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Abstract

The cross-disorder risk gene CACNALC, coding for the al subunit of the L-type voltage gated
calcium channel Cay1.2, has been repeatedly implicated in the etiology of psychiatric disorders. In
humans, genetic variations in CACNALC have a sex-dependent influence on the symptoms and
age of onset of psychiatric disorders. In addition to genetic risk factors, environmental factors such
as stress add considerably to the risk of development of psychiatric disorders. However, the
underlying mechanisms which manifest the disease symptoms are not clearly understood. Rodent
models of Cavl.2 have revealed behavioral phenotypes reminiscent of core symptoms of
psychiatric disorders but are largely biased toward male animals. In addition, role of Cay1.2
channels in inhibitory neurons remains yet to be investigated. Thus, the aim of this study was to
dissect Cay1.2-specific circuits and downstream signaling mechanisms to fundamentally increase
our understanding of the role L-type calcium channels play in the pathogenesis of psychiatric
disorders. To reach this goal, a series of behavioral, cellular, and molecular experiments were
performed to investigate: 1) gene x environment interactions in animals with a specific deletion of
Cav1.2 channels in excitatory neurons (Cay1.2-Nex) upon exposure to early life stress, 2) changes
in disease-related endophenotypes and the effects of estrous cycle in female Cay1.2-Nex mice, 3)
alterations in disease-related phenotypes caused by cell type-specific Cay1.2 channel deletion in
parvalbumin expressing inhibitory neurons and 4) alterations in Cay1.2 downstream signaling
pathways, structural plasticity, and their functional implications. The major findings of this study
include: LBN stress induced only moderate effects on behavioral phenotypes of male and female
Cayl.2-Nex mice and dendritic atrophy was observed in stressed mice. Female Cayl.2-Nex
conditional knockout animals exhibited hyperactivity, anxiety-related behavior, cognitive deficits,
active stress coping behavior, and structural impairments in the hippocampus. In addition, an
enhanced baseline activity was observed in primary cortical neurons derived from Cay1.2-Nex
knockout animals. Cay1.2-PV conditional knockout animals exhibited anxiety-related behavior,
cognitive deficit, passive stress coping behavior and differential cFos expression in several brain

regions.



Zusammenfassung

Das krankheitstubergreifende Risikogen CACNALC, das fur die al-Untereinheit des
spannungsgesteuerten L-Typ-Kalziumkanals Cay1.2 kodiert, wurde wiederholt mit der Atiologie
psychiatrischer Stérungen in Verbindung gebracht. Beim Menschen haben genetische Variationen
im CACNALC einen geschlechtsabhangigen Einfluss auf die Symptome und den Zeitpunkt des
Auftretens von psychiatrischen Stérungen. Neben den genetischen Risikofaktoren tragen auch
Umweltfaktoren wie Stress erheblich zum Risiko der Entwicklung psychiatrischer Stérungen bei.
Die zugrundeliegenden Mechanismen, die zur Manifestierung der Krankheitssymptome beitragen,
sind jedoch nicht eindeutig geklart. Nagetiermodelle fur Cay1.2 zeigen Verhaltensphénotypen, die
an die Kernsymptome psychiatrischer Stérungen erinnern. Allerdings wurden diese iberwiegend
bei ménnlichen Tieren untersucht. Daruber hinaus muss die Rolle der Cayl.2-Kanile in
hemmenden Neuronen noch untersucht werden. Ziel dieser Studie war es daher, Cayl.2-
spezifische Schaltkreise und nachgeschaltete Signalmechanismen zu untersuchen, um unser
Verstandnis der Rolle von Kalziumkanadlen des L-Typs in der Pathogenese psychiatrischer
Storungen grundlegend zu verbessern. Um dieses Ziel zu erreichen, wurde eine Reihe von
Verhaltens-, Zell- und Molekularexperimenten durchgefuhrt, um Folgendes zu untersuchen: 1)
Gen-Umwelt-Interaktionen bei Tieren mit einer spezifischen Deletion von Cay1.2 in
exzitatorischen Neuronen (Cay1.2-Nex), wenn sie wérhend friihkindlichem Stress ausgesetzt sind,
2) Verdnderungen in krankheitsbezogenen Endophanotypen und die Auswirkungen des
Ostrogenzyklus bei weiblichen Cay1.2-Nex-Mausen, 3) Veranderungen in krankheitshezogenen
Phanotypen, die durch zelltypspezifische Cayl.2-Deletion in Parvalbumin-exprimierenden
inhibitorischen Neuronen verursacht werden, und 4) Veranderungen in den nachgeschalteten
Cav1.2-Signalwegen, in der strukturellen Plastizitat und ihre funktionellen Auswirkungen. Zu den
wichtigsten Ergebnissen dieser Studie gehdren: LBN-Stress induzierte nur maiige Auswirkungen
auf die Verhaltensphanotypen von mannlichen und weiblichen Cay1.2-Nex-Mausen, und bei
gestressten Mausen eine dendritische Atrophie beobachtet wurde. Weibliche Cay1.2-Nex bedingte
Knockout-Tiere zeigten Hyperaktivitat, verdndertes angstbezogenes Verhalten, kognitive Defizite,
aktives Stressbewéltigungsverhalten und strukturelle Beeintrachtigungen im Hippocampus.
Darlber hinaus wurde in primaren kortikalen Neuronen, die von Cay1.2-Nex-Knockout-Tieren
stammten, eine erhdhte Grundaktivitat beobachtet. Cay1.2-PV bedingte Knockout-Tiere zeigten
veréndertes angstbezogenes Verhalten, kognitive Defizite, passives Stressbewéltigungsverhalten

und eine unterschiedliche cFos-Expression in verschiedenen Hirnregionen.



Introduction | 1

1. Introduction

1.1. What are psychiatric disorders?

Psychiatric disorders such as major depression (MD), bipolar disorder (BD), schizophrenia (SCZ),
attention deficit hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) are highly
prevalent in the population worldwide and significantly contribute to the global disease burden.
According to the World Health Organization (WHO), 1 in 4 people have encountered at least one
episode of psychiatric disorder in their lifetime (Figure 1). Psychiatric disorders are complex and
pleiotropic with shared genetic architecture and symptomatology across various disorders adding
to their complexity (Figure 2) (Gandal et al. 2018; Egervari et al. 2019).

Schizophrenia Eating disorders
0-25% 0.21%

Bipolar disorder
0.60%

Anxiety
disorders
3.76%
Alcohol use
disorder

1.40%

Depression
3.44%

Figure 1: Global prevalence of mental disorders. Psychiatric disorders are highly prevalent across the
world population with almost 10.7% of the population affected according to the latest data obtained in 2017.

Data in this graph was obtained from https://ourworldindata.org/mental-health#citation.

In recent times, psychiatric disorders are diagnosed by a more established set of research diagnostic
criteria identified in various classification systems such as the International Classification of
Diseases (ICD) and the Diagnostic and Statistical Manual (DSM), but they are still largely based
on clinical interviews with no biological markers available for diagnosis (Egervari et al. 2019;


https://ourworldindata.org/mental-health#citation
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Smoller et al. 2019). There are currently 21 distinct categories classified in ICD-11 (most recent

version, published in 2022).

Clinical Mental retardation ASD Schizophrenia Schizoaffective disorders BD/MD
syndromes

Negative symptoms

Symptoms
Positive symptoms

Psychosocial environmental ri

Risk factors
 of deleterious mutations

Figure 2: Shared symptomology across various psychiatric disorders. Psychiatric disorders are
complex with shared symptomology due to their shared genetic etiology. In addition to genetic variations,
environmental aspects are also risk factors for the development of psychiatric disorders. The image was
adapted from Owen 2014 (Owen 2014).

Human genetic studies have identified several risk genes and variations within these genes that are
associated with different psychiatric disorders (P. H. Lee et al. 2019; Yao et al. 2021). But ethical
and practical difficulties of accessing and examining the living human brain limits our
understanding of higher brain functions and further adds to the complexity of psychiatric disorders.
Neurobiological studies in other model organisms add to a growing body of evidence deciphering
molecular, cellular and circuit level mechanisms of psychopathology. However, despite the high
global disease burden and decades of multiplying molecular evidence, our understanding of the
causal psychopathological mechanisms and therapeutic breakthroughs are still rudimentary.

1.2. Identification of candidate genes associated with psychiatric disorders
Family, twin and adoption studies including molecular studies on post-mortem human brain
largely contributed to early identification of genes that might be involved in the pathophysiology
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of psychiatric disorders (Smoller et al. 2019). Due to practical difficulties of accessing the living
human brain, other methods such as transcriptional profiling were especially necessary to probe
into molecular signatures of psychiatric disorders (Egervari et al. 2019). More recent large-scale
genome wide association studies (GWAS) and meta-analyses of GWAS have identified numerous
overlapping variations in genes linked to psychiatric disorders that may explain their heterogenous
nature (Cichon et al. 2009). Genes from the calcium channel family, especially CACNA1C, are the
most robustly replicated findings among others (Bhat et al. 2012). In a recent large-scale GWA
study, CACNA1C was one of the two genes to be associated with all the five major psychiatric
disorders (SCZ, BD, MD, ADHD and ASD) (Smoller et al. 2013).

1.3. CACNALC is a risk factor for psychiatric disorders

Single nucleotide polymorphisms (SNPs) and variations in the CACNALC gene are among the
most robustly replicated findings associated with psychiatric disorders. The initial evidence for a
relation of CACNALC with psychiatric disorders however came from a rare autosomal-dominant
disorder called Timothy syndrome. The disorder is caused by single de novo gain-of-function
mutations in the coding region (exon 8) of CACNALC (G406R, G402S) resulting in a severe
neurodevelopmental disorder with multiorgan dysfunction. Timothy syndrome is characterized by
cardiac arrhythmias, syndactyly, long QTs, congenital heart disease, dysmorphic facial features,
cognitive abnormalities and autistic features (Splawski et al. 2004; 2005). These gain-of-function
mutations within exon 8/ 8A of the CACNALC gene reduce voltage-dependent channel inactivation
and increase calcium influx during depolarization (Splawski et al. 2005; Marcantoni et al. 2020).
In addition to reduced channel inactivation, increased basal transcription and dysregulated gene
activity have also been observed in models carrying G406R mutants (Servili et al. 2020).
Subsequently, GWAS and meta-analyses of GWAS first associated variations in CACNA1C with
BD and then with other psychiatric disorders as well (Kempton et al. 2009; Green et al. 2010; Jogia
et al. 2011; Smoller et al. 2013). In a 2013 study, SNPs in the CACNALC gene were associated
with all five major psychiatric disorders — BD, SCZ, MD, ASD and ADHD (Smoller et al. 2013).
More recent meta- and multivariate- analyses of GWAS have replicated these findings with
significant association of CACNA1C with BD and SCZ in larger samples (Xia et al. 2019; Jia et
al. 2019; Stahl et al. 2019; Amare et al. 2020; H. J. Li et al. 2021).
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1.3.1. Risk variants of CACNA1C cause structural and functional changes in the human
brain
SNPs in the CACNA1C gene (chromosome 12, 12p13.33: 1969552..2697950) are mostly located
in non-coding intronic regions of the gene, with majority of them localized in intron 3, which is
the largest intron of the gene (Bhat et al. 2012). Because these SNPs are in the non-coding region,
it is not fully understood whether they increase or decrease channel expression and function (Bigos
et al. 2010; Yoshimizu et al. 2015; Gershon et al. 2014; Ramasamy et al. 2014; Cosgrove et al.
2017). Despite lack of mechanistic understanding of SNP functions, several case-control clinical
studies associated SNPs in the CACNALC gene with structural and functional changes in the brain.
One of the most robustly replicated and well-studied SNP in the gene is rs1006737, which has
been associated with BD, SCZ, MD and ASD across different populations (Green et al. 2010; Y.
Liu et al. 2011; Zheng et al. 2014; J. Li et al. 2015). For example, risk allele carriers of rs1006737
exhibit altered amygdala microstructures and reduced or increased activity in different brain
regions and altered grey and white matter volumes (Kempton et al. 2009; Bigos et al. 2010; Erk et
al. 2010; Perrier et al. 2011; Krug et al. 2014; Woon et al. 2014; Mallas et al. 2017; Koch et al.
2019). Gene expression analysis from post-mortem brain tissues revealed that the risk allele of
rs1006737 is linked to increased CACNALC mRNA expression (Bigos et al. 2010) while
rs2007044 was associated with reduced mRNA expression (see Table 1 for more details)

(Cosgrove et al. 2017; Ramasamy et al. 2014).

Another SNP, rs1024582, associated with SCZ and BD, showed a clear sex dimorphism with
females carrying the minor allele showing greater hostility and other negative schizotypic traits.
Furthermore, risk allele carriers also showed a decreased activity in various brain regions at rest
as well as during a working memory task (Takeuchi et al. 2018). A case-control study with SCZ
patients and healthy subjects also revealed similar associations of the rs2007044 risk allele with
reduced brain activity and poor working memory (Z. Zhang et al. 2018). A summary of reported
CACNA1C SNPs and their effects on brain structure and function can be found in Table 1. Though
imaging studies have identified several SNPs in the CACNA1C gene to be associated with
alterations in brain function and activity, the underlying molecular mechanisms that cause these

changes remain obscure to date.
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Table 1: Summary of reported single nucleotide polymorphisms (SNPs) of CACNALC and the
phenotypes (observed in healthy controls and patients) associated with them. (= indicates no effect, x

indicates impaired, 1 and | means enhanced or reduced effects respectively)

_ Risk SNP
SNP Disorders o Phenotype References
allele  position

(Erk et al. 2010; Erk,
Meyer-Lindenberg,
Linden, et al. 2014; Erk,
Meyer-Lindenberg,
Schmierer, et al. 2014;
Jogia et al. 2011;
Krautheim et al. 2018;
Krug et al. 2014; Paulus
etal. 2014)

| activation of
hippocampus, anterior
cingulate cortex, and
prefrontal cortex

Moderates early life
stress effects on cortisol (Klaus et al. 2018)
awakening response

1 anxiety (Pasparakis et al. 2015)
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(Marcio Gerhardt
Soeiro-de-Souza et al.
2012; M G Soeiro-de-

Souza et al. 2017)

age-related cortical
thinning, x facial

emotion recognition

Altered amygdala
Intron 42: o
rs1051375 BD G activation, early onset (X. Zhang et al. 2013)
2679713
age of BD

Intron 3:

rs882195 G 2241235
SCz N/A (Zheng et al. 2014)

rs1024582 T Intron 3:

2293080

BD, MD, Intron 3:
rs4765914 T | amygdala volume (Sumner et al. 2015)
SCZz 2311211
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3’ UTR: x Cognitive recovery

rs10466907 G 2695810  (following treatment for )
BD ] . (Linetal. 2017)
rs58619945 G Intron 1: major depressive
2051659 episode)
Intron 42:
2681964 Behavioral disorders,
rs10848683 C . s
Intron 1: emotional and thinking (S.-Y. Zhang et al.
rs2238032 SCz G .
2113566 disorders, perceptual 2017)
rs2299661 C .
Intron 1: disorders
2115062
Female carriers - 1 harm
avoidance, frequency of
paranoia, | intrapersonal
emotional intelligence,
Intron 3: better sleep quality, | ]
rs1024582 SCz, BD A ) o ] (Takeuchi et al. 2018)
2293080  brain activity during rest
and during working
memory in PFC, medial
temporal, and medial
parietal areas
Intron 3:
rs73248708 Interacts with adult
A 2442003 . .
rs11662568 MD trauma to predict (Dedic et al. 2018)
T Intron 1: .
4 depressive symptoms
2006994

1.4. CACNALC codes for the a1 subunit of the L-type voltage-gated calcium channel Cav1.2
Voltage gated calcium channels (VGCCs) are vital moderators of cell signaling that regulate
intracellular calcium concentration and contribute to calcium signaling in excitable cells, including
neuronal cells. Calcium ions act as second messengers, initiating electrical signaling, synaptic
transmission and gene expression upon depolarization (Obermair et al. 2004; Berger and Bartsch
2014). Depending on their electrophysiological properties, VGCCs can be broadly classified into
high voltage activated (HVA) VGCCs and low voltage activated (LVA) VGCCs (Catterall et al.
1988; Berger and Bartsch 2014; Nanou and Catterall 2018). HVA calcium channels include L-
type, N-type, P/Q-type, and R-type calcium channels while T-type calcium channels belong to the
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LVA calcium channel family. All VGCCs are multi-subunit complexes comprising of a pore
forming, channel property determining a1l subunit, an intracellular § subunit, a transmembrane y
subunit and an extracellular 026 subunit (Figure 3). Different subtypes of VGCCs are localized in
different neuronal subcellular compartments indicating specific roles for each subtype in various
neuronal functions. P/Q- and N-type channels are localized to presynaptic terminals and play a
role in neurotransmitter release (Nanou and Catterall 2018). Whereas L-type calcium channels
(LTCC) are mostly expressed in the postsynaptic somatic and dendritic regions of the neuron and
are important for excitation-transcription coupling and expression of calcium-dependent genes
post excitation (Nanou and Catterall 2018; Berger and Bartsch 2014; Zeeba D. Kabir, Martinez-
Rivera, and Rajadhyaksha 2017). There are 4 main subtypes of LTCCs: Cay1.1 to Cay1.4. Cay1.2
and Cay1.3 channels have a broad expression pattern and are found in the heart, the smooth
muscles, the pancreas, the adrenal glands, and the brain. Cay1.1 expression is restricted to the

skeletal muscles and Cay1.4 to the retinal cells (Sven Moosmang et al. 2005).

Extracellular

Intracellular

Figure 3: Structure of a voltage gated calcium channel. Voltage gated calcium channels are multi-
subunit complexes consisting of a transmembrane pore-forming a1 subunit, an intracellular § subunit that
modulate current density by regulating channel open state probability, a transmembrane y subunit that
interacts with the voltage sensor on the al subunit and an extracellular 026 subunit that regulates channel

kinetics. (Image created with BioRender.com)

The CACNALC gene, identified as a risk factor for psychiatric disorders, codes for the a1 subunit
of the Cay1.2 calcium channel. As previously mentioned, the al subunit is the pore-forming

subunit that acts as a voltage sensor, selectivity filter, an ion conductivity pore and provides
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binding sites for all calcium channel activators and blockers (Hofmann, Lacinova, and Klugbauer
1999). Cav1.2 and Cay1.3 are the predominant LTCCs in the brain with Cay1.2 accounting for 89%
of LTCCs and Cay1.3 comprises of 11% (Berger and Bartsch 2014). Both channels have high
levels of sequence and structural similarities and overlapping expression patterns. Due to the high
degree of similarity between the two channels, they are indistinguishable by currently available

agonists and antagonists.

Despite their overlapping expression patterns, recent studies have reported unique characteristics
and contributions of the two channels in neuronal function and behavior (Zeeba D. Kabir,
Martinez-Rivera, and Rajadhyaksha 2017). For example, analysis of expression patterns through
development further revealed declining expression of Cay1.2 mRNA in mouse cortex and
hippocampus, with higher expression during embryonic and early postnatal stages (Schlick,
Flucher, and Obermair 2010; Kramer et al. 2012). Cay1.3 mRNA expression, on the other hand,
was stable throughout development suggesting differential roles of the two channels through
development and adulthood. To support this theory, a study by Dedic et. al., showed that
embryonic deletion of Cay1.2 channels in mouse forebrain glutamatergic neurons, resulted in
impaired spatial memory and long term potentiation whereas deletion at adulthood resulted in

improved memory in mice (Dedic et al. 2018).

a b Presynaptic neuron
Ca,1.2 channel

k3 :

1 ©0
| ,

I O “Neurotransmitter
¢ ) Y -
L) Ca,1.2

Neurons  Astrocytes Oligodendrocyte  Microglia

ke
2

Postsynaptic neuron

Figure 4: Expression of Cay1.2 calcium channels. a) Ca,1.2 channels are expressed in different cell types

of the brain - neurons, astrocytes, oligodendrocytes, and microglia. b) Cay1.2 channels are mainly localized
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in post synaptic neuronal dendritic spines and somato-dendritic regions (here expression is shown in a

dendritic spine). (Image created with BioRender.com)

Cav1.2 LTCCs are expressed in neurons, oligodendrocytes, astrocytes and microglia (Cheli et al.
2016; 2018; Dedic et al. 2018; Nanou and Catterall 2018; Xinshuang Wang et al. 2019; Zamora et
al. 2020; Pitman et al. 2020; Hopp 2021). They are mainly localized in postsynaptic dendritic
spines and shafts and somatic regions of the neurons (Figure 4) (Leitch et al. 2009; Berger and
Bartsch 2014; Zeeba D. Kabir, Martinez-Rivera, and Rajadhyaksha 2017). They are pivotal for
experience-dependent plasticity in the brain and play key roles in processes involved in normal

brain development and function.
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Figure 5: Signaling cascades downstream of Cay1.2 channels. Entry of calcium (Ca?*) through Cay1.2
channels after depolarization triggers a cascade of downstream signaling molecules that are required for
activation and regulation of gene transcription. Abbreviations - CaN: calcineurin, NFAT: nuclear factor of
activated T-cells, CamK: Ca?"/ calmodulin-dependent protein kinase, CREB: cAMP response element

binding protein. (Image Created with BioRender.com)

In vitro and rodent studies have explored the functional role of Cay1.2 channels in the brain. Cay1.2
channels regulate activity dependent gene expression, also known as excitation-transcription (E-
T) coupling (Wheeler et al. 2008; Marcantoni et al. 2020) and play a vital role in dendritic
development (Morton et al. 2013; Krey et al. 2013), neuronal survival (Anni S. Lee et al. 2016; De
Jesus-Cortés, Rajadhyaksha, and Pieper 2016), synaptic plasticity (Nanou and Catterall 2018),
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memory formation, learning and behavior (Z. D. Kabir, Lee, and Rajadhyaksha 2016; Zeeba D.
Kabir, Martinez-Rivera, and Rajadhyaksha 2017; Moon et al. 2018). Depolarization mediated
calcium influx through Cay1.2 channels along with other supporting proteins - like B subunit,
AKAP (A-kinase anchoring protein) proteins and other kinases - triggers multiple signaling
pathways such as the CAMKII (Ca?*/ calmodulin-dependent protein kinase 11), MAPK/ERK
(mitogen-activated protein kinase/ extracellular signal-regulated kinase) and Calcineurin/NFAT
(nuclear factor of activated T-cells) pathways. This activates and translocates transcription factors
like CREB (cCAMP (cyclic adenosine monophosphate) response element binding protein) and
NFAT to the nucleus, thereby triggering and regulating gene expression (Figure 5) (Berger and
Bartsch 2014; Nanou and Catterall 2018).

1.5. Preclinical approaches to study psychiatric disorders

Practical limitations and challenges in accessing the living human brain to study higher order brain
functions necessitate the need for animal models. These animal models help to improve our
understanding of the neurobiological mechanisms involved in psychiatric disorders and to study
pharmacological targets to treat the same (Nestler and Hyman 2010). Thus, animal models
exhibiting endophenotypes of these complex psychiatric disorders serve as valuable preclinical
tools. It is important here to distinguish between an animal model of psychiatric disorders and a
behavioral test since the two terms are often ambiguously described. An animal model is analogous
to the human pathological conditions, representing a complex range of cognitive and emotional
symptoms and is used to understand the underlying biological processes in a disease condition.
Whereas a behavioral test is essentially used for verifying the human symptomology in animals
but is not specific to any disease (Teegarden 2012; Belovicova et al. 2017). Current advances in
genetic engineering have provided the technology necessary for gene manipulations to generate
animal models that can be used to study a particular disease. Rodent models are most popularly
used in psychiatric disorders because of the ease with which genetic manipulations can be done
and the many similarities in neuroanatomy, physiology and neurochemistry between human and

rodent brains (Chadman, Yang, and Crawley 2009).

Transgenic rodent models are typically generated to target genes of interest that have previously
been reported in human genetic and GWAS studies. With currently available genetic tools several

modifications in rodents can be achieved - 1) addition of a new gene, 2) overexpression or
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knockout of an existing gene including conditional tissue- and cell type-specific overexpression or
knockouts, 3) knock-in of human disease-associated gene polymorphisms, 4) viral vector
injections to generate knockdown or overexpression of genes in specific brain regions. But to be
used as a disease model, rodent models need to fulfill the standard triad of requirements and the
criteria for that include: construct validity, face validity and predictive validity (Jones, Watson,
and Fone 2011; Chadman, Yang, and Crawley 2009).

Construct validity refers to the extent to which a method used to generate a particular animal model
is relevant to the human disease etiology that is modeled. Face validity refers to the similarities of
symptoms or characteristic features observed in the animal model to what is observed in the human
disease. Predictive validity refers to the responses of the animal models to therapeutic treatments
that are used in humans. However, due to the complex and heterogeneous nature of psychiatric
disorders, generating rodent models that adhere to the standard triad of requirements can be
challenging. For example, while some behavior aspects such as social withdrawal, anxiety, and
working memory could be modeled with some approximation in rodents, other behavior traits such
as hallucinations, delusions, sadness, or guilt which seem unique to humans are far more difficult
or even impossible to model in animals. Thus, most studies employ a combination of genetic
manipulations and behavioral assays that typically model individual components of disease
symptoms to investigate and understand the neurobiological mechanisms depending on their
hypotheses (Chadman, Yang, and Crawley 2009).

