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ABSTRACT

Lipocalin-2 (LCN2) was first described as an acute-phase molecule involved in the innate
immune response against several pathological stimuli. However, recent studies have also
associated LCN2 as an important mediator in the central nervous system (CNS)
physiology. Noteworthy, it was recently shown that peripheral LCN2 is a new ligand of
the melanocortin 4 receptor (MC4R) and that, by binding to this receptor in the
hypothalamus, LCN2 can suppress food intake, which is considered a type of compulsive
behavior. Of interest, it was shown that both constitutive and induced genetic deletion of
the gene encoding MC4R, as well as the pharmacological inhibition of MC4R signaling,
normalized compulsive grooming and striatal electrophysiology impairments in synapse-
associated protein 90/postsynaptic density protein 95-associated protein 3 (SAPAP3)-null
mice, a model of human obsessive-compulsive disorder (OCD). However, in this report,
it was not clear the mechanisms through which MC4R deletion leads to the rescue of the
phenotype. One possibility is that the ligands for MC4R are no longer inducing its effects
once the receptor is deleted. This is especially relevant after the demonstration that MC4R
agonists induced compulsive grooming in wild-type mice and in rats. Thus, we
hypothesize that the mechanism through which MC4R deletion leads to phenotypic
rescue of SAPAP3-null mice can be by LCN2 signaling.

For that reason, herein, we took advantage of a mouse strain with a target deletion of the
Lcn2 gene (LCN2-null mice), we analyzed the role of LCN2 in the striatum through
electrophysiological, morphological, behavioral and cellular approaches. Overall, our
findings showed that LCN2-null mice have altered striatal excitatory transmission,
implicating the same brain region that has been reported in SAPAP3-null mice.
Concomitantly, behavioral approaches showed that LCN2-null mice displayed an
excessive burying response and a habitual behavior in an operant conditioning test that is
highly regulated by the dorsolateral striatum (DLS). Regarding molecular analysis, we
showed that LCN2 ablation leads to an increase in Psd-95 expression. Altogether, a
possible novel role for LCN2 in the striatal modulation, not only at the synaptic level but

also in morphological and molecular mechanisms, is suggested.






RESUMO

A lipocalina-2 (LCN2) foi inicialmente descrita como sendo uma proteina de fase aguda
envolvida em respostas da imunidade inata contra véarios estimulos patologicos. No
entanto, estudos recentes associam a LCN2 como um importante mediador no sistema
nervoso central. Recentemente, foi mostrado que a LCN2 ¢ um novo ligante para o recetor
melanocortina 4 (MC4R) e que, no hipotalamo, tem um efeito supressor da ingestdo de
alimentos, considerado um tipo de comportamento compulsivo. Além disto, foi
demonstrado que a delecdo genética do gene que codifica o recetor MC4R, bem como a
inibi¢do farmacolédgica da sua sinalizagdo, normaliza o comportamento compulsivo e a
eletrofisiologia do estriado de ratinhos que ndo expressam a proteina associada a sinapse
90 / densidade pos-sinaptica Proteina 95 associada a proteina 3 (SAPAP3), um modelo
animal de perturbacdo obsessiva compulsiva (POC) humano. No entanto, neste estudo,
ndo ficou claro os mecanismos pelos quais a delecdo do MC4R leva ao resgate do
fenotipo. Uma possibilidade ¢ que os ligantes do recetor MC4R ndo estejam mais a

induzir os seus efeitos uma vez que este se encontra deletado.

Assim, levantamos a hipotese que o mecanismo pelo qual a delegdo do MC4R leva ao
resgate fenotipico de ratinhos sem expressdao da proteina SAPAP3 seja pela sinalizagdo
da LCN2. Tirando vantagem de um modelo de ratinho no qual o gene que codifica Lcn?2
foi removido, analisamos o impacto desta no estriado através de abordagens
eletrofisiologicas, morfoldgicas, comportamentais e celulares. No geral, os nossos
resultados demostram que ratinhos que ndo expressam LCN2 apresentam uma alteragao
da transmissdo excitatoria do estriado, na mesma regido que foi descrita em ratinhos
modelo de POC (SAPAP3-null). Concomitantemente, a ndo expressdo da LCN2 induz
uma alteragdo no comportamento destes animais. De facto, os animais nos quais o gene
Lcn2 foi removido demostram uma resposta excessiva de “burying” e um comportamento
habitual quando submetidos a um teste de condicionamento operante. Em relagdo a
analise molecular, mostramos que a nao expressdo de LCN2 leva a um aumento na
expressao do gene Psd-95. Em conjunto, sugerimos um possivel novo papel para a LCN2
na modulacdo do estriado, ndo apenas a nivel sinaptico, mas também nos mecanismos

morfologicos e moleculares.

Xi



Xii



TABLE OF CONTENTS

Y T [T o1 Ty =T 11 o X v
L& T] - ot ix
L3 1 4T N Xi
B 1o (=003 00 =T N Xiii
T UL = 1T 1= N XV
LI 1+ (=T T =) N xvii
List Of ADDreviations.......cccivceiiiiiiiiiiiiiiiniein s s e s as s s a e s ans Xix
1. INTRODUCTION ....oueiiiiiieiiiiineiisssueessisssesssssssessssssssssssssssssssssessssssssssssssssssssssessssssssssssssssssssssesssssanes 1
1.1 LIPOCALIN-2 ..........oooneeeeeeee ettt et ettt ettt e et e e et e e e e e e e eains 3
0 R V1 ot (o T £SO PSP UPPPPPPPPPN 3
1.1.1.1 Involvement of LCN2 in iMMUNITY .....uvieieeiiiiiiiieeee e e esirreeee e e e s seivnvneeee s 5

1.1.1.2 LCN2 and iron hOMEOSEASIS. ..cceiuvieeeriieie ittt ettt 6

1.1.2 LCN2 Fr@CEPEONS. ... ettt ettt ettt e e e e et ettt e e e e e et etbb e e e e eeeeeanaaa e e eeeeeennnaans 7

1.1.3  LCN2 in the Central Nervous SYStEM ..........c.ooviuiiiiiiieeeiiiiiiiieeeeeeeeeiireeeeeeesesiereeeeeeeesnans 9

1.2 OBSESSIVE-COMPULSIVEDISORDER ...........ccoocueeieaieieeieee ettt 13
1.2.1  Obsessive-compulsive disorder: an OVErVIEW..............ccccuvvieieeeeiiiciiiieeeeeeeesciiieeeeee e e 13

1.2.2 Melanocortin 4 receptor as an indirect modulator of compulsive behaviors ................ 14

1.2.3 Therole of the cortico-striato-thalamocortical circuitry..............ccccoveeeeiiiiniiiiieneennn, 16

1.3 STRIATUM ......coonieeeeee ettt ettt ettt ettt e ettt e sttt e e et e e e atbeaeenatneeeanes 18
1301 AN OVEIVIEW. ...ttt ettt e e e e ettt e e e s e bbbt e e e e e s eaaabb bt e e e e e e s sanbbreeeeeessaanns 18

1.3.2 The role of striatum in Decision-Making ................cccoocuiiiiiiiiiiiiiiii e 19

1.3.3  Neuronalstriatal cells ..............coooiiiiiiiiiiii e 21

7 1. 23
3. MATERIALAND METHODS.......cciiiiiiiiiiiiiiiiiisineeissssessssssessssssssssssssssssssssesssssssessssssssssssssssssssssessas 27
3.1 EXPerimental ANIMQIS.......................ouuiiieeeiiiiiiiiiieeeeeesittee e e e e e e sttt e e e e e e ssstttaea e e e e e sssasssaees 29
3.2 GENOLYPING........ccccoeeeeeeeeeeeeeeeeeeeeeeeeeee e, 30
3.3 BeRAVIOral ProCEAUIES..............cc...evveeeiieeeeeeiiieee ettt e e e e et a e e e e e s sttt e e e e e esssasssnees 32
3.3.1  Operant conditioning tEST....ccuuiiiiiiei it e e e e 32

I T |V Y4 o] [ o TU T T = T PP 35

3.4 GOIGi=COX SEAINING ..ottt ettt 35

xiii



5.
6.
7.

3.5 Structural dendritic tree ANQAIYSIS...................ccueeeeeeciiiiiiiieeeiiesiiieee e e e eeescaee e e e e essseiaaaaaa e 36

3.6 GEeNE eXPreSSiON ANAIYSIS. ...............ccccuuueeiieeeeisiiiiiiii e e e eeeeeeee e e e e essst e e e e e s sssttbbeaaaeesssnanes 38
3.6.1  RNA extraction and quantification ..........cocccuiiiiiiei i 38
3.6.2 DNAse/RNASE-free treatmMent ........ooooeeiiiiiiiieeeeeeeeeeee e, 38
3.6.3  Complementary DNA (CDNA) SYNthesiS......cc.uvuiiiieeiiiiiiiieiee e ecciiieeee e esiiree e e e e 39
3.6.4 Quantitative Real-Time PCR (qQRT-PCR) gene expression analysiS........c.ceeeuvvveereeeernennnnes 39

3.7 Slice electrophysiology .................cooueeioiiiieeiiee et 40

3.8 SEALISEICAI ANAIYSIS..............coeeeiieeieeeee ettt 43
RESULTS .ceiiiiietiiiiietiisiiesssssnesssssse s ssssse s ssssas e s s s as s s s ane s s s san e s ssssnssssssssssssssssesssssssesesssnssssssssessss 45

4.1 Decision-making is biased in the absence Of LCN2..................ccccccueeensieieesciieaeaiieeeaieen 47

4.2 LCN2-null mice present excessive marble burying behavior......................ccccccccvvvviveennnnnn, 49

4.3 Medium spiny neurons at the dorsomedial striatum are atrophic in the absence of LCN2. 51

4.4 Dorsomedial striatum neurons have lower amplitude of synaptic transmission in the

ADSENCE Of LON2. ...t ettt ettt ettt ettt e e ettt e et e e e et e e e aaaeeeas 54

4.5 Dorsomedial striatum neurons have lower amplitude of synaptic transmission in naive

LON2-NUIT . ... ettt ettt e ettt e e et e e e aaaeae s 55

4.6 The absence of LCN2 induces increased Psd-95 gene expression ...................ccccccccueeeenn.e. 58
DISCUSSION.......cetiiiiueiiiiiietiisssesssssssesssssesssssasesssssssessssssssssssssessssssssssssssssssssssesssssssessssssssssssssessas 61
FINAL REMARKS.......cuutiiiiiiteiiiiiteiiisiueiiiissessssssesssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssssssssas 69
REFERENCES ......coiiiiutiiiiiieiiiiseeissssessssssesssssssesssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssessas 73

Xiv



Figures Index

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10

Figure 11

Figure 12

Figure 13

Figure 14

Figure 15

The bone-brain axis suggested by Mosialou et al. in
modulating food intake.

The basis of the obsessive-compulsive behavior loop as a
multidimensional disorder.

Comparative compulsive outcome in different genetic mice.

The cortico-striato-thalamocortical circuitry comparing OCD
patients to healthy individuals.

Neuroanatomic differences between the cortico-striatal
circuitry in humans (A) and mice (B) brains.

Medial-lateral functional gradient of the dorsal striatum that
are underlying goal-directed and habitual action strategies.

Schematic diagram of the theoretical hypothesis proposed for
this thesis.

LCN2-null mice model.

Colony management strategy to maintain LCN2-null mice
and WT littermate controls phenotype.

Schematic representation of the genotype strategy used to
identify LCN2-null mice

Schematic representation of the operant task.

Spine morphology classification

LCN2-null mice presented a habitual lever pressing behavior

when compared to the control group in an operant task.

LCN2-null mice display a compulsive and anxious phenotype
in the marble burying test.

Three-dimensional morphological analysis of Golgi-
impregnated medium spine neurons (MSNs), of the
dorsomedial (DMS) and dorsolateral striatum (DLS) reveals
no major alterations by the absence of LCN2.

XV

Page 11

Page 13

Page 16

Page 17

Page 19

Page 20

Page 26

Page 29

Page 30

Page 31

Page 34

Page 37

Page 49

Page 50

Page 53



Figure 16

Figure 17

Figure 18

Figure 19

Figure 20

Figure 21

Synaptic pattern in LCN2-null mice is not altered after
behavioral tests in dorsomedial striatum medium spiny
neurons.

LCN2-null mice displayed reduced amplitude of excitatory
synaptic transmission in dorsomedial striatum medium spiny
neurons.

LCN2 absence does not induce major differences in striatal

gene expression.

Differential expression of specific gene markers in the
striatum.

Schematic overview of the observed LCN2-null mice
phenotype.

Hypothetical role for LCN2 in the involvement of OCD-like
behaviors.

XVi

Page 55

Page 57

Page 59

Page 60

Page 65

Page 66



Tables Index

Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

Table 8

Table 9

Table 10

Primer sequences for the polymerase chain reaction (PCR).

PCR Mix components and PCR conditions for genotyping
strategy.

Primers sequences used to determine the relative expression
of a target gene using the qRT-PCR method.

Solution  reagents list used during the slice
electrophysiological protocol.

Statistical analysis performed during the instrumental task,
both during training and devaluation test in LCN2-null mice
and littermate controls.

Statistical analysis of the marble burying test.

Statistical results of the morphological analysis comparing
LCN2-null with wild-type mice in both DMS and DLS areas.

Statistical analysis of electrophysiological recordings
comparing LCN2-null mice with littermate controls.

Statistical analysis of electrophysiological recording
comparing LCN2-null mice with littermate controls.

Statistical analysis regarding relative gene expression in the
striatum.

