the processing of conditioned
reinforcement in the BLA and the processing of contextual information by the hippocampus, while the

executive control depends on the prefrontal cortex. References: green/blue arrows, glutamatergic projections; red
arrows, dopaminergic projections; pink arrows, GABAergic projections; Abbrevations: Acb, nucleus accumbens; BLA, basolateral
amygdala; VTA, ventral tegmental area; SNc, substantia nigra pars compacta; VGP, ventral globus pallidus; DGP, dorsal globus
pallidus; BNST, bed nucleus of the stria terminalis; CeA, centralnucleus of the amygdala; NE, norepinephrine; CRF, corticotropin-

releasing factor; PIT, Pavlovian instrumental transfer. (From Koob and Volkow, 2010).
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a) The mesocorticolimbic dopamine system

This circuit, depicted in Figure 2, consists of dopamine (DA) projections from cell
bodies in the ventral tegmental area (VTA) to limbic structures [that is, mesolimbic
pathway, including the amygdala (AM), ventral pallidum (VP), hippocampus, and nucleus
accumbens (NAcc)] and cortical areas [that is, mesocortical pathway, including the
prefrontal cortex (PFC), the orbitofrontal cortex (OFC) and the anterior cingulate (antCg
Ctx)] (Feltenstein & See 2008). A large number of studies using intracranial self-
administration and intracranial place conditioning (See Table 1) have implicated this
system in the rewarding properties of drugs of abuse (Koob & Volkow 2010). Especially,
projections from the VTA to the NAcc were postulated as the main pathway of convergence
for addictive behaviors (Nestler 2005); and is of general agreement that the initial
reinforcing effects of most drugs of abuse rely on the induction of large and rapid increases
in DA levels within the accumbens.

The behavioral functions of mesolimbic DA have been largely investigated and this
neurotransmitter has been postulated to play important roles in cognition and motivation.
For instance, in the NAcc, DA participates in many functions that are important for
instrumental behavior. Thus, in cooperation with learning mechanisms having place in
other structures (e.g., hippocampus, amygdala), the reward system underlies behavioral
contingencies that act to strengthen the addictive behavior. More specifically, a positive
reinforcement procedure links the pleasant sensations with the drug of abuse, leading the
individual to search for this associated stimulus (Salamone et al 2007).

As mentioned before, the establishment of an addiction occurs when recreational
drug consumption evolves toward uncontrolled drug use, and such transition involves
neuroplasticity of the structures forming this mesocorticolimbic dopamine system. Koob
and Volkow (2010) explain these neuroadaptations by relating the different brain
structures involved in this circuitry with the different stages of the spiraling addiction
cycle, as summarized in Figure 3. Briefly, in the binge/intoxication stage (A), the NAcc
receives massive inputs from several structures such us the AM, PFC and HIPP, and
modulates the motivational properties of drug-taking; recruiting the dorsal striatum during
the development of habit learning; then, for the withdrawal/negative affect stage (B) the
main neuroanatomical substrate is the Extended Amygdala with the recruitment of stress
systems (see below); and finally, the preoccupation/anticipation stage (C), also known as

“craving”, is composed by the PFC, the basolateral nucleus of the amygdala (BLA) and the
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Hipp, and constitutes a fundamental element of drug addiction leading drug abusers to

relapse.

b) The extended amygdala

During the study of the opponent processes associated with drug dependence,
functional observations provided support for the hypothesis of a new neuroanatomical
circuitry that forms a separate entity within the basal forebrain. Such circuit was named
the “extended amygdala” and is composed of several basal forebrain structures including
the bed nucleus of the stria terminalis (BMST), the central medial amygdala, and a
transition zone in the posterior part of the medial nucleus accumbens (i.e., posterior shell)
(Figure 4) (Koob 2008).

This complex neuronal circuit is divided into medial and central components. On
one side, the medial subdivision was associated with neuroendocrine regulation,
integrating hormonal and chemosensory signals that regulate social behaviors in a wide
variety of mammals (Newman 1999). On the other side, the central subdivision was related
with reward processes in the context of drug addiction (Waraczynski 2006).

The concept of “central extended amygdala” stems from developmental studies
showing a common origin of BNST and CeA in the fetal brain. This unique structure is later
divided into rostral (BNST) and caudal components that will, therefore, share a cellular and
histochemical organization. In addition to these structural similarities, both regions also
share similar inputs, including afferents from limbic cortices, hippocampus, BLA, and
lateral hypothalamus; and efferent connections from the ventral pallidum, VTA and lateral
hypothalamus (Fudge & Emiliano 2003). Moreover, a wide range of neurochemical systems
are present in the central EA, including those associated with reinforcing effects of drugs of
abuse (dopamine and opioid peptides) as well as components of the hypothalamic-
pituitary-adrenal (HPA) axis and brain stress systems (GABA, corticotropin-releasing factor
(CRF), noradrenaline, galanin and neuropeptide Y) (Edwards & Koob 2010; Koob & Le Moal
2005). Therefore, the central EA may represent a common neuroanatomical substrate
integrating stress and hedonic processing systems to produce the emotional state that

support negative reinforcement properties of drugs of abuse (Koob & Volkow 2010).



Figure 5: Major fronto-subcortical circuits involved in motivational behavior. Diagram of
the three behaviorally relevant pathways connecting the prefrontal cortex with limbic structures and
mediating executive functions (dorsolateral prefrontal circuit), motivational behavior (medial frontal
cortex circuit), and integration of emotional information into behavioral responses (orbitofrontal circuit).
Pink arrows represent glutamatergic projections and grey arrows represent GABAergic projections.
Pathophysiology of loops dysfunction are indicated on the top. (Adapted from Bonelli and Cummings,
2007). Abbrevations: VA: Ventral Anterior. MD: Media Dorsal
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2. The emotional brain circuits

Regarding the relationship between addictive disorders and other mental illnesses,
Goodman (2008) has postulated that the addictive process involves not only aberrations in
the natural rewarding circuitry but also in other two functional systems: A system involved
in affect regulation, which comprises the neurobiological process responsible for
maintaining emotional states within normal ranges of intensity and stability, preventing
distress, and a system involved in behavioral inhibition and decision-making, whose
impairment leads to impulsive and compulsive disorders. Therefore, among the complex
neural circuits involved in emotional processing, I will present two main components
contributing to such systems: The frontal-subcortical circuit and the amygdalar circuit,
with special attention in the latter one, which is essential in emotional regulation and
whose imbalance has been shown to be responsible of producing anxiety and depressive

disorders.

a) Frontal-subcortical circuits

This fronto-limbic system forms the principal mediating network of motor activity
and behavior, allowing the organism to interact with the environment. It was described by
Alexander et al (1990) who proposed that the basal ganglia and thalamus participate in five
parallel segregated circuits with selected cortical areas in the frontal lobe. The basal
ganglia is a collection of nuclei located at both sides of the thalamus, and comprised by the
corpus striatum (including caudate-putamen nucleus and globus pallidus), and the nucleus
accumbens (Boeree, 2006). Among the five major circuits involved in this system, two of
them are originated in motor areas (the motor circuit and the oculomotor circuit) and the
other three consist in the most behaviorally relevant pathways of the system which
originates in the prefrontal cortex: the dorsolateral prefrontal circuit, which mediates
executive functions (i.e., organization of information to facilitate a response); the medial
frontal cortex or anterior cingulate circuit, which is involved in motivational behavior; and
the orbitofrontal circuit that mediate the integration of emotional information into
behavioral responses (Bonelli & Cummings 2007).

As represented in figure 5, the three circuits share the same central anatomical
structures. They originate in prefrontal cortex (PFC), project to the striatum (caudate-
putamen or ventral striatum), connect to the globus pallidus and substantia nigra and from

there to the thalamus. In addition, there are feedback projections to the frontal cortex
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Figure 6: The amygdaloid complex. Schematic representation of a rat brain coronal sections
depicting, from rostral (A) to caudal (D) the amygdaloid nuclei divided into three main groups: the
basolateral group in red, the centromedial group in green, and the cortical group in yellow. Abbrevations: Pir,
piriform cortex; e.c, external capsule; s.t. stria terminalis; Ladl, lateral amygdala medial subdivision; Lavl, lateral amygdala
ventrolateral subdivision; Lam, lateral medial subdivision; Bmc, basal magnocellular subdivision; B, basal subdivision; ABmc,
accessory basal magnocellular subdivision; ABpc, accessory basal parvicellular subdivision; CeC, central capsular subdivision; CeM,
central medial subdivision; CeL, central lateral subdivision; Mcd, medial dorsal subdivision; Mr, medial rostral subdivision; Mcv,

medial ventral subdivision; CoA, cortical anterior subdivision; PLC, posterolateral cortical subdivision. (Adapted from Sah et al,
2003).
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forming a loop, as well as connections between other cortical and subcortical structures
comprising “open loop” associations. From a neurochemical point of view, the substrates of
these pathways are mainly glutamatergic (from PFC to the striatum and from thalamus to
the PFC) and GABAergic (from the striatum to the globus pallidus and SN, and from there to
the thalamus); while dopaminergic and serotonergic systems may provide the main
modulatory systems over these pathways (Tekin & Cummings 2002).