1.5.1. Sex as a biological variable in animal models

Human clinical studies have repeatedly highlighted clear sex dimorphisms in psychiatric disorders.
Women are twice as likely to develop anxiety, mood and other stress-related disorders as men
(Bromet et al. 2011; Altemus, Sarvaiya, and Neill Epperson 2014). In SCZ, men are at a higher
risk of early onset of disease and more negative symptoms compared to women (Aleman, Kahn,
and Selten 2003; R. Li et al. 2016), whereas inconsistent gender roles have been reported in BD
(Suwalska and Lojko 2014). Similarly, ADHD and ASD are reported more in men than in women
(Werling and Geschwind 2013; Arnett et al. 2015).

Despite a clear distinction in diagnosis and manifestation of psychiatric disorders in clinical

studies, preclinical research largely has a sex bias toward male animals. Analysis of published
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articles in major biological fields showed a male bias in 8 out of the 10 fields analyzed, a strong
bias seen especially in neuroscience (Shansky and Woolley 2016; Beery 2018). To curb this issue,
a policy from the National Institute of Health (NIH) in 2014 urged scientists to consider sex as a
biological variable (Arnegard et al. 2020). This mandate, however, has been met with equal

amounts of support and criticism.

Bias toward use of male rodents arises mostly from certain presumptions: 1) females are more
variable than males (this assumption is applied to both clinical and preclinical research), 2) female
animals need to be tested across estrous cycle to account for variability arising from the impact of
estrous cycle, 3) including both sexes in preclinical research increases variability and hence would
require increased sample sizes. Multiple meta-analysis studies have however refuted these
presumptions by showing that female rodents show an overall variability similar to male animals
(Shansky and Woolley 2016; Becker, Prendergast, and Liang 2016; Beery 2018). A meta-analysis
of gene expression in different tissues in mice and humans also showed no overall phenotypic
variability between males and females (Itoh and Arnold 2015). Thus, inclusion of both sexes in
preclinical research would provide valuable insights into the sex differences in the biological

mechanisms that underlie disease manifestation.

1.6. Role of environmental factors in the etiology of psychiatric disorders

Family and twin heritability studies revealed the vital role of genetic factors in the etiology of
psychiatric disorders. Heritability estimates from these twin studies range from around 80% for
SCZ t0 60-80% in BD and 41-49% in MD (Johansson et al. 2019; McGuffin et al. 2003; McMahon
2018; Corfield et al. 2017; Hilker et al. 2018; Cardno et al. 1999). A recent GWAS study reports
considerably lower heritability estimates for the five major psychiatric disorders compared to
family studies (between 17-28% for SCZ, BD, MD, ADHD and ASD) (S. H. Lee et al. 2013). Thus
it could be hypothesized that in addition to genetic risk factors, other non-genetic factors such as
environment also contribute to development of psychiatric disorders (Schmitt et al. 2014).
Exposure to adverse experiences such as maternal separation, impoverished care, abuse or other
traumatic events, especially during early life affects physiological and psychological development
leading to an additive effect along with pre-existing genetics, thereby conferring risk to onset of

psychiatric disorders (Figure 6) (Baram et al. 2012; Reinwald et al. 2018).
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Maternal separation or inadequate maternal care is one of the major contributors of early life stress
(ELS). In humans, adequate maternal care and attention are necessary to form secure attachments
and this forms a basis for emotional regulation and social adeptness (Rincén-Cortés and Sullivan
2014). Cognitive and emotional deficits are associated with inadequate maternal care not only in
humans, but also in non-human primates and rodents (Heim and Nemeroff 2001; Sanchez, Ladd,
and Plotsky 2001). These studies attribute sensory signals from adequate maternal care to
positively influence the developing brain and a lack thereof contribute to emotional and cognitive
vulnerabilities in later life. Thus, there is a need to investigate the underlying mechanisms of
environmental influences and their interaction with pre-existing genetic vulnerabilities in

development of psychiatric disorders.

Gene x environment interaction Psychiatric disorders

R

Early life stress

+ —

] Maternal separation .
Genetic variation  Impoverished care Anxiety
Abuse Depression
Autism

Bipolar disorder
Schizophrenia

Figure 6: Gene x environment interaction contributes to etiology of psychiatric disorders. Genetic
variations contribute to a small percentage of disease risk indicating that there are other risk factors involved
in the development of psychiatric disorders. Early life adversity, which is one such example, can have an
additive effect to pre-existing genetic variations, thereby leading to development of neuropsychiatric

disorders in adulthood. (Image created with BioRender.com)

A number of clinical studies have attempted to explore such gene x environment interactions in
relation to psychiatric disorders. In the context of CACNALC, a study by Klaus et.al., showed that
risk allele carriers of rs1006737 SNP had reduced cortisol awakening response (a biomarker of
hypothalamic-pituitary-adrenal (HPA) axis regulation) which might be predictive of the
susceptibility to ELS (Klaus et al. 2018). Although the exact mechanisms by which CACNA1C
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interacts with the HPA axis is currently unknown, glucocorticoids are known to increase calcium
channel expression and current (Karst et al. 2002; Chameau et al. 2007). Exposure to chronic stress
and glucocorticoid release might increase calcium load and have deleterious long term effects on
cell function (Joéls and Karst 2012). In another study, the CACNALC risk allele in combination
with childhood trauma suggested an increased vulnerability to schizotypal traits and increased or
decreased ventral anterior cingulate cortex (vVACC) activation depending on the minor/ major allele
(Krautheim et al. 2018). Minor alleles of two other less studied SNPs, rs73248708 and
rs116625684, were also shown to interact with adult trauma to increase the risk for depression
(Dedic et al. 2018). Thus, to study the neurobiological mechanisms of gene x environment
interactions in the etiology of psychiatric disorders, stress paradigms specific for rodent models

were designed.

Maternal separation paradigm

R’

Inadequate and disrupted
maternal care

; < BT Pups separated from mother
K_/ (e.g. 3h/day PND 2-12)
Pups with mother in home cage
Limited bedding and nesting paradigm

Control group with normal Stress group with limited
bedding and nesting bedding and nesting

Adequate maternal care Inadequate and disrupted
maternal care

Figure 7: Different types of early life stress paradigms used in rodents. Maternal separation (top) is a
commonly used well established early life stress paradigm where the pups are separated from the dams for
extended periods of time over several days. It is also a clinically relevant model that targets aspects of
childhood neglect. Limited bedding and nesting paradigm (bottom) is a more recently developed early life
stress model that aims at inducing stress in pups by providing impoverished nesting environment for the
dams. The impoverished environment affects the nursing behavior of the dams, thereby causing stressful

situation for the pups. (Image created with BioRender.com)
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Two commonly used methods to induce ELS in rodents are maternal separation (MS) and a more
recently developed limited bedding and nesting (LBN) stress (Figure 7). MS is a well-established
ELS model in rodents, where pups are separated from their mothers repeatedly for prolonged
periods of time. This method is clinically relevant and illustrates aspects of childhood neglect. It
is also associated with disrupted brain development and emotional and cognitive dysfunction in
later life (Atrooz, Liu, and Salim 2019). Unlike human early life adversity, however, MS is highly
predictable, might alter maternal behavior significantly and does not fully capture the poor parental
care (Jenny Molet et al. 2014; Walker et al. 2017).

The LBN stress is a more recently developed model of impoverished environment during early life
which leads to aberrant maternal care and thus stressful scenario for the rodents (Rice et al. 2008;
Walker et al. 2017; Bolton et al. 2017). LBN stress is known to induce anxiety- and depression-
related behaviors, deficits in social interaction and cognitive impairments, increased vulnerability
to additional stress, along with structural changes such as reduced dendritic complexity and spine
density and altered neurogenesis (Walker et al. 2017). Impaired memory performance, increased
expression of the stress peptide corticotropin-releasing hormone (CRH), dendritic atrophy and
LTP attenuation were observed in rats exposed to the LBN stress (Ivy et al. 2010). Similarly,
reduced body weight, impaired spatial memory, disrupted long term potentiation (LTP) and
reduced spine density were also seen in wildtype mice exposed to the LBN stress while genetic
deletion of CRHR1 ameliorated these effects in LBN stressed mice (X. D. Wang et al. 2011; X.-
D. Wang et al. 2012). Furthermore, LBN stress induced severe anhedonia in rodents along with
altered pleasure/ reward and stress-network interactions and increased stress-related peptide CRH
(Bolton, Molet, et al. 2018). Another study also showed a sex dependent effect of LBN stress,
where stressed female mice but not males exhibited increased depression-related behavior
(Goodwill et al. 2018). In addition, LBN stress has aggravating effects on models of
neurodegeneration. When a mouse model of Alzheimer’s disease was subjected to the LBN stress,
it exacerbated AP plaques, enhanced neuroinflammatory markers and reduced microglial

complexity especially in the hippocampus (Hoeijmakers et al. 2017).

Other forms of stress, such as chronic unpredictable stress and chronic social defeat stress models
have been vastly applied on mouse models of Cay1.2. These studies report increased vulnerability
associated with Cay1.2 channels to develop stress-linked depression- and anxiety-related
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phenotypes (Bavley et al. 2017; Chantelle E. Terrillion et al. 2017; Dedic et al. 2018). Effects of
ELS on Cay1.2 mouse models, however, are currently unexplored.

1.7. Delving into the physiology of Cav1.2 channels

1.7.1. Studying Cav1.2 channel function in vitro

Where access to the brain tissue proves to be a challenge and use of animal models is practically
limited, in vitro studies proved resourceful in probing into the function and properties of LTCCs.
From electrophysiological studies on brain slices to the use of induced pluripotent cells and other

cells, in vitro studies have explored the diverse roles played by LTCCs.

Electrophysiological studies on aged rat hippocampal slices showed that LTCC facilitate long-
term depression (LTD) during low synaptic activity whereas they impaired LTP upon high rates
of synaptic activation (Norris, Halpain, and Foster 1998). This was probably one of the first studies
to suggest an age-dependent role of Cay1.2 channels in memory formation which has later been
proven in rodent studies as well (Zanos et al. 2015; Dedic et al. 2018). Cay1.2 channel deficiency
at development and at adulthood had opposing effects on LTP and cognitive tasks. Mice with
developmental deletion showed impaired LTP and cognitive flexibility, while mice with deletion
of Cav1.2 channels in adulthood showed enhanced LTP and better cognitive flexibility (Dedic et
al. 2018).

Furthermore, another electrophysiological study identified two distinct types of LTP at thalamic
circuits - LTCC-dependent and N-methyl-D-aspartate receptors (NMDAR)-dependent - an
evidence supporting a role for LTCC in memory formation (Bauer, Schafe, and LeDoux 2002). In
addition, studies in vivo revealed a differential role for the two LTP in fear memory formation
where NMDAR-dependent LTP was required for both short-term and long-term memory, while
VGCC-dependent LTP was required only for long-term memory formation. A similar differential
role was also observed in a mouse model of Cay1.2, where loss of Cay1.2 channels resulted in a
selective loss of NMDAR-independent late-phase LTP and spatial memory impairment (S.
Moosmang 2005).

As mentioned previously, one of the main reasons for a male bias in rodent studies is related to

possible effects of estrogen on behavior. Perhaps in support of this theory, an interesting study
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revealed an interaction between estrogens and Cay1.2 channels in hippocampal primary cultures
and hippocampal slices (Sarkar et al. 2008). Low concentrations of estrogens reacted with Cay1.2
channels to induce spinogenesis independent of the estrogen receptor. Although Cay1.2 channels
and estrogen interact in vitro, whether this interaction affects rodent behavior in Cay1.2 models is

yet to be investigated.

Other in vitro studies have mostly probed into the activation of downstream signaling cascades by
Cav1.2 channels. Introduction of Timothy syndrome mutations G406R and G402S into HEK 293
cells revealed that Cayv1.2 channels induce E-T coupling which requires the presence of auxiliary
B subunit (Servili et al. 2018; 2020). Furthermore, depolarization-induced transcriptional
activation was initiated by the Ras/ ERK/ CREB pathway. Timothy syndrome mutations caused
slower channel inactivation due to reduced voltage- and calcium-dependent inactivation, which
resulted in prolonged action potentials and calcium overload. Recording of spontaneous
regenerative calcium transients (SRCaTs) in developing cortical neurons also revealed that Cay1.2
channels are essential for neurite growth and radial migration of layer 2/3 cortical excitatory
neurons (Kamijo et al. 2018). In summary, Cay1.2 channels are a vital source of calcium that

triggers a cascade of signaling pathways essential for development and maturation of the brain.

1.7.2. Pharmacological approaches: Calcium channel blockers

LTCC blockers such as verapamil and nifedipine are widely used to treat hypertension and angina.
They might have some potential to be used as treatments for psychiatric disorders as well. LTCC
blockers have been applied as experimental treatment for BD with no clear results but they induce
other side effects like bradycardia, nausea, headaches, dizziness, weakness etc. (Dubovsky 2019).
Pharmacological studies using LTCC activators and inhibitors imply a complex role for LTCCs in
various brain functions including mood regulation and learning and memory. Dihydropyridine
(DHP) drugs such as nifedipine are known to have anti-depressant properties in rodent models
which were antagonized by the calcium channel agonist Bay K 8644 (Mogilnicka, Czyrak, and
Maj 1988; Cohen, Perrault, and Sanger 1997). In contrast to DHP drugs, other LTCC blockers
such as verapamil and diltiazem showed no such effects. This contrasting effect of different LTCC
blockers has been attributed to different binding sites of DHP drugs and non-DHP drugs on the
calcium channel (Cohen, Perrault, and Sanger 1997; Mogilnicka, Czyrak, and Maj 1988).
Furthermore, LTCC blockers had ameliorating effects on age-related working memory deficits in
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rodents and selectively impaired long term fear memory formation (Bauer, Schafe, and LeDoux
2002; Veng, Mesches, and Browning 2003). Studies with LTCC blockers also presented a role for
LTCCs in drug dependence (Shibasaki, Kurokawa, and Ohkuma 2010). Pharmacological
approaches using LTCC blockers in rodents provide some insights in the functioning of LTCCs
but there are certain limitations. Firstly, systemic administration of high concentrations of LTCC
blockers causes cardiovascular side effects, thereby increasing blood pressure and decreasing
cardiac contractility. Thus, any phenotypes observed in in vivo studies, especially in experiments
studying behavior, might be questionable and inconclusive at best. In addition, though LTCC
blockers are specific for L-type calcium channels, distinction between subtypes Cay1.2 and Cay1.3
channels, both with overlapping expression patterns in the brain, is not possible, thus further
limiting the use of this approach for in vivo studies (Sven Moosmang et al. 2005; Berger and
Bartsch 2014).

1.7.3. Genetically modified rodent models

To overcome the limitations of lack of channel subtype discrimination by LTCC blockers, rodent
models were generated using genetic approaches targeting specific channel properties and channel-
specific genes. Studies with Cay1.2°H" mice with a selective elimination of DHP sensitivity of
the Cay1.2 channel revealed differential roles for Cay1.2 and Cay1.3 channels in activation of
neuronal circuits as well as neurotransmitter release and a possible role of LTCC in mood disorders
(Sinnegger-Brauns et al. 2004). One advantage of using this mouse model is that there are no
compensatory effects from other calcium channels. However, this mouse model specifically targets
Cay1.3 channel activation and pharmacological interventions without insights into Cay1.2 channel
functions. Thus, a more targeted rodent model that is specific for the Cay1.2 channels was required
to investigate the role of Cay1.2 channels in the brain.

One of the first genetic models designed to probe into Cay1.2 channel functions used the Cre-lox
recombination system to induce a cell type-specific deletion of Cay1.2 channels in mouse forebrain
glutamatergic neurons. This selective haploinsufficiency resulted in impaired spatial memory and
loss of late-phase LTP (S. Moosmang 2005). Subsequently, many different models have been
generated which either target the channel in a cell type-specific manner, focally in specific brain
regions or pan-neuronal deletions of the channel in both mice and rats. Table 2 summarizes the

different rodent models of Cay1.2 targeting strategies and the phenotypes observed.
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Table 2: Summary of different animal models of Ca,1.2. Genetic modifications used in different rodent
models to study Cay1.2 channel deletion effects on behavior and molecular phenotypes. (= indicates no

effect, x indicates impaired, 1 and | means enhanced or reduced effects respectively)

Targeting Rodent

Transgenic line Phenotype References
strategy model
Ca,l1.2Hcko Conditional : :
- x gpatial learning, x NMDAR-
Inactivation in Nex-Cre _ : (S. Moosmang
: Mice independent LTP, x CREB
cerebral cortex and mediated - 2005)
: - activation
hippocampus inactivation
Cay1.2-Dey©Iu-cKo 1 anxiety, hyperlocomotion, x
Glutamatergic Nex-Cre Mi social interaction, 1 active (Dedic et al.
ice
neuron-specific mediated stress coping behavior, x 2018)
deletion cognitive flexibility
Conditional
Cay1.2°0 CamKIlI-Cre v x remote (long-term) spatial (White et al.
ice
Forebrain deletion mediated memory 2008)
inactivation

Forebrain-cacnalc

cKO (fbKO)
Forebrain-specific
inactivation (~70% ] ] (ASLeeetal.
o 1 anxiety-like behaviors, x ]
elimination in ) ] ] 2012; Anni S.
) CamKIlI-Cre ) social behavior, x learning and
hippocampus, ) Mice ) ] Lee et al. 2016;
mediated memory, T E/I ratio, | protein )
prefrontal cortex, ] ) Z. D. Kabir et
synthesis, | neuronal survival
basolateral al. 2017)
amygdala, striatum,
and nucleus
accumbens)
Camk2a-
Cayl1.2-AdClu-cKo CreERT2 = anxiety, social interaction,
Glutamatergic mediated . stress coping, partial (Dedic et al.
ice
neuron-specific inactivation hyperlocomotion, 1 cognitive 2018)
deletion in adults induced by flexibility

tamoxifen
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CamKII-Cre ) x dependence-induced alcohol (Uhrig et al.
cKO ) Mice )
mediated seeking 2017)

Cell
Cavl'zACC/Cre
o permeable x observational fear learning, |
Inactivation in ) ) ) ) (Jeon et al.
o peptide based Mice pain responses, = anxiety and
anterior cingulate ) ) 2010)
Cre-mediated innate fear
cortex o
inactivation

= physical characteristics,

Red/ET motor abilities and reflexes, =
Ts2-neo recombineerin anxiety, locomotor, and diurnal
Het G>A technol hythm, h tivity i | (Bader et al
eterozygous G> g technology ) rhythm, hypoactivity in nove
) o Mice ) - 2011; Bett et
point mutation in and environment, 1 repetitive
) ) al. 2012)
exon 8A homologous behavior, | social preference,
recombination persistent fear memories, 1

serotonin tissue content and
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axon innervation of dorsal

striatum, T active stress coping

. Viral based
Cacnalc conditional )
Cre mediated ) o (Chantelle E.
knockout ) . 1 anxiety, 1 susceptibility to .

deletion Mice ] Terrillion et al.

Nucleus accumbens- social defeat stress
. . (AAV-CMV- 2017)
specific deletion
Cre-GFP)

Attenuated extinction of
conditional place preference, =

D1-cacnalc KO CamKII and GIluAl
Specific deletion in Drd1-Cre phosphorylation levels in (Burgdorf et al.
dopamine receptor mediated Mice hippocampal post-synaptic 2017; Bavley et
D1R expressing deletion density, persistent contextual al. 2020)
neurons fear, 1 anxiety, X remote spatial

memory, T young hippocampal
neuronal death
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Conditional deletion
in oligodendrocyte
progenitor cells
(OPCs)

TgGlast-CreER/
Cacnalc™
RCE:loxP
(Deletion in

astrocyte-like stem

cells)

Inducible
conditional KO in
GFAP-positive cells

CreER: Cacnalcff

HET
Cacnalc
heterozygous

knockout

mediated
inactivation
NG2-CreER

mediated
Tamoxifen
injection at
P10 and P30

Inducible
Glast-Cre
mediated

GFAP-
CreER™
mediated

inactivation

Pdgfra-CreER
mediated

Targeted
inactivation of
Cacnalc using

Zinc-finger
nuclease

technology

Mice

Mice

Mice

Mice

Rat

dorsal raphe nucleus sub

regions

| myelin protein expression,
OPC proliferation, myelinating
oligodendrocytes, and

migration

| cell proliferation, | neurons
and 1 astrocytes under
differentiation conditions, |

neurogenesis

| astrocyte and microglia
activation, | inflammation
during demyelination, promotes
remyelination in cuprizone
model of myelin injury and
repair
1 proliferation of OPCs, =
oligodendrocyte numbers or
myelination, | OPC density in
corpus callosum
= locomotion, anxiety, startle
response, altered reversal
learning, | BDNF expression in
prefrontal cortex, = spatial
learning, reversal learning,
reward sensitivity, cognitive
flexibility, x socio-affective
communication with sex-
specific effects
(hypermasculinization in

female haploinsufficient rats)

(Cheli et al.
2016)

(\Volkening et
al. 2017)

(Zamora et al.
2020)

(Pitman et al.
2020)

(Sykes et al.
2018; Braun et
al. 2018; Kisko

etal. 2018;

2020)
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The studies mentioned in Table 2 report mostly consistent phenotypes - increased anxiety,
impaired social behavior, and cognitive deficits - with some exceptions. In addition, rodent studies
have also indicated a role for Cay1.2 channels in alcohol and drug dependency (Uhrig et al. 2017).
Aside from specific deletions in neurons, mouse models harboring deletion in glial cells such as
oligodendrocytes and astrocytes have provided us with further insights into the diverse roles played
by Cay1.2 channels. Not only do Cay1.2 channels affect behavior, but they are also vital for neural
cell fate decision, neuronal survival, and myelination and may even play a role in
neuroinflammation. Thus, genetic models are useful tools to further explore the functional role of
the Cay1.2 channels in the etiology of psychiatric disorders and the underlying neurobiological

mechanisms.
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2. Objectives of the study

Association of SNPs in the CACNA1C gene with psychiatric disorders have been one of the most
robustly replicated findings in GWA studies. A considerable number of studies have also reported
an interaction of CACNALC with stress in both clinical and preclinical reports. However, there are
still several questions unanswered in terms of underlying mechanisms involved. This thesis aimed

to address the following three questions.

Objective 1: How do the Cav1.2 channels interact with early life stress in mice?

Clinical studies have shown that CACNAL1C SNPs interact with early life adversity where the risk
allele predicts vulnerability to stress (Klaus et al. 2018; Dedic et al. 2018). Preclinical Cay1.2
mouse models exposed to chronic social defeat stress or chronic unpredictable stress also exhibited
increased susceptibility to stress-associated depression- and anxiety-related phenotypes (Bavley et
al. 2017; Chantelle E. Terrillion et al. 2017; Dedic et al. 2018). However, there are currently no
studies that have explored the interaction of the Cay1.2 channels with ELS in mice. We thus
designed an experiment to expose Cay1.2-Nex mice (with a specific deletion of Cay1.2 channels
in glutamatergic neurons of the forebrain) to the LBN early life stress paradigm. Cay1l.2-Nex
animals are already known to show strong behavioral alterations compared to their control
littermates (Dedic et al. 2018). Thus, | wanted to test if LBN stress in combination with the Cay1.2
channel deletion would have an additional effect on those behavioral phenotypes. Furthermore, it
is well known that chronic stress results in dendritic atrophy and Cay1.2 channels are involved in
structural plasticity including neurite elongation (lvy et al. 2010; Morton et al. 2013; Walker et al.
2017; Kamijo et al. 2018). Thus, | wanted to explore the combined gene x environment effects on
cellular morphology and proteins downstream of Cay1.2 signaling that are known to be involved

in dendritic branching.

Objective 2: Do female Cavl.2-Nex conditional knockout mice exhibit behaviors previously
reported in males?

Previous studies in Cay1.2 mouse models have largely focused on male animals, including a study
from our lab using the Cay1.2-Nex mice (Dedic et al. 2018). A major reason for such a bias is that
the estrous cycle in female mice would introduce high variability in behavioral studies. In the
context of Cay1.2 channels, one in vitro study even revealed an interesting interaction between

estrogen and Cay1.2 channels. The study showed that low levels of estrogen could enhance Cay1.2
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signaling and result in spinogenesis in hippocampal cultures (Sarkar et al. 2008). Thus, | wanted
to explore the phenotype of female Cay1.2-Nex animals in a behavioral test battery and whether
the estrous cycle interacts with Cay1.2 channels to affect the behavioral phenotype. Furthermore,
| wanted to investigate the effect of Cay1.2 channel deletion on dendritic morphology of
hippocampal pyramidal neurons in female mice and further probe into the proteins involved in

dendritogenesis.

Objective 3: How does Cavl1.2 channel deletion in GABAergic neurons affect the behavioral
phenotype of mice?