XVii

Page 31

Page 32

Page 40

Page 42

Page 48

Page 50

Page 52

Page 54

Page 56

Page 60



XViii



List of Abbreviations

A

A2aR A2a adenosine

ACh Acetylcholine

aCSF Arttificial cerebrospinal fluid
ACTH Adrenocorticotropic hormone
AMPA a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid

B
BBB Blood-brain barrier

C

c¢DNA Complementary DNA

Chls Aspiny cholinergic interneurons
CNS Central nervous system

CP Choroid plexus

CSF Cerebrospinal fluid

CSTC Cortico-striato-thalamocortical
circuitry

D

D1 Dopamine type 1

D1R D1 receptor

D2 Dopamine type 2

D2R D2 receptor

DA Dopamine

DBS Deep brain stimulation
DLS Dorsolateral striatum
DMS Dorsomedial striatum
DS Dorsal striatum

DSM-5 Diagnostic and Statistical
Manual of Mental Disorders

F
Fe3* Ferric iron
FR-1 Fixed ratio 1

G

GABA Gamma aminobutyric acid
GP Globus pallidus

GPe Globus pallidus externus

XiX

GPi Globus pallidus interna

I

IL Infralimbic

IR-DIC Infrared differential
interference contrast

L
LCN2 Lipocalin-2
LPS Lipopolysaccharide

M

MC4R Melanocortin 4 receptor
MMP9 Metalloproteinase 9

mPFC Medial prefrontal cortex

MSH Melanocyte-stimulating hormone
MSNs Medium spiny neurons

mEPSC miniature excitatory
postsynaptic currents

N

NAc Nucleus accumbens

Neo Neomycin

NGAL Neutrophil gelatinase—
associated lipocalin

NMDA N-methyl-D-aspartate receptor

(0]
OCD Obsessive-compulsive disorder
OFC Orbitofrontal cortex

P

PCR Polymerase chain reaction

PFC Prefrontal cortex

PL Prelimbic

PSD-95 Postsynaptic density protein 95
PVH Paraventricular of hypothalamus

Q
qRT-PCR Quantitative Real-Time PCR



R

RR-10 Random Ratio 10
RR-20 Random Ration 20
RT Room temperature

S

SAPAP3 Synapse-associated protein
90/postsynaptic density protein 95-
associated protein 3

SNr Substantia nigra pars reticulate
SSRISs Selective serotonin reuptake
inhibitors

STN Subthalamic nucleus

STR Striatum

Syp Synaptophysin

XX

T

Ta Temperature of annealing
TLR Toll-like receptor

TM Temperature of melting

v
VMH Ventromedial nucleus of
hypothalamus

A\
WT Wild-type

Y
Y-BOCS Yale-Brown Obsessive

Compulsive Scale



CHAPTER 1

1. INTRODUCTION






1.1 LIPOCALIN-2

1.1.1 Functions

Lipocalin-2 (LCN2) is a small secreted and soluble protein that belongs to the lipocalin
superfamily, a vast number of molecules involved in health and disease processes (Flower
et al., 1996). Members of this family are typically characterized based on their molecular
properties, such as the ability to bind small molecules, specific cell-surface receptors and
the capacity to form macro-molecular complexes (Flower et al., 1996). Lipocalins are a
very large and diverse group of proteins, that vary within and between species, presenting
a vast functional and structural diversity (Flower et al., 2000). In the past, the lipocalin
family was simply described as a transport protein family. Nowadays, on the contrary, it
is clearly accepted that lipocalin superfamily is involved in several important processes,
including prostaglandin synthesis (Lim et al., 2013), cell homeostasis (division,
differentiation, adhesion and survival) (Flower et al., 2000), immune response
modulation (Flo et al., 2004) and transport (clearance of endogenous and exogenous
molecules) (Bao et al., 2015; Flower et al., 2000). Hereupon, as a lipocalin family
member, the transport protein LCN2 has also been remarkably described as an important

molecule involved in a variety of physiological and pathophysiological processes.

Due to this described finding, throughout time, LCN2 (the formal designation by the
HUGO Gene Nomenclature Committee) has also been known as 24p3, NGAL, oncogene
24p3, human neutrophil lipocalin, a2-microglobulin related protein, siderocalin and
uterocalin. LCN2 (lipocalin product of a single gene, the 24p3) was first identified in
1989 as an over-expressed gene in infected murine kidney cell culture (Hraba-Renevey
et al., 1989). Then, LCN2 was identified in humans as a 25 kDa protein covalently linked
to the 92 kDa metalloproteinase 9 (MMP-9) in neutrophils, being denominated as
“neutrophil gelatinase—associated lipocalin" (NGAL) with no attributed functions
(Kjeldsen et al., 1993; Triebel et al.,1992). Further, murine LCN2 was also identified as
an acute-phase protein with an important role in immune response modulation (Liu &

Nilsen-Hamilton, 1995).

In humans, NGAL (human ortholog of mouse Lcn2 gene) was shown to be differentially
expressed during the human embryonic development, in a spatio-temporal manner

(Mallbris et al., 2002). In postnatal stages, NGAL levels strongly increase in healthy

3



tissues (Aigner et al., 2007) but during time, its expression declines (Garay-Rojas et al.,
1996). Nevertheless, LCN2 has been identified in multiple tissues including liver, spleen,
kidney (Aigner et al., 2007), bone marrow (Cowland & Borregaard, 1997) and white
adipose tissue (Yan et al., 2007). Despite its broad expression, LCN2 is specially up-
regulated in tissues that are more susceptible to infection, such as the mucosal (Kjeldsen
et al., 2000) and epithelial barriers (Friedl et al., 1999), concomitant with its crucial
bacteriostatic role against pathogenic microorganisms. Moreover, LCN2 is also secreted
by a variety of cells such as neutrophils, adipocytes (Kjeldsen et al., 1993), leukocytes,
peritoneal cells (Flo et al., 2004), macrophages (Meheus et al., 1993), chondrocytes
(Owen et al., 2008) endothelial cells, choroid plexus (CP) epithelial cells (Marques et al.,
2008) and astrocytes (Marques et al., 2012). Consequently, this pleiotropic molecule is
involved in a series of mechanisms, such as: transport of fatty acids (Chu et al., 1998),
iron metabolism (Yang et al.,, 2002), cellular apoptosis (Devireddy et al., 2001),
inflammatory responses (Cowland & Borregaard, 1997), metabolic homeostasis (Yan et
al., 2007), infection and immunity modulation (Li et al., 2018) and brain processes (e.g.:

neurogenesis (Ferreira et al., 2018)).

To add, LCN2 over-expression can be triggered by many different factors and conditions
including cytokines, growth factors, glucocorticoids, and lipopolysaccharide (LPS),
being LPS the strongest one (Meheus et al., 1993). Specifically, it was demonstrated that
LCN2 is highly expressed in macrophages after in vitro LPS stimulation (Meheus et al.,
1993) and, in vivo experiments (Marques et al., 2008) had also shown an increase in
LCN2 concentration after intraperitoneal LPS stimulation mediated via Toll-like receptor

(TLR)-4 (Flo et al., 2004).

Altogether, LCN2 has emerged as a pleiotropic molecule with notable functions in the
control, support or even in the disturbance of several homeostatic conditions. Thus, to a
better comprehensive insight of the underlying impact, LCN2 functions will be further

discuss in more detail.



1.1.1.1 Involvement of LCN2 in immunity

Constantly, mammalian cells are faced with harmful and pathogenic microorganisms that
attempt to enter into the host and take advantage of their nutrients/energy storage. Thus,
the immunity of mammalians is challenged to fight and resist to the bacterial burden

(Nicholson et al., 2016).

Iron is crucial to bacterial proliferation (Caza et al., 2013; Parrow et al., 2013). Relying
on these, host mammalian cells have developed a variety of defense mechanisms that
consist basically in decreasing iron availability and therefore inhibiting bacterial survival.
However, natural selection and adaptation led several microorganisms to engage new
strategies to overcome poor-iron environments, such as iron-binding siderophores
(Miethke & Marahiel, 2007). These are small molecules secreted by bacteria that have
higher affinity to iron when compared to host iron carriers, thus sequestering iron from

the host’s protein-iron complexes (Neilands et al., 1995).

Noteworthy, it was shown in vitro that LCN2 has a high affinity for bacterial
siderophores, both in their iron-loaded and iron-free states, and that it even competes with
the pathogen for iron, in order to limit bacteria propagation (Goetz et al., 2002). Upon
this discovery, LCN2 was immediately suggested to be involved in the innate immunity
as a bacteriostatic iron-sequestering molecule. At the time, Goetz ef al. (2002), assumed
that LCN2 was released by neutrophils at sites of infection to preclude bacterial iron
acquisition, thus participating in the antibacterial iron-depletion strategy of the innate
immune response (Goetz et al., 2002). We now know that LCN2 is a potent bacteriostatic
agent that acts as a chelator of bacterial siderophores, being released from liver and
spleen, among other tissues, after an infection (Flo et al., 2004). However, LCN2 effect
is limited to the catecholate-type siderophores, which represents a limitation, since

different bacteria release different siderophores (Holmes et al., 2005).

Unexpectedly, in 2010, Bao and his colleagues reported the existence of a endogenous
mammalian siderophore (Bao et al., 2010), suggesting new roles for LCN2 as an
important molecule in physiologic conditions and, more specifically in iron-trafficking
homeostasis. Briefly, the identified mammalian siderophore is a small catechol that by

itself binds poorly to the LCN2, but when ferric iron (Fe**) is present the affinity between



them improves significantly (Bao et al., 2010). Moreover, mammalian siderophore
features appear to be conserved from bacteria to mammalian, based on iron-binding
moiety similarities and their synthesis mechanism that seems to be homologue to the
bacterial production (Devireddy et al., 2010). Once they are very similar, bacterial
pathogens have also the ability to take advantage of mammalian siderophores and rescue
iron from the mammalian host. Nevertheless, contradicting it, infected hosts developed a
strategy to inhibit the production of the enzyme responsible for the formation of

mammalian siderophores in the presence of a bacterial pathogen (Devireddy et al., 2010).

Moreover, it was recently described that LCN2 was up-regulated in different cell types,
that are involved in the combat and control of bacterial infection (Li et al., 2018). For
instance, after local Klebsiella pneumoniae infection Li et al. (2018) demonstrated that,
hepatocytes secret LCN2 to control systemic infection, while neutrophils are more

involved in carrying LCN2 to attenuate the infection in loco.

Overall, the pleiotropic LCN2 protein represents a crucial immunologic mediator in the
immune system highly involved in the first line of defense. In addition, the existence of
a mammalian siderophores have also brought new promising insight into the field, mainly

regarding the role of LCN2 as a potential iron regulator in homeostatic conditions.

1.1.1.2 LCN2 and iron homeostasis

Iron is an essential metal mostly intracellularly that bounds to the complex ferritin protein
(Arosio et al., 2017) and it is a crucial element in enzymes, cytochromes and protein
prosthetic groups. As so, iron is involved in many physiologic processes, such as oxygen
transport, cell proliferation and differentiation, and even in cell death and metabolism
(Arosio et al., 2017). Moreover, systemic iron imbalances have severe repercussions that
may lead to the development of critical pathological conditions (Moreno-Navarrete et al.,
2017), whether by iron excess [e.g.: hemocromatosis (Adams et al., 2015)] or deficiency
[e.g.: anemia (Camaschella, 2015)]. Also iron deposition is related with the pathology
and progression of some neurodegenerative disorders, such as Parkinson’s and

Alzheimer’s disease (Yien & Paw, 2016).



So far, no specific mechanism has been described for iron excretion, apart from bleeding
and skin and enterocyte renewal (Saito et al., 2014). In consequence, iron levels in the
body are mainly controlled at the absorption level. The liver is the main responsible for
this balance, since it is able to produce hepcidin (Kim & Nemeth, 2015), when the levels
of this metal are elevated. Briefly, hepcidin is able to bind in the basolateral side of
enterocytes to ferroportin (the iron export transporter), thus blocking iron release from
the enterocytes to the bloodstream. Once in the bloodstream, iron is traditionally
described to be transported by transferrin, being acquired by different body cells through

a receptor-mediated endocytosis of iron-loaded transferrin (Arosio et al., 2017).

Until very recently, transferrin was the only recognized protein able to delivery iron to
cells. However, a novel role for LCN2 has been emerging, as a putative molecule
involved on iron trafficking. As already mentioned, LCN2, even in the absence of
bacterial infection, is able to interact with iron through the recently described endogenous
mammalian catechol complex (Bao et al., 2010). Thus, the existence of an LCN2-
mediated iron-delivery pathway has been supported and suggested by different studies.
In accordance, it was also demonstrated that LCN2 iron-delivery is very important in
epithelial cell differentiation, during the development of mammalian kidney (Yang et al.,
2002). Therefore, LCN2 is a promising molecule in the regulation of homeostatic iron
trafficking. Supporting these insights, it is also known that transferrin is only expressed
at advanced stages of organogenesis, reinforcing the existence of other molecules to

provide iron in earlier developmental stages (Gustine & Zimmermant, 1973).

Altogether, and considering the studies reported by Bao et al. (2010) and Devireddy et
al. (2010) regarding the mammalian endogenous siderophore (Bao et al., 2010;
Devireddy et al., 2010), LCN2 has been considered as an iron import and/or export

protein through a transferrin-independent mechanism.

1.1.2 LCN?2 receptors

Several receptor for LCN2 have been described. In 2005 Hvidberg and his colleagues
firstly demonstrated megalin as a LCN2 endocytic receptor involved its cellular uptake

(Hvidberg et al., 2005). In the same year, the solute carrier family 22 (organic cation



transporter) member 17 (SLC22A17), commonly named as 24p3R, was also revealed and
isolated as an elegant LCN2 receptor for iron transport (Devireddy et al., 2005).