A large amount of evidence from both experimental and clinical studies has involved

these circuits with a several mental disorders:

e The dorsolateral prefrontal system is related with executive function, including
roles in anticipation, goal selection, planning, monitoring, and use of feedback in
task performance. Thus, its impairment leads to attentional deficits, difficulties in
hypotheses generation, reduced verbal and design fluency, and impairment of
memory search and of organizational and constructional strategies on learning.
Symptoms that were found manifested also in psychiatric syndromes including
schizophrenia, depression, and obsessive-compulsive disorder (Biederman &
Faraone 2005).

e The anterior cingulate circuit impairment is closely related with a state of
profound apathy, with indifference to pain, thirst, or hunger, and absence of motor
or psychic initiative. A syndrome commonly observed in Alzheimer’s disease,
where is associated with anterior cingulate hypoperfusion (Ishii et al 2009).

e The orbitofrontal cortex circuit is involved in the determination of the appropriate
time, place, and strategy for environmentally elicited behavioral responses.
Lesions in this area results in behavioral disinhibition and a prominent emotional

lability as well as in the occurrence of impulsive disorders (Chow 2000).

b) Amygdalar circuitry

The amygdala or “amygdaloid complex” is a highly differentiated region near the
temporal pole of the mammalian cerebral hemisphere, which has been proposed as a key
component of the neural circuitry underlying emotions (LeDoux 2000). This complex is a
structurally and functionally heterogeneous region consisting in approximately 13 nuclei
distinguished by their cytoarchitecture and histochemistry. Each of these nuclei is further
divided into several subregions and they are classified into three main groups depicted in

Figure 6 (Sah et al 2003): i) the deep basolateral subsystem, including lateral, basal, and
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basomedial or accessory basal nuclei; ii) the superficial cortical-like subsystem, including
cortical nuclei and nucleus of the lateral olfactory tract; and iii) the centromedial
subsystem composed of the medial and central nuclei. Within these groups, I will focus on
the BLA circuitry, a system that has been mostly studied in relation to its role in the
acquisition, storage, and expression of fear memory as well as in the processing of

pavlovian conditioned learning (LeDoux 2000).

» The basolateral nucleus of the amygdala (BLA)

The BLA corresponds to the region originally called “amygdala” by Burdach, who
discovered this almond-shape mass of grey matter in the early 19t century. Fifty years
later, Meynert proposed the BLA as a ventral temporal lobe extension of the clastrum (the
deepest part of the insular cortex); hypothesis that was further confirmed based on
embryological considerations and topographic relations (Swanson & Petrovich 1998).
Therefore, neurons in the BLA share many features in common with cortical neurons. In
this sense, two main types of neurons were described based on Golgi techniques and
electrophysiological studies: spiny, pyramidal-like or projection neurons comprise ~70%
of the BLA cell population; and local circuit interneurons, which resemble nonspiny stellate
cells, complete the content. In terms of synaptic properties, pyramidal-like neurons form
the glutamatergic output cells of the BLA while interneurons are GABAergic and can be
further divided in different classes according with the presence of different calcium binding
proteins (Sah et al 2003). In addition, other types of cells such as extended neurons, cone
cells, chandelier cells, and neurogliaform cells have also been described with less important
distribution over the structure (McDonald 1985).

Regarding amygdalar connections, the literature is vast and complex. From a practical
point of view, inputs to the amygdala can be separated into those which supply information
from sensory areas and memory systems, arising in cortical and thalamic structures, and
those involved in behavior and autonomic systems, which arise in the hypothalamus or
brain stem regions. Moreover, tract tracing studies have revealed that the amygdaloid
complex presents extensive intra- and inter-nuclear connectivity. These studies indicate
that sensory information enters the amygdala through the BLA, is processed locally and
then follows a progression to the centromedial nuclei. Consequently, the CeA acts as an
output station with substantial projections to the hypothalamus, the bed nucleus of the

stria terminalis and several nuclei in the midbrain, pons and medulla. The role of the BLA
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Figure 9: Network model of major molecular pathways regulating the dopaminergic
system. Neurons diagram depicting the main molecular targets that regulate extracellular dopamine
(DA) release. Neurons that release conventional excitatory transmitters are in green, inhibitory
transmitters in red and modulatory transmitters in blue. According with this model addictive drugs can: i)
alter DA neuronal firing via excitation or disinhibition: For instance, nicotine excites DA neurons, directly
through a-nicotinic acetylcholine receptors (a-nAChR) on glutamatergic presynaptic terminals of axons
that innervate DA neurons, and disinhibit DA neurons by inhibiting GABAergic projection neurons that
possess axon collaterals modulating DA neuron excitability (through f-nAChR); ii) selectively enhance DA
transmission also by presynaptic effects: for instance, tonically active neurons that release Ach function to
enhance the probability of DA release and nicotine levels reached during smoking are thought to
desensitize the DA terminal presynaptic nAChR, resulting in decreased probability of transmitter release.
A variety of other presynaptic receptors on DA terminals, including GABAa receptors, probably produce
analogous effects; iii) increases extracellular DA by inhibiting reuptake by the dopamine uptake
transporter (DAT): Cocaine effect; iv) combine multiple cellular effects including effects on synaptic
vesicles that possess the vesicular monoamine transporter (VMAT) that together enhance cytosolic DA

levels and ultimately release the cytosolic DA via reverse transport across the DAT: Amphetamines effect.
Abbrevations: THAL, thalamus; MSN, medium spiny neurons; TAN tonically active neurons; VM, ventral midbrain; VTA, ventral
tegmental area; SNc, substantia nugra compacta; PPT; peduncular pontine tegmentum; LDT; laterodorsal tegmentum; STN,

subthalamic nucleus; PFC, prefrontal cortex; VP, ventral pallidum; RMTg, rostralmedial tegmentum. (From Sulzer, 2011).
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within this general circuit is depicted in Figure 7. On the one hand, the BLA receives inputs
from all sensory modalities (olfactory, somatosensory, gustatory and visceral, auditory, and
visual) as well as polymodal information from the prefrontal cortex. On the other hand,
major projections are directed to the medial temporal lobe (with afferents in to the
hippocampus and perirhinal cortex), the prefrontal cortex, nucleus accumbens and
thalamus as well as other substantial projections to hippocampus and striatum (Sah et al
2003).

Altogether, the BLA subsystem is anatomically well positioned for associative
learning and emotional coding. Thus, BLA forms a site of convergence of sensory and
memory information and an important locus of modulatory influence through efferent
projections to other brain regions. In this sense, converging lines of evidence support the
role of this region in memory consolidation and storage processes. BLA lesions have shown
to disrupt both acquisition and expression of freezing associative responses in conditional
fear paradigms (Gale et al 2004; Maren 1999). Moreover, BLA has been postulated to
mediate the positive effects of acute stress on learning and memory, throughout a
mechanism that enhance memory consolidation by inhibiting GABAergic transmission in
this region (Roozendaal et al 2009). Further, the same mechanism of stress-induced
impairment of GABA release also underlies the hyperexcitability of the amygdala that leads
to stress-related affective disorders (Aroniadou-Anderjaska et al 2007). A recent study on
this field, exploring the neural circuits underlying anxiety-disorders by using optogenetic
technology, has implicated specific BLA-CeA projections in the control of anxiety-related

behaviors (Tye etal 2011).

C. Neurotransmitter and Neuromodulator systems involved in
addiction and emotional disorders

Drugs of abuse are able to exert influence over the brain reward pathway either by
directly influencing the action of dopamine within the mesocorticolimbic dopamine system,
or through a modulatory influence over this pathway by altering the activity of other
neurotransmitters and neuromodulatory systems as summarized by Koob and Volkow
(2010) (Figure 8). In this sense, GABAergic (y-aminobutyric acid), opioidergic,
serotonergic, cholinergic and noradrenergic pathways have been shown to interact at

various points along this dopamine system and to modulate its activity. Sulzer (2011)
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Figure 10: Major molecular components involved in emotional disorders. Schematic
representation of a rodent brain sagittal section depicting: the sites of actions of (A) various
neurotransmitters and their receptors and (B) various neuropeptides and their receptors in the
modulation of anxious states. Anxiolytic actions are indicated by a “+” sign and anxiogenic actions are
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actions has been reported. Abbrevations: GABA, y-amino-butyric acid; NMDA, N-methyl-d-aspartate; GLYB, glycineB; MTB,
metabotropic glutamatergic; 5-HT, serotonin; ACh/n, acetylcholine/nicotinic; ACh/m, acetylcholine/muscarinic; CCK,
cholecystokinin; SP/NK1, substance P/neurokininl; CRF, corticotropin releasing factor; VP, vasopressin; OT, oxytocin; NPY,
neuropeptide Y; PAC1, receptor for pituitatry adenyl cyclase activating peptide; GAL, galanin; OFQ, orphaninFQ; GLP1, glucagon-like

peptide-1 and ANP, atrial natruetic peptide. (From Millan, 2003).
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summarized such control of dopaminergic system in the frame of drug dependence by a
network model of major pathways as depicted in Figure 9. In this model, addictive drugs
might in principle act by: i) enhancing neuronal firing in response to environmental cues
(as do nicotine, opiates, and sedatives); ii) inhibiting DA reuptake (as does cocaine); iii)
altering release probability from the presynaptic terminal (as do nicotine and opiates); and
iv) releasing DA via reversal of dopamine uptake transporters (as do amphetamines).

Emotional disorders like anxiety, depression and attention deficit hyperactivity
disorder (ADHD) have also been linked to chemical imbalance of a variety of specific
neurotransmitters, including serotonin, norepinephrine, dopamine and GABA (Figure 10A).
This chemical imbalance can be caused by either an excess of neurotransmitter activity, or
more commonly, may results from the deficiency of neurotransmitter availability (Millan
2003). Moreover, the actions of numerous modulators have been implicated in the
response to stress and in the control of emotional states (Figure 10B).

Altogether, a variety of multiple and convergent biologically neuroactive substances,
including neurotransmitters and neuromodulators, are responsible of the development and
expression of drug dependence as well as other mental disorders. While neurotransmitters
can be subdivided into two major groups based on their chemical nature: biogenic amines
and small amino-acids; neuromodulators cover a broad spectrum, ranging from amines to
steroids (Figure 11); and among them, the largest subclass is composed by neuropeptides,

which are generated from large precursor molecules as showed in Table 2.