One of the theories postulates that dysfunction of GABAergic neurons might contribute to the
development of psychiatric disorders (Rossignol 2011; Marin 2012). Cay1.2 channels are also
known to play a role in maturation of parvalbumin positive interneurons (Jiang and Swann 2005).
As summarized in Table 2, several conditional mouse models of Cay1.2 exist. These models harbor
modifications targeting Cay1.2 channels either in all neurons or specifically in glutamatergic,
serotonergic or dopaminergic neurons or in glial cells (S. Moosmang 2005; Cheli et al. 2016;
Burgdorf et al. 2017; Ehlinger and Commons 2019; Zamora et al. 2020). To our knowledge no
study has explored the role of Cayl1.2 channels specifically in GABAergic neurons. Thus, |
designed experiments to generate and characterize mice harboring Cay1.2 channel deletion in all
GABAergic neurons and more specifically in parvalbumin positive GABAergic neurons using

respective Cre driver mouse lines.
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3. Materials and methods

3.1.Animals

All animal experiments were conducted in accordance with and approved by the Guide of the Care
and Use of Laboratory Animals of the Government of Bavaria, Germany. Mice were 4-6 months
of age at the time of experimentation unless otherwise mentioned. Mice were group housed (unless
mentioned otherwise) in standard I\VVC cages under standard laboratory conditions (22 + 1°C, 55 £
5% humidity) and were maintained on a 12-hour light-dark cycle (lights on between 6:00 am and

6:00 pm) with ad libitum food and water.

3.2.Animal handling before and during behavioral testing

Mice were marked by ear-punching at weaning and a small tail-tip cut was taken for genotyping.
Animals were transported to the experimental rooms at least a week prior to behavioral testing and
weighed and handled by the experimenter whenever necessary prior to testing procedures. Mice
were group housed or single housed whenever necessary depending on the experimental
procedures. Animals were monitored for scars or wounds throughout the testing procedures and

their weights recorded every four days or daily as required by the experiments.

3.3.Transgenic mouse lines

Cav1.2-Nex transgenic line with Cacnalc inactivation specifically in the forebrain glutamatergic
neurons during development was generated by breeding heterozygous Nex-Cre mice with
Cacnalc* or Cacnalc'®™/'* mice. Through this breeding control (Ctrl) animals (Cacnalc'®/¥)
and conditional knockout (CKO) animals (Cacnalc'®/*:Nex-Cre) were obtained. Ca,1.2-GABA
mouse line was generated by breeding mice with heterozygous inducible Cre-line Gad2-CreER™
mice with Cacnalc'®/'™ mice to obtain Cacnalc'®/'* and Cacnalc'®/'™: Gad2-CreER™. Cacnalc
inactivation specifically in GABAergic inhibitory neurons was achieved upon tamoxifen
administration via food or intraperitoneal injection. Cay1.2-PV transgenic mouse line was
generated by breeding PV-Cre mice with Cacnalc'®/'®* mice to obtain control (Cacnalc'®/1®) and
PV-CKO (Cacnalc'®/*: PV-Cre) mice with Cacnalc deletion specifically in parvalbumin
expressing GABAergic neurons. All the transgenic lines included a modified allele of the
ribosomal protein Rpl22, which upon Cre recombination activates a HA-tagged (Ribotag) variant
of Rpl22. This feature was used as a Cre-dependent reporter for validation of the different lines by

immunofluorescence staining.
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Figure 8: Mouse models used in this study. a) Ca,1.2-Nex mouse line where floxed Cacnalc mice are
crossed with Nex-Cre driver mice to obtain controls and CKO mice. b) Ca,1.2-Gad2ERT2 mouse line
where floxed Cacnalc mice are crossed with Gad2-CreERT2 Cre driver mice. Cre recombination is
achieved by tamoxifen administration. ¢) Cay1.2-PV mouse line where floxed Cacnalc mice are crossed

with PV-Cre driver mice to obtained controls and CKO-PV mice. (Image created with BioRender.com)

3.4.Genotyping

Tail biopsies were collected, digested and genomic DNA was isolated for genotyping. 2 ul of DNA
was amplified by PCR and the product separated by gel electrophoresis. The gels were imaged
with a Quantum ST4 gel documentation system and software. The following primers were used
for the PCR:
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Table 3: Primers used for genotyping the different transgenic mouse lines

Gene Primers PCR product size
5-AGAATGTGGAGTAGGGTGAC-3’ Wildtype: 770 bp
Nex-Cre  5’-CCGCATAACCAGTGAAACAG-3’ Mutant: 525 bp
5’-GAGTCCTGGAATCAGTCTTTTTC-3’
5’-TGGCCCCTAAGCAATGA-3’ WT + lox: 415 bp + 500
Cacnalc 5’-AGGGGTGTTCAGAGCAA-3’ bp
5’-CCCCAGCCAATAGAATGCCAA-3’ Mutant: 281 bp
Ribotag 5’-GGGACGCTTGCTGGATAT-3 Wildtype: 243 bp
5’-TTTCCAGACACAGGCTAAGTACAC-3>  Mutant: 290 bp
Gado. 5-ACGTTTCCTGTCCCTGTGTG-3’ Wildtype: 500 bp
CreERT? 5’-CAGACGCTGCAGTCTTTCAG-3’ Mutant: 280 bp
5-AGGCAAATTTTGGTGTACGG-3’
5’-AAATGCTTCTGTCCGTTTGC-3’ Wildtype: 500 bp
oV-Cre 5-ATGTTTAGCTGGCCCAAATG-3’ Mutant: 163 bp

5’-CAGAGCAGGCATGGTGACTA-3’
5’-AGTACCAAGCAGGCAGGAGA-3’

3.5. Tamoxifen administration via food and intraperitoneal injection

For the validation of the Cay1.2-GABA mouse line, Cre recombination was activated by tamoxifen

administered either via food (400 mg/kg tamoxifen citrate) or intraperitoneal injection (Figure 9).

One cohort of animals was administered tamoxifen-containing food for two weeks. After the

administration and a 1-week washout period, the animals were sacrificed, and brain tissue

harvested. For a second cohort, 100 mg/ml tamoxifen diluted in corn oil or vehicle was

administered via a single intraperitoneal injection. One week after the injection, the brain tissues

were harvested for immunofluorescence staining procedures.
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Tamoxifen food administration Tamoxifen i.p. injection single
(400 mg/kg) for 2 weeks dose 100 mg/kg

Figure 9: Tamoxifen administration via food or intraperitoneal injection. Cre recombination was
activated by tamoxifen administration. One cohort of animals were provided with tamoxifen food (400
mg/kg) for two weeks and sacrificed after a 1-week washout period. Another cohort of animals were
administered with a single dose of tamoxifen at 100 mg/kg concentration via intraperitoneal injection and

sacrificed after a week. (Image created with BioRender.com)

3.6.Early life stress — limited bedding and nesting paradigm (ELS - LBN)

50 breeding pairs (Males - Nex-Cre*®®: Cacnalc*'*: Ribotag'9; females - Nex-Cre*'*:
Cacnalc*’: Ribotag'¥"9) were set up to acquire the required genotypes and to perform the early
life stress paradigm. The LBN stress was performed as previously described (Figure 10) (Rice et

al. 2008).

Limited bedding and nesting paradigm

Unstressed group with normal Stress group with limited
bedding and nesting bedding and nesting

Adequate maternal care Inadequate and disrupted
maternal care

Figure 10: Limited bedding and nesting stress. Animals in the unstressed group are provided with normal
amount of bedding and nesting materials. Thus, dams provide sufficient maternal care to the pups. Stressed
group animals are provided with reduced bedding and nesting material thereby disrupting maternal

interaction with pups and creating a stressful early life environment. (Image created with BioRender.com)

Briefly, the males were separated from the females after 14 days and females were checked daily
for offspring. The birth of the pups was considered day 0. At day 2, the female mice and their pups

were assigned to unstressed or ELS groups randomly. The unstressed group was housed in a
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normal cage with normal amount of bedding and 1 complete nestlet. The ELS group was housed
in a cage with a metal grid on the floor of the cage, reduced bedding and half a nestlet. The litter
sizes were maintained to up to 10 animals per litter with a balanced sex ratio. The LBN stress was
conducted for 7 days (day 2 to day 9) after which all the animals were returned to normal housing
conditions. The pups were weaned at day 24-26 and their ears were marked for identification. The
pups were weighed on day 9 (immediately after LBN stress) and at weaning. Behavior tests were
conducted at 4 - 6 months of age. For the behavioral testing following the LBN stress, male animals
were single housed and female animals were kept in group house conditions due to space
constraints. Brain tissues were processed for either molecular or cellular studies after behavior

testing.

3.7.Estrous cycle determination
For estrous cycle determination, vaginal lavages were collected (Figure 11). Sample collection

was carried out in the afternoon between 03:00 pm and 05:00 pm.
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Figure 11: Estrous cycle determination. Vaginal lavages are collected and smeared on slides. The smears
are stained, and the different estrous cycle stages are determined based on the different cell types observed.

(Image created with BioRender.com)

The mice were placed on the food grid with the rear end elevated for easy sample collection. 40 pl
of 1x PBS was aspirated on the vaginal canal using a pipette taking care not to penetrate the
opening. PBS was aspirated 4-5 times or until the solution became cloudy. The fluid was then
spread on a glass slide. After sample collection, the smears were allowed to dry at 37°C for 30
minutes. Once dry, the slides stained with Wright-Giemsa (Sigma, #WG16-500ML) stain for 30

seconds and then placed in water for 3 minutes. The slides were then rinsed off with water to
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remove the excess stain and allowed to dry. Once dry, the samples were observed under a bright

field microscope to determine the various stages of the cycle using the following criteria:

Table 4: Various stages of the estrous cycles and their characteristic features

Cycle stage Description

Proestrous Presence of small and large nucleated epithelial cells, round in shape, found in
clusters. The sample appears blue/ light blue to violet in color.

Estrous Presence of cornified squamous epithelial cells, densely packed clusters and
anucleated or with ghost nucleus. Sample appears blue/ light blue in color.

Metestrous Presence of small leukocytes and cornified squamous epithelial cells. Sample
appears dark purple/ blue purple.

Diestrous  Abundant presence of leukocytes along with some nucleated epithelial cells and

very few cornified squamous epithelial cells. Sample appears dark purple.

3.8.Behavioral experiments

All behavioral experiments were conducted between 09:00 am and 05:00 pm. The animals were
group housed or single housed depending on the experiments. The video recording and analysis
were conducted using ANY-Maze software (Version 4.3, Stoelting Co., Wood Dale, lllinois),

unless mentioned otherwise.

Home cage activity

Activity in the home cage was monitored using an automated infrared tracking system (Mouse-E-
motion 2.3.6, Infra-E-Motion, Hagendeel, Germany). Animals were single housed for the home
cage activity measurements and the animals were left undisturbed for 7 days after the monitor was
set up. The activity data was taken after a day of habituation (day 2) for 96 hours to obtain an

accurate measure of activity during both light and dark cycles.

Open field test (OFT)
Locomotor activity and anxiety-related behavior was assessed using the open field test apparatus
(Figure 12). The apparatus (50 x 50 x 40 cm) was virtually divided into an outer zone and an inner

zone (30 x 30 cm) and evenly illuminated (10-20 Lux). The mice were placed in a corner at the
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beginning of the test and allowed to freely explore the apparatus for 30 minutes. Total distance

travelled, time spent in the inner zone and number of inner zone entries were assessed.

\ N

Open field chamber Open field test 30 min

Figure 12: Open field apparatus. Open field test was performed for 30 mins. Total distance travelled,
time spent in the inner zone (marked by red square) and number of inner zone entries were calculated.

(Image created with BioRender.com)

Elevated plus maze test (EPM)

The elevated plus maze test was used to assess anxiety-related behavior in mice. A plus shaped
elevated maze (30 cm) with two opposite open arms (5 x 30 cm), two closed arms (30 x 5 x 15
cm) and a central zone (5 x 5 cm) was used (Figure 13). The illumination in the open arms was
30 lux and <10 lux in the closed arms. The animals were placed in the central zone facing one of
the closed arms and were allowed to freely explore the maze for 10 minutes. Total distance

travelled, time spent in the open arms and number of open arm entries were assessed.

Figure 13: Elevated plus maze apparatus. EPM test was performed for 10 minutes. The apparatus is plus
shaped with two closed arms, two open arms and a center zone. Total distance travelled, time spent in open

arms and number of open arm entries were assessed using ANY-Maze. (Image created with Inkscape)

Light/ Dark box test (LDB)
The light/ dark box test is another test that assesses anxiety-related behavior in mice. The apparatus

consisted of a smaller dark chamber (15 x 25 x 21 cm) and a brightly illuminated chamber (30 x
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25 x 21 cm) that were connected by a small tunnel (5 x 7 cm) (Figure 14). The illumination in the
bright chamber was maintained at 700 lux to create a highly aversive environment. The mice were
placed in the dark chamber and allowed to freely explore for 10 minutes. The parameters assessed

included latency to enter the lit zone, number of entries into and time spent in the lit zone.

Light/ dark box test 10 min

Figure 14: Light/ dark box apparatus. LDB test was performed for 10 mins. The apparatus consists of a
smaller dark chamber and a larger brightly lit chamber (700 lux). Latency to enter brightly lit zone, number

of entries into and time spent in the lit zone were calculated. (Image created with BioRender.com)

Three-chambered social interaction test (3CT)

The three-chambered social interaction test assesses sociability and social novelty preference in
mice (Figure 15). The testing apparatus (50 x 25 x 40 cm) consists of three chambers: two larger
outer chambers (19 x 25 x 40 cm) and a center chamber (12 x 25 x 40 cm). Two small openings
connect the three chambers. The illumination in the apparatus was maintained at 30 lux. The
conspecific mice used as social mice in the test were 8-12 weeks old in the ELS experiments and
4 months old otherwise and were pre-habituated to the holding cups for two days prior to testing.
The paradigm consists of three stages with no inter-stage intervals. For each mouse, all three stages
were performed before moving to the next animal. The scoring was done manually, and the
parameters assessed were time spent in each chamber, time spent sniffing the empty holding cups

and time spent sniffing the social mice during stages 2 and 3.

First stage:

The first stage is the habituation stage. The wire holding cups were placed in the top corners of the
outer chambers. The test animals are placed in the center chamber and allowed to explore the
apparatus freely for 10 minutes. At the end of 10 minutes, the test animal was removed from the
apparatus and placed in the home cage.
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First stage Second stage Third stage
Ctemelll — Ul — @t 0L
Habituation 10 min Social interaction 10 min Novelty preference 10 min

Figure 15: Three-chambered social interaction test. 3CT test consists of three stages: habituation,
sociability, and novelty preference stages each lasting for 10 mins without inter-stage intervals. For each
test mouse all stages were performed before moving to the next mouse. Time sniffing the empty cups or
social mouse was manually calculated. (Image Created with BioRender.com)

Second stage:

In the second stage, an adult conspecific mouse (social mouse 1) was placed in one of the holding
cups randomly and the other one was left empty. The test animal was placed in the center chamber
and allowed to freely explore the apparatus for 10 minutes. After the testing time, the test animal
was returned to its home cage. The time spent sniffing the social mouse or the empty cup and the
time spent in the left or right chambers were scored and sociability was calculated according to the

formula:

Sociabilit Interaction time with social mouse 1 100
ociability = X
y Total interaction time with both holding cups

Third stage:

In the third stage, a novel conspecific mouse (social mouse 2) was placed in the other empty
holding cup. The test animal was again placed in the center chamber and allowed to explore the
apparatus freely for 10 minutes. After completion of the test, the test animals and the conspecifics
were returned to their respective home cages. The time spent sniffing the novel mouse versus the
familiar mouse and the time spent in the chambers was scored and the novelty preference and

discrimination index were calculated accordingly:

Interaction time with social mouse 2
Novelty preference = - - - - - — X 100
Total interaction time with both social mice

Interaction time with (social mouse 2 — social mouse 1)

Discrimination index = - - - - - -
interaction time with both social mice
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Novel object recognition (in open field apparatus) (NOR)

The novel object recognition (NOR) test is an effective way of testing different phases of learning
and memory. Here it was used to assess short term recognition memory. The open field apparatus
(50 x 50 x 40 cm) was used for the testing paradigm and illumination was maintained at 30 lux
(Figure 16).

- - -

Habituation 10 mins Acquisition 10 mins Testing 5 mins

Figure 16: Novel object recognition task. NOR test was performed in three stages: habituation,
acquisition, and testing. Animals were habituated to the open field chamber during the habituation stage.
During the acquisition stage, animals were allowed to interact with two familiar objects. During testing
stage, one object is replaced with a novel object and the time spent interacting with the novel object is
calculated. (Image created with BioRender.com)

Obijects of different shapes and patterns (two similar and one novel) were used in the test. The test
consisted of three stages: Habituation, acquisition, and testing stage. The test animals were first
habituated to the open field apparatus for 15 minutes. Then during the acquisition stage, two
similar objects were placed equidistant to one another and close to the top part of the arena. The
animals were allowed to explore the objects for 10 minutes. At the end of the acquisition stage,
the test animals were returned to their home cage for a 20-minute inter-trial interval (ITI). After
the interval, one of the objects was replaced with a novel object and the test animals were returned
to the arena to explore for 5 minutes. The time spent interacting with the familiar objects during
acquisition stage and the time spent interacting with the novel object during the testing stage were
scored manually. The object bias, total interaction times, novelty preference and discrimination

index were calculated accordingly.

) ) Interaction time with object 1
%0bject bias = - - - - - x 100
Total interaction time with both objects
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Total interaction time with both objects

%Total interaction time = , - x 100
Total time of the experiment

Interaction time with novel object or novel location 100
X

%Novelty preference = - - , - .
° ypref Total interaction time with both objects

Interaction time (novel object — familiar object)
Total interaction time with both objects

Discrimination index =

Y maze test

Y maze spontaneous alternation test was used to measure spatial working memory. The apparatus
consisted of three opaque arms at 120° angle from each other (30 x 10 x 15 cm) (Figure 17).
[llumination in the testing apparatus was maintained at 30 lux. The arms were virtually labeled
clockwise as A, B and C starting with the left arm. The test animal was introduced in the arm C

facing the wall and was allowed to freely explore the maze for 10 minutes.

Figure 17: Y maze apparatus. Y maze spontaneous alternation task was performed for 10 mins. The
animals were allowed to explore the apparatus and number of spontaneous alternations were calculated

manually. (Image created with Inkscape)

The number of triads (for example: ABC, BCA, CAB...) and the total number of arm entries were
scored manually while the total distance travelled in the maze was measured using the ANY-Maze
video tracking system. The percentage of spontaneous alternations was calculated using the

following formula:
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Number of triads

%spontaneous alternation = Total number of arm entries — 2 x 100

Novel object and Spatial object recognition in the Y maze apparatus (NOR and SOR)
The NOR and SOR tests was performed in the Y maze apparatus for Cay1.2-Nex female mice and
Cav1.2-PV mice (Figure 18).

Y-Y-Y

Habituation 10 mins Acquisition 15 mins Testing 5 mins

Y-Y-Y

Figure 18: Novel (top) and spatial (bottom) object recognition in Y maze apparatus. Animals were
habituated to the Y maze and then NOR and SOR acquisition and testing stages were performed as
described above. Object interaction times were calculated manually and the novelty preference, object bias
and discrimination index were calculated according to the formula given above. (Image created with

BioRender.com and Inkscape)

Here lego blocks assembled in different shapes (two similar and one novel) were used as objects
in the test. The tests consisted of three stages: habituation (10 minutes), acquisition (15 minutes)
and test (5 minutes) with an ITI of 20 minutes between the acquisition and test stages. The objects
were placed at the end of arms A and B during the acquisition stage for both NOR and SOR tests
and cues of different shapes were used for SOR tests to help the animals orient themselves. During
the testing stage of the NOR, the familiar object was replaced with a novel object in either arm A
or arm B randomly. Similarly, during the testing stage of the SOR, the object from either arm A
or arm B was moved to arm C randomly. The object interaction times were scored manually and

novelty preference, object bias and discrimination index were calculated accordingly.
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Interaction time with object 1

e Obect bias — X 100
/%0bject bias Total interaction time with both objects

] ) ) Total interaction time with both objects
%Total interaction time = Total time of the experiment x 100

YNovelt f Interaction time with novel object or novel location 100
ove reference = - - - - - X
° yp Total interaction time with both objects

Interaction time (novel object — familiar object)

Discrimination index = - - - - -
Total interaction time with both objects

Morris water maze (MWM)

The Morris water maze test is another cognitive test used to study spatial learning and memory.
The apparatus was a large cylindrical tank with a diameter of 150 cm and height of 40 cm filled
with water up to 35 cm high (Figure 19). The tank was virtually divided into four quadrants:
northeast, northwest, southeast and southwest. A circular platform (10 cm x 30 cm) was submerged
just below the water at the center of southwest quadrant. Large cues of different shapes were placed
on the four walls of the testing room to help mice orient themselves while swimming and to find

the platform. The test consisted of three stages: training, probe test and long-term probe test.

A

—

Training 5 days, 4 trials Probe test

Figure 19: Morris water maze. MWM was performed in two stages: training and probe test. Training was
performed for five days, four trials per day where the animals were trained to find the platform. The platform
was placed in the southwest (SW) quadrant (left) (NW - northwest, NE - northeast, SE - southeast, SW -
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southwest). During probe test, the platform is removed, and animals are allowed to swim freely (right).

Time spent in each quadrant was calculated. (Image created with BioRender.com)

The training stage consisted of five training days with four trials per day. Each mouse was released
from a different direction in each trial and trial sessions lasted for about 90 seconds with an inter-
trial interval of 20 minutes. If the mouse reached the platform before the session was over, it was
allowed to sit on the platform for 10 seconds before drying them and returning them to the home
cage. If a mouse did not reach the platform within the 90 seconds, it was guided to the platform
and allowed to sit there for 20 seconds. The latency to reach the platform in every trial was

measured and average latencies per training day were calculated.

The probe test was conducted on day 6, 24 hours after the last training session. The platform was
removed, and the animals were released from the northeast quadrant. The animals were allowed
to swim freely for 1 minute and the time spent in each quadrant was measured. The long-term
probe test was performed 7 days after the last training day and lasted for 1 minute per mouse. The
platform was removed from the southwest quadrant and the animals were released from the
northeast quadrant. They were allowed to swim freely, and the time spent in each quadrant was

measured.

Sucrose preference test
The sucrose preference test was used to study hedonic behavior after the stress paradigm. The

animals were single housed, and the test was conducted for 10 days (Figure 20).

sucrose water

Figure 20: Sucrose preference test. Animals were single housed and sucrose preference test was
performed in their home cages for 10 days. Amount of sucrose consumed was calculated and plotted. (Image

created with BioRender.com)
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The metal food grids contained two slots for bottles - one bottle was filled with water while the
other was filled with 1% sucrose solution. The bottles were weighed before the start of the test to
measure the starting volume. After that, the weight of the bottles was measured every day to obtain
the amount of water or sucrose consumed by the animal. An average percentage of sucrose solution

consumed was calculated at the end of the test period.

Forced swim test (FST)

The forced swim test was used to assess the animal’s stress coping behavior in an aversive
environment. A two-liter glass beaker (radius: 11 cm, height: 23.5 cm) filled with water up to 1.5
liters was used as the apparatus (Figure 21). The water was maintained at room temperature
(25°C). Each animal was placed in the water and allowed to swim for 6 minutes. Time spent

struggling, swimming, and floating was scored manually.

Figure 21: Forced swim test. The forced swim test was performed for 6 mins. Time spent struggling,

swimming, and floating was scored manually. (Image created with BioRender.com)

A mouse was considered to be struggling if they were vigorously swimming, with all four paws
involved and reaching behavior to find an escape, with front paws breaking the surface of water,
usually at the walls of the beaker. A mouse was considered to be swimming if the movement
involved only two limbs in a goal directed manner. A mouse was considered to be floating, if it

stopped all movements except for those necessary to keep its head above water.

3.9.Golgi-cox staining
One week after the behavioral test procedures, the animals were sacrificed, and fresh brain tissues

were collected. Golgi-cox staining was done to study the cellular morphology of neurons at basal
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levels. Golgi-cox staining was performed as directed in the superGolgi Kit from Bioenno
(Catalogue number 003010, Bioenno Tech). The freshly harvested brain tissues were directly
placed in 10 ml of solution A (impregnation solution) from the kit in brown glass bottles. The
solution was replaced with new solution after 2 days. The brains were stored in solution A at room
temperature and in a dark area for a total of 14 days. After 14 days, the brains were transferred to
post-impregnation buffer (solution B - 30% sucrose diluted in distilled water). Solution B was
refreshed after one day and the brains were stored in solution B until they could be processed. The
brain tissues were cut at 150 pm thickness using a vibratome. 6% sucrose in distilled water was
used as a cutting solution. The brain sections were collected in a 24-well plate containing 30%
sucrose solution. The brain sections were stored in the 24-well plates until further processing.
Gelatin-coated slides were prepared by dipping superfrost plus glass slides (Thermoscientific,
product number 11950657) in 3% gelatin dissolved in water at 55°C and drying them for at least
2 days prior to use. The brain sections were carefully mounted on the slides (8 sections per slide)
using a wide brush. The remaining sucrose solution on the slide was removed by pressing a soft
tissue gently on the slide to ensure attachment of sections to the slide. A small amount of sucrose
solution was placed on the sections to avoid fragmented sections due to long exposure to air. The
slides were then stored overnight, and the post-staining procedures were performed on the next
day. The slides were washed in 0.01 M PBS-Triton X-100 for 30 minutes and placed in a diluted
solution C from the kit (3:5 dilution with H2O) for 20 minutes in a closed staining jar stored in a
dark area. Following that, the slides were moved to post-staining buffer solution D for 20 minutes,
also placed in a dark area. The slides were washed in 0.01 M PBS-Triton for 30 minutes. The
sections were then dehydrated in 100% ethanol for 40 minutes and cleared in xylol (xylene
substitute) for 30 minutes. Coverslips were placed on the slides using the DPX mounting medium,
and the slides were allowed to air dry overnight. The slides were stored in a dark area at room

temperature until imaging.

