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Abstract/Zusammenfassung

Dopamine is a neurotransmitter essential to coordinate biochemical and behavioral functions in the
striatum by modulating dopamine receptor signaling, including the dopamine receptor type-2 (DRD2).
DRD?2 abnormalities are a hallmark of various neuropsychiatric disorders, such as schizophrenia and
Parkinson's disease. Genome-wide studies have associated the cell adhesion molecule close homolog
of L1 (CHL1) as a risk gene to develop neuropsychiatric disorders. CHL1 and DRD2 were shown to
interact and CHL1 KO mice exhibit pre- and postsynaptic dopaminergic dysfunction within the
striatum. However, the functional implications of the CHL1-DRD?2 interaction remained unexplored
so far. Therefore, theis thesis aims to functionally characterize the CHL1 and DRD2 interaction, by
investigating how their interplay influences both biochemical mechanisms and behavior modulated by
these proteins. By employing cultured primary neurons from WT and CHL1 KO mice, the impact of
DRD2 pharmacological modulation with the antagonist sulpiride and the agonist quinpirole was
assessed on the presynaptic DRD2 signaling pathway and the postsynaptic DRD2-dependent regulation
of dendrite and spine morphology.

The ablation of CHL1 in ventral midbrain primary neurons had no impact on presynaptic DRD2
signaling under basal conditions, as shown by similar cAMP levels and total and phosphorylated TH,
GSK3p, and ERK /2 protein levels. However, in response to quinpirole and sulpiride, the absence of
CHL1 increased the neurons' sensitivity, particularly to sulpiride, which reduced phosphorylated TH
protein stronger in CHL1 KO neurons compared to WT neurons. In striatal primary neurons, the
detailed assessment of neuronal morphology and synaptic plasticity revealed that CHL1 impacted the
function of DRD2 in a developmental-dependent manner. Furthermore, the results indicate that the
absence of CHL1 does not exert significant effects under basal conditions but alters neuronal sensitivity
to DRD2 modulation, thereby affecting both pre- and postsynaptic DRD2 functions.

Behavioral assessment of striatal-dependent functions was conducted using adult female and male
WT and CHL1 KO mice, focusing on parameters influenced by presynaptic DRD2 signaling, including
locomotor activity, exploration, emotionality, working memory, and novelty-seeking behavior.
Sulpiride treatment reduced locomotor activity of CHL1 KO females. Quinpirole treatment resulted in
a general reduction in locomotion of WT and CHL1 KO mice, with a delayed effect observed for CHL1
KO mice. Vehicle-treated CHL1 KO males exhibited reduced locomotor activity compared to WT
males, while no differences were found in females. CHL1 ablation appeared to diminish reactivity and
stress-related behaviors in males, while females showed an unaltered emotional state. Working memory
and novelty-seeking behavior remained unaffected by CHL1 ablation, DRD2 modulation, or sex. These
findings indicate that CHL1 modulates presynaptic DRD2 functions in a sex-dependent manner,
potentially involving reduced presynaptic DRD2 activity.
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My findings shed light on the intricate relationship between CHL1 and DRD2 in the context of
dopaminergic signaling and its impact on behavior, revealing both sex-dependent and independent
parameters. This expands the understanding of the complex mechanisms that could underlying
neuropsychiatric disorders and emphasizes the importance of considering sex-specific differences in
future investigations of the dopaminergic system and its related pathologies.

Dopamin ist ein Neurotransmitter der biochemische Prozesse im Striatum unerlasslich ist, indem er
die Signaltbertragung von Dopaminrezeptoren, einschlie}lich des Dopaminrezeptors Typ 2 (DRD2),
moduliert. DRD2-Anomalien sind ein Kennzeichen verschiedener neuropsychiatrischer Erkrankungen
wie Schizophrenie und Parkinson. Genomweite Studien haben das Zelladhdsionsmolekiil close
homolog of L1 (CHL1) als eines der Risikogene flr die Entwicklung vieler neuropsychiatrischer
Storungen identifiziert. AuRerdem wurde gezeigt, dass CHL1 und DRD?2 interagieren und dass CHL1-
defiziente Méuse pra- und postsynaptische dopaminerge Dysfunktionen im Striatum aufweisen. Die
funktionellen Auswirkungen der CHL1-DRD2-Wechselwirkung blieben bisher jedoch unerforscht.
Daher zielte meine Arbeit darauf ab, die Interaktion von CHL1 und DRD2 funktionell zu
charakterisieren. Dabei wurde der Effekt des Zusammenspiels von CHL1 und DRD2 auf dopaminerge
Signalwege im Striatum und auf das Verhalten von Méusen untersucht. Mithilfe kultivierter primarer
Neuronen von wildtypischen (WT) und CHL1-defizienten Mé&usen wurde der Einfluss der
pharmakologischen Modulation von DRD2 mit dem Antagonisten Sulpirid und dem Agonisten
Quinpirol auf den prasynaptischen DRD2-Signalweg und die postsynaptische DRD2-abhéngige
Regulierung der Dendriten- und Spinemorphologie untersucht.

Die Ablation von CHL1 in Primérneuronen des ventralen Mittelhirns hatte unter basalen
Bedingungen keinen Einfluss auf den présynaptischen DRD2-Signalweg, da dhnliche cAMP-Spiegel
sowie &hnliche Mengen an phosphoryliertem TH-, GSK3B- und ERK1/2-Protein sowie deren
Gesamtproteinmengen in WT und CHL1-defizienten Neuronen vorlagen. Die Behandlung mit Sulpirid
und Quinpirol dagegen flhrte in CHL1-defizienten Neuronen zu einer verstiarkten Reaktion.
Insbesondere Sulpirid-Behandlung reduzierte die Menge an phosphoryliertem TH in CHL1-defizienten
Neuronen starker als in WT Neuronen. In striatalen Primdrneuronen wurde eine detaillierte Bewertung
der neuronalen Morphologie und Synapsenplastizitdt vorgenommen, welche zeigte, dass CHL1 die
Wirkungen von Quinpirol und Sulpirid in einer entwicklungsabhangigen Weise beeinflusst. Dariber
hinaus deuten die Ergebnisse darauf hin, dass das Fehlen von CHL1 unter basalen Bedingungen keine
signifikanten Auswirkungen hat, aber die neuronale Empfindlichkeit fur die Modulation von DRD2
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verandert, wodurch sowohl prasynaptische als auch postsynaptische DRD2-Funktionen beeinflusst
werden.

Die Bewertung der Fortbewegung und des durch das Striatum vermittelten Verhaltens erfolgte mit
erwachsenen weiblichen und ménnlichen WT und CHL1-defizienten Méausen. Dabei lag der
Schwerpunkt der Untersuchung auf Parametern die von der prasynaptischen DRD2-Signaltransduktion
beeinflusst werden, wie die lokomotorische Aktivitdt, die Exploration, die Emotionalitit, das
Arbeitsgedéachtnis und die Reaktion auf Neues. Sulpiridbehandlung reduzierte selektiv die
lokomotorische Aktivitat CHL1-defizienter Weibchen. Die Behandlung mit Quinpirol fiihrte sowohl
bei WT als auch bei CHL1-defizienten Ma&usen zu einer allgemeinen Verringerung der
lokomotorischen Parameter, wobei bei CHL1- defizienten Méausen eine verzogerte Wirkung festgestellt
wurde. Diese verzdgerte Wirkung war bei CHL1-defizienten Mé&nnchen ausgepragter als bei CHL1-
defizienten Weibchen. Mit Vehikel-Losung behandelte CHL1-defiziente -Mannchen zeigten eine
reduzierte Lokomotoraktivitdt im Vergleich zu WT Mannchen, wahrend bei Weibchen keine
Unterschiede festgestellt wurden. Die Ablation von CHL1 verzdgerte die Reaktivitat auf Quinpirol und
das stressbedingte Verhalten bei Mannchen, wéhrend der emotionaler Zustand der CHL1-defizienten
Weibchen unveréndertert war. Das Arbeitsgedéachtnis und die Reaktion auf neue Objekte wurden weder
von der Ablation von CHL1 noch von der DRD2-Modulation oder dem Geschlecht beeinflusst.

Meine Ergebnisse werfen ein neues Licht auf die komplexe Beziehung zwischen CHL1 und DRD2
im Zusammenhang mit der dopaminergen Signalgebung und deren Auswirkungen auf das Verhalten,
wobei sowohl geschlechtsabhéngige als auch -unabhangige Parameter vorliegen. Dies erweitert das
Verstdndnis der komplexen Mechanismen die neuropsychiatrischen Stérungen zugrunde liegen
konnten und betont die Bedeutung der Beriicksichtigung geschlechtsspezifischer Unterschiede bei
zukunftigen Untersuchungen des dopaminergen Systems und seiner damit verbundenen Pathologien.
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1 Introduction

1.1 Cell adhesion molecules superfamilies

Cell adhesion molecules (CAMs) are a group of cell surface proteins that mediate contact between
neighboring cells (trans-interaction) or within the same cell (cis-interaction) by homophilic interaction
with identical molecules or heterophilic interaction with other binding partners present in the membrane
or extracellular matrix (ECM). The homo- and heterophilic interaction of CAMs are essential for the
proper development and maintenance of the central nervous system (CNS) architecture and for synaptic
transmission'?. CAMs were originally divided into three superfamilies: cadherins superfamily,
integrins superfamily, and immunoglobulin superfamily of cell adhesion molecules (IgSF). Later, other
superfamilies have been described in the nervous system: C-type lectin-like domain proteins (CTLDs),
neurexins/neuroligins system, and leucine-rich repeat proteins (LRRs)®™.

IgSFs are a diverse group of cell-surface proteins that are categorized by at least one extracellular
immunoglobulin (lg)-like domain and these CAMs mediate cell adhesion in a Ca?*-independent
manner. The extracellular domains of these CAMs typically mediate cell adhesion via homo- and
heterophilic interactions with a variety of surface receptors, other CAMs, and ECM proteins®*. IgSFs
can directly or indirectly interact with the cytoskeleton via their intracellular domains or function as
downstream mediators in signaling pathways in a wide range of cellular processes. During
development, IgSFs play a critical role in regulating the migration and survival of neurons, promoting
neuritogenesis, and facilitating the establishment of synaptic contacts between neurons. In the mature
brain, IgSFs are essential for the composition, function, and plasticity of synapses, which are important
cell-to-cell contacts® S,

Most IgSFs are single-span type | transmembrane proteins containing several glycosylation sites
and they can be classified into two major groups: those containing one or more Ig-like domain(s) and
those with Ig-like domains followed by fibronectin type Il repeats (FN-111). Proteins in the first group
include PO, Thy-1, and the myelin-associated glycoprotein, while the second group can be further
subdivided into two families: neural cell adhesion molecule (NCAM) and L1 subfamilies*. The L1
family of CAMs in vertebrates is subdivided into four members: L1, close homolog of L1 (CHL1),
neuron-glia-related CAM (NrCAM), and neurofascin (NF, with the two subtypes NF186, and NF155)°.
These proteins are characterized by a modular structure consisting of six Ig-like domains, three to five
FN-111 domains, a transmembrane domain, and a short highly conserved intracellular domain (Fig. 1.1).
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Figure 1.1. Domain structure of L1-CAM family members: L1, CHL1, NrCAM, and NF186. The figure
illustrates the overall organization of extracellular Ig-like and FN-I1I domains, the transmembrane domain, and
the cytoplasmic tail. CHL1 contains one partial FN-I11 domain, and the 186 kDa isoform of neurofascin (NF186)
possesses a proline-, alanine-, threonine (PAT)-rich domain. Integrin-binding sites are indicated in the
ectodomains, including the Arg-Gly-Asp (RGD) motif in the sixth Ig-like domain of L1, the second Ig-like
domain of CHL1, the third FN-111 domain of NF186°, and the Lys-Gly-Glu (KGE) motif in the third FN-I11
domain of NrCAM?, Additionally, CHL1 has an Asp-Gly-Glu-Ala (DGEA) motif in its sixth Ig-like domain,
which interacts with B1 integrins'. Ezrin-radixin-moesin (ERM) proteins interact with similar membrane-
proximal matifs in the intracellular domains of L1-CAM proteins, such as the conserved sequence Arg-Ser-Leu-
Glu (RSLE) in L1, NrCAM, and NF186, the KGGK motif in L1, as well as the RGGK motif in CHL1*, and the
RNKG motif in NFCAM®, An ankyrin-binding motif, Phe-lle-Gly-GIn-Tyr (FIGQY), is highly conserved
between L1, NrCAM, and NF186, while CHL1 has an alternative sequence with the same functional properties,
Phe-lle-Gly-Ala-Tyr (FIGAY). NrCAM presents an additional SFV sequence at the carboxy terminus, which
serves as a PZD domain-binding motif for synapse-associated protein (SAP) 90/postsynaptic density 95 (PSD95)
and SAP97 proteins'*. The illustration was created using Biorender.

1.2 Close homolog of L1
1.2.1 Structure and expression

CHL1, a member of the L1 family of cell adhesion molecules, was identified through
complementary deoxyribonucleic acid (cDNA) library screening using L1 antibodies. In mice, its
extracellular domain shares 37% similarity with L1, while its intracellular domain shows the highest
homology with L1 (57%) or NrCAM (64%)°. CHL1 differs from other family members in several
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ways: (i) it has four and a half FN-111 domains in the extracellular region, (ii) it features a DGEA motif
in the sixth 1g-like domain that is known to interact with 1 integrins, (iii) its intracellular FIGAY motif
sequence is altered and it is possibly an ankyrin-binding domain, (iv) it lacks the RSLE motif in the
intracellular domain but contains an alternative RGGK motif, interacting with ERM proteins (Fig.
1.1)01112,

Three distinct fragments of CHL1 have been identified in brain extracts: a 185 kDa transmembrane
form and two soluble forms at 165 kDa and 125 kDa®. These forms result from cleavage by ADAMS
(a disintegrin and metalloproteinase)®®. Additionally, a C-terminal fragment is also generated by B-site
amyloid precursor protein cleaving enzyme 1 (BACEL) cleavage between GIn1061 and Aspl062
residues upon semaphorin 3A (Sema3A) binding®. Approximately 15-20% of CHL1's molecular mass
comprises N-glycosylated carbohydrates®'’. In humans, CHL1 messenger ribonucleic acid (mRNA)
and protein are most abundant in the brain, especially in the cerebral cortex, cerebellum, and caudate,
in descending order of expression. Elevated CHL1 expression is also found in various other organs,
including the respiratory system, kidneys, skin, soft tissues, and the male and female reproductive
organs®®,

In mice, CHL1 shows a unique temporal and spatial expression pattern, being expressed in specific
neuronal subpopulations across various structures in the CNS at a slightly different timeframe than
other CAMs, such as L1. Immunofluorescence analysis of live cells revealed the presence of CHLL1 in
primary cultures of hippocampal, cortical, mesencephalic, and spinal cord neurons'’. In the
hippocampus, CHL1 mRNA is elevated in interneurons of the proper and hilar regions and in the CAl
and CA3 pyramidal cell layers at postnatal day 7 (P7). At 2-4 weeks of age, CHL1 is prominent in the
hilus of the dentate gyrus and mossy fibers of the CA3 region 1°. CHL1 is also seen in neuronal cell
bodies in layer V of the cerebral cortex at P7, followed by subsequent downregulation’. In the
thalamus, CHL1 mRNA increases at P7 in various regions except the medial thalamus, then decreases
strongly until three weeks after birth!’. CHL1 is expressed in non-myelinating Schwann cells in the
PNS, and unlike L1, is also present in glial cells in the CNS such as astrocytes and oligodendrocyte
precursorst’. CHL1 expression in the whole brain is first detected on embryonic day 13 (E13), reaches
its peak levels around E18 until P7, and then declines to lower but still significant levels during
adulthood®*’. Specifically in the midbrain, CHL1 expression varies within neuronal populations of the
same brain structure and across the developmental timeline 2

Studies in heterozygous transgenic mice have shown that CHL1 exhibits a gene dosage effect?’. A
50% reduction in CHL1 expression in the hippocampus resulted in a spectrum of histological and
behavioral phenotypes, ranging from wild-type (WT) to CHL1 knockout (KO) mice, as well as
intermediate phenotypes. Additionally, microdeletions or extra copy variants in the human CHL1 gene
(CALL) have been associated with cognitive, behavioral, motor, and coordination deficits??>. This
emphasizes the importance of the correct CHL1 gene dosage for normal brain function.
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1.2.2 CHL1 roles in the nervous system

The functions of CHLL1 in the nervous system are critical for normal brain development and the
maintenance of neuronal circuits during adulthood. CHLL1 is involved in key processes, such as
neuronal outgrowth, proliferation, differentiation, and survival, and is also linked to synapse formation
during brain development.

Neurite outgrowth is one of the processes that CHL1 influences, and it has been shown to be cell-
specific and to vary depending on the type of interaction established. In vitro studies have reported that
homophilic CHL1 trans-interactions inhibit neurite outgrowth, whereas heterophilic CHL1 trans-
interactions enhance it, as demonstrated by the following literature. Neurite length and branching are
higher when hippocampal neurons and astrocytes are co-cultured and CHL1 is expressed in only one
type of cells, whereas mutual expression leads to lower outgrowth?:. Similarly, studies using CHL1 as
a substrate-bound or soluble form have shown that neurite outgrowth is promoted in cultured mouse
cerebellar granule neurons and rat hippocampal neurons’24, Using the same approach, substrate-bound
CHL1 stimulates higher neuritogenesis in P6 to P8 mouse cerebellar neurons deficient in CHL1 than
in WT neurons, without affecting neurite length on P4 to P5 cultures. This CHL1-promoted outgrowth
is mediated by endogenous vitronectin, which induces the interaction of CHL1 with integrins
specifically by its RGD motif, which is not involved in L1-induced neuritogenesis®®. The same
experimental design was used to examine primary cultures of mouse ventral midbrain neurons, which
are frequently employed as a model to study dopaminergic signaling. Interestingly, only dopaminergic
neurons expressing CHL1 exhibited increased neurite length and branching in response to substrate-
bound CHL1, whereas CHL1 KO dopaminergic neurons or other types of neurons did not show any
morphological changes®. These findings contrast with previous results and demonstrate that the
homophilic CHLL1 interaction induces neuritogenesis specifically in dopaminergic neurons, revealing
a cell-specific effect.

Research has also demonstrated CHL1’s ability to act as a molecular cue for axon guidance. Studies
on CHL1 KO mice have revealed persistent axonal misguidance in several areas, including the
cerebellum, hippocampus, cortex, thalamocortical projections, and ventral midbrain?®26-2°, In thalamic
primary neurons, CHL1 is necessary to promote Sema3A-induced growth cone collapse mediated by
its binding to neuropilin1, showing an indirect repellent effect of CHL1 in axon guidance?®. However,
later studies revealed that a C-terminal fragment of CHL1 cleaved by BACEL1 is necessary to restore
Sema3A-induced growth cone collapse in CHL1 KO thalamic neurons®®. A similar Sema3A-induced
growth cone collapse mechanism for repulsive axon guidance has been described in embryonic cortical
neurons and is dependent on CHL1’s interaction with ezrin, a filamentous actin-binding protein®?,
Moreover, the CHL1-neuropilinl complex is also thought to interact trans-heterophilically with
ALCAM specifically on growth cones of dopaminergic primary neurons to mediate their growth and
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branching based on the type of semaphorin present®. A prior in vitro study revealed that CHL1 plays
a crucial role in dopaminergic fiber guidance not only by providing chemoattractive cues to migrating
dopaminergic neuroblasts but also exhibiting a chemorepulsive effect on neurites of ventral midbrain
explants?.

The impact of CHL1 on the migration of neurons is influenced by various factors, including the
developmental stage or type of neuron. Cultured cerebellar granule neurons from P6 to P8 CHL1 KO
mice exhibit a decrease in the number of migrating cells and a slower migration rate compared to WT
neurons, with the positive impact of CHL1 on this process relying on heterophilic interactions®3L,
Moreover, HEK293 cells transfected with CHL1 show an enhanced migration toward several ECM
substrates (e.g., collagen | or vitronectin)!l. In vivo sections of the cerebellum have revealed that
CHL1's positive impact on neuronal migration is present at later stages of postnatal development (P5
to P7), whereas earlier migration is CHL1-independent?. The migration of cerebellar neurons at P6 to
P8 is strongly influenced by the heterophilic trans-interactions of CHL1 with vitronectin, 1 integrins,
and plasminogen activator inhibitor-2, which is dependent on the RGD motif in the second Ig-like
domain?®. However, another study using a non-neuronal cell model reported that CHL1 binding to B1
integrins is dependent on the DGEA motif present in the sixth lg-like domain®'. Furthermore, a
contrasting effect of CHL1 on neuronal migration has been reported when assessing this parameter in
neuronal progenitor cells (NPCs) from the cortex of E14.5 embryos®?. CHL1 was found to negatively
affect the migration of these neurons in vitro and in vivo, a process that was dependent on the activation
of the extracellular signal-regulated kinase 1/2 (ERK 1/2) pathway.

Neuronal differentiation is another important process to which CHL1 is connected. In cultured
cortical NPCs, CHL1 has been found to have a negative effect on differentiation®. Similarly, using
dissociated cerebellar cells of P4 and cerebellar sections of P5 WT and CHL1 KO mice, it was shown
that homophilic CHL1 trans-interactions inhibit differentiation®®. Notably, the effect of CHL1 appears
to be dependent on the type of neuron, as homophilic interactions enhance the differentiation of E12.5
ventral midbrain primary neurons?.

Several studies have investigated the impact of CHL1 on neuronal survival in culture. Specifically,
in cultured postnatal cerebellar granule cells from mice and embryonic hippocampal neurons from rats,
the presence of CHL1 in a soluble form has been found to increase neuronal survival®*3L. Likewise, the
survival of postnatal organotypic cultures of cerebellar granule and Purkinje neurons has been shown
to be dependent on CHL1 binding to the hedgehog receptor patched-1 (PTCH1), resulting in higher
levels of cell survival®,

CHL1 is a crucial player in the process of synaptogenesis during neuronal development, as well as
in the maturation and maintenance of synapses in adulthood. Dissociated hippocampal neurons exhibit
a notably higher level of CHLL1 in the plasma membrane of both inhibitory and excitatory presynaptic
terminals®. The absence of CHLI has been linked to impaired y-aminobutyric acid (GABA)-ergic
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signaling in presynaptic terminals in various brain regions. For instance, CHL1 deficiency enhances
perisomatic inhibition in the hippocampus by increasing the number of inhibitory parvalbumin-positive
interneurons, consequently leading to impaired long-term potentiation in mice®. Moreover, in the
cerebellum of CHL1 KO mice, stellate axons migrate and establish inhibitory synapses with Purkinje
dendrites but at significantly reduced efficiency and density, leading to progressive atrophy of these
axon terminals?. The determinant role of CHL1 in the maintenance of these presynaptic connections
during adulthood has been further strengthened by the notion that CHL1 directly interacts with and
positively regulates the activity of chaperones and soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex, promoting the exocytosis and recycling of synaptic
vesicles in the presynaptic membrane3**®, Furthermore, CHL1 has been implicated in the regulation
and maintenance of postsynaptic terminals. Notably, in pyramidal cortical neurons of adult mice the
lack of CHL1 promoted an increase in excitatory synapses and disrupted synaptic strength in
postsynaptic terminals®.

Recent publications have revealed CHL1’s potential role as a key player in initiating signaling
pathways by directly binding to neurotransmitter receptors, suggesting a critical modulation of neural
processes in adulthood. One study revealed that CHL1 binds to the serotonin 2c (5-HT2c) receptor via
its intracellular domain and modulates serotonergic signaling by reducing the binding of phosphatase
and tensin homolog (PTEN) and enhancing the binding of -arrestin 2 to the receptor®’. This interaction
occurs in GABAergic interneurons of the striatum, potentially contributing to the hypolocomotion
observed in CHL1 KO mice due to 5-HT2c receptor inhibition. A separate study discovered an
interaction between the extracellular domain of CHL1 and the first extracellular loop of dopamine
receptor type-2 (DRD2)%®. Based on the findings of impaired dopaminergic presynaptic signaling in
the dorsal striatum and postsynaptic signaling in the ventral striatum, it was proposed that the absence
of CHL1 might lead to the constitutive activation of both pre- and postsynaptic DRD2 receptors.

The regeneration of damaged nervous tissue during adulthood is another process in which CHL1 is
known to be involved. Following peripheral nerve crush or peripheral nerve grafting into the thalamus,
levels of CHL1 mRNA are upregulated in motor, sensory, thalamic neurons, and glial cells, indicating
the important role of CHL1 in the regeneration of lesioned nervous tissue®*“°. Similarly, after peripheral
nerve trauma, CHL1 expression is more pronounced in axons of motor neurons than in Schwann cells,
contributing to the guidance of regenerating neurites into the proper nerve branch**. Moreover, CHL1's
impact on axonal growth and spinal circuit remodeling during regeneration after spinal cord injury is
evidenced by the faster improvement of CHL1 KO mice compared to their WT littermates?.
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1.2.3 Phenotype of CHL1-deficient mice

The significance of CHLL1 in the development and functioning of neuronal pathways has been
demonstrated using CHL1 KO mice, where its ablation leads to various morphological and functional
impairments.

At the morphological level, CHL1-deficient mice exhibit enlarged lateral ventricles and altered
organization of hippocampal mossy fibers and olfactory axon projections as well as abnormal
branching and misguidance of pyramidal neurons in neocortical areas, stellate cells in the cerebellum,
thalamic projections, and dopaminergic neurons in the ventral midbrain®2%-2, Furthermore, a
significant loss of Purkinje cells and granule cells in the mature cerebellum, along with an increased
number of parvalbumin-positive hippocampal interneurons during development, but a reduced number
in adulthood, has also been observed in CHL1 KO mice!®342 Deficits in short- and long-term
potentiation at CA3-CA1 excitatory synapses are also present in adult mice'®*2. Additionally, spine
density is affected since CHL1 KO mice have a smaller number of mature mushroom or stubby spines
on the apical dendrites of neurons in the prefrontal and visual cortex of young and adult mice®.
Moreover, DRD2 signaling is functionally impaired in CHL1 KO adult mice owing to the reduced
phosphorylated levels of tyrosine hydroxylase (TH) and dopamine- and cAMP-regulated
phosphoprotein 32 kDa (DARPP-32) proteins in the striatum3.

Behavioral investigations of CHL1 KO mice initially did not reveal any differences in life span,
viability, fertility, general behavior, or motor and sensory functions compared with their WT
littermates?’. However, an altered pattern of exploratory behavior in a novel environment has been
described along with indications of a reduced anxiety-like state?’#3#4, Cognitive impairments are also
found in this mutant, including a general deficit, a slower processing speed while employing working
memory and an impaired interval timing**. The CHL1 KO mice also exhibit lower levels of
aggressiveness, reduced reactivity to novel environmental stimuli, and reduced expression of social
behaviors?}#344  Specifically, the delayed reactivity to novel and social stimuli is supported by the
finding that these animals show impaired prepulse inhibition of the acoustic startle response, indicating
an inability to gate sensorimotor information, and reduced latent inhibition*"#¢, Additionally, it has
been suggested that CHL1 deficiency in mice can lead to 5-HT2c receptor-related reduction in
locomotor activity and reactivity to novelty®’.

1.2.4 CHL1-related human disorders

The human gene coding for CHL1, CALL, is located on chromosome 3p26.3. Deletions, mutations
and duplications of the end of the small p arm of chromosome 3 that contains the locus for CALL have
been identified in patients exhibiting non-specific and variable forms of cognitive impairment and were
occasionally associated with the onset of specific neurological disorders such as autism spectrum
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disorders (ASD), major depressive disorder, or schizophrenia*®->2. Deletions are the most common type
of mutation observed in CALL, occurring in 69% of individuals, whereas the remaining 31% display
duplications or triplications®. With regard to inherited gene expression patterns of CHL1, de novo
occurrences are the most common ones, observed in 25% of individuals, followed by maternally
inherited patterns in 5%, and inheritance from an unaffected parent in 3% of the cases®.

The 3p deletion syndrome is a rare disorder and different genes located within this region can be
affected. Individuals with this syndrome display a variable phenotype, but the core features typically
include intellectual disability, motor developmental delay, facial dysmorphisms, hypotonia, and other
less common symptoms such as congenital heart disease, ASD-related features, or epilepsy®. Several
clinical reports have demonstrated that deletions on CALL might contribute to the impaired cognitive
function and non-specific developmental delays seen in the syndrome, while deletions of Cereblon
(CRBN) and/or Contactin-4 (CNTN4) contribute to the development of dysmorphic features and
intellectual disability?>5-". Although isolated deletions on CALL are rare, clinical cases have been
reported and show variable phenotypes with shared features, including linguistic development delay,
learning difficulties, and varying levels of intellectual disability®®*°. Isolated microduplications on the
chromosomal region 3p26.3, which only involve CALL, are extremely rare and have been reported in
only a few cases with duplication sizes ranging from 0.66 Mb to 1.07 Mb. Clinical reports of the patients
revealed non-syndromic developmental phenotypes characterized by shared features of intellectual
disability and global developmental delay, with marked impairments in language and speech
development>33>6061 Additionally, each individual displayed unique clinical features, such as epilepsy,
hyperactivity symptoms, or ASD®>8%6! This evidence implies that CHL1 is a dosage-sensitive gene,
indicating that both deletions and duplications of this gene can cause non-syndromic
neurodevelopmental phenotypes®®L.

Genetic alterations in CALL have been linked to the development of several neuropsychiatric
disorders. Several studies examining the human genome have reported that the presence of various
copy number variants in CHL1, either alone or in combination with other altered genes, might increase
susceptibility to ASD in certain individuals*®52, Furthermore, genome-wide expression profiling of
human lymphoblastoid cell lines has identified CHL1 as a potential response biomarker for selective
serotonin reuptake inhibitors (SSRI) antidepressants, and further investigations on European
individuals have identified specific single nucleotide polymorphisms (SNPs) as potential indicators of
treatment-resistant depression, underscoring the importance of this gene in the context of major
depressive disorder®%6364,

Schizophrenia, a complex mental disorder, is believed to result from a combination of prenatal
complications, childhood trauma, environmental exposure, or genetic factors®>%, Genetic research has
consistently linked polymorphisms in the human CHL1 gene to the occurrence of schizophrenia in
various populations. Notably, a missense polymorphism (Leul7Phe) in CALL has been found to be
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more prevalent in individuals with schizophrenia than in healthy controls, particularly in Japanese and
Qatari populations®”8. This association was further supported by a study of Han Chinese individuals®®.
Genome-wide investigations have also highlighted CHL1's role in schizophrenia susceptibility,
identifying a rare deletion variant in the CHL1 gene in the Scottish population and observing
dysregulation of the gene in postmortem thalamic neurons of individuals diagnosed with
schizophrenia®!>?,

Interestingly, the constitutive ablation of CHL1 in mice replicates behavioral traits resembling
typical symptoms observed in human neuropsychological disorders, such as reduced response to novel
stimuli, altered social preference, and deficits in spatial-temporal integration**#44®_ These observed
characteristics are consistent with the core features of ASD and schizophrenia, which include deficits
in social interaction and intellectual and learning disabilities®>’°. The disturbed prepulse inhibition and
latent inhibition exhibited by CHL1 KO mice*’*® mirror the abnormal processing of information and
attentional deficits observed in individuals with schizophrenia*® ™. Furthermore, ablation of CHL1 in
mice leads to various morphological anomalies, including enlarged ventricles and reduced levels of
parvalbumin-positive neurons in the hippocampus?”#2, which are consistently recognized as features
associated with the pathophysiology of schizophrenia’"3,

1.2.5 CHL1 and the dopaminergic system — DRD2 connection

A connection between CHL1 and the dopaminergic system was demonstrated in a comprehensive
study that reported the impact of CHL1 on the development of the ventral midbrain dopaminergic
pathways’®. Briefly, the development of these pathways involves the migration of dopaminergic
neuroblasts from the ventral midbrain to their targets in the dorsolateral ganglionic eminence
(developing striatum) and the overlying cortex, forming the nigrostriatal and mesocorticolimbic
pathways, respectively’®. In vitro studies conducted by Alsanie et al.?’ have elucidated the role of CHL1
in guiding and promoting the migration of ventral midbrain neurons. CHL1 was found to provide
chemoattractive cues to migrating dopaminergic neuroblasts and chemorepulsive signals to neurites in
ventral midbrain explant cultures. Specifically, the homophilic CHL1-CHL1 interaction positively
influenced neurite outgrowth, enhanced branching and length of primary dopaminergic neurons, and
further promoted differentiation by increasing the proportion of dopaminergic neurons compared to
CHL1-deficient cultures?®. The notion of CHL1's novel roles in the establishment of dopaminergic
pathways is supported by the observation of the temporo-spatial CHL1 expression pattern during
embryonic stages across the multiple substructures of the ventral midbrain?.

Prior to the aforementioned study, studies investigating behavioral phenotypes and brain
morphology in WT and CHL1 KO mice suggested a correlation between CHL1 deficiency and the
development of psychiatric disorders, with particular emphasis on disorders associated with aberrant
dopaminergic system functioning. As mentioned in the previous section, CHL1 has been implicated in
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susceptibility for developing ASD and schizophrenia, two disorders which rely heavily on a
pronounced impairment of dopaminergic signaling in the mesolimbic and nigrostriatal pathways
accordingly to their neurobiological theories” . Similarly, a common consequence of CALL mutations
in humans, such as delayed speech development, strongly depends on the proper functioning and
morphological structure of the striatum’’. Interestingly, the behavioral traits observed in CHL1 KO
mice resembling the symptoms observed in ASD or schizophrenia, as described in the previous section,
can be influenced or enabled by dysfunction in dopaminergic signaling. For instance, activation of the
mesolimbic pathway has been linked to increased exploration of novel stimuli’®, while prepulse
inhibition has been associated with dopaminergic activation of the medial prefrontal cortex’. The
presence of shared behavioral traits between CHL1 KO mice and psychiatric disorders, along with
vulnerability to dopaminergic dysfunction in these conditions, suggests a potential interplay between
CHL1 and the dopaminergic signaling pathways. However, the specific neurocircuits or key elements
involved in this relationship have yet to be elucidated.

When exploring the intricate pathophysiology of ASD and schizophrenia, one prominent mechanism
that strongly contributes to their phenotypes is the impairment of DRD2 signaling, characterized by
alterations in the density or sensitivity of the receptor. These changes contribute to subsequent
disruptions in the striatal and dopaminergic neurotransmission’>®. Treatment of specific symptoms of
schizophrenia often involves the use of first-generation antipsychotic drugs, which are DRD2-specific
antagonists’®. Similarly, atypical antipsychotic drugs targeting DRD2 are sometimes utilized to
improve challenging behaviors in ASD, although to a lesser extent’. Furthermore, NCAM180, an
IgSF, has been shown to interact with and to regulate DRD2 internalization®, while CHL1 possesses
the capacity to interact with neurotransmitter receptors such as the 5-HT2c receptor®’. These findings
prompted investigation of the interaction between CHL1 and DRD2 which could potentially influence
the neurobiological mechanisms underlying ASD and schizophrenia.

Exploration of the role of CHL1 as a modulator of dopaminergic signaling via DRD2 led to the
discovery of the interaction between the extracellular domain of CHL1 and the first extracellular loop
of DRD2%%. This study revealed a reduction as well in the levels of phosphorylated TH (pTH) in the
dorsal striatum and phosphorylated DARPP-32 (pDARPP-32) in the ventral striatum of CHL1 KO
mice. These findings suggest that the absence of CHL1 might result in a higher propensity for a
constitutively active conformation by pre- and postsynaptic DRD2 isoforms in the dorsal and ventral
striatum, respectively®. Nevertheless, the mechanism and functional implications of CHL1's regulation
of the dopaminergic system via DRD2 remained unexplored, offering an opportunity to uncover novel
roles for CHL1 in neurological circuits and potential insights for developing therapeutic interventions
for dopamine-related disorders. The next section delves into the complex structure of the dopaminergic
system, with a focus on DRD2's central role.
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1.3 Dopamine receptor type-2 in the dopaminergic system

Dopamine or 3,4-dihydroxyphenethylamine, is a main neurotransmitter within the catecholamine
group, making up around 80% of the brain's total catecholamine content®!. Dopamine is the precursor
for related neurotransmitters like epinephrine and norepinephrine, sharing a common catechol nucleus
structure (a benzene ring with two adjacent hydroxyl groups) and a side chain of ethylamine or one of
its derivatives®’. Dopamine synthesis occurs in dopaminergic mesencephalic neurons, and it operates
through a network of neurons across the brain. At the center of this intricate system lies DRD2,
significantly influencing neural circuits and a wide range of physiological and behavioral processes.

1.3.1 Inputs and outputs in midbrain dopaminergic system

Dopamine is synthesized in midbrain neurons and distributed through four pathways: the
nigrostriatal, mesolimbic, mesocortical, and tuberoinfundibular pathways. The nigrostriatal pathway
originates in the substantia nigra pars compacta (SNc) and primarily projects to the dorsal striatum
(caudate putamen, CPu), containing the neurons with the highest concentration of dopamine in the
brain and is critical for movement initiation and habit learning (Fig. 1.2)%%. The mesolimbic pathway,
originating in the ventral tegmental area (VTA), and extending to the nucleus accumbens (NAc),
amygdala, olfactory tubercle, hippocampus, and other limbic structures, plays a pivotal role in
integrating emotional cues into behavioral responses, exerting control over goal-directed behavior,
long-term memory processes, emotional behaviors, aversion, and motivation (Fig. 1.2)885, Another set
of projections from the VTA to the prefrontal cortex (PFC), cingulate cortex, and entorhinal cortex
form the mesocortical pathway, associated with cognitive function, working memory, and decision-
making (Fig. 1.2)%. The mesolimbic and mesocortical pathways synergistically collaborate in the
mesocorticolimbic pathway, involved in reward, aversion, cognition, decision-making, and associative
memory®7-8. Lastly, the tuberoinfundibular pathway, from the hypothalamic arcuate nucleus to the
median eminence, regulates prolactin secretion by the pituitary gland®.

The classical organization of dopaminergic pathways from the substantia nigra (SN) or VTA is often
considered an oversimplification. Recent evidence suggests that these structures are not entirely
anatomically or functionally distinct. The classical mesocorticolimbic pathway includes additional
projections from the medial SNc to the PFC and dorsal SNc to various limbic and striatal targets,
showing that dopaminergic terminals in the brain do not exclusively originate from a single midbrain
region®:%2, Different subpopulations of projections can also arise within the same structure, with two
parallel nigrostriatal dopaminergic projections originating from the SNc, targeting the dorsomedial and
dorsolateral striatum, or two distinct populations targeting the medial or lateral NAc from the VTA%9,
The nigrostriatal and mesocorticolimbic pathways are not entirely functionally dissociated and
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contribute in parallel to motivational behavior, although with varying roles in reward, aversion, and
addiction®":92%,

In addition to dopaminergic neuronal outputs, midbrain structures house non-dopaminergic
populations of GABAergic and glutamatergic neurons that intermingle with dopaminergic fibers,
exerting local inhibition/excitation and influencing the dopaminergic midbrain outputs®®®. The
substantia nigra pars reticulata (SNr) primarily consists of GABAergic neurons interconnected with
dopaminergic neurons from the SNc, projecting to striatal areas, thalamus, and brainstem®”°,
Glutamatergic neurons are mainly in the dorsal SNc, targeting the posterior thalamus®"*°, Within the
VTA, around 30% are GABAergic neurons, more abundant in the anterior part, projecting to NAc and
lateral habenula®®®’. The VTA also has roughly 20% glutamatergic neurons, concentrated dorsally and
medially, forming local synapses with dopaminergic and GABAergic neurons, projecting to NAc, PFC,
lateral habenula, ventral pallidum, and olfactory tuberculum®-, Notably, these neuronal classes
exhibit complexity, with some dopaminergic neurons co-releasing GABA or glutamate. GABAergic
inputs from VTA to the lateral habenula include dopaminergic marker co-expression, but most VTA
neurons innervating the lateral habenula co-express glutamate and GABA markers!®% Certain
dopaminergic neurons co-express vesicular-glutamate transporter 2 (VGIuT2) in projections from SNr
to the thalamus and VTA to NAc and PFC, although their release often occurs at different sites or
distinct synaptic terminals® 102103,

HYP

Nigrostriatal pathway
Mesolimbic pathway

—< Mesocortical pathway

SNc

oT

AMY

Figure 1.2. Schematic illustration of the major dopaminergic pathways in the mouse brain. The
nigrostriatal pathway (yellow) extending from the SNc to the dorsal striatum, the mesolimbic pathway (light
blue) from the VTA to the NAc, and the mesocortical pathway (dark blue) from dopaminergic neurons in the
VTA to the cortex (ACC: anterior cingulate cortex, AMY: amygdala, dSTR: dorsal striatum, ETC: entorhinal
cortex, HYP: hippocampus, NAc: nucleus accumbens, OT: olfactory tubercle, PFC: prefrontal cortex, SNc:
substantia nigra pars compacta, VTA: ventral tegmental area). The illustration was created using Biorender.
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Dopaminergic pathways are modulated by various neurotransmitter afferents from diverse brain
regions. Approximately 70% of the SN receives GABAergic innervation, with the VTA receiving it to
a lesser extent (Fig. 1.3)'%. The direct striatal pathway originating in the NAc and dorsal striatum
includes GABAergic projections targeting dopaminergic and GABAergic neurons in the VTA and
SNri%-7 " The indirect striatal pathway, mediated by the subthalamic nucleus (STh), provides
glutamatergic inputs to SNr GABAergic neurons® 1%, The externus globus pallidus (GPe) primarily
sends GABAergic projections to VTA dopaminergic neurons and SNr GABAergic neurons, while these
same afferents, although scattered, project to the SNc!%. Additionally, excitatory projections from the
PFC reciprocally target VTA dopaminergic neurons projecting to the PFC and GABAergic VTA
neurons projecting to the NAc!4108,

Dopaminergic signaling primarily relies on the mentioned main afferents, but other
neurotransmitters also play a minor role in its modulation. Cholinergic neurons from the
pedunculopontine and laterodorsal tegmental nuclei densely innervate SNc dopaminergic neurons and,
to a lesser extent, VTA neurons, with sparse presence in the SNr'%19 Noradrenergic inputs from the

Dopaminergic neuron
SMC ®  GLUTAergic projection/neuron

® GABAergic projection/neuron

PFC LHb

STh

Figure 1.3. Main afferent projections to the midbrain. Neurons of the VTA and SNr receive predominantly
glutamatergic (green) and GABAergic (red) projections from different brain regions. The cortex sends excitatory
glutamatergic projections to the VTA, establishing connections with dopaminergic (yellow), glutamatergic
(green), and GABAergic (red) neurons. The LHb projects excitatory signals to different VTA neurons, while the
STh establishes synapses with GABAergic neurons in the SNr. The primary GABAergic afferents to the VTA
originate from the GPe, providing control over dopaminergic neurons. GABAergic neurons in the SNr receive
GABAergic projections from both the GPe and the striatum, while dopaminergic neurons primarily receive
inputs from the striatum (dSTR: dorsal striatum, GPe: external globus pallidus, LHb: lateral habenula, NAc:
nucleus accumbens, PFC: prefrontal cortex, SMC: sensorimotor cortex, SNr: substantia nigra pars reticulata,
STh: subthalamic nucleus, VTA: ventral tegmental area). The illustration was created using Biorender.
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locus coeruleus minimally project to VTA dopaminergic neurons*®+1% and serotonergic fibers from the
medial and dorsal raphe nuclei innervate both the SN and VTA

Complex neuronal networks transmit signals through specialized receptors. In dopaminergic
pathways, dopamine receptors play a central role by selectively receiving and responding to dopamine,
the primary neurotransmitter of this system. Their interaction with dopamine triggers intracellular
events, influencing a wide range of physiological and psychological processes.

1.3.2 Dopaminergic receptors: structural features and expression patterns

Dopamine acts through five rhodopsin-like G protein-coupled receptors (GPCRs) that activate both
G protein-dependent and -independent pathways. These receptors have seven transmembrane domains
linked by three extracellular and three intracellular loops (ICLs). They can be grouped into two
families: the dopamine receptor type-1-like family (DRD1 and DRD5), and the DRD2-like family
(DRD2, DRD3, and DRD4). While they share a common N-terminal domain, DRD1-like receptors
have a shorter ICL3 and a longer C-terminal tail compared to the DRD2-like family*'%t%,

The DRD1-like family primarily exists in dopaminoceptive regions and is encoded by a single exon.
These receptors interact with excitatory Ga subunits (Gas or Gooir) to activate adenylyl cyclases (ACs),
resulting in the increased production of cyclic adenosine monophosphate (CAMP). This, in turn, leads
to the stimulation of protein kinase A (PKA) and the subsequent activation of downstream signaling
systems, including the extracellular signal-regulated kinase (ERK) pathway. Alternatively, DRD1-like
receptors can also signal through Ga/q subunits to activate phospholipase C (PLC)!!. DRD1 is highly
expressed in medium spiny neurons (MSNs) within the striatum, followed by the cerebral cortex,
hippocampus, amygdala, and olfactory tubercle'®**. In comparison, the expression profile of DRD5 is
more limited within the CNS, and DRDS5 is found in brain regions that play a role in mediating the
effects of DRD1 stimulation, including the striatum, PFC, and amygdala®®!1?,

The DRD2-like family distinguishes itself from the previous group in terms of expression patterns
and genomic structure. These receptors are found in both dopaminergic neurons (those that produce
dopamine) and dopaminoceptive neurons, and their genomic structure includes multiple exons and
introns within their coding regions. The canonical signaling pathway associated with these receptors
typically produces opposing effects to those of the DRD1-like family. DRD2-like receptors interact
with inhibitory Ga subunits (Gaiso), resulting in ACs inhibition. This leads to the downregulation of
CAMP synthesis and further suppression of PKA activity, as well as downstream signaling through the
DARPP-32/protein phosphatase 1 (PP1) pathway!!'. DRD3 exhibits the highest expression levels in
the limbic striatum, particularly in the NAc, hippocampus, cortex, SN, and VTA?!L On the other
hand, DRD4 has low expression in the brain but can still be detected in the cerebral cortex,
hippocampus, and amygdala'811?,
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1.3.2.1 DRD2 expression patterns

DRD?2 is the second most abundantly expressed dopaminergic receptor in the brain, following
DRD1, and it exhibits a widespread expression pattern within the CNS*'2. The regions containing the
highest expression of DRD?2 are the striatum, specifically the putamen and the NAc, followed by the
pituitary gland, internus/externus globus pallidus (GPi/e), SN, VTA, cerebral cortex, thalamus, and
hypothalamus, in descending order of DRD2 abundance!®8113 Histological and gene expression
analysis of human striatal subregions have revealed a homogeneous distribution of DRD2 along the
dorso-ventral axis, but a gradual decline in concentration over the rostro-caudal axis of the
striatum®*®14. On the other hand, autoradiographic experiments assessing DRD2 binding sites
(fmol/mg) have revealed distinct variations in the following order among regions: dorsal caudate
nucleus (64.2 + 4.5), ventral caudate nucleus (55.8 + 4.5), dorsal putamen (67.9 + 5.5), ventral
putamen (63.9 + 5.2), nucleus accumbens (49.3 + 7.8) and tail of caudate (48.7 + 6.1)*%3,

In terms of neuronal expression within the striatum, DRD2 is primarily found in non-dopaminergic
neurons, including the indirect pathway medium spiny neurons (iMSNs), which make up
approximately 48% of striatal GABAergic neurons'!®. DRD2 is also expressed in cholinergic striatal
interneurons (1-3% of striatal neurons) and a subset of GABAergic interneurons'>t’. Additionally, a
subset of GABAergic neurons co-expressing DRD1 and DRD2 are homogeneously distributed
throughout the dorsal striatum (1.9% of all MSNs) but heterogeneously scattered and more numerous
in the ventral striatum (14.6% in the shell and 7.3% in the core of all MSNs)*"%8, In terms of striatal
afferents, DRD2 is present on dopaminergic projections from the midbraini®2° and glutamatergic
terminals from the corticostriatal projection?12,

Sex differences in dopaminergic signaling have been observed, and one contributing factor is the
differential expression of the DRD2 based on gender. Positron emission tomography (PET) analyses
have demonstrated that women generally exhibit higher DRD2 expression than men in the frontal and
temporal cortices, as well as the thalamus?3. In the striatum, women were described to have a lower
DRD?2 affinity specifically in the left striatum®?*; however, no gender differences were observed in
DRD?2 binding potentials or densities in this region*?4'%. Furthermore, the density of DRD2 in the
striatum has been found to decline with age in a sex-specific manner, with a greater decline observed
in men compared to women*?,

Animal studies have provided further support for these sex differences in DRD2 expression. For
instance, young male rats tend to exhibit a higher DRD2 density in the cortex, while young female rats
exhibit a higher density in the striatum?’. Moreover, in adult female rats, the expression of DRD1-
DRD2 heteromers in the CPu and NAc was found to be higher than in males, despite no differences in
DRD2 expression being detected!?®. Interestingly, male rats show a greater increase in striatal DRD2
during early development compared to females'?®. These findings highlight the importance of
considering sex-specific differences in DRD2 signaling.
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1.3.2.2 DRD2isoforms

The DRD2 receptor is unique within its receptor family due to the presence of functional splice
variants resulting from alternative splicing of the sixth exon, giving rise to two isoforms: DRD2s
(shorter) and DRD2. (longer). DRD2. contains an additional 29 amino acids in the ICL3, crucial for
G protein interaction*3®1%2, These isoforms differ in signaling pathways, physiological effects, and
pharmacological properties. Both isoforms are expressed in various cell types, with tissue-specific
ratios. DRD2s is less abundant, constituting about 2% of total DRD2. mRNA in the pituitary gland,
12% in the olfactory bulb, 20-25% in several brain regions (striatum, olfactory tubercle, hippocampus,
SN, and cortex), and 40-45% in the hypothalamus®°. In the striatum, both isoforms have a similar level
of expression. DRD2s is more prevalent in the cell bodies and dendrites of midbrain neurons, especially
in the SN, whereas DRD2, is weaker and associated with the cell soma®33,

Studies on DRD2 KO mice (lacking both isoforms) reveal insensitivity to dopamine or DRD2
agonist quinpirole-induced firing, as observed through in vitro electrophysiological recordings*®*.
Similarly, purified striatal synaptosomes from these mice show insensitivity to selective DRD2-agonist
inhibition of dopamine release'®. These findings support the idea that DRD2s functions as an inhibitory
autoreceptor in ventral midbrain dopaminergic neurons and striatal synaptic terminals, regulating
dopamine firing at presynaptic sites.