Neurotransmitters J

Neuroactive substances I

s Neuromodulators

Figure 11: Neuroactive substances. Differenciation of neurotransmitters and neuromodulators
based on their chemical structures. (Adapted from von Bohlen und Halbach and Dermietzel, 2006)
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Neurotensin gene products

Proneurotensin
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Table 2: Neuropeptides. Summary of neuropeptides present in the central nervous system (non-
exhaustive). Highlighted in yellow, members of the CCKergic an opioidergic systems. (Adapted from von
Bohlen und Halbach and Dermietzel, 2006)
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Although they often reveal neurotransmitter-like characteristics, neuromodulator
peptides can be distinguished from the classic neurotransmitters by several criteria (von
Bohlen und Halbach & Dermietzel 2006):

- The amount of expression is generally lower than that of neurotransmitters.

- In contrast to neurotransmitters, neuropeptides are effective at low concentrations.

- Normally, they exert slow and long-lasting actions, mainly by affecting G protein-
coupled receptors and subsequent second messenger systems.

- Neuropeptides rarely present specific rapid inactivation mechanisms (e.g., re-uptake
mechanisms).

- Compared with neurotransmitters, the synthesis of neuropeptides requires complex

metabolic pathways and usually occurs in the cell soma.

Among the several neuromodulators presented here, including substance
P/neurokininl, corticotropin releasing factor, vasopressin, oxytocin, neuropeptide Y, and
galanin, between others; I will introduce below a short overview of the components,
distribution and functions of the endogenous opioid system; a main neuromodulatory
system of emotional behaviors largely distributed in both reward and stress systems.
Afterward, the focus will be placed on the Cholecystokinin system, which presents a wide
distribution in the CNS and a large range of physiological effects, including motivational

and emotional processes.

An overview of the endogenous opioid system

The discovery of the opioid system stems from the use of opium in ancient history,
when natural alkaloid opiates were extracted from Opium poppy seeds (Papaver
somniferum) and used as powerful analgesics and for their euphoric properties.

The existence of opioid binding sites in the rat brain was established in 1973, and
these receptors were later named as mu (u) and kappa (x), in function of their preferred
ligand (morphine and ketocyclazocine, respectively), and delta (6), for being identified in
the mouse vas deferens (Lord et al 1977; Martin et al 1976). These three types of opioid
receptors are G protein-coupled receptors (GPCRs) with a seven a-helice transmembrane
topology, and they have been classified within the GPCR family 1 (or Class A), acting on
intracellular adenylate cyclase modulation (Fredriksson et al 2003; Surratt & Adams 2005).
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Figure 12: Anatomical distribution of main opioid neural components. Schematic
representation of a rodent brain sagittal section depicting the distribution of (A) opioid receptors

proteins, and (B) peptides. Densities are represented by symbols of different sizes, from low to high.
Abbrevations: Amb, nucleus ambiguus; AD, anterodorsal thalamus; AL, anterior lobe, pituitary; AON, anterior olfactory nucleus; Arc,
arcuate nucleus, hypothalamus; BLA, basolateral nucleus, amygdala; BNST, bed nucleus of the stria terminalis; CeA, central nucleus,
amygdala; Cl, claustrum; CL, centrolateral thalamus; CM, centromedial thalamus; CoA, cortical nucleus, amygdala; CPu, caudate
putamen; CrbN, cerebellar nuclei; DMH, dorsomedial hypothalamus; DMR, dorsal and medial raphé; DTN, dorsal tegmental nucleus;
En, endopiriform cortex; Ent, entorhinal cortex; FrCx, frontal cortex; G, nucleus gelatinosus, thalamus; G/VP, globus pallidus/ventral
pallidum; HbL, lateral habenula; HbM, medial habenula; HPC, hippocampus; IL, intermediate lobe, pituitary; IP, interpeduncular
nucleus; LC, locus coeruleus; LD, laterodorsal thalamus; LG, lateral geniculate, thalamus; LH, lateral hypothalamus; LRN, lateral
reticular nucleus; MD, mediodorsal thalamus; Me, median eminence; MEA, median nucleus, amygdala; MG, medial geniculate; MM,
medial mammillary nucleus; MV, medial vestibular nucleus; NAc, nucleus accumbens; NL, neuronal lobe, pituitary; NRGC, nucleus
reticularis gigantocellularis; NTS, nucleus tractus solitarius; OCx, occipital cortex; PAG, periaqueductal gray; PCx, parietal cortex; Pir,
piriform cortex; PN, pontine nucleus; PnR, pontine reticular; PO, posterior thalamus; POA, preoptic area; PPTg, pedunculopontine
nucleus; PrS, presubiculum; PV, paraventricular thalamus; PVN, paraventricular hypothalamus; RE, reuniens thalamus; RN, red
nucleus; RM, raphé magnus; SON, supraoptic nucleus; SN, substancia nigra; SNT, sensory trigeminal nucleus; STN, spinal trigeminal
nucleus; TCx, temporal cortex; Th, thalamus; Tu, olfactory tubercle; Tz, trapezoid nucleus; VL, ventrolateral thalamus; VM,
ventromedial thalamus; VMH, ventromedial hypothalamus; VPL, ventroposterolateral thalamus; VTA, ventral tegmental area; ZI,

zonaincerta. (From Le Merrer et al, 2009).
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The cDNAs coding for the human and rodent p-, k-, and &-receptors have been cloned by
sequence homology (for a review see Kieffer 1995).

In 1975, (Hughes et al) characterized the first endogenous ligands for these receptors,
the pentapeptides methionine-enkephalin (Met-enk) and leucine-enkephalin (Leu-enk).
Since then, many endogenous opioid peptides have been identified, all sharing a common
tretrapeptide amino-terminal sequence called “opioid motif’, which interacts with the
opioid receptors. These neuropeptides were classified in three families depending on their
encoding gene: enkephalins, dynorphins, and endorphins; produced by proteolytic
cleavage of large protein precursors known as preproenkephalin (Penk), preprodynorphin
(Pdyn), and proopiomelanocortin (POMC), respectively (Akil et al 1998).

Opioid receptors and peptides are both broadly expressed throughout the brain. As
depicted in Figure 12 for rodent brain, there is a large overlapping localization and main
expression in the cortex, limbic system, and brain stem. Consistent with this widespread
anatomical distribution of the components, the opioid system has been involved in a wide
range of physiological effects and motivational processes. Indeed, this system has been
reported to play a central role in nociception and analgesia as well as in modulating mood,
well-being, and addictive behaviors. Moreover, it also regulates numerous physiological
functions, including responses to pain, stress, respiratory and cardiovascular functioning,
gastrointestinal transit, endocrine and immunological functions as well as learning and
memory processing, eating and drinking behaviors, and general activity and locomotion
(Bodnar 2010).

Mice lacking the different opioid receptors represent unique tools for functional
studies of the opioid system. A summary of the responses to drugs of abuse and
spontaneous behavior of k-, §- and p-receptors knockout (KO) is presented in Figure 13.
From a general point of view, Kappa-receptors have been primarily involved in
motivational circuits mediating the aversive counterpart of hedonic homeostasis and the
global negative state developed during drug withdrawal (Gaveriaux-Ruff & Kieffer 2002;
Jackson et al 2010). Besides, Delta-receptors were mainly related to nociception, and even
if they have shown a minor implication in acute pain, the system was found strongly
activated during persistent pain. Accordingly, neuropathic (Nadal et al 2006) and
inflammatory (Gaveriaux-Ruff et al 2008) pain were enhanced in delta-receptor KO mice.
Moreover, initial studies with this mutant mie also involved delta receptors in emotional

responses (Filliol et al 2000); and recent evidence further suggests a role in regulating
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mood and emotional states, especially in relation to depressive disorders. Thus, the
association between the delta opioid receptor (DOR) system and depression pathology as
well as the antidepressant-like effects of delta opioid ligands are being evaluated in
preclinical assays, suggesting that these compounds may have therapeutic potential for
treating human depression (Jutkiewicz 2006).

Finally, as represented in Figure 13, Mu-receptors knockout mice (MOR-KO) exhibit
reduced locomotor activity, and decreased anxiety and depressive-like behaviors as
evaluated in the elevated plus-maze and the forced swim test respectively (Filliol et al
2000), a phenotype that was recently confirmed by Ide et al (2010). Moreover, MOR
mutant mice also showed phenotypic modifications in models of acute nociception,
modulating heat, mechanical and chemical nociception (Martin et al 2003). In this sense,
current preclinical and clinical studies still focus the development of potent analgesics
through the use of mu-opioid receptors (Pasternak & Pan 2011). Furthermore, a deficit of
maternal attachment has been reported in MOR-KO pups (Moles et al 2004) and recently
found as well in rhesus macaques (Macaca mulatta), in which a single nucleotide
polymorphism of mu-opioid receptor (OPRM1) predicts individual differences in infant
affiliation for mothers (Higham et al 2011). In addition, food intake studies reported a
decreased motivation to eat in MOR-KO mutant mice as compared to control WT (Papaleo
et al 2007). These results suggest a role of mu-receptors in the mediation of natural
reinforcers both in the context of social interactions and in motivational properties of food
intake.

In the field of addictions, Mu-receptors were mainly shown to be mainly involved in
the reinforcing processes. Mu receptor signaling was found activated by several drugs of
abuse (opioid and non-opioid) both on pharmacological studies and genetics approaches,
as review in Contet et al (2004). In this frame, conditioned place preference (CPP) and self-
administration paradigms have been used to analyze reinforcing properties of morphine,
alcohol, A9-tetrahydrocannabinol (THC) and nicotine, and results demonstrated the
requirement of p-receptors for the rewarding activities of all the evaluated compounds.
Similar results were also obtained for cocaine CCP and self-administration paradigms
(Becker et al 2002; Mathon et al 2005). These aspects of p-receptors opioid activity in
relation to opioid and non-opioid drugs of abuse have been also recently reviewed

consistently with the previous studies (e.g., Berrendero et al 2010; Gianoulakis 2009). Mu
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receptors, therefore, were postulated as a convergent molecular gate in the initiation of

addictive behaviors and a potential therapeutics target for the treatment of drug addiction.