3.10. Image data acquisition and analysis in Neurolucida

Images from Golgi-cox staining were obtained using a bright field microscope (Zeiss Axio Imager
M2) and the Neurolucida software (v.2017, MicrobrightField, USA). Briefly, neurons from CA1
region of dorsal hippocampus were selected. A total of 20 neurons were traced per animal and 4 -
5 animals were used per group (Ctrl vs CKO). Neurons with at least three completely stained
dendritic trees were selected for tracings. The tracings were done live with 40x lens using the
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Neurolucida software and the required data such as sholl analysis and branched structure analysis
were obtained with the Neurolucida explorer. The data was further processed for plotting of graphs.
Spines on secondary and tertiary branches were also traced live with 100x oil lens for spine density
analysis. Total number of spines and total length of the dendritic segments were obtained from

branch segment analysis on Neurolucida explorer, and the spine density was calculated as follows:

Total number of spines

Spine densit =
pine density/um Total length of dendritic segment

3.11. Protein extraction, Bradford assay and Western blot

Hippocampus and prefrontal cortex (PFC) were dissected from fresh brain tissues and
homogenized in 500 pl 1x RIPA buffer (50 mM Tris, pH 8.0, 150 mM NacCl, 0.1% SDS, 1% Triton
X-100 and 0.5% Na deoxycholate). For the Bradford protein assay, serial dilutions of bovine serum
albumin (BSA) were prepared from a stock concentration of 1 mg/ml as standards for the standard
curve and the protein samples were diluted accordingly. A 96-well plate was used for the Bradford
assay. 100 ul of the standards and samples were pipetted into the wells in triplicates. 5x Bradford
protein assay reagent (BioRad, #500-0006) was diluted 1:1 with water. 50 pl of the diluted
Bradford reagent was added to each well and incubated for 5 minutes at room temperature. The
optical density (O.D.) of the samples was measured at 595 nm using the microplate reader
(Cytation 3 cell imaging multi-mode reader, BioTek instruments Inc.). The unknown protein
concentrations were calculated from the standard curve. For Western blotting experiments, 20 - 40
pg of protein samples were loaded and separated in 10% SDS-PAGE and then transferred to 0.45
pm PVDF membranes (Millipore). The membranes were blocked in 5% milk-PBST (1x PBS + 1
ml tween 20) for one hour at room temperature and then incubated in primary antibodies at 1:1000
dilutions in 5% milk-PBST overnight. Primary antibodies used include pCREB (Millipore, #06-
519), and B-actin (Cell signaling, #4967S) (Table 5). The membranes were washed with PBST and
incubated in 1:5000 dilutions of secondary anti-rabbit IgG HRP-conjugated antibody (Cell
signaling, #7074S). Chemiluminescence signals were visualized and captured in a ChemiDoc

station (BioRad) and analyzed using ImageJ (Fiji).
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3.12. Immunofluorescence staining for HA-tag

Mice were euthanized and fresh brains were harvested for HA-tag immunofluorescence staining.
Freshly harvested brains were snap frozen on dry ice and stored in -80°C until further processing.
The brains were sectioned at 20 um thickness using a cryostat, collected on slides, and stored in -
20°C until further use. For immunofluorescence staining procedures, the sections were fixed in ice
cold 4% paraformaldehyde (PFA) in 1x PBS for 15 minutes at room temperature. The slides were
then rinsed in 1x PBS three times for 5 min each and placed in a blocking buffer (1x PBS, 5%
normal goat serum (NGS), 0.3% triton X-100) for 60 minutes. A barrier was drawn on the edges
of the slides using a hydrophobic marker (Immedge hydrophobic barrier PAP pen, Vector
laboratories, #H-4000) and placed horizontally in a slide box. Wet tissues were placed beneath the

slides to create a humidifying chamber to avoid drying of solutions.

Table 5: List of primary and secondary antibodies used for western blot and

immunofluorescence experiments

Antibody Concentration Company

HA-Tag 1:1000 Cell Signaling #C29F4

cFos 1:1000 Abcam # ab190289

Alexa Fluor 594 1:1000 Life technology #A11037

Alexa Fluor 568 1:500 Invitrogen #A11036

pCREB 1:1000 Millipore, #06-519
B-actin 1:1000 Cell signaling, #4967S
Anti-rabbit 1gG HRP- 1:5000 Cell signaling, #7074S

conjugated

Primary antibodies (the antibodies used, and their concentrations are given in table 5 below) were
diluted in required concentrations in an antibody buffer (1x PBS, 1% BSA, 0.3% Triton X-100)
and about 500 pul of the antibody solution were pipetted on the slides. The sections were incubated
in primary antibody overnight at 4°C. The slides were then rinsed in 1x PBS three times for 5 min
each. A fluorochrome-conjugated secondary antibody (Table 5) diluted in antibody buffer was
placed on the slides and incubated for 2 hours at room temperature. The slides were again rinsed
in 1x PBS three times for 5 minute each. Coverslips were placed on the slides with Fluoromount-
G mounting medium with DAPI (Southern Biotech, #0100-20) and the slides were left to dry at
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room temperature overnight. Images were acquired using Olympus SlideScanner VS120S6 and

processed using ImageJ (Fiji).

3.13. Immunofluorescence staining for cFos quantification

For cFos quantification, mice were anaesthetized with isoflurane and transcardially perfused with
4% PFA 90 minutes after forced swim test. Brains were extracted and post-fixed in 4% PFA
overnight at 4°C. Brains were then moved to 30% sucrose and stored at 4°C until further
processing. Brains were sectioned at 50 um thickness (series of 6), collected in 24-well plates
containing antifreeze solution (Glycerol: Ethylene glycol: 1x PBS — 1:1:2 ratio) and stored at -
20°C until further processing. For immunofluorescence staining, brain sections were first washed
in 1x PBS three times for 5 minutes each, then blocked in blocking solution (1.5% NGS, 0.3%
Triton X-100 and 1x PBS) for 60 minutes at room temperature. Brain sections were incubated in
cFos antibody diluted at 1:1000 concentration (Table 5) in antibody solution (1.5% NGS, 0.3%
Triton X-100 and 1x PBS) at 4°C for 48 hours. After 48 hours, brain sections were washed three
times in 1x PBS for 5 mins each and incubated in secondary antibody Alexa Fluor 568 (Table 5)
in antibody solution for 2 hours at room temperature. Brain sections were again washed three times
in 1x PBS and mounted on slides. Coverslips were placed on the slides with Fluoromount-G
mounting medium with DAPI (Southern Biotech, #0100-20) and the slides were left to dry at room

temperature overnight.

3.14. Image acquisition and cFos cell quantification

20 brain regions potentially activated during the FST according to previously reported studies,
were selected based on the Paxinos and Franklin’s mouse brain atlas (Franklin and Paxinos 1997)
(Figure 22). Images were acquired using Olympus SlideScanner VS120S6. An overview of each
slide was obtained to identify each brain region. 200 um x 200 um square regions of interest were
drawn across the different brain regions and Z stack images of these areas were taken at 20x
magnification with a Z distance of 20 um and Z spacing of 1 um. Images were taken from two
consecutive sections and image processing and analysis was done using ImageJ. For pre-

processing of  images, bioformats  plugin  (https://www.openmicroscopy.org/bio-

formats/downloads/) was downloaded to open .vsi files from the slide scanner. Max intensity

images were obtained in ImageJ and type adjusted to 8-bit images. The threshold was set between
70-255 for an 8-bit image and if some cells were overlapping, watershed function was used to


https://www.openmicroscopy.org/bio-formats/downloads/
https://www.openmicroscopy.org/bio-formats/downloads/
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separate them. For automatic quantification of cFos positive cells, “analyze particles” function in
ImageJ was used. The cell size criteria were set at 16 um? - infinity and circularity at 0.00 - 1.00.
Outlines of cells and summary results were obtained. In cases of high background which fell within

threshold range, the cells were counted manually.

Bregma 1.78mm Bregma 1.18mm Bregma 0.74mm Bregma 0.14mm

Bregma -0.82mm Bregma -1.06mm Bregma -1.82mm

Figure 22: 20 selected brain regions for cFos positive cell quantification. The brain regions include: M1
- primary motor cortex, M2 - secondary motor cortex, Cgl - cingulate cortex, PrL - prelimbic cortex, IL -
infralimbic cortex, NAc - nucleus Accumbens, CPu - caudate putamen, LS - lateral septum, BNST - bed
nucleus of stria terminalis, S1 - primary somatosensory cortex, S2 - secondary somatosensory cortex, PVT
- paraventricular thalamic nucleus, PVH - paraventricular hypothalamic nucleus, LHbN - lateral habenular

nucleus, LA - lateral amygdala, BLA - basolateral amygdala, CeA - central amygdala, DG - dentate gyrus.

3.15. minPROFILER assay

minPROFILER assay was performed in collaboration with Prof. Dr. Moritz Rossner, Department
of Psychiatry and Psychotherapy, LMU Klinikum, Munich, Germany as per their set protocols
(Herholt et al. 2018). Briefly, primary neurons from cortices of embryonic day E15.5 Cay1.2-Nex
mice were isolated and cultured. 21 genetically encoded pathway sensors (consisting of cis-

regulatory elements) linked to EXT barcodes and luciferase were packed into adeno-associated
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viruses (AAVSs). DIV12 (days in vitro) primary neurons were infected with these minPROFILER-
containing AAVs and stimulated with different concentrations (0.1 M, 1 M, 10 M, and 100 M) of
bicuculline (BIC), a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), N-methyl-
D-aspartic acid (NMDA), brain-derived neurotrophic factor (BDNF), Forskolin and phorbol 12-
myristate 13-acetate (PMA). RNA was isolated after 4 hours; 24 hours and 48 hours of stimulation
and deep sequencing of the barcodes was performed to obtain expression levels of pathway sensors

post-stimulation.

3.16. Statistical analyses

All statistical analyses were conducted using GraphPad Prism version 8.0. For early life stress
experiments, effects of genotype and stress on all phenotypes were measured using two-way
ANOVA. Genotype differences in all other experiments were measured using Student’s t-test (two
tailed). In places where more than two groups were compared, One-way ANOVA was used. Time-
dependent measures were calculated using repeated measures analysis of variance (RM-ANOVA).
Bonferroni post-hoc tests were performed whenever necessary. Data were considered as
statistically significant if p < 0.05. All data are represented as mean + S.E.M.
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4. Results

4.1.Early life stress (ELS) — Limited bedding and nesting (LBN) paradigm

Stress is a known environmental factor that contributes to the development of psychiatric disorders
in addition to genetic risk factors. To understand gene x environment interaction and its impact on
the behavioral phenotype of mice, | subjected the Cay1.2-Nex mouse line to the LBN stress
paradigm. Out of 50 breeding pairs, 33 pairs gave birth to pups. The genotypes of animals used in

the behavioral testing are listed in Table 6.

Table 6: Genotypes of the animals that were used for behavioral testing following the LBN stress.

Cre lox HA-tag
+/+ or +/cre +/+ tg/tg
+/cre lox/lox tg/tg

4.1.1. LBN stressed animals exhibit reduced body weight at day 9 and at weaning

As a first step to confirm stress effects, |1 weighed the pups at two time points - day 9 when the
stress paradigm ended and day 26 at weaning and monitored the loss of pups and litter sizes. Both
groups had similar litter sizes at weaning despite loss of pups (Student’s t-test, t3; = 0.4931, p =
0.6254) (Figure 23b). The stressed (ELS) litters showed a slightly higher number of lost pups
compared to unstressed (US) litters (Student’s t-test, ts31 = 1.874, p = 0.0703) (Figure 23c). ELS
male and female animals showed a significant reduction in their body weights at day 9 compared
to the US group (Student’s t-test, male: t7zo = 3.338, p = 0.0014; female: tio7 = 4.13, p < 0.0001)
(Figure 23d, f). In ELS males, the reduced body weight persisted until weaning compared to US
males, whereas ELS females only showed a trend toward decreased body weight compared to the
US group (Student’s t-test, male: tzo = 2.52, p = 0.014; female: tg3 = 1.963, p = 0.053) (Figure 23e,
g). Taken together, these results suggest effects of the LBN stress on physiological parameters but
not on general survival. Thus, the pups of the required genotype were selected, and further
behavioral testing was carried out at 4-6 months of age. A scheme of the behavioral tests conducted

are depicted in Figure 23a.
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Figure 23: Limited bedding and nesting paradigm (LBN). a) Schematic of LBN paradigm and
behavioral tests performed. b) Litter size of US and ELS groups at day 0 (birth of pups). ¢) Number of pups
lost after the completion of LBN stress (on day 9) (Student’s t-test, t = trend, p = 0.0703). d, e) Body weights
of male Ca,1.2-Nex mice on day 9 (at the end of LBN paradigm) and at weaning (Student’s t-test, p < 0.05).
f, g) Body weights of female Ca,1.2-Nex mice on day 9 and at weaning (Student’s t-test, p < 0.05, t = trend,
p = 0.053). Abbreviations: ELS - early life stress, PND - postnatal day, US - unstressed, OFT - open field
test, EPM - elevated plus maze test, LDB - light/ dark box test, NOR - novel object recognition test.

4.1.2. Assessment of locomotor activity and anxiety-related behavior in male and female
mice following LBN stress

Previous studies have reported hyperactivity and anxiogenic behavior in conditional Cay1.2-Nex

knockout mice (CKO) compared to control littermates (Ctrl) (Dedic et al. 2018). Furthermore, the

LBN stress has also been shown to affect anxiety-related behavior in mice (X.-D. Wang et al.

2012; Jaric et al. 2019). Thus, to investigate the effects of stress on locomotor activity and anxiety-

related behavior, Cav1.2-Nex mice were assessed in the OFT, EPM and LDB tasks.

In the OFT, US CKO male and female mice showed hyperlocomotion compared to their control
littermates (Figure 24a, b, e, ). A similar genotype effect on hyperlocomotion was also observed
in ELS male and female groups (Two-way ANOVA repeated measures, male - interaction, Fs, 90
= 1.47, p = 0.13; time, Fs,90) = 3.784, p = 0.0037; genotype, F@, 18y = 12.37, p = 0.0001; female -
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interaction, Fs, 165) = 0.87, p = 0.5956; time, F(s, 165) = 3.31, p = 0.0071; genotype, Fs, 33 = 20.19,
p < 0.0001). Interestingly, while hyperlocomotion was independent of stress in male CKO mice,
ELS induced an increased hyperlocomotion in female CKO mice compared to US CKO mice
(Figure 24b, f) (Total distance: two-way ANOVA, male - interaction, F, 18y = 2.42, p = 0.1373;
genotype, F(,1s) = 26.38, p < 0.0001; condition, F,1s) = 2.67, p = 0.1199; female - interaction, F,
33) = 5.87, p = 0.0210; genotype, F(1,33) = 51.32, p < 0.0001; condition, F, 33 = 1.98, p = 0.1686).
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Figure 24: Assessment of locomotor activity and anxiety-related behavior after the LBN stress in
male and female Ca,1.2-Nex animals. a, e) Distance covered in 5-min time bins through the 30-min test
duration. b, f) Total distance covered during the total duration of OFT. c, g) Time spent in inner zone of
open field. d, h) Number of entries into the inner zone of open field. (Two-way ANOVA + Bonferroni post
hoc, p < 0.05, * represents comparison with Ctrl of the same condition, # represents comparison with

unstressed group of the same genotype).

In contrast to previous reports, no significant alterations in anxiety-related behavior were observed
in the first 5 mins of the OFT in US male CKO mice compared to their Ctrl littermates. This is
indicated by the lack of significant difference among groups in the time spent in the inner zone of
the open field (Figure 24c). Furthermore, CKO male mice exhibited similar number of entries to
the center zone as compared to their control littermates, which was independent of the stress
condition (Figure 24d) (two-way ANOVA: interaction, F(, 18 = 0.0042, p = 0.9489; genotype, F(,
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18) = 1.29, p = 0.2705; condition, F(, 18y = 1.08, p = 0.3124). Whereas female US and ELS CKO
mice spent more time in the inner zone and showed increased number of entries to the inner zone
compared to their Ctrl littermates (Figure 24g, h). ELS did not alter the time spent in the inner
zone by male Ctrl and CKO mice (two-way ANOVA: interaction, F(, 18 = 0.56, p = 0.4624;
genotype, Fq, 18y = 1.27, p = 0.2744; condition, F(, 18) = 0.34, p = 0.5694). Similarly in females,
the differences were genotype specific with no effects of the LBN stress (two-way ANOVA: inner
zone time - interaction, F, 33) = 0.03, p = 8658; genotype, F(1,33) = 6.16, p = 0.0184; condition, F,
33) = 1.64, p = 0.2093/ inner zone entry - interaction, F, 33) = 0.052, p = 0.8216; genotype, F, 33)
=12.51, p = 0.0012; condition, F, 33 = 2.094, p = 0.1573).

In the LDB, male and female US Ctrl and CKO mice exhibited similar latencies to enter the lit
zone and spent similar amounts of time in the lit zone (Figure 25a, b, d, e). Male US CKO mice,
however, showed increased entry to the lit zone compared to their Ctrl littermates irrespective of
the stress condition (Figure 25c). Female US CKO mice showed similar number of entries
compared to their Ctrl littermates (Figure 25f). ELS male and female Ctrl and CKO mice also
showed similar latencies to enter the lit zone (Two-way ANOVA: male - interaction, Fq, 19) =
0.1287, p = 0.7237; genotype, F(1, 19) = 0.6664, p = 0.4244; condition, F, 19) = 0.3892, p = 0.5401,
female - interaction, F1,33) =0.06335, p = 0.8028; genotype, F(1,33) = 0.2674, p = 0.6085; condition,
F, 33 =1.21, p =0.2792) (Figure 25a, d). Interestingly, male ELS CKO mice spent significantly
lesser time in the lit zone compared to their Ctrl littermates (Two-way ANOVA: interaction, F,
19) = 3.993, p = 0.0602; genotype, F, 19y = 8.024, p = 0.0106; condition, Fq, 19y = 0.3992, p =
0.5350) (Figure 25b). No such stress effect was observed in female Ctrl or CKO mice (Two-way
ANOVA: interaction, F1, 33)= 1.465, p = 0.2348; genotype, F(, 33 = 3.474, p = 0.0713; condition,
F1,33)=0.04016, P=0.8424) (Figure 25¢). ELS male and female CKO mice exhibited an increased
number of entries into the lit zone compared to their Ctrl littermates (Two-way ANOVA: male -
interaction, F, 19) = 0.09589, p = 0.7602; genotype, F(1, 19) = 5.425, p = 0.0310; condition, F(1, 19)
=0.03063, p = 0.8629; female - interaction, F, 33 = 6.734, p = 0.0140; genotype, F(, 33) = 5.482,
p = 0.0254; condition, F, 33 = 2.035, p = 0.1631) (Figure 25c, f). While this phenotype was
independent of stress in male mice, there was a more pronounced effect of stress in female CKO
mice. In fact, female ELS CKO mice showed increased number of entries into the lit zone

compared to their Ctrl littermates and to the US CKO mice.
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Figure 25: Assessment of anxiety-related behavior in Cay1.2-Nex mice following the LBN stress in
LDB test. a, d) Latency to enter into the lit zone. b, €) Percentage time spent in the lit zone. ¢, f) Number
of entries into the lit zone. (Two-way ANOVA + Bonferroni post hoc, p < 0.05, * represents comparison to

control group of the same condition, # represents comparison to unstressed group of the same genotype).

In the EPM test, no significant alterations were found in the time spent in open arms or number of
entries into the open arms in male and female US Ctrl and CKO mice (Figure 26b, c, e, f).
Hyperlocomotion was persistent in female US CKO mice compared to their Ctrl littermates
(Figure 26d), whereas male US CKO mice showed locomotor activity similar to Ctrl littermates
(Figure 26a). Stress however had a pronounced effect on locomotion in male and female mice.
Male ELS CKO mice showed hyperlocomotion compared to their Ctrl littermates (Two-way
ANOVA: interaction, F, 19y = 1.399, p = 0.2515; genotype, F(, 199 = 17.01, p = 0.0006; condition,
F, 190 = 0.7501, p = 0.3972) (Figure 26a), whereas hyperlocomotion was further enhanced in
female ELS CKO mice compared to their Ctrl littermates and to the US CKO mice (Two-way
ANOVA: interaction, F, 33) = 1.693, p = 0.2022; genotype, F(, 33 = 29.2, p < 0.0001; condition,
F, 33 = 6.344, p = 0.0168) (Figure 26d). LBN stress effects on the time spent in open arms and
number of entries into the open arms were absent in male Ctrl and CKO mice whereas female ELS
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mice showed enhanced time in the open arm and increased number of entries into the open arm

independent of the genotype (Two-way ANOVA: open arm time, male - interaction, F, 19
0.008546, p = 0.9273; genotype, F(, 199 = 0.0005523, p = 0.9815; condition, F, 19) = 0.122, p =
0.7307; female - interaction, F(1, 33) = 0.3365, p = 0.5658; genotype, F(1, 33) = 0.2308, p = 0.6341;
condition, Fq, 33) = 7.142, p = 0.0116/ open arm entry, male - interaction, F(, 19y = 0.005809, p =
0.9400; genotype, F(, 19y = 0.004067, p = 0.9498; condition, F, 19y = 0.002035, p = 0.9645; female
- interaction, F, 33) = 0.4002, p = 0.5314; genotype, F(, 33) = 2.288, p = 0.1399; condition, F, 33
=5.256, p = 0.0284) (Figure 26b, c, ¢, f).
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Figure 26: Assessment of anxiety-related behavior in Cay1.2-Nex mice after the LBN stress in the
EPM test. a, d) Total distance travelled in the apparatus. b, e) Percentage time spent in open arms. c, f)
Number of entries into open arms. (Two-way ANOVA + Bonferroni post hoc, p < 0.05, * represents
comparison to control group of the same condition, # represents comparison to unstressed group of the

same genotype)

Taken together these results suggest a partial task-specific stress effect on anxiety-related behavior.

However, in contrast to the previously reported anxiogenic phenotype observed in conditional
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Cav1.2-Nex knockout animals, no anxiogenic phenotype was observed in US CKO animals in the
ELS experiments which could be due to low sample numbers. More pronounced effects of the
LBN stress were seen especially in female mice where a genotype-specific hyperlocomotion was
further enhanced by the LBN stress in female CKO mice. In addition, LBN stress enhanced the

number of entries into, and time spent in the open arms independent of the genotypes of animals.

4.1.3. Consequences of early life stress on social interaction and cognitive performance
Stress, specifically LBN stress has previously been shown to affect social behavior and cognitive
performance in mice (lvy et al. 2010; Naninck et al. 2015; J. Molet et al. 2016). Hence, to further
investigate the effects of LBN stress on social interaction and cognition of Cay1.2-Nex mice, we
used the 3CT and NOR tests.

Male and female US Ctrl and CKO mice exhibited comparable sociability which was indicated by
the increased interaction time with social conspecific mice compared to the empty cage (Figure
273, T). A closer look at the percentage of interaction time with the social mouse revealed similar
levels of interaction in male and female US-CKO compared to their Ctrl littermates (Figure 27c,
h). ELS Ctrl and CKO male and female mice also showed comparable sociability indicated by the
increased interaction with the social mouse compared to the empty cage (Figure 27a, f) (Two-way
ANOVA: male - interaction, F 33 = 6.36, p = 0.0013; genotype, F, 38 = 2.961, p = 0.0443; social
mouse, F, 38 = 119.2, p < 0.0001; female - interaction, F, 62) = 0.6362, p = 0.5945; genotype, F,
62) = 0.4368, p = 0.7274; social mouse, F(, 62) = 53.47, p < 0.0001). Interestingly, male ELS CKO
mice showed reduced percentage of interaction time with social mouse compared to their Ctrl
littermates and to the US CKO (Figure 27¢) (Two-way ANOVA: interaction, F, 19y = 7.019, p =
0.0158, genotype, F(1, 19) = 3.685, p = 0.0700; condition, F, 19y = 18.67, p = 0.0004). In contrast,
female ELS Ctrl and CKO mice spent similar amounts of time interacting with social conspecific
(Figure 27h) (Two-way ANOVA: interaction, F(, 31y = 0.3347, p = 0.5671; genotype, F, 31 =
0.468, p = 0.4990; condition, F, 31y = 0.08628, p = 0.7709).
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Figure 27: Effect of LBN on social interaction in Cay1.2-Nex mice. a

cage vs social mouse. b, g) Interaction time with familiar mouse vs novel mouse. ¢, h) Percentage of

interaction time with social mouse. d, i) Percentage of interaction time with novel mouse. e, j)

Discrimination index of novel mouse from familiar mouse. (Two-way ANOVA + Bonferroni post hoc, p <
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0.05, * represents comparison to Ctrl mice of the same condition, # represents comparison to unstressed

mice of the same genotype)

In social novelty preference, however, only male US CKO mice showed significantly higher
interaction with novel social mouse compared to familiar mouse while no differences were seen
in female US mice or other groups (Figure 27b, g) (Two-way ANOVA: male - interaction, F(3, 3g)
= 0.8464, p = 0.4771; genotype, F@, 38 = 4.911, p = 0.0056; novel mouse, F, 38 = 24.14, p <
0.0001; female - interaction, F, 62) = 1.196, p = 0.3187; genotype, F@g, 62 = 1.194, p = 0.3195;
condition, F, e2) = 0.8444, p = 0.3617). No significant alterations were observed in percentage
interaction with novel mouse or discrimination index in male and female US Ctrl and CKO (Figure
27d, e, i, j).

