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Abstract

Compulsivity is characterized by persistent, inflexible, and excessive behaviors that
either are aimed at avoiding perceived adverse consequences or are dependent on rigid
rules, and it is a key factor in the loss of control over behavior. The cardinal symptom of
obsessive-compulsive disorder (OCD), which affects 2—3 % of the population, is compul-
sive behavior, considered a chronic and disabling condition. Moreover, compulsive be-
havior is observed in several neuropsychiatric disorders such as anxiety, depression, spe-
cific phobias and schizophrenia. Therefore, compulsivity has been considered a transdi-
agnostic trait that should be studied according to a dimensional approach. This is in line
with the U.S. National Institute of Mental Health (NIMH) Research Domain Criteria
(RDoC) and the Roadmap for Mental Health Research in Europe (ROAMER), leading to
a reclassification by the DSM-5 (American Psychiatric Association, 2013) and ICD-11
(“WHO | World Health Organization,” 2018), which now categorizes OCD as the central
disorder in a group of related disorders called Obsessive-Compulsive and Related Disor-
ders (OCRDs). Further investigation is required to understand the neurobehavioral alter-

ations related to compulsivity, and their implications in different disorders.

Compulsivity is not a unitary phenomenon, but the heterogeneity of compulsive
symptoms makes treatment efficacy highly variable. Up to 40 % of patients do not re-
spond successfully to classical psychopharmacological treatments, which are mainly
based on selective serotonin reuptake inhibitors (SSRIs). However, clinical evidence
shows that targeting glutamate mechanisms by psychopharmacotherapy may be of benefit
in impaired inhibitory control. Furthermore, clinical evidence by a meta-analysis of ge-
netic association studies, pointed towards the serotonin Htr2a and glutamate Grm2 recep-
tors genetic polymorphism expression in OCD vulnerability. Therefore, the combination
of the serotonin 5-HT2A receptor and glutamate mGlu2 receptor might be a possible tar-
get to modulate compulsivity in OCDRs.
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The present doctoral thesis investigates the neurobehavioral basis of compulsivity
through a compulsive phenotype of rats selected by Schedule-Induced Polydipsia (SIP).
SIP induces excessive and persistent drinking behavior in rats through intermittent food-
reinforcement schedules over 20 sessions, and allows the selection of high compulsive
drinkers (HD) and low non-compulsive drinkers (LD) based on their acquisition. The
main objectives of the doctoral thesis are: (1) to characterize the compulsive phenotype
selected by means of SIP, by identifying comorbid disorders and cognitive constructs in
HD rats; (2) to modulate compulsive behavior on SIP by administrating different gluta-
mate-modulators; and (3) to identify new genetic biomarkers in HD rats compared to LD
rats.

In order to achieve the objectives exposed, three experimental sets have been de-
signed: behavioral, pharmacological, and genetic studies. The first one was proposed to
test Objective 1 and includes two experiments: Experiment 1A assessed the compulsive-
like behavior by means of the Marble Burying Test (MBT), depressive-like behavior by
means of the Forced Swimming Test (FST), anxious-like behavior by means of the Ele-
vated Plus Maze (EPM), and fear behavior by means of the Fear Condition Test (FCT) in
the compulsive phenotype of rats selected by means of the SIP. Experiment 1B investi-
gated the cognitive processing (stimuli processing; reference and working memory; and
cognitive flexibility) by means of the Novel Object Recognition Test (NOR), Radial Arm
Maze (RAM) and Morris Water Maze (MWM) and reversal MWM in the compulsive
phenotype of rats selected by means of SIP. The second experimental set was designed
to test Objective 2, exploring the therapeutic potential of different glutamate-modulators
in reducing compulsive behavior. For this purpose, the effects of acute administration of
N-Acetylcysteine (NAC), an inhibitor of the presynaptic glutamate release; memantine
(MEM), an uncompetitive N-Methyl-D-aspartate (NMDA) receptor antagonist; and
lamotrigine (LAM), an inhibitor of the excitatory amino acids release such as glutamate;
were assessed on compulsive drinking on SIP. Finally, the third experimental set was
proposed to assess Objective 3. Experiment 3 analyzed the expression of serotonergic,
glutamatergic and neuroplasticity-related genes in compulsive HD compared non-com-
pulsive LD rats selected by means of SIP. It was analyzed the expression of Htr2a and
Htr2c; Grinl, Grin2a, Grin2b, Grin2c and Grm2; and Bdnf genes in frontal cortex (FC),
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hippocampus (HIP) and amygdala (AMY) in HD and LD rats by means of quantitative

reverse transcription polymerase chain reaction (RT-gPCR).

The results from the first experimental set revealed that, in Experiment 1A, HD
rats presented increased compulsive-like behavior, since a higher number of marbles were
partially buried on MBT, and resistance to memory extinction, as an increased percentage
of freezing was shown during the retrieval day of FCT. However, HD rats did not differ
from LD rats in anxious-like behavior on EPM, nor in depressive-like behavior on FST.
They did not either in Experiment 1B, when stimuli processing was assessed on NOR,
but did present a reference and working memory deficit (a higher number of errors com-
mitted in RAM). Even though HD rats did not exhibit any learning impairment on MWM
acquisition, HD rats showed cognitive inflexibility, as demonstrated by a higher latency
to reach the platform in the reversal MWM compared to LD rats. In the second experi-
mental set, the systemic administration of MEM and LAM reduced, in a dose-dependent
manner, compulsive drinking in HD rats on SIP, without any effect in LD rats. With ad-
ministration of the highest dose of LAM, the differences between both populations dis-
appeared. The administration of NAC did not produce any significant effect on any of the
populations. Finally, the third experimental set revealed that HD rats presented a down-
regulation of Htr2a, Grinl and Bdnf gene expressions in the FC, when compared to LD
rats. Also, a significant negative correlation was observed between the amount of water
intake and the expression of Htr2a, Grinl and Bdnf genes in the FC. No differences were
found in the other genes analyzed (Htr2c, Grin2a, Grin2b, Grin2c, Grm2) between HD
and LD rats. Neither there were differences in HIP and AMY, regarding the assessed

genes, between the HD and LD rats.

In summary, the results have allowed us to characterize compulsive HD rats, as
selected by means of SIP, at different leves: behavioral, psychopharmachological and ge-
netic. Concerning the behavioral characterization, HD rats presented other forms of com-
pulsive behavior, resistance to memory extinction, memory impairments and cognitive
inflexibility if we compare to LD rats. This behavioral profile could be modulating the
development and maintenance of compulsivity. Regarding the psychopharmachological
characterization, the implication of the glutamatergic signal in the modulation of HD rats’
compulsive behavior in SIP have been proved by a dose-dependent reduction in the water

intake after the administration of MEM and LAM. No significant effects were found after
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the administration of NAC. On the other hand, the genetic characterization evidenced that
HD rats presented a downregulated expression of serotonergic, glutamatergic and neuro-
plasticity-related genes in the FC, suggesting that Htr2a, Grinl and Bdnf genes could
constitute vulnerability biomarkers of compulsivity. In conclusion, the present thesis
characterized the compulsive phenotype of HD rats through neurobehavioral impairments
regarding comorbid disorders with OCD, as well as throuh downregulated genes in FC.
Moreover, data pointed to a potential therapeutic role of glutamate-modulators in com-
pulsivity. These results might help to better characterize the compulsive phenotype to

improve the detection and treatment of OCRDs.
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Resumen

La compulsividad se caracteriza por comportamientos persistentes, inflexibles y ex-
cesivos gue tienen como objetivo evitar consecuencias adversas y que dependen de reglas
rigidas. Es el sintoma principal del trastorno obsesivo-compulsivo (TOC), que afecta al
2-3 % de la poblacion, considerado un trastorno cronico e incapacitante. Ademas, el com-
portamiento compulsivo se observa en varios trastornos neuropsiquiatricos como la an-
siedad, la depresidn, la fobia especifica y la esquizofrenia. Por lo tanto, se ha considerado
un rasgo transdiagnostico que debe estudiarse siguiendo un enfoque dimensional, como
indican los Criterios de Dominio de Investigacion del Instituto Nacional de Salud Mental
de Estados Unidos (NIMH RDoC, por sus siglas en inglés) y la Hoja de Ruta para la
Investigacion en Salud Mental en Europa (ROAMER, por sus siglas en inglés). Estos
nuevos criterios diagnodsticos han resultado en una reclasificacion por parte del DSM-5
(Asociacion Americana de Psiquiatria, 2013) y el CIE-11 (Organizacién Mundial de la
Salud, 2018), que ahora clasifican el TOC como el trastorno central de los Ilamados Tras-
tornos Obsesivo-Compulsivos y Relacionados (OCRD, por sus siglas en inglés). Investi-
gaciones futuras podrian ayudar a comprender las alteraciones neuroconductuales rela-

cionadas con la compulsividad y sus implicaciones en los diferentes trastornos.

La compulsividad no es un fenémeno unitario, por lo que la heterogeneidad de los
sintomas compulsivos puede contribuir a que la eficacia del tratamiento sea muy variable.
Se ha observado que aproximadamente un 40 % de los pacientes no responden con éxito
a los tratamientos psicofarmacoldgicos clasicos, que se basan principalmente en los inhi-
bidores selectivos de la recaptacion de serotonina (ISRS). Sin embargo, estudios clinicos
muestran que la modulacion de la sefial glutamatérgica, mediante psicofarmacoterapia,
puede ser beneficiosa para la mejora del control inhibitorio. En este sentido, un metaana-
lisis sobre estudios genéticos en poblaciones clinicas, sefiald que distintos polimorfismos
genéticos de los receptores 5-HT2A de la serotonina y mGlu2 del glutamato se asocian

con una mayor vulnerabilidad al desarrollo de TOC. Por lo tanto, un posible objetivo
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farmacoldgico para modular la compulsividad en los OCRD seria el heterodimero que

forman el receptor de serotonina 5-HT2A y el receptor de glutamato mGlu2.

La presente tesis doctoral investiga las bases neuroconductuales de la compulsivi-
dad a través de un fenotipo compulsivo de ratas seleccionadas mediante Polidipsia Indu-
cida por Programa (SIP, por sus siglas en inglés). La SIP induce a las ratas a beber de
manera excesiva y persistente, a través de un programa de refuerzo intermitente durante
20 sesiones, permitiendo la seleccidn de ratas compulsivas altas bebedoras (HD, por sus
siglas en inglés) y ratas no compulsivas bajas bebedoras (LD, por sus siglas en inglés) en
funcion de su adquisicién en la SIP. Los principales objetivos de la tesis doctoral son: (1)
caracterizar el fenotipo compulsivo seleccionado a través de SIP, mediante la identifica-
cion de conductas alteradas y procesos cognitivos ligados a trastornos comorbidos con
TOC en ratas HD; (2) reducir el comportamiento compulsivo en la SIP mediante la ad-
ministracion de diferentes moduladores del glutamato; (3) identificar nuevos biomarca-
dores genéticos en ratas HD.

Con el fin de alcanzar los objetivos expuestos, se han disefiado tres conjuntos ex-
perimentales: estudio conductual, farmacoldgico y genético. EI primero se ha propuesto
para lograr el Objetivo 1 e incluye dos experimentos: el Experimento 1A que evalda el
comportamiento compulsivo en el fenotipo compulsivo de ratas, seleccionadas a través
de SIP, mediante el Test de Enterramiento de Canicas (MBT, por sus siglas en ingles), el
comportamiento depresivo mediante el Test de Natacion Forzada (FST, por sus siglas en
inglés), el comportamiento ansioso mediante la prueba del Laberinto Elevado en Cruz
(EPM, por sus siglas en inglés) y la conducta de miedo mediante la Prueba de Condicio-
namiento del Miedo (FCT). EI Experimento 1B trata sobre el procesamiento cognitivo
(procesamiento de estimulos, memoria de referencia y de trabajo, y flexibilidad cognitiva)
en el fenotipo compulsivo de ratas, seleccionadas a través de SIP, mediante la prueba de
Reconocimiento de Objeto Novedoso (NOR, por sus siglas inglés), el Laberinto Radial
de 8 Brazos (RAM, por sus siglas inglés), el laberinto acuatico de Morris (MWM, por sus
siglas inglés) y el MWM en condiciones inversas. El segundo conjunto experimental se
ha disefiado para alcanzar el Objetivo 2: explorar el potencial terapéutico de diferentes
moduladores del glutamato en la reduccion del comportamiento compulsivo. Con este
propésito, se evaluaron los efectos sobre la SIP de la administracion aguda de N-Acetil-

cisteina (NAC), un inhibidor de la liberacidén presinaptica de glutamato; memantina
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(MEM), un antagonista no competitivo del receptor N-Metil-D-Aspartato (NMDA); y
lamotrigina (LAM), un inhibidor de la liberacion de aminoacidos excitatorios como el
glutamato. Por altimo, el tercer conjunto experimental se propuso para cumplimentar el
Objetivo 3. El Experimento 3 analiza la expresion de genes serotonérgicos, glutamatérgi-
cos y relacionados con la neuroplasticidad en ratas HD compulsivas en comparacion con
ratas LD no compulsivas, seleccionadas mediante SIP. Se analiz6 la expresion de los ge-
nes Htr2a y Htr2c; Grinl, Grin2a, Grin2b, Grin2c y Grm2; y Bdnf en la corteza frontal
(FC, por sus siglas en inglés), el hipocampo (HIP, por sus siglas en inglés) y la amigdala
(AMY, por sus siglas en inglés) en ratas HD y LD mediante la reaccién en cadena de la

polimerasa cuantitativa con transcripcion inversa (RT-qPCR, por sus siglas en inglés).

Los resultados del primer conjunto experimental muestran que, en el Experi-
mento 1A, las ratas HD presentaron un aumento del comportamiento compulsivo, al en-
contrarse un mayor numero de canicas parcialmente enterradas en el MBT, y una mayor
resistencia a la extincion, relacionada con un mayor porcentaje de inmovilidad durante el
dia de supersion del estimulo incondicionado (extincion) del FCT. En comparacién con
las ratas LD, las ratas HD no mostraron diferencias en el comportamiento ansioso en el
EPM, ni en el comportamiento depresivo en el FST. Tampoco lo hicieron en el Experi-
mento 1B en el procesamiento de estimulos en el NOR, pero si presentaron un déficit en
la memoria de referencia y de trabajo, medido mediante un mayor nimero de errores
cometidos en el RAM. Ademas, aunque las ratas HD no mostraron ningun deterioro en el
aprendizaje en el MWM, si mostraron inflexibilidad cognitiva, cuantificada por una ma-
yor latencia para llegar a la plataforma durante el reversal MWM, en comparacion con
las ratas LD. En el segundo conjunto experimental, las administraciones agudas de
MEM y LAM redujeron el consumo compulsivo de agua durante la SIP de forma dosis
dependiente en las ratas HD, sin ningun efecto en las ratas LD. Ademas, con la dosis mas
alta de LAM, las diferencias entre ambas poblaciones desaparecen. La administracion de
NAC no produjo ningan efecto significativo en la SIP en ninguna de las poblaciones de
ratas. Por ultimo, en el tercer conjunto experimental las ratas HD presentaron una re-
gulacion a la baja de la expresion de los genes Htr2a, Grinl y Bdnf en el FC en compa-
racion con las ratas LD. Se observo una correlacion negativa significativa entre la ingesta
de agua y la expresion de los genes Htr2a, Grinl y Bdnf en la FC. No se encontraron

diferencias en los otros genes analizados (Htr2c, Grin2a, Grin2b, Grin2c, Grm2) entre
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las ratas HD y LD. Tampoco se hallaron diferencias en el HIP y la AMY a partir de los

genes analizados entre las ratas HD y LD seleccionadas mediante SIP.

En resumen, los resultados de la presente Tesis Doctoral han caracterizado a las
ratas HD compulsivas seleccionadas a traveés SIP a nivel conductual, psicofarmacoldgico
y genético. En la caracterizacion conductual, se han encontrado otras formas de compor-
tamiento compulsivo, resistencia a la extincion de la memoria, déficits de memoria e in-
flexibilidad cognitiva en comparacion con las ratas LD. Este perfil cognitivo podria con-
tribuir al desarrollo y mantenimiento de la compulsividad. En cuanto a la caracterizacion
psicofarmacologica, la implicacion de la sefial glutamatérgica en la modulacion de la
compulsividad en las ratas HD en SIP se ha evidenciado por la reduccion en la ingesta de
agua tras la administracion de MEM y LAM, a pesar de no observarse diferencias signi-
ficativas tras la administracion de NAC. Por otro lado, la caracterizacidén genética ha
puesto de manifiesto que las ratas HD presentan una expresion regulada a la baja de genes
serotonérgicos, glutamatérgicos y relacionados con la neuroplasticidad en el FC. Esto su-
giere que los genes Htr2a, Grinl y Bdnf podrian constituir biomarcadores de vulnerabi-
lidad para el desarrollo de compulsividad. En conclusion, la presente tesis ha caracteri-
zado el fenotipo compulsivo de las ratas HD a trevés de conductas alteradas y procesos
cognitivos ligados a trastornos comdrbidos con TOC, asi como de genes regulados a la
baja en el FC. Ademas, los datos de la misma sugirieren un posible papel terapéutico de
los moduladores del glutamato en la compulsividad. Estos resultados podrian ayudar a
caracterizar mejor el fenotipo compulsivo, para mejorar la deteccién y el tratamiento de
los OCRD.
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Chapter 1. Introduction

1.1. COMPULSIVITY IN MENTAL HEALTH

Compulsive symptoms, such as obsessive thoughts and repetitive behaviors, are
present in different psychopathological disorders, such as obsessive-compulsive disorder
(OCD), schizophrenia, addiction, hoarding disorder and body dysmorphic disorder
(Brock & Hany, 2023). OCD, one of the most characteristic disorders regarding compul-
sive symptomatology, have a significant impact on individuals worldwide with a preva-
lence of approximately 2-3 % of the global population, with a similar rate in Spain (Canals
et al., 2012; Hirschtritt et al., 2017; “WHO | World Health Organization,” 2018). Com-
pulsive symptoms can have a profound impact on individual’s mental health and quality
of life, individuals tend to avoid uncomfortable situations and to reduce social interactions
(Brock & Hany, 2023). Hence, the burden of compulsive symptoms extends beyond the
affected individuals, as it can also impact their families, relationships, and daily function-
ing. Despite advancements in understanding and treating compulsive symptoms, further
efforts are needed to raise awareness, reduce stigma, and provide effective interventions
to those struggling with these conditions in both global and Spanish contexts. Thus, com-
pulsive symptoms are a global public health concern, posing a considerable burden on
healthcare systems and society.

One important issue is that compulsivity is present in different psychopathological
disorders. First, according to In the Diagnostic and Statistical Manual of Mental Disorders
(5th ed.), the obsessive-compulsive and related disorders family state that the course of
OCD is often complicated by the co-occurrence of other disorders, including anxiety,
specific phobia, depression, bipolar disorder, schizophrenia, and eating disorders as com-
mon comorbid pathologies (American Psychiatric Association, 2013b). In addition, clin-
ical studies show that 90 % of OCD cases meet the criteria for another lifetime disorder.

Table 1 summarizes the most common comorbid disorders: anxiety disorders (75.8 %),
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Chapter 1

followed by mood disorders (63.3 %), impulse-control disorders (55.9 %), and substance
use disorders (38.6 %) (Ruscio et al., 2010).

Disorder Percentage

Anxiety disorders: including panic disorder, agoraphobia, specific pho-
bia, social phobia, generalized anxiety disorder, post-traumatic stress 75.8 %
disorder, and separation anxiety disorder.

Mood disorder: including major depressive disorder, dysthymic disor-

[0)
der, and bipolar disorder. 63.3 %

Impulse-control disorder: including oppositional-defiant disorder,
conduct disorder, attention-deficit/ hyperactivity disorder, and intermit- 55.9 %
tent explosive disorder.

Substance use disorder: including alcohol abuse/ dependance, alcohol

38.6 %
dependance, drugs abuse/ dependance, and drug dependence.

Any disorder 90 %

Table 1. Percentage of obsessive-compulsive disorders with comorbidity, adapted from
Ruscio et al. 2010

Moreover, recent strategies to study mental health based on the dimension of altered
behavior, such as The Research Domain Criteria (NIMH » Research Domain Criteria
(RDoC), n.d.), have proposed compulsivity as a transdiagnostic trait, which poses chal-
lenges for conventional diagnostic systems, prevention, and treatment (Den Ouden et al.,
2022). As a result of findings from neuroscience research (Fineberg et al., 2018), the
DSM-5 (American Psychiatric Association, 2013a) and ICD-11(“WHO | World Health
Organization,” 2018) have reclassified OCD as the head of a new group of disorders
called Obsessive-Compulsive and Related Disorders (OCRDSs), which also includes body
dysmorphic, hoarding, hair-pulling, skin picking, olfactory reference disorders, and hy-
pochondriasis, all characterized by compulsive behavior (Fineberg et al., 2020). There-
fore, more research is needed to understand behavioral alterations associated with com-

pulsivity and its impact in different disorders.

According to these statements above, the introduction of the present thesis will re-

view the behavioral, psychopharmacological and genetic aspects regarding the clinical
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and preclinical studies in compulsive spectrum disorders, building a bridge between clin-

ical and preclinical data.
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Chapter 1

1.2. DECONSTRUCTING COMPULSIVE BEHAVIORS

This section reviews the concept of compulsivity regarding the different constructs
implicated in its formation and maintenance, and focuses on the preclinical and clinical

evidence supporting the theory.

1.2.1. Compulsive behaviors: Clinical and preclinical evidence

A growing body of evidence indicates that different cognitive mechanisms mediate
compulsive behaviors in a wide range of disorders [reviewed in (Fineberg et al., 2014)].
The proposed theories included impaired behavioral inhibition, both in terms of motor
and cognitive impulsivity, cognitive inflexibility, and an overemphasis on habit formation
at the expense of goal-directed behavior. Additionally, anxiety and stress may exacerbate

these mechanisms, as Figure 1 illustrates (Robbins et al., 2019).

Failure in top-down control:
cognitive inflexibility

Imbalance in habit and
goal-directed system

Emotional vulnerability
. | (typically anxiety and depression)

Checking Symmetry

Washing Hoarding
o
@
=l

Figure 1. Different constructs resulting in obsessive- compulsive disorders develop-
ment (From Robbins et al., 2019)

Impulsive behavior, in the context of behavioral inhibition, refers to acting prem-
aturely without considering consequences. This can manifest in two forms: motor impul-
sivity, which involves excessive behavior, and cognitive impulsivity, which involves
making choices for immediate rewards over delayed larger rewards. Research indicates
an increased motor impulsivity, typically measured using the Stop-Signal Task, in OCD
patients (Boisseau et al., 2012; Chamberlain et al., 2006; Morein-Zamir et al., 2010; Sohn
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et al., 2014). According to several clinical studies, cognitive impulsivity, typically meas-
ured using the Delay-Discounting Task (DDT), is increased in OCD patients comparing
to healthy controls (Benatti et al., 2013; Grassi et al., 2018, 2020; Pinto et al., 2014; Sohn
etal., 2014).

Cognitive flexibility refers to the ability to adapt to changes and involves switching
between different conceptual representations, particularly in response to alterations in
rules and feedback from the environment (Chamberlain et al., 2021). Moreover, recent
research suggests that decision-making is also a fundamental construct of OCD (Grassi
et al., 2015, 2018, 2020). The impaired ability to execute cognitive flexibility and deci-
sion-making tasks in individuals with compulsive behavior may indicate an abnormal
processing of the consequences of learning. Therefore, the processing of rewards during
compulsions or after avoiding undesired consequences may also play a crucial role in
maintaining compulsive behavior. Those with OCDRs may engage in repetitive and in-
flexible behaviors due to the rewarding effect of performing their compulsions flawlessly
or reducing the distress induced by obsessions (Denys, 2011). Compulsive behaviors are
driven by rewards (Ferreira et al., 2017) and can be seen as addictive behaviors that arise
from faulty processing of natural rewards (Figee et al., 2011). The intradimensional-ex-
tradimensional shift tasks evaluate various components of flexibility, such as inhibition,
reversal learning, set formation, and the ability to shift attention between stimuli (Fine-
berg et al., 2018). Impairments in cognitive flexibility have been observed in individuals
with OCD and their unaffected relatives (Chamberlain et al., 2006, 2021; Fineberg et al.,
2018), as well as in patients with other disorders on the obsessive-compulsive spectrum,
including obsessive-compulsive personality disorder and schizophrenia with comorbid
OCD (Patel et al., 2010; Vaghi et al., 2017). Referring to decision making, the lowa Gam-
bling Task is the most commonly used tool to assess this ability (Bechara et al., 1994).
Individuals with OCD tend to make risky decisions, preferring options that offer high
initial rewards but ultimately result in unfavorable outcomes (Cavedini et al., 2002, 2012,
da Rocha et al., 2011; Grassi et al., 2015, 2018, 2020; Kodaira et al., 2012). Moreover, a
dysfunctional reward circuit has been suggested in patients with OCD and gambling dis-
orders (Grassi et al., 2020).

Finally, alterations in motivation and emotion seem to be involved in compulsive

spectrum disorders. Social defeat and subordination may contribute to the development
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of emotional disorders such as depression (Gardner & Wilson, 2004). Avoidance behav-
ior is a common pattern associated with disorders exhibiting compulsive symptoms, such
as post-traumatic stress disorder, avoidant personality disorder, anxiety disorders, alcohol
use disorder, and avoidant/restrictive food intake disorder (American Psychiatric Associ-
ation, 2013a). Studies suggest that OCD patients exhibit impaired goal-directed behavior
and maladaptive habit learning, as well as altered processing of motivational incentives
and rewards (Gillan & Robbins, 2014; Jung et al., 2011). Furthemore, disrupted affective
processing of feedback from social and environmental contexts is associated with OCD
symptoms, and social deficits are common in these populations (Baribeau et al., 2019;
O’Kearney, 2007). Harm avoidance is also a significant motivational factor underlying
compulsive behavior in OCD (Bejerot et al., 1998). Moreover, individuals with a behav-
ioral compulsive pattern in OCD and addiction disorders may exhibit higher experiential
avoidance due to the distress caused by the situation (Den Ouden et al., 2022; Gillan et
al., 2020).

1.2.2. A preclinical model to study compulsivity

In the Laboratory of Neuroscience at the University of Almeria we work with
Schedule-induced polydipsia (SIP), a preclinical model for the study of compulsivity that
meets the validity criteria for studying the compulsive phenotype and modeling different
psychopathologies related to compulsive spectrum disorders, such as OCD, schizophrenia
and alcohol abuse [for a review (Martin-Gonzéalez et al., 2022; Moreno & Flores, 2012;
Moreno-Montoya et al., 2022)]. SIP fulfills the following criteria: 1) Face validity, SIP
induces persistent and excessive drinking behavior that is not driven by physiological
needs but rather situational distress created by intermittent reinforcement (Falk, 1961;
Falk, 1971). These behavioral characteristics are similar to those observed in compulsive
behavior according to DSM-V criteria. A similar behavior, psychogenic polydipsia, is
also present in 6-20 % of patients with schizophrenia and compulsive spectrum disorders
(de Leon et al., 1994; Iftene et al., 2013). 2) Construct validity, the neurobiological basis
of SIP behavior is related to compulsivity involving areas such as the prefrontal cortex,
hippocampus, and nucleus accumbens (Mittleman et al., 1990, 1992; Robbins & Koob,
1980). The neuroendocrine function of the hypothalamus-pituitary-adrenal (HPA) axis

also plays an important role in SIP behavior (Brett & Levine, 1979; Mittleman et al.,

20 Introduction



Chapter 1

1992). There is a strong neurochemical basis for SIP involving serotonin, 5-HT receptors,
and dopamine signaling (Cardona et al., 2006; Mittleman et al., 1990; Mora et al., 2018;
Moreno et al., 2010; Robbins & Koob, 1980). 3) Predictive validity, has been demon-
strated by the reduction of compulsive drinking in SIP, without affecting regulatory drink-
ing, using drugs used to treat OCD symptomatology, such as antipsychotics and selective
serotonin reuptake inhibitors (SSRIs) (Didriksen et al., 1993; Mittleman et al., 1994; Platt
et al., 2008; Woods-Kettelberger et al., 1997). 4) Reliability, where the compulsive be-
havior in SIP is easily measurable, stable in all individuals, and reproducible in any la-
boratory under specific conditions. The reliability of the model allows for comparisons
and progress in research on this behavior. These criteria have been extensively reviewed
(Martin-Gonzélez et al., 2022; Moreno & Flores, 2012; Moreno-Montoya et al., 2022).

Figure 2. Representation of the Schedule-induced polydipsia procedure, illustrating the
disposition of the Skinner box, the dispensation of the pellet each 60-second and the rat
behaviors measured during the process

SIP was discovered by John Falk in 1961. Falk conducted a study on fluid regula-
tion in rats subjected to intermittent food reinforcement schedules while having access to
a bottle of water during the experimental session as illustrated in Figure 2 (Falk, 1961).
The rats were rewarded for lever presses, and Falk observed that they consumed a signif-
icant amount of water, sometimes up to half their body weight (Falk, 1966). It is worth
mentioning that the drinking behavior observed was not for regulatory purposes, as the
rats were not water-deprived. Thus, SIP is characterized by the development of an ad-
junctive behavior of repetitive drinking in food-deprived animals, which are exposed to

intermittent food-reinforcement schedules.
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Nevertheless, not all animals develop adjunctive behavior on SIP, individual differ-
ences in drinking behavior have been observed after 15-20 SIP sessions (Moreno & Flo-
res, 2012). In our laboratory, we assess compulsivity-related individual differences by
categorizing rats into two groups based on their drinking behavior: low drinkers (LD) vs.
high drinkers (HD). The categorization is based on whether their drinking rates (averaged
for each rat on the last 5 SIP sessions) fall below or above the group median, respectively.
The differences in drinking behavior between LD and HD are not due to regulatory water
consumption, as there is no difference in water intake between the two groups in their
home cages during a 24-hour period or after 23 hours of water deprivation followed by a
one-hour access to water (Flores et al., 2014).

In the Laboratory of Neuroscience, we have found consistent differences between

these two populations in different constructs related to compulsive behavior:

1. Motor impulsivity measured by premature responses on the sustained attentional 5-
Choice Serial Reaction Time Task (5-CSRTT) (Moreno et al., 2010, 2012);

2. Cognitive impulsivity in the DDT and Variable Delay to Signal Task (VDS), ex-
pressed by impulsive choices and premature responses (Cardona et al., 2006, 2011,
Martin-Gonzélez et al., 2023; Moreno et al., 2010);

3. Cognitive inflexibility evidenced by an increase in the trials to criterion, number of
perseverative responses, or errors in different versions of the Reversal Learning Task
(RLT) (Martin-Gonzalez et al., 2023.; Merchéan et al., 2019; Navarro et al., 2015).
Indeed, this behavioral inflexibility has also been evidenced by resistant to extinction
behavior in HD rats, characterized by an increased compulsivity assessed by persev-
erative responses under an extinction condition on the 5-CSRTT (Moreno et al., 2012)
and insensitivity to outcome devaluation during extinction under selective satiation
(Merchén et al., 2019).

4. Decision making showed by increased perseverative responses during the punishment
period on Rodent Gambling Task (rGT) (Martin-Gonzélez et al., 2023). 5) Resistant
emotional memory on Passive Avoidance Task (PA), expressed by a sustained higher
latency to enter the dark compartment at the last extinction session (Martin-Gonzalez
etal., 2022).
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In Table 2, we summarized the most relevant data to characterize the profile of HD

compulsive rats.

Behavioral
Task Result Reference
Construct
Motor impulsivity ~ 5-CSRTT  Premature responses Moreno et al. 2010
Cognitive DDTand Impulsive choices and Cardon,a etal. 2,006’ 201L;
. .. Martin-Gonzalez et al.
impulsivity VDS premature responses
2023
. Martin-Gonzélez et al.
Increased number of tri-
Behavioral RLT, als to criterion and in 2023;
inflexibilit PRLT and creased number of per- Merchan et al. 2019;
y 5-CSRTT severative responses P Moreno et al., 2012;
P Navarro et al. 2015.
Perseverative responses . ,
.. . . . Martin-Gonzal l.
Decision making rGT during the punishment art GZOOZZ; czeta
period
Resistance to . , ]
. Higher latency to enter  Martin-Gonzalez et al.,
emotional memory PA

N the dark compartment 2022
extinction

Table 2. Data of behavioral alterations of compulsive behavioral constructs in HD rats
selected by SIP (5-CSRTT: 5-Choice Serial Reaction Time Task; DDT: Delay-Discount-
ing Task; VDS: Variable Delay to Signal Task; RLT: Reversal Learning Task; PRLT:
Probabilistic Reversal Learning Task; rGT: Rodent Gambling Task; PA: Passive Avoid-
ance Task)

Moreover, HD rats have shown selective attentional deficits in an animal model of
schizophrenia, by reduced latent inhibition in the preexposed condition to an stimuli,
compared to low drinker LD rats (Navarro et al., 2017), and social dominance impairment
on the Social Dominance Tube Test (Martin-Gonzélez et al., 2022).

