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Abstract
Schizophrenia and bipolar disorder are examples of disabling psychiatric conditions
caused by both genetic and environmental factors. Genome-wide association studies
have consistently demonstrated that variation in the gene calcium voltage-gated
channel subunit alpha1C (CACNA1C) increases risk for psychiatric disorders. Early
life stress has also been reliably and convincingly associated with increased risk for
schizophrenia and bipolar disorder.
This thesis presents results concerning how genetic variation in Cacna1c and
prepubertal stress can affect hippocampal function and structure, potentially through
interacting together. PPS is shown to decrease Cacna1c in the CA1 and CA3 of the
hippocampal formation, which is also seen in a small cohort of human ELS samples,
suggesting a translational aspect of this work (Chapter 3). Delay, trace and unpaired
auditory fear conditioning were conducted in Cacna1c+/- (Chapter 4) and PPS rats
(Chapter 5) to examine how associative learning was processed within the
hippocampus and amygdala in these animals. Both Cacna1c+/- rats and PPS rats
demonstrate disrupted trace fear conditioning, a paradigm that explicitly requires the
hippocampus. Trace conditioning has been associated with adult hippocampal
neurogenesis, a process that is decreased at the cell proliferation level in Cacna1c+/rats (Chapter 6), whereas PPS rats have increased immature neurons (Chapter 6).
Environmental enrichment in Cacna1c+/- rats was not sufficient to correct these
behavioural and molecular deficits (Chapter 8). Finally, Cacna1c+/- animals show PV
and GAD67 expression changes in the dentate gyrus, suggesting a potential inhibitory
deficit (Chapter 7). These results contribute to the literature implicating Cacna1c,
stress and the hippocampus in the development of mental disorders.
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Chapter 1: General Introduction

: General Introduction
1.1 The association of genetic variation in CACNA1C with
psychiatric disorders
1.1.1 Introduction
Risk for psychiatric disorders can be conferred by both genetic and environmental
factors, and likely also through interactions between genes and the environment
(Uher, 2014). Schizophrenia and bipolar disorder are two related psychiatric disorders
that are associated with a severely impacted quality of life, inadequate clinical
response and reduced life expectancy (Jones et al., 2006; Aykut et al., 2017).
Therefore, there is a tremendous need for research into understanding the underlying
mechanisms of the disorders in order to inform and improve therapeutics. Advances
in genomic techniques in recent years has accelerated this research, however
functional work is now essential to determine how risk genes work together and with
environmental factors to confer risk for disorder.

1.1.2 Schizophrenia
Schizophrenia is a neurodevelopmental disorder with a prevalence of 1% within the
general population (Sullivan et al., 2003). It is characterised by a broad spectrum of
symptoms which are often reported within three clusters: positive (hallucinations and
delusions), negative (anhedonia and social withdrawal) and cognitive (working
memory and attentional deficits) (Andreasen and Olsen, 1982; Tamminga and
Medoff, 2000). The onset of psychotic symptoms usually manifest between late
adolescence and early adulthood, although cognitive impairments often occur long
before this (Lewandowski et al., 2011). The neurodevelopmental hypothesis of
schizophrenia proposes that development can, at least in part, be traced to genetic
and/or environmental factors influencing brain development during the prenatal or
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postnatal period (Murray and Lewis, 1987; Weinberger, 1987; Schmitt et al., 2014).
Once the disease develops, sufferers can either recover completely, improve over
time or, as about a third of patients experience, not show any improvement of
symptoms despite medication, which can lead to severe psychosocial deterioration
(Tamminga and Medoff, 2000).
Both dopaminergic and glutamatergic neurotransmission has been implicated in
schizophrenia pathology. Current antipsychotics block dopamine D2 receptors
however, both genetic and pharmacological evidence also indicate a role for the Nmethyl-D-asparate (NMDA) glutamate receptor complex and related proteins
(Tamminga and Medoff, 2000; Hall et al., 2015). NMDAR antagonists produce
schizophrenia-like symptoms in healthy humans and animal models (Coyle, 2012).
Neuronal abnormalities described in schizophrenia also include altered pruning of
glutamate synapses (Boksa, 2012) and changes in γ-aminobutyric acid (GABA)
interneuron maturation (Akbarian et al., 1995; Beasley and Reynolds, 1997), although
the complexities of post-mortem work mean that these abnormalities are far from
confirmed.

1.1.3 Bipolar Disorder
Bipolar disorder (BPD) is characterised by recurrent episodes of depressive
symptoms and at least one episode of sustained abnormally elevated mood, known
as mania or hypomania depending on the severity, duration and whether or not
psychosis is present (Merikangas et al., 2007). BPD is typically a chronic, relapsing
and remitting illness that affects 1-2% of the population in the UK (Smith et al., 2013;
Jann, 2014). Longitudinal studies have shown that depressive episodes are more
likely than a manic or hypomanic cycle in general, but this varies between individuals
(Baldessarini et al., 2010). It should be noted that whilst schizophrenia and BPD are
technically different disorders, there is a large degree of symptom overlap; BPD
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patients can present with psychotic symptoms whereas mood symptoms are also
common in schizophrenia.
Lithium is the gold standard treatment for BPD, however only 30-50% of patients
respond adequately and can become non-responsive during chronic use (Kujawa and
Nemeroff, 2000). Another drug given to BPD is valproic acid/valproate which is
prescribed to treat manic symptoms (Rosenberg, 2007). These two drugs both inhibit
the collapse of sensory neuron growth cones and increase growth cone area via
inositol signalling pathways and metabolism (Williams et al., 2002) although this may
not be the only mechanism at work (Machado-Vieira et al., 2009). For example,
valproic acid has also been found to increase GABA levels and affect signalling in
Extracellular Signal-regulated Kinase (ERK) pathways (Rosenberg, 2007).
There is also evidence for the dysregulation of the glutamate/GABA system in BPD;
glutamate levels are increased in BPD brains post-mortem and lithium treatment
increases GABA levels (Sigitova et al., 2017).

1.1.4 Genetics of psychiatric disorders
Heritability estimates for both schizophrenia and BPD are around 80% (McGuffin et
al., 2003; Sullivan et al., 2003; Barnett and Smoller, 2009; Gejman et al., 2010). The
pattern of inheritance is not Mendelian and is derived from a large number of genetic
variants within many genomic regions (Ripke et al., 2014) largely making small
contributions to confer risk of disease. Despite this complexity, an increasing number
of genetic variants have now been identified from large-scale collaborative genomic
studies, leading to the identification of a number of risk loci for both schizophrenia
and BPD, as well as other mood and psychiatric illnesses. Some of the genetic risk
is thought to be derived from rare variants (<1% population frequency) in the form of
copy number variants (CNVs), however a large body of research has examined the
consequence of common single nucleotide polymorphisms (SNPs) (>1% population
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frequency) on psychiatric disorder risk (Fromer et al., 2014; Purcell et al., 2014; Rees
et al., 2014; Stefansson et al., 2014), which are further described below. This has
resulted in the identification of several biological pathways potentially involved in
increasing risk for psychotic disorders. Of these, some of the strongest evidence
exists within specific subunits of voltage gated calcium channels, as well as calcium
signalling pathways more generally.

1.1.5 Genome-wide association studies
Genome-wide association studies (GWAS) utilise a large number of subjects with a
particular disorder (along with matched controls) to examine the frequencies of
common genetic variants represented by single nucleotide polymorphisms (SNPs).
SNPs are point mutations that are found within the genome and occur in the
population at a frequency of >1 in 100, therefore they identify common variation
(Collins and Sullivan, 2013). It is important however to mention that when implicating
SNPs in a particular disorder, it is difficult to determine whether the implicated SNP
directly causes the biological effect, or it is in linkage disequilibrium with the causative
variant. The effect size of individual SNPs associated with psychiatric disorder is
normally very small (odds ratios of <1.2) (Cariaga-Martinez et al., 2016). However,
recent GWAS studies have shown that collectively this common variation can account
for a large amount of the heritability of psychiatric disorders (Cichon et al., 2009;
Sullivan, 2015; Sullivan et al., 2018).
GWAS studies have identified SNPs in calcium channel genes as risk alleles in a
whole range of psychiatric disorders. One of the first and now well replicated GWAS
findings in psychiatric illness was the association of SNP rs1006737 within the
CACNA1C gene with BPD (Sklar et al., 2008), implicating the A allele with increased
risk of disorder. CACNA1C (calcium voltage-gated channel subunit alpha1c) encodes
a specific subunit of L-type voltage gated calcium channels (LTCCs) called CaV1.2
(Catterall, 2011). This association with BPD was confirmed in a larger data set
4
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(Ferreira et al., 2008) and subsequent studies showed a further association of this
SNP with schizophrenia (Table 1.1). There is also some evidence that rs1006737
may also be implicated in autism and major depressive disorder, although these
studies are less replicated than studies examining BPD and schizophrenia (Table
1.1).

5

Chapter 1: General Introduction
Table 1.1: Summary of published association studies of SNPs within CACNA1C with
psychiatric/neurodevelopmental disorders (BPD = bipolar disorder, SCZ =
schizophrenia, MDD = major depressive disorder, ADHD = attention deficit hyperactivity
disorder)

SNP
rs1006737

Disorder
BPD

Risk allele
A

SCZ

A

Autism
MDD

G
A

rs4765905

SCZ

A

rs4765913

Autism
BPD

G
A

SCZ
MDD
BPD, SCZ,
ADHD,
MDD,
Autism
SCZ

A
A
A

BPD
MDD
SCZ
BPD

T
T
A
T

rs1024582

rs2007044
rs7297582
rs12898315
rs10744560

A

Main references
(Ferreira et al., 2008)
(Sklar et al., 2008)
(Green et al., 2013)
(Gonzalez et al., 2013)
(Liu et al., 2011)
(Ruderfer et al., 2014)
(Lett et al., 2011)
(Green et al., 2009)
(Nyegaard et al., 2010)
(He et al., 2014)
(Ivorra et al., 2014)
(Guan et al., 2014)
(Zheng et al., 2014)
(Hori et al., 2012)
(Ruderfer et al., 2014)
(Li et al., 2015)
(Liu et al., 2011)
(Green et al., 2009)
(Wray et al., 2012)
(Casamassima et al., 2010)
(Hamshere et al., 2013)
(Takahashi et al., 2015)
(Li et al., 2015)
(Ripke et al., 2014)
(Mühleisen et al., 2014)
(Ripke et al., 2014)
(Ripke et al., 2014)
(Smoller et al., 2013)

(Ripke et al., 2014)
(Pardiñas et al., 2018)
(Liu et al., 2011)
(Liu et al., 2011)
(Pardiñas et al., 2018)
(Stahl et al., 2018)
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The Psychiatric Genetics Consortium GWAS identified 108 significant loci associated
with schizophrenia; including three calcium channel SNPs. CACNA1C (SNP
rs2007044) showed a highly significant p value with an odds ratio of 1.088 for the rare
allele. CACNB2 (SNP rs7893279) also was implicated (OR: 1.125) and another SNP
in CACNA1I (Chr22_39987017_D) reached genome-wide significance with an odds
ratio of 1.07 (Ripke et al., 2014).
Interestingly, in a five disorder meta-analysis (Smoller et al., 2013), CACNA1C SNPs
(along with CACNB2) were found to have shared effects across attention deficit
hyperactivity disorder (ADHD), autism spectrum disorder, BPD, SCZ and major
depressive disorder (Smoller et al., 2013). This suggests that common variation in
CACNA1C may be associated with particular symptom clusters across disorders
instead of one particular disorder. Having said this, the association with BPD and SCZ
was strongest (Table 1.1).
The majority of risk-associated SNPs are in known linkage disequilibrium with each
other, except rs7297582 and rs12898315. All SNPs listed in Table 1.1 are located in
intron 3 within non-coding regions, where other SNPs associated with schizophrenia
have been located (Roussos et al., 2014). Intron 3 of CACNA1C is a region with high
levels of linkage disequilibrium and multiple sites identified as potential gene
expression regulators by the ENCyclopedia of DNA Elements (ENCODE) project
(Fiorentino et al., 2014). For example, intron 3 has also been shown to contain an
enhancer which can interact with the CACNA1C transcription start site (Roussos et
al., 2014) and is therefore likely to determine gene expression, although results are
variable (Gershon et al., 2014; Eckart et al., 2016). Eckart and colleagues show that
rs1006737 is an expression quantitative trait loci (eQTL) for CACNA1C expression
and is associated with decreased expression of CACNA1C in the prefrontal cortex,
cerebellum and superior temporal gyrus (Gershon et al., 2014; Roussos et al., 2014;
Eckart et al., 2016), although another study which studied the consequences of
7
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rs1006737 on CACNA1C expression in the dorsolateral prefrontal cortex showed
increased levels (Bigos et al., 2010).

1.1.6 Rare deleterious mutations
Rare (less than 1 in 10,000) de novo or inherited mutations in coding sequences can
have neutral or disruptive results. As these mutations are so rare, individuals are likely
to be heterozygous, not homozygous, for the mutation. A large exome sequencing
study of schizophrenia revealed that patients had an enriched number of disruptive
mutations compared to controls; many of these mutations were within genes
previously implicated in schizophrenia. This included a significant enrichment in a
calcium ion channel gene-set (Purcell et al., 2014), representing many different
calcium channel genes. The enrichment appeared to be at part driven by mutations
within the a1 and a2d subunits , with two mutations in CACNA1C. Both of these
mutations were protein-truncating and likely to lead to loss-of-function protein.
Mutations in other implicated calcium channel genes (CACNA1B, CACNA1H,
CACNA1S, CACNB4, CACNA2D1) are also likely loss-of-function mutations, through
a variety of mechanisms including premature stop codons and frame shifts (Purcell
et al., 2014).
In another exome sequencing study focusing on ASD, mutations in calcium channel
genes CACNA2D3 and CACNA1D have been implicated (De Rubeis et al., 2014). A
whole genome sequencing study of ASD revealed a mutation in CACNA1C (R1522Q)
in the proximal C-terminus in a proband with autism however, this was inconclusive
as the mutation was also found in other unaffected family members (Jiang et al.,
2013).

1.1.7 Single gene disorder (Timothy Syndrome (TS))
Monogenic psychiatric diseases are uncommon, but missense mutations in exon 8/8a
of CACNA1C can cause an autosomal dominant genetic disorder called Timothy
8
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Syndrome (TS). TS is a multisystem channelopathy characterised by symptoms such
as long QT syndrome, syndactyly and craniofacial abnormalities (Dick et al., 2016).
Patients with this disorder also present with autism spectrum disorder (ASD),
developmental delay especially in language skills, reduced social skills and cognitive
impairments (Barrett and Tsien, 2008). Timothy Syndrome dramatically reduces life
expectancy but a rare case study when a sufferer survived to adulthood showed the
development of bipolar disorder (Gershon et al., 2014)
There are two common types of TS characterised by mutation; TS1 (G406R in exon
8a) and TS2 (G406R or G402S in exon 8). Exon 8 and Exon 8a have a different
expression profile in various tissues, meaning that the two types of TS have different
symptoms. Exon 8a is expressed in a wide selection of tissues but at a lower
distribution in the heart and brain and thus TS1 appears to be more compatible with
survival. Exon 8 is expressed in a smaller subset of tissues but is highly expressed in
the heart and, therefore, TS2 patients are far rarer than TS1 and present with a severe
form of long QT syndrome (Krause et al., 2011).
Mutations in both exon 8 and 8a are gain-of-function mutations in CACNA1C that
impair the function of Cav1.2 (Splawski et al., 2004). These mutations lead to
prolonged depolarisation of the Cav1.2 channel, allowing excess calcium to enter the
cell. This suggests that increases of calcium influx in excitable cells may contribute to
a psychiatric phenotype.

1.1.8 Calcium signalling pathways in psychiatric disorders
Therefore, there is a substantial body of genetic studies that implicate CACNA1C in
psychiatric disorders and, additionally, there is evidence that calcium signalling on a
wider scale may be disrupted in a disease state. The calcium signalling pathway in
neurons is responsible for regulating neuronal excitability, synaptic plasticity,
cognition and information processing, which are features often impaired in psychiatric
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disorders (Berridge, 2014). Thus, many studies have investigated the impact of
psychiatric disorders on Ca2+ signalling. Ca2+ levels in the cerebrospinal fluid of BPD
patients with mania have been reported to be altered (Jimerson et al., 1979), and
lithium treatment has been revealed to alter calcium metabolism if taken chronically,
suggesting an association between impaired Ca2+ signalling and BPD (Franks et al.,
1982). This has led to LTCC antagonists, primarily verapamil, being utilised in the
treatment of BPD, however evidence suggests that these drugs are not effective at
treating mania (Cipriani et al., 2016).
A study which integrated GWAS data with genome-wide expression data from human
post-mortem schizophrenic patients found an highly significant enrichment in ion
channels and calcium signalling (Hertzberg et al., 2015), which further implicates
calcium related processes in psychiatric disorder. Finally, calcium signalling through
NMDAR and calcium channels is essential for synaptic plasticity (Moosmang et al.,
2005). Synaptic plasticity has also emerged as being disrupted in both schizophrenia
and BPD and may be a key pathogenic factor of the disease, considering its role in
learning, memory and neural circuity (Hall et al., 2015; Forsyth and Lewis, 2017).
Both rare and common genetic variation findings appear to support a prominent role
for calcium channels and calcium signalling in the pathophysiology of psychiatric
disorders. Therefore, the structure and function of calcium channels are discussed in
more detail below.

1.1.9 Voltage-gated calcium channels (VGCCs)
Neuronal electric activity, cell signalling and plasticity relies on several different
voltage and ligand-gated ion channels that are permeable to various ions, including
calcium (Ca2+). Voltage-gated calcium channels (VGCCs) are a group of voltagegated ion channels that serve as the key transducers of cell surface membrane
potential changes into local intracellular calcium transients that initiate many different
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downstream pathways (Figure 1.1) (Simms and Zamponi, 2014). These channels
form a family including L-, T-, P/Q-, N- and R- type channels depending on the calcium
current they produce (Table 1.2) (Catterall, 2011). In neurons, these channels are the
primary mediators of calcium entry into neurons following depolarisation.
Under normal physiological circumstances, intracellular Ca2+ concentration rests at
approximately 100nm. If VGCCs are activated and open, Ca2+ influxes in along the
electrochemical gradient, causing intracellular Ca2+ levels to rise by 10 or 100 fold
(Catterall, 2011). This increase in Ca2+ ions within the cells triggers a wide range of
downstream processes, including activation of calcium-dependent enzymes such as
calmodulin-dependent protein kinase II (CaMKII), neurotransmitter release and gene
transcription (West et al., 2001; Tao et al., 2002) (Figure 1.1). This process is under
strict regulation from intrinsic gating processes and signalling pathways that control
channel activity and membrane trafficking (Simms and Zamponi, 2014). It may
therefore not be surprising that dysregulation of these tightly controlled pathways and
VGCCs themselves are associated with many types of both neurological and
psychiatric disorders.
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Table 1.2: Summary and comparison of different types of VGCCs (HVA = high voltage
activated channels, LVA = low voltage activated channels).

Type

Gene

Channel

L

CACNA1S
CACNA1C
CACNA1D
CACNA1F
CACNA1A

Cav1.1
Cav1.2
Cav1.3
Cav1.4
Cav2.1

CACNA1B
CACNA1E
CACNA1G
CACNA1H
CACNA1I

Cav2.2
Cav2.3
Cav3.1
Cav3.2
Cav3.3

P/Q
N
R
T
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Auxillary
Subunits
a2d, b, g

Physiology

a2d, b, (g)

HVA

a2d, b, (g)
a2d, b, (g)
none

HVA
HVA
LVA

HVA

Chapter 1: General Introduction

Figure 1.1: Calcium-activated signalling pathways that can contribute to regulation of
gene expression. LTCCs consist of various subunits, including the pore-forming α1
subunit (blue ovals), see Figure 1.2. for detailed description of other subunits. When
the neuronal membrane is depolarised, voltage-gated calcium channels open to allow
Ca2+ to influx through the channel pore. Calcium activates calmodulin (CaM) (yellow
circles) which can activate multiple signalling molecules including Ca2+/calmodulindependent protein kinase II (CaMKII) and Ca2+/calmodulin-dependent protein kinase
kinase (CaMKK). These molecules, either directly or indirectly, carry the Ca2+ signal to
the nucleus and phosphorylates cAMP response element-binding protein (CREB). This
allows it to bind to cAMP response elements (CRE) and stimulate expression of certain
genes including c-fos and BDNF.
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VGCCs can be low voltage-activated (LVA) channels or high voltage-activated (HVA)
which, as the name suggests, is due to how much voltage is needed to activate them.
Both LVA and HLA channels contain a pore-forming alpha Cava1 subunit, but HVA
channels have additional ancillary subunits: beta (CaVb), alpha-2-delta (CaVa2d) and
gamma (CaVg) (Figure 1.2) (Simms and Zamponi, 2014; Nanou and Catterall, 2018).
The a1 subunit forms the channel pore that allows calcium entry and determines the
voltage sensitivity, kinetics, single-channel conductance and pharmacological
properties of the channel. CaVa1 is structurally comprised of four major
transmembrane domains separated by cytoplasmic linkers. Each transmembrane
domain contains pore loop motif regions which consists of negatively charged amino
acid residues to form a highly selective pore to allow Ca2+ entry (Ellinor et al., 1995)
(Figure 1.2). The a1 subunit determines the subtype of calcium channel: CaV1, CaV2
or CaV3 (Table 1.2). The CaV1 channel encodes three neuronal L-type calcium
channels (LTCCs), CaV1.2, 1.3 and 1.4, and a skeletal muscle-specific channel,
CaV1.1. CaV2 channels are represented in P/Q-, N- and R calcium channels, whereas
T-type channels consist of CaV3 channels (Catterall et al., 2005) (Table 1.2).
CaVb interacts with CaVa1 at the intracellular loop between transmembrane domains
I and II of the α1 subunit (Buraei and Yang, 2010). They contain guanylate kinase
(GK) and SRC Homology 3 (SH3) domains (Kobayashi et al., 2007) and function to
traffic the a1 subunit to the cell membrane. They also provide binding domains for
other signalling proteins and regulate the gating properties of the channel.
The Cava2d subunit is attached to the extracellular portion of the plasma membrane
by a glycosylphosphatidylinositol (GPI) anchor. They influence the trafficking and
localisation of the channels (Dolphin, 2013) and increase the density of VGCCs at the
plasma membrane (Davies et al., 2007). Finally, the CaVγ subunit which was originally
only detected in skeletal muscle has also been associated with neuronal VGCCs. This
14
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subunit is the least studied out of the VGCC subunit complex, but may be associated
with epilepsy and ataxia (Letts et al., 1998) and has been found to regulate post
synaptic glutamate receptors (Andronache et al., 2007).
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Figure 1.2: Schematic representation subunit structure of high voltage activated
calcium channels. The α1 subunit (blue) is the pore forming subunit which is made up
of 4 homologous domains (I-IV), each containing 6 transmembrane domains. The α1
subunit contains voltage-sensing properties and forms the binding sites for VGCC
antagonists. The auxiliary subunits, α2δ (green), β (purple) and γ (red), function to
enhance expression, traffic the channels to the membrane and modulate voltage
dependence and gating kinetics of the channel. Calmodulin (CaM) (yellow) is
associated with the COOH (C-terminus) and binds Ca2+ once it influxes. This causes
CaM to reposition by interacting with the N-terminus to cause inactivation of the
channel (calcium-dependent inactivation).
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1.1.10 L-type voltage-gated calcium channels
LTCCs, which contain a Cav1 α1 subunit, require strong depolarisation to be
activated and produce a slow and long-lasting Ca2+ influx. They are inactivated by
conformational changes within the channel in response to prolonged depolarisation,
in a process known as voltage-dependent inactivation (Stotz et al., 2004). These
channels are also subject to calcium-dependent inactivation where Ca2+ influx binds
to calmodulin, causing it to reposition beneath the pore, causing channel inactivation
(Liu and Vogel, 2012). These modes of depolarisation and negative feedback keep
Ca2+ tightly regulated within the cell, which is highly important considering its role in
downstream signalling.
LTCCs are all sensitive to selective LTCC antagonists; organic compounds that block
Ca2+ influx. These compounds include dihydropyridines, phenylalkylamines and
benzothiazepines which are primarily used in the treatment of hypertension and
cardiac problems (Godfraind, 2017). While all LTCCs are blocked by these
antagonists, different subtypes of LTCC may be more sensitive to certain compounds.
For example, CaV1.2 may have a greater sensitivity to dihydropyridines such as
nimodipine than CaV1.3, although this does not allow for a reliable distinction in
practice (Koschak et al., 2001; Tarabova et al., 2007).

LTCCS: function and gene expression
LTCCs are critical to physiological brain functioning due to their roles within neurons.
For example, LTCCs associate with calcium-activated potassium channels (KCa1.1)
to shape action potential repolarisation (Berkefeld and Fakler, 2008), indicting a role
in moderating neuronal firing properties. However, most research has indicated roles
for LTCCs in mediating downstream signalling pathways that result in gene
transcription within the nucleus.
LTCCs have a prominent role in controlling gene expression through coupling
membrane depolarisation with cAMP response element-binding protein (CREB)
17
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phosphorylation via local Ca2+/CaMKII signalling (Wheeler et al., 2012) (Figure 1.1).
CREB can bind to a critical Ca2+ response element within brain derived neurotrophic
factor (BDNF) to trigger its transcription (Tao et al., 1998, 2002) (Figure 1.1). This
pathway, and particularly CREB and BDNF have been shown to be essential for
learning and memory processes (Tao et al., 1998; West et al., 2001). Synaptic
plasticity, which is thought to underlie learning and memory, can be modulated by
LTCCs (Weisskopf et al., 1999; Degoulet et al., 2016). For example, LTCC
antagonists reduce induction of long-term potentiation (LTP) in the CA1 of the rat
hippocampus (Freir and Herron, 2003). Cav1.2 knockdown models have shown
reduced CREB transcription and hippocampal LTP (Moosmang et al., 2005;
Striessnig et al., 2006), implicating the important of these channels in gene
expression and plasticity.

1.1.11 Calcium channel, L type, alpha 1c subunit (Cav1.2)
CACNA1C is located on chromosome 12p13 in humans, and in rats: 4q42. CACNA1C
encodes CaV1.2 which is expressed in cardiac tissue, smooth muscle, endocrine cells
and neurons (Catterall, 2011). CaV1.2 containing channels are activated by high
voltages of more than -35mV and are inactivated slowly. They have a role in coupling
neuronal activity to gene transcription and modulate dendritic processing (Catterall et
al., 2005; Nanou and Catterall, 2018). CaV1.2 containing LTCCs make up over 80%
of LTCCs within the brain (Sinnegger-Brauns et al., 2004, 2009) with differential
expression throughout both cortical and subcortical regions as well as the cerebellum,
including within the hippocampus, amygdala, nucleus accumbens and substantia
nigra (Sinnegger-Brauns et al., 2009; Schlick et al., 2010; Striessnig et al., 2014). In
neurons, Cav1.2 is located on primarily the cell membranes of cell bodies and on
dendritic spines and shafts, predominately in post-synaptic regions (Tippens et al.,
2008; Leitch et al., 2009; Nanou and Catterall, 2018). LTCCs are therefore positioned
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for the initiation of signalling cascades from the synapse, vital for synaptic plasticity
and gene expression.
Within the hippocampus, CaV1.2 is highly expressed within the dentate gyrus, with
lower abundance within the cornu ammnis (CA) regions (Hell et al., 1993). CaV1.2
expression within the CA1 and CA3 of the hippocampus is likely dynamic during
development; showing an increased expression during the early neonatal period and
decreased expression by day 12 in rats (Kramer et al., 2012; Morton et al., 2013).
This increased expression of CaV1.2 may be required to moderate the maturation of
the GABAergic circuity; GABAergic chloride currents switch from excitatory to
inhibitory in this period (Kramer et al., 2012). CACNA1C is present throughout life
from the one-cell stage of development (Dedic et al., 2018), which also suggests
suggesting roles for these channels in neurodevelopment.

1.1.12 Current animal models of Cacna1c dysfunction
Due to the consistency of findings of genetic variation in CACNA1C in psychiatric
disorders, research on mouse models of Cacna1c dysfunction has been conducted
to examine phenotypes relevant to mental illness. Most models have concentrated on
reduced gene dosage. Some studies utilise a constitutive heterozygote model
(Cacna1c+/-) to study gene dosage effects as the homozygote model is embryonically
lethal. However, other studies have utilised region-specific complete knockouts of
Cacna1c (Cacna1c-/-) driven by specific promotors to disentangle the neuronal
contribution of this gene. Bader and colleagues (2011) developed a genetic mouse
model based on TS2 (Bader et al., 2011). While both homozygote and heterozygote
knockout of exon 8a were lethal, a heterozygote model that included an inverted
neonmycin cassette was viable (TS2_neo) (Bader et al., 2011). An overview of the
genetic Cacna1c/Cav1.2 mouse models and their associated phenotypes are
presented in Table 1.3.
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Cacna1c gene knockdown has been shown to result in decreased sociability in certain
studies (Dedic et al., 2018; Kabitzke et al., 2018), but not all (Bader et al., 2011). TS
mice models show increases in cue and contextual fear memory (Bader et al., 2011)
however, other models of neuron specific knockdown show impairments in
acquisition, consolidation or recall of contextual (McKinney et al., 2008; Temme et al.,
2016) or auditory (Langwieser et al., 2010) fear conditioning paradigms. There is also
evidence that Cacna1c+/- mice may display increased anxiety-like phenotypes (Dao
et al., 2010; Bader et al., 2011; Lee et al., 2012; Dedic et al., 2018), although this is
not consistent across all models (Moosmang et al., 2005; Bavley et al., 2017), which
could be as a result of different anxiety tests. Interestingly, Cacna1c knockdown mice
may have an increased resilience to depression (Dao et al., 2010; Bavley et al., 2017;
Kabir et al., 2017; Dedic et al., 2018), although heterozygous deletion during
development resulted in an increased susceptibility to chronic social defeat stress
(Dedic et al., 2018). SNPs in CACNA1C in humans interact with trauma to predict
depressive symptoms (Dedic et al., 2018), suggesting that depressive phenotypes
may be conditional on environmental factors interacting with CACNA1C.
In cognitive based tests, TS models show increased perseverative behaviour in the
Y maze (Bader et al., 2011) but no differences to wild-types in the T-maze (Kabitzke
et al., 2018). Utilising the Morris water maze task, knockdown mice could learn the
spatial task correctly (McKinney et al., 2008; White et al., 2008), but had profound
deficit in spatial memory when tested 30 days later (White et al., 2008). Impairments
were also seen when a more complex forms of the water maze were used
(Moosmang et al., 2005; Temme et al., 2016). These results suggest that CaV1.2 is
not necessary for basic cognitive tasks, but may be essential for more complex
cognitive behaviours where allocentric representations are required.
The phenotypes observed in these models of Cacna1c dysfunction have implications
for understanding how genetic variants can have an impact on underlying
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impairments in psychiatric disorders. However, more research is required to clarify
which biological pathways are principally affected.
Table 1.3: Overview of currently studied mouse models of Cacna1c dysfunction and
their associated psychiatric and mood disorders

Study
(Bader et al., 2011)

(Kabitzke
2018)

et

Model
TS2_neo+/-

Phenotype
↓ novelty induced locomotion
↓ sociability
↑ cued and contextual fear memory
↓ extinction of fear memory
↑ preservation in Y maze
↓ social-induced locomotion
↓ sociability

al., TS2_neo+/-

(Dao et al., 2010)

Cacna1c+/-

(Bader et al., 2011)

Cacna1c+/-

↓ exploratory activity in females
↓ locomotion in females
↓ depressive phenotype
↑ anxiety in females
↓ basal and novelty induced
locomotion
↑ anxiety

Cacna1c+/Cacna1c-/- (forebrain
only)
Cacna1c-/- (forebrain
excitatory neurons
only)
(White et al., 2008)
Cacna1c-/- (forebrain
only)
(Langwieser et al., Cacna1c-/(CNS
2010)
only)
(Lee et al., 2012)
Cacna1c-/(prefrontal
cortex
only)
(Temme et al., 2016) Cacna1c-/- (neurons
only)
(Bavley et al., 2017)
(Moosmang et al.,
2005)
(McKinney et al.,
2008)

(Lee et al., 2016)
(Kabir et al., 2017)
(Dedic et al., 2018)

↓ depressive phenotype
↓ spatial discrimination
No effect on contextual fear memory
↓ long-term spatial memory
No effect on cued fear memory
↑ anxiety

↓ context discrimination
↓ spatial memory (complex task)
↓ neurogenesis
Cacna1c-/- (forebrain ↓ neurogenesis
only)
Cacna1c-/↓ depressive phenotype
(prefrontal
cortex
only)
Cacna1c+/↓ sociability
(excitatory neurons ↓ depressive phenotypes
only)
↑ susceptibility to chronic social
defeat stress
↑ anxiety
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1.1.13 Conclusions
Genome-wide association studies have consistently demonstrated that variation in
the gene CACNA1C increases risk for psychiatric disorders. CACNA1C encodes the
Cav1.2 subunit of voltage-gated calcium channels (VGCCs), which themselves have
been functionally implicated in a broad spectrum of neuropsychiatric syndrome. The
collective impact of genetic variation within these channels has been the focus of
much research to understand the consequences on behaviour and physiology,
however much still remains to be determined in order to understand the underlying
mechanisms that associate genetic variation with psychiatric disorders.
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1.2

Environment factors in BPD and SCZ

1.2.1 Introduction
Whilst both BPD and SCZ are highly heritable, genetics do not account for 100% of
risk for psychiatric disorders. Environmental factors, including various stressors, also
have a strong effect on mental health and act alongside and with genes to contribute
to increased risk for psychiatric disorders (Benros et al., 2011).
Environmental factors have been proposed to interact with high genetic risk in
individuals predisposed to mental illness (Figure 1.3). For example, genetic
background may lead to dysfunctional brain circuitry development which increases
disease risk, and an environmental insult may further affect circuitry, inducing disease
onset (Keshavan and Hogarty, 1999; Schmitt et al., 2014). There are many
environmental factors that have been proposed as contributing to this increased risk:
obstetric complications (Brown, 2012), urbanicity (Heinz et al., 2013) or cannabis use
in adolescence (Schmitt et al., 2014) to name but a few. However, it is early life stress
that consistently and convincingly has been shown to have lasting negative
consequences on an individual’s mental health and has been associated with multiple
types of psychopathology and mood disorders (Martins et al., 2011; Varese et al.,
2012; Schmitt et al., 2014; Spies and Seedat, 2014; Morgan and Gayer-Anderson,
2016; Syed and Nemeroff, 2017).
.
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Figure 1.3: Environmental factors interact with risk genes to increase the risk for
schizophrenia development. Both genetic variation and the environment can have
effects on neuronal development, network activity and subsequent behaviour, these
two factors can also interact together through gene x environment interactions to have
similar, additive or different effects on neuronal functioning and psychopathology.
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1.2.2 Early life stress
Children who experience severe stress, such as abuse, severe bullying or sufficient
trauma, experience both physical and emotional harm. They may develop notions
that may appear advantageous in their immediate environment, such as interpreting
the world to be unpredictable, threatening and dangerous and moderating their
behaviour as such, but these ideas can lead to lasting harm in future life (Syed and
Nemeroff, 2017). This can have a dramatic effect on their neurodevelopment and can
have long-lasting consequences. In fact, children exposed to extreme levels of stress
are more likely to develop a myriad of psychopathology – including mood, anxiety and
psychiatric disorders (Morgan and Gayer-Anderson, 2016). Thus, the impact of stress
on a child’s neurodevelopment is not only an important public health concern, but can
also allude to the mechanisms to which these disorders manifest. Discovering how
early life stress can shape neural and cognitive development is highly important to
inform both prevention and intervention strategies.
There are many models that explore how early life stress can exert its effect. Upon
encountering stress, the body can produce molecular changes that can lead to either
vulnerability and resilience. It is multiple factors that determine how these interact and
their final effect on the body and brain. The allostatic load model suggests an additive
effect when chronic or repetitive bouts of extreme stress leads to many acute
responses that add up to cause pathology (McEwen, 1998) . The reactive scope
model extends this idea by predicting that excessive stress results in a misbalance
between vulnerability and resilience which can go in either direction (Romero et al.,
2009), whereas the ‘match/mismatch hypothesis’ suggests that early life stress
provides coping mechanisms that protected individuals are without. These models
suggest that early life programming can either facilitate resilience or vulnerability
depending on other factors such as future experiences or genetic makeup (Howell
and Sanchez, 2011).
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1.2.3 The physiological stress response
In mammals, if stress or danger is encountered, there is a fast and co-ordinated
response by the body’s physiological stress response systems to increase available
energy for the ‘flight or fight’ response. The system is called the hypothalamicpituitary-adrenal (HPA) axis and it allows for the enhancement of threat detection and
heightening of the immune response (van Bodegom et al., 2017).
The HPA axis has a step by step co-ordinated mechanism of action (Figure 1.4).
When a stressor is encountered, the paraventricular nucleus of the hypothalamus
releases corticotrophin-releasing hormone (CRH). CRH acts on the pituitary gland,
which in turn releases adrenocorticotrophic hormone (ACTH) which acts on the
adrenal gland. When the adrenal gland detects ACTH it releases glucocorticoids,
primarily cortisol, the key stress hormone in humans (Stratakis and Chrousos, 1995).
Cortisol has a negative feedback effect on the HPA axis for example, it binds to
glucocorticoid (GR) and mineralcorticoid (MR) receptors in the hippocampus to inhibit
further production of CRH from the hypothalamus (Jacobson and Sapolsky, 1991).
Glucocorticoids bind to the GR and MR throughout the body which can interact with
G-protein-coupled receptors (GPCRs) to influence intracellular signalling and
ultimately have an effect of plasticity, behaviour and metabolism (Oakley and
Cidlowski, 2013).
In adults, this system is highly important for health and survival and the effects fade
when the stressor is removed. However, it is extremely sensitive to damage by
prolonged or extreme levels of stress. Early life stress is associated with HPA axis
dysregulation (Loman and Gunnar, 2010), and dysfunction of this axis has associated
with the aetiology of many psychological disorders (Keller et al., 2006).
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Figure 1.4: Overview of the HPA axis. When the body experiences stress, the
hypothalamus is stimulated to produce corticotrophin-releasing hormone (CRH). CRH
is transported to the anterior pituitary gland where it stimulates production of protein
proopiomelanocortin (POMC). POMC is a precursor to adrenocorticotrophic hormone
(ACTH) which is released to stimulate cells within the adrenal glands. The adrenal gland
produces glucocorticoids such as cortisol which are vital for moderating the stress
response. It has been shown that increased acute and chronic glucocorticoid levels in
the hippocampus exerts a negative regulation of the HPA axis, particularly by
interacting with the hypothalamus
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1.2.4 Childhood maltreatment and psychiatric disorders
Children with histories of abuse have an increased risk of depression and anxiety in
adult life and the severity of maltreatment often correlates with the severity of
depressive or anxious behaviour (Gibb et al., 2003; Spinhoven et al., 2010; Rehan et
al., 2017). There is also robust evidence to link early maltreatment to alcohol abuse
(Rothman et al., 2008), suicidal behaviour (Turecki et al., 2012), schizophrenia (Sideli
et al., 2012) and bipolar disorder (Aas et al., 2016). Therefore, there is clear evidence
that childhood trauma is a risk factor for psychiatric and mood disorders across
diagnostic boundaries.
Child abuse has been associated with altered HPA axis functioning in some children
(Cicchetti and Rogosch, 2001) and the axis remains atypical in adulthood. Both
hyperactivity and hypoactivity of the HPA axis have been reported in adults and is
thought to represent varying forms and duration of childhood maltreatment;
hyperactivity of the axis is thought to manifest in post-traumatic stress disorder
(PTSD) symptoms in adulthood, whereas hypoactivity is associated with depression
(McCrory et al., 2012). Childhood abuse in humans can also result in changes in
subcortical brain structure; PTSD sufferers with a history of childhood abuse have
smaller hippocampal volumes and abused children present with increased amygdala
volume (Tottenham et al., 2010). Decreased cerebellum volume is also a key feature
of childhood abuse due to its connections to the HPA axis and limbic axis (Gilbert et
al., 2009). Volume decreases in the corpus callosum have also been reported in
maltreated children (Gilbert et al., 2009), suggesting that abuse can influence brain
white matter. In addition to these structural changes, functional magnetic resonance
imaging (fMRI) studies have shown that maltreated children display increased
amygdala response in threatening situations (Tottenham et al., 2011) and increased
anterior cingulate cortex (ACC) activation during cognitive tasks (Mueller et al., 2010).
Abused PTSD sufferers also exhibited decreased right hippocampal activity during a
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verbal declarative memory task, which was associated with avoidance behaviour
(Carrión et al., 2010). Physically abused children appear to be hyper-vigilant to
potential social threat, which is demonstrated by increased brain activity when shown
angry faces and an decreased ability to disengage from this stimuli when angry faces
served as invalid cues (Pollak and Tolley-Schell, 2003).