Furthermore, stress effects on interaction times and discrimination index were also absent in male
and female Ctrl and CKO mice (Figure 27d, ¢, i, J) (Two-way ANOVA: novel mouse interaction
time, male - interaction, Fq, 19) = 2.861, p = 0.1071; genotype, F(, 19) = 4.013, p = 0.0596; condition,
F(, 190 = 0.1864, p = 0.6708; female - interaction, Fq, 31y = 0.06967, p = 0.7936; genotype, F, 31 =
1.7, p = 0.2019; condition, F, 31y = 0.5946, p = 0.4465/ discrimination index, male - interaction,
Fa, 190 = 2.861, p = 0.1071; genotype, F, 19) = 4.013, p = 0.0596; condition, F, 19) = 0.1864, p =
0.6708; female - interaction, F, 31y = 0.06967, p = 0.7936; genotype, Fq, 31 = 1.7, p = 0.2019;
condition, F, 31y = 0.5946, p = 0.4465).

In the acquisition session of the NOR, male US Ctrl and CKO mice showed similar interaction
times with the objects, while female US CKO mice showed enhanced interaction with objects
compared to their Ctrl littermates (Figure 28a, d). Similarly, while male ELS Ctrl and CKO mice
showed similar interaction times with the objects, female ELS CKO mice spent more time
interacting with the objects (Figure 28a, d). Increased object interaction time in female mice were
independent of stress (Two-way ANOVA: male - interaction, F, 20) = 1.301, p = 0.2674, genotype,
F(, 200 = 6.549, p = 0.0187; condition, F, 20) = 4.269, p = 0.0520; female - interaction, F, 33) =
0.003071, p =0.9561; genotype, F, 33 = 31.69, p <0.0001; condition, F(,33) = 2.856, p = 0.1004).
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Figure 28: Effects of LBN stress on object recognition in Cay1.2-Nex mice. a, d) Percentage interaction
time with familiar objects. b, e) Percentage interaction time with novel object. c, f) Discrimination index of
novel object vs familiar object. (Two-way ANOVA + Bonferroni post hoc, p < 0.05, * represents

comparison to the Ctrl group of the same condition)

All groups (male and female US and ELS Ctrl and CKO mice) spent more than 50% of the time
interacting with the novel object during the testing session with no significant effects of genotype
or stress condition (Figure 28b, e) (Two-way ANOVA: male - interaction, F, 20y = 1.955, p =
0.1774; genotype, F, 200 = 0.7959, p = 0.3829; condition, F, 200 = 0.3475, p = 0.5621; female -
interaction, F, 33 = 0.02837, p = 0.8673; genotype, F(1, 33) = 0.106, p = 0.7468; condition, F(1, 33)
= 0.2937, p = 0.5915). Furthermore, no significant alterations were found in the discrimination
index in male and female US Ctrl and CKO mice or ELS Ctrl and CKO mice (Figure 28c, f) (Two-
way ANOVA: male - interaction, F1, 200 = 1.955, p = 0.1774; genotype, F(,20)=0.7959, p = 0.3829;
condition, Fq, 200=0.3475, p=0.5621; female - interaction, F, 33y =0.02836, p = 0.8673; genotype,
F,33) = 0.106, p = 0.7468; condition, F(,33) = 0.2937, p = 0.5915).
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To summarize, LBN stress impaired social interaction only in male CKO mice but not in female
mice. A genotype-specific increased object interaction time was observed in female mice with no
obvious stress effects. However, since mice in all groups spent less than 20% of the time interacting
with the objects during the acquisition session, data from the NOR has to be interpreted with

caution.

4.1.4. Assessment of stress coping and depression-related behavior following early life stress
The LBN stress has previously been shown to induce depression-related anhedonia behavior in
wildtype mice (Bolton, Molet, et al. 2018). Thus, to investigate how stress affects depression-

related behavior in Cay1.2-Nex mice, FST and SPT were performed.

Mice in all groups (male and female US/ ELS Ctrl and CKO mice) spent comparable amounts of
time struggling (Figure 29a, e) (Two-way ANOVA: male - interaction, F, 19y = 0.08855, p =
0.7693; genotype, F,19) = 0.7407, p = 0.4002; condition, F, 19) = 3.419, p = 0.0801; female -
interaction, F, 209) = 0.4848, p = 0.4918; genotype, F(1, 20) = 3.745, p = 0.0628; condition, F, 29) =
0.1114, p = 0.7410). Male US CKO mice showed increased swimming and decreased immobility
time in the FST indicating enhanced active stress coping behavior (Figure 29b, c¢). Female CKO
mice showed enhanced swimming and reduced immobility time compared to their Ctrl littermates
independent of stress conditions (Figure 29f, g). No significant differences in swim time or
immobility were observed in ELS male Ctrl and CKO mice (Figure 29b, c) (Two-way ANOVA:
swim time, male - interaction, F(1, 19y = 0.8514, p = 0.3677; genotype, F(, 19) = 20.15, p = 0.0003;
condition, F, 199 = 0.09192, p = 0.7650; female - interaction, F, 20y = 0.07199, p = 0.7904;
genotype, F, 209) = 8.976, p = 0.0056; condition, F, 29y = 0.2891, p = 0.5949/ immobility time,
male - interaction, F, 19) = 0.7366, p = 0.4014; genotype, F, 199 = 18.73, p = 0.0004; condition,
Fa, 19) = 0.3028, p = 0.5886; female - interaction, F1, 29) = 0.0002233, p = 0.9882; genotype, F(1, 29)
=12.97, p = 0.0012; condition, F(, 20y = 0.6118, p = 0.4405).
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Figure 29: Effects of LBN stress on depression-related behavior in Ca,1.2-Nex mice. a, e) Time spent
struggling. b, f) Time spent swimming. ¢, g) Time spent immobile. d, h) Percentage preference for sucrose
(Two-way ANOVA + Bonferonni post hoc, p < 0.05, * represents comparison to Ctrl mice of the same

condition, # represents comparison to unstressed mice of same genotype)

Furthermore, male, and female US Ctrl and CKO mice showed similar preference for sucrose
suggesting similar hedonic behavior (Figure 29d, h). Male ELS Ctrl and CKO mice also showed
similar preference for sucrose with no effects of the LBN stress (Figure 29d) (Two-way ANOVA:
interaction, F, 14) = 0.1164, p = 0.7380; genotype, F, 14) = 3.115, p = 0.0994; condition, F, 14) =
0.06964, p = 0.7957). Interestingly, while female ELS Ctrl and CKO mice had similar preference
for sucrose, stressed mice showed an overall higher preference for sucrose compared to unstressed
mice irrespective of the genotype (Figure 29h) (Two-way ANOVA: interaction, Fq, 31y = 1.076, p
= 0.3075; genotype, Fq, 31 =1.11, p = 0.3003; condition, F,31) = 5.868, p = 0.0215).

Taken together, these results show that the differences arising in stress coping behavior largely
stem from genotype effects rather than stress effects. Also, while stress did not affect hedonic
behavior in males, in contrary to previous reports LBN stress seemingly enhances preference for

sucrose in females.
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4.2.Controlling for potential effects of Cre expression on behavioral phenotypes

Since Cay1.2-Nex CKO animals showed hyperlocomotion in a novel environment, | wanted to
investigate if this could be a result of the insertion of Cre recombinase into the Nex/ Neurod6 locus
as this leads to a disruption of the targeted allele. Since such effects are rarely controlled for or
reported, | ran control experiments using the Nex-Cre driver mouse line to confirm that the
behavioral phenotype seen in Cay1.2-Nex mice is related to the Cay1.2 inactivation rather than to
unspecific effects connected to expression of the Cre recombinase. Tests for locomotor activity,
anxiety-related behavior, cognition, and stress coping behavior were conducted in heterozygous
Nex-Cre mice (Neurod6*'®"® represented as Cre) in comparison to their control littermates

(Neurod6**, represented as Ctrl).
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Figure 30: Characterization of anxiety-related behavior of Nex-Cre males. a, b) Distance travelled in
the open field (Two-way ANOVA-repeated measures, Locomotor: interaction, Fs 130y = 0.8719, p = 0.5020;
genotype, Fq, 26) = 1.044, p = 0.3164; time, F, 130) = 36.94, p < 0.0001; Student’s t-test, Total distance: tzs
=1.022, p = 0.3164). c, d) Time spent in and number of entries to the inner zone. (Student’s t-test, Inner
zone time: ts = 0.144, p = 0.8866; Inner zone entry: t,s =0.4365, p = 0.6661). €) Distance travelled in the
elevated plus maze (Student’s t-test, t,s = 0.218, p = 0.8291). f, g) Percentage time in and number of entries

to the open arms (Student’s t-test, Open arm time: t,s = 1.109, p = 0.2775; Open arm entry: tys = 0.7614, p
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= 0.4533). h) Latency to entry into the lit zone (Student’s t-test, tos = 0.6492, p = 0.5219). i, j) Time spent
in and number of entries to the lit zone. (Student’s t-test, Lit time: tos = 0.4555, p = 0.6525; Lit entry: t =
0.5462, p = 0.5896).

Male and female Nex-Cre mice were evaluated in the OFT, LDB and EPM tests. In all three tests,
male and female Cre positive animals were indistinguishable from their Ctrl littermates (Figures

30 and 31). They showed comparable locomotor activity and anxiety-related behaviors.
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Figure 31: Characterization of anxiety-related behavior of Nex-Cre females. a, b) Distance travelled
in the open field (Two-way ANOVA-repeated measures, Locomotor: interaction, Fs, 1100 = 0.3286, p =
0.8947; genotype, Fq, 22 = 0.9508, p = 0.3401; time, F, 1100 = 8.399, p < 0.0001; Student’s t-test, Total
distance: t» = 0.9751, p = 0.3401). c, d) Time spent in and number of entries to the inner zone (Student’s
test, Inner zone time: ty; = 1.121, p = 0.2743; Inner zone entry: t;; = 1.804, p = 0.085). e) Distance travelled
in the elevated plus maze (Student’s t-test, to» = 0.1273, p = 0.8998). f, g) Percentage time in and number
of entries to the open arms (Student’s t-test, Open arm time: to; = 0.5497, p = 0.588; Open arm entry: t =
0.8544, p = 0.4021). h) Latency to entry into the lit zone (Student’s t-test, t,, = 0.1047, p = 0.9176). i, j)
Time spent in and number of entries to the lit zone (Student’s t-test, Lit time: ty> = 0.2262, p = 0.8231; Lit
entry: to; = 0.4936, p = 0.6265).
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Further investigation of cognitive behavior revealed no significant differences between Ctrl and
Cre positive male and female mice in any of the cognitive tests (Figures 32 and 33). Male and
female Ctrl and Cre animals were indistinguishable with similar spontaneous alternations and arm
entries in the Y-maze, similar object bias, object interaction times, novelty preference and

discrimination index in the NOR and SOR tests.
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Figure 32: Characterization of cognitive performance of Nex-Cre males. a) Distance traveled in Y-
maze (Student’s t-test, tos = 0.234, p = 0.8168). b, ¢) Percentage spontaneous alternations and number of
arm entries (Student’s t-test, Spontaneous alternations: tzs = 0.4062, p = 0.6879; Arm entries: tos = 0.345, p
= 0.7328). d) Percentage object bias in NOR (Student’s t-test, tos = 1.106, p = 0.2787). e) Percentage
interaction time with objects (Student’s t-test, t,s = 1.773, p = 0.0879). f) Percentage interaction time with
novel object in NOR (Student’s t-test, t,¢ = 0.3789, p = 0.7078). g) Discrimination index (Student’s t-test,
tzs = 0.3789, p = 0.7078). h) Percentage object bias in SOR (Student’s t-test, tos = 0.9846, p = 0.3339). i)
Percentage interaction time with objects in SOR (Student’s t-test, tos = 1.498, p = 0.1463). j) Percentage
interaction time with novel location in SOR (Student’s t-test, tzs = 0.8066, p = 0.4272). k) Discrimination
index in SOR (Student’s t-test, t,6=0.8066, p = 0.4272).

In the sociability stage of the 3CT social cognition task, male and female Ctrl and Cre positive
mice showed higher preference for social mouse rather than the empty cage with similar interaction



Results | 63

with the social mouse indicating comparable sociability (Figure 34b, d, h, j). In the social novelty
preference, male Ctrl mice showed higher preference to novel mouse over a familiar conspecific.
Cre positive mice showed a tendency toward increased interaction with novel mouse, though it did
not reach statistical significance (Figure 34c). Ctrl and Cre mice had similar levels of interaction
with the novel mouse with no differences observed in their discrimination index (Figure 34e, f).
In contrast, female Ctrl and Cre mice did not show a higher preference for the novel mouse (Figure
34i). Instead, they exhibited similar levels of interaction with familiar and novel mouse with no

obvious difference in the discrimination index (Figure 34Kk, 1).
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Figure 33: Characterization of cognitive performance of Nex-Cre females. a) Distance traveled in Y-
maze (Student’s t-test, t» = 1.33, p = 0.197). b, c) Percentage spontaneous alternations and number of arm
entries (Student’s t-test, Spontaneous alternations: t,, = 0.05155, p = 0.9594; Arm entries: t,, =0.9759, p =
0.3397). d) Percentage object bias in NOR (Student’s t-test, too = 0.4136, p = 0.6835). e) Percentage
interaction time with objects (Student’s t-test, to = 0.7428, p = 0.4663). f) Percentage interaction time with
novel object in NOR (Student’s t-test, too = 1.157, p = 0.2611). g) Discrimination index (Student’s t-test, tzo
= 1.157, p = 0.2611). h) Percentage object bias in SOR (Student’s t-test, t» = 1.167, p = 0.2556). i)
Percentage interaction time with objects in SOR (Student’s t-test, t,; = 0.9396, p = 0.3576). j) Percentage
interaction time with novel location in SOR (Student’s t-test, t,» = 0.9042, p = 0.3757). k) Discrimination
index in SOR (Student’s t-test, t» = 0.9042, p = 0.3757).
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Figure 34: Characterization of social behavior of Nex-Cre male and female mice. a, g) Time spent in
each of the three chambers during habituation by male (top) and female (bottom) Nex-Cre mice. b, h) Time
spent interacting with empty cage vs social mouse by male (top) (Two-way ANOVA: interaction, F, 4s) =
0.03053, p = 0.8620; genotype, Fq, 45y = 0.3225, p = 0.5728; social mouse, Fq, 45y = 34.77, p < 0.0001) and
female (bottom) (Two-way ANOVA: interaction, F, 42) = 0.06566, p = 0.7990; genotype, F, 42 = 0.2601,
p = 0.6127; social mouse, Fu, 42y = 11.66, p = 0.0014) Nex-Cre mice. ¢, i) Time spent interacting with
familiar mouse vs. novel mouse by male (top) (Two-way ANOVA: interaction, F, 45 = 0.6303, p = 0.4312;
genotype, F, 48 = 0.2303, p = 0.6335; novel mouse, F, 48y = 13.91, p = 0.0005) and female (bottom) (Two-
way ANOVA: interaction, Fq, 42 = 0.2661, p = 0.6087; genotype, Fu, 42 = 0.08603, p = 0.7707; novel
mouse, Fq, 42y = 0.0001352, p = 0.9908) Nex-Cre mice. d, j) Percentage interaction time with social mouse
in male (top) (Student’s t-test, ts = 0.06377, p = 0.9497) and female (bottom) (Student’s t-test, t1=0.09832,
p = 0.9226) mice. e, k) Percentage interaction time with novel mouse - male (top) (Student’s t-test,
t24=0.7196, p = 0.4787) and female (bottom) (Student’s t-test, t»3=0.7958, p = 0.435) mice. f, 1)
Discrimination index - male (top) (Student’s t-test, t22=0.7196, p = 0.4787) and female (bottom) (Student’s
t-test, t21=0.7958, p = 0.435) mice.
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Figure 35: Characterization of Nex-Cre mice in the forced swim test. a, d) Time spent struggling in
male (top) (Student’s t-test, t;s = 1.813, p = 0.0814) and female mice (bottom) (Student’s t-test, t,, = 1.599,
p =0.1241). b, €) Time spent swimming in male (top) (Student’s t-test, tzs = 0.8811, p = 0.3863) and female
(bottom) (Student’s t-test, t,, = 1.564, p = 0.132) mice. ¢, f) Immobility time in male (top) (Student’s t-test,
t2s = 0.5037, p = 0.6187) and female (bottom) (Student’s t-test, t» = 1.248, p = 0.2253) mice.

Characterizing Nex-Cre mice with respect to stress coping behavior in the FST revealed similar
stress coping in male and female Ctrl and Cre mice (Figure 35). Male and female Ctrl and Cre
mice were indistinguishable in the time they spent struggling, swimming and immobile during the
task.

Taken together, these results suggest that the phenotypes observed in the Cay1.2-Nex CKO mice
are due to inactivation of Cay1.2 and not a result of the transgene insertion into the Neurod6 locus

or Cre activity.
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4.3. CKO animals show reduced dendritic arbor complexity but no differences in pCREB
expression levels

To study the effects of Cay1.2 inactivation in glutamatergic forebrain neurons and stress on the

cellular morphology, Golgi-cox staining was performed to visualize the dendritic branches of

pyramidal neurons in female animals. Brain tissues from male animals were used for protein

analysis because of limited availability of samples.

Stress effects on dendritic complexity were evaluated by Sholl analysis of traced CA1 neurons of
the dorsal and dorso-ventral hippocampus. US CKO animals showed decreased dendritic
complexity and dendritic length compared to their Ctrl littermates. In addition, ELS Ctrl animals
also showed reduced dendritic complexity compared to US Ctrl mice (Figure 36b, c, f - i)
(#intersections: three-way ANOVA, distance x stress x genotype, Fs, 11236) = 1.473, p = 0.0144;
dendritic length: three-way ANOVA, distance x stress x genotype, F3, 11236 = 1.929, p < 0.0001;
#interactions: one-way ANOVA, F, 212) = 10.72, p < 0.0001; total dendritic length: one-way
ANOVA, F, 212) = 8.920, p < 0.0001). ELS Ctrl animals also showed reduced number of branches
and branch points per cell compared to US Ctrl mice (Figure 36d, e) (#branches/cell: one-way
ANOVA, F@,204) = 11.25, p < 0.0001; #branch points/cell: one-way ANOVA, F, 204) = 9.611, p <
0.0001). Taken together, although no strong genotype effects could be observed, LBN stress

indeed induced dendritic atrophy which was clear in Ctrl animals but not in the CKO mice.

Phospho-CREB or pCREB is a known downstream target of Cay1.2 signaling pathway and it also
plays a role in dendritic branching (Rajadhyaksha et al. 1999; Wheeler et al. 2008; Finsterwald et
al. 2010). To investigate whether Cay1.2 in combination with early life stress affects pCREB
expression, | checked pCREB protein expression at basal levels in the PFC and hippocampus of
Cav1.2-Nex mice. In male mice, no significant genotype or condition effects were observed in the
basal expression of pCREB (Figure 37a, c, d) (One-way ANOVA, hippocampus: F, 19) = 1.537,
p =0.2374; PFC: F3,19) = 1.522, p = 0.2412). Similarly, female mice in all groups showed similar
levels of pPCREB expression at basal levels (Figure 37b, e, f) (One-way ANOVA, hippocampus:
F, 22) = 2.331, p = 0.1021; PFC: F3, 21y = 0.08394, p = 0.9680).



Results

2 b 6007 " c~ 8000
US-Ctrl ” . . £
S o £ 6000
= o
o c
3 < 4000
o Lo
E £
- T 2000
[
[a]

e
200 it 3
- o
2 7
] £
[ [*]
& o
g =
2 2
m ©
* @
I+
f 30
* — US-Ctrl — ELS-Ctrl
g - US-CKO g - ELS-CKO
[o] .
5 20 B20
(1] 7]
@ o
2 2
£ 10 £10
3* 3+
0 c
0 100 200 300 400 500 600 100 200 300 400 500 600
Distance from soma (um) Distance from soma (pm)
h i
€ 400 — US-Ctrl E 300 — ELS-Ctrl
2 * - US-CKO 2 ~ ELS-CKO
= 300 =
) %200
c c
2 200 g
Q (5]
= =100
5 100 5
c c
[} [
[m] ok g (m] c
0 100 200 300 400 500 600 100 200 300 400 500 600
Distance from soma (um) Distance from soma (pm)

Figure 36: Evaluation of dendritic complexity in unstressed and stressed female Cay1.2-Nex mice. a)
Representative tracings of neurons (top panel: US-Ctrl, bottom panel: US-CKO), b) Total number of
intersections. c) Total dendritic length. d, e) Total number of branches and branch points per neuron. f, g)
Sholl curve for number of intersections in unstressed and stressed mice. h, i) Sholl curve for dendritic length
in unstressed and stressed mice. (One-way ANOVA + Bonferroni post hoc, Two-way ANOVA-repeated
measures + Bonferroni post hoc, p < 0.05, * represents comparison to Ctrl mice of the same condition, #

represents comparison to unstressed mice of the same genotype)
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Figure 37: Western blot analysis of pCREB expression in hippocampal and PFC tissues in male and
female mice. a, b) pCREB expression in hippocampus (HP) and prefrontal cortex (PFC) in male and female
mice. Relative intensity of pPCREB normalized to B-actin in male c) hippocampal tissue, d) PFC tissue and
female e) hippocampal tissue, f) PFC tissue. (One-way ANOVA + Bonferroni post hoc) (Brain tissues from
all male Cay1.2-Nex animals used in behavior tests were used for protein analysis due to small sample
numbers. Brain tissues from female mice were distributed randomly for Golgi-cox staining and protein

analysis).