Despite these studies, there are few experimental approaches in animals that have
characterized the comorbidity with other altered pathological behaviors in preclinical
models of compulsivity. Previously, no differences were found in anxiety-like behavior

measured by EPM in compulsive HD rats (L6pez-Grancha et al., 2008). Besides, there is
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little research in the study of cognitive processing, such as stimuli processing, memory

and cognitive flexibility in aversive contexts in preclinical models of compulsive behav-

ior. Thus, the present thesis proposes a behavioral characterization focusing on the meas-

urement of different comorbid disorders to OCD and the assessment of cognitive pro-

cessing in a preclinical model of compulsivity.

Acute efficacy

Long-term
efficacy

Relapse pre-
vention

Enhances psy-
chological
treatment

After
non-response

SSRI

Citalopram
Fluoxetine
Fluvoxamine
Paroxetine
Sertraline
Escitalopram

Fluvoxamine
Sertraline

Fluvoxamine
Paroxetine
Sertraline

Escitalopram

Fluvoxamine

TCAs

Clomipramine
Imipramine

Clomipramine

Clomipramine

Benzo-
) ) Others
diazepines

Clonazepam

Add
haloperidol,
risperidone,
quetiapine,

olanzapine or
aripiprazole
to SSRI

Table 3. The classical psychopharmacology for compulsive spectrum disorders (Fine-
berg & Gale, 2005; SSRI: selective serotonin reuptake inhibitors; TCAs: tricyclic antide-

pressants)

24

Introduction



Chapter 1

1.3. PSYCHOPHARMACOLOGY FOR COMPULSIVE BEHAVIORS

This section offers an overview of the classical treatments for compulsive disorders
and focuses on the preclinical and clinical evidence to explain that glutamatergic drugs

could be a promising potential benefit in compulsive disorders.

1.3.1. Classical treatments for compulsivity

The clinical psychopharmacology to treat compulsivity in different disorders is fo-
cused on selective serotonin reuptake inhibitors (SSRIs) (Nezgovorova et al., 2022), such
as fluvoxamine, fluoxetine, sertraline, paroxetine and citalopram (Fineberg & Gale,
2005). Moreover, neuroleptics, particularly haloperidol, risperidone, and aripiprazole, are
also used as an augmentation of stable SRI treatment when symptom response is incom-
plete (Thamby & Jaisoorya, 2019). Table 3 presents the classical psychopharmacology in
the treatment of OCD.

Nevertheless, up to 40-60 % of OCD patients do not respond successfully to these
treatments (Pallanti et al., 2002). Novel treatments based on glutamate-modulating drugs

have been proposed as a potential treatment for OCD (Marinova et al., 2017a).

1.3.2. New treatments for compulsivity: Preclinical and clinical evidence on gluta-

mate modulation

Clinical studies suggest that glutamate-modulating drugs seem to have a beneficial
effect in reducing compulsive symptoms in humans (Marinova et al., 2017a) maybe be-
cause of its fundamental role in neuronal plasticity, learning, and memory (Javitt et al.,
2011). Glutamate, the major excitatory neurotransmitter in the brain, is highly implicated
in the cortico-striatal-thalamic circuit (Ting & Feng, 2011), the proposed neuroanatomi-
cal basis in compulsive deficit (Fineberg et al., 2010; Menzies et al., 2008) which present
a rich glutamatergic receptor density (Monaghan et al., 1985). A dysregulation of glu-
tamatergic signaling in the corticostriatal circuitry has been suggested in OCD, with re-
duced glutamatergic concentrations in the anterior cingulate cortex, as well as overactiv-
ity of glutamatergic signaling in the striatum and orbitofrontal cortex (Milad & Rauch,
2012; Pittenger et al., 2011; Ting & Feng, 2011). Moreover, glutamatergic genes have
been implicated in the risk for OCD (Pauls et al., 2014). Clinical studies using a meta-

analysis revealed that memantine (MEM), a glutamatergic modulator currently employed
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in the treatment of Alzheimer disease, had positive effects in OCD patients (Modarresi et
al., 2019). Additionally, glutamatergic anticonvulsant drugs like lamotrigine (LAM) and
topiramate, and riluzole, may also provide therapeutic benefits in OCD (Marinova et al.,
2017a). In the following paragraphs, we will try to disentangle the clinical and preclinical

evidence using glutamatergic drugs in compulsivity.

The N-Acetylcysteine (NAC), glutathione precursor and a cell-permeable antioxi-
dant, decrease the synaptic glutamate release (Moran et al., 2005). In clinical studies,
NAC treatment has been shown to be effective in SRI-resistant OCD patients (Lafleur et
al., 2006). Chronic treatment of NAC in OCD patients, 10-12 weeks, reduced the Yale-
Brown Obsessive-Compulsive Scale [Y-BOCS; (Afshar et al., 2012; Paydary et al.,
2016)]. Moreover, it has also shown to improve symptomatology in other psychiatric syn-
dromes, including depression, bipolar disorder, suicidality, and self-injurious behavior
(Niciu et al., 2014, Pittenger et al., 2005; Price et al., 2009). In a preclinical study, using
an acute administration of 100 mg/kg of NAC reduced ethanol self-administration and

ethanol-seeking behavior (Lebourgeois et al., 2017).

MEM, an uncompetitive N-Methyl-D-aspartate (NMDA) receptor antagonist (Reis-
berg et al., 2003) has also shown a beneficial effect in compulsivity. MEM reduces glu-
tamate release through inhibition of voltage-dependent calcium channel and protein ki-
nase C (Lu etal., 2010). In OCD patients, MEM reduced the Y-BOCS scores after chronic
treatment with MEM (Ghaleiha et al., 2013; Haghighi et al., 2013). Preclinical studies
showed that acute administration of 25 mg/kg MEM suppressed ethanol self-administra-
tion in non-dependent rats and decreased by half the one of post-dependent rats during
acute withdrawal (Alaux-Cantin et al., 2015). Besides, the administration of MEM (10
mg/kg) and amantadine, another uncompetitive NMDA receptor antagonists (30 mg/kg),
significantly inhibited compulsive marble burying in mice (Egashira et al., 2008) More-
over, the combination of MEM and fluoxetine reduced scratching behavior, considered

as an effective model for studying compulsive behavior (Wald et al., 2009).

LAM has an antiepileptic activity due to the inhibition of the voltage-sensitive neu-
ronal membrane sodium channels, the inhibition of the excitatory amino acids release
such as glutamate and aspartate, and the blockade of the calcium-channel (Cheung et al.,
1992; Cunningham & Jones, 2000; Prabhavalkar et al., 2015; Xie et al., 1995). A clinical
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study with chronic treatment with LAM evidenced a decrease in Y-BOCS scores in OCD
patients, in addition to the Hamilton Rating Scale for Depression scores, the Clinical
Global Impression-Improvement scores and the obsession and compulsion subscales
(Bruno et al., 2012; Khalkhali et al., 2016). Besides, preclinical research showed that 15
and 30 mg/kg acute treatment of LAM significantly reduced immobility in the Forced
Swimming Test (FST) (Li et al., 2010). However, there is insufficient preclinical research
on the therapeutic role of these glutamate release modulators on reducing compulsive

behaviors.

Thus, the preclinical studies might be an approach to study the neurobehavioral
mechanisms associated with compulsive disorders and its possible treatments. However,
there are no studies that have previously used the compulsive model of SIP for research-
ing the glutamatergic psychopharmacology in the compulsive phenotype (Moreno & Flo-
res, 2012; Platt et al., 2008; Rodriguez et al., 2017). Previous studies on SIP, revealed the
efficacy of antipsychotic (haloperidol, clozapine, and pimozide) and SRI (fluoxetine)
drugs in reducing compulsive water intake on SIP (Didriksen et al., 1993; Dwyer et al.,
2010; Hogg & Dalvi, 2004; Mittleman et al., 1994; Snodgrass & Allen, 1989). In the
compulsive phenotype of HD rats selected by SIP, citalopram and the serotonin 5-
HT2A/C receptor agonist DOI reduced compulsive drinking (Navarro et al., 2015). More-
over, a recent study has revealed that HD rats showed cortical reduced serotonin 5-HT2A
receptor binding and increased serotonin and reduced glutamate efflux compared to LD
rats (Mora et al., 2018). In Table 4 we summarized the most relevant data to describe the

data obtained in our compulsive model.

To summarize, recent research points towards the need for new psychopharmaco-
logical targets in the treatment of compulsivity, and glutamate-modulating drugs seem to
be a new possible candidate as it has beneficial effect in reducing compulsive symptoms
in humans (Marinova et al., 2017). Moreover, previous data support the hypothesis of a
dysregulation in glutamate levels on the SIP compulsive phenotype: 1) Dysregulation in
5-HT2A and glutamatergic neurochemical signal, as HD rats showed increased serotonin
and decreased glutamate efflux in basal conditions (Mora et al., 2018). 2) Increased glu-
tamate tone found in HD blood samples (Abreu et al., 2022). 3) Reduced binding levels
of 5-HT2A receptors in FC and BLA (Mora et al., 2018, 2020) that might also indicate a

reduction in the glutamatergic metabotropic receptor 2, as the 5-HT2A receptor can form
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a heterocomplex with the metabotropic glutamate receptor type Il (mGlu2) (Gonzalez-
Maeso et al., 2008). Also, in a GWAS meta-analysis, OCD vulnerability was associated
with genetic polymorphism expression of glutamate and serotonin receptors (Taylor,
2013). This might result in additional regulatory effects on the excitation of pyramidal
cells (Delille et al., 2013). Previous in vivo preclinical investigations have found that the
5-HT2A and mGlu2 receptors are linked to differences in impulsive behavior (Fink et al.
2015; Fomsgaard et al. 2018; Klein et al. 2014). Based on this, we may hypothesize that
dysregulations in prefrontal 5-HT2A receptor signaling among compulsive and vulnera-
ble individuals are related to variations in mGlu2 receptor and glutamate signaling. Thus,
the present doctoral thesis proposes a pharmacological study to assess the effect of dif-

ferent glutamate-modulators in an animal model of compulsive behavior.

5-HT2A hallmark Neuroplasticity changes

SSRI and DOI systemic administration re-
duced compulsive drinking on SIP (Na-
varro et al., 2015).

DOI administration into mPFC reduced

Reduced myelination in corpus callosum,
striatum, and BLA (Navarro et al., 2017).

compulsive drinking through restoration of
glutamatergic tone on SIP (Mora et al.,
2018). Increased glutamate tone in blood
samples (Abreu et al., 2022).

Reduction of 5-HT2A receptor binding in
FC and in BLA (Mora et al., 2018; 2020).

Stereology: Reduced volume of dorsal
Hippocampus and Increased volume of
BLA (Mora et al., 2020).

MRI: Decreased volume in mPFC and In-
creased volume of white matter structures
including Striatum, DG, Amygdala,
(Martin-Gonzélez et al., 2023).

Table 4. Principal data on neuronal mechanism underlying Schedule-induced polydipsia
(SIP) compulsive model (Reviewed in Martin-Gonzalez et al. 2022; SSRI: selective ser-
otonin reuptake inhibitors; mPFC: medial prefrontal cortex; FC: frontal cortex; BLA: ba-
solateral amygdala; MRI: magnetic resonance image).
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1.4. GENE EXPRESSION IN COMPULSIVE BEHAVIORS

Genes do not solely determine our behavior, they can play a significant role in shap-
ing our personality traits, tendencies, and vulnerabilities. Our genetics can influence our
behavior in several ways. Firstly, genes can control the production and functioning of
specific neurotransmitters, such as dopamine and serotonin, which are essential for regu-
lating mood, emotion, and behavior. Besides, genes can affect the structure and function
of the brain circuits, influencing the way we behave and respond to the environment. For
example, some genes may influence the development of specific brain regions, such as
the prefrontal cortex, which is crucial for decision-making, planning, and impulse control.
Moreover, genes interact with environmental factors, such as stress, nutrition, and social
experience, to shape our behavior over time. Hence, genes are an important factor in the

research of the underlying neurobehavioral mechanisms of compulsivity.
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Figure 3. The distribution of genetic-risk variants for OCD in the population, shown in
orange from low to high. The distribution of symptoms for OCD in the population is
shown in blue, while a red dashed line represents the diagnostic threshold. In a case/con-
trol genome-wide association study (GWAS) using a diagnostic framework, individuals
to the left of the threshold (indicated by a purple arrow) would be classified as controls,
while those to the right (indicated by a green arrow) and diagnosed with OCD would be
considered cases. In a quantitative GWAS using a dimensional framework, all individuals
across the spectrum of symptom severity and genetic risk (indicated by a yellow arrow)
would be included, with subthreshold symptoms also being taken into account (Strom et
al., 2021)
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Clinical studies have shown genetic alterations in patients with OCD (Figure 3),
with multiple genes implicated in its etiology (Johnson et al. 2021). Recent clinical ge-
netic studies on OCD have also considered its comorbidity with other disorders. Genome-
wide association studies have elucidated the role of genetic polymorphisms in serotonin
transporter (Sert) and the gene that encode serotonin receptor 2A (Htr2a) in the vulnera-
bility to OCD (Taylor, 2013). Additionally, emerging evidence has implicated variations
in glutamatergic genes, such as the Sapap (DLGAP) family, Slclal, and Grin/Grik fam-
ilies, in dysfunctional glutamate signaling in OCD (Rajendram et al., 2017). Furthermore,
studies have also shown an association between genetic polymorphisms in the Brain De-
rived Neurotrophic Factor (Bdnf) gene and OCD, with lower BDNF serum levels ob-
served in OCD patients (Katerberg et al., 2010; Simsek et al., 2016; Taj M J et al., 2018).

Recent clinical studies focused on the role of genetic factors in variable treatment
responses have examined associations between drug response in OCD patients and can-
didate genes, including genes related to serotonin regulation, Htr2a and Slc6a4 and; glu-
tamate signaling, Slclal and Dlgap2; and neurodevelopment, Bdnf and Ntrk3; in individ-
uals with OCD (Fineberg et al., 2020). Moreover, a study conducted on 4645 OCD pa-
tients found that comorbidity between OCD with another impulse control disorder (atten-
tion deficit hyperactivity disorder) was linked to Htr2c genotypes (Nezgovorova et al.,
2018).

Recent clinical studies focused on the role of genetic factors in variable treatment
responses have examined associations between drug response in OCD patients and can-
didate genes, including genes related to serotonin regulation, Htr2a and Slc6a4 and; glu-
tamate signaling, Slclal and Dlgap2; and neurodevelopment, Bdnf and Ntrk3; in individ-
uals with OCD (Fineberg et al., 2020). Moreover, a study conducted on 4645 OCD pa-
tients found that comorbidity between OCD with another impulse control disorder (atten-
tion deficit hyperactivity disorder) was linked to Htr2c genotypes (Nezgovorova et al.,
2018). These findings suggest that genetic factors contribute to the pathophysiology and
treatment response of OCD, providing valuable insights into the underlying mechanisms
of the disorder. Further research in this area could potentially pave the way for personal-
ized treatment approaches for individuals with OCD based on their genetic profiles, lead-
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ing to more effective interventions and improved patient outcomes. These findings high-
light the complex interplay between genetic factors and OCD, providing valuable insights

into the molecular mechanisms underlying the disorder.

To date there are no studies on the genetic basis of the compulsive phenotype of
HD rats selected by SIP. However, there is evidence that point towards the implication of
the genetic expression of Htr2a, the gene that encode 5-HT2A receptor. The compulsive
HD rats selected by SIP, have shown reduced cortical 5-HT2A binding levels compared
to LD rats (Mora et al., 2018). Indeed, the systemic and prefrontal administration of the
serotonin 5-HT2A/C receptor agonist DOI has been shown to reduce in a dose-dependent
manner compulsive water intake in HD rats on SIP (Mora et al., 2018; Navarro et al.,
2015). Moreover, BDNF might also be implicated, as 5-HT2A receptor agonist DOI has
shown to regulate neuroplasticity agents as BDNF (Malkova et al., 2014). Furthermore,
glutamatergic genes might as well be playing an important role in compulsive behaviors,
as the 5-HT2A receptor can form the heterocomplex with the metabotropic glutamate
mGlu2 receptor, as illustrates Figure 4 (Gonzalez-Maeso et al., 2008). Moreover, in a
meta-analysis of GWAS, OCD vulnerability was associated with genetic polymorphism

expression of glutamate and serotonin receptors (Taylor, 2013).
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Figure 4. Heteromeric assembly of mGlu2 and 5-HT2A. The assembly enhances gluta-
mate-elicited Gi signaling and reduces 5-HT-elicited Gq Signaling (Fribourg et al., 2011).
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Further research in this area has the potential to advance our understanding of OCD
and facilitate the development of personalized treatment strategies for individuals af-
fected by this condition. The present doctoral thesis will explore the possible differences
in the genetic expression of serotonergic genes (Htr2a and Htr2c), glutamatergic genes
(Grinl, Grin2a, Grin2b, Grin2c and Grm2) and the neuroplasticity Bdnf gene in an ani-
mal model of compulsive behavior.
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2.1. APPROACH

2.1.1. Background

As exposed in the previous section (general introduction), clinical data demon-
strated that OCD patients presented a lifetime prevalence of other comorbid disorders:
56.4 % major depression, 34.6 % social phobia, 34.3 % generalized anxiety disorder, 31.4
% specific phobia (Torres et al., 2016), and 15.3 % panic disorder (Torres et al., 2014).

Moreover, meta-analyses identify at least 5 different endophenotypes of OCD due
to the symptomatic heterogeneity of these groups of patients, suggesting that OCD could
be a consequence of dysfunctional circuits regulating: response inhibition, cognitive flex-
ibility, planning (and goal-directed behavior), working memory, and error monitoring
(Robbins et al. 2019). According to the clinical data, OCD patients present behavioral
inflexibility in the Wisconsin Card Sorting Test and persistent skin conductance response
in the extinction phase of the FCT (Benzina et al., 2016; Geller et al., 2017). However,

the assessment of memory deficits in OCD has not been fully explored (Palit et al. 2022).

Regarding pharmacological clinical data, the treatment of compulsivity in OCD pa-
tients has been focused on serotonin reuptake inhibitors (SRIs), such as fluvoxamine,
fluoxetine, sertraline, paroxetine and citalopram (reviewed in Fineberg and Gale, 2005).
However, recent studies point out that up to 40 % of patients do not respond successfully
to SRIs treatment (Marinova et al., 2017). Recent studies suggest that glutamate-modu-
lating drugs seem to have a beneficial effect in reducing compulsive symptoms in humans
(Marinova et al., 2017).

Genome-wide association studies have shown that OCD vulnerability is associated
with genetic polymorphisms in the Sert (serotonin transporter) and Htr2a (Taylor et al.,
2013). Moreover, recent studies have evidence that variations in glutamatergic genes such
as the Slclal, and Grin/Grink families that can lead to dysfunctional glutamate signaling
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in OCD (reviewed in Rajendram et al., 2017). Many studies support that there is an asso-
ciation between Bdnf (Brain Develop Neurotrophic Factor) gene polymorphism and OCD
(Katerberg et al., 2009; Taj M J et al., 2018), reporting a lower BDNF serum level in
OCD patients (Simsek et al., 2016; Wang et al., 2011).

2.1.2. Justification

According to the studies mentioned above and the profile of compulsive phenotype
of HD rats, the present doctoral thesis aimed to further investigate the compulsive model
of SIP in order to better understand the underlying mechanisms of this specific trait by

different approaches: behavioral, pharmacological and genetic.

Thus, first we would further explore the compulsive behavior phenotype of HD rats
selected by SIP, including comorbid behaviors associated with compulsive disorders,
such as compulsive behavior, anxiety, depression and phobia; as well as cognitive pro-
cessing, including stimuli processing, spatial and working memory and cognitive flexi-
bility; that could be altered in the compulsive population. Then we would try new phar-
macological targets related to glutamatergic modulators, such as NAC, MEM and LAM,
that could reduce compulsivity on SIP. Finally, we would investigate the specific altera-
tions in the gene expression that might contribute as underlying mechanisms of this spe-
cific trait, such as serotonergic (Htr2a and Htr2c), glutamatergic (Grinl, Grin2a, Grin2b,
Grin2c and Grm2) and neuroplasticity (Bdnf) genes in the the neuroanatomical areas re-

lated to the cortico-limbic circuit and compulsive drinking on SIP.

In this sense we could better understand compulsive spectrum disorders and try to
contribute to the development of new therapeutic and diagnose targets, such as possible

biomarkers of vulnerability to compulsive spectrum disorders.

34 Approach and objectives



Chapter 2

2.2. OBJECTIVES

According to the evidence in the introduction section and justification, the general

objectives of the present thesis are:

1.

Behavioral characterization of the compulsive phenotype of HD rats selected by
SIP:

1A. To characterize the comorbid disorders for obsessive compulsive spectrum dis-
orders in a compulsive phenotype of rats, such as compulsive behavior, anxiety,
depression and fear.

1B. To assess the cognitive function related with stimuli processing, spatial and work-
ing memory and cognitive flexibility.

Pharmacological study to modulate the glutamatergic signal to reduce the compul-
sive behavior in a compulsive phenotype of rats.
Gene expression analysis to investigate the gene expression of the serotonin, gluta-

mate and neuroplasticity in the brain circuit related to compulsivity.

Therefore, in the present Doctoral Thesis, we selected two populations with differ-

ences in compulsive behavior, high drinkers (HD) and low drinkers (LD) rats by SIP

procedure to addresses the following specific objectives:

1) Behavioral characterization

1.

To explore the possible presence of other altered behaviors considered as comorbid
symptoms for compulsivity, such as depressive, anxiety and fear symptoms, in high
compulsive animals selected by SIP using Marble Burying Test (MBT), Forced
Swimming Test (FST), Elevated Plus Maze (EPM) and Fear Conditioning Test (FCT)
(Experiment 1A).

To examine spatial memory and cognitive flexibility, considered as possibly altered
processes in compulsive populations, in HD and LD rats using Morris Water Maze
(MWM) and Reversed MWM (Experiment 1B).

To evaluate different kinds of memory, including reference and working memory, as

possible altered processes in compulsive rats selected by SIP by Radial Arm Maze
(RAM) (Experiment 1B).
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4. To explore stimulus processing and novelty reaction in HD rats selected by SIP by
Novel Object Recognition Test (NOR) (Experiment 1B).

2) Pharmacological study

5. To assess the therapeutic potential of the inhibition of the presynaptic glutamate re-
lease, by the acute administration of N-Acetylcysteine (NAC), in a compulsive phe-
notype of rats (Experiment 2).

6. To investigate the therapeutic effect of an uncompetitive N-Methyl-D-aspartate
(NMDA) receptor antagonist, by the acute administration of memantine (MEM), in a
compulsive phenotype of rats (Experiment 2).

7. To examine the effect of the inhibition of the glutamate release by the blockage of the

sodium channels, by the acute administration of lamotrigine (LAM), in a compulsive
phenotype of rats (Experiment 2).

3) Gene expression analysis

8. To explore the expression of the serotonergic genes, including Htr2a and Htr2c; in
relevant brain areas, such as frontal cortex, hippocampus, and amygdala in compul-
sive populations of rats (Experiment 3).

9. To screen the expression of glutamatergic genes, including Grinl, Grin2a, Grin2b,
Grin2c and Grm2; in relevant brain areas, such as frontal cortex, hippocampus, and
amygdala in compulsive rats (Experiment 3).

10. To explore the expression of Bdnf gene in relevant brain areas, such as frontal cortex,
hippocampus, and amygdala in compulsive HD rats selected by SIP (Experiment 3).
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2.3. HYPOTHESES

Regarding the information presented in the introduction section, we proposed a ex-

perimental schedule (see Table 5) and the following hypotheses:

1.

Compulsive HD rats will present other altered behaviors, related to OCRDs psycho-
pathologies that have comorbidity with compulsivity symptoms. HD rats might show
compulsivity in other paradigms, depressive and anxiety-like behavior, increased fear
learning acquisition and resistance to fear extinction (1st experimental set).
Compulsive animals will express learning and memory deficits, cognitive inflexibility
and altered stimuli processing by a higher novelty reactivation (1st experimental set).
The acute administration of the glutamatergic modulators N-Acetylcysteine, meman-
tine and lamotrigine, that modulate glutamatergic signaling, will decrease the com-
pulsive behavior of HD rats on SIP (2nd experimental set).

HD rats will present a downregulation in the genetic expression of serotonergic genes
Htr2a and Htr2c, in frontal cortex, hippocampus and amygdala (3rd experimental set).
HD rats will show an upregulation in the genetic expression of glutamatergic genes
Grinl, Grin2a, Grin2b, Grin2c and Grmz2, in frontal cortex, hippocampus and amyg-
dala (3rd experimental set).

HD rats will show a downregulation in the genetic expression of Bdnf gene, in frontal

cortex, hippocampus and amygdala (3rd experimental set).

15t experimental set: behavioral characterization.

Experiment 1A: comorbid behaviors in compulsive rats selected by SIP.

To screen compulsivity by SIP: HD vs LD.

To test the differences between LD and HD animals in compulsive-like behavior by
Marble Burying Test.

To explore the possible differences between LD and HD animals in depressive-like
behavior using the Forced Swimming Test.

To assess the differences in anxiety-like behavior on the Elevated Plus Maze Test.

To explore the possible differences between LD and HD groups in fear acquisition,
expression, and extinction on Fear Conditioning Test.

Table 5. Experimental schedule
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Experiment 1B: cognitive processing in compulsive rats selected by SIP.

To screen compulsivity by SIP: HD vs LD.

To test the differences between LD and HD rats in spatial learning by Morris Water
Maze.

To explore the differences between LD and HD animals in behavioral flexibility by
reversing the conditions in Morris Water Maze.

To study the differences between HD and LD groups in reference and working
memory using the Radial Arm Maze.

To assess the differences between HD and LD rats in stimuli processing and novelty
salience by the Novel Object Recognition Test.

2nd experimental set: pharmacological study.

Experiment 2: glutamatergic modulation on SIP.

To screen compulsivity by SIP: HD vs LD.

To assess the potential effect of the glutathione precursor (N-Acetylcysteine) admin-
istration in compulsive rats selected by SIP: HD vs LD.

To explore the potential effect of the administration of the uncompetitive N-Methyl-
D-aspartate (NMDA) receptor antagonist (memantine) administration in compul-
sivity selected by SIP: HD vs LD.

To assess the potential effect of the inhibitior of the membrane sodium channels
(lamotrigine) administration in compulsive rats selected by SIP: HD vs LD.

3rd experimental set: gene expression analysis.

Experiment 3: gene expression analysis of serotoninergic, glutamatergic and
neuroplasticity related genes in rats selected by SIP.

To screen compulsivity by SIP: HD vs LD.

To measure the genetic expression of the Htr2a gene in frontal cortex, hippocampus,
and amygdala in compulsive rats selected by SIP.

To explore the genetic expression of the Htr2c gene in frontal cortex, hippocampus,
and amygdala in compulsive rats selected by SIP.

To study the genetic expression of the Grinl gene in frontal cortex, hippocampus,
and amygdala in compulsive rats selected by SIP.

To measure the genetic expression of the Grin2a gene in frontal cortex, hippocam-
pus, and amygdala in compulsive rats selected by SIP.

Table 5 (continued). Experimental schedule
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Behavioral characterization

3.1. EXPERIMENT 1A: COMORBID BEHAVIORS

The present experiment explores the presence of other altered behaviors, including
other forms of compulsivity and typical comorbid symptoms, such as depression, general
anxiety and pathological fear disorder in the high compulsive drinker rats HD selected by
SIP.

3.1.1. Experimental design

First of all, we select HD and LD rats by SIP. After the selection, animals have
been assessed by different paradigms related to compulsive comorbidity. The behavioral
tasks selected to achieve this goal have been: the Marble Burying Test (MBT) as an assay
of compulsive-like behavior (Egashira et al., 2008; de Brouwer and Wolmarans, 2018);
the FST developed by Porsolt et al. (1977) as an animal model of depression that assess
learned helplessness; the Elevated Plus Maze (EPM) as a behavioral measure of anxiety
for rodents (Pellow et al., 1985); and finally, the Fear Conditioning Test (FCT) to assess
aversive learning considered as a behavioral paradigm that models specific phobias
(Berardi et al., 2012). The experimental events are summarized in Figure 5.

SIP acquisition Comorbid behaviors

>

Selection MBT FST EPM FC
LD and I‘") rats on (N° of buried (% of immobile (Sec. and entries in (% of immobile
SIp malbles) time) open arms) time along the

sesion)

Figure 5. Experimental procedure illustrated in a timetable. SIP: Schedule-induced pol-
ydipsia; HD: High drinker; LD: Low drinker; MBT: Marble Burying Test; FST: Forced
Swimming Test; EPM: Elevated Plus Maze; FCT: Fear Conditioning Test.
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3.1.2. Materials and methods
Subjects

A total of 16 Long Evans male rats (Janvier Labs, France) weighing between 250
350 g at the start of the experiments were used in the present study. The animals were
housed in four rats/cages (50 x 35 x 20 cm) kept in a temperature-controlled environment
at 22 £+ 2 °C, humidity (50 + 10 %), with a 12:12-h light-dark cycle (light off at 08:00 h
am) and food and water provided ad libitum. After ten days of habituation and before
behavioral tasks, the rats were gradually reduced to 85 % of their free-feeding body
weight through controlled feeding, and their body weights were maintained at this level
of deprivation throughout the experiment. Food was provided by daily feedings of lab
chow at approximately 30 min after each experimental session. All testing was performed
between 9:00 h am and 2:00 h pm. Animals were around 3 months of age when the ex-
periment started and finished it with 5 months of age. All the procedures were conducted
following the Spanish Royal Decree 53/ 2013 on the protection of experimental animals,
the European Community Directive 2010/63/EU for animal experiments and complies
with the ARRIVE guidelines for animal research. The Animal Research Committee of
the University of Almeria approved the experiments described here and the authors de-
clare that the research shows commitment to the 3Rs principle (replacement, reduction,

refinement).
SIP procedure: HD and LD selection

Initially, over two consecutive days, water consumption in rats was assessed for 60
minutes (baseline). Rats had access to a 100 ml bottle of water and 60 dustless food pellets
(45 mg each; catalog number 259901-PE-45/50T TSE Systems, Germany). Following an
habituation session to the SIP chambers, the rats were exposed to a fixed-time 60-s (FT-
60s) schedule of food reward pellet presentation during 60-min sessions. During each SIP
session, a 100 ml bottle of water was placed opposite to the food-magazine in the SIP
chamber, and water consumption was recorded at the end of the test session. Licking
behavior to the water bottle was detected by the animal touching the metal drinking tube
(spout) of the bottle, which is connected to the metal grid of the SIP chamber. An elec-
tronic circuit with a low current, less than ten microAmp, that is imperceptible to the

animal, connects the spout to the SIP chamber. When the rat touches the water spout, the
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circuit is closed, producing a 50 msec pulse that registers a lick. The scheduling and re-
cording of the experimental events were controlled using a computer and the commercial
software Med PC (Cibertec SA, Spain). Each rat's total water consumption (in milliliters)
from the bottle, the total number of licks to the bottle, and the total entries to the food
magazine were recorded. After 20 daily sessions, the rats were classified into two groups,
HD and LD, based on whether their drinking rates (averaged over the last five sessions)
were above or below the group median, respectively (the number of animals in each group

of LD and HD rats was n = 8 for experiment 1 and n= 10 for experiment 2).
Marble Burying Test

MBT began placing the rat into a corner of the cage containing 9 marbles (Figure
6), being careful to place the rat on bedding as far from marbles as possible. Animals
were allowed to remain in the cage undisturbed for 30 min. Rats were returned to its home
cage after test completion, taking extreme care not to move or dislodge the marbles in the
process of removing the subject from the cage. The number of marbles partially and com-
pletely buried was counted by two observers blinded to the experimental groups. We
found a great concordance between observers. A marble was scored as partially buried if
two-thirds of its surface area is covered by bedding and completely buried if all the sur-
face area is covered by bedding (Angoa-Pérez et al., 2013).