D. CHOLECYSTOKININ

CCK was first identified in the small intestine and characterized as a gastrointestinal
hormone (Mutt & Jorpes 1968) and later reported in the brain (Vanderhaeghen et al 1975),
where it was described as the most abundant neuromodulatory peptide in mammalians

(Beinfeld et al 1981b).

1. Biosynthesis

The biosynthesis of CCK resembles all other secretory peptides and the model of
processing is schematically represented in Figure 14. Briefly, CCK is synthesized as a 115
amino acid prepro-polypeptide that is directed to the endoplasmic reticulum where the
sequence signal is removed. Next, different modifications take place in the trans-golgi
network: 3 tyrosines residues are sulfated by a tyrosine sulfotransferase and a primary
endoproteolytic cleavage remove the S9S peptide fragment on the carboxyl-terminal of the
molecule. Then, sulfated pro-CCK is sorted into regulated secretory granules together with
the enzymes responsible of its processing. Post-translational cleavage generates CCK-58,
the largest circulating form of the peptide that further undergoes throughout
endoproteolytic cleavage and generates the shorter bioactives forms of CCK. Different pro-
hormone convertases run these cleavages occurring sequentially from the amino terminus
at the carboxyl-terminal arginine residues. After each clevage, the arginine residues are
removed by a carboxypaptidase E, and the glycine residues are amidated by a
peptidyglysine-a-amidating monooxygenase (Beinfeld 2003a; Rehfeld 2004).

CCK post-translational processing displays important tissue- and species-specific
differences. The main tissue-specific distinction is found between the brain and the
intestine; while the brain present mainly CCK-8 and CCK-4 fragments, the intestine
contains larger forms like CCK 12, 22, 33 and 58 peptide. These differences may be due to
different processing by the pro-hormone convertases (PC). Indeed, in the brain, PC1, PC2

and PC5 have been postulated to form a redundant system to ensure production of CCK-8S
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2008).
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(Cain et al 2003). Moreover, such distinction may have physiological significance. Shorter
forms in the brain may allow a fast degradation of the peptide after release, while larger
forms from the intestine might be more difficult to be degraded by the kidney and
therefore enable a longer half-life in circulation (Beinfeld 2003a).

Among these several forms of the CCK peptide, the best known are: caerulein (CCK-
10), octapeptide (CCK-8), pentagastrin (CCK-5) and tetrapeptide (CCK-4), the last one
being the shorter amino-acid sequence necessary for binding central CCK-receptors
(Brownstein & Rehfeld 1985) and CCK-8s (C-terminal sulfated octapeptide), as mentioned

before, the most abundant fragment in the brain (Vanderhaeghen et al 1975).

2. Receptors and signal transduction

Analyses of the binding properties of CCK peptides and gastrin (a peptide which
shares the same carboxyl terminal sequence) have provided evidence of the existence of
two G protein-coupled receptor (GPCR) types, CCK1 and CCKz, belonging to the Family A (or
Class I) of GPCRs, the rhodopsin-f3 adrenergic receptor family. These receptors evolve from
a common gene precursor, and share high homology and ~50% of identity, especially in the
transmembrane domains; but they differ in terms of detailed molecular structure,
distribution, and molecular binding affinity, exhibiting remarkable functional differences
(Miller & Gao 2008). Moreover, based on pharmacological and biochemical studies, the
existence of splice and polymorphic variants of both receptors has been postulated (Dauge
& Lena 1998; Korner & Miller 2009).

The amino acid sequences of CCK: and CCK; are depicted in Figure 15. Notable
features of these molecular structures are the sites of glycosylation on the external loop
and tail regions, which have been postulated to display critical roles for proper folding and
trafficking to the cell surface. Besides, serine and threonine residues phosphorylation has
also been described and are indicated on the diagrams. These biochemical modifications of
the receptors provide a rapid and often reversible mechanism for their regulation that
occurs either in response to agonist stimulation (homologous activation) or by
heterologous activation of other receptors that activate PKC and PKA enzymes. The final
functional impact of such phosphorylation is to desensitize the receptors by interfering
with their coupling to the G protein (Mazzocchi et al 2004). Apart from these translational
modifications, a cellular receptor regulation takes place through two main mechanisms: i)

Internalization pathways have been reported for the CCK; receptor. Tarasova et al (1997)
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have taken advantage of the green fluorescent protein to describe and evaluate these
pathways, postulating that both ligand-induced and spontaneous (constitutive)
internalization may exist for CCK receptors, and one pathway can prevail over the other
depending on the cell type. ii) Similarly, coupling between receptor and G protein requires
lateral mobility in the plasma membrane and access for the two molecules to meet each
other. In this sense, a novel mechanism of CCK; receptor desensitization was described in
which the receptor becomes immobilized in specialized plasma membrane domains
(Roettger et al 1999).

In terms of distribution and naturally-occurring ligand binding, CCKy receptors were
previously known as CCKa (“alimentary”) due to their abundant presence in the
gastrointestinal tract. Nevertheless, they have also been reported in a limited number of
brain regions (Moran et al 1986) (See Table 3). CCK; receptor requires the carboxyl-
terminal heptapeptide-amide that includes the sulfated tyrosine, found in CCK-8s peptides,
for high affinity binding and biological activity (Miller & Gao 2008). In contrast, CCKz
receptors were previously known as CCKg (“brain”) for being expressed predominantly and
with a large distribution in the CNS (Moran et al 1986). For biological activity they require
only the carboxyl-terminal tetrapeptide-amide that is shared by all CCK and gastrin
peptides. CCKp, therefore, displays high affinity for both CCK-4 and CCK-8s molecular forms
occurring in the brain (Miller & Gao 2008).

The mode of action of CCK receptors has been extensively explored, with a major
focus on the signal-transduction cascade for CCKj. In this frame, it has been reported that
CCKj receptors, coupled to the Gq family of G proteins, activate arachidonic acid pathways
via the phospholipase-C(PLC)-dependent cascades as well as throughout phospholipase-A;
(PLA2) activation. In addition to these activation of PLC and PLA; signal-transduction
pathways, CCK1 receptors stimulation can also lead to an increase in adenylyl cyclase signal
transduction cascade. Although it was first believed that this effect results from G protein
By-subunits activation of an isotope of adenylyl cyclase, later evidence from chimeric
receptors reported that CCK; is directly couple to both Gq and Gs proteins. For CCK:>
receptors, the signal-transduction cascade has been less characterized. Nevertheless,
evidence has also linked this receptor to the Gq family of G proteins, causing activation of
PLC/IP3 and PLAz/arachidonic acid pathways throughout two different coupling states
(Noble et al 1999; Pommier et al 1999; Pommier et al 2003). Moreover, recent studies

reported the activation of the adenylate cyclase/protein kinase A signaling cascade acting
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through CCK> receptors. Altogether, it is currently accepted that G protein-coupled CCK
receptors activate both adenylate cyclase- and PLC-dependent cascades (Mazzocchi et al

2004).

3. Intestinal distribution and major effects as a gastrointestinal hormone

In the intestine, CCK is secreted by enteroendocrine cells (I cells) located in the
mucosa of the duodenum, jejunum, and proximal ileum, as well as by specialized neurons
in the myenteric plexus (Chandra & Liddle 2007). At this level CCK exerts a number of
biological actions that together maximize nutrient absorption and mediate the control of
meal size. Such actions include: regulation of gut motility, pancreatic secretion, inhibition
of gastric emptying and distension, gallbladder contractions and an important feedback
signal for satiety (Moran & Kinzig 2004). On this last effect, experimental evidence
suggested mediation by the vagal afferent pathway. Specifically, CCK is secreted by
duodenal and ileal cells when nutrients enter the lumen and binds to specific CCKy
receptors located on vagal sensory terminals in the wall of the gastrointestinal tract. This
activation reaches the nucleus of the tractus solitarius in the caudal brainstem, and projects
from there to the arcuate nucleus, where satiety signals are integrated with adiposity
signals (leptin and insulin), and with several hypothalamic and supra-hypothalamic inputs
(Valassi et al 2008). Moreover, CCK also inhibits expression of orexigenic peptides (i.e.
orexin A and B) of the hypothalamus and prevents stimulation of specialized neurons by
ghrelin (Chandra & Liddle 2007). Altogether, this neural circuit creates a complex network
which finally elaborates the individual response to a meal intake. Dockray (2009) reported
that low plasma concentrations of CCK vagal afferent neurons exhibit increased capacity
for appetite-stimulation, while post-prandial concentrations of CCK lead to enhanced
capacity for satiety signalling. Thus, he proposed a gatekeeper function of CCK on this
complex neural circuit, in that its presence or absence influences the capacity of vagal
afferent neurons to respond to other neurohormonal signals.