Megalin is a multi-ligand endocytic receptor expressed in epithelia that is also known to
bind, among others, to the a2-microglobulin and mouse lipocalin retinol-binding proteins
(Christensen & Birn, 2002). In Hvidberg’s work, it was reported that both iron-lacking-
LCN2 (apo-LCN2) and iron-loaded-LCN2 (holo-LCN2) were able to bind megalin,
allowing LCN2 endocytosis (Hvidberg et al., 2005). The affinity of megalin to bind and
internalize LCN2 was confirmed by concomitant tissue expression this receptor after
induction of LCN2 expression during inflammation (Hvidberg et al., 2005). Interestingly,
in the same year, 24p3R was also demonstrated to be able to internalize LCN2 whether
in its apo- or holo-forms (Devireddy et al., 2005). In this sense, it is capable of modulating
iron metabolism by facilitating its uptake and excretion through a specific mechanism
highly dependent on the LCN2 form-ligand. Briefly, holo-LCN2 binds to 24p3R forming
endosomes, and release the bound-iron in the cellular cytoplasm leading to an increase
intracellular iron concentration, which seems to be related with decreased apoptosis. On
the contrary, apo-LCN2 internalization chelates iron intracellularly and allocates it to the
extracellular medium, leading to an iron efflux (Devireddy et al., 2005). Expectedly, the
reduction of intracellular iron concentrations results in cell death, which is described to
be mediated and stimulated by the pro-apoptotic Bcl-2-interacting mediator of apoptosis

(Bim) (Devireddy et al., 2005).

Surprisingly, Mosialou et al. (2017) have recently identified a novel LCN2 receptor the
melanocortin 4 receptor (MC4R). MC4R is a well-described G-protein coupled receptor,
mainly expressed in the brain. By in situ hybridization MC4R mRNA was localized
preferentially in regions of the thalamus, hypothalamus, and hippocampus (Gantz et al.,
1993). Functionally, MC4R has been described as a critical molecule involved in food
intake regulation, body weight, caloric efficiency (Adan et al., 2006; Pandit et al., 2015)
and even in pain regulation (Li et al., 2017). Regarding Mosialou’s work, he was
interested in investigating how food intake behavior is controlled at the molecular level
in the brain (Mosialou et al., 2017). Outstandingly, they have found that the peripheral
LCN2 is able to bind specifically to MC4R in the paraventricular (PVH) and ventromedial
nucleus (VMH) of the hypothalamus. As it is illustrated further in Figure 1, after the



interaction between these two molecules neuronal activation leads to food intake

suppression (Mosialou et al., 2017).

Considering these novel insights and other relevant reports (Ferreira et al., 2013; Ferreira
et al., 2018), a critical role for LCN2 has emerged in the control of central nervous system
(CNS) homeostasis. These considerations open and support new opportunities to LCN2

in the scope of brain functioning.

1.1.3 LCN2 in the Central Nervous System

In the CNS, recent and important roles for LCN2 in brain homeostasis have been pointed
out. A first report has shown LCN2 expression in the whole brain after an inflammatory
stimuli (Liu & Nilsen-Hamilton, 1995), then in mouse brain after local ischemia
(MacManus et al., 2004) and in spinal cord injury (De Biase et al., 2005; Poh et al., 2012).
Meanwhile, it was demonstrated that LCN2 up-regulation was present in diverse
pathological conditions including peripheral inflammatory stimulation (Marques et al.,
2008), Alzheimer’s disease (Mesquita et al., 2014) and Multiple Sclerosis (Marques et
al., 2012). Although it is well accepted that LCN2 is highly expressed in the brain when
an insult or injury is imposed (Ferreira et al., 2015), an intense debate regarding the
possible production of LCN2 under basal conditions is still present. Indeed, in the adult
rat brain, LCN2 was reported to be expressed in most brain regions at low levels but in
the olfactory bulb, brainstem and cerebellum its expression levels were higher (Chia et
al., 2011). However, a considerable number of reports showed that LCN2 is absent in the
basal physiological brain and its levels were below the detection range in the
cerebrospinal fluid (CSF) of non-stimulated mice (Marques et al., 2008). Also, other area
of debate is related, which cells in the CNS are able to produce LCN2. In the Chia et al.,
(2011) study, LCN2 expression in basal conditions seems to be limited to astrocytes (Chia
et al., 2011), while Mucha et al. (2011), has also shown that hippocampal neurons were
able to produce LCN2, even in physiological conditions (Mucha et al., 2011). Noticeably,
also the precise identification of the brain cells that are able to produce LCN2 in response
to injury is an interesting question and represents a second level of controversy in the

field.



Despite such controversy, more recently the role of LCN2, whether produced in the
periphery or admitting its local production at the brain, in the normal brain physiology
has been extensively studied. Of interest, using a genetic mice model with ablation of
Lcn2 expression (LCN2-null mice) it was shown an increase on anxiety and depressive-
like behavior and impairments in spatial reference memory (Ferreira et al., 2013).
Behavioral manifestations were associated with significant alterations in the morphology
and spine density of hippocampal neurons along the dorsal-ventral axis (Ferreira et al.,
2013). While in ventral hippocampus it was shown a neuronal hypertrophy, in the dorsal
division neurons were atrophic in the absence of LCN2 (Ferreira et al., 2013). Still, it was
also demonstrated that LCN2-null mice present an increased stress response, which was
correlated with a higher excitability of CA1 neurons and stress-induced anxiety (Mucha
etal., 2011). Along with roles in brain homeostasis, LCN2 was also shown to be involved
in adult neurogenesis, differentiation and survival (Ferreira et al., 2018). Hence, such
alterations resulted in behavioral impairments of hippocampal-dependent contextual fear

discriminative activity (Ferreira et al., 2018).

Overall, along these topics, LCN2 has been described as an important regulator of brain
processes; however, always with some controversy associated. Exceptionally, it is clear
the role of this acute-phase protein in avoiding the malfunctioning of biologic systems,
particularly in the brain. As an additional example, and of relevance in the context of the
present thesis, is the work of Mosialou et al., (2017). In this work, the authors revealed
that peripheral LCN2, produced by osteoblasts (bone-forming cells) in a nutrient-
sensitive manner, was able to stimulate specific receptors on hypothalamic neurons and,
consequently, to suppresses appetite (Mosialou et al., 2017). It was demonstrated that
mice that could not produce LCN2 specifically in osteoblasts had increased level of food
intake, gained more weight, and showed impaired capacity to metabolize glucose.
Further, the authors also showed the same traits in LCN2-null mice, sustaining the fact
that LCN2 acts as a hormone to reduce appetite (Mosialou et al., 2017). Since the feeding
behavior is controlled by the brain, the next plausible step followed by the authors was to
measure the amount of LCN2 in the brain and identify the receptor protein responsible
for LCN2-induced anorexia. Thus, Mosialou et al. (2017) showed that LCN2 crosses the
blood-brain barrier (BBB), binds to MC4R in the PVH and VMH neurons and activates
a MC4R-dependent anorexigenic (appetite-suppressing) pathway (Figure 1) (Mosialou et
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al., 2017). Moreover, people with MC4R mutation are often obese and presented elevate
LCN2 blood levels when compared to weight-matched people without the mutation
(Farooqi & O'Rahilly, 2008). These studies are relevant in the context of the present thesis
for two different reasons: it links LCN2 to a compulsive behavior, that is food
consumption, and it links LCN2 to MC4R that, as we will discuss latter, is also linked

with compulsive behaviors.
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Figure 1: The bone-brain axis suggested by Mosialou et al. in food intake modulation. Lipocalin-2
released by bone-forming cells (osteoblasts) after nutrients absorption enters in circulation until it reaches
the hypothalamus, where it binds to the melanocortin 4 receptor (MC4R) on neurons. Consequently,
neuronal activation leads to the induction of a signaling pathway that suppresses food intake.

As mentioned before, in addition to the well-known role of MC4R in the hypothalamus
for feeding control and energy expenditure (Balthasar et al., 2005), it has also been
recently shown that MC4R operates within dopamine type 1 (D1) medium spiny neurons
(MSNs) at the ventral striatum to mediate procedural memory and affective response to
stress (Cui et al., 2012; Lim et al., 2012). Moreover, previous reports have suggested that
stimulation of MC4R-signaling induces compulsive grooming in rats (Alvaro et al.,

2003).
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These finding, linking LCN2 to MC4R and, in turn, MC4R to compulsive behaviors, are
relevant in the context of the present thesis. Altogether, this points to a new putative role
for LCN2, relating its new brain receptor (MC4R) and its involvement in obsessive-
compulsive behaviors, which are regulated by MSNs at the striatum. Therefore, in the
next sections, the neurobiological pathways involved in obsessive-compulsive disorder
(OCD) will be further described, to better understand all the dimensions of the disease

both at clinical and molecular levels.
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1.20OBSESSIVE-COMPULSIVE DISORDER

1.2.1 Obsessive-compulsive disorder: an overview

OCD is a relatively common neurodevelopmental disorder with a prevalence rate of 2-
3% worldwide (APA, 2013). This early-onset neuropsychiatric condition varies among
patients with a wide range of symptomatic expression. The age of onset ranges from very
early childhood (30-50%; often before 10 years old) into adulthood (Boedhoe et al., 2017;
Fogel, 2003).

OCD diagnosis and characterization are very complex processes and disease severity
tends to increase throughout life. It is a long-lasting disorder in which a person has
uncontrollable, reoccurring thoughts (obsessions) and behaviors (compulsions).
Obsessions are persistent, excessive preoccupations with uncontrollable thoughts,
images, or impulses that remain constant, unwanted and cause anxiety and discomfort,
interfering with patients’ routines. Compulsions are specific and repetitive
rituals/behaviors that are performed according to specific rules, attempting to extinguish
the anxiety caused by the obsessions. These repetitive behaviors, may or not have a
minimum impact in releasing the distressed felt by the obsession, but at least temporarily

it allows a relief sensation, as it is demonstrated in Figure 2 (Nestadt et al., 2011).

stimulus OBSESS/ONS Intrusive Anxio‘us Repgtitive
|deas Behaviour Actions

Temporary Relief
(distress)

Figure 2: The basis of the obsessive-compulsive behavior loop as a multidimensional disorder. People
with OCD live in a mental loop where a specific stimulus, external or internal, drive in them consistent
thoughts, or images (obsessions), which are associated with a high level of anxiety and distress. In an
attempt to neutralize these feelings, the patients perform ritualized and repetitive behaviors (compulsions).
Although, these actions provide a temporary relief, they lead to a reinforcement of the compulsions.
Overall, OCD is a very complex and multidimensional disorder.

There is a plethora of possible stimulus that might be the trigging cause on OCD patients,
for instance, the increased fear of being contaminated with dirt or germs by touching. In
this case, the thought of touching causes a lot of anxiety (obsession) to the individual that
tries to overcome it by hand-washing. However, the cleaning is not a satisfactory action,

and the individual keeps washing excessively, sometimes until hands are raw and/or
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bleeding (compulsion). Once this action seems to be concluded, the individual has a

temporary relieving feeling, that is easily overpassed.

Nevertheless, people with OCD tend to have cognitive impairments including executive
function (Snyder et al., 2015), attention (Koch et al., 2015), working memory (Harkin &
Kessler, 2011) and non-verbal memory impairments (Savage et al., 1999). In clinics, after
years of research, OCD heterogeneity is now characterized by using the Yale-Brown
Obsessive Compulsive Scale (Y-BOCS) (Rosario-Campos et al., 2006). The basis of the
scale relies on a ten-item questioner and in each item the patient scores the clinical
severity of the disorder by rating the impact degree of the disorders in his life (from 0 to
4, being 0 - nothing and 40 - very severe). At the end of the test, clinicians are able to
categorize each patient according to its obsessions type (e.g.: hoarding, washing,
checking and fear of germ contamination) (Rosario-Campos et al., 2006). The causes for
OCD are quite unknown, but there are multiple risk factors that can trigger or increase
the probability of developing OCD, and those include: heritability (transmitted within
families, due to genetic factors or a shared environment) (Nestadt et al., 2011); stress, as
experiencing traumatic or stressful events (Adams et al., 2018); and other mental

disorders (such as anxiety-like disorders, depression, substance abuse or tic disorders).

In summary, OCD is a multidimensional disorder that is included in the spectrum of
anxiety disorders, as other obsessive-compulsive-related disorders, such as body
dysmorphic disorders, trichotillomania and hoarding disorder, according to the

Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (APA, 2013).

1.2.2 Melanocortin 4 receptor as an indirect modulator of

compulsive behaviors

The MCA4R is a subtype of the melanocortin receptor family that encodes for a membrane-
bound receptor, which interacts with adrenocorticotropic (ACTH) and melanocyte-
stimulating (MSH) hormones. Firstly, MC4R was identified as a crucial molecule
involved in the maintenance of body energy homeostasis (Adan et al., 2006; Pandit et al.,
2015). Human studies have shown that MC4R mutations are a leading cause of autosomal

dominant obesity (Farooqi & O'Rahilly, 2008). In that sense, after MC4R activation in
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mice it was observed a decrease in food intake and an increase in energy expenditure
(Balthasar et al., 2005). On the contrary, MC4R-null mice display a metabolic syndrome,
similarly to the same phenotypic characteristics in humans, presenting insulin resistance

and dyslipidemia (Bolze & Klingenspor, 2009).

MCA4R is highly activated in the hypothalamus which is correlated with its involvement
in food behavior but, recently, it was also observed an interaction with D1 MSNs in the
ventral striatum (Cui et al., 2012; Lim et al., 2012). In accordance, stimulation of the
MC4R-signaling in rats induced an unusual compulsive grooming behavior (Alvaro et
al., 2003). Therefore, combining the role of MC4R in regulating feeding behaviors with
the involvement of MC4R in the striatal circuits, Xu and colleagues (2013), studied the
influence of MC4R in a well-established OCD-mice model: the synapse-associated
protein 90/postsynaptic density protein 95-associated protein 3 (SAPAP3)-null mice (Xu
et al., 2013). Interestingly, both constitutive and genetic deletion of Mc4r, as well as
pharmacologic inhibition, ameliorated significantly the compulsive grooming and
normalized striatal electrophysiological impairments in SAPAP3-null mice (Figure 3)

(Xu et al., 2013).