Biochemical and behavioral studies using genetically modified mice lacking DRD2. have provided
further evidence that these mice exhibit a loss of responses associated with postsynaptic striatal DRD2,
thus supporting the idea of a preferential role for DRD2, at the postsynaptic site and DRD2s at the
presynaptic site. A behavioral study demonstrated that both DRD2; KO and DRD2 KO (lacking both
isoforms) mice are resistant to haloperidol (DRD2 antagonist)-induced catalepsy, whereas quinpirole-
induced hypolocomotion at low doses was only observed in DRD2. KO mice®*®% Additionally,
Lindgren et al.*® investigated the differential effects of both isoforms on dopaminergic signaling using
mouse striatal slices. They found that quinpirole incubation decreased TH phosphorylation at serine 40
(Ser40) in DRD2. KO mice but not in DRD2 KO (lacking both isoforms) mice!!®. Likewise, it was
observed that a single administration of low or high doses of quinpirole in vivo led to a decrease in pTH
in the striatum of DRD2. KO mice, while no significant changes in pTH levels were observed in
DRD2s KO mice'®, The findings indicating the lack of catalepsy response in DRD2. KO mice when
exposed to DRD2 antagonists, along with the observed inhibitory effects of quinpirole on activity and
reduction of presynaptic pTH, provide strong support for the role of DRD2. as the main heteroreceptor
within the striatum, controlling the release of heterologous neurotransmitters (glutamate or GABA)®,
In contrast, these results suggest that DRD2s is primarily responsible for autoreceptor-mediated actions
on dopamine soma and presynaptic terminals*'®*%¢13/ Moreover, it has been demonstrated that the
increase in postsynaptic DARPP-32 phosphorylation at threonine 34 (Thr34) induced by a DRD1
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agonist remains unaffected by quinpirole in both DRD2. KO and DRD2 KO (lacking both isoforms)
mice!'®. This finding further solidifies the role of DRD2. in postsynaptic dopaminergic signaling

Recent studies challenge the idea that DRD2s is the sole autoreceptor, suggesting that both isoforms
can serve this role. Research correlating single-cell gene expression and firing patterns reveals
heterogeneous expression of DRD2s and DRD2_ in TH-expressing neurons, both capable of
suppressing firing in SNc¢ dopaminergic neurons®. Experiments with viral-mediated reexpression of
DRD2s or DRD2. in dopaminergic neurons of DRD2 KO mice suggest a functional role for co-
expressing DRD2s and DRD2. autoreceptors, as DRD2s alone is insufficient to account for drug-
induced plasticity'*°, However, subsequent research supports a predominant presynaptic role for
DRD2s, as inhibition of pTH and dopamine synthesis was only prevented in DRD2s KO mice®®,
Nonetheless, both DRD2s and DRD2. contribute to postsynaptic functions at baseline, while DRD2,
signaling is crucial for regulating striatal circuits in response to DRD2-specific drugs'®,

In summary, while DRD2_ is considered a primary heteroreceptor, both DRD2s and DRD2, can act
as autoreceptors on dopaminergic neurons to regulate cellular activity and control presynaptic
dopamine release. However, it is important to note that the isoforms might exhibit isoform-specific
functions under basal conditions or in response to pharmacological stimulation at the cellular and
behavioral levels.

1.3.3 DRD2 signal transduction pathways

1.3.3.1 G protein-dependent pathways of DRD2 signaling

G proteins are heterotrimeric complexes composed of three subunits: a, B, and y that can couple with
guanosine triphosphate (GTP) and guanosine diphosphate (GDP). Each subunit of the complex has
several subtypes; however, the classification of G proteins is based on the nature of the a-subunit (Ga),
which consists of four broad classes: Gas, Gain, Gog, and Gauz. In the resting state, Ga is bound to
GDP and associates with a By-complex, forming a trimeric complex on the inner membrane surface.
Activation of dopamine receptors triggers G protein activation by exchanging GDP for GTP in a
nucleotide-binding pocket, leading to the separation of the trimeric complex into Go-GTP and Gfy.
The activated GPCR can further activate another G protein, amplifying the signal. Regulators of G
protein signaling (RGS) proteins facilitate signal termination by enhancing the GTPase activity of Ga,
converting GTP back to GDP. This process allows the reassociation of a- and By-subunits to initiate
the cycle'!112141 See Fig. 1.4 for a schematic representation of G protein-dependent pathways.

DRD2-like receptors, particularly DRD2, couple with inhibitory Ga subunits (Gain). DRD2 can
activate all non-visual Gai, family members, such as Gaii-3, Gooa-g, and Goz. The length of the ICL3
influences the interaction between DRD2 and Guin proteins, leading to varying affinities of DRD2
isoforms for different G proteins!32. DRD2. shows stronger coupling with Ga, compared to Gai1, Goiz,
or Gais**?4, Recent in silico structural models have confirmed this preference, with DRD2, coupling
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more with Gaiz, while DRD2s prefers G oi proteins'®214°, Some agonists, like dopamine or quinpirole,
exhibit higher efficacy when DRD2 couples with Gao proteins!#*, indicating that each agonist
differentially activates the four Ga proteins. Additionally, the ratio of receptors and the various Gaiso
proteins in cells can influence the binding affinity of the receptor to agonists. For example, the local
enrichment of Gao in the MSNs of the NAc results in higher DRD2 affinity to dopamine!#+146,

When DRD?2 is activated, it initiates a canonical downstream effect involving the dissociation of the
Gapy complex, resulting in two independent G-protein subunits that engage in signaling activities. The
GTP-bound Guaiso subunit inhibits the enzymatic activity of ACs, preventing the conversion of cCAMP
into adenosine triphosphate (ATP) and suppressing PKA activity!*2147. PKA mainly targets DARPP-
32, a protein found predominantly in MSNs, which negatively regulates PP1. Inhibition of PKA reduces
DARPP-32 phosphorylation at Thr34, preventing the formation of the pDARPP-32-PP1 complex.
Consequently, PP1 becomes free in the cytosol to dephosphorylate its targets, including cAMP
response element-binding protein (CREB), N-methyl-D-aspartate (NMDA)- and a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors, GABAap: receptors, and
voltage-gated ion channels such as L/N/P-type Ca?* channels'!24714° In turn, the inhibitory effect of
pDARPP-32 on PP1 acts synergistically with PKA because they share the same targets. Thus, DRD2
activation leads to reduced activity of CREB, ionotropic glutamate receptors, and L/N/P-type Ca?*
channels, resulting in decreased intracellular Ca®* levels and neuron excitability. Additionally, DRD2
activation increases the activity of GABAag: receptors, Na* channels, and the Na*/K*-ATPase!2147-
150.

The Gaiso subunit plays a critical role in DRD2s-mediated extracellular signal-regulated kinase 1/2
(ERK1/2) activation®, ERK1/2 activation through phosphorylation is typically associated with DRD1-
expressing MSNs via a DARPP-32-dependent mechanism®2. However, studies have shown that
DRD2s signaling induced by dopamine or quinpirole can also enhance ERK1/2 phosphorylation at
Thr202 and tyrosine 204 (Tyr204), respectively®:1°3154 This pathway relies on the Gai/o Subunit and
is mediated by atypical protein kinase C (PKC) proteins activated through phosphoinositide-3 kinase
(PI13K) or Src activation via Ca?*-dependent kinases like receptor tyrosine kinases (RTKs)*®?.

Upon DRD2 activation, the Gy subunit separates from the Ga io Subunit and triggers PLC, leading
to increased diacylglycerol (DAG) and inositol trisphosphate (IP3) production!t2147 DAG activates
PKC, which, in turn, affects glutamatergic receptors and inhibits the phosphorylation of DARPP-32 at
Thr75 by cyclin-dependent kinase 5 (CDK5), potentiating PKA-mediated signaling!147:15%,
Simultaneously, the increase in IP3 is responsible for the mobilization of intracellular Ca?*, a
mechanism by which the GBy subunit regulates intracellular Ca®" levels'®®. The increase in Ca%
activates Ca®*-regulated Ser/Thr phosphatases like calcium/calmodulin-dependent protein kinase 11
(CaMKII) and calcineurin/protein phosphatase 2B (PP2B)'2!47, CaMKII enhances glutamate activity
via NMDA- and AMPA-type receptors, while PP2B dephosphorylates DARPP-32 at Thr34,
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counteracting PKA effects and providing negative feedback for DRD2 signaling*!>!4’. Additionally,
the GBy subunit reduces intracellular Ca®* levels by negatively influencing voltage-gated ion channels,
particularly L/N-type Ca®* channels'®®, and promotes DRD2 interaction with G protein-coupled
inwardly rectifying potassium channels (GIRKS), causing neuronal hyperpolarization and inhibitory
signaling214"157 In addition to the role as regulator of RGS proteins in accelerating GTP hydrolysis
to terminate G protein signaling, the Gy subunit initiates another counteracting mechanism to
terminate the activation by recruiting G protein-coupled receptor kinases 2/3 (GRK2/3s) (described in
the next section)!'?14":1%8 The PLC pathway induced by DRD2/Gy subunit activation is additionally
stimulated by D1-D2 heterodimers, which selectively couple with the Gaga1 subunit!2147.15,
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Figure 1.4. G protein-dependent signaling pathways upon stimulation of DRD2. Upon stimulation of DRD2
by dopamine or an agonist (green ball), the receptor undergoes a conformational change, initiating the activation
of G protein complexes. The trimeric G protein complex splits into Gai, and Gy subunits upon activation, each
responsible for triggering distinct DRD2-induced signaling pathways (black lines). The Gai subunit inhibits
AC, resulting in reduced levels of cAMP. This inhibition leads to the dephosphorylation of DARPP-32 at Thr34
by PKA and subsequent activation of PP1 that can either activate (1) or inhibit () PKA targets by
dephosphorylating them. This pathway leads to decreased activity of NMDA/AMPA receptors and L-type Ca?*
channels, while increasing the activity of GABAAa receptors. The Gy subunit activates a PLC pathway, leading
to PKA-mediated inhibition of DARPP-32 phosphorylation at Thr75 by CDKS5 that acts as a counterbalance to
PKA activation. PLC also induces PP2B-mediated dephosphorylation of DARPP-32 at Thr34. In addition, this
pathway increases the activity of NMDA/AMPA receptors and GIRK channels, while decreasing the activity of
L-type Ca?* channels. The Gy subunit can recruit and activate GRK2/3s, which phosphorylates and deactivates
DRD2 activity. The illustration was created using Biorender (black lines: DRD2-induced signaling; grey lines:
alternative signaling without DRD2 activation; straight/slashed lines: direct/indirect mechanisms).
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1.3.3.2 G protein-independent pathways of DRD2 signaling

In addition to regulating cCAMP/PKA and Ca®* pathways through G-protein-mediated signaling,
DRD2 is also involved in B-arrestin 2-mediated signaling, which controls several dopaminergic
outcomes’*’. When DRD2 is stimulated for an extended period or with high agonist concentrations,
GRK2/3s are recruited to the membrane. This recruitment can occur through binding to the Gy subunit
or directly through DRD2 stimulation (G protein-independent recruitment)®*816°, GRK2/3s, which are
abundant in dopaminergic regions, phosphorylate Ser and Thr residues on the ICL3 of activated
DRD2'®!, leading to receptor desensitization. This desensitization promotes the binding of B-arrestin 2
to the receptor, blocking further G protein interactions'®61. Although B-arrestin 2 prevents G proteins
from binding to the phosphorylated DRD2%2, the phosphorylation of the receptor by GRK2/3s was
shown to be not critical for B-arrestin 2 recruitment!®l, Once B-arrestin 2 is coupled to the DRD?2, it
functions as a scaffold protein for clathrin and clathrin adaptor protein 2 (AP2) that triggers endocytosis
of the receptor via clathrin-coated pits!*2163,

Another significant pathway controlled by DRD2 and mediated by B-arrestin 2 is the dopamine-
regulated inhibition of protein kinase B (Akt)'®*. Normally, RTKs and specific GPCRs stimulate PI3K,
converting phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate
(PIP3). PIP3 then recruits Akt to the cell membrane by phosphorylation at Thr308 and Ser474,
facilitated by phosphatidyl-dependent kinases (PDK), namely PDK1 and PDK2, respectively. Once
activated, Akt phosphorylates Ser/Thr residues of various substrates, including GSK3 isoforms, leading
to their inhibition!!21%3, Upon DRD2 activation, B-arrestin 2 is recruited and forms a complex with
phosphorylated Akt and protein phosphatase-2A (PP2A). PP2A then dephosphorylates Thr308 of Akt,
deactivating Akt (Ser473) and activating GSK3 signaling'®31%4, This negative regulation of Akt by
dopamine, resulting in GSK3 isoform activation, is primarily governed by DRD2 stimulation. While
DRD3 appears to modulate this pathway by potentiating DRD2 signaling, DRD1 is not essential for
Akt inhibition in response to dopaminergic drugs®®. GSK3p, the predominant isoform in the brain®®,
is commonly associated with DRD2-dependent signaling, either through genetic ablation or reduction
upon DRD2 pharmacological activation of Akt67:168,

Furthermore, a specific motif mutation in the N-terminal region of DRD2 ICL3 reduces B-arrestin
3-dependent activation of ERK1/2, indicating an alternative DRD2-mediated pathway involved in
ERK1/2 modulation (DRD2/Guais-independent pathway)!®®. This mutation also inhibits DRD2-
mediated B-arrestin 3 translocation and internalization, potentially leading to decreased ERK1/2
phosphorylation®®. This study highlights additional B-arrestin 3-independent mechanisms involved in
the regulation of ERK1/2 phosphorylation through DRD2, consistent with previous research indicating
that B-arrestin 1/2 does not impact DRD2s-mediated ERK1/2 activation®®. A simplified diagram of the
G protein-independent pathways is shown in Fig. 1.5.
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Figure 1.5. G protein-independent signaling pathways upon stimulation of DRD2. Stimulation of DRD2 by
dopamine or an agonist (green ball), the activation of the GBy subunit contributes to the recruitment of GRK2/3s
to the membrane. GRK2/3s phosphorylate specific residues of DRD2, increasing the receptor's affinity for B-
arrestin. B-arrestin bound to DRD2 forms a protein complex with PP2A and Akt (Ser473), facilitating the
activation of GSK3a/p. B-arrestin bound to DRD2 enables the downstream target phosphorylation through the
activation of GSK30/f or ERK1/2. External signaling can activate other GPCRs or RTKs, which in turn activate
PI3K and prevent the binding of Akt to the protein complex. Instead, Akt is phosphorylated at Thr388 and is
able to inhibit GSK3a/p actions. B-arrestin bound to DRD2 forms a protein complex with AP2 and clathrin,
triggering clathrin-mediated endocytosis of the receptor that acts as a negative regulatory feedback mechanism
of DRD2 activation. The illustration was created using Biorender (black lines: DRD2-induced signaling; grey
lines: alternative signaling without DRD?2 activation; straight/slashed lines: direct/indirect mechanisms).

1.3.4 Physiological roles of DRD2

The dopaminergic signaling pathway plays a crucial role in embryonic development, and DRD2 has
been identified as a significant modulator in this process. Loss of DRD2 reduces the number of TH-
expressing neurons without affecting the overall population of midbrain neurons in mice lacking both
isoforms of DRD?2, indicating its influence on the differentiation of dopaminergic neurons'®3. This
reduction is associated with a downregulation of specific transcription factors like Nurrl, regulated by
the ERK1/2 pathway. This lower differentiation rate was associated with the downregulation of specific
transcription factors such as Nurrl. This downregulation was found to be regulated by the ERK1/2
pathway, as indicated by the increased activation of ERK1/2 and Nurrl in TH-expressing neurons
following quinpirole treatment in WT mice, and the suppression of their activation in the presence of
an ERK inhibitor'*3. Regarding migration, activation of DRD2 was found to inhibit the migration of
GABAergic neurons from the ganglionic eminences to the cerebral cortex in embryonic brain slices,
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accompanied by a redistribution of cytoskeleton elements favoring a cellular localization in the cell
body, characteristic of non-migrating neurons'’®. Furthermore, DRD2 might have a role in adult
neurogenesis, influencing the proliferation and differentiation of neural stem cells in the ventricular
subependyma into various mature cell types (e.g., striatal or other cells), a process impacted in
neurodegeneration!’. Notably, neural stem cells express DRD2, and its antagonism has been shown to
stimulate their proliferation in vitro and in vivo!2,

Similar to CHL1, DRD2 signaling affects neuronal outgrowth during neurodevelopment, and this
effect has been linked to vulnerability for neurological and/or neuropsychiatric disorders. Selective
upregulation of DRD2 in MSNs in adult mice or chronic stimulation of DRD2 using quinpirole in
cultured striatal neurons leads to a reduction in the complexity and length of dendritic arbors'’314, This
decreased arborization complexity in vivo was accompanied by an increase in membrane excitability,
and both effects were regulated by the downregulation of inward rectifying potassium 2 (Kir2) channels
as a consequence of DRD2 overexpression'’. Interestingly, studies conducted in primary striatal
cultures showed an interaction between DRD2 and disrupted-in-schizophrenia 1 protein (DISC1),
which is also a binding partner of CHL1'4. This interaction was observed in the soma, dendrites, and
spines, and it was found that the quinpirole-induced decrease in neurite length and branching was
associated with the excessive formation of the DRD2-DISC1 complex*”. Additionally, the same study
demonstrated that the quinpirole-induced DRD2-DISC1 complex was responsible for a significant
reduction in synaptic spine density, likely due to the downregulation of synaptophysin and postsynaptic
density 95 (PSD95) expression*’®. Previous studies have also reported a decrease in spine density
caused by quinpirole in hippocampal brain slices and neuronal culture. This inhibitory effect on spine
density was attributed to DRD2-induced activation of NMDA receptors, specifically when the GIuN2B
subunit was present!’®. Furthermore, studies focusing on DRD2 autoreceptor function in dopaminergic
neurons have demonstrated that selective deletion of DRD2 leads to an increase in axonal arborization
of SNc neurons'’®. Moreover, chronic activation of DRD2 with quinpirole results in a reduction in the
number of axonal terminals and a decrease in dopamine release through direct inhibition of PKA'".
These findings offer valuable insights into the regulatory role of DRD2, both pre- and postsynaptically,
in modulating morphological characteristics, such as dendritic arborization and synaptic spine density,
across various types of neurons.

Presynaptic autoreceptors, mainly DRD2s, located on the nerve terminals of midbrain dopaminergic
neurons, are involved in inhibitory feedback mechanisms that decrease vesicular dopamine release and
synthesis in response to changes in extracellular dopamine levels!’®. One common mechanism for
regulating dopamine release is the inhibition of voltage-gated calcium channels via GBy-mediated
signaling’®®, Following dopamine release, DRD2 autoreceptors promote clearance from the
extracellular space by increasing the activity of dopamine transporter (DAT), as another regulatory
mechanism. This clearance can occur through an increase in DAT cell surface expression via the
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activation of an ERK1/2-dependent pathway during periods of excessive DRD2 stimulation, or possibly
through changes in the voltage dependence the dopamine uptake®®*!81.182 As a final regulatory
mechanism, DRD2 activation regulates dopamine synthesis by inhibiting TH activity through reduced
cAMP-PKA-mediated phosphorylation at Ser40%3%83 The prolonged autoreceptor activation leads to
decreased phosphorylated TH levels, affecting presynaptic dopamine vesicle filling, as well as the
expression and distribution of the vesicular monoamine transporter (VMAT)84185 Notably, DRD2
heteroreceptors (long isoform) on MSNs also contribute to dopamine release regulation, with greater
efficiency observed in the dorsal striatum compared to the NAC**°.

DRD2 autoreceptors in the somatodendritic region of dopaminergic neurons regulate action
potential firing by activating GIRK conductance!’818  When dopaminergic neurons fire, local
dopamine release in the somatodendritic sites activates DRD2 autoreceptors, leading to robust
hyperpolarization and a temporary pause in firing'®”8, This hyperpolarization is induced by GIRK
channel activation through the Gy subunit, resulting in potassium efflux and decreased neuronal
excitability®>"17818 - Additionally, DRD2 is found in somatodendritic compartments and synaptic
terminals of iMSNSs, where it can suppress inhibitory synaptic transmission within the striatum?*°,

Another regulatory mechanism that prevents continuous dopaminergic signaling through DRD2
activation involves receptor desensitization and internalization. B-arrestin 2 activation is associated
with DRD2 homologous desensitization and clathrin-mediated endocytosis of the receptor631%,
Internalization can occur in the endosomal compartment, where the receptor is dephosphorylated and
recycled to the cell surface, or it can undergo degradation via the lysosomal pathway!631%,
Interestingly, upon internalization, phosphorylation of the receptor by GRK2/3s is thought to be
important in promoting recycling pathways!®!. Additionally, PKC has been reported to mediate
receptor desensitization and internalization by phosphorylating specific sites in ICL3 of DRD2, leading
to B-arrestin- and dynamin-dependent endocytosis!®. It is worth noting that CHL1 interacts with both
DRD?2 isoforms, but only agonist-induced internalization of DRD2s is inhibited in the absence of
CHL1%,

The dopaminergic control of DRD2 extends beyond neurotransmission and influences various
physiological processes, including insulin control, hormone secretion, and body temperature
regulation. The Akt/GSK-3 pathway mediates the intracellular actions of insulin, insulin-related
peptides, and neurotrophins that exert their biological functions by stimulating RTKs!2163, DRD2 also
controls hormone secretion from glands like the pituitary and adrenal glands, impacting the release of
prolactin, growth hormone, and adrenocorticotropic hormone®!. Furthermore, DRD2 in the
hypothalamus is involved in regulating body temperature through modulation of thermoregulatory
circuits®?,

The involvement of the DRD2 in modulating synaptic plasticity, neurotransmission, and neuronal
excitability emphasizes its crucial role in regulating a diverse array of behaviors. These behaviors
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include motor control, cognitive functions, or reward-related processes, which are tightly governed by
the interplay between DRD2 and striatal signaling.

1.35 Striatal structure and signaling dichotomy

The striatum, a pivotal component of the basal ganglia, integrates dopaminergic and glutamatergic
signals to modulate diverse behaviors. In rodents, it comprises two primary regions: the dorsal striatum
(CPu), further divided into dorsomedial and dorsolateral sections, and the ventral striatum with the
NAC, consisting of the core and shell subdivisions. The striatum is primarily composed of GABAergic
MSNSs, which make up about 95% of striatal neurons and these can be categorized into two partially
separated populations: direct pathway MSNs (AMSNs) expressing DRD1, substance P, and dynorphin,
and indirect pathway MSNs (iMSNSs) expressing DRD2, adenosine receptor 2a, and enkephalin®®,
While dMSNs and iMSNs are broadly distributed throughout the striatum, some topographical
variation exists: DRD1-expressing dMSNs are more abundant in the caudal dorsal striatum, whereas
the medial/ventral NAc has a higher proportion of DRD2-expressing iMSNs!*+1%, Recent research
suggests the presence of a small population of MSNs co-expressing both DRD1 and DRD2 receptors,
uniformly distributed in the dorsal striatum (comprising around 1.9% of MSNSs) but with varying
densities, notably 14.6% in the shell and 7.3% in the core of the ventral striatum?81%,

In addition to MSNSs, the striatum comprises about 5% of other neurons, primarily consisting of
tonically active cholinergic interneurons (0.5-1%) and a diverse array of GABAergic interneurons (3-
4%). GABAergic interneurons display distinct features based on markers and firing patterns, such as
parvalbumin-positive fast-spiking interneurons, neuropeptide Y-positive neurogliaform interneurons,
somatostatin/neuropeptide Y-positive low-threshold spiking interneurons, TH-positive interneurons
with diverse firing patterns, and calretinin-positive interneurons. These interneurons modulate MSN
excitability directly or indirectly, and ongoing research continues to identify additional subpopulations
of cells within this diverse group!®19,

As the main basal ganglia input center, the striatum receives excitatory glutamatergic cortical inputs
and dopaminergic projections from the SNc and VTA. In the dorsal striatum, dMSNs form the
striatonigral pathway, directly inhibiting neurons at the GPi and SNr. This inhibition of GABAergic
neurons at the GPi/SNr stops the inhibitory effect that GPi/SNr exerts over the thalamus and activates
the thalamic glutamatergic projections to the cortex, facilitating movement and action. Conversely,
iIMSNSs in the dorsal striatum contribute to the striatopallidal pathway. They indirectly affect the
GPi/SNr through the GPe and STh, suppressing GABAergic neurons at the GPe and allowing activation
of STh glutamatergic neurons. These neurons stimulate SNr GABAergic projections to the thalamus,
inhibiting thalamocortical neurons and suppressing movement!®. In the NAc, though less distinct, a
similar dichotomy between direct and indirect pathways exists. dMSNs project to the ventral pallidum
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and basal ganglia output nuclei (SNr and VTA), while iMSNs pass through the ventral pallidum and
STh before reaching the output nuclei®3%’,

1.3.6 DRD2 functions in striatal-related behaviors

The control of voluntary and automatic motor behavior relies on the striatum's ability to integrate
sensory and associative information from excitatory inputs originating from the cortex, as well as
limbic cues provided by midbrain dopaminergic projections. This integration enables the striatum to
play a crucial role in the selection, planning, refinement, and implementation of motor actions. Owing
to the distinct inputs it receives from different brain regions, the striatum exhibits both anatomical and
functional segregations. Additionally, direct and indirect pathways play opposing roles in the control
of behaviors; however, sometimes, their interactions can be complex and dependent on the context in
which they occur.

The dorsomedial striatum serves as an associative region that plays a crucial role in coordinating
goal-oriented behaviors, reward processing, and general movement signaling'®1%°. This region is
particularly significant during the initial phase of acquiring the action-outcome value and later in the
capacity to select between different anticipated outcomes based on the desired outcome, considering
the nature of the rewards and the animal's current motivational state. These behaviors demonstrate
flexibility and adaptability as they can be modified in response to changing circumstances or new
information®®®2%_ In this context, the activation of dMSNs reinforces and initiates a selected behavior
upon a rewarding stimulus, while iMSNSs stimulation acts as a signal of punishment/avoidance or an
inhibitory brake on a certain behavior when unrewarded stimuli are encountered!®®-2%2, Furthermore,
various behavioral paradigms investigating working memory have identified the distinct and important
contributions of dMSNs and iIMSNs to executive function8203204 where the dorsomedial striatum
plays a crucial role in spatial working memory?%,

The dorsolateral striatum is considered to be more closely associated with sensorimotor functions,
particularly habit-based behaviors and movement!®®1%° As a set of events is repeated over time,
resulting in positive outcomes, stimulus-response associations are acquired during the learning process.
With repeated learning, the action sequence becomes automated and responses become sensory-driven
and no longer dependent on changes in reward value or contingency*®®2%, During habit learning, both
the direct and indirect pathways in the dorsolateral striatum are involved in positive reinforcement, but
they support different action strategies in a time-specific manner?®. It has been observed that the
recruitment of dMSNs primarily occurs during the early learning stage, supporting actions that are
associated with goal-directed behaviors or outcome-based behaviors?®2%7, As learning progresses,
there is a shift in stimulation towards iIMSNSs, which contributes significantly to habit formation or
stimulus-driven behaviors2%6-297,
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In comparison to other subregions, the ventral striatum stands out as a limbic-related structure that
plays a crucial role in controlling motivation and incentive-reward responses associated with various
stimuli, including novel, social, hedonic, stressful, or aversive stimuli®®2%, Specifically, the NAc core
is more closely connected with reinforcement learning and motivation, while the shell region is
involved in hedonic responses, pleasure, and addiction!®®2%, Studies in the ventral striatum have
demonstrated that optogenetic stimulation of dMSNs promotes reward-related responses, whereas
stimulation of iMSNs induces aversion?%%21%, However, recent research has shown that both dMSNs
and IMSNs possess the capability to inhibit or disinhibit thalamic activity, challenging the assumption
that the segregation observed in the dorsal striatum applies identically to the NAc!*®2't, Furthermore,
studies have indicated that the activation of iMSNs in both the dorsolateral and ventral striatum can
promote a more exploratory behavioral tendency rather than exploitative behavior, which is a descriptor
of value-based decision-making processes®!2. Other behavioral paradigms have shed light on the
involvement of both direct and indirect pathways in value-based decision-making?'3. Alongside the
dorsal striatum, the NAc also plays a role in motor function, as selective deletion of DRD2 in the entire
NAc or in NAc MSNs significantly increases locomotor and exploratory-like behavior measures?4215,

Research involving genetic or pharmacological manipulation of DRD2 in mice has provided
valuable insights into receptor function within striatal circuits and its role in behavioral control.
Notably, DRD2 ablation in the mouse brain, affecting both isoforms, leads to significant motor
dysfunction, including reduced motor activity and coordination, and exploratory behavior?6:2'7,
Similarly, the selective deletion of DRD2_ in the brain or iMSNs reflects the motor impairments
observed in DRD2 KO (lacking both isoforms) mice*”1%, However, other studies on DRD2. KO mice
suggest that the presence of DRD2s can compensate for the loss of the long isoform and maintain
normal motor performance®®®%®, In contrast, the loss of presynaptic DRD2s in dopaminergic neurons
or in the entire brain appears to have minimal impact on the basal motor abilities of mice!31%,
Furthermore, a hyperactive state induced by a novel environment (during the initial minutes of exposure
to a new arena) or by acute cocaine administration has been reported in mice with DRD2s-deficient
dopaminergic neurons'3218_In contrast, the ablation of DRD2, in iMSNSs results in a blunted response
to the motor-stimulating effects of the same drug®. These hyper-responsive states observed in DRD2s
KO mice might be explained by elevated dopaminergic synthesis and release?'®. These findings
emphasize the crucial role of DRDZ2s in regulating dopamine release in response to environmental and
drug-induced motor effects, as well as the essential requirement of DRD2. in iMSNs for translating
dopaminergic signaling into motor activity.

The differential actions of both DRD2 isoforms in various neuron types are not only evident under
basal conditions but also in relation to drug-induced effects. Pharmacological activation of DRD2 with
the agonist quinpirole elicits a characteristic biphasic locomotor response in a dose-dependent manner.
Low doses of quinpirole induce an immediate hypolocomotive state that persists throughout the entire
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test, whereas high doses result in a gradual decrease in locomotion followed by a sustained hyperactive
state starting approximately 60 minutes (min) after administration, which is known as the biphasic
effect. Intermediate doses produce an intermediate level of excitation preceded by a brief period of
reduced locomotion?t®, The impact of low doses of quinpirole on motor activity in mice and rats has
been well documented, with effects typically observed within the first minutes of
administration'®137:21% - Additionally, the administration of a low dose of quinpirole to DRD2s KO
mice fails to induce the sustained locomotor decrease seen in WT or DRD2,. KO mice*#%, It has been
suggested that the hypolocomotor effect derives from the activation of higher-affinity presynaptic
DRD2 autoreceptors, leading to a reduction in striatal dopamine release. On the other hand,
hyperactivity is attributed to the activation of less sensitive DRD2 receptors on iMSNs!2117,

Consistent with this notion, it has been demonstrated that DRD2. is necessary for the cataleptic
effect induced by haloperidol (DRD2 antagonist), while the absence of DRD2s in mice does not affect
this response®®13.13%  Moreover, as DRD2s exhibits a higher affinity for benzamides than
DRD2, 220221 gylpiride (DRD2 antagonist) is another compound with pre- or postsynaptic-dependent
effects. Low doses of sulpiride are believed to block DRD2s??222% and enhance dopamine turnover in
the striatum, limbic system and NAc??42%°_ In contrast, high doses of sulpiride predominantly result in
the postsynaptic blockade and reduction of dopamine signaling®®2?7. Although a reduction in
locomotor activity is frequently observed with DRD2 antagonists??®, significant decreases in locomotor
activity appear to be more recurrent with higher doses of sulpiride in rats??:22°,

Disruption of DRD2 signaling has been linked to impairments in specific aspects of executive

function, particularly working memory?*°

. To replicate the moderate increase in striatal DRD2 density
observed in schizophrenic patients?®!, a transgenic mouse model was created with a 15%
overexpression of DRD2 in MSNs?®, This model exhibited deficits in working memory tasks and
cognitive flexibility, resembling the cognitive symptoms seen in patients. Working memory's dynamic
update and maintenance relies on a prefrontal-basal ganglia model that includes a "go™ circuit mediated
by DRD1 (striatal direct pathway) and a "no-go" circuit mediated by DRD2 (striatal indirect
pathway)?332% Elevated striatal dopamine levels activate DRD2, inhibiting the striatal indirect
pathway, ultimately alleviating the suppressive effect of the "no-go" signaling and facilitating cortical
actions. In turn, low striatal dopamine levels relieve the striatal indirect pathway from its tonic DRD2
inhibition, promoting "no-go" signaling and suppressing cortical actions?*?**. In healthy individuals,
treatment with a DRD2 agonist during working memory tasks lowered the threshold for working
memory updates, increasing distractibility and reducing "no-go" signaling®*?*®, Furthermore, the
differential DRD2 pre- and postsynaptic binding affinities of sulpiride might contribute to discrepant
effects on spatial working memory. While a high dose of sulpiride administered to healthy volunteers
causes impairments in spatial working memory?%, lower doses were found to either have an impact or
show no effect on this parameter?3"2%,
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DRD2 also plays a role in regulating motivational and reward-related behaviors, where an
individual's motivational state influences their engagement in rewarding activities. Constitutive DRD2
ablation in mice not only reduces spontaneous locomotion but also results in deficits in motivation,
particularly reducing the effectiveness of food reinforcement®3%24°, The absence of DRD2 leads to
diminished responses to drugs of abuse, resembling the blunted reactions observed with natural
rewards, as it reduces sensitivity to the rewarding and reinforcing properties of cocaine, ethanol, and
morphine'’1%, Similarly, transgenic mice with approximately 15% overexpression of DRD2 in MSNs
exhibit deficits in various motivational tasks due to a decreased willingness to exert effort to obtain
rewards, potentially stemming from an imbalance in cost/benefit computation?*1:242, Interestingly, the
overexpression of DRD2. in the CPu or NAc using a non-cell-type-specific viral strategy in adult mice
revealed that the upregulation in the NAc enhanced motivation and animals' willingness to work for
food?*. However, variations in regional specificity, developmental onset, and the degree of DRD2
upregulation can induce contrasting effects on reward and motivation, underscoring the significance of
DRD2 in the development of dopaminergic pathways.

Novelty-seeking behavior is strongly linked to motivation to seek new experiences and is closely
tied to the reward system. This behavior is considered a personal trait that is inversely associated with
the availability of DRD2 receptors in the ventral midbrain in both humans and rodents?*4?*®, Indeed,
mice lacking DRD2 in dopaminergic neurons display hyperactivity in novel environments and
increased motivation to seek rewards?'8. Furthermore, rodents with high responsiveness to novelty
exhibit higher levels of extracellular dopamine in the NAc, both under baseline conditions and when
stimulated?46:247,

1.3.7 DRD2 and neuropsychiatric disorders

The literature extensively documents genetic or functional impairments in DRD2 across a range of
neurological and psychiatric disorders, including schizophrenia, ASD, major depressive disorder,
Parkinson's disease, Huntington's disease, and addiction. In some cases, targeting DRD2 constitutes a
pharmacological approach to cure or ameliorate the symptoms associated with these conditions.

Schizophrenia is a psychiatric disorder with a global prevalence of approximately 0.33%, affecting
both men and women?#. It is characterized by three core symptom types: positive symptoms (e.g.,
delusions and hallucinations), negative symptoms (e.g., anhedonia and social withdrawal), and
cognitive dysfunction (e.g., learning deficits and attention difficulties)’®. While most theories
concerning the pathophysiology of schizophrenia focus on the neurotransmitter imbalances of
dopamine, serotonin, and glutamate, the dopamine hypothesis has significant prominence and
acceptance. Recent models propose that hyperactive dopaminergic transmission in mesolimbic areas
contributes to positive symptoms, while hypoactive dopaminergic transmission in the nigrostriatal and
mesocortical pathways affects the extrapyramidal system (motor symptoms) and elicits negative
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symptoms and cognitive deficits’®%4°, Postmortem and in vivo neuroimaging studies have consistently
found an increased DRD2 density and occupancy in the striatum of patients®%?, Interestingly, all
typical antipsychotics prescribed to schizophrenic patients aim to block DRD2 and alleviate the severity
of positive symptoms?°223_ Upregulation of DRD2 in a high-affinity state in the striatum is a consistent
feature in mouse models of schizophrenia®®*2°, which often display a range of schizophrenic-like
behaviors, including spontaneous hyperlocomotion, hyperreactivity to stress, impaired working
memory, deficits in novel object recognition, and reduced social interactions’®?%, Additionally,
impaired DRD?2 signaling has been specifically associated with deficits in various subcomponents of
working memory in both animal models?®®?*! and in patients, which has been attributed to
compromised cortico-striatal-thalamic loop functioning®”?%®, Genetic studies have linked various
polymorphisms in the DRD2 coding region (rs2283265 or rs1076560) to the development of
schizophrenia and their potential influence on inter-individual variations in schizophrenic
phenotypes®®262, While typical antipsychotics (DRD2 antagonists) were initially the standard
treatment, atypical antipsychotics (second-generation) have become the preferred choice due to their
lower incidence of extrapyramidal symptoms®®. However, preclinical rodent studies have shown that
both typical and atypical antipsychotics can induce sex-dependent alterations in DRD2 expression
within the hypothalamus?®2,

ASD is a prevalent developmental disorder affecting approximately one in 100 children and has a
higher prevalence in males with a reported male-to-female ratio of approximately 4 to 1248264265
Recent research suggests potential diagnostic biases in ASD diagnosis, with females potentially
needing more intense or numerous symptoms for diagnosis?®*?%. ASD is characterized by delayed
language, repetitive behaviors, social interaction challenges, and varying degrees of motor skill
impairments, including eye movement, fine and gross motor skills, balance, coordination, action
sequencing, and inhibitory control?*32%¢_In individuals with ASD, elevated levels of DRD2 mRNA
have been observed in the caudate and putamen, indicating dysfunction in the indirect motor pathway,
which contributes to motor dysfunction, stereotypy, and repetitive behaviors®®®. These symptoms can
be ameliorated with classical antipsychotic pharmacotherapy involving DRD2 antagonism, such as
haloperidol or risperidone, indicating that increased dopamine levels play a role in motor abnormalities
associated with ASD">2%7,

Major depressive disorder is characterized by persistent anhedonia, low maotivation, fatigue, and
occasional delusions/hallucinations and affects approximately 4% of men and 6% of women?*,
Anhedonia has been linked to dysfunction in the reward system, particularly in dopaminergic
transmission®®. Specifically, the different availability of DRD2/DRD3 in the NAc has been associated
with higher anxiety symptoms and is inversely correlated with the severity of motivational
anhedonia®®. Patients with depression have shown increased DRD2 binding in the striatum?’, and
blocking DRD2 with raclopride in rats has been demonstrated to partially enhance depressive-like
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symptoms?’?,  Additionally, common treatments for this disorder include SSRIs or
serotonin/norepinephrine reuptake inhibitors, which aim to increase serotonin and noradrenaline levels
in the synaptic cleft. However, certain medications also incorporate partial agonists of DRD2 (e.qg.,
aripiprazole) or selective agonists of DRD2-like receptors (e.g., pramipexole)?°8,

Parkinson's disease is the second most prevalent neurodegenerative disorder, which is 1.5 times
more incident in men than in women?*3272_ Recent studies have shown gender-related differences in
disease progression, with men often experiencing more pronounced impairments in motor function and
cognitive abilities. The disease is characterized by motor symptoms like tremors, bradykinesia,
muscular rigidity, and impaired balance, potentially influenced by a combination of genetic,
environmental, and hormonal factors?’?23, These symptoms result from the degeneration of
dopaminergic neurons in the SNc, leading to reduced dopamine levels in the dorsal striatum, which
overactivates the indirect pathway and reduces the direct pathway. Intracellular accumulation of Lewy
bodies containing aggregated o-synuclein is a hallmark of the disease'’. Specific DRD2
polymorphisms, including those associated with schizophrenia, have been linked to Parkinson's
disease!™’. L-DOPA is a common therapy, but chronic use can lead to motor side effects. DRD2
agonists like bromocriptine and cabergoline are used as alternatives for both early and advanced stages
of the disease!’*.

Huntington's disease is a neurodegenerative disorder caused by a dominantly inherited mutation in
the huntingtin gene, affecting around 5-7 individuals per 100,000 people, with variations in
epidemiology across populations and sexes?’*. A recent longitudinal study highlighted gender
differences in disease manifestation, with women showing worsened motor and depressive
symptoms?”®. The disease is characterized by chorea, cognitive deficits, and psychiatric disturbances
that worsen over time?’*. Of note, mutated huntingtin proteins aggregate in the CNS, initiating
mechanisms of neuronal dysfunction and cell death. The initial signs are observed in the dorsal striatum
iMSNs that express DRD2, resulting in an initial hyperkinesia phenotype?’#276, The interplay between
dopamine and glutamate signaling, particularly the reduction in NMDA receptor response due to DRD2
activation, plays a neuroprotective role in this disorder?’":8,

Addiction is characterized by compulsive behavior, often involving substances or activities like
drugs, alcohol, gambling, or sex, despite their negative and detrimental consequences®”®. It is more
prevalent in men than women, with clinical studies indicating lower DRD?2 availability in the striatum
in men and higher DRD2 binding in the VTA in women?®°28_|nitially, addictive substances or
activities trigger an increase in dopamine release, followed by a decrease in striatal DRD2
availability?®®. Repeated exposure to addictive stimuli leads to synaptic changes in the mesolimbic
pathway due to persistent downregulation of DRD2 in the VTA and NAc!"?®, In rodents, reduced
dopamine levels and decreased DRD?2 activity result in a preference for less effortful and smaller
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immediate rewards®*. Similarly, low DRD2 density in the striatum is associated with higher
impulsivity and an increased risk of addiction in humans?34285,

Understanding the relationship between DRD2 and other binding partners like CHLL1 is crucial.
Investigating the functional interactions offers valuable insights into the complex mechanisms of
dopaminergic signaling and the pathophysiology of related disorders.

1.4 Aims of the thesis

The investigation of the connection between CHL1 and the dopaminergic system has attracted
interest due to the strong association between CALL polymorphisms and neuropsychiatric disorders,
such as ASD and schizophrenia*®®12%! as well as CHL1’s pivotal role in guiding the development of
ventral midbrain structures®®’*. Although the specific neurocircuits and key elements involved in this
connection are not fully understood, DRD2 signaling impairments in neuropsychiatric disorders are
linked to CALL mutations which suggests that DRD2 could interact with CHL1 to modulate
dopaminergic functions.

Based on this hypothesis, our research group conducted experiments that revealed a direct
interaction between CHL1 and DRD2. Results showed that CHL1 regulates the internalization of
DRD?2 isoforms and that CHL1 deficiency affects pre- and postsynaptic dopaminergic signaling in the
striatum®. However, the specific mechanisms or functional consequences of the CHL1-dependent
modulation of dopaminergic signaling through DRD2 remained unexplored. Therefore, my thesis aims
to provide a comprehensive functional characterization of the interaction between CHL1 and DRD?2,
exploring how their interplay influences both biochemical and behavioral mechanisms that are typically
regulated by these proteins. In pursuit of this objective, my research had the following aims:

i. Investigate the co-localization of CHL1 and DRD2 in the striatum and in cultured neurons to
determine their association with pre- and postsynaptic neurons involved in dopaminergic transmission.

ii. Identify the functional consequences of CHL1 and DRD?2 interaction on DRD2-dependent
signaling pathways in presynaptic dopaminergic neurons and striatal tissue.

iii. Characterize the functional impact of CHL1 on DRD2-induced morphological changes of the
dendritic tree of postsynaptic MSNs in culture and in the striatum of WT and CHL1-deficient mice.

iv. Assess the implications of the CHL1 and DRD2 interaction on DRD2 antagonist/agonist-
induced behavioral responses in striatal-dependent behaviors.
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2 Materials and Methods

2.1 Materials
2.1.1 Animals

The CHL1 KO mice were generated in 2002 by removing the first exon and part of the first intron
of the CHL1 gene?’. The mice were backcrossed onto a C57BL/6J background for more than eight
generations. The CHL1 KO mice and their age-matched WT littermates derived from heterozygous
breeding or from C57BL/6J mice were bred and maintained at the animal facility of the Zentrum fur
Molekulare Neurobiologie Hamburg. Mice were kept at a temperature of 25 °C, on a 12 h light-dark
cyclen and ad libitum access to food and water. For all the experiments, 3- to 5-month-old adult female
and male WT and CHL1 KO mice were used. All procedures used were approved by the responsible
authorities of the State of Hamburg (Behorde fir Justiz und Verbraucherschutz.; animal permit
numbers N061/2019 and ORG_1022), and conducted in agreement to the ARRIVE guidelines and
standards set by the European Union and Germany.