In support to the hypothesis that CCK-induced inhibition of food intake is mediated
by CCK1 receptors, CCK; receptor-deficient mice showed no change in food consumption
after administration of CCK-8s, as compared with wild-type control animals (Noble &
Roques 2002). Moreover, Otsuka-Long-Evans-Tokushima Fatty (OLETF) rats, that have
been shown to be naturally deficient in CCK; receptors, present hyperphagia, obesity and

the development of non-insulin dependent diabetes mellitus (NIDDM) (Moran & Bi 2006).
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Receptors

. . Peptide Innervation
Brain region CCK1 CCK2
CCK-mRNA CCK-LI fibers-LI terminals-LI radioligand mRNA radioligand
Olfactory bulb +++ + ++ ++
Olfactory nuclei +++ + +
Cortex +++ ++ ++ ++ + +++ +++
Cingulate cortex +++ ++ +++ +++ + +++ +++
Piriform cortex +++ ++ +++ +++ + +++ +++
Corpus callosum +++
Clastrum ++ ++ +++ +++ + +
Septum ++ ++ ++ + +
Caudate-Putamen + + ++ ++
Nucleus accumbens - - +++ +++ (+) +++ ++
Globus Pallidus ++ +
Ventral Pallidus - ++ ++ +
Bed nucleus of the stria terminalis + ++ ++ + +
Preoptic nuclei ++ ++ + + +
Thalamus nuclei +4++ +++ +++ ++ + ++ ++
Habenula + + +
Hypothalamus nuclei + + +++ ++ + ++ ++
Basolateral amygdala nuclei +++ +4++ ++ ++ + + +++
Amygdala medial nuclei ++ +++ +++ + + +
Central amygdala nuclei - - + + +
Hippocampus +++ ++ ++ ++ + ++ ++
Dental gyrus + ++ ++
Substantia nigra +++ + + +
Ventral tegmental area +++ +
Raphe nuclei + ++ (+) +
Tractus solitarius + +
Area postrema +
Interpeduncular nuclei + +

Table 3: CCK neural components distribution in the adult rodent brain. List (non-exhaustive) of the main peptides, innervations and receptors location
determined using in situ hybridization (mRNA expression levels), immunohistochemical (-LI: like-immunoreactivity), and radioligand techniques. Levels of reported
expression are represented as following: +++, high level; ++, moderate level; +, low level. (+) represent immunoreactivity study. (From: Schiffmann and
Vanderhaeghen, 1991; Ingram et al, 1999; Mezaine et al, 1997; Noble et al, 1999; Cain et al, 2003; and Wang et al, 2005).
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4. Brain distribution and central systems

As mentioned before, CCK is one of the most abundant neuropeptides in the
mammalian brain (Beinfeld et al 1981a) and its mRNA expression has shown a wide
distribution from the developing mouse brain (Giacobini & Wray 2008). The central
locations of CCK neural components in the adult rodent brain are summarized in Table 3.
First studies on mRNA staining reported CCK containing cells in the olfactory bulb and
nuclei, the cerebral cortex, clastrum, amygdala, dental gyrus and hippocampal proper,
ventral tegmental area, sustantia nigra, raphe nuclei, several nuclei of the thalamus and few
cells in some nuclei of the hypothalamus (Ingram et al 1989; Schiffmann & Vanderhaeghen
1991). Later, these localizations were confirmed by Cain et al (2003) who further detailed
CCK distribution in the brain. They reported expression in all the layers of the neocortex
and stronger staining in Cingulate and Piriform cortices. Abundant number of cells were
found in most of the CA subfields of the hippocampus with the major intensity in the
piramidal cell layer of the CA1, and comparative less positive cells in the dental gyrus. For
the amygdala, the most abundant CCK containing neurons were present in the BLA and
medial nuclei, while any staining was revealed in the CeA. Ventral tegmental area and
sustantia nigra positive cells were very heavily labeled and tightly packed. Finally, also very
few labeled neurons were reported in the caudate-putamen.

Although some discrepancies were observed, the above presented in situ
hybridization studies correlates CCK mRNA expression distribution with a previous
immunohistochemical study developing a complete CCK mapping in the mouse forebrain
(Meziane et al 1997). Such study reported CCK-like immunoreactive cells in cortical areas
(cingulate and piriform cortices), clastrum, septum, preoptic nuclei, basal ganglia (caudate-
putamen and globus pallidus), thalamus, hypothalamus, bed nucleus of the stria terminalis,
amygdaloid complex (especially BLA), hippocampus, sustantia nigra, ventral tegmental
area and raphe nuclei. Moreover, the CCK-IR also revealed numerous axons and terminals
along the mouse brain that were in agreement with the reported receptors distribution.
CCKz receptor mRNA is strongly expressed throughout the cortex, nucleus accumbens and
several amygdaloid nuclei while CCK; receptor expression, initially reported in the
gastrointestinal tract, is also found in the CNS mainly at the level of interpedoncular
nucleus, area postrema, tractus solitarius, habenular nuclei, hypothalamus and central

amygdala (Noble et al 1999; Wang et al 2005).
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Spinal cord

Figure 16: Anatomical distribution of the main CCK-containing neurons and major
CCKergic systems. Schematic representation of a rodent brain sagittal section depicting the
distribution of CCK-containing neurons in colored areas (non-exhaustive) and the projections forming the
main CCKergic pathways summarized by Hokfelt et al (2002): cortico-striatal glutamatergic pathway in
blue; thalamo-cortical glutamatergic pathway in violet; nigro-striatal dopaminergic pathway in pink; and
amygdalar GABAergic interneurons in green. The symbol oo represent regions with very low CCK
expression levels.
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Across the described neuroanatomical distribution, CCK has been reported to be

mostly co-localized with classic neurotransmitters as follows (Ghijsen et al 2001):

* In mesolimbic and mesocortical neurons (ex.: Striatum; NAcc; EA) = = with Dopamine
* In dorsal Raphe and its ascending projections = = with Serotonin
* In pyramidal cells of cerebral cortex = = with Glutamate

* In cortex, hippocampal formation and BLA = = with GABA

Histochemical evidences demonstrate the presence of three main forebrain CCKergic
systems within these co-localized pathways (Hokfelt et al 2002): a nigro-striatal in
dopaminergic neurons; a cortico-striatal in glutamatergic neurons; and a thalamo-cortical
also presumably in glutamatergic neurons. Among this systems, the CCKergic projections,
arising from the substantia nigra and prefrontal cortex to the accumbal core and from the
ventral tegmental area and the extended amygdala to the accumbal shell (Lanca et al 1998),
has been the most extensively analyzed due to their antagonistic effects on dopamine
function and on positively motivated behaviors (Rotzinger et al 2002). Modulation of
dopamine receptors binding affinity and GABAergic transmission on the NAcc has been
postulated as the mechanisms underlying the regulatory action of CCK (Beinfeld 2003b;
Tanganelli et al 2001).

More recently, a CCKergic system in GABAergic interneurons of the basolateral
amygdala has also been reported (Chung & Moore 2009; Jasnow et al 2009). This system
was involved in the anxiogenic activity of CCK (Chung & Moore 2007; 2009) as well as in
the modulation of an endocannabinoid system underlying extinction of fear conditioned
memories (Chhatwal et al 2009).

Figure 16 schematically represent the major mentioned CCK-containing neurons and

the main projections comprising the CCKergic systems.

5. Major effects as a neuromodulatory peptide

CCK fulfills the criteria of neurotransmitter in the CNS: i) is synthetized and stored in
cell bodies and nerve terminals, respectively; ii) is released by depolarization of the plasma
membrane; iii) has specific receptors and antagonists; and vi) influences the firing rate of
other central neurons (Fink et al 1998). But, as mentioned before in part C, this peptide
present also some functional differencesa with the classical NT with which it co-localizes
(GABA, DA, 5-HT, and glutamate). CCK exerts modulatory functions of the synapses through
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Figure 17: Schematic representation of the neuromodulatory criteria for CCK. (A)
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a co-release only under conditions that lead to high frequency firing (Rotzinger &
Vaccarino 2003). This occurs by a differential release regulation based on the following
characteristics summarized by Ghijsen et al (2001), and also schematically presented in

Figure 17:

v Vesicle storage: CCK peptides are packaged in the cell soma on larger and core-
dense vesicles that travel all along the axon toward the nerve terminals, while classic
neurotransmitters are produced in the terminals and packaged in small and clear synaptic
vesicles.

v' Pre-synaptic localization: CCK vesicles are storaged at remote sites of the
membrane, while classic neurotransmitters vesicles are found close to the site of release in
the nerve terminals.

v" Release dynamics: CCK peptide release is more delayed (visible 0.25sec after
depolarization) as compared to classic neurotransmitters (ex: GABA visible 50msec after
depolarization), and continuously increased during at least 3min of depolarization, while
classic neurotransmitters as GABA normally reach a plateau during the first half second of
depolarization (see Figure 17B).

v’ Calcium regulation: Apparently CCK vesicles have a much higher Ca2* sensitivity
of secretion than the small transmitters, and response to different high-voltage channels.
While CCK uses P/Q channels which show synergism, GABA, for instance, uses P, Q and N

channels, without any additive effect.

v" Recycling: CCK peptides are rapidly hydrolyzed by extracellular peptidases after
release, therefore, to save the nerve terminal from depletion, massive stimulation induces
release of only a fraction of the total CCK vesicles-pool. In contrast, classic
neurotransmitters are recycled back into the terminal by specific transporters after their

release.

Functional studies of biologically active CCK in the CNS, have implicated this peptide
in a wide range of physiological processes, including cardio-respiratory control,
thermoregulation, locomotor activity, nociception, emotional and motivational states, and
learning abilities (review in Beinfeld 2001). Among these effects, the main focus has been
placed in relation to the facilitatory effects in cognitive processes, as well as the anxiogenic-

like effects. While decreased CCK levels within PFC, amygdala and hippocampus has been
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associated with learning and memory deficits, high levels of CCK in prefrontal cortex,
amygdala and VTA have been related with motivational loss, anxiety and panic disorders
(Hebb et al 2005). Consistent with this data, a role has been proposed for CCK in the
induction of anxiety and major depression (Berna et al 2007; Shindo & Yoshioka 2005).