Overall, new relevant insights of the pathophysiology of this neuropsychiatric disorder
were revealed both in compulsivity and eating disorders, engaging a role for the MC4R.
However, the mechanism through which this is occurring remains unknown.
Nevertheless, the cause for MC4R-null mice obesity could be explained by LCN2 since
it was shown that LCN2 binds to MC4R in the hypothalamus to regulate food intake; still,
why the absence of the receptor leads to the behavioral normalization in the OCD-mice
model remains unclear. Of importance, LCN2-null mice also display an anxious-like

behavior, which is also a characteristic of OCD.
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Figure 3: Comparative compulsive outcome in different genetic mice. Double genetic deletion of
MC4R and SAPAP3 in mice restored normal behavioral features of facial lesions, a specific outcome of
the SAPAP3-null mice, a well-established OCD-mice model (Adapted from (Xu et al., 2013)).

1.2.3 The role of the cortico-striato-thalamocortical circuitry

Finally, to link all the aforementioned information regarding OCD features, it is crucial
to dissect the main pathway associated with the development of this neuropsychiatric
disorder, the cortico-striato-thalamocortical circuitry (CSTC) (Pauls et al., 2014).
Typically, CSTC is sub-organized in two circuits, the direct and indirect pathway, and
the first (direct/excitatory) is modulated by the second (indirect/inhibitory) pathway
(Figure 4) (Robertson et al., 2017). Fortunately, due to the high-technology available,
patient neuroimaging screening has revealed important information of the disease’s
development. Overall, when OCD patients are compared to healthy individuals it is
observed an hyperactivation of the CSTC due to an excessive activity of the cortical
excitatory (direct) pathway over the cortical inhibitory one (indirect) (Figure 4) (Saxena
et al.,, 2000). Briefly, OCD patients display an over-glutamatergic excitation of the
striatum by the orbitofrontal cortex (OFC), that inhibits the GABAergic pathway to the
globus pallidus interna (GP1) and substantia nigra (SNr). The outcome is observed in the
obsessions experienced by the patients that are mediated by the OFC, that consequently

lead to the compulsions (Figure 4).
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Figure 4: The cortico-striato-thalamocortical circuitry comparing OCD patients to healthy
individuals. Solid arrows refer to glutamatergic excitatory pathways and dashed arrows the GABAergic
inhibitory pathway. In the normal circuitry (grey arrows) mainly the orbitofrontal cortex (OFC) and the
anterior cingulate cortex (ACC) lead glutamatergic signals, stimulating the striatum. Then, in the direct
pathway, striatal activation leads to an inhibition of the globus pallidus internus (GPi) and the substantia
nigra (SNr). Consequently, disinhibiting the thalamus outputs that excites the frontal cortex, resulting in a
positive feedback loop. Alongside, in the indirect pathway, striatum inhibits the globus pallidus externus
(GPe) which in turn disinhibits the subthalamic nucleus (STN). The STN is now available to excite the GPi
and the SN, finishing this external loop. In OCD patients (red arrows) there is an over activation of the
striatum that promotes the direct pathway.

In summary, CSTC circuitry is the main altered pathway in OCD pathophysiology.
Despite this knowledge, a deeper understanding regarding the functioning and molecular
basis of the striatum is still necessary. Indeed, the striatum is a very complex region that
receives the main inputs involved in the OCD loop. Therefore, striatum morphology,

functioning and mediated-striatal-behaviors will be further discussed.
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1.3STRIATUM

1.3.1 An overview

The striatum is a common and convergent point, being the entry station of the basal
ganglia. It is capable of interacting with cortical, thalamic and midbrain inputs (Kreitzer
& Malenka, 2008). Of notice, the striatum is a crucial brain region associated mostly to
motor functioning and learning procedures (Graybiel et al., 2015; Liljeholm et al., 2012),
and it has been associated with multiple neurological disorders, such as Parkinson’s
(Porritt et al., 2000), Huntington’s (Nopoulos, 2016) and OCD (Burguicre et al., 2008).
In Parkinson’s disease, as it was previously mentioned, it is also observed an imbalance
between the direct and indirect pathways of the CSTC by the loss of dopaminergic inputs
to the striatum, resulting in impaired movement capabilities (Aosaki et al., 2010; Porritt
et al.,, 2000). Further, in Huntington’s a dysfunctional and degeneration of striatal

projection neurons was described, leading to severe motor deficits (Nopoulos, 2016).

Briefly, the human striatum is subdivided by the internal capsule into caudate nucleus and
putamen, where the first receives mainly excitatory inputs from the OFC, prefrontal
(PFC), and cingulate cortex (Monteiro et al., 2016). On the other hand, putamen inputs
are mostly received from the sensorimotor areas. As it is elucidated in Figure 5, the rodent
brain does not exhibit a clear separation between caudate and putamen, however, it has a
similar medial-lateral gradient of connectivity from the caudate (ventromedial) to the
putamen (dorsolateral) (Monteiro et al., 2016). Additionally, in the dorsal striatum (DS),
the ventral part receives mostly inputs from the associative cortical areas, while the lateral

one from sensorimotor cortical areas.
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Figure 5: Neuroanatomic differences between the cortico-striatal circuitry in humans (A) and mice
(B) brains. (Adapted from (Monteiro et al., 2016))

1.3.2 The role of striatum in Decision-Making

In their daily life, humans are prepared to make decisions. In fact, our actions are normally
based on specific antecedents (stimulus) or performed depending on a certain
consequence that we are expecting (outcome). Therefore, the way of how we react to
some situations can be in a stimulus-reaction (habit action) way or in an action-objective
way (goal-directed) (Dickinson, 1985; Hilario, 2008). To clarify, imagine that over the
past ten years you and your mother lived in an apartment in the 3" floor, and you are
habitual to press the same button on the same elevator to reach your apartment. Now, you
move to another apartment on the 5 floor. You reach the new elevator with your mother,
and you press the button to the 5% floor (objective), but suddenly your mother presses the
button to the 3™ floor (reaction). In this case, you are performing a goal-directed action,
but your mother, on the contrary, is performing a habitual action that is controlled by an

antecedent stimulus (the old apartment).

Although it still exists a big effort in the field to understand the anatomic and molecular
basis behind these actions, the dorsal striatum is one of the neuroanatomical regions

implicated in the control of decision-making (Figure 6) (Balleine et al., 2007). The
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dorsomedial striatum (DMS) is responsible for the associative loop, in addition with the
prelimbic (PL) subregion of medial prefrontal cortex (mPFC) and the mediodorsal
thalamus (Atallah et al., 2007). The associative circuitry supports the learning of goal-
directed actions (Voorn et al., 2004; Yin et al., 2005). On the other hand, the dorsolateral
striatum (DLS) in association with the infralimbic (IL) cortex is involved in habit
formation. Noteworthy, both corticostriatal circuits work in parallel and are intrinsically
interconnected, which gives the possibility of switching between during action

performance (Hilario et al., 2013; Voorn et al., 2004).
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Figure 6: Medial-lateral functional gradient of the dorsal striatum that is underlying goal-directed
and habitual action strategies. Representation of the dorsomedial striatum (DMS) (green) responsible for
the associative circuitry that generates goal-directed actions. Dorsolateral striatum (DLS) (blue) mediates
habit formation through stimulus-reaction responses. (The diagram illustrating a coronal section of the
mouse brain was adapted from Paxinos and Franklin, 2001).

In the context of OCD, as discussed in the previous section, corticostriatal circuitry is
described to be involved in the neurophysiology of the disease. Animal studies have
linked the associative area (DLS) to aberrant grooming behavior in rodents, which is a
common feature in OCD-mice models (Piantadosi & Ahmari, 2015; Welch et al., 2007).
Repetitive behaviors are also observed in OCD patients that might result from a
dysfunctional transition from DMS to DLS region (Ahmari et al., 2013; Gillan &
Robbins, 2014). Besides their anatomical differences, the same behavioral transition is
possible to be observed in mice by using operant conditioning (Hilario et al., 2008).
Operant conditioning was first applied in rats by Dickinson et al., to study the shift
between goal-directed and habitual actions (Dickinson et al., 1985). Then in 2007, Hilario
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and her colleagues applied operant conditioning to investigate the molecular mechanisms

of habit formation, adapting Dickinson’s work to mice (Hilario et al., 2007).

In summary, the striatum is a critical brain region involved in the regulation of several
dimensions from motor to decision-making responses. Understanding the mechanisms
that mediate such actions have been a main goal in the field and perceiving neuronal

striatal cells diversity represents a useful tool to achieve it.

1.3.3 Neuronal striatal cells

Striatal neurons have been largely studied over the past few years to understand striatal
functioning in health and disease. They can be classified in two main classes: (@) MSNs;

and (b) interneurons (Kreitzer et al., 2009).

MSNSs are spiny projections neurons that represent over 90% of the total striatal neurons.
They are characterized by high spine density, low firing rates in vivo, markedly
hyperpolarized resting potential, and inhibitory profile (GABAergic) (Tepper et al.,
2004). Furthermore, MSNs can also be distinguished between them depending on their
axonal projection and selective expression of neuropeptides and receptors. Striatonigral
MSNss are involved in the direct-pathway, projecting to the substantia nigra pars reticulate
(SNr) and globus pallidus internus (GPi). Selectively striatonigral MSNs are enriched in
substance P and dynorphin and exhibit high expression of dopamine (DA) D1 receptor
(D1R) and M4 muscarinic acetylcholine (ACh) receptor (Bertran-Gonzalez et al., 2010).
On the other hand, in the indirect striatopallidal pathway, MSNs project mainly to the GP.
Striatopallidal MSNs contain enkephalin and express D2 (D2R) and A2a adenosine
(A2aR) receptors (Bertran-Gonzalez et al., 2010; Kreitzer & Malenka, 2008).

Striatal GABAergic interneurons are aspiny cells that can be categorized based on their
physiological differences: (a) fast-spiking; and (b) low-threshold spiking; and/or also in
their histochemical differences: (@) parvalbumin-positive cells; (b) somatostatin-, nitric-
oxide-synthase-, and neuropeptide-Y-positive cells; and (c) calretinin-positive
interneurons (Kreitzer, 2009). Fast-piking cells, as the name indicates, exhibit a rapid and
sustained firing rate and correspond to the parvalbumin-positive cells. Further, low-

threshold spiking cells include somatostatin-, nitric-oxide-synthase-, and neuropeptide-
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Y-positive cells and, possibly, calretinin-positive interneurons, that present a low firing
rate and plateau potentials (Kreitzer & Malenka, 2008). Finally, the remaining cells are
the aspiny cholinergic interneurons (Chls). Anatomically, Chls are the larger interneurons
when compared to the previous ones and, are considered as the main source of striatal
Ach. Besides, Chls are characterized by their spontaneous activity and hyperpolarization-

activated currents under physiological conditions (Lim et al., 2014).
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CHAPTER 2

2. AIMS
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OCD is a very debilitating clinical disorder that compromisesutine of patients and their
families. Many efforts have been made in this field in order to find novel solutions to
ameliorate disease-associated symptoms. MC4R has been implicated as an important
mediator of compulsive behaviors; however, the mechanisms behind it are still unclear.
Noteworthy, it was recently shown that LCN2 is a novel MC4R ligand and that, by
binding to this receptor in the hypothalamus, it can suppress food intake, which is
considered one type of compulsive behavior (Figure 7). Thus, in this thesis we
hypothesized a role for LCN2 signaling, through the MC4R, in mediating compulsive
behaviors in the striatum. To achieve this greater objective, we started by defining an
initial task to characterize striatal-dependent behaviors in LCN2-null mice, and to better
understand the impact of LCN2 in the regulation of striatal function. Therefore, our aims

were to:

1. Explore the involvement of LCN2 in striatal-dependent behaviors;

2. Perform morphological and functional characterization of LCN2-null mice in the

striatum;

3. Evaluate the expression of genes, in LCN2-null mice, that might be regulating

striatal alterations.
Collectively, with this thesis, we aim to contribute to the knowledge on how LCN2

modulates the striatum, and how this modulation can be translated at the behavioral level

that might be related to the OCD phenotype.
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CHAPTER 3

3. MATERIAL AND METHODS

27



28



3.1 Experimental Animals

In this thesis, mouse strain with a specific targeted deletion of the Lcn2 gene (LCN2-null
mice), and their respective wild-type (WT) littermate controls, was used. LCN2-null mice
strain was achieved by a disruption of an entire coding sequence (exons 2 to 5), which
was replaced with a neomycin (Neo) cassette, resulting in the deletion of the target gene,

as it is show in Figure 8.

WT mice:

—ma B8 K

LCN2-null mice:

Figure 8: LCN2-null mice model. Replacement of an entire coding sequence, from the exon 2 to 5 (black
boxes) with a neomycin (Neo) cassette (white box).