Figure 6. Representation of the Marble Burying Test procedure, illustrating the dispo-
sition of the marbles in the cage

Forced Swimming Test

FST was performed in a plastic cylinder containing 20 cm in diameter and 40 cm
in height (Figure 7), water temperature was 23-25 °C, and the depth of water was set to
prevent animals from touching the bottom. Rats swam in the cylinder for 2 min. The time
each animal spent immobile during the last min of the test was counted by two observers

blinded to the experimental groups. We found a great concordance between observers.
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Immobility was defined as floating or absolute lack of motion (i.e., the absence of all

movements except those required to maintain balance; Dong et al., 2018).

Figure 7. Representation of the Forced Swimming Test procedure.

Elevated Plus Maze

For EPM rats were placed at the junction of the four arms of the maze, facing an
open arm, and entries/duration in each arm was recorded by a video-tracking system and
observer simultaneously for 10 min (Figure 8). We found a good concordance in data
collected with both methods. An increase in open arm activity (duration and/or entries)

reflects anti-anxiety behavior (Walf and Frye 2007).

Figure 8. Representation of the Elevated Plus Maze paradigm

Fear Conditioning Test

FCT started placing the rat into a novel cage with a shock grid floor capable of
delivering foot-shock where, after 3 min exploration period, they received three pairing
of a 10s light (82 Ix) with a shock (0.5 mA during 1 sec). The light-shock trials were
delivered after a three-minute acclimation time, the inter-lights intervals were 1 min, and
the rats remained in the chambers for an additional minute after the last shock (Figure 9).
Next day rats were allowed a 3 min exploration period after which they were presented
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with 22 lights (10s, 82Ix, 1 min inter-lights interval) in the absence of a foot shock
(Simone et al., 2017). The freezing time was counted by the Video Freeze Software (Med
PC) which detected changes at the pixel level from one video frame to the next. Hence,
data can reflect the total time animals spent motionless during the session, the percentage
of time motionless and the number of freezing episodes.

Figure 9. Representation of the Fear Conditioning Test, illustrating the pairing of the
light and the shock

Data analyses

Behavioral data on SIP acquisition were analyzed using two-way repeated-measure
analysis of variance (ANOVA), with “group” (LD and HD) as the between-subject factor

and “sessions” (20 sessions) as the within-subject factor.

The differences on the MBT, FST, EPM, and FCT of the behavioral assessment in
LD and HD were studied using Student’s t-test (T-test). When appropriate, the effect size
of the group differences was calculated using Cohen's d or n2. Partial eta-squared values
of 0.01, 0.06, and 0.14 and Cohen's d values of 0.2, 0.5, and 0.8 are considered to reflect
small, medium, and large effects, respectively. The differences on FCT blocks and the
effects of the different drugs in LD and HD on SIP were analyzed using two-way re-
peated-measure ANOVA, with group (LD and HD) as the between-subject factor and
“percentage of freezing” (percentage of time spent on freezing during the different blocks
of the retrieval day). Post hoc comparisons were performed using the Newman-Keuls test.
Statistical significance was set at p <0.05. All analyses were computed using Statistica

software (version 6.0).
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3.1.3. Results
LD and HD Selected by SIP

The mean water intake and licks in LD and HD during the acquisition and mainte-
nance of SIP are shown in Figure 10.

SIP Acquisition

Water intake (ml)

4000+

3000+

2000+

Ne of licks

1000+

Session

Figure 10. The mean (x SEM) water intake (A) and number of licks (B) in FT-60s across
20 sessions of experiment 1 SIP. Statistical analyses indicate significant differences be-
tween low drinkers (LD, n = 8) and high drinkers (HD, n = 8; *p < 0.05). Significant
differences between sessions were found from session 5 (#p < 0.05).
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The mean water intake over the last 5 days of SIP was 4.3 + 0.6 and 11.2 £ 1.9 ml
for LD and HD, respectively. The number of licks also showed SIP acquisition. The mean
total licks averaged across the last 5 days of SIP were 885.1 + 202.9 and 2742.9 + 536.9
for LD and HD, respectively. ANOVA revealed significant differences in water intake
according to the interaction between SIP acquisition sessions and LD vs. HD (SIP session
effect: F(19,266) = 11.759, p < 0.001; group effect: F(1,14) = 10.332, p < 0.01; interaction
SIP session x group effect: F(19,266) = 2.58, p < 0.001). This difference was also con-
firmed by the significant interaction observed in the total number of licks (SIP session
effect: F(19,266) = 11.890, p < 0.001; group effect: F(1,14) = 13.647, p < 0.01; interaction
SIP session x group effect: F(19,266) = 3.38, p < 0.001). Post hoc analysis indicated
significant differences between the LD and HD animals in the water intake at session 3
(p < 0.01) onwards. Furthermore, animals in the HD group significantly increased their
consumption of water from session 5 (p < 0.05) compared to session 1. Differences be-
tween the LD and HD groups in the number of total licks at session 6 (p < 0.05) were also
observed, and HD rats increased their number of licks from session 5 (p < 0.001) com-
pared to session 1. We also found significant differences in the number of magazine en-
tries according to the interaction between SIP acquisition sessions and LD vs. HD (session
x group effect: F(19,266) = 2.124; p < 0.01; session effect: F(19,266) = 4.515, p < 0.001,
group effect: F(1,14) = 5.577, p < 0.05). Differences between the LD and HD groups in
the number magazine entries at session 11 (p < 0.001) were also observed, and HD rats
increased their number of magazine entries from session 6 (p < 0.05) compared to session
1.

Marble Burying Test

The number of marbles partially (2/3) and completely buried by LD and HD rats on
MBT are shown in Figure 11. T-test and the effect sizes by Cohen’s d showed that HD
rats had a significantly increased number of marbles partially (2/3) buried compared to
LD rats (df = 14; T-test =—2.22; p < 0.05; d = 1.186). There was no significant effect on
the number of marbles completely buried between LD and HD rats (df = 14; T-test = 1.14;
p =0.27).
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Figure 11. Marble Burying Test (MBT) scores of low drinkers (LD, n = 8) and high
drinkers (HD, n = 8) rats. Data are expressed as the means + SEM. *p < 0.05 to indicate
differences between groups.

Forced Swimming Test

The percentage of immobile time of LD and HD rats on FST are shown in Figure
12. T-test showed no significant difference in the percentage of immobile time between
LD and HD rats (df = 14; T-test =0.35; p = 0.72).

FST
50+
o o LD
OE: 40 ° o HD
2 30
5 - o
é °o_o
£ 20+
S 104 o:o °.°
0

Figure 12. Percentage of immobile time low drinkers (LD, n = 8) and high drinkers (HD,
n = 8) rats spent on Forced Swimming Test (FST). Data are expressed as the means *
SEM
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Elevated Plus Maze Test

The time LD and HD rats spent on the open arm before changing to the other, and
the number of entries in the open arm on EPM are shown in Figures 13 A and B respec-

tively.

The time LD and HD rats spent on the open arm before changing to the other, and
the number of entries in the open arm on EPM are shown in Figures 13 A and B respec-
tively. T-test showed that there was no significant difference in the average time and the
number of entries in the open arms between LD and HD rats (df = 14; T-test = —0.09; p
= 0.92; df = 14; T-test = 0.86; p = 0.40). The mean time LD and HD rats spent on the
closed arm before changing to the other was 1.53 + 0.35 and 1.83 + 0.39, respectively.
The mean number of entries in the closed arm on EPM was 9.38 + 0.67 for LD rats and
8.88 + 1.24 for HD rats. T-test showed that there was no significant difference in the
average time and the number of entries in the closed arms between LD and HD rats (df =
14; T-test=—0.60; p = 0.56; df = 14; T-test = 0.38; p = 0.71). The mean time LD and HD
rats spent on one arm before changing to another one was 1.53 + 0.06 and 1.70 + 0.08,
respectively. The mean number of entries in open and closed arms was 18.50 + 1.14 for
LD rats and 16.38 = 1.23 for HD rats. T-test showed that there was no significant differ-
ence in the average time and the number of entries in open and closed arms between LD
and HD rats (df = 14; T-test =—1.85; p = 0.08; df = 14; T-test = 1.35; p = 0.20).
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Figure 13. (A) Mean number of entries by low drinkers (LD, n = 8) and high drinker rats
(HD, n =8) on the open arms in the Elevated Plus Maze (EPM), (B) seconds spent by LD
and HD rats on the open arms in EPM. Data are expressed as the means + SEM.
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Fear Conditioning Test

The percentages of freezing time of LD and HD rats on FCT during the acquisition
day, the percentage of freezing time during the contextual fear test and the cued fear test
at the retrieval day, as well as the percentage of freezing during the different blocks of
trials on the retrieval day, is shown in Figures 14 A-D. No significant differences were
found in the percentage of freezing time spent by LD and HD rats during the acquisition
day (df = 14; T-test = —0.45; p = 0.65), nor in the contextual fear test on the retricval day
(df = 14; T-test=—1.51; p=0.15). However, T-test and effect sizes by Cohen’s revealed
a significant increase in the percentage of freezing time spent by HD compared to LD rats
during the cue presentation on retrieval day (df = 14; T-test=—-3.12; p <0.01; d = 1.67).
The analyses of the 4 blocks of trials on the retrieval day by ANOVA and n2 revealed
that both, LD and HD rats, significantly reduced the percentage of freezing time in the
different blocks of the retrieval day (Trial effect: F(3,42) =36.64; p <0.001; 12 =0.931);
whether the significant increased percentage of freezing time spent by HD compared to
LD rats was maintained through the four blocks of trials on the retrieval day (group effect:
F(1,14) =9.73; p <0.01; 12 = 0.933). No significant differences were observed by group
x trial interaction (F(3,42) = 0.27; p = 0.84).
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Figure 14. (A) Percentage of freezing low drinkers (LD, n = 8) and high drinkers rats
(HD, n = 8) exhibited during fear acquisition day, (B) percentage of freezing LD and HD
rats exhibited during contextual fear test on retrieval day, (C) percentage of freezing LD
and HD rats exhibited during cued fear test on retrieval day, and (D) percentage of freez-
ing LD and HD rats exhibited during the four blocks of time (6 min per block) at cued
fear test on retrieval day of Fear Conditioning Test procedure (FCT). Data are expressed
as the means + SEM. **p <0.01 and ***p < 0.001 to indicate differences between groups.
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3.1.4. Discussion

HD rats selected by SIP showed comorbidity with compulsive behavior on MBT,
by a significantly increased number of marbles partially buried compared to LD rats. Pre-
vious studies have found that HD rats selected by SIP showed other behavioral compul-
sivity forms such as compulsive lever pressing, during the pre-training phase to assess
latent inhibition (Navarro et al., 2017), proposed as an OCD model (Joel and Avisar,
2001); and behavioral inflexibility in a spatial reversal task (Navarro et al., 2017). In con-
trast, other studies on rats with high levels of grooming, considered as a compulsive-like
behavior, have shown a reduced number of marbles buried in MBT, showing a negative
correlation between these factors (Reimer et al., 2015). The reason for these contradictory
results could be due to the fact that compulsivity is not a unitary phenomenon and can be

expressed by different forms (Fineberg et al., 2018).

The assessment of depressive behavior revealed that LD and HD rats selected by
SIP did not exhibit any differences in depressive-like behavior measured on FST. The
compulsive HD rats might not have depression signs as a comorbid behavior. Neverthe-
less, other preclinical studies have shown associations between depressive and compul-
sive behavior in the same individuals. For example, the administration of 8-OH-DPAT, a
5-HT1A agonist, proposed as an OCD model (Yadin et al., 1991), increased the immo-
bility time on FST (Sela et al., 2010). Moreover, the administration of the purinergic re-
ceptor P2R antagonist (pyridoxalphosphate-6-azophenyl-2°, 4’-disulfonic acid tetraso-
dium salt) in Swiss mice, reduced depressive-like behavior in the FST, as well as com-
pulsive-like behavior in MBT (Pereira et al., 2013). The effect of antidepressants on ad-
dictions, considered as compulsive disorders, has created some controversy. On the one
hand, some preclinical studies have demonstrated reductions in alcohol addiction subse-
quently to the administration of different 5-HT receptors agonists (Naranjo et al., 1986;
Higley et al., 1998; Martijena et al., 2005). On the other hand, the possibility that antide-
pressant treatment might increase susceptibility to alcoholism has been overlooked (Alén
etal., 2013, 2014). Moreover, several clinical studies have shown that pathological gam-
bling, associated with elevated compulsivity, frequently co-occurs with major depression
(Cunningham-Williams and Cottler, 2001; Baer et al., 2015; Redden et al., 2015; Agarwal
et al., 2016; Grant et al., 2016; Rickelt et al., 2016). More research is needed to clarify

the relation between depressive and compulsive behavior.
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Anxiety behavior measured by EPM did not show any significant differences be-
tween HD and LD rats selected by SIP. Nevertheless, we have replicated the results pub-
lished in 2008 by Lopez-Grancha, in which there were no differences in the EPM between
LD and HD rats selected by SIP (Lopez-Grancha et al., 2008). Moreover, animals with
distinct levels of self-grooming emission, considered as a compulsive-like behavior, did
not differ in the exploration of the EPM (Reimer et al., 2015). In contrast, a previous study
has shown that an increased compulsive behavior in the MBT has also been accompanied
by increased anxiety response in the EPM and Open-Field Test in the same animals (Mitra
et al., 2016). These contradictory results posit the relevance of the study on individual
differences, using populations more prone to a behavioral deficit. Self-grooming and
MBT might be evaluating different kinds of compulsivity, as well as anxiety is also a
neuropsychological domain that could be expressed by different symptoms (reviewed in
Strohle et al., 2018). For instance, compulsive drinkers HD rats selected by SIP did not
differ in anxiety-like behavior assessed using EPM to LD rats, while they differed in anx-

iety-like behavior measured by freezing time on the retrieval day in FCT.

The assessment of fear behavior by FCT revealed that HD rats selected by SIP
showed a significantly augmented percentage of freezing time compared to LD rats dur-
ing cued-fear memory on the retrieval day. Thus, HD and LD rats had no differences in
the percentage of freezing time on the acquisition day, nor in the exploration period when
exposed to the fear context on the retrieval day. Previous findings in our laboratory, have
shown that under extinction conditions, HD rats had a greater increase in perseverative
responses, considered as compulsive behavior, compared to LD rats on 5-CSRT (Moreno
et al., 2012). Moreover, HD rats have shown increased c-Fos activity in the basolateral
amygdala compared with LD rats (Merchan et al., 2019). The basolateral amygdala, as an
essential structure in the neural system for FCT (Phillips and LeDoux, 1992; Vazdar-
janova and McGaugh, 1998), is highly implicated in cued-related fear memories and not
essential for contextual FCT (reviewed in Curzon et al., 2009). HD animals selected by
SIP might be a convenient phenotype to study the neuronal basis of individual differences
in habit formation under extinction conditions. Thus, in HD rats, a possible alteration in
the basolateral amygdala might underlie the observed increased cued-fear memory on
FCT that possibly also affect the vulnerability to develop compulsive behaviors. In this

sense, clinical studies demonstrated that OCD patients continued to exhibit a differential
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skin conductance response to the conditioned stimuli in the extinction phase of fear con-
ditioned computer task, while control participants extinguished fear (Geller et al., 2017).
Translational neuroscience studying fear could help us to better understand brain circuitry
underlying fear behavior, although the translation of animal model results into the clinic
is limited and more research is needed (Flores et al., 2018).
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3.2. EXPERIMENT 1B: COGNITIVE PROCESSING

3.2.1. Experimental design

The present experiment investigates the possible deficits in cognitive processing
using different memory-related tasks in compulsive rats selected by SIP. Once we had
our two populations divided by the SIP procedure, we explored spatial memory and cog-
nitive inflexibility by Morris Water Maze (MWM) and MWM in reversal conditions. We
evaluated reference and working memory by Radial Arm Maze (RAM). Finally, we as-
sessed stimulus processing and novelty reaction using the Novel Object Recognition Test

(NOR). The experimental events are summarized in Figure 15.

Cognitive processing
T T T T ]

Selection MWM RAM NOR
LD and HD rats on (Latency to find (N° of memory (% of time in
sIp the platform) errorse) contact with
objects)

Figure 15. Experimental procedure illustrated in a timetable. SIP: Schedule-induced pol-
ydipsia; HD: High drinker; LD: Low drinker; MWM: Morris Water Maze; RAM: Radial
Arm Maze; NOR: Novel Object Recognition Test.

3.2.2. Materials and methods
Subjects

A total of 20 male Wistar rats (Envigo, Spain) weighing between 250-350 g at the
start of the experiments were used in the present study. The animals were housed in four
rats/cages (50 x 35 x 20 cm) kept in a temperature-controlled environment at 22 + 2 °C,
humidity (50 = 10 %), with a 12:12-h light-dark cycle (light off at 08:00 h am) and food
and water provided ad libitum. After ten days of habituation and before behavioral tasks,
the rats were gradually reduced to 85 % of their free-feeding body weight through con-
trolled feeding, and their body weights were maintained at this level of deprivation
throughout the experiment. Food was provided by daily feedings of lab chow at approxi-
mately 30 min after each experimental session. All testing was performed between 9:00
h am and 2:00 h pm. Animals were around 3 months of age when the experiment started
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and finished it with 5 months of age. All of the procedures were conducted following the
Spanish Royal Decree 53/ 2013 on the protection of experimental animals, the European
Community Directive 2010/63/EU for animal experiments and complies with the AR-
RIVE guidelines for animal research. The Animal Research Committee of the University
of Almeria approved the experiments described here and the authors declare that the re-
search shows commitment to the 3Rs principle (replacement, reduction, refinement).

SIP procedure: HD and LD selection

LD and HD rats were selected by SIP following the same protocol described in the

first experimental set (see page 40).
Morris Water Maze

The MWM protocol used follows the guidelines defined by De Bruin in 1994, with
minor changes (Figure 16). The test was carried out in a black, circular pool with an inner
diameter of 150 cm and walls 34 cm high. It was filled with tap water to a depth of 30
cm. The water was at room temperature (22 + 2 °C). The pool was divided into four quad-
rants of equal size: A, B, C, and D; with A opposite to D and B opposite to C. A removable
circular escape platform (diameter: 10 cm) could be positioned at only one location in
each of the four quadrants (in the middle of a quadrant, with the center 30 cm away from
the wall). Two types of platforms were used: an invisible one painted black and always
1.5 cm below the water surface and a visible, grey one, always 1.5 cm above the surface.
Both platforms had a rough surface providing sufficient grip for the animal to climb on
top of it. Release sites were marked on the outside of the pool, each one directly opposite
to either one of the four possible platform positions. The walls of the room were equipped
with a variety of spatial cues which remained unchanged during the whole experiment. A
video camera were used to record behavioral activities during the transfer tests by using
Ethovision 3.1. (Noldus).

Figure 16. Representation of the Morris Water Maze procedure
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Behavioral procedures. During a total of 9 days the animals were trained and tested

using the following five procedures.

Spatial training (days 1-4). The invisible white platform was placed for half of the
animals of each group in quadrant B, and for the other half in the opposite quadrant (C).
The training was conducted in 4-trial sessions with each animal being released into the
pool from one of the four release sites. The sequence of the four release sites varied from
session to session but was identical for all animals within one session. The animal was
released into the pool with its head facing the wall and the time to reach the hidden plat-
form was recorded with a stopwatch (escape latency). If the platform was not located
within the maximum trial duration of 90 s, the animal was taken out of the water and
placed on the platform. In either case, the animal was left on top of the platform for 30
secs. In between the successive trials of one session, the animal was put in a black plastic
bucket for a 30 s intertrial interval period. During this period fecal boluses (if present)
were removed from the pool, and the transparent wall was wiped clean. Following the
last trial of a session the animal was dried with a cloth towel and placed in a clean cage.

There were two sessions a day with an interval of approximately 3 h.

Reinstating memory (day 5). On the afternoon of the 5th day, the animals were again

subjected to a spatial training session with the platform in its original position.

Reversal test (days 6-7). Following 2 days without behavioral training or testing,
reversal test began. The platform was now placed in the quadrant opposite to the one used
during spatial training for two test sessions (each consisting of two reversal sessions, four
trials per session); otherwise, all training procedures were identical to the ones described

for spatial training.

Visually-cued task (days 8-9). One day after the completion of reversal training an-
imals were subjected to the visually-cued task. Instead of a white invisible platform, a
grey visible platform, extending 1.5 cm above the surface, was used. While the release
site of the animal remained the same (always opposite to the quadrant where the platform
was during spatial training), the platform position varied from trial to trial. The sequence
of these positions was the same for all animals. Otherwise, procedures were as described

for the spatial training phase.
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Radial Arm Maze

The RAM protocol consists of three consecutive phases: habituation (2 days), the
learning task (4 days maximal), and the test task (4 days), as described Fole in 2017 (Fole
etal. 2017). Rats were trained every day, twice per day. Each rat was placed on the central
platform, and the maze could be visited for 10 min (Figure 17). Each rat was placed in
the radial maze in a random order that changed every day. The radial maze was cleaned
between each animal with diluted ethanol (70 %) and absorbing paper to minimize olfac-

tory intra-maze cues.

The animals' performance was recorded on a computer. Data considered were arm
entries; total trial time; first entry latency. With those data, the number of working
memory (WM) and reference memory (RM) errors were counted. Every entry in an al-
ready visited arm was considered a WM error. Entries in a non-rewarded arm were con-

sidered as RM errors.

Figure 17. Representation of the Radial Arm Maze paradigm

Habituation. This habituation allowed accustoming the rats to the maze and to col-
lect pellets at the end of their arms. All arms were maintained baited during the trial time.
On the first day, some pellets were placed along the arms to invite animals to go to the
end of the arms.

Acquisition. Consisted in 4 trials every session (2 sessions per day) until animals
reached the minimum values during three consecutive sessions. A trial was finished
when: 10 min past or the animal visited the 8 arms at least one time. Criterion consisted

in doing either no error for 8 entries or at maximum 1 error for 9 entries.

Test. This protocol aimed at testing the memorization of the task. The rats' perfor-

mances were evaluated by the number of errors and the rank of the first error. An error
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was defined as the rat going back into a previously visited arm, i.e., crossing the first

beam of the arm.
Novel Object Recognition Test

The NOR protocol (Cohen et al. 2015) consists of three consecutive phases: habit-
uation (day 1), acquisition task (day 2), and test task (day 2). Each rat was placed in the
center of the arena, and it could be explored for 5 min. The arena was cleaned between

each animal with water and absorbing paper to minimize olfactory intra-cues (Figure 18).

The animal course was recorded on a computer using Ethovision 3.1. (Noldus).
Data considered were speed, mobility, percentage of time in contact with the objects (time
in contact with the new or the old object / total time), percentage of time near the objects
(time near the new or the old object / total time), and percentage of time in the neutral

zone (time in the neutral zone / total time).

Habituation. This habituation allowed accustoming the rats to the maze by free ex-
ploration of the arena for 5 min. No objects were placed in the arena in this phase.

Acquisition. 24 h after habituation, two identical objects were placed in opposite
quadrants of the arena. The rats were placed in the center of the arena, equidistant from
the 2 identical objects, and were allowed to freely explore for 5 min. All sessions were
recorded and analyzed.

Test. Two hours after the acquisition phase, one object used during acquisition (the
familiar object) and one novel object were placed in opposite quadrants of the arena. An-
imals were allowed to explore for 10 min. Sessions were recorded and we analyzed the

same variables as in the acquisition phase.

Figure 18. Representation of the Novel Object Recognition Test procedure
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Data analyses

Behavioral data on SIP acquisition were analyzed using two-way repeated-measure
ANOVA, with “group” (LD and HD) as the between-subject factor and “sessions” (20
sessions) as the within-subject factor. The mean latency and speed in MWM, the speed
and number of errors in RAM, and the percentage of time spent in each zone in NOR by
LD and HD rats were compared using two-way repeated-measures ANOVA, with be-
tween-subject factor (group: HD and LD) and within-subject factor (sessions). The effect
size of the group differences was calculated using Cohen's d or n2. Partial eta-squared
values of 0.01, 0.06, and 0.14 and Cohen's d values of 0.2, 0.5, and 0.8 are considered to
reflect small, medium, and large effects, respectively. Post hoc comparisons were carried
out using the Bonferroni test. Statistical significance was set at p < 0.05. All analyses

were computed using Statistica software (version 6.0).

3.2.3. Results
LD and HD Selected by SIP

The mean water intake and licks in LD and HD during the acquisition and mainte-

nance of SIP is shown in Figure 19.

SIP Acquisition

Water intake (ml)

BL 5 10 15 20

Figure 19. The mean (£ SEM) water intake in FT-60s across 20 sessions of experiment
2 SIP. Significant differences between low drinkers (LD, n = 10) and high drinkers (HD,
n = 10; *p < 0.05) were found from session 3. Significant differences between sessions
were found from session 5 (#p < 0.05).
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The mean of water intake over the last 5 days of SIP was 25.9 + 5.1 mL for HD and
6.1 £ 0.8 for LD, respectively. The number of licks also showed SIP acquisition (data not
shown). The mean total licks averaged across the last 5 days of SIP were 3987.4 + 820.7
and 1441.1 + 243 for HD and LD, respectively. ANOVA revealed significant differences
in water intake according to the interaction between SIP acquisition sessions and group
(F(1,18) = 34.26, p < 0.001, n?p = 0.16). Also, differences in water consumption were
observed for the session effect (F(19, 342) = 10.38, p < 0.001) and group effect (F(19,
342) =5.47, p < 0.001). ANOVA also showed a significant interaction in the total number

of licks (interaction SIP session x group effect: F(1, 18) = 12.18, p < 0.001, d = 0.92;

session effect: F(19,342) = 8.66, p < 0.001; group effect: F(19, 342) = 3.27, p < 0.001).
Post hoc comparisons indicated that SIP induced differences in drinking rates across the
20 sessions in both groups. Differences between LD and HD were evident in the water
intake at session 3 (p < 0.01) onwards. Furthermore, when compared to session 1, animals
in the HD group significantly increased their water consumption from session 6 (p <
0.01). Differences between the HD and LD groups in the number of total licks at session
8 (p<0.01) were also observed, and HD rats increased their number of licks from session
8 (p < 0.01) compared to session 1. There were significant differences between LD and
HD animals in the total magazine entries according to session effect (F(19, 342) = 5.431,

p < 0.001). However, there were no significant differences according to the interaction
between SIP acquisition sessions and LD vs. HD (interaction SIP session x group effect:
F(19, 342) = 0.933, p = 0.54) and group effect (F(1,18) = 0.039, p = 0.84).

Morris Water Maze

Figure 20 A shows the latency to the platform during the spatial training and rein-
stating session spent by LD and HD rats. No significant differences were observed be-
tween groups (F(8,624) = 1,09, p = 0,37). Figure 20 B shows the latency to the platform
during the reversal test by LD and HD rats. Significant differences between LD and HD
rats were found in test 1 of MWM. ANOVA revealed that HD rats spent more time find-
ing the platform compared to LD rats (F(18,1)=5.90, p <0.05, n?p =0.25). No significant
differences were found between LD and HD rats in the latency in test 2 of MWM (F(1,
18)=10,13, p =0,7). LD and HD rats exhibit no significant differences in swimming speed

during the reversal (neither in test 1 nor in test 2), as shown in Figure 20 C.
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Figure 20. Latency to the platform in seconds (£ SEM) in Morris Water Maze (MWM)
spent by high drinkers (HD; n = 10) and low drinkers rats (LD; n = 10) in the acquisition
(A), the latency in the reversal phase (B) and the swimming speed in the reversal phase
(C). Statistical analyses indicate significant differences between LD and HD (*p < 0.05)
in the latency to platform in test 1.

Radial Arm Maze

Significant differences were observed in the number of accumulated memory errors
committed in RAM by LD and HD rats (Figures 21 A-C). ANOVA revealed that HD rats
committed a higher number of accumulated working memory errors (Figure 21 A) com-
pared to LD rats (F (126, 7) = 3.64, p < 0.01, n?p = 0.17). Also, HD rats committed a
higher number of accumulated reference memory errors (Figure 21 B) compared to LD
rats (F (126, 7) = 4.41, p < 0.001, n*p = 0.20). Moreover, HD rats committed a higher
number of accumulated total errors (Figure 21 C) compared to LD rats (F (126, 7) = 4.08,
p <0.001, n?>p=0.19).
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Figure 21. The cumulative number of memory errors (+ SEM) committed by high drink-
ers (HD; n = 10) and low drinkers rats (LD; n = 10) in Radial Arm Maze (RAM). (A)
Working memory errors, (B) reference memory errors and (C) the total number of
memory errors committed across the 8 sessions of RAM. Statistical analyses indicate sig-
nificant differences between LD and HD (**p < 0.01; *** p < 0.001) in the number of
working memory errors, reference memory errors and the total number of errors from
session 4.

Novel Object Recognition Test

Figure 22 shows the performance of LD and HD rats in the NOR test. No significant
differences were found between LD and HD rats in the percentage of time in contact with
the object, near the object, or in the neutral zone (F (4,15) = 0.223, p = 0.92).
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Figure 22. Percentage of time spent by high drinkers (HD; n = 10) and low drinkers rats
(LD; n = 10) exploring the novel and the old object in Novel Object Recognition Test
(NOR).

3.2.4. Discussion

HD rats and LD rats did not exhibit differences in learning at the acquisition phase
of MWM. However, we observed an inflexible behavior by HD rats as they spent more
time finding the platform in the reversal phase of MWM. Previous findings have strongly
demonstrated that HD rats present an inflexible and perseverative profile. In the Reversal
Learning Task HD rats needed more trials to reach the criterion compared to LD rats
(Navarro et al., 2017), as well as they performed more incorrect perseverative responses
(Navarro et al., 2017; Merchén et al., 2019). Furthermore, Moreno reported an increase
in perseverative responses on 5-choice serial reaction time task (5-CSRTT) under extinc-

tion conditions compared to LD rats (Moreno et al. 2012).

Also, HD rats expressed an increased habitual-like behavior in the reinforcer deval-
uation paradigm by a higher number of lever presses during the devaluation test day
(Merchan et al., 2019). Moreover, HD rats exhibited a sustained higher latency to enter
the dark compartment during the last extinction session of the PA (Martin-Gonzélez et al.
2022). According to our preclinical compulsive model, OCD patients have diminished
behavioral flexibility as they committed more perseverative errors with a pronounced
trend towards poorer performance in the Wisconsin Card Sorting Test (reviewed in Ben-
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zina et al., 2016). Moreover, OCD patients have shown a deficit in fear renewal and ex-
tinction recall in FCT paradigms (Fyer et al., 2020), with a different skin conductance

response in the extinction phase (Geller et al., 2017).

The persevering behavior profile shown by HD rats might be related to memory
deficits, as revealed by the increased number of working memory errors and reference
memory errors compared to LD rats. Few preclinical studies have investigated the role of
memory in compulsive behavior. However, in 2010 Andersen observed that rats exposed
to clomipramine in early life, considered as an OCD model, had an impaired working
memory in a win-shift task, shown by an increased number of errors and longer time to
enter each arm than control rats (Andersen et al. 2010). Curiously, the use of enriched
environments reduced spatial memory impairments in MWM and compulsive grooming
behavior induced by methamphetamine (Hajheidari et al. 2012). The systemic administra-
tion of d-cycloserine and d-serine, NMDA modulators that enhance memory, and reduced
compulsive aversion-resistant alcohol drinking (Seif et al. 2015). Clinical studies evi-
denced that OCD patients present a deficit in verbal episodic memory, by an impaired
performance to recall short prose passages in Wechsler Memory Scale-Revised relative
to controls and non-verbal memory (Exner et al., 2009). Similarly, OCD patients seem to
have poorer performance than control subjects when evaluating verbal and visual memory
using the Wechsler Adult Intelligence Scale-Revised (Martin et al. 2008). Other research-
ers assessing neuropsychological skills in OCD patients also found that verbal memory
was impaired in these patients measured by California Verbal Learning Test (Tukel et al.,
2012).
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Chapter 4. EXxperiment 2:

Pharmacological study

4.1. EXPERIMENTAL DESIGN

In the present experiment, we assessed the efficacy of different glutamatergic drugs
in reducing compulsive drinking on SIP. Therefore, after the selection of compulsive HD
and non-compulsive LD rats on SIP, we explored the dose-response effects of acute ad-
ministration of three different glutamatergic modulators that reduce glutamate release by
different action mechanisms in reducing compulsive drinking on SIP, and its possible
implication as a new pharmacological strategy for compulsive neuropsychiatric disorders.
The behavioral effects of acute systemic administration of NAC (N-Acetylcisteine),
MEM (memantine), and LAM (lamotrigine) were tested in both groups as illustrated in
Figure 23.