1.2.5 Animal models of early life stress
Therefore, that early life stress has negative consequences on mental health in
humans is well recognised in the literature. Consequently, animal models have been
extensively utilised in order to understand the underlying pathways and neurobiology
that lead to this vulnerability. Similarly to human studies, exposing rodents or primates
to early trauma leads to profound alterations in the physiological stress system,
behaviour and gene expression in adulthood. Animals have been used to model early
life stress from within the prenatal environment to preadolescence, with functional
consequences seen at each time point.

Prenatal and early postnatal stress
Foetal development is highly sensitive to influences from the external environment
including stress felt by the mother (Seckl and Meaney, 2004; Kawamura et al., 2006).
Animal models of prenatal stress are generated through exposing pregnant dams to
either chronic stress paradigms, exogenous glucocorticoid administration or immune
activation using polyinosinic:polycytidylic acid (poly I:C) injections (Weinstock, 2008,
2017). These methods have been associated with various consequences on the
offspring such as increased risk of premature birth, HPA axis hyperactivity, increased
fear and anxiety in adulthood and defaults in neuronal spine density within the
hippocampus (Wadhwa et al., 1993; Jia et al., 2010; Wilson et al., 2013; Lilliecreutz
et al., 2016; Weinstock, 2017).

29

Chapter 1: General Introduction
Postnatally, brain development continues with neuronal circuits being actively grown,
stabilised and pruned in accordance to both genetic and environmental cues (Novais
et al., 2017). Rodent models of early postnatal stress mainly revolve around disturbing
maternal care, which is highly important in development of pups. This normally
involves maternal separation for up to 6 hours a day, early weaning (George et al.,
2010) or encouraging poor care by limiting nesting material (Rice et al., 2008). These
models present consistently with altered synaptic plasticty (Aisa et al., 2008),
increased fear and anxiety (George et al., 2010; Vetulani, 2013) and reductions in
cognitive ability (Diehl et al., 2014; Molet et al., 2016).

Prepubertal/juvenile stress
The early postnatal stress paradigms described above contribute to the majority of
animal models of childhood adversity. However, it is also highly important to consider
the postwearning to peripubertal period, which is the period this thesis will henceforth
focus on. This is a sensitive developmental period that includes maturation of the
amygdala, hippocampus and PFC as well as synaptic pruning throughout the brain
and can induce long-lasting changes in behaviour and neurobiology as seen by
various animal models and human studies (Albrecht et al., 2017). Different studies
utilise different methodologies for modelling childhood adversity in animals with
varying durations and severities of stress. This can lead to different behavioural
outcomes associated with different disorder diagnoses, sometimes make it difficult to
compare results.

The impact of prepubertal stress on behaviour
A singular stress paradigm resulted in increased anxiety, startle response (Bazak et
al., 2009; Poulos et al., 2014) and sensitised fear leaning (Poulos et al., 2014) in
adulthood. Paradigms lasting 3-7 days where the same stress is repeated everyday
reported increased startle response (Avital and Richter-Levin, 2005; Jacobson-Pick
et al., 2008), increases in depression-like behaviour (Lyttle et al., 2015) and
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decreases in novel object recognition and working memory (Arcego et al., 2016).
Anxiety levels seem to vary dependent on protocol with some studies reporting
increased anxiety (Avital and Richter-Levin, 2005; Jacobson-Pick et al., 2008) and
others showing no differences (Post et al., 2014; Arcego et al., 2016). This
discrepancy may be due to the type of stress and anxiety, as the studies which
showed increased anxiety utilised elevated platform as their mode of stress whereas
those that didn’t show any anxiety differences were stressed by social isolation.
Variable stress for up to one week resulted in increased anxiety (Jacobson-Pick and
Richter-Levin, 2010; Muller et al., 2014; Brydges et al., 2014), increased fear-induced
ultrasonic vocalisations (Yee et al., 2012a) and decreased avoidance learning
(Horovitz et al., 2014). In terms of learning and memory, variable stress for 3-7 days
resulted in increased cue fear memory (Yee et al., 2012b), decreased contextual fear
memory in males (Brydges et al., 2012) and increased spatial reference memory in
females (Brydges et al., 2014). Chronic stress also increased anxiety (Lukkes et al.,
2009; Veenit et al., 2014) and depression-like behaviour (Eiland et al., 2012). Cued
fear memory is also increased following chronic stress via a daily restraint (Eiland et
al., 2012).
Accordingly, there is evidence that even a single severe stress experience in juvenility
can induce a long-lasting effect on behaviour in adulthood. However, a short variable
stress paradigm appears to produce the most robust alterations in behaviours such
as increased anxiety, startle response and emotional memory formation.

The impact of prepubertal stress on gene expression
Various forms of early life stress (ELS) have shown that stress in early life can result
in profound and long-lasting gene alterations. This is likely through alterations to the
epigenome (Silberman et al., 2016), which can have a profound effect on gene
expression. Epigenetics describes a collection of DNA chemical modifications and

31

Chapter 1: General Introduction
histone proteins that affect the expression of genes without altering the DNA
sequence itself (Figure 1.5). Of these modifications, DNA methylation is thought to be
highly sensitive to environmental insults and external stimuli (Szyf, 2013).
Research has concentrated on the impact on genes involved in the HPA axis
circuitry. For example, the NR3C1 (nuclear receptor subfamily 3 group 3) gene
which encodes the GR has been shown to be epigenetically modified in rodent
models of early postnatal stress (Meaney, 2001; Meaney and Szyf, 2005). In
prepubertal stress (PPS), no difference in NR3C1 was observed in the
hippocampus, however NR3C2, which encodes MR was increased in the
hippocampus (Brydges et al. 2014). Protein studies, on the other hand, showed that
PPS resulted in increased GR within the amygdala (Poulos et al., 2014). Early
adversity and altered NR3C1 methylation have also been reported in human
subjects; in post-mortem brain tissue from abused suicide victims (McGowan et al.,
2009) and also in white blood cells of adults with borderline personality disorder,
BPD and major depressive disorder who experienced childhood abuse (Perroud et
al., 2011, 2014).
However, expression alterations following PPS have also been shown in psychiatric
risk genes. A model of prepubertal stress in mice revealed long-lasting changes in
disrupted-in-schizophrenia I (DISC1), glycogen synthase kinase-3β and neuregulin 1
(Brydges et al. 2014) gene expression. Long PPS stress exposure (PND28-42) also
resulted in increased mRNA expression of NR1 (a subunit within the NMDAR) and
decreased GAD67 gene expression in the amygdala in adulthood suggesting that
PPS can lead to profound changes in the genes involved in excitatory and inhibitory
neurotransmission. PPS in animal models has been seen to decrease brain-derived
neurotrophic factor (BDNF) levels, leading to hippocampal neuronal atrophy (Bazak
et al., 2009; Schmitt et al., 2014; Daskalakis et al., 2015). This is particularly
interesting as human studies have shown decreased BDNF mRNA in post-mortem
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tissue from a range of mood and psychiatric disorders including depression and
schizophrenia (Ray et al., 2014). Additionally in humans studies, the well-researched
BDNF val66met SNP significantly reduces BDNF activity and, while not directly
associated with psychiatric disorders, has been shown to modify the effect that
stressful life events has on the onset of depression (Kim et al., 2007; Elzinga et al.,
2011; Brown et al., 2013).
In combination with these candidate gene studies, whole epigenome approaches
have identified a large range of genes subject to epigenetic alterations following PPS.
Labonté et al (2012) looked at promoter methylation in the hippocampus of human
male subjects who had experienced severe child abuse compared to nonabused
controls. It was found that 362 CpG sites were subject to differential methylation
following stress; with genes involved in neuronal plasticity the most significantly
differentially expressed (Labonté et al., 2012). Another study looked at the methylome
of various ELS paradigms in different model systems (human, monkey and rat) and
tissues (blood and prefrontal cortex) and elegantly identified a list of 30 genes that
overlapped with all paradigms, including CACNA1C (Nieratschker et al., 2014). By
analysing the promoter regions, they showed that, in humans, those who had a history
of prenatal stress had a lower degree of methylation at the CACNA1C promoter.
However, in adult rat PFC, prenatal stress signified more methylation at this promoter
region (Nieratschker et al., 2014). This suggests that expression of this gene can be
driven by methylation changes, and that experiencing stress in early life may affect
methylation at promoter regions – driving or reducing expression of CACNA1C. This
also suggests that stress may affect methylation differentially in the CNS vs peripheral
tissues.
The interaction between ELS and CACNA1C has been further explored in a recent
study that showed that individuals with the risk rs1006737 mediated allele showed a
significant genotype by ELS interaction on the cortisol awakening response, a metric
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that is associated with depression and anxiety (Klaus et al., 2018). This result was
particularly evident in individuals that had experienced ELS before adolescence.

5-methylcytosine

Cytosine

Figure 1.5: Schematic representation of the effect of DNA methylation on gene expression.
Methylation can change the activity of a DNA segment by adding methyl groups to the DNA
molecule. Left: When cytosine is unmethylated, there is an increased binding of transcription
factors (TF) to gene promoters and enhancers. This results in the elevated transcription of active
genes by the binding of RNA polymerase II (RNAPII). Right: When a methyl group is added to
cytosine, it becomes 5-methylcytosine. This may lead to repressed gene expression by the
binding of methyl-binding domain proteins (MBD proteins) which recruits HDACs (histone
deacetylases) and other co-repressors to alter chromatic structure and inactivate genes.
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1.2.6 Conclusions
Stress in early life can have a significant effect on behaviour, gene expression and
HPA axis functioning in adulthood. Early life stress at various time points also
increases the risk for mood and psychiatric disorders. Therefore, it is likely that
genetic variation can interact with stress, or other environmental factors, to cause
development of disorder and lead to a psychiatric phenotype.
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1.3

The role of the hippocampus in psychiatric disorders

The hippocampus is located in the medial temporal lobe and is found in all
mammalian species. It plays a key role in several forms of learning and memory and
is essential for spatial navigation, as well as mediating hypothalamic function
(Knierim, 2015). A plastic and vulnerable structure, the hippocampus is implicated in
a variety of neurological and psychiatric disorders (Sala et al., 2004).

1.3.1 Hippocampal formation and function
Cut in coronal cross-sections, the hippocampus is a C-shaped structure that
resembles ram’s horns – this horned appearance is due to the subfield differences in
densities of cell bodies and neuronal fibres (Knierim, 2015). The hippocampus is
organised into subfields; cornum ammonis areas one (CA1), two (CA2) and three
(CA3), as well as the dentate gyrus (DG) (Figure 1.6). The CA regions are formed of
many different layers in clearly defined strata (Table 1.4).
The hippocampus is composed of a large number of specialised cell types, enabling
highly refined electrophysiological behaviours. The human hippocampus contains
approximately 10 million neurons, approximately 90% excitatory pyramidal cells and
10% GABAergic inhibitory neurons (West and Gundersen, 1990; Konradi et al.,
2011a; Freund et al., 2013).
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Table 1.4: The strata within the subregions of the hippocampus and the predominant
cell types that make up each layer (green text indicates excitatory neurons, red
indicates inhibitory)

Strata
Stratum oriens (SO)
Stratum pyramidale (SP)
Stratum lucidum (SL)
Stratum radiatum (SR)

Present in
CA1
CA3
CA1
CA3
CA3
CA1
CA3

Predominant cell types
Cell bodies of inhibitory cells
Basal dendrites of pyramidal neurons
Cell bodies of pyramidal cells
Cell bodies of inhibitory interneurons
Mossy fibres
Cell bodies of inhibitory interneurons
Commissure and septal fibres
Schaffer collateral fibres
Cell bodies of inhibitory interneurons
Perforant path fibres
Perforant path fibres
Dendrites from granule cells
Cell bodies of granule cells
Cell bodies of inhibitory interneurons
Cell bodies of mossy cells
Cell bodies of inhibitory interneurons

Stratum
lucunosum- CA1
moleculare (SLM)
CA3
Molecular layer (ML)
DG
Granule layer (GL)
Polymorphic
(PML)

DG

layer/Hilus DG

Figure 1.6: Schematic representation of the hippocampus with each
subregion and strata labelled. CA1/2/3 = cornum ammonis, DG = dentate
gyrus, SO = stratum oriens, SP = stratum pyramidale, SL = stratum
lucidum, SLM = stratum lucunosum-moleculare, ML = molecular layer,
GL = granule layer, PML = polymorphic layer/hilus
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1.3.2 The hippocampal circuity
Hippocampal anatomical connectivity forms what is known as the ‘trisynaptic loop’
(Figure 1.7) where information is input to the dentate gyrus (DG) by the entorhinal
cortex and is projected through the CA3 to the CA1 through multiple pathways,
detailed in Figure 1.7.
The entorhinal cortex provides input from the cortex into the hippocampus, projecting
predominately along the perforant pathway to the DG. The DG then projects to the
CA3 via the mossy fibre pathway. Neurons within the CA3 project to the CA1 via the
Schaffer Collateral pathway which projects back to the entorhinal cortex to complete
the circuit (Figure 1.7). Thus, for many years, the hippocampal circuity was thought
to be unidirectional (Benes, 1999). However, recent evidence has shown that the
reality is much more complex; the entorhinal cortex projects also to the CA3 and CA1,
and cells within the CA3 are also able to feedback to the DG via the mossy fibre
pathway (Knierim, 2015).
Along the longitudinal axis, there are stark differences in connectivity. The posterior
hippocampus in humans, which corresponds to the dorsal hippocampus in rodents,
receives input from the medial entorhinal cortex and is associated with spatial
cognition, whereas the primate anterior hippocampus, ventral in rodents, is highly
connected to the amygdala and is predominately association with emotional memory
and cognition (Lee et al., 2017).
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Figure 1.7: Simplified diagram showing the basic circuitry of the hippocampus, commonly
termed the trisynaptic circuit. Layer II of the entorhinal cortex (ER) provides input to the
granule cells of the dentate gyrus via the perforant pathway (PP, red). The granule cells
project to the CA3 pyramidal cells via the mossy fibre pathway (MP, green). In turn, these
CA3 pyramidal cells project their information to CA1 pyramidal cells via the schaffer
collaterals (SC, pink). The CA1 pyramidal cells project to layers V and VI of the ER (purple)
and also the subiculum (S, yellow).
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1.3.3 The hippocampus in psychiatric disorders
The biological correlates of schizophrenia are highly variable across patients and are
not fully understood, although grey matter reductions (Gur et al., 1999; Vita et al.,
2012) are often reported. Structural magnetic resonance imaging studies have
consistently shown decreased hippocampal volumes in first-episode schizophrenia
patients (Steen et al., 2006; Vita and de Peri, 2007; Adriano et al., 2012; Arnold et al.,
2015). Additionally, hippocampal structural abnormalities have been reported in firstdegree relatives of schizophrenic probands (Heckers, 2001) as well as in
asymptomatic individuals who had a high genetic risk for disorder (Witthaus et al.,
2009). However, it should be noted that these decreases are comparatively low
(approximately 4%) when looked at in reference to the dramatic reductions shown in
neurodegenerative diseases (Nelson et al., 1998).
In addition to the structural changes reported, functional alterations have also been
shown. Changes in hippocampal activity, particularly in the CA1, have been shown in
schizophrenia (Schobel et al., 2009, 2013), which is evident at early stages (Schobel
et al., 2009).Cerebral blood flow through the hippocampus is found to be elevated in
psychosis, under basal and active conditions (Medoff et al., 2001). During episodic
and recognition memory tasks, patients with schizophrenia display decreased
hippocampal activation (Heckers et al., 1998; Weiss et al., 2004) compared to agematched controls. Connections between the prefrontal cortex and hippocampus are
also impaired in disorder (Bullmore et al., 1997; Rapoport et al., 2012) and animal
models with perinatal hippocampal lesions demonstrate dysfunction of the prefrontal
cortex (Lipska, 2004). This suggests that hippocampal impairments may have widespread implications in various brain regions thought to be involved in
pathophysiology.
On a cellular level, Konradi and colleagues showed that whilst pyramidal cell numbers
were unaltered in schizophrenic patients, decreased gene and protein expression
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was observed in hippocampal interneurons. This suggests an imbalance between
glutamatergic excitation and GABAergic inhibition within the hippocampus in
schizophrenia (Harrison, 1999; Harrison and Weinberger, 2005; Lewis and Sweet,
2009; Gonzalez-Burgos et al., 2010; Konradi et al., 2011a).
Similarly to schizophrenia, reductions in hippocampal volume have been reported in
BPD (Otten and Meeter, 2015), but this is not consistent across all studies (Frey et
al., 2007). Functional imaging studies also showed abnormal hippocampal activation
during memory and activation tasks (Frey et al., 2007) whereas post-mortem studies
of BPD patients report abnormal glutamate and GABA transmission in the
hippocampus.

1.3.4 Hippocampal functions in health and disorder
1.3.4.1. Memory and learning
The hippocampus has been extensively studied in both human populations and
animal models to determine its function. Hippocampal physiology is unique and
contains a great level of plasticity, which is important for learning and memory. The
hippocampus has a high concentration of NMDARs, particularly in the CA1 (Cotman
et al., 1987); the activity of these receptors are thought to underlie long-term
potentiation (LTP), a process associated with learning and memory. The
hippocampus has also been implicated in forming memory representations that
underlie flexible cognition and social behaviour (Rubin et al., 2014), processes that
are essential for a wide range of real-world scenarios: memory, imagination, decisionmaking, character judgements and social discourse. Memory generalisation, the
ability to flexibly generalise memories from past events when encountering novel
situations, is a process highly dependent on the hippocampus and impaired in
schizophrenia (Shohamy et al., 2010). Interestingly, schizophrenic patients on
antipsychotic medications showed improvements in memory generalisation, which
suggests that medications may have a functional effect on the hippocampus.
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1.3.4.2. Associative learning
Learning-related patterns of neural activity occur in the hippocampus during
associative memory formation (Brasted et al., 2003). Aversive conditioning to
investigate the molecular underpinnings of associative learning has been the focus of
much study in the past century, typically through fear conditioning based on Pavlovian
principles (Pavlov, 1927; Maren et al., 1997; Sah and Westbrook, 2008). Fear
conditioning has proved highly beneficial for study of neurobiological mechanisms of
learning and memory, as well as informing on emotional leaning and mood disorders.
It provides a simple, reductive and tightly controlled behavioural paradigm that results
in rapid leaning.
The mammalian fear circuity is common among many species; associating external
stimuli with threat or safety is a key element of survival (Adolphs, 2013). Fear
memories are not created and reside in a single anatomical locus, they are formed
from interactions across a neural circuit (Kim and Jung, 2006). The amygdala is a
critical site for fear conditioning - amygdala lesions result in abolishment of all
conditioned fear responses to context and auditory cues (Helmstetter and Bellgowan,
1994; Maren et al., 1996). While a simple auditory fear circuit includes direct
projection from the thalamus to the amygdala, more complex variants of fear
conditioning such as contextual and trace fear conditioning require processing
through the hippocampus (Kim and Jung, 2006) (Figure 1.8).
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Figure 1.8: Simplified schematic of the neural circuity of fear conditioning. During
simple auditory fear conditioning, the thalamus and cortex receive information about
the conditioned stimulus (CS) (a light or tone) and unconditioned stimulus (US,
represented here as a lightening bolt). This information is then relayed to the
amygdala and eventually out to the brainstem and other regions to have various
behavioural and neuroendocrine responses. In contextual fear conditioning, the
hippocampus receives information about the CS-US association and outputs it for
amygdala processing.
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A basic Pavlovian fear conditioning experiment investigates how a subject can learn
about the relationships between stimuli. For example, in the laboratory, a rodent is
placed in a particular context (a box with particular odour, geometry and lighting), and
after a few minutes, a brief stimuli such as a tone or noise is presented. This is known
as the conditioned stimuli (CS), representing a previously neutral stimuli becoming
associated with aversity conditional on its pairing with the footshock. At the
termination of the CS, an aversive stimulus such as a footshock is presented, allowing
for an association between the tone/noise cue and the aversive event to form. The
footshock forms the unconditioned stimulus (US) (Maren, 2008; Curzon et al., 2009).
It is important to note that while it is clearly advantageous for an animal to associate
cues that may predict predators, their survival is also dependent upon learning which
environments are safe to facilitate reproduction and food gathering. Thus, it is
important to see how animals respond to different contexts, which can also help
inform on human fear and anxiety disorders (Steimer, 2002).
In 1972, Rescorla and Wagner presented a mathematical model intended to
account for many elements of classical aversive conditioning such as acquisition,
extinction, and conditioned inhibition, essentially by predicting the CS associative
value (Rescorla and Wagner, 1972) (Equation 1).
∆" = ∝ (')() − ")
Equation 1: Rescorla and Wagner equation. V is the current CS associative state, alpha is the
salience of the CS, beta is the US strength and lambda is the maximum associative value that can be
conditioned to the CS under the experimental conditions.

This equation describes the ‘prediction error’ model, where learning is induced when
experiences are unpredictable or challenge currently-held beliefs (Fletcher and Frith,
2009; Moore et al., 2011). Once CS-US events become associated, expectations are
built up and become predictable. This model proposes that instability in this system
could lead to the persistence of delusional beliefs in the face of conflicting evidence,
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as seen in the positive symptoms of schizophrenia (Fletcher and Frith, 2009).
Genomic evidence shows that the gene sets statistically associated with
schizophrenia-associated copy number variants were those relating to ‘associative
learning’ and ‘cued and contextual conditioning behaviour’ (Pocklington et al., 2015),
suggesting that the biological mechanisms on which this model is based may be
relevant to schizophrenia pathology.
1.3.4.3. Neurogenesis
Adult hippocampal neurogenesis describes the generation of adult-born functional
granule cells within the subgranular zone (SGZ) of the dentate gyrus. This occurs
through the amplification of neural progenitors and neuroblasts, followed by the
integration of new neurons into the hippocampal circuitry (Figure 1.9). In this way,
adult hippocampal neurogenesis is hypothesised to provide structural and functional
plasticity in the tri-synaptic hippocampal circuit (Toda et al., 2018). While adult
hippocampal neurogenesis has been confirmed in rodents and other mammals (Deng
et al., 2010; Amrein, 2015), the extent of neurogenesis in humans has been
controversial. Two recent publications published opposing results, revealing in one
study that humans lack hippocampal neurogenesis (Sorrells et al., 2018), whereas
another showed substantial neurogenesis that lasted throughout life (Boldrini et al.,
2018). The latter study fits with previous literature investigating the rate of
neurogenesis in humans (Kempermann et al., 1998; Spalding et al., 2013) however
there are methodological issues that may conflict these results. The degree and
existence of adult neurogenesis in humans is therefore still a subject of controversary
that requires further large-scale experiments to investigate this phenomena.
Developmental process of hippocampal neurogenesis
Adult hippocampal neurogenesis is a complex multistep process that is necessary for
the generation of new neurons from neural stem cells (NSCs). Neuronal precursor
cells are known as type 1 cells that have low division rates and express markers of
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neural stem cells. Adult neurogenesis progresses from these progenitors over the
initial highly proliferative expansion stage to the survival and elimination stage
(Kempermann et al., 2015) (Figure 1.9). The precursor stages expand the pool of
cells that can differentiate into neurons and gives rise to intermediate progenitor cells
with first a glial (type 2a), then neuronal (type 2b) and finally a migratory neuroblastlike phenotype (type 3). These now lineage-committed cells exit the cell cycle and
express many markers of mature neurons. These neurons extend their dendrites
towards the dentate gyrus molecular layer and spread their axons to CA3 (Deng et
al., 2010; Kempermann et al., 2015). However, even at this stage, these neurons are
not fully mature; they have different firing properties and lack glutamatergic input.
They do, however, receive excitatory GABAergic synaptic input which results in
neuronal depolarisation and appears to be vital for further development and
maturation of the neurons. Eventually, adult-born neurons establish mature
connections with the local network, receive glutamatergic synaptic inputs, whilst
GABAergic input becomes inhibitory. These young, adult-born cells exhibit stronger
synaptic plasticity than surrounding granule cells, implicating their importance in
learning and memory processes (Götz and Huttner, 2005; Deng et al., 2010).
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Figure 1.9: The developmental process of adult hippocampal neurogenesis that occurs
within the dentate gyrus. Type 1 radial glia-like stem cells (adult neural stem cells)
differentiate into neural progenitor cells. These cells develop into new-born neurons
that process into mature granule cells that integrate into the hippocampal circuity.
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As described, the hippocampus is a crucial structure for memory and associative
learning. Therefore, whether hippocampal neurogenesis is influenced by, or itself
influences, learning and memory processes has been the focus of many studies.
The rate of adult neurogenesis can be affected by both an animal’s behaviour and
environment. For example, voluntary wheel running and environmental enrichment
can increase the rate of neurogenesis, potentially though stimulating the hippocampal
neural network (van Praag et al., 1999a; Waddell and Shors, 2008; Deng et al., 2010).
Hippocampus dependent tasks such as water maze tasks also increase the number
of adult-born neurons (Gould et al., 1999; Leuner et al., 2004; Epp et al., 2007),
however, one study reports that they have no effect on proliferation (Gould et al.,
1999), suggesting a specific role for increasing survival of already proliferating and
maturing neurons.
Trace eyeblink conditioning also promotes the long-term survival of adult-generated
neurons (Leuner et al., 2004; Waddell and Shors, 2008). When neurogenesis is
ablated, trace fear conditioning is disrupted, indicating that neurons born through
adult neurogenesis are recruited through hippocampal dependent learning tasks
(Shors et al., 2001). Furthermore, neurogenesis depletion disrupted working memory
in the Morris Water Maze task (Snyder et al., 2005) and short-term memory in
contextual fear conditioning (Winocur et al., 2006). Interestingly, it has also been seen
that neural stimuli appear to preferentially activate adult-born granule cells, with an
increased proportion of adult-born cells expressing the immediate early gene Arc
(activity-regulated cytoskeleton-associated protein) in comparison to already existing
granule cells when exposed to novelty (Ramirez-Amaya et al., 2006) or the Morris
Water Maze (Kee et al., 2007; Deng et al., 2010). A recent meta-analysis concluded
that the bulk of the literature also supports a role of hippocampal neurogenesis on
behavioural pattern separation (França et al., 2017) in rodents. Computational and
experimental evidence hypothese that granule cells in the dentate gyrus are
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responsible for performing pattern separation on the overlapping representations
arriving from the entorhinal cortex and projecting this signal onto the CA3 (Deng et
al., 2010; Yassa and Stark, 2011) – processing highly similar inputs to less similar
output firing patterns. This allows the hippocampus to discriminate among similar
experiences (Yassa and Stark, 2011; Yau et al., 2015) and, thus, has a vital role in
learning and memory. Adult-born neurons are thought to have a particular role in
discriminating highly similar contexts (Nakashiba et al., 2012) and behaviour studies
have shown that ablating hippocampal neurogenesis in mice impairs pattern
separation (Yau et al., 2015), whereas increasing adult neurogenesis improves it.
Adult neurogenesis is also implicated in the process of ‘forgetting’ old memories in
order to store new memories and clear old ones – potentially through modification of
the memory trace (Yau et al., 2015). Mice with impaired neurogenesis demonstrated
increased freezing responses to a contextual fear retention test after two weeks (Feng
et al., 2001), suggesting an impaired ‘old’ memory clearance.
Neurogenesis and psychiatric disorders
Psychiatric disorders, and in particular mood disorders, have been linked to
alterations in adult neurogenesis (Apple et al., 2017). A range of psychotropic
medications have been associated with increasing neurogenesis in rodent models
(including SSRIs, selective SNRIs and tricyclic antidepressants) (Malberg, 2004).
Additionally, ablation of SGZ neurogenesis prevents the positive effects of
antidepressants on behaviour in mice (Santarelli et al., 2003). There has been
extensive investigations into the role of adult neurogenesis in depression, which has
been shown to have effects on both proliferation and survival on new-born neurons
(Bowers and Jessberger, 2016). In schizophrenia, genes implicated in pathology such
as disrupted-in-schizophrenia 1 (DISC1) and BDNF are associated with altered rates
of neurogenesis and impaired hippocampus-dependent behaviours in mice
(Schoenfeld and Cameron, 2015; Toth et al., 2016). Hippocampal post-mortem
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studies on individuals with schizophrenia demonstrated a decrease in proliferating
cells (Reif et al., 2006; Allen et al., 2016), however future studies in both humans and
animal models would clarify any association between neurogenesis and
schizophrenia .

1.3.5

Conclusions

Structural and functional changes have been observed in the hippocampus in
individuals with neuropsychiatric disorders. The hippocampus plays a central role in
the acquisition, consolidation and retrieval in learning and memory, particularly in
contextual processing within associative learning. Adult hippocampal neurogenesis,
which takes place exclusively in the sub granular layer of the dentate gyrus, is
hypothesised to mediate some forms of learning and memory. Therefore, the
hippocampus is a fascinating and relevant structure to examine for converging
features of pathopsychological risk.
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1.4

Experimental Plan

LTCCs are presented here as a critical convergence of genetic pathways implicated
in psychiatric disorder. The consequences of early life stress are also described and
suggested to interact with gene expression to allow for manifestation of mental illness,
potentially through affecting the structure and function of the hippocampus.
In this thesis, with a focus of the impact on the hippocampus, I further the investigation
of how genetic variation and environmental factors may interact together to increase
risk of psychiatric disorder. My aims were as follows:
•

Determine if prepubertal stress can regulate the expression of Cacna1c within
the hippocampus

•

Explore the effect of Cacna1c heterozygosity and prepubertal stress on the
acquisition, consolidation and retrieval of various forms of aversive fear
memory as a model of associative learning

•

Investigate the impact of prepubertal stress and reduced gene dosage of
Cacna1c on molecular substrates of the hippocampus: adult neurogenesis
and GABAergic interneurons

•

Observe whether an enriched environment can correct deficits in the
hippocampus associated with Cacna1c heterozygosity.
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: General Methods
2.1

Animals

2.1.1 Wild-type animals
Adult male Sprague Dawley rats (300-500g, Charles River, Margate, UK) were
housed in groups of 2-4 in standard cages (38cm (W) x 56cm (L) x 22cm (H)) with ad
libitum access to food (standard rat chow, RM1, Special Services Diet, Lillico, UK)
and water. All animals were housed on a 12:12 hour light-dark cycles (light phase
8am-8pm). Cages were lined with wood shavings, a cardboard tube and wooden stick
as basic enrichment. All animals were given a minimum of seven days from arrival
before being used in experiments. Humidity was maintained at 45-60% and
temperature between 19-21°C. At the end of the experiment, rats were sacrificed by
Schedule 1, via a rising concentration of CO2 in a home cage culling chamber
(Clinipath Equipment Limited, Hull, UK) or by overdose of anaesthetic (Euthatal
(200mg/ml), Merial, Harlow, UK). Experiments were conducted under licence PPL
30/3135 and PIL I98C8E6DF. All procedures were carried out in accordance with
local ethics guidelines, the UK Home Office Animals Act 1986 and the European
Communities Council Directive of 24 November 1986 (86/609/EEC).

2.1.2 Prepubertal stressed animals
Twelve female and twelve male Lister Hooded rats (250-275g, Charles River,
Margate, UK) were placed in male-female pairs in standard cages for breeding. Pairs
were left alone until pregnancy was confirmed and pups were born, whereupon males
were removed. At weaning (PND21), animals were housed in groups of 3-5 in
standard, same-sex, same-litter cages. Food and water was provided ad libitum. Six
litters out of twelve, at random, were assigned to be prepubertally stressed. The
prepubertal stress protocol has been described previously (Brydges et al, 2014). On
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postnatal days (PNDs) 25, 26 and 27 animals were removed from their home cages
and taken to a designated room, away from the regular housing area, and subjected
to variable short-term stressors. The first stressor, on PND 25, consisted of a 10-min
swim stress in an opaque swim tank (25cm (H) x 34cm (D)), filled with approximately
6L of 25°C water. After the swim, animals were briefly towel-dried and then taken
back to their home cage. On PND 26, animals were subjected to three sessions of 30
minute restraint stress, in plastic restraint tubes (15cm (L) X 5cm (D)). Each session
was separated by 30 minute breaks in the home cages. On PND27, animals were
exposed to elevated platform stress; they were placed on an elevated platform (15 x
15cm, 115cm high) for three sessions of 30 minutes, separated by 60 minute breaks
in the home cages. For each litter stressed, another litter acted as control. These
animals were briefly handled on PND 25-27, but otherwise left in their home cages.
Both prepubertally stressed and control litters were then left in their home cages until
adulthood (PND60). A maximum of three animals per litter were used for individual
experiments and litter of origin was accounted for in all statistical analysis.

2.1.3 Enriched environment
Animals exposed to an enriched environment were housed in large cages (74cm (W)
x 59cm (W) x 40cm (H) in groups of 6-7 (Figure 2.1). This larger group size allowed
for increased social interaction. These cages were equipped with a moveable platform
to give the rats another level to explore. They were also given access to objects such
as plastic igloos (31440P), wooden sticks to gnaw and play with (710113P,
7116419P), rearrangeable tunnels (7114739P) and wooden balls (7116401P) (all
Pets At Home, Cheshire, UK) to stimulate exploratory play and behaviour. These rats
had access to food and water ad libitum. The objects were rearranged 3 times a week
and different objects were placed into the cages every week for novelty.
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Figure 2.1: A = Standard housing (including cardboard tube not in photo). B = Enriched
environment cages. Enriched environment cages were set up to include a moveable
platform, toys and climbing frames with increased social interaction
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2.1.4 Transgenic heterozygote Cacna1c knockout animals
Cacna1c heterozygote knock-out animals were created on a Sprague Dawley
background (TGR16930, Sage Research Labs, Pennsylvania, USA) using Zinc
Finger Nuclease (ZFN) technology. ZFN technology utilises DNA-binding proteins
that create a double-stranded break in DNA at a specified location, stimulating natural
DNA repair processes that can lead to mutations and/or deletions in the genome. The
heterozygote rats created by ZFN have a 4bp deletion in exon 6 of Cacna1c (460649
bp – 460652 bp), resulting in a frame shift and subsequent early stop codon. Breeding
of Cacna1c+/- rats resulted in litters of 4-16 with a Mendelian distribution of wild-type
and heterozygote pups (homozygote deletion is embryonically lethal). Cacna1c
heterozygote knock-out animals were shipped to Cardiff University in cohorts of 3040 animals at a minimum age of 12 weeks.

2.1.5 Genotyping
Genotyping of heterozygote animals was performed both pre and post mortem.
Initially, ear punches from all experimental animals were sent from Charles River for
genotyping to allow for experimental setup. These genotypes were confirmed postmortem by taking a small section of tail tissue. Qiagen DNeasy Blood and Tissue Kits
(Qiagen, Manchester, UK) were used to extract genomic DNA (gDNA) as per the
manufacturers standard protocol. Approximately 20mg tissue (0.6cm tail tissue or one
single ear punch) was lysed at 56°C overnight in 180µl buffer ATL and 20µl proteinase
K on a rocking platform. 200µl of buffer AL and 200µl of 96-100% ethanol were added
to the sample before putting through a spin column at 8000rpm for 1 minute. Buffer
AW1 was added the spin column as a first wash and spun through at 8000rpm for 1
minute. Buffer AW2 was then added and spun through at 8000rpm for 1 minute,
before a final spin of 14,000 rpm for 3 minutes to dry the membrane. DNA was then
eluted by adding 200µl of buffer AE to the membrane, incubating for 1 minute at room
temperature and then centrifuged at 8000rpm for 1 minute. A NanoDrop
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spectrophotometer (Thermo Fisher Scientific, Delaware, USA) was used to measure
the concentration of DNA and purity. This extraction yielded approximately 20-40µg
of DNA and was determined acceptable purity if the 260/280nm ratio was 1.8 or
greater. DNA was stored at -20°C until required for qPCR.
Polymerase Chain Reaction
To determine a wild-type from a heterozygote animal, a multiplex reaction was set
up. Two forward primers (24bp) were used; the first primer targeting a region
upstream of the deletion (Chr 4: 216724640-216724663) and the second primer
targeting the deleted region (Chr 4: 216724462-216724485) (Table 2.1). Therefore,
the second primer was a heterozygote specific primer and would only bind if the 4bp
was absent, i.e. in a heterozygote animal. Master mixes were made up to have a total
of 24μl reaction mix per sample to be tested. 17.25µl distilled MilliQ H2O, 2.5µl 10 x
PCR Buffer, 1µl of dNTPs, 0.25µl HotStarTaq DNA polymerase (Qiagen, Manchester,
UK) and 1µl of each of the 3 primers made up the reaction mix. 2µl gDNA (0.4ug of
DNA) was added to this to form the total sample for the multiplex reaction. Samples
were run on a BioRad Thermal Cycler (T100TM BioRad, Herts, UK), under the
following conditions: 95°C for 600 seconds, followed by 40 cycles of 95°C for 40
seconds, 65°C for 40 seconds and 72°C for 60 seconds, with a fixed cycle of 72°C
for 300 seconds. Samples were then cooled to 8°C.
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Table 2.1: Primers used in genotyping to differentiate Cacna1c wild-types and
heterozygote animals

Forward primer 1

5’ – AGCCTTTTATTGGGATGTGTCTCC – 3’

Forward primer 2

5’ – TCCTGAACTCCATCAGGCCA – 3’

Reverse primer

5’ – CTGATGAACGGTGGGTGCTTAC – 3’
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Gel electrophoresis
To determine genotypes, samples were run on a 1.5% agarose gel made from 0.5 x
Tris/Borate/EDTA (TBE) buffer (54g of Tris base, 27.5g boric acid and 20ml of 0.5M
EDTA, pH 8.3). 5µl of ethidium bromide was used per 100ml agarose ran. 16µl of the
resulting PCR samples (with 4µl DNA Gel Loading Dye (6X) (Thermo-Fisher
Scientific, Delaware, USA) was loaded onto the gel and run at 120V for 30 minutes
while the gel was submerged in 0.5µl TBE. Gels were visualised on a BioRad Gel
Doc XR imager (BioRad, Herts, UK) (Figure 2.2). The presence of one band at 463bp
or two bands at 463bp and 645bp were visually inspected to determine genotype.
Heterozygote animals were determined by two bands, whereas wild-types were
identified by the presence of one band.