All experimental procedures were conducted and approved by the Portuguese National
Authority for animal experimentation, Dire¢do Geral de Veterinaria (ID: DGV9457).
Animal housing and handling was in accordance with the guidelines for the care and
wellbeing of laboratory animals in accordance with the Directive 86/609/EEC of the
European Parliament and of the Council. All mice were bred and maintained at the Life
and Health Sciences Research Institute animal facilities and, to improve and ensure the
animals welfare, efforts were made to minimize the number of animals used and their
suffering. All mice were fed with standard diet (4RF25 during gestation and postnatal
periods, and 4RF21 after weaning; Mucedola SRL, Settimo Milanese, Italy) and water
was provided ad libitum. Husbandry conditions were maintained in accordance with
standard conditions, on a 12/12-h light/dark cycle (lights on at 8 a.m.) with an ambient
temperature of 21£1°C and relative humidity of 50-60%. In order to maintain the colony
and the prevalence of this particular genotype, mattings were strictly performed as it is

shown in Figure 9.
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LCN2-null
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LCN2 Het LCN2-Het
LCN2 null LCN2 Het

@Q@

Figure 9: Colony management strategy to maintain LCN2-null mice and WT littermate controls
phenotype. LCN2-null mice were bred with WT mice to obtain LCN2-Het mice. In return, LCN2-Het mice
were bred for different generations in order to have LCN2-null mice and the respective WT littermate
controls.

First, WT and LCN2-null (kindly given by Professor Trude Flo) mice were bred to obtain
LCN2-Het mice. From then on LCN2-Het mice were mated amongst them (LCN2-Het x
LCN2-Het), to obtain WT and LCN2-null mixed litters to perform the experimental
procedures for this thesis. The breeding programme was as follows: whenever a mouse
was born it was kept untouched in its home cage with their mothers until weaning was
performed at 21 days of age; then, males and females were separated and kept in different
cages, in groups of five to seven animals per cage (530 cm?), depending on their weight,
until genotyping; for genotype determination, animals were identified in the ear or tail.

Our animals were raised in a C57BL/6 background.

3.2 Genotyping

Genotypes of LCN2-null, Het and WT mice were determined by a polymerase chain
reaction (PCR). As a first step, after collecting a representative biological sample (ear or
tail tip), DNA was extracted by digestion. To each tube, it was aliquoted 300 pl of NaOH
(50mM) solution following by a digestion step at 98°C, for 50 minutes (min). Then,
samples were vortex for 15 seconds (sec) and neutralized with 30 pl of 1M Tris (pH=S8.0).
After a centrifugation step of 14 000 rpm for 6 min the supernatant was removed. The
PCR strategy relied on the amplification of the junction of the Neo cassette with the target

gene flanking sequences, as it is explicit in Figure 10.
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WT allele:

Common ‘ - Wild-type

Mutated allele:
Common ‘ - neol500

Figure 10: Schematic representation of the genotype strategy used to identify LCN2-null mice. The
exons are represented in black boxes and the Neomycin (Neo) cassette in white box. Both alleles have 500
bp therefore, WT allele amplification is accessed with Common and Wild-type primers, while neo1500 and
Common primers are used to identify the mutated allele.

For the detection of both mutated and WT alleles, it was necessary to design three

independent primers, Common, Neol500 and Wild-type (Table 1).

Table 1: Primer sequences for the polymerase chain reaction (PCR).

Primer sequence

Primer Denomination 5’ > 37 T™ (°C)
Common ATCCGGTTCTATCGCCTTCTTGACGAG
Neol500 GTCCTTCTCACTTTGACAGAAGTCAGG 58
Wild-type CACATCTCATGCTGCTCAGATAGCCAC

The Common primer is specific for Lcn2 gene and, in combination with either neol500
or Wild-type primers allows to distinguish between LCN2-null mice and WT,
respectively. Therefore, Het mice have both bands, however, since the product size in
both sets of primers is 500 bp, it is required to perform two independent PCR reactions.
For each PCR reaction, was used 1 pl of DNA (100 ng/ul) for a final volume of 20 pl,

using the mix and reaction conditions described in Table 2.
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Table 2: PCR Mix components and PCR conditions for genotyping strategy.

Master Mix (vt=20pul) Volume (ul) DNA template PCR reaction conditions
H:0! 14.5 Temp At
MgCl2 (25 mM)? 1.2 °O)
dNTPs (10 mM) 0.4 95 @ — 2
Taq Buffer (with (NH4)2S02)? 2.0 99 - " I
Taq Polymerase (5 U/pl)>? 0.1 T 58 —— 457
Common (20 M) 0.4 7 v
Neol500 (20 pM) 0.4 U
Wild-type (20 uM) 0.4 4 -«

!Sigma Aldrich, St. Louis, Missouri, USA
2Fermentas Life Science, California, USA

The amplified PCR products were separated in a 1.5% agarose gel, stained with Safe-

green™ and revealed under UV illumination.

3.3 Behavioral procedures

For behavioral assessments, adult male LCN2-null and WT littermate mice of 2-3 months
of age were used. To ensure animals’ well-being, behavioral tests were not performed

consecutively but with a minimum of one day of interval between tests.

3.3.1 Operant conditioning test

To analyze for LCN2 effects on decision-making an instrumental/operant conditioning
test was performed. More in detail, the current test aimed to analyze goal-directed
behavior responses in mice, which are highly dependent on the DS. During the behavioral
training and testing, two independent groups of animals were used (nwt= 8, nLcN2-null = 8
per group in each experiment). For this behavioral test, operant chambers (30.5 cm L x
24.1 cm W % 21.0 cm H) housed within sound attenuating chambers (Med Associates,
Inc. St. Albans, VT, USA) were used. Each chamber was equipped with two retractable
levers on either side of the food magazine. The chamber had also a pellet dispenser to
deliver food and a house-light (3W, 24V) placed on the other side of the chamber.
Chambers were controlled by Med-PC on the desktop computer (Med Associates, Inc.,
St Albans, USA). Approximately 1 week before beginning the training, mice were
properly handled, weighted and individually marked. Three days before starting the
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training, all animals were submitted to a food deprivation schedule: on the first day
animals only received 2 g of food; on the following day 1 g; and on the last day they were
deprived from food. Gradual food deprivation was closely monitored to ensure that mice
maintain their body weight above 85% of the baseline weight. At the same time, mice
were acclimatized to chambers before starting the training during these three days.
Throughout the following experimental days, mice were daily feed after the sessions with
home-cage chow receiving an adjusted amount of food sufficient to maintain mouse’s
weight at 85% of free-feeding weight. The water was given ad libitum during the training

days.

The training schedule was divided in two different stages: a fixed ratio stage and a random
ratio stage. The main goal of training sessions was to allow animals to learn how lever
pressing is associated with food pellets reward. The first stage, the fixed ratio 1 (FR-1)
schedule is based on the delivery of one pellet per each lever press. Every time the session
begins, the house light turned on and one lever was inserted into the chamber. The FR-1
session had a maximum period of 60 min or when the animal earned a total of 50 pellets.
At the end of each session, the light house is turned off and the lever retracted. For three
days, mice were submitted to FR-1 schedule to acquire consistent lever pressing.
Although all animals learned to press the lever during these three days, to reach
behavioral criteria animals should complete the task before 60 min, or closely reach 50
pellets (=47 pellets). Once completed, the animals initiated the second stage by beginning
the random ratio training. First, a random ratio 10 (RR-10) was used for two days, where
on average 1 pellet is delivered every 10 lever presses. Then the training was switched to
a random ratio 20 (RR-20; on average after 20 lever presses animals earn 1 pellet) for
four days (Figure 11). During these stages, data analysis was performed based on the

number of presses per min and the number of rewards delivered per minute.
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Goal-directed

TRAINING SCHEDUALE DEVALUATION TEST
After ad libitum feeding with
pellets (devalued), mice

C 7
decrease lever pressing in
'/‘ the extinction test
0-! Habit formation
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Devalued After ad libitum feeding with
pellets (devalued), mice do
not decrease lever pressing

during the extinction test
S A N e
WT  LCN2-null
Devaluation Marble Morpholo_g:cal
FR-1 FR1 FR-1 RR-10 RR-10 RR-20 RR-20 RR-20 RR-20 Test Burying Test Sacrifice analysis

Gene
expression
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________________________________________________________________________________

Figure 11: Schematic representation of the operant task. (A) Mice were first trained for a reinforcement
in an operant box, where they have to lever press to get it. Then, devaluation test was performed for two
days. The assessment is performed through a 5 min extinction test in operant chamber with the respective
lever. At the end, the number of lever presses are compared between days and groups. If the presses under
the valued condition are higher when compared to the devalued conditions then, the mouse had adapted a
goal-directed behavior. Otherwise, if the lever press rate is equal the mouse is classified with a habitual
lever pressing behavior. (B) Timeline schedule representation.

Once finished the training phase, mice were tested in a devaluation test in two different
days (Dickinson et al., 1985) (Figure 11). At the beginning of each test day, mice were
alternately exposed to one type of food (home-cage chow or pellets; in a total of 3.5 g per
mouse) and water in individual and clean cages (free of bedding). For 1-hour mice were
left under these conditions undisturbed to access all the food they want. All these details
of mice consuming either the pellets earned by lever pressing (devalued condition), or the
cage home chow (valued condition) in different days, was to ensure that devaluation test
was achieved by a food sensory-specific satiety (Dickinson et al., 1985; Hilarion et al.,
2007). During the one-hour ad [libitum feeding, the amount of food consumed was
recorded, and mice that did not consume a minimum of 0.4 g were given more time to
eat. After the ad libitum feeding, mice were placed in the respective chamber for a 5 min
test in extinction with the training lever extended. To evaluate valued and devalued
conditions, animals were counterbalanced and the number of lever presses at the

extinction test for each condition was recorded. Finally, devaluation index was calculated
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based on the lever presses performed in extinction for 5 minutes. These results were also

normalized to the number of lever presses done on the last day of RR-20 training.

3.3.2 Marble burying test

To assess repetitive and anxious-like behavior, marble burying test was performed
(Deacon, 2006) two days after the previously described test in order to allow animals
restoring their weight. At the test day, all animals were transported to the test room 60
min before to room acclimatization. Previously to test performance, standard mice cages
(370 cm?) were carefully prepared with filter-top covers. Cages were approximately filled
with 5 cm depth of mouse bedding material, that was carefully tamped down to make a
flat surface. Clean standard glass marbles (assorted styles and colors, 15 mm diameter, +
5.2 g in weight) were placed on the cage surface in a regular pattern spaced each 4 cm
apart. Before place the animals, a picture was taken to the cage (before). Animals were
placed in each cage very carefully and as far from marbles as possible. They were left for
a total of 30 min undisturbed in the room. After completing the test, animals were
carefully removed and returned to their home cages. By the end, a new picture was taken
(after). The evaluation was performed by two different observers that counted the number
of marbles buried, in a blind manner regarding animals’ genotype. To assess it, scores
were given considering the marbles that were more than two-thirds buried of its surface
area. At the end, all the scores were averaged for the number of marbles buried for each
mouse. As a last instant, pictures were compared (before and after) to confirm the
analysis, where a higher digging rate is related with a higher repetitive and anxious-like

behavioral phenotype.

3.4 Golgi-Cox staining

Adult mice brains of 2 and 3-months old (nwr = 7, nLcn2-nun = 7) were transcardially
perfused with 0.9% saline under deep pentobarbital anesthesia (Imalgene and Dorbene
anesthetics in 0.9% saline solution for a total volume of 19.5 ml) and processed for Golgi-
Cox staining according to the protocol described elsewhere (Gibb & Kolb, 1998). Briefly,
during sacrifice, all the brains were carefully removed and immersed in Golgi-Cox
solution (a 1:1 solution of 5% potassium dichromate and 5% mercuric chloride diluted
4:10 with 5% potassium chromate) (Glaser & Van der Loos, 1981) for 14 days. Then,

brains were transferred to an 30% sucrose solution (minimum 5 days), before being cut
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on the vibratome. Coronal sections (200 pm) were collected into 6% sucrose and mounted
in gelatin-coated microscope slides. Subsequently, they were alkalinized in 18.7%
ammonia, developed in Dektol (Kodak, Linda-a-Velha, Portugal), fixed, dehydrated
through an ethanol graded series, cleared in xylene and mounted with entellan® (Merck
Millipre, Portugal). To minimize bias, brain slides were coded before morphometric

studies to perform a blind analysis.

3.5 Structural dendritic tree analysis

Three-dimensional (3D) reconstructions of representative Golgi-impregnated neurons at
the DS were performed. Both dorsomedial striatum (DMS) and dorsolateral striatum
(DLS) were analyzed since they represent distinct physiological, behavioral and
connectivity roles. The reconstructed neurons were selected according to the criteria
described by Uylings (1986) and Radley (2004):
i  full impregnation of the neurons along the entire length of the dendritic
tree;
i)  dendrites without truncated branches;
i) relative isolation from neighboring impregnated neurons to avoid
interference with the analysis;
iv no morphological changes attributable to incomplete dendritic
impregnation of Golgi-Cox staining (Radley et al., 2004; Uylings et al.,
1986).

To perform a more reliable analysis and minimize bias selection, in each brain the first
neurons fulfilling the criteria (maximum of 3 neurons per slice) were randomly selected
in the region of interesting. For each selected neuron, all dendritic tree branches were
reconstructed at 600x magnification using a motorized microscope (BX51, Olympus,
Hamburg, Germany), with oil objectives, attached to a camera (MicroBrightField
Bioscience, Magdeburg, Germany) and with Neurolucida software (MicroBrightField
Bioscience). Three-dimensional analysis of the selected reconstructed neurons was
achieved using NeuroExplorer software (MicroBrightField Bioscience). In both genotype
groups, it was studied a total of ten neurons per region per animal, in a blind manner, and

the average was assessed at the end for each animal. Dendritic morphology was then
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explored, examining several aspects. Overall alterations, such as total dendritic length,
the percentage of spines on dendrites and spine density (total number of spines divided
by the dendritic length) were assessed by comparing the LCN2-null mice with the
littermate WT group. Since the neurons present in the striatum are MSNs, which are radial
neurons, dendritic spine density was determined by following the respective criteria:

i)y  dendritic branches were either parallel or at acute angles to the coronal

surface of the section,;

ii)  did not show overlap with other branches that would obscure visualization
of spines;

iiiy were at a radial distance of the soma between 40 to 60 pm.