SIP acquisition Pharmachological study
T T T I ]

Selection NAC MEM LAM
LD and HD rats on (Effects on SIP (Effects on SIP (Effects on SIP
SIP in HD and LD) in HD and LD) in HD and LD)

Figure 23. Experimental procedure illustrated in a timetable. SIP: Schedule-induced pol-
ydipsia; HD: High drinker; LD: Low drinker; NAC N-Acetylcisteine; MEM: memantine;
LAM: lamotrigine.
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4.2. MATERIALS AND METHODS

4.2.1. Subjects

A total of 16 male Long Evans rats (Janvier Labs, France) weighing between 250
350 g at the start of the experiments were used in the present study. The animals were
housed in four rats/cages (50 x 35 x 20 cm) kept in a temperature-controlled environment
at 22 £+ 2 °C, humidity (50 + 10 %), with a 12:12-h light-dark cycle (light off at 08:00 h
am) and food and water provided ad libitum. After ten days of habituation and before
behavioral tasks, the rats were gradually reduced to 85 % of their free-feeding body
weight through controlled feeding, and their body weights were maintained at this level
of deprivation throughout the experiment. Food was provided by daily feedings of lab
chow at approximately 30 min after each experimental session. All testing was performed
between 9:00 h am and 2:00 h pm. Animals were around 3 months of age when the ex-
periment started and finished with 5 months of age. All of the procedures were conducted
following the Spanish Royal Decree 53/ 2013 on the protection of experimental animals,
the European Community Directive 2010/63/EU for animal experiments and comply with
the ARRIVE guidelines for animal research. The Animal Research Committee of the Uni-
versity of Almeria approved the experiments described here and the authors declare that
the research shows commitment to the 3Rs principle (replacement, reduction, refine-

ment).

4.2.2. SIP procedure: HD and LD selection

LD and HD rats were selected by SIP following the same protocol described in the
first experimental set (see page 40).

4.2.3. Drugs

After the last session of SIP (protocol described in Chapter I11.11: SIP procedure),
we explored the effects of acute intraperitoneal injections (i.p.) of NAC (25, 50, 100 and
200 mg/kg) (Lebourgeois et al., 2017), MEM (3.1 and 6.2 mg/kg) (Li et al., 2010) and
LAM (15 and 30 mg/kg) (Réus et al., 2010) in LD and HD rats in SIP. NAC ((2R)-2-
(Acetylamino)-3-mercapto propanamide) and MEM (3,5-Dimethyl-tricyclo [3.3.1.13,7]
decan-1-amine hydrochloride) were dissolved in 0.9 % saline. LAM (6-(2,3-Dichloro-
phenyl)-1,2,4-triazine-3,5-diamine) was suspended in 1 % Tween-80 in 0.9 % saline. All
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drugs were purchased from Sigma-Aldrich (Madrid, Spain). The injection volumes were
1 ml/kg for all drugs. For all drug solutions, the final pH was adjusted to approximately
6.4 using 0.1 M NaOH, and they were aliquoted after preparation and frozen at —80 °C
before use.

The drug doses, and the injection time of 60 min before behavioral testing, were
selected based on previous experiments (Lebourgeois et al., 2017; Li et al., 2010; Réus et
al., 2010). All animals received drugs according to a fully randomized Latin-square de-
sign, separated by a minimum of 72 h between drug test sessions. There was a wash-out
period of one week between each drug tested (animals continued performing SIP sessions
during this week). The experimental sessions were led on Tuesdays and Fridays, and
baseline testing was accomplished on Mondays and Thursdays. On Wednesdays, animals

performed SIP procedures, but the results were not analyzed.

4.2.4. Data analyses

The differences on FC blocks and the effects of the different drugs in LD and HD
on SIP were analyzed using two-way repeated-measure ANOVA, with group (LD and
HD) as the between-subject factor “drug” (different doses of drug and vehicle) as the
repeated within-subject factor. The effect size of the group differences was calculated
using n2. Partial eta-squared values of 0.01, 0.06, are considered to reflect small, medium,
and large effects, respectively. Post hoc comparisons were performed using the Newman-
Keuls test. Statistical significance was set at p < 0.05. All analyses were computed using

Statistica software (version 6.0).
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4.3. RESULTS

4.3.1. LD and HD Selected by SIP

HD and LD rats were selected as previously described in Experiment 1A (see page
44).

4.3.2. N-Acetylcysteine

The effects of NAC on water intake and licks in SIP are shown in Figures 24 A and
B, and the number of magazine entries after NAC administration is shown in Table 6.
ANOVA showed that NAC did not induce significant differences in water intake (group
x drug interaction, F(4,56) = 0.63, p = 0.64; group effect, F(1,14) = 109.15, p < 0.001;
drug effect, F(4,56) = 0.38, p = 0.82), total licks (group x drug interaction, F(4,56) = 0.57,
p = 0.68; group effect, F(1,14) = 111.89, p < 0.001 drug effect, F(4,56) = 0.90, p = 0.47),
and magazine entries (group x drug interaction, F(4,56) = 0.28, p = 0.89; group effect,
F(1,14) = 8.41, p < 0.05; drug effect, F(4,56) = 0.51, p = 0.73).
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Figure 24. Effects of N-Acetylcysteine (NAC) on SIP. Effects of NAC administration
on water intake (A) and number of licks (B) in low drinkers (LD, n = 8) and high drinkers
(HD, n = 8) rats on SIP. Data are expressed as the means = SEM. *p < 0.05; **p < 0.01,
***p < 0.001 indicates significant differences vs. vehicle administration in the same
group of rats.
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4.3.3. Memantine

The effects of MEM on water intake and total licks in SIP are shown in Figures 25
A and B. Effects of MEM on magazine entries are depicted in Table 6. MEM significantly
reduced compulsive water intake in HD rats compared to LD rats (group x drug interac-
tion, F(2,28) = 4.51, p < 0.05; group effect, F(1,14) = 24.05, p < 0.001; drug effect,
F(2,28) =8.42, p <0.01; 12 =0.930). Post hoc analyses revealed that MEM reduced dose-
dependent water intake in HD rats at both doses: 3.1 (p < 0.05) and 6.2 mg/kg (p < 0.001)
compared with vehicle in the same group. MEM did not affect water intake in LD rats.
The comparison between LD and HD revealed a dose dependent reduction of the signifi-
cant differences in water intake disappearing at the highest dose (vehicle, p = 0.0001; 3.1
mg/kg, p = 0.041; 6.2, p = 0.572). Moreover, MEM also significantly reduced the total
licks in HD rats compared with the LD group (group x drug interaction, F(2,28) = 6.04,
p <0.01; group effect, F(1,14) = 16.96, p < 0.05; drug effect, F(2,28) = 5.50, p < 0.01; n2
= 0.730). Post hoc comparison confirmed a decrease in the total licks in the HD group at
the highest dose used 6.2 mg/kg (p < 0.001) compared with vehicle in the same group.
Differences between LD and HD remained significant at all doses tested. MEM admin-
istration did not affect the number of magazine entries in both groups of rats (group x
drug interaction: F(2,28) = 2.663; p = 0.087; drug effect: F(2,28) = 2.507; p = 0.099;
group effect: F(1,14) = 1.569; p = 0.23).
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Figure 25. Effects of memantine (MEM) on SIP. Effects of MEM administration on wa-
ter intake (A) and number of licks (B) in low drinkers (LD, n = 8) and high drinkers (HD,
n = 8) rats on SIP. Data are expressed as the means £ SEM. *p < 0.05; **p < 0.01; ***p
< 0.001 indicates significant differences vs. vehicle administration in the same group of
rats.
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4.3.4. Lamotrigine

The effects of LAM on water intake and total licks in SIP are shown in Figures 26
A and B. The effects of LAM on magazine entries in SIP are shown in Table 6. LAM
significantly reduced compulsive water intake in HD rats compared to LD rats (group x
drug interaction: F(2,28) = 11.396, p < 0.0002; group effect: F(1,14) = 5.187, p < 0.05;
drug effect: F(2,28) = 3.532, p < 0.05; n2 = 0.882). Post hoc analyses revealed that LAM
reduced dose-dependent water intake in HD rats at both doses: 15 (p < 0.05) and 30 mg/kg
(p < 0.01) compared with vehicle in the same group. LAM reversed the significant dif-
ferences on water intake between LD and HD rats on SIP (vehicle, p = 0.008; 15 mg/kg
p = 0.16; 30 mg/kg, p = 0.914). LAM did not affect water intake in LD rats. Moreover,
LAM also significantly reduced the total licks in HD rats compared with the LD group
(group x drug interaction, F(2,28) = 11.40, p < 0.001; group effect, F(1,14) =5.18, p <
0.05; drug effect, F(2,28) = 3.53, p < 0.05; n2 = 0.870). Post hoc comparison showed a
dose dependent decrease in the total licks in the HD group at both doses used 15 mg/kg
(p <0.05) and 30 mg/kg (p < 0.001) compared with vehicle in the same group. The com-
parison between LD and HD revealed a dose dependent reduction of the significant dif-
ferences in the number of licks disappearing at the highest dose (vehicle, p = 0.0001; 15
mg/kg p = 0.005; 30 mg/kg, p = 0.86). LAM administration reduced magazine entries in
both groups of rats (group x drug interaction: F(2,28) = 3.61, p < 0.05; group effect:
F(1,14) = 0.19, p = 0.67; drug effect: F(2,28) = 4.65, p < 0.05; 0.931). Post hoc analyses
revealed a decrease in magazine entries in HD rats only at the highest dose tested 30
mg/kg (p < 0.05) compared with vehicle and with the LD group.
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Figure 26. Effects of lamotrigine (LAM) on SIP. Effects of LAM administration on wa-
ter intake (A) and number of licks (B) in low drinkers (LD, n = 8) and high drinkers (HD,
n = 8) rats on SIP. Data are expressed as the means £ SEM. *p < 0.05; **p < 0.01; ***p
< 0.001 indicates significant differences vs. vehicle administration in the same group of
rats.

N° of Magazine entries

N-Acetylscysteine LD HD
Vehicle 996.59 + 126.34 2052.68 + 314.41
25 mg/kg 1087.19 + 205.43 2047.67 + 664.21
50 mg/kg 1011.57 + 162.58 2041.77 + 488.66
100 mg/kg 987.75 + 199.97 2095.57 + 676.96
200 mg/kg 1006.29 + 183.00 1428.29 + 247.77
Memantine

Vehicle 961.13 + 144.41 1584.11 + 206.60
3.1 mg/kg 992.71 + 197.17 1173.43 +116.98
6.2 mg/kg 930.00 + 222.24 811.67 + 182.63
Lamotrigine

Vehicle 1058.71 + 134.80 1192.29 + 111.46
15 mg/kg 1093.57 + 152.87 1286.14 + 145.31
30 mg/kg 1135.69 + 233.17 554.27 + 162.55 *

Table 6. Effects of N-Acetylcysteine (NAC), memantine (MEM) and lamotrigine
(LAM) on total magazine entries in low drinkers (LD, n = 8) and high drinkers (HD, n =
8) rats on schedule-induced polydipsia (SIP).
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4.4. DISCUSSION

The administration of NAC (25, 50, 100 and 200 mg/kg) revealed no significant
differences in the water intake nor LD, nor in HD rats on SIP. Conversely, previous re-
search has demonstrated that NAC (90 mg/kg), chronically and systemically adminis-
tered, resulted in significant reductions of compulsive binge eating in a rodent model
(Hurley et al., 2016). NAC systemically administrated has been demonstrated to abolish
the recovery of compulsive cocaine-seeking behavior in a rodent model through augment-
ing the glutamate/cystine antiporter activity and reestablishing the concentration of extra-
cellular glutamate in the nucleus accumbens (Baker et al., 2003a,b). Moreover, the acute
administration of NAC at 100 mg/kg reduced motivation, seeking and relapsing to self-
administration of ethanol in rats (Lebourgeois et al., 2018). However, acute injections of
NAC (0, 30, 60, or 120 mg/kg) did not have any result on self-administration of metham-
phetamine in rats (Charntikov et al., 2018). Some clinical studies have suggested the pos-
sible therapeutic role of NAC in OCD patients, showing a reduction in the scores of the
Y-BOCS after treatment with NAC during 10 and 12 weeks respectively (Afshar et al.,
2012; Paydary et al., 2016).

The acute systemic administration of MEM, 3.1 and 6.2 mg/kg, decreased compul-
sive drinking in HD rats on SIP, compared to LD rats that remain unaffected. Hence, these
results could not be considered as a general effect on rats exposed to SIP, pointing towards
the neuropsychopharmacological effects of MEM might be involved in the vulnerability
to compulsive non-regulatory drinking on SIP. In contrast, previous studies have found
that acute administration of MEM at 5 and 25 mg/kg in mice, did not affect water intake
on SIP, but revealed a reduction in regulatory drinking (Escher et al., 2006). Although in
this study, mice were not selected according to the rate of compulsive drinking. However,
in the same study MEM has been found as a useful treatment for reducing compulsive
alcohol intake, the administration of MEM 10 and 25 mg/kg significantly reduced alcohol
drinking in mice on SIP (Escher et al., 2006). Moreover, findings revealed that acute
administration of 10 mg/kg MEM significantly inhibited compulsive behavior in MBT
without affecting locomotor activity in mice (Egashira et al., 2008). Furthermore, acute
administration of 25 mg/kg MEM blocked ethanol self-administration in non-dependent
rats, as well as it decreased by half the one of post-dependent rats during acute withdrawal

(Alaux-Cantin et al., 2015). Otherwise, compulsive lever pressing, proposed as an OCD
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model (Joel and Avisar, 2001), was not affected by an NMDA antagonist (MK 801), while
an NMDA partial agonist (D-cycloserine) decreased this behavior (Albelda et al., 2010).
In this sense, the present results also contrast with the no effect found after ketamine
administration in HD and LD rats on SIP (Martin-Gonzalez et al., 2018). Though both
ketamine and MEM typify the same kind of drugs, they diverge in voltage dependence
and blocking kinetics (Danysz and Parsons, 1998). In human studies, MEM showed a
therapeutic role in obsessive-compulsive patients, by reducing the Y-BOCS scores after
chronic treatment with MEM for 8 weeks (Ghaleiha et al., 2013) and 12 weeks (Stewart
et al., 2010; Haghighi et al., 2013). Other study investigating MEM augmentation of
risperidone treatment in children with autism spectrum disorders revealed that the group
receiving MEM showed significant improvements in the subscales: irritability, stereo-
typic behavior, and hyperactivity of the Aberrant Behavior Checklist-Community
(Ghaleiha et al., 2013).

Our data showed that the administration of LAM, 15 and 30 mg/kg, significantly
decreased compulsive water drinking in HD rats, compared to LD rats, on SIP. There are
few preclinical studies on the behavioral effects of LAM, most of them related to as an
anti-depressant like effect. The acute administration of LAM at 16 and 32 mg/kg of LAM
induced a reduction in immobility time in the FST (Prica et al., 2008). Similarly, LAM at
15 and 30 mg/kg significantly reduced immobility in the FST (Li et al., 2010). In human
studies, have evidenced that 16 weeks of treatment with LAM in obsessive-compulsive
patients significantly reduced the Y-BOCS scores, as well as the Hamilton Rating Scale
for Depression scores and the Clinical Global Impression-Severity scores (Bruno et al.,
2012). More recently, two other studies using adjunctive treatment of LAM in addition
to SRIs treatment led in treatment-resistant OCD patients during 8 and 12 weeks respec-
tively, revealed a greater reduction in total YBOCS scores in LAM group (Hussain et al.,
2015; Khalkhali et al., 2016).

Collectively, the beneficial effects of MEM and LAM administration in reducing
compulsive drinking in HD rats on SIP suggest a therapeutic role for glutamate inhibition,
antagonizing NMDA receptor or blocking calcium and sodium channels in presynaptic
terminals. In contrast, the lack of effect of NAC in compulsive intake in HD rats on SIP

posits the idea of the possible relevance of the differential effect by the specific stimula-
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tion of the presynaptic terminal. These results support the possible dysregulation in glu-
tamatergic signal previously observed, in which HD rats selected by SIP showed a de-
creased basal level of glutamate in the medial prefrontal cortex (mPFC), restored by ser-
otonin 5-HT2A/C agonist DOI (Mora et al., 2018). Moreover, the effects of glutamatergic
drugs MEM and LAM suggest a possible modulatory role in the neuroanatomic and neu-
rochemical alterations observed in dopamine D2 receptors and 5-HT2A receptors in HD
rats selected by SIP (Pellén et al., 2011; Moreno et al., 2012; Mora et al., 2018).

Preclinical studies on compulsivity, using the dopamine D2 and D3 receptor agonist
quinpirole (QNP) in rats (Szechtman et al., 1998), have also evidenced a dysregulation
by an increased glutamate release in the substantia nigra and a lower extracellular con-
centration in the nucleus accumbens (Abarca et al., 1995; Krugel et al., 2004; Escobar et
al., 2015). Therefore, the proposed underlying mechanism in compulsivity of the QNP-
OCD model was associated with decreased dopaminergic and glutamatergic neurotrans-
mission in the mPFC to the nucleus accumbens, pointing toward a loss of executive con-
trol (Escobar et al., 2015). Furthermore, NMDA dependent glutamate neurotransmission
in the cortico-striatal circuitry seems to play a central role by the functional interaction
with serotonin and dopamine receptors in executive response control and compulsivity
measured by the 5-CSRT (reviewed in Carli and Invernizzi, 2014). In example, the local
infusions of NMDA receptor antagonist 3-((R)-2-carboxypiperazin-4-yl)-propyl-L-phos-
phonic acid ((R)-CPP) in the mPFC and also in the infralimbic cortex impaired accuracy
and increased premature and perseverative responding, raising glutamate, dopamine, and
GABA release in the dorsomedial striatum (Pozzi et al., 2011; Murphy et al., 2011; Ag-
noli et al., 2013). Similarly, in OCD patients, a dysregulation of glutamatergic signaling
in the cortico-striatal circuitry has been suggested, with decreased concentrations of glu-
tamate in the anterior cingulate cortex, accompanied by overactivity of the glutamate sig-
naling in the striatum and orbitofrontal cortex (Pittenger et al., 2011; Ting and Feng, 2011,
Milad and Rauch, 2012). Other authors proposed that the beneficial effect of MEM in
OCD patients could be mediated by functional disconnection of the hippocampus with
critical frontal regions (VIcek et al., 2018), by its effect on decreasing glutamate level in
the hippocampus (Glodzik et al., 2009). Finally, we could hypothesize that according to
these results, a possible explanation under the differences in compulsive HD rats selected

by SIP might be an altered function of glutamatergic NMDA receptors that affect firing
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in cortical neurons in mPFC and affect glutamatergic, as well as dopaminergic and sero-

toninergic signal in the striatum.
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Chapter 5. EXxperiment 3:

Gene expression analysis

5.1. EXPERIMENTAL DESIGN

The present study aimed to investigate the possible differences in gene expression
of serotonergic, glutamatergic and neuroplasticity related genes in rat populations se-
lected by SIP. Therefore, after the selection of compulsive HD and non-compulsive LD
rats on SIP, we analyzed the expression of serotonergic Htr2a and Htr2c, glutamatergic
Grinl, Grin2a, Grin2b, Grin2c and Grm2, and Bdnf genes in the following neuroanatom-
ical areas: frontal cortex (FC), hippocampus (HIP), and amygdala (AMY), related to the
cortico-limbic circuit and compulsive drinking on SIP (Mora et al., 2020). Figure 27 sum-

marizes experimental events.

SIP acquisition Gene expression analysis
T T T T ]

Selection Serotoninergic Glutamatergic Neuroplasticity
LD and HD rats on Hur2a and Grinl, Grina Bdnf
SIP Hrtr2e Grin2b, Grin2c
and Grm2

Figure 27. Experimental procedure illustrated in a timetable. SIP: Schedule-induced pol-
ydipsia; HD: High drinker; LD: Low drinker.

Experiment 3: Gene expression analysis 77



Chapter 5

5.2. MATERIALS AND METHODS

5.2.1. Subjects

A total of 20 male Wistar rats (Envigo, Spain) weighing between 250-350 g at the
start of the experiments were used in the present study. The animals were housed in four
rats/cages (50 x 35 x 20 cm) kept in a temperature-controlled environment at 22 + 2 °C,
humidity (50 + 10 %), with a 12:12-h light-dark cycle (light off at 08:00 h am) and food
and water provided ad libitum. After ten days of habituation and before behavioral tasks,
the rats were gradually reduced to 85 % of their free-feeding body weight through con-
trolled feeding, and their body weights were maintained at this level of deprivation
throughout the experiment. Food was provided by daily feedings of lab chow at approxi-
mately 30 min after each experimental session. All testing was performed between 9:00
h am and 2:00 h pm. Animals were around 3 months of age when the experiment started
and finished it at 5 months of age. All of the procedures were conducted following the
Spanish Royal Decree 53/ 2013 on the protection of experimental animals, the European
Community Directive 2010/63/EU for animal experiments and comply with the ARRIVE
guidelines for animal research. The Animal Research Committee of the University of
Almeria approved the experiments described here and the authors declare that the re-
search shows commitment to the 3Rs principle (replacement, reduction, refinement).

After the last session of SIP (protocol described in Chapter I11.11: SIP procedure),
all rats were sacrificed by rapid decapitation after anesthesia induction by inhalation of 4
% isoflurane, to extract the brain and obtain the samples of structures, by fresh dissection,
which would later be subject to analysis: the FC, the HIP and the AMY. The collected
samples were immediately frozen on dry ice to prevent the degradation of the ribonucleic
acid (RNA). All the samples were then stored at —80 °C until use. All the material used
in this procedure was autoclaved (Class-B P Selecta) and treated with ZAP RNAse
(Sigma Aldrich) to avoid contamination and degradation of the genetic material. Then,
samples were isolated, quantified and diluted to 100 ng/uL. This concentration was used
for the complementary DNA (cDNA) synthesis (20uL). Twenty microliters of that cDNA
were then diluted (1:4 factor), and this dilution was finally used for the quantitative re-
verse transcription polymerase chain reaction (RT-gPCR) reaction.

78 Experiment 3: Gene expression analysis



Chapter 5

5.2.2. SIP procedure: HD and LD selection

LD and HD rats were selected by SIP following the same protocol described in the

first experimental set (see page 40).

5.2.3. Real-time quantitative polymerase chain reaction

By using this technique, a multitude of copies of a particular nucleotide sequence
can be generated in vitro from a small amount of genetic material from structures that
have been carefully extracted beforehand. Thus, before the exponential replication of the
sequences of interest a series of processes had to be developed to enable the polymerase
chain reaction itself, as well as its reliability. First, RNA from the samples of the three
structures (FC, HIP, and AMY) was extracted and purified using Trizol reagent (Invitro-
gen) according to the manufacturer's instructions. Trizol reagent reliably extracts and pu-
rifies RNA from samples by maintaining RNA integration through inhibition of RNAase
activity and destroying cellular components in the homogenization of samples. Thus, a
separation of different layers was obtained by adding chloroform, being in the aqueous
layer where the RNA is located, so it was collected and, by employing isopropanol and
suitable centrifugation, the RNA pellet was precipitated. The supernatant was then re-
moved, and the RNA pellet was washed with 70 % ethanol. Finally, the remaining ethanol
was removed and allowed to dry. Once the process was completed, the final number of
samples to be analyzed was obtained: 18 frontal cortex, 18 amygdala, and 18 hippocam-
pus. Secondly, RNA quality assessment was carried out by electrophoresis. Electropho-
resis is a technique that uses the polar character of the genetic material (negative charge
given by the phosphate groups) to consequently move it from the negative to the positive
pole on a solid matrix (agarose gel) when a certain voltage is applied. First, the agarose
gel was prepared by dissolving agarose in Milli-Q water. The resulting mixture was
heated until the agarose was perfectly dissolved. The solution was then poured into a gel
holder. A comb installed in the gel holder shaped the wells where the samples were placed
once the loading buffer was added to the samples, and the gel was perfectly solidified and
placed in the electrophoresis cuvette. The next step was the application of voltage that
would cause the desired electrophoretic shift. To visualize the fragments, the gel had to
be stained with an intercalating agent that binds to the genetic material. The marker used
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was ethidium bromide, which was handled with special caution due to its mutagenic na-
ture. The last step was fluorescence spectrometry, whereby ultraviolet light is applied to
cause the ethidium bromide to emit fluorescence, thus seeing the fragments separated
according to molecular weight. This process was repeated for the samples of each struc-
ture. Also, RNA was quantified by fluorescence signaling with a Qubit® fluorometer
(Life Technologies). This specific and sensitive process allowed us to know the concen-
tration and quality, and to discard degradation and/or contamination of the samples. This
process was repeated for the samples of each structure. Then, the samples were subjected
to a Turbo DNA-free treatment whereby the DNAases remove contaminating genomic
desoxyribonucleic Acid (DNA) from the preparations that will then be retro-transcribed.
An inactivating reagent was used to stop the effect of the DNAases. The removal of these
contaminants allows for a PCR with less interference. Finally, cDNA was obtained from
messenger RNA. Retrotranscription allows RNA to be used to obtain cDNA from a re-
verse transcriptase enzyme. In our case, cDNA was synthesized from DNA-free total
RNA using the Maxima First Strand® cDNA synthesis kit (Thermo Scientific), using a
mixture of random hexamers and 18-mer oligo (dT) as primers. This process was repeated
for samples of each structure. The cDNA samples were stored at —80 °C until qPCR anal-

ysis.

5.2.4. Quantitative reverse transcription polymerase chain reaction (RT-qPCR)

Gene expression analysis was performed by RT-gPCR using the SYBR Green PCR
Master Mix kit on a Step-One real-time PCR system (Applied Biosystems) and a pair of
specific primers for each gene analyzed (Table 7). The appropriate efficiency of the pri-
mers was controlled by serial dilutions (dilution factor 1:10). The housekeeping gene
Gapdh was used as an internal reference for gene expression analyses. The absence of
gDNA contamination in the RNA sample analyzed by RT-qgPCR was demonstrated using
a specific amplicon of an intron section of the Gapdh gene as a control. The melting
curves were analyzed to ensure the specificity of the amplification. This process was re-

peated for samples of each structure.
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Gene Forward Reverse Reference
Gadph ACAACTTTGGCATTGTGGAA GATGCAGGGATGATGTTCTG Own design
Htr2a AACGGTCCATCCACAGAG AACAGGAAGAACACGATGC (Kindlundh-Hog-

bergetal et al. 2006)

(Kindlundh-Ho6g-

Htr2c TTGGACTGAGGGACGAAAGC GGATGAAGAATGCCACGAAGG
bergetalet al. 2006)

Grinl ATGGCTTCTGCATAGACC GTTGTTTACCCGCTCCTG (Lau et al. 2013)
Grin2a AGTTCACCTATGACCTCTACC GTTGATAGACCACTTCACCT (Lau et al. 2013)
Grin2b  AAGTTCACCTATGACCTTTACC CATGACCACCTCACCGAT (Lau et al. 2013)
Grin2c GGCCCAGCTTTTGACCTTAGT CCTGTGACCACCGCAAGAG (Lau et al. 2013)

(Pershina et al.

Grm2 CTATGCCACCCACAGTGATG GCACAGTGCGAGCAAAGTAATC 201 8)

Bdnf GGTCACAGCGGCAGATAA CCGAACATACGATTGGGTAG Own design

Table 7. Primers selected for the RT-gPCR study. From left to right, the name of the
gene, forward primer, reverse primer, and source. Gapdh: Glyceraldehyde 3-phosphate
dehydrogenase. Htr2a and c: Serotonergic receptor 2 a & b. Grinl, 2a, 2b, and 2c: Glu-
tamatergic NMDA subunit ionotropic receptor 1, 2a, 2b, and 2c, respectively. Grm2: Glu-
tamatergic metabotropic receptor 2. Bdnf: Brain-derived neurotrophic factor.

5.2.5. Data analyses

The study of the differences in gene expression between HD and LD, was analyzed
using Student's t-test (T-test) for each of the genes in the three different structures. Post
hoc comparisons were carried out using the Bonferroni test. To assess the relation be-
tween levels of water intake on SIP and relative gene expression, correlations were cal-
culated using Pearson correlation analysis. The effect size of the group differences was
calculated using Cohen's d. Statistical significance was set at p < 0.05. All analyses were
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computed using the Statistica software package (version 8.0). Graphpad Prism (version

9.0) was used for the graphs presented in the results section.
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5.3. RESULTS

5.3.1. LD and HD Selected by SIP

The mean water intake and licks in LD and HD during the acquisition and mainte-

nance of SIP are shown in Figure 28.
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Figure 28. The mean (x SEM) water intake in ml in fixed time FT-60s across 20 sessions
of schedule-induced polydipsia (SIP). Statistical analyses indicate significant differences
between low drinkers (LD, n = 10) and high drinkers (HD, n = 10; *p < 0.05) from session
3. Significant differences between sessions were found from session 5 (#p < 0.05).

The mean water intake over the last 5 days of SIP was 32,51 + 2.42 mL for HD and
13.36 = 1.61 for LD, respectively. The number of licks also showed SIP acquisition (data
not shown). The mean total licks averaged across the last 5 days of SIP were 1014.8 £

320.92 and 765.89 + 242,2 for HD and LD, respectively (data not shown). ANOVA re-
vealed significant differences in water intake according to the interaction between SIP
acquisition sessions and group (interaction SIP session x group effect: F(19,342) = 4.48,

p < 0.001, n*p = 0.17). Also, differences in water consumption were observed for the

session effect (F(19, 342) = 18.46, p < 0.001) and group effect (F(1,18) = 29.31, p <
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0.001). ANOVA also showed a significant interaction in the total number of licks (inter-
action SIP session x group effect: F(19,342) = 23.95, p < 0.001; session effect: F(19,342)
= 38.56, p < 0.001; group effect: F(1,18) = 85.42, p <0.001).

Post hoc comparisons indicated that SIP induced differences in drinking rates across
the 20 sessions in both groups. Differences between LD and HD were evident in the water
intake at session 3 (p < 0.05) onwards. Furthermore, when compared to session 1, animals
in the HD group significantly increased their water consumption from session 7 (p <
0.01). Differences between the HD and LD groups in the number of total licks at session
7 (p <0.01) were also observed, and HD rats increased their number of licks from session
7 (p < 0.05) compared to session 1. There were significant differences between LD and
HD animals in the total magazine entries according to session effect (F(19,342) = 4.76, p
< 0.001). However, there were no significant differences according to the interaction be-

tween SIP acquisition sessions and LD vs. HD (interaction SIP session x group effect:

F(19,342) = 0.33, p = 0.42) and group effect (F(1,18) = 0.40, p = 0.61).

5.3.2. Serotonergic genes relative expression in LD and HD rats

Figure 29 shows the messenger RNA (mMRNA) expression levels of Htr2a and
Htr2c genes in different brain structures in HD and LD rats selected by SIP. HD rats
showed significantly decreased mRNA expression levels of Htr2a in the FC (t = 2.23, df
=16, p < 0.05; d = 1.06) compared to LD rats. No differences were found in the mMRNA
gene expression level of Htr2a nor HIP (t = - 0.61, df = 16, p = 0.72), nor in AMY (t = -
0.91, df = 16, p = 0.81) between LD and HD rats (Figure 29 A). A significant negative
correlation between water intake on SIP and FC mRNA expression levels of Htr2a (R2
= -0.57, p = 0.01) was found (Figure 29 B). However, no significant correlations were
found between water intake and mMRNA expression levels of Htr2a in HIP (R2 =-0.01, p
=0.96) and AMY (R2 =0.25, p = 0.30). No differences were found in the mRNA expres-
sion levels of Htr2c in FC (t = 0.71, df = 16, p = 0.25), nor in HIP (t = 1.08, df = 16, p =
0.15) nor in AMY (t=-0.49, df = 16, p = 0.68) between HD and LD rats (Figure 29 C).
No significant correlations were found between water intake and mRNA expression lev-
els of Htr2a in HIP (R2 = -0.01, p = 0.96) and AMY (R2 = 0.25, p = 0.30). Also, there
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were no significant correlations between water intake on SIP and mMRNA expression lev-
els of Htr2c in FC (R2 = -0.21, p = 0.41) (Figure 29 D) nor in HIP (R2 = 0.36, p = 0.14)
nor in AMY (R2 =-0.09, p =0.72) (Table 8).