WT

+/-

+/-

WT

+/-

WT

645bp
463bp

Figure 2.2: Representative image of genotyping results for Cacna1c wildtypes (WT) and heterozygotes (Cacna1c+/-). Cacna1c+/- animals were
defined by presence of two bands at 463bp and 645bp whereas wild-types
only had one band at 463bp.
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2.1.6 5-Bromo-2’-deoxyuridine solution and injection
For neurogenesis analysis, rats were intraperitoneally injected with 5-bromo-2’deoxyuridine (BrdU), a thymidine analogue that is incorporated into cellular DNA
during S-phase. This allows selective marking of newly proliferating cells. BrdU
(Sigma, Dorset, UK) was dissolved in 0.1M sterile PBS (pH 7.2) to 25mg/ml and
stored at 4°C until needed. Rats were restrained and injected with a single bolus of
BrdU (50mg/kg) by intraperitoneal injection, administered 6 hours before euthanasia.
Rats were then returned to their home cage.

2.1.7 Perfusion
Fixation using post-mortem perfusion was performed to allow for rapid and uniform
tissue preservation. The perfusion pump was set up and perfusion needle attached.
Rats were sacrificed via intraperitoneal euthatal (200mg/ml) injection (Merial, Harlow,
UK) and left in a holding cage until cessation of heartbeat. Rats were rapidly dissected
to expose the heart and perfusion needle inserted into the protrusion of the left
ventricle and clamped into place near the point of entry. The right atrium was cut with
sharp scissors. The value was released to allow a slow, steady flow of 13-20 ml/min
of 0.1M PBS ice-cold solution to flush through until the blood was cleared from the
body. Following this, the perfusion solution was changed to ice cold 4%
paraformaldehyde (PFA) (approximately 200-300ml per animal), which was allowed
to flow at 20ml/min until spontaneous movement and lightened colour of the liver was
observed (approximately 15-20 minutes). Perfusion was then stopped and brains
rapidly dissected out. Brains were then transferred to fresh 4% PFA and immersionfixed overnight at 4°C. Once fixation was complete, brains were placed in 30%
sucrose to cryoprotect the tissues for 2-6 days.
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2.1.8 Dissection
Animals not perfused were sacrificed by a rising concentration of a CO2. Brains were
rapidly removed and the hippocampus micro-dissected out before being flash frozen
on dry ice. Dissected hippocampi were then stored at -80°C until needed.
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2.2

Human samples

Post-mortem hippocampal tissue samples were obtained from the Edinburgh Brain
Bank for cDNA extraction. Samples were from 8 males (39.4 +/- 7.4 years) with no
history of early life trauma and 5 males (39.8 +/- 6.6 years) and 5 females (39.2 +/15.2 years) who reported early life stress. 0.03-0.04g of tissue was extracted per
subject. All samples were obtained with ethical approval and with informed consent
and were matched for post-mortem delay.
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2.3

Behaviour

2.3.1 Auditory Fear Conditioning
All sessions were undertaken in two standard modular test chambers (32cm x 25.5
cm x 27 cm) for rats with sound-attenuating walls (Sandown Scientific, UK).
Chambers had a grid floor consisting of 19 equally spaced stainless steel bars placed
1.6cm above the floor where 0.5mA shocks were delivered to. An aversive
stimulator/scrambler controlled the shock given. Med-PC version IV research control
and data acquisition system controlled the programmes sent to the boxes (Med
Associated Inc., Vermont, USA). White noise at 75-86db formed the conditioned
stimulus (CS). One test chamber contained lavender scent (Botanics Aromatherapy
Pure Essential Oil, Boots, UK) and contained no light (an infrared bar was used to
enable filming) (Context A), whereas the other test chamber contained fresh sawdust
for scent, patterned walls (black stars on a white background) and lit by a house light
(75W) (Context B) for the whole conditioning session (Figure 2.3A and B). Use of
each context was counterbalanced across experimental group and time of day. Test
chambers were thoroughly cleaned between each animal with 50% ethanol.
Behaviour was digitally recorded from cameras (Fujifilm FE185C086HA-1 with Fisheye Lense) positioned within the doors and viewed using VLC Media player for offline
analysis.
2.3.1.1. Habituation
Once a day, for the three days prior to the conditioning sessions, animals were
removed from their home cages and placed into transport boxes. They were
transported to the testing room, left for five minutes in the room, briefly handled and
returned to their home cages. This allowed them to habituate to the journey and the
experimenter, reducing the confound of novelty on the experimental days.
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2.3.1.2. Delay Conditioning
Animals were placed in one test chamber (Context A or B). Following a two minute
baseline period, rats were given a 10 trial session of randomly presented CS-US
pairings. CS was presented for 15 seconds and co-terminated with a 0.5mA, 0.5s
footshock (unconditioned stimulus, US). The conditioning session lasted 53 minutes.
Intertrial interval was 312s ± 62s (20%). Animals remained in the chambers for 2
minutes after the last pairing was presented, before being taken back to their home
cages (Figure 2.3C).
2.3.1.3. Trace Conditioning
Animals were placed in one test chamber (A or B) and, following a two minute
baseline period, given a 10 trial session of randomly presented CS-US pairings. CS
was presented for 15s and 30s later a 0.5mA, 0.5s footshock was presented. The
conditioning session lasted 58 minutes 29s. Intertrial interval was 312s ± 62s. Animals
remained in the chambers for 2 minutes after the last pairing was presented, before
being taken back to their home cages (Figure 2.3C).
2.3.1.4. Unpaired Conditioning
Animals were placed in one test chamber (A or B) and, following a two-minute
baseline period, given 10 CS presentations and 10 0.5mA, 0.5s shocks in an explicitly
unpaired manner. The conditioning session lasted 54 minutes 41 seconds. Any two
stimuli were separated by an intertrial interval of 156 ± 31s. Animals remained in the
chambers for 2 minutes after the last stimuli was presented, before being taken back
to their home cages.
2.3.1.5. Context Recall
Twenty-four hours post-conditioning, rats were returned to the same conditioning
chamber (CS) for a 10 minute recall session in the absence of both CS and US.
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2.3.1.6. Cue Recall
Forty-eight hours ± 3 hours post-conditioning, rats were put into the opposite test
chamber to their conditioned chamber (Context A rats go into Context B and vice
versa). Context was further altered by offsetting the time of day tested by at least
three hours and by placing a plastic sheet over the shock bars. These measures were
undertaken to avoid generalised contextual representations. Animals experienced a
2 minute baseline period followed by a 6 minute CS presentation. Following CS
cessation, animals were further monitored for 4 minutes (Post CS).
2.3.1.7. Analysis
Freezing behaviour was defined as complete immobility for 1s except for respiration
movements. Animals were scored every 10 seconds with the experimenter blind to
condition and genotype. The number of instances of freezing over the whole 10 or 12
minute recall sessions were recorded for each animal, as well as for separate pre and
post US periods. The percentage freezing was calculated for each animal for each
session, and by minute, and averaged across control and experimental groups. Oneway and repeated measures ANOVA were conducted for each condition and
genotype. All data was checked for normality and transformed if required via a BoxCox transformation (One Way ANOVA) or a Greenhouse-Geisser correction
(Repeated Measures). Post-hoc tests, where appropriate, where performed by Tukey
Kramer HSD tests. Results were assumed to be significant if P < 0.05.
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Unpaired

CS
US

Figure 2.3: Experimental overview for auditory conditioning sessions. A = Rats were
conditioned on Day 1 in Context A in either a delay, trace or unpaired paradigm. They
then received a 10 minute Context Recall on Day 2 where they were returned to the
same context as on Day 1 for 10 minutes. On Day 3 rats were placed into a novel context
and given a Cue Recall. B = Two contexts were used to distinguish reactions to context
and cue. Context A was a dark box with a lavender scent, whereas Context B was a
light box with a starry background and sawdust scent. C = Delay and trace conditioning
schematic. In delay conditioning, the CS terminates with the US. In trace conditioning
however, the CS plays and the US is presented after a 30 second interval. In unpaired
conditioning, the CS and US are explicitly unpaired. ITI = intertrial interval.
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2.4

Laboratory Techniques

2.4.1 Quantitative Polymerase Chain Reaction (qPCR)
qPCR is a method that combines PCR amplification and detection for quantitative
mRNA expression analysis. Fluorescent dyes are added to PCR products during
thermal cycling and the subsequent fluorescent signal during the exponential phase
of the reaction measured to give a read-out of gene expression.
2.4.1.1. RNA extraction
Hippocampi from flash-frozen brains were removed from the -80°C freezer and kept
on dry ice. 20-30mg of tissue was used per sample and processed using the Qiagen
RNeasy Kit (Qiagen, Manchester, UK), following the supplied protocol. 14.3M ßMercaptoethanol was added to supplied Buffer RLT (1:100) and 550µl of resulting
solution added to the sample in a ribotube (MP Biomedicals, UK). The ribotube
containing the sample was placed in a ribolyser (Bio-Rad Laboratories Inc., USA) and
tissue homogenised using the fast prep homogeniser for 2 x 5 second blasts until the
tissue was completely lysed. Samples were then centrifuged for 3 minutes at
14,000rpm for 3 minutes. Samples were then removed from the ribotube and placed
into a standard 1.5ml Eppendorf, before then centrifuged again for 3 minutes at
14,000rpm to form the pellet. Once finished, the resulting supernatant was dissolved
in 500µl 70% ethanol and 500µl of the supernatant/ethanol mix and loaded into a
RNeasy spin column placed into a collection tube. The spin column and collection
tube was centrifuged for 15 seconds at 10,000rpm. The flow through was discarded
and this step repeated with the remaining 500µl supernatant. 250µl of buffer RLT +
ß-Mercaptoethanol was then added to the pellet and centrifuged for three minutes at
10,000rpm. The supernatant was once again extracted, mixed with 250µl 70%
ethanol and added to the same RNeasy spin column as before. The spin column was
centrifuged for 15 seconds at 10,000 rpm and the flow through discarded. The spin
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column was then incubated at room temperature for 5 minutes. Following this the spin
column was washed by adding 700µl Buffer RW1 to the RNeasy spin column and
centrifuging for 15 seconds at 10,000rpm and discarding flow through. 500µl Buffer
RPE was then added, centrifuged for 15 seconds at 10,000rpm and flow through
discarded. Another 500µl RPE was added to the spin column and the column
centrifuged for five minutes at 10,000rpm to thoroughly wash the membrane. The spin
column was then placed in a new collection tube and span at 14,000rpm for 1 minute
to eliminate any possible carryover of Buffer RPE. The spin column was then placed
into a 1.5ml collection tube. 30µl of RNase-free water (Ambion Life Technologies, UK)
was added directly to the spin column membrane and incubated for 10 minutes at
room temperature. To elute the RNA, the spin column was span at 10,000rpm for 1
minute. RNA content was measured on a NanoDrop spectrophotometer (Thermo
Fisher Scientific, Delaware, USA) to determine concentrations were a suitable level
(between 100-10,000ng/ul). The A260/A280 value was used to determine purity, the
value was required to be under 2.
2.4.1.2. DNAase treatment
RNA was DNAse treated to remove any DNA contamination using Ambion TURBO
DNA-free™ Kit (ThermoFisher Scientific, Delaware, USA) in accordance with the
supplied protocol. 0.1 volume of 10X TURBO DNase Buffer and 1ul TURBO DNase
was added to each RNA sample and gently mixed. The samples were incubated at
37°C for 30 minutes. DNase Inactivation Reagent at 0.1 volume was then added to
the sample and incubated for five minutes at room temperature, mixing frequently.
The samples were then centrifuged at 13,000rpm for 1 minute and the pellet
discarded.
2.4.1.3. cDNA synthesis
RNA was then used to create cDNA for analysis. 1.5µg RNA was added to RNA to
cDNA Easy Premix (Random Hexamers) (Clontech Laboratories Inc., France) tubes.
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Nuclease-Free water (Ambion Life Technologies, UK) was then added to make the
total volume up to 20µl. Samples were then placed in a thermal cycler (Bio-Rad
Laboratories S100, USA) and heated at 42°C for 75 minutes, following by 80°C for
15 minutes. Sample was then diluted 1:15 in nuclease-Free water and stored at 20°C.
2.4.1.4. Primer design
Primers

were

designed

using

the

FASTA

gene

sequences

from NCBI

(http://ncbi.nlm.nih.gov) for both human and rat genes of interest. FASTA sequences
were inputted to Primer Blast (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
Probes were designed to be approximately 20 base-pairs long, have an AT:CG ration
close to 50%, to span an exon-exon junction and a melting temperature around 60°C.
Product length was required to be between 50-150 base-pairs. All designed probes
were tested for homology elsewhere in the genome by using BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Ensembl was also used to ensure probes
were

targeting

the

required

transcripts

of

the

gene

(http://www.ensembl.org/index.html). Probes were synthesised by Sigma-Aldrich
(Dorset, UK). Upon arrival, they were diluted to 100µM in nuclease-free water.
Aliquots of working solutions (10µm) were made up for each probe to minimise
repetitive freeze-thaw cycles. Primers were then validated in terms of having both
single-amplicon specificity and consistently high amplification efficiencies. In order to
check for single-amplicon specifity, a default melting programme was run on a RTPCR machine (Applied Biosciences) at the end of the cycling programme. Primers
were said to be specific if dissociation curves were visualised as a single peak with
no shoulders. Following this, a calibration curve was produced where a 1:5 serial
dilution series was generated using a cDNA template of known concentration. qPCR
was then run to generate a standard curve by first heating to 95°C for 10 minutes,
followed by 45 cycles of 95°C (15 seconds) and 60°C (1 minute) to allow for primer
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annealing and elongation. Finally in the melt curve stage, samples were heated to
55°C for one minute and 95°C for 15 seconds. The generated Ct values plotted
against the initial amounts of input material on a semi-log10 plot. This data was fitted
to a straight line and the gradient calculated. The gradient was inputted into the Life
Technologies Efficiency calculator with the ideal gradient of -3.33 giving an
amplification efficiency of 100%. Probes were considered valid at 90-110% efficiency.
This is a necessary step as quantification calculations are dependent on amplification
efficiencies of approximately 100%.
2.4.1.5. qPCR
96-well plates were loaded, each well containing a total of 15μl reaction mixture (1.9μl
sterile RNAase free water, 0.3μl 10μM forward primer, 0.3μl 10μM backward primer,
7.5μl SYBR-Green SensiMix (Bioline) and 5μl cDNA). SYBR Green I dye is a
fluorescent dye that binds to the minor groove of double stranded DNA. Gapdh and
Hprt primers (Sigma) were used as housekeeping controls for rat cDNA, GAPDH and
UBC were used as housekeeping genes for human cDNA. All results are normalised
from these values. After loading, plates were span down at 3,000 rpm for
approximately 10-20 seconds before being transferred to Real-Time PCR instrument
(Applied Biosystems®). qPCR was then run as before: 95°C for 10 minutes (holding
stage), followed by 45 cycles of 95°C (15 seconds) and 60°C (1 minute). Finally in
the melt curve stage, samples were heated to 55°C for one minute followed by 95°C
for 15 seconds.
2.4.1.6. Analysis
The output from the qPCR cycle is given in cycle threshold (Ct) values, essentially
the number of cycles it took to detect a signal from the cDNA above that of
background fluorescence. Ct values correlate negatively to the amount of nucleic acid
in a sample. Threshold levels were set to coincide with the beginning of the
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exponential phase. Quantitation was done using the comparative Ct method (2

-DDCT

method) to produce fold changes in between groups tested. This method involves
subtracting the average housekeeping gene from the gene of interest (DCT = CT target
– CT reference). The DDCT value is then calculated by subtracting the experimental group
from the control group (DDCT = DCT

test

– DCT

control)

and incorporating standard

deviations into the fold change. Data was analysed using one-way ANOVAs. All data
were checked for homogeneity of variance using Levene’s Test and normality of
distribution. If found to be outside normal distribution, results were transformed
accordingly using the most appropriate method (Box Cox transformation or square
root transformation) that resulted in data normalization. Litter was nested within the
data as a random variable where appropriate. All data was analysed using JMP
statistical software (JMP, SAS Institute, Cary, NC, USA).

2.4.2 In-situ hybridisation
In situ hybridisation is a useful method for quantifying localisation and expression
levels of specific mRNA sequences by using radiolabelled strands of complementary
nucleotide sequences.
2.4.2.1. DEPC treatment and slide preparation
1ml of diethylpyrocarbonate solution (DEPC, Sigma-Aldrich, Dorset, UK) was added
to 1 litre of distilled water. The solution was shaken vigorously and left for 2-4 hours
in a fume hood before being autoclaved and left to cool to room temperature. Poly-Llysine was dissolved in DEPC treated water (1:10 dilution) and stored in 1ml aliquots
before use. Twin frost microscope slides (VWR International, Leicester, UK) were
dipped in a working solution of 2% Poly-L-lysine, air dried and stored at 4°C until
required.
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2.4.2.2. Sectioning and fixing of brain slices
Rats were killed by CO2 inhalation and whole brains extracted rapidly. Brains were
flash-frozen on dry ice and stored at -80°C. Coronal sections of 14µm were sliced on
a cryostat (Leica Microsystems CM1860UV) at -20°C and mounted on poly-L-lysine
coated slides. The arrangement of brain sections on each slide was designed in a
pseudo-random manner so each slide had 1 slice from 6 brains, counterbalanced and
without position bias for each experimental condition. 114 sections were taken from
each brain. For each experiment, slides were processed in parallel for technical
control. Slides were placed into glass slide racks and fixed in 4°C 4%
paraformaldehyde (PFA) in phosphate buffer (PBS; 1.3M NaCl, 70Mm disodium
phosphate, 30Mm monosodium phosphate, pH 7.2) solution for five minutes, before
washing in PBS for one minute, followed by 70% ethanol for four minutes. All slides
were then stored at 4°C submerged in 95% ethanol until required. Slides were left for
at least two weeks before use to ensure complete delipidation.
2.4.2.3. Oligonucleotide probe design
For each gene of interest, single stranded oligonucleotide probes were designed to
target the mRNA sequence. FASTA gene sequences were inputted into ‘Oligo’ - a
MATLAB tool designed to produce potential oligonucleotide probes. Probes were
designed to be 45 base pairs long to allow for sufficient cell penetration. Probes were
also required to have an AT:CG ratio close to 1, with a maximum of 3 bases
differences and maximum of 3 consecutive bases; these steps help prevent excessive
secondary folding of the probe. All designed probes were tested for homology
elsewhere in the genome by using BLAST. Probes (Sigma-Aldrich, Dorset, UK) were
diluted to 1 ug/ul in phosphate buffer (PB, pH 7) and were further diluted in DEPCtreated water to 5 ng/ul to give a working solution.
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2.4.2.4. 5’end 35S labelling of oligonucleotides
Probes were radiolabelled using deoxyadenosine 5’- (α-thio) triphosphate [35S]
(dATP) (Perkin Elmer, MA, USA), which has a half life of 87 days. 1.5µl of

35

S-dATP

radiation was added to 2ul of 5ng/µl oligonucleotide probe, along with 4.5µl DEPC
treated water, 2.5µl terminal deoxynucleotidyl transferase buffer (Promega, WI, USA)
and 1.5µl terminal deoxynucleotidyl transferase (Promega, WI, USA). The resulting
solution was incubated at 35°C for an hour. 38µl DEPC water was then added to stop
the enzymatic reaction. Probes were then purified using the Qiaquick Nucleotide
Removal Kits (Qiagen, Manchester, UK) according to the manufacturers
recommendation. Labelled probe was added (1:10) to buffer PNI in a spin column
and spun at 6000rpm for one minute. The column was washed twice by adding 500ul
Buffer PE and spinning for 6000rpm, discarding the flow through each time. Samples
had a final spin at 13,000 rpm to remove any residual ethanol. Labelled
oligonucleotide probe was then eluted by applying 50µl DEPC-treated water directly
to the spin column membrane. Columns were incubated at room temperature for 1
minute and centrifuged at 13,000 rpm for 1 minute. 2µl of 1M dithiothreitol (DTT) was
added to the probe -

this reduces the thermal stability of the bonds, allowing

hybridisation to be carried out at a lower temperature. The probe activity was
measured by diluting (1:1000) a small sample in scintillation fluid (Perkin Elmer, MA,
USA) and activity was measured using a Packard Tri-CARB 2100 TR liquid
scintillation counter (Perkin, MA, USA). Labelling was considered acceptable if values
were between 200,000-800,000 counts per minute (cpm).
2.4.2.5. In-situ hybridisation
For each experiment, two or three separate series of fixed brain slices were used to
total at least 6 per experimental condition. For each brain, 2 slices were labelled with
radioactive probe to determine total hybridisation levels and 1 slice was labelled with
‘cold’ probe to define the non-specific hybridisation level. Radiolabelled probe was
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incubated with 2% 1M DTT and 100µl hybridisation buffer before being added to each
slide. Hybridisation buffer (25ml deionised formamide, 10ml 20X saline-sodium citrate
buffer (SSC) (3M NaCl, 0.3M sodium citrate),2.5ml 0.5M sodium phosphate, 0.5ml
0.1M sodium phosphate, 0.5ml 0.1M sodium pyrophosphate, 5ml 50X Denhardts
solution, 2.5ml 4mg/ml acid-alkali hydrolysed salmon sperm DNA, 1 ml 5mg/ml
polyadenylic acid, 50ul 120mg/ml heparin and 5g dextran sulphate (Sigma-Aldrich,
Dorset, UK) was made up at least a week before experiment and stored in the dark
at 4°C.
To determine the non-specific hybridisation level, unradiolabelled probe was added
to radiolabelled probe (with HYB buffer and DTT) at a ratio of 8:1 and applied to the
remaining slide. Slides with applied probes were sealed with a Parafilm coverstrip
(Sigma-Aldrich, Dorset, UK), to ensure even probe coverage across all brain sections
on each slide and to form the necessary matrix for ISH. All slides were sealed in
airtight humidified plastic chambers and incubated at 42°C for at least 8 hours.
Parafilm coverslips were removed by placing slides in 1X SSC at room temperature.
Slides were then washed thoroughly in 1X SSC at 52°C for one hour followed by a 1
min 0.1X SSC wash and finally dehydrated for one minute in 70% ethanol and one
minute in 95% ethanol.
2.4.2.6. Film development
Slides were left to air-dry before being transferred to Amersham rapid development
cassettes (Thermo Fisher Scientific, Delaware, USA), along with a

14

C ladder slide

(American Radiolabelled Chemicals, Saint Louis, USA) to allow for quantification.
Carestream Biomax MR Film (Anachem, Luton, UK) was then placed in the same
cassette, covering all slides. Films were exposed to slides for one week before being
developed in a dark room using an automatic developer (Photon Imaging Systems,
Swindon, UK).
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2.4.2.7. Analysis
Following development, films were scanned (Epson Photo Scanner V330,
Hertfordshire, UK) at high resolution and viewed in ImageJ (Version 1.51a, NIH,
USA). A standard curve was created from the

14

C ladder and used to covert

radiolabelled regions of interest into pixel intensity values. Five measurements were
taken from each region of interest, from each hemisphere of each radiolabelled brain
slice. Measurements were taken in parallel from the non-radiolabelled slide and
subtracted from the radiolabelled measurements to account for non-specific binding
of the probe. One-way ANOVAs were conducted to assess the effect of experimental
condition on normalised density value of the probe within the region(s) of interest.
Litter was nested in to experimental group as a random effect.

2.4.3 Western Blotting
Western blotting is a technique used to detect specific proteins within a tissue extract.
2.4.3.1. Tissue homogenisation
50mg of hippocampus tissue from flash-frozen hemibrains was washed briefly in
chilled

0.1M

PBS

and

transferred

to

a

Dounce

homogeniser.

500ul

radioimmunoprecipitation assay (RIPA) buffer (150mM sodium chloride, 1% Triton X100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 50mM Tris, pH 8.0)
with cOmplete protease inhibitor cocktail tablet (Roche, Sussex, UK) (1 tablet per
10ml) was also added to the homogeniser. The tissue was homogenised thoroughly,
transferred to an Eppendorf and span for 20 minutes at 12,000g at 4°C. The
supernatant was then transferred to a new Eppendorf and stored at -20°C.
2.4.3.2. Bicinchoninic (BCA) protein assay
The BCA protein assay is used to quantify the total protein in the homogenate. This
assay combines the Cu2+ reduction to Cu1+ by protein in an alkaline environment
which forms a light blue colour with a BCA-Cu1+ reaction to form a dark-purple colour.
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This dark-purple colour has a strong linear absorbance at 562nm with increasing
protein concentrations. A range of bovine serum albumin (BSA) standards (SigmaAldrich, Dorset, UK) from 0.125mg/ml – 2mg/ml were prepared with Milli-Q water and
10% RIPA buffer. 5µl of tissue homogenate from experimental samples were diluted
in 45µl Milli-Q water. BCA Reagent A and B from the PierceTM BCA Protein Assay Kit
(ThermoFisher Scientific, Delaware, USA) were mixed at a 50:1 ratio to form the BCA
working reagent. 1ml of BCA working reagent was added to 50ul of standards and
samples, mixed well and all samples incubated at 37°C for 30 minutes. Standards
and samples were poured into a clean cuvette and all absorbance readings were
taken on a spectrophotometer at 562nm, all within 10 minutes. A cuvette filled with
water was used to blank the spectrophotometer. The absorbance values for the
standards were used to plot a standard curve of BSA concentration and the resulting
equation of the line of best fit used to determine concentration of the samples.
2.4.3.3. Gel electrophoresis
2 x Bio-Rad Laemmli Sample Buffer (Bio-Rad Laboratories Ltd, Watford, UK) was
added to ß-mercaptoethanol at a 20:1 ratio. Homogenate samples were diluted in
RIPA buffer in order to load 15-25µg of protein per well. Samples were added to
Laemmli buffer at a 1:1 ratio and this mixture was heated at 96°C for five minutes in
order to denature the protein-protein interactions. Samples were then loaded onto a
7.5% Mini-PROTEAN TGX Gel (Bio-Rad Laboratories Ltd, Watford UK), along with
Precision Plus ProteinTM Kaleidoscope Standards protein ladder for calibration.
Samples were added so that groups were counter-balanced across the gel. Gels were
run in Tris/Glycine/SDS running buffer at 85V for 20 minutes and then for a further
hour at 115V. The protein was then transferred to a nitrocellulose membrane using
the Trans-Blot® TurboTM Transfer System (Bio-Rad Laboratories Ltd, Watford, UK).
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2.4.3.4. Antibody application
Membranes containing the transferred protein were washed in Tris-Buffered Saline
(20mM Tris, 150mM NaCl, pH 7.6) with 0.1% Tween 20 (TBST). Membranes were
then blocked in 5% milk or BSA for one hour at room temperature. Primary antibodies
were diluted to appropriate concentrations in 5% milk or BSA and incubated with the
membrane overnight at 4°C, with GAPDH acting as a loading control. Membranes
were then subject to 3 x TBST washes for 10 minutes each before incubation with the
appropriate fluorescent IRDye 680RD secondary antibodies at 1:15,000 dilution. After
another series of TBST washes, membranes were imaged on Odyssey® CLx Imaging
System (Li-COR, Germany) in the 700nm channel.
2.4.3.5. Analysis
Densitometric

analysis

of

bands

was

performed

using

ImageLab

6.0

(https://imagej.nih.gov/ij/). The densities (with background subtracted) of the
protein of interest were divided by the loading control densities for each sample to
provide normalised values. Densities were then averaged by group. Results were
analysed for normal distribution and homogeneity of variances and transformed if
necessary. One-Way ANOVAs were then employed to determine any statistical
effect, with litter nested as a random variable.

2.4.4 Immunohistochemistry
Immunohistochemistry uses antibodies to determine the tissue distribution of an
antigen and is useful for observing protein expression in brain slices.
2.4.4.1. Hippocampal sectioning for immunohistochemistry
Perfused brains were extracted from sucrose solution and dissected to remove the
prefrontal cortex and the cerebellum. The remaining brain was mounted, posterior
side down, to a frozen cryostat chuck using Tissue-Tekâ OCT solution. The chuck
and attached tissue was left to freeze at -20°C overnight. The brain was then
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sectioned coronally in 40um slices from co-ordinates obtained from Paxinos and
Watson (2005): Bregma -2.04mm to -4.68mm (dorsal hippocampus) using a cryostact
(Leica Microsystems CM1860UV). Sections were placed into a 12-well plastic plate
(Sigma) into sterile 0.1M PBS to provide free-floating sections.
2.4.4.2. Immunohistochemical staining
For nuclear staining (e.g. BrdU), sections were first incubated at 37°C for 30 minutes
in 2M hydrochloric acid to allow for DNA hydrolysis. Sections were then washed 5
times in PBS. Sections were blocked in blocking agent appropriate to antibody for two
hours at room temperature. Primary antibodies were diluted in blocking solution to
appropriate concentrations and allowed to bind sections overnight at 4°C. Sections
were washed in 0.1M PBS (or blocking solution) at least three times and incubated
with Alexa secondary antibodies for 2 hours at room temperature in the dark. Sections
were washed with 0.1M PBS and incubated for ten minutes in the dark with DAPI
stain (1:200) for nuclei staining. Sections were washed twice more in 0.1M PBS
before being mounted on standard microscopy slides using Mowiol aqueous
mounting medium and standard cover slips. Sections were imaged using an
epifluorescent microscope (Leica DM6000B Upright Timelapse System with Leica
Application Suite Advanced Fluorescence 3.0.0 build 8134 software, Leica
Microsystems) at x20 magnification.
2.4.4.3. Analysis
For every animal, one in 12 sections throughout the brain region of interest were
stained to be counted. Immunopositive cells were counted following the division of
the hippocampus into distant regions: CA1, CA3 and DG. These regions were then
also divided into their respective sublayers (Figure). A defined area was measured
for each region of interest and the number of immunopositive cells quantified through
visual counting, giving a cell count per mm2. This analysis was performed using
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ImageJ

6.0

software

with

the

associated

(https://imagej.nih.gov/ij/plugins/cell-counter.html).

plugin

Each

count

‘Cell

Counter’

represents

the

average of at least 6 individually stained hippocampi sections from each brain. Cell
counts were then compared subject to genotype. Counts were checked for normality
and homogeneity of variances (Levene’s test) and transformed if appropriate. Twofactor ANOVA factorial models were conducted for each region to determine the effect
of genotype in each sublayer of the hippocampal region (sublayer*genotype). If a
significant interaction was found, post-hoc analysis was performed using Tukey
Kramer analysis, taking multiple comparisons into account.
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: The expression of
Cacna1c following prepubertal
stress
3.1

Introduction

Genetic variation and environmental factors are both implicated in increasing risk for
psychiatric disorders. This has generated interest in the possibility that genes and the
environment may interact to influence disease risk, either through a genetic factor
influencing sensitivity to a particular environment, or, alternatively, an environmental
factor leading to significant risk gene expression changes (Brydges et al., 2014; Uher,
2014). This chapter investigates the effect of prepubertal stress (PPS) on the
expression of the psychiatric risk gene Cacna1c and associated pathways.

3.1.1 Early life stress and gene-environment interactions
Stress in early life is highly associated with long-lasting changes in the brain that can
affect multiple neuroendocrine and behavioural processes (Marco et al., 2011). Early
life stress (ELS) includes physical, sexual and emotional abuse as well as physical
and emotional neglect in early life, typically occurring before puberty. Multiple metaanalyses and systematic reviews in humans have found that all subtypes of ELS can
predict the development of psychopathology in adults from SCZ to anxiety disorders
(Carr et al., 2013) with overwhelming evidence that ELS can trigger, aggravate and
maintain the occurrence of disorder.
As well as the environment, genetic risk factors are important contributors to risk for
several psychiatric disorders and brain development. There have been increasing
interest in examining whether established risk genes interact with recognised
environmental components in order to dictate disorder risk. In primates, possessing
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a loss-of-function polymorphism in the serotonin transporter gene (5-HTT) was found
to influence anxiety and depressive phenotypes, an effect more pronounced when
combined with maternal deprivation (Bennett et al., 2002). The high risk allele for the
dopamine D2 receptor gene (DRD2) has also been largely associated with interacting
with stress in humans – for example, children with the risk allele displayed greater
extraversion when living in an alcoholic home in comparison to a non-alcoholic home
(Ozkaragoz and Noble, 2000). BDNF, widely implicated in psychiatric disorder due to
its crucial role in plasticity, neurogenesis and development in the brain, is reduced
following stress in animal models (Schmidt and Duman, 2007) and in humans with
depression. Abnormalities in BDNF signalling has also been implicated in
neurological processes and behavioural changes in psychiatric disease (Ray et al.,
2014). The val66met polymorphism results in reduced BDNF activity in humans and,
although this genotype is not directly associated with mood disorders itself, has been
seen to modify the effect that stressful life events had on the onset of depression (Kim
et al., 2007; Brown et al., 2014).

3.1.2 LTCC expression in stressful conditions
Risk SNPs for Cacna1c have been shown to affect measures of anxiety and cognitive
functioning which may suggest an increased susceptibility to the effects of adverse
life events, such as early life stress. CACNA1C SNPs rs73248708 (residing in intron
3) and rs116625684 (intron 1) have been shown to interact with adult trauma to
predict depressive symptoms in healthy humans in an African American cohort, which
was a highly traumatised group (Dedic et al., 2018). The same authors also report
that heterozygous deletion of Cacna1c during embryonic development in mice
increases the susceptibility to chronic social defeat stress in adulthood (Dedic et al.,
2018).
VGCCs are thought to play an important role in the development of adaptive changes
associated with stress. After stress, corticosteroid levels rise, activating both GRs and
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MRs. Corticosterone, through stress or in vitro glucocorticoid receptor activation,
enhances L-type calcium currents in mouse CA1 pyramidal neurons (Kerr et al.,
1992; Karst et al., 2002; Chameau et al., 2007). It is suggested that this increased
calcium influx contributes to what is known as a spike-frequency adaptation – which
is the decrease of neuronal firing rate to a stimulus of constant intensity (Joels and
de Kloet, 1989; Kerr et al., 1989). Spike-frequency adaption could contribute to
normalisation of CA1 activity following stress, however enhanced calcium activity can
also be disadvantageous to the cells after long periods. Corticosterone does not alter
the expression of CaV1.2 or CaV1.3 in the CA1, however does increase the expression
of the auxiliary β4 subunit (Chameau et al., 2007). This may act to increase the
surface expression of the channel. However it does not appear that corticosterone
affects any calcium channel currents in the DG or have an effect on CaV1.2 mRNA
expression (Van Gemert et al., 2009).
Acute and chronic restraint stress in rats resulted in an elevated density of L-type
Ca2+ channels in the hippocampus, cortex and basolateral amygdala (Mamczarz and
Vetulani, 1997; Maigaard et al., 2012). Nifedipine, a calcium channel blocker, given
pre-restraint stress, blocked this increase and also prevented the stress-induced
increase of locomotor activity. Interestingly electroconvulsive stimulations also
reversed the stress-induced increase in CaV1.2 channels (Mamczarz and Vetulani,
1997). A recent study also reported that chronic stress led to a delayed increase in
CaV1.2 protein in the prefrontal cortex, however no effect was seen in the
hippocampus or amygdala (Bavley et al., 2017). Cacna1c mRNA levels in the nucleus
accumbens were reduced in mice susceptible to the harmful effects of chronic social
defeat stress; these animals also presented with social interaction and hedonic
response impairments (Terrillion et al., 2017). However, to the best of our knowledge,
there have not been any functional studies evaluating the effect of early life stress on
Cacna1c. Therefore there is a body of evidence that suggests a link between stress
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and CaV1.2/Cacna1c, although exactly how these two factors may interact has yet to
be fully determined.

3.1.3 Stress-induced epigenetic changes in Cacna1c
CACNA1C may be susceptible to changes in expression following an environmental
challenge via epigenetics, of which DNA methylation is the most studied and
understood. Nieratschke et al (2014) compared methylation data from subjects who
had experienced prenatal stress with controls in human and monkey peripheral tissue
and rodent PFC (Nieratschker et al., 2014). They identified CACNA1C as one of only
30 genes whose methylation status was associated with prenatal stress in all tissues
and species analysed. By analysing the promoter regions, they showed that, in
humans, those who had a history of prenatal stress had a lower degree of methylation
at the CACNA1C promoter within blood. However in adult rat PFC, prenatal stress
signified more methylation at this promoter region (Nieratschker et al., 2014). This
suggests that expression of this gene can be driven by methylation changes, and that
experiencing stress in early life may affect methylation at promoter regions – driving
or reducing expression of CACNA1C. This also suggests that stress may affect
methylation differentially in the CNS vs peripheral tissues, and between different
species.
Interestingly, CACNA1C methylation has been shown to be altered in bipolar disorder.
Starnawska et al (2016) investigated six CpG sites within CG1 3 (a CpG island in
intron 3) of CACNA1C. Five out of six of these sites showed significant
hypermethylation in those with bipolar disorder (Starnawska et al., 2016). They also
showed that this methylation could be driven by SNPs nearby the CpG sites,
suggesting that the non-coding risk variants could drive a shift in DNA methylation in
those with disorder (Starnawska et al., 2016). A recent pilot study looking at the link
between CACNA1C and suicidality showed that people who had previously attempted
suicide had altered methylation status in comparison to controls at 2 CpG sites within
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the transcription factor binding site of CACNA1C. The methylation at these sites was
positively correlated with fMRI signal intensity in the left thalamus after the subjects
were shown triggering images (Kim et al., 2017). Therefore it is certainly possible that
CACNA1C is subject to epigenetic regulation and this can have direct effects on
expression.
This chapter looks to explore the effect of prepubertal stress on the expression of
Cacna1c in the rat hippocampus in order to investigate the potential interaction
between Cacna1c and early life stress.
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3.2

Methods

3.2.1 Contributions
The prepubertal stress procedure in this experiment was performed by Dr N Brydges,
cDNA synthesis was conducted by C Best and A Moon. All other analysis was
conducted by A Moon.

3.2.2 Animals
Six litters of male and female Lister Hooded rats were subject to prepubertal stress
(PPS) at PND 25-27 and housed in same-litter, same-sex standard housing cages as
previously described (Figure 2.1) with ad libitum access to food and water. Six litters
of male and female Lister Hooded rats acted as control animals. At PND 60, animals
were sacrificed in home cages using a rising concentration of CO2. One male and one
female were taken from each litter (if available) for each molecular experiment (qPCR,
ISH or WB). Brains were rapidly removed post-mortem and the hippocampus
immediately micro-dissected before being flash frozen on dry-ice. No animals used in
molecular analysis were subject to any behavioural manipulations prior to sacrifice.

3.2.3 Human samples
Post-mortem hippocampal tissue from individuals who had suffered early life trauma
and controls were obtained with ethical approval and upon informed consent from the
Edinburgh Brain Bank. 5 males and 5 females who had experienced early life stress
were compared with 8 control males and were matched for post-mortem delay.