2.1.2 Antibodies

The primary and secondary antibodies used in this study are presented in Tables 2.1 and 2.2,
respectively. The tables include information about the antibody dilutions used for the various applied
techniques, as well as information about the supplier.

Table 2.1. List of primary antibodies. Abbreviations: PLA — proximity ligation assay, IHC -
immunohistochemistry, ICC — immunocytochemistry, WB — western blot, GAPDH - glyceraldehyde-3-
phosphate dehydrogenase, MAP2 - microtubule-associated protein 2.

Antibody (company) Dilution
Goat polyclonal anti-CHL1 PLA/IHC 1:50
(AF2147, R&D Systems) PLA/ICC 1:100
Mouse monoclonal anti-DRD2 PLA/IHC 1:50
(B-10, Santa Cruz Biotechnology) PLA/ICC 1:100
Rabbit polyclonal anti-TH (AB152, Millipore) PLA/IHC 1:200
PLA/ICC 1:100
Mouse monoclonal anti-TH ICC 1:400
(F-11, Santa Cruz Biotechnology) WB 1:1,000
Rabbit polyclonal anti-phospho TH (Ser40) ICC 1:200
(AHP912, Bio-Rad) WB 1:1,000
Mouse monoclonal anti-GSK3f WB 1:1,000
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(E-11, Santa Cruz Biotechnology)

Rabbit polyclonal anti-phospho GSK38 (Ser 9) WB 1:1,000
(9336, Cell Signaling Technology)

Mouse monoclonal anti-ERK1/2 WB 1:1,000
(4696, Cell Signaling Technology)

Rabbit polyclonal anti-phospho ERK1/2 (Thr202/Tyr204) WB 1:1,000
(910158, Cell Signaling Technology)

Mouse monoclonal anti-DARPP-32 ICC 1:300
(H-3, Santa Cruz Biotechnology) WB 1:1,000
Rabbit monoclonal anti-DARPP-32 PLA/IHC 1:200
(2306, Cell Signaling Technology) PLA/ICC 1:100
Mouse monoclonal anti-GAPDH WB 1:2,000

(6C5, Santa Cruz Biotechnology)

Rabbit polyclonal anti-MAP2 ICC 1:1000
(GTX133110, GeneTex)

Guinea pig polyclonal anti-PSD95 ICC 1:500
(124014, Synaptic Systems)

Table 2.2. List of secondary antibodies. Abbreviations: IRDye — infrared dye, HRP — horseradish peroxidase,
Cy — cyanine fluorescent dyes.

Antibody (company) Dilution
IRDye800CW goat anti-rabbit (LI-COR) WB 1:10,000
IRDye680RD goat anti-mouse (LI-COR) WB 1:10,000
HRP-conjugated goat anti-rabbit (LI-COR) WB 1:10,000
HRP-conjugated goat anti-mouse (LI-COR) WB 1:10,000
Cy2-conjugated donkey anti-mouse (Jackson Immunoresearch) IF 1:200
Cy3-conjugated donkey anti-guinea pig (Jackson Immunoresearch) IF 1:200
Cy5-conjugated donkey anti-rabbit (Jackson Immunoresearch) IF 1:200
2.1.3 Solutions, buffers, reagents, and media

2.1.3.1 Genotyping and agarose gel electrophoresis

A list of solutions, buffers, and reagents used for the genotype of mice and agarose gel
electrophoresis is presented and described in Table 2.3. Supplier information is disclaimed whenever
important.
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Table 2.3. List of solutions, buffers, and reagents used for the genotype of mice and agarose gel
electrophoresis. Abbreviations: EDTA - ethylenediaminetetraacetic acid, TAE - tris-acetate-EDTA buffer, w —
weight, v — volume.

Solutions, buffers, or reagents

Ingredients / Company

Phire Animal Tissue Direct PCR Kit
RNase-free water

CHLZ1 A primer
(forward, 5’>-AATTGATCGAGGCAGCACTACTTTCTG-3")

CHL1 5 primer
(reverse, 5’-CATTCCCAGAAAGGAGGCAACGTG-3")

Neo primer
(reverse, 5"-CTAAAGCGCATGCTCCAGACTGCC-3)

50 x TAE solution

Agarose gel

6 x Loading dye
GeneRuler 1 kb DNA Ladder

2.1.3.2 Cell cultures

Thermo Fisher Scientific

Qiagen

Metabion International

Metabion International

Metabion International

2 M Tris

1M acetic acid
50 MM EDTA
pH 8.0

2.5% (w/v) agarose powder (Carl
Roth)

1xTAE

0.07 pl/ml Roti-Safe GelStain (Carl
Roth)

Thermo Fisher Scientific

Thermo Fisher Scientific

A list of solutions, buffers, reagents or media used for the primary cultures is presented and described

in Table 2.4. Supplier information is provided for the most important materials.

Table 2.4. List of solutions, buffers, reagents and media used for primary cell cultures. Abbreviations: PDL
- Poly-D-lysine, ddH20 — double distilled water, HBSS - Hanks' Balanced Salt Solution, DMEM - Dulbecco's
Modified Eagle Medium, FBS - fetal bovine serum, BSA - bovine serum albumin, PNGM - Primary Neuron
Growth medium, PNBM - Primary Neuron Basal medium, DNase — deoxyribonuclease, NSF-1 - Neural Survival
Factor-1, NGF-f - nerve growth factor , AP — alkaline phosphatase, ELISA, enzyme-linked immunosorbent

assay.

Solutions, buffers, reagents or media Ingredients / Company

12 mm glass coverslips Carl Roth
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PDL coating solution

Laminin coating solution

HBSS

Culture medium

Supplemented-DMEM

Trypsin-EDTA

FBS-HBSS
PNGM BulletKit (Lonza)

PNBM medium

Supplemented PNBM medium (ventral midbrain culture)

DNase solution

NGF-B supplemented PNBM medium (striatal culture)

Direct cAMP ELISA kit
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5 yug/ml PDL (Sigma-Aldrich) in ddH20

5 pg/ml of laminin (Sigma-Aldrich) in
HBSS

without Ca?" and Mg?, containing 0.35 g/l
NaHCO4 and phenol red (Sigma-Aldrich)

10% (v/v) FBS

100 U/mL penicillin
100 pg/ml streptomycin
25 mM HEPES

4 mM glutamine

30 mM glucose

in DMEM (Gibco)

1% (v/v) N2 supplement
10 pg/ml BSA
in DMEM

0.05% trypsin and 0.02% EDTA (PAN
Biotech)

10% (v/v) FBS in HBSS

PNBM, glutamine, gentamicin-
amphoterin and NSF-1

2 mM glutamine

50 pg/ml Gentamicin
37 ng/ml Amphoterin
in PNBM medium

2% (v/v) NSF-1
in PNBM medium

200 U/ml DNase (Sigma—Aldrich) in
PNBM medium

2% (v/v) NSF-1
100 ng/ml NGF-B (ImmunoTools)
in PNBM medium

(Enzo Life Sciences)

Anti-rabbit pre-coated Microtiter plate
CAMP standard stock

Acetylating buffer

Neutralizing reagent

AP-conjugated CAMP

Rabbit polyclonal cAMP antibody
Washing buffer

pNpp substrate

Stop solution
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2.1.3.3  Drug solutions

A list of solutions and reagents used to treat primary neurons or mice with DRD2-specific

compounds is presented and described in Table 2.5 and 2.6, respectively. Supplier information is

provided for the most important materials.

Table 2.5. List of solutions and reagents used for primary culture treatment. Abbreviations: DMSO -

dimethyl sulfoxide.

Solutions or reagents

Ingredients

Vehicle treatment

(S)-(-)-Sulpiride (Tocris)
(-)-Quinpirole hydrochloride (Tocris)

Sulpiride solution

Quinpirole solution

0.9% (w/v) NaCl
10% (v/v) sterile DMSO
in ddH0

stock: 10 mM in sterile DMSO
stock: 3.9 mM in ddH20 with 0.9% NacCl

working solution: 1 mM (10 mM stock diluted in
ddH-0 with 0.9% NaCl)

30 uM final concentration for cell treatment

working solution: 666.66 UM (3.9 mM stock
diluted in ddH2O with 0.9% NaCl and 10%
DMSO)

20 uM final concentration for cell treatment

Table 2.6. List of solutions and reagents used for mice treatment.

Solutions

Ingredients

Vehicle treatment

Sulpiride stock solution
Quinpirole stock solution

Sulpiride treatment

Quinpirole treatment
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0.9% (w/v) NaCl
0.5% (v/v) sterile DMSO
in ddH.O

20 mg/ml in sterile DMSO
0.2 mg/ml in ddH.O

1 mg/kg (20 mg/ml stock diluted in ddH>O with
0.9% NacCl)

0.02 mg/kg (0.2 mg/ml stock diluted in ddH.0
with 0.9% NaCl and 0.5% DMSO)
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2.1.3.4 Biochemical procedures
A list of solutions, buffers, and reagents used across the several biochemical techniques is presented
and described in Table 2.7. Supplier information is provided for the most important materials.

Table 2.7. List of solutions, buffers or reagents used for the biochemical procedures. Abbreviations: PBS -
phosphate-buffered saline, RIPA - radioimmunoprecipitation assay, Tris — trisaminomethane, PMSF -
phenylmethylsulfonyl fluoride, EGTA - ethylene glycol tetraacetic acid, SDS - sodium dodecyl sulfate, BCA -

bicinchinonic acid protein, BSA - bovine serum albumin, dH20 - distilled water, TBS - tris-buffered
saline, TBS-T — tris-buffered saline with Tween 20, ECL - enhanced chemiluminescence.

Solutions, buffers, or reagents Ingredients / Company
PBS 13.7 mM NaCl
0.27 mM KClI

0.8 mM Na;HPO,
0.15 mM KHzPO,
pH 7.4

RIPA buffer 20 mM Tris-HCI, pH 7.5
150 mM NaCl
1 mM EDTA
1 mM EGTA
1% (v/v) Triton-X 100

Inhibitory cocktail 1 mM PMSF

(freshly prepared) 1 x PhosSTOP™ tablet (Roche)
1 x cOmplete™, EDTA-free Protease Inhibitor
Cocktail tablet (Roche)
in 10 ml RIPA buffer

Laemmli buffer (4 x) 250 mM Tris-HCI, pH 6.8
8% (w/v) SDS
40% (v/v) glycerol
0.04% (w/v) bromphenol blue
5% (w/v) B-mercaptoethanol

BCA Protein Assay Reagent Kit Thermo Fisher Scientific

BSA standard solutions BSA (Thermo Fisher Scientific) in 62.5, 125,
250, 500, 1,000 and 2,000 pg/pl in dH20

PageRuler™ Plus Prestained Protein Ladder Thermo Fisher Scientific
Running buffer (10 x) 250 mM Tris-HCI, pH 8.3
1.9 M glycine

1% (w/v) SDS
Dilute in dH20 to 1 x running buffer
Blotting buffer (10 x) 250 mM Tris-HCI, pH 8.3
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Blotting buffer (1 x)

TBS (10 X)

TBS-T

Blocking buffer

ECL select and ECL prime reagents

Revert™ 700 Total Protein Stain Kit

2.1.3.5 Immunofluorescence/histology

1.9 M glycine

10% Blotting buffer (10 x)
20% (v/v) methanol
in dH20

100 mM Tris-HCI, pH 8.0
1.5 M NaCl

Dilute indH20 to 1 x TBS

10% TBS (10 x)
0.1% (v/v) Tween-20
in dH20

5% skim milk powder (Carl Roth)
in TBS-T

GE Healthcare
LI-COR

A list of solutions, buffers, and reagents used in immunofluorescence and histology techniques is
presented and described in Table 2.8. Supplier information is provided for the most important materials.

Table 2.8. List of solutions, buffers or reagents used for the biochemical procedures. Abbreviations: PFA —
paraformaldehyde, DAPI - 4’,6-diamidino-2-phenylindole, PLA - proximity ligation assay, O.C.T., optimal

cutting temperature,

Solutions, buffers, or reagents

Ingredients / Company

8% PFA solution

PBS (0.02% NaNs)

Blocking and permeabilizing buffer

DAPI stain

™

Epredia™ Shandon™ Immu-Mount

Permeabilizing solution
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8% (w/v) PFA
in 10 ml PBS
pH 7.5

0.02% (w/v) NaN3
in PBS

10% (v/v) normal donkey serum (Dianova)
0.2% (v/v) Triton X-100
in PBS

stock solution: 500 pg/ml DAPI (Thermo Fisher
Scientific) in ddH.O

1 pg/ml final concentration
Thermo Fisher Scientific

0.2% (v/v) Triton X-100
in PBS
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Duolink® In Situ Detection Reagents Red (Sigma-Aldrich)
Duolink blocking solution
Washing buffers A and B
Ligation solution
Ligase
Amplification solution
Polymerase

Duolink® In Situ PLA® Probes (Sigma-Aldrich)
Anti-goat minus
Anti-mouse plus
Duolink antibody diluent

30% sucrose solution 30% (w/v) sucrose
in ddHO
Tissue-Tek™ O.C.T. Compound Sakura Finetek™
Superfrost Plus glass slides Thermo Fisher Scientific
Antigen retrieval buffer 10 mM tri-sodium citrate dihydrate
pH 9.0
FD Rapid GolgiStain™ Kit (FD NeuroTechnologies)
Solution A, B, Cand E
Gelatin-Coated Microscope Slides FD NeuroTechnologies
Eukitt® Quick-hardening mounting medium Sigma-Aldrich
214 Suppliers of the chemicals, reagents and kits

All chemicals, reagents and kits were purchased from the following companies: Abcam (Cambridge,
UK), Abnova (Taipei, Taiwan), Bioline (London, UK), Bio-Rad Laboratories (Munich, Germany),
BioTek (Winooski, VT, USA), Biozol (Eching, Germany), Carl Roth (Karlsruhe, Germany), Cayman
Chemical (Ann Arbor, MI, USA), Cell Signaling Technology via New England BioLabs (Frankfurt am
Main, Germany), Corning (Wiesbaden, Germany), Dianova (Hamburg, Germany), Eppendorf AG
(Hamburg, Germany), ENZO Life Sciences (Farmingdale, NY, USA), FD NeuroTechnologies
(Columbia, USA), GE Healthcare (Braunschweig, Germany), Herolab GmbH (Wiesloch, Germany),
ImmunoTools (Friesoythe, Germany), Invitrogen (Waltham, MA, USA), Jackson ImmunoResearch
(West Grove, UK), LI-COR (Lincoln, NE, USA), Lonza (Basel, Switzerland), Macherey-Nagel
(Diren, Germany), Merck Chemicals (Darmstadt, Germany), Metabion (Munich, Germany), Millipore
(Schwalbach, Germany), PAN Biotech (Aidenbach, Germany), Promega (Madison, WI, USA), Qiagen
(Venlo, The Netherlands), R&D Systems (Wiesbaden, Germany), Roche Diagnostics (Mannheim,
Germany), Santa Cruz Biotechnologies (Dallas, TX, USA), Sigma-Aldrich (Taufkirchen, Germany),
Synaptic Systems (Gottingen, Germany), ThermoFisher Scientific (Waltham, MA, USA), Tocris
(Bristol, UK).
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2.2 Molecular biology methods
221 CHL1-deficient mice genotyping

The genotyping of mice used in this study was performed using tail biopsies from newborns and the
Phire Animal Tissue Direct PCR Kit. First, the tail cuts were lyzed in a mixture of Dilution Buffer (20
pl/sample) and DNA Release solution (0.5 pl/sample) for 10 min)at room temperature. The reaction
was then stopped by incubating the samples for 5 min at 98 °C using the SimpliAmp Thermal Cycler
(Life Technologies). A polymerase chain reaction (PCR) reaction was prepared by combining two pl
of the extracted DNA, 2 x Phire Tissue buffer (10 pl/sample), Phire 1l Polymerase (0.4 pl/sample),
primers (CHL1 A, forward primer at 2.5 pM; and CHL 5 and Neo, reverse primers at 1.25 pM), and
RNase-free water (to adjust the final volume of 20 pl). The conditions used for PCR in the SimpliAmp
Thermal Cycler were described in Table 2.9.

Table 2.9. PCR cycling scheme for genotyping CHL1-deficient mice.

Steps Temperature Time Steps
Initial denaturation 98 °C 1 minute 1
Denaturation 98 °C 5 seconds
Annealing 68 °C 1 minute 35
Extension 72 °C 1 minute
Final extension 72 °C 10 minutes 1
Cooling 4°C until use
2.2.2 Agasore gel electrophoresis

The PCR products were analysed with electrophoresis on a 2.5% agarose gel. To prepare the gel,
the agarose is dissolved in 1 x TAE buffer by heating the solution, and Roti-Safe GelStain was added
for fluorescent staining of DNA (7 ul/100 ml of solution). The solution was then poured into a gel tray
and loading wells were created with a well comb. After polymerization, the gel was transferred to a
horizontal electrophoresis chamber (BioRad) immersed in 1x TAE buffer. PCR products were mixed
with 6 x Loading dye and added to loading wells along with one well of GeneRuler 1 kb DNA Ladder.
The electrophoresis was performed for 30 to 40 min at a constant voltage of 180 V. A picture of the gel
was taken using the E.A.S.Y. UV-light documentation system (Herolab) and the genotypes were
distinguishable by the presence of a single band at 450 kb for the WT genotype, a single band at 380
kb for the CHL1 KO genotype, and the presence of both bands for the heterozygous genotype.
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2.3 Cell culture methods
231 Coating of coverslips and well plates

To perform immunocytochemistry of ventral midbrain and striatal primary neurons, 12 mm glass
coverslips were cleaned and sterilized. First, the coverslips were placed inside an Erlenmeyer flask and
gently agitated in a 3 M hydrochloric acid solution for 30 min. After two washes with ddH-0O, the
coverslips were submerged in acetone for 3 hours with gentle shaking. They were then washed five
more times with ddH.O and twice with absolute ethanol for 10 min. Next, the coverslips were heated
to 160 °C for 2 hours. All subsequent steps were conducted in a sterile environment using a laminar
flow hood. The coverslips were coated with sterile PDL at a concentration of 50 pg/ml in ddH20
overnight at 4 °C with gentle shaking. The excess PDL was removed by washing the coverslips three
times with ddH»0 and they were dried at room temperature under the hood. The coverslips were placed
in a sterile 50 ml Falcon tube and stored until use. The day before the cell culture, PDL-coated
coverslips were coated with laminin at a concentration of 5 pg/ml in HBSS. The coverslips were pre-
incubated overnight at 4 °C and the solution was only removed immediately prior to cell seeding.

For cell lysates,12-well plates were coated with sterile PDL at a concentration of 50 pg/ml in ddH20
overnight at 4 °C with gentle shaking. The excess PDL was removed by washing the wells three times
with ddH20 and the plates were dried at room temperature under the hood.

2.3.2 Culture of ventral midbrain primary neurons

On embryonic day 14 (E14), pregnant female mice were sacrificed using CO2, and embryos were
extracted from the uterus using sterilized tools. Two protocols to prepare ventral midbrain primary
cultures were used in this thesis.

A modified version of the protocol described by Choi et al. (2013)?® to evaluate CHL1 and DRD2
co-localization in ventral midbrain neurons was applied. The embryos were cleaned with ice-cold
DMEM before being fixed onto a Sylgard dish with fresh ice-cold DMEM. Brains were extracted from
the skull and meninges and superficial blood vessels were removed. The ventral midbrain was dissected
and incubated with 5 ml of fresh DMEM for 10 min in a 37 °C water bath. Following this, the DMEM
was discarded and the tissue was mechanically dissociated with a 1 ml pipette tip in 5 ml of warmed
culture medium. The cell suspension was allowed to settle for 2 min, and the supernatant was separated
from the remaining tissue. To determine the cell number, 10 ul of the cell suspension was mixed with
0.4% trypan blue solution at a 1:1 ratio and counted under a microscope using a glass Neubauer
chamber. The cells were diluted in culture medium to a density of 8 x 108 cells/ml, and 100 pl was
added per coverslip to form a micro-island. The cells were then incubated overnight in a humidified
incubator with 5% CO2 and 95% air at 37 °C. The following day, 900 pl of warmed culture medium
was carefully added to the wells, and the cells were incubated again. Half of the medium was replaced
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by fresh culture medium on 3 day in vitro (div) and by supplemented-DMEM on 5 div. The neurons
were kept in culture until 7 div, as this allowed for the expression of TH protein (Choi 2013, Gaven
2014).

To study the DRD2 upstream signaling pathway in the ventral midbrain neurons, a protocol
described by Weinert et al. (2015)%” was adapted. The embryos were three times washed with ice-cold
HBSS before being fixed onto a Sylgard dish with new ice-cold HBSS. Brains were removed from the
skull and meninges and superficial blood vessels were removed. The ventral midbrain was dissected,
transferred under a hood to 3 ml of warmed Trypsin-EDTA, and later incubated for 10 minina 37 °C
water bath with occasional gentle agitation. The solution was then removed, and digestion was stopped
with 3 ml of FBS-HBSS for 1 min with gentle shaking. The tissue was washed twice with 1 ml warmed
PNBM medium and then mechanically disrupted in 2 ml warmed supplemented PNBM medium using
two fire-polished glass Pasteur pipettes with rounded tips, from wider to a thinner diameter, until a
single cell suspension was obtained. The cells were centrifuged at 400 x g for 5 min at room
temperature, the supernatant was removed, and cells were resuspended in 2 ml of warmed
supplemented PNBM medium. To determine the cell number, 10 ul of the cell suspension was mixed
with 0.4% trypan blue solution at a 1:3 ratio and counted under a microscope using a glass Neubauer
chamber. Cells were diluted in supplemented PNBM medium using the following conventions: for
immunocytochemistry, 500 pl was added per well at a density between 1.6-1.2 x 10° cells/ml; for the
AMP assay, a density of 4 x 10° cells per well was used; for WB, a density of 1 x 108 cells per well was
used. The cells were incubated overnight in a humidified incubator with 5% CO2 and 95% air at 37 °C.
The following day, the same volume of supplemented PNBM medium was added to the wells, and half
of the medium was replaced with fresh culture medium on 3 div. The neurons were kept in culture until
7 div.

2.3.3 Striatal neurons primary culture

To prepare primary cultures of mouse striatum, a protocol described by Schock et al. (2010)?% was
adapted. At E16/16.5, pregnant female mice were euthanized using CO2 asphyxiation and embryos
were extracted from the uterus using sterilized tools. After washing the embryos with ice-cold HBSS
three times, their heads were separated and fixed onto a Sylgard dish with new ice-cold HBSS. The
brains were extracted from the skull, meninges and superficial blood vessels were removed, and the
striatum was dissected from each hemisphere and reserved in ice-cold HBSS. The tissue was then
centrifuged for 5 min at 400 x g at room temperature and the solution was aspirated off. Mechanical
dissociation in 5 ml of warmed DNase solution was performed using a fire-polished glass Pasteur
pipette with rounded tips, with no more than ten triturations until a single cell suspension was obtained.
The suspension was allowed to settle for 2 min and the neurons in the supernatant were transferred to

a new falcon. To determine the cell number, a 1:1 ratio of 10 pl of the cell suspension and 0.4% trypan
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blue solution was mixed and counted under a microscope using a glass Neubauer chamber. Neurons
were diluted and plated using NGF-B supplemented PNBM medium and incubated in a humidified
incubator with 5% CO> and 95% air at 37 °C. Fresh NGF-p supplemented PNBM medium was added
every 3 to 4 days, replacing half of the existing medium. For WB, cultures were seeded at a density of
1 x 108 cells per well and maintained until 12 div. Neurons used for immunocytochemistry were plated
on coverslips at a density of 5-7 x 10 cells per coverslip for 12 div cultures, and at a density of 2-4 x
10* cells per coverslip for 21 div cultures.

In previous studies, primary cultures of mouse striatal neurons were found to exhibit reduced neurite

289 At 9 div, these neurons were shown

length upon treatment with the DRD2 agonist quinpirole at 7 div
to express DARPP-32 in MSNs, despite retaining an immature morphology?®. Given that by 14 div
striatal neurons had developed into morphologically complex cells?®2°1 we selected the 12 div time
point for this thesis to represent an intermediate stage of morphological complexity. This stage is
characterized by good neuronal connectivity and dendritic spines, as previously described?®?.
Additionally, dendritic morphology and spine complexity were analyzed in fully developed neurons at
21 DIV, a time point when dendritic and spine maturation have plateaued and remained stable until 28

DIV, following their maximal complexity at 19 DIV according to prior studies?®-%,

234 DRD2-specific compounds and primary cultures treatment

The vehicle solution used as saline control consisted of 0.9% NaCl and 10% sterile DMSO in
ddH20. For sulpiride (DRD2 antagonist), a stock solution of 10 mM was prepared in sterile DMSO,
which was then freshly diluted in ddH20 (0.9% NacCl) to a working solution of 1 mM containing 10%
DMSO. Quinpirole (DRD2 agonist) was initially dissolved to a stock solution of 3.9 mM in ddH20
(0.9% NacCl) and further diluted to a fresh working solution of 666.66 UM in ddH>O (0.9% NaCl and
10% sterile DMSO). Stock solutions were aliquoted and stored at —20 °C until use.

The primary neurons were then treated with freshly prepared solutions of the vehicle and DRD2-
specific compounds, at a final concentration of 30 uM sulpiride and 20 uM quinpirole. The same
volume of treatments was added to the medium and the plate was gently swirled for 5 seconds and the
final DMSO concentration was 0.3%. The plate was then returned to the humidified incubator until the
incubation period was over. The incubation period for ventral midbrain neurons at 7 div was 20 min,
while for striatal neurons at 12 or 21 div, it was 30 min or 24 hours, respectively. The incubation was
carried out prior to the lysis or fixation of the neurons. To ensure consistent treatment conditions, the
same volume of the compounds and DMSO concentration were added to the neuronal cultures. To
prevent cytotoxicity, the concentration of DMSO in all treatment conditions was maintained below
0.3%.

The concentrations and incubation times for the treatments were optimized through a combination
of previous studies and preliminary pilot tests. Specifically, previous studies demonstrated that DRD2
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stimulation with 10 uM quinpirole in the midbrain and striatal neurons changes the upstream portion
of the signaling pathway within the first 5 to 30 min?°2%4.2%_Dendritic morphology and spine density
were shown to change in striatal neurons after 24 hours of treatment with the same quinpirole
concentration'’®. Additionally, studies treating HEK293 cells or striatal neurons with sulpiride used
working concentrations between 10 to 30 uM?%62%’_ Therefore, as a result of combining these data with
our pilot tests, neurons were treated with 30 uM sulpiride or 20 uM quinpirole and shorter periods of
treatment were used to study early effects on the signaling pathway, whilst longer incubation times
were employed to study changes in neuronal morphology. Since some studies reported morphological
changes occurring in primary neurons in less than 30 min?2%° and the first striatal cultures produced
in the laboratory were treated with the compounds for 30 min at 12 div, it was chosen to investigate the
existence of morphological changes at this time point as well.

2.4 Biochemical methods

24.1 CAMP quantification in ventral midbrain neurons

The Direct cAMP ELISA kit was used to determine the cCAMP levels in cell lysates of WT and
CHL1 KO ventral midbrain cultures at 7 div, following the manufacturer’s acetylated version of the
protocol. This is a colorimetric competitive enzyme immunoassay for the quantitative determination of
extracellular cAMP, with a 10-fold increase in sensitivity achieved through the acetylation procedure.
Briefly, samples containing cCAMP are first incubated with a cAMP antibody and an AP-conjugated
cAMP protein on a pre-coated plate that has been coated with a species-specific secondary antibody.
This setup allows the cCAMP in the sample to compete with the AP-conjugated cCAMP for binding to
the antibody-coated plate. Later, a substrate for the AP enzyme is added, and the enzymatic reaction
produces a distinct yellow color. The amount of cCAMP in the sample is quantified by measuring the
absorbance of the colorimetric signal.

Following treatment with DRD2-specific compounds treatment for 20 min, neurons were washed
with PBS and lysed in 0.1 M HCI with 0.2% Triton X-100 for 10 min at room temperature. The lysed
cells were then centrifuged at 600 x g for 10 min to remove cellular debris, and the resulting
supernatants were either used directly or snap-frozen in liquid nitrogen for later analysis. Total protein
concentration of each sample was determined using the BCA protein assay (section 2.4.4), and cCAMP
content was measured as follows.

First, CAMP standard stock (2 nmol/ml) was diluted serially in 0.1 M HCI with 0.2% Triton X-100
to obtain concentrations of 20, 5, 1.25, 0.312, and 0.078 pmol/ml. The samples and standards were
treated with acetylating buffer. Next, the following mixture was added to the wells of a 96-well goat
anti-rabbit pre-coated microtiter plate: neutralizing reagent, acetylated sample or cCAMP standard,
CAMP conjugated with AP, and rabbit polyclonal cCAMP antibody. The plate was sealed and incubated
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for 2 hours at room temperature on a plate shaker (= 500 rpm). The wells were washed three times with
washing buffer, and then pNpp substrate (AP substrate) was added and incubated for 1 hour at room
temperature without agitation. Stop solution was subsequently added, and the plate absorbance was
measured at 405 nm using a pQuant spectrophotometer (Bio-Tek Instruments). The resulting yellow
color was indicative of the enzymatic reaction, and the optical density was inversely proportional to
the CAMP concentration of the sample. The concentrations (pmol/ml) were calculated from the cAMP
standard curve, normalized to the total protein content of each sample (pmol of cAMP per mg of total
protein), and expressed relative to the control (WT vehicle group). Samples were run in duplicates with
the following controls: wells without cAMP antibody as negative control for nonspecific binding, 0.1
M HCI with 0.2% Triton X-100 as the 0 pmol/ml standard, wells with only AP-conjugated cCAMP and
AP substrate as the positive control, and blank wells only with stop solution to eliminate background
signal. The experiment used cells from 5 independent cultures.

2.4.2 DRD2-specific compounds and animal treatment

The vehicle solution used as saline control consisted of 0.9% NaCl and 0.5% sterile DMSO in
ddH20. For sulpiride, a stock solution of 20 mg/ml was prepared in sterile DMSO, which was then
diluted in ddH20 (0.9% NaCl) to the final concentration of 1 mg/ml containing 0.5% DMSO.
Quinpirole was initially dissolved to a stock solution of 0.2 mg/ml in ddH20O and further diluted to a
final concentration of 0.02 mg/ml in ddH20 (0.9% NaCl and 0.5% sterile DMSQ). All materials and
solutions used were sterile and prepared shortly before use.

Female and male WT and CHL1 KO mice received an intraperitoneal (i.p.) injection of 300 pl
solution per 30 g of body weight using a 27 G needle. The solutions consisted in the vehicle (0.9%
NaCl, 0.5% DMSO), sulpiride (1 mg/kg) or quinpirole (0.02 mg/kg). After a 15-min interval, the
animals were euthanized through cervical dislocation, and striatal homogenates were subsequently
prepared for protein content analysis. Animals previously used in behavioral procedures were utilized
for this purpose.

In line with the behavioral tests, the early onset of effects was the main focus for analysing the
protein content. Earlier studies have shown that i.p. injection of low doses of quinpirole into male mice
for either 15 min (0.2 mg/kg) or 30 min (0.02/0.2 mg/kg) can impact phosphorylation events in the
DRD2-induced signaling pathway in striatal homogenates'®3%°31 The same events are similarly
affected in the striatum by high doses of quinpirole treatment in male mice (1 mg/kg, i.p.) with the
maximal effect observed 15 min after treatment, starting from the first 3 min®®, and in male rats (5
mg/kg, subcutaneous) after 15 min®%, Additionally, striatal changes in CREB phosphorylation content
were reported after a high dose of i.p. sulpiride treatment (50 mg/kg) after 10 min in male mice. Hence,
a treatment for 15 min was chosen to ensure that the signaling pathway did not completely unwind,
while still providing enough time for phosphorylation events to be triggered.
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2.4.3 Protein samples preparation for SDS-PAGE

Cell lysates were prepared from primary cultures treated with DRD2-specific compounds. The
culture plates were placed on ice and rinsed three times with cold HBSS, and the neurons were
incubated with an appropriate amount of cold RIPA buffer containing the protease phosphatase
inhibitory cocktail for 10 min with gentle agitation. The cells were subsequently scraped off, collected
in a tube and centrifuged at 600 x g for 10 min at 4 °C to remove cellular debris. The supernatant was
collected.

Striatal homogenates were prepared from female and male WT and CHL1 KO mice treated with the
DRD2-specific compounds for 15 min (section 2.4.2). Striata were bilaterally dissected out on an ice-
cold surface and immediately snap-frozen in liquid nitrogen and saved at -80 °C until use. Tissue was
later homogenized by trituration twice with a 20 gauge needle and four times with a 24 gauge needle
in 200 pl of cold RIPA buffer containing the inhibitory cocktail. The homogenates were transferred to
a new tube and subjected to centrifugation at 10,000 x g for 10 min at 4 °C. The supernatant was
collected.

The protein concentration in tissue and cell supernatants was determined using the BCA protein
assay (section 2.4.4). Solutions with the same protein concentrations were prepared for each sample by
diluting a specific volume of the supernatant in Laemmli buffer (4 x). The proteins were then denatured
by heating the samples at 95 °C for 5 min. The remaining supernatant was frozen at -80 °C.

24.4 Determination of protein concentration

For the determination of protein concentrations, the BCA Protein Assay Reagent Kit was used.
Standard solutions of BSA were prepared in dH20 at concentrations of 62.5, 125, 250, 500, 1,000 and
2,000 pg/ul. Different dilutions of the homogenates were also prepared in dH20. Microtiter 96-well
plate was loaded with 10 pl/well of blank control, standards, or diluted samples, along with 200 ul of
a mixture of solutions A and B from the Protein Assay Kit in a ratio of 1:50. The plate was then
incubated for 30 min at 37 °C, and the absorbance was measured at 562 nm using a pQuant
spectrophotometer (Bio-Tek Instruments). The calibration of the absorbance curve of the BSA
standards provided the necessary information for determining the protein concentration of the samples.

2.4.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The cell lysates were subjected to protein separation via SDS-PAGE using a Mini-Protean Il system
with 15-well 4-20% Criterion™ Tris-HCI gels (Bio-Rad). The gels were loaded with the same volume
of sample per well containing 20 pg protein, and the estimation of molecular masses was achieved

using the PageRuler™ Plus Prestained Protein Ladder. The chamber was filled with running buffer, and
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the gels were run using a Power Pac 200 (Bio-Rad) at an initial voltage of 80 V for 20 min, followed
by 120 V until good separation was obtained between 70 to 30 kDa proteins.

For the striatal lysates, a Criterion™ Vertical Electrophoresis cell with 26-well 8-16% Criterion™
TGX™ Precast Midi Protein gels (Bio-Rad) was used. The same sample volume per well containing 40
ug protein was loaded onto the gels and they were run initially at 80 V for 20 min and then at 150 V
until good protein resolution was obtained.

2.4.6 Western Blot and relative protein quantification

Western Blot analysis was used in order to examine the relative quantity of proteins. Proteins
separated in the SDS-PAGE were transferred from the gel to a 0.45 um nitrocellulose Amersham™
Protran™ (GE Healthcare). Before assembling the blotting sandwich, membranes were incubated in
ice-cold blotting buffer for at least 30 min. The transfer was performed in a Bio-Rad transfer apparatus
placed on ice and filled up with ice-cold blotting buffer. The proteins were transferred at a constant
voltage of 90 V for 1 hour.

After electrophoretic transfer, the membranes were positioned in a glass container with the protein-
binding side facing upwards and were blocked with blocking buffer while gently shaken for 1 hour at
room temperature. Next, the primary antibodies were diluted in blocking buffer and incubated with the
membranes overnight at 4 °C with agitation. The next day, the membranes were washed three times for
5 min at room temperature with TBS-T and then incubated with either HRP- or IRDye-conjugated
secondary antibodies in blocking buffer for 1 hour. Throughout the subsequent steps, the membranes
incubated with IRDye-conjugated secondary antibodies were kept protected from light. After being
washed three times for 10 min with TBS-T, HRP-conjugated antibodies were visualized on the
membrane using an ECL select or ECL prime mixture according to the manufacturer’s protocol with
the LAS 4000 Mini camera (GE Healthcare). IRDye-conjugated secondary antibodies were detected
using an Odyssey Infrared Imager (LI-COR).

To determine relative protein levels, Image Studio Lite software (LI-COR) was utilized. For the
quantification of phosphorylation levels, the signal of the phosphorylated protein was normalized to
the total protein. To quantify total protein levels, the signal was normalized to a housekeeping protein
such as GAPDH or to the total protein content of the immunoblot following the manufacturer’s
instructions for the Revert™ 700 Total Protein Stain Kit (Fig. 2.1). Protein quantification via WB
involved the use of three independent cultures for ventral midbrain cultures and 7-8 animals per
condition for striatal homogenates.
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Figure 2.1. Representative immunoblot of total protein normalization. Example of an immunoblot loaded
with four striatal homogenates for each genotype per treatment (sulpiride, sulp; vehicle, veh; quinpirole, quinp)
and probed with GSK3p primary antibody followed by an IRDye680RD secondary antibody. Before the blocking

™

procedure, the membrane was submitted to the Revert™ 700 Total Protein Stain Kit, and staining of the total
protein content was obtained.

2.5 Immunocytochemistry
251 Immunocytochemistry protocol

Primary cultures in glass coverslips were fixed for 20 min at room temperature using an 8% PFA
solution diluted in the maintenance medium at a 1:1 ratio and washed three times for 5 min with PBS.
Coverslips were either stained or saved in PBS containing 0.02% NaN3z at 4 °C until use. Prior to
immunostaining, the neurons were incubated with a blocking and permeabilizing solution for 1 hour at
room temperature with gentle shaking. Primary antibodies in PBS were added and incubated overnight
at 4 °C with gentle agitation. The next day, the neurons were washed three times for 5 min with PBS
and then incubated with Cy-conjugated secondary antibodies against the species of the primary
antibody and DAPI stain at a concentration of 1 pg/ml for 1 hour at room temperature with gentle
agitation. The neurons were protected from light from this point onward. The coverslips were then
washed three times for 10 min with PBS, shortly dried and mounted on glass slides using Epredia™
Shandon™ Immu-Mount™. To control for nonspecific binding of the fluorescent antibodies, negative

control coverslips were incubated solely with Cy-conjugated secondary antibodies.

25.2 Immunocytochemistry coupled with PLA

PLA technology was used to investigate the close proximity of CHL1 and DRD2 in WT ventral
midbrain and striatal neurons immunostained with dopaminergic markers, TH and DARPP-32. This

50



Chapter Il Materials and Methods

assay is designed to detect interactions between two proteins. Primary antibodies raised in different
species are used to recognize the target proteins and species-specific secondary antibodies conjugated
with oligonucleotides, called PLA probes, are then added to bind to the primary antibodies. Short DNA
strands are later added to hybridize to the PLA probes only if they are in close proximity (< 40 nm),
forming a closed-circle DNA template that is used for rolling-circle amplification. The PLA probe acts
as a primer for a DNA polymerase, resulting in the production of several-hundredfold DNA circle
replicates. These replicates are labeled with fluorescent complementary oligonucleotide probes,
making each signal visible as an individual discrete spot (PLA signal) when analyzed by microscopy.
The Duolink® In Situ Detection Reagents Red kit was utilized for performing the PLA, following the
manufacturer's instructions and a previously published protocol®®.

Firstly, neurons in glass coverslips were fixed as previously detailed, permeabilized for 30 min with
a permeabilizing solution, and followed by a blocking step for 40 min at 37 °C with Duolink blocking
solution. The coverslips were then incubated in a humid chamber overnight at 4 °C with the primary
antibodies anti-CHL1 (goat, 1:100), anti-DRD2 (mouse, 1:100), and either anti-TH (rabbit, 1:100) in
ventral midbrain neurons or anti-DARPP-32 (rabbit, 1:100) in striatal neurons, diluted in Duolink
antibody diluent. The cells were washed twice for 5 min with washing buffer A and incubated with two
PLA probes — Duolink® In Situ PLA® Probe anti-goat minus and anti-mouse plus, diluted 1:5 in
Duolink antibody diluent in a humid chamber at 37 °C for 70 min. After washing twice for 5 min with
washing buffer A, the ligation step was conducted at 37 °C for 50 min using ligation solution diluted
1:5 and ligase diluted 1:40 in RNase-free water. The same washing step was repeated, followed by the
amplification step, in which amplification solution diluted 1:5 and polymerase diluted 1:80 in RNase-
free water was added to the coverslips and incubated in a dark humid chamber at 37 °C for 120 min.
From this point onward, the neurons were protected from light. The coverslips were then washed for
10 min with washing buffer B and incubated with Cy5-conjugated donkey anti-rabbit (1:200) and DAPI
stain (1 pg/ml) for 1 hour at room temperature. After an additional washing step, twice with washing
buffer B and once with PBS for 10 min each, the coverslips were shortly dried and mounted on glass
slides using Epredia™ Shandon™ Immu-Mount™.

High magnification fields were imaged using the Olympus Fluoview F\VV1000 confocal microscope
in sequential mode, with a 60 x objective plus 2/5 x digital magnification. The acquired images were
processed for brightness and contrast using the ImageJ software. Negative controls were included in
the experiment, using striatal sections from male CHL1 KO littermate mice for the PLA, and incubating
striatal sections solely with Cy-conjugated secondary antibodies to detect nonspecific binding. The
experiment used cells from 3 independent cultures.
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253 Quantification of ventral midbrain TH phosphorylation

The immunofluorescent protocol (section 2.5.1) was carried out on WT and CHL1 KO ventral
midbrain cultures at 7 div that had been treated with DRD2-specific compounds for 20 min to access
phosphorylation levels of TH. The primary antibodies against pTH (rabbit, 1:200) at Ser 40 and total
TH (mouse, 1:400) were used, followed by the application of Cy5-conjugated donkey anti-rabbit and
Cy2-conjugated donkey anti-mouse (1:200) as fluorescent dyes.

Z-stacked images of individual neurons (0.5/1 um) at high magnification were obtained using the
Olympus Fluoview FV1000 confocal microscope in sequential mode with a 60 x objective. A
maximum intensity Z-projection of the neurons was manually delineated using ImageJ software and
values for integrated density, area of the cells, and mean grey value average from two background areas
were obtained. The corrected total cell fluorescence (CTCF) was then calculated by subtracting the
product of cell area and background mean grey value from the integrated density. A ratio between pTH
and total TH CTCF was obtained, and CTCF from pTH or total TH was also plotted. The intensities
were measured from 5 independent cultures, consisting of 68 to 115 neurons per condition in total.

254 Quantification of striatal DARPP-32 expression

The immunofluorescent protocol (section 2.5.1) was performed on WT and CHL1 KO striatal
cultures at 12 and 21 div using primary antibodies against DARPP-32 (mouse, 1:300) as the
morphological marker and MAP2 (rabbit, 1:1000) as the control neuronal marker. This was followed
by labelling with Cy2-conjugated donkey anti-mouse and Cy5-conjugated donkey anti-rabbit (1:200)
as fluorescent dyes. MAP2 was used as a neuron-specific cytoskeletal marker.

Low magnification fields were captured from striatal cultures at 12 div using the Olympus Fluoview
FV1000 confocal microscope in sequential mode with a 20 x objective. A pipeline (code) was
constructed in CellProfiler software to automatically outline DARPP-32-positive neurons and measure
the fluorescent signal of DARPP-32 and MAP2 for each cell (within the outline) (Fig. 2.2 A). Confocal
Z-stacks (0.5 pum) of the entire neuronal tree were acquired at 21 div using the Olympus Fluoview
FV1000 microscope in sequential mode with a 60/40 x objective. The Z-stacks were processed to obtain
a maximum intensity Z-projection in ImageJ software. A macro was then developed to automatically
outline the DARPP-32 signal using the outline function and to obtain DARPP-32 and MAP2
fluorescent signal within the outlined area using the "analyze particles” command, yielding specific
results for each neuronal tree (Fig. 2.2 B). CTCF values were calculated for each marker, and DARPP-
32 intensity was normalized to MAP2. Intensities were measured from 3 independent cultures at 12 div
for a total of 376 WT neurons and 381 CHL1 KO neurons, and at 21 div for 92 WT neurons and 59
CHL1 KO neurons.
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Figure 2.2. Schematic representation of outline strategies of DARPP-32 signal in MSNs. Striatal neurons
were co-stained with DARPP-32 and MAP2 antibodies. (A) Low magnification confocal fields (20 x objective)
were acquired at 12 div and analyzed with a CellProfiler pipeline. (B) High magnification Z-stacks (60/40 x)
were obtained at 21 div and a macro in ImageJ software was developed to analyze DARPP-32 expression. Both
programs were capable of detecting DARPP-32-positive neurons and automatically outlining the DARPP-32
fluorescent signal. The signals for DARPP-32 and MAP2 were measured for each neuron within the outline.

255 Sholl analysis of striatal primary neurons

Sholl analysis was the method used to assess the complexity of striatal neuronal trees and determine
whether treatment conditions had an effect on neuronal morphology. This method involves placing
concentric circles of pre-specified radius around the neuronal soma, and counting the number of
dendrites intersecting each circle until the end of the neuron is reached (Fig. 2.3). Initially, the length
of a straight line from the center of the soma to the end of the longest dendrite is used to define the
ending radius or the ending point of the analysis. A starting radius and a radius step are then defined,
representing the distance from the center of the soma where the analysis begins and the increase in
radius for each subsequent circle. The following parameters are commonly measured: ending radius,
the largest intersecting radius; primary branches, the number of dendrites emerging directly from the
soma; maximum intersections number, the greatest number of intersections that occurs at any radius;
radius of maximum intersections, the radius at which the largest number of intersections occurs; and
the number of intersections graphed as a function of radial distance from the soma, an index of how
neurite density varies spatially>®>=3%"
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Intermediately and fully developed WT and CHL1 KO striatal neurons at 12 and 21 div were treated
with DRD2-compounds for 30 mins and 24 hours, respectively. Immunofluorescence was performed
on the neurons using DARPP-32 antibody (mouse, 1:300) and MAP2 antibody (rabbit, 1:1000),
followed by fluorescent-labeled secondary antibodies as Cy2-conjugated donkey anti-mouse and Cy5-
conjugated donkey anti-rabbit (1:200). High magnification Z-stacks (0.5 pum) from individual neurons
were imaged with the Olympus Fluoview F\VV1000 confocal microscope in sequential mode with a 40/60
x objective. Z-stacks were analyzed in ImageJ by binarizing maximum intensity Z-projections using
Default Dark's thresholding method and manually erasing non-specific signals or traces of other
dendrites' neurons.