4.4. Characterization of female Cav1.2-Nex CKO mice

Previous studies have reported robust phenotypes in different mouse models with Cayl1.2
inactivation, including the Cay1.2-Nex mouse line. However, most of these studies were conducted
in male animals. Thus, to investigate the effects of Cay1.2 inactivation in forebrain glutamatergic
neurons in female animals and to check if estrous cycle played a role in these phenotypes, I

evaluated them in a series of behavioral tests.
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4.4.1. Estrous cycle phenotyping of Cavl.2-Nex animals

To investigate if the stage of the estrous cycle in female mice influenced behavioral phenotyping
and if conditional inactivation of Cay1.2 affected the estrous cycle, | monitored the estrous cycle
of female animals for a period of 14 days prior to the behavioral testing. Different stages of estrous
cycle were identified depending on the presence of different types of cells in each stage as
summarized in Table 4 (see Methods section). Ctrl and CKO animals had similar durations of
different stages of the estrous cycle and normal cycling during the period of investigation (Figure
38).
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Figure 38: Example of different stages of estrous cycle in Ctrl and CKO mice. a) Different stages of
estrous cycle distinguished by characteristic cell types (Red arrow: nucleated epithelial cells, Black arrow:
anucleated cornified epithelial cells, green arrow: leukocytes). b) Sample graph representing the stages of
estrous cycle through the 14-day period in Ctrl and CKO groups. (Abbreviations: P - proestrous, E - estrous,
M - Metestrous, D - Diestrous). c) Percentage of animals in different stages of the cycle on days 1, 7 and
14,
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4.4.2. Female CKO mice show hyperactivity and increased anxiety-related behavior
Previous studies reported hyperlocomotion and altered anxiety-related behavior in male Cay1.2-
Nex mice (Dedic et al. 2018). Thus Cav1.2-Nex CKO females and their Ctrl littermates were
assessed for their locomotor activity and anxiety-related behavior in OFT, EPM and LDB. In the
OFT, female CKO mice were hyperactive compared to the Ctrl animals (Figure 39a, b)
(Locomotor activity: two-way ANOVA, interaction, Fs, 165y = 3.077, p = 0.0111; genotype, F, 33)
=25.99, p < 0.0001; time, Fs, 165 = 3.004, p = 0.0127; total distance: Student’s t-test, t33=5.098, p
< 0.0001). Furthermore, CKO mice spent lesser time in the inner zone in the first five minutes of
the test compared to the Ctrl littermates with no difference in the inner zone entries (Figure 39c,
d) (Student’s t-test, inner zone time: tz3 = 2.931, p = 0.0061; inner zone entries: tz3 = 1.546, p =
0.1317).
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Figure 39: Female Cay1.2-Nex CKO mice show hyperlocomotion and increased anxiety-related
behavior in the OFT but normal basal activity. a) Distance covered in 5-min time segments. b) Total
distance traveled during open field exploration. ¢) Time spent in the inner zone during first 5 minutes of

the OFT. d) Number of inner zone entries during the first 5 minutes of the test. €) Home cage activity across
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96 hours (gray regions indicate dark phase and white regions indicate light phase). f) Average activity
across 4 days. g) Activity during the first hour after introduction to a novel home cage. h) Activity during
day and night in the home cage. i, j) Comparison of animals in different stages of the estrous cycle during
the OFT (Abbreviations: P - Proestrous, E - Estrous, M - Metestrous, D - Diestrous) (Two-way ANOVA
repeated measures + Bonferroni post hoc, Student’s t-test, one-way and two-way ANOVA + Bonferroni

post hoc, * represents p < 0.05)

Since female CKO animals showed hyperlocomotion in a novel environment, home cage activity
was assessed to evaluate if they were hyperactive even at basal housing conditions. After
acclimatization to the novel home cage, the CKO animals showed activity similar to their Ctrl
littermates (Figure 39e, f) (home cage locomotion: two-way ANOVA,; interaction, Fgs, 3420) =
1.144,p =0.1633; genotype, F(1,36 = 1.697, p =0.2010; time, F(g5, 3420y = 15.28, p < 0.0001; average
activity: Student’s t-test, t36=1.302, p = 0.201). CKO animals showed hyperactivity during the first
60 minutes after being introduced into a novel cage suggesting that CKO female mice show
hyperactivity in a novel environment (Figure 39g) (Two-way ANOVA, interaction, F(4, s04) =
1.562, p = 0.0857; genotype, F, 36 = 15.75, p = 0.0003; time, F(4, 504y = 15.09, p < 0.0001). As
expected for nocturnal animals, Ctrl and CKO animals were more active during the dark phase
compared to the light phase (Figure 39h) (one-way ANOVA, F3,72) = 16.66, p < 0.0001).
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Figure 40: Female Ca,1.2-Nex CKO mice show increased anxiety-related behavior in EPM but not
LDB. a) Distance travelled in EPM. b) Percentage time spent in open arms. ¢) Number of open arm entries.

e) Latency to enter the lit zone in LDB. f) Percentage time spent in the lit zone. g) Number of entries into
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the lit zone. d, h) Animals in different stages of the estrous cycle and the time spent in open arm and lit
zone. (Student’s t-test, two-way ANOVA + Bonferroni post hoc, * represents p < 0.05).

CKO mice spent significantly lesser time in the open arms of the EPM compared to their Ctrl
littermates with no difference in the number of open arm entries, suggesting an anxiogenic
phenotype (Student’s t-test, open arm time: tzs = 2.564, p = 0.0147; open arm entries: tss = 1.63, p
=0.1118) (Figure 40b, c¢). In addition, Ctrl and CKO were indistinguishable in the total distance
they travelled during the EPM task suggesting that hyperactivity did not influence the number of
open arm entries or time spent in the open arms (Student’s t-test, t3s = 0.7345, p = 0.4674) (Figure
40a).

However, in the LDB test, which is another test for anxiety-related behavior, no significant
differences were observed between the two groups in the time spent in the lit zone, number of
entries to the lit zone or the latency to enter the lit zone (Figure 40e - g) (Student’s t-test, Latency
to lit zone: tzs = 1.756, p = 0.0875; lit zone time: tzs = 0.3038, p = 0.763; lit zone entry: tss = 0.6253,
p = 0.5357).

The estrous cycle of the animals was evaluated after each behavioral test to check if it influenced
the phenotype of the animals. The different cycle stages did not have a significant impact on the
total distance travelled in the OFT (Two-way ANOVA: interaction, F, 28y = 0.544, p = 0.6562;
genotype, Fq, 28) = 13.84, p = 0.0009; estrous stage, F, 28y = 0.2932, p = 0.8300) (Figure 39i), time
spent in the inner zone of the OFT (Two-way ANOVA: interaction, F 29y = 1.069, p = 0.3776;
genotype, Fq, 200 = 3.979, p = 0.0555; estrous stage, F, 200 = 0.4981, p = 0.6865) (Figure 39j), time
spent in the EPM open arms (Two-way ANOVA: interaction, F 34) = 1.71, p = 0.1834; genotype,
F(, 34y = 4.39, p = 0.0437; estrous stage, F, 24 = 0.9592, p = 0.4231) (Figure 40d) or time spent
in the LDB lit zone (Two-way ANOVA: interaction, F, 32 = 0.04903, p = 0.9522; genotype, F,
32)=0.1495, p = 0.7015; estrous stage, F, 32 =0.03077, p =0.9697) (Figure 40h). Taken together,
these results confirm that female Cay1.2-Nex CKO animals show hyperactivity in a novel
environment and increased anxiety-related behavior which are reminiscent of endophenotypes of

psychiatric disorders. These phenotypes are independent of the estrous cycle.
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4.4.3. Female CKO mice show working and spatial memory deficits

Since it is well established that Cay1.2 channels play an important role in memory formation
(White et al. 2008; Zanos et al. 2015; Temme et al. 2016; Dedic et al. 2018), different cognitive
tasks were used to assess how deletion of Cay1.2 in glutamatergic neurons of the forebrain affects
the cognitive performance in female mice. The cognitive tests included Y-maze test for working
memory, NOR, SOR and MWM.

Female CKO mice showed a significant deficit in the working memory as indicated by the reduced
number of spontaneous alternations compared to Ctrl mice in the Y-maze task (Figure 41b)
(Student’s t-test, t3s = 2.3, p = 0.0273). Ctrl and CKO mice did not differ in the number of entries
they made into each arm and hyperlocomotion was absent in the CKO mice (Figure 41a, c)
(Student’s t-test, arm entries: tss = 1.933, p = 0.0611; distance: tzs = 1.795, p = 0.0811). Analysis
of the estrous cycle after the behavioral test did not reveal any significant differences suggesting
that the spontaneous alternations were independent of the stages of the estrous cycle (Figure 41d)
(Two-way ANOVA: interaction, F, 30) = 0.5489, p = 0.6528; genotype, F,30) = 3.582, p = 0.0681;
estrous stage, Fs, 30) = 0.3836, p = 0.7655).

To further investigate the impact of Cay1.2 inactivation on learning and memory, | assessed the
animals also in the NOR and SOR tasks which were carried out in the Y-maze apparatus. In both
tasks, neither group showed a bias toward a particular object or location (Figure 41e, i) (Student’s
t-test, Object bias, NOR: tzs = 0.5657, p = 0.5751; SOR: t3s = 1.32, p = 0.1951). In addition, Ctrl
and CKO animals spent more than 20% of the time interacting with the objects, with no genotype
differences (Figure 41f, j) (Student’s t-test, Object interaction time (NOR): tzs = 1.14, p = 0.262;
object interaction time (SOR): tzs = 1.198, p = 0.2386).

Furthermore, Ctrl and CKO mice did not differ in their novelty preference for a novel object or
location (Figure 41g, k) (Student’s t-test, novelty preference, NOR: tzs = 0.6007, p = 0.5518; SOR:
tss = 0.3378, p = 0.7374) nor in their discrimination index for the novel object (Figure 41h) or
novel location (Figure 411) (Student’s t-test, discrimination index, NOR: tzs = 0.6007, p = 0.5518;
SOR: t3s = 0.3378, p = 0.7374). Moreover, estrous cycle did not have any effect on the assessed
parameters (Figure 41m, n) (Two-way ANOVA, NOR discrimination index: interaction, F, 30) =
0.3234, p = 0.8084; genotype, F(, 30) = 0.0003104, p = 0.9861; estrous stage, F, 300 = 0.5528, p =
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0.6502; SOR discrimination index: interaction, F, 30) = 0.3838, p = 0.7654; genotype, F(, 30) =
0.4403, p = 0.5120; estrous stage, F, 30 = 1.711, p = 0.1858).
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Figure 41: Characterization of cognitive performance of female Ca,1.2-Nex mice. a) Distance travelled
in the Y-maze apparatus. b) Percentage spontaneous alternations. ¢) Total number of arm entries. d)
Comparison of spontaneous alternations for animals in different stages of estrous cycle. e, i) Percentage
object bias in NOR (e) and SOR (i). f, j) Percentage interaction time with objects in NOR (f) and SOR (j).
g, k) Novelty preference for object in NOR (g) and novel location in SOR (k). h, I) Discrimination index in
NOR (h) and SOR (I). m, n) Comparison of discrimination index of animals in different stages of estrous
cycle in NOR (m) and SOR (n). (Student’s t-test, two-way ANOVA + Bonferroni post hoc, * represents p
< 0.05).
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Figure 42: Ca,1.2-Nex CKO mice exhibit spatial memory deficits. a) Latency to finding the platform
during training days. b) Time spent in the target quadrant during probe test 24 hours after the last training
day. ¢) Time spent in target quadrant in probe trial after 7 days. (Two-way ANOVA repeated measures +

Bonferroni post hoc, Student’s t-test, * represents p < 0.05).

Previous studies have reported deficits in spatial memory in Cay1.2 CKO mice, particularly in the
Morris water maze task (White et al. 2008; Dedic et al. 2018). To verify whether female CKO
mice also showed similar deficits in spatial learning, a different cohort of animals was tested in
the Morris water maze task. Ctrl and CKO animals showed similar latency to finding the hidden
platform during the training days (Figure 42a) (Two-way ANOVA-repeated measures:
interaction, F,e0) = 0.903, p = 0.4680; genotype, F, 15) = 3.428, p = 0.0839; time, F, 60) = 16.87,
p < 0.0001). Ctrl and CKO mice also spent similar times in the target quadrant during the probe
trial (Figure 42b) (Student’s t-test, tis = 1.177, p = 0.2574). Interestingly, CKO mice spent
significantly less time in the target quadrant compared to their Ctrl littermates indicating impaired

remote spatial memory (Figure 42c) (Student’s t-test, t15=3.526, p = 0.0031).

Taken together, these results suggest that Cay1.2-Nex CKO animals show working, and remote

spatial memory deficits as indicated in the Y maze and MWM tests.

4.4.4. Female CKO mice show enhanced active stress coping behavior

Since an earlier study reported an enhanced active stress coping behavior following Cay1.2
inactivation in male mice, | assessed the Cay1.2-Nex female animals in the FST. Female CKO
animals showed significantly enhanced swimming and reduced immobility compared to their Ctrl
littermates indicating an enhanced active stress coping behavior, similar to earlier reports in male
animals (Figure 43b, ¢) (Student’s t-test, time swimming: tzs =5.971, p = <0.0001; time immaobile:

tss = 6.744, p < 0.0001). Ctrl and CKO mice were indistinguishable in the time spent struggling
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(Figure 43a) (Student’s t-test, tss¢ = 1.602, p = 0.1179). In addition, immobility in the FST was
independent of the different stages of the estrous cycle (Figure 43d) (Two-way ANOVA:
interaction, Fs, 30) = 0.06948, p = 0.9758; genotype, F(, 30) = 30.23, p < 0.0001; estrous stage, F,
30) = 0.6581, p = 0.5842).
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Figure 43: Ca,1.2-Nex female CKO mice showed enhanced active stress coping behavior. a) Time
spent struggling. b) Time spent swimming. ¢) Time spent immobile. d) Comparison of immobility time in
animals in different estrous stages. (Student’s t-test, two-way ANOVA + Bonferroni post hoc, * represents
p <0.05).

4.5. Assessment of cellular and molecular alterations in female CKO mice

Since preliminary data from early life stress experiments revealed reduced dendritic complexity in
the CKO mice, | wanted to further investigate the effects of selective Cay1.2 inactivation in
glutamatergic neurons on the morphology of hippocampal pyramidal neurons in female Cay1.2-
Nex animals. | performed Golgi-cox staining on brain tissues to visualize the dendritic branches
of pyramidal neurons in the CA1 region of dorsal and dorso-ventral hippocampus.

CKO mice showed reduced number of intersections (Figure 44c) (Student’s t-test, ti70 = 4.541, p
<0.0001), total dendritic length (Figure 44d) (Student’s t-test, ti7o = 5.145, p < 0.0001), number
of branches per cell (Figure 44e) (Student’s t-test, ti71 = 2.684, p = 0.0080) and number of branch
points per cell (Figure 44f) (Student’s t-test, ti71 = 2.988, p = 0.0032) compared to the Ctrl mice,
all indicating reduced dendritic complexity. Furthermore, Sholl analysis revealed reduced
dendritic complexity, especially between the radius of 50-150 um distance from the soma (Figure
44q, h) (Two-way ANOVA-repeated measure; #intersections: interaction, Fao, g330) = 11.72, p <
0.0001; distance, Fo, 8330) = 856.2, p < 0.0001; genotype, F, 170) = 20.62, p < 0.0001; dendritic
length: interaction, Fg, 8330) = 10.46, p < 0.0001; distance, F49,8330) = 837.5, p < 0.0001; genotype,
F, 1700 = 26.47, p < 0.0001). In addition to decreased dendritic complexity, CKO mice also
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exhibited significantly reduced spine density compared to the Ctrl mice (Figure 44i) (Student’s t-
test, tiog = 2.105, p = 0.0372). From these results, it can be concluded that Cay1.2 plays a role in
dendritic branching and deletion of Cay1.2 specifically in glutamatergic neurons during

development affects dendritic branching and development.
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Figure 44: Dendritic branching complexity, spine density and pCREB expression in Cay1.2-Nex

female mice. a) Representative image of hippocampal neurons (5% magnification) from Golgi-cox staining



Results | 78

procedure. b) Representative neuronal tracings of hippocampal CA1 pyramidal neurons. c) Total number

of intersections. d) Total dendritic length. ) Number of branches per cell. f) Number of branch points per

cell, g, h) Sholl analysis data for number of intersections and dendritic length, i) Spine density/ pm. j)

pCREB expression in the hippocampus and PFC (Ctrl: n = 5, CKO: n = 5 for Golgi staining procedures,

Ctrl: n =8, CKO: n = 5 for western blot, Student’s t-test, p < 0.05; Two-way ANOVA-repeated measures

+ Bonferroni post hoc, p < 0.05).
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Figure 45: minPROFILER assay. The heatmap shows expression of 23 barcoded sensors (left y-axis) at

different time points (right y-axis) after stimulation with different doses of 6 stimulants (top and bottom x-

axis). CKO neurons showed higher basal level activity compared to Ctrl neurons. (Red dot indicates

significant values).
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Since pCREB is a well-known downstream target of Cay1.2 signaling and plays a role in dendritic
branching (White et al. 2008; Rajadhyaksha et al. 1999; Finsterwald et al. 2010), pCREB protein
expression was analyzed in the Cay1.2-Nex female mice. Probing of basal expression levels of
pCREB in the hippocampus and PFC regions revealed no significant alterations between Ctrl and
CKO mice (Figure 44j) (Student’s t-test, hippocampus: t11 = 1.239, p = 0.2413; prefrontal cortex:
t11 = 0.8511, p = 0.4128).

The minPROFILER assay is a multiplexed cell-based assay targeting individual cellular signaling
events based on EXTassay technology (Herholt et al. 2018). The assay was performed by our
collaborators at the Department of Psychiatry and Psychotherapy, LMU Klinikum, Munich,
Germany. Differential expression of 23 barcoded sensors representing seven signaling pathways
in primary cortical neurons were analyzed upon stimulation with different concentrations of 6
stimulants (Figure 45). Each stimulant yielded differential expressions of several genes in CKO
samples compared to the Ctrl samples. Interestingly, unstimulated CKO samples already showed
a higher basal activity compared to the Ctrl neurons. To validate these results and assess whether
this high basal activity in CKO neurons in an artifact, further validation is required.

4.6. Addressing the role of Cav1.2 in inhibitory GABAergic neurons

Recently, a growing body of evidence suggests an involvement of inhibitory GABAergic neurons
in the etiology of psychiatric disorders (Rossignol 2011; Marin 2012; Yang and Tsai 2017; van
Bokhoven, Selten, and Nadif Kasri 2018; Xu and Wong 2018; Fogaca and Duman 2019). Several
other studies suggested a cell type-specific role for Cay1.2, thus | wanted to specifically address

the effects of Cay1.2 deletion in GABAergic neurons.

4.6.1. Establishment of Cav1.2-GABA mouse lines

To target all GABAergic neurons, first a conditional mouse line was generated using the
tamoxifen-inducible GAD2-CreER 2 driver line to allow temporally controlled inactivation at two
different time points - development or early postnatal days versus adulthood. To validate this
mouse line (Cay1.2-Gad2-CreERT?), Cre recombination was induced using tamoxifen-containing
chow provided to adult animals. Activation of a Cre-dependent HA-tagged reporter was visualized
by immunofluorescence staining. However, only a sparse labeling of HA-tag positive cells was

observed. Hence, to check if this was due to insufficient recombination, two new cohorts of mice



Results | 80

were treated with tamoxifen - either by tamoxifen-containing chow or by intraperitoneal injection
of tamoxifen. Normal chow/ saline was administered to the respective control animals. However,
similar to the first batch, this approach also yielded no or very few HA-tag positive cells even in

regions that are known to be abundant in GABAergic neurons (Figure 46).

Tamoxifen food Tamoxifen injection

Prefrontal cortex

|

Hippocampus

Figure 46: Validation of Ca,1.2-Gad2-CreER™ animals following tamoxifen administration.
Representative images of prefrontal cortical and hippocampal sections from Ctrl and Cre positive animals
after: left - administration of tamoxifen-containing chow for two weeks and sacrifice after one-week
washout period, right: single dose of tamoxifen intraperitoneal injection and sacrifice after one-week

washout period. Scalebar: 1 mm.

Since the Cay1.2-Gad2-CreER™ mouse line showed only limited signs of Cre recombinase
activity, another mouse line with Cay1.2 inactivation specifically in parvalbumin-expressing (PV™)
GABAergic neurons was generated by breeding floxed Cacnalc mice with the PV-Cre driver line
(Cav1.2-PV). Immunofluorescence staining for the Cre-dependent HA-tagged reporter was used
to confirm Cre-mediated recombination and to demonstrate the functionality of the mouse line.
Cav1.2-PV mice showed a good percentage of HA-tag positive cells in the cortex, thalamus,
amygdala, hippocampus, reticular thalamic nucleus, globus pallidus and caudate putamen regions
reflecting the expected distribution pattern of PV* neurons (Figure 47). Thus, the Ca/1.2-PV
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mouse line was used for further behavioral phenotyping and analysis. The control and conditional

knockout animals are referred to as Ctrl and CKO-PV henceforth.

Cortex

Figure 47: Validation of the Ca,1.2-PV mouse line. Representative images showing expression of Cre-
dependent HA-tagged reporter was seen in cortex, globus pallidus (GP), reticular thalamic nucleus (RTN),

amygdala (Amyg), hippocampus (HP) and a sparse expression in caudate putamen (CPu). Scalebar: 1 mm.

4.6.2. Cavl.2-PV CKO mice exhibit anxiogenic behavior

To investigate the effects of Cay1.2 deletion in PV* GABAergic neurons on locomotor activity and
anxiety-related behaviors, Cav1.2-PV mice were evaluated in the OFT, EPM and LDB tests. CKO-
PV mice and their Ctrl littermates showed similar exploratory behavior in the OFT (Figure 48a,
b) (Locomotor activity: two-way ANOVA-repeated measures; interaction, F, 165y = 0.1605, p =
0.9765; genotype, F, 33 = 1.617, p = 0.2124, time, F, 165y = 26.99, p < 0.0001; total distance:
student’s t-test, t33 = 1.272, p = 0.2124). CKO-PV mice showed increased anxiety-related behavior
during the first five minutes of the test as indicated by reduced time spent in the center zone. The
number of entries to the center zone was comparable between Ctrl and CKO-PV animals (Figure
48c, d) (Student’s t-test, inner zone time: tz> = 2.202, p = 0.035; inner zone entry: tzz = 0.4041, p
=0.6887).
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Figure 48: Ca/1.2-PV CKO mice show normal exploratory but anxiogenic behavior. a) Distance
travelled in 5-min time segments. b) Total distance traveled during exploration of open field. c) Time spent
in the inner zone. d) Number of entries to the inner zone. e) Distance travelled in EPM. f) Time spent in
open arms. g) Number of entries into the open arms. h) Latency to enter the lit zone. i) Time spent in the lit
zone. j) Number of entries into the lit zone. (Two-way ANOVA repeated measures + Bonferroni post hoc,
Student’s t-test, * represents p < 0.05)

Ctrl and CKO-PV mice were indistinguishable in the EPM test with comparable exploration and
absence of alterations in the anxiety-related behavior (Figure 48e) (Student’s t-test, t3» = 1.443, p
=0.1588). Accordingly, Ctrl and CKO-PV animals spent similar amount of time in the open arms
of the apparatus (Figure 48f) (Student’s t-test, ts2 = 0.445, p = 0.6593). The number of entries into
the open arm was also not significantly different between the Ctrl and CKO-PV animals (Figure
480) (Student’s t-test, t3» = 0.5556, p = 0.5823). Interestingly, CKO-PV showed altered anxiety-
related behavior in the LDB test. CKO-PV animals spent significantly less time in the lit zone
compared to their Ctrl littermates (Figure 48i) (Student’s t-test, ts3 = 2.274, p = 0.0296) while both
groups had similar latencies to enter the lit zone (Figure 48h) (Student’s t-test, ts3 = 0.2051, p =
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0.8387). There was no difference in the number of entries made to the lit zone between the two
groups (Figure 48j) (Student’s t-test, t3z = 0.9831, p = 0.3327). Taken together, these results
suggest that Cayv1.2-PV CKO animals exhibit a normal locomotor activity with signs of anxiogenic

behavior.

4.6.3. Cavl.2 deficiency in PV* GABAergic neurons does not alter social behavior
Investigation of social behavior in Cay1.2-PV mice revealed that CKO-PV animals showed social
behavior similar to their control littermates. Both groups spent similar times in the different
chambers (Figure 49a). In stage 2, both Ctrl and CKO-PV animals spent more time interacting
with the social mouse than with the empty cage (Figure 49b) (Two-way ANOVA: interaction, F,
s8) = 0.1511, p = 0.6989; genotype, F(, 58 = 0.6155, p = 0.4359; social mouse, F(,s8) = 94.06, p <
0.0001). However, no genotype differences were observed i.e., both groups spent similar time
interacting with the social mouse (Figure 49d) (Student’s t-test, tog = 0.1449, p = 0.8858).
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Figure 49: Assessment of social behavior in Ca,1.2-PV mice. a) Time spent in the three chambers of the
3CT apparatus. b) Interaction time with empty cage vs social mouse. ¢) Interaction time with familiar mouse
vs novel mouse. d) Percentage interaction time with social mouse. e) Percentage interaction time with novel

mouse. f) Discrimination index. (Two-way ANOVA + Bonferroni post hoc, p < 0.05, Student’s t-test).

In stage 3, when a novel social mouse was introduced, CKO-PV mice interacted with the novel
social mouse more than the familiar mouse while control animals showed only a trend toward

increased interaction with novel mouse (Figure 49c) (Two-way ANOVA: interaction, F, s8) =
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1.36, p = 0.2484; genotype, Fq, s8) = 0.7449, p = 0.3916; novel mouse, F(1, s8) = 14.92, p = 0.0003).
No differences between the genotypes were observed in time spent interacting with the novel
mouse or discrimination between novel and familiar social mice (Figure 49e, f) (Student’s t-test,
percentage interaction time: too = 1.141, p = 0.2632; discrimination index: tog = 1.141, p = 0.2632).
These results suggest that Cay1.2 deficiency in PV* GABAergic neurons does not alter social

behavior.

4.6.4. Assessment of cognitive performance in Cav1.2-PV mice

Cognitive performance was further investigated in learning and memory tasks (Y maze, NOR,
SOR and MWM). In the Y-maze, Ctrl and CKO-PV animals showed comparable locomotor
activity, and working memory as indicated by the similar spontaneous alternations and total
number of arm entries (Figure 50a, b, ¢) (Student’s t-test, distance: tzz = 1.863, p = 0.0715;
spontaneous alternations: ts3 = 0.2116, p = 0.8337; arm entry: t33 = 1.831, p = 0.0761).