3.2.4 qPCR
Samples from nine control and nine PPS male rats and ten control and eight PPS
female rats were used in this experiment. RNA was extracted from tissue using the
Qiagen RNeasy Kit (Qiagen, Manchester, UK) and DNAse treated in accordance with
the supplied protocols. RNA was then used to create cDNA for analysis using RNA
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to cDNA Easy Premix (Clontech Laboratories Inc., France), heated at 42°C for 75
minutes, following by 80°C for 15 minutes. Sample was then diluted 1:15 in nucleaseFree water. 96-well plates were loaded, each well with 15ul reaction mixture (1.9μl
sterile RNAase free water, 0.3μl 10μM forward primer, 0.3μl 10μM backward primer,
7.5μl SensiMix (Bioline) and 5μl cDNA). Primer sequences are supplied in Table 3.1.
Expression of the gene of interest and housekeeping genes for each sample were
included on the same plate. Plates were run on a Real-Time PCR instrument (Applied
Biosystems®, UK) and ran at 95°C for 10 minutes, followed by 45 cycles of 15s at
95°C and 1 minute at 60°C. Finally, samples were heated to 55°C for 60s and 95°C
for 15s. Results were quantified using the comparative Ct method (2
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Table 3.1: Primer sequences used for qPCR analysis

Gene

Organism

Primer sequence

Gapdh

Rat

F: 5’-TCTCTGCTCCTCCCTGTTCT
R: 5’- TACGGCCAAATCCGTTCACA

GAPDH

Human

F: 5’-CGCTCTCTGCTCCTCCTGTT
R: 5’- CCATGGTGTCTGAGCGATGT

Hprt

Rat

F: 5’-TCCTCCTCAGACCGCTTTTC
R: 5’- ATCACTAATCACGACGCTGGG

UBC

Human

F: 5’-CACTTGGTCCTGCGCTTGA
R: 5’-TTATTGGGAATGCAACAACTTTAT

Cacna1c

Rat

F: 5’-ATGGTTCTTGTCAGCATGTTGCGG
R: 5’-TGCAAATGTGGAACCGGTAAGTG

CACNA1C

Human

F: 5’-TGACTATTTTTGCCAATTGTGTGG
R: 5’-GCGGAGGTAGGCATTGGG

Cacna1d

Rat

F: 5’-AAATCCAAGCTCAGATCGCACG
R: 5’-CAAGTGGGCTGAGAACCTAGAC

Cacna1i

Rat

F: 5’-TGTAACCCGTGGTTCGAGTG
R: 5’-GATCTTGCAACGGTCCGACA

Cacnb2

Rat

F: 5’-GGTGAAGCCACGCTCTGACT
R: 5’-AGTCTGCCGAACCATAGGACAC

BDNF IX

Rat

F: 5’-GGTTATTTCATACTTCGGTTGC
R: 5’-CCCATTCACGCTCTCCAG

BDNF IV

Rat

F: 5’-TAATACTCGCACGCCTTC
R: 5’-ACCCACTTTCCCATTCAC

BDNF I

Rat

F: 5’-CTTTGGGGCAGACGAGAAAG
R: 5’-ACCTGGTGGAACTCAGGGTCAG

BDNF II

Rat

F: 5’-CTAGCCACCGGGGTGGTGTAA
R: 5’-TCACGTGCTCAAAAGTGTCAG

BDNF VI

Rat

F: 5’-ACCTGGTGGAACTCAGGG
R: 5’-GCAGACGAGAAAGCGCAC
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3.2.5

In-situ hybridisation

Nine control and nine male PPS rats were utilised for this experiment. Brains were
dissected out post-mortem and flash frozen as whole brains on dry-ice. Brains were
sliced in 14 µm coronal sections through the hippocampus and mounted on poly-Llysine coated slides and fixed in 4% paraformaldehyde (PFA). Slides were then
subject to ethanol dehydration and storage in 95% ethanol. The oligonucleotide probe
designed to target Cacna1c is listed in Table 3.2. These probes were end-labelled
with 35S-ATP and hybridised to the tissue sections. For each individual rat, two slides
were labelled with radioactive probe whilst one slide formed a ‘non-specific’ slide,
where excess unlabelled probe was added at a ratio of 8:1 to define non-specific
hybridisation of the probe to the tissue. Slides were incubated overnight at 42°C and
then washed in successive SSC baths before being dehydrated in 70% and 95%
ethanol. Slides were mounted together in a development cassette with radiographic
film and left for 7 days before film development. mRNA expression, as measured by
bound radiolabelled probe to the film, was quantified by densitometric analysis of the
radiographic film.
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Table 3.2: In-situ hybridisation probe sequence
Gene

Accession
number for
FASTA seq

Nucleotide
span

Probe sequence

Cacna1c

NM_01251
7.2

–
3940-3896 3’
(within 27th TCGAAGTAGGTGGAGTTGACCACGTACC
ACACTTTGTACTGGTGC – 5’
exon)
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3.2.6 Western Blots
Seven control animals and six male PPS animals were used for the BDNF and
Cacna1c experiments. Ten control animals and 9 female PPS animals were used for
the BDNF experiment. Brains were removed post-mortem, the hippocampus
dissected out and flash frozen. Hippocampal tissue was homogenised in RIPA buffer
with protease inhibitors and protein concentrations determined using the
bicinchoninic protein assay (BCA). Equal amounts of protein (15-25ug) per sample
was mixed 1:1 with Laemmli Buffer (containing 5% ß-mercaptoethanol) and heated
at 95°C for 5 minutes. Samples were loaded onto a 7.5% Mini-PROTEAN TGX Gel
(Bio-Rad Laboratories Ltd, UK) and ran at 85V for 20 minutes, followed by 120V for
one hour. Protein was then transferred to a nitrocellulose membrane using TransBlot® TurboTM Transfer System (Bio-Rad Laboratories Ltd, Watford, UK). Membranes
were blocked with 5% BSA (Cav1.2) or milk (BDNF). Primary antibodies were diluted
in 5% BSA for anti-Cav1.2 (1:200, Merck, UK) and 5% milk for anti-BDNF (1:500,
Icosagen, USA) (Table 3.3) and incubated with the membrane overnight at 4°C.
Fluorescent secondary antibodies (1:15,000: IRDye 680RD; LiCor, Germany) were
then allowed to bind at room temperature for 1 hour. Membranes were imaged on
Odyssey® CLx Imaging System (Li-COR, Germany) in the 700nm channel. Protein
expression was measured by densitometric analysis of the bands.

3.2.7 Statistics
Once quantified, results were analysed for homogeneity of variance (Levene’s Test)
and normality of distribution. If data was not normally distributed, Box-Cox
transformations or square-root transformations were applied. For qPCR, One-Way
ANOVAS were performed, with normalised Ct values for each gene forming the
dependent variable and ‘CON/PPS’ group forming the independent variable (between
subjects), with litter of origin nested as a random variable. For ISH, One-Way
ANOVAS was performed on each region (CA1, CA3 and DG) separately, with
89

Chapter 3: The expression of Cacna1c following prepubertal stress
normalised intensity values as the dependent variable. CON/PPS group formed the
independent variable, with litter of origin nested as a random variable. For western
blot analysis, one-way ANOVAs were performed on normalised band intensity values
(dependent factor), with CON/PPS group as the independent variable, with litter
nested as a random variable. For each experiment where they were both used, males
and females were analysed in separate ANOVA tests. All statistics were performed
by JMP statistical software (JMP, SAS Institute, Cary, NC, USA).

Table 3.3: Primary antibodies utilised in western blot analysis

Target
Cav1.2
BDNF

Host
Mouse
(monoclonal)
Mouse
(monoclonal)

Manufacturer Cat. No
Millipore
MAB13170

Dilution
1:200

Icosagen

1:500
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3.3

Results

3.3.1 Cacna1c mRNA expression is altered in the rat hippocampus in
adulthood following prepubertal stress in a sex-specific manner
Quantitative PCR was utilised to quantify the amount of Cacna1c mRNA in the whole
hippocampus of PPS rats in comparison to control rats. Cacna1c mRNA was found
to be significantly decreased in the hippocampus of PPS male rats (Group: F(1, 17) =
6.69, p = 0.019, One-Way ANOVA) (Figure 3.1). However there was no difference in
Cacna1c expression in PPS female rats compared to control females (Group: F(1, 17)
=0.18, p=0.39, One-Way ANOVA) (Figure 3.1). This suggests that Cacna1c is
vulnerable to stress within the hippocampus in male rats, however its expression is
preserved in female rats.

91

Chapter 3: The expression of Cacna1c following prepubertal stress

Figure 3.1: Cacna1c mRNA expression in control and PPS rats in the hippocampus. A
significant 43% reduction was seen in the male PPS rats in comparison to male control
rats. No differences were observed in female rats. Bars represent mean fold change for
each group, error bars are SEM. Males: N = 9 CON, 9 PPS, Females = 10 CON, 8 PPS, * P <
0.05
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3.3.2 The hippocampal defect in Cacna1c following PPS is specific to CA1
and CA3 subregions in male rats
This deficit in Cacna1c mRNA in the hippocampus as seen by qPCR suggests a
general decrease within the hippocampal formation. However, this experiment did not
determine which hippocampal fields may be contributing to this effect as qPCR
samples were representative of the whole hippocampus. Thus, a different cohort of
PPS male rats and their controls were used to set up an in-situ hybridisation
experiment using a probe targeting Cacna1c mRNA. This revealed an 75% decrease
in Cacna1c mRNA in the CA1 region (Group: F(1, 17) = 14.22, p = 0.002, One-Way
ANOVA), a 35% decrease in CA3 region (Group: F(1, 17) = 4.99, p = 0.040, One-Way
ANOVA), but no decrease was seen within the DG (Group: F(1, 17) = 0.05, p = 0.83)
One-Way ANOVA) (Figure 3.2).

93

Chapter 3: The expression of Cacna1c following prepubertal stress

C

Figure 3.2: Cacna1c mRNA expression is significantly decreased in the CA1 and CA3
of PPS rats. A = representative radiographic film images of stressed and control rats
and a non-specific slide to demonstrate background binding, B = heat map of the same
radiographic film, showing the reduced expression of Cacna1c, C = quantification of
in-situ hybridisation density values; bars represent mean density values, error bars are
SEM. N = 9 CON, 9 PPS, * p < 0.05, ** P < 0.01
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3.3.3 Cav1.2 protein levels following PPS show a trend to being decreased
in the hippocampus in rats
Cacna1c is translated into Cav1.2 protein, thus Cav1.2 protein levels were analysed
to determine if the decrease observed in mRNA was also maintained at protein level,
and, therefore, may be functionally relevant. PPS rats had less, on average, Cav1.2
protein in the hippocampus which bordered on significant (Group: F(1,12) = 4.40, p =
0.060, One-Way ANOVA) (Figure 3.3).
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B

A

#

Figure 3.3: Cav1.2 protein trended to being decreased in the hippocampus of male PPS rats
compared to non-stressed littermates. A = Quantification of western blot density bands; bars
represent mean density values, error bars are SEM. B = representative western blot of Cav1.2
protein with GAPDH loading control. N = 7 CON, 6 PPS animals, # = p < 0.1.

96

Chapter 3: The expression of Cacna1c following prepubertal stress

3.3.4 The expression of CACNA1C in human cDNA stratified by early life
stress
CACNA1C mRNA was assessed in humans using hippocampal post-mortem tissue
from individuals that experienced early life stress and those that did not. There was
no significant difference when comparing all controls with those who had experienced
early trauma (Group: F(1, 17) = 1.74, p = 0.205, One-Way ANOVA (CON males vs PPS
males and females)) (Figure 3.4). However, it was noted that all controls were male,
and my previous work suggests that there may be a sex-specific effect of Cacna1c
dysfunction following stress in young life (Figure 3.4). Thus, the female subjects were
removed from the analysis. This resulted in a trend to decreased Cacna1c in the
hippocampus of humans subject to early life stress (Group: F(1, 12) = 3.26, p = 0.098,
One-Way ANOVA) (Figure 3.4). Whilst this result requires replication, it is consistent
with the results seen in the rat model.
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Figure 3.4: CACNA1C mRNA expression in hippocampal tissue from subjects who
had experienced ELS compared to subjects with no childhood trauma. While there
were no significant differences between the two groups, there was a trend to
decreased CACNA1C in the hippocampus of male subjects. Bars represent mean
fold change of CACNA1C for each group, error bars are SEM. N = 8 CON males, 5
ELS males, 5 ELS females.
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3.3.5 The expression of other calcium channel risk genes following
prepubertal stress in the rat hippocampus
In order to determine the specificity of these findings, other calcium channel risk
genes Cacna1d, Cacnb2 and Cacna1i were assessed within the hippocampus of
male PPS rats. Cacna1d encodes the Cav1.3 subunit of calcium channels and is often
coexpressed with Cacna1c in cardiac and neural tissues. Therefore, the levels of
Cacna1d were also examined to see if it was also affected, or to investigate any
potential compensation. However there was no change in Cacna1d expression in the
hippocampus of PPS rats in comparison to unstressed controls (Group: F(1, 17) = 0.37,
p = 0.560, One-Way ANOVA) (Figure 3.5A). Expression of Cacna1i (T-type channel
alpha1 subunit) and Cacnb2 (auxillary subunit β2), which have also been implicated
in schizophrenia (Ripke et al., 2014; Li et al., 2017; Xie et al., 2018) were also
analysed in the same samples as before. There was no difference found in Cacna1i
(Group: F(1, 17) = 0.04, p = 0.845, One-Way ANOVA) or Cacn2b (Group: F(1, 17) = 0.09,
p = 0.769, One-Way ANOVA) (Figure 3.5A), suggesting the deficit seen in Cacna1c
following stress is specific to this subunit.
The expression of these risk genes was also investigated in female control and PPS
rats. No alterations were observed in Cacna1d (Group: F(1, 17) = 0.37, p = 0.560, OneWay ANOVA), Cacn2b (Group: F(1,

17)

= 0.09, p = 0.769, One-Way ANOVA) or

Cacna1i (Group: F (1, 17) = 0.04, p = 0.846, One-Way ANOVA) (Figure 3.5B).
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A

B

Figure 3.5: Cacna1d, Cacna1i and Cacnb2 mRNA expression in the hippocampus of both
male and female PPS rats. There was no difference in any genes in either male or female
PPS rats. Bars represent fold changes normalised to control animals, error bars are SEM,
Males: N = 9 CON, 9 PPS, Females: N = 10 CON, 8 PPS.
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3.3.6 BDNF expression following prepubertal stress in the hippocampus of
rats
BDNF is subject to transcriptional regulation by calcium influx via Cacna1c (West et
al., 2001; Tao et al., 2002; Zheng et al., 2011). BDNF mRNA levels were analysed
for variation in hippocampal expression in PPS rats and found to be significantly
decreased (Group: F(1,20) =4.62, p = 0.045, One-Way ANOVA) in male rats (Figure
3.6A). This indicates a decrease in BDNF general expression, as these primers
targeted exon IX, a common exon to all the variants of BDNF. Thus, exon-specific
BDNF variants were also analysed. Transcripts I, II, IV and VI were chosen for
analysis as the most abundant species in the rat hippocampus (Perovic et al., 2013).
The BDNF IV exon containing transcript was significantly decreased in PPS male rats
(Group: F(1,20) = 4.84, P = 0.040, One-Way ANOVA) (Figure 3.6A), however there was
no significant different in BDNF transcripts containing exon I, II, VI.
In female rats, there was no difference in BDNF IX (Group: F(1, 16) = 0.376, p = 0.552,
One-Way ANOVA) (Figure 3.6B). However when analysing each transcript variant, it
was found that BDNF VI was significantly decreased in PPS rats (Group: F(1, 7.136) =
12.61, p = 0.009, One-Way ANOVA) (Figure 3.6B), but there was no significant
difference in any other transcript.
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A

B

Figure 3.6: BDNF mRNA in control and PPS male and female rats. A = BDNF
transcript mRNA expression in male rats within the hippocampus, revealing reduced
expression of BDNF IX and IV, B = Hippocampal BDNF VI exon containing transcript
mRNA is reduced in female rats. Bars represent mean fold changes of Ct values,
error bars are SEM. Males: n = 9 CON, 9 PPS, Females: n = 10 CON, 8 PPS, * = p <
0.05.
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3.3.7 Pro-BDNF and mature BDNF protein in the hippocampus of PPS rats
BDNF protein levels in the hippocampus were assessed in both the pro-BDNF and
mature form by western blotting. Male PPS rats revealed no difference in pro-BDNF
(Group: F(1, 13) = 0.972, p = 0.379, One-Way ANOVA) or mature BDNF (Group: F(1, 13)
= 0.006, p = 0.942, One-Way ANOVA) (

Figure 3.7A and E). There was no difference in ratio of pro-BDNF:mature protein
(Group: F(1, 13) = 1.372, p = 0.322, One-Way ANOVA) (Figure 3.7C). However
female PPS rats trended to an increased pro-BDNF protein (Group: F(1, 19) = 4.411,
p = 0.084) but no difference in mature protein (Group: F(1, 19) = 0.476, p = 0.570,
One-Way ANOVA) (
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Figure 3.7B and E). There was a similar trend in ratio of pro-BDNF:mature protein
(Group: F(1, 19) = 3.305, p = 0.087, One-Way ANOVA) (Figure 3.7D).
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E

Male

Female

Figure 3.7: proBDNF and mature BDNF protein expression in the hippocampus of PPS
rats. A-D = Graphical representations of proBDNF and BDNF expression in males (A
and C) and females (B and D). proBDNF expression is increased in the hippocampus of
female PPS rats, but there is no difference in the expression of the mature BDNF
protein. Bars represent mean density values normalised to GAPDH, error bars are SEM.
E = representative western blot of proBDNF and mature BDNF. Males: n = 7 CON, 6 PPS,
Females: n = 10 CON, 9 PPS, # = p < 0.1.
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3.4

Discussion

These experiments demonstrate that Cacna1c mRNA and CaV1.2 protein is
significantly decreased in the hippocampus of PPS males, and this may have an
impact on downstream pathways, demonstrated in this case by decreased BDNF
expression.

3.4.1 Cacna1c/Cav1.2 expression following stress
The decrease in Cacna1c / CaV1.2 following PPS is consistent with recent evidence
that this gene interacts with trauma and stress, and adds to the literature by showing
that PPS has long lasting effects on Cacna1c expression that last into adulthood in
rats. Dedic and colleagues showed that SNPs within CACNA1C predicted depressive
symptoms when combined with adult trauma in humans, and in mice, Cacna1c
heterozygosity increased stress vulnerability (Dedic et al., 2018). This reveals that
Cacna1c and stress interact over species barriers. This cross-species relationship
was also shown in this chapter; Cacna1c mRNA was decreased in both rats and
humans who had experienced early life trauma (Figures 3.1 and 3.4). Although it is
not currently clear as to whether the SNPs identified in Dedic’s study lead to
expression changes in Cacna1c, the current study adds to evidence that Cacna1c
and stress interact to increase risk for psychiatric or mood disorders.
This study does apparently differ with in vitro work that revealed no CaV1.2 protein
changes were apparent in the CA1 following acute corticosterone application
(Chameau et al., 2007). This is likely due to the differences in applying stress
hormones versus experiencing stress from the environment. Also importantly, our
study looked at the consequences of variable stress in childhood on adulthood gene
expression instead of an acute hit. This may suggest that the decreases in Cacna1c
mRNA and protein expression is due to adaptive mechanisms, potentially through
epigenetics, that occur over time and are long-lasting.

106

Chapter 3: The expression of Cacna1c following prepubertal stress
Also in contrast to our findings, other studies on rodents have shown stress is
associated with increased CaV1.2 and Cacna1c in certain brain regions. Increased
Cacna1c mRNA has been shown in the hippocampus and amygdala following chronic
restraint stress (Maigaard et al., 2012) and chronic unpredictable stress increased
CaV1.2 protein several days after stress in the prefrontal cortex (Bavley et al., 2017)
and hippocampus (Yang et al., 2012). This increase in CaV1.2 in both brain regions
was also associated with increases in depressive and anxiety-like behaviour,
consistent with a stress-induced phenotype (Yang et al., 2012; Bavley et al., 2017).
It may therefore be surprising that we report a marked decrease in both mRNA and
protein of CaV1.2 following PPS instead of an increase. However, this may be
explained through the different stress procedures used and, importantly, the age at
which the stress is given. The studies that revealed increased CaV1.2 were performed
in adult rats and our studies were performed in the prepubertal stage. Early life stress
can have a permanent and long-lasting effect on brain network development,
particularly in childhood where the brain is vulnerable to environment experiences
(Everson-Rose et al., 2003; Dich et al., 2015) and although adult trauma is still highly
predictable of mood disorders, the effects are typically more transient (Chen and
Baram, 2016). Therefore, the way that stress is experienced in childhood compared
to adulthood is fundamentally different and may lead to different affected pathways
and gene expression patterns. This is in line with epigenetic evidence that showed
that adult rats who had experienced prenatal stress had increased methylation at the
Cacna1c promoter, which is often associated with decreased gene expression
(Nieratschker et al., 2014). Hypermethylation of a CpG island in intron 3 of CACNA1C
has also been reported in bipolar disorder, suggesting that decreased CACNA1C
expression may also be a feature of this disorder (Starnawska et al., 2016).
Methylation analysis of Cacna1c following prepubertal stress would be a key future
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study to determine if the expression changes seen are due to long-lasting epigenetic
regulation.
There was no difference in mRNA expression between control and PPS female rats,
suggesting a potential sexual dimorphism on the effect stress has on Cacna1c
expression. Sexual dimorphism following stress is apparent in the literature, with the
stress response and corresponding immune/inflammatory reaction being more robust
in females, potentially through enhanced CRH neuron activation by oestrogen
(Kirschbaum et al., 1996; Torpy et al., 1997). Gender is also an important
consideration when studying psychiatric disease – women are almost approximately
twice as likely to develop major depressive disorder than men, whereas men are more
likely to suffer SCZ (Riecher-Rössler, 2017). Therefore, that the molecular correlates
of stress and disorder are different between sexes is not surprising, and a subject that
deserves more consideration in the literature.

3.4.2 BDNF dysregulation following stress
BDNF IX and IV mRNA was significantly decreased in the hippocampus of PPS male
rats in comparison to littermate controls, whereas BDNF VI was decreased in female
PPS rats. BDNF and its receptor TrkB have been found to be altered in hippocampal
post-mortem tissue from schizophrenia patients (Takahashi et al., 2000) and,
additionally, BDNF has been highlighted as a key molecule in mediating the effects
of traditional anti-depressants and newer potential treatments for mood disorders
such as ketamine (Björkholm and Monteggia, 2016). BDNF is also widely cited as a
molecular substrate of stress, with both acute and chronic stress in animal models
often resulting in altered BDNF expression (Schmidt and Duman, 2007; Shi et al.,
2010; Eckert et al., 2017). Interestingly, BDNF exons IV and VI have previously been
shown to be susceptible to methylation, resulting in corresponding decreases in
BDNF expression, following prenatal stress (Boersma et al., 2013).
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BDNF mRNA transcription is induced by neural and calcium activity; calcium influx
through LTCCs or NMDARs increases BDNF mRNA for over 6 hours in cultured
neurons (West et al., 2001; Tao et al., 2002). Calcium influx through LTCCs can
activate many different transcriptional regulators including CREB and MeCP2 (Tao et
al., 1998, 2002) which bind to the promoter of BDNF IV to control BDNF expression
(West et al., 2001). Previous studies have found a reduction of BDNF IX expression
in the hippocampus of forebrain CaV1.2 conditional knockout mice (Lee et al., 2016),
which may be due to a lack of activation of transcriptional regulators. Therefore, the
decrease in BDNF observed in male rats could potentially be a consequence of
Cacna1c hippocampal reductions which leads to decreased calcium influx through
LTCCs, affecting the transcription of BDNF. However, this is clearly not the only
mechanism for stress-mediated disruption of BDNF transcription, as we also see a
decrease in BDNF VI in PPS female rats, who do not show have any changes in
Cacna1c or Cacna1d expression. This decrease could be mediated through
alternative mechanisms such as other impairments in the Ca2+ signalling circuity or
through epigenetic modifications (Zheng et al., 2012).
The dynamic gene structure of BDNF suggests a role for different transcripts in
different cell types and following different stimuli. For example, BDNF I and IV are
increased in the hippocampus and amygdala following fear conditioning and in the
prefrontal cortex in fear memory extinction (Rattiner, 2004; Lubin et al., 2008; Zheng
et al., 2012). Following acute restraint stress in adult rats, total BDNF mRNA levels in
transcripts I-IV, VI and VII were reduced immediately and returned to control levels
after 24 hours (Ieraci et al., 2015). It is therefore possible that an unpredictable stress
paradigm experienced pre-puberty results in permanent downregulation of certain
BDNF transcripts, potentially through epigenetic effects. The decrease in BDNF IV in
male rats observed in the present study is intriguing as fear conditioning in males
following prepubertal stress has been shown to be impaired,
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conditioning in females is intact (Brydges et al., 2014). Given the importance of BDNF
in memory consolidation, it could be suggested that disruption in this pathway
following prepubertal stress has consequences on behaviour and fear memory
processing.
Despite the changes in BDNF gene transcription, there does not appear to be any
gross changes to either pro-BDNF or mature BDNF protein in PPS male rats;
suggesting that while there may be changes at transcript level, overall BDNF protein
is maintained at basal level. However, it is important to remember that BDNF is an
activity-regulated protein (Bramham and Messaoudi, 2005) and thus observing BDNF
protein changes after activity or stimulation may be necessary to pull out stress
mediated differences. Female PPS rats did trend to having increased pro-BDNF
levels (Figure 4.7B), the precursor to BDNF. ProBDNF, if not processed to BDNF,
can bind to neurotrophin receptor p75 in the hippocampus and promote long-term
depression whereas BDNF, through binding to TrkB receptors, typically promotes
early LTP (Chao and Bothwell, 2002). In the hippocampus, increased conversion of
proBDNF to BDNF has been reported in enriched environment protocols (Cao et al.,
2014; Jha et al., 2016), whereas in conditions of chronic stress, the proBDNF-p75
pathway is upregulated, leading to depressive-like behaviours (Bai et al., 2016).
Therefore, the increased pro-BDNF seen in female PPS rats could be indicative of
stress-induced mood disturbances in this model, and behaviour tests to correlate this
could interrogate this further.

3.4.3 Conclusion
This chapter demonstrates a sex-specific effect of prepubertal stress on Cacna1c /
CaV1.2 and BDNF expression. Male rats who has been subject to PPS displayed a
decreased Cacna1c mRNA and CaV1.2 protein in the hippocampus in adulthood, a
difference that was partially replicated in a small sample of human subjects. This
effect was specific to the Cav1.2 subunit of LTCCs as there was no evidence of
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differences, or indeed compensation, by other calcium channel variants. Reduced
Cacna1c was correlated with decreased BDNF IV and IX mRNA expression in the
hippocampus, indicating that reductions in Cacna1c can have effects on downstream
signalling and transcriptional mechanisms regulated by LTCCs.
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: The effect of
Cacna1c heterozygosity on
auditory cued fear memory
4.1

Introduction

Altered associative learning has been implicated in the pathology of various
psychiatric disorders (Miller, 1976; Diwadkar et al., 2008; Hall et al., 2009; Brambilla
et al., 2011), particularly in the manifestation of positive symptoms. There is also
genomic evidence that these learning processes are implicated in schizophrenia
(Pocklington et al., 2015; Clifton et al., 2017). The results presented in this chapter
utilise different auditory cued fear memory paradigms in order to investigate how
associative learning may be altered in psychiatric disorders in the context of Cacna1c
heterozygosity.

4.1.1 Auditory cued fear conditioning
Fear has an essential role in survival by enabling an individual to cope with threats.
However fear can become maladaptive if they are not appropriate to a particular
situation. Maladaptive fear systems have been shown in any psychiatric disorders
such as schizophrenia and anxiety and thus are an important area of investigation.
Fear learning in human and animal research is most often based on Pavlovian fear
conditioning where a neutral conditioned stimulus (CS), such as a white noise or light
is paired with an aversive unconditioned stimulus (US). This allows CS-US
associations to form and evokes a conditioned response (CR) upon presentation of
CS alone (Pavlov, 1927). There are several elements to the formation and expression
of associative memory: acquisition of the memory, consolidation of the memory and
retrieval upon recall. The hippocampus is integral for certain types of associative fear
conditioning, but not for others (Table 4.1).
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Table 4.1: The main brain structures implicated in different forms of fear conditioning.
ACC = anterior cingulate cortex, PFC = prefrontal cortex. (See references Ewald et al,
2014, Kochli et al, 2015, Maren et al, 2016 and Bangesser et al, 2006)

Type of conditioning

Brain structures involved

Delay (cued)

Amygdala, ACC?, Insular cortex

Trace

Amygdala, Hippocampus, medial
PFC, ACC, insular cortex

Unpaired/contextual

Amygdala, Hippocampus, medial
PFC, ACC, Insular cortex
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4.1.2 Delay fear conditioning
Delay conditioning is a form of associative learning where the CS and US are
presented or co-terminate together so that a strong association between the two is
formed (Nees et al., 2015). Research has shown that the main neural structures
involved in the acquisition and consolidation of delay conditioning are the amygdala,
the insular cortex and, potentially, the anterior cingulate cortex (ACC) (Ewald et al.,
2014), however not all studies find a role for the ACC (Han et al., 2003). The insular
cortex is thought to be required in fear conditioning to convey a cortical representation
of fear to the amygdala (Phelps et al., 2001) and thus is part of the amygdala circuity
of fear. Infusion of anisomycin into the basolateral amygdala (BLA) before delay
conditioning disrupts freezing to both tone and context in both rats and mice (Kwapis
et al., 2011; Raybuck and Lattal, 2014; Kochli et al., 2015). The lateral nucleus of the
amygdala is thought to be particularly important in the delay fear response (Pape and
Pare, 2010), which is seen when post-training lesions of the lateral, but not basal
nucleus, resulted in disrupted freezing to context (Kwapis et al., 2011; Kochli et al.,
2015). This suggests the amygdala plays a critical role in delay associative fear
learning; receiving both unimodal and multimodal sensory information and projecting
out to various other circuits to coordinate a fear response. Additionally, it is likely that
the catecholaminergic system is important within the ceruleo-cortical projections for
mediating fear in delay conditioning; noradrenaline depletion in this region resulted in
increased fear memory to both context and cue (Selden et al., 1991b).

4.1.3 Trace fear conditioning
Hippocampal lesions have no effect on delay conditioning (Bangasser et al., 2006).
However, in trace conditioning, the hippocampus has a far more important role. Trace
fear conditioning is similar to delay conditioning, however the CS and US are
separated by a temporal gap, called the trace interval, between CS cessation and US
onset. This means that a memory ‘trace’ is required to learn CS-US associations.
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Contextual cues ordinarily occupy the trace interval and as the interval increases in
duration, there ought to be less conditioning to the CS and greater conditioning to the
background stimuli (Marlin, 1981). The main brain structures required for the
formation of intact trace conditioning are, like in delay conditioning, the amygdala
(Kochli et al., 2015), insular cortex (Ewald et al., 2014), the ACC (Han et al. 2003) but
also and importantly, the hippocampus (Bangasser et al., 2006).
Similarly to delay conditioning, the noradrenaline system is important for appropriate
responding to trace fear conditioning. Cortical noradrenaline depletion resulted in
reduced fear conditioning to the CS but increased conditioning to the context (Selden
et al., 1990), whereas amygdala-specific depletion of noradrenaline and dopamine
only caused impaired CS fear memory (Selden et al., 1991a). Hippocampal lesions,
however showed no impairment of CS conditioning but impairments of contextual fear
memory, suggesting a complementary role for hippocampal and amygdala
catecholamine networks in the formation of trace memory (Selden et al., 1991a).
Indeed, several studies have shown that rodents with lesions of the hippocampus
were unable to acquire trace conditioning (Bangasser et al. 2006; Beylin et al. 2001;
McEchron, Tseng, and Disterhoft 2000; McEchron et al. 1998). The hippocampus has
been suggested to be required to overcome the CS-US discontiguity within trace
conditioning (Bangasser et al., 2006), although how this is done is still under debate.
One theory suggests that increased firing of hippocampal neurons throughout the
trace interval that ends upon US occurrence could represent the CS through a relay
of neuronal activity (Rodriguez and Levy 2001; Solomon et al. 1986; McEchron,
Tseng, and Disterhoft 2003). Another theory postulates that the hippocampus uses
contextual information to form a context within the trace interval that bridges the CS
and US (Quinn et al., 2002; Bangasser et al., 2006) – making the temporal gap a
form of contextual representation itself. Finally, there is a theory that the hippocampus
is involved in task difficulty and is critically involved when the association is difficult to
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learn (Beylin et al., 2001; Bangasser et al., 2006), thus is engaged in trace
conditioning and not delay. For example, it was shown that rats could acquire correct
trace conditioning without an intact hippocampus if the stimuli have already been
associated together suggesting that the role of the hippocampus in conditioning is to
bind stimuli together that are spatially or temporally distinct (Beylin et al., 2001). This
type of complex learning may involve the utilisation of adult hippocampal
neurogenesis and thus may explain why depletion of adult neurogenesis results in
disrupted trace conditioning (Shors, 2004a).

4.1.4 Contextual fear conditioning
The hippocampus is also critical in the related process of contextual fear conditioning,
where no tone forms the CS and the US is simply experienced within a distinct
context. Therefore, animals learn to associate the context (CS) with the US
(footshock), and on return to the context will demonstrate a freezing response. In
order to acquire contextual fear learning, animals first need to encode the elements
of a context to form a representation of the space (Maren et al., 2013), which is highly
important to support task-relevant information against unnecessary information. Due
to the important role that the hippocampus has in spatial and episodic memory
(Burgess et al., 2002; Rolls et al., 2002; Ekstrom and Ranganath, 2017), it is thought
to be essential for the formation of these context representations and thus contextual
fear associative learning itself. In trace fear conditioning, a context representation
during the trace interval is thought to be integral for acquiring trace conditioning, and
therefore contextual fear conditioning and trace conditioning share many molecular
and behavioural features. Additionally, Rescorla and Wagner’s model teaches us that
even simple CS-US associations, such as in delay conditioning, have a contextual
element and thus all classical conditioning is a case of compound conditioning where
we have to consider context (Rescorla and Wagner, 1972).
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Dorsal hippocampal lesions produce deficits in freezing behaviour (Phillips and
LeDoux, 1992; Ji and Maren, 2007; Tronson et al., 2012), particularly if given very
soon after conditioning. It is suggested that these deficits are due to a problem in
encoding the contextual representation rather than in forming the CS-US association
as pre-exposing the rats to the context eliminates the effect of hippocampal lesions
on freezing behaviour (Young et al., 1994). Interestingly, pre-training lesions do not
consistently result in impaired fear conditioning (Maren et al., 1997), suggesting that
other brain areas are also important for contextual learning. The amygdala is also
critical for the processing of contextual fear (Kochli et al., 2015), as is the ACC (Ewald
et al., 2014) and the medial prefrontal cortex (Gilmartin and Helmstetter, 2010).
Muscimol infusions to the medial prefrontal cortex resulted in impaired trace and
contextual, but not delay, fear conditioning, suggesting that along with the
hippocampus, the mPFC may also play a role in the formation of contextual
representations in these types of conditioning (Gilmartin and Helmstetter, 2010).

4.1.5 Associative learning in psychiatric disorder
Enrichment of copy number variants in gene sets associated with abnormal
associative learning, including contextual and cued conditioning (Pocklington et al.,
2015), suggests that patients with psychiatric disorders may have deficits in acquiring
correct learning behaviour. The large body of genetic evidence supporting the notion
that synaptic plasticity and function is impaired in schizophrenia cases may underlie
these deficits (Hall et al., 2009, 2015).
Human studies of delay fear conditioning have shown increased heart rate and skin
conductance reactivity (SCR) to CS in PTSD patients in comparison to controls (Orr
et al., 2000), with corresponding amygdala hyperactivation in response to CS
(Bremner et al., 2005). Depressive patients also show increased SCR following delay
fear conditioning (Nissen et al., 2010). In SCZ, patients displayed abnormal
hippocampal activity during contextual fear conditioning, as well as inappropriately
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elevated fear to a ‘safe’ context in comparison to healthy controls (Holt et al., 2012).
There does not appear to be any well-powered studies that look at trace fear
conditioning in psychiatric populations, however a mouse model of the schizophrenia
risk gene TCF4 presented with deficits in trace fear memory (Brzózka and Rossner,
2013).
Fear conditioning studies are difficult and few in human populations. Eyeblink
paradigms, which regard pairing a CS with a puff of air to the cornea, resulting in
increased blinking following CS presentation, are often used as a means of examining
associative learning in human populations. This paradigm does not map perfectly
onto the fear circuity that is used in rodent studies (it is heavily reliant on the
cerebellum), however does engage several other brain areas involved in fear
conditioning such as the hippocampus and amygdala (Christian, 2003). In
schizophrenia, many studies have examined delay eyeblink conditioning, with the
majority reporting decreased conditioned responses in schizophrenics (see review
Kent et al., 2015), however two studies reported increased conditioned responses
(Spain, 1966; Sears et al, 2000). In bipolar disorder, decreased conditioned
responses to a delay eyeblink task are seen with the most pronounced deficits seen
in those with ‘mixed mood’ rather than manic/depressive (Bolbecker et al., 2009)
whereas autistic individuals display quicker learning but reduced latency of response
(Sears et al., 1994; Welsh and Oristaglio, 2016). In trace eyeblink conditioning, no
differences in conditioned responses were seen in SCZ, although this was
confounded by increased spontaneous blinking. However SCZ patients showed
increased responding to CS in comparison to controls (Marenco et al., 2003). Autistic
children show normal conditioned responses during a trace eyeblink paradigm,
however display a quicker conditioned response onset (Welsh and Oristaglio, 2016).
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4.1.6 LTCCs and fear conditioning
LTCCs have been implicated in synaptic plasticity, learning and memory (Moosmang
et al., 2005), including fear memory; it has been shown that Cav1.2 levels are
increased in the amygdala following fear conditioning (Shinnick-Gallagher et al.,
2003). Systemic LTCCs inhibitors do not impair acquisition or consolidation of cued
fear learning, but they do produce deficits in extinction (Cain et al., 2002) and latent
inhibition (Barad, 2004). However, infusion of LTCC inhibitors directly to the
basolateral amygdala has been shown to impair consolidation and extinction of cued
fear learning (Bauer et al., 2002) and deletion of Cav1.2 in the ACC results in
decreased observational fear learning, where unconditioned mice develop freezing
behaviour by observing conditioned mice receiving foot shocks (Jeon et al., 2010).
Animals with neuronal specific knockout of Cacan1c-/- show no impairments in
acquisition, consolidation or recall of auditory (Langwieser et al., 2010) or contextual
(Temme et al., 2016) fear conditioning paradigms. A mouse with Cacna1c completely
knocked out in forebrain excitatory neurons also maintained successful consolidation
and extinction of conditioned fear (McKinney et al., 2008). However, studies using a
Timothy syndrome mouse model show that these mice can acquire the memory of
cued fear conditioning correctly and to the same extent as wild-types, however
demonstrate increased freezing in context and cue recalls, as well as reduced
extinction (Bader et al., 2011). The authors suggest that this is due to an enhanced
perseverance of both tone and context memory. This is interesting as other repetitive
behaviours have been noted in this model by increased marble burying (Bader et al.,
2011).
In this chapter, I measured the response of Cacna1c+/- rats to delay, trace and
unpaired fear in order to investigate the role of Cav1.2 in the consolidation of fear
memory within these paradigms.
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4.2

Methods

4.2.1 Contributions
All work in this chapter performed by A Moon

4.2.2 Wild-type animals
Conditioning
General methodology used for trace, delay and unpaired auditory cued fear
conditioning is described at length in General Methods and Figure 2.3. 24
behaviourally naïve adult (PND 60-70) male Sprague Dawley rats (300-400g)
underwent a one hour conditioning session in one of two novel but distinct contexts
(Context A and B). Rats were randomly assigned to receive delay, trace or unpaired
conditioning (each rat only received one type of conditioning). Within this session,
they were exposed to 10 presentations of a 15s white noise and 10 footshocks (0.5mA
for 0.5s) in various combinations. In delay conditioned rats (n = 8), the footshock and
white noise co-terminated, whereas in trace conditioning (n = 8), the footshock
occurred 30 seconds following white noise cessation. In unpaired conditioning (n =
8), the footshocks and white noise presentations were explicitly unpaired and
presented in an unpredictable order. Rats were then returned to their home cages.
Recall
Associative learning for both context and cue fear memory were then assessed.
Contextual fear memory was investigated by placing the rat within the original context
for 10 minutes, 24 hours later (Context Recall). Cued fear memory was assessed by
exposing the rat to a different context 48 hours later for 2 minutes (Novel) and then
presenting the white noise for 6 minutes, followed by a post-CS period of 4 minutes
(Cue Recall) (Figure 2.3). Freezing behaviour was recorded and assessed for the
whole of both recall sessions as a record of fear memory. Freezing was defined as a
complete lack of movement in the animal, except respiration.
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Analysis and statistics
Freezing behaviour was analysed as a percentage (%) of time within a session that
the animal froze. Freezing percentages were checked for normality of distribution and
homogeneity of variances

(Levene’s

Test) and transformed by Box-Cox

transformations if required. Delay, trace and unpaired groups were first analysed
separately by Repeated Measures (RM) ANOVA with ‘Freezing %’ forming the
dependent variable and the recall session (‘Context Recall’, ‘Cue Recall’ and ‘Post
CS’) forming the within-subjects independent variable to assess how each group
reacted to each recall. Following this, One-Way ANOVAs within each recall session
were conducted, with ‘Freezing %’ forming the dependent factor and ‘Group’ (Delay,
Trace, Unpaired) forming the between-subjects independent factor to determine if
different groups reacted differently to each recall. Post-hoc tests in the form of Tukey
Kramer Honestly Significant Difference (HSD) were performed where a significant
interaction was found, unless variances were unequal, in which case Games Howell
Tests were used.