Pharmacological evidence has reported the CCK> receptors as the main effectors of
anxiogenic and cognitive properties of the peptide and hypothesized the existence of two
binding sites, CCK-B1 and CCK-B2, which could correspond to different activation states of
a single molecular entity. CCK-B1 appears to be responsible for the effects on anxiety levels,
while CCK-B2 was involved in the improvement of attention and/or memory processes
(Dauge & Lena 1998). Recent studies further confirm the importance of these receptors. In
this sense, specific CCK; agonists administration have shown anxiogenic effects in several
behavioral paradigms, including the elevated plus-maze (EPM), acoustic startle and open
field tests (Rotzinger et al 2010). Moreover, systemic administration of specific CCKz
antagonist attenuated the increased anxiety-like behavior of mice subjected to
immobilization restrain stress as examined in the EPM (Wang et al 2011). Importantly,
these anxiolytic effects often are not seen unless the system is potentiated, supporting the
role of the peptide as a neuromodulator (Hebb et al 2005). In addition, CCK> antagonists
have been also analyzed for their antidepressant potential in preclinical models (Rotzinger
et al 2010). Chronic blockade of CCK; receptors was effective normalizing high immobility
time in the force swim test and preventing HPA axis hyperactivity, which were both elicited
by repeated social defeat-induced stress (Becker et al 2008).

Genetic approaches targeting CCK receptors further investigated these effects. CCKz-
receptor deficient mice presented impaired environmental habituation and retention of
spatial recognition as compared to WT animals (Noble & Roques 2002). However, they did
not show behavioral modifications in the motility conditioned suppression test for despair-
like behavior and results on anxiety studies were controversial. CCKz-receptor KO induced
an anxiolytic-like action in the light-dark test, but not in the EPM or in conditioned models
of anxiety such as the fear conditioning test (Dauge et al 2001; Raud et al 2005); indicating
that compensatory mechanisms likely occur following receptor invalidation. In addition,
inducible forebrain-specific CCKz receptor transgenic mice showed enhanced anxiety-like
behavior, impaired spatial and recognition memories, and prolonged activation of

adrenocorticotropic hormone and glucocorticoids following acute stress (Chen et al 2010).
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Figure 18: Regulatory loops between opioidergic and CCKergic systems. Hypohetical model
of the supraspinal interactions between CCK, via CCK; and CCK; receptors, and the opioid system, via p-
and &-receptors. According with this model, CCK; and CCK; receptors have distinct activatory and
inhibitory influences, respectively, over the opioidergic system. CCK receptor agonists, endogenous or
exogenous, can modulate the enkephalinergic systems either directly influencing opioids receptor binding
affinity or indirectly via the release of endogenous enkephalins. In addition, activation of p-opioid
receptors, which leads to anti-nociceptive responses, can negatively modulate the release of endogenous
CCK, whereas &-opioid receptor activation, which leads to anti-depressive responses, may enhance it.
(Adapted from Noble et al, 1999).
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6. CCK and opioid system interactions

Over the last years, there was an increasing interest in the role of CCK in addictive
processes due to the referred interactions between the peptide and classical transmission
systems in neurons of the rewarding and motivational pathways (Rotzinger & Vaccarino
2003). CCK was shown to exert antagonistic opioid properties for opioid-induced analgesic
and antidepressant-like effects. Specifically, on the one hand, CCK; antagonist potentiated
the antidepressant effect of RB101 (a systemically active inhibitor that protects
endogenous enkephalins from peptidase inactivation), and delta-receptor antagonist
blocked this potentiation (Hernando et al 1996). On the other hand, increased CCK levels
were related with the reduced response to opioids during neuropathic pain after injury in
the peripheral or central nervous systems (Wiesenfeld-Hallin et al 2002). Such anti-opioid
effects could also contribute to the withdrawal syndrome. Pharmacological studies showed
that CCK: receptor antagonists were effective in decreasing both somatic and motivational
aspects of morphine (Kayser et al 1998; Valverde & Roques 1998) and ethanol withdrawal
(Wilson et al 1998). Moreover, CCKz-receptor knockout mice presented lowest nociceptive
threshold and less sensitivity to opioid analgesic drugs, as well as a more severe
withdrawal syndrome after chronic morphine treatment, all evidences for an up-regulation
of the endogenous opioid system (Pommier et al 2002). In contrast, other pharmacological
studies have also positively involved CCK with opioids rewarding properties. The peptide
was reported to be necessary for both acquisition and expression of morphine conditioned
place preference (CPP) (Higgins et al 1992; Mitchell et al 2006) as well as for the
reactivation of extinguished morphine and cocaine CPP (Lu etal 2001; Lu et al 2002).

In view of these contradictions, the previously mentioned effects of CCK on
nociception and emotional processes were further evaluated based on the overlapping
distributions of the CCKergic and opioidergic systems in the SNC. Noble and Roques (Noble
& Roques 2003; Noble et al 1999) proposed the existence of regulatory loops between both
peptide systems. In their model, schematically represented in Figure 18, the potentiating of
pharmacological effects of exogenous (morphine) or endogenous (enkephalins) opioids
occurs through activation of CCK; receptors. Thus, antidepressant-like effects of RB-101
were suppressed by CCK; antagonist, while CCK-8s and analogs have shown analgesic
properties in the hot plate and tail flick tests. In contrast, negative modulation of the
opioidergic system may be dependent of CCK: receptors. Therefore, co-administration of

CCKz antagonists with morphine or RB-101 led to an enhancement of analgesic or
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antidepressant-like opioid effects. Altogether, the authors postulated that a dysfunction in
the balance between the two peptidergic systems involved in rewarding and emotional
processes could participate in the neurobiological mechanisms underlying vulnerability to

drug addiction.

7. Characterization of CCK peptide-deficient mice

Lo et al (2008) have characterized the CCK-KO mice regarding to the peripheral
functions of the peptide in satiety and its central functions in the modulation of exploratory
activity, anxiety and cognitive processes. Compared with wild-type (WT) controls, CCK-KO
mice had normal food intake, fat absorption, body weight, and body mass, but they had
slightly altered meal patterns over the day-night cycle. Moreover, the running wheel
activity of CCK-KO mice and WT mice did not differ on any parameter. Therefore, the lack
of CCK was not a factor in regulating total food intake or energy expenditure, and such
results may suggest that the functions of CCK related to energy homeostasis are likely
redundant with other signals. Additionally, CCK-KO mice exhibited attenuated performance
in a passive avoidance task and required more time to locate the escape platform in the
Morris water maze test than WT controls, suggesting that CCK-KO mice have impaired
spatial memory. Intriguingly was the result on the exploratory activity in the elevated plus-

maze on this study, where CCK-deficient mice were more anxious than WT controls.
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E. Aims of the thesis

In our laboratory, the role of the opioid system in drug abuse is largely investigated in
an attempt to understand genetic bases of drug dependence in the brain. This neuronal
system plays a key role underlying the effects of drugs of abuse and neuroadaptations to
drug dependence. Particularly, the mu-opiate receptor has been proposed as a molecular
gateway to drug addiction in the brain (Contet et al 2004).

Within this frame, genome-wide expression analysis was performed in our laboratory
using wild-type and mu-opioid receptor knockout mice. This study was conducted on the
central EA, a neuroanatomical entity comprising the BNST and the CeA, and strongly
implicated in drug seeking, craving and relapse (Koob 2008). We identified a collection of
132 genes whose transcription was specifically regulated by the activation of the mu-
opioid receptor upon a morphine chronic treatment (Befort et al 2008). The expression of
these mu-dependent genes was further evaluated following chronic treatment with
different drugs of abuse (ethanol, THC, nicotine) and after a period of abstinence (Le
Merrer et al, submitted). Among the commonly dysregulated genes over these treatments,
the cholecystokinin (CCK) mRNA showed remarkable modifications in its expression.
Particularly, a significant down-regulation was observed after chronic morphine treatment
with a rebound up-regulation following 4 weeks of abstinence.

As was developed in the introduction, CCK was first known as a gastrointestinal
peptide and more recently described as a neuromodulatory peptide (Rotzinger et al 2010).
The major biological actions of CCK are the reduction of food intake, the induction of
anxiety-related behavior and the modulation of memory processes (Fink et al 1998).
Furthermore, CCK shares a close neuroanatomical distribution with classic
neurotransmitters in reward and motivation pathways of the limbic system (Hebb et al
2005). Although a wide range of processes has been described involving interactions of
CCK with endogenous opioid peptides, the precise brain regions involved in these effects

remain unclear.

The first aim of my thesis was to further investigate CCK transcriptional regulation in
response to morphine in other brain regions. We focused on two brain structures where
mRNA distribution studies reported high CCK transcript density (Cain et al 2003; Ingram et
al 1989; Schiffmann & Vanderhaeghen 1991): the Cg Ctx and BLA. Both structures are
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implicated in the processing of emotional states (Devinsky et al 1995; Gallagher & Chiba
1996) and have been also related to drug dependence, particularly in the development of
withdrawal syndrome (Frenois et al 2005; Lowe et al 2002) and the processing of primed
induced reinstatement (Kalivas & McFarland 2003).

In this study, we performed radioactive in situ hybridization with [35S]-labeled probes
and developed a quantitative autoradiographic mapping methodology. We quantified
changes in the expression pattern of CCK mRNA within the Cg Ctx and BLA following an
escalating chronic morphine treatment, and after a 4 weeks period of abstinence. We also

included the BNST in the analysis, as a control to compare with our previous study.

In the second part of my thesis, I focused on the possible implication of amygdalar
CCK in emotional responses. In this brain region, CCK is expressed in GABAergic
interneurons (Jasnow et al 2009) and electrophysiological studies have led to propose an
involvement of this nucleus in anxiogenic effects of the peptide (Chung & Moore 2007).
Brain sites where CCK modifies emotional states have not been investigated by genetic
approaches; therefore we decided to take advantage of the shRNA technology and the viral
delivery approach to down-regulate the CCK mRNA in the BLA. We designed a rAAV-eGFP-
shRNA viral vector and investigated whether local treatment with the recombinant virus
would silence the mcck gene and alter emotional responses. We used several tests designed
to evaluate anxiety-like behavior, despair-like behavior, naloxone-induced CPA and the
withdrawal syndrome to chronic morphine.