Sholl analysis was performed with ImageJ plug-in®®, using a starting radius of 7 um and a radius
step of 1 um. All the metrics mentioned above were obtained for each neuron and presented as an
average per condition. Furthermore, to improve the accuracy of intersection location, a polynomial
fitting with the best fitting degree option was used to the maximum intersections number, the radius of
maximum intersections and the number of intersections/radial distance from the soma. The experiment
was done with 2 independent cultures at 12 div (59 to 76 neurons per condition) and 3 independent
cultures at 21 div (58 to 84 neurons per condition).

Figure 2.3. Sholl analysis of the neuronal tree morphology.
Concentric circles (grey) were placed at 1 um apart, starting at 7 um
from the cell soma. The red line represents the straight line from the
cell soma until the end of the longest dendrite which defines the ending
radius (yellow circle), the ending point of the analysis. The blue points
represent the intersections, whenever a dendrite crosses the circles.

2.5.6 Spine analysis of striatal primary neurons

A spine analysis in fully developed WT and CHL1 KO striatal neurons at 21 div was carried out to
quantify and classify dendritic spines morphology. After a 24-hour treatment with DRD2-compounds,
neurons were immunostained with anti-DARPP-32 (mouse, 1:300) and anti-MAP2 (rabbit, 1:1000)
antibodies, followed by Cy2-conjugated donkey anti-mouse and Cy5-conjugated donkey anti-rabbit
(1:200) secondary antibodies. High magnification super-resolution Z-stacks (0.1-0.2 pm) were
acquired from spines located in secondary or tertiary dendrites, with a maximum of 2 segments per
neuron being imaged. An Abberior multichannel confocal/STED microscope based on a Nikon Ti-E
microscope was used with a 60 x objective. The images were first pre-processed using ImageJ by
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subtracting the background with a rolling ball radius of 100 pixels, and all subsequent analysis was
performed using Imaris software (Belfast, United Kingdom).

The dendritic branches were 3D reconstructed using the Filament Tracer tool with the Autopath
algorithm through the DARPP-32 channel. The spines were then reconstructed initially with the
Autopath mode and later refined with the manual method. They were defined as having a minimum
head width of > 0.3 um and a maximum length of <2 um. Spine morphology was determined and
classified from the 3D reconstruction of spines using Xtension extension in Imaris, based on the
following default criteria: stubby, spine length < 1 um; mushroom, spine length <3 pm and maximum
head width > (mean neck width x 2) um; long thin, mean head width > mean neck width;
filopodia/dendrite, the rest of the identified spines (Fig. 2.4)3%. The total number, percentage and
density for each spine class were determined, as well as the mean and total (accumulative values) of
geometric metrics including spine area, length, neck length, and spine volume, for each spine class. For
this experiment, 18-20 dendritic branches were analyzed per condition using 3 independent cultures.

Long Thin
mean head width = mean
neck width

Stubby
length <1 um
Dendrite

Mushroom
length < 3 ym and
head width > (mean neck width x 2) um

Figure 2.4. Representative 3D reconstruction of spines and their classification in Imaris software.

25.7 Quantification of striatal PSD95 expression

The expression of PSD95 protein was measured via immunofluorescence in the whole neuronal tree
or specifically in dendritic spines of WT and CHL1 KO striatal neurons exposed to a 24-hour treatment
with DRD2-compounds at 21 div. In addition to the previously presented co-staining of striatal neurons
with DARPP-32 and MAP2 antibodies, the neurons were also stained with anti-PSD95 (guinea pig,
1:500) and Cy3-conjugated donkey anti-guinea pig (1:200) antibodies.

For the analysis of PSD95 expression in the whole neuronal tree, individual neurons were imaged
using high magnification Z-stacks (0.5 um) with the Olympus Fluoview FV1000 microscope in
sequential mode with a 40/60 x objective. The Z-stacks were then processed to obtain a maximum
intensity Z-projection in ImageJ software, and a macro was developed to automatically outline the
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DARPP-32 signal using the outline function. The fluorescent signals of PSD95 and MAP2 were
subsequently measured within the outlined area using the analyze particles function, yielding specific
results for each neuronal tree. CTCF values were calculated for each protein, and the PSD95 intensity
was normalized to MAP2. For this experiment, 92 to 60 neurons per condition were analyzed using 3
independent cultures.

PSD95 expression was as well specifically measured for each class of dendritic spines. Following
the 3D reconstruction and spine morphology classification of striatal dendritic branches (section 2.5.6),
the PSD95 immunofluorescent signal was measured in Imaris software using the Surface tool. This
involved creating a 3D surface from the DARPP-32 channel's 3D reconstruction of spines and
measuring the fluorescent signal through the overlay of this surface on PSD95 and MAP2 channels.
Maximum, mean and total values of PSD95 intensity (UA) were normalized to the MAP2 signal. For
this experiment, 18 to 20 dendritic branches were analyzed per condition using 3 independent cultures.

2.6 Immunohistochemistry and morphology
26.1 Mouse brain perfusion and cryosectioning

The adult male WT and CHL1 KO mice were anesthetized with a ketamine and xylazine mixture
(80 mg/kg ketamine and 10 mg/kg xylazine per body weight) and administered via intraperitoneal
injection. Surgical tolerance was assessed using the pinch-response method, and once no response was
detected, the mice were secured to a plastic surface using adhesive tape. Following careful opening of
the rib cage and exposure of the heart, the posterior end of the left ventricle was punctured using an
olive-tipped perfusion needle, which was then passed through into the ascending aorta. The transcardiac
perfusion started by making a small incision on the right atrium. A plastic outlet was attached to the
needle and 10 ml of PBS was first pumped at a constant rate, followed by 50 ml of 4%
paraformaldehyde solution for fixation. The brain was meticulously removed from the skull and
subsequently post-fixed overnight at 4 °C in a 4% paraformaldehyde solution, followed by
cryopreservation in 15% sucrose for 1 day and 30% sucrose for 2 days at 4 °C. The brains were then
frozen in 80 °C-cold isopentane for 1 min and stored at -80 °C for future use.

To prepare for cryosectioning, the chamber of the CryoStar™ NX70 cryostat (Thermo Fisher
Scientific) was first cooled to -20 °C, and the frozen brain was allowed to stabilize within the chamber
for 30 min. The blade of the cryostat was cooled down to -18 °C. The caudal pole of the brain was
attached to the cold tissue holder using a Tissue-Tek OCT Compound and covered with the same
solution, being careful to avoid the formation of air bubbles. Once the Tissue-Tek OCT Compound was
frozen, the ventral portion of the brain was positioned to face the cryostat knife edge, and serial coronal
sections with 40 um thickness were cut. Sections were collected and stored free-floating in PBS (0.02%
NaNs3) at 4 °C until use.
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2.6.2 Antigen retrieval

The coronal sections, which had been stored in PBS (0.02% NaN3), were transferred to a tube
containing pre-warmed antigen retrieval buffer and incubated for 15 min at 80 °C (up to a maximum
of 3 slices per tube). Following this step, the slices were allowed to cool down to room temperature
before being mounted on glass slides (Superfrost Plus) with PBS and left to dry completely at room
temperature.

2.6.3 Immunohistochemistry coupled with PLA

PLA was used to investigate the close proximity of CHL1 and DRD2 in coronal striatal sections of
3- to 4-month-old male WT mice immunostained with antibodies against the dopaminergic markers
TH and DARPP-32. For this experiment, coronal striatal sections were prepared by mounting 40 pm-
thick slices on glass slides after antigen retrieval. A PLA protocol, based on the one previously
described for primary neurons, was used with minor modifications.

All the incubations were carried out in a humidity chamber. The slices were blocked with Duolink
blocking solution for 1 hour at 37 °C, followed by incubation with the primary anti-CHL1 (goat, 1:50),
anti-DRD2 (mouse, 1:50), and either anti-TH (rabbit, 1:200) or anti-DARPP-32 (rabbit, 1:200)
antibodies in Duolink antibody diluent for 3 days at 4 °C. The slices were washed three times for 5 min
with washing buffer A and incubated with Duolink® In Situ PLA® Probe anti-goat minus and anti-
mouse plus, diluted 1:5 in Duolink antibody diluent in a humid chamber at 37 °C for 70 min. After
washing twice for 5 min with washing buffer A, the ligation step was conducted at 37 °C for 60 min
using ligation solution diluted 1:5 and ligase diluted 1:30 in RNase-free water. The same washing step
was repeated, followed by the amplification step, in which amplification solution diluted 1:5 and
polymerase diluted 1:60 in RNase-free water was added to the slides and incubated at 37 °C for 150
min. From this point onward, the neurons were protected from light. The coverslips were then washed
for 10 min with washing buffer B and incubated with Cy5-conjugated donkey anti-rabbit (1:200)
secondary antibody and DAPI stain (1 pg/ml) for 1 hour at room temperature. After an additional
washing step, twice with washing buffer B and once with PBS for 10 min each, the slices were then
allowed to dry completely and covered with a glass cover using Epredia™ Shandon™ Immu-Mount™.

High magnification fields were imaged in the whole striatal area using the Olympus Fluoview
FV1000 confocal microscope in sequential mode, with a 60 x objective plus 2/5 x digital magnification.
The acquired images were processed for brightness and contrast using the ImageJ software. Negative
controls were included in the experiment, using striatal sections from male CHL1 KO littermate mice
for the PLA, and incubating striatal sections solely with Cy-conjugated secondary antibodies to detect
nonspecific binding. The experiment was done on striatal slices from 3 animals.
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26.4 Golgi impregnation technique

The Golgi impregnation technique was used to compare the striatal morphology of MSNs in coronal
striatal sections from 4-month-old male WT and CHL1 KO mice. This method is based on the
impregnation of potassium dichromate and silver nitrate in brain tissue, which results in a chemical
reaction that creates intracellular precipitates of silver chromate. The technique selectively stains a
small percentage of neurons (3-5%), enabling the complete visualization of the complex neuronal
structure.

After euthanizing the mice via COz inhalation and isolating their brains, the tissue was immediately
processed using the FD Rapid GolgiStain™ Kit according to the manufacturer's instructions. The brains
were rinsed with ddH20 and placed in a 15 ml falcon containing 6 ml of a mixture of solutions A and
B ina 1:1 ratio for 2 weeks at room temperature in the dark, with the solution being changed after the
first 24 hours and the brains being gently swirled twice per week. Following this, the brains were
transferred into new 15 ml falcons containing solution C, a sucrose-cryoprotectant solution, and kept
in the dark for 4 days at 4 °C, with the solution being changed again after the first 24 hours. The brains
were then frozen in 80 °C-cold isopentane for 1 min and stored at -80 °C for future use.

To prepare for cryosectioning, the chamber of the CryoStar™ NX70 cryostat (Thermo Fisher
Scientific) was first cooled to -25 °C, and the frozen brain was allowed to stabilize within the chamber
for 30 min. The cryostat blade was then cooled to -27 °C. To attach the caudal pole of the brain to the
cold tissue holder, only a base of Tissue-Tek OCT Compound was used, without completely covering
the brain. Serial coronal sections with a thickness of 100 um were collected and immediately mounted
onto gelatin-coated slides with small drops of solution C. The slides were then air-dried at room
temperature for 24 hours in the dark.

Slices were rinsed in ddH20 (2 % 4 min) and subsequently stained in a developing solution (25%
solution C and 25% solution E) for 10 min. After rinsing the slices again in ddH20 (2 x 4 min), slices
were dehydrated in successively higher ethanol concentrations for 4 min each, 50%, 75% and 95%, and
then in 100% ethanol (4 x 3 min). Slides were cleared with xylene (3 x 4 min), then covered by a glass
cover with Eukitt® Quick-hardening mounting medium. The entire process was carried out in a dark
environment.

2.6.5 In vivo Sholl analysis and branch order

The morphological complexity of the MSNs was compared by applying Sholl analysis to coronal
striatal slices that had been processed for Golgi impregnation staining (section 2.6.4) of 4-month-old
male WT and CHL1 KO mice. In addition, a branch hierarchy analysis was employed to have a closer
look at the specific organization and architecture of the neuronal tree. Dendrites were classified with
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incremental values at every bifurcation away from the soma using this analysis, allowing for a
comparison of the complexity and different geometric metrics between the different orders of branches.

MSNs located in the dorsal striatum were imaged under bright-field illumination using the Olympus
Fluoview FVV1000 confocal microscope and high magnification Z-stacks (0.5 pm) were acquired from
the whole neuronal tree using a 40/60 x objective. Only neurons well-impregnated with no evidence of
incomplete or artificial staining were utilized. The Filament Tracer tool in Imaris software was used to
3D reconstruct the complete neuronal three. First, an approximate radius of the soma was measured
and reconstructed in a sphere form. Then, using the Autodepth mode, dendrites were drawn and
adjusted in diameter along the way. The diameter and shape of the dendrites were manually corrected
whenever necessary.

The 3D reconstruction of the neurons was later subjected to a Sholl analysis with a radius step size
of 5 um using Filament No. Sholl intersections tool in Imaris. The same metrics described in Sholl
analysis for primary neurons (section 2.5.5) were extracted and analyzed for this experiment (ending
radius, primary branches, maximum intersections number, radius of maximum intersections and
number of intersections as a function of radial distance from the soma). The branch order of the
dendrites was as well analyzed with the Branch Hierarchy extension in Imaris, where dendrites were
classified into 4 orders of complexity, and morphological parameters of area, length, or volume were
obtained per order of complexity. Individual data sets were extracted for each neuron and averaged for
each genotype condition. This experiment consisted of a pilot test using 2 animals per genotype in a
total of 12 WT neurons and 10 CHL1 KO neurons analyzed.

2.7 Behavior protocols

2.7.1 Animals and behavioral design

Three-month-old female and male WT and CHL1 KO mice were used in behavioral experiments.
At two months of age, mice were transferred from the pathogen-free breeding facility to the vivarium
with a reversed 12-hour light-dark cycle (7:00 AM light on) and maintained in standard conditions (21
+ 1 °C, 40-50% humidity, food and water ad libitum). Animals were housed in groups of 3 to 4
littermates, consisting of one heterozygotic and at least one WT and one CHL1 KO mouse. To control
for litter effects, no more than 2 males of the same genotype per litter were used. After a two-week
adjustment period in the behavioral facility, mice underwent an intensive handling protocol and daily
body weight monitoring for additional two weeks.

At 3-month-old, mice were subjected to several behavioral paradigms once per week during their
dark cycle in a room adjacent to the vivarium. Tests were conducted between 9:00 am and 4:00 pm
with care to minimize discomfort to the animals. To minimize stress impacts, the behavioral tests were
performed in an ascending order of stress with a one-week gap between each, starting with the open
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field test, followed by the Y-maze test, and ending with the novelty-induced test (Table 2.10). Mice
were acclimated to the behavioral room for 30 min before each test under dim red light. Testing began
with manual restraint of the mouse using the scruffing technique and a single i.p. injection of the
treatment (later explained). The mouse was then returned to its home cage, and the behavioral trial
began 2 min later. After each test, fecal boli and urine drops were counted, and all equipment was
thoroughly cleaned with a sequence of ethanol (30%), soap solution, and water. Each mouse had a one-
week rest period before undergoing the next behavioral test. The execution and analysis of the
behavioral tests were performed blind to the genotype and treatment to prevent any unconscious bias.
The sample size was 11 to 13 mice per group.

The animals' welfare was regularly assessed throughout the behavioral timeline using a score sheet
(Annex 1) that evaluated body weight, general condition, reaction to the handling and specific criteria
related to the i.p. injection.

Table 2.10. Time course of the behavioral experiments. Prior to the behavioral tests, the mice were acclimated
to the behavioral facility and subjected to an intensive handling protocol. The tests were then conducted in an
ascending order with a one-week break between each to minimize stress impact.

Week Experiments
0-2 Acclimatization
2-4 ‘ Intensive handling protocol
4-5 ‘ Open field test
5-6 ‘ Y-maze test
6-7 ‘ Novelty-induced test
2.7.2 Animal treatment conditions

The i.p. injection consisted of 300 pl vehicle (0.9% NaCl, 0.5% DMSO) as the control saline
solution, sulpiride solution (1 mg/kg), or quinpirole solution (0.02 mg/kg) per 30 g of body weight
using a 27 G needle. All materials and solutions were sterilized and prepared shortly before use, as
explained previously (section 2.4.2).

Compared to the long form of DRD2, the short form of the receptor has a higher binding affinity for
dopamine and benzamides like sulpiride??®??!, As a result, sulpiride exhibits primarily a presynaptic
action when administered at lower doses (1 mg/kg) in rats during conditioned avoidance response
tests??%310, Similarly, treatment with low concentrations of quinpirole (0.03 mg/kg) results in a rapid
decrease in locomotor activity in mice within minutes of the open field test due to a presynaptic
activation of DRD2, persisting for approximately 2 hours after treatment?’®. The impact of low
concentrations of quinpirole on motor activity in mice and rats has been well documented, with effects
typically being observed within the first minutes after intraperitoneal or subcutaneous
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administration'3613721% Therefore, in the present thesis lower doses of DRD2-specific compounds were
used to specifically target the presynaptic DRD2 and evaluate their effect on the different behaviors,
rather than higher doses of DRD2 antagonist and agonist that would elicit postsynaptic DRD2 effects.

Furthermore, all the behavioral observations were started 2 min after the administration of the
compounds. This time point was initially chosen because it targets the early onset of presynaptic DRD2
effects elicited by low doses of quinpirole. However, it is important to note that sulpiride has a slower
pharmacokinetic profile compared to quinpirole, which can be attributed to its lower lipophilicity or
higher molecular weight??3311, This short time window of 2 min might pose a challenge when studying
the behavioral effects of sulpiride. In fact, only some studies have administered low doses of sulpiride
to rodents 15 min to 1 hour before behavioral tests. For instance, mice treated with a low dose of
sulpiride (3 mg/kg) 15 min before a motor task showed a trend for initial lower activity compared to
controls®2, while another study demonstrated that pre-treatment with sulpiride (1.25 mg/kg) 1 hour
before quinpirole injection (0.2 mg/kg) prevented a decrease in locomotion after the second injection??.
As the time-window of sulpiride effects is not extensively described in the literature, this thesis adopted
a short 2-min period between compound administration and behavioral analysis, combined with
behavioral tasks lasting for at least 15 min. This approach ensures that the observations include the
effects of sulpiride and allow the investigation of how soon these effects are triggered.

Additionally, the 2 min period also grants time for the animals to recover from the stress induced by
the i.p. injection procedure while keeping the stress effects constant across the different treatment
groups. If behavior were to be analyzed at different times between compounds, additional control
groups would need to be included to account for the effect of stress. However, this would not comply
with the 3Rs ethics in animal studies, which promote Replacement, Reduction, and Refinement.
Therefore, the decision to analyze the behavior at the same time point was also made to ensure the
ethical treatment of animals in the study.

2.7.3 Handling protocol

To reduce stress and interindividual variability in the experimental data related to manual restraint
during i.p. injections, a 2-week handling protocol was implemented prior to any interventions®34,
The present protocol was inspired by practices recommended by Gouveia et al. (2019)3!° on non-
aversive handling methods.

The protocol involved twice-daily handling of the mice from each cage for approximately 5 min
under dim red light. During the first week, a plexiglass beaker was introduced to the mice by weighing,
transporting them inside, or placing it within the cage for exploration. The hand with glove and sleeve
was also placed inside the cage to acclimate the mice to human presence. In the second week, the
scruffing restraint technique was additionally introduced once a day. Mice were first picked up by the
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hand/sleeve, then held by the tail on a cage grid and restrained for at least 5 seconds, followed by
voluntary play-time with the hand as positive reinforcement. Body weight was monitored daily.

Mice were not handled the day before testing and had one or two days without handling after each
behavioral test. Handling sessions during this time were limited and lighter, only involving hand/sleeve
exposure and restraint. Throughout the procedures, mice were only briefly picked up by the tail for
transport via sleeve after i.p. administration, if necessary.

2.7.4 Open field test

The open field test is a widely used behavioral test for assessing motor activity, exploratory
behavior, and anxiety-like behavior in rodents®'®3!’, The test was performed in a square open-field
arena (50 x 50 x 50 cm) illuminated by 50 lux. Two minutes after the i.p. injection, the mouse was
carried in a plexiglass beaker and placed in one corner of the arena. The trial started 2 seconds after the
movement was detected in the arena and was recorded for a duration of 30 min with a sample rate of
12.5 frames per second using Ethovision XT software (Noldus, Wageningen, Netherlands). The center
of the mouse's body was tracked throughout the test (Fig. 2.5 A). The arena was divided into the center,
medial and outer zones (Fig. 2.5 B).

The movement in the entire arena and in each zone were analyzed with a series of parameters, either
across the entire duration of the test or in specific time intervals, including distance moved, time spent
in the area, time moving, latency, average speed, and average distance from the wall. During the first
10 min of the test, The Observer software (Noldus, Wageningen, Netherlands) was used to analyze the
frequency, duration and latency of stereotyped behaviors, including supported and unsupported rearing,
grooming, and jumping. Supported rearing describes a type of vertical exploration in which the mouse
stands on its hind legs with one or two front paws touching the wall, while unsupported rearing refers
to the same posture without any wall support.
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Figure 2.5. Arena and tracking settings of the open field test using Ethovision XT software. (A) The
movement of the mouse was tracked using the center of its body as a reference and is represented by the red line.
(B) The arena was divided into center zone (CZ), medial zone (MZ), and outer zone (OZ).
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2.7.5 Y-maze: spontaneous alternation

The Y-maze test aims to assess short-term memory retention and manipulation, particularly spatial
working memory, through spontaneous alternation in a free-trial procedure®!®3°, Rodents exhibit a
natural curiosity to explore new areas. In a three-arm maze, an intact working memory will allow them
to recall which arm was previously visited, resulting in a preference for entering an arm that was less
recently visited31%320,

The maze was a Y-shaped structure comprised of three identical opaque arms orientated at 120°
angles and connected in the center, measuring 30 x 7 cm each, and illuminated by 10 lux during the
test. The mouse was placed at the end of an arm of the Y-maze two minutes after receiving an i.p.
injection, and the trial began only when the mouse reached the center (Fig. 2.6 A). The spontaneous
movement of the mouse was recorded for 15 min at a sample rate of 12.5 frames per second using
Ethovision XT software. The Y-maze was divided into four zones, one for each arm and one for the
center, and the center of the mouse's body was tracked throughout the test.

Throughout the experiment, the animals display different levels of spontaneous alternation (Fig. 2.6
B). Correct alternation was defined as consecutive entries into each of the three arms of the Y-maze
(e.g. A-B-C), while repetitive entries were considered incorrect (e.g. A-B-C-B or A-B-B-C).
Spontaneous alternation was evaluated by considering the first 24 alternations for a maximum of 15
min, as illustrated in the sample scoring sheet (Fig. 2.6 C). The test would be terminated after 15 min,
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Figure 2.6. Spontaneous alternation test settings. (A) The Y-maze is divided into three arms (blue, green, and
red) and the trial starts once the mouse reaches the center. (B) Representative images of tracking lines (red)
showing low and high percentages of alternation in the Y-maze. (C) Example of a scoring sheet for counting the
number of correct alternations.
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even when 24 alternations were not completed. An entry was counted when the mouse stepped into one
arm with its hind paws and the beginning of its tail.

To analyze spontaneous alternation, number of correct alternations, percentage of correct
alternations and time to complete 24 alternations were obtained. The locomotion was analyzed in the
whole Y-maze, including distance moved and time moving, either across the entire duration of the test
or in designated time intervals.

2.7.6 Novelty-induced test

The release of dopamine in the most caudal portion of the striatum plays a crucial role in the risk
assessment response during approach/avoidance conflicts, for example in the presence of a novel
stimulus®2!. The current approach to the novel-induced test differs from the traditional method, which
relies on the animal's previous recollection of the object. Instead, it specifically targets the novelty-
seeking behavior triggered by a new stimulus for which there is no pre-existing recognition memory,
the stimulus novelty®??. The protocol is a simplified version of the one described by Akiti et al.
(2022)3%,

The test was performed in a square open-field arena (50 x 50 x 50 cm) illuminated by 5 lux. The
test included a habituation phase of the mouse to the empty arena for 5 min. Afterwards, the mouse
was injected with the respective treatment and the object was inserted in the middle of the arena. Two
minutes after the i.p. injection, the mouse was carried in a plexiglass beaker and placed in one corner
of the arena. The trial started 2 seconds after the first movement was detected in the arena and was
recorded for 20 min, with the Advanced Model-based (XT 6) detection mode, and a sample rate of 12.5
frames per second using Ethovision XT software. The mouse’s movement was tracked using its nose,
body center or tail base as a reference (Fig. 2.7 A). The area of the object was withdrawn from the
detection, and an 8cm radius was set around it, defining the object zone. To evaluate the mouse’s direct
interaction with the object, its nose movement (nose-point) was tracked within the object area (area
between concentric circles) (Fig. 2.7 B). The nose-point movement within the object zone was analyzed
to obtain parameters such as distance moved, time spent in the area, time moving, and latency to
approach the object, either over the entire duration of the test or in specific time intervals. The center-
point movement in the whole arena (excluding the object area) was also analyzed to study locomotion,
with parameters such as distance moved and time moving, across the entire duration of the test or in
designated periods.
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Figure 2.7. Novelty-induced test settings. (A) The mouse's movement was tracked using the nose (yellow),
body center (red), and tail base (blue) as reference points. The object area was excluded from the detection zone,
and an 8 cm radius around the object was defined as the object zone. (B) Object exploration was assessed by
tracking the movement of the nose-point (yellow tracking) within the object zone, indicating low or high levels
of exploration.

2.8 Statistical analysis

The IBM SPSS Statistics 25 software (Chicago, USA) was used to conduct the statistical analyses.
Firstly, the Tukey’s fences test was applied to identify outliers, which were later removed from the
analysis. Next, the assumption of normal distribution was tested using the Shapiro-Wilk test, and the
verification of equality of variances was performed with Levene's Test of Equality of Error Variances
(a=0.05, for both).

When two independent variables were present (e.g. genotype and treatment), two-way analysis of
variance (ANOVA) was applied to data that fulfilled the normality and homogeneity assumptions.
ANOVA with Welch's correction was used when the data did not pass Levene's test for homogeneity
of variance. The Kruskal-Wallis test for k-independent samples was used if the data did not follow a
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Gaussian-like distribution but still exhibited homogeneous variance. Otherwise, the Brown-Forsythe
ANOVA would be employed.

Number of intersections across the radial distance from the soma (repeated measure) were compared
using two-way repeated measures ANOVA, with genotype and treatment considered as between-
subjects factors. If no main effect of treatment was detected but a tendency was graphically visible for
only one of the genotypes, this factor would be nested (only test either WT or CHL1 KO), and one-
way repeated measures would be employed to investigate the possible effect of treatment only in one
genotype group. One-way repeated measures were also utilized when genotype was the only factor
present.

Regarding the behavioral analysis, three-way ANOVA was employed when the data demonstrated
normal distribution and homogeneity of variance, with genotype, treatment, and sex (female and male)
considered as between-subjects factors. If no interaction between factors was observed but an indication
of interaction existed for one of the factors, the groups of that factor were separated, and further analysis
was conducted using two-way ANOVA. Then, the influence of genotype and treatment on either the
female or male group, in case of sex split, would be explored. If the data did not follow a normal
distribution and failed Levene's test for homogeneity of variance, the Brown-Forsythe ANOVA was
employed. This was achieved by analyzing one of the sex groups and grouping genotype and treatment
into a single variable with 6 groups.

Student's t-test was used to compare the percentage of correct alternations for each group with the
50% chance level of performance.

Three-way repeated measures ANOVA was applied to compare behavioral parameters across
different time points, with time being the repeated measure, and genotype, treatment, and sex as the
between-subjects factors. In cases where no main effect of treatment was observed but a tendency was
visually noticeable in one of the treatments, the same analysis of variance was conducted by considering
only vehicle and either sulpiride or quinpirole as treatment factors.

For pairwise comparisons, Bonferroni correction post-hoc test was performed if statistically
significant main effects were identified in any of the ANOVAs or Kruskal-Wallis test. In cases where
Brown-Forsythe ANOVA detected any difference, the Games-Howell post-hoc test was used for
multiple comparisons.

Chapter 111 presents only the most relevant results, while the statistical results of parameters with
significant pairwise comparisons can be found in the figure captions or designated tables. Data yielding
statistical values with an associated probability of p <0.05 were interpreted as statistically significant.

Only the most relevant results are presented in Chapter Il1 and the statistical results of parameters
with significant pairwise comparisons can be found in the figure captions or designated Tables.
Statistical significance was determined for all tests with a significance level set at p < 0.05.
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3 Results
3.1 CHL1 and DRD2 interaction in pre- and postsynaptic dopaminergic
neurons

Prior research suggests that mutations in the CHL1 gene are correlated with a higher susceptibility
to develop certain psychiatric disorders, such as depression, ASD, and schizophrenia®®->2. Since DRD2
plays a prominent role in the pathophysiology of these disorders’®?%¢2%8 our group started to explore
whether CHL1 could interact with DRD2 or influence the signaling via DRD2.

A previous study by our group®® revealed an interaction between the extracellular domain of CHL1
and the first extracellular loop of DRD2 in a biochemical assay. The close proximity of the proteins
was also demonstrated in vivo using striatal sections of adult mice employing both immunofluorescence
and proximity ligation assay techniques. To gain a deeper understanding of CHL1 and DRD2
interactions, it was crucial to investigate whether these molecules interact in close proximity, either
pre- and/or postsynaptically, to regulate dopaminergic signaling at the pre- or postsynaptic level. The
following data that 1 obtained was published together with the previous work of the group®.

3.1.1 CHL1 and DRD2 co-localize pre- and postsynaptically in the striatum of
adult mice

The striatum is the ideal structure for the study of dopaminergic signaling at the pre- and
postsynaptic sides because it is the brain structure of the basal ganglia with a major input of
dopaminergic neurons emerging from the midbrain structures, namely the SNc and VTA3%,
Dopaminergic efferents from the midbrain targeting different parts of the striatum can be identified by
immunostaining for TH32. Specifically, these dopaminergic terminals can form synapses with
GABAergic MSNs that are distinguished from other neuron types by immunostaining for DARPP-
32324 Therefore, in this study, TH was used as a presynaptic marker of dopaminergic terminals, and
DARPP-32 as a postsynaptic marker of MSNs, the main neurons responsible for dopaminergic
signaling in the striatum.

With the goal of analyzing whether the CHL1 and DRD2 interaction takes place pre- and/or
postsynaptically, coronal sections from the striatum of 3- to 4-month-old male WT mice were prepared.
Sections were stained with the PLA technique using CHL1- and DRD2-specific antibodies combined
with immunofluorescence staining for TH or DARPP-32. The interaction between CHL1 and DRD2
was observed by the red dots given by fluorescently labeled oligonucleotide probes from the PLA Kit,
whenever the distance between the proteins was 40 nm or less. Striatal sections from male CHL1 KO
littermate mice were used as negative controls.
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Red spots indicative of an interaction between CHL1 and DRD?2 in striatal sections were observed
on TH- and DARPP-32-positive neurons (Fig. 3.1 A and B, respectively), indicating that CHL1 and
DRD?2 interact presynaptically on dopaminergic neurons, and postsynaptically on MSNs.

CHL1/DRD2 DAPI

CHL1/DRD2 DAPI CHL1/DRD2

[ >
»

Figure 3.1. Close proximity of CHL1 and DRD2 in TH- and DARPP-32-positive neurons in striatal
sections. 40 um-thick coronal striatal sections from 3- to 4-month-old male WT mice were subjected to PLA
with goat anti-CHL1 and mouse anti-DRD2 antibodies (red staining). Slices were then immunostained with
rabbit anti-TH (A) or anti-DARPP-32 (B) antibodies (green staining). Representative confocal images are
presented. Red spots indicate close molecular interactions of CHL1 and DRD2 on both types of neurons. Close-
ups (rectangles 1 and 2) show that the interaction is present nearby the neurons. Nuclei are stained with DAPI
stain (blue). Scale bars: 10 um. The experiment was done on striatal slices from 3 animals.
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3.1.2 CHL1 and DRD2 co-localize in cultured TH-positive midbrain neurons and
DARPP32-positive striatal neurons

To complement the analysis of CHL1 and DRD2 interaction in striatal sections of adult mice,
primary cultures from embryonic ventral midbrain and striatal neurons were analyzed by PLA and
immunostaining.

Development of dopaminergic neurons in the ventral midbrain region of mice starts around E10 and
TH immunoreactivity is found in the murine midbrain at E12. The outgrowth of TH-positive
dopaminergic axons in the direction of the telencephalon, specifically to the precursor region of the
striatum, the ganglionic eminences, starts between E13.5-14.5 and until E18 connections of these axons
with neurons in the ganglionic eminences are formed’*32%, VVentral midbrain neurons isolated from E14
mice lack fully developed axons and allow to study the growth and maturation of postmitotic
dopaminergic neurons in culture?®®326-328  Therefore, mixed-sex ventral midbrain primary cultures
from E14 embryos were used to analyze the presynaptic interaction of CHL1 and DRD2.

The mature structure of the striatum is developed between E18-18.5 in mice’*3%, At E16 striatal
neurons are not entirely developed and preparation of neurons at this stage yields cultures with higher
neuronal survival and differentiation potential?®®2°2%2 Thus, mixed-sex striatal primary cultures from
E16 embryos were used to analyze the postsynaptic CHL1 and DRD?2 interaction.

At 7 div, for ventral midbrain culture, and 12 div, for striatal culture, cultures were stained with the
PLA technique using CHL1 and DRD?2 specific antibodies combined with immunofluorescent staining
for TH, in the case of the ventral midbrain neurons, or DARPP-32, for striatal neurons (Figure 3.2 A
and B). Primary cultures from female CHL1 KO littermates were used as a negative control and showed
no PLA signal (data not shown).

Red spots which indicate the close proximity of CHL1 and DRD2 were found in TH-positive ventral
midbrain cells (Fig. 3.3 A) and DARPP-32-positive striatal cells (Fig. 3.3 B).

In summary, these results show that CHL1 and DRD2 are in close proximity allowing them to
interact in vivo and in vitro in TH-positive dopaminergic neurons and DARPP-32-positive MSNs,
suggesting that pre- and postsynaptic CHL1 and DRD2 interactions could modify dopaminergic circuit
communication between midbrain structures and the striatum.
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Ventral mibrain primary neurons (7 div) Striatal primary neurons (12 div)
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Figure 3.3. Close proximity of CHL1 and DRD2 in TH- and DARPP-32-positive cells in cultures of ventral
midbrain and striatum. Cultures of ventral midbrain (A) or striatal (B) neurons were maintained for 7 or 12
div, fixed and analyzed by PLA using goat anti-CHL1 and mouse anti-DRD2 antibodies (red staining) combined
with immunofluorescent staining using rabbit anti-TH or anti-DARPP-32 antibodies (green staining).
Representative confocal images of different cells are shown. Red spots (white arrows) indicate close molecular
interaction of CHL1 and DRD2 on both types of neurons. Nuclei are stained with DAPI stain (blue). Scale bars:
10 um. The experiment was performed with cultures from 3 animals.

3.2 Functional consequences of CHL1 and DRD2 interaction in
presynaptic dopaminergic and postsynaptic striatal neurons

Previous results by Kotarska et al. (2020)* using CHL1 KO mice revealed a functional impairment
of DRD2 signaling, including reduced phosphorylation level of TH at Ser40 in the dorsal striatum and
phosphorylation level of DARPP-32 at Thr34 in the ventral striatum. These findings strengthen the
notion that CHL1 could play a role in regulating the mechanisms underlying pre- and postsynaptic
DRD2-dependent signaling.
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To investigate the impact of CHL1 on DRD2-dependent signaling, primary neuron cultures from
WT and CHL1 KO mice were treated with the DRD2 antagonist sulpiride and the DRD2 agonist
quinpirole. To specifically examine the effect of CHL1 on presynaptic DRD2 signaling, the expression
of proteins involved in the presynaptic DRD2-signaling pathway was analyzed in ventral midbrain
primary cultures. For postsynaptic DRD2 signaling, morphological analysis was performed using
striatal neuron cultures.

St

[ -
E14 mouse Ventral midbrain E16 mouse
embryo brain dissection embryo brain

{ ‘

Striatal dissection

Ventral midbrain primary Striatal primary culture
culture developing for 7 div developing for 12 div

PLA technique coupled with immunostaining

Figure 3.2. Schematic representation of the preparation of ventral midbrain and striatal primary cultures.
Ventral midbrain was dissected from embryonic brains at E14 (remaining tissue after cutting along R, D, and C
lines) and striatum from embryonic brains at E16 (St: striatal tissue; Cx: cortex region). At div 7 or 12, neurons
were fixed and subjected to PLA with goat anti-CHL1 and mouse anti-DRD2 antibodies. Ventral midbrain and
striatal cultures were then immunostained against TH or DARPP-32, respectively. Ventral midbrain pictures
were adapted from Gaven et al. (2014)%2%, striatum pictures from Naia et al. (2018)?%2, and scientific animations
from Biorender.

3.21 Presynaptic DRDZ2 signaling cascade is affected by the presence of CHL1
upon pharmacological DRD2-specific modulation

After having shown that CHL1 co-localizes with DRD2 in murine striatal and ventral midbrain
cultures, I investigated if the DRD2 signaling pathways are altered in the presence or absence of CHL1.
For this aim, cultured neurons from WT and CHL1 KO mice were treated with DRD2 antagonist or
agonist. Experiments using rat striatal slices showed that the DRD2 agonist quinpirole decreases the
Ser40 phosphorylation of TH through the reduction of AC activity, thereby inhibiting the production
of CAMP8, Hence, WT and CHL1 KO ventral midbrain cultures at 7 div were used to measure TH
phosphorylation state and cAMP levels. Cells were treated for 20 min with vehicle solution (veh) as
control or with the DRD2-specific compounds, sulpiride (sulp) and quinpirole (quinp). In addition,
proteins involved in downstream DRD2 signaling were assessed by Western blot.
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To determine the basal levels of Ser40 phosphorylation of TH (pTH), neurons treated with vehicle,
sulpiride, or quinpirole were fixed and subjected to immunostaining using antibodies targeting Ser40-
phosphorylated TH and the total TH protein. Confocal Z-stacked images were used to measure values
for integrated density, area of the cells and mean grey value of the background. After determining the
CTCEF for each fluorescent signal, the ratio between pTH CTCF and total TH CTCF was calculated.
Representative images of TH and pTH staining are shown (Fig 3.4 A), and representative images of
neurons from each condition are presented in Fig 3.4 B.

The results revealed no statistical difference in phosphorylation level of TH at Ser40 between WT
and CH1 KO ventral midbrain neurons treated with vehicle (Fig.3.4 C). In contrast, sulpiride and
quinpirole treatments reduced pTH levels relative to total TH levels in both genotypes. CHL1 KO
neurons were more sensitive to sulpiride treatment and showed a stronger reduction in pTH levels
compared to the WT neurons. Quinpirole treatment caused a similar reduction of pTH levels in WT
and CHL1 KO neurons when compared to levels in vehicle-treated neurons. Interestingly, only
sulpiride treatment increased total TH CTCF in WT neurons compared to vehicle treatment (Fig. 3.4
D), without affecting pTH CTCF in WT or CHL1 KO neurons compared to their respective vehicle-
treated group (Fig. 3.4 E).

It was noticeable that CHL1 KO neurons showed an overall tendency to have lower levels of total
TH (veh WT x CHL1 KO: p = 0.072).and pTH (veh WT x CHL1 KO: p = 0.078; quinp WT x CHL1
KO: p = 0.083) protein than the WT neurons in all treatments.

The next step was to analyze whether cAMP levels were affected by the treatment with quinpirole
and sulpiride. It is expected that the DRD2 agonist quinpirole inhibits the production of cCAMP and
therefore, decreases TH phosphorylation events. The cAMP levels were determined in lysates of WT
and CHL1 KO ventral midbrain neurons after 20 min of treatment with vehicle solution, sulpiride, or
quinpirole using the Direct cCAMP ELISA kit from Enzo (Fig. 3.5 A).

Levels of cAMP were similar in vehicle-treated WT or CHL1 KO neurons and only showed a
tendency to be smaller in CHL1 KO neurons (p = 0.066) (Fig. 3.5 B). Treatment of cells with sulpiride
and quinpirole did not change cAMP levels significantly when compared to vehicle treatment.
However, CAMP levels were reduced in CHL1 KO neurons after sulpiride and quinpirole treatment
when compared to levels in WT cells with the respective treatment (Fig. 3.5 B).
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Figure 3.4. Effect of the sulpiride and quinpirole on TH phosphorylation at Ser40 in cultured WT and
CHL1 KO ventral midbrain neurons. WT and CHL1 KO ventral midbrain neurons at 7 div were incubated
with vehicle, sulpiride (30 uM), and quinpirole (20uM) for 20 min, and stained with antibodies against Ser40-
phosphorylated TH or total TH. (A) Example of a neuron immunolabeled with TH (red) or pTH (green) antibody.
The overlay of the red and green signals in yellow is also shown. Scale bars 10 um. (B) Representative neurons
with TH and pTH staining showing merged signals. Scale bars 30 um. The CTCF ratios of pTH and total TH
(C) and the CTCF values for total TH (D) and pTH (E) were determined. VValues are presented as mean + SEM
(n = 3 independent cultures, 68-115 neurons per condition) and were analyzed with Brown-Forsythe ANOVA
followed by Games-Howell post-hoc test ((C): F(5,507.91) = 17.97, p = 0.0001; (D): F(5,537.01) = 8.46, p =
0.0001; (E): (F(5,532.37) =7.04, p=0.0001) (* p<0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, statistical
difference from vehicle-treated correspondent genotype; # in case of genotype difference within treatment).
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Figure 3.5. Determination of cAMP levels in cultured WT and CHL1 KO ventral midbrain neurons after
treatment with sulpiride and quinpirole. WT and CHL1 KO ventral midbrain neurons at 7 div were incubated
with vehicle, sulpiride (30 puM), and quinpirole (20 puM) for 20 min. Cells were lyzed and cAMP levels were
determined in the lysates (A). Samples were incubated with rabbit polyclonal cAMP antibody and a conjugate
of cAMP with AP in a plate pre-coated with goat monoclonal anti-rabbit antibody. A substrate of the AP is
added, and the product of this enzymatic reaction is measured. (B) CAMP concentration (pmol/mg of total
protein) is calculated relative to the control (WT vehicle group). Values are presented as a bar scatter plot with
mean + SEM (n = 5 independent cultures) and were analyzed with two-way ANOVA (genotype: F(1,24) =19.88,
p < 0.0001) followed by Bonferroni correction post-hoc test (# p < 0.05 and ## p < 0.01).

Activation of DRD2, suppresses Akt phosphorylation, and downregulates GSK3f activity though
Ser9 phosphorylation®®1¢7. Furthermore, activation of DRD2s signaling either by quinpirole or
dopamine, was described to increase ERK1/2 (Thr202/Tyr204) activation's:!%31%4  Hence,
phosphorylation levels of GSK3f (pGSK3p) and ERK1/2 (pERK1/2) were quantified by western blot
analysis. Cells from ventral midbrain cultures were treated with vehicle, sulpiride, and quinpirole for
20 min, and lysates were subjected to Western blot analysis using antibodies targeting the
phosphorylated and total GSK3 and ERK /2 proteins.
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No differences in phosphorylation levels of GSK3p (Fig. 3.6 A) and ERK1/2 (Fig. 3.6 B) were
detected. Additionally, the normalized levels of total GSK3p and ERK1/2 showed no differences
between genotypes or treatments.
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Figure 3.6. DRD2 downstream pathway proteins are not altered by treatment of WT and CHL1 KO
ventral midbrain neurons with quinpirole and sulpiride. WT and CHL1 KO ventral midbrain neurons at 7
div were incubated with vehicle, sulpiride (30 pM), and quinpirole (10uM) for 20 min. Lysates from each
condition were subjected to protein quantification by Western blot using antibodies targeting the phosphorylated
and total form of the proteins. The luminescence signal of phosphorylated proteins was normalized relative to
the signals of the total proteins. Total protein levels were calculated relative to levels of the housekeeping protein
(GAPDH) using Image Studio Lite software. (A) pGSK3B(Ser9) and GSK3 representative Western blot bands
and pGSK3B(Ser9)/GSK3p protein ratio (left) and GSK3p relative expression to GAPDH (right). (B) pERK1/2
(44/42 kDa) and ERK1/2 representative Western blot bands and pERK1 (Thr202/Tyr204)/ERK1 protein ratio
(upper left) and ERK1 protein level relative to GAPDH level (lower left). pERK2 (Thrl85/Tyr187)/ERKZ
protein ratio (lower middle) and ERK2 relative expression normalized to GAPDH (right). Values are presented
as a bar scatter plot with mean + SD and as a relative percentage to the control (WT vehicle group) (n = 3
independent cultures). Statistical analysis with one-way ANOVA (p > 0.05).
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In summary, these results from ventral midbrain neurons treated with the D2DR antagonist sulpiride
and agonist quinpirole indicate that the presynaptic absence of CHL1 affects signaling pathways
upstream of DRD2. Although no differences were found in TH phosphorylation at Ser40 or cAMP
levels between WT and CHL1 KO neurons treated with vehicle, CHL1 KO neurons showed a stronger
decrease in TH phosphorylation after sulpiride treatment while quinpirole treatment decreased TH
phosphorylation in both genotypes to the same extent.

3.2.2 Neuronal arborization and dendritic spine morphology of CHL1 KO striatal
neurons

CHL1 was shown to affect the neuronal morphology of dopaminergic neurons from the ventral
midbrain where it increased neurite length and complexity of branching and played a role in neurite
elongation and directional growth®. Moreover, CHL1 was described as a promotor of differentiation
for mouse embryonic stem cells driving the cells to a dopaminergic phenotype?°. These results attribute
a strong role to CHL1 in the development of dopaminergic pathways in the midbrain. However, as the
striatum is one of the main targets of the midbrain dopaminergic fibers, the question of whether CHL1
also plays a part in striatal development or in the MSN’s functionality has not yet been addressed in
the scientific literature.

Interestingly, DRD2 was suggested to be involved in the regulation of neuronal architecture and

329 \which can

spine density. Loss of striatal volume constitutes a morphological trait in schizophrenia
be reversed with chronic antipsychotic treatment with DRD2 antagonists’? and was found to be
associated with decreased complexity and length of dendritic arbors of MSNs in mice overexpressing
DRD273, This atrophy of dendritic arbors and spine loss in MSNs are also present in animal models of
Parkinson’s disease®®. In addition, CHL1 and DRD2 share DISC1 as a mutual interaction partner:
CHL1 rescued DISC1’s inhibitory effect in the initial phase of neurite outgrowth from cortical
neurons®*, and D2DR overactivation reduced neurite length and branching, and total spine density in
early postnatal striatal neurons through interaction with DISC1'74. Also, decreased spine density was
reported as a trait in animal models of schizophrenia and Parkinson’s disease332333,

In summary, changes in the dendritic morphology and spine density of MSNs can disrupt normal
communication between neurons, leading to the development of psychiatric disorders. Therefore, to
investigate whether an interaction of CHL1 and DRD2 affects these mechanisms, MSNs from WT and
CHL1 KO striatal cultures were subjected to morphological analysis of the neuronal structure and of

dendritic spines upon treatment with DRD2 antagonist and agonist.
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3.2.2.1 DARPP-32 protein expression in postsynaptic striatal primary neurons is
not affected by the absence of CHL1

In order to use DARPP-32 as a morphological marker it was important to check if DARPP-32
expression was not altered in non-treated CHL1 KO MSNs. WT and CHL1 KO striatal neurons at 12
or 21 div were co-stained with antibodies targeting DARPP-32 and MAP-2. Confocal images were
acquired and the intensity of staining was measured for each neuron individually (Fig. 3.7 A).
Representative images are presented in Fig. 3.7 B for 12 and 21 div neurons.