Gene Brain structure R? P Value Gene Brainstructure R? P Value

FC -0.57 0.01* FC -0.52  0.03*
. HIP -0.01 0.96 Grinl HIP -0.13 0.61
AMY 0.25 0.30 AMY -0.09  0.70
FC -0.21 0.41 FC -0.06  0.69
HIP 0.36 0.14 HIP 0.25 0.37
Hir2c GrinZa
AMY -0.09  0.72 AMY 0.03 093
FC -0.34  0.17
Gene Brainstructure R2? P Value
HIP -0.34  0.17
Grin2b
FC -0,67 0.002%*
AMY 0.22 0.40
HIP -0.19  0.44
Banf FC -0.13 0.70
AMY 20.13  0.60 Grrin2e
HIP -0.05  0.81
AMY -0.36  0.15
FC -0.13 0.62
Grm?2
HIP 0.02 0.94
AMY 0.06 0.82

Table 8. Correlations between water intake on SIP and relative gene expression. From
left to right, the name of the gene, the brain structure, the R2 value, and P value. Statistical
analyses indicate significant negative correlation between Htr2a, Grinl and Bdnf relative
expression in the frontal cortex and the water intake. (*p < 0.05; ** p <0.01.)
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Figure 29. Serotonergic relative expression (+ SEM) of Htr2a (A) and Htr2c (C) of high
drinker (HD; n = 10) and low drinker rats (LD; n = 10) in the frontal cortex, the hippo-
campus and the amygdala. Negative correlation between Htr2a (B) and Htr2c (D) relative
expression in the frontal cortex and water intake on SIP. Statistical analyses indicate sig-
nificant differences between LD and HD (*p < 0.05) in the relative expression of Htr2a
in the frontal cortex and significant negative correlation between Htr2a relative expres-
sion in the frontal cortex and the water intake.

5.3.3. Glutamatergic genes relative expression on LD and HD rats

Figure 30 shows the mMRNA expression levels of different glutamatergic genes in
different brain structures in HD and LD rats selected by SIP. HD rats showed a significant
reduction of Grinl mRNA expression levels in FC (t = 1.95, df = 16, p < 0.05; d = 0.93)
compared to LD rats. A significant negative correlation was also observed between the
water intake on SIP and the relative expression of Grinl in the FC (R2 =-0.52, p = 0.03)
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(Figure 30 B). No significant differences were found in Grinl mRNA expression levels
in HIP (t = 0.36, df = 16, p = 0.36) nor in AMY (t =- 0.28, df = 14, p = 0.61) between
HD and LD rats (Figure 30 A). No differences were found in the expression levels of
Grin2a in FC (t = - 1.20, df = 14, p = 0.88), in HIP (t = 0.17, df = 14, p = 0.43) and in
AMY (t=-0.19, df = 14, p = 0.57) between HD and LD rats (Figure 30 C). Moreover,
no significant differences were found in the expression levels of Grin2b in FC (t = 0.70,
df =16, p=0.25), in HIP (t = 1,24, df =16, p = 0.12) and in AMY (t=-1.22,df = 16, p
= 0.88) between HD and LD rats (Figure 30 D). Also, we did not find any significant
difference in the expression levels of Grin2c in FC (t = - 0.32, df = 13, p = 0.63), in HIP
(t=-0.44,df = 14, p=0.67) and in AMY (t = 0.01, df = 12, p = 0.50) between HD and
LD rats (Figure 30 E). There was a non-significant trend to decreased mRNA expression
of Grm2 levels in FC (t = 1.68, df = 16, p = 0.05), and in the HIP (t = 1.38, df = 16, p =
0.09) between HD and LD rats. No significant differences were found in AMY (t=0.31,
df =16, p = 0.38) between HD and LD rats (Figure 30 F). The comparison between drink-
ing levels on SIP and mMRNA expression levels of the rest of the glutamatergic genes
analyzed revealed no significant correlations. The correlation between the water intake
on SIP and mRNA expression levels of Grinl: in HIP (R2 = -0.13, p = 0.61) and AMY
(R2=-0.09, p=0.70) are shown in Table 8. No significant differences between the water
intake on SIP and the mRNA expression levels of Grin2a: in FC (R2 = -0.34, p = 0.20),
in HIP (R2 =-0.33, p=0.97) and in AMY (R2 = 0.92, p = 0.40); Grin2b: in FC (R2 = -
0.48, p = 0.17), in HIP (R2 = -0.45, p = 0.17) and in AMY (R2 = 0.32, p = 0.90); and
Grin2a: in FC (R2 =-0.74,p =0.47), in HIP (R2 =-0.36, p=0.17) and AMY (R2 =0.22,
p = 0.40) (Table 8). There were no significant correlations between water intake on SIP
and mRNA expression levels of Grm2 in FC (R2 =-0.13, p =0.62), in HIP (R2=0.02, p
=0.94), and in AMY (R2 =-0.06, p = 0.82) (Table 8).
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Figure 30. Glutamatergic relative expression (x SEM) of Grinl (A), Grin2a (C), Grin2b
(D), Grin2c (E), and Grm2 (F) of high drinker (HD; n = 10) and low drinker rats (LD; n
= 10) in the frontal cortex, the hippocampus and the amygdala. Significant negative cor-
relation between Grinl relative expression in the frontal cortex and water intake on SIP
(B). Statistical analyses indicate significant differences between LD and HD (*p < 0.05)
in the relative expression of Grinl in the frontal cortex and significant negative correla-
tion between Grinl relative expression in the frontal cortex and the water intake.
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5.3.4. Neuroplasticity genes relative expression in LD and HD rats

HD rats showed a significant reduction in Bdnf mRNA expression levels in FC (t =
1.84, df = 16, p < 0.05; d = 0.874). A trend, in the same way, was observed in HIP (t =
1.43, df = 16, p = 0.08) compared to the LD rats. No significant differences were found
in Bdnf mMRNA expression levels in AMY (t =-0.31, df = 16, p = 0.62) between HD and
LD rats (Figure 31 A). There was a significant negative correlation between the water
intake on SIP and the relative expression of Bdnf in the FC (R2 =-0.67, p = 0.002) (Figure
31 B). No significant negative correlations were found between water intake on SIP and
Bdnf mRNA expression levels in HIP (R2 = -0.19, p = 0.44) and in AMY (R2 =-0.13, p
= 0.60) (Table 8).
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Figure 31. Bdnf relative expression (+ SEM) of high drinkers (HD; n = 10) and low
drinkers rats (LD; n = 10) in the frontal cortex, the hippocampus and the amygdala (A).
Significant negative correlation between Bdnf relative expression in the frontal cortex and
water intake on SIP (B). Statistical analyses indicate significant differences between LD
and HD (*p < 0.05) in the relative expression of Bdnf in the frontal cortex and significant
negative correlation between Bdnf relative expression in the frontal cortex and the water
intake.
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5.4. DISCUSSION

We found that HD rats have a significantly decreased mRNA expression level of
Htr2a, Grinl, and Bdnf in the FC compared to LD rats. Also, the mMRNA expression levels
of Htr2a in the FC correlated negatively with compulsive drinking on SIP. Thus, rats that
consumed more water showed less mMRNA expression levels of Htr2a. This is in accord-
ance with previous research in our laboratory, which revealed HD rats selected by SIP
had a specific reduction of 5-HT2A receptor binding in FC compared to LD rats (Mora
et al., 2018). In contrast, Roman High Avoidance (RHA) rats characterized as impulsive
and by a compulsive drinking profile on SIP (Moreno et al., 2010), show higher 5-HT2A
binding in the FC compared to Roman Low Avoidance (RLA) rats (Klein et al., 2014).
However, a recent study did not find differences in Htr2a gene expression in FC between
RHA and RLA rats (Fomsgaard et al., 2018). According to our findings, rats that showed
a high inflexibility in a spatial discrimination reversal learning task had lower serotonin
5-HT2A receptor binding in the orbitofrontal cortex compared to low-perseverative rats
(Barlow et al., 2015). Studies using single photon emission computed tomography found
that dogs with compulsive behaviors have lower serotonin 5-HT2A receptor availability
in the FC (Vermeire et al. 2012). On the contrary, red junglefowl! (Gallus gallus) chicks
characterized by a higher expression of Htr2a, are less flexible in a discriminative and
reversal learning task (Boddington et al., 2020). Animal models of individual differences
for example: on depression, have shown that the expression of Htr2a is reduced in the FC
of Flinders Sensitive Line (FSL) compared to their control strain Flinders Resistant Line
(FRL) (DuJardin et al., 2017). Moreover, dogs with anxiety disorders have lower seroto-
nin 5-HT2A binding in the FC (Vermeire et al., 2009). Furthermore, pharmacological
studies have found that serotonin 5-TH2A/C receptor agonists reduce compulsive drink-
ing on SIP. Thus, the systemic administration of DOI in a dose-dependent manner only
reduced compulsive drinking on SIP in HD rats compared to LD rats, which supports the
notion that serotonin 5-HT2A receptors have a key role in compulsive behavior (Navarro
et al., 2015). In addition, the activation of prefrontal serotonin 5-HT2A/c receptors by
direct micro-infusion of DOI in the medial prefrontal cortex decreased compulsive drink-
ing in HD rats (Mora et al., 2018). Serotonin 5-HT2A receptors have a role in cognitive

flexibility since the blockade of these receptors leads to impairments in reversal learning
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(Boulougouris, Glennon, and Robbins, 2008). Microinfusion of the 5-HT2A receptor an-
tagonist M100907 in the orbitofrontal cortex leads to a higher perseveration during rever-
sal learning and potentiated self-grooming behavior in BTBR mice, a mouse model of
autism (Amodeo et al., 2014). A high expression of Htr2a has been found in FC, HIP,
and AMY of the central nervous system of adult rats, which constitute components of the
brain circuits implicated in memory extinction (Cornea-Hébert et al., 1999). The activa-
tion of serotonin 5-HT2A receptors facilitates the consolidation and extinction of trace
and delay-cued fear memory (Stackman et al., 2013). Clinical studies have also implicated
the serotonin Htr2a receptor in different psychopathological disorders. In vivo studies in
drug-naive OCD patients show a reduction in 5-HT2A receptors availability in the FC
(Perani et al., 2008). A reduction in mRNA expression levels of Htr2a has also been
observed in bipolar disorder patients (Lopez-Figueroa et al., 2004), and schizophrenia
patients (Hurlemann et al., 2008), a finding consistent with postmortem autoradiography
studies which showed reduced 5-HT2A binding in the FC of schizophrenic patients
(Matsumoto et al., 2005).

In the present study, HD rats did not differ significantly in the mRNA expression
level of Htr2c in FC, HIP, and AMY compared with LD rats. Moreover, no significant
correlations were found between water intake on SIP and mRNA expression level of
Htr2c. Overall, there is very limited evidence to suggest the involvement of the 5-HT2C
receptor in OCD (Sinopoli et al., 2017). However, studies support that 5-HT2C has a role
in this disorder. Previous research shows that DOI decreased compulsive drinking in HD
rats on SIP (Navarro et al., 2015) while the 5-HT2C receptor antagonist SB242084 did
not affect compulsive drinking on SIP (Mora et al., 2018). Also, the administration of
WAY-163909, a serotonin 5-HT2C antagonist, decreased adjunctive drinking on SIP
(Rosenzweig-Lipson et al., 2007), while the 5-HT2C receptor antagonist SB242084 in-
creased drinking on SIP (Higgins et al., 2020). The activation of 5-HT2C induced exces-
sive self-grooming behavior in rats (Graf, 2006), and 5-HT2C receptor knockout mice
exhibited compulsive-like behaviors (Chou-Green et al., 2003). Notwithstanding, seroto-
nin 5-HT2C receptors have been associated with cognitive flexibility and reversal learn-
ing. Preclinical studies with rats have found that the administration of 5-HT2C receptor
antagonist SB242084 improved learning performance (Alsio et al., 2015; Boulougouris,

Glennon, and Robbins, 2008). In clinical studies, Htr2c mRNA expression levels have
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been shown to be reduced in the FC on unmedicated and medicated schizophrenic patients
(Castensson et al., 2003, 2005). On the contrary, a recent meta-analysis found no signif-

icant associations between Htr2c polymorphism and OCD (Taylor, 2013).

The assessment of the glutamatergic Grinl gene, which encodes NMDA receptor
subunit 1, revealed a significant reduction in FC in HD rats and an inverse correlation
between its expression and compulsive drinking on SIP. Previous studies pointed towards
the relation between Grinl and compulsive behavior in rats, as for example, different
correlations between the mRNA expression of Grinl in the dorsomedial prefrontal cortex
and exposure to cocaine, in which limited access to cocaine negatively correlates with the
MRNA expression levels, have been described (Ploense in 2018). Nevertheless, pro-
longed exposure increased the mRNA levels (Ploense et al. 2018). However, a recent
study in rats after 10-day cocaine abstinence has shown no significant differences in
Grinl expression in FC or HIP (Smaga et al. 2021). Similarly, authors did not describe
any significant difference in the mRNA levels of Grinl in RHA high avoidance rats in
the same brain areas (Elfving in 2019). Besides, other preclinical studies confirmed the
implication of Grinl in fear memory and extinction processes, showing that the deleting
of knocking out Grinl strongly facilitates fear memory formation and retention and at-
tenuates extinction of a cued fear response (Gafford et al. 2014; Hirsch et al. 2015). Like-
wise, Grinl had been considered an important gene in memory acquisition (Chen et al.
2018). Thus, mutant mice expressed deficits in spatial working memory in the Morris
Water Maze paradigm (Kew et al. 2000). Also, mutant mice presented abnormal anxiety-
like behaviors in the light/dark transition and the Elevated Plus Maze Test, a deficient
contextual and cued fear memory in the FCT, and impaired working memory in the eight-
RAM (Umemori et al. 2013). Grinl has been considered as a susceptibility gene candi-
date for some neuropsychiatric disorders, including schizophrenia, bipolar disorder, and
attention-deficit/hyperactivity disorder (Umemori et al. 2013; Mundo et al. 2003). More-
over, Grinl seems to have a relevant role in schizophrenia disorder (Liu et al. 2019; Zhao
et al. 2009; Hung et al. 2002).

The assessment of the glutamatergic Grin2b and Grm2 genes revealed no signifi-
cant differences in gene expression between compulsive HD rats and LD rats. However,

a previous study showed that high avoidance rats expressed increased levels of Grin2b

92 Experiment 3: Gene expression analysis



Chapter 5

and decreased levels of Grm2, both in the FC (Elfving et al. 2019). Moreover, contradic-
tory results have been found concerning the association between Grin2b mRNA expres-
sion and the experience of stressful and anxious experiences in rats. Stress induced by
maternal separation did not affect the expression levels of Grin2b in the FC, nor in the
HIP (Masrour et al. 2018). Grin2b knockout mice are considered as a model of autism
and intellectual disability (Shin et al. 2020; O'Roak et al. 2012). Consistently, Grin2b
variants had been associated with the susceptibility to develop OCD in humans (Bozorg-
mehr et al. 2017; Alonso et al. 2012; Arnorld et al. 2004). Less information is available
referring to Grm2 genes. Research exploring the effect of the lack of Grm2 in the prelim-
bic cortex in alcohol consumption using knockout rats reported no significant differences
in alcohol intake (Ding et al. 2017). Other studies showed an upregulation of Grm2 pro-
teins in the FC and the ventral tegmental area after protocols of mild stress (Liao et al.
2021). Clinical research suggested that Grm2 may play a key role in the pathophysiology
of methamphetamine-induced psychosis (Tsunoka et al. 2010). Furthermore, Gonzalez-
Maeso detected downregulation of Grm2 in post-mortem human brains from untreated

schizophrenic subjects (Gonzalez-Maeso et al. 2008).

The assessment of the Bdnf gene revealed a significant reduction in FC in HD rats
and an inverse correlation between its expression and compulsive drinking on SIP. BDNF
and its receptors are involved in the regulation of synaptic plasticity processes and syn-
aptic communication (Orhan et al. 2021; Kowianski et al., 2018; Favalli et al., 2012). In
preclinical studies, upregulation of Bdnf expression in the Nucleus Accumbens was ob-
served in rats showing successful extinction in morphine-conditioned place preference
(Martinez-Rivera et al. 2019). In addition, increased BDNF protein in prefrontal and hip-
pocampal regions produces extinction facilitation in fear-conditioned rats (Peters et al.
2009; Rosas-Vidal et al. 2014). Besides, decreased Bdnf expression level in different
brain areas has been reported in animal models of depression and isolation (Elfving et al.
2010), but a review pointed out that the downregulation of Bdnf expression might be as-
sociated with increased anxiety-like symptoms, such as shorter time spent in the open
arms of an elevated plus maze, increased immobility in the FST, or reduced sucrose pref-
erence (reviewed in Murinova et al. 2017). However, the Bdnf expression level has been
shown to be increased in high avoidance RHA rats in FC (Elfving et al. 2019). Moreover,

recent data suggest that the downregulation in the locus coeruleus of Arc mRNA levels,
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another plasticity marker, is associated with the tendency to develop compulsive behavior
on SIP (Velazquez-Sanchez, et al. 2023). Furthermore, clinical studies demonstrated de-
creased BDNF serum levels in OCD and schizophrenia patients when compared to control
participants (Maina et al. 2010; Favalli et al. 2012).
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The findings of the present Doctoral Thesis contribute to develop our knowledge
about the behavioral, pharmacological and genetic alterations associated with the com-
pulsive HD phenotype selected by SIP. Besides, it contributes to the development of new
therapeutic and diagnose targets, such as possible biomarkers of vulnerability to compul-
sive spectrum disorders, helping to know more about the prognosis of this disorder and
develop more individualized treatments. Hence, an overview of the key findings of the

present Doctoral Thesis could be summarized in following points:

1. Persistence behavior and resistance to memory extinction. Compulsive drinking
behavior during SIP might contribute to the development of perseverative responses
and to the formation of resistant memories. Recent meta-analysis revealed that per-
sistence checking behavior is associated with the memory confidence and accuracy
detriment in OCD population (Jondani et al. 2023). Nevertheless, evidence regarding
memory impairment in OCD is inconclusive, as we can find mixed findings. Memory
deficits may be related to specific subtypes or symptom dimensions of OCD. Another
possibility is that other factors such as anxiety, depression, and medication use may
play a significant role in influencing memory performance in individuals with OCD.
Overall, while there is some evidence to suggest that memory impairments may be
present in some individuals with OCD, more research is needed to better understand
the relationship between compulsivity and memory functioning.

2. Inflexible behavior in changing environments. Derived from this formation of re-
sistant memories, HD rats showed inflexible responses in changing environments.
According to dual-system theories, actions and choices can be supported by either a
goal-oriented or a habitual system (Balleine and Dickinson, 1998). Computational
studies have also made a similar distinction between model-based and model-free
strategies for action selection (Daw et al., 2011). Goal-oriented choice offers flexibil-

ity but requires significant cognitive resources. In contrast, habitual or model-free be-
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havior is more efficient in familiar situations where past experience provides assur-
ance that a particular course of action is optimal, making detailed evaluation of alter-
natives unnecessary. However, habitual behavior lacks flexibility in response to a
changing environment or changing needs. Over-reliance on habitual behavior may
result in cognitive and behavioral inflexibility. It is important to note that the relation-
ship between habitual behavior and cognitive flexibility has received little explora-
tion, making it an important area for future research. Memory and cognitive flexibility
impairments observed in OCD population, as well as in prelicnical models, point to a
possible implication of glutamatercig signaling in the development and maintenance
of compulsive behavior.

Glutamatergic signaling affectation. The positive impact of administering MEM
and LAM on reducing compulsive drinking in HD rats on SIP implies that inhibiting
glutamate, antagonizing NMDA receptors, or blocking calcium and sodium channels
in pre-synaptic terminals may have therapeutic benefits. These findings support the
possibility of dysregulation in glutamatergic signaling previously observed, in indi-
viduals with OCD that present a dysregulation of glutamatergic signaling in the cor-
tico-striatal circuitry. Specifically, decreased concentrations of glutamate in the ante-
rior cingulate cortex may be accompanied by overactivity of glutamate signaling in
the striatum and orbitofrontal cortex (Pittenger et al., 2011; Ting and Feng, 2011,
Milad and Rauch, 2012). Some researchers propose that the therapeutic effect of
MEM in OCD patients may be due to functional disconnection between the hippo-
campus and critical frontal regions (VIcek et al., 2018) or by its ability to decrease
glutamate levels in the hippocampus (Glodzik et al., 2009). Based on these findings,
it could be hypothesized that the differences in compulsive behavior observed in HD
rats selected by SIP may be attributed to altered function of glutamatergic NMDA
receptors that impact firing in cortical neurons in the mPFC and affect glutamatergic,
dopaminergic, and serotoninergic signaling in the striatum. Conversely, the lack of
effect of NAC on compulsive intake in HD rats on SIP suggests that specific stimula-
tion of the presynaptic terminal could have a differential effect, making evident the
need for deeper exploration. That possibly altered fuction of glutamatergic NMDA
receptors leads to the idea of an also altered genetic expression of NMDA-related

genes in compulsive population.
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4. Gene expression alteration. As expected by the results at neuropharmacology level,
HD compulsive rats showed dysregulated expression of serotonergic, glutamatergic
and neuroplasticity genes in the FC. These findings reveal the key role of that specific
region alteration of the gene expression in compulsive individuals, pointing toward a
possible lack of plasticity in this area as the cause of the compulsive symptoms. Clin-
ical studies revealed the association between a single nucleotide polymorphism in
serotonergic, glutamatergic and neuroplasticity genes and compulsive spectrum dis-
orders (Beheshti et al. 2023). Moreover, medial pre-FC has been demonstrated to pre-
sent functional and structural abnormalities in OCD populations (Yang et al. 2023).
Additional research could help clarify the distinct roles of dysregulated serotonergic,
glutamatergic and neuroplasticity gene expression in neurotransmission and finally in
the resulting behavior. This would enhance our understanding of how these mecha-

nisms contribute to susceptibility to compulsive behaviors.

All of these findings point towards new research questions to wonder about the
effect of these molecular alterations in inhibitory control and the associated symptoms.
In this sense, we hypothesize that FC might be controlling the top-down system and man-
aging other brain regions. A possible lack of plasticity in the frontal cortex might be caus-
ing inflexibility and interfering with the extinction of a prominent behavior, as the com-

pulsive drinking in stressing conditions as SIP.

Data supporting this hypothesis are as follows: (1) FC is a brain area widely asso-
ciated with executive control and associated functions such as working memory, cogni-
tive flexibility, and inhibitory control, domains altered in HD compulsive phenotype (ex-
periments 1 and 2). (2) In the gene expression analysis (experiment 4), HD compulsive
rats, in the FC, presented a downregulated expression of Htr2a, Grinl and Bdnf genes.
Multiple studies provide reliable support for a large additive genetic contribution to lia-
bility to OCD, as well as to associated symptoms, having both shared and unique genetic
risks (Mahjani et al. 2021). (3) Glutamate, a neurotransmitter implicated in the signaling
of the cortico-striatal circuitry, has shown to be altered in the HD compulsive phenotype
(experiment 2). OCD populations present altered concentrations of glutamatergic neuro-
transmitter in the anterior cingulate cortex, the striatum and the orbitofrontal cortex (Mi-
lad and Rauch 2012; Pittenger et al., 2011; Ting and Feng 2011).
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Finally, it is worth to highlight that all the experiments have been carried out using
male rats, as previous statistics showed a higher occurrence of OCD in males. However,
recent research suggest that females are affected at a slightly higher rate than males
(Mathes et al. 2019). Hence, future research lines in preclinical models of OCD could try

to replicate previous data using female animals.

Future studies might determine the underlying mechanisms associated with the sug-
gested lack of plasticity in the FC linked to the acquisition and maintenance of compulsive
behavior and the associated symptoms. Genetic, proteic, histological and functional anal-
yses could help to determine microstructural changes and intra-circuit functional connec-
tions contributing to vulnerability to compulsivity, enhancing our understanding of the
compulsive phenotype and related behaviors. This study has clinical relevance as it may
lead to the identification of a new target for assessment and treatment, utilizing psycho-
pharmacology, surgery, or neurostimulation strategies, based on the affected behavioral
and cognitive domains in different neuropsychiatric disorders.
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According to the exposed results, the conclusions of the present doctoral thesis are

presented as follows.

1. The behavioral characterization (1st experiment set) revealed that HD compulsive rats

showed compulsivity in different paradigms and a higher fear behavior, considered

as

comorbid behavior related to compulsive spectrum disorders according to the clin-

ical literature. Moreover, HD rats exhibited inflexibility and damaged working and

reference memory, cognitive processes altered in compulsive spectrum disorders pa-

tients.

a)

b)

c)

d)

f)

HD rats exhibited compulsivity on MBT, evidenced by a higher number of mar-
bles partially buried (2/3) compared to LD rats (Experiment 1A).

There were no differences between groups neither in depressive-like behaviors,
nor in anxiety-like behaviors, measured by FST and EPM (Experiment 1A).

HD rats presented an increased fear behavior profile on FCT, shown by a higher
percentage of freezing time in the first block of the retrieval day as well as across
the following blocks, compared to LD rats (Experiment 1A).

HD rats showed cognitive inflexibility on MWM, evidenced by a higher latency
to find the platform in Reversed MWM compared to LD rats (Experiment 1B).
Reference and working memory were impaired on RAM in HD rats, expressed by
a higher number of accumulative errors compared to LD rats (Experiment 1B).
Stimulus processing and novelty reaction did not differ in HD rats compared to
LD rats on NOR (Experiment 1B).

2. The pharmacological study (2nd experiment set) provides new evidence that MEM

and LAM reduced, in a dose-dependent manner, compulsive intake in HD rats on SIP,

and did not affect LD behavior, suggesting a potential role of antagonizing NMDA

re

ceptor or blocking calcium and sodium channels in presynaptic terminals. In con-

trast, the lack of effect of NAC in compulsive drinking of HD rats, pointing towards
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the possible relevance of the different effect by the specific stimulation of the presyn-

aptic terminal.

a)

b)

The blockage of the glutamate release, by the increase of the glutathione produced
by the administration of NAC, did not show any therapeutic potential in the re-
duction of compulsive drinking on SIP (Experiment 2).

The blockage of the glutamate signaling, produced by the antagonism of the
NMDA receptor antagonist by the administration of MEM, reduced the compul-
sive behavior on SIP in a dose dependent manner (Experiment 2).

The blockage of presynaptic glutamate release, through the blockage of the so-
dium channels produced by the administration of LAM, reduced in a dose depend-
ent manner compulsive drinking on SIP, eliminating differences between groups

at the highest dose (Experiment 2).

The gene expression analysis (3rd experiment set) revealed downregulated mRNA

expression levels of Htr2a, Grinl, and Bdnf genes in the FC of HD compulsive rats,

pointing towards a possible lack of plasticity in the frontal cortex compared to LD

rats.

a)

b)

f)

HD rats exhibited a downregulated level of Htr2a in FC compared to LD rats and
the MRNA expression of Htr2a in the FC negatively correlates with the amount
of water intake on SIP (Experiment 3).

Both groups did not differ in the mRNA expression of Htr2a in the other brain
areas studied (Experiment 3).

There were no differences between groups in the mRNA expression of Htr2c in
any of the areas analyzed (Experiment 3).

HD rats showed a downregulated level of Grinl in FC compared to LD rats and
the mMRNA expression of Grinl in the FC negatively correlates with the amount
of water intake on SIP (Experiment 3).

Both groups did not differ in the mRNA expression of Grinl in the other two brain
areas analyzed (Experiment 3).

No differences were found between groups in the mMRNA expression of Grin2a,

Grin2b, Grin2c or Grm2 in any of the areas analyzed (Experiment 3).
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g) HD rats showed a downregulated level of Bdnf in FC compared to LD rats and the
MRNA expression of Bdnf in the FC negatively correlates with the amount of
water intake on SIP (Experiment 3).

h) HD and LD rats did not differ in the expression of Bdnf in the other brain areas
analyzed (Experiment 3).

Hypotheses

Hypotheses support

15t experimental set: behavioral characterization.

Experiment 1A: comorbid behaviors in compulsive rats selected
by SIP.

HD animals might show compulsive-like behavior on Marble Bury-
ing Test.

HD animals might express depressive-like behavior using the Forced
Swimming Test.

HD animals might present anxiety-like behavior on the Elevated Plus
Maze Test.

HD animals might show a higher fear behavior on Fear Conditioning
Test.

Experiment 1B: cognitive processing in compulsive rats selected
by SIP.

HD animals might show an impaired reference memory on Morris
Water Maze.

HD animals might present behavioral inflexibility by reversing the
conditions in Morris Water Maze.

HD rats will present an impaired reference and working memory us-
ing the Radial Arm Maze.

HD animals might show an impaired stimuli processing and a higher
novelty reaction on the Novel Object Recognition Test.

Table 9. Degree of support obtained for each hypothesis proposed. Green, yellow and
red indicate that results confirm our hypothesis completely, partially, or they do not, re-
spectively.
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Hypotheses

Hypotheses support

2nd experimental set: pharmacological study.

Experiment 2: glutamatergic modulation on SIP.

The acute administration of NAC will reduce compulsive behavior -
on SIP.

The acute administration of MEM will reduce compulsive drinking
on SIP.

The acute administration of LAM will reduce compulsive drinking
behavior on SIP.

3rd experimental set: gene expression analysis.

Experiment 3: genetic expression analysis of serotoninergic, glu-
tamatergic and neuroplasticity related genes in rats selected by
SIP.

HD rats will present a downregulation in the genetic expression of
serotonergic genes, Htr2a and Htr2c, in the areas analyzed.

HD rats will present an upregulation in the genetic expression of glu-
tamatergic genes, Grinl, Grin2a, Grin2b, Grin2c and Grm2, in the
areas analyzed.

HD rats will present a downregulation in the genetic expression of
Bdnf gene, in the areas analyzed.

Table 9 (continued). Degree of support obtained for each hypothesis proposed. Green,
yellow and red indicate that results confirm our hypothesis completely, partially, or they
do not, respectively.
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ANOVA. Analysis of variance.

BDNF. Brain Derived Neurotrophic Factor.
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cDNA. Complementary DNA.

DDT. Delay-Discounting Task.

DNA. Desoxyribonucleic acid.

EPM. Elevated Plus Maze.

FC. Frontal cortex.

FCT. Fear Conditioning Test.
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FT. Fixed time.

GWAS. Genome-wide association study
HD. High drinkers.

HIP. Hippocampus.

LAM. Lamotrigine.

LD. Low drinkers.

MBT. Marble Burying Test.

MEM. Memantine.

mGlu2. Metabotropic glutamate receptor type II.
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mPFC. Medial prefrontal cortex.

MRI. Magnetic resonance imaging.

MRNA. Messenger RNA.

MWM. Morris Water Maze.

NAC. N- Acetylcysteine.

NMDA. N-methyl-D-aspartate receptor.
NOR. Novel Object Recognition Test.

OCD. Obsessive-compulsive disorder.
OCRDs. Obsessive-Compulsive and Related Disorders.
PA. Passive Avoidance.

PRLT. Probabilistic Reversal Learning Task.
RAM. Radial Arm Maze.

RDoC. The Research Domain Criteria.

rGT. Rodent Gambling Task (rGT).

RLT. Reversal Learning Task.

RNA. Ribonucleic acid.

RT-gPCR. Quantitative reverse transcription polymerase chain reaction.
SIP. Schedule-Induced Polydipsia.

SSRIs. Selective serotonin reuptake inhibitors.
TCAs. Tricyclic antidepressants.

VDS. Variable Delay-to-Signal.

Y-BOCS. Yale-Brown Obsessive-Compulsive Scale.
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Compulsive behavior is observed in several neuropsychiatric disorders such as
obsessive-compulsive disorder (OCD), anxiety, depression, phobia, and schizophrenia.
Thus, compulsivity has been proposed as a transdiagnostic symptom with a
highly variable pharmacological treatment. Recent evidence shows that glutamate
pharmacotherapy may be of benefit in impaired inhibitory control. The purpose of
the present study was: first, to test the comorbidity between compulsivity and other
neuropsychiatric symptoms on different preclinical behavioral models; second, to assess
the therapeutic potential of different glutamate modulators in a preclinical model of
compulsivity. Long Evans rats were selected as either high (HD) or low (LD) drinkers
corresponding with their water intake in schedule-induced polydipsia (SIP). We assessed
compulsivity in LD and HD rats by marble burying test (MBT), depression by forced
swimming test (FST), anxiety by elevated plus maze (EPM) and fear behavior by fear
conditioning (FC) test. After that, we measured the effects of acute administration
(i.p.) of glutamatergic drugs: N-Acetylcysteine (NAC; 25, 50, 100 and 200 mg/kg),
memantine (3.1 and 6.2 mg/kg) and lamotrigine (15 and 30 mg/kg) on compulsive
drinking on SIP. The results obtained showed a relation between high compulsive
drinking on SIP and a higher number of marbles partially buried in MBT, as well
as a higher percentage of freezing on the retrieval day of FC test. We did not
detect any significant differences between LD and HD rats in FST, nor in EPM. The
psychopharmacological study of glutamatergic drugs revealed that memantine and
lamotrigine, at all doses tested, decreased compulsive water consumption in HD rats
compared to LD rats on SIP. NAC did not produce any significant effect on SIP.
These results indicate that the symptom clusters of different forms of compulsivity
and phobia might be found in the compulsive phenotype of HD rats selected by SIP.
The effects of memantine and lamotrigine in HD rats point towards a dysregulation
in the glutamatergic signaling as a possible underlying mechanism in the vulnerability
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to compulsive behavior on SIP. Further studies on SIP, could help to elucidate the
therapeutic role of glutamatergic drugs as a pharmacological strategy on compulsive

spectrum disorders.