This work is presented in part II, which includes the following manuscript in
preparation:

- “Genetic silencing of cholecystokinin mRNA in the basolateral amygala has
anxiolytic and antidepressant effects in mice”. Del Boca C, Le Merrer ], Lutz PE, Koebel P,

Kieffer BL.

[ also contributed to two other studies of our laboratory. This work has been
published and is briefly presented in an ANNEX part:

- “RSK2 signaling in brain habenula mediates place learning”. Darcq E, Koebel P, Del
Boca C, Pannetier S, Kirstetter AS, Garnier JM, Hanauer A, Befort K and Kieffer BL. 2011.
Submitted.
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- “Deletion of the delta-opioid receptor gene impairs place conditioning but preserves
morphine reinforcement”. Le Merrer |, Plaza-Zabala A, Del Boca C, Matifas A, Maldonado R
and Kieffer BL. Biol Psychiatry. 2010.

My contribution to both projects consisted in the development of lithium-induced
conditional place aversion in mice. This place conditioning paradigm evaluates ability of
the animal to associate a specific context with an aversive stimulus. I tested delta receptor
knockout mice and data from this behavioral task completed morphine-induced
conditioned place preference in the first paper, demonstrating that delta receptors
facilitate contextual learning rather than drug reinforcement. I also tested knockout mice
for RSK2, a kinase responsible for the Coffin-Lowry syndrome, and demonstrated that this

RSK2 kinase is essential for place learning.
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Figure 19: Regulation of CCK mRNA expression in central EA after chronic drug
treatments and abstinence. (A) Images from the Mouse Brain Atlas of Paxinos and Franklin (2001)
showing brain areas collected for this study: bilateral punches were taken from mouse brain coronal slices
(1 mm thick) to collect the bed nucleus of stria terminalis (BNST, +0.5 to-0.5) and the Central nucleus of
the Amygdala (CeA- 0.5 to-1.5). BNST and CeA punches were pooled and corresponded to central
Extended Amygdala (EAc) samples (from Becker et al 2008). (B) qRT-PCR studies developed in 4
independent drug treatments. Results are expressed as fold change respect to vehicle groups + SEM. One-
way ANOVA (Statistica 8.0) with treatment (drug or vehicle) as between subject factor, *p<0.05, **p<0.01
(n=12-18 mice/group for drug and vehicle groups on each treatment) (from Le Merrer, in revision).
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A. Introduction

Drug addiction develops when recreational drug intake progressively evolves
towards uncontrolled drug-taking. This transition involves a gradual adaptation of the
brain to chronic drug use possibly by a restructuration of neural circuits. These
modifications involve transcriptional reprogramming within neurons, leading to
modifications of neuronal connectivity, cell signaling and synaptic plasticity (McClung &
Nestler 2008; Rhodes & Crabbe 2005). Several studies have addressed the modifications in
gene expression profiles triggered by chronic treatment with drugs of abuse within the
dopaminergic mesocortical system (VTA, NAcc and PFC). To expand this knowledge, our
laboratory carried out a genome-wide transcriptional study on the central extended
amygdala. As mentioned in the general introduction, this neuroanatomical entity has been
involved in positive reinforcing effects of drugs of abuse as well as stress responses
associated with protracted abstinence and drug reinstatement (Koob & Kreek 2007; Lu et
al 2003; Shaham et al 2003; Waraczynski 2006). We have focused these studies on the mu-
opioid receptor, a key molecular target for drug reward in the brain (Contet et al 2004).
The study led to the identification of a collection of 132 genes modulated by excessive
activation of this receptor upon a chronic morphine treatment (Befort et al 2008).
Altogether, these mu-dependent genes potentially contribute to drug-induced neuronal
plasticity underlying drug craving and relapse. Among them, CCK showed an interesting
pattern of regulation upon morphine exposure. Specifically, CCK mRNA was down-
regulated after chronic morphine treatment and a rebound up-regulation was observed
after 4 weeks of abstinence (Figure 19). Therefore, to better understand the implication of
this peptide in the development of drug dependence, we further examined CCK
transcriptional regulation after a morphine treatment in other brain structures, including
the cingulate cortex (Cg ctx) and the basolateral nucleus of the amygdala (BLA). Data from

these studies are presented below in Part I of the thesis.

1. Involvement of Cg Ctx and BLA in drug dependence

The cingulate cortex (Figure 20) is part of the "grand lobe limbique" of Broca (1898)
and is divided in an anterior part, forming a large region around the rostrum of the corpus

callosum (with ventral and dorsal areas), and a more posterior part. This region has been
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Figure 20: Schematic representation of Cg Ctx and BLA regions location in the mouse
brain. Sagittal representation of mouse brain sections showing the location of the cingulate cortex region

in blue (from bregma lateral 0.36mm) and the basolateral amygdala region in red (from bregma lateral
3mm).
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proposed to be a specialization of the neocortex (Allman et al 2001) playing crucial roles in
the initiation of goal-directed behaviors (Devinsky et al 1995). Studies on rats using a
cost/benefit T-maze task and excitotoxic lesions of the prefrontal cortex (including
prelimbic, infralimbic, and cingulate cortices) have demonstrated that these structures are
critical for effort-based decision making, leading the animals to work harder in order to
obtain greater rewards (Walton et al 2002). In addition, human studies on reward-based
motor decision task were performed together with event-related fMRI (functional magnetic
resonance imaging) in an attempt to elucidate the mechanism underlying Cg Ctx roles in
cognition and motor control. Significant activation was observed in discrete groups of cells
during the performance of the task, proving an initial support for the existence of
heterogeneity in the Cg Ctx. The results suggested that distinct cells within this region are
variously involved in anticipation and detection of targets, indication of novelty, motor

responses, encoding of reward values, and signaling of errors (Bush et al 2002).

The basolateral amygdala is part of the amygdaloid complex, which is a
heterogeneous group of subcortical nuclei located in the medial temporal lobe (Figure 20).
Anatomy and function of this region has been previously described in the general
introduction. Briefly, functional studies have long considered the amygdala as a structure
specialized in mediating emotions, emphasizing roles in aversive processing associated
with fear and anxiety. Within this line, stress has been postulated to induce amygdalar
plasticity, affecting learning and memory processes (Roozendaal et al 2009). Moreover,
BLA lesion studies in rats correlate this region with the storage of fear memory as
measured by the fear-contextual conditioning paradigm (Gale et al 2004), and with
increased anxiety-like behaviors as measured by the SI box and EPM tests (Truitt et al
2009). In the last years, however, evidence has also linked this complex to appetitive
processing and positive emotions (Robbins et al 2008). Specifically, the BLA has a key role
in the formation and storage of pavlovian learning (Maren 2001) and such role has been
extended to the acquisition and retrieval of emotional memories in the context of drug

addiction (Frenois et al 2005; Hellemans et al 2006; Wang et al 2008).

Together, the anterior Cg Ctx and the amygdaloid complex link drugs of abuse to
motivational and drug relapse systems in the brain. Studies on animal models have
involved the BLA in reward associative processes (Baxter & Murray 2002) and rat fMRI
analyses have shown activation of the Cg Ctx during opioid precipitated withdrawal (Lowe
et al 2002). Further analysis demonstrated that, as was presented in the general
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Figure 21: Involment of Cg Ctx and BLA in drug-seeking. Schematic representation of the brain
circuitry proposed by Kalivas and McFarland (2003) summarizing the structures and anatomical
connections involved in drug-seeking behavior. Abbrevations: NAcore, nucleus accumbens core; dPFC, dorsal prefrontal
cortex; Cg Ctx, cingulate cortex; VTA, ventral tegmental area; BLA, basolateral nucleus of the amygdala; CeA, central amygdala; BNST,
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theoretical links not experimentally confirmed.
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introduction, both regions are involved in the neuronal circuitry associated with the
preoccupation/anticipation stage of the addiction cycle (Koob 2009). This stage involves
the processing of conditioned reinforcement in the BLA while the executive control
depends on the prefrontal cortex (orbital, medial and cingulate) and includes
representation of contingencies and subjective states associated with drugs (i.e., craving)
(See Figure 3 General Introduction). Indeed, human neuroimaging studies (fMRI technique)
have shown that the prefrontal cortex (orbitofrontal, medial prefrontal,
prelimbic/cingulate) and the BLA are critical structures in cue- and drug-induced craving
(Franklin et al 2007; Goldstein et al 2007). Consistent with these results, studies on animal
models of cocaine self-administration have proposed the amygdala as a key regulator of
relapse evoked by contextual or discrete stimulus-reinforcer associations, while the
anterior cingulate and orbitofrontal cortices are critical regulators of contextual drug-
conditioned stimuli as well as drug-primed relapse (Fuchs et al 2005; See 2002). Kalivas
and McFarland (2003) propose a hypothetical circuitry to explain these distinct but
partially overlapping neural substrates mediating drug reinstatement. As represented in
Figure 21, in their model, the BLA was associated with cue-primed reinstatement, the
ventral tegmental area with drug-primed reinstatement and the adrenergic innervations of
the extended amygdala with stress-primed reinstatement. Also, they postulated that all
three priming modes may converge on the anterior Cg Ctx and have a final common output
through the nucleus accumbens, another brain region critically involved in the rewarding

properties of drugs of abuse and the relapse to drug-seeking behavior.

2. The autoradiographic film quantification technique

For this study we have developed a quantitative autoradiographic (QAR) mapping
methodology, which conjugates in situ hybridization (ISH) with radioactive labeled-probes,

film autoradiographic development, and densitometric image analysis.