No differences were found in the basal levels of DARPP-32 from MSNs between WT and CHL1
KO neurons either at 12 div or 21 div (Fig. 3.7 C left and right, respectively). After this assessment,
DARPP-32 is confirmed as a marker to look into MSNs morphological changes.

12 div 21 div

Identification of DARPP-32- = t
DARPP-32 outline™~

positive neurons

1.0

o
3]

1
DARPP-32/MAP2
CTCEF ratio
F =N
1

DARPP-32/MAP2
CTCF ratio

0.0-
WT KO WT KO
Figure 3.7. DARPP-32 protein expression is not affected by CHL1 absence in MSNs from striatal neurons.
WT and CHL1 KO striatal neurons were co-stained with DARPP-32 and MAP2 antibodies at 12 or 21 div. (A)
At 12 div, low-magnification confocal fields were analyzed by CellProfiler, and DARPP-32-positive neurons
were automatically outlined to obtain the fluorescent intensity of the markers.
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(Figure 3.7) At 21div, confocal Z-stacks of complete neurons were acquired and the DARPP-32 signal was
automatically outlined by ImageJ to obtain the fluorescent intensity of the markers for each neuron. (B)
Representative images of confocal fields from WT and CHL1 KO MSNs at 12 div (scale bars 50 um) and
maximume-intensity Z-projections from WT and CHL1 KO MSNs at 21 div (scale bars 25 pm) are shown
(DARPP-32, red; MAP2, green). (C) DARPP-32 signal was normalized to MAP2. Values are presented as a bar
scatter plot with mean + SEM (n = 3 independent cultures, 12 div: 376 WT and 381 KO neurons, 21 div: 92 WT
and 59 KO neurons) and were analyzed with Mann-Whitney U test (p > 0.05).

3.2.2.2 DRDZ2 antagonist and agonist treatment increased dendritic complexity in
CHL1 KO striatal neurons in vitro

In this study, Sholl analysis allowed a closer look at specific details of the dendritic organization in
a neuron and, consequently, of its morphological complexity. Using DARPP-32 as the morphological
marker of MSNs, the goals of this approach were on one side to check whether the dendritic tree of
CHL1 KO MSNs differs from WT neurons, and to determine how DRD2 antagonist and agonist
treatments affect the dendritic tree development of WT and CHL1 KO MSNs. To this end, WT and
CHL1 KO striatal neurons at 12 or 21 div were treated with vehicle, sulpiride, or quinpirole for 30 min
or 24 h, respectively, and were stained with DARPP-32 antibody. Confocal Z-stacks from the whole
neuronal tree of MSNs were acquired, and the DARPP-32 signal was traced and subjected to Sholl
analysis. From this analysis, several parameters of the dendritic arborization were determined: ending
radius of the dendritic tree, number of primary branches, maximum number of intersections, and radius
where the maximum number of intersections occurred (radius of max. intersections). Representative
Sholl masks of neurons for each condition are shown at 12 or 21 div (Fig. 3.8 A and B). The results of
the statistical analysis of variance are presented in Table 3.1.

The ending radius of the dendritic tree (Fig. 3.8 C) was not altered in vehicle-treated CHL1 KO
MSNSs relative to WT MSNs. At 12 div, only sulpiride-treated CHL1 KO neurons showed an increased
radius of the dendritic tree when compared with vehicle-treated CHL1 KO neurons, while quinpirole
treatment did not induce any changes in neurons from both genotypes. At 21 div, only the WT neurons
treated with sulpiride and quinpirole exhibited an increased radius compared to the vehicle-treated WT
MSNSs.

The number of branches originating from the cell soma was also determined and no differences were
found between the vehicle-treated WT and CHL1 KO MSNs at 12 div and 21 div (Fig. 3.8 D). At 12
div, quinpirole-treated CHL1 KO neurons exhibited a higher number of primary branches than
quinpirole-treated WT neurons. At 21 div, the number of primary branches of sulpiride-treated MSNs
from both genotypes showed a tendency to be increased (WT vehicle x sulpiride: p =0.187, CHL1 KO
vehicle x sulpiride: p = 0.052) and the number of primary branches of WT and CHL1 KO MSNs was
significantly increased after quinpirole treatment relative to vehicle treatment.
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Figure 3.8. DRD2 antagonist and agonist treatment increases dendritic tree complexity of CHL1 KO
MSNs at different developmental stages. WT and CHL1 KO striatal neurons were treated with vehicle,
sulpiride (30 uM), or quinpirole (20 uM) for 30 min at 12 div or 24 h at 21 div. Neurons were stained with
DARPP-32 antibody and high-magnification confocal Z-stacks were acquired from the whole neuronal tree.
Maximum-intensity Z-projections of the DARPP-32 signal were traced and the dendritic tree was analyzed with
the Sholl analysis plugin from ImageJ, using a starting radius of 7 pum and a radius step of 1 pm. Sholl masks
show a representative dendritic tree for each genotype and treatment condition at 12 div (A) and 21 div (B) (scale
bars: 30 um). Ending radius (um) (C), number of primary branches (D), and the polynomial fitting of the
maximum number of intersections (E) and of the radius of maximum number of intersections (F) were obtained
and compared across the groups for the neurons at 12 div or 21 div.
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(Figure 3.8) Values are presented as mean + SEM (12 div: n = 2 independent cultures, 59-76 neurons per
condition; 21 div: n = 3 independent cultures, 58-84 neurons per condition) and were analyzed with two-way
ANOVA or Kruskal-Wallis followed by Bonferroni correction test or Brown-Forsythe ANOVA followed by
Games-Howell test (*p < 0.05, **p < 0.01 and ****p < 0.0001, statistical difference from vehicle-treated
correspondent genotype; # in case of genotype difference within treatment). For detailed statistics see Table 3.1.

Table 3.1. Statistical tests of analysis of variance were used to identify relevant differences in Sholl
parameters. Results of parametric and non-parametric ANOVA tests are presented, followed by the respective
post-hoc test used to analyze each parameter of the Sholl analysis.

Test Results Post-hoc test
Genotype: F(1,377) = 0.0001, p = 0.995 .
. Two-way Bonferroni
12 div Treatment: F(2,377) = 3.882, p = 0.021 .
Ending radius ANOVA correction
) Gen x treat: F(2,377) = 1.930, p = 0.147
pm
. Brown-Forsythe
21 div F(5,430.84) = 4.354, p = 0.001 Games-Howell
ANOVA
Genotype: F(1,377) = 0.004, p = 0.948 .
. Two-way Bonferroni
12 div Treatment: F(2,377) = 0.090, p = 0.914 .
Number of ANOVA correction
) Gen x treat: F(2,377) = 3.328, p = 0.037
primary
Genotype: F(1,452) = 0.200, p = 0.655 .
branches . Two-way Bonferroni
21 div Treatment: F(2,452) = 7.406, p = 0.001 .
ANOVA correction
Gen x treat: F(2,452) = 0.109, p = 0.896
. . Bonferroni
Max. 12 div Kruskal-Wallis | H(4) =12.131, p=0.016 .
) ) correction
intersections
- . Brown-Forsythe
(poly. fitting) 21 div F(5,370.78) = 5.062, p = 0.0001 Games-Howell
ANOVA
Genotype: F(1,373) =0.225, p = 0.636 .
. Two-way Bonferroni
12 div Treatment: F(2,373) = 4.812, p = 0.009 .
Radius of max. ANOVA correction
) . Gen x treat: F(2,373) = 0.490, p = 0.613
intersections
- Genotype: F(1,452) = 6.854, p = 0.009
(poly. fitting) . Two-way ype: F( ) P Bonferroni
21 div Treatment: F(2,452) = 8.097, p = 0.0001 .
ANOVA correction
Gen x treat: F(2,452) = 5.456, p = 0.005

12 div: n = 2 independent cultures, 59-76 neurons per condition

21 div: n = 3 independent cultures, 58-84 neurons per condition
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At 12 div, vehicle-treated CHL1 KO MSNs showed a lower maximum number of intersections
compared to WT neurons (Fig. 3.8 E, polynomial fitting). Treatment with the DRD2-specific
compounds sulpiride and quinpirole did not increase the number of dendritic intersections of WT
neurons and led to slightly enhanced numbers in CHL1 KO neurons (CHL1 KO vehicle x sulpiride: p
= 0.181, CHL1 KO vehicle x quinpirole: p = 0.089). At 21 div, vehicle-treated WT and CHL1 KO
neurons showed the same maximum number of dendritic intersections, and DRD2 antagonist and
agonist treatment significantly increased this parameter in WT MSNs compared to the vehicle
treatment. The same effect was present as a tendency in sulpiride-treated CHL1 KO neurons relative
to vehicle treatment (CHL1 KO vehicle x sulpiride: p = 0.105).

Analysis of the radius where the maximum number of intersections occurred (Fig. 3.8 F, polynomial
fitting) did not reveal any differences between vehicle-treated neurons of both genotypes at 12 or 21
div. At 12 div, quinpirole-treated CHL1 KO MSNs had the maximum number of intersections at a
higher radius than vehicle-treated MSNSs. In contrast, at 21 div quinpirole treatment did not change this
parameter, while sulpiride shifted the radius where maximum intersections occur to a higher value only
in WT MSNs relative to CHL1 KO neurons and vehicle-treated MSNs.

To further investigate the overall complexity of the dendritic arbor in respect of ramification and
branching, the number of dendritic intersections at each circle of the Sholl analysis was analyzed along
the radius.

When comparing the number of intersections along the neuronal tree between WT and CHL1 KO
neurons at 12 div, a significant decrease in the number of intersections was observed at a radius of 25-
60 pum for the neuronal tree of vehicle-treated CHL1 KO neurons (Fig. 3.9 A). Treatment with DRD2-
specific compounds for 30 min increased the number of intersections in the neuronal tree of CHL1 KO
neurons compared to the neuronal tree of WT neurons, specifically from the middle until the end part
of the tree in the case of sulpiride treatment (50-100 um) and only at the ending of the tree with
quinpirole treatment (75-85 and 95-100 um). In contrast, CHL1 KO and WT neurons showed a similar
branching complexity at 21 div (Fig. 3.9 B). Compared to the WT group, after 24 h of sulpiride
treatment, CHL1 KO neurons showed a decrease in the number of intersections at a radius interval of
60-80 um, while quinpirole treatment did not affect the neuronal structure of CHL1 KO neurons.
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Figure 3.9. CHL1 KO MSNs show alterations of the neuronal tree after treatment with DRD2 antagonist
and agonist. WT and CHL1 KO striatal neurons were treated with vehicle, sulpiride (30 uM), or quinpirole (20
uM) for 30 min at 12 div or 24 h at 21 div. Neurons were stained with DARPP-32 antibody and high-
magnification confocal Z-stacks were acquired from the whole neuronal tree. Maximum-intensity Z-projections
of DARPP-32 signal were traced and the dendritic tree was analyzed with Sholl analysis adopting a starting
radius of 7 um and a radius step of 1 um. The number of dendritic intersections at each circle was counted and
modeled by polynomial regression. The results were plotted as a function of the radial distance from the soma
per 5 um. Curves along the radius were statistically compared between genotypes for each treatment condition
at 12 div (A) or 21 div (B). Values are presented as mean + SEM (12 div: n = 2 independent cultures, 59-76
neurons per condition; 21 div: n = 3 independent cultures, 58-84 neurons per condition) and were analyzed with
two-way repeated measures ANOVA followed by Bonferroni post-hoc comparisons (*p < 0.05 and **p < 0.01).
For detailed statistics see table 3.2.
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Comparisons of the number of intersections along the neuronal tree between the different treatment
conditions at 12 div revealed that the dendritic tree of WT neurons is only partially affected by sulpiride
treatment at the end of the tree (65-75 um) and is not altered by quinpirole treatment, relative to vehicle
treatment (Fig. 3.10 A). Interestingly, CHL1 KO neurons depict strong changes in the dendritic tree
after treatment with DRD2-specific compounds. Compared to vehicle-treated neurons, sulpiride
treatment increased the number of intersections in the middle part of CHL1 KO neurons (40-65 pum)
and quinpirole treatment caused a wider effect by changing the dendritic tree in the middle and at the
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Figure 3.10. WT and CHL1 KO MSNs show alterations of the neuronal tree after treatment with sulpiride
and quinpirole. WT and CHL1 KO striatal neurons were treated with vehicle, sulpiride (30 uM), or quinpirole
(20 uM) for 30 min at 12 div or 24 h at 21 div. Neurons were stained with DARPP-32 antibody and high-
magnification confocal Z-stacks were acquired from the whole neuronal tree. Maximum-intensity Z-projections
of DARPP-32 signal were traced and the dendritic tree was analyzed with Sholl analysis adopting a starting
radius of 7 um and a radius step of 1 pm. The number of dendritic intersections at each circle was counted and
modeled by polynomial regression. The results were plotted as a function of the radial distance from the soma
per 5 um. Curves along the radius were statistically compared between treatments for each genotype group at 12
div (A) or 21 div (B). Values are presented as mean + SEM (12 div: n = 2 independent cultures, 59-76 neurons
per condition; 21 div: n = 3 independent cultures, 58-84 neurons per condition) and were analyzed with repeatec
measures two- or one-way ANOVA followed by Bonferroni post-hoc comparisons (°p < 0.05, °°p < 0.01, °°°p
<0.001 and °°°°p < 0.0001, statistical difference between vehicle and sulpiride; ® in case of comparison between
vehicle and quinpirole). For detailed statistics see table 3.2.
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end (35-45 and 60-75 um). At 21 div, WT neurons treated with sulpiride or quinpirole showed an
increased number of intersections starting from the middle part until the ending part of the neuronal
tree relative to the vehicle group (25-90 um or 30-60 and 70-90 um, respectively) (Fig. 3.10 B). In
CHL1 KO neurons, sulpiride treatment caused an increase in intersections in the middle part of the
neurons (40-70 um), while quinpirole treatment did not lead to any changes.

Table 3.2. Analysis of variance of the number of intersections across the radial distance from the soma
(um). Two-way repeated measures ANOVA was used to analyze the effect of genotype and treatment on the
number of dendritic intersections obtained from Sholl analysis across the radial distance from the soma. To test
the effect of treatment within a genotype group (Fig. 3.10), some cases required the nesting of the genotype
group and one-way repeated measures ANOVA was used. The radius interval used for the tests is indicated and
all the tests were followed by Bonferroni post-hoc comparisons.

div Test Radius interval Results

Radius x Gen: F(2.2,791.4)=1.858, p=0.153

Two-way RM ANOVA 25-100 um Radius x Treat: F(4.3,791.4)=0.351, p=0.858
(Genotype comparisons within treatment) .
12 Radius x Gen x Treat: F(4.3,791.4)=2.544, p=0.034
Treatment One-way RM )
comparisons within ANOVA nesting 65-95 pm Radius x Treat: F(3.1,279.1)=2.883, p=0.035
genotype WT group

Radius x Gen: F(2.7,734.3)=3.413 , p=0.020
Two-way RM ANOVA 0-100 um Radius x Treat: F(5.6, 734.3)=1.699 , p=0.124
(Genotype comparisons within treatment) .
Radius x Gen x Treat: F(5.6, 734.3)=0.633, p=0.692

21 Treatment One-way RM
Comparisons within ANOVA nesting 0-90 um Radius x Treat: F(48,4484):2798, p:0018
genotype WT group
Treatment One-way RM
Comparisons within ANOVA nesting 40-95 pum Radius x Treat: F(35,2679):3024, p:0023
genotype CHL1 KO group

12 div: n = 2 independent cultures, 59-76 neurons per condition

21 div: n = 3 independent cultures, 58-84 neurons per condition

Based on this result, I conclude that the lack of CHL1 in MSNs does not affect the normal
development of the neuronal tree under basal physiological conditions. Despite a lower complexity
found in the middle part of CHL1 KO neuron’s dendritic tree at 12 div relative to WT neurons, none
of the other parameters reveals genotype differences. No differences between vehicle-treated neurons
from both genotypes were observed when cells were cultured for 21 div. In addition, the results also
indicate that the effects of DRD2-pharmacological modulation on the complexity of the dendritic tree
of striatal MSNss are dependent on the genotype and developmental stage. CHL1’s absence in younger
developed MSNs (12 div) seems to influence the pharmacological sensitivity for both compounds since
a higher complexity of dendritic branching is induced only in CHL1 KO neurons. This feature seems
to disappear with the neuronal development as WT MSNs at 21div show even a higher branching
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complexity than CHL1 KO neurons. Interestingly, both compounds induce similar effects on the
dendritic morphology of the striatal MSNs.

3.2.2.3 CHL1 KO striatal neurons show alterations in dendritic spines after
treatment with DRD2 antagonist and agonist

After unveiling that the complexity of the dendritic branching of MSNs is affected by the absence
of CHL1’s and the phase of development when MSNs are exposed to DRD2-specific antagonism and
agonism, the next step was to find out whether the density and morphology of dendritic spines are also
affected. To this end, cultured WT and CHL1 KO striatal neurons at 21 div were treated with vehicle,
sulpiride, or quinpirole for 24 h and were stained with DARPP-32 antibody. Confocal Z-stacks of
secondary/tertiary dendrites of different neurons were acquired and the DARPP-32 stained neuronal
tree was reconstructed into a 3D structure. This structure was subjected to spine gquantification and
spines were classified by their morphology as stubby, mushroom, long thin, or filopodia shaped spines.
From this analysis, parameters of spine morphology classification and quantification were obtained:
percentage, total number, and density per spine class; mean and total values of spine area (um2), length
(um), neck length (um), and spine volume (um3) of each spine type. Representative maximum intensity
Z-projections of the DARPP-32 signal and 3D reconstructions of the dendritic spines per condition are
shown (Fig. 3.11 A).

Spine percentage for each spine class (Fig. 3.11 B) was calculated relative to the total number of
spines for each condition, and certain statistical differences were observed between genotype and
treatments. The percentages of stubby spines were similar on dendrites of vehicle- and sulpiride-treated
WT and CHL1 KO neurons, while quinpirole-treated CHL1 KO neurons showed a decreased
percentage of stubby spines relative to dendrites of WT neurons (WT 34.96%, CHL1 KO 29.66%). A
higher percentage of mushroom spines was observed in dendrites of vehicle-treated CHL1 KO neurons
(WT 3.00%, CHL1 KO 4.52%), while there were no differences between numbers of mushroom spines
on dendrites of WT and CHL1 KO MSNs after sulpiride and quinpirole treatment. The percentage of
long thin spines was decreased by sulpiride treatment in CHL1 KO neurons relative to WT neurons
(WT 55.56%, CHL1 KO 49.18%), and was increased by quinpirole treatment in CHL1 KO neurons
relative to WT neurons and vehicle condition (quinpirole: WT 51.26%, CHL1 KO 56.51%; vehicle
CHL1 KO 49.73%). Filopodia spines did not show changes between treatments or genotypes. Of note,
no differences in the total number of spines (Fig. 3.11 C) were detected between genotypes or
treatments.
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Figure 3.11. DRD2 antagonist and agonist treatment for 24h induces changes in dendritic spine shape and
density of CHL1 KO MSNs. WT and CHL1 KO striatal neurons were treated with vehicle (V), sulpiride (S, 30
uM), or quinpirole (Q, 20 uM) for 24 h at 21 div. Neurons were stained with DARPP-32 antibody and high-
magnification confocal Z-stacks of secondary/tertiary dendrites were acquired. Dendrites and spines were 3D
reconstructed and spines were quantified and morphology was scored as stubby (light red), mushroom (green),
long thin (blue), or filopodia (purple) using Imaris software. (A) Representative images of DARPP-32
fluorescent signal (red) and its 3D reconstructions of dendritic spines per condition are shown (scale bars: 3 pm).
(B) For each neuron, the number of spines was normalized to the total number of spines, and percentages for
each group are presented. (C) Spine density across 10 um of dendrite was obtained for each condition. (D) Total
spine number for each condition. (E) Dendrite length (um) analyzed on average for each condition.
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(Figure 3.11) Values are presented as mean + SEM (n = 3 independent cultures, 18-20 dendrites per condition)
and were analyzed with two-way ANOVA for each type of spine followed by Bonferroni post-hoc comparisons
((B) stubby spines (genotype X treatment: F(2,106) = 3.62, p = 0.03), mushroom spines (genotype:
F(1,106)=5.38, p = 0.02), and long thin spines (genotype X treatment: F(2,106)=5.67, p = 0.005); (D) mushroom
spines (genotype: F(1,92)=5.98, p = 0.016)) (*p < 0.05, statistical difference from vehicle-treated correspondent
genotype; # in case of genotype difference within treatment).

Determination of the spine number for each spine class per 10 um along the dendrites (Fig. 3.11 D)
showed no alteration in spine density, except a higher density of mushroom spines in dendrites of
quinpirole-treated CHL1 KO neurons relative to WT neurons (WT 0.56 and CHL1 KO 0.85 spines per
10 um). No differences in the dendritic length (Fig. 3.11 E), area, or volume (data not shown) analyzed
for each condition were detected between genotypes or treatments.

Since alterations induced by quinpirole and sulpiride were found in the quantification of dendritic
spines in CHL1 KO MSNs, morphological parameters per spine class were analyzed.

The morphology of stubby spines was not influenced by the lack of CHL1 or the treatment by
DRD2-specific compounds as seen by no changes in the mean or total evaluated measures (Fig. 3.12
and 3.13 A-D, stubby spines). On the contrary, mushroom spines showed morphological changes with
an increased spine volume in sulpiride-treated CHL1 KO neurons relative to WT neurons, while
quinpirole treatment induced an increase in mean and total values of spine area, length, neck length,
and volume in CHL1 KO neurons compared to WT neurons (Fig. 3.12 and 3.13 A-D, mushroom
spines). To a lower extent, long thin spines were mainly affected by quinpirole treatment with an
increase in mean spine area, length, and volume in CHL1 KO neurons compared with WT neurons
(Fig. 3.12 A, B, and D, long thin spines). Similarly, filopodia spines were only affected by quinpirole
treatment with an increase in mean spine length and neck length in CHL1 KO neurons relative to the
WT group (Fig. 3.12 B and C, filopodia spines).
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Figure 3.12. DRD2 antagonist and agonist treatment for 24 h induces morphological changes in dendritic
spines of CHL1 KO MSNs. WT and CHL1 KO striatal neurons were treated with vehicle (V), sulpiride (S, 30
uM), or quinpirole (Q, 20 uM) for 24 h at 21 div. Neurons were stained with DARPP-32 antibody and high-
magnification confocal Z-stacks of secondary/tertiary dendrites were acquired. Dendritic spines were 3D
reconstructed and their morphology was analyzed and scored as stubby, mushroom, long thin, or filopodia using
Imaris software. Mean values of spine area (um?) (A), spine length (um) (B), spine neck length (um) (C), and
spine volume (um®) (D) were obtained for each spine class. Values are presented as mean + SEM (n = 3
independent cultures, 18-20 dendrites per condition) and were analyzed with two-way ANOVA for each type of
spine followed by Bonferroni post-hoc comparisons ((A) mushroom spines (genotype: F(1,98)=5.24, p = 0.024),
and long thin spines (genotype: F(1,107)=6.00, p = 0.016); (B) mushroom spines (genotype: F(1,100)=7.80, p =
0.006), long thin spines (genotype: F(1,97)=3.94, p = 0.05), and filopodia (genotype x treatment: F(2,104)=3.19,
p = 0.045); (C) mushroom spines (genotype: F(1,99)=6.24, p = 0.014), and filopodia (genotype x treatment:
F(2,105)=3.24, p = 0.043); (D) mushroom spines (genotype: F(1,98)=6.68, p = 0.011), and long thin spines
(genotype: F(1,97)=7.12, p = 0.009)) (*p < 0.05 and **p < 0.01, statistical difference from vehicle-treated
correspondent genotype; # in case of genotype difference within treatment).
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Figure 3.13. DRD2 antagonist and agonist treatment for 24 h induces morphological changes in mushroom
spines of CHL1 KO MSNs. WT and CHL1 KO striatal neurons were treated with vehicle (V), sulpiride (S, 30
uM), or quinpirole (Q, 20 uM) for 24 h at 21 div. Neurons were stained with DARPP-32 antibody and high-
magnification confocal Z-stacks of secondary/tertiary dendrites were acquired. Dendritic spines were 3D
reconstructed and their morphology was analyzed and scored as stubby, mushroom, long thin, or filopodia using
Imaris software. Total values of spine area (um2) (A), spine length (um) (B), spine neck length (um) (C), and
spine volume (um3) (D) were obtained for each spine class. Values are presented as mean + SEM (n = 3
independent cultures, 18-20 dendrites per condition) and were analyzed with two-way ANOVA for each type of
spine followed by Bonferroni post-hoc comparisons ((A) mushroom spines (genotype: F(1,85)=8.24, p = 0.005);
(B) mushroom spines (genotype: F(1,85)=7.50, p = 0.008); (C) mushroom spines (genotype: F(1,85)=6.29, p =
0.014); (D) mushroom spines (genotype: F(1,97)=7.79, p = 0.009)) (#p < 0.05, statistical difference within
treatment).
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The results indicated that under basal physiological conditions, the development of dendritic spines
was not affected by the genotype since WT and CHL1 KO MSNs show similar levels of each spine
class, with the exception of a slight increase of mushroom spines in dendrites of CHL1 KO MSNs.
When DRD2-specific compounds were used, striatal MSNs showed higher reactivity to the treatments
when CHL1 was absent, displaying substantial changes in the number and morphology of specific
classes of dendritic spines. Antagonism of DRD2 with sulpiride caused a decrease of long thin spines
percentage in CHL1 KO MSNs. The activation of DRD2 with quinpirole impacted specifically the
morphology of mushroom spines by increasing several spine parameters in CHL1 KO MSNs, and also
increased the percentage and the morphological measures of long thin spines in CHL1 KO MSNSs.

3.2.2.4 Lack of CHL1 in striatal neurons prevents the reduction of PSD95 protein
levels in the dendritic tree after DRD2 antagonist or agonist treatment

My results indicate that the absence of CHL1 in striatal MSNs changes the morphology of
mushroom and long thin spines and affects DRD2-postsynaptic signaling upon DRD2 antagonism or
agonism. Therefore, it might be possible that protein rearrangements in the postsynaptic density occur
in excitatory synapses of CHL1 KO striatal MSNs.

PSD95 is a scaffold protein responsible for interacting, recruiting, and trafficking proteins like
NMDA and AMPA receptors to the postsynaptic membrane of dendritic spines. PSD95 has been
described to be an important regulator of synaptogenesis since the lack of this protein disrupts synaptic
function during juvenile periods in medial prefrontal and visual cortex neurons, and induces
impairments in sociability and working memory in mice®**3%, Moreover, PSD95 has been reported to
be involved in all of the subsequent processes of neuronal spine development, such as spine maturation
or plasticity in the primary prefrontal cortex and hippocampal neurons®3¢-3%_ Furthermore, since
PSD95 and DRD2 share DISCL1 as a binding partner, previous work supports the assumption that
PSD95 can indirectly modulate spine structure via DRD2 signaling. In primary cortical neurons,
prolonged knockdown of DISC1 decreased Kal-7/PSD95 binding, markedly reducing spine size**. In
HEK-293 cells and neonatal striatal neurons, D2DR overactivation by quinpirole led to an excessive
DRD2-DISC1 interaction and downregulation of PSD95 protein expression, resulting in a reduction of
dendritic spine density in the striatal neurons'’#. Hence, to investigate whether the absence of CHL1
leads to alterations in the postsynaptic density of striatal MSNs after treatment with DRD2 antagonist
or agonist, the levels of PSD95 protein were determined in the cell soma and in the dendritic spines of
primary neurons.

For this purpose, cultured WT and CHL1 KO striatal neurons at 21 div were treated with vehicle,
sulpiride, or quinpirole for 24 h and were co-stained with DARPP-32, PSD95, and MAP2 antibodies.
MAP2 protein was used as control morphological marker. To evaluate the PSD95 signal in the neuronal
tree of striatal MSNSs, confocal Z-stacks from the whole neuronal tree of MSNs were acquired, the
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DARPP-32 signal was outlined and PSD95 and MAP2 intensities were measured in the same area
corresponding to the DARPP-32 signal. Representative confocal images of MSNs stained with
DARPP-32, PSD95, and MAP2 are presented, and PSD95 close-ups of the cell soma are displayed
(Fig. 3.14 A).

No genetic differences in PSD95 levels were observed between vehicle-treated WT and CHL1 KO
MSNs (Fig. 3.14 B), while a significant reduction in the PSD95 level was observed in sulpiride- and
quinpirole-treated WT neurons compared to vehicle-treated WT neurons. Although sulpiride treatment
of CHL1 KO neurons showed a tendency to reduce PSD95 levels compared to levels in CHL1 KO
vehicle-treated neurons (p = 0.074), quinpirole treatment did not induce a change in PSD95 levels in
CHL1 KO neurons. No differences in MAP2 intensities were found between genotype and treatments
(Fig. 3.14 C).

To evaluate the PSD95 signal in the dendritic spines of striatal MSNs, confocal Z-stacks of
secondary/tertiary dendrites were acquired and the DARPP-32 stained neuronal tree was reconstructed
into a 3D structure. This structure was subjected to spine analysis according to the spine morphology
and PSD95 and MAP2 fluorescent signals were measured in the 3D reconstruction of spines.
Representative images of DARPP-32, PSD95, and their signal merged with the MAP2 signal are
presented, as well as a 3D spine reconstruction with each spine class and the 3D surface for measuring
the PSD95 signal (Fig. 3.15 A).

No differences in maximum, mean, or total PSD95 fluorescence intensity were detected between
genotypes or treatments for each spine class (Fig. 3.15 B-D).

Determination of the PSD95 immunofluorescence signal in WT and CHL1 KO striatal MSNs
revealed that PSD95 protein levels were similar between genotypes under basal conditions. Although
sulpiride treatment showed a tendency to reduce PSD95 levels in CHL1 KO neurons, DRD2-specific
compounds significantly reduced the overall levels of PSD95 only in the neuronal tree of WT neurons.
In contrast, the PSD95 protein content remained unaffected by genotype or treatment in all spine
classes.
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Figure 3.14. The absence of CHLL1 in striatal MSNs prevents the reduction of PSD95 protein levels in the
neuronal tree after sulpiride or quinpirole treatment. WT and CHL1 KO striatal neurons were treated with
vehicle, sulpiride (30 uM), or quinpirole (20 uM) for 24 h at 21 div. Neurons were co-stained with DARPP-32,
PSD95, and MAP2 antibodies and high-magnification confocal Z-stacks were acquired from the whole neuronal
tree. MSNs stained with DARPP-32 were outlined and PSD95 and MAP fluorescent signals were measured
within this area using ImageJ. (A) Representative confocal images of DARP-32 (red), PSD95 (green), and MAP2
(blue) fluorescent signals (scale bars: 20 um) and close-ups of PSD95 signal in the soma of the neurons(scale
bars: 10 pm) are shown. (B) PSD95 signal present in MSNs was normalized to MAP2 fluorescent signal. (C)
Average of MAP2 CTCF in MSNs. Values are presented as mean + SEM (n = 3 independent cultures, 92-60
neurons per condition) and were analyzed with Brown-Forsythe ANOVA followed by Games Howell post-hoc
test ((B): F(5,351.76) = 6.92, p = 0.0001) (*p < 0.05 and ****p < 0.0001, statistical difference from vehicle-
treated correspondent genotype).
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Figure 3.15. PSD95 protein levels are not affected in dendritic spines of CHL1 KO MSNs after DRD2
antagonist or agonist treatment. WT and CHL1 KO striatal neurons were treated with vehicle (V), sulpiride
(S, 30 uM), or quinpirole (Q, 20 uM) for 24 h at 21 div. Neurons were co-stained with DARPP-32, PSD95, and
MAP2 antibodies, and high-magnification confocal Z-stacks of secondary/tertiary dendrites were acquired.
Using Imaris software, dendritic spines were 3D reconstructed, their morphology analyzed and a 3D surface was
built on the spines to measure PSD95 and MAP2 signals. (A) Representative confocal images of DARP-32 (red),
PSD95 (green), and their signal merged with MAP2 (blue) are shown. 3D reconstructions of dendritic spines per
class and the resultant 3D surface to measure fluorescent signal is presented (scale bar 2 pm). Maximum intensity
(B), mean intensity (C), and total intensity (D) of PSD95 were normalized to the MAP2 signal. Values are
presented as mean + SEM (n = 3 independent cultures, 18-20 dendrites per condition) and were analyzed with

Welch’s test or Brown-Forsythe ANOVA (p > 0.05).
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3.3 Functional roles of the CHL1 and DRD2 interaction in vivo

In the preceding sections, | have discussed studies focused on the functional implications of CHL1
and DRD?2 interaction within the presynaptic dopaminergic signaling pathway in cultured ventral
midbrain neurons, as well as its role in regulating neuronal architecture and dendritic spine morphology
in cultures of MSNs. To establish a connection between the findings obtained from cell culture models
and the in vivo function of CHL1 and DRD?2 interaction, the DRD2-dependent signaling pathway and
the morphology of MSNs were analyzed in the brains of adult WT and CHL1 KO mice.

3.3.1 Decrease of TH (Ser40) phosphorylation in the striatum of CHL1 KO mice
is sex- and treatment-dependent

For the majority of proteins, phosphorylation is tightly linked with protein activity and is a key factor
in regulating protein function. It has been reported that changes in phosphorylation levels of
downstream players of the DRD2 signaling pathway can be influenced by CHL1 or by DRD2-specific
agonism. Reduced phosphorylation levels of TH at Ser40 were found in the dorsal striatum of male
CHL1 KO mice and striatal slices of male rats incubated with quinpirole®®18, In CHL1 KO mice, a
reduction in DARPP-32 phosphorylation at Thr34 was described for the ventral striatum® and in striatal
lysates of DRD2-deficient mice, phosphorylation of GSK3p at Ser9 was found to be highly
increased®®. Lastly, increased phosphorylation of ERK1 and ERK2 at Thr202/Tyr204 and
Thr185/Tyr187 by DRD2 stimulation with quinpirole or dopamine has been reported®>*5*, Thus, to
investigate whether CHL 1 absence in vivo can interfere with the DRD2-signaling pathway, an analysis
of protein expression and phosphorylation of kinases involved in DRD2 signaling was performed in
striatal homogenates of female and male WT and CHL1 KO mice.

For this purpose, adult animals were treated with a single i.p. injection of vehicle, sulpiride, or
quinpirole. After 15 min, striata were dissected out, striatal homogenates were prepared and subjected
to Western blot analysis using antibodies targeting total TH and TH phosphorylated at Ser40, total
GSK3p and GSK3p phosphorylated at Ser9, total ERK2 and ERK2 phosphorylated at Thr185/Tyr187,
and total ERK1 and ERK1 phosphorylated at Thr202/Tyr204.

In female mice, no differences in phosphorylation levels of TH, GSK3p, or ERK1/2 in striatal
homogenates of vehicle-treated WT and CHL1 KO mice were found (Fig. 3.16 A). Decreased levels
of phosphorylated TH were detected in the striatal homogenates of sulpiride-treated WT females
relative to vehicle treatment, while CHL1 KO females did not show this decrease. Quinpirole treatment
did not affect phosphorylation levels of TH, GSK3p, or ERK1/2 in WT and CHL1 KO females.

In male mice, no differences in phosphorylation levels were detected in striatal homogenates of
vehicle-treated WT and CHL1 KO mice (Fig. 3.16 B). Sulpiride treatment did not affect the
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phosphorylation of TH, GSK3p, or ERK1/2 in striatal homogenates from WT and CHL1 KO males. A
decrease of phosphorylated TH induced by quinpirole was found only in striatal homogenates from
CHL1 KO males relative to the WT group and vehicle treatment, while levels of phosphorylated
GSK3p and ERK1/2 remained unaffected.

No differences were found in the total protein levels of TH, GSK3p and DARPP-32 in striatal
homogenates of vehicle-, sulpiride-, or quinpirole-treated WT and CHL1 KO females and males (Fig.
3.17 A and B).

In general, the results indicate that after DRD2 antagonism or agonism phosphorylation levels and
total protein levels of downstream players of DRD2 signaling are similar in striatal homogenates of
female and male WT and CHL1 KO mice. However, decreased phosphorylation levels of TH at Ser40
were found in sulpiride-treated WT females and quinpirole-treated CHL1 KO males, exposing sex- and
genotype-dependent effects of the DRD2-specific compounds.
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Figure 3.16. Alterations of TH phosphorylation are induced in WT females by sulpiride treatment and in
CHL1 KO males by quinpirole treatment. 4-month-old WT and CHL1 KO mice were treated with a single
i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) for 15 min, and homogenates were
prepared from the striatum and subjected to Western blot analysis. Antibodies against the total and
phosphorylated TH (Ser40), GSK3p (Ser9), ERK2 (Thr185/Tyr187), and ERK1 (Thr202/Tyr204) were used and
the signal obtained for phosphorylated proteins was normalized relative to the signal obtained for the total protein
using Image Studio Lite software. Representative Western blot bands and respective protein ratio for pTH/TH,
pGSK3p/GSK3p, pERK2/ERK2, and pERK1/ERK1 are presented for female (A) and male (B) mice for each
genotype and treatment group. Values are presented as a bar scatter plot with mean + SEM (n = 7/8 mice) and
were analyzed with two-way ANOVA followed by Bonferroni correction post-hoc test ((A) pTH/TH ratio:
treatment: F(2,41)=6.75, p = 0.003; (B) pTH/TH ratio: genotype x treatment: F(2,40)=7.99, p = 0.001 and
pGSK3B/GSK3p ratio) or Welch’s test ANOVA (p > 0.05) (*p < 0.05 and **p < 0.01, statistical difference from
vehicle-treated correspondent genotype; # in case of genotype difference within treatment).
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Figure 3.17. DRD2 antagonist and agonist treatment do not affect total levels of DRD2-signaling pathway
proteins in female and male CHL1 KO mice. 4-month-old WT and CHL1 KO mice were treated with a single
i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) for 15 min, and homogenates were
prepared from the striatum and subjected to Western blot analysis. Total protein levels of TH and GSK3p were
normalized against the total protein content of the immunoblot, and DARPP-32 was normalized to the
housekeeping protein GAPDH using Image Studio Lite software. Representative Western blot bands and
respective protein expression for TH, GSK3p, and DARPP-32 are presented for female (A) and male (B) mice
for each genotype and treatment group. Values are presented as a bar scatter plot with mean + SEM (n = 7/8
mice) and were analyzed with two-way (TH protein) or Welch’s test ANOVA (GSK3 and DARPP-32 protein)
(p > 0.05).

3.3.2 MSNs of male CHL1 KO mice show a tendency for a lower arbour
complexity in the region near the soma

Considering the previous in vitro experiments together with the preceding analysis of the
dopaminergic signaling pathway in vivo, the constitutive ablation of CHL1 in mice displays a moderate
phenotype that does not evidently impair the daily life of these animals compared with the WT mice.
Since the morphological analysis of cultured MSNs at 21 div did not reveal any differences between
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WT and CHL1 KO neurons, it was important to investigate if MSNs exhibit any major differences in
vivo. Additionally, several studies have identified morphological impairments in the cerebral cortex,
hippocampus, and cerebellum of CHL1-deficient mice?”?83!, whereas morphological impairments in
the striatum have not been described yet. Thus, to investigate whether the morphology of striatal MSNs
is altered in the absence of CHL1, brains from adult male WT and CHL1 KO littermates were subjected
to a detailed morphological analysis of the MSNs neuronal tree using the Golgi-impregnation
technique.

For this purpose, brains from 4-month-old male littermates were exposed to a Golgi impregnation
procedure and were cut into serial coronal sections. MSNs at the dorsal striatum were imaged under a
bright-field illumination and Z-stacks were taken from whole neurons. The neuronal tree was 3D-
reconstructed and subjected to Sholl and branching analysis. From Sholl analysis, several parameters
of the dendritic arborization were determined: ending radius of the dendritic tree, number of primary
branches, maximum number of intersections, and radius where the maximum number of intersections
occurred (radius of max. intersections). From branching analysis, the dendrites were classified into 4
orders of complexity, and morphological parameters of area, length, or volume were obtained. The Fig.
3.18 A displays representative images of Z-projections of Golgi-stained neurons and the respective 3D
reconstruction of the neuronal tree of MSNs of male WT and CHL1 KO mice. In Fig. 3.19 A, a
representation of the dendrites classified by branching order is shown for each group.

No differences were found for the ending radius (um), number of primary branches, maximum
number of intersections, or radius of maximum intersections (Fig. 3.18 B-E). When comparing the
number of intersections along the neuronal tree (Fig. 3.18 F), CHL1 KO neurons tended to have a lower
number of intersections in the region near the cell soma in the intervals 5-25 pm and 10-20 pm (p =
0.094 and p = 0.089, respectively).

For the branching analysis, the size of dendrites compared between WT and CHL1 KO neurons was
similar with no differences detected in total dendritic area (um?2) and length (um) (Fig. 3.19 B and C).
No differences were found in the number of dendrites, total dendritic area (um2), or volume (um3) of
each branching order between WT and CHL1 KO neurons (Fig. 3.19 D, E, and G). However, CHL1
KO neurons showed a tendency for a higher total dendritic length (um) of fourth-order branches (p =
0.089) (Fig. 3.19 F).

Based on the results, I conclude that the absence of CHL1 in MSNs of adult male mice does not
affect the morphology of the dendritic tree significantly. However, strong statistical tendencies were
found showing a trend for a lower number of intersections located near the cell soma in CHL1 KO
MSNs and a tendency for longer 4th-order dendrites compared to WT MSNSs.
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Figure 3.18. Striatal MSNs in CHL1 KO mice show a tendency to have a lower level of complexity in a
region near the cell soma. 100 um-thick coronal brain slices from 4-month-old male WT and CHL1 KO mice
were processed for Golgi impregnation with the FD Rapid GolgiStain™ Kit. MSNs located in the dorsal striatum
were imaged under bright-field illumination and high-magnification Z-stacks with 0.5 pum step size were
acquired from the whole neuronal tree. A 3D reconstruction of the neuronal skeleton was done and subjected to
Sholl analysis with a radius step size of 5 pum using the Imaris software. (A) Representative images of sum
intensity Z-projection of the Golgi staining and their 3D reconstruction of WT and CHL1 KO MSNs (scale bars:
50 um). Morphological parameters such as the ending radius (um) (B), number of primary branches (C), and the
polynomial fitting of the maximum number of intersections (D) and of the radius of max. number of intersections
(E) were obtained. (F) Polynomial data fitting of the number of intersections as a function of the radial distance
from the soma per 5 um. A close-up of the region near the cell soma shows the radius interval where a statistical
tendency was detected (5-25 pum, p = 0.094 and 10-20 um, p = 0.089). Values are presented as a bar scatter plot
with mean £ SEM (n = 2 animals per genotype, total of 12 WT and 10 CHL1 KO neurons) and were analyzed
with Student’s t-test (B-E) and one-way repeated measures ANOVA followed by Bonferroni correction post-
hoc analysis (F) (p > 0.05).
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Figure 3.19. Branching order in striatal MSNs is not found altered in CHL1 KO mice. 100 um-thick coronal
brain slices from 4-month-old male WT and CHL1 KO mice were processed for Golgi impregnation with the
FD Rapid GolgiStain™ Kit. MSNs located in the dorsal striatum were imaged under bright-field illumination
and high-magnification Z-stacks with 0.5 um step size were acquired from the whole neuronal tree. A 3D
reconstruction of the neuronal skeleton was done and subjected to a branching order analysis by Imaris software.
(A) Representative images of the 3D reconstruction of WT and CHL1 KO MSNs showing dendrites
classification into 4 orders of complexity (1% order, blue; 2" order, purple; 3™ order, green; 4" order, orange)
(scale bars: 50 um). Total dendritic area (um?) (B) and length (um) (C) were analyzed for each genotype. For
each branching order, the number of dendrites (D), total dendritic area (um?) (E), length (um) (F), and volume
(um?®) (G) were calculated. Values are presented as a bar scatter plot with mean + SEM (n = 2 animals per
genotype, total of 12 WT and 10 CHL1 KO neurons) and were analyzed with Welch’s test ANOVA (p > 0.05).
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3.4 Behavioral characterization of female and male CHL1 KO mice upon
DRD2 pharmacological modulation

Alongside the functional impairments of CHL1-deficient neurons at a molecular and morphological
level described previously in the literature and the present thesis, defects in CHL1 expression result in
cognitive and locomotor impairments. In humans, mutations in the CHL1 gene were identified as a
susceptibility factor in the development of psychiatric disorders such as major depressive disorder,
ASD, or schizophrenia®*®2, The behavioral phenotype of CHL1 KO mice mimics some of the
symptoms present in these disorders, showing a different pattern of exploratory behavior?”#344 a
slower processing speed while employing working memory, a reduced reactivity to novelty**, or lower
levels of aggressiveness?t#4,

Interestingly, genetic or functional impairments of DRD2 are part of the pathophysiology of the
same disorders, depression, ASD, or schizophrenia as previously discussed’®2628  An impaired
dopaminergic circuitry is responsible for a wide range of symptoms observed in these disorders and
thus can be implied as well in triggering, influencing, or facilitating the behavioral traits exhibited in
the CHL1 KO mice. While the association between DRD2 signaling and the aforementioned
pathophysiological phenotypes is well-established, the correlation with the CHL1 protein remains
unexplored. Thus, my thesis aims to investigate the involvement of CHL1 in the dopaminergic system,
starting with understanding the extent to which this protein specifically interferes with DRD2 signaling
functions in striatal-dependent behaviors. To achieve this, WT and CHL1 KO mice were treated
through direct pharmacological modulation of the receptor with sulpiride or quinpirole to block or
activate DRD2.

The battery of behavioral tests targeting striatal-dependent functions included the following goals:
evaluate motor and exploratory aptitude through spontaneous locomotion in the open field test (OF),
assess short-term working memory through spontaneous alternation in a Y-maze test (YM), explore
the reactivity to and interest for the unknown through the novelty-induced test (NI) by an object and
take a look at general parameters of anxiety-like behaviors across all the previous tests. The behavioral
paradigms used in this study included minimal intervention by the investigator, easy reproducibility,
clear endpoints, and are widely considered sensitive to detect behavioral phenotypes related to
depression, autism spectrum disorders, and schizophrenia disease. Furthermore, to reduce restraint-
induced stress and fear during i.p. administration, a handling protocol was used3!3314,

Before the behavioral assessment, 2-month-old female and male WT and CHL1 KO littermates were
acclimatized for 2 weeks to the behavioral facility (inverted 12 h light/dark cylce, room temperature of
21+1°C, with food and water supplied ad libitum) and were housed in 3-4 mice per cage. Afterwards,
mice were subjected to a repetitive handling protocol for two weeks. The order of the tests was
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specifically designed to limit potential stress impacts with a one-week gap between them, starting with
the OF test, and ending with the NI test. For all tests, the behavioral protocol started with a single i.p.
injection of vehicle, sulpiride, or quinpirole solution 2 min before each behavioral session. Figure 3.20
shows a diagram of the experimental design.