Keywords: compulsivity, schedule-induced polydipsia, marble burying test, forced swimming test, elevated plus
maze test, fear conditioning, glutamatergic modulators

INTRODUCTION

Compulsivity has been defined as “the performance of repetitive,
unwanted and functionally impairing overt or covert behavior
without adaptive function according to either rigid rules or
as a means of avoiding perceived negative consequences”
(Fineberg et al.,, 2014). It is one of the principal symptoms
in obsessive-compulsive disorder (OCD), that affects 2%-3%
of the population and is considered as one of the ten
leading neuropsychiatric disorders of disability (WHO, 2018).
In the Diagnostic and Statistical Manual of Mental Disorders
(5th edn), the obsessive-compulsive and related disorders family
state that the course of OCD is often complicated by the
co-occurrence of other disorders, including anxiety, specific
phobia, depression, bipolar disorder, schizophrenia, and eating
disorders as common comorbid pathologies (DSM-5; American
Psychiatric Association, 2013). Indeed, compulsive behavior has
been proposed as a trans-diagnostic symptom being comorbid
especially with general anxiety disorders and depression (Gillan
et al, 2017). For example, Torres et al. (2014, 2016) found
that OCD patients, evaluated using the Dimensional Yale-Brown
Obsessive-Compulsive Scale and Structured Clinical Interview
for DSM-IV-TR Axis I Disorders, presented a lifetime prevalence
of: 15.3% panic disorder (Torres et al, 2014), 56.4% major
depression, 34.6% social phobia, 34.3% generalized anxiety
disorder, and 31.4% specific phobia (Torres et al., 2016).
Despite these studies, there are few experimental approaches
in animals that have characterized the comorbidity with
other altered pathological behaviors in preclinical models
of compulsivity.

The clinical treatment of compulsivity in OCD patients has
been focused on Serotonin reuptake inhibitors (SRIs), such as
fluvoxamine, fluoxetine, sertraline, paroxetine and citalopram
(reviewed in Fineberg and Gale, 2005). However, recent studies
point out that up to 40% of patients do not respond successfully
to SRIs treatment (Marinova et al., 2017). Recent studies suggest
that glutamate-modulating drugs seem to have a beneficial
effect in reducing compulsive symptoms in humans (Marinova
et al,, 2017) maybe because of its fundamental role in neuronal
plasticity, learning, and memory (Javitt et al., 2011). Glutamate,
the major excitatory neurotransmitter in the brain, is highly
implicated in the cortico-striatal-thalamic circuit (Ting and Feng,
2011), the proposed neuroanatomical basis in compulsive deficit
(reviewed in Menzies et al., 2008; Fineberg et al., 2010); which
present a rich glutamatergic receptor density (Monaghan et al.,
1985). A dysregulation of glutamatergic signaling in the cortico-
striatal circuitry has been suggested in OCD, with reduced
glutamatergic concentrations in the anterior cingulate cortex, as
well as overactivity of glutamatergic signaling in the striatum and

orbitofrontal cortex (Pittenger et al., 2011; Ting and Feng, 2011;
Milad and Rauch, 2012).

Preclinical and clinical data have shown evidence that
glutamatergic drugs could be a promising potential benefit in
compulsive disorders. The N-Acetylcysteine (NAC), glutathione
(GSH) precursor and a cell-permeable antioxidant, decrease
the synaptic glutamate release (Moran et al, 2005). In
clinical studies, NAC treatment has been shown to be
effective in SRI-resistant OCD patients (Lafleur et al., 2006).
Chronic treatment of NAC in OCD patients, 10-12 weeks,
reduced the Yale-Brown Obsessive-Compulsive Scale (Y-BOCS;
Afshar et al, 2012; Paydary et al,, 2016). Moreover, it has
also shown to improve symptomatology in other psychiatric
syndromes, including depression, bipolar disorder, suicidality,
and self-injurious behavior (Pittenger et al., 2005; Price et al.,
2009; Niciu et al, 2014). In a preclinical study using an
acute administration of 100 mg/kg of NAC reduced ethanol
self-administration and ethanol-seeking behavior (Lebourgeois
etal., 2018). Furthermore, memantine (MEM), an uncompetitive
N-Methyl-D-aspartate (NMDA) receptor antagonist, that is
currently employed in the treatment of Alzheimer disease
(Reisberg et al,, 2003) has also shown a beneficial effect in
compulsivity. MEM reduce glutamate release through inhibition
of voltage-dependent calcium channel and protein kinase C
(Lu et al., 2010). In OCD patients, MEM reduced the Y-BOCS
scores after chronic treatment with MEM (Ghaleiha et al,
2013; Haghighi et al, 2013). Preclinical studies showed that
acute administration of 25 mg/kg MEM suppressed ethanol
self-administration in non-dependent rats and decreased by
half the one of post-dependent rats during acute withdrawal
(Alaux-Cantin et al., 2015). Besides, the administration of
MEM (10 mg/kg) and amantadine, another uncompetitive
NMDA receptor antagonists (30 mg/kg), significantly inhibited
compulsive marble burying in mice (Egashira et al, 2008).
Moreover, the combination of MEM and fluoxetine reduced
scratching behavior, considered as an effective model for
studying compulsive behavior (Wald et al., 2009). Lamotrigine
(LAM) is an established anticonvulsant drug, with antiepileptic
activity due to the inhibition of the voltage-sensitive neuronal
membrane sodium channels, inhibition of the excitatory amino
acids release such as glutamate and aspartate, and blockade
of the calcium-channel (Cheung et al, 1992; Xie et al,
1995; Cunningham and Jones, 2000; Prabhavalkar et al,
2015). A clinical study with chronic treatment with LAM
evidenced a decrease in Y-BOCS scores in OCD patients,
in addition to the Hamilton Rating Scale for Depression
scores, the Clinical Global Impression-Improvement scores and
the obsession and compulsion subscales (Bruno et al., 2012;
Khalkhali et al., 2016). Besides, preclinical research showed
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that 15 and 30 mg/kg acute treatment of LAM significantly
reduced immobility in the forced swimming test (FST; Li et al.,
2010). However, there is insufficient preclinical research on
the therapeutic role of these glutamate release modulators on
reducing compulsive behaviors.

Schedule-induced polydipsia (SIP), a model of compulsive
behavior (Moreno and Flores, 2012), is characterized by the
development of an adjunctive behavior of repetitive drinking
in food-deprived animals which are exposed to intermittent
food-reinforcement schedules (Falk, 1961, 1966). An analogous
phenomenon, called psychogenic polydipsia, which involves
compulsive non-regulatory fluid consumption, is observed in
6%-20% of psychiatric patients (Evenson et al., 1987; de
Leon et al, 1994, 2002; Dundas et al., 2007; Iftene et al.,
2013). SIP is considered an animal model of compulsive
drinking effective for studying the compulsive phenotype and
modeling different psychopathologies related to compulsive
spectrum disorders (Moreno and Flores, 2012; Hawken and
Beninger, 2014; Belin-Rauscent et al., 2016). The individual
differences observed on SIP acquisition support the selection
of high compulsive drinking rats (HD) vs. low drinker
rats (LD). In our laboratory, we have found consistent
differences between these two populations in the inhibitory
response deficit. Thus, HD rats selected by SIP have shown
increased perseverative—compulsive responses under extinction
conditions on the 5-Choice Serial Reaction Time task (5-
CSRT; Moreno et al, 2012); impulsive decision making
on the delay-discounting task (Cardona et al, 2011); less
latent inhibition effect, considered as a behavioral model of
schizophrenia, and augmented behavioral inflexibility in a
spatial reversal learning task, characteristic in OCD patients
(Navarro et al., 2017). Thus, HD and LD rats selected by SIP
has shown consistent behavioral differences among different
behavioral paradigms. Otherwise, SIP is considered a good model
for researching the psychopharmacology of the compulsive
phenotype (Platt et al., 2008; Moreno and Flores, 2012; Rodriguez
et al, 2017). Indeed, studies on SIP revealed the efficacy
of antipsychotic (haloperidol, clozapine, and pimozide) and
antidepressant (fluoxetine) drugs in reducing SIP water intake
(Snodgrass and Allen, 1989; Didriksen et al., 1993; Mittleman
et al., 1994; Hogg and Dalvi, 2004; Dwyer et al., 2010). In
HD rats selected by SIP, citalopram and the serotonin 5-
HT,4/c receptor agonist DOI reduced compulsive drinking
(Navarro et al., 2017). Moreover, a recent study has revealed
that HD rats showed cortical reduced serotonin 5-HT,a
receptor binding and increased serotonin and reduced glutamate
efflux compared to LD rats (Mora et al, 2018). Therefore,
the study of comorbid altered behaviors and the effect of
glutamatergic drugs in compulsive HD rats selected by SIP
could help for a better characterization of the compulsive
endophenotype and explore new possible pharmacological
targets for its treatment.

According to the previous clinical data, in the present
study, first, we have explored the presence of other altered
behaviors, including other forms of compulsivity and typical
comorbid symptoms, such as depression, general anxiety and
pathological fear disorder in the high compulsive drinker rats

HD selected by SIP. The animal models selected to achieve
this goal has been: the marble burying test (MBT) as a assay
of compulsive-like behavior (Egashira et al., 2008; de Brouwer
and Wolmarans, 2018); the FST developed in Porsolt et al.
(1977) as an animal model of depression that assess learned
helplessness; the elevated plus maze test (EPM) as a behavioral
measure of anxiety for rodents (Pellow et al, 1985); and
finally, the fear conditioning (FC) to test aversive learning
considered as a behavioral paradigm that model specific phobias
(Berardi et al., 2012). Furthermore, as a second goal, we
assessed the efficacy of different glutamatergic drugs in reducing
compulsive drinking on SIP. We explored the dose-response
effects of acute administration of NAC, MEM, and LAM in
reducing compulsive drinking on SIP. The results are discussed
regarding the contributions of the characterization of comorbid
altered behaviors in the compulsive phenotype rat population
HD selected by SIP and the implication of the glutamatergic
modulators as a new pharmacological strategy for compulsive
neuropsychiatric disorders.

MATERIALS AND METHODS
Subjects

A total of 16 male Long Evans rats (Janvier Labs, Le Genest-
Saint-Isle, France) weighing between 250-350 g at the start of
the experiments were used in the present study. The animals
were housed four rats per cage (50 x 15 x 25 cm) at 22°C,
with a 12:12-h light-dark cycle (lights off at 08:00 h) and food
and water provided ad libitum. Before SIP training and after
10 days of habituation, rats were gradually reduced to 85% of
their free-feeding body weight through controlled feeding, and
their body weights were maintained at this level of deprivation
throughout the experiments. Food was provided daily 30 min
after each experimental session. All testing was performed
between 9:00 and 15:00 h. All the procedures were conducted
following the Spanish Royal Decree 53/2013 on the protection
of experimental animals, the European Community Directive
(2010/63/EU) for animal experiments and approved by the
University of Almeria Animal Research Committee.

SIP Procedure

A complete description of the SIP procedure has been previously
described (Moreno and Flores, 2012). First, over two successive
days, we assessed the amount of water consumed by each rat
in 60 min (baseline). Unlimited access to a bottle of water
was provided (100 ml), and 60 food reward pellets were
placed together (45 mg of dustless pellets; catalog number
259901-PE-45/50T TSE Systems, Germany). After one session
of habituation to the SIP chambers (35 x 25 x 34 cm), the
animals were exposed to a fixed time 60-s (FT-60s) schedule
of food reward pellet presentation for 60-min sessions. During
each SIP session, a bottle of water (100 ml) was positioned
opposite the food-magazine in the SIP chamber, the amount of
water intake was recorded at the end of the test session. The
licking behavior to the bottle of water was detected when the
animal touches the metal drinking tube (spout) of the bottle.
The spout is connected to the metal grid of the SIP chamber,
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where the animal stands, by an electronic circuit with a low
current, less than ten microAmp, inappreciable to the animal.
When the rat touches the water spout of the bottle, this closes
the circuit, producing a 50 ms pulse, which registers a lick.
The scheduling and recording of the experimental events are
controlled using a computer and the commercial software Med
PC (Cibertec SA, Madrid, Spain). For each rat, we recorded
the following measures: the total amount of water (milliliters)
removed from the bottle, the total number of licks to the bottle,
and the total entries to the food magazine. After 20 daily sessions,
the animals were separated into two specific populations, HD and
LD, according to whether their rates of drinking (average for each
animal over the last five sessions) were above or below the group
median, respectively (the number of animals in each group of LD
and HD rats was n = 8).

Experimental Design
The order of the behavioral assessment and drug testing are
summarized in Figure 1.

Experiment 1

Behavioral Assessment

We examined the presence of other altered behaviors considered
as comorbid symptoms for compulsivity in high compulsive
animals selected by SIP. We assessed compulsive-like behavior
on MBT (Taylor et al., 2017), depressive-like behavior on FST
(Yan et al,, 2010), anxiety-like behavior on EPM (Pellow et al.,
1985) and specific phobia behavior on FC (Berardi et al., 2012) in
LD and HD rats selected by SIP (n per group = 8). The screening
in each test commenced at least 1 week after the previous one.

Experiment 2

Glutamatergic Drugs

The behavioral effects of acute systemic administration of
different glutamatergic drugs were tested in both groups of

LD and HD rats in SIP (n per group = 8). We explored the
effects of acute intraperitoneal injections (i.p.) of NAC (25,
50, 100 and 200 mg/kg), MEM (3.1 and 6.2 mg/kg) and LAM
(15 and 30 mg/kg) in LD and HD rats in SIP. The drug doses,
the injection time of 60 min before behavioral testing, were
selected based on previous experiments (Li et al., 2010; Réus
et al,, 2010; Lebourgeois et al., 2018). All animals received drugs
according to a fully randomized Latin-square design, separated
by a minimum of 72 h between drug test sessions. There
was a wash-out period of 1 week between each drug tested
(animals continued performing SIP sessions during this week).
The experimental sessions were led on Tuesdays and Fridays, and
baseline testing was accomplished on Mondays and Thursdays.
On Wednesdays, animals performed SIP procedure, but the
results were not analyzed.

Behavioral Assessment

MBT began placing the rat into a corner of the cage containing
nine marbles, being careful to place the rat on bedding as
far from marbles as possible. Animals were allowed to remain
in the cage undisturbed for 30 min. Rats were returned to
its home cage after test completion, taking extreme care not
to move or dislodge the marbles in the process of removing
the subject from the cage. The number of marbles partially
and completely buried was counted by two observers blinded
to the experimental groups. We found a great concordance
between observers. A marble was scored as partially buried
if two-thirds of its surface area is covered by bedding and
completely buried if all the surface area is covered by bedding
(Angoa-Pérez et al., 2013).

FST was performed in a plastic cylinder containing 20 cm in
diameter and 40 cm in height water temperature was 23-25°C,
and the depth of water was set to prevent animals from touching
the bottom. Rats swam in the cylinder for 2 min. The time

SIP acquisition Experiment 1. Behavioural assessment
>

Selection
LD and HD rats on SIP

MBT
(N® of buried marbles)

FST EPM FC

(% Immobile time)

(Sec. and entries (% Immobile time

open arms) along the session)
SIP acquisition Experiment 1.
NAC MEM LAM
f (Effecton SIP in HD (Effect on SIP in HD
‘E"e“;;"ﬁ'g;“ HD. and LD) and LD)

FIGURE 1 | Experimental procedure illustrated in a timetable (SIP, schedule-induced polydipsia; LD, low drinkers; HD, high drinkers; MBT, marble burying test; FST,
forced swimming test; EPM, elevated plus maze test; FC, fear conditioning test; NAC, N-Acetylcysteine; MEM, memantine; and LAM, lamotrigine).
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each animal spent immobile during the last min of the test was
counted by two observers blinded to the experimental groups.
We found a great concordance between observers. Immobility
was defined as floating or absolute lack of motion (i.e., the
absence of all movements except those required to maintain
balance; Dong et al., 2018).

For EPM rats were placed at the junction of the four arms
of the maze, facing an open arm, and entries/duration in each
arm was recorded by a video-tracking system and observer
simultaneously for 10 min. We found a good concordance in
data collected with both methods. An increase in open arm
activity (duration and/or entries) reflects anti-anxiety behavior
(Walf and Frye, 2007).

FC started placing the rat into a novel set of cages with a shock
grid floor capable of delivering foot-shock where, after 3 min
exploration period, they received three pairings of a 10 s light
(82 Ix) with a shock (0.5 mA during 1 s). The light-shock trials
were delivered after a 3-min acclimation time, the inter-lights
intervals were 1 min, and the rats remained in the chambers
for an additional minute after the last shock. Next day rats
were allowed a 3 min exploration period after which they were
presented with 22 lights (10 s, 82 Ix, 1 min inter-lights interval) in
the absence of a foot shock (Simone and McCormick, 2017). The
freezing time was counted by the Video Freeze Software (Med
PC) which detected changes at the pixel level from one video
frame to the next. Hence, data can reflect the total time animals
spent in motionless during the session, the percentage of time
motionless and the number of freezing episodes.

Drugs

We explored the effects of acute intraperitoneal injections (i.p.)
of NAC (25, 50, 100 and 200 mg/kg; Lebourgeois et al., 2018),
MEM (3.1 and 6.2 mg/kg; Li et al, 2010) and LAM (15 and
30 mg/kg; Réus et al,, 2010) in LD and HD rats in SIP. NAC
[(2R)-2-(Acetylamino)-3-mercapto propanamide] and MEM (3,
5-Dimethyl-tricyclo (3.3.1.13, 7) decan-1-amine hydrochloride]
were dissolved in 0.9% saline. LAM [6-(2, 3-Dichlorophenyl)-
1, 2, 4-triazine-3, 5-diamine] was suspended in 1% Tween-80
in 0.9% saline. All drugs were purchased from Sigma-Aldrich
(Madrid, Spain). The injection volumes were 1 ml/kg for all
drugs. For all drug solutions, the final pH was adjusted to
approximately 6.4 using 0.1 M NaOH, and they were aliquoted
after preparation and frozen at —80°C before use.

Data Analyses

Behavioral data on SIP acquisition were analyzed using two-way
repeated-measure analysis of variance (ANOVA), with “group”
(LD and HD) as the between-subject factor and “sessions”
(20 sessions) as the within-subject factor. The differences on
the MBT, FST, EPM, and FC of the behavioral assessment
in LD and HD were studied using Student’s t-test (T-test).
When appropriate, the effect size of the group differences was
calculated using Cohen’s d (d; mean difference divided by
pooled standard deviation). The differences on FC blocks and
the effects of the different drugs in LD and HD on SIP were
analyzed using two-way repeated-measure ANOVA, with group
(LD and HD) as the between-subject factor and “percentage

of freezing” (percentage of time spent on freezing during the
different blocks of the retrieval day) or “drug” (different doses
of drug and vehicle) as the repeated within-subject factor.
When appropriate, the effect size of the group differences was
calculated using eta-squared (n?). Post hoc comparisons were
performed using the Newman-Keuls test. Statistical significance
was set at p < 0.05. All analyses were computed using Statistica
software (version 6.0).

RESULTS
LD and HD Selected by SIP

The mean water intake and licks in LD and HD during the
acquisition and maintenance of SIP is shown in Figures 2A,B.
In the experimental phase, the mean water intake over the last
5 days of SIP was 4.3 4= 0.6 and 11.2 £ 1.9 ml for LD and HD,
respectively (Figure 2C). The number of licks also showed SIP
acquisition. The mean total licks averaged across the last 5 days
of SIP were 885.1 £ 202.9 and 2742.9 £ 536.9 for LD and HD,
respectively (Figure 2D).

ANOVA revealed significant differences in water intake
according to the interaction between SIP acquisition sessions
and LD vs. HD (SIP session effect: F(19,66) = 11.759, p < 0.001;
group effect: F(14 = 10332, p < 0.01; interaction SIP
session x group effect: F(19266) = 2.58, p < 0.001). This difference
was also confirmed by the significant interaction observed in
the total number of licks (SIP session effect: F(j9266) = 11.890,
p < 0.001; group effect: F(;14) = 13.647, p < 0.01; interaction
SIP session x group effect: F(1966) = 3.38, p < 0.001). Post hoc
analysis indicated significant differences between the LD and HD
animals in the water intake at session 6 (p < 0.01) onwards.
Furthermore, animals in the HD group significantly increased
their consumption of water from session 4 (p < 0.05) compared
to session 1. Differences between the LD and HD groups in the
number of total licks at session 6 (p < 0.05) were also observed,
and HD rats increased their number of licks from session 5
(p < 0.001) compared to session 1. We also found significant
differences in the number of magazine entries according to the
interaction between SIP acquisition sessions and LD vs. HD
(session x group effect: F(19,266) = 2.124; p < 0.01; session effect:
F(19266) = 4.515, p < 0.001; group effect: F(1,14) = 5.577, p < 0.05).
Differences between the LD and HD groups in the number
magazine entries at session 11 (p < 0.001 were also observed,
and HD rats increased their number of magazine entries from
session 6 (p < 0.05) compared to session 1.

Experiment 1

Behavioral Assessment

Marble Burying Test

The number of marbles partially (2/3) and completely buried by
LD and HD rats on MBT are shown in Figure 3A. T-test and the
effect sizes by Cohen’s d showed that HD rats had a significantly
increased number of marbles partially (2/3) buried compared to
LD rats (df = 14; T-test = —2.22; p < 0.05; d = 1.186). There was
no significant effect on the number of marbles completely buried
between LD and HD rats (df = 14; T-test = 1.14; p = 0.27).
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FIGURE 2 | The mean (+ SEM) water intake (A) and number of licks (B) in FT-60s across 20 sessions of SIP. The mean (& SEM) water intake (C) and number of
licks (D) in FT-60s across the last five sessions of SIP acquisition. Statistical analyses indicate significant differences between low drinkers (LD, n = 8) and high
drinkers (HD, n = 8; *p < 0.05). Significant differences between sessions were found from session 1 (fo < 0.05).

Forced Swimming Test

The percentage of immobile time of LD and HD rats on FST
are shown in Figure 3B. T-test showed no significant difference
in the percentage of immobile time between LD and HD rats
(df = 14; T-test = 0.35; p = 0.72).

Elevated Plus Maze Test

The time LD and HD rats spent on the open arm before changing
to the other, and the number of entries in the open arm on
EPM are shown in Figures 3C,D. T-test showed that there was
no significant difference in the mean time and the number of
entries in the open arms between LD and HD rats (df = 14;
T-test = —0.09; p = 0.92; df = 14; T-test = 0.86; p = 0.40).
The mean time LD and HD rats spent on the closed arm
before changing to the other was 1.53 & 0.35 and 1.83 % 0.39,
respectively. The mean number of entries in the closed arm on
EPM was 9.38 £ 0.67 for LD rats and 8.88 £ 1.24 for HD
rats. T-test showed that there was no significant difference in
the mean time and the number of entries in the closed arms
between LD and HD rats (df = 14; T-test = —0.60; p = 0.56;
df = 14; T-test = 0.38; p = 0.71). The mean time LD and HD
rats spent on one arm before changing to another one was
1.53 £ 0.06 and 1.70 £ 0.08, respectively. The mean number
of entries in open and closed arms was 18.50 £+ 1.14 for

LD rats and 16.38 £ 1.23 for HD rats. T-test showed that
there was no significant difference in the mean time and the
number of entries in open and closed arms between LD and
HD rats (df = 14; T-test = —1.85; p = 0.08; df = 14; T-
test = 1.35; p = 0.20).

Fear Conditioning

The percentage of freezing time of LD and HD rats on FC
during the acquisition day, the percentage of freezing time
during the contextual fear test and the cued fear test at the
retrieval day, as well as the percentage of freezing during the
different blocks of trials on the retrieval day, is shown in
Figures 3E-H. No significant differences were found in the
percentage of freezing time spent by LD and HD rats during the
acquisition day (df = 14; T-test = —0.45; p = 0.65), nor in the
contextual fear test on the retrieval day (df = 14; T-test = —1.51;
p = 0.15). However, T-test and effect sizes by Cohen’s d revealed
a significant increase in the percentage of freezing time spent
by HD compared to LD rats during the cue presentation on
retrieval day (df = 14; T-test = —3.12; p < 0.01; d = 1.67).
The analyses of the 4 blocks of trials on the retrieval day by
ANOVA and n? revealed that both, LD and HD rats, significantly
reduced the percentage of freezing time in the different blocks
of the retrieval day (Trial effect: F342) = 36.64; p < 0.001;

Frontiers in Behavioral Neuroscience | www.frontiersin.org

6 May 2019 | Volume 13 | Article 100


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Prados-Pardo et al Fear and Glutamate in Compulsive Rats

A B
MBT FST
81 ' 401
3 T} 0w
s
3 I HD @ Il HD
; 64 g 304
g o z
£ 44 * Zg 204
k] | £
gz 3 E
g 2 = 107
£ 1
0 " . - " 0
Totally buried Partially buried
c D
_ EPM EPM
7 201 g 15
é ’ ® {m [T
[
§ 1.5 “%’ I HD
2 c 10
c 0
£ 101
2 5
@ s 5
£ 57 A
c 8
g oo 2 o
E F
FC FC
- 80.
100 L
J HD
80 60- L
2 2
| 607 N
§ $ 401
w 404 w
= =
20 1
. o T —
Acquisition day Context test
Retrieval day
G FC H
80- " FC
1001 okk = LD
60+ 80 - HD
o
£ o T
N S 60
8 40- ] 1
7 - 40 T
X L i
i = l\T
20 J.\_
0 0 T T T T
Cue test 1 2 3 4
Refrieval day Blocks
Retrieval day
FIGURE 3 | Behavioral assessment after SIP procedure. (A) MBT scores of low drinkers (LD, n = 8) and high drinkers (HD, n = 8) rats, (B) percentage of immobile
time LD and HD rats spent on forced swimming test (FST), (C) mean number of entries by LD and HD rats on the open arms in elevated plus maze test (EPM), (D)
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day, and (H) percentage of freezing LD and HD rats exhibited during the four blocks of time (6 min per block) at cued fear test on retrieval day of fear conditioning
procedure (FC). Data are expressed as the means + SEM. *p < 0.05; **p < 0.01; ***p < 0.001 indicate significant differences between groups.

n? = 0.931); whether the significant increased percentage of  F(114) = 9.73; p < 0.01; n? = 0.933). No significant differences
freezing time spent by HD compared to LD rats was maintained ~ were observed by group X trial interaction (F;342) = 0.27;
through the four blocks of trials on the retrieval day (group effect: ~ p = 0.84).
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Experiment 2

Glutamatergic Drugs

N-Acetylcysteine

The effects of NAC on water intake and licks in SIP are shown
in Figures 4A,B, and the number of magazine entries after
NAC administration are shown in Table 1. ANOVA showed
that NAC did not induce significant differences in water intake
(group x drug interaction, F(456) = 0.63, p = 0.64; group effect,
F,14) = 109.15, p < 0.001; drug effect, F(456) = 0.38, p = 0.82),

total licks (group x drug interaction, Fs6) = 0.57, p = 0.68;
group effect, F(1,14) = 111.89, p < 0.001 drug effect, F456) = 0.90,
p = 0.47), and magazine entries (group x drug interaction,
F56) = 0.28, p = 0.89; group effect, F(1,14) = 8.41, p < 0.05; drug
effect, F(4,56) =051, p= 0.73).

Memantine

The effects of MEM on water intake and total licks in SIP are
shown in Figures 4C,D. Effects of MEM on magazine entries
are depicted in Table 1. MEM significantly reduced compulsive
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TABLE 1 | Effects of N-Acetylcysteine (NAC), memantine (MEM) and lamotrigine
(LAM) on total magazine entries in low drinkers (LD, n = 8) and high drinkers (HD,
n = 8) rats on schedule-induced polydipsia (SIP).

Total magazine entries

LD

HD

N-Acetylcysteine
Vehicle

996.59 + 126.34

2,062.68 + 314.41

25 mg/kg 1,087.19 + 205.43 2,047.67 + 664.21

50 mg/kg 1,011.57 £ 162.58 2,041.77 + 488.66
100 mg/kg 987.75 + 199.97 2,095.57 + 676.96
200 mg/kg 1,006.29 £+ 183.00 1,428.29 £ 247.77
Memantine

Vehicle 961.13 &+ 144.41 1,5684.11 £ 206.60
3.1 mg/kg 992.71 £ 197.17 1,173.43 £ 116.98
6.2 mg/kg 930.00 + 222.24 811.67 + 182.63

Lamotrigine

Vehicle 1,058.71 + 134.80 1,192.29 + 111.46
15 mg/kg 1,093.57 + 152.87 1,286.14 £ 145.31

30 mg/kg 1,135.69 + 233.17 554.27 + 162.55*

Data are expressed as the means + SEM. *p < 0.05 indicate significant differences vs.
vehicle administration in the same group of rats.

water intake in HD rats compared to LD rats (group x drug
interaction, F(52g) = 4.51, p < 0.05; group effect, F(1 14) = 24.05,
p < 0.001; drug effect, Fo28) = 8.42, p < 0.01; 7% = 0.930).
Post hoc analyses revealed that MEM reduced dose-dependent
water intake in HD rats at both doses: 3.1 (p < 0.05) and
6.2 mg/kg (p < 0.001) compared with vehicle in the same group.
MEM did not affect water intake in LD rats. The comparison
between LD and HD revealed a dose dependent reduction of
the significant differences in water intake disappearing at the
highest dose (vehicle, p = 0.0001; 3.1 mg/kg, p = 0.041; 6.2,
p = 0.572). Moreover, MEM also significantly reduced the total
licks in HD rats compared with the LD group (group x drug
interaction, F(;28) = 6.04, p < 0.01; group effect, F(; 14) = 16.96,
p < 0.05; drug effect, F(225) = 5.50, p < 0.01; n* = 0.730). Post
hoc comparison confirmed a decrease in the total licks in the HD
group at the highest dose used 6.2 mg/kg (p < 0.001) compared
with vehicle in the same group. Differences between LD and HD
remained significant at all doses tested. MEM administration did
not affect the number of magazine entries in both groups of rats
(group x drug interaction: F(;,g) = 2.663; p = 0.087; drug effect:
F(228) = 2.507; p = 0.099; group effect: F(j 14y = 1.569; p = 0.23).

Lamotrigine

The effects of LAM on water intake and total licks in SIP
are shown in Figures 4E,F. The effects of LAM on magazine
entries in SIP are shown in Table 1. LAM significantly reduced
compulsive water intake in HD rats compared to LD rats
(group x drug interaction: F58) = 11.396, p < 0.0002; group
effect: F,14) = 5.187, p < 0.05; drug effect: Fy28) = 3.532,
p < 0.05 n* = 0.882). Post hoc analyses revealed that LAM
reduced dose-dependent water intake in HD rats at both doses:
15 (p < 0.05) and 30 mg/kg (p < 0.01) compared with vehicle
in the same group. LAM reversed the significant differences on
water intake between LD and HD rats on SIP (vehicle, p = 0.008;
15 mg/kg p = 0.16; 30 mg/kg, p = 0.914). LAM did not affect water
intake in LD rats. Moreover, LAM also significantly reduced the
total licks in HD rats compared with the LD group (group x drug

interaction, F(;,s) = 11.40, p < 0.001; group effect, F(1,14) = 5.18,
p < 0.05; drug effect, F28) = 3.53, p < 0.05; n* = 0.870).
Post hoc comparison showed a dose dependent decrease in the
total licks in the HD group at both doses used 15 mg/kg (p < 0.05)
and 30 mg/kg (p < 0.001) compared with vehicle in the same
group. The comparison between LD and HD revealed a dose
dependent reduction of the significant differences in the number
of licks disappearing at the highest dose (vehicle, p = 0.0001;
15 mg/kg p = 0.005; 30 mg/kg, p = 0.86). LAM administration
reduced magazine entries in both groups of rats (group x drug
interaction: F(328) = 3.61, p < 0.05; group effect: F1,14) = 0.19,
p = 0.67; drug effect: F528) = 4.65, p < 0.05; 0.931). Post hoc
analyses revealed a decrease in magazine entries in HD rats only
at the highest dose tested 30 mg/kg (p < 0.05) compared with
vehicle and with the LD group.