4.2.3 Cacna1c+/- rats
Behaviourally naive adult (PND60-70) Cacna1c+/- rats and their wild-type littermates
were fear conditioned in a delay (n = 7 per genotype), trace (n = 8 per genotype) and
unpaired (n = 7 per genotype) manner as detailed above. Context Recall, Cue Recall
and Post CS were tested as before.
Analysis and statistics
Acquisition of fear conditioning for each type of conditioning was assessed by a TwoWay Repeated Measures (RM) ANOVA with ‘Freezing %’ as the dependent variable
and ‘Genotype’ (between subjects factor) and ‘Session’ (Baseline to Post US) (within
subjects factor) forming the independent variables. Context Recall was analysed by
One-Way ANOVAs (or Welch’s Test if variances were unequal) with the ‘Total
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Freezing %’ across the whole session forming the dependent variable and ‘Genotype’
forming the independent variable. Additionally, 2-way Repeated Measures ANOVA
were also conducted across each the whole Context Recall session to determine any
inter-session variation with ‘Freezing %’ per minute forming the dependent variable
and ‘Genotype’ (between subjects) and ‘Minute’ (within subjects) forming the
independent variables. Within Cue Recall, 2-Way Repeated Measures ANOVAs were
conducted with ‘Session’ (Novel Baseline, First 3 minute CS, Last 3 minute and PostCS) forming the within-subjects factor and ‘Genotype’ forming the between subjects
factors. Post-hoc tests in the form of Tukey Kramer Honestly Significant Difference
(HSD) were performed where a significant interaction was found, unless variances
were unequal, in which case Games Howell Tests were used.
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4.3

Results

4.3.1 Generating context and cue specific fear memory using trace, delay and
unpaired paradigms.
The degree of freezing that delay, trace and unpaired conditioning elicited in different
recalls was analysed. Animals froze to a different extent depending on recall (Context,
Cue or Post CS) in the delay group (F(2,12) = 30.180, p < 0.001, RM ANOVA). Posthoc analysis reported that delay conditioned animals froze significantly more to ‘Cue
Recall’ than during ‘Context Recall’ (p<0.001, Tukey Kramer HSD) and within the
‘Post-CS’ period (p <0.001, Tukey Kramer HSD), suggesting that delay animals have
strong CS-US associative learning, but little contextual fear memory (Figure 4.1).
In the trace group animals also froze differently to each recall (F(2, 45) = 3.352, p =
0.044, RM ANOVA) (Figure 4.1). Trace conditioned animals freeze similarly to
‘Context Recall’ and ‘Cue Recall’ (p = 0.998,Tukey Kramer HSD), but trended to
increased freezing in the ‘Post-CS’ period (p = 0.060, Tukey Kramer HSD). The
unpaired group also displayed different freezing behaviour depending on recall
session (F(2, 12) = 10.093, p < 0.001, RM ANOVA) (Figure 4.1). Unpaired however
showed increased freezing within ‘Context Recall’ (p < 0.001, Tukey Kramer HSD)
and the ‘Post-CS’ period (p = 0.006, Tukey Kramer HSD) compared to ‘Cue Recall’
(Figure 4.1). This shows that each cue presented determines the amount of freezing,
revealing specific associations have been learnt by the different groups.
During Context Recall, there was a significant effect of ‘Group’ (F(2, 29.08) = 8.374, p <
0.001, Welch’s Test). Unpaired and delay groups showed significantly different
freezing behaviour (p = 0.001, Games-Howell Test), whereas trace and delay (p =
0.299, Games-Howell Test) and trace and unpaired (p = 0.072, Games-Howell Test)
show similar freezing.
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There was also a significant effect of ‘Group’ during Cue Recall (F(2, 27.88) = 51.748, p
= <0.001, Welch’s Test). Delay animals froze significantly more than unpaired animals
(p = <0.001, Games-Howell Test) and trace (p = <0.001, Games-Howell Test)
animals. Animals in the trace group also trended to freezing more than unpaired
animals (p = 0.099, Games-Howell Test).
In the Post-CS period, there was also a significant effect of ‘Group’ (F2, 45) = 6.569, p
= 0.003, One-Way ANOVA). Delay animals froze less than trace animals (p = 0.003,
Tukey-HSD Test) and unpaired animals (p = 0.033, Tukey HSD Test). However trace
and unpaired groups froze to a similar extent (p = 0.629, Tukey HSD Test).
To summarise, different types of CS-US combinations resulted in different patterns of
freezing over sessions within group and between groups (Table 4.2).
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Figure 4.1: Freezing behaviour in wild-types rats following delay, trace and unpaired
auditory fear conditioning when presented with different cues. Rats experiencing delay
fear conditioning displayed low freezing levels to context but froze significantly more
to CS. Trace conditioned rats displayed most freezing during the post-CS period,
whereas unpaired rats froze more to context in comparison to CS. Points represent
mean % freezing over the whole session, error bars are SEM, n = 16 per group)
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Table 4.2: Summary of the degree of freezing seen for each recall session, dependent
on auditory fear conditioning paradigms experienced

Context

CS

Post CS

Delay

Low

High

Low

Trace

Moderate/High

Moderate

High

Unpaired

High

Low

High
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4.3.2 Investigating the effect of Cacna1c knockdown on contextual and cued
fear memory
4.3.2.1. Cacna1c heterozygosity causes an increased contextual fear memory
following delay auditory fear conditioning
In this paradigm, foot shocks elicited a robust freezing response in both Cacna1c+/and wildtypes (Session: F(1,12) = 217.472, p < 0.001, 2-Way RM ANOVA; Figure 4.2A).
There was no difference between genotypes (Genotype: F(1, 12) = 0.010, P = 0.923, 2Way RM ANOVA) or any evidence of an interaction (Genotype*Session: F(1, 12) = 0.32,
P = 0.876, 2-Way RM ANOVA), indicating that a reduction in Cacna1c does not affect
the acquisition of delay fear memory (Figure 4.2A).
Cacna1c+/- and WT animal freezing behaviour was compared across each recall
session and showed significantly different total freezing % behaviour at Context
Recall (F(1, 12) = 6.86, P = 0.028, One-Way ANOVA) (Figure 4.2A and B). When the
context session was broken down by minute, there was no difference across minutes
(Minute: F(9,4)= 3.954, p = 0.099, 2-Way RM ANOVA), a significant effect of genotype
(Genotype: F(1,12) = 5.764, p = 0.034, 2-Way RM ANOVA) but no interaction
(Genotype*Minute: F(9,4) = 0.423, p = 0.870, 2-Way RM ANOVA), suggesting that
freezing across Context Recall was apparent across the whole session (Figure 4.2B).
There was no effect of genotype during Cue Recall (Genotype: F(1,12) = 1.481, p =
0.247, 2 way RM ANOVA) (Figure 4.2A and C) and no session*genotype interaction
(Genotype*Session: F(1,12) = 1.73, p = 0.136, 2 way RM ANOVA) (Figure 4.2C).
There was no freezing behaviour observed in either group during baseline recordings
in either context (Genotype: F

(1,12)

= 0, P = 1 for both baseline sessions, One-Way

ANOVA), confirming these animals do not show abnormal behaviour prior to
conditioning, with differences confined to Context Recall following training. These
results suggest that Cacna1c heterozygosity results in different associative learning
of delay fear conditioning, or potentially, a deficit in context discrimination.
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Figure 4.2: Delay conditioning in Cacna1c+/- rats. A = Overview of freezing behaviour. Cacna1c+/rats show normal baseline and conditioned freezing, as well as maintained freezing to cue but
a deficit in Context Recall. B = Delay conditioned Cacna1c+/- rats display increased freezing to
context in comparison to wild-types. C = Cue Recall showed similar freezing behaviour between
heterozygotes and wild type rats. Data points represent mean % freezing per group for each
session or minute of session, error bars are SEM. Cacna1c+/- vs wild-type groups, n = 7 per
genotype, * = p < 0.05. (BS = baseline, CS= conditioned stimulus presentation, POST = postCS).
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4.3.2.2. Trace conditioned Cacna1c+/- rats show deficits in cued recall but not
contextual recall of fear memory
Trace conditioned Cacna1c+/- and wild-types animals showed the expected increase
in freezing following exposure to the US, with increased freezing observed
immediately following shocks (Session: F(1, 14) = 859.3, P < 0.001, 2-Way RM ANOVA)
(Figure 4.3A). There was no effect of genotype (Genotype: F(1, 14) = 0.833, P = 0.377,
2-Way RM ANOVA) or any evidence of an interaction (Session*Genotype: F(1, 14) =
0.018, P = 0.929, 2-Way RM ANOVA), indicating that a reduction in Cacna1c does
not affect the acquisition of trace fear memory.
Cacna1c+/- and wild-types animals showed similar freezing behaviour during Context
Recall (Figure 4.3A and B) (Genotype: F (1,14) = 0.075, P = 0.788, One-way ANOVA),
indicating they can consolidate contextual cues appropriately.
Cacna1c+/- animals have increased freezing at Cue Recall, in comparison to wildtypes. Across Cue Recall, there is a significant effect of session (Novel Baseline, First
3 minute CS, Last 3 minute CS, Post CS) (Session: F(2,13) = 27.94, p < 0.001, 2-Way
RM ANOVA) (Figure 4.3C), trend to genotype effect (Genotype: F(1,14) = 3.281, p =
0.092,

2-Way

RM

ANOVA)

and

significant

session*genotype

interaction

(Session*Genotype: F(2, 13) = 3.870, p = 0.048, 2-Way RM ANOVA). Post-hoc tests
revealed that there was no difference at novel baseline (p = 0.130, Tukey Kramer
HSD) or Post CS (P = 0.568, Tukey Kramer HSD), however during CS presentation,
Cacna1c+/- froze significantly more within the first 3 minutes (p = 0.003, Tukey Kramer
HSD) and last 3 minutes (p = 0.029, Tukey Kramer HSD) (Figure 4.3A and C).
To determine if perception of fear of the auditory cue between genotypes that may be
driving this effect (i.e. they find the noise fearful itself), freezing behaviour immediately
following the first CS presentation on the conditioning day was analysed. No freezing
behaviour was observed in either Cacna1c+/- rats or wildtypes (Genotype: F(1, 14) = 0,
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P = 1, One-Way ANOVA), suggesting that the CS is not enough to drive a fear
response without the associated footshock.
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Figure 4.3: Trace conditioning in Cacna1c+/- rats. A = Cacna1c+/- show normal freezing
behaviour during the conditioning session and Context Recall, however display
increased freezing during CS presentation in a novel context. B = During context recall,
Cacna1c+/- rats show similar freezing behaviour to wild-types. C = Cacna1c+/- rats
demonstrate increased freezing during CS presentation within Cue Recall, however
showed similar freezing behaviour to wild-types during novel baseline and post-CS.
Data points represent mean % freezing, error bars are SEM. Cacna1c+/- vs wild-type
groups, n = 8 per genotype, * = p < 0.05. (BS = baseline, CS= conditioned stimulus
presentation, POST = post-CS)
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4.3.2.3. Unpaired auditory fear conditioning results in increased contextual and cued
fear memory
Unpaired conditioned Cacna1c+/- and wildtype rats displayed greatly increased
freezing following footshock in comparison to baseline (Session: F(1,12)= 2097.143, p
< 0.001, RM ANOVA), however there was no difference between genotypes
(Genotype: F(1,12)

=

1.702, p = 0.217, 2-Way RM ANOVA) or an interaction

(Session*Genotype: F(1,12) = 1.209, p = 0.348, 2-Way RM ANOVA suggested that both
genotypes can acquire unpaired fear memory (Figure 4.4A).
However, Cacna1c+/- rats displayed increased fear memory as displayed by increased
freezing in Context Recall (Genotype: F(1,12) = 5.030, p = 0.045, One-Way ANOVA)
(Figure 4.4A and B). When the context session was broken down by minute, there
was no difference across minutes (Minute: F(9,4)= 1.924, p = 0.237, 2-Way RM
ANOVA), a significant effect of genotype (Genotype: F(1,12) = 5.432, p = 0.021, 2-Way
RM ANOVA) but no interaction (Minute*Genotype: F(9,4) = 0.768, p = 0.872, 2-Way
RM ANOVA), suggesting that freezing across Context Recall was apparent across
the whole session (Figure 4.4B).
During Cue Recall, there was a significant effect of session (Novel Baseline, First 3
minute CS, Last 3 minute CS and Post CS) (Session: F(3,11) = 6.632, p = 0.013, 2Way RM ANOVA) and genotype (Genotype: F(1, 12) = 6.900, p = 0.022, 2-Way RM
ANOVA) but no significant interaction (Genotype*Session: F(3,11)= 0.576, p = 0.578,
RM ANOVA). Post-hoc analysis revealed that there was a significant increase in
freezing between genotypes during the First 3 minutes of CS presentation (p = 0.002,
Tukey Kramer HSD) and the Last 3 minutes of CS presentation (p = 0.023, Tukey
Kramer HSD) (Figure 4.4A and C). This suggests an increased fear memory in
Cacna1c+/- rats.
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Figure 4.4: Unpaired fear conditioning in Cacna1c+/- rats. A = Cacna1c+/- rats show similar
freezing behaviour during the conditioning session but show increased fear memory in both
recall sessions. B = Cacna1c+/- knock out animals show increased freezing at Context Recall
over that of wild-type behaviour. C = During Cue Recall, Cacna1c+/- rats also show increased
freezing during CS presentation, no deficit in cued recall at baseline and a trend towards
increased freezing post-CS. Data points represent mean % freezing, error bars are SEM.
Cacna1c+/- vs wild-type groups, n = 7/genotype, * = p < 0.05. (BS = baseline, CS= conditioned
stimulus presentation, POST = post-CS).
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4.4

Discussion

Genetic knockdown of Cacna1c had significant effects on all cued and contextual fear
conditioning paradigms tested. Following delay fear conditioning, Cacna1c+/- rats
showed increased fear responses to context, whereas in trace fear conditioning, they
showed increased freezing to cue presentation. Unpaired conditioning resulted in
increased fear responses to both context and cue recalls.
Acquisition of fear memory was unaffected in Cacna1c+/- rats with all rats showed
robust freezing post-US to the same degree as the wild-types, showing that they can
acquire the memory without difficulty. This is in agreement with previous studies of
Cav1.2 deletion in mouse models; neuronal specific knockouts of Cacna1c-/- showing
correct acquisition of auditory (Langwieser et al., 2010) and contextual (Temme et al.,
2016) fear conditioning.
In delay fear conditioning, while acquisition and cue recall responses to fear memory
are left intact in Cacna1c+/- compared to wild-types, there is evidence of increased
freezing during contextual recall. As seen at cue recall, the CS-US association has
been learnt, but the Cacna1c+/- rats also appear to display generalised fear to the
context. This suggests the calcium influx through Cav1.2 is necessary for the
consolidation of contextual cues in relation to auditory fear conditioning. This
proposes a role for Cav1.2 beyond the simple consolidation of a CS-US association,
but within CS associations in the absence of a US. Typically the basolateral amygdala
is seen as the primary site for delay conditioning with little hippocampal involvement,
however it may be proposed that in Cacna1c+/- rats there is increased hippocampal
activity in order to form an inappropriate contextual representation.
In trace conditioning, Cacna1c+/- rats displayed increased freezing to the CS in cue
recall. Furthermore, in unpaired conditioning, which mostly represents contextual
conditioning, increased fear responses were seen at both context and cue
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presentation. This suggests that all cues, including the auditory CS and the context
are being processed differently. For example, in trace conditioning, while the wildtypes learn that the footshock is separated from the white noise by 30 seconds,
Cacna1c+/- rats do not appear to learn this temporal rule and just learn the CS-US
association by itself, compounded by contextual information. It could be suggested
that the observed increase in freezing behaviour is due to a generalised anxiety
following fear conditioning, however there is no difference in freezing behaviour
between wild-types and heterozygotes within a novel context at baseline, indicating
that there likely isn’t increased anxiety in these animals.
These results suggest that Cav1.2 has a critical role in cue/context discrimination and
determining what is the correct association to make as Cacna1c heterozygote rats
appear to react to all context and cue presentations to a similar degree, without
discriminating based on learnt CS-US associations. This agrees with Temme et al
(2016), who showed significant context discrimination deficits in their Cacna1c-/neuronal knockout mouse (Temme et al., 2016). However Temme et al (2016) also
reported preserved contextual fear conditioning in this model. Cacna1c+/- rats appear
to lose specificity of their fear response so that, either the correct CS-US association
has not been learnt, or cannot be retrieved. This points to a form of overgeneralisation
of fear memory with the Cacna1c heterozygotes attributing fear to all aspects of
conditioning, not just the predictive rule, regardless of spatial or temporal information.
The ability to generalise learning across stimuli has an evolutionary advantage as
natural stimuli are unlikely to occur in the exact same form twice. However, the ability
to discriminate between different stimuli to gain specificity is also important to limit
inappropriate behaviour responses. This subtle balance between generalisation and
specificity is vital in associative learning. Overgeneralisation of a fear response is
common in generalised anxiety disorder, obsessive compulsive disorder or stress
disorders such as post-traumatic stress disorder (PTSD). Anxiety is also a key feature
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of schizophrenia (Hall, 2017). Individuals with PTSD often experience generalisation
rather than specificity towards memory encoding, resulting in memories of traumatic
events being vulnerable to be triggered by many different stimuli, including neutral
stimuli that are minimally related to the traumatic event or not normally sufficient to
trigger recall (Anastasides et al., 2015). Like SCZ and BPD, PTSD has a high
heritability and a recent study has implicated a CACNA1C SNP (rs1990322) in the
development of PTSD in traumatised police officers and replicated this finding in
another study of traumatised children (Krzyzewska et al., 2018). The hippocampus
has also been linked to fear generalisation as it involves events encoded as complex
multimodal representations (Dunsmoor and Paz, 2015). Lesions of the dorsal
hippocampus result in less generalisation and better cue discrimination to delay fear
conditioning when presented with a novel tone (Quinn et al., 2009). It may therefore
be suggested that in the Cacna1c+/- model, rats can correctly learn both delay and
trace fear conditioning protocols, however may present with overgeneralisation of fear
responses to both cue and context. Presenting the Cacna1c+/- rats with a novel
auditory stimulus in a novel context would be a useful experiment to fully investigate
generalisation of CS cues in this model.
An alternative explanation is that the increased conditioned responses may be due to
alterations in context representations. Context processing refers to the use of prior
contextual representations to allow for the adaptive control of behaviour and selection
of appropriate behaviour (Reilly et al, 2016). Context processing is responsible for the
selection of information required for processing and memorizing as well as inhibition
of task-irrelevant information. It has been argued that disruptions in cognition and
inhibition in schizophrenia may be explained by deficient context processing (McClure
et al., 2008). Therefore, if Cacna1c+/- rats are not forming correct contextual
representations during acquisition of learning, this will dramatically affect their
responses during recalls. In a reward test, patients with schizophrenia show less
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neural adaption to reward contexts, which results in imprecise representations of the
reward (Kirschner 2016).
The results presented in this chapter are not consistent with LTCC antagonists given
systemically to mice, where no differences in freezing response were seen in either
cued or contextual fear conditioning (Cain et al., 2002). However, this could be
explained by the robustness of the paradigm, most studies utilise a single shock
presentation whereas this study used 10 CS-US pairings to ensure associative
learning in the trace conditioning animals. It also could be explained by off-target
effects of the LTCC inhibitors due to the systematic mode of delivery or by inadequate
dosing in the brain, particularly in the hippocampus and amygdala where processing
of fear memory is thought to occur. Conversely, Bader et al (2011) also showed
increased freezing to both context and cue recalls in their Timothy Syndrome model,
as well as reduced extinction; which they suggest is due to enhanced persistence of
both tone and context memory (Bader et al., 2011).
The results presented in this chapter could not be conclusively stated to be due to
enhanced persistence of tone and context memory as the deficits were specific to a
particular recall, however there may be an element of persistence of contextual cues
leading to the increased fear memory seen. Extinction is a form of inhibitory leaning
and therefore is useful to gauge persistent fear memories in animal models. LTCC
antagonism prior to extinction in mice leads to perseverance of freezing behaviour in
extinction in both cued and contextual conditioning (Cain et al., 2002). Extinction was
not investigated in this chapter as this paradigm was too robust (10 CS-US
presentations) to illicit extinction within a reasonable time frame; however the
literature does seem to suggest a role for Cav1.2 in extinction, which may elude to a
persistence of fear memory that is represented by increased recall freezing in this
study.
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4.4.1 Conclusions
These results demonstrate a selective role of Cav1.2 in specific aspects of associative
learning. Cacna1c+/- rats show increased freezing in contextual recall following delay
conditioning, in cued recall following trace conditioning and in both recalls following
unpaired/contextual conditioning. This indicates a role for Cav1.2 in the formation of
specific CS-US associations and buffering against non associative cues that may led
to overgeneralisation of the fear response, as well as relevant contextual
representations.
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: Auditory cued fear
conditioning in prepubertally
stressed rats
5.1

Introduction

Early life trauma has been associated with altered associative learning in both animal
models and human studies, which can have a considerable effect on their cognitive
functions and social behaviour in later life (Bouffard-Bouchard et al. 2017; Krugers et
al. 2017). Early life stress is also highly implicated in risk of mood and anxiety
disorders in adulthood (Syed and Nemeroff 2017) which are highly associated with
altered associative learning (Otto et al., 2014). Cacna1c heterozygosity showed
profound changes in certain elements of cued fear conditioning (Chapter 4). We also
showed Cacna1c expression in adulthood was reduced following prepubertal stress
(PPS) (Chapter 3). Thus here delay, trace and auditory fear conditioning were
investigated in the PPS rat model to determine if similar patterns were observed to
Cacna1c heterozygosity.

5.1.1 Associative learning following early life stress
Many studies indicate that learning, especially associative learning, is directly
affected by the caregiving and environment that an organism experiences in early life
(Hanson et al., 2017; Sheridan et al., 2018). Early life stress can have a large impact
on the structure of the hippocampus and amygdala, as well as neural circuits within
these structures, regions that undergo significant postnatal development (Jabès et
al., 2011; Chareyron et al., 2012). These regions are central to processes vital for
associative learning such as emotional processing, executive functions, including
working memory, and attention (Pechtel and Pizzagalli, 2011). Thus brain circuits
vulnerable to early trauma include those thought to be important for associative
139

Chapter 5: Auditory cued fear conditioning in prepubertally stressed rats
learning and the impact of early trauma during this period can persist many years
after early life stress has ended (Pechtel and Pizzagalli, 2011).
Previous studies have shown that adolescents exposed to childhood trauma show
deficits in associative learning compared to controls, which was correlated with
increased behavioural problems (Bouffard-bouchard et al., 2017). In a reward task
where participants had to choose between two stimuli that had different rewards and
different probabilities of winning, maltreated children responded the same way no
matter what the reward, whereas non-abused children responded more quickly when
the probability of reward increased – suggesting a learning deficit to positive stimuli
and insensitivity to changes in value (Guyer et al., 2006; Weller and Fisher, 2013).
Women who had been sexually abused in childhood showed lower accuracy in tasks
that required responses to rely on previously rewarded information and increased
activation in the anterior cingulate cortex (Pechtel and Pizzagalli, 2011). Adolescent
girls who had experienced early trauma also displayed deficient inhibitory control
processes (Mueller et al., 2010). Hanson et al (2017) suggest that these learning
deficits are due to maltreated individuals not correctly using reward-based information
from the environment, making early decisions in the learning process without fully
forming associations and not correctly learning predictable relationships – as if
rewards occurred at random (Bouffard-bouchard et al., 2017).

5.1.2 Animal models
Studies in animal models have further investigated the relationship between
associative learning and early life adversity. In animal models, adverse caregiving is
consistently associated with emotional and cognitive dysfunction in adulthood
(Kosten et al., 2012). Meta-analyses revealed that postnatal stress consistently
results in enhanced performance in inhibitory learning tasks and impairments in
aversive conditioning (Kosten et al., 2012). Contextual fear conditioning in adulthood
following maternal deprivation or early handling in rats appears to repeatably
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decrease fear responses as measured by conditioned freezing response to the
context exposure (Lehmann et al., 1999; Meerlo et al., 2001; Toda et al., 2014;
Zalosnik et al., 2014). However, there is also evidence that contextual memory can
be enhanced following postnatal stress if learning occurs under ‘stressful’ conditions
(Champagne et al., 2008). Cued fear conditioning also shows a similar pattern of
reductions in fear responses following early postnatal stress (Madruga et al., 2006;
Stevenson et al., 2009; Chocyk et al., 2014), however some studies report no effect
of stress on cued fear responses (Pryce et al., 2003; Mathieu et al., 2011). These
disparities are likely due to the changes in postnatal stress protocol such as the
number of days the pups were left without their mother and how early post-birth the
deprivation/handling occurred. Maternal separation also has been reported to result
in impaired recognition memory in males but not females. This corresponded with
decreased cross-frequency coupling within prefrontal-hippocampus networks,
suggesting a dysregulated communication between these two regions (Reincke and
Hanganu-Opatz, 2017).
Prepubertal stress, occurring later in life than early postnatal stress models, has also
been similarly shown to result in impairments in associative learning in adulthood,
suggesting that the neural and behavioural networks required for processing
associations are still developing throughout infancy. Male rats subject to a 3 day
variable stress protocol at PND 25-28 showed decreased freezing to a contextual fear
protocol in adulthood, although females appeared to have in-tact associative aversive
learning (Brydges et al., 2014). Additionally, both male and female rats demonstrated
decreased contextual fear freezing responses following daily footshocks between
PND14-18 (Hiraide et al., 2012); whereas daily footshocks between PND21-25
impaired extinction in adulthood following contextual fear conditioning (Matsumoto et
al., 2008). A 3 day repeated stress of fox odour and elevated platform at PND 28-30
resulted in increased freezing in males, decreased freezing in young females and
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impaired extinction (Toledo-Rodriguez and Sandi, 2007). Therefore, it appears that
following PPS there is an impairment in contextual fear conditioning in adulthood,
although females appear to be more resistant.
Conversely, it has also been demonstrated that PPS enhances delay cued fear
conditioning. PND 27-29 stress resulted in increased freezing to cue at recall and had
increased aversive 22-kHz ultrasonic vocalisations (Yee et al., 2012a).Tsoory and
colleagues found that prepubertal stress resulted in enhanced delay cued fear
conditioning and impaired avoidance learning, alongside increased expression of
neural cell adhesion molecule L1 throughout the limbic system, including the
amygdala and the hippocampus in adulthood (Tsoory et al., 2010). Members of the
immunoglobulin family including L1 have been implicated in synaptic changes
underlying learning and memory processes (Tsoory et al., 2010), demonstrating that
prepubertal stress may have a long-lasting effect on elements of synaptic plasticity,
that manifest in behaviour deficits.

5.1.3 Trace conditioning following stressful conditions
Cacna1c heterozygote rats showed a deficit in cue recall of trace conditioning
(Chapter 4), however, there is a significant gap in the literature in regards to trace
conditioning (where the CS and US are separated by a temporal interval) following
early life stress. The majority of studies examining stress in cued fear conditioning
use the standard delay conditioning protocol, where the CS-US co-terminate.
However, there are a small number of studies that evaluate the effect of acute stress
in a trace conditioning protocol. Acute stress given 24 hours before a trace eyeblink
conditioning paradigm resulted in enhanced responses in males and reduced
responses in females, particularly when tested in proestrus (Wood et al., 2001; Shors,
2004b). Similar results were seen in males for delay eye blink conditioning but not
unpaired blink conditioning (Shors and Servatius, 1997; Shors, 2001). This increased
response was not apparent if stress was experienced during conditioning (Shors,
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2001). Interestingly, acute stress impairs conditioning in female rats subject to the
same conditioning paradigm (Wood and Shors, 1998), highlighting the importance of
reproductive hormones in the effects of stress on associative conditioning (Shors,
2004b).
In a healthy cohort of humans, a model was set up to evaluate both delay and trace
conditioning within the same task, so that a CS-US combination that co-terminated
was presented alongside a different CS-US combination that were separated by 3
seconds. When males were subject to an acute stress, delay conditioned responses
were increased during recall 24 hour later, whereas trace conditioned responses were
reduced (Vogel et al., 2015). This is thought to occur through a mineralocorticoid (MR)
dependent mechanism where MR allows for stress-induced shifts between multiple
memory systems, probably to allow for adaptive behaviour in stressful situations.
These results support that, following stress, individuals shift towards cognitively less
demanding systems, shown by the dominance of delay over trace conditioning in this
study. However, when acute stress was followed by a single-cue trace conditioning
eyeblink task, stress resulted in increased conditioned responses during acquisition,
but there was no difference between the stressed and unstressed subjects (Duncko
et al., 2007).
Thus there is a plethora of evidence that suggests that early trauma can have a large
impact on associative fear learning. PPS appears to impair contextual fear
conditioning, whereas it also enhances delay cued fear conditioning, suggesting that
there is a differential impact on different neuronal circuits following ELS. Males also
appear to be more likely to present with associative learning deficits following PPS,
suggesting that sex may also be a risk factors.
There is also evidence that prepubertal stress affects other associative learning
paradigms; it is associated with altered performance in the Water Maze (Avital and
Richter-Levin 2005; Brydges et al. 2014).
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This chapter investigates the effect of prepubertal stress on delay, trace and unpaired
auditory fear conditioning in adulthood to investigate how early life stress can impact
on neural and behavioural networks long-term.
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5.2

Methods

For detailed methods of generating the PPS model and the aversive conditioning
protocol, see General Methods.

5.2.1 Contributions
The practical procedures in this experiment were conducted by Dr N Brydges. All the
data scoring, assessment and analysis was conducted by A Moon.

5.2.2 Prepubertal stress
On PND 25-27, bred Lister-Hooded rats litters were randomly allocated to
experimental groups: prepubertal stress and control. Stress groups experienced a
short-term unpredictable stress protocol. On PND 25, animals were given a 10 minute
swim stress. PND 26 included a restraint stress in restraint tubes for 3 sessions of 30
minutes, separated by 30 minutes in their home cage and PND27 an elevated
platform stress for 3 sessions of 30 minutes, separated by 60 minutes in their home
cage. Animals were then returned to their home cages and left undisturbed until
PND60. Control animals were left undisturbed from birth to adulthood.

5.2.3 Conditioning
All rats were behaviourally naïve and only subject to one form of conditioning. 36
control male rats and 31 male PPS rats were used for trace, delay and unpaired
aversive conditioning, with sample sizes of 10-13 per group. Once a day for three
days before conditioning, animals were habituated to transport and handling by taking
them to the testing room and briefly handling. Conditioning and recall sessions were
as previously described in General Methods, Chapter 4 and Figure 2.3. Briefly, rats
were exposed to 10 presentations of a 15s CS (white noise) paired with a US (0.5mA,
0.5s footshock) within Context A or B. In delay conditioning, CS and US co-terminated
with an ITI of 312s +/- 62s. In trace conditioning, CS and US were separated by 30s
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(ITI: 312s +/- 62s), whereas in unpaired conditioning, CS and US were explicitly
unpaired (ITI: 156s +/- 31s).
Twenty four hours following conditioning, animals were returned to the context in
which they were conditioned for 10 minutes to assess contextual fear responses
(Context Recall). 48 hours following conditioning, rats were placed into a second
context (Novel Baseline) for 12 minutes and received a 6 minute CS presentation
beginning 2 minute after the start of the recall session (Cue Recall).

5.2.4 Analysis
Freezing behaviour was analysed across all recall sessions by an observer blind to
group and expressed as a percentage of immobility. These percentages were subject
to checks for homogeneity of variances (Levene’s Test) and normality of distribution
and transformed (Box-Cox) if appropriate. 2-way Repeated Measures (RM) ANOVAs
were used to analyse acquisition of fear conditioning, with independent variables:
‘Group’ (CON/PPS) (between factors) and ‘Session’ (within subjects) (Baseline to
Post US) and ‘Freezing %’ as the dependent variable. Post CS, Post US and Context
Recall sessions were analysed initially by One-Way ANOVAs with ‘Group’ as the
independent variable and the dependent variable representing the total % of freezing
across the total session. Cue Recall was analysed by a 2-way RM ANOVA with
‘Session’ (Novel Baseline, First 3 minute CS, Last 3 minute CS, Post CS) forming the
within-subjects factor and ‘Genotype’ the between subjects factor.
2-way Repeated Measures ANOVAs were also conducted within Post CS, Post US
and Context Recall sessions to determine any effects within the session. In this case,
% freezing per minute formed the dependent variable and ‘Group’ formed the
between subjects factor and ‘Minute/Shock Number/Interval Number’ formed the
within subjects independent variables. If differences were found following 2-way RM
ANOVAs, Tukey-Kramer HSD was used for post-hoc analysis, unless variances were
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different, whereabout Games Howell tests were used. For all analysis, litter was
nested as a random variable.