To assess spine morphology, all the spines in the selected dendritic segments were
classified in: filopodia, thin, thick, stubby, mushroom and branched. Such classification
was performed according to some specific morphological characteristics as it is
demonstrated in

Figure 12. At the end, the proportion of spines in each category was compared between

both groups.
(
I
Filopodia Thin Thick Stubby Mushroom Branched
Length > 2 ym Length <2 pm Length <1 um Length:Width < 1 Width < 0.6 pm =2 heads

Figure 12: Spine morphology classification. Schematic drawing of the different spine classified
according to their structural organization, which are mostly based on their length and width.

Finally, a 3D version of a Sholl analysis (Sholl, 1956) was performed to explore
differences in the dendritic arrangement in both groups. Briefly, this analysis corresponds
to the registration of the total number of intersections of dendrites with concentric spheres
positioned at radial intervals of 20 um from the soma. All measurements for individual

neurons from each animal were averaged.
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3.6 Gene expression analysis

3.6.1 RNA extraction and quantification

Total RNA from macro dissected striatal region was isolated (nwr=11, nLenz-nuni=11)
using TRIzol® Reagent method (Invitrogen, Carlsbad, CA, USA). Briefly, 1 mL of
TRIzol® was added to the frozen tissue samples, which were mechanically disrupted
using a 20 G needle. Then, samples were incubated at room temperature (RT) for 2-5 min
and 200 pL of chloroform (Sigma Aldrich, St. Louis, Missouri, USA) was added to each
one and thoroughly mixed. Following, samples were incubated for 2-3 min at RT and
centrifuged for 15 min at 8000 rpm and 4°C. The upper aqueous phase, the one that
contains RNA, of the centrifuged samples was removed and recovered to new Eppendorf
tubes, and mixed with 500 uL of isopropanol (Sigma Aldrich, St. Louis, Missouri, USA)
to precipitate RNA. After agitation, samples were incubated for 10 min at RT and
centrifuged for 10 min at 9000 rpm, 4°C. The supernatant was removed, and the RNA
pellet was washed with 50 pL of 75% ethanol and centrifuged for 7 min at 6000 rpm,
4°C. After, ethanol was completely removed from the samples, dried isolated RNA pellet
was resuspended in 20 pl. of RNase/DNase-free water (Sigma Aldrich, St. Louis,
Missouri, USA). RNA concentration was determinated by using NanoDrop® (Thermo
Fisher Scientific, USA) and purity was inferred using the absorbance ratio at Azeo/Azs0

and A260/A230.

3.6.2 DNAse/RNAse-free treatment

After RNA isolation, in order to remove the maximum of genomic DNA that might be
present in samples, 2 g of RNA were placed in a new RNase free tube with 1 U of DNase
I (Thermo Fisher Scientific, USA) per microgram of RNA, 10xBuffer with MgCl, and
RNase/DNase-free water (Sigma Aldrich, St. Louis, Missouri, USA) to a total volume of
10 uL. Then samples were incubated at 37°C for 30 min and 1 pL of 50 mM EDTA was
added and samples were incubated for 10 min at 65°C. Finally, they were placed into ice

and again quantified using the NanoDrop® system.
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3.6.3 Complementary DNA (cDNA) synthesis

Reverse transcription of RNA was performed using the iScript™ Advanced ¢cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. Briefly, the reaction mix comprised 4 pL of 5x iScript reaction mix, 1 pL of
iScript reverse transcriptase, 500 ng of treated RNA and nuclease-free water for a final
volume of 20 pL. The cDNA synthesis reaction was performed in a thermocycler
(Eppendorf, Hamburg, Germany), for 5 min at 25°C, 30 min at 42°C followed by a final
step of 5 minutes at 85°C. The resultant cDNA template was further stored at - 20°C until

further use.

3.6.4 Quantitative Real-Time PCR (qRT-PCR) gene expression analysis

For the qRT-PCR, 1 pL of each cDNA samples was carefully mixed with 3 uL of RNAse
free water, 0.5 puL of 10 uM forward and reverse specific primers, and 5 uL of SoFast™
EvaGreen® Supermix (Bio-Rad, Hercules, CA, USA). The qRT-PCR was performed in
CFX96™ Real-time system (Bio-Rad, Hercules, CA, USA) using the following program:
an initial denaturating cycle at 95°C for 1 min, followed by 40 amplification cycles of
95°C for 15 seconds, 20 seconds at the specific temperature of annealing (Ta) for each
primer, and 72°C for 20 seconds. Finally, an additional step ranging from 65°C to 95°C,
with a progressive increment of 0.5°C for 5 sec, was included to determine the melting
curves. Relative mRNA expression for the specific target genes was normalized to the
levels of housekeeping genes using the ACt method as follows: 1.8”(Housekeeping gene
mRNA expression — Target gene mRNA expression) x 100000, and all the data was
analyzed by using the programme “Bio-Rad CFX Manager”. For relative analysis of gene
expression two different sets of housekeeping primer genes were used (Hspch and Atp5b).

Primer sequences used for the relative quantification analysis are listed in Table 3.
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Table 3: Primers sequences used to determine the relative expression of a target gene using the qRT-

PCR method. The annealing temperature (°C) as efficiency rate were determined for each set of primers.

Target Forward Primer sequence Reverse Primer sequence Ta
gene 5-3) 5-3) O
Syp CTGCGTTAAAGGGGGCACTA GGAAGTCCATCATTGGCCCT 60

recg; for TCTCCCAGATCGGGCATT GTCCCTAGATTCCCCAAGGA 61

rec{zj tor ATCGTCTCGTTCTACGTGCC GTGGGTACAGTTGCCCTTGA 60

Ampa TGGTGGTACGATAAAGGGGA AGCCCTCCAATCAGGATGTA 60
Gaba TTTGGGAGAGCGTGTAACTG TAAGGTTGTTTAGCCGGAGC 60

Nmda GCATCCACCTGAGCTTCCTT TTCTCTGCCTTGGACTCACG 60

Psd-95 ATTGCGGAGGTCAACACCAT TTCTCAGCACCTGGACAATGA 60

Mc4r ATCTGTAGCTCCTTGCTCGC TGCAAGCTGCCCAGATACAA 61

Sapap3 CACCATGTAACCCCGGCTG GCCCCAGGAACCTCCATC 60

Shank3 AGGAACTTGCTTCCATTCGGA ATCTCAGCAGGGGTGATCCT 60

Hspcb GCTGGCTGAGGACAAGGAGA CGTCGGTTAGTGGAATCTTCATG 60

Atp5b GGCCAAGATGTCCTGCTGTT GCTGGTAGCCTACAGCAGAAGG 60

3.7Slice electrophysiology

Acute striatal slices from two independent experiments (nwt=3, nLcN2-nul=3 mice per each
experiment) were prepared for the electrophysiological recordings. Briefly, animals were
deeply anaesthetized with avertin (tribromoethanol; 20 mg/mL) (Sigma Aldrich, St.
Louis, Missouri, USA) at a dose of 0.5 mg/g body weight by intraperitoneal injection.
Then animals were transcardially perfused with 1520 ml oxygenated NMDG (N-methyl-
D-glucamine) solution (Table 4) (Sigma Aldrich, St. Louis, Missouri, USA). After
decapitation, brains were rapidly removed and placed in the same solution for slice
preparation. A vibratome VT1200S (Leica Microsystems, Wetzlar, Germany) was used
to prepare the 300 pm thick striatum coronal slices. Slices were incubated at 32°C for 11
min in oxygenated NMDG solution and then transferred to holding chamber containing

artificial cerebrospinal fluid (aCSF) solution (Table 4) (Sigma Aldrich, St. Louis,
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Missouri, USA) at RT for at least 1 hour to allow the slices to recover. Recordings were
made at RT with chloride silver electrodes. Patch pipettes were pulled from borosilicate-
glass on a Flaming-Brown puller with a typical resistance of 2-5 M() when filled with
cesium gluconate internal solution (Table 4) (Sigma Aldrich, St. Louis, Missouri, USA).
MSNs at the DMS were identified under infrared differential interference contrast (IR-
DIC) using a BX-51WI microscope (Olympus). Drug application of Picrotoxin (PTX,
100 uM), an antagonist of GABAAa receptor, and Tetrodoxin (TTX, 1uM), a sodium
receptor blocker, (all from Tocris Bioscience, Bristol, UK) was done through a gravity
fed system. The signals for voltage clamp were filtered at 2 kHz and digitalized at 10 kHz
with a Digidata 1440A and a MultiClamp 700B amplifier. All data was analyzed using
the Mini Analysis Program V6.0.7 (Synaptosoft, Inc., Decatur, GA, USA). This task was

performed in collaboration with Diana Rodrigues and Patricia Monteiro.
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Table 4: Solution reagents list used during the slice electrophysiological protocol.

Chemical reagent Abbreviation mM pH  Osmolarity Supplier
N-methyl-D-glucamine NMDG 92.00
Potassium chloride KCl1 25.00
g Sodium dihydrogen phosphate NaH>PO4 1.20
E Sodium Bicarbonate NaHCO;  30.00
@ A4(QhydroxyethyD-1- HEPES  20.00
g piperazineethanesulfonic acid
z Glucose CeH1206 25.00
=
§ Sodium ascorbate CsH706Na 5.00
]
= Thiourea CH4N:2S 2.00
)
Sodium pyruvate CsH3NaOs 3.00
Magnesium sulfate heptahydrate ~ MgSO4.7H.0  10.00
Calcium chloride CaCL.2H20 0.50
Sodium chloride NaCl 119.00
Potassium chloride KCl1 2.50
=
£ Sodium phosphate monobasic NaH2PO4 1.20 Sigma-
= 7.2 300 .
5 . ) i N Aldrich
& Sodium Bicarbonate NaHCO:s 24.00 (Missouri
P 7.4 10 ’
% Glucose CsHiOs 12,50 USA)
Magnesium sulfate heptahydrate ~ MgSO4.7H20 2.00
Calcium chloride dehydrate CaCL.2H20 2.00
Cesium hydroxide CsOH 110.00
D-Gluconic acid CeH1207 110.00
=
= Potassium chloride KCl 15.00
)
% Sodium chloride NaCl 4.00
=i
5:.'» Tetracthylammonium Chloride TEA-Cl1 5.00
=
g AQ-hydroxyethyl)-l- HEPES  20.00
a piperazineethanesulfonic acid
S Ethylene glycol-bis(2-
én aminoethylether) -N,N,N',N'- EGTA 0.20
£ tetraacetic acid
=
2 Lidocaine N-ethyl chloride Ci16H27N20Cl 5.00
Q
ATP-xMg?* - 4.00
GTP-xNa" - 0.30
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3.8 Statistical analysis

Statistical analysis was performed using the GraphPad Prism 5 (GraphPad software Inc.,
La Jolla, CA, USA). Data are represented as mean =+ standard error of the mean (SEM)
for parametric tests and, when non-parametric tests were applied data are represented as
median + interquartile range (IQR). Sample normality distribution was assessed with
Shapiro-Wilk test. To compare both genotypes, the parametric Student’s t-test was used
for samples with normal distribution. The non-parametric Mann-Whitney and Wilcoxon
Rank Sum and Signed Rank tests were used for samples without normal distribution. For
Sholl analysis and training curves during the operant conditioning task a two-way
repeated measures ANOVA, with Bonferroni multiple comparison post-hoc test, was
used. In the analysis for the cumulative probability in electrophysiological records, the
non-parametric Kolmogorov-Smirnov test was applied. The Cohen’s d and eta-squared
value (n2) were calculated as a measure of effect size for t-tests and two-way repeated
measures ANOVA, respectively (Tomczak et al., 2014). Values were considered
significant for p < 0.05 and represented with * for p < 0.05; ** for p < 0.01, *** for p <
0.001, and **** for p < 0.0001.
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CHAPTER 4

4. RESULTS
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Based on evidences that: i) LCN2 is able to bind MC4R in the hypothalamus, which
results in altered food intake behaviors, a type of compulsive behavior and, ii) that
by an unknown mechanism, the deletion of Mc4r is able to rescue compulsive
behaviors in an animal model of human OCD; we hypothesize that this can be
mediated by its ligand LCN2 (Figure 7). Herein, we aimed at unravelling if LCN2 is
somehow regulating compulsive behaviors in the striatum, and if this regulation is
through MC4R. For that, we performed a battery of experiments in LCN2-null mice
and their respective littermate controls to assess: i) behaviors striatal-dependent, ii)
neuronal electrophysiological functional properties and neuronal morphology at the
striatum, and iii) a general molecular characterization of genes related to striatal

synapses

4.1 Decision-making is biased in the absence of LCN2

Based on our aim, we started by characterize striatal-dependent behavior in LCN2-null
mice when compared to WT. In this task, we intend to analyzed whether the absence of
LCN2 is affecting the ability of mice to perform an instrumental test that is based on

striatal function (C. D. Adams & Dickinson, 1981).

As it is illustrated in Figure 13A, both groups increased lever pressing across training
schedule and no main effect or interaction was observed between groups (Table 5),
meaning that WT and LCN2-null mice learned equally. In the same sense, the rate of
reinforcers per min was also calculated, and no significant difference were found (Figure

13B,Table 5), ensuring that both groups learned similarly.

At the end of the training and lever pressing acquisition, devaluation test was performed
based on the expected value of the outcome delivery (Figure 13C) to test for decision-
making. During the two days of devaluation test, (see Material and Methods —

Figure 12) mice were assessed for a 5 min extinction test in the chambers to record the

number of lever presses.
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Table S: Statistical analysis performed during the instrumental task, both during training and
devaluation test in LCN2-null mice and littermate controls. Data presented as mean = SEM for
parametric tests, and as median + IQR for non-parametric tests. Statistical differences are reported as **
for p<0.01.