Densitometric principles were described in the 16th century by Bouguer and Lambert
who analyzed the loss of radiation (or light) in passing through a medium. Later on this
field, in 1852, Beer established the physic law of exponential absorption of solutions
conforming the fundamental concept for understanding QAR. Beer’s law states that the
absorption of light by different concentrations of a solute is an exponential function of that
concentration (Ingle & Crouch, 1988). However, as is well described by Baskin and Stahl

(1993), in the case of QAR such conditions are only approximated (Figure 22A). Given an
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Figure 22: Fundamentals of densitometric image analyses. (A) Lambert-Beer’s law for light
absorbtion and its adaptation for radiographic films. (B) Relation of Transmitance and Optical
density. (C) Curves showing grey levels (256: 8-bits) vs Transmitance, left panel: ideal behavior,
right panel: film behavior. (D) Left panel: scheme of the image acquisition system, right panel:
“uncalibrated” transformation of grey levels into Relative Optical Density (ROD).
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autoradiographic image, the absorption of light occurs through the autoradiographic film
and the concentration is referred to the amount of radioactive probe present in the tissue
rather than in the image itself. Consequently, the concentrations of interest are an indirect
function of the light absorption and will depend on the image acquisition and the film
response. Regarding to the image acquisition system, it is not possible to measure Optical
Density (DO) values directly and the frame grabber pixel values are linear with respect to
Transmission (T) (Firure 22B). In reference to film response, the increasing concentrations
of radioactivity result in increasing grey level but his film’s response is not completely
linear, it approaches linearity only over small ranges of radioactivity, as observed in Figure
22C. Moreover, the density of autoradiographic film depends on the isotope used, tissue
properties, section thickness, time of exposition, type of film, and film processing.
Therefore, a fundamental problem in QAR is to relate the film density of the

autoradiographic image to calibrated units that are biologically meaningful.

Consequently, developing the correct calibration method for quantification is a key
step of radioactive ISH analysis. To achieve this objective two possibilities of processing are
available in computer densitometry: i) conversion of the grey levels obtained by the
digitized images into optical density values, either by formulas of relative (uncalibrated)
optical density (Firure 22D) or by calibration against a standard optical density tablet; or
ii) conversion of grey levels into units of radioactivity by calibrating against brain paste or
membrane standards scales of known amounts of radioactivity concentration (Lazic 2009).
Besides, other crucial step in QAR methodology is the sampling problem. The
autoradiographic image is often relatively faint and the anatomic landmarks indistinct.
Therefore, the definition of regions of interest (ROIs) and background are critically for ISH
quantification. In this sense, different techniques have been summarized by Lazic (2009),
including image segmentation by setting thresholds based on pixel intensity, and outline
methods using hand drawing, template size selection or magic drawing tools of computer
software. The selection of these two main parameters, calibration and sampling methods,
depend on the size and shape of the structures to analyze, the level of expression of the
interested gen in these structures, the characteristics of the image analyzers used (e.i,
densitometric measure, spatial and grey scale resolution and processing speed) (Mize et al
1988), and the experimental design of the ISH procedure. The best compromise of all the

characteristics will allow the more reliable quantification and comparative analysis,
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making the autoradiographic mapping methodology a powerful tool for the study of gene

expression regulation by the quantification of mRNA levels.

Altogether, the major advantages of the QAR methodology are the precise anatomical
localization of the regions of interest and the delimited quantification of labeling intensity.
Therefore, we used this particular technique for this study in order to measure changes in
the expression pattern of CCK mRNA within the Cg Ctx and BLA upon a chronic morphine

treatment.

B. Materials and Methods

Animals

Male C57BL/6] mice provided by Charles River (Lyon, France) were used for all the
experiments. Mice were aged 8 weeks old at the beginning of the experiments and they
were housed 3-4 per cage in a 12h dark/light cycle (light from 7am to 7pm), under
controlled conditions of temperature and humidity. Food and water were available ad
libitum except during the behavioral observations. Experimental procedures were
conducted in accordance with the European Communities Council Directive of 24
November 1986 (86/609/EEC) and approved by the “Comité Régional d’éthique en
matiere d’expérimentation animale de Strasbourg” (CREMEAS, 2003-10-08-[1]-58).

Drugs
Morphine hydrochloride (Francopia) was dissolved in sterile isotonic saline

(NaCl 0.9%). The doses refer to salt weight and were administered in a volume of 10 ml/kg.

Morphine treatment

Chronic morphine treatment was performed as previously described by Befort et al
(2008). Briefly, mice were intraperitoneal (i.p.) injected twice daily (8am and 6pm) either
with saline or escalating doses of morphine from 20mg/kg to 100mg/kg over 5 days. On
day 6 in the morning, a last single administration of morphine (100mg/kg) was performed.
Mice were sacrificed either 20 minutes after the last injection to analyze the morphine-
dependent state, or left in their home cages for a 4-weeks drug-free period before

sacrificed them to analyze the morphine-abstinent state.
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CCK-cRNA probes preparation

DNA template for CCK cRNA-probes (258-600, 343bp) was generated by RT-PCR
(Sigma, forward primer: 5-CTGTACCCAAGCTTGATACATCCAGCAGGTCCGCAAA-3’,
reverse primer: 5-TTTCCTTGGGAATTCAGGAAACACTGCCTTCCGACCAC-3’) using total
mouse brain RNA extracted by TRIzol reagent (Invitrogen, Cergy Pontoise, France)
according to the manufacturer’s instructions. The template was cloned into pcDNA3
(Invitrogen) and verified by sequencing. Sequence probe alignment was confirmed with
BLASTN 2.2.18 software (http://blast.ncbi.nlm.nih.gov, NCBI). Next, CCK-cDNA plasmid
(20pg) was linearized by enzymatic digestion of EcoRI for sense probe and HindlIII for anti-
sense probe, and linearized DNA (1ug) was transcribed using T7 or Sp6 RNA polymerases
(Promega) for sense and anti-sense probes production respectively. For Dig-labeled
probes, DIG RNA labeling mix 1X (Roche) was used according to manufacturer’s
specifications. Quality of the RNA was evaluated by agarose gel electrophoresis (RiboRuler
Low Range RNA ladder, Fermentas) and concentration determined by spectrophotometry
(Nanodrop Labtech ND-1000). For radiolabeled-probes, CTP-aS3°> radionucleotides
(PerKinElmer) were added to the synthetizing mix. [35S]-probes were purified by gravity-
flow chromatography on illustra NICK Columns (GE Healthcare) and specific activity was

measured using a topcount apparatus (Packard).

Tissue preparation

For histological analysis, mice were sacrificed by cervical dislocation and brains were
rapidly removed and frozen in OCT (optimal Cutting Temperature medium, Thermo
Scientific). The OCT-embedded brain blocks were stored at -80°C until use. Coronal brain
sections (20um) covering the whole brain were obtained using a cryostat microtome (Leica
CM3500) at -20°C. Slides were mounted in Superfrost slides (Thermo Scientific), air-dried
and stored at -80°C to be further processed by non-radiactive and radioactive in situ

hybridization (see below).

In situ hybridization (ISH)
Dig- and [3°S]-labeled RNA probes were used for ISH, following the methods
previously described by Chotteau-Lelievre et al (2006). Briefly, fixed brain sections kept at

-80°C were thawed at RT for 30 min and rehydrated in 1x PBS for 10 min. Sections were
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then incubated at 65°C for 16h in a hybridization mix [formamide 50% (molecular biology
grade, Sigma-Aldrich); dextran sulfate 10%; Denhardt’s 1x; tRNA 1mg/ml (from Baker’s
yeast, Sigma-Aldrich); NaCl 300mM; Tris-HCI 20mM pH 6.8; EDTA 5mM; NaH2PO4 5.4mM;
Na;HPO4 4.6mM; plus 10 mM DTT for radioactive ISH] with either Dig- or S35-labeled RNA
probes at the concentrations of 1.5ng/ul or 20,000 cpm/pl, respectively. DIG-labeled brain
sections were afterward incubated with an alkaline phosphatase-labeled anti-DIG antibody
(1:1500, Roche) in blocking solution [2% Roche blocking; 20% heat inactivated goat serum,
MABT 1x]. Staining was performed with Nitroblue tetrazolium and bromo-chloro-
indolyphosphate (NBT/BCIP) as color substrates by incubating the slides in staining
solution [polyvinyl alcohol 0.5% (Sigma-aldrich); NaCl 100mM; Tris-HCI 100mM pH 9.5;
MgCl, 50mM; Tween20 0.1%; NBT 0.35% (Roche); BCIP 0.35% (Roche)] at RT under light-
protected conditions until the signal becomes visible (12h). Next, slides were washed 2x10
min (PBS 1x, 1mM EDTA), air-dried and mounted with Eukitt (VWR). To generate
autoradiograms, [3°S]-labeled brain sections were exposed simultaneously with a [14C]
standard (ARC 0146; American Radiolabeled Chemicals) to Kodak Biomax MR films
(Sigma-Aldrich) at -80°C for either 3, 5 or 7 days. Films were developed with a Kodak MIN-

R Processor (Carestream Health).

Image analysis
After ISH processing, Dig-labeled brain sections were observed on brightfield under a
Leica macroscope and images were recorded using a CCD camera (CoolSNAP, Roper

Scientific). For atutoradiograms images, the analysis was performed as follows:

Autoradiographic film quantification

The quantification of autoradiographic signal was performed in a darkroom facility
using a computerized image processing system including: a light box, a CDD camera, the
CoolSNAP software and Image] software (http://imagej.nih.gov). Brain sections on film
were individually captured at high resolution (600 dpi) generating 8-bit (256 grey level)
digitized images. Regions of interest (ROIs) were bilaterally outlined using a polygone
template tool of Image]. Mean gray values were measured within each ROI and
transformed into relative radioactive counts by calibration with the co-exposed [14C]
standard using a Rodbard non-linear regression curve (see below). The mean relative value

was obtained referring the treated mice to the saline ones. Previously, background value of
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