147

Chapter 5: Auditory cued fear conditioning in prepubertally stressed rats

5.3

Results

5.3.1 PPS animals demonstrate an increased freezing to context in early
stages of recall following delay conditioning
Both PPS and control animals show an increase in freezing behaviour from baseline
to post-shock (Session: F(1, 21) = 788.051, p < 0.001, 2-Way RM ANOVA), with no
difference between PPS and control groups (Group: F(1, 21) = 0.021, p = 0.886, 2-Way
RM ANOVA) and no significant interaction (Group*Session: Group: F(1, 21) = 0.861, p
= 0.656, 2-Way RM ANOVA. This shows that PPS does not affect the response to
the stimuli or affect correct acquisition of delay fear memory (Figure 5.1A and B).
Freezing behaviour of PPS and control animals were compared across each recall
session. There was no overall significant difference in conditioned freezing during
Context Recall (Group: F(1, 8.593) = 2.408, p = 0.157, One-Way ANOVA), however when
analysed by minute, there is an effect of group (Group: F(1, 21) = 5.200, p = 0.033),
‘Minute’ (Minute: F(1,

21)

= 3.900, p = 0.023) and a significant interaction between

group*minute (Group*Minute: F(1, 21) = 4.862, p = 0.031) (Figure 5.1C). Post-hoc tests
show that this was specific to 2 minutes (p = 0.046, Tukey-Kramer HSD) and 3
minutes (p = 0.039, Tukey-Kramer HSD).
For Cue Recall, there was a significant effect of session (Session: F(1, 21) = 14.567, p
= 0.001) but no effect of group (Group: F(1, 21) = 0.022, p = 0.885, 2-way RM ANOVA)
or any interaction (Session*Group: F(1, 21) = 1.087, p = 0.436) (Figure 5.1D).
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Figure 5.1: Delay conditioning in PPS and control rats. A = Mean freezing responses
across conditioning and recall trials reveal no overall effect of PPS on behaviour. B =
There were no differences in Post US freezing between PPS and controls. C = Context
Recall 24hr after conditioning showed that PPS resulted in increased freezing to the
conditioned context in the first five minutes of the session. D = There was no
differences between the PPS and control groups in freezing behaviour in the Cued
Recall 48hr after conditioning. Data points represent mean % freezing behaviour, error
bars are SEM. PPS compared to Control (CON) groups, n = 13 CON, 10 PPS, * = p < 0.05.
(BS = baseline, CS= conditioned stimulus presentation, POST = post-CS).
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5.3.2 PPS animals show encoding deficits in trace fear conditioning
When acquisition of freezing behaviour was analysed, there was a significant effect
of session (Session: F(1, 22) = 279.454, p < 0.001, 2-Way RM ANOVA) showing that
with both rats froze more post-US than at baseline but there was also an effect of
group (Group: F(1,

22)

= 5.579, p = 0.028, 2-Way RM ANOVA) and a significant

interaction (Session*Group: F(1, 22) = 8.672, p = 0.012, 2-Way RM ANOVA). Post-hoc
tests revealed that PPS rats froze significantly less than controls during the Post-US
period (p = 0.018, Tukey Kramer HSD) (Figure 5.2A and C). This was seen for each
shock presentation as there was no effect of shock number (Shock Number: F(9, 14) =
1.919, p = 0.132, 2-Way RM ANOVA), but there was a significant effect of PPS
(Group: F(1,22) = 7.827, p = 0.011, 2-Way RM ANOVA, Figure 5.2C). Therefore,
freezing responses for the 30 second ‘trace’ gap (after the CS, but before the shock)
was analysed to investigate if there was a potential encoding deficit. PPS animals
froze less overall within the trace interval (Group: F(1, 11.12) = 10.901, p = 0.007, Oneway ANOVA), suggesting that they have a potential deficit in learning the CS-US
association (Figure 5.2A). When analysed over the conditioning session, there was
no effect of trace interval (Trace Interval: F(1,22) = 1.459, p = 0.342, 2-Way RM ANOVA)
but a significant effect of PPS (Group: F(1, 22) = 10.855, p = 0.003, 2-Way RM ANOVA),
indicating that this was observed after each CS within the session.
During Context Recall, there was no difference between PPS and control rats (Group:
F(1, 9.741) = 0.199, p = 0.665, One-Way ANOVA) when the total freezing responses
data was analysed by session (Figure 5.2A) nor when analysed minute by minute
within session (Minute: F(9, 14) = 1.017, p = 0.324, Group: F(9, 14) = 0.896, p = 0.234, 2Way RM ANOVA) (Figure 5.2D).
For Cue Recall, there was a significant effect of session (Session: F(1,22) = 11.345, p
= 0.004), and a trend to effect of PPS (Group: F(1,22) = 3.070, p = 0.051, 2-Way RM
ANOVA) and a significant interaction (Session*Group: F(1,22) = 3.472, p = 0.047, 2150
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Way RM ANOVA) (Figure 5.2A and E). Post-hoc analysis revealed that PPS rats froze
less than controls during the first 3 minutes of CS presentation (p = 0.047, TukeyKramer HSD) (Figure 5.2E).
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Figure 5.2: Trace conditioning in PPS and control rats. A = The PPS rats show reduced freezing
behaviour during conditioning and decreased fear behaviours during CS but not context
presentation in recall. B = During conditioning the PPS rats show less freezing in the 30s interval
following CS presentation compared to control littermates. C = PPS rats freeze less than controls
following footshock (US) in the conditioning trial. D = No difference in freezing responses were
evident at Context Recall between PPS and controls when assessed per minute. E = PPS rats
show a trend for reduced freezing during cue presentation in Cue Recall with a reduced CR
measured in the first 3 minutes of CS presentation. Data is mean % freezing per group for each
session or minute of the session, error bars are SEM. PPS versus Control (CON) groups, n = 13
CON, 11 PPS, * = p <0.05, ** = p <0.01. (BS = baseline, CS= conditioned stimulus presentation,
POST = post-CS).
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Unpaired conditioning is not affected by PPS
Following shock presentation in unpaired conditioning, both PPS and control rats
showed an increase in freezing (Session: F(1, 21) = 248.926, p < 0.001, 2-Way RM
ANOVA) but PPS had no effect (Group: F(1, 21) = 0.013, p = 0.909, 2-Way RM ANOVA)
and there was no evidence of an interaction (Session*Group: Group: F(1, 21) = 0.143,
p = 0.756) (Figure 5.3A and B) on acquisition of conditioning.
Freezing did not alter between control and PPS rats in Context Recall (Group: F(1,
10.66)

= 0.574, p = 0.465, One-Way ANOVA) (Figure 5.3C). There was no difference

between PPS and control groups across any minute of recall (Group: F(1, 21) = 0.596,
p = 0.449, Minute: : F(1, 21) = 0.596, p = 0.449, 2-Way RM ANOVA) and no interaction
(Group*Minute: F(1, 21) = 0.418, p = 0.765).
Similarly, there was no effect of PPS within Cue Recall (Group: F(1, 21) = 1.55, p =
0.226, Session: F(1, 21) = 8.675, p = 0.002, 2-Way RM ANOVA) (Figure 5.3D) and no
evidence of an interaction (Group*Session: F(1, 21) = 8.675, p = 0.002)
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Figure 5.3: Unpaired conditioning in PPS and control rats A = overview of all sessions, showing
that freezing responses do not differ between PPS and control littermates. B = Post US responses
did not differ between PPS and Control rats. C = Fear responses were maintained following PPS
in Context Recall, C = Cue Recall also revealed no differences of fear responses following PPS.
Data points represent mean % freezing across group, errors bars are SEM. PPS vs Control (CON)
groups, n = 13 CON, 10 PPS. (BS = baseline, CS= conditioned stimulus presentation, POST =
post-CS).
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5.4

Discussion

Male PPS rats show a deficit in trace conditioning, displaying an impaired conditioning
to cue, with some evidence that this may, in part, be due to an encoding impairment
within the conditioning session. There was no difference in fear responses to unpaired
conditioning between PPS and control littermates. PPS rats also show intact delay
conditioning and cue recall, with a possible enhancement of freezing during context
recall.
The disrupted trace conditioning seen following PPS suggests that at a
neurobiological level there may be an underlying deficit in hippocampal function within
the wider fear circuity because trace conditioning critically depends on this region,
whereas delay and unpaired conditioning do not (Quinn et al., 2002; Bangasser et al.,
2006). Trace conditioning is typically seen as a more ‘difficult’ learning paradigm than
delay conditioning due to the interval between CS and US (Beylin et al., 2001;
Bangasser et al., 2006). Thus the potential encoding deficit seen in trace conditioned
PPS rats may be revealing a deficit in learning complex or weaker associations,
specifically when the hippocampus needs to form a temporal representation between
two associated events. The dorsal hippocampus in rodents supports context
encoding, short-term contextual memories and trace fear conditioning (Phillips and
LeDoux, 1992; Beylin et al., 2001) suggesting that PPS may result in a hippocampal
deficit in processing trace fear.
Children exposed to early life adversity display poor encoding of contexts paired with
angry faces, reduced hippocampal activation during this encoding and increased
hippocampal-ventrolateral PFC connections (Lambert et al., 2017). Lambert et al
(2017) also showed that context encoding, including hippocampal activation and
context memory, did not change after 8 years old and persisted into later life (Lambert
et al., 2017). Therefore, early life stress may affect context encoding, however in the
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current study this encoding deficit is specific to trace conditioning and is not apparent
in delay or unpaired paradigms. This may reflect the difficulty of the task or other
mechanisms specific to trace memory encoding.
Human studies have revealed that acute stress causes a decrease in freezing to trace
conditioned cues, whilst increasing responses to delay conditioned cues (Vogel et al.,
2015), suggesting that stress causes a shift to amygdala-dependent forms of learning.
Vogel et al (2015) also showed that this was likely mediated through MRs (Vogel et
al., 2015). PPS has been shown to increase MR expression in the hippocampus of
adult animals (Brydges et al., 2014) which is correlated with increased anxiety-like
behaviour. MR-activation also rapidly increases neural excitability in the hippocampus
and amygdala in rodents (Shors, 2004b). Thus differences in MR:GR ratios may
mediate these stress-induced differences in learning and lead to differences in anxiety
and fear related behaviours.
However, stress can have wide-ranging effects throughout the limbic system outside
that of corticosteroid receptor manipulations. These mechanistic effects can have
impacts on the neural systems implicated in associative learning. BDNF gene
expression has an important role in certain forms of fear conditioning and, as
discussed in Chapter 3, is decreased in PPS in males. BDNF is increased in the CA1
of the hippocampus after acquisition of contextual fear conditioning (Hall et al., 2000;
Kirtley and Thomas, 2010) and is necessary for the consolidation of fear memory (Lee
et al., 2004). BDNF expression is also increased in the amygdala following cued fear
conditioning (Rattiner, 2004) and BDNF+/- rats have impaired cued delay fear
conditioning (Harris et al., 2016), suggesting that BDNF signalling in the amygdala is
required for acquisition of cued conditioned fear. The reduced BDNF expression seen
following PPS may be affecting the consolidation of fear memory, although if this was
correct it may be expected that we would see differences between PPS and control
rats in unpaired conditioning also, as it is a type of contextual conditioning.
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The catecholamine system may also have a role in mediating some of the effects
seen in this study. Cortical noradrenaline depleted rats have reduced trace fear
conditioning to the CS but increased conditioning to the context (Selden et al., 1990).
The impaired fear conditioning to explicit cues was correlated with corticosterone
levels in rats; there is a wide-range of evidence that PPS results in altered
corticosterone levels (Albrecht et al., 2017). Noradrenaline strengthens synaptic
contacts in the CA1 of the hippocampus (Katsuki et al., 1997) and the strength of a
memory has been correlated with amygdala concentration of noradrenaline (McIntyre
et al., 2002). Investigations into how noradrenaline, and the dopamine system in
general, are disrupted in this PPS model would give insight into the mechanisms
behind their behaviour.
The increase in contextual freezing following delay fear conditioning is different to the
result previously seen after PPS where decreased contextual fear responses were
reported (Brydges et al., 2014). This can be explained by the different behavioural
tasks used in the two studies to measure contextual fear. The original study used a
single CS-US presentation where context was the CS. However, the present study
used 10 CS-US presentations where a discrete cue (white noise) formed the CS,
suggesting that animals may respond differently to multiple trials than a single trial.
Also, contextual fear conditioning relies on the hippocampus whereas delay
conditioning is thought to primarily depend on the amygdala (Selden et al., 1991a;
Phillips and LeDoux, 1992). Therefore, the enhanced contextual freezing in this
current study may be a result of increased control of the conditioned responses by
the context or context-CS associations, potential due to greater activation of the
hippocampus following PPS. This suggests that fear responses following different
paradigms may be processed by different neuronal circuits and thus manifest in
opposing behavioural outcomes.
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5.4.1 Conclusions
This chapter reveals PPS in rats causes a disruption to trace auditory fear
conditioning in adulthood. PPS decreases fear responses to CS following trace
conditioning and increases fear to context within a delay paradigm. This joins the
existing literature that details a role for early life stress on fear memory encoding and
retrieval and investigates the effect of PPS on trace conditioning for the first time. The
results highlight how PPS has an effect on the hippocampus to alter the way trace
memories are processed, demonstrating how PPS can have a profound effect on the
hippocampus. However, why not all hippocampal tasks, such as unpaired
conditioning, are affected is currently unknown, although may be due to the multiple
cues presented in the task.
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: The role of Cacna1c
and stress in the rate of adult
hippocampal neurogenesis
6.1

Introduction

Psychiatric disorders, and in particular mood disorders, have been linked to
alterations in adult hippocampal neurogenesis (Anacker and Hen, 2017; Apple et al.,
2017). It has also been shown that a range of psychotropic medications have been
associated with increasing hippocampal neurogenesis in rodent models (including
SSRIs, selective SNRIs and tricyclic antidepressants) (Malberg, 2004), and ablation
of hippocampal neurogenesis also prevents the positive effects of antidepressants on
behaviour in mice (Santarelli et al., 2003). This evidence suggests that hippocampal
neurogenesis in adulthood may have a role in the manifestation of psychiatric
disorders and the treatment response. The results presented in this chapter
investigate the effect of Cacna1c heterozygosity and juvenile stress on neurogenesis
occurring in the dentate gyrus in adulthood.

6.1.1 Adult hippocampal neurogenesis
In the mammalian adult hippocampus, it is generally accepted that there is constant
generation of new neurons which are incorporated into the hippocampal circuity
(Altman and Das, 1965; Kaplan and Hinds, 1977; Cameron and Mckay, 2001; Apple
et al., 2017). This multi-step process occurs within the dentate gyrus where precursor
cells reside in the subgranular zone. This forms a microenvironment for the
development of new neurons within a vascular niche which eventually integrate into
the dentate gyrus as granule cells (Deng et al., 2010). Granule cells are the primary
excitatory cells of the dentate gyrus which receive input from the entorhinal cortex
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and project excitatory input to the CA3 via mossy fibres (Deng et al., 2010) and thus
have an important role in how the hippocampus processes stimuli. Adult hippocampal
neurogenesis has been suggested to have a critical role in hippocampus-dependent
forms of learning and memory in animal studies such as pattern separation, complex
water maze tasks and trace conditioning (Gould et al., 1999; Leuner et al., 2004; Epp
et al., 2007; Waddell and Shors, 2008; Deng et al., 2010).
In the adult rat, there is a high degree of neurogenesis in the dentate gyrus –
estimates suggest thousands per day, many of which differentiate into functional
neurons (Cameron and Mckay, 2001; Leuner et al., 2004). In humans, there appears
to be a lower turnover of neurons, with some studies finding hundreds of new neurons
are added to the dentate gyrus daily, while some studies find much fewer (Spalding
et al., 2013). Controversially, a recent study did not find evidence that robust adult
neurogenesis occurred in the human hippocampus past childhood when staining for
DCX+/PSA-NCAM+ cells (Sorrells et al., 2018) although this may be due to different
methodologies as another recent study found that adult neurogenesis was present
and stable in humans during aging using the same markers (Boldrini et al, 2018).

6.1.2 Neurogenesis markers
Identification of adult-born granule can be done via different approaches. Injection of
synthetic nucleotide analogues (e.g. 5’bromodeoxyuridine (BrdU)) and subsequent
immunohistochemical analysis has been widely used and characterised as a
neurogenesis detection technique. BrdU is incorporated into a cell during cell division
and thus forms a marker of cell proliferation (Götz and Huttner, 2005). A concern of
this technique is that incorporation of BrdU into the DNA strand may influence cellcycle kinetics and cell viability and thus other endogenous cell-cycle proteins such as
Ki-67 which is expressed during S phase (Kuhn et al., 2016) . BrdU labelling also
cannot distinguish progression through the cell cycle or subsequent cell cycle re-
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entries. More mature neurons can be identified by the presence of mature neuronal
markers in cells such as polysialilated neural-cell-adhesion molecule (PSA-NCAM) or
doublecortin (DCX) (Kuhn et al., 2016). DCX, a microtubule-associated protein, is
expressed in young migratory neurons and is commonly utilised to mark the
differentiation phase of neurogenesis (Von Bohlen Und Halbach, 2011).

6.1.3 Dorsal and ventral hippocampal neurogenesis
There is an evolving view that the dorsal and ventral sections, along the longitudinal
axis, of the hippocampus have different functions. The dorsal (or posterior in humans)
hippocampus has a key role in cognition and learning, whereas the ventral (or anterior
in humans) hippocampus is more involved in stress and emotional behaviours
(Fanselow and Dong, 2010). In humans, the anterior hippocampus is smaller in
patients with untreated depression (Boldrini et al., 2009) and, in non-human primates,
increased metabolism is seen within the anterior hippocampus of individuals with
increased anxiety (O’Leary and Cryan, 2014; Anacker and Hen, 2017).
Adult neurogenesis occurs along the entire dorsal-ventral axis of the hippocampus
(Kheirbek and Hen, 2011). However, in rodents, the dorsal hippocampus has been
reported to contain increased immature neurons, whilst the number of mature adultborn neurons are higher in the ventral hippocampus, suggesting that overall, more
adult-born cells maybe added to the ventral dentate gyrus (Tanti et al., 2012; Anacker
and Hen, 2017). In addition, adult-born granule cells within the dorsal and ventral
hippocampus may be functionally distinct and have different roles once mature. This
is important as it has been shown that antidepressants appear to target ventral
hippocampal neurogenesis over dorsal (Banasr et al., 2006; Boldrini et al., 2009).
Additionally, in rodents, enrichment promoted neurogenesis specifically within the
dorsal dentate gyrus whereas unpredictable chronic stress decreased neurogenesis

161

Chapter 6: Role of Cacna1c and stress in adult hippocampal neurogenesis

restrictively within the ventral hippocampus (Tanti et al., 2012). Therefore, in this
study dorsal and ventral hippocampal neurogenesis were analysed separately.

6.1.4 Hippocampal neurogenesis and LTCCs
GABA inputs depolarise neural progenitor cells and evoke calcium influx through
voltage-gated calcium channels (Tozuka et al., 2005). This contributes to downstream
signalling pathways which leads to transcription of genes involved in proliferation,
differentiation and survival of adult-born neurons (Spitzer et al., 1994; West et al.,
2001; Kang et al., 2016). LTCCs have been particularly implicated in the process of
adult neurogenesis; Deisseroth and colleagues (2004) showed that Cav1.2 and
Cav1.3 agonists and antagonists upregulated and downregulated adult neurogenesis
respectively in cultured neurons derived from neural progenitors in the hippocampus
(Deisseroth et al., 2004). In neural progenitor cells taken from mouse brain cortex,
nifedipine, a LTCC antagonist, reduced the rate of neurogenesis, whereas a LTCC
agonist upregulated neurogenesis (D’Ascenzo et al., 2006). It has been reported that
LTCCs are particularly important in the later stages of adult neurogenesis, within a
late differentiation stage – at day 9 following induction, LTCC agonists increased
survival of immature neurons, whereas antagonists decreased survival (Teh et al.,
2014).
In genetic models, a Cacna1c

-/-

forebrain knockout mouse and a neuron-specific

Cacna1c -/- deletion mouse model both show decreases in immature neurons (Table
6.1). In the forebrain-Cav1.2 knockout, this was attributed to increased cell death of
young neurons, correlated with decreased BDNF levels (Lee et al., 2016), which
agrees with the cellular work (Teh et al., 2014). However, in a pan-neuronal Cacna1c
deletion mouse model, marked decreases in cell proliferation were seen which may
also contribute to decreased numbers of immature neurons (Temme et al., 2016).
Völkening et al (2017) deleted Cacna1c on Type 1 cells and reported decreased
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proliferation and immature neuron production (Völkening et al., 2017) (Table 6.1).
These mice also showed deficits in cue discrimination in a pattern separation
paradigm – a type of learning thought to require intact hippocampal neurogenesis
(Völkening et al., 2017).
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Table 6.1: Summary of adult hippocampal neurogenesis altercations observed in
Cacna1c knockdown models

Model
Lee et al,
2016
Temme
et
al,
2016
Völkening
et
al,
2017

Forebrain-Cav1.2 CkO (-/-)

Proliferation Immature Cell
Dentate
rate
neurons survival gyrus
size
n.d
↓
↓
n.d

Neuron-specific deletion of ↓
Cav1.2 CkO (-/-)

↓

TgGLAST↓
CreERT2
fl/fl
/Cacna1c /RCE:loxP
mice
(Mouse model with Cacna1cdeficient Type-1 cells)

↓
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6.1.5 The effect of stress on hippocampal neurogenesis
There is a wealth of evidence to suggest that stress, and glucocorticoids, can affect
adult neurogenesis in several different species (Egeland et al., 2015). Exposing
rodents to an acute or chronic stressor such as predator odour results in decreased
cell proliferation and decreased survival of immature neurons (Mirescu and Gould,
2006; Egeland et al., 2015) and rodents exposed to chronic unpredictable mild stress
show depressive-like behaviour and an impaired ability to cope with stress (Mineur et
al., 2007). Interestingly, this depressive phenotype is not seen when neurogenesis is
ablated in the absence of stress, suggesting that neurogenesis reduction leads to
depressive behaviour through impairing stress modulation. It has been shown that
depleting neurogenesis and then exposing a mouse to stress causes an increased
stress hormone response and decreased negative feedback on the HPA axis (Snyder
et al., 2011). Adult neurogenesis is also thought to be involved in determining if
events are stressful or not and whether a stress response is required, potentially
through pattern separation. A loss of this ability, potentially through decreased adult
neurogenesis, may lead to several previous negative experiences and thus
overgeneralisation of novel experiences as negative (Egeland et al., 2015).
There have been many suggested mechanisms for how stress has its impact on adult
neurogenesis including: alterations in glucocorticoid signalling mechanisms,
cytokines or neurotrophic factors. Glucocorticoids, acting through glucocorticoid
receptors (GRs), can influence every stage of neurogenesis by altering gene
transcription of pathways known to regulate neurogenesis (such as transforming
growth factor-B-SMAD2-SMAD3 pathway or the Hedgehog pathway), modifying the
expression and phosphorylation of GRs on neuronal progenitors (Anacker et al.,
2013) or through interacting with transcription factor proteins such as NF-κB and
CREB to modulate adult neurogenesis under stress (Datson et al., 2012). Cytokines,
which are also released in stressful situations alongside stress hormones, can also
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have pro-inflammatory effects on the brain that impacts on neurogenesis, for example
IL-1B and IL-6 are reported to be increased in the hippocampus following chronic
stress which correlates with decreased cell proliferation and neurogenesis (Koo and
Duman, 2008). Neurotrophic factors such as BDNF, demonstrated to be susceptive
to stress, have a key role in growth and survival of neurons and thus have an impact
on neurogenesis (Schmidt and Duman, 2007).
Furthermore, a recent study has directly shown that activity of adult-born granule cells
in the ventral dentate gyrus are required to protect from stress-induced anxiety-like
behaviours. The ventral dentate gyrus was shown to contain a stress-susceptible cell
population that are inhibited by adult-born granule cells and this protects against the
negative effects of a chronic social defeat paradigm (Anacker et al., 2018). Thus,
there is a clear interaction between stress and neurogenesis, of which we are starting
to tease out the causative mechanisms.
Early life environment can strongly affect adult neurogenesis (Loi et al., 2014).
Prenatal stress, given in the second trimester, appears to result in a marked reduction
in cell proliferation and differentiation within neurogenesis in offspring once they reach
adulthood (Lemaire et al., 2006; Mandyam et al., 2008; Rayen et al., 2011). Another
study that looked at prenatal stress in the first trimester also demonstrated a reduction
in DCX in male and female rats (Madhyastha et al., 2013). Effects of early postnatal
stress, by maternal separation and/or deprivation, are much more varied. In males,
one study reported increased DCX (Oomen et al., 2009) at PND21, but when rats
were tested at 10 weeks of age they demonstrated decreased proliferation and
differentiation, suggesting this initial increase in DCX was a transient effect (Oomen
et al., 2010). Other studies also reported reductions in cell proliferation in males
following maternal separation (Mirescu et al., 2004; Hulshof et al., 2011), however
another study reported no effects (Kumar et al., 2011). There may also be sex specific
effects in the impact of early postnatal stress on neurogenesis; Oomen and
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colleagues (2009) reported decreased DCX in stressed females at PND21 with no
effect on proliferation (Oomen et al., 2009). However, at 10 weeks old, female rats
exposed to maternal deprivation presented no differences in neurogenic markers,
however there was a significant reduction in DG granule cell number and density
(Oomen et al., 2011). Changes in neurogenesis are also seen when stress is given
later in infancy; when male mice were subject to ten days of the social defeat test
within the pre-pubertal phase, they displayed decreased cell proliferation in the
dentate gyrus as measured by BrdU administration, both 1 day after the last stress
session and also 4 weeks later, suggesting that this decreased proliferation may be
a long-term consequence (Mouri et al., 2018). Restraint stress given in adolescence
(PND 30-52) also resulted in decreased neurogenesis in adulthood in female rats
only, with a small increase in cell survival seen in males (Barha et al., 2011).
Interestingly, another study reported that neurogenesis in the prepubertal period is
vital for normal social development in female mice (Wei et al., 2011), demonstrating
the importance of neurogenesis for corresponding behaviour.
This chapter details the effect of both Cacna1c heterozygosity and PPS on
neurogenic markers in the dentate gyrus. In regard to the PPS paradigm, work within
our group has previously shown a decrease in BrdU in the ventral hippocampus of
these rats, and thus this chapter only investigates the impact of stress on DCX levels.
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6.2

Methods

6.2.1 Contribution
It should be acknowledged that Dr N Brydges performed the stress procedure,
perfusion and sectioning for the PPS animals. A. Moon completed all other analysis
and all work on the Cacna1c heterozygote model.

6.2.2 Cacna1c+/- rats
Sixteen Sprague Dawley behaviourally naïve male rats (Charles River), 8 wild-type
and 8 Cacna1c+/- litter mates were housed in mixed genotype groups of 2-4. All
animals were handled and tail-marked prior to experiments proceeding. A second
cohort of 6 wild-types and 10 Cacna1c+/- male behaviourally naïve rats were also
housed in the same fashion for ventral hippocampus analysis.

6.2.3 PPS animals
Eighteen Lister Hooded male rats (bred from Charles River Lister Hooded pairs), nine
control and nine were subjected to a 3 day variable juvenile stress protocol at PND2527, were housed in same-litter groups of 2-5 with ab libitum access to food and water.
All animals were handled and tail-marked prior to experimentation, but behaviourally
naïve.

6.2.4 BrdU injection and perfusion
On day of experimentation (PND 60-70 for all animals) rats were manually restrained
and administrated with a single intraperitoneal injection of 50mg/kg BrdU. 6 hours
following BrdU injection rats were euthanised via intraperitoneal injection of Euthatal
(200mg/ml) and transcardially perfused with 4% paraformaldehyde (PFA) (Figure
6.1A).
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6.2.5 Sectioning
Following perfusion, brains were rapidly dissected and post-fixed overnight in 4%
PFA. Brains were then cryoprotected in 30% sucrose for 6 days and then sectioned
coronally on a cryostat to produce 40µm sections of the dorsal hippocampus (Bregma
-2.04 to -5.04mm) or ventral hippocampus (Bregma -5.16 to -6.48mm) and transferred
to a plastic 12-well plate (Sigma-Aldrich, Dorset, UK).

6.2.6 Fluorescent imaging
Sections were washed between each step for 3 x 20 minutes in 0.1M PBS (pH 7.4).
One in every 12 sections throughout the dentate gyrus was denatured at 37oC in 2M
hydrochloric acid for 30mins, followed by incubation in blocking solution (1% TritonX100 and 10% donkey serum in 0.1M PBS) for two hours. Primary antibodies (Table
6.2) were diluted in 0.1% Triton-X and 0.2% donkey serum in PBS to appropriate
concentrations (BrdU: 1:500, DCX: 1:100) and allowed to bind to sections overnight
at 4°C. Sections were incubated for two hours in the dark with donkey anti-goat Alexa
Fluor 647 and donkey anti-rat Alexa Fluor 555 (Life Technologies, UK). Sections were
then exposed to DAPI stain (1:1000 diluted in 0.1M PBS) for ten minutes, washed
twice in 0.1M PBS and transferred to slides where they were mounted on standard
microscopy slides. The dentate gyri from each section were imaged on an
epifluorescent microscope (Leica DM6000B Upright Timelapse System with Leica
Application Suite Advanced Fluorescence 3.0.0 build 8134 software, Leica
Microsystems) at x20 magnification.

6.2.7 Analysis
Immunopositive cells were counted throughout the whole subgranular layer of the
dentate gyrus (1 in 12 sections per animal). The area of the individual supra- or
infrapyramidal blade was measured and BrdU/DCX stained cells were manually
counted by eye. The total cells per section were divided by the area of the DG to give
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a cell count per mm2. Cell counts for the ‘suprapyramidal’, ‘infrapyramidal’ blades
were analysed separately, as well as the total cell count for both blades. Cell counts
were checked for normality and homogeneity of variances (Levene’s test) and
transformed if appropriate by Box-Cox transformations. One-way ANOVAs were then
conducted to determine the effect of genotype/stress on cell counts in the DG, with
cell count forming the dependent variable and ‘Genotype’/’Group’ forming the
between subjects factor. For stressed animals, litter was nested within group as a
random variable to account for litter of origin.
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Table 6.2: Primary antibodies utilised in for neurogenic analysis

Target

Host

Manufacturer

BrdU

Rt
(monoclonal)
Gt
(polyclonal)

Bio-Rad

DCX (1)

Catalogue
no
OBT0030

Santa
Cruz SC8066
(discontinued)
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6.3

Results

6.3.1 The effect of Cacna1c heterozygosity on adult hippocampal
neurogenesis
6.3.1.1. Dorsal hippocampus
There was a significant decrease in BrdU immunopositive cells in Cacna1c+/- rats in
comparison to wild-types throughout the dorsal dentate gryus (Genotype: F(1, 15) =
12.098, p = 0.004, One-Way ANOVA) (Figure 6.1, Figure 6.2B). This difference was
noted in both the suprapyramidal blade (Genotype: F(1, 15) = 11.913, p = 0.004, OneWay ANOVA) and the infrapyramidal blade (Genotype: F(1, 15) = 12.709, p = 0.004,
One-Way ANOVA) (Figure 6.2B). This suggests that Cacna1c+/- rats demonstrate a
decrease in cell proliferation. However, there were no differences seen in
doublecortin, the marker of immature neurons in the dorsal hippocampus (Genotype:
F(1, 15) = 1.050, p = 0.324, One-Way ANOVA) (Figure 6.2). When separated into the
suprapyramidal and infrapyramidal blade, there was also no difference seen (Supra;
F(1, 15) = 0.339, p = 0.570, Infra; F(1, 15) = 2.646, p = 0.127, One-Way ANOVA) (Figure
6.2).
6.3.1.2. Ventral hippocampus
Neurogenesis was also investigated in the ventral hippocampus. There was an overall
trend to a decrease in BrdU immunopositive cells in Cacna1c+/- rats throughout the
ventral dentate gyrus (Genotype: F(1, 15) = 3.014, p = 0.093, One-Way ANOVA). There
was a significant decrease in the suprapyramidal blade (Genotype: F1, 15) = 4.542, p
= 0.042, One-Way ANOVA), but not the infrapyramidal blade (Genotype: F(1, 15) =
0.820, p = 0.373, One-Way ANOVA). There was no significant difference in
doublecortin labelled cells in the ventral hippocampus (Genotype: F(1, 15) = 1.484, p =
0.251, One-Way ANOVA), in either blade (Supra; F(1,15) = 2.668, p = 0.133, Infra;
F(1,15) = 0.326, p = 0.581, One-Way ANOVA).
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6.3.1.3. Dentate gyrus thickness
There was no difference seen in the thickness of the granule layer in either the dorsal
(Genotype: F(1, 14) = 0.086, p = 0.774, One-Way ANOVA) or the ventral hippocampus
(Genotype: F(1, 11) = 1.162, p = 0.301, One-Way ANOVA).
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A

B

Cacna1c+/-

Figure 6.1: Neurogenesis analysis of Cacna1c+/- rats compared to wild-types. A: Schematic
of the timeline of BrdU injection and perfusion, B = representative immunohistochemical
images of wild-type and Cacna1c+/- animals with stained cells (red = DCX, green = BrdU), n =
8 WT, 8 Cacna1c+/-.
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Figure 6.2: A and B = Graphical representations of BrdU and DCX counts in the dorsal
and ventral hippocampus of Cacna1c+/- and wild-type rats. Bars represent mean cell
counts/mm2,, error bars are SEM. C = graphs of granule cell layer thickness in the dorsal
and ventral hippocampus. Bars represent mean granule layer thickness, error bars are
SEM. WT compared to Cacna1c+/-, n = 8 WT, 8 Cacna1c+/- (dorsal), 6 WT, 10 Cacna1c+/(ventral), p < 0.05, # = p < 0.1.
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6.3.2 Adult hippocampal neurogenesis and the consequences of PPS
6.3.2.1. Dorsal hippocampus
No significant difference was seen between control and stressed adults in the dorsal
hippocampus (Group: F(1, 9.29) = 1.536, p = 0.254, One-Way ANOVA) (Figure 6.3A and
6.4A). When each blade was analysed separately, there was no difference in the
suprapyramidal blade (Group: F(1, 9.29) = 2.597, p = 0.147, One-Way ANOVA) or in the
infrapyramidal blade (Group: F(1, 9.29) = 1.607, p = 0.240, One-Way ANOVA) (Figure
6.4A).
6.3.2.2. Ventral hippocampus
DCX+ cells were significantly increased in the ventral hippocampus of prepubertally
stressed animals (Group: F(1, 9.29) = 14.206, p = 0.004, One-Way ANOVA) (Figure
6.3B, Figure 6.4A). This was true for both the suprapyramidal blade (Group: F(1, 9.29)
= 14.774, p = 0.003, One-Way ANOVA) and the infrapyramidal blade (Group: F(1, 9.29)
= 15.341, p = 0.023, One-Way ANOVA) (Figure 6.4A).
6.3.2.3. Dentate gyrus morphology
In the dorsal hippocampus, there was no difference in the granular layer thickness in
the dorsal hippocampus (Group: F(1, 9.29) = 0.047, p = 0.835, One-Way ANOVA) or the
ventral hippocampus (Group: F(1, 9.29) = 0.201, p = 0.672, One-Way ANOVA) (Figure
6.4B).

176

Chapter 6: Role of Cacna1c and stress in adult hippocampal neurogenesis

A

B

Figure 6.3: DCX counts in PPS rats. A = immunohistochemical images of DCX cell
counts in the dorsal hippocampus in control and PPS rats, B = immunohistochemical
images of DCX counts of PPS and control rats in the ventral hippocampus, n = 9 CON,
9 PPS. Scale bar = 0.1mm.
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Figure 6.4: A = DCX cell counts in both the dorsal and ventral hippocampus of control
and PPS animals, displaying increased DCX+ stained cells in PPS rats. Bars represent
mean cell counts per group, error bars are SEM. B = bar charts displaying the granule
layer thickness of the dentate gyrus in the dorsal and ventral hippocampus. Bars
represent average thickness per group, error bars are SEM. Control (CON) vs PPS, n =
9 CON/9 PPS, ** = p < 0.01.
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6.4

Discussion

Adult hippocampal neurogenesis is a process that is thought to be highly important
for hippocampal-dependent learning, memory and the stress response. In the above
studies, it was seen that both Cacna1c heterozygosity and prepubertal stress resulted
in altered DG neurogenesis. Cacna1c+/- rats demonstrated decreased cell
proliferation as measured by a short-term single pulse BrdU injection throughout the
whole hippocampus, whereas stressed rats presented with increased immature
neurons in the ventral hippocampus.

6.4.1 Cav1.2 and neurogenesis
These results support the existing literature that details a role for LTCCs in the
modulation of adult hippocampal neurogenesis (Table 6.1). Neural progenitor cells
sense Ca2+ influx through LTCCs that occurs in response to excitatory stimuli
(Deisseroth et al., 2004). This influx results in proneuronal gene expression and
drives the conversion of progenitors into mature neurons, as well as increasing cell
survival (Deisseroth et al., 2004; D’Ascenzo et al., 2006). Previous studies on
Cacna1c deletion mouse models have showed a profound effect on cell survival and
proliferation. The current study utilized a novel heterozygote rat model of Cacna1c
deficiency to show that adult neurogenesis, at least at the proliferative stage, following
Cav1.2 disruption is impaired across species. This is particularly important due to the
apparent involvement of neurogenesis in learning and memory; the physiological
systems involved with cognition have been extensively studied in the rat. Rates of
neurogenesis have also been shown to be different between mice and rats; rats
appear to have a faster rate of maturation, decreased cell death and were more likely
to be activated during learning than in mice (Snyder et al., 2009). These profound
differences demonstrate how important it is to examine phenotypes across species
boundaries.
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It is important to consider that Cav1.3 genetic elimination results in an even more
severe phenotype, with altered adult hippocampal neurogenesis and reductions in the
overall size of the dentate gyrus (Marschallinger et al., 2015), indicating that both
Cav1.3 and Cav1.2 are required for intact neurogenesis. It has previously been
suggested that Cav1.3 has a more profound effect of neurogenesis because it is
expressed in immature progenitor cells whereas Cav1.2 is only expressed in more
mature neurons (Marschallinger et al., 2015; Lee et al., 2016). However in vitro work
has demonstrated the presence of Cav1.2 in progenitor cells (Teh et al., 2014) and
has revealed that deletion of Cacna1c in type 1 cells resulted in decreased
proliferation and enhanced differentiation into astrocytes (Völkening et al., 2017),
culminating in decreased numbers of new-born progenitors and mature neurons.
However acute treatment of neural progenitor cells with calcium antagonists and
agonists did not appear to effect proliferation in the manner seen in deletion models
(D’Ascenzo et al., 2006; Teh et al., 2014). This may suggest that the effect on
neurogenesis through deletions of Cav1.2 and Cav1.3 is a non-autonomous effect;
potentially through BDNF production. LTCC signalling has been linked to BDNF
transcription in hippocampal neurons (Ghosh et al., 1994) and a mouse model with a
forebrain conditional deletion of Cav1.2 presented with deficient neurogenesis, which
was correlated with decreased BDNF levels (Lee et al., 2016). BDNF is thought to
support neurogenesis by activating TrkB receptors and subsequent activation of MAP
and PI3 kinase pathways that promote proliferation and survival of progenitors
(Barnabé-Heider and Miller, 2003). It is possible that Cav1.2 heterozygosity results in
decreased BDNF transcription which in turn results in reduced proliferation of type 1
cells.
This study did not find any differences in DCX, a marker of immature neurons,
between heterozygotes and wild-types. This is in contrast to previous studies (Lee et
al., 2016; Temme et al., 2016) which found decreases in immature cell markers as
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well, showing that survival of progenitors is also reduced. However, it should be noted
that these studies were performed in mice, and thus this could be reflective of species
differences, and these studies utilised a forebrain and neuronal homozygote deletion
of Cacna1c respectively. It may be suggested that heterozygote deletion is not
sufficient to result in net difference in neurogenesis, or that the homozygote models
are not representative of physiological compensatory mechanisms. In vitro work also
has shown that application of LTCC antagonists and agonists has no effect on
proliferation or early survival, but when applied at the late differentiation stage, had a
significant effect on the rate of neurogenesis (Teh et al., 2014). Therefore, it may be
surprising that we do not see an impact on DCX within our model. However, this may
be due to many reasons. For example, the hippocampus may compensate for the
lack of cell proliferation by increasing the survival rates of the neural progenitors that
do mature. Ordinarily, programmed cell death (PCD) plays an important role in the
regulation of adult neurogenesis and the integration of neurons into the hippocampal
circuity (Ryu et al., 2016). Approximately 30-70% of newly born cells are eliminated
within the first month, depending on the animal’s condition and experience.
Elimination of erroneous cells is a major function of PCD in the adult brain and is vital
for efficient establishment of synaptic connections and full integration into the dentate
gyrus (Ryu et al., 2016). It has been shown that endoplasmic reticulum-mitochondrial
Ca2+ promotes the commitment of neural stem cells to cell death (Rowland and
Voeltz, 2012) and Ca2+ entry through LTCC have been shown to promote apoptosis
in adrenal medulla chromaffin cells (Cano-Abad et al., 2001), suggesting there may
be a role for Ca2+ influx in PCD within the dentate gyrus.
Also, while being highly valuable as a predictive tool of neurogenesis, doublecortin is
only one marker of immature neurons, and there have been reports of a pool of
doublecortin-containing cells within other regions in the hippocampus that are
uncoupled from adult neurogenesis (Kremer et al., 2013). Validation of this result
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using additional markers of immature neurons such as PSA-NCAM (Seki, 2002)
would be advantageous in this case.

6.4.2 Prepubertal stress and neurogenesis
Early postnatal life stress has been consistently shown to produce significant
alterations in the adult hippocampus in rodents, which has been correlated with
impaired synaptic plasticity and decreased BDNF expression (Egeland et al., 2015).
However, little is known about the effect of PPS on neurogenesis, and no other
studies have looked at the long-term consequences of PPS on neurogenesis. This
study shows that there is increased survival of immature neurons following PPS as
measured by DCX in the ventral hippocampus. This is somewhat surprising as
decreased proliferation has been seen in this model (Brydges, unpublished data),
suggesting that the hippocampus might compensate for this decreased proliferation
by increasing adult-born cell survival in the ventral hippocampus. Studies looking at
the effects of early life stress on adult neurogenesis have overwhelmingly suggested
that stress resulted in a decreased proliferation and survival of adult born cells,
however a slight increase in cell survival in male rats following stress in adolescence
has been demonstrated (Barha et al., 2011), in agreement with the results seen in
this chapter. This may suggest that when stress is given later in infancy and
adolescence, it has a differing effect to prenatal or early postnatal stress,
demonstrating the importance of timing in early life stress models.
Increased cell survival within adult neurogenesis is often thought to have positive
effects on the hippocampus, brain and subsequent behavior. Increased adult
neurogenesis has been shown to be increased by exercise, antidepressant use and
learning (Epp et al., 2007; Fabel et al., 2009; Anacker and Hen, 2017) in both the
dorsal and ventral hippocampus. However increased neurogenesis may not always
result in improved function. For example, there are many behaviours, such as spatial
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learning and certain working memory tasks (Scharfman and Hen, 2007) that are not
improved by increased neurogenesis, and in fact, animals without any adult-born
neurons may perform better at working memory paradigm (Scharfman and Hen,
2007). Increased neurogenesis has also been associated with stress susceptibility
(Levone et al., 2015); when primates are housed in stressful conditions, they display
increased neurogenesis and learning improvements (Lyons et al., 2010).
Furthermore, mice who were seen to be susceptible to developing social avoidance
behaviour following social defeat stress had increased cell survival of adult-born
neurons 4 weeks later (Lagace et al., 2010). Therefore, the increased cell survival
following PPS may be associated with an increased susceptibility to the negative
effects of stress, which could be explored with future behaviour experiments.
The specific increase in DCX cell counts was seen in the ventral hippocampus not
the dorsal hippocampus. Studies that have investigated regional specific changes
along the septo-temporal axis of the hippocampus have shown that chronic mild
stress results in decreased cell proliferation and neurogenesis in the ventral
hippocampus in both mice and rats (Jayatissa et al., 2009; Tanti et al., 2012, 2013).
The ventral hippocampus is involved in the control of emotional behaviour and has
been shown to be susceptible to stress (Tanti et al., 2012), due to its many
connections with the limbic system. Therefore, the results presented in this chapter
contribute to the idea that the ventral hippocampus might be more vulnerable to the
effects of stress.