Experimental design

Week 0 1 2 3 4 5 6 7

Acclimatization Repetitive OF
. YM test
handling test test

Vehicle
Sulpiride (1 mg/kg)
Quinpirole (0.02 mg/kg)

“‘}ﬁ J' Repeat for
§

the next test

i.p. injection  Behavioral 1 week
2 min prior test rest

Behavioral protocol

Figure 3.20. Time course of the behavioral experiments. 2-month-old female and male WT and CHL1 KO
mice underwent a two-week acclimation period and were subjected to two weeks of repetitive handling.
Behavioral tests were then performed in ascending order of stress with an interval of one week in between. Mice
were treated with a single i.p. injection of vehicle (0.9% NaCl, 0.5% DMSO), sulpiride (1 mg/kg in vehicle
solution), or quinpirole (0.02 mg/kg in vehicle solution) 2 min before each behavioral trial. Execution and
analysis of the behavioral test were performed blindly.

3.4.1 Open field: locomotor, exploratory, and emotional evaluation

As mentioned earlier, spontaneous locomotion and exploration heavily rely on striatal and
dopaminergic signaling, driven by motivational cues. The OF paradigm is commonly used to access
how the animal's locomotor activity and spontaneous exploration are affected by its exposure to a new
environment. This new environment can induce anxiety in mice due to social isolation during the test,
agoraphobia from the arena's large proportions, and potentially high illumination levels®"34, Thus, the
locomotor and exploratory reactivity to the arena can be coupled to other tests to describe anxiety-like
states. Often, the OF constitutes a reliable test to study the effects of stimulant or anxiolytic compounds
over spontaneous locomotion and exploration.

To investigate whether CHL1 is important for the behavioral outcomes of D2DR signaling in terms
of motor and explorative capabilities, female and male WT and CHL1 KO mice were acclimated to the
behavioral room for 30 min prior to i.p. administration and vehicle, sulpiride, and quinpirole treatments
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were administered 2 min before the respective trial. The activity was monitored over 30 min and
locomotion and stereotypic behaviors were analyzed across different time intervals and compared
between genotype, treatment, and sex.

First, spontaneous locomotion, distance moved, time moving, and average speed were explored.
Female WT and CHL1 KO mice treated with vehicle did not show any differences in locomotion during
the whole 30 min of the OF test. In contrast, male CHL1 KO mice had significantly lower activity than
their WT littermates (Fig. 3.21 A). Sulpiride treatment significantly decreased activity by 18% only in
CHL1 KO females relative to WT females and vehicle treatment groups of both genotypes, without
affecting locomotion levels of WT and male CHL1 KO mice. Compared to the vehicle treatment,
quinpirole treatment induced a general hypolocomotion effect with a decrease of activity of 25% and
36% in WT and CHL1 KO females and 36% and 22% in male WT and CHL1 KO mice. Overall, female
mice were more active than males and significant differences were present between vehicle-treated
CHL1 KO mice and sulpiride- and quinpirole-treated WT animals (Fig. 3.21 B).

Focusing on the first 10 min of the test, similar differences between the genotypes and treatments
were observed (Fig. 3.22 A left). When comparing the distance moved between the genotypes for each
treatment in 1 min time bins, vehicle-treated male CHL1 KO mice started moving less from the
beginning of the trial (2-4 min), female CHL1 KO mice showed a general tendency to be less active
with sulpiride treatment (4-5 min) and WT and CHL1 KO mice displayed the same level of motor
activity with quinpirole treatment (Fig. 3.22 B). When comparing the D2DR-specific compounds to
the vehicle treatment within the same genotype, WT and CHL1 KO mice treated with sulpiride moved
a similar distance as vehicle-treated mice (Fig. 3.22 C right, blue/black graphs). For the quinpirole
treatment (Fig. 3.22C right, red/black graphs), this comparison revealed an earlier hypolocomotion
state in female and male WT mice starting at the 3 min of the test, relative to vehicle-treated WT mice.
The same hypolocomotion state was induced in CHL1 KO animals at a later stage, at 7 min for the
female and 9 min in the case of the male mice, compared with the vehicle-treated CHL1 KO mice.
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Figure 3.21. Locomotor activity is affected by sulpiride and quinpirole treatment in WT and CHL1 KO
mice during 30 min of the OF test. 3-month-old female and male WT and CHL1 KO littermates were treated
with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and
activity was tracked over 30 min. Total distance moved (m) was obtained for female and male mice (A) and was
compared between sexes for each treatment (*p < 0.05) (B). Values are presented as mean + SEM (n = 11-13
mice per group) and were analyzed with three-way ANOVA ((A/B): genotype: F(1,132) = 7.240, p = 0.008;
treatment: F(2,132) = 44.277, p = 0.0001; sex: F(1,132) = 7.038, p = 0.009; genotype X treatment X sex:
F(2,132)=3.417 p=0.036) followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ****p <
0.0001, statistical difference from vehicle-treated correspondent genotype; # in case of genotype difference
within treatment).
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Figure 3.22. Locomotor activity is affected by sulpiride treatment in CHL1 KO females and quinpirole-
induced hypolocomotion is delayed in CHL1 KO mice in the first 10 min of the OF. 3-month-old female
and male WT and CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg),
or quinpirole (0.02 mg/kg) 2 min before the trial, and activity was tracked. (A) Distance moved (m) of female
and male mice during the first 10 min of OF is shown and was compared in 1 min time-bins between DRD2-
specific compounds and vehicle treatment for each genotype and sex group. (B) Distance moved (m) was
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compared between genotypes for each treatment and sex group in 1 min time-bins.
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(Figure 3.22) Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA ((A left): genotype: F(1,132) = 6.814, p = 0.010, treatment: F(2,132) = 26.734, p = 0.0001;
followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ****p < 0.0001, statistical difference
from vehicle-treated correspondent genotype; # in case of genotype difference within treatment)) and three-way
repeated measures ANOVA ((A right/B): genotype: F(1,132) = 6.814, p = 0.01, treatment: F(2,132) = 26.734, p
= (0.0001; followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001)).

Equivalently, the behavioral effects found in the distance moved were also mimicked in the time
moving parameter of the OF test. In the total duration of the trial, no differences between female and
male WT and CHL1 KO mice treated with vehicle or sulpiride were detected, while quinpirole
treatment induced a reduction of the activity for both genotypes and sexes, compared to vehicle
treatment (Fig. 3.23 A). The same effects were already present in the first 10 min of the test where no
differences were detected in vehicle and sulpiride treatments, and quinpirole decreased time moving in
female WT and CHL1 KO mice and male WT mice, relative to vehicle treatment (Fig. 3.2 B left).
When comparing the treatment with the D2DR-specific compounds to the vehicle treatment within the
same genotype across 1 min time bins, WT and CHL1 KO animals showed the same levels of activity
with sulpiride treatment, while quinpirole decreased moving time of WT animals starting at 5 min for
female and 4 min for male mice and in CHL1 KO animals the reduction was delayed and only started
at 7 min for female and 10 min for male mice (Fig. 3.23 B right).

Average speed is another parameter that reflected the effect of sulpiride and quinpirole on the
locomotor aptitude of the animals. In the 30 min of the trial, female mice treated with vehicle did not
show differences in average speed between genotypes, whilst male CHL1 KO mice move slower than
the WT mice (Fig. 3.24 A). CHL1 KO females treated with sulpiride moved slower than WT mice and
the respective vehicle-treated group, but no effects were detected in male mice. Quinpirole treatment
reduced the average speed in WT and CHL1 KO mice for both sexes, relative to vehicle condition. The
effects detected in the entire duration of the test were as well present in the first 10 min (Fig. 3.24 B).
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Figure 3.23. Time moving is not affected by sulpiride treatment but CHL1 KO females showed a delay in
reduced time moving in the OF test after quinpirole treatment. 3-month-old female and male WT and CHL1
KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg)
2 min before the trial, and activity was tracked. (A) Total time moving (s) of female and male mice during 30
min of the OF. (B) Time moving (s) of female and male mice in the first 10 min of OF is shown and was
compared in 1 min time-bins between DRD2-specific compounds and vehicle treatment for each genotype and
sex group.
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(Figure 3.23) Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA ((A): treatment: F(2,132) = 43.803, p = 0.0001; (B left): treatment: F(2,132) = 25.407, p = 0.0001)
followed by Bonferroni correction post-hoc test (**p < 0.01, ****p < 0.0001, statistical difference from vehicle-
treated correspondent genotype) and three-way repeated measures ANOVA ((B right): treatment: F(2,132) =
25.407, p = 0.0001) followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ****p < 0.0001).

Females Males
15+ 15 O wWT
KO
£ =7
L 10 %
he] deddkk Kk
Q
Q
& %
5 s ||
< %
od LI
T T
Veh Quinp
B
15+
Q "% z
E V dedede ke
< 104 é
3= / %
S E 7
= Z
2 /
> 5- %
2 5 g
: %
< /
%
ol LA 8z
T T T
Veh Sulp Quinp

Figure 3.24. Sulpiride and quinpirole treatments affect the average speed of WT and CHL1 KO mice
during the OF test. 3-month-old female and male WT and CHL1 KO littermates were treated with a single i.p.
injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and activity was
tracked. (A) Average speed (cm/s) of female and male mice during 30 min of the OF. (B) Average speed (cm/s)
of female and male mice during the first 10 min of the OF. Values are presented as mean + SEM (n = 11-13 mice
per group) and were analyzed with three-way ANOVA ((A): genotype: F(1,132) = 9.891, p = 0.002, treatment:
F(2,132) = 45.717, p = 0.0001, genotype X treatment x sex: F(2,132)=3.243 p=0.042; (B): genotype: F(1,132) =
9.269, p = 0.003, treatment: F(2,132) = 29.848, p = 0.0001) followed by Bonferroni correction post-hoc test (*p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, statistical difference from vehicle-treated correspondent
genotype; # in case of genotype difference within treatment).
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Apart from locomotor aptitude, the exploratory pattern of mice can give an indication of the
emotional state of the animal with parameters related to the exploration of the center zone of the OF.
In the 30 min of the test, no differences were found in the percentage of time spent in the center between
any of the groups (Fig. 3.25 A), except when looking at the sex of mice. Female WT mice showed a
tendency to spend more time in the center than WT males reaching statistical significance in the case
of quinpirole treatment (Fig. 3.25 B). No effects of genotype or treatment were detected in female mice,
whilst sulpiride-treated CHL1 KO males moved longer time than WT mice and quinpirole treatment
decreased this parameter in WT males, compared with CHL1 KO males and vehicle treatment (Fig.
3.25 C). Analysis of distance moved in the center also showed similar effects, with quinpirole treatment
reducing distance moved by WT and female CHL1 KO mice relative to vehicle-treated mice and
reducing drastically the distance moved by male WT mice, compared with the CHL1 KO group and
vehicle treatment (Fig. 3.25 D). The average distance to the wall and latency to reach the central zone
did not differ between mice (Fig. 3.25 E-G).

In the first 10 min of the test, percentage of time spent and time moving in the center of the arena
were not affected by any of the treatments nor did they differ between genotypes (Fig. 3.26 A and B).
Distance moved in the center was reduced in quinpirole-treated male WT mice relative to vehicle-
treated mice (Fig. 3.26 C). Average distance to the wall was higher for CHL1 KO females treated with
sulpiride than for female WT mice (Fig. 3.26 D).

The occurrence of fecal boli was as well monitored for the entire duration of the OF test and revealed
no differences in female mice (Fig. 3.26 E). Male WT and CHL1 KO mice treated with quinpirole
showed an increase in the deposition of fecal boli compared to vehicle-treated mice (Fig. 3.26 F).

Stereotypic behavior can reveal details about the willingness to explore and the emotional state of
mice, specifically the rearing behavior in the first minutes of the test when the reactivity to novelty is
highly triggered. During the first 10 min of the OF, the total rearing number was not affected by
genotype, treatment, or sex (Fig. 3.27 A). Hence, a separate analysis for the unsupported/supported
rearing was done.

110



Chapter Ill Results

A Females Males B Males x Females
154 15+ CJ WT 15+
Ko 1 - 1
g b b LT i l
= 104 104 T 7 104 T T
tE 7
S E
£8
g 5+ 5 5
E /
0- od LI 4 P R B L LI
T T T T T T T T T
Veh Sulp Quinp Veh  Sulp Quinp Veh Sulp Quinp
C
150+ 150 - # = WT Males
- 1 T 3 KO Males
5 I; T % =3 WT Females
g _ 100 6 100} % 2 KO Females
cE 7 7
;, £ ;
£ 8
3~ 60~ / % 50 7 .
€ v
o % 7
2 % % Females
= Z % -
ol UL L& A o4 LA %
D
T T T T T T :;
Veh  Sulp Quinp Veh  Sulp Quinp g
D :‘ 20
— 207 20 g
E o
[ o
[
E 154 8 10 :';‘,’,x
[} > 7
[¥] o /]
£T g
B E 104 w®
38 ¥
E 0-
[
g 5- T T T
.3 Veh  Sulp Quinp
o 0
G
Males
E 30_
104 10 0
iE’, s g
= 8- } % 8- T, )
© N -
g N 20
o
2= 6 6- =
8E é 2 8
c
B3 4 | |7 2 104
©
o (%)
2 2 % 2 7 s
] ©
> -
< 0- |7 == 2 0- - é 0- L
T T T T T T 1 T I
Veh  Sulp Quinp Veh  Sulp Quinp Veh  Sulp Quinp

Figure 3.25. Exploration of the center zone by female mice is not affected by sulpiride treatment but is
altered by sulpiride and quinpirole in male mice during 30 min of the OF test. 3-month-old female and male
WT and CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or
quinpirole (0.02 mg/kg) 2 min before the trial, and activity was tracked for 30 min.
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(Figure 3.25) Percentage of time in the center is shown for female and male mice (A) and was compared between
sexes for each treatment (*p < 0.05) (B). Total time moving (s) (C) and distance moved (m) (D) in the center are
presented for female and male mice. The average distance to wall (cm) (E) and latency (s) (F, G) to reach the
center zone were obtained for female and male mice. Values are presented as mean + SEM (n = 11-13 mice per
group) and were analyzed with three-way ANOVA ((B): sex: F(1,132) = 4.369, p = 0.039; (C): treatment:
F(2,132) = 6.821, p = 0.002, genotype x sex: F(1,132) = 4.493, p = 0.036; (D, females): treatment: F(2,132) =
21.877, p =0.0001) or two-way ANOVA ((D, males): genotype: F(1,66) = 5.161, p = 0.026, treatment: F(2,132)
= 12.486, p = 0.0001) followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ****p < 0.0001,
statistical difference from vehicle-treated correspondent genotype; # in case of genotype difference within
treatment).

The unsupported rearing was considered whenever the mouse was lifted completely without any
support (Fig. 3.27. B). CHL1 KO mice showed a general tendency to exhibit a higher number and time
of unsupported rearing than WT mice since a strong statistical effect was detected for the genotype
effect for both variables (p = 0.0001) (Fig. 3.27. C and D). However, statistical differences were only
detected in number and time of unsupported rearings in sulpiride-treated CHL1 KO females and
vehicle-treated CHL1 KO males. No differences were found in the latency (s) to the first unsupported
rearing for the first time in female or male mice (Fig. 3.27. E and F). No differences or relevant effects
were detected when comparing genotypes or treatments across time bins, therefore no graphs are
presented for this matter.
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Figure 3.26. Sulpiride and quinpirole treatments do not affect exploration of the center zone in the first
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10 min of the OF test. 3-month-old female and male WT and CHL1 KO littermates were treated with a single
i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and activity was
tracked for 10 min. Percentage of time in the center is shown for female and male mice (A). Total time

moving (s) (B) and distance moved (m).
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(Figure 3.26) (C) in the center are presented for female and male mice. (D) Average distance to wall (cm) for
female and male mice. (E, F) Fecal boli numbers were counted female for and male mice for the entire duration
of the test. Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-way
F(1,132) = 6.524, p = 0.0012; (F):
treatment: F(2,132) = 8.646, p = 0.0001) followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01,
case of genotype difference within

ANOVA ((C): treatment: F(2,132) = 6.886, p = 0.001; (D): genotype:

statistical difference from vehicle-treated correspondent genotype; # in
treatment).
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Figure 3.27. Unsupported rearing behavior in the OF tends to occur more often in CHL1 KO mice and is
affected by sulpiride and quinpirole treatments. 3-month-old female and male WT and CHL1 KO littermates
were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before

the trial, and rearing behavior was explored in the first 10 min of the test.
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(Figure 3.27) 3-month-old female and male WT and CHL1 KO littermates were treated with a single i.p.
injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and rearing behavior
was explored in the first 10 min of the test. (A) Total rearing number is presented for female and male mice. (B)
Representative figure of unsupported rearing adapted from Chaumont et al. (2019)*. Unsupported rearing
number (C) and time (s) (D) were obtained for female and male mice. Latency (s) to the first unsupported rearing
is shown for female (E) and male (F) mice. Values are presented as mean + SEM (n = 11-13 mice per group)
and were analyzed with three-way ANOVA ((C): genotype: F(1,132) = 15.118, p = 0.0001; (D): genotype:
F(1,132) = 14.972, p = 0.0001) followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ***p <
0.001, statistical difference from vehicle-treated correspondent genotype; # in case of genotype difference within
treatment).

Supported rearing was considered when the mouse lifts up with the support of the arena wall. Here,
CHL1 KO mice showed a slight tendency to perform a lower number of supported rearings than the
WT mice, which was statistically different for sulpiride-treated female mice (Fig. 3.28A left). When
supported rearing was plotted across 1 min time bins, the same effect of sulpiride was present since
CHL1 KO females showed a lower number of supported rearings than WT animals in the first minutes
of the test (4-5 min) (Fig. 3.28 B). When comparing the mice with D2DR antagonist and agonist
treatment to the vehicle treated mice of the same genotype across 2 min time bins, sulpiride treatment
did not lead to any differences between WT or CHL1 KO mice, while quinpirole induced a reduction
in supported rearing of WT animals at 4 min for female and 6 min for male mice (Fig. 3.28 A right).
CHL1 KO animals showed a delayed reduction of supported rearing induced by quinpirole, which was
starting at 8 min for female and 10 min for male mice.

The time of and the latency to perform the first supported rearing were not different between
conditions (Fig. 3.29 A and B).
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Figure 3.28. Sulpiride treatment affects supported rearing of CHL1 KO females and CHL1 KO mice show
a delayed reduction of supported rearings after quinpirole treatment. 3-month-old female and male WT and
CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02
mg/kg) 2 min before the trial, and rearing behavior was explored in the first 10 min of the test. (A) Supported
rearing number of female and male mice in the first 10 min of OF is shown and was compared in 2 min time-
bins between mice treated with DRD2-specific compounds and vehicle treatment for each genotype and sex
group. (B) Supported rearing number was compared between genotypes for each treatment and sex group in 1
min time-bins.

116



Chapter Il Results

(Figure 3.28) Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA ((A left): genotype: F(1,132) = 7.393, p = 0.007, treatment: F(2,132) = 7.782, p = 0.001) followed
by Bonferroni correction post-hoc test (#p < 0.05, genotype difference within treatment) and three-way repeated
measures ANOVA ((B): genotype: F(1,132) =7.393, p = 0.007, treatment: F(2,132) = 7.782, p = 0.001; (A right):
treatment: F(1,132) = 11.700, p = 0.001) followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01).
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Figure 3.29. Sulpiride and quinpirole treatments do not affect supported rearing time or latency during
the OF test. 3-month-old female and male WT and CHL1 KO littermates were treated with a single i.p. injection
of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and rearing behavior was
explored in the first 10 min of the test Supported rearing time (s) (A) and latency (s) (B) were obtained for female
and male mice. Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA (p > 0.05).

The amount of time mice spend self-grooming can be used as an indicator of anxiety- or depressive-
like state, therefore the analysis of this stereotypic behavior was evaluated in the first 10 min of the OF.
No differences were detected in grooming time between any of the groups (Fig. 3.30 A). However, the
effect of the genotype factor was nearly significant (p = 0.059), which reflects the general tendency for
a lower grooming time of CHL1 KO animals relative to WT animals. Despite no differences were found
between treatments, the treatment factor had a significant effect (p = 0.013) shown by the tendency of
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sulpiride and quinpirole to decrease grooming time of WT and CHL1 KO mice compared to vehicle
treated mice. Female mice showed a tendency to spend less time grooming than males, which was
statistically different in vehicle-treated CHL1 KO mice (Fig. 3.30 B). Grooming latency of female mice
was not different, while vehicle-treated CHL1 KO males started grooming earlier than WT mice and
quinpirole treated CHL1 KO males were the ones taking more time for the first grooming compared to
vehicle treated mice (Fig. 3.30 C).
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Figure 3.30. Grooming behavior tends to be lower in CHL1 KO mice and to decrease with sulpiride and
quinpirole treatments in the OF test. 3-month-old female and male WT and CHL1 KO littermates were treated
with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and
grooming behavior was explored in the first 10 min of the tesT. Grooming time (s) was obtained for female and
male mice (A) and was compared between sexes for each treatment (*p < 0.05) (B). (C) Grooming latency (s) is
presented for female and male mice. Values are presented as mean + SEM (n = 11-13 mice per group) and were
analyzed with three-way ANOVA ((A/B): genotype: F(1,132) = 3.627, p = 0.059, treatment: F(2,132) = 4.47,p
=0.013, sex: F(1,132) =9.731, p = 0.002; (C): three-way ANOVA, genotype X treatment: F(2,132) = 3.386, p =
0.037) followed by Bonferroni correction post-hoc test (*p < 0.05, statistical difference from vehicle-treated
correspondent genotype; # in case of genotype difference within treatment).
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The last stereotypic behavior analyzed was the jumping behavior against the wall which can be
stress-induced during the first 10 min of the OF. Vehicle-treated females showed the same level of
jumping and sulpiride treatment increased the number of wall jumpings in WT females relative to
CHL1 KO females. Vehicle-treated WT males displayed a higher number of wall jumpings than CHL1
KO males but the same behavior was not present in sulpiride- or quinpirole-treated males (Fig. 3.31).

Females Males
8- # 8- 4 1 WT

KO
6 61 I

, %i I’ éi%

T T T T
Veh  Sulp Quinp Veh  Sulp Quinp

Wall jumping (#)
T

Figure 3.31. Sulpiride treatment impact wall jumping behavior in WT females and quinpirole treatment
abolish the difference in jumping behavior between WT and CHL1 KO males in the OF test. 3-month-old
female and male WT and CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1
mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and jumping behavior against the wall was quantified
for female and male mice in the first 10 min of the test. Values are presented as mean + SEM (n = 11-13 mice
per group) and were analyzed with three-way ANOVA (genotype: F(1,132) = 8.618, p = 0.004) followed by
Bonferroni correction post-hoc test (#p < 0.05, ##p < 0.01, genotype difference within treatment).

The analysis of the locomotor activity revealed that while female WT and CHL1 KO mice did not
differ in the level of activity, male CHL1 KO mice moved 15% less and at a slower rate than WT mice.
The pharmacological modulation of DRD2 produced genotype- and sex-dependent effects on
spontaneous locomotion, altering the behavior intrinsic to the CHL1 KO phenotype. DRD2 antagonism
with sulpiride affected particularly the CHL1 KO females by decreasing the distance moved by 18%
and the average speed compared to WT animals in the first 10 min and compared to the vehicle-treated
mice during the entire 30 min of the test. Compared to the vehicle-treated mice, quinpirole treatment
produced a hypolocomotion in all groups, reducing the distance moved by 25% for WT and 36% for
CHL1 KO females, and 36% in WT and 22% in CHL1 KO males, along with a decrease in time moving
and average speed for all groups. Furthermore, a delayed onset of quinpirole-induced hypolocomotion
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was revealed in CHL1 KO animals since a decrease in distance moved or time moving occurs after 7
min of the test, a much later stage than in WT animals, where it occurs after 3 min.

The exploration of the center zone was not strongly affected by genotype or treatments, although
some tendencies should be highlighted. Sulpiride treatment slightly increased the presence of CHL1
KO females in the center of the arena in the first 10 min of the test. With the same treatment, CHL1
KO males spent more time moving in the center than WT animals for the entire duration of the test.
Similarly as seen for general locomotor activity, treatment with quinpirole decreased the level of
activity in the central zone of female and male mice, with greater impact in the latter during the 30 min
of the test.

Unsupported rearing behavior was performed more often by CHL1 KO animals than by WT mice,
which was statistically significant for vehicle-treated CHL1 KO males and sulpiride-treated CHL1 KO
females. Supported rearing behavior was different between WT and CHL1 KO females treated with
sulpiride. Compared to vehicle treatment, quinpirole showed the tendency to decrease supported
rearing numbers at similar levels between WT and CHL1 KO mice. Of note, during the time course of
the test, this reduction occurred after 4 min in WT females and 6 min in WT males, whilst the same
reduction was only evident much later in the case of the CHL1 KO mice (at 8 min for female and 10
min for male mice).

Despite no differences found in grooming time between genotypes or treatments, CHL1 KO animals
showed a tendency to spend less time grooming than WT animals and in turn, sulpiride and quinpirole
treatments seem to decrease this parameter. Jumping behavior is another parameter that was less
prevalent in CHL1 KO males, being only statistically different between vehicle-treated males. Vehicle-
treated females did not show differences, but sulpiride increased the wall jumping in WT females
compared to CHL1 KO females. Fecal boli deposition was not different between genotypes; however,
DRD2 agonism with quinpirole significantly increased its incidence in male mice.

Lastly, sex differences were detected in different parameters and showed that female mice moved
significantly longer distances than male mice, with an increase of 20% for vehicle-treated CHL1 KO
mice, 16% for sulpiride-treated WT mice, and 20% for quinpirole-treated WT mice. Additionally,
female WT mice had the tendency to prefer the center zone more than male WT mice and the tendency
to spend less time grooming.
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3.4.2 Y-maze: short-term working spatial memory

Previous literature connects the ablation of CHL1 in mice with impairments in working memory
duration, identifying a slower processing speed in a reinforced alternation task® and an intra-trial
interval T-maze*. The present test targets the capacity to retain and manipulate short-term memory,
specifically spatial working memory, while accessing spontaneous alternation in a free-choice
procedure. Due to an innate curiosity to explore previously unvisited areas, when rodents are placed in
a three-arm maze, an intact working memory will make them remember the previously visited arm and
mice will show a tendency to enter a less recently visited arm318-320,

To investigate whether CHL1 modulates D2DR signaling and D2DR-mediated short-term working
memory, female and male WT and CHL1 KO mice were acclimated to the behavioral room for 30 min
prior to i.p. administration of vehicle, sulpiride, and quinpirole solution which were administered 2 min
before the trial. Locomotor activity on the Y-maze was monitored over 15 min and spontaneous
alternation was evaluated by considering the first 24 alternations within the 3 arms. An arm entry was
considered when the mouse entered the arm with all four paws and a correct alternation was defined as
the consecutive entry into the three different arms (Fig. 3.32 A). The percentage of correct alternations
considering the first 24 alternations was then calculated.

The analysis of the correct number of alternations out of 24 showed differences between the
genotypes: vehicle-treated female and male CHL1 KO mice completed a higher number of correct
alternations compared to vehicle-treated WT animals (Fig. 3.32 B). Sulpiride treatment did not affect
this behavior in female mice, but sulpiride-treated abolished the genotype difference between male WT
and CHL1 KO mice. Quinpirole treatment tended to decrease the number of correct alternations in
CHL1 KO mice to similar levels as seen for WT mice.

Calculation of the percentage of alternations and comparison with the chance level of 50% revealed
that vehicle-treated CHL1 KO mice performed significantly better than the 50% chance level, whereas
WT animals performed exactly at or only slightly above the chance level (Fig. 3.32 C). While sulpiride
treatment did not affect this behavior in females, CHL1 KO males treated with the same compound
showed a decrease in the percentage of correct alternations and performed at the same levels as male
WT mice. WT and CHL1 KO females performed similarly close to the 50% chance level with
quinpirole treatment, while only WT males had a correct alternation percentage above the 50% chance
level.
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Figure 3.32. The different YM performance between WT and CHL1 KO mice is abolished in females
treated with quinpirole and in males treated with sulpiride and quinpirole.
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(Figure 3.32) 3-month-old female and male WT and CHL1 KO littermates were treated with a single i.p.
injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and activity was
monitored over 15 min. (A) The level of spontaneous alternation was indicated by the consecutive entry of the
mouse in the three different arms of the YM (correct alternation, A-B-C), and a repetitive entry into the
previously visited arm was considered an incorrect alternation (e.g., A-B-C-B). (B) Number of correct
alternations out of a total of 24 were analyzed for female and male mice. (C) Percentage of correct alternations
was compared to the chance level of 50% for female and male mice. (D) Time to complete 24 alternations was
obtained for female and male mice. (E) Fecal boli numbers were counted for the entire duration of the test.
Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-way ANOVA
(B,E) ((B): genotype: F(1,131) = 10.960, p = 0.001, followed by Bonferroni correction test), and Brown-Forsythe
ANOVA (D) ((female): F(5, 50.028) = 15.460, p < 0.0001; (male): F(5, 57.705) = 8.992, p < 0.0001, followed
by Games-Howell post-hoc test) (*p < 0.05, **p < 0.01 and ****p < 0.0001, statistical difference from vehicle-
treated correspondent genotype; # in case of genotype difference within treatment). Student’s t-test against the
50% chance level was also used (C)((female): veh KO (t(11) = 3.554, p = 0.005), sulp KO(t(12) = 3.348, p =
0.006); (male): veh KO (t(10) = 3.365, p = 0.007), quinp WT (t(12) = 3.790, p = 0.005) (*, significance against
the 50% chance level).

In the time taken to complete the 24 alternations, no differences were detected between genotypes
and vehicle or sulpiride treatments (Fig. 3.32 D). However, there was an increase in the time to
complete the trial in female and male WT and female CHL1 KO mice treated with quinpirole.
Furthermore, despite a greater tendency for elevated fecal boli deposits in quinpirole-treated animals,
no differences were detected between groups (Fig. 3.32 E).

Locomotor activity during the 15 min of the YM test was analyzed and used as a control parameter
of pharmacological efficacy of the administered drugs across the behavioral experiments. During the
15 min of the test, CHL1 KO males showed significantly lower activity than their WT littermates when
they were treated with vehicle solution (Fig. 3.33 A left). Sulpiride treatment significantly decreased
locomotor activity only in CHL1 KO females relative to WT animals and compared to vehicle
treatment. Quinpirole treatment decreased the distance moved by female and male WT mice and female
CHL1 KO mice relative to vehicle treatment as well. Distance moved across 3 min time bins in the YM
showed that quinpirole treatment strongly reduced the activity of female and male WT mice when
compared to vehicle treatment during the 15 min of the test. The same comparison in the CHL1 KO
group revealed that the hypolocomotion induced by quinpirole was only present at a few time points in
females, and was not detected in males (Fig. 3.33 A right). Differences between sexes were found
between CHL1 KO mice treated with vehicle and WT mice treated with sulpiride (Fig. 3.33 B). The
total time moving was lower in CHL1 KO males relative to their WT littermates treated with vehicle,
and was decreased by quinpirole treatment in female and male WT and female CHL1 KO mice
compared to the vehicle treatment (Fig. 3.33 C).
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Figure 3.33. Total locomotor activity is affected by sulpiride treatment in CHL1 KO females and
quinpirole-induced hypolocomotion is delayed in CHL1 KO mice of the YM test. 3-month-old female and
male WT and CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or
quinpirole (0.02 mg/kg) 2 min before the trial, and activity was monitored for 15 min. (A) Total distance moved
(m) of female and male mice is shown and was compared in 3 min time-bins between DRD2-specific treatment
and vehicle treatment for each genotype and sex group. (B) Total distance moved was compared between sexes

for each treatment (*p < 0.05). (C) Total time moving was obtained for female and male mice.
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(Figure 3.33) Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA ((A left/B): genotype: F(1,132) = 4.260, p = 0.041, treatment: F(2,132) = 39.211, p = 0.0001, sex:
F(1,132) = 9.466, p = 0.003, genotype X treatment: F(2,132) = 3.085, p = 0.049; (C): treatment: F(2,132) =
31.791, p = 0.0001, genotype x treatment: F(2,132) = 3.848, p = 0.024; followed by Bonferroni correction post-
hoc test (*p < 0.05, **p < 0.01, ****p < 0.0001, statistical difference from vehicle-treated correspondent
genotype; # in case of genotype difference within treatment) and three-way repeated measures ANOVA ((A
right): genotype: F(1,132) = 4.260, p = 0.041, treatment: F(2,132) = 39.211, p = 0.0001, genotype X treatment:
F(2,132) = 3.085, p = 0.049, followed by Bonferroni correction post-hoc test (**p < 0.01, ***p < 0.001, ****p
< 0.0001)).

The assessment of the short-term working spatial memory through the analysis of spontaneous
alternations in a YM revealed that vehicle-treated CHL1 KO mice showed a better aptitude to complete
the test with a higher number of correct alternations above the 50% chance level while taking the same
time to complete it as the WT animals. Compared to vehicle treatment, sulpiride did not affect the
performance of female WT or CHL1 KO mice, whereas CHL1 KO males performed just at the 50%
chance level as WT animals. DRD2 agonism with quinpirole did not affect the level of correct
alternations in female WT mice but reduced it in female CHL1 KO mice relative to vehicle treatment,
causing as well an increase in the time taken to complete the trial for both genotypes. Of note, male
WT mice showed a percentage of correct alternations above the 50% chance level with quinpirole
treatment, despite a longer time taken to complete the 24 alternations. The same treatment of CHL1
KO males reduced the correct number of alternations to the chance level of 50% compared to vehicle
treatment.

The analysis of spontaneous locomotion in the YM during the 15 min of the test revealed a pattern
very similar to that found in the first 10 min of the OF test, the most important being the delayed and
reduced hypolocomotion induced by quinpirole in CHL1 KO mice that was present at an earlier stage
in case of the WT animals, compared to vehicle treatment.
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3.4.3 Novelty-induced behavior: the spontaneous exploration of a novel object

Accumulating research has shown that D2DR pharmacological modulation or availability can
directly impact novel stimulus and novelty-seeking behaviors®*1342, Ablation of CHL1 in mice has also
been linked to mild impairment of novelty-seeking behavior: an initial hesitation to explore a new
object was found but no effect on the total time of its exploration*®#4, Instead of a novel object test
based on a previous recollection of an object (familiar object), my thesis focuses on a novelty-induced
paradigm exclusively influenced by a new stimulus (stimulus novelty) without requiring any pre-
existing recognition memory.

To investigate whether CHL1 and D2DR together influence risk-assessment behavior when animals
are confronted with a completely new stimulus, like an object, female and male WT and CHL1 KO
mice were acclimated to the behavioral room for 30 min prior to i.p. administration of vehicle, sulpiride,
and quinpirole solution. The mice were placed in the corner of the arena with the new object located in
the center. Locomotor activity and mouse-object interaction were monitored over 20 min. Interaction
with the object was measured through distance and time moved by the nose (nose-point) in the area
nearby the object (object zone) and the remaining area is represented by the outside zone (Fig. 3.34 A).

During the 20 min of the test, the total distance moved by the nose-point near the object was not
affected by genotype vehicle- or sulpiride-treated mice (Fig. 3.34 B). However, CHL1 KO females
showed a tendency to explore the object more than WT mice, as indicated by a p = 0.154 for the
genotype factor. Quinpirole treatment did not change the activity in female mice but altered the activity
between WT and male CHL1 KO mice. When comparing the sexes, a tendency for males to move more
than females in the object zone was found, being statistically significant between CHL1 KO animals
treated with quinpirole (Fig. 3.34 C). The distance moved across 2 min time bins did not differ between
the different conditions (Fig. 3.34 D), although the tendency of CHL1 KO females to move more than
WT females was present in the first minutes of the test. Significant effects were not detected in other
time windows or time bins of the total distance moved.

Regarding the total time spent near the object, CHL1 KO mice tended to explore the object more
than WT mice in all groups, as indicated by a p = 0.007 for the genotype factor (Fig. 3.35 A). However,
only quinpirole-treated CHL1 KO males spent significantly more time near the object than WT males.
When comparing the sexes, a tendency for males to move more than females in the object zone was
found, being statistically significant between CHL1 KO animals treated with quinpirole (Fig. 3.35 B).
Across the 2 min time bins, the tendency of CHL1 KO mice to explore the object more than WT animals
was present throughout the test

126



Chapter Il Results

A

=)

Female

Male

Figure 3.34. Novel object exploration is simlar in female mice while quinpirole treatment altered the object
exploration between male WT and CHL1 KO mice. 3-month-old female and male WT and CHL1 KO
littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2
min before the trial, and interaction of the mice with the object was monitored for 20 min. (A) A novel object
was placed in the middle of the arena and the mice-object interaction was evaluated with the presence of the
nose-point inside of the object zone. The remaining area is represented by the outside zone. Total distance moved
by the nose-point in the object zone is shown for female and male mice (B) and was compared between sexes
for each treatment (**p < 0.01) (C). (D) Total distance moved was compared between genotypes for each
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Chapter Il Results

(Figure 3.34) Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA ((B/C): sex: F(1,132) = 13.081, p = 0.0001, followed by Bonferroni correction post-hoc test and
three-way repeated measures ANOVA (D) (p > 0.05).
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Figure 3.35. Time spent near the object is higher in quinpirole-treated CHL1 KO males. 3-month-old
female and male WT and CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1
mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and interaction of the mice with the object was
monitored for 20 min. Total time spent near the object by the nose-point is shown for female and male mice (A)
and was compared between sexes for each treatment (**p < 0.01) (B). (C) Time spent near the object was
compared between genotypes for each treatment and sex group in 2 min time-bins. Values are presented as mean
+ SEM (n = 11-13 mice per group) and were analyzed with three-way ANOVA ((A/B): genotype: F(1,132) =
7.625, p = 0.007, sex: F(1,132) = 10.057, p = 0.002, followed by Bonferroni correction post-hoc test ((A): ## p
< 0.01, genotype difference within treatment)) and three-way repeated measures ANOVA ((C): genotype:
F(1,132) = 7.625, p = 0.007, sex: F(1,132) = 10.057, p = 0.002, followed by Bonferroni correction post-hoc test
(*p < 0.05, **p < 0.01)).
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Analysis of total time moving near the object showed a general tendency for CHL1 KO animals to
move longer time close to the object than WT mice (Fig. 3.36 A). Although vehicle- and sulpiride-
treated CHL1 KO females tended to perceive the object more quickly than WT females, latency to first
reach the object revealed no differences between genotype, treatment, or sex factors (Fig. 3.36 B). Fecal
boli deposits were registered and showed no differences between genotypes or treatments in female
and male mice (Fig. 3.36 C and D). A statistical difference is only detected in sulpiride-treated CHL1
KO mice just because vehicle-treated CHL1 KO mice tend to have higher occurrences of fecal boli.
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Figure 3.36. Effects of sulpiride and quinpirole treatments on parameters of novel-object exploration. 3-
month-old female and male WT and CHL1 KO littermates were treated with a single i.p. injection of vehicle,
sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg) 2 min before the trial, and interaction of the mice with the object
was monitored for 20 min. (A) Total time moving near the object by the nose-point is shown for female and male
mice. (B) Latency to first reach the object was obtained for female and male mice. Fecal boli numbers were
counted in female (C) and male (D) mice for the entire duration of the test. Values are presented as mean + SEM
(n = 11-13 mice per group) and were analyzed with three-way ANOVA ((F): treatment: F(2,132) =5.359, p =
0.006, followed by Bonferroni correction post-hoc test (*p < 0.05, statistical difference from vehicle-treated
correspondent genotype)).
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The distance moved by the nose-point during the 20 min of the novel object test was analyzed and
used as a control parameter of DRD2-pharmacological efficacy across the behavioral experiments.
Although the activity of WT and CHL1 KO mice was similar for both sexes treated with vehicle, male
CHL1 KO mice show a tendency for lower locomotor activity relative to WT males (p = 0.062).
Sulpiride treatment significantly decreased activity only in CHL1 KO females relative to WT females
and compared to vehicle treatment. Quinpirole treatment decreased distance moved in female and male
WT mice and female CHL1 KO mice relative to vehicle treatment as well. However, the same treatment
elicits the tendency for CHL1 KO females to move less than WT females (p = 0.056) (Fig. 3.37 A left).
Distance moved across 2 min time bins showed that quinpirole treatment reduced levels of activity in
female WT mice and more strongly in CHL1 KO females compared to vehicle-treated mice (Fig. 3.37
Aright). The same comparison in the male mice revealed that hypolocomotion induced by the treatment
started at an earlier time point in WT males and was not present at all in CHL1 KO males. Focusing on
sex differences, there is a general tendency for female mice to move less than male mice, and this was
significant between CHL1 KO mice treated with sulpiride and quinpirole (Fig. 3.37 B). The total time
moving was lower for CHL1 KO females relative to WT littermates treated with sulpiride treatment
and was decreased by quinpirole treatment in female and male WT and female CHL1 KO mice
compared to the vehicle-treated mice (Fig. 3.37 C).
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Figure 3.37. Locomotor activity of CHL1 KO females is decreased by sulpiride treatment and CHL1 KO
males do not show hypolocomotion induced by quinpirole treatment. 3-month-old female and male WT and
CHL1 KO littermates were treated with a single i.p. injection of vehicle, sulpiride (1 mg/kg), or quinpirole (0.02
mg/kg) 2 min before the trial, and locomotor activity was monitored for 20 min using the nose-point. (A) Total
distance moved for female and male mice is shown and was compared in 2 min time-bins between DRD2-
specific compounds and vehicle treatment for each genotype and sex group. (B) Total distance moved was
compared between sexes for each treatment (*p < 0.05, **p<0.01). (C) Total time moving was obtained for

female and male

mice.
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(Figure 3.37) Values are presented as mean + SEM (n = 11-13 mice per group) and were analyzed with three-
way ANOVA ((A left/B): genotype: F(1,131) = 8.814, p = 0.004, treatment: F(2,131) =19.030, p = 0.0001, sex:
F(1,131) =8.500, p =0.004; (C): genotype: F(1,131) = 6.483, p=0.012, treatment: F(2,131) =16.773, p = 0.0001,;
followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001, statistical
difference from vehicle-treated correspondent genotype; # in case of genotype difference within treatment)) and
three-way repeated measures ANOVA ((A right): genotype: F(1,132) = 10.124 p = 0.002, treatment: F(2,132) =
15.844, p = 0.0001, followed by Bonferroni correction post-hoc test (*p < 0.05, **p < 0.01, ***p < 0.001)).

The present results comprise different parameters that can help us to better understand the effect of
the CHL1 and DRD2 interaction on behaviors induced by a novel external stimulus. Although not
statistically significant, the first thing to point out is an overall tendency for CHL1 KO mice to engage
more with the novel object than WT mice. Compared to WT mice, the total time spent near the object
showed a tendency to be higher in vehicle-treated CHL1 KO females (25%) and males (8%), sulpiride-
treated CHL1 KO females (28%) and males (11%), and quinpirole-treated CHL1 KO females (24%)
and males (38%). This trend was more robust in vehicle- and sulpiride-treated CHL1 KO females since
the total distance moved near the object was increased by 22% and 16% compared to WT females.
Interestingly, these same groups were the only ones showing a tendency to perceive the object more
quickly than WT females, which took 6.38 s or 8.81 s longer than vehicle- or sulpiride-treated CHL1
KO females. Overall, sulpiride treatment did not affect the natural tendency of the animals to explore
the object. Quinpirole treatment showed a tendency to decrease activity near the object in WT males,
whereas CHL1 KO males were not affected by the hypolocomotion effect induced by the treatment and
therefore explored the object for a longer time than WT males.

The analysis of spontaneous locomotion in the outside zone during the NI test revealed a similar
pattern to that found in the previous behavioral tests. DRD2 antagonism with sulpiride produced a
reduction in the activity of CHL1 KO females compared to WT females and agonism with quinpirole
caused an instant reduction of locomotion in male WT mice compared to vehicle treatment, while no
effect was found in male CHL1 KO mice. Certain parameters are contradictory to previous results,
such as: contrasting to WT females, CHL1 KO females did not show a delayed hypolocomotion state
induced by quinpirole relative to vehicle treatment; and female mice tended to have lower levels of
activity than male mice, which was also present in the sex differences of object exploration. Given that
the activity of the mice near the object displayed a distinct exploratory pattern to that exhibited in the
outside arena, this behavior can be considered to be specifically induced by the novel stimulus.
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4 Discussion

The connection between CHL1 and the dopaminergic system is of interest due to CHL1's role in
guiding and promoting the neuronal development of ventral midbrain structures, thereby contributing
significantly to the development of dopaminergic pathways?®’4. Furthermore, CALL polymorphisms
are linked to neuropsychiatric disorders like ASD and schizophrenia®®°52343 which share behavioral
and physiological similarities with CHL1 deficiency?”*44647 which has sparked interest in
investigating this relationship in more detail. Of note, ASD and schizophrenia both involve
impairments in DRD2 signaling, suggesting that CHL1's interaction with DRD2 could serve as a
conceivable mechanism by which CHL1 influences the dopaminergic system. Notably, previous
research of our group confirmed CHL1's direct interaction with DRD2, a differential role of CHL1 in
the internalization of the short versus long DRD?2 isoforms, and the impact of CHL1 deficiency on pre-
and postsynaptic dopaminergic signaling in the striatum®. However, the functional consequences of
the CHL1-dependent modulation of dopaminergic signaling through DRD2 had yet to be explored.

My thesis aimed to comprehensively study the functional interaction between CHL1 and DRD2.
The results reveal that CHL1 interacts with DRD2 in presynaptic dopaminergic neurons and
postsynaptic striatal neurons, both in vivo and in vitro. While the absence of CHL1 in these neurons
does not affect their normal physiological functions, it impacts DRD2-related functions like presynaptic
signal transduction and postsynaptic neuronal and synaptic morphology. Behavioral analysis of CHL1
KO animals revealed genotype- and sex-specific responses to the DRD2 antagonist sulpiride or agonist
quinpirole. Moreover, the absence of CHL1 notably reduced the behavioral sensitivity to the DRD2
agonist quinpirole, with a distinct time window effect between WT and CHL1 KO mice.