TRAINING Statistical test, significance, effect size

Lever presses per min
Genotype factor F1,15=0.287; p=0.600
Interaction Fs,120=0.459; p=0.882
Reinforcements per min

Genotype factor F1,15=0.001; p=0.974;

Interaction Fs,120=1.463; p=0.177;

DEVALUATION TEST

WT 4.753 £ 1.469**  w16=-109.0; p=0.008; Cohen's d=0.785
Lever pressing

LCN2-null ~ 3.272+2.332 wis=-30.00 p=0.421

WT 0.355+0.106**  w14=-81.00; p=0.009; Cohen's d=0.864
Normalized lever pressing

LCN2-null ~ 0.002 +0.074 wi5=16.00; p=0.706

As predictable (Adams & Dickinson, 1981; Hilario, 2007), the actions of control mice
became highly sensitive to sensory specific satiety (Figure 13C; Table 5). In fact, their
responses significantly reduced when comparing the valued condition with the devalued
one in the extinction test (see Material and Methods; Figure 13C; Table 5). Lever pressing
was also normalized for the last day of RR20 training, to account for the baseline
differences among animals (Figure 13C; Table 5). In contrast, LCN2-null mice became
insensitive in their actions to the expected value assigned to the value of the reinforcers,
as indicated in Figure 13C by a lack of devaluation effect (Table 5), meaning that, the

animals developed a lever pressing habit that was maintained during the extinction test.
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Figure 13: LCN2-null mice presented a habitual lever pressing behavior when compared to the
control group in an operant task. (A) Acquisition of the lever pressing task in both groups. The rate of
lever pressing is depicted for each daily session for the reward (pellets); (B) Rewards consumption was
also controlled during training. The amount of rewards consumed by both groups during the ad libitum
devaluation test days were also controlled; (C) Devaluation test analysis. Lever pressing in absolute number
and normalized to the lever pressing of the last training day (RR20) is compared between the valued and
the devalued condition for LCN2-null mice and WT littermate controls. Statistical analysis between groups
for training curves was performed using two-way repeated measures ANOVA test, and Student’s t-test for
the extinction test. Two independent experiments were performed, and data is presented as mean + SEM

(**p<0.01).
Overall, these data suggest that decision-making is biased in the absence of LCN2,
predisposing LCN2-null mice to habitual behavioral strategies during instrumental

training schedule.

4.2 LCN2-null mice present excessive marble burying behavior

Multiple tests have been arising in the literature in the attempt to evaluate compulsive and
anxious-like behaviors in mice that resemble OCD phenotype. Marble burying test is one

example, which has been described to target a specific type of spontaneous behavior
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observed in animals (Borsini, 2002; Deacon, 2006). The utility of the test for OCD-like
behavior evaluation has already been reported by pharmacological evidences where
marble burying was inhibited after anxiolytic benzodiazepine injections (Njung &
Handley, 1991). Therefore, in line with the previous task, we then performed the marble

burying test in LCN2-null mice along with their littermate controls.

For that, two independent experiments were performed and both groups were submitted
to the test (n=8 mice per group). As it is illustrated in Figure 14A, 12 marbles were
arrayed on the surface of clean bedding and the number of marbles buried in a 30 min
session was scored by independent investigators blind to the genotype. Comparing both
groups, LCN2-null mice buried roughly 69% of the marbles (on average correspond to 8
marbles buried), against 31% of the control group, which resemble in average only to 4
marbles buried (Figure 14B). This result indicates that the absence of LCN2 leads to a
significant increasing of compulsive and anxious-like behaviors in mice (Table 6).

Table 6: Statistical analysis of the marble burying test. Data presented as mean + SEM, and statistical
difference are reported as ** for p < 0.01.

WT LCN2-null Statistical test, significance, effect size

# buried marbles 4.444+1.042 8.333+0.7638** t16=3.01; p=0.0083; Cohen's d=4.257

Number of marbles buried

. wT
I L.CN2-null

Figure 14: LCN2-null mice display a compulsive and anxious phenotype in the marble burying test.
(A) Representative image of the field where mice performed the test, before and after (B) In a total of
twelve marbles, LCN2-null mice buried significantly more when compared to the wild-type mice. Each
bar shows the mean + SEM of 16 mice per group. Two independent experiments were performed and
statistical analysis between groups was performed using Student’s t-test (** p<0.01).
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4.3 Medium spiny neurons at the dorsomedial striatum are atrophic in the

absence of LCN2

After this striatal-dependent behavioral characterization and in an attempt to better
understand the differences found, we went to look for striatal neuronal morphology. For
that, we performed a Golgi-Cox staining analysis, specifically, at the DMS and DLS,
which are critical areas at the striatum involved in habit learning and goal-directed

formation (Kreitzer & Malenka, 2008).

As presented in Figure 15A, the absence of LCN2 caused an atrophy of the MSNs at the
DMS, which is also translated into a significant reduction in the number of nodes when
comparing to the WT mice. However, at the DLS subregion no major differences were
found among genotypes in respect to total dendritic length and total number of nodes
(Table 7). In addition, we also examined if LCN2 would be influencing spine density and
morphology, by evaluating the percentage of each type of spines (Figure 15C, 15F, 15I,
15J). Overall, comparing LCN2-null mice with their littermate controls, no significant
differences were found in both striatal areas (Table 7). Still, spine morphological
composition analysis suggests that LCN2-null mice display an increased in thin spines
and a decreased in mushroom spines, although it did not reach statistical significance
(Table 7). In the sholl analysis, the number of intersections as a function of their distance
from the soma, did not reveal any significant differences in LCN2-null mice, in DMS and

DLS areas, when compared with WT (Figure 15G-H).
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Table 7: Statistical results of the morphological analysis comparing LCN2-null with wild-type mice
in both DMS and DLS areas. Data presented as mean + SEM for parametric tests, and as median + IQR
for non-parametric tests. Statistical differences are reported as * for p < 0.05, and **** for p <0.0001.

DMS WT LCN2-null Statistical test, significance, effect size

Total dendritic length  893.6 + 50.31 748.3 +30.67 * t1/=2.363; p=0.038; Cohen's ¢=3.487

Number of nodes 8.711 £0.463 6.966 +0.546 * t11=2.392; p=0.036; Cohen's d=3.477

Spine density 2.846+0.146  2.624+0.099 11=1.257; p=0.233
Thin 19.23+1.256  19.42 +1.053 11=0.114; p=0.911
Mushroom 47.51+5.402 43.26+2.718 112=0.702; p=0.496
Stubby 12.86+ 1.591  12.47 +2.085 112=0.149; p=0.884
Filopodia 9.266+1.663  11.78+1.327 U=15.00; p=0.256
Detached 6.173+£2.034  9.604 + 1.755 U=14.00; p=0.207
Branched 4969+1.102 3.474+0.637 t1=1.175; p=0.263

Sholl analysis

Genotype factor

F1,12=2.740; p=0.124

Interaction Fo,108= 2.192; p=0.028; n2=0.941 *

DLS

Total dendritic length  937.3+ 5894  929.9+32.54 t12=0.109; p=0.915

Number of nodes 9.452+0.455  8.387+0.559 U=10.00; p=0.065

Spine density 2.807+0.101  2.815+0.120 U=23.50; p=0.928
Thin 18.77+1.532  22.36+0.885 11=1.938; p=0.079
Mushroom 5240+ 1.573  45.10+3.103 11=1.991; p=0.072
Stubby 13.28+1.884  10.93 +1.958 112=0.865; p=0.404
Filopodia 10.00+1.090  12.64 +2.409 112=0.996; p=0.339
Detached 7.023 +£2.668  7.150+1.191 U=16.00; p=0.313
Branched 3.843+0.790  2.661 +0.774 11:=1.068; p=0.306

Sholl analysis

Genotype factor F1,12=0.267; p=0.615; n2=0.0003

Interaction F9,108=0.428; p=0.918
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Figure 15: Three-dimensional morphological analysis of Golgi-impregnated medium spine neurons
(MSNss), of the dorsomedial (DMS) and dorsolateral striatum (DLS) reveals no major alterations by
the absence of LCN2. (A) Total dendritic length (um), (B) total number of nodes, and (C) spine
density/um, at the DMS. (D) Total dendritic length (um), (E) total number of nodes, and (F) spine
density/um, at the DLS. Sholl analysis was also assessed at the (G) DMS and (H) DLS region. Spine
morphology type was classified in both (I) DMS and (J) DLS areas. Each bar shows the mean £ SEM of

53



one experiment with 7 mice per group. Statistical analysis between groups was performed using Student’s
t-test (*p<<0.05). For Sholl analysis, curves represent mean = SEM, a two-way repeated-measures ANOVA
test was used.

4.4 Dorsomedial striatum neurons have lower amplitude of synaptic

transmission in the absence of LCN2.

As previously showed, the absence of LCN2 have an impact in striatal-dependent
behaviors, as well as, in MSNs morphology at the DMS. Therefore, and relying on the
critical role of CSTC in the development of OCD pathophysiology (Saxena et al., 2000),
we intend to extend our LCN2-null mice model characterization to the functional level.
So, we performed whole-cell voltage clamp recordings of miniature excitatory

postsynaptic currents (mEPSCs) in dorsomedial striatal MSNSs.

In that sense, after behavioral tests, striatal slices were collected and used to registered
electrophysiological recordings at the DMS. Compared to WT littermate controls, LCN2-
null mice presented a significant reduction in mEPSC amplitude of synaptic transmission
(Figure 16B; Table 8). On the other hand, no significant alternations at mEPSC frequency
were found (Figure 16A; Table 8). Cumulative probability distribution (frequency and
amplitude) was also compared in both genotype. As expected, a significant alteration in
the distribution pattern of LCN2-null mice amplitude was found (Figure 16D; Table 8),

while in the cumulative frequency were not (Figure 16C; Table 8).

Table 8: Statistical analysis of electrophysiological recordings comparing LCN2-null mice with
littermate controls. Data presented as mean + SEM and, statistical difference are reported as * for p <
0.05, and **** for p < 0.0001.

WT LCN2-null Statistical test, significance, effect size
mEPSC frequency 1.937+0.150 2.077+0.196 126=0.568; p=0.575; Cohen's d=0.801
mEPSC amplitude 16.40+£0.505 14.77+£0.573*  £26=2.1829; p=0.043; Cohen's d=3.018
Cumulative frequency Kolmogorov-Smirnov D=0.030; p=0.911
Cumulative amplitude Kolmogorov-Smirnov D=0.154; p<0.000 1 ****
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Figure 16: Synaptic pattern in LCN2-null mice is not altered after behavioral tests in dorsomedial
striatum medium spiny neurons. (A) MSNs frequency and (B) amplitude in LCN2-null MSNs. (C)
Cumulative probability distributions of mEPSC frequency showed no significant difference but (D)
cumulative distribution of amplitude for LCN2-null mice was significantly altered when compared to WT
mice (*p<0.01, **** p<0.0001). Two-tailed t-test for mEPSC frequency and amplitude analysis. All data
presented as mean = SEM and each bar represent one experiment with 3 mice per group. Statistical analysis
between groups was performed using Student’s t-test. Cumulative probability statistic was performed using
the Kolmogorov-Smirnov test. Data contribution by Diana Rodrigues.

4.5 Dorsomedial striatum neurons have lower amplitude of synaptic

transmission in naive LCN2-null mice.

After observing functional differences in LCN2-null mice amplitude, we questioned
whether behavioral assessments could be influencing cortico-striatal synapses. To answer
this question, we then performed mEPSCs recordings at the DMS (Figure 17A), but this

time using young naive LCN2-null mice.
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Interestingly, we observed the same response as the previous described. Data analysis
showed that LCN2-null mice presented no differences in the frequency (Figure 17B, Table
9), but displayed a reduced amplitude in the synaptic transmission (Figure 17C,Table 9),
when compared to the WT mice. Also, the same pattern was registered at the cumulative
probability distributions [frequency (Figure 17D, Table 9) and amplitude (Figure 17E,
Table 9)].

Table 9: Statistical analysis of electrophysiological recording comparing LCN2-null mice with
littermate controls. Data presented as mean + SEM and, statistical difference are reported as * for p < 0.05
and **** for p <0.0001.

WT LCN2-null Statistical test, significance, effect size
mEPSC frequency 2.446+£0.196  2.130+0.299 12=0.883; p=0.387; Cohen's d=1.249
mEPSC amplitude 17.62+0.676  15.90 + 0.416* 122=2.160; p=0.042; Cohen's ¢=3.065
Cumulative frequency Kolmogorov-Smirnov D=0.068; p=0.102
Cumulative amplitude Kolmogorov-Smirnov D=0.142; p<0.000 1 ****
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Figure 17: LCN2-null mice displayed reduced amplitude of excitatory synaptic transmission in
dorsomedial striatum medium spiny neurons. (A) IR-DIC images from the recording neuron (4x and
40x) and mEPSC example traces from control and LCN2-null mice, recorded with whole-cell voltage clamp
from striatal medium spiny neurons. (B) No significant alterations were found in the mEPSC frequency,
but a (C) reduced amplitude was detected in LCN2-null MSNs. (D) Cumulative probability distributions
of mEPSC frequency showed no significant difference but (E) cumulative distribution of amplitude for
LCN2-null mice was significantly altered when compared to WT mice (*p<0.01, **** p<0.0001). Two-
tailed t-test for mEPSC frequency and amplitude analysis. All data presented as mean + SEM and each bar
represent one experiment with 3 mice per group. Statistical analysis between groups was performed using
Student’s t-test. Cumulative probability statistic was performed using the Kolmogorov-Smirnov test. Data
contribution by Patricia Monteiro.
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Overall, electrophysiological analysis uncovered basal defects at striatal synapses in
LCN2-null mice regarding synaptic amplitude. These findings suggest a physiological
role for LCN2 in postsynaptic functioning and connectivity at the CSTC.