In the NOR task, both groups spent similar time interacting with the objects during the training
stage and there was no object bias (Figure 50d, e) (Student’s t-test, interaction time: t3; = 0.4956,
p = 0.6237; object bias: t31 = 0.2329, p = 0.8174). Interestingly, CKO-PV mice spent lesser time
interacting with the novel object in the testing phase compared to the Ctrl group (Figure 50f)
(Student’s t-test, t31 = 2.135, p = 0.0407). CKO-PV animals were also unable to discriminate the
novel object from the familiar one as indicated by the discrimination index (Figure 50g) (Student’s
t-test, tsg = 2.135, p = 0.0407). In the SOR task, both groups spent similar time interacting with the
objects in the training stage with no object bias (Figure 50h, i) (Student’s t-test, interaction time:
t3o = 0.2032, p = 0.8403; object bias: tos = 0.3939, p = 0.697). Ctrl and CKO-PV mice were
indistinguishable with regards to the time spent interacting with the object in a novel location or
the discrimination index (Figure 50j, K) (Student’s t-test, interaction time: tzp = 0.8982, p = 0.3762;
discrimination index: tso = 0.8982, p = 0.3762).

To further investigate spatial memory in a different task, Cay1.2-PV animals were subjected to the
Morris water maze task. In the water maze, Ctrl and CKO-PV animals showed similar latencies to
find the platform during the training trials indicating that both groups learnt the task similarly
(Figure 50I) (Two-way ANOVA-repeated measure: interaction, Fu, 128y = 0.5211, p = 0.7204;
genotype, F, 32) = 0.007799, p = 0.9302; time, F, 128) = 37.93, p < 0.0001). Furthermore, both
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groups spent more time in the target quadrant (which had the platform) in the probe trial (Figure
50m) (One-way ANOVA: F7, 128) = 3.5, p = 0.0018). However, there was no significant difference
in the time Ctrl and CKO-PV mice spent in the target quadrant (Figure 50n) (Student’s t-test, ts»
= 0.5544, p = 0.5831). Taken together these results suggest that Cay1.2 deficiency in PV*

GABAergic neurons results in cognitive deficits only in the NOR task.
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Figure 50: Assessment of cognitive performance of Ca,1.2-PV mice. a) Distance travelled in Y-maze.
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SOR. I) Latency to platform during training in water maze. m) Time spent in different quadrants during
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probe trial. n) Time spent in the target (platform) quadrant during probe trial. (Student’s t-test, two-way
ANOVA-repeated measures, * represents p < 0.05).

4.6.5. CKO-PV mice show enhanced passive stress coping behavior

Experiments with Cay1.2-Nex mice showed an enhanced active stress coping behavior. Thus, |
wanted to investigate the effects of Cay1.2 inactivation in PV* GABAergic neurons on stress
coping behavior. In the FST, Ctrl and CKO-PV animals spent similar times struggling at the
beginning of the test (Figure 51a) (Student’s t-test, ts3 = 0.2074, p = 0.837). Interestingly, CKO-
PV mice showed a passive stress coping strategy. CKO-PV mice spent lesser time swimming and
more time floating or immobile compared to their Ctrl littermates (Figure 51b, c¢) (Student’s t-test,
time swimming: ts3 = 4.013, p = 0.0003; time immobile: t33 = 4.362, p = 0.0001).
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Figure 51: Ca,1.2-PV CKO mice showed passive stress coping behavior. a) Time spent struggling. b)

Time spent swimming. ¢) Time spent immobile. (Student’s t-test, * represents p < 0.05).

4.7. Cavl.2 deficiency in excitatory and inhibitory neurons result in opposite effects on stress
coping behavior

Since Cay1.2-Nex CKO mice showed increased active stress coping behavior whereas Cay1.2-PV
CKO mice showed more pronounced passive stress coping behavior, | wanted to further dissect
the brain circuitries responsible for this opposite effect by quantifying cells expressing the
immediate early gene cFos in different brain regions after the FST. For this | performed the FST
simultaneously on Cay1.2-Nex and Cay1.2-PV mouse lines to confirm this opposite pattern in stress
coping behavior.

Indeed, Cay1.2-Nex CKO mice showed enhanced active stress coping behavior while Cay1.2-PV
CKO mice showed increased passive stress coping behavior compared to their respective Ctrl
littermates while no differences were found in the time that each group spent struggling (Figure



Results | 87

52a - c) (One-way ANOVA, time struggling: F, 21) = 0.3506, p = 0.7891; time swimming: F@, 21
=7.305, p = 0.0015; time immobile: F,21) = 9.163, p = 0.0004).
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Figure 52: Stress coping strategies in Cay1.2-Nex and Cay1.2-PV mice. a) Time spent struggling. b)

Time spent swimming. ¢) Time spent immobile. (One-way ANOVA + Bonferroni post hoc; * represents p
<0.05).

Figure 53: Representative images of cFos expression in different brain regions. Abbreviations - M1:
Primary motor cortex, M2: secondary motor cortex, Cgl: cingulate cortex, PrL: prelimbic cortex, IL:
infralimbic cortex, NAc: nucleus accumbens, CPu: caudate putamen, LS: lateral septum, BNST: bed

nucleus of stria terminalis, PVT: paraventricular thalamic nucleus, PVH: paraventricular hypothalamic
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nucleus, S1: primary somatosensory cortex, S2: secondary somatosensory cortex, LHbN: lateral habenular
nucleus, DG: dentate gyrus, LA: lateral amygdala, BLA: basolateral amygdala, CeA: central amygdala.
Scalebar: 50 pm.
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Figure 54: Quantification of cFos positive cells in different brain regions. Graphs represent number of

cells quantified in a 200 pm % 200 um square region of interest in each brain regions bilaterally. (Student’s
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t-test, * represents p < 0.05). Abbreviations - Cgl: cingulate cortex, PrL: prelimbic cortex, IL: infralimbic
cortex, M1: primary motor cortex, M2: secondary motor cortex, NAc: nucleus accumbens, CPu: caudate
putamen, LS: lateral septum, BNST: bed nucleus of stria terminalis, PVT: paraventricular thalamic nucleus,
PVH: paraventricular hypothalamic nucleus, LHbN: lateral habenular nucleus, S1: primary somatosensory
cortex, S2: secondary somatosensory cortex, DG: dentate gyrus, LA: lateral amygdala, BLA: basolateral

amygdala, CeA: central amygdala.

Interestingly, quantification of cFos positive cells in the Cay1.2-Nex mice revealed an enhanced
cFos expression in CKO-Nex mice compared to their Ctrl littermates in LS (Figure 54h)
(Student’s t-test; tos = 4.223, p < 0.0001), PVT (Figure 54j) (Student’s t-test; to1 = 2.278, p =
0.0333), CAl (Figure 540) (Student’s t-test; tss = 2.465, p = 0.0175) and DG (Figure 54Q)
(Student’s t-test; t46 = 2.021, p = 0.0491) and a reduced expression in the lateral amygdala (LA)
(Figure 54r) (Student’s t-test; t41 = 2.653, p = 0.0113). Whereas in Cay1.2-PV animals, CKO-PV
mice showed enhanced cFos expression in IL (Figure 54c¢) (Student’s t-test; ts3 = 2.339, p =
0.0256), M1 (Figure 54d) (Student’s t-test; t3s = 2.483, p = 0.0181) and NAc (Figure 54f)
(Student’s t-test; tzg = 3.544, p = 0.0007) regions compared to their Ctrl littermates.

In summary, the FST resulted in differential cFos expression in several brain regions in Cayl.2-
Nex and Cav1.2-PV mice. Furthermore, the data also revealed that the response to the FST is
mediated by specific brain circuitries that possibly are contributing to the opposite stress coping

effects seen in the two lines.
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5. Discussion

In this thesis, | explored the interaction of Cay1.2 with stress during early life using a mouse model
with a specific deletion of Cacnalc in forebrain glutamatergic neurons (Cav1.2-Nex). The LBN
stress had moderate effects as indicated by hyperlocomotion of female CKO mice, higher sucrose
preference of ELS female mice, task specific alterations in anxiety and impaired social behavior
of male CKO mice. Besides, no significant consequences of LBN stress were observed on other
behavioral readouts. At the cellular level, LBN stress induced dendritic atrophy as indicated by

reduced dendritic complexity.

| further evaluated the behavioral phenotype of female Cay1.2-Nex mice to investigate whether
they exhibit behavioral deficits that have previously been observed in male Cay1.2-Nex mice. In
line with previous studies, | observed increased anxiety and hyperlocomotion in CKO mice,
working memory and remote spatial memory impairment and an enhanced active stress coping
behavior. Furthermore, I also found reduced dendritic complexity and spine density in CKO mice
compared to Ctrl mice with no changes in pCREB protein expression. Additionally, through a
minPROFILER assay, we found signs of increased baseline activity in CKO primary neurons when

compared to their unstimulated control neurons.

Moreover, | also generated a novel mouse model with a specific deletion of Cacnalc in inhibitory
PV neurons. Behavioral characterization of these mice revealed increased anxiety, normal social
behavior, deficits in novel object recognition and a more passive stress coping strategy in the FST
of CKO-PV mice compared to Ctrl littermates. Further comparison of Cay1.2-PV with Cay1.2-Nex
mice to understand their opposite stress coping behavior revealed differential expression of cFos

in different brain regions that might contribute to the opposing behavior observed in the FST.

5.1. Early life stress effects on the Cav1.2-Nex mouse model

Early life adversity in combination with genetic predisposition is a well-known risk factor aiding
in the development of psychiatric disorders. In support of this, clinical studies have reported
increased vulnerability of CACNALC risk allele carriers to early life stress and increased risk for
development of psychiatric disorders (Krautheim et al. 2018; Klaus et al. 2018; Dedic et al. 2018).
These studies necessitate the need to further explore the mechanisms underlying gene x

environment interactions. The LBN stress, a recently developed ELS model for rodents, is known
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to capture naturalistic early life adversity seen in humans through disrupted maternal care provided
to pups in the first two weeks of life due to an impoverished environment. The LBN stress induces
a diverse set of phenotypes including altered anxiety- and depression-related behavior, cognitive
deficits and structural impairments such as reduced dendritic complexity and spine density (lvy et
al. 2010; X. D. Wang et al. 2011; Walker et al. 2017). In this study | investigated the gene x
environment interactions by subjecting Cav1.2-Nex mice, which harbors a specific deletion of
Cacnalc in forebrain glutamatergic neurons, to the LBN stress. Male and female animals were
used for this experiment to also account for well-known sexual dimorphisms in stress effects
(Kundakovic et al. 2013; Hill et al. 2014; Farrell et al. 2016; Goodwill et al. 2018; Takahashi
2021). Examination of physiological parameters revealed significant differences in the body
weight of pups. In line with previous studies, ELS animals showed reduced body weight compared
to their unstressed counterparts with a trend toward increased loss of pups in the ELS group. In
addition to weights and litter sizes, other physiological parameters such as adrenal weight and
corticosterone levels are often monitored during the first weeks immediately after the LBN stress
and after the behavioral phenotyping. In this study, however, these measures were not monitored,
and behavioral studies were directly carried out in adult animals (4-6 months old) which is one of
the limitations of this study. Upon behavioral phenotyping at adulthood, only moderate stress
effects were observed, which suggests the possibility that the LBN stress was too mild a stressor

with stress effects that might not persist into adulthood.

Consistent with previous reports on Cay1.2-Nex mice, male and female CKO animals showed
hyperactivity in a novel environment which was independent of stress in male mice. Stress
however further enhanced hyperlocomotion in female CKO animals without an effect on the ELS-
Ctrl group which is of note here. Other reports on ELS models such as maternal separation have
reported a stress induced hyperactivity in a novel environment which results from the activation
of various brain circuits (Bock et al. 2017; Deal et al. 2021; E. Fitzgerald et al. 2021). Considering
that ELS enhanced the hyperactivity already seen in female CKO mice, Cay1.2 deficient mice are
perhaps more vulnerable to ELS compared to their unstressed counterparts. In addition, since the
effects of ELS seem to be specific to females, this could also suggest a sexually dimorphic effect
of stress. However, care should be taken while interpreting these results, since compared to the
female group, the male group had relatively lower sample numbers which might affect the
interpretation of data.
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Increased anxiety-related behavior in rodents exposed to the LBN stress has been reported
previously (X.-D. Wang et al. 2012; Prusator and Greenwood-Van Meerveld 2015). In the present
study, I did not observe any genotype or stress induced effects on anxiety in male and female mice
in the OFT. In the EPM, however, genotype or stress effects on the parameters measured were
absent in male mice, but in female mice the LBN stress seemingly induced an anxiolytic effect
compared to the unstressed group without a genotype effect. One possible explanation is that ELS-
induced hyperlocomotion, which is more pronounced in ELS-CKO female mice but not in ELS-
Ctrl mice, results in an increased open arm time and number of entries. Other studies have also
reported hyperlocomotion induced by ELS (Bock et al. 2017; E. Fitzgerald et al. 2021; Deal et al.
2021). Thus, the anxiolytic effect in the EPM is possibly the result of ELS-induced
hyperlocomotion in both ELS-Ctrl and ELS-CKO female mice. However, why this
hyperlocomotion is not reflected in the total distance covered by ELS-Ctrl mice in the EPM
apparatus is currently unclear. In the LDB test, ELS CKO male mice showed increased anxiety
compared to ELS-Ctrl mice with an absence of genotype effect in the unstressed group. This would
suggest an increased vulnerability of Cay1.2 deficient mice in a task-specific manner, since the
LDB with its higher illumination intensity might be considered as a more stressful task compared
to OFT and EPM performed in low light conditions. Several studies have reported contrary effects
of the LBN stress on anxiety-related phenotypes including unaltered anxiety behavior (Naninck et
al. 2015; J. Molet et al. 2016). A possible explanation for a lack of strong stress effects could be
that a single hit of LBN stress is not sufficient to produce behavioral effects persisting into
adulthood. In support of this theory, studies with two-hit models of stress (early life stress in
combination with another stressor during adolescence) have reported increased anxiety induced
by this two-hit model rather than in the single hit model (Jaric et al. 2019; Shi et al. 2021; Eiland
and McEwen 2012). Thus, introducing another stressor as a second hit might provide the required
strength to introduce long-lasting behavioral changes in adulthood. Of note here is the lack of
genotype effects in the unstressed groups. Increased anxiety is a robust phenotype observed in
Cav1.2 mouse models (Dao et al. 2010; A. S. Lee et al. 2012; Z. D. Kabir et al. 2017; Dedic et al.
2018). Here, however, I did not see an anxiogenic behavior in US-CKO mice in any of the anxiety
tests which could be due to the low number of animals in each group and the high variability
introduced by several external factors. In summary, lack of sufficient samples, clear genotype or

stress effects limit the interpretation of the data considerably. A further exploration with sufficient
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sample numbers per group and perhaps the use of two-hit stress models might give better insights

into the gene x environment interactions.

Cognitive and social interaction deficits are another well-known consequence of early life
adversity in humans and often robustly replicated in animal models as well (Ivy et al. 2010; X. D.
Wang et al. 2011; Walker et al. 2017; Hedges and Woon 2011; Krugers et al. 2017). In both rats
and mice, the LBN stress induces significant cognitive and social deficits when tested at different
timepoints in adulthood (Rice et al. 2008; X. D. Wang et al. 2011; Ivy et al. 2010; Kohl et al. 2015;
Raineki et al. 2012). In our study, however, I did not observe cognitive impairments arising from
either genotype- or stress-effects in male and female animals. In social approach tasks, male and
female animals of both genotypes showed higher preference for the social conspecific rather than
the empty chamber. Whereas in social novelty preference, all groups were equally impaired in
distinction between the familiar and novel social mice with the exception of male US-CKO mice
which raises the question of whether the mice are no longer interested in the task. Data from the
social approach trial however suggested a preference for social interaction in all groups which was
not influenced by genotype or stress factors. Notably, upon further dissection of individual
percentages of time spent interacting with the social conspecific mice in each trial, I found that
ELS-CKO male mice spent almost half as much time interacting with a social conspecific
compared to the ELS-Ctrl and US-CKO. This effect is lost in the social novelty preference trial.
Whether the loss of effect is due to loss of overall interest in the task or due to other reasons is
currently unclear. In females, effects of ELS on social approach behavior or on social novelty
preference are lacking. One plausible explanation for a loss of overall interest in the novelty
preference trial could be that the social conspecific mice were not age matched to the experimental
animals (animals used as social mice were 8-10 weeks old while experimental animals were 4-6
months of age). Although, this might introduce a dominant behavior in the experimental animals,
there is no evidence for such behavior in the current study. Nevertheless, use of younger animals
as social conspecific is a limitation of this study. Another factor that might contribute to these
differences observed in males and females might be their housing conditions. During
experimentation, while male animals were single housed throughout the duration of the experiment
(long-term single housing), female animals were group housed due to their large numbers and a
lack of space. Since long durations of social isolation is known to have deleterious effects on social

cognition, it is possible that single housing might have had an additive effect leading to more
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pronounced effects of ELS on social approach task in males (Reinwald et al. 2018; N. Liu et al.
2020).

The LBN stress introduces quite significant deficits also in the NOR task (Rice et al. 2008; Ivy et
al. 2010). In the present study, performance in the NOR task was especially low with mice in all
groups exhibiting exceptionally low object interaction times. Male and female mice, irrespective
of their genotype or stress conditions, spent less than 20% of the total testing time interacting with
the objects during the acquisition phase. Increased interaction time of female CKO animals during
the acquisition phase is probably the result of their hyperactivity in the open field as the NOR task
was performed in the open field apparatus. However, differences related to the genotype or stress
effects in the novelty preference and discrimination index were absent in male and female groups.
Since object interaction times were lesser than the threshold in the acquisition stage, it would not
be possible to discriminate genotype- or stress- effects on cognition in this task. A reduced
interaction with the objects could arise because of several reasons. For example, the handling of
mice and habituation to the apparatus and to the objects might not be sufficient. This might
introduce anxiety leading to reduced exploration times. Another reason could be that the mice are
simply not interested in the objects which would lead to reduced exploration times (Antunes and
Biala 2012; Lueptow 2017). In either case, reduced exploration times in the acquisition phase

partly explains the lack of any effects on the novelty preference or discrimination index.

Another robust effect of the LBN stress is anhedonia in the sucrose preference test especially in
rats (J. Molet et al. 2016; Bolton, Molet, et al. 2018; Bolton, Ruiz, et al. 2018). In contrast to these
reports, however, male unstressed and ELS groups were similar in their preference for sucrose
over water with no genotype differences. Since hedonic behavior is an unexplored area in Cay1.2-
Nex animals, further investigation to understand how Cay1.2 deficiency might affect reward
seeking behavior is required. There are some studies exploring reward sensitivity and
responsiveness in humans as well as Cay1.2 models which report mixed results (Wessa et al. 2010;
Lancaster et al. 2014; Braun et al. 2018). Interestingly, in females, stress had an opposite effect on
sucrose preference. Irrespective of genotype, stressed mice had a higher preference for sucrose
compared to the unstressed group. Since sucrose preference in unstressed animals was exactly at
chance levels, whether the unstressed animals have a lower preference for sucrose or the stressed

animals indeed have higher preference for sucrose was incomprehensible.
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Stress coping behavior is a less explored phenotype in the field of LBN stress. Depression-related
behavior in FST is seen after the LBN stress in rats but to our knowledge such phenotype has not
been reported for mice (Raineki et al. 2012; Cui et al. 2006). Active stress coping behavior is an
established phenotype in Cay1.2-Nex CKO mice (Dao et al. 2010; Zeeba D. Kabir et al. 2017;
Dedic et al. 2018). Not surprisingly, | saw clear genotype effects in the FST independent of the
stress factor. Male and female CKO animals exhibited enhanced active stress coping behavior
compared to their Ctrl littermates. Since CKO animals exhibited hyperactivity in a novel
environment, it is highly likely that this influences the phenotype observed in the FST. In humans,
ADHD is often in high comorbidity with other psychiatric disorders such as BD, anxiety disorders
and even MD. Furthermore, hyperactivity is a shared symptom across several psychiatric disorders
(Sobanski 2006; Kunwar, Dewan, and Faraone 2007; Mir0 et al. 2012). Rodent studies have
previously evaluated the hyperactive phenotype; however, underlying mechanisms still remain
elusive (Yen et al. 2013). Hyperactivity in response to a novel environment or to an acute stressor
such as the FST may be due to hyperarousal or a manifestation of a manic-like behavior in response
to novelty or stress. Whether the enhanced active stress coping behavior is due to hyperactivity
observed in CKO mice or a hyperarousal response to an acute stressor are indistinguishable in the

current study and remains to be investigated.

In addition to anxiety-, depression-related phenotypes, social and cognitive impairments, the LBN
stress induces strong structural changes in the brain. Reduced dendritic complexity and spine
densities in the hippocampus are often reported in stressed animals which have an impact on
cognitive performance (lvy etal. 2010; X. D. Wang et al. 2011; Walker et al. 2017). Early postnatal
stages, with their heightened plasticity, are periods of enhanced vulnerability to external inputs.
Thus, any sensory input including early life stressors during this critical period can significantly
affect the development of dendritic branches and thus would also affect behavioral phenotypes
(Chen and Baram 2016; Lo, Sng, and Augustine 2017; Macharadze et al. 2019; Wong-Riley 2021).
Although in the current study | observed very moderate stress effects on behavior, preliminary
data from neuronal reconstruction and analysis suggested an influence of the LBN stress on
dendritic branching with dendritic atrophy in ELS-Ctrl animals compared to unstressed Ctrl mice.
Although genotype- or stress-effects are imperceptible in the current data due to limited
availability of samples, the data are in line with previous reports. Furthermore, the reconstruction

data were obtained only from female mice, Thus, further studies exploring effects of the LBN
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stress on male and female mice might provide us with interesting insights on whether sexual
dimorphisms can also be seen at a structural level. In vitro studies have reported a vital role for
Cav1.2 in neurite elongation (Obermair et al. 2004; Krey et al. 2013; Kamijo et al. 2018). However,
to my knowledge, there is no in vivo evidence of an involvement of Cay1.2 in dendritic branching
so far. In support of our hypothesis, preliminary neuronal reconstructions revealed subtle genotype
differences in dendritic branching with US-CKO exhibiting reduced dendritic complexity. Since
sample numbers were limited (n=2-3 per group), further tracings of more samples could possibly
enhance this subtle genotype difference, providing us with in vivo evidence for the involvement of
Cay1.2 in dendritic branching. pCREB is a well-known downstream target of Cay1.2 signaling and
plays a vital role in dendritic branching (Rajadhyaksha et al. 1999; Wheeler et al. 2008;
Finsterwald et al. 2010). A previous study by Moosmang et.al., revealed reduced pCREB
expression at baseline conditions in Cay1.2-Nex CKO mice. In contrast, differences in baseline
expression of pCREB were absent in male and female US-CKO mice compared to their Ctrl
littermates in the current study. In addition, LBN stress also had no effect on pCREB expression.
It is possible that any subtle differences due to genotype or stress effects might be diluted in the
total protein samples and a more localized sample collection, for example from synaptosomes

might shed better light on the subtle differences in pCREB expression levels.

Overall, moderate effects of the LBN stress on behavioral phenotypes were observed even though
stress caused dendritic atrophy. However, the current study had several limitations. Firstly, sample
numbers per group were relatively low to achieve any strong genotype- or stress- effects on
behavioral level, especially in males. Although 50 breeding pairs were set up to account for stress
condition and genotype, only 33 pairs gave birth to pups and the final sample numbers of pups for
each genotype were limited. This resulted in high variability leading to a lack of robust genotype
differences previously reported and hence limited the interpretation of data. Moreover, handling
of a large number of animals simultaneously and different housing conditions (single housing of
male animals and group housing of female animals) might have introduced higher variability in
the behavior. Testing another cohort of animals controlling for all factors would provide clearer
interpretation of the stress as well as genotype effects. Further, though two-hit stress models
produce mixed results, it would provide better understanding of whether the LBN stress confers

susceptibility or resilience to additional stress in addition to genetic predisposition.
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5.2. Cavl.2-Nex female CKO mice exhibit behavioral alterations reminiscent of
endophenotypes of psychiatric disorders
In humans, sexual differences can be seen across the spectrum of psychiatric disorders. While
women are twice as likely to be affected by depression and mood disorders than males, there is a
higher incidence of ASD in males (Pinares-Garcia et al. 2018; Altemus, Sarvaiya, and Neill
Epperson 2014; Tannenbaum and Boksa 2019). Gender differences are also found in the response
to treatments for psychiatric disorders, although these differences are subtle and not often
consistent (Khan et al. 2005; Viguera, Tondo, and Baldessarini 2000; Goldstein et al. 2002). In
preclinical research however, there is a strong bias toward usage of male animals for studying
behaviors related to endophenotypes of psychiatric disorders owing to the presumption that estrous
cycle in female animals would introduce higher variability in behaviors (Beery 2018). Previous
studies with Cay1.2 models have also largely focused on male animals with few using both sexes
for experimentation. Thus, in this study | investigated the impact of Cay1.2 deficiency on behaviors
related to psychiatric disorders in female mice and whether estrous cycle influenced these
behaviors. Monitoring the estrous cycle of Cay1.2-Nex females for 2 weeks revealed similar
cycling and lengths of each stage of the cycle in Ctrl and CKO animals. With the lack of any
variations in the estrous cycle, | moved forward with behavioral phenotyping of these mice that
included tests spread across the entire spectrum of endophenotypes including anxiety, cognition,
and stress coping. The current study revealed behavioral phenotypes in female Cay1.2-Nex CKO
mice that were consistent with phenotypes previously reported in male animals and are reminiscent

of endophenotypes of psychiatric disorders.