6.4.3 Conclusions
The results presented in this chapter add to the current literature that indicates a role
for Cav1.2 in adult hippocampal neurogenesis. However, unlike results seen in mouse
and cell models, the consequence of reduced Cacna1c dosage was confined to cell
proliferation as marked by BrdU. This suggests that there are mechanisms in place
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to increase cell survival in immature neurons, a hypothesis that could be investigated
by analysis of apoptotic markers. Prepubertal stress also has an impact on adult
hippocampal neurogenesis at the ventral pole, resulting in increased immature
neurons in adulthood. This demonstrates that both genetic and environmental risk
factors for psychiatric factors can have an effect on adult neurogenesis and
represents a potential pathway convergence.
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: The expression of
parvalbumin containing
interneurons in the hippocampus
of Cacna1c+/- rats and PPS rats
7.1

Introduction

GABAergic interneurons are imperative for physiological brain function and cognition.
They are critical for maintaining the correct excitatory-inhibitory balance, primarily
through their regulation of the activity of the principal excitatory cells. However their
functions are wide ranging within the nervous system. Parvalbumin (PV) positive
interneurons have been found to be abnormal in the brains of schizophrenic patients
(Beasley and Reynolds, 1997; Konradi et al., 2011a), although the mechanism and
the consequences of their dysfunction is still to be fully eluded. This chapter
investigates the expression of PV and GAD67 expression in the hippocampus of
Cacna1c+/- rats to determine if LTCC signalling pathways may contribute to PV
dysfunction in psychiatric disorders.

7.1.1 GABAergic interneurons
The main microcircuits in the cortical and subcortical regions of the brain involve
excitatory glutamatergic pyramidal cells and inhibitory GABAergic interneurons
(Figure 8.1) (Marín, 2012). While pyramidal cells transmit information across the
brain, interneurons provide inhibitory inputs, synchronise oscillations and contribute
to local neuron assemblies (Klausberger and Somogyi, 2008). GABAergic
interneurons are considered to be responsible for controlling hyperexcitability in the
brain and deficits in the GABAergic system are associated with pathological levels of
excitability (Dichter and Ayala, 1987). Multiple animal models and studies in humans
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have shown that deficits in excitatory-inhibitory balance may be present in many
psychiatric conditions (Marín, 2012).
There are many ways to classify GABAergic interneurons, including morphology or
distribution of axonal plexus (Errington, 2014). Interneurons can also be classified
biochemically, by their calcium-binding proteins and neuropeptides present in the cell
bodies and axon terminals (Marín, 2012). This includes parvalbumin (PV),
cholecystokinin (CCK), somatostatin (SOM), calretinin and neuropeptide Y containing
interneurons (Pelkey et al., 2017).

7.1.2 PV+ interneurons
PV+ interneurons express parvalbumin, a high affinity calcium-binding albumin
protein, and account for approximately 40% of all GABAergic interneurons in rodents
(Rudy et al., 2011). PV+ interneurons, which include chandelier (axo-axonic) and
basket cells, are fast-spiking interneurons known to play essential roles in the
regulation of network oscillations and synchrony. They play an important role in
feedback and feedforward inhibition as their inhibitory terminals synapse onto the cell
body and axon initial segment of their target neurons (Figure 7.1) (Muller and Remy,
2014; Pelkey et al., 2017). PV+ interneurons can convert an excitatory input signal
into an inhibitory output signal within a millisecond. This is due to their polarity – they
possess weakly excitable dendrites to sample activity in the surrounding networks
and highly excitable axons to convert analogue neurochemical signals to digital,
which are then quickly propagated to a large number of target cells (Szabadics et al.,
2006; Bartos and Elgueta, 2012). This process is highly dependent on the coupling
of Ca2+ channels and release sensors at PV+ interneuron output synapses (Horn and
Nicoll, 2018). PV+ interneurons are also necessary for the production of gamma (3080Hz) oscillations, which enables information processing and circuit noise reduction
(Sohal et al., 2009). The exact mechanisms for this aren’t clear but may involve
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feedback loops from excitatory neurons onto PV interneurons or oscillatory behaviour
within PV neuronal networks (Nakazawa et al., 2012).
PV+ interneurons and their associated circuits are vital for the processing of
information related to working memory, learning, social behaviour and sensory
perception (Steullet et al., 2017).

These interneurons also have a key role in

controlling hippocampal neurogenesis. Song et al showed that proliferating
hippocampal neural precursors receive GABA inputs from PV+ interneurons which
correlated with survival of progenitors. High activity from PV+ interneurons leads to
survival of proliferating precursors whereas low activity leads to cell death (Song et
al., 2013).
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Figure 7.1: A simplified diagram to demonstrate the importance of GABAergic
interneurons (purple) in excitation-inhibition balance in the brain. Feedback inhibition
shown on the left demonstrates how a glutamatergic excitatory pyramidal neuron
excites an interneuron which releases a GABAergic signal to inhibit the pyramidal
neuron. Feedforward inhibition shown on the right indicates how an excitatory
pyramidal neuron can excite inhibitory interneuron which in turn inhibit a group of
postsynaptic excitatory neurons outside of the initial excitatory neurons area (Muller
and Remy (2014))
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7.1.3 PV and psychiatric disorders
Abnormalities in GABAergic interneurons, including PV+ interneurons, has been
reported in mood and psychiatric disorders such as depression, bipolar disorder and,
most notably, schizophrenia in various brain areas (Sanacora et al., 1999; Heckers
et al., 2002; Zhang and Reynolds, 2002; Hossein Fatemi et al., 2005; Torrey et al.,
2005).
Alterations in PV+ interneurons have been found in post-mortem brains of psychiatric
disorder sufferers. PV+ interneurons in the dorsolateral prefrontal cortex of adults with
schizophrenia show a decreased expression of GAD67 (Akbarian et al., 1995;
Hashimoto et al., 2003) which may interfere with the inhibitory properties of the cell.
Reductions in PV mRNA itself have also been seen in the prefrontal cortex (Lewis
and Gonzalez-Burgos, 2006). A reduced density of PV+ neurons has also been
reported in the all hippocampal subfields (Zhang and Reynolds, 2002; Torrey et al.,
2005; Konradi et al., 2011a) and the parahippocampal region (Wang et al., 2011) in
schizophrenia. Gamma frequency oscillations, which depend upon PV+ interneuron
function, also are abnormal in the brains of schizophrenia sufferers (Haenschel et al.,
2009; Uhlhaas and Singer, 2010; Williams and Boksa, 2010), however whether this
is due to impairments in PV+ function or as a secondary effect from other
neurotransmitter systems is not clear.
It may be suggested that changes in GABAergic interneurons in schizophrenia may
be secondary to N-methyl-D-aspartate receptor (NMDAR) dysfunction. The NMDARhypofunction or glutamatergic hypothesis of schizophrenia arose from the finding that
NMDAR antagonists such as ketamine or phencyclidine (PCP) are able to induce the
psychotic and cognitive symptoms characteristic of schizophrenia in healthy humans
and worsen symptoms of patients with schizophrenia (Javitt and Zukin, 1991; Krystal
et al., 1994; Newcomer et al., 1999; Moghaddam and Javitt, 2012). It has been
suggested that GABAergic interneurons may be part of this mechanism; hippocampal
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GABAergic interneurons are more sensitive to NMDAR antagonists than pyramidal
neurons are (Grunze et al., 1996). Therefore, the excitation induced by NMDAR
antagonists may actually be due to inhibition of fast-spiking interneurons, thus
disinhibiting excitatory neurons (Homayoun and Moghaddam, 2007). The finding that
repeated exposure to NMDAR antagonists decreases PV and GAD67 expression in
GABAergic interneurons (Keilhoff et al., 2004; Rujescu et al., 2006) adds more
validation to this hypothesis. Furthermore, heterozygous deletion of NR1, a subunit
of the NMDAR, in GABAergic interneurons in mice resulted in schizophrenia-like
symptoms after adolescence (Belforte et al., 2010).
Reductions in GAD67 and PV+ neurons have also been reported in the hippocampus
and parahippocampus of bipolar disorder patients (Heckers et al., 2002; Konradi et
al., 2011b; Wang et al., 2011). The volume of nonpyramidal neurons has also been
shown to be decreased in the CA2 of both bipolar disorder and schizophrenia (Benes
et al., 1998). It has been proposed that the decreased PV+ interneuron density in
bipolar disorder may suggest that the GABAergic disinhibition mechanism that may
underlie schizophrenia may also be present in bipolar disorder (Konradi et al., 2011b).
The fact that gamma oscillations are also disturbed in bipolar disorder adds extra
evidence to this hypothesis (Liu et al., 2012).

7.1.4 PV and LTCCs
PV and Cav1.2 have been shown to be co-localised in the mouse hippocampus (Xu
et al., 2007), suggesting that PV interneurons contain LTCCs. Cohen et al identified
a novel Cav1-CaMK-CaM pathway in PV+ interneurons that results in CREB
phosphorylation, gene transcription and dendritic branching following activity which
may influence PV and GAD67 expression within interneurons (Cohen et al., 2016).
PV and GAD67 expression is dependent on learning and experience potentially
through this Cav1 mediated pathway; fear conditioning results in increased PV and
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GAD67 expression in basket cells which enhances memory consolidation and
synaptic plasticity (Donato et al., 2013). A recent study has also shown that excitatory
hippocampal pyramidal neurons can regulate PV+ interneuron synapses by neuronal
activity, through LTCC signalling (Horn and Nicoll, 2018). This indicates the important
of LTCC signalling in activity-dependent GAD67 and PV expression changes and
function.
Removal of extracellular or intracellular Ca2+ in spinal cord cultures of Xenopus results
in a decreased number of GABA-expressing cells (Spitzer et al., 1993). In mice,
LTCCs regulate the development of ventral hippocampal PV+ interneurons (Jiang and
Swann, 2005). The application of L-type calcium channel agonists and antagonists to
ventral hippocampal slice cultures accelerate and suppress respectively the growth
of PV+ interneurons, as well as the expression of GABA synthetic enzymes (Jiang
and Swann, 2005). Hence, LTCC may be necessary for the development of PV+
interneurons and therefore, Cacna1c heterozygosity may be suggested to alter PV+
cell levels.

7.1.5 PV and stress
Dysfunction in PV+ cells has also been reported in the hippocampus and cortex
following prenatal stress such as poly I:C (Meyer et al., 2008; Ducharme et al., 2012)
or LPS injection (Jenkins et al., 2009) in animal models. Postnatal stress in the form
of both acute and chronic isolation rearing (Harte et al., 2007) also resulted in
decreased PV immunoreactive cells in the hippocampus (Filipović et al., 2013).
Interestingly, fragmented maternal care straight after birth resulted in earlier
development of PV+ interneurons, which are normally a late developing class of
neurons within the brain (Bath et al., 2016). Maternal separation on the other end
resulted in decreased PV levels at adolescence within the prefrontal cortex (Holland
et al., 2014), suggesting that early life stress has a differential effect on PV levels
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throughout life and in different brain regions. These studies show that PV
immunoreactivity and PV+ interneurons are sensitive to neurodevelopmental and
environment insults.
This chapter investigates PV and GAD67 protein expression in the hippocampus of
Cacna1c+/- rats to determine if Cav1.2 LTCCs are necessary for expression of PV+
interneurons in vivo. PV is also investigated in rats exposed to PPS to determine if
stress at this time of life can affect PV expression.
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7.2

Methods

7.2.1 Contributions
The stress procedure, perfusion and sectioning for the PPS animals was conducted
by Dr N Brydges. All work on the Cacna1c+/- model and all staining and analysis was
conducted by A Moon.

7.2.2 Animals
8 adult Cacna1c+/- and 8 wild-type Sprague Dawley behaviourally naïve male rats
(300-400g) were housed in mixed genotype groups with ad libitum access to food and
water. 12 Lister-Hooded adult PPS exposed rats and 9 adult control behaviourally
naïve littermates were housed similarly. All rats were sacrificed via intraperitoneal
Euthatal (200mg/ml) injection at PND 60-70 and transcardially perfused with 4% PFA.
Brains were cryoprotected in 30% sucrose for 2-6 days.

7.2.3 Hippocampal sectioning
Brains were sectioned coronally in 40um slices throughout the hippocampus using a
cryostat (Leica Microsystems CM1860UV) and stored in 0.1 M PBS. For every animal,
one in 12 sections were stained throughout the hippocampus.

7.2.4 PV staining
Sections were blocked using 1% Triton-X and 10% donkey serum in 0.1 M PBS for 2
hours at room temperature. PV primary antibody (1:1000) (Table 7.1) was diluted in
0.1% Triton-X and 0.2% donkey serum (in 0.1 M PBS) and incubated with sections
overnight at 4°C. Sections were washed in in 0.1 M PBS (0.1% Triton-X and 0.2%
donkey serum) at least three times.
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7.2.5 GAD67 staining
Sections were blocked in 5% donkey serum, 2.5% bovine serum albumin (BSA) and
0.2% Triton-X in 0.1M PBS for 2.5 hours at room temperature. GAD67 primary
antibody (1:500) (Table 7.1) was diluted in the blocking solution and applied to
sections for 48 hours at 4°C. Sections were washed in blocking solution.
Both GAD67 and PV stained sections were incubated with donkey anti-mouse Alexa
FluorTM 647 (Thermo Fisher Scientific, UK) diluted 1:1000 in 0.1M PBS for 2 hours at
room temperature. Sections were washed with 0.1M PBS twice and incubated for ten
minutes in the dark with DAPI stain (1:1000) for nuclei straining, before being washed
in 0.1M PBS three more times. Sections were mounted on standard microscopy slides
and imaged using an epifluorescent microscope (Leica DM6000B Upright Timelapse
System with Leica Application Suite Advanced Fluorescence 3.0.0 build 8134
software, Leica Microsystems) at x20 magnification.

7.2.6 Analysis
Immunopositive cells were counted by manual visual counting. Cells were counted
throughout the entire hippocampus within each region (CA1, CA3 and DG), and within
each individual strata of that region. Each count represents the average of at least 8
individually stained hippocampi sections from each animal. The area of each
region/strata was measured using ImageJ software and number of cells divided by
this area to give a representative cell density (cells/mm2). Cell densities were checked
for normality of distribution and homogeneity (Levene’s Test) and transformed by
Box-Cox transformations if appropriate. Firstly, 2-way ANOVAs were performed, with
‘cell count’ forming the dependent variable and ‘sublayer’ (within subjects factor) and
‘genotype’ or ‘group’ (between subjects factors) comprising the independent
variables. If significant differences were found, post-hoc analysis using Tukey Kramer
HSD was performed, to take multiple comparisons into account. In the PPS model,
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where there was an a priori reason to suggest that there may be a difference within a
certain sublayer, One-Way ANOVAs were performed with ‘cell count’ forming the
dependent factor and ‘Group’ forming the between subjects independent factor.

Table 7.1: Primary antibodies used in immunohistochemical analysis

Dilution

Sigma

Catalogue
no
P3088

Millipore

MAB5406

1:500

Target

Host

Manufacturer

PV

Ms
(monoclonal)
Ms
(monoclonal)

GAD67
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7.3

Results

7.3.1 Parvalbumin expression in the hippocampus of Cacna1c+/- rats and
wild-types
PV+ was differentially distributed across sublayers (Sublayer: F(8, 123) = 134.87, p <
0.001, 2-Way ANOVA) and was significantly affected by genotype (Genotype: F(1, 123)
= 3.99, p = 0.048, 2-Way ANOVA ANOVA). There was a trend to a significant
interaction between the area and genotype (Genotype*Session: F(8, 123) = 1.78, p =
0.08, 2-Way ANOVA). Post-hoc analysis was therefore conducted.
Sublayers
The stratum pyramidale in both the CA1 and CA3 had significantly increased PV+ cell
counts over all other sublayers (p < 0.001, all layers, Tukey Kramer HSD), with
significantly more PV+ cells in the CA1 (p < 0.001) (Figure 7.2). Within the DG, the
granular layer had increased PV+ cell counts in comparison to the CA1 and CA3
stratum radiatum (CA1: p = 0.002, CA3: p = 0.018) and the DG molecular layer (p
<0.001), decreased cell counts in comparison to the pyramidale layers (p < 0.001),
however a similar PV+ cell counts all other layers. All other sublayers had similar PV+
cell counts to each other.
Genotype
Within the CA1, there was a trend to decreased PV+ cell counts in heterozygotes in
the striatum oriens, however this was not significant when correcting for multiple
comparisons (p = 0.088, Tukey-Kramer post hoc) (Figure 7.3A). Post-hoc TukeyKramer analysis did not reveal any other significant differences between genotypes
within the CA1 subregions. There were also no significant genotype effects on PV+
cell counts within the CA3 (Figure 7.3B), suggesting that while the amount of
parvalbumin-positive interneurons differ between the strata, there is no difference in
the number between heterozygotes and wildtypes.
196

Chapter 7: Expression of PV+ interneurons in Cacna1c+/- and PPS rats

However, within the dentate gyrus, Cacna1c+/- animals showed a decrease of PV+ cell
counts in the granular level of the dentate gyrus (p = 0.007, Tukey-Kramer HSD)
(Figure 7.3C and D). This was specific to the cell dense granular layer as there was
no difference between genotypes in interneurons in the molecular layer (p = 0.548,
Tukey-Kramer HSD) or within the hilus (p = 0.111, Tukey Kramer HSD). This suggests
that there is specific deficit of parvalbumin containing interneurons within the granular
layer of the DG.
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A

B

C

Figure 7.2: A and B = Representative fluorescent immunohistochemistry images
demonstrating the distribution of PV+ and GABAergic interneurons in all regions of the
hippocampus. C = Schematic of the subregions and strata that make up the hippocampus.
Immunopositive cells were counted according to each strata. DAPI = 4’, 6-diamidino-2phenylindole, PV = parvalbumin, GAD67 = glutamate decarboxylase 67, CA1/3 = Cornu
Ammonis, SO = stratum oriens, SP = stratum pyramidale, SR = stratum radiatum, SLM =
stratum lacunsum-moleculare, ML = molecular layer, GL = granular layer, PML =
polymorphic layer.
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B

A

C

D

Cacna1c+/Figure 7.3 A-C = Bar charts representing the distribution of PV within the subregions of the
CA1, CA3 and DG of the hippocampus in Cacna1c+/- and wild-types. PV immunopositive cells
are decreased in the granular layer of the dentate gyrus of Cacna1c+/-. Bars represent average
cell count per mm2 per genotype, error bars are SEM. D: Representative
immunohistochemical image of PV immunofluorescence in the DG in Cacna1c+/- and wild-type
rats, white triangles indicate PV+ cells. Wild-type compared to Cacna1c+/-, n = 8 per genotype,
** = p < 0.01. Scale bar = 0.1mm.
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7.3.2 The effect of Cacna1c heterozygosity on GAD67 expression in the
hippocampus
GAD67 marks GABAergic interneurons, including the subclass that includes
parvalbumin. Analysing GAD67 expression alongside PV allows us to determine if
only parvalbumin protein expression within interneurons is altered, or if GABA levels
may also be affected within the interneurons. Sublayer cell count of GAD67 was
significantly different (Sublayer: F(11, 156) = 49.93, p < 0.001, 2-Way ANOVA). There
was also very strong trend of genotype affecting GAD67+ cell count (Genotype: F(1,156)
= 3.75, p =0.055, 2-Way ANOVA) and a significant interaction between hippocampus
sublayer and genotype (Sublayer*Genotype: F(11,

156)

= 2.85, p = 0.002, 2-Way

ANOVA).
Sublayer
Both CA1 and CA3 stratum pyramidale sublayers had significantly more GAD67+ cell
staining than any other layer (p < 0.001, all layers, Tukey Kramer post hoc), with more
in the CA1 (p = 0.001, Tukey Kramer post hoc) (Figure 7.2). CA3 stratum lacunsummoleculare had an increased GAD67+ cell count to its corresponding CA1 sublayer
(p < 0.001, Tukey Kramer post hoc) as well as all other sublayers apart from stratum
pyramidale (p < 0.001, all sublayers, Tukey Kramer post hoc). The molecular layer of
the DG had a decreased GAD67+ cell count in comparison to the CA3 stratum lucidum
(p < 0.001, Tukey Kramer post hoc) and granular layer of the DG (p = 0.002, Tukey
Kramer post hoc). The DG granular layer also had an increased GAD67+ cell count
in comparison to the CA1 stratum radiatum (p < 0.001, Tukey Kramer post hoc). All
other sublayers had statistically similar expression to each other.
Genotype
There was a trend to a decreased GAD67+ cell count in stratum oriens of the CA1 in
Cacna1c+/- rats (p = 0.09, Tukey Kramer post hoc) after multiple comparison
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corrections (Figure 7.4A). There were no other genotype differences in other CA1
sublayers. Within the CA3, there was a trend to an increase of GAD67+ cell count in
Cacna1c+/- rats within the stratum lacunosum-moleculare (GAD67: p = 0.066, Tukey
Kramer post hoc), a region without enough PV cells for analysis. In Cacna1c+/- rats,
there was a trend to a decreased GAD67+ cell count within the stratum lucidum (p =
0.060, Tukey Kramer post hoc). There were no other significant effects on GAD67+
cell counts within the CA3 (Figure 7.4B).
Within the dentate gyrus, there was a decrease in GAD67+ cell counts within the
granular layer (p = 0.019, Tukey Kramer post hoc) (Figure 7.4C and D).
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B

A

C
C

D

WT

Cacna1c+/-

Figure 7.4: A-C = Bar charts representing the distribution of GAD67 within the hippocampus
of wild-type and Cacna1c+/- rats. Bars represent average cell count per mm2 per genotype,
error bars are SEM. D = Representative immunofluorescent images demonstrating the
distribution of GAD67+ cells in the dentate gyrus for both genotype, white triangles indicate
GAD67+ cells in the granular layer of the DG. Wild-types compared to Cacna1c+/-, n = 8 per
genotype, * = p < 0.05. Scale bars = 0.1mm
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7.3.3 PV changes in the PPS model
Previous analysis in this model has revealed an increase in GAD67+ cell count in the
hilus of the dentate gyrus PPS rats (Brydges, unpublished data), thus PV+ cell count
was analysed throughout the hippocampus to see if this was reflected in PV+
interneurons.
Whole model analysis revealed a significant effect of area on PV+ cell count in the
hippocampus of both control and PPS rats (Sublayer: F(5, 102.4) = 148.715, p < 0.001,
ANOVA), but no effect of stress (Group: F(1, 5.16) = 0.597, p = 0.474) and no area*stress
interaction (Sublayer*Group: F(5, 102.4) = 0.865, p = 0.507 (Figure 7.5). Therefore, while
there was differential PV expression between sublayers of the hippocampus, PPS
does not seem to affect expression.
In the hilus, where GAD67 changes have been seen, there was no difference of PV+
cell count between PPS and controls (Group: F(1, 8.813) = 0.065, p = 0.804, One-Way
ANOVA). The granular layer, where PV+ and GAD67+ cell count was decreased in
the Cacna1c+/- rats, also showed no significant difference (Group: F(1, 8.549) = 1.780, p
= 0.217, One-Way ANOVA) (Figure 7.5).
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A

B

C

Figure 7.5: There is no difference in PV+ immunopositive cells throughout the hippocampus
between PPS and control rats in the CA1 (A), CA3 (B) or DG (C). Bars represent average cell
count/mm2 of PV cells in both PPS and control rats, error bars are SEM. CON compared to
PPS, n = 9 CON/12 PPS, * = p < 0.05.
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7.4

Discussion

This study provides evidence that PV+ and GAD67+ cells were reduced in the granular
layer of the dentate gyrus of Cacna1c+/- rats. This appears to be a specific deficit as
no differences were seen throughout the rest of the hippocampus, in either the CA1
or CA3, or the rest of the DG. These results add to the existing literature describing
an association between psychiatric disease risk and hippocampal interneuron
dysfunction. However, there were no differences found in either PV or GAD67
expression following PPS.
LTCCs have previously been shown in ventral hippocampal slice cultures to
determine PV+ interneuron development, with LTCC antagonists reducing the amount
of PV+ cells produced (Jiang and Swann, 2005). The results presented in this chapter
agree with this finding, in that Cacna1c heterozygosity, resulting in lower Cav1.2
dosage, also decreased PV expression in the DG. However, Jiang and Swann
suggest that there is a much larger contribution of Cav1.3 than Cav1.2 to this
phenomenon (Jiang and Swann, 2005). We show here that Cav1.2 reduction can
have a profound effect on PV+ interneurons within certain hippocampal areas without
alterations in Cav1.3. The exact mechanism as to why decreased LTCC, and
subsequent decreased Ca2+ influx, has such an impact of PV expression has not been
fully eluded. Interestingly, while BDNF acts on some interneurons to promote their
growth and maturation, PV expressing interneurons appear to be unresponsive to
BDNF (Marty et al., 1996), suggesting a BDNF-independent mechanism is
responsible for the Cacna1c+/- induced PV dysfunction. Potentially, the Cav1-CaMKCaM pathway demonstrated in PV+ interneurons that responds to activity to drive
gene expression and dendritic branching (Cohen et al., 2016) may be deficient in
Cacna1c+/- rats and result in decreased PV and GAD67 expression within
interneurons.
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Decreased PV and GAD67 immunoreactivity was demonstrated only in the granular
layer of the dentate gyrus of Cacna1c+/- rats, although trends are evident in CA1
stratum oriens and other CA3 regions. This selective deficit in this region may be
suggestive of general dentate gyrus dysfunction in the Cacna1c+/- model. The dentate
gyrus is a critical structure within the hippocampal formation which supports encoding
of multiple sensory inputs, memory based pattern separation and spatial contexts
(Kesner, 2017). Some of these functions may be supported by neurogenesis.
Therefore, selective deficits in this region could have large impacts on cognition and
behaviour. Zhang and Reynolds reported a decrease in PV+ immuno-reactive
neurons in the dentate gyrus also, however they also demonstrated similar reductions
throughout other hippocampal subfields (Zhang and Reynolds, 2002). Konradi and
colleagues also show alterations in PV+ expression throughout CA subfields in both
schizophrenia and BPD, however they did not analyse any DG regions (Konradi et
al., 2011a, 2011b).
Impairments in PV+ interneurons has been linked to various behaviour abnormities
such as spatial working memory (Murray et al., 2011) and social behaviour (Holland
et al., 2014), but how PV+ interneuron impairment in various subregions of the brain
influences cognition and behaviour is still under investigation. However, as the
dentate gyrus is a critical region for memory and learning, a recent study used
DREADD (Designer receptors exclusively activated by designer drugs) to activate
PV+ interneurons in the dentate gyrus (Zou et al., 2016). They showed activation of
these interneurons resulted in decreased anxiety, impaired social interaction to
novelty and facilitated fear extinction, while cued and contextual fear memory was
maintained (Zou et al., 2016). This suggests a critical role for PV+ interneurons in the
formation of inhibitory memory to conditioned fear, as well as lowering anxiety. Mouse
models of low gene dosage of Cacna1c- have presented with increased anxiety (Dao
et al., 2010; Bader et al., 2011; Lee et al., 2012; Dedic et al., 2018) and a model of
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Timothy Syndrome demonstrated significantly reduced extinction of fear memory
(Bader et al., 2011). Therefore decreased PV+ interneurons, as seen in the
Cacna1c+/- model, could have influences on the behaviour and cognition of these
animals.
PV and GAD67 cell count following PPS
This is, as far as we are aware, the first study to investigate the long-term impact of
PPS on PV+ cells within the hippocampus. However, both prenatal stress and early
postnatal stress have been shown to result in the dysfunction of PV+ interneurons
within the hippocampus (Harte et al., 2007; Meyer et al., 2008; Filipović et al., 2013;
Holland et al., 2014). Additionally, previous research has also indicated that the
hippocampal GABAergic PV+ interneurons appear to represent a vulnerable
population to the effects of chronic stress (Czeh et al., 2005; Zaletel et al., 2016;
Rossetti et al., 2018), with one study utilising using a combination of
immunohistochemistry and quantitative stereological techniques to show that 5
weeks of stress in tree shews resulted in large reductions of PV+ neurons in the CA2,
CA3 and DG (Czeh et al., 2005). This has been suggested to be mediated through
dysregulated redox mechanisms (Cabungcal et al., 2013; Rossetti et al., 2018). It may
therefore be unexpected that we do not see decrease PV expression in the
hippocampus of PPS rats. This may be explained by the fact that PPS occurs over a
much shorter time scale in comparison to standard chronic stress techniques and
therefore may have less of a damaging effect on the PV+ interneuron population. It
may also suggest that PPS occurs at a time period if an organism’s life that allows it
to recover fully from acute insults on the GABAergic system, unlike the sensitive
prenatal and early postnatal environment. The evidence for oxidative stress and
redox mechanisms causing the decreased PV+ cells following early life insults
(Cabungcal et al., 2013; Rossetti et al., 2018) may also suggest that PPS does not
cause sufficient oxidative stress for these processes to occur, however, this is purely
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speculative at present. Further research would be necessary to establish the impact
of PPS on GABAergic interneurons in the hippocampus, taking into account the age
that stress is given, any sex-specific effects and potential resilience mechanisms that
may come into play.
There are many classes of interneurons in the brain, with PV+ interneurons
contributing to 40% of the total interneurons in the rodent hippocampus and less in
humans (Pelkey et al., 2017). Somatostatin (SOM) and calretinin expressing
interneurons make up the vast majority of non-PV+ interneurons within the rat brain.
SOM+ interneurons have been suggested to be neuroprotective within the brain; when
they are knocked out, excitotoxicity arises (Rajput et al., 2011). Alterations in SOM+
interneurons have been shown to be decreased in several brain areas in
schizophrenia, including the dorsolateral prefrontal cortex (Morris et al., 2008;
Guillozet-Bongaarts et al., 2014) and the hippocampus (Konradi et al., 2011a). SOM+
interneurons have also been reported to be decreased in bipolar disorder brains
within the hippocampus (Konradi et al., 2011b). Therefore, despite being not as well
replicated as PV+ alterations in psychiatric disorders, SOM+ interneurons may also be
an interesting and valid target to examine in models of disorder. Calretinin+
interneurons, which make up a smaller number of interneurons in the rat cortex and
subcortex than PV+ and SOM+ cells, do not appear to be altered in disorder (Lewis et
al., 2012; Brisch et al., 2015), although they are less studied than their more highly
expressed counterparts. Therefore it may be possible that multiple types of
GABAergic interneurons are decreased in the hippocampus of Cacna1c+/- rats, or
other types of interneurons altered in the PPS model, and so further markers of
interneuron subtypes should be investigated.
Furthermore, as mentioned, parvalbumin is expressed in both axo-axonic
(chandelier) cells (AAC) and basket cells (Hu et al., 2014). AAC cells in the dentate
gyrus reside in the granular cell layer and extend their dendrites towards the
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hippocampal fissure. AAC terminals also target axon initial segments of postsynaptic
targets in the hilus and CA3, allowing for control over spike generation from principal
cells (Buhl et al., 1994; Pelkey et al., 2017). The cell bodies of PV+ basket cells within
the DG tend to localise within the granular layer also, particularly at the hilar-granular
layer border, and innervate the perisomatic regions of post-synaptic excitatory cells
(Kullmann, 2011). The methods used in the current study did not have the resolution
to differentiate between basket cells and AAC, however it may be interesting to see if
the PV+ deficit in Cacna1c+/- rats was specific to a particular type of interneuron.
An important distinction to make when examining interneuron deficits in psychiatric
disorders is that immunoreactivity and mRNA expression within neurons in different
to total interneuron number themselves. This study did not utilize stereological
techniques in order to determine if interneurons themselves were present, or if simply
PV and GAD67 protein expression was lost. This is important to consider, particularly
as PV expression within interneurons has been shown to be plastic and dependent
on activity and experience (Donato et al., 2013). However, we can conclude that it is
likely that PV+ hippocampal interneurons within the granular layer of the dentate gyrus
in Cacna1c+/- rats are abnormal at least and may be decreased all together.
Finally, it is unlikely that this deficit is confined to the hippocampus. There have been
many previous reports of abnormal cortical interneuron function, including PV+
reductions in schizophrenia (Gonzalez-Burgos and Lewis, 2008; Hashimoto et al.,
2008). PV+ interneuron reduction in the prefrontal cortex has even been suggested to
be responsible for impaired working memory in schizophrenia (Volk and Lewis, 2010).
It would also be interesting to look in other cortical areas in PPS to see if interneuron
dysfunction is present outside of the hippocampus.

209

Chapter 7: Expression of PV+ interneurons in Cacna1c+/- and PPS rats

7.4.1 Conclusions
These results show a specific decrease in PV and GAD67 immuno-positive cells
within the granular layer of the dentate gyrus, a subregion of the hippocampus, in
Cacna1c heterozygote rats. This extends the already compelling evidence for
impaired GABAergic inhibition within the hippocampus in schizophrenia and bipolar
disorder. However, there was no effect on PV or GAD67 expression following PPS,
suggesting that this may not be a consistent phenotype across models. Further
investigation would be essential to examine any functional consequences of this
phenotype within Cacna1c+/- rats and what it means for the excitatory-inhibitory
balance within this model.
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:Environmental
enrichment in Cacna1c+/- rats
8.1

Introduction

The positive effects of environmental enrichment on the brain and its function have
been the subject of interest since the 1940s when Hebb reported anecdotally that rats
raised at his home had behavioural improvements over rats housed at the laboratory
(Hebb, 1947). Enriching a rodents environment has been shown to elicit cellular,
molecular and behavioural changes such as altering dendritic arborisation and having
a profound effect on hippocampal-dependent cognition and adult neurogenesis
(Clemenson et al., 2015; van Praag et al., 2000). This chapter focuses on the effect
of an enriched environment on Cacna1c+/- rats, specifically to determine if complex
environmental stimulation could correct the deficit seen in adult neurogenesis and
trace fear conditioning.

8.1.1 Environment enrichment
The exact protocol and definition of an enriched environment (EE) differs between
studies but tends to include housing in larger cages with increased toys and tunnels
and in larger groups for more complex social interaction. In addition, running wheels
are often added to give an opportunity for increased physical activity, however
exercise is often studied independently of simple enrichment. Therefore, EE is made
up of many components such as social, sensory, physical and spatial stimulation that
all combine to produce observed effects. Rodents exposed to EE display increased
brain sizes, altered behaviour and altered neurotransmitter levels (Rosenzweig et al.,
1962; La Torre, 1968; Manosevitz and Joel, 1973) whilst in humans, enrichment
protocols such as memory training and exercise can also lead to improved learning
and memory (Aberg et al., 2009; Woollett and Maguire, 2011; Herting and Nagel,
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2012). Conversely, stress (Vogel and Schwabe, 2016) and sensory deprivation
(Proulx et al., 2014) have the opposite effect. Enrichment protocols also appear to
result in increased gliogenesis, dendritic branching and synaptic formation throughout
the brain, particularly within the cortex (van Praag et al., 2000).

8.1.2 The genetics of environmental enrichment
Some studies have taken a genetic approach to the effects of EE and consistently
shown that genes involved in neuronal structure, activity, neurotransmission and
synaptic plasticity are induced in EE (Rampon et al., 2000; Lee et al., 2013;
Hüttenrauch et al., 2016). Differential gene expression is seen throughout the brain,
with gene expression in the hippocampus most profoundly altered (Rampon et al.,
2000; van Praag et al., 2000). Candidate studies looking at BDNF (Rossi et al., 2006;
Kuzumaki et al., 2011) and VEGF (Cao et al., 2004), which are both induced by EE
and voluntary exercise, and have an impact on neurogenesis (van Praag et al., 2000),
suggest a functional role for these genes in mediating the effects of EE on the rate of
neurogenesis and learning.
There is also some suggestion that EE may have beneficial effects on genetic
conditions, for example, a mouse model with the N-methyl-D-aspartate (NMDA)
receptor 1 subunit deleted in the hippocampus presents with deficits in spatial
memory, neurogenesis and contextual fear memory (Rampon et al., 2000). Two
months of EE resulted in improved memory and increased CA1 synaptic and spine
density in these mice. Contextual and cued fear memory was also enhanced in both
control and genetic knock-outs in this study (Rampon et al., 2000). EE has also been
shown to improve anxiety phenotypes on genetic models of Alzheimer’s disease
(Pietropaolo et al., 2014) and delay the onset of motor associated symptoms in a
mouse model of Huntington’s Disease (Van Dellen et al., 2000).
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8.1.3 LTCC and EE
There is no direct evidence currently that EE can result in LTCC expression changes
and electrophysiological studies have shown that EE induced LTP that is correlated
with increased learning is NMDAR-dependent and LTCC-independent (Stein et al.,
2016). However, LTCC expression is associated with expression changes following
stress (Bavley et al., 2017; Terrillion et al., 2017) and therefore may be influenced by
positive environment alterations also, although this is purely speculative at present.
EE is also seen to alter the expression of BDNF (Rossi et al., 2006; Sun et al., 2010),
whose expression can be driven by LTCC-mediated Ca2+ influx (West et al., 2001)
and is important for both hippocampal neurogenesis and behaviour.

8.1.4 Environment enrichment and neurogenesis
EE is consistently reported to increase the rate of adult neurogenesis, particular when
combined with voluntary physical exercise (Clemenson et al., 2015; van Praag et al.,
2000). The benefits of running and exercise on brain function in rodents are welldocumented and access to a running wheel has been shown to dramatically increase
hippocampal neurogenesis (Rossi et al., 2006; van Praag et al., 1999; Henriette van
Praag et al., 1999; Vivar et al., 2012), even without additional enrichment. This may
suggest that it is exercise driving the increased neurogenesis following EE. However,
it is important to not discount the effect of EE alone. A number of studies have found
that housing in EE without a running wheel is enough to elicit changes in adult
neurogenesis (Clemenson et al., 2015; Freund et al., 2013; Kronenberg et al., 2003;
Steiner et al., 2008; van Praag et al., 1999). EE alone appears to affect cell survival
predominately whereas exercise increases proliferation and net survival (Fabel et al.,
2009; van Praag et al., 1999), suggesting that these two protocols have different
mechanistic effects on adult neurogenesis.
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The increase of neurogenesis following EE without a running wheel may be explained
by increased exploration of the more complex environment. Mice housed in EE were
monitored for ‘roaming entropy’ as a measure of explorative behaviour; those mice
who explored more had increased neurogenesis (Freund et al., 2013). Of course,
having larger cages means that rodents housed within EE have the opportunity for
increased physical activity regardless of a provided running wheel. It is likely that
physical activity and EE have an additive effect on each other in terms of impact on
neurogenesis. Fabel and colleagues showed that 10 days of wheel running followed
by 35 days of EE yielded 30% more adult-born neurons than either running or EE in
isolation (which themselves both increased neurogenesis above baseline (Fabel et
al., 2009).