4.6 The absence of LCN2 induces increased Psd-95 gene expression

Having in mind the results obtained specially, in the electrophysiology for LCN2-null
mice, we next questioned if synaptic gene expression was also altered in the striatum. For
that, our first approach was to assess gene expression levels of a selected group of
synaptic proteins and receptors, that could be involved in the synaptic alterations

registered in the electrophysiological data (Table 3— see Materials and Methods).

No major differences were found between LCN2-null mice and their littermate controls
regarding synaptic gene expression (Figure 18, Table 10). However, as it is observed in
Figure 18G, Psd-95, a major scaffolding postsynaptic protein (Cho et al., 1992), was

significantly increased in the striatum of LCN2-null mice.
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Figure 18: LCN2 absence does not induce major differences in striatal gene expression. RNA from
striatum was extracted and transcribed to cDNA and the expression of (A) Syp, (B) DI receptor, (C) D2
receptor, (D) Ampa, (E) Gaba, (F) Nmda and (G) Psd-95 was accessed by qRT-PCR. Relative expression
of each gene was normalized to the expression of Atp5b and Hspcb housekeeping genes. Data is show as
mean = SEM from one experiment with 8 mice per group (only for Psd-95 evaluation was used a group of

nwr=16 and nLcnv2nui=16). Statistical analysis between groups was performed using Student’s t-test (*
p<0.05).

Further, and considering our theoretical hypothesis, we also analyzed the expression of
some specific genes that are particularly interesting in this context, such as the Mc4r,
Sapap3 and Shank3. As it was previously mentioned, MC4R has been pointed as an
important mediator for compulsive behaviors in animals (Xu et al., 2013), and also as a
novel receptor for LCN2 (Mosialou et al., 2017b). Additionally, Sapap3 and Shank3 were
assessed due to their involvement in OCD-mouse model and striatal dysfunction (Peca et
al., 2011; Wan et al., 2014; Xu et al., 2013). Therefore, we also performed a qRT-PCR to
evaluate their expression at the striatum and, depicted in Figure 19 no significant

alterations were found between genotypes (Table 10).
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Figure 19: Differential expression of specific gene markers in the striatum. RNA from striatum was
extracted and transcribed to cDNA and the expression of (A) Mc4r, (B) Sapap3, and (C) Shank3 was
accessed by qRT-PCR. Relative expression of each gene was normalized to the expression of AtpSb and
Hspcb housekeeping genes. Data are represented as the mean + SEM of one experiment with 8 mice per
group. Statistical analysis between groups was performed using Student’s t-test.

Table 10: Statistical analysis regarding relative gene expression in the striatum. Data presented as
mean + SEM for parametric tests, and as median + IQR for non-parametric tests. Statistical difference is

reported as * for p < 0.05.

Target gene WT LCN2-null Statistical test, significance, effect size
Syp 0.031+0.013 0.056 +£0.018 U=13.00; p=0.289
D1 receptor 0.008 + 0.001 0.009 + 0.001 U=69.00; p=0.892
D2 receptor 0.091+0.018 0.083 +£0.017 t12=0.311; p=0.7613
Ampa 0.028 = 0.007 0.026 = 0.005 t12=0.247; p=0.809
Gaba 0.102 +£0.024 0.126 £0.020 t12=0.772; p=0.455
Nmda 0.095 +0.022 0.086 +0.012 t12=0.349; p=0.734
Psd-95 0.016+£0.003  0.034+0.008* 120=2.259; p=0.035; Cohen's d=3.194
Mc4r 0.001 +£0.0001  0.001 +0.0002 t12=1.507; p=0.158
Sapap3 0.014 +0.009 0.011 +0.009 U=67.00; p=0.804
Shank3 0.191 £ 0.057 0.189 +0.028 U=46.00; p=0.148

Overall, LCN2 absence does not modulate the expression of the striatal genes tested,

associated both with synaptic modulation and striatal markers, with the exception of Psd-

95 gene expression.
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Over the past few years, LCN2 has been described to be involved in a wide range of
pathophysiological conditions from immunological deficits to impairments in the
CNS (Ferreira et al., 2015). In the brain, although the emergent state of the art, the
role and impact of LCN2 remains unclear. Interestingly, Mosialou ez al. (2007)
reported MC4R as a novel LCN2 receptor in the paraventricular and ventromedial
neurons of the hypothalamus, thus evoking a new molecular pathway for LCN2
(Mosialou et al., 2017). Of relevance, it was shown that when LCN2 binds to MC4R,
this resulted in altered food intake behaviors, which is a type of compulsive
behavior. Additionally, it was demonstrated that MC4R gene deletion is able to
rescue compulsive behaviors in animal models of human OCD (Xu et al., 2017)
(Figure 7). However, the underlying mechanism remains unknown. These findings
have raised the question if this can be mediated by its ligand LCN2. So, herein, we
aim to give study whether LCN2 is regulating compulsive behaviors in the striatum

through MC4R.

Based on our proposal, our initial aim was to explore LCN2-null mice striatal-dependent
behaviors. Throughout our experiments, we have focused only on mice males in order to
reduce the heterogeneity usually associated with female hormonal status (Aoki et al.,
2010). First, we performed an operant conditioning test in a random-ratio interval, to
assess decision-making in animals. Interestingly, LCN2-null mice developed a habit-
based strategy during the devaluation test, meaning that the absence of LCN2 is somehow
impairing goal-directed behavior in mice (Figure 20). Moreover, upon the marble burying
test, LCN2-null mice displayed an increased burying when compared to the WT littermate
controls, evoking a compulsive and anxious-like behaviors in LCN2-null mice (Figure
20). In accordance, previous studies from Ferreira at al., (2013) have shown that LCN2-
null mice display anxious and depressive-like behaviors, as well as cognitive impairments
(Ferreira et al., 2013). Although we need to better characterize these animals in terms of
theirs decision-making behavioral, herein we cannot exclude that the already described
anxious-like behavior observed in LCN2-null mice might have some influence in goal-
directed action in these animals. In fact, goal-directed behaviors encode for a strict link
between an action and an objective, and the fact that LCN2-null are more anxious could

be altering this relationship. Moreover, the emotional alterations reported in LCN2-null
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mice could also be affecting the exploration rate activity of animals during the operant

conditioning test, decreasing their sensibility to the devaluation test.

Once a putative role for LCN2 has been emerged in mediating compulsive and anxious-
like behavior in mice, we also looked for morphological and functional striatal features

in LCN2-null mice.

Since decision-making is mainly mediated by the DMS and DLS (Hilario et al., 2008),
we started by analyzing if LCN2 could be affecting MSNs three-dimensional morphology
in both regions. Regarding the morphometric data, the absence of LCN2 had led to a
significant atrophy of MSNs at the DMS, the same area that is involved in supporting
goal-directed actions (Figure 20). Further, we also evaluated striatal synaptic functioning
at the DMS through electrophysiological records. To better understand the physiological
role of LCN2 in synaptic transmission at the DMS, electrophysiological recordings were
performed in two different experiments: first, in animals that performed behavioral
assessments; and, second, in naive LCN2-null and WT mice. Remarkably, both results
were similar, evoking a critical role for LCN2 in basal conditions at the DMS (Figure 20).
In fact, the absence of LCN2 had led to a reduction in mEPSC amplitude, indicating a
reduction in the total number of receptors per spine in MSNs. Moreover, mEPSC
frequency was not altered, meaning that the absence of LCN2 does not compromised the

number of mature spines in MSNSs.

Finally, molecular analysis was also assessed in order to determine if relative striatal gene
expression in LCN2-null mice would be affected. Over a wide screening of genes, we
observed that Psd-95 was significantly up-regulated in the striatum of LCN2-null mice.
PSD-95 is an important scaffolding protein required to molecular organization of the
postsynaptic density, by sustaining different types of receptors, cytoskeletal proteins, and
signaling molecules (El-Hussein et al., 2000). Further, as an important protein involved
in postsynaptic spines, it would be speculated that a higher Psd-95 expression could be
related with a higher number of spines, leading to increased mEPSC frequency; however,
this relationship was not observed in our results. This could be due to fact that, Psd-95
was assessed in the whole striatum without DMS and DLS division, which would be an

important assessment to perform in a near future. Additionally, it is also important to have
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in mind that mRNA Psd-95 expression may not be totally translated into functional
protein. Then, to better understand the potential impact of this scaffolding protein in the
LCN2-null striatum mice, it is crucial in future experiments to determine PSD-95 protein

expression through Western Bolt.

WT mice LCN2-null mice
Operant conditioning test Goal-directed actions Habit-based actions
Marble burying test Normal phenotype Compulsive and anxious-like phenotype
DMS DLS DMS DLS

Morphological analysis ‘ '
Va2 (VM

DMS DLS DMS DLS

Electrophysiology data \ ﬁ i‘ V

vsn il
Striatal genes analysis:

Gene expression analysis Syp, D1, D2, Ampa, Gaba, Nmda, Psd-95, Increased Psd-95 expression
Shank3, Mc4r and Sapap3.
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=
2
"~

—» Receptor
—» Spine

Figure 20: Schematic overview of the observed LCN2-null mice phenotype. LCN2-null mice were
compared to their WT littermate controls in different tasks, with different proposes, since behavioral
characterization to morphological and functional analysis.

In fact, as it is illustrated in Figure 21, we showed that the absence of LCN2 expression
led to compulsive and anxious-like behaviors in mice, which resemble OCD phenotype.
Further, we also showed that the absence of LCN2 leads to morphological and functional
alterations at the dorsal striatum. Regarding Xu et al., (2013) work’s, we know that
SAPAP3-null mice, a well-characterized OCD-mouse model, normalize their behavioral
and electrophysiological impairments after genetic deletion of MC4R (Xu et al., 2013).
As a result, it is suggested that MC4R expression can be also an important mediator in

the promotion of compulsive behaviors in mice.
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Linking all these evidence, one plausible possibility is that the absence of LCN2, a ligand
for MC4R, might be triggering MC4R over expression in the brain; and in turn, MC4R

over expression results in OCD-like behaviors observed in LCN2-null mice (Figure 21).

SAPAP3-null mice ) ] ]
& * Normalized of grooming behavior; 3 Normal behavior
MC4R-null mice * Restores striatal impairments.
Xu et al, 2013
v;l ””””” )
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Figure 21: Hypothetical role for LCN2 in the involvement of OCD-like behaviors. SAPAP3-null mice
are a well-characterized OCD-mice model, displaying excessive grooming behavior and striatal
impairments. Previous studies from Xu et al., (2013) have shown that double deletion of SAPAP3 and
MCA4R leads to a normalization of grooming behavior in mice, as well as, a restore in striatal synaptic
impairments. Regarding our work, in this thesis we showed that LCN2-null mice display a habitual
behavior, as an increase compulsivity and anxious-like behavior. Nevertheless, we also showed that the
absence of LCN2 had led to morphological alterations and synaptic dysfunction, in the striatum. Therefore,
based on Xu et al., (2013) work, we hypothesize a role for MC4R in mediating OCD-like behaviors, which
can also be involved in in the phenotype observed in LCN2-null mice.

To test this hypothesis, we assessed the levels of Mc4r, as well as, other striatal genes of
interest, such as, Sapap3 and Shank3, owing their major characteristic in striatal
functioning and OCD. It would be expected that Mc4r gene expression would be
increased in LCN2-null mice. Although we did not find evidence of increased Mc4r
expression in striatum, mRNA analysis is not sufficient to assess the amount of this
receptor and its presence in the cell membrane. In fact, post-transcriptional processes are
key to the final syntheses of the functional protein. For instance, despite high gene
expression, the receptor can be confined to vesicles and not be expressed in the cellular

membranes. Also, it is important to have in mind that striatum might just be an
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intermediated region, that MC4R could be inducing its effects in other brain regions, for

instance, in the hypothalamus.
Overall, a putative role for LCN2 in mediating compulsive and striatal-dependent

behaviors, and striatal modulation has been emerged. Considering our main hypothesize

we can speculate a novel involvement of LCN2 in OCD-like behaviours.
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CHAPTER 6

6. FINAL REMARKS
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Altogether, some interesting insights about the role of LCN2 in the striatum have been

addressed and a new feature for LCN2 in the mediation of OCD-like behaviors has been

speculated. With this thesis we can conclude that:

iii)

The absence of LCN2 impairs goal-directed action and leads to a compulsive
and anxious-like behaviours in mice;

The neurons from the brain region involved in supporting goal-directed
actions (DMS) is altered in LCN2-null mice: neuros were atrophic and
mEPSCs amplitude was reduced;

Finally, LCN2-null mice display an increasing of Psd-95 expression in the

striatum.

Therefore, since in this work it was only performed an initial step in the long run to better

understand and explore the impact of LCN2 in the striatal function and their relation with

MCA4R, it is important, in a near future, to answer some additional questions.

)

Synaptic dysfunction was observed at the DMS, but how is LCN2 modulating
synaptic activity at the DLS?

Similarly, to the fundamental behind electrophysiological data, is behavioral
assessments affecting MSNs morphology?

Could Psd-95 be correlated with PSD-95 protein expression? And, at the DMS
and DLS?

Although the results regarding the Mc4r expression in LCN2-null mice, could
MCA4R protein levels be different? And, can MC4R be differently expressed

in different brain regions of LCN2-null mice?

These and many other underlying questions are the ones we pretend to, in a near future,

answer. Globally, we pretend to clarify the role of LCN2 in physiological striatum

functioning and how this protein could be mediating the MC4R-signaling pathway in
SAPAP3-null mice.
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