DISCUSSION

The present study investigated the presence of possible comorbid
symptoms (compulsive, depressive, anxious and fear behavior) in
animals selected by high compulsive drinking behavior on SIP,
HD rats. Moreover, we investigated the therapeutic potential of
glutamatergic drugs for reducing compulsive drinking behavior
in HD rats on SIP. The findings showed that HD rats,
characterized by excessive and persistent compulsive drinking on
SIP, also exhibited a compulsive behavior on MBT by a higher
number of marbles partially buried (2/3) compared to LD rats.
Besides, compulsive HD rats selected by SIP had an increased fear
behavior profile on FC, showed by a higher percentage of freezing
time in the first block of the retrieval day as well as across the
following blocks, compared to LD rats. These differences between
HD and LD rats might not be attributed to individual differences
in reactivity to novelty. HD rats selected by SIP did not differ
in spontaneous locomotor reactivity to novelty compared with
LD rats (Moreno et al., 2012). Moreover, in the present study,
no significant differences were found in the number of magazine
entries, considered as a control measure of motor activity or
motivational behavior (Navarro et al., 2015), between HD and
LD on SIP.

The acute administration of glutamatergic drugs revealed
that MEM and LAM reduced, in a dose-dependent manner,
compulsive intake in HD rats on SIP, and did not affect LD
behavior. Hence, the observed effect cannot be considered as a
compensatory behavior by the use of these treatments. Moreover,
we discard other possible side effects, as in previous studies the
selected doses of NAC, MEM, and LAM did not affect locomotor
activity in rats (Li et al.,, 2010; Réus et al., 2010; Lebourgeois
et al., 2018). However, NAC administration did not selectively
affect compulsive intake in SIP, as LD and HD kept significant
differences at all doses administrated.

Assessment of Comorbid Behaviors on

Compulsive HD Rats

HD rats selected by SIP showed comorbidity with compulsive
behavior on MBT, by a significantly increased number of marbles
partially buried compared to LD rats. Previous studies have
found that HD rats selected by SIP showed other behavioral
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compulsivity forms such as compulsive lever pressing, during
the pre-training phase to assess latent inhibition (Navarro et al.,
2017), proposed as an OCD model (Joel and Avisar, 2001);
and behavioral inflexibility in a spatial reversal task (Navarro
et al,, 2017). In contrast, other studies on rats with high levels
of grooming, considered as a compulsive-like behavior, have
shown a reduced number of marbles buried in MBT, showing
a negative correlation between these factors (Reimer et al., 2015).
The reason for these contradictory results could be due to the
fact that compulsivity is not a unitary phenomenon and can be
expressed by different forms (Fineberg et al., 2018).

The assessment of depressive behavior revealed that LD
and HD rats selected by SIP did not exhibit any differences
in depressive-like behavior measured on FST. The compulsive
HD rats might not have depression signs as a comorbid
behavior. Nevertheless, other preclinical studies have shown
associations between depressive and compulsive behavior in
the same individuals. For example, the administration of 8-
OH-DPAT, a 5-HT;4 agonist, proposed as an OCD model
(Yadin et al., 1991), increased the immobility time on FST (Sela
et al, 2010). Moreover, the administration of the purinergic
receptor P2R antagonist [pyridoxalphosphate-6-azophenyl-2’,
4’-disulfonic acid tetrasodium salt (PPADS)] in Swiss mice,
reduced depressive-like behavior in the FST, as well as
compulsive-like behavior in MBT (Pereira et al, 2013). The
effect of antidepressants on addictions, considered as compulsive
disorders, has created some controversy. On the one hand,
some preclinical studies have demonstrated reductions in alcohol
addiction subsequently to the administration of different 5-HT
receptors agonists (Naranjo et al., 1986; Higley et al., 1998;
Martijena et al., 2005). On the other hand, the possibility
that antidepressant treatment might increase susceptibility to
alcoholism has been overlooked (Alén et al, 2013, 2014).
Moreover, several clinical studies have shown that pathological
gambling, associated with elevated compulsivity, frequently
co-occurs with major depression (Cunningham-Williams and
Cottler, 2001; Baer et al., 2015; Redden et al., 2015; Agarwal
et al, 2016; Grant et al, 2016; Rickelt et al., 2016). More
research is needed to clarify the relation between depressive and
compulsive behavior.

Anxiety behavior measured by EPM did not show any
significant differences between HD and LD rats selected by SIP.
Nevertheless, we have replicated the results published in 2008 by
Lépez-Grancha, in which there were no differences in the EPM
between LD and HD rats selected by SIP (Lopez-Grancha et al.,
2008). Moreover, animals with distinct levels of self-grooming
emission, considered as a compulsive-like behavior, did not
differ in the exploration of the EPM (Reimer et al, 2015).
In contrast, a previous study has shown that an increased
compulsive behavior in the MBT has also been accompanied by
increased anxiety response in the EPM and open-field test in the
same animals (Mitra et al., 2016). These contradictory results
posit the relevance of the study on individual differences, using
populations more prone to a behavioral deficit. Self-grooming
and MBT might be evaluating different kinds of compulsivity,
as well as anxiety is also a neuropsychological domain that could
be expressed by different symptoms (reviewed in Strohle et al.,

2018). For instance, compulsive drinkers HD rats selected by SIP
did not differ in anxiety-like behavior assessed using EPM to LD
rats, while they differed in anxiety-like behavior measured by
freezing time on the retrieval day in FC.

The assessment of fear behavior by FC revealed that
HD rats selected by SIP showed a significantly augmented
percentage of freezing time compared to LD rats during
cued-fear memory on the retrieval day. Thus, HD and LD
rats had no differences in the percentage of freezing time
on the acquisition day, nor in the exploration period when
exposed to the fear context on the retrieval day. Previous
findings in our laboratory, have shown that under extinction
conditions, HD rats had a greater increase in perseverative
responses, considered as compulsive behavior, compared to LD
rats on 5-CSRT (Moreno et al., 2012). Moreover, HD rats
have shown increased c-Fos activity in the basolateral amygdala
compared with LD rats (Merchan et al., 2019). The basolateral
amygdala, as an essential structure in the neural system for
FC (Phillips and LeDoux, 1992; Vazdarjanova and McGaugh,
1998), is highly implicated in cued-related fear memories and
not essential for contextual FC (reviewed in Curzon et al., 2009).
HD animals selected by SIP might be a convenient phenotype
to study the neuronal basis of individual differences in habit
formation under extinction conditions. Thus, in HD rats, a
possible alteration in the basolateral amygdala might underlie the
observed increased cued-fear memory on FC that possibly also
affect the vulnerability to develop compulsive behaviors. In this
sense, clinical studies demonstrated that OCD patients continued
to exhibit a differential skin conductance response to the
conditioned stimuli in the extinction phase of fear conditioned
computer task, while control participants extinguished fear
(Geller et al., 2017). Translational neuroscience studying fear
could help us to better understand brain circuitry underlying
fear behavior, although the translation of animal model results
into the clinic is limited and more research is needed
(Flores et al., 2018).

Effects of Glutamatergic Drugs on

Compulsive Rats on SIP

The administration of NAC (25, 50, 100 and 200 mg/kg)
revealed no significant differences in the water intake nor LD,
nor in HD rats on SIP. Conversely, previous research has
demonstrated that NAC (90 mg/kg), chronically and systemically
administered, resulted in significant reductions of compulsive
binge eating in a rodent model (Hurley et al, 2016). NAC
systemically administrated has been demonstrated to abolish the
recovery of compulsive cocaine-seeking behavior in a rodent
model through augmenting the glutamate/cystine antiporter
activity and reestablishing the concentration of extracellular
glutamate in the nucleus accumbens (Baker et al, 2003a,b).
Moreover, the acute administration of NAC at 100 mg/kg
reduced motivation, seeking and relapse to self-administration
of ethanol in rats (Lebourgeois et al., 2018). However, acute
injections of NAC (0, 30, 60, or 120 mg/kg) did not have
any result on self-administration of methamphetamine in rats
(Charntikov et al., 2018). Some clinical studies have suggested
the possible therapeutic role of NAC in OCD patients, showing a
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reduction in the scores of the Y-BOCS after treatment with NAC
during 10 and 12 weeks respectively (Afshar et al., 2012; Paydary
et al., 2016).

The acute systemic administration of MEM, 3.1 and
6.2 mg/kg, decreased compulsive drinking in HD rats on SIP,
compared to LD rats that remain unaffected. Hence, these results
could not be considered as a general effect on rats exposed to
SIP, pointing towards the neuropsychopharmacological effects
of MEM might be involved in the vulnerability to compulsive
non-regulatory drinking on SIP. In contrast, previous studies,
have found that acute administration of MEM at 5 and 25 mg/kg
in mice, did not affect water intake on SIP, but revealed a
reduction in regulatory drinking (Escher et al., 2006). Although
in this study, mice were not selected according to the rate of
compulsive drinking. However, in the same study MEM have
been found as a useful treatment for reducing compulsive alcohol
intake, the administration of MEM 10 and 25 mg/kg significantly
reduced alcohol drinking in mice on SIP (Escher et al,
2006). Moreover, findings revealed that acute administration of
10 mg/kg MEM significantly inhibited compulsive behavior in
MBT without affecting locomotor activity in mice (Egashira et al.,
2008). Furthermore, acute administration of 25 mg/kg MEM
blocked ethanol self-administration in non-dependent rats, as
well as it decreased by half the one of post-dependent rats
during acute withdrawal (Alaux-Cantin et al., 2015). Otherwise,
compulsive lever pressing, proposed as an OCD model (Joel and
Avisar, 2001), was not affected by an NMDA antagonist (MK
801), while an NMDA partial agonist (D-cycloserine) decreased
this behavior (Albelda et al.,, 2010). In this sense, the present
results also contrast with the no effect found after ketamine
administration in HD and LD rats on SIP (Martin-Gonzalez et al.,
2018). Though both ketamine and MEM typify the same kind of
drugs, they diverge in voltage dependence and blocking kinetics
(Danysz and Parsons, 1998). In human studies, MEM showed
a therapeutic role in obsessive-compulsive patients, by reducing
the Y-BOCS scores after chronic treatment with MEM during
8 weeks (Ghaleiha et al., 2013) and 12 weeks (Stewart et al,,
2010; Haghighi et al., 2013). Other study investigating MEM
augmentation of risperidone treatment in children with autism
spectrum disorders revealed that the group receiving MEM
showed significant improvements in the subscales: irritability,
stereotypic behavior, and hyperactivity of the Aberrant Behavior
Checklist-Community (Ghaleiha et al., 2013).

Our data showed that the administration of LAM, 15 and
30 mg/kg, significantly decreased compulsive water drinking in
HD rats, compared to LD rats, on SIP. There are few preclinical
studies on the behavioral effects of LAM, most of them related
to as an anti-depressant like effect. The acute administration
of LAM at 16 and 32 mg/kg of LAM induced a reduction
in immobility time in the FST (Prica et al., 2008). Similarly,
LAM at 15 and 30 mg/kg significantly reduced immobility in
the FST (Li et al,, 2010). In human studies, have evidenced
that 16 weeks of treatment with LAM in obsessive-compulsive
patients significantly reduced the Y-BOCS scores, as well as the
Hamilton Rating Scale for Depression scores and the Clinical
Global Impression-Severity scores (Bruno et al., 2012). More
recently, two other studies using adjunctive treatment of LAM

in addition to SRIs treatment led in treatment-resistant OCD
patients during 8 and 12 weeks respectively, revealed a greater
reduction in total YBOCS scores in LAM group (Hussain et al,,
2015; Khalkhali et al., 2016).

Collectively, the beneficial effects of MEM and LAM
administration in reducing compulsive drinking in HD rats
on SIP suggest a therapeutic role for glutamate inhibition,
antagonizing NMDA receptor or blocking calcium and sodium
channels in pre-synaptic terminals. In contrast, the lack of effect
of NAC in compulsive intake in HD rats on SIP posits the idea
of the possible relevance of the differential effect by the specific
stimulation of the presynaptic terminal. These results support
the possible dysregulation in glutamatergic signal previously
observed, in which HD rats selected by SIP showed a decreased
basal level of glutamate in the medial prefrontal cortex (mPFC),
restored by serotonin 5-HT,4 ¢ agonist DOI (Mora et al., 2018).
Moreover, the effects of glutamatergic drugs MEM and LAM
suggest a possible modulatory role in the neuroanatomic and
neurochemical alterations observed in dopamine D, receptors
and 5-HT,4 receptors in HD rats selected by SIP (Pellén et al.,
2011; Moreno et al., 2012; Mora et al., 2018).

Preclinical studies on compulsivity, using the dopamine D,
and Dj receptor agonist quinpirole (QNP) in rats (Szechtman
et al., 1998), have also evidenced a dysregulation by an increased
glutamate release in the subtantia nigra and a lower extracellular
concentration in the nucleus accumbens (Abarca et al.,, 1995;
Krugel et al., 2004; Escobar et al., 2015). Therefore, the proposed
underlying mechanism in compulsivity of the QNP-OCD model
was associated with decreased dopaminergic and glutamatergic
neurotransmission in the mPFC to the nucleus accumbens,
pointing toward a loss of executive control (Escobar et al., 2015).
Furthermore, NMDA dependent glutamate neurotransmission
in the cortico-striatal circuitry seems to play a central role by the
functional interaction with serotonin and dopamine receptors in
executive response control and compulsivity measured by the
5-CSRT (reviewed in Carli and Invernizzi, 2014). In example,
the local infusions of NMDA receptor antagonist 3-((R)-2-
carboxypiperazin-4-yl)-propyl-L-phosphonic acid ((R)-CPP) in
the mPFC and also in the infralimbic cortex impaired accuracy
and increased premature and perseverative responding, raising
glutamate, dopamine, and GABA release in the dorsomedial
striatum (Pozzi et al, 2011; Murphy et al, 2011; Agnoli
et al, 2013). Similarly, in OCD patients, a dysregulation of
glutamatergic signaling in the cortico-striatal circuitry has
been suggested, with decreased concentrations of glutamate
in the anterior cingulate cortex, accompanied by overactivity
of the glutamate signaling in the striatum and orbitofrontal
cortex (Pittenger et al., 2011; Ting and Feng, 2011; Milad and
Rauch, 2012). Other authors proposed that the beneficial effect
of MEM in OCD patients could be mediated by functional
disconnection of the hippocampus with critical frontal regions
(Vlcek et al, 2018), by its effect on decreasing glutamate
level in the hippocampus (Glodzik et al., 2009). Finally, we
could hypothesize that according to these results, a possible
explanation under the differences in compulsive HD rats selected
by SIP might be an altered function of glutamatergic NMDA
receptors that affect firing in cortical neurons in mPFC and affect
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glutamatergic, as well as dopaminergic and serotoninergic signal
in the striatum.

CONCLUSION

The exploration of other possible comorbid behaviors in
compulsive HD rats selected by SIP indicated a relation with
another form of compulsivity, measured by marble burying, and
an increased vulnerability to cued fear behavior showed by an
increased percentage of freezing time on FC compared to LD rats.
No differences were found in the assessment of the depressive
behavior on FST, nor in anxious behavior on EPM, replicating
previous results from our laboratory (Lopez-Grancha et al,
2008). The acute administration of glutamatergic drugs on SIP
revealed that MEM and LAM dose-dependently and selectively
decreased compulsive intake in HD rats, and did not affect LD on
SIP. However, NAC did not affect compulsive drinking on SIP.
These differences might be due to the specific action of the drugs
on the presynaptic terminal. Further studies might disentangle
the specific implication of the fear learning component and
the dysregulation in glutamatergic neurotransmission, and its
relation with the dopamine D3 and serotonergic 5-HT,a
receptors, in the mechanisms of vulnerability to compulsive
behavior in HD rats on SIP.
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Abstract

Compulsivity is a core symptom in different psychopathological disorders, characterized by excessive
behaviors and behavioral inflexibility. In preclinical studies, the selection of high drinker (HD) versus
low drinker (LD) rats by schedule-induced polydipsia (SIP) is a valid model of compulsivity. HD rats
shows a compulsive phenotype with a reduction in serotonin 2A (5-HT2A) receptor binding levels in
the frontal cortex (FC). However, is necessary further explore the cognitive components regarding
inflexibility in the compulsive HD rats, as well as, the related brain gene expression. Here, first, we
assessed spatial memory and cognitive inflexibility by Morris Water Maze (MWM), working and
reference memory by Radial Arm Maze, and behavioral deficits in stimulus processing by novel object
recognition test. Second, we analyed the genetic expression of SHT2A, 5HT2C, glutamate NMDA
receptors, and brain-derived neurotrophic factor (BDNF) in FC, hippocampus, and amygdala. HD rats
confirmed a cognitive inflexibility profile in the reversal condition in MWM compared to LD rats,
while no differences were observed in stimulus processing, spatial and working memory. Moreover,
HD rats showed a reduced expression of the Htr2a, Grinl, and Bdnf genes in FC. Furthermore, there
was a negative correlation between the relative expression of the Htr2a, Grinl and Bdnf genes in FC
and the level of compulsive water intake in HD rats on SIP. These data reveal that cognitive inflexibility
may not be associated with memory or stimulus processing alterations, but may result from a region-
specific alteration on FC of the gene expression Htr2a, Grinl, and Bdnf in compulsive individuals.

Keywords

Compulsivity; Schedule-induced polydipsia; Cognitive inflexibility; Htr2a, Grinl and Bdnf; Frontal
cortex.



Introduction

Compulsivity is defined as actions inappropriate to the situation that persist, have no obvious
relationship to the overall goal, and often result in undesirable consequences (1). It is one of the
principal symptoms of obsessive-compulsive disorder (OCD), which affects 2%—3% of the population
and is ranked among the ten leading neuropsychiatric causes of disability (2). It is associated with other
disorders such as anorexia nervosa, trichotillomania, and excoriation disorder, but is also present in
depression, bipolar disorder, schizophrenia, eating disorders, and addiction (3). Thus, meta-analyses
identify at least 5 different endophenotypes of OCD due to the symptomatic heterogeneity of these
groups of patients, suggesting that OCD could be a consequence of dysfunctional circuits that regulate
response inhibition, cognitive flexibility, planning (and goal-directed behavior), working memory, and
error monitoring (1). According to the clinical data, OCD patients present behavioral inflexibility in
the Wisconsin Card Sorting Test and persistent skin conductance response in the extinction phase of
the fear conditioning test (4,5). However, memory deficits in OCD has not been disentangled (6).

Schedule-induced polydipsia (SIP), a model of compulsive behavior (7) recently reviewed (8) has been
demonstrated to be effective in the study of different related disorders such as schizophrenia (9),
alcohol intake (10,11) and OCD (12). SIP is characterized by the development of an adjunctive
behavior of excessive drinking in food-deprived animals exposed to intermittent food-reinforcement
schedules (13). After the SIP procedure, rats can be divided into two different populations according
to their levels of water intake: high drinkers (HD) considered as high compulsive, and low drinkers
(LD) considered as noncompulsive rats. Compulsive HD rats have a well differentiated behavioral
profile compared to non-compulsive LD rats characterized by deficits in cognitive inflexibility and
maintenance of maladaptive memories shown by resistance to extinction, for example, an increased
number of trials and perseverative errors in different protocols of the spatial Reversal Learning Task
(14,15), increased number in perseverative responses under extinction conditions in the attentional 5-
choice serial reaction time task (5-CSRTT) (16), long-lasting in extinction in fear conditioning (17)
and passive avoidance (18). Here, we wanted to further delve into these observations and investigate
if compulsive HD rats' behavioral inflexibility is mediated by memory impairments, so we decided to
explore stimulus processing by the Novel Object Recognition test (NOR), reference and working
memory by Radial Arm Maze (RAM), and cognitive flexibility by reversed Morris Water Maze
(MWM).

The pharmacological treatment in patients with OCD is focused on selective serotonin reuptake
inhibitors (SSRIs) (19). Nevertheless, up to 40% of patients with OCD do not respond successfully to
this treatment and glutamate modulating drugs have been proposed as a potential treatment for OCD
(20). Genome-wide association study has shown that vulnerability to OCD is associated with genetic
polymorphisms in the serotonin transporter (Sert) and Htr2a (21). Moreover, recent studies have
evidence that variations in glutamatergic genes such as the SAPAP (DLGAP) family, SLC1A1, and
GRIN / GRIK proteins can lead to dysfunctional glutamate signaling in OCD [reviewed in (22)]. Many
studies support that there is an association between brain derived neurotrophic factor (BDNF) gene
polymorphism and OCD (23,24), reporting a lower BDNF serum level in OCD patients (25,26). The
compulsive HD rats selected by SIP have shown reduced cortical 5-HT2A binding levels compared to
LD rats (27). Indeed, the systemic and prefrontal administration of the serotonin 5-TH2A/C receptor
agonist DOI reduced compulsive water intake in HD rats on SIP (27,28). Moreover, the systemic
administration of glutamatergic drugs such as memantine, an uncompetitive NMDA receptor
antagonist, and lamotrigine, which inhibits excitatory amino acid release such as glutamate; also
reduced compulsive water intake in HD rats on SIP (17).



Based on these neuropharmacological studies and the behavioral profile of HD rats, the present study
aimed to investigate the possible memory deficit associated with cognitive inflexibility in compulsive
HD rats selected by SIP, as well as the alterations in gene expression that could contribute as underlying
mechanisms of this specific trait. Therefore, after the selection of compulsive HD and noncompulsive
LD rats on SIP: First, we evaluated possible behavioral deficits in memory-related tasks, such as spatial
memory and cognitive inflexibility by MWM, working and reference memory by RAM, and stimulus
processing by NOR. Second, we analyzed the genetic expression, related to memory and cognitive
inflexibility, of the serotonergic Htr2a and Htr2c, glutamatergic Grinl, Grin2a, Grin2b, Grin2c and
Grmz2 and Bdnf genes in the following neuroanatomical areas: frontal cortex (FC), hippocampus (HIP)
and amygdala (AMY), related to the cortico-limbic circuit and compulsive drinking on SIP (29). The
results are discussed regarding the relevance of memory deficit and cognitive inflexibility, and the
alteration in the relative expression of the genes analyzed as possible biomarkers of vulnerability to
compulsive spectrum disorders.

Materials and Methods

Animals

In this study 40 male Wistar rats (Envigo, RMS Spain) weighing approximately 230 to 250 g were
used in this study; 20 for experiment 1 and 20 for experiment 2. The animals were housed in four
rats/cages (50 x 35 x 20 cm) kept in a temperature controlled environment at 22 + 2 °C, humidity
(50+10%), with a 12:12 h light-dark cycle (light off at 08:00 h) and food and water provided ad
libitum. After ten days of habituation and before behavioral tasks, rats were gradually reduced to 85%
of their free-feeding body weight through controlled feeding and their body weights were maintained
at this level of deprivation throughout the experiment. The food was provided by daily feedings of lab
food approximately 30 minutes (min) after each experimental session. All tests were performed
between 9:00 am and 2:00 pm. The animals were around 3 months old when the experiment started
and finished it with 5 months of age. All procedures were carried out following the Spanish Royal
Decree 53/ 2013 on the protection of experimental animals, the European Community Directive
2010/63/EU for animal experiments and complies with the ARRIVE guidelines for animal research.
The Animal Research Committee of the University of Almeria approved the experiments described
here, and the authors declare that the research shows commitment to the 3Rs principle (replacement,
reduction, refinement).

Behavioral selection: SIP procedure

The complete SIP procedure has been previously described (30). Rats were tested in eight operant SIP
chambers (35 x 25 x 34 cm). Before the SIP procedure and over two consecutive days, the amount of
water consumed by each rat in 60 min (baseline) was measured. There was unlimited access to a bottle
of water and sixty food reward pellets were placed together (Noyes 45 mg dustless reward pellets; TSE
Systems, Germany). The animals were then exposed to a fixed 60 seconds (FT-60 s) schedule of food
pellet presentation in 60 min sessions. During each session, 100 mL of freshwater bottles were
provided. After 20 daily sessions, the animals were separated into two specific populations, HD and
LD, according to drinking rates (average of each animal over the last five sessions) above or below the
group median, respectively. The following measures were recorded for each rat: a) the total amount of
water (milliliters) removed from the bottle, b) the total number of licks to the bottle, and c) the total
number of entries into the food magazine.



Experimental design
The order of behavioral assessment and gene expression analyses are summarized in Figure 1.

Experiment 1. Behavioral assessment. We examined cognitive flexibility, different types of memory,
and stimulus processing, considered as possibly altered processes in compulsive populations (31), in
HD and LD rats selected by SIP. We explored spatial memory and cognitive flexibility by carrying out
MWM, assessed working and reference memory by RAM, and analyzed stimuli processing and novelty
reactivity by NOR. The screening for each test commenced at least one week after the previous one.

Experiment 2. Gene expression. After the last session of SIP, all rats were sacrificed by rapid
decapitation after induction of anesthesia by inhalation of 4% isoflurane, to extract the brain and obtain
structure samples, by fresh dissection, which would later be subject to analyses: FC, HIP and AMY.
The collected samples were immediately frozen on dry ice to prevent degradation of the RNA. The
samples were then stored at -80 ° C until use. All the material used in this procedure was autoclaved
(Class B P Selecta) and treated with ZAP RNA (Sigma Aldrich) to avoid contamination and
degradation of the genetic material. The samples were then isolated, quantified and diluted to 100
ng/uL. This concentration was used for cDNA synthesis (20uL). Twenty microliters of that cDNA was
then diluted (1:4 factor) and this dilution was finally used for the gPCR reaction.

Behavioral assessment

Morris water maze MWM

The MWM protocol used follows the guidelines defined by De Bruin (32), with minor changes. The
water maze test was carried out in a black circular pool with an inner diameter of 150 cm and walls 34
cm high. It was filled with tap water to a depth of 30 cm. The water was at room temperature (22 +
2 °C). The pool was divided into four quadrants of equal size: A, B, C, and D; with A opposite D and
B opposite C. A removable circular escape platform (diameter: 10 cm) could be positioned at only one
location in each of the four quadrants (in the middle of a quadrant, with the center 30 cm away from
the wall). Two types of platform were used: an invisible one painted black, always 1.5 cm below the
water surface, and a visible gray one, always 1.5 cm above the surface. Both platforms had a rough
surface that provided enough grip for the animal to climb on top of it. Release sites were marked outside
of the pool, each directly opposite to either of the four possible platform positions. The walls of the
room were equipped with a variety of spatial cues that remained unchanged throughout the experiment.
A video camera was used to record behavioral activities during transfer tests using Ethovision 3.1.
(Noldus). Behavioral procedures: During a total of 9 days, the animals were trained and tested using
the following:

Spatial training (days 1-4).The invisible white platform was placed for half of the animals in each
group in quadrant B and for the other half in the opposite quadrant (C). Training was carried out in 4-
trial sessions with each animal released into the pool from one of the four release sites. The sequence
of the four release sites varied from session to session, but was identical for all animals within one
session. The animal was released into the pool with its head facing the wall, and the time to reach the
hidden platform was recorded with a stopwatch (escape latency). If the platform was not located within
the maximum trial duration of 90 s, the animal was removed from the water and placed on the platform.
In either case, the animal was left on top of the platform for 30 s. In between the successive trials of
one session, the animal was placed in a black plastic bucket for a 30-s intertrial interval period. During



this period, fecal boluses (if present) were removed from the pool, and the transparent wall was wiped
clean. Following the last trial of a session, the animal was dried with a cloth towel and placed in a clean
cage. There were two sessions a day with an interval of approximately 3 h.

Reinstating memory (day 5)

On the afternoon of the fifth day, the animals were again subjected to a spatial training session with
the platform in its original position.

Reversal test (days 6-7)

Following 2 days without behavioral training or testing, the reversal test began. The platform was now
placed in the quadrant opposite to the one used during spatial training for two test sessions (each
consisting of two reversal sessions, four trials per session); otherwise, all training procedures were
identical to the ones described for spatial training.

Visually Cued task (days 8-9)

One day after the completion of reversal training, animals were subjected to the visually cued task.
Instead of a white invisible platform, a grey visible platform was used, extending 1.5 cm above the
surface. Although the release site of the animal remained the same (always opposite to the quadrant
where the platform was during spatial training), the position of the platform varied from trial to trial.
The sequence of these positions was the same for all animals. Otherwise, procedures were as described
for the spatial training phase.

Radial Arm Maze RAM

The RAM protocol consists of three consecutive phases: habituation (2 days), learning (4 days
maximal), and test (4 days), as described Fole in 2017 (33). Rats were trained every day, twice per day.
Each rat was placed on the central platform and the maze could be visited for 10 min. Each rat was
placed in the radial maze in a random order that changed every day. The radial maze was cleaned
between each animal with diluted ethanol (70%) and absorb paper to minimize olfactory intra-maze
cues. The performance of the animals was recorded on a computer. Data considered were arm entries;
total trial time; first entry latency. With these data, the number of errors in working memory (WM) and
reference memory (RM) were counted. Every entry in an already visited arm was considered a WM
error. Entries in a non-rewarded arm were considered as RM errors. The behavioral procedure was as
follows:

Habituation. This habituation allowed rats to adapt to the maze and to collect pellets at the end of their
arms. All arms were kept baited during the trial period. On the first day, some pellets were placed along
the arms to invite the animals to go to the end of the arms.

Acquisition. The animals performed 4 trials per session (2 sessions per day) until they reached the
minimum values during three consecutive sessions. A trial was finished when: 10 min past or the
animal visited the 8 arms at least one time. The criterion consisted in doing either no error for 8 entries
or at maximum 1 error for 9 entries.

Test. This protocol aimed to test the memorization of the task. Rat performance was evaluated by the
number of errors and the rank of the first error. An error was defined as the rat returning to a previously
visited arm, i.e., crossing the first beam of the arm.

Novel object recognition test NOR

The NOR protocol (34) consists of three consecutive phases: habituation (day 1), acquisition (day 2),
and test (day 2). Each rat was placed in the center of the arena and allowed to explore for 5 min. The
arena was cleaned between each animal with water and absorbent paper to minimize intra-cue olfactory
noise. The animal performance was recorded on a computer using Ethovision 3.1. (Noldus). The data
considered were speed, mobility, percentage of time in contact with objects (time in contact with the



new or old object / total time), percentage of time near the objects (time near the new or old object /
total time), and percentage of time in the neutral zone (time in the neutral zone / total time). Behavioral
procedure was as follows:

Habituation. This habituation allowed accustoming the rats to the maze by free exploration of the arena
for 5 min. No objects were placed in the arena in this phase.

Acquisition. 24 h after habituation, two identical objects were placed in opposite quadrants of the arena.
The rats were placed in the center of the arena, equidistant from the two identical objects, and allowed
to explore freely for 5 min. All sessions were recorded and analyzed.

Test. Two hours after the acquisition phase, one object used during acquisition (the familiar object)
and one novel object were placed in the opposite quadrants of the arena. The animals were allowed to
explore for 10 min. Sessions were recorded, and we analyzed the same variables as in the acquisition
phase.

Gene Expression
Real-time Quantitative Polymerase Chain Reaction

Using this technique, a multitude of copies of a particular nucleotide sequence can be generated in vitro
from a small amount of genetic material from structures that have been carefully extracted beforehand.
Thus, before exponential replication of the sequences of interest, a series of processes had to be
developed to enable the polymerase chain reaction itself, as well as its reliability. First, RNA was
extracted from samples of the three structures (frontal cortex, hippocampus, and amygdala) and
purified using trizol reagent (Invitrogen) according to the manufacturer's instructions. The trizol
reagent reliably extracts and purifies RNA from the samples by maintaining RNA integration through
inhibition of RNAase activity and destroying cellular components in the homogenization of samples.
Thus, a separation of different layers was obtained by adding chloroform, which is in the aqueous layer
where the RNA is located; therefore, the RNA pellet was collected and, by employing isopropyl alcohol
and suitable centrifugation, the RNA pellet was precipitated. The supernatant was then removed and
the RNA pellet was washed with 75% ethanol. Finally, the remaining ethanol was removed and allowed
to dry. Once the process was completed, the final number of samples to be analyzed was obtained: 18
frontal cortex, 18 amygdala, and 18 hippocampus. Secondly, RNA quality assessment was carried out
by electrophoresis. Electrophoresis is a technique that uses the polar character of the genetic material
(negative charge given by the phosphate groups) to consequently move it from the negative pole to the
positive pole on a solid matrix (agarose gel) when a certain voltage is applied. First, the agarose gel
was prepared by dissolving agarose in Milli-Q water. The resulting mixture was heated until the
agarose was perfectly dissolved. The solution was then poured into a gel holder. A comb installed in
the gel holder shaped the wells where the samples were placed once the loading buffer was added to
the samples and the gel was perfectly solidified and placed in the electrophoresis cuvette. The next step
was the application of voltage that would cause the desired electrophoretic shift. To visualize the
fragments, the gel had to be stained with an intercalating agent that binds to the genetic material. The
marker used was ethidium bromide, which was handled with special caution because of its mutagenic
nature. The last step was fluorescence spectrometry, whereby ultraviolet light is applied to cause the
ethidium bromide to emit fluorescence, thus separating the fragments according to molecular weight.
This process was repeated for the samples of each structure. Furthermore, RNA was quantified by
fluorescence signaling with a Qubit® fluorometer (Life Technologies). This specific and sensitive
process allowed us to know the concentration and quality, and to discard degradation and/or
contamination of the samples. This process was repeated for the samples of each structure. The samples
were then subjected to a Turbo DNA-free treatment in which the DNAases remove contaminating



genomic DNA from the preparations that will then be retrotranscribed. An inactivating reagent was
used to stop the effect of DNAases. The removal of these contaminants allows for a PCR with less
interference. Finally, complementary DNA (cDNA) was obtained from messenger RNA.
Retrotransscription allows RNA to be used to obtain complementary DNA (cDNA) from a reverse
transcriptase enzyme. In our case, cDNA was synthesized from DNA-free total RNA using the Maxima
First Strand® cDNA synthesis kit (Thermo Scientific), using a mixture of random hexamers and 18-
mer oligo (dT) as primers. This process was repeated for samples of each structure. The cDNA samples
were stored at -80 ° C until the real-time quantitative polymerase chain reaction (qQPCR) analysis.