4.1 CHL1 and DRD2 interact in presynaptic dopaminergic and
postsynaptic striatal neurons

In addition to the discovery of the direct binding of the extracellular domain of CHL1 to the first
extracellular domain of DRD2, previous data from our laboratory have shown that this interaction can
be detected in striatal sections of adult WT mice3*4. CHL1 expression has also been reported in
developing dopaminergic neurons of the ventral midbrain?®®. To investigate the CHL1 and DRD2
interaction and its impact on pre- and postsynaptic dopaminergic signaling, the close proximity of
CHL1 and DRD2 was determined with PLA and simultaneous immunostaining of dopaminergic
markers (TH or DARPP-32) to stain striatal sections of adult WT males and primary neurons from
ventral midbrain or striatal cultures. My results confirm the presence of CHL1 and DRD2 in close
proximity in TH-positive neurons of the striatal tissue and cultured ventral midbrain neurons, indicating
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the presynaptic existence of this interaction in dopaminergic neurons and their terminals in the
striatum®. Similarly, the same observation was made in DARPP-32-positive neurons of striatal tissue
and cultured striatal neurons, suggesting an interaction of CHL1 and DRD2 postsynaptically in the
striatal MSNs®,

The co-localization of CHL1 and both DRD2 isoforms was also confirmed in transfected HEK293
cells expressing CHL1 and either DRD2s or DRD2, . Additionally, studies exploring the expression
and behavioral functions of these DRD2 isoforms support distinct roles: DRD2s is primarily expressed
presynaptically and plays a role in presynaptic dopaminergic neurons of the ventral midbrain, while
DRD2. is predominantly postsynaptically expressed and regulates dopaminergic-induced signaling in
striatal MSNs1%133138 My findings, which demonstrate the co-localization of CHL1 and DRD?2 in
striatal tissue and primary neurons, not only complement the observations of CHL1's interaction with
both DRD2 isoforms in HEK293 cells but also provide a biological context for understanding the
significance of this interaction. These findings suggest that CHL1 might regulate the functions of
DRD2s presynaptically in dopaminergic neurons and their axonal projections to the striatum. In
addition, CHL1 potentially regulates postsynaptic functions of DRD2_ in MSNs.

Previously, CHL1 has been detected at the presynaptic axonal plasma membrane of cultured
inhibitory and excitatory hippocampal neurons®*. At synaptic vesicles in these terminals, CHL1 recruits
and interacts with the heat shock cognate 70 kDa protein (Hsc70) to regulate clathrin uncoating from
clathrin-coated vesicles®*. Upon synaptic activation, CHL1 and Hsc70 are endocytosed, and the
disruption of the CHL1-Hsc70 complex leads to an abnormal accumulation of clathrin-coated synaptic
vesicles. Additionally, CHL1 forms protein complexes with Hsc70 and other chaperones, aiding in the
assembly of the SNARE complex to induce synaptic vesicle exocytosis®®. These findings highlight the
regulatory role of CHL1 during presynaptic activity, particularly in promoting synaptic vesicle
endocytosis through their recycling via a clathrin-dependent pathway. Furthermore, in HEK293 cells,
CHL1 has been shown to prevent quinpirole-induced internalization of DRD2s%, suggesting its
potential role in regulating clathrin-dependent presynaptic DRD2 internalization. As dopaminergic
terminals from the ventral midbrain mainly express DRD2s!%*® and considering CHL1’s function as
a presynaptic regulatory protein, my thesis aimed to investigate the impact of CHL1 binding to DRD2
on presynaptic dopaminergic neuron signaling.

My results show for the first time a connection between CHL1 and the postsynaptic DRD2 in
MSNs®, The extracellular domain of CHL1 was demonstrated to trans-interact with HEK293 cells
expressing either DRD2s or DRD2., suggesting that presynaptic and postsynaptic CHL1 might bind to
the DRD?2 isoforms at opposite presynaptic and postsynaptic sites. Additionally, CHL1 was found in
striatal parvalbumin-positive GABAergic interneurons and might also trans-interact with DRD2-
expressing MSNs®’, which provide a feedforward inhibitory control to approximately 25-75% of
MSNs*#>34_\While the literature on the postsynaptic functions of CHL1 is limited, CHL1 KO adult
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mice exhibited increased numbers of excitatory synapses and disrupted synaptic strength in the
postsynaptic membrane of pyramidal cortical neurons®®. As CHL1 in presynaptic dopaminergic
terminals or other striatal neurons can interact with postsynaptic DRD2 in MSNs and has been shown
to induce postsynaptic changes in pyramidal cortical neurons, this thesis aimed to investigate how
CHLZ1's binding to the receptor influences DRD2-dependent neurotransmission in striatal MSNs.

4.2 Functional impact of the CHL1 interaction with pre- and
postsynaptic DRD2

42.1 CHL1 modulates agonist-induced responses of presynaptic DRD2 while
basal DRD2 signaling remains unaffected in vitro

Presynaptic DRD?2 plays a crucial role in maintaining optimal dopamine levels in the synaptic cleft
through a negative feedback mechanism involving dopamine uptake and synthesis!’®. As a rate-limiting
enzyme in dopamine synthesis, TH serves as a dopaminergic marker used to assess the initiation of
dopaminergic signaling cascades. The activation of the cCAMP/PKA pathway, inhibited by DRD2
activation, leads to TH phosphorylation at Ser40. Therefore, measuring cCAMP levels allows to assess
the activity of DRD283, Additionally, DRD?2 is involved in the regulation of the GSK3 and ERK1/2
pathways, thus phosphorylation of these proteins can be additionally assessed to investigate DRD2
modulation?®*3"_ Here, analysis of vehicle-treated primary ventral midbrain neurons (basal condition)
showed similar basal TH phosphorylation at Ser40 levels in both WT and CHL1 KO neurons. There
was a tendency for lower cAMP levels in CHL1 KO neurons compared to WT neurons, but no
significant differences were found in phosphorylated and total GSK3p and ERK1/2 levels. I suggest
that the absence of CHL1 in the ventral midbrain neurons does not affect the presynaptic DRD2
signaling under basal conditions.

Compared to vehicle-treated WT and CHL1 KO neurons, the DRD2 antagonist sulpiride and agonist
quinpirole reduced TH phosphorylation in both WT and CHL1 KO neurons. CHL1 KO neurons showed
a more pronounced decrease in pTH with sulpiride treatment than WT neurons, while quinpirole had
similar effects on neurons from both genotypes. While cCAMP levels were not significantly altered by
the treatments relative to the vehicle condition, CHL1 KO neurons exhibited lower cAMP levels than
WT neurons following sulpiride and quinpirole treatment. No significant differences were observed
between the genotypes in phosphorylated and total GSK3p and ERK1/2 levels after sulpiride or
quinpirole treatments.

Sulpiride, a selective DRD2 ligand with some affinity for DRD3, is frequently employed as an
antagonist in binding assays, competing with dopamine and other DRD2 agonists like
quinpirole311348:34° In DRD2s-expressing PC12 cells, sulpiride prevented quinpirole's inhibitory
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impact on dopamine release and TH activity after 40 minutes of co-incubation, with no observable
impact from sulpiride incubation alone!84. Another study using rat striatal slices reported that sulpiride
increased TH activity only under depolarizing conditions when slices were maintained in a K*-enriched
medium (60 mM), but no effects were observed under normal conditions®*. DRD2 ligands, including
sulpiride, have previously been categorized as antagonists but were later found to possess inverse
agonistic properties®®L. Thus, depending on the condition, sulpiride can either act as a blocker or induce
the opposite effect of a DRD2 agonist, including increased TH activity, dopamine release, and reduced
dopamine uptake through its impact on DAT function!83°2353 Consequently, by blocking DRD2
activation or inducing agonist-opposite effects, sulpiride reverses dopamine-induced inhibition of
cAMP synthesis, leading to cAMP accumulation in the cytosol®>43%, Additionally, sulpiride promotes
the activation of other pathways, leading to the deactivation of GSK3B by increasing its
phosphorylation®#.

Based on the available literature, my findings suggest that sulpiride treatment in ventral midbrain
primary neurons failed to produce the expected effect of antagonism or inverse agonism on presynaptic
DRD?2 signaling, regardless of the genotype of the mice. Nonetheless, the results are in line with the
findings in PC12 cells expressing DRD2s, which were not affected when treated with sulpiride alone®®4,
To conclude, the effect of sulpiride in my experimental setting remains inconclusive. It can be argued
that the experimental conditions might not have been optimal for analyzing the effects of sulpiride.
Previous functional studies of DRD2 signaling in other cell or neuronal systems have employed
different conditions for sulpiride treatment, ranging from 10-40 pM for 30-45 min'82%.297 |n my
experiments, concentrations lower than the one used (30 uM) did not produce any observable effects.
As the concentration used here falls within the range employed in the literature, the 20 min incubation
period might not have been long enough for neurons to respond to sulpiride action adequately.
Additionally, the lack of full maturation of ventral midbrain neurons at the time of treatment (7 div)
could have contributed to sulpiride’s results. While literature often focuses on DRD2-related functions
in ventral midbrain cultures after 5-10 days in culture®®3%’ one study indicated that extracellular
dopamine levels at 7 div are more likely to be governed by VMAT or DAT rather than DRD2, evident
from the lack of sulpiride’s impact®®®. Furthermore, the binding of sulpiride to DRD2 is dependent on
the presence of Na* ions®%3 and their binding affinity was shown to increase ~ 23-fold in the presence
of Na™®, The binding of Na" to cytoplasmic allosteric binding sites within DRD2 induces
conformational changes that modulate ligand binding at the orthosteric site3%?. This phenomenon has
been demonstrated to enhance the binding affinity of antagonists such as sulpiride to the receptor®>®.
Conversely, the lack of Na* leads to unstable conformations of sulpiride within the binding pocket, as
shown by molecular dynamics simulations®®®. While the culture medium used for the primary cultures
is presumed to provide an abundant concentration of Na* necessary for the regular development and
functioning of the cells, it is also plausible to speculate that the experimental conditions could have
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limited the ventral midbrain neurons from achieving the required cytoplasmic Na* levels for sulpiride
to effectively induce DRD2 signaling. Therefore, to understand the impact of sulpiride on WT and
CHL1 KO ventral midbrain neurons, it would be important to further investigate extended incubation
periods and in vitro growth. Additionally, considering the concentration of Na" as a factor in the
experimental conditions could provide insights into whether lower or higher Na* levels affect the
current setup and impact the binding of sulpiride to DRD2.

Quinpirole-induced DRD2 inhibition has been reported to decrease CAMP levels in non-neuronal
cell models®43% or to either not affect basal CAMP levels or inhibit forskolin-enhanced cAMP levels
in cortical neurons®®®. Additionally, in DRD2s-expressing PC12 cells and striatal slices from male WT
rats and female WT/DRD2. KO mice the DRD2-mediated inhibition of the cAMP pathway by
quinpirole leads to a decrease in TH phosphorylation at Ser4011%183184 NMoreover, quinpirole treatment
promotes the activation of GSK3p by decreasing its phosphorylation in mouse renal proximal tubule
cells and enhances the phosphorylation of ERK1/2 in dopaminergic neurons?**347_ In the current
experiments, quinpirole reduced pTH levels in both WT and CHL1 KO neurons. Additionally, CHL1
KO neurons exhibited a more substantial reduction in pTH relative to their basal conditions compared
to WT neurons (18.2% vs. 13.8%, respectively). As the cAMP pathway serves as a conventional
transduction pathway for GPCRs, the limited impact of quinpirole on cAMP levels relative to the
vehicle condition could be indicative of a rapid and transient effect that is still present in CHL1 KO
neurons.

While CHL1 does not influence the DRD2 signaling pathway in ventral midbrain neurons under
basal conditions (vehicle treatment), it is worth noting that the absence of CHL1 increases the
sensitivity of the neurons to DRD2 modulation, especially from sulpiride, even though no alterations
in phosphorylated levels of GSK3f or ERK1/2 are observed.

4.2.2 Sex- and genotype-dependent modulation of TH phosphorylation in the
striatum by DRD2 agonism

The DRD2-dependent signaling was also investigated in the striatal tissue of adult WT/CHL1 KO
female and male mice. My results indicate that WT and CHL1 KO mice show comparable levels of
phosphorylated and total TH, GSK3p and ERK1/2 proteins. Previously, reduced TH phosphorylated
levels were found in the dorsal striatum, but not ventral striatum of male CHL1 KO mice®. In my
research, the analysis of the whole striatum did not found any disparities in protein content between
genotypes in female and male mice, aligning with the in vitro findings with WT and CHL1 KO ventral
midbrain cultures. It is possible that analyzing the whole striatal tissue masked the difference present
in the dorsal striatum. It is also worth noting that Kotarska et al. (2020)% employed a different sacrifice
method, and the animals did not have prior exposure to behavioral tests, which can explain the different
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findings. In agreement with the tests using ventral midbrain cultures, the levels of phosphorylated and
total GSK3p and ERK1/2 proteins are similar between genotypes. Therefore, it can be concluded that
in female and male mice lacking CHL1 the amounts of proteins involved in DRD2 signaling and their
phosphorylation remains within the normal range in the whole striatal tissue.

When mice were sacrificed 15 minutes after treatment with DRD2-specific compounds, the analysis
of the striatal protein content exposed genotype- and sex-dependent effects of the compounds on TH
phosphorylation. Namely, TH phosphorylation levels decreased in response to sulpiride treatment in
WT females compared to the vehicle condition, whereas prior studies report that sulpiride incubation

in striatal slices of male rats does not affect TH activity>*°

. Although quinpirole incubation induced a
reduction in TH phosphorylation in striatal slices of male WT rats and female WT and DRD2. KO
mice'® my findings here demonstrate that quinpirole treatment selectively decreased pTH levels in
male CHL1 KO mice compared to WT mice and the respective vehicle group. This genotype-dependent
effect suggests that the absence of CHL1 in male mice results in an enhanced sensitivity to the low
dose of quinpirole, which might stem from the absence of a negative regulatory mechanism exerted by
CHLZ1 on DRD2 presynaptic dopaminergic transmission in WT males. Furthermore, the sex-dependent
decrease in TH phosphorylation observed in CHL1 KO males is in line with previous findings
indicating that female rats exhibit a lower sensitivity to both biochemical and behavioral effects of
quinpirole®¥”3%8, For instance, quinpirole was less effective at inhibiting striatal dopamine release in
females than in males, which aligns with males displaying a higher susceptibility to the locomotor
depressant effects of the compound.

The analysis of the striatal protein content in mice supports the observations in ventral midbrain
primary neurons, providing further evidence that the initial effects of sulpiride and quinpirole
treatments on the DRD2 signaling pathway exhibit sex-dependent characteristics, with the impact of
quinpirole being influenced by the presence of CHL1.

4.2.3 CHL1 and DRD2 stimulation alters complexity of cultured MSNs

Prior research has shown that disruptions in DRD2 signaling can lead to varying changes in synaptic
transmission through structural modifications of neuronal morphology or of dendritic spines. In vivo
mouse studies with striatal postsynaptic DRD2 upregulation or ablation found a reduced arbor
complexity in MSNs'3%9 In turn, selective presynaptic DRD2 ablation in dopaminergic neurons
increased neuronal tree complexity in SNc neurons'’®. CHL1 is involved in controlling similar
processes in several neuronal types®®33!, Hence, | evaluated the impact of CHL1 presence or absence
on dendritic and spine morphological changes induced by DRD2 modulation in striatal MSNs.

The neuronal tree of cultured MSNs was examined at intermediate (12 div) and advanced (21 div)
stages of development and vehicle-treated WT and CHL1 KO MSNs showed no gross differences in
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the neuronal architecture and dendritic spine morphology at both stages. However, CHL1 KO neurons
at 12 div displayed a reduced dendritic complexity compared to WT neurons, suggesting that CHL1’s
absence in cultured MSNs affects neuronal tree development but not dendritic spine composition under
basal conditions.

Previous literature described how homo- and heterophilic interactions of CHL1 regulate neurite
outgrowth of cerebellar and dopaminergic neurons. Under non-stimulating conditions, neurite length
was found to be similar between WT and CHL1 KO neurons?®?®, This aligns with my findings that
CHL1 does not change the dendritic tree of cultured MSNs to a strong extent. Interestingly, while
comparing the dendritic arbor at 12 and 21 div, a lower complexity of the neuronal tree of CHL1 KO
neurons was observed at 12 div. The absence of this observation at 21 div suggests a potential
compensatory mechanism possibly involving other CAMs coming into play when CHL1 is absent and
also that development is delayed in the absence of CHL1. Compensatory mechanisms of CAMs during
development were commonly observed in loss-of-function studies and suggested to take place due to
the functional overlap of CAMs, which could explain the presence of only mild defects when an
individual CAM is deleted?®3%37°, For instance, CHL1's involvement in neuronal morphogenesis of
primary dopaminergic neurons did not lead to aberrant changes in dopaminergic pathways in the ventral
midbrain®. On the other hand, the period of 12 div, starting at E16, coincides with a critical stage of
development when CHL1 expression reaches its peak (E18 to P7)*'. CHL1‘s absence during the
developmental period where its expression normally peaks could show the strongest effect at this time
period and underly the reduced complexity observed in CHL1 KO neurons at 12 div. In contrast, the
developmental stage at 21 div corresponds with the developmental stage well after P7, when CHL1
expression declines to lower levels also seen in adulthood®!’. This extended period provides an
opportunity for the neuronal tree to respond and potentially recover from the lack of CHL1 through
possible compensatory mechanisms, resulting in smaller or no alterations when CHL1 is not present.
Lastly, cortical neurons from adult CHL1 KO mice contained a higher percentage of thin spines and a
lower percentage of stubby and mushroom spines on their apical dendrites when compared to WT
neurons®®. My analysis revealed that the lack of CHL1 did not lead to alterations of the dendritic spine
classes in cultured MSNs, suggesting that MSNs might be influenced differently by the lack of CHL1
as cortical neurons, or CHL1 is more important for spine morphology in adult mice.

These findings indicate that CHL1 might exert an influence on the dendritic development of MSNs,
since at specific time points CHL1 seems to play a role in ensuring proper arborization and development
of MSNs. Despite potential compensatory mechanisms that could mitigate the effects of CHLI1’s
absence, certain neuronal processes might still be impaired later on.

When dendritic arborization after sulpiride and quinpirole treatment of MSNs at 12 div was
analysed, no significant effect was observed but sulpiride and quinpirole notably increased the
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arborization in the distal part of CHL1 KO neurons compared to WT and vehicle-treated CHL1 KO
neurons, while there was no significant change observed between vehicle- and sulpiride/quinpirole-
treated WT neurons. In mature neurons at 21 div, sulpiride increased the arborization complexity in
both WT and CHL1 KO neurons, while quinpirole boosted overall dendritic complexity in WT neurons
compared to the vehicle-treated group. In contrast, no differences were detected between quinpirole-
and vehicle-treated CHL1 KO neurons. Collectively, these findings reveal that CHL1’s absence
enhances the reactivity of immature MSNs to both sulpiride and quinpirole treatments, while mature
WT and CHL1 KO neurons react similarly to sulpiride but differently to quinpirole.

Prior research has shown that disruptions in DRD2 signaling can lead to varying changes in synaptic
transmission through structural modifications of neuronal morphology or dendritic spines. In vivo
mouse studies with striatal postsynaptic DRD2 upregulation or ablation found a reduced arbor
complexity in MSNs'3%9 In turn, selective presynaptic DRD2 ablation in dopaminergic neurons
increased neuronal tree complexity in SNc neurons'’® and reduced dendritic length in primary
dopaminergic neurons'®3. Chronic quinpirole treatment in DRD2 KO dopaminergic neurons only
extended neuronal length of TH-positive WT neurons®3. Interestingly, TH-positive dopaminergic
neurons chronically treated with higher quinpirole doses (10 uM) increased dendritic arborization and
lower doses (1 pM) decreased axonal terminal numbers, while sulpiride had no impact on neuronal
morphology alone but prevented the quinpirole effects!’"372,

My experiments show an overall increase in neuronal complexity, mostly in mature WT MSNSs,
induced by sulpiride and quinpirole. Quinpirole increases arbor complexity in previous studies
involving chronic DRD2 stimulation of dopaminergic neurons>331 whereas a single 10 uM quinpirole
treatment for 24 hours in postnatal striatal MSNs resulted in a decrease of neurite length and
branching’®. The latter study employed similar conditions as | used here (20 uM for 24 hours at 21
div), but the use of postnatal striatal cultures at day 0 is probably responsible for differing quinpirole
effects observed due to differences in DRD2 expression®’2. Indeed, different maturation stages at E17
or postnatal day O were described to result in distinct axonal morphogenesis in Purkinje cells®”,
Nonetheless, employing E16.5 embryonic cultures results in fewer cholinergic interneurons, enabling
a more focused examination of MSN responses and yielding a higher neuronal survival rate compared
to postnatal neurons in dissociated cultures®®. Concerning sulpiride, while there is no prior information
on its effect on striatal dendritic morphology, sulpiride (4-5 uM) did not influence morphological
parameters in mesencephalic neurons'’”3"1, However, these studies employed low concentrations of
sulpiride in chronic treatments, which differ entirely from the high single dose (30 uM for 30 min or
24 hours) used here.

Another significant observation is that at 21 div, there was an increase in neuronal complexity in
WT MSNs treated with both sulpiride and quinpirole, while in CHL1 KO MSNs only sulpiride had an
impact. At 12 div, WT neurons were unresponsiveness to the treatments, whereas sulpiride and
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quinpirole caused an increase in neuronal complexity in CHL1 KO MSNs relative to their vehicle-
treated group. Given that CHL1 KO MSNSs displayed reduced baseline neuronal complexity at 12 div,
this characteristic might contribute to their increased sensitivity to the morphological effects of
quinpirole at this developmental point. Despite the 12 div stage being marked by robust neuronal
connectivity?®?, the absence of CHL1 at this point could amplify the reactivity of MSNs to the
postsynaptic DRD2 modulation. As previous studies suggest a stable dendritic and spine maturation in
MSNs at 21 div?®2%, the notion of compensatory mechanisms gains weight. It is conceivable that
CHL1 KO neurons employ these mechanisms to recover from the slightly lower neuronal complexity
from 12 div to 21 div at basal conditions, contributing to a similar response to DRD2 modulation of
both WT and CHL1 KO MSNs at the later stage. Although quinpirole-treated WT and CHL1 KO MSNs
showed a comparable neuronal tree, it is worth noting that, compared to basal conditions, CHL1 KO
neurons suffered less morphological changes at 21 div than WT neurons. Therefore, CHL1 KO neurons
were less influenced by quinpirole-induced DRD2 stimulation, suggesting that if compensatory
mechanisms are at play to help neurons to react and recover from the absence of CHL1, they might not
be fully effective when postsynaptic MSNs are exposed to pharmacological modulation.

The understanding of these compensatory strategies is essential as striatal functional connectivity
has been linked to conditions like schizophrenia and Parkinson's disease, potentially influencing
specific symptoms or disease progression®’437 To test this theory, future studies could use
CRISPR/Cas9-mediated gene knock-down®’® of binding partners of CHL1 or CAMs that could
compensate for CHL1 to gain valuable insights into whether compensatory strategies are activated in
MSNs when CHLL1 is absent. Investigating the impacts of DRD2 pharmacological modulation in these
knock-down models at different developmental stages would also be interesting, given the
developmental stage-dependent effects observed in CHL1 KO neurons. Additionally,
electrophysiological studies using optogenetic stimulation®’ could be applied to observe inhibitory
postsynaptic currents of striatal neurons in response to dopaminergic stimuli. This approach could help
determine whether the absence of CHL1 alters the synaptic transmission and functionality of MSNs.

Quantitative and morphological analyses of dendritic spines revealed no significant impact of the
compounds compared to the vehicle condition. However, punctual genotype-dependent differences in
MSNs' response to DRD2 modulation were found. Sulpiride-treated CHL1 KO neurons showed a
reduced percentage of long thin spines and increased mushroom spine volume compared to WT
neurons, although there were no significant changes compared to vehicle-treated CHL1 KO neurons.
Quinpirole-treated CHL1 KO neurons contained significantly increased mushroom spine density and
all morphological parameters (mean/total area, length, neck length, and volume) of CHL1 KO neurons
compared to WT neurons, even though no significant distinctions were noted when compared to
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vehicle-treated CHL1 KO neurons. Moreover, both DRD2-specific compounds induced a significant
reduction in PSD95 levels in WT MSNs, but this effect was absent in CHL1 KO MSNE.

Earlier research reported a lower total spine number in acute striatal slices from mice with selective
postsynaptic DRD2 ablation®*®°. In mutant mice, spine numbers remained unchanged post-quinpirole
treatment, whereas WT neurons exhibited an increase. Using a similar quinpirole treatment (10 uM for
24 hours), another study noted a reduced spine density and PSD95 downregulation due to DRD2
stimulation in postnatal striatal cultures at P04,

The detailed spine morphology analysis performed here proved to be valuable in uncovering specific
effects on dendritic spines. While quinpirole treatment (20 uM for 24 hours) did not alter total spine
density, CHL1 KO neurons exhibited an increased mushroom spine density, along with an increase of
all morphological parameters, compared to WT neurons. CHL1 KO long thin spines were also
moderately affected by quinpirole treatment. Mushroom spines are linked to mature and stable
synapses, also called memory synapses, while long thin spines are transient and form or disappear
based on synaptic activity levels and they are known as learning spines. Both spine types are considered
more mature than stubby or filopodia structures®’®37°, Moreover, the increased spine dimensions in
these types can influence synaptic activity by retaining more molecules like PSD95 and Ca?* in their
heads, leading to enhanced synaptic activation®®3°, Hence, my results suggest that CHL1 has an
impact on the DRD2-induced modulation of synaptic activity in postsynaptic MSNs, as its absence
seems to facilitate the morphological synaptic maturation mirrored by the dynamic alterations in
mushroom and long thin spines following quinpirole treatment.

Reinforcing this notion is my finding that PSD95 levels in CHL1 KO neurons were not affected by
quinpirole, while WT neurons experienced a pronounced reduction in PSD95 levels. PSD95, crucial
for synaptic structure and plasticity in excitatory synapses, directly interacts with DISC1%%,
Intriguingly, DISC1 is a binding partner of CHL1, influencing neurite outgrowth of cortical neurons®3,
and DRD2, which, when overactivated, binds to DISC1 and downregulates PSD95 levels in striatal
neuronst’. On one side, CHL1's interaction with DRD2 might facilitate DISC1 binding to the receptor
upon activation, explaining the lowered PSD95 levels in WT neurons. On the other side, in CHL1's
absence, the receptor activation might not suffice to trigger DISC1 binding to DRD2, leaving DISC1
free to interact with PSD95 without altering its levels. Alternatively, mechanisms involving NMDA
receptors might also be in effect, given that PSD95 directly interacts with NMDA receptors®® and
DRD2 inhibits NMDA receptor currents by interacting with GIuN2B subunits in MSNs and
hippocampal neurons®’38!, Additionally, PSD95 was found to interact with DRD1 and DRD?2 in
HEK?293 cells®?, and PSD95 acts as a molecular brake to limit the interaction of DRD1 with NMDA
receptors®®, Hence, CHL1 might similarly interfere with DRD2-NMDA receptors interaction,
potentially influencing PSD95 levels in MSNs. While much remains to be explored to comprehend the
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intricate interplay among these elements, the present findings position CHL1 as a modulator of
postsynaptic DRD2 functions in MSNSs' synaptic plasticity.

The brain's plasticity and adaptability stem from its constant reshaping of the neuronal architecture,
optimizing functions and integrating new experiences, knowledge, and skills, a fundamental process
that enables learning, recovery from injuries or leads to diseases, and adaptation to external
environmental changes. Changes and plasticity in the neuronal and spine structure are closely
interconnected with synaptic function®®*. My detailed assessment of neuronal tree and dendritic spine
architecture reveals that CHL1 significantly impacts DRD2-dependent modulation of neuronal
morphology and synaptic plasticity in MSNs, warranting further investigation into its biological
implication. In a prior study that measured spontaneous Ca®* signals during methamphetamine
treatment, inhibition of the neuronal activity in ventral midbrain neurons was prevented and even
increased above the basal level through DRD2 blockade with sulpiride®®. Additionally, in
dopaminergic terminals within the NAc, sulpiride increased dopamine release evoked by electrical
wave pulses, whereas quinpirole decreased dopamine release upon single and wave pulses®®?. Hence,
employing similar methodologies to quantify the impact of CHL1 on DRD2-dependent neuronal
activity or dopamine efflux following DRD2 antagonism or agonism could also be applied to assess
whether the morphological effects also translate into observable alterations in synaptic transmission.

4.2.4 Interpreting the CHL1 modulation of pre- and postsynaptic DRD2 functions

4241 CHL1 might act as an allosteric modulator of DRD2 in response to an
agonist

In my previous findings, CHL1’s absence did not notably impact presynaptic neurons or
postsynaptic neuron morphology under basal conditions. Nevertheless, it influenced sulpiride-induced
DRD2 signaling in ventral midbrain neurons and quinpirole-induced morphological effects,
highlighting its potential role in modulating both pre- and postsynaptic DRD2 functions, particularly
in the presence of DRD2-specific compounds.

The enhanced sensitivity of DRD2 to dopaminergic effects induced by psychostimulants like
amphetamine or 3,4-methylenedioxymetamphetamine (MDMA) has been reported in a mouse model
of schizophrenia, particularly in trace amine-associated receptor 1 (TAAR1) KO mice3®387 and was
associated with an increase in striatal high-affinity state DRD2%¢. Later research uncovered a direct
interaction between TAAR1 and DRD2, which form a heterodimer that modulates CAMP levels®3,
Moreover, studies on DRD2s KO and DRD2. KO mice found normal basal pre- and postsynaptic
DRD2-mediated functions but disrupted dopaminergic signaling upon treatment with DRD2 agonist
quinpirole and antagonist haloperidol**®. Additionally, a small compound was discovered to interact
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with DRD2 outside the orthosteric binding site and to negatively modulate its signaling in the presence
of certain agonists, without affecting basal dopamine responses®®°. Similarly, endogenous ligands like
small hormones, neurotransmitters, or proteins function as allosteric modulators through extracellular
interactions outside of the GPCR orthosteric site, inducing structural changes that impact the affinity

and/or effectiveness of orthosteric ligand binding to receptors®®

. Given the absence of DRD?2 signaling
impairments at basal conditions in CHL1 KO ventral midbrain cultures, coupled with the altered
neuronal response to DRD2 stimulation by quinpirole, it is conceivable that CHL1 might act as an
allosteric ligand of DRD?2 influencing its functionality only when certain ligands bind to the receptor.

The extracellular domain of CHL1 interacts with the first extracellular loop (EL1) of DRD23%, which
contains a critical residue responsible for stabilizing a binding pocket's conformation exclusive to
DRD23%, As predicted in molecular dynamics simulations, the conformational dynamics of EL1 in
DRD2, DRD3, and DRDA4, are responsible for and sensitive to ligand binding and might also provide
a structural space for allosteric ligands within DRD23632%2_ Using the crystalized structure of DRD2
with risperidone, this method predicted that the helical conformation of EL2 contributes to the high
energy state of the receptor, while its elongated conformation interacts with EL1 constraining its
dynamics®®3, The potential involvement of EL1 in constituting or contributing to a DRD2 allosteric
binding site, coupled with CHL1's ability to influence DRD2's response to specific agonists while
avoiding receptor activation under physiological conditions, strengthens the hypothesis that CHL1
functions as an allosteric modulator, thereby exerting an influence over DRD2's functionality.

The characterization of the effects of CHL1 binding to the allosteric binding site of DRD2, stands
as a promising avenue for future studies. Performing targeted mutations on residues within the
predicted allosteric binding site of DRD2 and evaluating the impact on CHL1’s ability to modulate
DRD2-mediated responses to agonists can as well be a strategy. This could be done with live-cell
imaging techniques such as fluorescence or bioluminescence resonance energy transfer (FRET/BRET)
by quantifying the interaction of CHL1 with the mutated variants of DRD2.

4.2.4.2 CHL1 might contribute to the maturation of DRD2-dependent signaling
during embryonic stages

In alignment with prior research, my thesis demonstrates that modulation of DRD2 leads to
alterations within the neuronal architecture of cultured MSNs and the impact of CHL1’s absence varies
with the neuronal developmental stage. In younger MSNs at 12 div, while no impact is observed in WT
neurons, dendritic arborization of CHL1 KO neurons is altered by DRD2-specific compounds. In
contrast, mature WT neurons at 21 div show a higher sensitivity to the increasing neuronal complexity
effects induced by the treatments. While DRD2 modulation in presynaptic dopaminergic neurons at 7
div lacks a significant impact on the signaling pathway, CHL1 KO neurons show a tendency to be more
sensitive to the DRD2-induced reduction of pTH. This raises the possibility that the observed disparities
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between younger WT and CHL1 KO MSNSs could stem from distinct expression profiles of DRD2 on
the cell surface or a different ratio of DRD2 low/high conformational states.

CHLZ1's involvement in processes like neurite outgrowth, migration, and differentiation of primary
dopaminergic neurons has been established but in vivo mouse studies found no abnormal changes in
ventral midbrain dopaminergic neurons?. In the striatum, CHL1 KO mice displayed reduced DRD2
levels in the dorsal striatum, while the NAc remained unaffected®. Given this distinct local DRD2
expression in the striatum of adult CHL1 KO mice and CHL1's role in dopaminergic pathway
development, investigating whether CHL1 deficiency affects the temporal and/or spatial DRD2
expression during circuit development would be intriguing. Changes in DRD?2 availability within the
striatum have been implicated to underly the disruption of dopaminergic function observed across
various neuropsychiatric conditions. For instance, in schizophrenia, patients often exhibit an elevated
density of DRD2, whereas in cases of drug addiction, a decreased striatal DRD2 density is linked to
enhanced drug consumption'’. Interestingly, the overexpression of DRD2 in MSNs during
development is enough to trigger cognitive impairments in later life. Reversing the developmental
overexpression of DRD2 in MSNSs solely during adulthood is not sufficient to effectively ameliorate
working memory deficits but it can successfully reverse the decrease in motivation?224!, Furthermore,
transiently inducing overexpression of the serotonin receptor 5-HT1A during embryonic to perinatal
stages, but not thereafter, led to alterations in anxiety-related behavior and memory tasks in adult
mice®%33%, Therefore, if CHL1 influences the temporal and/or spatial expression of DRD2 during
development, the resulting consequences could impact the behavior of mice at later stages of life.

In addition, it is plausible to speculate that the absence of CHL1 in MSNs or ventral midbrain
neurons might produce conformational shifts in DRD2, potentially enhancing its binding affinity for
quinpirole. This alteration could result in more sustained and prolonged currents, thus contributing to
more pronounced DRD2-induced effects like the decrease in TH phosphorylation and morphological
alterations. Previously, a higher binding affinity of quinpirole to DRD2 compared to dopamine®® was
described to result in more prolonged inhibitory postsynaptic currents in VTA slices, with a slower rate
of rise and decay, compared to the currents elicited by dopamine®®. These conformational changes
within DRD2 might correspond to its interconvertible affinity states: the G protein-coupled DRD2M9"
with enhanced agonist binding affinity and the G protein-uncoupled DRD2'°" with reduced agonist
binding affinity®®’, and this states can be influenced by mutations, ligands, or allosteric modulators.
Mutations in the TM5 of DRD2ong did not disrupt the receptor's overall conformation but differentially
impacted the binding affinity of distinct agonists®®. Histamine receptor agonists were found to
particularly decrease DRD2's affinity for quinpirole in striatal membrane preparations, while
amphetamine treatment enhanced the expression of DRD2"9" in striatal slices®*“%, Furthermore,
allosteric modulators of DRD?2 can alter the receptor's affinity for ligands and even exert control over
the dimerization of DRD2 with other receptors, such as the adenosine A2A receptor?®14%2_ Therefore,
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if CHL1's potential role as an allosteric modulator of DRD?2 is taken into account, it is reasonable to
consider that this interaction could influence the conformational state of DRD2. Indeed, alterations in
the binding affinity state of DRD2 have been linked to numerous animal models of schizophrenia and
are believed to hold significance in the disorder's pathophysiology*®34%,

In conclusion, if the observed changes in sensitivity of CHL1 KO neurons compared to WT neurons
are influenced by alterations in the expression or binding affinity state of DRD2 receptors during
specific developmental windows, the consequences could lead to either compensatory mechanisms or
impairments in adulthood. Investigating the role of CHL1 in modulating these aspects can offer insights
into new mechanisms that contribute to impairments in dopaminergic transmission, providing a deeper
understanding of their effects on brain function.

4.2.4.3 Advantages and limitations of the in vitro models

To investigate the influence of CHL1 on DRD2-dependent functions, primary neuronal cultures
were employed, enabling a controlled manipulation of experimental conditions and cellular targets.
Cultures enriched in MSNs or ventral midbrain neurons allow to determine the effect of CHL1,
quinpirole and sulpiride on DRD2 function and signaling specifically in these cells. The in vitro
neuronal models effectively generated consistent and replicable data, demonstrating a high degree of
sensitivity in detecting genotype differences but could not fully replicate the complexity of in vivo
interactions.

Studying signaling pathways in primary cultures presents known challenges due to the absence of
fully interconnected circuits involving diverse neuron types and glial cells, limiting their complete
functionality®. Non-specific binding of quinpirole and sulpiride within the experimental setup
presents a limitation that must be taken into account, as it has the potential to introduce bias into the
assessment of signaling pathways. The incomplete maturation of neurons or the lack of medium
constituents might have influenced the cellular response. Consequently, conducting a thorough
investigation of these factors is essential to gain a more profound insight into their potential influence.
In addition, the antagonistic impact of sulpiride could be further explored by studying its effects in the
presence of an agonist, assessing the extent to which sulpiride blocks the activation of the signaling
pathway.

Using monocultures of striatal MSNs in my thesis offers the advantage of a higher cell count and
simplified morphology for subsequent analysis. However, the absence of intercommunication with
other neural circuits might reduce treatment responsiveness. While my methods revealed CHL1's
influence on DRD2 signaling and functions, future research could benefit from co-culture systems to
better mimic in vivo scenarios. One such approach is the co-culture with glial cells, particularly
astrocytes, which express CHL1 and are known to provide metabolic and structural support to
neurons®®’. Cortical astrocytes cultured with dopaminergic primary neurons were reported to grant
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neuroprotective mechanisms to the neurons and mediate neurostimulation and neurite outgrowth*®’.
The presence of a small number of astrocytes or the use of previously conditioned media from astroglia
cultures can also improve the development and survival of co- or mono- cultures of MSNs?®. In the
context of MSNs culture, the co-culture with cortical neurons can yield higher density of dendritic
spines and provide a more comprehensive representation of the native neuronal network?%%:2%,
Furthermore, astrocytes are known to be activated by dopamine and to modulate perisynaptic

concentrations of ions and neurotransmitters*%®

, which might also affect the response of MSNs to
quinpirole and sulpiride. In addition, drug incubation effects could be studied using brain slices or
organotypic brain slice cultures, preserving the tissue's three-dimensional structure, but a significant
drawback is decreased neuronal survival over time*®® and compound’s permeability into the tissue. By
mimicking in vivo interconnected neural circuits, these co-culture models could provide more precise
insight into signaling cascades and cellular responses in a biologically relevant environment, potentially
enhancing our understanding of CHL1's impact on DRD2-related processes. Nevertheless, the primary
challenge with these approaches lies in differentiating MSN-specific effects from those on other cells,

and this distinction constitutes a key advantage of the present approach.

4.3 Behavioral characterization of the CHL1 and DRD2 interaction

In this thesis, | supplemented the functional analysis of the CHL1 and DRD?2 interaction with a
comprehensive behavioral assessment of striatal-dependent functions, including locomotor activity,
exploration and emotionality, working memory, and novelty-seeking behavior— parameters heavily
influenced by DRD2 signaling. Both female and male WT and CHL1 KO mice received treatments
with a vehicle solution, a low-dose sulpiride (1 mg/kg), or quinpirole (0.02 mg/kg). These low doses
were chosen to specifically target presynaptic DRD2.

43.1 CHL1 modulates locomotor activity and influences postsynaptic effects of
DRD2 antagonism and presynaptic effects of DRD2 agonism in a sex-dependent
manner

Voluntary movement is primarily regulated by dopamine releases from the SNc to the dorsal
striatum. Locomotor activity was evaluated and compared using three behavioral tests: OF, YM, and
NI. Throughout the entire duration of these tests, vehicle-treated WT and CHL1 KO females exhibited
similar levels of spontaneous locomotion, while CHL1 KO males moved less and at a slower pace than
WT males. Prior studies reported lower locomotor activity of both female and male CHL1 KO mice
compared to their respective controls in the OF arena, aligning with my findings with male mice3"*,
The difference between genotypes is unlikely to be linked to motor impairments, as CHL1 KO mice
show no motor deficits in tests of motor ability and coordination, such as rotarod or balance pole?” 444,
Similarly to CHL1 KO males, male mice lacking the postsynaptic DRD2 in MSNs display reduced
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basal motor activity, unlike mice expressing either both DRD2 isoforms or only the postynaptic DRD2
which show no impairments®*”139, This suggests that the specific interplay of CHL1 with postsynaptic
DRD?2 is crucial for controlling striatal-dependent behaviors and it seems to have a greater impact in
males than in females, as only CHL1 KO males show locomotor impairments. Interestingly, CHL1 KO
males showed reduced DRD2 and pTH levels in the dorsal striatum?®, associated with an overactivation
of the striatal indirect pathway. Therefore, a genotype- and sex-dependent mechanism could be implied.

Sulpiride notably reduced locomotor activity of CHL1 KO females compared to WT females within
the first 10 to 15 min and relative to vehicle-treated CHL1 KO females after 20 min in all three tests,
whilst no observable effects on CHL1 KO males were detected. Quinpirole reduced locomotion of both
WT and CHL1 KO females to a similar extent throughout the tests, but decreased the activity of WT
males in the first 20 min, while CHL1 KO males exhibited reduced activity only after 30 min in the
OF. Within the initial 10 min of OF testing, WT mice responded more quickly to the treatment than
CHL1 KO mice. Quinpirole-induced hypolocomotion was observed in WT females and males at 3 min,
whereas the effect appeared at 7 and 9 min in CHL1 KO females and males. CHL1 KO males
consistently displayed the delayed quinpirole effect in all tests, whereas CHL1 KO females showed a
reduced but noticeable effect in the initial YM minutes, disappearing in the NI.

These results demonstrate that CHL1 deficiency in females increases their response to sulpiride,
leading to decreased locomotor activity. Low doses of sulpiride (0.5 to 5 mg/kg) were shown to exhibit
no impact on the spontaneous activity of rodents regardless of the sex??>#1%411 ‘which is in line with
my current findings in all male mice and WT females. In female rats, higher doses of sulpiride (10
mg/kg) did not affect motor activity, whereas at 40 mg/kg, it either decreased motor activity only in
diestrus females or had no impact independently of the estrous cycle**2413, On the contrary, male rats
treated with the same sulpiride doses show consistent catalepsy and reduced locomotion?>228412 Given
the absence of noticeable effects on the locomotion of female rodents at low doses of sulpiride, coupled
with the lack of influence from the estrous cycle, this suggests that the estrous cycle is not a relevant
factor in my experimental setup. Instead, the reduced locomotion observed in sulpiride-treated CHL1
KO females appears to be a sex-dependent effect linked to the absence of CHL1.

Fundamentally, the inhibition of motor activity arises from the activation of the striatal indirect
pathway, initiated by reduced signaling of postsynaptic DRD2 or its blockage in the iMSNSs. In contrast,
the blockade of presynaptic DRD2 leads to dopamine release in the striatum, activating postsynaptic
DRD?2 and promoting an increase in spontaneous locomotion. As low doses of sulpiride specifically
block DRD2s?%2%23 and | observed decreased activity instead of an increase, it can be suggested that
the absence of CHLL1 in females prevents the action of sulpiride on presynaptic DRD2, promotes the
blockade of postsynaptic DRD2 and the activation of the striatal indirect pathway. This could be
attributed to either impaired presynaptic signaling due to a shift in sulpiride's binding affinity, favoring
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antagonistic action at the postsynaptic DRD2 or an enhanced sensitivity of postsynaptic DRD2 to the
antagonist.

Quinpirole treatment induced hypolocomotion regardless of genotype or sex, although with a
consistent delayed effect on CHL1 KO males and a stronger effect on WT males than females. Similarly
to sulpiride, quinpirole elicits a dose-dependent biphasic locomotor response by initially selectively
stimulating presynaptic DRD21381% Multiple studies using male rodents consistently show that high
doses of quinpirole (> 0.1 mg/kg) initially reduce locomotion within minutes after administration,
leading to a sustained hyperactive state. Low doses (0.02-0.03 mg/kg) cause a rapid decline in
locomotor activity within the first 5 min of treatment, persisting for over 2 hours!3137.219414 "|n my
experimental setup, the low quinpirole dose consistently induced a prolonged hypolocomotive state in
WT mice, observable from 3 to 30 min in the OF. This observation is in agreement with prior literature
and substantiates the initial goal of targeting presynaptic DRD2-specific behaviors. Intriguingly,
quinpirole-induced hypolocomotion was also observed in CHL1 KO mice, but at a significantly later
stage compared to WT mice, suggesting that the absence of CHL1 impacts the presynaptic or
postsynaptic DRD2 responsiveness to quinpirole in an initial time-window. This phenomenon could
stem from lower density/levels of the pre- or post-synaptic DRD2, or due to alterations in receptor
conformational states, which notably aligns with theories already explored in the preceding section
when interpreting the functional regulation of CHL1 over DRD2 signaling in vitro (section 4.2.4).

One possible explanation could involve reduced levels of either presynaptic or postsynaptic DRD2
in CHL1’s absence, leading to delayed hypolocomotion induced by quinpirole due to either the
decreased presynaptic DRD2 availability for quinpirole binding or lower postsynaptic DRD2 levels
that leads to a slower response to quinpirole-induced presynaptic effects (striatal dopamine reduction).
Alternatively, reduced levels of both presynaptic and postsynaptic DRD2 receptors might be involved
as well. A prior study in male rats with lower presynaptic DRD2 expression exhibited a delayed
quinpirole effect, accompanied by lower postsynaptic DRD2 levels that resulted in a blunted response
to quinpirole?®. Instead of a blunted response to the treatment, quinpirole-treated WT and CHL1 KO
mice showed similar levels of total locomotion throughout all the tests. Nonetheless, the possibility of
reduced levels of postsynaptic DRD2 cannot be ruled out, as evidenced by the lower tonic activity
observed in CHL1 KO males but not in females, which reflects a basal overactivity of the striatal
indirect pathway in a sex-dependent manner. This hypothesis finds support in previous studies
revealing reduced DRD2 and pTH levels in the dorsal striatum of CHL1 KO males and in vitro
experiments indicating that CHL1’s absence leads to a higher quinpirole-triggered internalization of
DRD2s, but not on DRD2, . Relying solely on the hypothesis of presynaptic DRD2 downregulation
would impose high extracellular dopamine levels and spontaneous hyperlocomotion?®, which is not
present in either female or male CHL1 KO mice. Additionally, variations in DRD2 expression impact

the recruitment of crucial elements for DRD2 signal transduction and internalization, such as Gaiy and
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B-arrestin 2*'°. Given the potential modulation of presynaptic DRD2 internalization and/or postsynaptic
DRD2 signaling by CHL1, this could lead to changes in surface expression levels and, consequently,
impact the responses to dopaminergic compounds. Hence, | propose that CHL1 KO mice exhibit a
concurrent downregulation in the expression of both pre- and postsynaptic DRD2, with CHL1 KO
females experiencing a relatively low impact on postsynaptic DRD2. This hypothesis supports the
decreased tonic locomotion observed only in CHL1 KO males, the higher postsynaptic sensitivity of
CHL1 KO females to sulpiride, and the delayed hypolocomotion effect of quinpirole in CHL1 KO
mice, indicating a sex-dependent dopaminergic regulation.