5.2.1. Novelty induced hyperlocomotion in female Cav1.2-Nex CKO mice

Hyperactivity or novelty induced hyperlocomotion is considered as a rodent correlate of positive
symptoms of SCZ or a “manic-like” behavior in response to novelty (P. J. Fitzgerald et al. 2010;
Kulak, Cuenod, and Do 2012; Procaccini et al. 2013). The OFT is commonly used to investigate
both exploratory behavior and anxiety in rodents. By allowing the mice to explore the open field
apparatus for 30 minutes, | could target both the exploratory behavior during the duration of the
experiment and anxiety levels in the first five minutes of the test. | observed a strong
hyperlocomotion and slower habituation in female CKO animals in the OFT. The current results
are in line with previous report of hyperactivity in Cay1.2-Nex male mice from our lab (Dedic et

al. 2018). Notably, female Cay1.2-Nex CKO mice showed similar hyperlocomotion in the first
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hour of being introduced to a novel home cage for the home cage activity monitoring. But upon
habituation, their activity returned to the levels of their Ctrl littermates with both groups displaying
higher activity during the dark phase compared to the light phase as is the case for nocturnal
animals. The comparable activity levels in the home cage/ familiar environment suggests that the
hyperlocomotion in CKO mice is likely induced by a novel or stressful environment which could
be a manifestation of a manic-like behavior or hyperarousal in response to novelty or stress. To
confirm this theory, a prolonged exposure to the open field apparatus might bring additional inputs
to whether hyperactivity is indeed novelty-induced. Additionally, the animals were habituated to
the novel home cage for three days before data was collected for home cage monitoring.
Monitoring the activity and habituation levels during those three days would have been pertinent
to understanding the difference in habituation levels of the two groups since CKO animals showed
slower habituation in the open field test.

Another notable observation was the reduced immobility and enhanced swimming of CKO
females in the FST. Reduced immobility in the FST suggests an enhanced active stress coping
response to an acute stressor which probably is a consequence of the hyperactivity seen in these
CKO mice in response to a novel or a stressful environment. In other behavioral tests, however,
Cav1.2-Nex knockout mice do not show hyperactivity. Thus, it is currently unclear whether
hyperactivity induced here is indeed due to a novel environment or a task-specific response. To
ensure that hyperactivity was not an innate behavior of Nex-Cre mice as a result of the insertion
of Cre recombinase into the Nex/ Neurod6 locus, | ran validation experiments with Ctrl and Nex-
Cre positive mice. | did not observe any significant behavioral differences between the two groups
suggesting that the hyperactivity was due to Cay1.2 deficiency specifically in glutamatergic
neurons of the forebrain. Further studies are required to truly dissect the neurobiological
mechanisms that underlie the hyperactivity and active stress-coping behaviors seen in these CKO

mice.

Other mouse models of SCZ and BD (including those with specific deletion of disease associated
genes in glutamatergic neurons) are also known to exhibit a similar novelty induced
hyperlocomotion (Karlsson et al. 2008; P. J. Fitzgerald et al. 2010; Beyer and Freund 2017; Kulak,
Cuenod, and Do 2012; Zhu et al. 2017; Tatsukawa et al. 2019; Gotze et al. 2021). Excitatory/
inhibitory imbalance is an often-suggested hypothesis in the development of psychiatric disorders
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(Kehrer 2008; Culotta and Penzes 2020). A plausible explanation for hyperactivity is E/I
imbalance because of lower activation of inhibitory circuits or higher activation of excitatory
circuits (Zhu et al. 2017; Tatsukawa et al. 2019). In fact, deficiency of Cay1.2 in glutamatergic
neurons of mice resulted in higher E/I ratio while a pan-neuronal deletion of Cacnalc resulted in
a significant shift in E/I balance (Z. D. Kabir et al. 2017; Temme and Murphy 2017). Interestingly,
the gain of function TS2-neo mouse model of Cacnalc is reported to show hypoactivity in a novel
environment while showing enhanced active stress coping behavior with an increased axonal
innervation of the striatum (Bader et al. 2011; Ehlinger and Commons 2017). This might suggest
that either gain or loss of function of Cay1.2 causes an E/I imbalance leading to altered locomotor
activity. Whether Cay1.2-Nex female CKO mice would also show an E/I imbalance and how this
relates to hyperactivity remains to be investigated. In additional support of the E/I imbalance
theory, dopaminergic circuits are also often implicated in hyperlocomotive phenotype along with
hippocampal hyperactivity (Tomasella et al. 2018; Fujita et al. 2020; Wiedholz et al. 2008;
Sotnikova, Efimova, and Gainetdinov 2020; Procaccini et al. 2013). Further studies targeting
different circuits implicated in disinhibition due to loss of E/I balance in novelty-induced
hyperlocomotion are required to understand the underlying mechanisms that bring about this

manic-like behavior in response to novelty or stress.

5.2.2. Loss of Cavl.2 in excitatory neurons induces anxiety

Anxiety is considered one of the endophenotypes shared across psychiatric disorders. In addition,
anxiety disorders often have high comorbidity with SCZ, BD and MD (Freeman, Freeman, and
McElroy 2002; Braga, Reynolds, and Siris 2013; Hirschfeld 2001). Preclinical studies with Cay1.2
rodent models have repeatedly revealed elevated anxiety-related behavior (A S Lee et al. 2012
Chantelle E. Terrillion et al. 2017; Dedic et al. 2018; Ehlinger and Commons 2019). In line with
these studies, Cav1.2-Nex female CKO mice showed elevated anxiety in OFT and EPM but not in
LDB. However, CKO mice did show a tendency toward increased latency to enter the lit zone
which could possibly indicate a decreased risk-taking or a risk avoidance behavior. Similar to this
study, some other studies in Cay1.2 mouse models have also reported anxiety behavior in one test
and not the other (EPM or LDB) (Dao et al. 2010; A. S. Lee et al. 2012; Dedic et al. 2018). For
this reason, more than one anxiety test was used. Anxiety is a multidimensional construct and a
multidimensional approach is often recommended while studying mouse behavior (Ramos and
Mormede 1997; Crawley and Bailey 2008). Thus, it can be concluded that loss of Cay1.2 in
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glutamatergic neurons of the forebrain induces anxiogenic behavior in female mice. Interestingly,
Cavl.2 deficiency does not always induce anxiety in mice. While constitutive Cacnalc
haploinsufficiency and cell type-specific deletion induced anxiogenic behavior in rodents, mice
with pan-neuronal deletion and region-specific inactivation in the ACC had normal anxiety levels
(Dao et al. 2010; De Jesus-Cortés, Rajadhyaksha, and Pieper 2016; A. S. Lee et al. 2012; Z. D.
Kabir et al. 2017; Dedic et al. 2018; Bavley et al. 2020; Jeon et al. 2010; Temme and Murphy
2017). From these reports and the current study, it is clear that anxiety-related behavior is mediated
by Cav1.2 via specific brain circuitries. Further studies are required to truly dissect mechanisms

via which Cay1.2 mediate the anxiety-related behavior.

5.2.3. Altered cognition, structural morphology, and basal activity in Cav1.2-Nex CKO mice
Cognitive impairment is another shared endophenotype seen across psychiatric disorders such as
SCZ, BD, and MD. In clinical studies, associations of CACNA1C with cognitive impairments and
structural changes in the brain are most robustly replicated (Krug et al. 2010; Mércio Gerhardt
Soeiro-de-Souza et al. 2012; M G Soeiro-de-Souza et al. 2017; Takeuchi et al. 2018). Similarly,
in preclinical studies, cognitive impairments in Cay1.2 rodent models are among the most robustly
replicated findings (S. Moosmang 2005; White et al. 2008; Temme et al. 2016). Thus, in this study,
| designed a behavioral test battery to include four cognitive tasks (Y maze, NOR, SOR and MWM
for spatial learning) that target different aspects of cognitive learning. Working memory
impairments are considered one of the key aspects of schizophrenia and CACNA1C has often been
associated with such impairments in patients as well as healthy carriers (Frydecka et al. 2014;
Eryilmaz et al. 2016; Z. Zhang et al. 2018). Cay1.2 deficiency specifically in glutamatergic neurons
of the forebrain introduced significant deficits in working memory (Y maze task) as observed in
this study. Previous studies on other Cay1.2 rodent models, however, did not yield similar working
memory deficits, which is in contrast to the current study (Zanos et al. 2015; Braun et al. 2018).
The contradictory effect on working memory originates perhaps from the use of different models
for the task. While Zanos et.al., and Braun et.al., used constitutive heterozygous mice and rat
models of Cacnalc respectively, in this study | used mice with Cacnalc deficiency specifically in
glutamatergic neurons of the forebrain. Such a cell type-specific deletion perhaps induces stronger
behavioral phenotypes compared to haploinsufficient models. Interestingly, female Cay1.2-Nex
CKO mice exhibited similar object recognition and relocation memory compared to their control
littermates, thus revealing a lack of effect of Cay1.2 deficiency on these forms of memory. Even
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with procedural differences, this is in agreement with other reports exploring the effects of Cay1.2
on object recognition memory (Zanos et al. 2015; Braun et al. 2018; Jeon et al. 2010). Spatial
memory impairments, though sometimes contradictory, are another consistently reported
phenotypes in Cay1.2 rodent models (White et al. 2008; Burgdorf et al. 2017; S. Moosmang 2005;
Dedic et al. 2018). Similar to previous reports, the current study also revealed spatial memory
impairments (especially remote spatial memory) in female CKO mice during the probe test of the
water maze. Like the Y-maze and water maze tasks, object recognition and relocation tasks are
also hippocampus dependent. Thus, stronger effects of cell type-specific Cay1.2 deficiency on all
cognitive functions could be expected since glutamatergic neurons are abundant in the
hippocampus. However, it appears that the deficiency alters only specific cognitive functions while
sparing the others. Why there is such a task-specific mediation of cognitive functions by Cay1.2
remains to be explored.

In support of the cognitive deficits observed in female CKO mice, structural morphology of
pyramidal neurons of the hippocampus were also altered in the CKO mice. Neuronal tracings
revealed that Cay1.2 deficiency during development introduces alterations in dendritic complexity
and spine density in CA1 hippocampal pyramidal neurons. Although structural plasticity has not
been explored in loss-of-function models of Cachalc, neurons derived from the TS2-neo gain-of-
function model revealed activity dependent dendritic retraction, providing a direct evidence for the
involvement of Cay1.2 in dendritic development (Krey et al. 2013). Cay1.2 are localized on
dendrites and spines, and they play a vital role in activity dependent signaling by modulating
calcium entry. Calcium influx through Cay1.2 triggers multiple pathways downstream that are
involved in structural plasticity. More importantly, Cay1.2 are highly expressed during
development (embryonic stages) with a gradual decrease in expression levels postnatally and in
adulthood which further supports the theory that Cay1.2 are vital during development (Schlick,
Flucher, and Obermair 2010). During development, expansion of pyramidal dendritic arbors is
fundamental to development and maturation of neuronal circuits. After maturation, dendritic
arbors are much more stable and less dynamic compared to spines (Forrest, Parnell, and Penzes
2018). Since Cre recombination in the female CKO mice begins during embryonic development
in forebrain glutamatergic neurons, it results in the deletion of Cay1.2 channels during early stages

of development (Goebbels et al. 2006). This would in turn alter the signaling cascades, thereby
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resulting in structural alterations which lead to the behavioral deficits observed in female CKO

mice.

pCREB, a molecule downstream of Cay1.2 signaling pathway, is also known to be involved in
dendritic branching and spine density (Redmond, Kashani, and Ghosh 2002; Pignataro et al. 2015).
In this study, however, basal expression levels of pPCREB were not different in CKO mice
compared to control littermates. Since differences in pCREB expression levels can be detected
even at basal levels in Cay1.2 models, a stimulation is not necessarily required to activate the CREB
phosphorylation (S. Moosmang 2005). It is possible that alterations in pPCREB expression levels
in glutamatergic neurons are obscured by the pCREB expression in other types of neurons in the
hippocampus and prefrontal cortex, even though hippocampal neurons are predominantly
excitatory. Extraction of synaptosomes instead of total proteins could solve this issue and provide
better insights into the effects of Cav1.2 deficiency on pCREB expression and whether this

mediates the alterations in structural morphology.

Cav1.2 channels, upon depolarization, activate several signaling cascades and thus play a vital role
in excitation-transcription coupling and protein synthesis. To get a more global overview of how
Cav1.2 deficiency alters these signaling cascades and for further drug screening, a minPROFILER
assay was performed. The minPROFILER assay on cortical primary cultures derived from Ctrl
and CKO mice revealed interesting phenotypes. Unstimulated CKO cortical neurons showed
higher basal activity levels compared to unstimulated Ctrl neurons while CKO neurons showed
less stimulability compared to Ctrl neurons. It is currently unclear whether increased basal activity
seen in CKO neurons is indeed a true phenotype or an artefact of the experiment. Thus, validation
experiments are required to confirm the phenotype after which further analysis and drug screening

experiments will be performed.

To summarize, | was able to replicate many of the behavioral phenotypes previously reported in
male Cay1.2 rodent models in Cayl.2-Nex female CKO mice, which were reminiscent of
endophenotypes of psychiatric disorders. The genotype differences in these behavioral phenotypes
were independent of the estrous cycle. In vitro studies have indicated a possible interaction of
estrogen with Cay1.2 channels, however direct effects of estrogen on Cay1.2 and behavioral
phenotypes have not been reported so far (Sarkar et al. 2008). In this study, I did not find any
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evidence of behavioral phenotypes being influenced by estrous cycle stages in the two groups
indicating a lack of interaction between those hormones and Cayl.2 to shape the observed
behavioral differences. Future studies will venture into the electrophysiological aspects to
understand the basis of cognitive dysfunction and further delve into the E/I imbalance theory which
might be responsible for certain behavioral aspects. Further exploration of the minPROFILER data
is also needed to understand the global effects of Cay1.2 deficiency and how it mediates the

behavioral outcome.

5.3. Generation of a novel mouse model with Cav1.2 deficiency in GABAergic neurons

Recently, there is a growing body of evidence implicating GABAergic neuron dysfunction in the
pathogenesis of psychiatric disorders (Rossignol 2011; Marin 2012; van Bokhoven, Selten, and
Nadif Kasri 2018; Yang and Tsai 2017; Fogaca and Duman 2019). Since Cay1.2 are also expressed
in GABAergic neurons, a novel mouse model with a pan-GABAergic neuron-specific deletion of
Cacnalc was generated to investigate the involvement of GABAergic Cay1.2 in behaviors related
to psychiatric disorders (Dedic et al. 2018). Using the inducible GAD2-CreER™ driver line to
achieve deletion at different timepoints, however, did not yield the expected patterns of Cacnalc
deletion. Cre recombination was induced in adulthood with tamoxifen-containing chow or a single
dose of tamoxifen injection, but neither approach yielded satisfactory results. In both cases, there
was a lack of Cre-dependent HA-tagged reporter expression in regions where GABAergic
interneurons are predominant. Other inducible Cre driver lines are known to produce sufficient
recombination in mice with procedures similar to those used in the current study. Thus, the reason
for an absence of Cre recombination in the tamoxifen-inducible Ca,1.2-GABA mouse line is
currently unclear. Since pan-GABAergic neurons-specific deletion of Cacnalc could not be
achieved, | decided to move forward with the generation of mouse line with specific deletion in
parvalbumin expressing neurons during development. Parvalbumin interneuron dysfunction is also
quite often implicated in psychiatric disorders where they result in a shift in the E/I balance
(Rotaru, Lewis, and Gonzalez-Burgos 2012; Ferguson and Gao 2018; Ruden, Dugan, and Konradi
2020). Additionally, one in vitro study also suggested a role for LTCCs in maturation of PV*
hippocampal neurons. Thus, after confirming the expression of the Cre-dependent HA-tagged
reporter in Cav1.2-PV mice, they were subjected to the previously used behavioral test battery that

covered the spectrum of endophenotypes associated with psychiatric disorders. Cay1.2-PV CKO
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mice exhibited anxiogenic behavior along with a task-specific cognitive deficit and enhanced

passive stress coping behavior.

5.3.1. Cavl.2 deficiency in PV* GABAergic neurons induces anxiety

Anxiety-related behavior is one of the most replicated findings in rodent models of Cay1.2 (refer
Table 2). Not surprisingly, Cay1.2 deficiency in PV* inhibitory neurons also induced increased
anxiety-related behavior in a task-specific manner in OFT and LDB. This anxiety-related behavior
was independent of locomotion since locomotion was unaltered in CKO-PV mice in the OFT.
Although Cay1.2-PV mice were tested in EPM as well for anxiety-related behavior, CKO-PV mice
showed anxiety levels similar to Ctrl mice in the EPM. Much like the current study, anxiogenic
behavior was reported in one test and not the other in some other studies as well (EPM or LDB)
(Dao et al. 2010; A. S. Lee et al. 2012; Dedic et al. 2018). Procedural differences and analysis of
data might partly contribute to the disparity. Why such a disparity in anxiety exists, especially in
the most commonly used EPM and LDB tests remain largely unexplored. Interestingly, cell type-
specific or region-specific inactivation of Cay1.2 seems to induce anxiety more robustly than pan-
neuronal deletion (Jeon et al. 2010; Bavley et al. 2020; Temme and Murphy 2017; Dedic et al.
2018). Since anxiety-related behaviors are considered to be a multidimensional construct with
involvement of several brain regions, cell type-specific inactivation of Cay1.2 might provide
insights into the brain circuitries involved in modulating anxiety-related behaviors (Ramos and
Mormede 1997; Crawley and Bailey 2008; Jimenez 2018; Singewald 2007). Future studies should
target specific regions/ circuits (e.g., ventral hippocampus) involved in anxiety to understand how

Cav1.2 regulates these circuits and affects anxiety-related behaviors.

5.3.2. Cavl.2 deficiency in PV* GABAergic neurons results in cognitive impairment

Cognitive dysfunction remains a robust feature in the psychiatric disorder spectrum and thus is
often explored in rodent models of psychiatric disorders. In this study, subjecting Cay1.2-PV mice
to different cognitive tasks revealed an overall unaltered cognition with the exception of object
recognition memory. CKO-PV mice were impaired in differentiating a novel object from a familiar
object. Since the hippocampus plays a vital role in all the cognitive behavioral tasks used in the
test battery (Y-maze, NOR, SOR and MWM), it is interesting that the effect of Cay1.2 deficiency
was task-specific in the case of short-term object recognition memory. Another reason why this
task-specific effect is intriguing is because PV™ interneurons, especially in the ventral
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hippocampus (vHP), have been implied as discriminators in the social recognition task where
inactivation of PV" interneurons results in social memory deficits (Deng et al. 2019). But in the
current study, | found no alterations in social cognition and social novelty preference. CKO-PV
mice were able to sufficiently discriminate between the novel and familiar social mice which also
requires a similar exploration strategy. Since PV* neurons of the vHP have been implied as
discriminators in social memory, it is possible that they play a similar role in object recognition
task as well. Thus, exploring whether PV" interneurons of the vHP play a role in object
discrimination in the NOR task and how Cay1.2 deficiency alters the activity of PV* interneurons
of the VHP resulting in object recognition deficits might provide some valuable insights into the

mechanisms underlying short term object recognition memory.

5.3.3. Cavl.2 deficiency in PV* GABAergic neurons induces passive stress coping behavior
Stress coping strategies in the FST can be considered a behavioral response to an acute stressor
which has a clinical relevance to certain psychiatric disorders such as ASD. In this study, CKO-
PV mice showed a passive stress coping strategy in the FST represented by their enhanced
immobility. Since CKO-PV mice showed no difference in locomotor activity in the OFT, the
passive stress coping strategy observed in FST is independent of locomotor activity. Mice with
Cav1.2 deficiency in another type of inhibitory (serotonin-expressing) neurons also showed a
similar enhanced passive stress coping behavior while deficiency in glutamatergic neurons results
in more active coping (Ehlinger and Commons 2019; Dedic et al. 2018). Acute stressors are a risk
factors for the pathogenesis of psychiatric disorders and maladaptive responses to an acute stressor
could be indicative of disease progression or even contribute to the same (McEwen 2004;
McLaughlin et al. 2010). Thus, a passive stress coping strategy could be considered a maladaptive

response to acute stressors.

Altered cFos expression was observed in the IL, M1 and NAc regions in CKO-PV mice compared
to their Ctrl littermates. Since PV interneurons comprise only 1-2% of NAc, co-localization
studies of cFos with parvalbumin marker is required to confirm that the differential cFos
expression arises in PV* expressing neurons due to Cayv1.2 deficiency (Xiaoting Wang et al. 2018;
Warren and Whitaker 2018). The nucleus accumbens (NAc) has previously been implicated in
conferring susceptibility to stressors (with a specific role for Cay1.2 in NAc) and depression and
is part of a vital pathway within the reward circuitry (Chantelle E. Terrillion et al. 2017; Bagot



Discussion | 106

2015; C E Terrillion et al. 2017; Wendel et al. 2021). Similarly, PV* interneurons of the IL-PFC
region are also often implicated in stress responses and coping strategies (Page et al. 2019;
Nawreen et al. 2020; Perlman, Tanti, and Mechawar 2021). In fact, a recent study by Nawreen
et.al., revealed that acute inhibition of prefrontal cortex PV* interneurons resulted in passive stress
coping strategy (Nawreen et al. 2020). Since CKO-PV mice in this study also showed an enhanced
passive stress coping, it is possible that Cay1.2 deficiency specifically in the PV* interneurons
result in hypofunction of the prefrontal cortex thereby mediating the passive coping response.
However, this response to an acute stressor cannot be mediated by only one brain region as seen
by the cFos expression study. Thus, further analysis is required to truly delve into the interplay of
Cav1.2 in PV neurons and the different brain regions contributing to the responses to acute

stressors.

5.4. Differential expression of cFos in CKO-Nex and CKO-PV mice

One interesting observation in this study with two different mouse lines was the opposing stress
coping response in the FST. While CKO-PV mice showed a passive coping strategy, CKO-Nex
mice showed a more active coping strategy in the FST compared to their respective Ctrl mice. cFos
quantification to understand the brain circuits involved in this opposing stress coping responses
revealed differential cFos expression in the LS, PVT, CA1, DG and LA regions in CKO-Nex mice
and IL, M1 and NAc regions in CKO-PV compared to their respective Ctrls. The difference in
activation of brain regions during FST in the two lines suggests that different brain circuits may
be activated/ inactivated in response to the acute stressor (FST) depending on the cell populations
in which Cay1.2 was inactivated. The distribution of excitatory and PV* inhibitory neurons in each
of these regions is quite variable, which could further add to the complexity of the brain circuits
involved. Since cFos expression would be activated in all types of neurons in response to a
stimulus, it is imperative to first isolate cFos expression in the specific cell types (glutamatergic
neurons in Cay1.2-Nex mice and PV™ interneurons in Cay1.2-PV mice) in the two mouse lines and
then study the effects of Cay1.2 deficiency on the coping strategies in these respective mouse lines.
One limitation of this study is that baseline expression of cFos was not quantified. Thus, in addition
to colocalization studies baseline cFos quantification is required to verify the differences in

expression levels seen above.
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6. Conclusion and future directions

In conclusion, the LBN stress yielded only moderate effects on behavioral phenotypes of Cay1.2-
Nex mice while inducing dendritic atrophy. It is possible that the mild effects of the LBN stress
are lost during adulthood. Two-hit stress models are often reported to produce much stronger
effects on behavioral phenotypes. Thus, a two-hit stress model combining the LBN stress with
another stressor such as restraint stress during adulthood could be considered for future studies. In
female Cay1.2-Nex mice, Cayv1.2 inactivation in a cell type-specific manner yielded alterations in
behavioral phenotypes reminiscent of the endophenotypes of psychiatric disorders. However, the
downstream mechanisms driving these behavioral phenotypes still remain elusive.
Electrophysiological and molecular studies targeting known signaling pathways downstream of
Cav1.2 channels would allow to untangle mechanisms underlying some of the behavioral
phenotypes. Furthermore, after completion of in vitro validation experiments, data from the
minPROFILER assay and a subsequent in vitro drug screening assay could provide further insights
into the global effects of Cay1.2 deficiency. In addition, this approach might also identify target
pathways for future therapeutic intervention which could be tested in these animal models.
Characterization of Cay1.2-PV mice harboring specific deletion of Cacnalc in PV* interneurons
further revealed interesting behavioral phenotypes such as altered anxiety-related behavior,
cognitive impairment specifically in the NOR and a more passive stress coping behavior. Since
E/lI imbalance is an often-suggested hypothesis in the pathogenesis of psychiatric disorders, future
studies therefore will involve electrophysiological studies to characterize the E/I balance in the
two mouse lines. To understand more about Cay1.2 functions in PV* GABAergic neurons, future
studies will also further probe into effects of Cay1.2 inactivation on PV* neuron maturation and on
adult neurogenesis. Investigating the role of vHP PV* neurons as discriminators and why Cay1.2
inactivation in PV* neurons leads to a specific deficit in the NOR also represent research questions

to be studied in the future.
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