Real-time gPCR

Gene expression analyses was performed by RT-gPCR using the SYBR Green PCR Master Mix kit on
a Step-One real-time PCR system (Applied Biosystems) and a pair of specific primers for each gene
analyzed (Table 1). The appropriate efficiency of the primers was controlled by serial dilutions
(dilution factor 1:10). The Gapdh housekeeping gene was used as an internal reference for gene
expression analyses. The absence of gDNA contamination in the RNA sample analyzed by RT-gPCR
was demonstrated using a specific amplicon of an intron section of the Gapdh gene as a control. The
melting curves were analyzed to ensure the specificity of the amplification. This process was repeated
for samples of each structure.

Statistical Analyses

The SIP acquisition data were analyzed using a two-way repeated measures analysis of variance
(ANOVA), with a between-subject factor (group: HD and LD) and a within-subject factor (session: 20
sessions). Experiment 1: The mean latency and speed in MWM, the speed and number of errors in
RAM, and the percentage of time spent in each zone in NOR by LD and HD rats were compared using
two-way repeated measures ANOVA, with a between-subject factor (group: HD and LD) and a within-
subject factor (sessions). Post hoc comparisons were made using the Bonferroni test. Experiment 2:
The study of the differences in gene expression between HD and LD was analyzed using Student's t-
test for each of the genes in the three different structures. To assess the relationship between water
intake levels in SIP and relative gene expression, correlations were calculated using Pearson correlation
analysis. The effect size of the group differences was calculated using Cohen's d or n2. Partial eta-
squared values of 0.01, 0.06, and 0.14 and Cohen's d values of 0.2, 0.5, and 0.8 are considered to reflect
small, medium and large effects, respectively (35). Statistical significance was set at p < 0.05. All
analyses were computed using the Statistica software package (version 8.0). GraphPad Prism (version
9.0) was used for the graphs presented in the results section.

Results
LD and HD selected by SIP

Figure 2 (experiment 1) and Supplementary figure S1 (experiment 2) show the mean water intake in
LD and HD during the acquisition and maintenance of SIP during 20 sessions. In experiment 1 on SIP,
the mean water intake during the last 5 days of SIP was 25.9 £ 5.1 mL for HD and 6.1 + 0.8 for LD,
respectively. The number of licks also showed SIP acquisition (data not shown). The mean total licks
averaged over the last 5 days of SIP were 3987.4 + 820.7 and 1441.1 = 243 for HD and LD,
respectively. ANOVA revealed significant differences in water intake according to the interaction
between the SIP acquisition sessions and the group (F(1,18) = 34.26, p < 0.001, n% = 0.16).



Furthermore, differences in water consumption were observed for the session effect (F(19, 342) =
10.38, p <0.001) and the group effect (F(19, 342) =5.47, p <0.001). ANOVA also showed a significant
interaction in the total number of licks (interaction SIP session x group effect: F(1, 18) = 12.18, p <
0.001, d =0.92; session effect: F(19,342) = 8.66, p < 0.001; group effect: F(19, 342) = 3.27, p <0.001).
Post hoc comparisons indicated that SIP induced differences in drinking rates between the 20 sessions
in both groups. The differences between LD and HD were evident in water intake from session 6 (p <
0.01) onwards. Furthermore, compared to session 1, the animals in the HD group significantly
increased their water consumption from session 6 (p < 0.01). Differences between the HD and LD
groups were also observed in the number of total licks in session 8 (p < 0.01) were also observed, and
HD rats increased their number of licks in session 8 (p < 0.01) compared to session 1. There were
significant differences between LD and HD animals in total magazine entries according to session
effect (F(19, 342) =5.431, p < 0.001). However, there were no significant differences according to the
interaction between the SIP acquisition sessions and LD vs. HD (interaction SIP session x group
effect: F(19, 342) =0.933, p = 0.54) and group effect (F(1,18) = 0.039, p = 0.84).

In experiment 2, the mean water intake for the last 5 days of SIP was 32.51 + 2.42 ml for HD and 13.36
+ 1.61 for LD, respectively. The number of licks also showed SIP acquisition (data not shown). The
mean total licks averaged during the last 5 days of SIP were 1014.8 + 320.92 and 765.89 + 242.2 for
HD and LD, respectively (data not shown). ANOVA revealed significant differences in water intake
according to the interaction between SIP acquisition sessions and the group (interaction effect of SIP
session x group: F(19,342) = 4.48, p < 0.001, n?p = 0.17). Furthermore, differences in water
consumption were observed for the session effect (F(19, 342) = 18.46, p < 0.001) and the group effect
(F(1,18) =29.31, p< 0.001). ANOVA also showed a significant interaction in the total number of licks
(interaction SIP session x group effect: F(19,342) = 23.95, p < 0.001; session effect: F(19,342) =
38.56, p < 0.001; group effect: F(1,18) = 85.42, p < 0.001).

Post hoc comparisons indicated that SIP induced differences in drinking rates across the 20 sessions in
both groups. Differences between LD and HD were evident in water intake from session 7 (p < 0.05)
onwards. Furthermore, compared to session 1, animals in the HD group significantly increased their
water consumption from session 7 (p < 0.01). Differences between the HD and LD groups were also
observed in the number of total licks at session 7 (p < 0.01) were also observed, and HD rats increased
their number of licks from session 7 (p< 0.05) compared to session 1. There were significant
differences between LD and HD animals in total magazine entries according to session effect
(F(19,342) = 4.76, p < 0.001). However, there were no significant differences according to the
interaction between SIP acquisition sessions and LD vs. HD (interaction SIP session x group effect:
F(19,342) = 0.33, p = 0.42) and group effect (F(1,18) = 0.40, p = 0.61).

Experiment 1. Behavioral assessment

Morris water maze. Figure 3A shows the latency to the platform during the spatial training and
reinstating session spent by LD and HD rats. No significant differences were observed between the
groups (F(8,624) = 1,09, p = 0,37). Figure 3B shows the latency to the platform during the reversal test
by LD and HD rats. Significant differences between LD and HD rats were found in MWM test 1.
ANOVA revealed that HD rats spent more time finding the platform compared to LD rats (F(18,1) =
5.90, p < 0.05, n® = 0.25). No significant differences were found between the LD and HD rats in
latency in MWM test 2 (F (1, 18) =0.13, p = 0.7). LD and HD rats do not show significant differences
in swimming speed during reversal (neither in Test 1 nor in Test 2) (Figure 3C).



Radial Arm Maze. Significant differences in the number of memory errors accumulated in RAM by
LD and HD rats were observed (Figure 4). ANOVA revealed that HD rats committed a higher number
of accumulated working memory errors (Figure 4A) compared to LD rats (F (126, 7) = 3.64, p < 0.01,
n?p =0.17). Additionally, HD rats committed a higher number of accumulated reference memory errors
(Figure 4B) compared to LD rats (F (126, 7) = 4.41, p < 0.001, n?% = 0.20). Furthermore, HD rats
committed a higher number of accumulated total errors (Figure 4C) compared to LD rats (F (126, 7) =
4.08, p <0.001, n?p = 0.19).

Novel object recognition test. Supplementary figure S2 shows the performance of LD and HD rats in
the NOR test. No significant differences were found between rats with LD and HD in the percentage
of time in contact with the object, near the object, or in the neutral zone (F (4,15) = 0.223, p = 0.92).

Experiment 2. Gene expression

Relative expression of serotonergic genes in LD and HD rats. Figure 5 shows the mRNA expression
levels of the Htr2a and Htr2c genes in different brain structures in HD and LD rats selected by SIP.
HD rats showed significantly lower Htr2a mRNA expression levels in FC (t = 2.23, df = 16, p < 0.05;
d = 1.06) compared to LD rats. No differences were found in the expression level of Htr2a mRNA
gene in HIP (t =- 0.61, df = 16, p = 0.72), nor in AMY (t=-0.91, df = 16, p = 0.81) between LD and
HD rats (Figure 5A). A significant negative correlation was found between water intake on SIP and
Htr2a mRNA expression levels in FC (R2 = -0.57, p = 0.01) (Figure 5B). However, no significant
correlations were found between water intake and Htr2a mRNA expression levels in HIP (R2 =-0.01,
p = 0.96) and AMY (R2 = 0.25, p = 0.30). No differences were found in Htr2c mRNA expression
levels in FC (t = 0.71, df = 16, p = 0.25), nor in HIP (t = 1.08, df = 16, p = 0.15) nor in AMY (t = -
0.49, df = 16, p = 0.68) between HD and LD rats (Figure 5C). No significant correlations were found
between water intake and Htr2a mRNA expression levels in HIP (R2 = -0.01, p = 0.96) and AMY (R2
=0.25, p = 0.30). Furthermore, there were no significant correlations between water intake in SIP and
Htr2c mRNA expression levels in FC (R2 = -0.21, p = 0.41) (Figure 5D) nor in HIP (R2 = 0.36, p =
0.14) nor in AMY (R2 =-0.09, p =0.72) (Table 2).

Relative expression of glutamatergic genes in LD and HD rats. Figure 6 shows the expression levels
of different glutamatergic genes in different brain structures in HD and LD rats selected by SIP. HD
rats showed a significant reduction in Grinl mRNA expression levels in FC (t = 1.95, df = 16, p < 0.05;
d = 0.93) compared to LD rats. A significant negative correlation was also observed between water
intake in SIP and relative expression of Grinl in FC (R2 =-0.52, p = 0.03) (Figure 6B). No significant
differences were found in Grinl mRNA expression levels in HIP (t = 0.36, df = 16, p = 0.36) nor in
AMY (t =-0.28, df = 14, p = 0.61) between HD and LD rats (Figure 6A). No differences were found
in Grin2a expression levels in FC (t = - 1.20, df = 14, p = 0.88), in HIP (t = 0.17, df = 14, p = 0.43)
and in AMY (t = - 0.19, df = 14, p = 0.57) between HD and LD rats (Figure 6C). Furthermore, no
significant differences were found in Grin2b expression levels in FC (t = 0.70, df = 16, p = 0.25), in
HIP (t=1,24, df =16, p = 0.12) and in AMY (t = - 1.22, df = 16, p = 0.88) between HD and LD rats
(Figure 6D). Additionally, we did not find any significant differences in Grin2c expression levels in
FC (t=-0.32,df =13, p=0.63), in HIP (t =- 0.44, df = 14, p = 0.67) and in AMY (t =0.01, df = 12,
p = 0.50) between HD and LD rats (Figure 6E). There was a nonsignificant trend to decrease Grm2
levels MRNA expression in FC (t = 1.68, df = 16, p = 0.05) and in HIP (t = 1.38, df = 16, p = 0.09)
between HD and LD rats. No significant differences were found in AMY (t = 0.31, df = 16, p = 0.38)
between HD and LD rats (Figure 6F). Comparison between drinking levels in SIP and mRNA
expression levels of the rest of the glutamatergic genes analyzed revealed no significant correlations.
The correlation between water intake in SIP and Grinl mRNA expression levels: in HIP (R2 = -0.13,



p = 0.61) and AMY (R2 =-0.09, p = 0.70) is shown in Table 2. No significant differences between
water intake in SIP and Grin2a mRNA expression levels: in FC (R2 =-0.34, p = 0.20), in HIP (R2 = -
0.33, p =0.97) and in AMY (R2 =0.92, p = 0.40); Grin2b: in FC (R2 =-0.48, p = 0.17), in HIP (R2
=-0.45,p=0.17) and in AMY (R2 =0.32, p = 0.90); and Grin2a: in FC (R2 =-0.74, p = 0.47), in HIP
(R2=-0.36,p=0.17) and AMY (R2 =0.22, p = 0.40) (Table 2). There were no significant correlations
between water intake in SIP and Grinl mRNA expression levels of Grm2 in FC (R2 =-0.13, p = 0.62),
in HIP (R2 =0.02, p = 0.94) and in AMY (R2 =-0.06, p = 0.82) (Table 2).

Relative expression of BDNF genes in LD and HD rats. HD rats showed a significant reduction in
Bdnf mMRNA expression levels in FC (t = 1.84, df = 16, p < 0.05; d = 0.874). A trend was observed in
the same way in HIP (t = 1.43, df = 16, p = 0.08) compared to LD rats. No significant differences were
found in the expression levels of Bdnf mRNA in AMY (t =-0.31, df = 16, p = 0.62) between HD and
LD rats (Figure 7A). There was a significant negative correlation between water intake in SIP and the
relative expression of Bdnf in FC (R2 = -0.67, p = 0.002) (Figure 7B). No significant negative
correlations were found between water intake in SIP and Bdnf mMRNA expression levels in HIP (R2 =
-0.19, p = 0.44) and in AMY (R2 =-0.13, p = 0.60) (Table 2).

Discussion

The present results confirm the differences in behavioral inflexibility and the 5-HT2A receptor
previously described by us in compulsive HD rats selected by SIP (8, 36). We report that the behavioral
inflexibility in compulsive HD rats, expressed by an increase in latency to find the platform in the
reversal phase of MWM, might also be associated with other components of memory deficits reflected
by an increased number of memory errors in RAM compared to LD rats. Furthermore, we expanded
our knowledge about the reduced binding of the 5-HT2A receptor in HD rats selected by SIP (27),
previously described, by revealing a decreased expression of the serotonin Htr2a, Grinl and Bdnf genes
in FC compared to LD rats. Thus, the present data point to a memory deficit in the compulsive
phenotype linked to cognitive inflexibility in which the expression of the Htr2a, Grinl, and Bdnf genes
in FC could play a key role in its functionality.

Assessment of inflexible behaviors and memory impairments in compulsive HD rats

HD rats and LD rats did not show differences in learning in the acquisition phase of MWM. However,
we observed an inflexible behavior of HD rats, as they spent more time finding the platform in the
reversal phase of MWM. Previous findings have strongly demonstrated that HD rats have an inflexible
and perseverant profile. In the reverse learning task HD rats needed more trials to reach the criterion
compared to LD rats (14), as well as they performed more incorrect perseverative responses (14,15).
Furthermore, Moreno reported an increase in perseverative responses on the 5-choice serial reaction
time task (5-CSRTT) under extinction conditions compared to LD rats (16). Also, HD rats expressed
an increased habit behavior in the reinforcer devaluation paradigm by a greater number of lever presses
during the devaluation test day (15). Moreover, HD rats exhibited a higher resistance to extinct fear
behavior, although they did not differ in acquisition compared to LD rats (17,18). In the fear
conditioning test, we observed an increased percentage of freezing behavior on the retrieval day (17),
as well as we find a sustained higher latency to enter the dark compartment during the last extinction
session of the passive avoidance test (18). According to our preclinical compulsive model, OCD
patients have decreased behavioral flexibility as they committed more perseverative errors with a
pronounced trend towards poorer performance in the Wisconsin Card Sorting Test [reviewed in (4)].



In addition, patients with OCD have shown a deficit in fear renewal and extinction recall in fear
conditioning paradigms (37), with a different skin conductance response in the extinction phase (5).

The persevering behavior profile shown by HD rats might be related to memory deficits, as revealed
by the increased number of working memory errors and reference memory errors in RAM compared
to LD rats. Few preclinical studies have investigated the role of memory in compulsive behavior.
However, in 2010 Andersen observed that rats exposed to clomipramine in early life, considered as an
OCD model, had an impaired working memory in a win-shift task, shown by an increased number of
errors and longer time to enter each arm than control rats (38). Interestingly, the use of enriched
environments reduced spatial memory impairments in MWM and compulsive grooming behavior
induced by methamphetamine (39). The systemic administration of d-cycloserine and d-serine, NMDA
modulators that enhance memory, reduced compulsive aversion-resistant alcohol drinking (40).
Clinical studies evidenced that OCD patients present a deficit in verbal episodic memory, by an
impaired performance in Wechsler Memory Scale-Revised relative to controls and non-verbal memory
(42). Similarly, OCD patients appear to have poorer performance than control subjects when evaluating
verbal and visual memory using the Wechsler Adult Intelligence Scale-Revised (42). Other researchers
assessing neuropsychological skills in OCD patients also found that verbal memory was impaired in
these patients measured by California Verbal Learning Test (43).

Genetic expression in compulsive HD rats

We found that HD rats have a significantly lower level of mMRNA expression of Htr2a, Grinl and Bdnf
in FC compared to LD rats. Furthermore, Htr2a mRNA expression levels in FC were negatively
correlated with compulsive drinking on SIP. This is in accordance with previous research in our
laboratory, which revealed that HD rats selected by SIP had a specific reduction in 5-HT2A receptor
binding in FC compared to LD rats (27). In contrast, Roman High Avoidance (RHA) rats characterized
as impulsive and by a compulsive drinking profile on SIP (44), show higher 5-HT2A binding in FC
compared to Roman Low Avoidance (RLA) rats (45). However, a recent study did not find differences
in Htr2a gene expression in FC between RHA and RLA rats (46). According to our findings, rats that
showed high inflexibility in a spatial discrimination Reversal Learning Task had lower serotonin 5-
HT2A receptor binding in the orbitofrontal cortex compared to low-perseverative rats (47). Studies
using single photon emission computed tomography found that dogs with compulsive behaviors have
lower serotonin 5-HT2A receptor availability in the FC (48). On the contrary, red junglefowl (Gallus
gallus) chicks characterized by higher expression of Htr2a, are less flexible in a discriminative and
Reversal Learning Task (49). Animal models of individual differences for example: on depression,
have shown that the expression of Htr2a is reduced in the FC of Flinders Sensitive Line (FSL)
compared to their control strain Flinders Resistant Line (FRL) (50). Moreover, dogs with anxiety
disorders have lower serotonin 5-HT2A binding in the FC (48). Furthermore, pharmacological studies
have found that serotonin 5-TH2A/C receptor agonists reduce compulsive drinking on SIP (27,28).
Thus, the systemic administration of DOI in a dose-dependent manner only reduced compulsive
drinking on SIP in HD rats compared to LD rats, which supports the notion that serotonin 5-HT2A
receptors have a key role in compulsive behavior (28). Also, the activation of prefrontal serotonin 5-
HT2A/C receptors by direct micro-infusion of DOI in the medial prefrontal cortex decreased
compulsive drinking in HD rats (27). Serotonin 5-HT2A receptors have a role in cognitive flexibility
since the blockade of these receptors leads to impairments in reversal learning (51). Microinfusion of
the 5-HT2A receptor antagonist M100907 in the orbitofrontal cortex leads to a higher perseveration
during reversal learning and potentiated self-grooming behavior in BTBR mice, a mouse model of
autism (52). Also, a high expression of Htr2a has been found in FC, HIP, and AMY of adult rats, which
constitute components of the brain circuits implicated in memory extinction (53). The activation of



serotonin 5-HT2A receptors facilitates the consolidation and extinction of trace and delay-cued fear
memory (54). Clinical studies have also implicated the serotonin Htr2a receptor in different
psychopathological disorders. In vivo PET studies in drug-naive OCD patients show a reduction in the
availability of 5-HT2A receptors in FC (55). A reduction in mRNA expression levels of Htr2a has also
been observed in patients with bipolar disorder (56), and schizophrenia (57); a finding consistent with
postmortem autoradiography studies that showed reduced binding of 5-HT2A in the FC (58).

In the present study, HD rats did not differ significantly in the level of Htr2c mRNA expression in FC,
HIP, and AMY compared to LD rats. Furthermore, no significant correlations were found between
water intake on SIP and the level of Htr2c mRNA expression. Overall, there is very little evidence to
suggest the involvement of the 5-HT2C receptor in OCD (59). However, studies support that 5-HT2C
plays a role in this disorder. Previous research shows that DOI decreased compulsive drinking in HD
rats on SIP (28), while the SB242084 did not affect compulsive drinking on SIP (27). Also, the
administration of WAY-163909, a serotonin 5-HT2C antagonist, decreased adjunctive drinking on SIP
(60), while the 5-HT2C receptor antagonist SB242084 increased drinking behavior on SIP (61). 5-
HT2C receptor knockout mice exhibited compulsive-like behaviors (62). Notwithstanding, serotonin
5-HT2C receptors have been associated with cognitive flexibility and reversal learning. Preclinical
studies with rats have found that the administration of the 5-HT2C receptor antagonist SB242084
improved learning performance (51,63). In clinical studies, Htr2c mRNA expression levels have been
shown to be reduced in the FC in unmedicated and medicated schizophrenic patients (64,65). On the
contrary, a recent meta-analysis found no significant associations between Htr2c polymorphism and
OCD (21).

The assessment of the glutamatergic Grinl gene, which encodes NMDA receptor subunit 1, revealed
a significant reduction in FC in HD rats and an inverse correlation between its expression and
compulsive drinking in SIP. Previous studies pointed toward the relationship between Grinl and
compulsive behavior in rats, as, for example, Ploense in 2018 described different correlations between
Grinl mRNA expression in the dorsomedial PFC and cocaine exposure, in which limited access to
cocaine negatively correlates with mRNA expression levels. Nevertheless, prolonged exposure
increased the mRNA levels (66). However, a recent study in rats after 10 days of cocaine abstinence
has not shown significant differences in Grinl expression in FC or HIP (67). Similarly, other study did
not describe any significant differences in Grinl mMRNA levels in RHA high avoidance rats in the same
brain areas (68). Besides, other preclinical studies confirmed the implication of Grinl in fear memory
and extinction processes, showing that deletion of Grinl strongly facilitates the formation and retention
of fear memory and attenuates the extinction of a cued fear response (69,70). Likewise, Grinl is
considered an important gene in memory acquisition (71). Thus, mutant mice expressed deficits in
spatial working memory in the MWM (72). Also, mutant mice presented abnormal anxiety-like
behaviors in the light/dark transition and the elevated plus maze tests, a deficient contextual and cued
fear memory in the fear conditioning test, and impaired working memory in the RAM test (73). Grinl
has been considered as a susceptibility gene candidate for some neuropsychiatric disorders, including
schizophrenia, bipolar disorder, and attention-deficit/hyperactivity disorder (73,74). Moreover, Grinl
seems to have a relevant role in schizophrenia disorder (75-77).

The assessment of the glutamatergic Grin2b and Grm2 genes revealed no significant differences in
gene expression between compulsive HD rats and LD rats. However, a previous study showed that rats
with high avoidance behavior expressed increased levels of Grin2b and decreased levels of Grm2, both
in the FC (68). Moreover, contradictory results have been found regarding the association between
Grin2b mRNA expression and the experience of stressful and anxious experiences in rats. Stress
induced by maternal separation did not affect Grin2b expression levels in the FC, nor in the HIP (78).



Grin2b knockout mice are considered as a model of autism and intellectual disability (79,80).
Consistently, Grin2b variants had been associated with the susceptibility to develop OCD in humans
(81-83). Less information is available on Grm2 genes. Research exploring the effect of the lack of
Grm2 in the prelimbic cortex in alcohol consumption using knockout rats did not report significant
differences in alcohol intake (84). Other study showed an upregulation of Grm2 proteins in the FC and
ventral tegmental area after protocols of mild stress (85). Clinical research suggested that Grm2 may
play a key role in the pathophysiology of methamphetamine-induced psychosis (86).

The assessment of the Bdnf gene revealed a significant reduction in FC in HD rats and an inverse
correlation between its expression and compulsive drinking on SIP. BDNF and its receptors are
involved in the regulation of synaptic plasticity processes and synaptic communication (87—89). In
preclinical studies, upregulation of Bdnf expression was observed in the nucleus accumbens of rats
showing successful extinction in morphine-conditioned place preference (90). In addition, increased
BDNF protein in the prefrontal and hippocampal regions produces extinction facilitation in fear-
conditioned rats (91,92). Besides, decreased Bdnf expression level in different areas of the brain has
been reported in animal models of depression and isolation (93), but a review pointed out that
downregulation of Bdnf expression could be associated with increased anxiety-like symptoms, such as
shorter time spent in the open arms of an elevated plus maze, increased immobility in the forced
swimming test, or reduced sucrose preference [reviewed in (94)]. However, the level of Bdnf
expression has been shown to be increased in high avoidance RHA rats in FC (68). Moreover, recent
data suggest that down-regulation of Arc mRNA levels in the locus coeruleus, another plasticity
marker, is associated with the tendency to develop compulsive behavior on SIP (95). Furthermore,
clinical studies demonstrated decreased serum levels of BDNF in patients with OCD and schizophrenia
compared to control participants (89,96).

Conclusions

The present study suggests that the compulsivity expressed by HD rats in SIP could be under memory
deficits that cause compulsive and inflexible behavior, as these rats also presented inflexibility in the
reversal phase of MWM and impaired memory in RAM. Low mRNA expression levels of Htr2a,
Grinl, and Bdnf in the FC of HD rats are related to increased compulsive drinking on SIP. Furthermore,
the results of the present study show an inverse relationship between the levels of mMRNA expression
of the Htr2a, Grinl and Bdnf genes in the FC and the level of water intake in the SIP, that is, increased
compulsive drinking on SIP, less relative gene expression. No differences were found in the levels of
MRNA expression of the rest of the genes analyzed between high-compulsive HD rats and LD rats
selected by SIP. Collectively and according to the reviewed literature, the down-regulation of the
expression levels of Htr2a, Grinl, and Bdnf mRNA related to compulsive drinking in SIP points to a
possible lack of plasticity in the FC, causing inflexibility and interfering with the extinction of a
prominent behavior, thus compulsive drinking under stressing conditions such as SIP. Future studies
should explore the link between high and low mRNA expression of the serotonergic, glutamatergic,
and Bdnf genes and the development of behavioral alterations related to impulsivity and compulsivity.
This approach could help us to understand vulnerability biomarkers that could guide new
neuropsychopharmacological treatments for compulsive spectrum disorders.
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Figure 1. The experimental procedures are illustrated in a timetable. Two independent experiments
were carried out in the present study. In both experiments, high drinkers (HD) and low drinkers (LD)
populations were separated by schedule-induced polydipsia (SIP). In experiment 1 HD and LD rats
were assessed by: Morris water maze test (MWM), radial arm maze test (RAM), and novel object
recognition test (NOR). In experiment 2 serotonergic, glutamatergic and Bdnf genes were analyzed.
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Figure 2. The mean (x SEM) water intake in mL in fixed time FT-60s across 20 sessions of schedule-
induced polydipsia (SIP). Statistical analyses indicate significant differences between low drinkers

(LD, n=10) and high drinkers (HD, n = 10; *p < 0.05) from session 3. Significant differences between
sessions were found from session 5 (#p < 0.05).
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Figure 3. Latency to the platform in seconds (x SEM) in morris water maze (MWM) spent by high
drinkers (HD; n = 10) and low drinkers rats (LD; n = 10) in the acquisition (A), the latency in the



reversal phase (B) and the speed in the reversal phase. Statistical analyses indicate significant
differences between LD and HD (*p < 0.05) in the latency to platform in test 1.
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Figure 4. The cumulative number of memory errors (= SEM) committed by high drinkers (HD; n =
10) and low drinkers rats (LD; n = 10) in radial arm maze (RAM). (A) Working memory errors, (B)
reference memory errors and (C) the total number of memory errors committed across the 8 sessions
of RAM. Statistical analyses indicate significant differences between LD and HD (**p < 0.01; *** p
< 0.001) in the number of working memory errors, reference memory errors and the total number of
errors form session 4.
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Figure 5. Serotonergic relative expression (£ SEM) of Htr2a (A) and Htr2c (C) of high drinker (HD;
n = 10) and low drinker rats (LD; n = 10) in the frontal cortex, the hippocampus and the amygdala.
Negative correlation between Htr2a (B) and Htr2c (D) relative expression in the frontal cortex and



water intake on SIP. Statistical analyses indicate significant differences between LD and HD (*p <
0.05) in the relative expression of Htr2a in the frontal cortex and significant negative correlation
between Htr2a relative expression in the frontal cortex and the water intake.
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Figure 6. Glutamatergic relative expression (£ SEM) of Grinl (A), Grin2a (C), Grin2b (D), Grin2c
(E), and Grm2 (F) of high drinker (HD; n = 10) and low drinker rats (LD; n = 10) in the frontal
cortex, the hippocampus and the amygdala. Significant negative correlation between Grinl relative



expression in the frontal cortex and water intake on SIP (B). Statistical analyses indicate significant
differences between LD and HD (*p < 0.05) in the relative expression of Grinl in the frontal cortex
and significant negative correlation between Grinl relative expression in the frontal cortex and the

water intake.
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Figure 7. Bdnf relative expression (£ SEM) of high drinkers (HD; n = 10) and low drinkers rats (LD;
n = 10) in the frontal cortex, the hippocampus and the amygdala (A). Significant negative correlation
between Bdnf relative expression in the frontal cortex and water intake on SIP (B). Statistical analyses



indicate significant differences between LD and HD (*p < 0.05) in the relative expression of Bdnf in
the frontal cortex and significant negative correlation between Bdnf relative expression in the frontal
cortex and the water intake.
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Table 1. Primers selected for the RT-gPCR study. From left to right, the name of the gene, forward
primer, reverse primer, and source. Gapdh: Glyceraldehyde 3-phosphate dehydrogenase. Htr2a and c:
Serotonergic receptor 2 a & b. Grinl, 2a, 2b, and 2c: Glutamatergic NMDA subunit ionotropic receptor



1, 2a, 2b, and 2c, respectively. Grm2: Glutamatergic metabotropic receptor 2. Bdnf: Brain-derived
neurotrophic factor.

Gene
Gadph

Htr2a

Htr2c

Grinl
Grin2a
Grin2b
Grin2c

Grm2

Bdnf

Forward
ACAACTTTGGCATTGTGGAA

AACGGTCCATCCACAGAG

TTGGACTGAGGGACGAAAGC

ATGGCTTCTGCATAGACC
AGTTCACCTATGACCTCTACC
AAGTTCACCTATGACCTTTACC
GGCCCAGCTTTTGACCTTAGT
CTATGCCACCCACAGTGATG
GGTCACAGCGGCAGATAA

Reverse
GATGCAGGGATGATGTTCTG

AACAGGAAGAACACGATGC

GGATGAAGAATGCCACGAAGG

GTTGTTTACCCGCTCCTG
GTTGATAGACCACTTCACCT
CATGACCACCTCACCGAT
CCTGTGACCACCGCAAGAG
GCACAGTGCGAGCAAAGTAATC
CCGAACATACGATTGGGTAG

Reference
Own design

Kindlundh-Hodgbergetal
et al. 2006

Kindlundh-
Hogbergetalet al. 2006

Lau et al. 2013
Lauetal. 2013
Lau et al. 2013
Lau et al. 2013
Pershina et al. 2018

Own design

Table 2. Correlations between water intake on SIP and relative gene expression. From left to right,
the name of the gene, the brain structure, the R2 value, and P value. Statistical analyses indicate



significant negative correlation between Htr2a, Grinl and Bdnf relative expression in the frontal
cortex and the water intake. (*p < 0.05; ** p < 0.01).

Gene Brain structure R? P Value
FC -0.57 0.01*
Htr2a HIP -0.01 0.96
AMY 0.25 0.30
FC -0.21 0.41
Hiroc HIP 0.36 0.14
AMY -0.09 0.72
FC -0.52 0.03*
Grinl HIP -0.13 0.61
AMY -0.09 0.70
FC -0.06 0.69
Grin2a HIP 0.25 0.37
AMY 0.03 0.93
FC -0.34 0.17
Grin2b HIP -0.34 0.17
AMY 0.22 0.40
FC -0.13 0.70
Grin2c HIP -0.05 0.81
AMY -0.36 0.15
FC -0.13 0.62
Grm2 HIP 0.02 0.94
AMY 0.06 0.82

FC -0,67 0.002**
Bdnf HIP -0.19 0.44

AMY -0.13 0.60
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