Another plausible explanation is that CHL1's absence might not reduce DRD2 levels but could
induce conformational changes, potentially altering the receptor's affinity for quinpirole. The finding
that CHL1 KO neurons maintain normal basal properties but exhibit increased sensitivity to quinpirole,
implies a potential upregulation of high-affinity DRD2. Of note, elevated expression of high-affinity
DRD?2 in the striatum has been associated with schizophrenia in animal models and patients36-387:403-
405 However, based on the current behavioral results, an alternative scenario can be proposed: the
delayed quinpirole effect could be attributed to a reduced affinity of the compound to presynaptic
and/or postsynaptic DRD2 due to a higher proportion of low-affinity DRD2. It is also plausible that
CHL1 acts as an allosteric ligand for DRD2, inducing conformational changes that affect the receptor's
function in the presence of specific ligands. This notion gains support from findings of disrupted
dopaminergic signaling in response to quinpirole treatment specifically in DRD2s KO and DRD2. KO
mice'®, as well as the identification of an allosteric binder that selectively modulates DRD2 signaling
in the presence of certain agonists while not affecting basal dopamine actions®®.

Therefore, CHL1's absence leads to enhanced sensitivity of postsynaptic DRD2 to sulpiride effects
in females, while presynaptic DRD2 agonism affects both sexes. However, males exhibit greater
resistance to presynaptic DRD2 agonism. CHL1 modulates both types of DRD2-mediated locomotor
responses with sex-dependent variations.

4.3.2 CHL1’s role in emotional homeostasis and its influence on sex-specific
sensitivity to DRD2 antagonism in females and DRD2 agonism in males

A new open arena constitutes a source of anxiety for mice, eliciting various stressors like social
isolation, novelty, brightness, and agoraphobia!"3*°, Spontaneous alternation, exploratory patterns,
and stereotypic behaviors are influenced by these motivational cues, relying on the dopaminergic
signaling in the dorsal/ventral striatum to expose the emotional reactivity in mice®**41¢, The exploratory
pattern in the arena indicates heightened stress or anxiety when mice avoid the center and exhibit
increased thigmotaxis*'’. Rearing is an exploratory behavior often observed as a response to novelty
shortly after exposure to a new environment, and unsupported/supported rearing distinction adds layers
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418 Defecation

of information, as they have been associated with emotionality and activity, respectively
and stereotypic behaviors such as self-grooming or jumping are stress indicators negatively correlated
with anxiety-like behaviors*8-420,

CHL1 KO females display emotionality levels similar to those of WT females, with no differences
in their exploration of the center zone, unsupported rearing, grooming, wall jumping, or defecation.
While unsupported rearing is more frequently performed by CHL1 KO males than by WT males, both
groups demonstrate similar center zone exploration and defecation patterns, along with a reduced
grooming latency and fewer wall jumping of CHL1 KO males. These findings suggest that CHL1
differently influences stress-related parameters in female and male mice when exposed to a novel
environment: while CHL1 deficiency does not impact the emotional reactivity of females, it reduces
reactivity and stress-related behavior of males. Indeed, previous behavioral assessments of CHL1 KO
males in various tests have reported no significant alterations in anxiety levels, but they consistently
described a general state of reduced stress or anxiety?’3#, Furthermore, different tests indicated that
this state might reflect a different exploratory reaction to a novel environment rather than literal reduced
anxiety. In the Morris water maze, CHL1 KO males showed a swim path which was different from the
path of WT littermates, but their escape latency and swimming distance were similar, indicating normal
spatial learning of CHL1 KO males?’. In addition to a different spatial exploration in the OF arena,
CHL1 KO females and males showed less interest in novel objects placed in the arena although they
spent more time nearby*3. A subsequent study characterized CHL1 KO males with reduced rearing,
decreased reactivity in spontaneous alternation and olfactory tasks, and delayed responses in social
tests such as urine marking, resident-intruder, and social preference*’. Additionally, in a light/dark
discrimination test, CHL1 KO mice spent more time in the lighted part of the box*. These behaviors
confirm a reduced and delayed responsiveness of CHL1 KO males to environmental and social stimuli,
suggesting a diminished novelty perception and a less anxious state, possibly linked to attention and
sensory gating deficits?’#344, Of note, sensorimotor gating deficits were observed in CHL1 KO
females*’, a behavioral marker of schizophrenia linked to a prolonged decrease in attention. Although
reduced rearing of CHL1 KO males in the first 2 min of the OF was previously associated with lower
novelty reactivity***2!, it is worth noting that my study's handling protocol might have contributed to a
decrease in overall anxiety levels, as indicated by the increased unsupported rearing and unchanged
supported rearing. This finding further strengthens the unaltered anxiety state reported for CHL1 KO
mice**. Nevertheless, in comparison to WT animals, CHL1 KO females exhibit greater emotional
balance than CHL1 KO males.

Sulpiride treatment did not change emotional behavior relative to the vehicle treatment but WT
females showed a decrease the occurrence of unsupported rearing and an increase in wall jumping
relative to CHL1 KO females, whereas quinpirole equally decreased distance moved in the center for
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both genotypes. Increased unsupported rearing seen by vehicle-treated CHL1 KO males relative to WT
males, only persisted as a tendency after sulpiride and quinpirole treatments. In addition, quinpirole
reduced center zone activity of WT males relative to CHL1 KO males and vehicle-treated WT males,
enhanced the grooming latency of CHL1 KO males compared to WT males and increased similarly the
fecal boli deposition from both genotypes. The results indicate that sulpiride did not affect male mice
and CHL1 KO females, but WT females exhibited a higher level of stress-like behavior compared to
CHL1 KO females. Quinpirole treatment reduced the center exploration only in WT males but did not
impact the emotionality or stress-related behavior of WT and CHL1 KO mice.

As a benzamide, sulpiride induces a dose-dependent anxiolytic-like state at 10-20 mg/kg
administered dose with no impact on rearing behavior of male mice*?242%, In rats, a 10 mg/kg sulpiride
dose had no effect on rearing or grooming behavior of females or males, but at 40 mg/kg, it reduced
these behaviors and decreased motor activity of male rats and females in the diestrus phase*2. While
female rats in estrus treated with the same dose exhibited a decrease exclusively in grooming
behavior*2, recent findings indicate that rearing behavior remains unchanged by high sulpiride doses
(20-40 mg/kg) regardless of the estrous cycle*'. In my study, the low-dose of sulpiride had no impact
on the emotion of male mice, aligning with previous results and suggesting a minor role for CHL1 in
this behavior. How the estrous cycle affects sulpiride-induced effects remains unclear but only high
sulpiride doses were able to induce an anxiolytic-like state in female rodents, likely linked to reduced
locomotion*'?. My results revealed that 1 mg/kg sulpiride had no impact on the anxiety of WT and
CHL1 KO females, although WT females show higher levels of stress than CHL1 KO females after
treatment and this difference is not present between the vehicle-treated genotypes. This effect suggests
that following sulpiride treatment, CHL1 KO females might be less responsive to stimulus-induced
stress in comparison to WT females. Of note, the observed decrease in locomotion of CHL1 KO
females due to sulpiride is accompanied by a reduction in supported rearing compared to sulpiride-
treated WT females, drawing attention to the significance of differentiating between these two rearing
behaviors.

Different studies with male rodents analysing vertical behaviors (e.g., rearing and grooming)
reported a decrease of these behaviors in a dose-dependent manner upon quinpirole treatment with
0.03, 0.25 and 0.5 mg/kg?*%422424 In some cases, statistical differences were only reached with 0.25-
0.5 mg/kg doses but not with lower doses*?3. Quinpirole dose from 0.05-0.1 mg/kg did not change
rearing, grooming or jumping behavior of male mice, while treatment with 1 mg/kg increased rearing
and jumping after 60 min of treatment*?®. In these studies, rearing was not segregated and was
consistently accompanied by reduced motor activity. Similarly, the overall decline in center exploration
observed in quinpirole-treated WT mice and CHL1 KO females analyzed here reflected the locomotor
activity and is likely linked to the quinpirole-induced hypolocomotion. In fact, supported rearings are
closely associated to motor activity, and relative to vehicle-treated mice, quinpirole treatment caused a
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delayed reduction in supported rearing of CHL KO mice compared to WT mice, as already observed
for the locomotor parameter. This underscores once more the greater impact of quinpirole on WT mice
and its delayed effect on CHL KO mice. Furthermore, the more pronounced decrease in center
exploration observed for WT males compared to WT females was also present in the locomotor
analysis, reinforcing the notion that center exploration and supported rearing mirror the quinpirole-
dependent locomotor effects and that quinpirole does not impact the emotional behavior of WT and
CHL1 KO mice. Nevertheless, it is worth noting that quinpirole increased the grooming latency and
tended to reduce unsupported rearing of CHL1 KO males but not WT males compared to the vehicle
condition. Given that quinpirole had a more pronounced impact on locomotor activity of WT males,
this slightly elevated stress state of CHL1 KO males could reflect that CHL1 ablation affects the ability
to control changes in dopamine levels, potentially making them more susceptible to minor emotional
shifts following quinpirole treatment.

In summary, the behavioral analysis show that CHL1 plays a role in maintaining the tonic
homeostasis of emotion and stress-related behaviors, particularly in males. However, the absence of
CHLL1 slightly turns females less responsive to stimulus-induced stress after sulpiride treatment and
males more sensitive to stress after quinpirole treatment.

4.3.3 Impact of dopaminergic modulation on spontaneous alternation of CHL1
KO mice: working memory is more vulnerable to changes in dopamine triggered by
sulpiride in males and by quinpirole in females and males

Spatial working memory was evaluated through a spontaneous alternation task in a free-trial Y-maze
procedure, providing a deeper understanding of DRD2-mediated mechanisms within the context of
CHL1 ablation. This behavior is driven by rodents' innate curiosity to explore previously unvisited
areas, with the dorsomedial striatum playing a key role!®®426. An intact working memory enables them
to remember the previously visited arm and show a preference for entering a less recently visited
one319,320_

In the Y-maze, vehicle-treated WT mice performed at chance level and CHL1 KO mice performed
generally better with a reduced number of errors within the same period to complete the trial. Learning
capabilities of CHL1 mutant mice were normal in several behavioral paradigms?’#44¢ cognitive
impairments were observed and have been linked to altered aspects of working memory. In a T-maze
spontaneous alternation task with an inter-trial interval, CHL1 KO mice performed above the chance
level as WT animals, but in a T-maze reinforced alternation task they did not achieve above chance
performance**#°. However, both tests showed that CHL1 KO animals exhibited impaired working
memory duration, as they took more time to complete trials, indicating a slower processing speed
compared to WT animals**°, Additionally, male CHL1 KO mice were described to attend to relevant
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task cues but struggled to integrate spatial and temporal information in a complex radial maze task*®.
Here, no slower processing speed or short-term retention difference were observed in the spatial
working memory during the spontaneous alternation task. CHL1 KO mice showed a better performance
within the same time to complete the trial than WT mice. This outcome might be influenced by the
overall reduced stress-like state observed in CHL1 KO mice, as anxiety traits can impact cognitive-
motor planning when adjusting walking movements*?’. An interesting observation is that an anxiolytic
and anti-depressant-like mouse model, the TAARS KO line, exhibits elevated dopamine levels in the
striatum and an enhanced cognitive performance in working memory tasks*?®. Given the potential
influence of anxiety and stress levels on working memory, it is plausible to consider that the current
results could reflect the reduced baseline stress imposed by the overall behavioral procedure on the
mice, rather than indicating improved cognitive performance. Moreover, the literature reports impaired
working memory only in the context of the most challenging paradigms. When considering data from
the first inter-trial interval (either 5 or 30 seconds) in a spontaneous alternation test or the first alternate
arm choices in two 8-arm radial mazes, CHL1 KO mice did not exhibit differences from WT
animals***°, This suggests that working memory discrepancies become apparent only under the highest
cognitive load conditions, and it is conceivable that in a relatively simple spontaneous alternation task,
such as the one used here, CHL1 ablation might not lead to notable working memory impairments in
either female or male mice.

Regarding working memory, striatal DRD2 signaling acts as a gating mechanism that facilitates or
prevents the access of new working memory information into the PFC, relying on a prefrontal-basal
ganglia model consisting of a "go™ circuit mediated by DRD1 (striatal direct pathway) and a "no-go"
circuit mediated by DRD2 (striatal indirect pathway)?332%, There is a U-shaped relationship between
working memory and striatal dopamine levels: intermediate tonic levels promote optimal gating
(selective target updating); high tonic levels lead to over updating, causing interference from
distractors; low tonic levels result in overall poor updating, even for essential information23>42°,
However, the working memory effects of DRD2 antagonism or agonism depends on the individual
baseline levels of dopamine in the striatum (e.g., high-span individuals show higher baseline dopamine
levels) and on the concentrations of DRD2-specific compounds targeting pre- and postsynaptic
effects?®>2%, For example, sulpiride’s differential DRD2 pre- and postsynaptic effects contribute
differently to spatial working memory. A high dose of sulpiride administered to healthy volunteers
caused impairments in spatial working memory only at more complex paradigms (higher "no-go"
signaling)?*®. Lower doses were found to either produce fewer correct sequences during the first
exposure to a sequence generation task or show no effect on working memory performance (reduced
"no-go" signaling)®*"2%, While it is essential to consider both pre- and postsynaptic mechanisms,
studies have emphasized the importance of baseline dopamine levels, especially when using a potent
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DRD2 agonist like cabergoline, in the context of working memory?3?3, For instance, low-span
individuals with a reduced baseline of dopamine suffered an enhancement of working memory in a
standard task, but an impaired one when distractors were present because of the lower threshold for
updating working memory and increase in distractibility (mimics a striatal dopamine level increase).
Individuals with a high-span are more susceptible to the reduction of presynaptic DA bursts which
cause a less optimal performance of working memory relative to their usual level of distractor-filtering
ability?33234,

Based on my findings, the above change level performance of CHL1 KO mice but not of WT mice
was still noticeable between sulpiride-treated WT and CHL1 KO females, whereas sulpiride did not
affect WT males but tended to decrease CHL1 KO males’ performance to the same level as WT males,
though the effect was not distinct from vehicle-treated CHL1 KO males. This suggests that WT mice
and females with CHL1 ablation did not respond to the presynaptic DRD2 blockade and the subsequent
increase in striatal dopamine or the treatment did not produce increased striatal dopamine levels,
showing normal spatial working memory. The absence of effects aligns with previous studies with
healthy subjects, where the lowest doses of sulpiride failed to induce any working memory effects?3.
Nevertheless, the tendency towards poorer performance of sulpiride-treated CHL1 KO males relative
to the vehicle-treated group could indicate a specific impact of sulpiride on working memory in males
when CHL1 is absent. In turn, quinpirole treatment did not affect WT mice’s performance but seemed
to slightly worsen CHL1 KO mice's percentage of correct alternations, bringing their performance in
line with that of WT mice (at chance level). Quinpirole-induced hypolocomotion was reflected by an
extended time required for WT mice and CHL1 KO females to complete alternations. In contrast, this
effect was not observed in CHL1 KO males, indicating their reduced sensitivity to quinpirole-induced
motor inhibition. It is plausible that WT mice have normal striatal dopamine levels and effective
balancing mechanisms, which would lead to a reduction in striatal dopamine levels caused by
presynaptic DRD2 stimulation, mainly enhancing "no-go" signaling inducing motor activity
suppression (resulting in longer completion times) but this might not be enough to affect spatial
working memory in the simplified Y-maze task. Regarding CHL1 KO mice, their slightly inferior
performance after quinpirole treatment could be due to an increased sensitivity to the decrease of striatal
dopamine triggered by presynaptic DRD2 stimulation. The increased "no-go" signaling leads to the
subsequent suppression of motor activity as in WT animals but also extends its impact by decreasing
update-checking behavior in spatial working memory. With sulpiride treatment, increased striatal
dopamine levels lead to increased updating behavior, making CHL1 KO males more susceptible to
distractions in spatial working memory, a response that WT mice can better manage. It is plausible that
a presynaptic downregulation of DRD2 or a higher proportion of low-affinity DRD2 in CHL1 KO mice
could disrupt the balance of dopamine regulation within the working memory circuits. WT mice retain
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the ability to counteract these dopamine changes and are less susceptible to working memory deficits,
whereas CHL1 KO mice lack this compensatory mechanism.

Hence, the enhanced spatial working memory performance of CHL1 KO mice could have been
enabled by the relaxed-like state. Additionally, DRD2 modulation had no impact on spatial working
memory of WT animals. Interestingly, sulpiride tended to worsen the performance of CHL1 KO males
in the Y-maze, while quinpirole negatively affected the performance of CHL1 KO females and males.
These results support the downregulation or a higher proportion of low-affinity DRD2 in CHL1 KO
mice that could cause an imbalance in working memory.

4.3.4 CHL1 does not impact novelty-seeking behavior

Novelty-seeking behavior is linked to the motivation for new experiences and to the reward system,
with a significant impact from dopaminergic projections from the VTA to the NAc, the SN to the
striatum tail, and the VTA-hippocampus neuronal loop!®®#3°, My thesis focused on stimulus novelty,
where the striatum plays a significant role due to the absence of pre-existing recognition memory, rather
than contextual novelty based on prior recollection of familiar objects®*'?2, Following a pre-
habituation period in the arena, the mice's reactivity and interest in a novel object were assessed using
the NI test.

While analyzing mouse activity near a novel object in the arena, no significant differences in
exploration existed between WT and CHL1 KO mice. CHL1 KO females only exhibited a tendency
for enhanced exploration and quicker approaches to the novel object, in contrast to CHL1 KO males,
who tended to exhibit reduced movement and delayed approaches but an equivalent amount of time
near the object. CHL1 ablation in mice has been linked to mild impairments in novelty-seeking
behavior, characterized by initial hesitation when exploring a new object without significant changes
in its exploration time*#, Additionally, decreased responsiveness to environmental and social stimuli
has been observed, including reduced reactions to a novel open field arena and delayed responses to
social stimuli in tests like urine marking, resident-intruder, and social preference®’#4. Interestingly,
these results are in line with the observation that CHL1 KO males tended to explore less and take more
time to perceive the novel object compared to WT males, although it is worth considering that the
overall reduction in stress levels could have contributed to an enhanced environmental perception,
explaining the lack of statistical significance relative to WT males. These reduced and delayed novelty
perception could be linked to attention and sensory gating deficits, supported by an impaired prepulse
inhibition of the acoustic startle response, indicating difficulties in gating sensorimotor information, as
well as an impaired interval timing and a reduced latent inhibition“®*®, However, the tendency for a
higher novelty-induced behavior exhibited by CHL1 KO females did not correspond to the previous
findings. With this novelty-inducing paradigm, the earlier hypotheses suggesting that the deletion of
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CHL.1 results in less disruption of dopaminergic balance and a reduced impact of postsynaptic DRD2
impairment in females compared to males gain further support. Interestingly, there is an inverse
relationship between novelty-seeking behavior and the availability of DRD2 in the ventral midbrain,
observed in both humans and rodents®*424°, Indeed, mice lacking DRD2 in dopaminergic neurons
display hyperactivity in novel environments and increased motivation to seek rewards®*8. Additionally,
rodents with high responsiveness to novelty exhibit higher levels of extracellular dopamine in the NAc
both under baseline conditions and when stimulated?*¢?4’. Consequently, these individuals show
increased dopamine release mediated by presynaptic DRD2 that are less sensitive to agonists
inhibition?*. Therefore, while the enhanced novelty responsiveness of CHL1 KO females remains a
tendency, it further supports the notion of a slightly altered phenotype in both females and males
following CHL1 deletion. Specifically, females seem to exhibit a tighter dopaminergic regulation
despite a probable downregulation of presynaptic DRD2, while males display a greater imbalance with
reduced basal locomotion.

Unlike the previous behavioral parameters, the DRD2 modulation had no impact on the novelty-
induced behavior of WT and CHL1 KO mice. It is important to highlight that the performance of
quinpirole-treated CHL1 KO males might suggest an increased interest in the novel object compared
to WT males, but this likely mirrors the delayed hypolocomotor effect of quinpirole particularly present
in CHL1 KO males.

The stimulus novelty from an unfamiliar object typically triggers risk-assessment behavior,
influencing the animal's decision to engage or avoid the object. This behavior is closely tied to
fluctuations in striatal dopamine levels®?:322, Enhanced reactivity to novelty often correlates with
elevated striatal dopamine levels, which can be attributed to a reduced availability of presynaptic DRD2
in midbrain axon terminals in healthy individuals and rats, or postsynaptic DRD2 in the caudate nucleus
of monkeys?*245342_Prior research about DRD2 modulation's impact on recognition memory revealed
that high doses of the DRD2 antagonist sulpiride had no effect on object recognition in male rats, while
haloperidol improved object recognition in mice with mildly elevated striatal dopamine levels®#43L,
Simultaneous activation of DRD1 and DRD2 with the mutual agonist apomorphine in humans
increased the sensitivity of the brain to novelty, while administering a high dose of quinpirole to male
rats did not result in memory impairments*3243, The behavioral paradigm employed in this study aimed
to assess reactivity towards novel stimuli, and neither DRD2 blockage nor stimulation affected this
behavior in WT and CHL1 KO mice. Since object recognition behavior remains unaffected even with
higher doses of DRD2-specific compounds, it is reasonable to assume that lower doses would have no
impact on a less intricate cognitive behavior such as reactivity to novel stimuli. In addition, DAT-
deficient mice, characterized by hyperdopaminergia, displayed normal locomotor activity in the
absence of environmental stimuli but showed novelty-induced hyperlocomotion, which was only fully
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reversed by high doses of haloperidol, a DRD2 antagonist***. The authors suggested that the
ineffectiveness of lower haloperidol doses might result from increased synaptic dopamine levels and

DRD2 downregulation, reducing haloperidol's potency***

. Therefore, the absence of effects of sulpiride
and quinpirole on CHL1 KO mice relative to WT animals suggests that, despite the potential mild
impairments in dopaminergic signaling, these are not substantial to significantly impact their reactivity

to novel stimuli.

4.35 Sex-dependent behaviors and final assumptions

Neuropsychiatric disorders marked by dopaminergic impairment, such as schizophrenia, ASD,
major depressive disorder, Parkinson's disease, and addiction, incorporate sex as a vital biological
factor, yet a comprehensive understanding of its implications remains elusive. Incorporating sex as a
variable in the study of dopaminergic-mediated behaviors is crucial because the dopaminergic system
exhibits significant sex-based distinctions in its anatomy, regulation, and function. In this study, | aimed
to address these gaps by investigating potential sex-related behaviors resulting from CHL1 ablation in
mice and their potential influence on the regulation of DRD2-mediated dopaminergic signaling.

As ovarian hormones fluctuation can interfere with dopaminergic signaling in the striatum3, it is
important to establish in advance whether the estrous cycle might interfere with the behavior studied.
Previous studies on C57BL/6J mice consistently found minimal estrous cycle impact on locomotor and
anxiety-related parameters (assessed via the open field test, rotarod, or elevated plus maze), depression-
like behavior (evaluated with sucrose preference, marble burying, tail suspension, or forced swimming
tests), cognitive parameters (examined in motor learning and working memory recognition), and social
motivation (tested using the resident-intruder or social interaction tests)**®#%°  Nevertheless, an
influence of the estrous cycle on anxiety- and depression-like behaviors has been reported, but results
are inconsistent*®°, While some studies suggested a higher anxiety-like state in females during the
diestrus stage**°**1, many failed to detect the estrous cycle’s effect*3*39442 Considering this, the
present behavioral setting used housing conditions promoting estrous cycle synchronization via the
Whitten effect, where virgin female and male mice were maintained in the same behavioral room in
cages with 3 to 4 animals. The exposure to volatile pheromones from male urine induces females to
enter the estrus phase by the third day of exposure**344. This method is sufficient to reinstate cyclicity
across grouped female mice to ensure a higher probability of all females being at the same estrous
phase when tested*45446,

Neuroanatomical differences between sexes begin to develop before any influence of gonadal
hormones**’ and persist into adulthood, shaping the anatomy, organization, and circuitry of the
dopamine system. For example, female rats have fewer SNc¢ but more VTA dopaminergic neurons than
males*®44 while female mice exhibit only a higher number of VTA dopaminergic neurons**°. Sex-
specific aspects of the dopaminergic system include the regulation of dopamine clearance, release, and
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signaling for controlling extracellular dopamine levels. Female rodents exhibit enhanced dopamine
clearance in the striatum relative to males, attributed to increased DAT and VMAT2

451-454

activity/efficiency , a finding supported by binding and uptake studies in rats and humans*>547,

Interestingly, DRD2 was reported to couple with DAT to promote its phosphorylation and recruitment

to the membrane®®

, @ regulation that was found only in the dorsal striatum of males and in the ventral
striatum of female mice®®. Additionally, female rats show increased responses to cocaine-induced
DAT blockage and haloperidol-induced DRD2 blockage, resulting in elevated striatal dopamine release
compared to males, alongside reduced sensitivity to the DRD2 agonist quinpirole, which is less
effective at inhibiting dopamine release in the dorsal striatum373%, These results are in line with
increased cocaine-induced locomotion in female rats and reduced sensitivity of female rats/monkeys
to the hypolocomotor and other behavioral effects of quinpirole at lower doses®07:368:460-462 g ggesting
enhanced presynaptic DRD2 function in females with a near-maximal activation at baseline, rendering
subsequent DRD2 activation ineffective in further reducing dopamine release. This reduced quinpirole
sensitivity is further accentuated during the estrus phase*®2. While studies on DRD2 expression or
affinity in the striatum did not reveal sex differences in humans or rats!?#12>128 female rats exhibit
higher DRD1-DRD2 heteromer expression in the CPu and NAc, along with lower DRD1 expression in
the NAc compared to males'?®, The lower DRD1 expression in females might contribute to reduced
GABA feedback on dopamine terminals, potentially elevating dopamine levels*3. In summary, the
literature suggests enhanced stimulus-driven dopamine release in females, balanced by increased
presynaptic DRD2 tonic activation that promotes a tighter and efficient dopamine
clearance/repackaging via DAT and VMAT2. Additionally, sustained presynaptic DRD2 activation
limits further stimulation and reduces self-inhibition over dopamine release, working in conjunction
with reduced GABA-negative feedback to elevate basal dopamine levels in females.

In the present thesis the distinct neuroanatomy and dopamine regulation in female and male mice
lead to sex-based disparities in animal behavior, cognition, and motor abilities, potentially explaining
sex-dependent disparities in CHL1 ablation and DRD2 pharmacological modulation outcomes.

In my behavioral analysis, WT mice consistently show no differences in motor activity levels across
all tests, consistent with previous reports on motor performance in C57BL/6 mice*¢*4%, Nonetheless,
across various mouse and rat strains, females consistently display higher ambulation levels compared
to males, with variations in sex hormones, particularly increased estrogen and decreased testosterone
levels in females, contributing to their enhanced activity and exploratory behavior#®®4¢’ In the case of
CHL1 ablation, CHL1 KO males exhibit lower baseline motor activity compared to females in both the
OF and YM tests, with both sexes displaying a delayed response to quinpirole. This could result from
the downregulation of both pre- and postsynaptic DRD2, though in a sex-dependent manner. I suggest
that the decreased presynaptic DRD2 activity could potentially diminish dopamine's presynaptic
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inhibition, while the reduced availability of postsynaptic DRD2 might render them less effective at
inhibiting the striatal indirect pathway relative to WT males, resulting in decreased locomotion and
reduced responsiveness to increased striatal dopamine levels. In CHL1 KO females, the
downregulation of presynaptic DRD2 could be counteracted by their innately enhanced tonic
dopaminergic activity of release and clearance and by a less pronounced impact on postsynaptic DRD2
relative to males. This combination could lead to greater inhibition of the striatal indirect pathway,
serving as a preventive mechanism against the increased presynaptic DRD2 autoinhibition that would
otherwise be induced by CHL1's ablation. Interestingly, CHL1 KO males were previously shown to
exhibit lower motor activity and a tendency for poorer performance on the rotarod compared to
females*3. These findings could potentially reflect as well the sex-dependent motor behavior | observed
as a consequence of CHL1 deficiency. It is worth noting that tail handling, a common practice for
lifting mice, has been reported to induce higher stress levels in males, whereas female mice tend to
experience stress when subjected to low handling frequency?®®. Given these sex-specific responses to
handling, the consistent and gentle handling protocol employed in my experimental setup might have
contributed to a lower stress state in CHL1 KO females, thereby facilitating the detection of this motor
behavior that is dependent on both genotype and sex.

The distinct tonic dopaminergic activity between sexes was similarly observed following
presynaptic DRD2 activation with quinpirole. Despite reducing motor activity in WT mice starting at
the same time (3 min into testing), the decline was more pronounced in WT males compared to WT
females, both in comparison to the vehicle-treated group during the first 10 min of the OF and to each
other during the 30 min of testing. Indeed, this sex-dependent effect of quinpirole in female rats was
previously reported, as they display lower sensitivity than males to quinpirole's hypolocomotor effects
at lower doses due to reduced efficacy of the drug to inhibit dopamine release from dopaminergic
terminals in females37368:461462 Fyrthermore, the delayed hypolocomotor effect induced by quinpirole
in CHL1 KO mice took longer to manifest in males, becoming evident 9 min after the start of the OF,
while in females, it was observed after 7 min. | suspect that this sex difference could be attributed to
the pronounced reduction of postsynaptic DRD2 availability in CHL1 KO males, resulting in decreased
responsiveness to changes in striatal dopamine levels and rendering males less susceptible than females
to quinpirole's effects, ultimately leading to a delayed locomotor reduction.

Another sex-dependent effect consistently observed in all tests was the decreased motor activity
among CHL1 KO females following sulpiride treatment, which could potentially be attributed to the
comparatively lower impact on postsynaptic DRD2 in CHL1 KO females compared to males. Despite
employing a sulpiride concentration targeting presynaptic DRD?2 effects, the reduction of presynaptic
DRD2 in both CHL1 KO females and males could facilitate the binding of sulpiride to postsynaptic
DRD2. The proposed higher availability of postsynaptic DRD2 in CHL1 KO females relative to males
could render females more susceptible to the postsynaptic effects of sulpiride, leading to increased

161



Chapter IV Discussion

activation of the striatal indirect pathway and subsequent reduction in locomotion. Moreover, other
contributing factors might play a role in this outcome. Considering that previous research has indicated
that sulpiride binding to DRD2 is dependent on and enhanced by Na* ions®%%! it is plausible that an
accentuated reduced availability of DRD2 in CHL1 KO mice, whether through decreased higher
conformational state or expression, could result in altered sensitivity to Na* ions, ultimately weakening
the binding of sulpiride to postsynaptic DRD2.

My behavioral analysis revealed a tendency for only CHL1 KO females to show reduced
responsiveness to stimulus-induced stress compared to males and WT females after sulpiride treatment.
It is worth noting that sulpiride at higher doses has been reported to induce an anxiolytic-like state in
both female and male rodents*'2422, Additionally, it was proposed that sulpiride might possess a higher
affinity for DRD2 in the mesolimbic pathway (from VTA to NAC)*®®, a characteristic shared with the
structurally and functionally similar compound, amisulpride*’®. Female rats have previously displayed
increased responses to haloperidol-induced catalepsy®®”4* and have shown higher sensitivity to
sulpiride’s effects on fear conditioning during the estrus phase*3. Similarly, methylphenidate
administration in womem has been observed to elicit an enhanced dopamine release only in the NAc*"2.
Furthermore, the regulation of DAT expression in the NAc seems to be under the control of presynaptic
DRD2 only in female rats**. Therefore, in addition to the sex-specific effects of sulpiride on the
locomotion of CHL1 KO females, which could be attributed to the higher availability of postsynaptic
DRD2 compared to males, it could also be of value to explore the hypothesis of a sex- and region-
specific impairment of postsynaptic DRD2 in CHL1 mice within the striatum. In CHL1 KO females,
the decreased availability of presynaptic DRD2 in the NAc could potentially lead to changes in DAT
expression, dopaminergic homeostasis, and/or ion content. These altered mechanisms in CHL1 KO
females might result in a higher susceptibility to sulpiride's effects within the NAc compared to WT
females. Notably, the NAc, along with the dorsal striatum, contributes to motor function®!®, so
increased postsynaptic DRD2 sensitivity in the NAc aligns with the observed reduction in locomotion
induced by sulpiride only in CHL1 KO females.

This comprehensive study has unveiled intriguing sex-dependent differences arising from CHL1
ablation, subsequently triggering a genotype- and sex-specific modulation of DRD2 functions. The
absence of CHL1 in males is associated with basal locomotor impairments and a reduced sensitivity to
quinpirole-induced hypolocomotion, whereas in females, the diminished quinpirole sensitivity is less
pronounced. On the other hand, the absence of CHL1 heightens female responsiveness to sulpiride,
resulting in reduced locomotion and a slight decrease to stimulus-induced stress responsiveness. In
conclusion, | propose that CHL1 KO mice exhibit a compromised function or availability of both DRD2
isoforms, impacting behavior primarily governed by dopaminergic projections to the dorsal striatum -
the nigrostriatal pathway, in both females and males. In females, the impairment of postsynaptic DRD2
might be less pronounced and could extend across the entire striatum or be limited to the NAc. Thus,
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the potential for region-specific postsynaptic DRD2 impairment in CHL1 mice within the striatum
requires further investigation through the use of postsynaptic DRD?2 targeting doses or localized intra-
striatal injections, alongside behavioral paradigms focused on the limbic system, such as those related

to reward and punishment-based learning.
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5 Conclusion

This thesis provided a functional characterization of the CHL1 and DRD?2 interaction by
investigating how their interplay influences pre- and postsynaptic dopaminergic mechanisms, ranging
from neuronal biochemistry processes to the evaluation of striatal-dependent behaviors in mice.
Biological models of WT and transgenic CHL1 KO mice, together with the pharmacological
inhibition/blockage of DRD2-dependent functions with sulpiride or quinpirole, were used to study such
interaction.

The biochemical findings revealed that CHL1 interacts with DRD2 in presynaptic dopaminergic
neurons and postsynaptic striatal neurons, both in vivo and in vitro. Here, ventral midbrain primary
neurons were used to model presynaptic dopaminergic transmission, while striatal primary neurons
were used to represent the postsynaptic MSNs-expressing DRD2. CHL1 ablation had no significant
impact on the basal signaling of both DRD2 isoforms; however, it induced alterations in sulpiride-
induced DRD2 signaling in ventral midbrain neurons and influenced the effects of quinpirole on DRD2-
dependent neuronal morphology in a manner that depended on developmental stages.

These results suggest that the normal functioning of pre- and post-synaptic DRD2-dependent
functions is not significantly disrupted by the absence of CHLL1. Instead, was observed that the
sensitivity of receptors to the pharmacological modulation undergoes notable changes, unveiling
CHLZ1's role as a modulator in the dopaminergic neurotransmission, through its interaction with DRD2.
Based on the altered sensitivity of DRD2 when interacting with exogenous ligands in the absence of
CHLZ1, I propose that CHL1 might function as an allosteric modulator, exerting influence over the
structural conformation and functionality of DRD2. Furthermore, developmental-dependent alterations
in the morphological responses of cultured MSNs to postsynaptic DRD2 modulation were observed in
the absence of CHL1. This suggests that CHL1 could play a role in the temporal and/or spatial
expression of DRD2 during striatal development, similar to its developmental role in the ventral
midbrain dopaminergic pathways®.

Ascertaining the role of CHL1 as an allosteric modulator of DRD?2 in future studies could advance
our understanding of DRD2's conformational dynamics in the dopaminergic pathways. The interaction
between an endogenous allosteric ligand and a receptor provides valuable insights into the receptor's
diverse biological conformations, potentially serving as inspiration for the design of structure-based
compounds. Considering CHL1's functions as a cell adhesion molecule and its involvement in the
development of ventral midbrain dopaminergic neurons?, it is plausible that CHL1 plays a role in the
development of dopaminergic signaling in MSNs. This has the potential to result in atypical striatal
connectivity, which could impact mouse behavior in subsequent stages of life.
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The behavioral assessment of striatal-dependent functions focused on evaluating the effects of
pharmacological modulation of presynaptic DRD2, which included parameters of locomotor activity,
exploration, emotionality, working memory, and novelty-seeking, revealed intriguing sex-dependent
differences resulting from CHL1 ablation. CHL1 KO males exhibited reduced locomotor activity and
a slightly more relaxed emotional state or reduced reactivity to external stimuli, aligning with the
previously documented behavioral phenotype. In contrast, CHL1 ablation in females had no significant
impact on their motor activity or emotional reactivity to stimuli. The DRD2 agonist quinpirole induced
a hypolocomotor effect in both WT and CHL1 KO mice but with CHL1 KO mice showing a
comparatively delay. Notably, the hyposensitivity to quinpirole was more pronounced in CHL1 KO
males compared to females. Moreover, the DRD2 antagonist sulpiride led to a reduction in locomotor
activity and a slight decrease in stimulus-induced stress responsiveness exclusively in CHL1 KO
females.

Based on these findings, | suggest that CHL1's ablation simultaneously disrupts the functioning or
availability of pre- and postsynaptic DRD2, possibly by altering its higher conformational state or
surface expression. Notably, CHL1 KO females exhibit a relatively lower impact on postsynaptic
DRD2 compared to males, hinting at a potential region-specific postsynaptic DRD2 impairment within
the striatum of CHL1 mice. This hypothesis supports the decreased tonic locomotion observed
particularly in CHL1 KO males, the enhanced postsynaptic sensitivity of CHL1 KO females to
sulpiride, and the differential delayed hypolocomotor effect of quinpirole in CHL1 KO mice. Thus,
CHL1 appears to modulate DRD?2 signaling in striatal-dependent behaviors regulated by the dorsal
striatum in both females and males and possibly by the ventral striatum exclusively in females.
Nevertheless, it is important to acknowledge that the divergent sex impact of CHL1 on the DRD2
signaling might also stem from various other factors that are inherently associated with the sexual
dimorphism present in the neurobiology and anatomy of the dopaminergic system.

Notably, it has been documented that sexual dimorphism plays a substantial role in the onset of
neuropsychiatric diseases, the severity of their symptoms, and even in the responsiveness to
antidepressant and antipsychotic treatments, with women typically exhibiting greater sensitivity and
requiring lower medication doses than men*”474 Given the substantial body of evidence linking
genetic or functional abnormalities in DRD2 to a range of neurological conditions, including
schizophrenia, ASD, and major depressive disorder, it becomes essential to gain a comprehensive
understanding of the intricate interactions between DRD2 and other physiological binding partners,
such as CHL1. As a result, my thesis provides valuable insights into the complex biochemical and
behavioral outcomes that emerge from the interplay between CHL1 and both DRD2 isoforms,
emphasizing the critical role of considering sex as a significant biological variable in future studies.
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Abbreviations

5-HT2c serotonin 2c
AC adenylyl cyclase
ACC anterior cingulate cortex

ADAMS a disintegrin and metalloproteinase

Akt protein kinase B

Ala alanine

AMPA a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid

AMY amygdala

ANOVA analysis of variance

AP alkaline phosphatase

AP2 clathrin adaptor protein 2

Arg arginine

ASD autism spectrum disorders

Asp aspartic acid

ATP adenosine triphosphate

BACE1 B-site amyloid precursor
proteincleaving enzyme 1

BCA bicinchinonic acid protein

BRET bioluminescence resonance energy
transfer

BSA bovine serum albumin

CALL human ortholog gene of CHL1

CAM cell adhesion molecule

CaMKII calcium/calmodulin-dependent PK 11

CAMP cyclic adenosine monophosphate

cDNA complementary DNA

CDK5 cyclin-dependent kinase 5

CHL1 close homolog of L1

CHL1 KO CHL1 knock-out

CNS central nervous system

CNTN4 Contactin-4 gene

CPu caudate putamen

CRBN Cereblon gene

CREB CAMP response element-binding
protein

CTCF corrected total cell fluorescence
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CTLD C-type lectin-like domain

Cy cyanine fluorescent dye

DA dopamine

DAG diacylglycerol

DAPI 4’ 6-diamidino-2-phenylindole
DAT dopamine transporter

DNA deoxyribonucleic acid

DARPP-32 dopamine- and cAMP-regulated
phosphoprotein 32 kDa

dH20 distilled water

ddH20 double distilled water

DISC1 disrupted-in-schizophrenia 1

div days in vitro

DGEA Asp-Gly-Glu-Ala peptide

DMEM dulbecco's modified eagle Medium

dMSNs direct pathway medium spiny neurons

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

DNase deoxyribonuclease

DRD1 dopamine receptor type-1

DRD2 dopamine receptor type-2

DRD2L DRD?2 long isoform

DRD2s DRD2 short isoform

DRD3 dopamine receptor type-3

DRD4 dopamine receptor type-4

DRD5 dopamine receptor type-5

dSTR dorsal striatum

E embryonic day

ECL enhanced chemiluminescence

ECM extracellular matrix

EDTA ethylenediaminetetraacetic acid

EGTA ethylene glycol tetraacetic acid

EL1/2 extracellular loop 1 or 2

ELISA enzyme-linked immunosorbent assay

ERK1/2 extracellular signal-regulated kinase
1/2

ERM ezrin-radixin-moesin



ETC entorhinal cortex

FBS fetal bovine serum

FIGAY Phe-lle-Gly-Ala-Tyr peptide

FIGQY Phe-lle-Gly- GIn-Tyr peptide

FN-111 fibronectin type IlI

FRET fluorescence resonance energy transfer

Gairo inhibitory Go subunits

Gaos excitatory Ga subunits

GABA y-aminobutyric acid

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

Glu glutamic acid

Gly glycine

GDP guanosine diphosphate

GIRKSs G protein-coupled inwardly rectifying
potassium channels

GPCR G protein coupled receptor

GPe externus globus pallidus

GPi internus globus pallidus

GRK G protein-coupled receptor kinase

GSK3 glycogen synthase kinase 3 (o and )

GTP guanosine triphosphate

HBSS hanks' balanced salt solution

HRP horseradish peroxidase

Hsc70 heat shock cognate 70 kDa protein

HYP hippocampus

ICC immunocytochemistry

ICL intracellular loop

Ig immunoglobulin

IgSF immunoglobulin superfamily

IHC immunohistochemistry

iMSNs indirect pathway medium spiny
neurons

i.p. intraperitoneal

1P3 inositol trisphosphate

IRDye infrared dye

Kir2 inward rectifying potassium 2

KGE Lys-Gly-Glu peptide

168

KO

Leu
LHb
LRR

MAP2

knock-out

leucine
lateral habenula

leucine-rich repeat

microtubule-associated protein 2

MDMA 3,4-methylenedioxymetamphetamine

min
MRNA
MSNs

NAc
NCAM
NF
NF186
NGF-p
NI
NMDA
NPCs
NrCAM
NSF-1

OF
oT

P
PAT
PBS
PCR

minute/s
messenger ribonucleic acid

medium spiny neurons

nucleus accumbens

neural cell adhesion molecule

neurofascin

186 kDa isoform of neurofascin
nerve growth factor 3
novelty-induced test
N-methyl-D-aspartate

neuronal progenitor cells
neuron-glia-related CAM

neural survival factor-1

open field test

olfactory tubercle

postnatal day
proline-, alanine-, threonine
phosphate-buffered saline

polymerase chain reaction

pDARPP-32 phosphorylated DARPP-32

PDK
PDL

pERK1/2

PET
PFA
PFC
pGSK3p

PI3K
PIP2

phosphatidyl-dependent kinases
poly-D-lysine

phosphorylated extracellular signal-

regulated kinase 1/2

positron emission tomography
paraformaldehyde
prefrontal cortex

phosphorylates glycogen synthase

kinase 3 B (Ser9)

phosphoinositol-3 kinase

phosphatidylinositol 4,5-bisphosphate



PIP3 phosphatidylinositol 3,4,5- SN substantia nigra

trisphosphate SNc substantia nigra pars compacta
PP2A protein phosphatase-2A SNP single nucleotide polymorphism
PTEN phosphatase and tensin homolog SNr substantia nigra pars reticulata
PKA protein kinase A SSRI selective serotonin reuptake inhibitors
PKC protein kinase C STh subthalamic nucleus
PLA proximity ligation assay Sulp sulpiride
PLC phospholipase C
PMSF phenylmethylsulfonyl fluoride TAAR1 trace amine-associated
PNC peripheral nervous system recep.tor ! o '
PNBM primary neuron basal medium TAE i (}rlljsu-:f(;ertate-ethylenedlammetetraacetlc
PNGM primary neuron growth medium TBS tris-buffered saline
PP1 protein phosphatase 1 TBS-T tris-buffered saline with Tween 20
PP2B phozgﬁzgat;aetzﬁ calcineurin/protein ™ tyrosine hydroxylase
PSD95 postsynaptic density 95 Thr threonine
PTCH1 hedgehog receptor patched-1 Tris trisaminomethane
pTH phosphorylated tyrosine hydroxylase Tyr tyrosine
(Ser40)

v volume
Quinp quinpirole Veh vehicle

VGIuT2 vesicular-glutamate transporter 2
RGS pmtr:igr]]ulators of G protein signaling VMAT vesicular monoamine transporter
RGD Arg-Gly-Asp peptide VTA ventral tegmental area
RIPA radioimmunoprecipitation assay W weight
RNA ribonucleic acid WB western Blot
RrF retrorubral field WT wild-type
RSLE Arg-Ser-Leu-Glu peptide
RTK receptor tyrosine kinases YM Y-maze test
SAP synapse-associated protein
SD standard deviation
SDS sodium dodecyl sulfate

SDS-PAGE SDS-polyacrylamide gel
electrophoresis

SEM standard error of the mean

Sema3A semaphorin 3A

Ser serine
SI social interaction
SMC sensorimotor cortex

SNARE receptor of soluble N-ethylmaleimide-
sensitive factor attachment protein
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Animal Welfare Score Sheet
Project tittle: Rolle of CH L1 in dopaminergic system License n.: NO61/2019 Name of Supervisor: Dr. Ralf Kleene and Dr. Gabriele Loers
Person scoring: Dr. Gabriele Loers and Luciana Fernandes  Emergency No.: 0176/34644255 (Luciana)
Monitoring frequency and special features: After housing (09.09.2020) mice are checked once a day, every day. The score sheet starts to be filled out when the handling begins. While behavioral

tests are done, specific criteria regarding the treatment (i.p. injections) are considered.

Animal no.: Sex: M [Ear mark: Diate
B-date: Genotype:

Treatment Code: Cage:

Body weight

% waight loss (in reference to the initial weight)

General condition: Cage Isolation

Free exploration

Bad skin condition, e,g, loss of fur, ekzema

Whiskers change

Handling reaction: Too energetic

Mot coming

Apgitation/Stress

188

Imritation/biting

Fearfreazing

Vocalization
Jumps
Gripping day
Treatment day {Lp. mjection)
Trial specific criteria Next day LP. check
Abdominal pain

Back arch andior pain gimace

Vocalizatilon whike grpping

Bedding change

Generally, Super retaxed (0), Very relaxed (1), Relaxed (2)

Comments

The animals' welfare was regularly assessed throughout the behavioral timeline using the following

Annex |
score sheet. Body weight, general condition, reaction to the handling and specific criteria related to the

i.p. injection are parameters included in the evaluation.

(Score normal animal as 0, score 1,2,3 for 4 in severity and with an X in the appropriated fields. Report if something stands out.)
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