8.1.5 Environment enrichment and learning
EE has been shown to enhance learning and memory function across a range of
tasks. Spatial memory performance is increased following EE housing in comparison
to standard housing when measured by the Morris Water Maze (Pacteau et al., 1989;
Kempermann et al., 1998; van Praag et al., 2000) or T-maze tasks (Birch et al., 2013).
In aged rats, where neurogenesis is naturally decreased, a 10 week EE exposure
resulted in increased spatial learning and memory (Speisman et al., 2013) suggesting
that EE increased the ability of aged rats to rapidly acquire and retrieve spatial
information, potentially though increased neurogenesis. Recognition memory, as
measured by the novel object recognition task, has also been reported to be
increased following 3 weeks of EE (Leger et al., 2012; Birch et al., 2013), which was
correlated with increased neurogenesis and nerve growth factor concentration. EE
has also been shown to increase contextual discrimination (Barbelivien et al., 2006;
Clemenson et al., 2015) and working memory (Birch et al., 2013; Lee et al., 2013).
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In fear conditioning, EE has been shown to improve contextual fear memory (Rampon
et al., 2000; Duffy et al., 2001; Barbelivien et al., 2006; Miu et al., 2006) and, in some
studies, also enhance cued fear memory (Rampon et al., 2000; Tang et al., 2001) but
not all (Duffy et al., 2001). Barbelivien et al (2006) showed that in trace fear
conditioning, EE resulted in an increased freezing to context, but decreased freezing
to discrete cue, suggesting an enhanced learning about contextual cues (Barbelivien
et al., 2006). EE has also been shown to facilitate contextual fear memory extinction
when rodents were exposed to EE before fear training (Hegde et al., 2017). This was
correlated by reductions in theta rhythm oscillations between the hippocampus,
amygdala and infralimbic prefrontal cortex (Hegde et al., 2017).
This chapter investigates the influence of EE on Cacna1c+/- rats in terms of correcting
their deficits in trace fear memory and adult neurogenesis.
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8.2

Methods

8.2.1 Contributions
All work in this chapter was performed by A Moon.

8.2.2 Animals
12 wild-type and 22 Cacna1c+/- male adult (PND60+) rats (all behaviourally naïve
prior) were randomly assigned to either standard or enriched housing. 11 Cacna1c+/rats and 6 wild-type rats were housed in groups of 2-3 in standard cages (38cm (W)
x 56 cm (L) x 22 cm (H)) with ab libitum access to food and drink. Standard cages
were provided with minimal enrichment: a cardboard tube and chew sticks (Figure
8.1A). 11 Cacna1c+/- rats and 6 wild-type rats were housed in ‘enriched’ housing in
groups of 5-7, in large cages (74 cm (W) x 59 cm (L) x 40 cm (H)) with a moveable
platform that allowed for another level for the cage (Figure 8.1B) for six weeks (Figure
8.1D). Exploratory behaviour was encouraged by giving access to several cardboard
and plastic tubes, toys, plastic shapes, wooden balls and chew sticks (Figure 8.1C).
These toys and objects were rearranged 3 times a week and replaced once a week
to maintain novelty. Animals were allowed access to food and water ad libitum. 3
animals had to be removed from the experiment due to the fighting within the enriched
environment (2 wild-types, 1 heterozygote).

8.2.3 Behaviour
All animals housed in both standard and enriched environments underwent trace
auditory fear conditioning as described in previous chapters (Chapters 2, 4 and 5).
Animals were habituated for three days. On the conditioning day, animals were
subject to a trace fear conditioning paradigm (10 presentations of CS-US pairings
where a 15s white noise formed the CS and a 0.5mA, 0.5s footshock formed the US).
CS and US were separated by a 30s trace interval. 24 hour following conditioning,
rats were put into a different context than they were conditioned in. Animals
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experienced a two minute baseline period, a 6 minute white noise CS presentation
and finally a 4 minute post-CS phase. Freezing behaviour was recorded and analysed
in 10s bins by video analysis with the experimenter blind to genotype and housing
type.

8.2.4 Neurogenesis analysis
Two weeks after behaviour was conducted (Figure 8.1D), rats were restrained and
given a single intraperitoneal BrdU (50mg/kg) injection. Six hours later, rats were
euthanised via Euthatal injection (200mg/ml) and transcardially perfused with 4%
PFA (Figure 8.4A). Following perfusion, brains were rapidly dissected and placed in
fresh 4% PFA for overnight post-fixation. Brains were transferred to 30% sucrose for
72 hours to allow for cyroprotection. Brains were then sliced into 40µm coronal
sections on a cryostat (Leica Microsystems CM1860UV) (Bregma -2.04 to -6.48mm)
and transferred to a plastic 12-well plate and stored at 4°C.
Immunohistochemistry
One in every 12 sections throughout the dentate gyrus was denatured for 30 minutes
at 37°C in 2M hydrochloric acid. Sections were then thoroughly washed in 0.1M PBS
followed by a 2hr incubation in blocking solution (1% Triton-X100 and 10% donkey
serum in 0.1M PBS). Primary antibodies (anti-rat BrdU: 1:500 and anti-guinea-pig
DCX: 1:5000 (Table 8.1)) were diluted in 0.1% Triton-X100 and 0.2% donkey serum
(in 0.1M PBS) were then added to sections and left to bind overnight at 4°C. Sections
were then washed and incubated with secondary antibodies (donkey anti-rat Alexa
Fluor 555 and donkey anti-guinea-pig Alexa Fluor 647 (1:1000 diluted in 0.1M PBS))
for 2 hours in the dark at room temperature. Following more 0.1M PBS washes,
sections were incubated with a DAPI stain (1:1000 in 0.1 M PBS for ten minutes,
washed and mounted on standard slides. Each hippocampi were then imaged on an
epifluorescent microscope at x20 magnification. Cells were counted manually and
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dentate gyrus size taken into account to give a cell count per mm2 (see General
Methods).
Statistics and analysis
Behaviour
For the trace conditioning paradigm, as there was only one recall session in this
experiment, a 3-way Repeated Measures ANOVA was conducted over the whole
experiment from baseline measures to Post CS, with ‘Freezing %’ (following tests
for normality and homogeneity of variances) forming the dependent variable.
‘Genotype’ and ‘Housing’ formed the independent ‘between subjects’ factors whilst
‘session’ formed an independent ‘within subjects’ factor. Acquisition of fear memory
was measured by using another 3-way Repeated Measures ANOVA to compare
Baseline to Post US sessions (independent variable) with ‘Freezing %’ (dependent
variable); ‘Genotype’ and ‘Housing’ formed the independent ‘between subjects’
factor. To analyse responses within the recall session, a 3-way Repeated Measure
ANOVA compared ‘Freezing %’ (dependent factor) with session (‘Novel Baseline’
‘Cue Recall’ and ‘Post CS’ (within-subjects factor)) and ‘Genotype’ and ‘Housing’
(between-subjects factors). If significant interactions were found, post-hoc Tukey
Kramer HSD tests were performed.
Neurogenesis analysis
For neurogenesis analysis, cell counts/mm2 were analysed for normality of
distribution and homogeneity of variances and transformed if appropriate (Box-Cox).
A 3-way ANOVA was set up; cell count/mm2 formed the dependent variable whilst
‘Genotype’ ‘Housing’ and ‘Dorsal/Ventral’ formed the ‘between-subjects’ independent
variables.
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Table 8.1: Primary antibodies utilised in immunohistochemical analysis

Dilution

Bio-Rad

Catalogue
no
OBT0030

Millipore

AB2253

1:5000

Target

Host

Manufacturer

BrdU

Rt
(monoclonal)
Gp
(polyclonal)

DCX
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C

D

Trace
conditioning

BrdU
(50mg/kg,
i.p.)
Perfusion

Enrichment
6 weeks

5 days 2 weeks 6 hours

Figure 8.1: Timeline and set up of enriched housing compared to standard housing. A =
standard housing (including cardboard tube not seen in photo), B = enriched environment;
a large cage with a moveable platform, toys and climbing frames on the walls. C = other toys
that were swapped into the enrichment cages throughout the 6 week period. D = Timeline of
enrichment, behaviour, BrdU injection and perfusion.
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8.3

Results

8.3.1 Enriched housing does not correct the trace conditioning deficit in
Cacna1c+/- rats
Repeated measures ANOVA across all sessions showed a significant effect of
session (Session: F(4, 24) = 180.593, p < 0.001, 3-way RM ANOVA) (Figure 8.2A).
There was a trend to a significant effect of genotype on freezing behaviour (Genotype:
F(1, 27) = 3.7306, p = 0.0640), no effect of housing (Housing: F(1, 27) = 0.254, P = 0.619)
and no significant interaction (session*genotype*housing: F(4, 24) = 1.132, p = 0.365).
WT and Cacna1c+/- rats in both standard and enriched environments froze
significantly more following each footshock than at baseline (Session: F(1,

27)

=

422.738, p < 0.001, 3-way RM ANOVA) (Figure 8.2A and B). There was no effect of
genotype (Genotype: F(1, 27) = 0.071, p = 0.792) , however there was a significant
effect of housing (Housing: F(1, 27) = 4.3359, p = 0.047) which interacted with session
(Session*Housing: F(1, 27) = 4.2108, p = 0.050) but not genotype (Housing*Genotype:
F(1, 27) = 0.478, p = 0.495). Post-hoc analysis revealed that this was specific to ‘PostUS’ (p = 0.0484, Tukey Kramer HSD) with EE animals freezing more than SE animals
(Figure 8.2C).
A model was set up to investigate the effect of housing, genotype and session within
the recall session on freezing behaviour in both WT and heterozygote rats and was
seen to be significant (Housing*Genotype*Session: F(1, 4, 19) = 18.38, p < 0.001, 3 way
RM ANOVA) (Figure 8.2A and D). Repeated measures ANOVA showed a significant
effect of the session (Session: F(2,

26)

= 63.589, p < 0.001, 3 way RM ANOVA),

indicating that freezing behaviour differed between baseline, CS and post-CS
periods. There was a significant effect of genotype (Genotype: F(1, 27) = 7.198, p =
0.008) on freezing behaviour and a significant interaction between genotype and CS
presentation (Genotype*Session: F(1, 27) = 3.610, p = 0.008). However there was no
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effect of housing on freezing behaviour (Housing: F(1,

27)

= 0.324, p = 0.570), no

interaction between housing and part of the session (Housing*Session: F(2, 26) = 0.704,
p = 0.590) and no 3 way interaction between genotype, housing and session part
(Genotype*Housing*Session: F(2, 26) = 0.622, p = 0.647).
Post-hoc tests showed that the genotypes displayed significantly different freezing
behaviour during the CS presentation (p = 0.003, Tukey Kramer HSD), but no other
part of the recall (Figure 8.2A and D).
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A

B

C

D

Figure 8.2: Trace conditioning in SE and EE Cacna1c+/- rats and wild-types. A = Both SE
and EE Cacna1c+/- and wild-type rats display similar freezing behaviour during the
conditioning session, however Cacna1c+/- rats have enhanced fear memory in response
to CS, which is not corrected by EE. B/C = EE housed rats display increased fear
following footshock in the conditioning session, which was not subject to genotype. D
= within Cue Recall, both SE and EE Cacna1c+/- rats show increased fear behaviour, but
similar freezing at baseline and Post CS. Results are presented as mean freezing % per
group, error bars are SEM. Cacna1c+/- EE vs Cacna1c+/- SE vs WT EE vs WT SE, n = 11
Cacna1c+/-, 6 wild-types in SE, 10 Cacna1c+/-, 4 wild-types in EE, * = p < 0.05.
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8.3.2 Impairments in adult neurogenesis in Cacna1c+/- are not corrected by
enriched housing
BrdU
A model was set up to analyse the effect of genotype and housing on BrdU cell count
and revealed a trend (Genotype*Housing*Dorsal/Ventral = F(1, 27) = 2.362, p = 0.081,
3-Way ANOVA) (Figure 8.3A and Figure 8.4). There was a significant effect of
genotype (Genotype: F(1, 27) = 6.878, p=0.011, 3 way ANOVA), but no effect of housing
(Housing: F(1,27) = 0.464, p = 0.498, 3-Way ANOVA) or an interaction between
genotype and housing (Genotype*Housing: F(1,

27)

= 0.290, p = 0.592, 3-Way

ANOVA). There was no significant effect of dorsal or ventral hippocampus
(Dorsal/Ventral: F(1,27) = 2.652, p = 0.109, 3-Way ANOVA) and no interaction with
genotype (Dorsal/Ventral*Genotype = F(1,27) = 1.965 p = 0.236) or housing
(Dorsal/Ventral*Housing =

(1,27)

= 1.054 p = 0.327) suggesting that this effect was

throughout the span of the hippocampus (Figure 8.3A).
Doublecortin
The effect of genotype and housing on DCX cell count was analysed by a 3 way
ANOVA and revealed no significant effect (Genotype*Housing*Dorsal/Ventral: F(1, 27)
= 0.618, p = 0.609, 3 way ANOVA) (Figure 8.3B and Figure 8.4). There was no effect
of genotype (Genotype: F(1,27) = 0.707, p = 0.408, 3 way ANOVA) or housing (Housing:
F(1,

27)

= 0.906, p = 0.350, 3 way ANOVA) on doublecortin cell count in the

hippocampus. There was no significant interaction between genotype and housing
either (Genotype*Housing: F(1,27) = 0.016, p = 0.900, 3 way ANOVA). There was no
significant difference between the dorsal and ventral hippocampus (Dorsal/Ventral:
F(1,27) = 0.199, p = 0.657, 3 way ANOVA) or any interactions with genotype or housing
(Figure 8.3B).
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A

B

Figure 8.3: A = EE does not correct the cell proliferation in adult neurogenesis seen in
Cacna1c+/- rats in both the dorsal and ventral hippocampus. B = DCX+ cells are also not
different between genotype and environment throughout the hippocampus. Bars represent
cell counts per mm2 on average by group, error bars are SEM. Cacna1c+/- EE vs Cacna1c+/SE vs WT EE vs WT SE, n = 11 Cacna1c+/-, 6 wild-types in SE, 10 Cacna1c+/-, 4 wild-types in
EE, * = p < 0.05.
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A

B

BrdU
(50mg/kg,
i.p.)

Perfusion
6

0

DAPI/DCX

(hr)

DAPI/BrdU
WT SE

HET SE

WT EE

WT SE

HET EE

HET SE

WT EE

HET EE

Figure 8.4: A: Timeline of BrdU administration and perfusion. B: Representative
immunofluorescent images of BrdU and DCX stained cells within both genotypes and
environmental condition. Scale bar = 0.1mm.
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8.4

Discussion

The present findings replicate the results of previous chapters, where Cacna1c+/- rats
demonstrate increased freezing during CS presentation of cue recall following trace
fear conditioning. These same animals display decreased cell proliferation during
adult neurogenesis as measured by BrdU in the dentate gyrus. These deficits
persisted in animals which had been subject to 6 weeks of EE, demonstrating that
simple social and spatial enrichment is not sufficient to correct these particular
behavioural and molecular defects in the Cacna1c+/- model.
Both standard and enriched environment Cacna1c+/- rats froze significantly more than
their wild-type equivalents to CS presentation, suggesting an enhanced or
overgeneralised fear memory as discussed in Chapter 4. EE therefore had no impact
on this trace fear memory deficit. This contrasts with the findings of Barbelivien and
colleagues, who showed that EE had a significant impact on trace fear conditioning;
EE resulted in a decreased freezing to discrete cues (Barbelivien et al., 2006) and
increasing contextual freezing. Furthermore, in a voluntary wheel running experiment,
running mice froze significantly more to the training context 48hrs after trace
conditioning. This study did not look at a cue recall, but did note that there was no
difference in freezing between runners and control mice during cue presentation
during conditioning (Kohman et al., 2012), suggesting that both groups react similarly
to the discrete cue. In the present experiment, EE does not appear to alter cued fear
processing following trace conditioning in Cacna1c+/- rats. This could be because the
fear memory deficit induced by genetic knock out of Cacna1c may be too severe for
EE to significantly correct, or that EE only has a beneficial impact on selective
hippocampal processes such as acquisition of contextual information, but not retrieval
of cued trace fear memory. The latter conclusion is backed up by the fact that there
was significant effect of housing on post-US freezing within the conditioning session,
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with EE rats of both genotypes freezing more following footshock than standard
housed rats, displaying an increased acquisition of fear memory. It should also be
noted that Barbelivien et al used female rats in their study (Barbelivien et al., 2006)
whereas the present results only utilised males, suggesting potential sex-differences
in how EE affects behaviour.
Neurogenesis in Cacna1c+/- rats following EE
This study also showed no differences in neurogenesis following EE in either
genotype. This may be surprising as there is a plethora of literature to describe the
effects of EE on increasing the rate of neurogenesis (Clemenson et al., 2015),
however the impact on neurogenesis following EE without aerobic exercise is more
variable than with exercise. The current EE study did not include use of a running
wheel because we aimed to examine if EE could have an effect on the examined
parameters independent of the positive effects of exercise. Results from studies that
examined if exercise was the critical variable in EE for enhancing neurogenesis
determined that aerobic exercise such as running was the vital component (Kobilo et
al., 2011; Mustroph et al., 2012), although both of these studies were in mice, not
rats. Rats housed in EE without running however have shown increases in
neurogenesis in both young and aged rats (Speisman et al., 2013), although in this
study, toys were rotated daily and rats were only exposed to the EE for 2-3hrs a day.
Therefore, the lack of neurogenesis increases seen in the current study may be
explained by habituation to the EE and their toys which resulted in decreased
exploratory behaviour over the 6 week exposure. Future work investigating both
hippocampal neurogenesis and behaviour in the Cacna1c+/- model should
concentrate on either increasing novelty in the EE or providing rats with a running
wheel to determine the contribution of aerobic exercise to EE-induced improvements
in these parameters.
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There is also evidence that hippocampal neurogenesis is required for learning a trace
conditioning task (Shors et al., 2001; Achanta et al., 2009), which may also explain
why no behavioural improvements were seen on the trace conditioning task.
However, increasing neurogenesis by wheel running was not sufficient to enhance
performance on a trace conditioning paradigm (Kohman et al., 2012), showing that it
is improvement for future research to determine which behavioural tasks are
improved by enhancing neurogenesis to understand how important hippocampal
neurogenesis is for behavioural outputs.
There were several limitations to the EE paradigm utilised in this study. For example,
different time points of giving enrichment to rats, for example during adolescence or
during youth, were not investigated, and it may be suggested that giving enrichment
at a younger age may be more beneficial to shaping an animals behavioural and
molecular response to EE. However, there is a convincing literature that
demonstrates that enrichment can improve both memory and plasticity in adult, and
even aged, rodents (Green et al., 1983; Rosenzweig and Bennett, 1996; Bennett et
al., 2006; Harburger et al., 2007), potentially even above that of younger animals
(Harburger et al., 2007). In the current study rats had 6 weeks of enrichment, which
may not have been long enough for deficits to be reversed. There is no standardised
length of time for EE in animal studies, however some studies, particularly those
conducted on more aged rats, use more chronic EE exposure such as a year,
suggesting that a longer period of EE may be beneficial.
Importantly, the response of animals to EE is at least partly reliant on their background
strain, for example EE has been shown to increase exploratory behaviour in Berkeley
S1 rats (Renner, 1987) but have no effect in Sprague Dawley rats (Bruel-Jungerman
et al., 2005), the background strain of Cacna1c+/- rats. However, Konkle et al show
that Sprague Dawley rats do respond to EE in terms of various depressive-like
behaviours (Konkle et al., 2010). Another variable to note about the present study is
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that 3 animals had to be removed from the EE cages and excluded from the study
due to fighting. This may have resulted in a stressor to the other animals in the EE
cage and reduced the effect of enrichment.

8.4.1 Conclusions
EE is an useful and interesting experimental paradigm that is subject to many
variables: age, sex and strain of the animals and the influence of exercise and novelty.
This chapter shows that EE alone is not sufficient to correct the trace conditioning
and neurogenic deficits observed in Cacna1c+/- male rats. However, the results
presented provide a framework for potential future experiments investigating the
impact of aerobic exercise of Cacna1c+/- animals, in combination and without EE.
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: General Discussion
9.1

Introduction

Various genomic and functional investigations have implicated CACNA1C, and
LTCCs more generally, in psychiatric disorders. Calcium signalling plays a vital role
in synaptic plasticity, learning and memory; processes often gone awry in mental
illness. In recent years, the role that risk associated genetic variants may play in
pathology has been the subject of investigation, with the hope of identifying biological
pathways underlying mechanisms of disease. In order to do this, it is important to
consider the impact of not only genetic variation but also the influence of the
environment, including early life stress, which has itself seen strongly and consistently
linked to the development of both mood and psychiatric disorders. If both genetic and
environmental factors converge on, or interact together to impact on, particular
pathways, it could inform on the molecular mechanism of disease that could indicate
potential novel targets for treatment.
In this chapter, I summarise the main findings from each results chapter presented in
this thesis and consider the potential implications of these findings. I will also discuss
the limitations of the work presented and how these results can be used to inform
future directions of study.

9.2

Summary of findings

Chapter 3: The effect of prepubertal stress (PPS) on Cacna1c expression in the
hippocampus
•

Hippocampal expression of Cacna1c, Cacna1d, Cacna1i and Cacnb2, all
VGCC associated genes that have been implicated in schizophrenia and
BPD, were compared in both male and female PPS and control rats.
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•

Using both in-situ hybridisation and quantitative PCR, I show that Cacna1c
mRNA expression was decreased in the CA1 and CA3 of the hippocampus of
PPS male rats. Western blot analysis showed that this was reflected by a trend
to a decrease of Cav1.2 protein expression. A small cohort of human subjects
who had suffered early life stress also demonstrate a trend to decreased
CACNA1C in males.

•

In the same group of PPS rats, BDNF expression, which is moderated by Ca2+
influx through LTCCs, was shown to be reduced, specifically the activity
regulated exon IV and IX isoforms, in male rats only. BDNF protein expression
however was unchanged in males, however the pro-BDNF protein was
increased in female rats, with no change in mature form BDNF.

•

Therefore, PPS resulted in down-regulation of Cacna1c and BDNF expression
in the hippocampus of rats in a sex-specific manner.

Chapter 4: Auditory fear conditioning in Cacna1c heterozygote rats
•

Delay, trace and unpaired auditory fear conditioning was performed on
Cacna1c+/- and their wild-type littermates.

•

In delay conditioning, Cacna1c+/- rats displayed increased contextual fear
memory recall, with no differences in fear memory acquisition or cued fear
memory.

•

In trace conditioning, increased cued fear memory recall was displayed in
heterozygote rats with no differences in acquisition or contextual recall.

•

The unpaired conditioning paradigm resulted in increased contextual and
cued fear memory recall, with no difference in acquisition.

•

In summary, Cacna1c heterozygosity has no effect on acquisition of fear
memory but can affect recall of both contextual and cued recall, depending on
conditioning paradigm.
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Chapter 5: The impact of PPS on auditory fear conditioning
•

The same delay, trace and unpaired paradigms utilised in Chapter 4 were
used to test the effect of PPS on auditory fear conditioning.

•

Increased fear was noted during the first four minutes of contextual recall in
PPS rats following delay conditioning. Acquisition of delay fear memory and
cued recall was maintained.

•

Trace conditioned PPS rats demonstrated decreased acquisition of fear
memory and a trend to decreased cued recall.

•

Unpaired conditioning, acquisition or recall was not affected by PPS.

Chapter 6: Adult hippocampal neurogenesis in Cacna1c+/- and PPS rats
•

Adult hippocampal neurogenesis was investigated by analysing BrdU, a
marker of cell proliferation, and DCX, which marks immature neurons, in
Cacna1c+/- rats and PPS rats.

•

In Cacna1c+/- rats, BrdU+ cells were decreased 6 hours after injection,
suggesting a decrease in cell proliferation. However, there was no difference
in the number of DCX+ cells.

•

In PPS rats, DCX+ cells were increased in the ventral hippocampus only,
suggesting an increase in immature neurons.

Chapter 7: The effect of reduced gene dosage of Cacna1c and PPS on parvalbumin
positive GABAergic interneurons within the hippocampus
•

PV and GAD67 expression within the hippocampus of Cacna1c+/- rats was
analysed by immunohistochemistry. Cacna1c+/- rats displayed a regionspecific decrease in PV and GAD67 expression in the granular layer of the
dentate gyrus. No differences were observed in the CA1 or CA3.

•

PV was also analysed throughout the hippocampus of PPS rats but no
alterations were seen in any sub-region.
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•

Therefore, reduced gene dosage in Cacna1c results in abnormal interneurons
in the dentate gyrus granular layer.

Chapter 8: The impact of environmental enrichment in Cacna1c+/ -rats
•

Six weeks of environment enrichment was provided to Cacna1c+/- rats in the
form of increased social interaction, novel toys, large home cages with
structural features to encourage play and increased physical activity.

•

The deficit in cued fear memory recall following trace fear conditioning was
replicated but not corrected or improved by environment enrichment.

•

Similarly, when hippocampal neurogenesis was investigated, BrdU+ cells
were decreased in Cacna1c heterozygote rats regardless of housing.
Therefore, environment enrichment appears to have no impact of these
observed deficits in Cacna1c+/- rats.

This thesis examined the consequence of reduced gene dosage of Cacna1c and
prepubertal stress on the hippocampus. The results presented contribute to the large
body of evidence that suggests both genetic and environmental factors associated
with psychiatric disease alter the structure and function of the hippocampus.

9.3 Do Cacna1c and PPS interact to increase risk for psychiatric
disorder phenotypes?
This thesis did not set out to prove conclusively that Cacna1c and PPS form a gene
x environment interaction that ultimately causes schizophrenia or BPD pathology. In
order to evaluate this would require a much larger experiment where Cacna1c+/- and
wild-types rats are both subject to PPS and control conditions (See Future Directions).
However, the results presented do indicate that both genetic variation in Cacna1c and
PPS have profound and long-lasting effects on the hippocampus, and that the
expression changes of PPS on Cacna1c expression (Chapter 3) do point to a possible
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gene x environment interaction. This may suggest that the combined insult of
Cacna1c genetic variation and PPS may have an additive effect on each other, as
suggested by the dual-hit hypothesis of schizophrenia, and informs any future gene
x environment studies that the hippocampus may be a region to examine. This states
that an early insult, such as increased genetic risk, disrupts brain development in such
a way that increases vulnerability to a second ‘hit’ such as early life stress. In other
words, Cacna1c genetic variation and later stress can interact together to push an
individual over a particular threshold for disease manifestation (Figure 9.1).
Therefore, it may suggest that genetic variation and environment insults converge on
the LTCC signalling pathway in order to increase risk for psychiatric disorders.
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Figure 9.1: Schematic of a potential ‘dual-hit’ that could contribute to the development
of psychiatric disorders such as schizophrenia. An early insult such as genetic
variation in one or several risk genes may contribute to altered brain development that
leads to an increased risk for disorder. A second ‘hit’ such as early life stress may
further alter brain development that alone may be subthreshold for disorder, but
combined with the earlier insult contribute to psychiatric disorder onset.
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PPS resulted in decreased Cacna1c in the CA1 and CA3 of the hippocampus of male
rats. To our knowledge, this is the first study to look at the effect of early life stress on
Cacna1c expression in adulthood, adding to the existing literature showing that both
acute and chronic stress can have an impact on LTCC expression in the
hippocampus, amygdala and prefrontal cortex (Bavley et al., 2017; Terrillion et al.,
2017; Dedic et al., 2018). In humans, there is some evidence that SNPs in CACNA1C
interact with trauma to predict depressive symptoms (Dedic et al., 2018), although
whether these SNPs, or other CACNA1C risk alleles indicated in illness (Table 1.1),
can cause differential gene expression in the brain following early life stress is not
currently known. Of course, it should be remembered that depression and psychiatric
disorders are highly heterogeneous and CACNA1C may associate with these
disorders significantly more in individuals who have experienced stress or
experienced other environmental factors. The evidence for the potential interaction
between CACNA1C and stress in disorder highlights the importance of controlling for
environmental factors in genetic studies.
Both Cacna1c+/- rats and PPS rats display altered delay and trace auditory fear
conditioning. In previous studies investigating the role of LTCCs in fear memory,
application of LTCC antagonists had no effect on acquisition and consolidation of fear
memories (Cain et al., 2002; Busquet et al., 2008), although the involvement of
LTCCs in a multiple cue presentation delay paradigm as utilised here has not been
previously investigated. The results presented in Chapter 4 indicate a select role for
Cav1.2 in the appropriate formation of specific CS-US associations within multiple
presentation auditory fear conditioning paradigms. Cacna1c+/- rats appear to form
strong associations to both the context and CS regardless of the timing of CS-US
pairings, suggesting a specific role of Cav1.2 and subsequent Ca2+ influx in identifying
appropriate fear responses in relation to prediction error. Associative learning via the
Rescorla-Wagner model states that learning is dependent on how ‘surprised’ the
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animal was by the stimuli presented (Rescorla and Wagner, 1972). Therefore
Cacna1c+/- rats may be experiencing deficits in learning and predicting the specific
associations between CS and US and thus attribute fear to the whole conditioning
session, i.e. the whole session is salient. This implies that Cav1.2 has a role in the
inhibition of inappropriate aversive associations to both context and cue.
PPS has been previously associated with enhanced delay conditioned fear memory
(Tsoory et al., 2010; Yee et al., 2012a), however no prior studies have looked at the
impact of PPS on trace conditioning. Following delay fear conditioning, both Cacna1c
heterozygosity and PPS cause an increase in contextual fear recall memory, as
demonstrated by increased freezing over their respective control groups when they
were returned to the conditioning context. Decreased Cacna1c expression in PPS
rats may therefore, in part, mediate this contextual fear deficit, or, it could be possible
that reduced gene dosage of Cacna1c and PPS cause increased contextual freezing
following delay conditioning via similar mechanistic pathways yet to be eluded. Delay
conditioning is generally considered to be amygdala-dependent with little
dependence on the hippocampus. However, the hippocampus is critical for the
formation of contextual representations (Ji and Maren, 2007), suggesting that in
Cacna1c+/- and PPS rats, delay conditioning is processed within the hippocampus as
well as the amygdala, indicating increased communication between these two brain
areas within the fear circuity. However, it is unlikely that reduced Cacna1c is
responsible for all auditory fear deficits seen in the PPS model as different responses
are seen following trace and unpaired conditioning.
In trace fear conditioning, Cacna1c+/- rats display increased freezing during cued
recall, whereas PPS rats appear to display decreased fear responses to CS and US
within the conditioning session as well as a trend to decreased fear within cued recall.
Therefore, it appears that these two models display different freezing behaviour to
their respective control groups, but process trace fear conditioning quite differently. It
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is likely that a similar mechanism to what is observed within delay conditioning is also
present in the trace conditioned group within Cacna1c+/- rats, in that the reduced
Cacna1c results in a lack of formation of specific CS-US associations resulting in an
enhanced representation of the CS as fearful, instead of being a neutral or safety
signal. In PPS rats, the decreased fear memory seen in conditioning and recall
suggests a deficit in encoding the complex trace conditioning relationship. Hence,
both PPS and Cacna1c heterozygotes appear to learn and process trace associative
fear memory in different ways in both each other and their control groups. In unpaired
conditioning, PPS rats show no deficits, however reduced Cacna1c appears to result
in impairments in both contextual and cued memory. This indicates a profound
difference in how Cacna1c+/- rats are processing contextual representations and their
relationships to aversive stimuli; processes that are maintained in the PPS model.
Therefore, Cacna1c heterozygosity clearly results in increased fear across multiple
paradigms, although whether this is a deficit of encoding during conditioning or a
deficit within retrieval is not clear from the current results. This indicates dysfunction
in multiple regions within fear circuitry, including the hippocampus and amygdala. In
PPS however, the results are slightly more complex, as would be expected with an
environment insult where several biological pathways are affected. PPS results in a
different pattern of fear depending on timing and presentation of CS-US pairings. It is
interesting that unpaired conditioning in this model was unaffected, suggesting that
contextual fear conditioning is intact, in contrast to previous studies (Hiraide et al.,
2012; Brydges et al., 2014d) and indicating that hippocampal functions are
maintained. However, there are clear deficits in encoding in trace conditioning and in
the formation of contextual representations in delay conditioning following PPS,
suggesting that, similarly to results seen in Cacna1c+/- rats, the hippocampus and
amygdala are both processing fear differently than in control animals. However, in
PPS, the hippocampus may be more resilient and deficits only arise when complex
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learning, such as trace conditioning, is required. It may be proposed therefore that
Cacna1c+/- rats present with a broader phenotype of fear circuity dysfunction in
auditory fear conditioning, whereas PPS rats can process contextual representations
during unpairing conditioning but have a more specific deficit of hippocampalamygdala communication within aspects of delay and trace fear conditioning.

9.4

Neurogenesis and trace conditioning

Trace fear conditioning has been associated with adult neurogenesis. Studies have
shown that ablating neurogenesis results in impaired trace fear conditioning (Shors,
2001; Seo et al., 2015) and trace fear conditioning itself increases survival of newly
born neurons (Leuner et al., 2004; Waddell and Shors, 2008). Neurogenesis ablation
has been shown to increase contextual fear memory in trace conditioned rats
alongside elevated non-associative anxiety; proposing that neurogenesis is important
for supporting trace conditioning but also buffering against increased generalised fear
and anxiety that may result from fear conditioning (Seo et al., 2015).
I show that Cacna1c+/- rats display increased fear memory to cue, which may be
explained by over-generalised fear (Chapter 4) as well as downregulated cell
proliferation in adult neurogenesis (Chapter 6). Therefore, the decreased rate of
neurogenesis may contribute, at least in part, to the trace fear conditioning deficit
seen in the heterozygote rats. However, it should be noted that the trace conditioning
deficit reported by Seo and colleagues was seen following doublecortin ablation (Seo
et al., 2015) whilst I show that Cacna1c+/- rats have intact doublecortin-stained cells
(Chapter 6). There is no current evidence that immature neurons are altered in the
Cacna1c+/- rat model, as opposed to the mouse models of reduced gene dosage of
Cacna1c where doublecortin deficits are seen (Lee et al., 2016; Temme et al., 2016).
Also, ablating neurogenesis had no effect on delay conditioning (Seo et al., 2015)
whereas Cacna1c+/- rats are impaired in both delay and trace conditioning. Therefore,
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even if altered neurogenesis does contribute to deficits in trace conditioning it is
certainly not the only mechanism driving the increased fear responses to auditory fear
conditioning in this model.
Intriguingly, PPS rats show a deficit in encoding during the conditioning phase of trace
conditioning and trended to decrease freezing to cue during recall (Chapter 5), and
also showed increased doublecortin stained cells (Chapter 6). While most studies
discuss the negative consequences of decreased neurogenesis, the effects of
increased neurogenesis are less researched (Scharfman and Hen, 2007), most likely
as it is difficult to increase neurogenesis in a reliably quantitative way (enrichment
and exercise protocols are mostly used). It may be hypothesised that increased
neurogenesis following early life stress can lead to a degree of fear resilience. In other
words, PPS may lead to a higher threshold of fear so that aversive conditioning is
less fearful, resulting in decreased fear responses. This may be mediated in part by
neurogenesis; increased hippocampal neurogenesis has been shown to affect both
susceptibility and resilience in models of stress depending on species, strain and type
of stressor (Levone et al., 2015; Anacker et al., 2018). There is variation in the
literature as to whether neurogenesis ablated animals show increased susceptibility
to stress-induced depressive phenotypes (Snyder et al., 2011; Mateus-Pinheiro et al.,
2013) or not (Jayatissa et al., 2009), but the impact of increased neurogenesis on
behaviour is much less researched. A recent study showed that activity of neurons
born from adult neurogenesis within the ventral dentate gyrus was required to protect
against stress-induced anxiety and social behaviour defects (Anacker et al., 2018),
suggesting that increased anxiety in this region as indicated by increased
doublecortin cells may have a protective effect on fear conditioning.
In the case of both models reported herein, these observations are only correlative
and in order to further investigate any link between neurogenesis and trace
conditioning, more causative studies, such as reducing neurogenesis in the PPS
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model by irradiation methods or increasing neurogenesis in the Cacna1c+/- model by
enrichment or exercise, would be necessary to establish a causative mechanism.

9.5

PV and neurogenesis

Adult hippocampal neurogenesis takes place exclusively within the subgranular zone
of the dentate gyrus, whilst the deficit in PV+ interneurons observed in the Cacna1c+/rats was confined to the granular zone of the dentate gyrus (Chapter 7). Therefore, a
question could be asked as to if it were possible that the decrease in PV may be
responsible for the cell proliferation deficit seen in Cacna1c+/-rats? It has been shown
that PV+ interneurons that reside in the dentate gyrus can regulate the quiescence of
neural stem cells and their progeny through GABA signalling (Song et al., 2013).
Dentate PV+ interneurons are depolarised by long-range GABA signalling from the
medial septum and provide immature GABAergic synaptic input to proliferating neural
precursors, affecting the rate of adult neurogenesis (Bao et al., 2017).

PV+

interneurons partake in a diametric regulation of hippocampal neurogenesis where
PV+ interneuron activation suppresses neural stem cell activation and promotes
progenitor survival and development (Song et al., 2013). Therefore, the decreased
PV+ interneurons observed in the Cacna1c+/- rat model should result in disinhibition of
neural stem cell activation and increased proliferation. However, Cacna1c+/- rats
display decrease cell proliferation as measured by BrdU (Chapters 6 and 8),
suggesting that this is unlikely to be due to a PV interneuron-mediated mechanism.
However, simply measuring the amount of PV within GABAergic interneurons does
not reveal if and when these interneurons are activated. Activating PV+ interneurons
has been seen to have large effects on behaviour and neurogenesis (Song et al.,
2013; Zou et al., 2016); further investigations should focus on the activation status of
the PV+ neurons within the Cacna1c+/- model.

242

Chapter 9: General Discussion

The underlying pathways for decreased neurogenesis in Cacna1c+/- models (Table
6.1) is thus yet to be eluded, but could include altered neurotrophic factors, microglia
or neurotransmitters. Lee et al (2016) suggest that decreased BDNF was responsible
for the deficits in their Cacna1c-/- conditional knockout mouse (Lee et al., 2016),
however BDNF expression is reported unchanged in the hippocampus in the
Cacna1c+/- rat model (Sykes, unpublished data). Further investigations should focus
on the mechanism of altered neurogenesis in reduced gene dosage Cacna1c models,
as it has now become a consistently reported phenotype (Table 6.1).

9.6

PV and learning

GABAergic inhibitory interneurons are responsible for mediating many behaviours
including working memory, spatial memory and cognition, primarily by controlling the
excitatory-inhibitory balance in key brain areas such as the prefrontal cortex, striatum
and hippocampus (Letzkus et al., 2015). Inhibition has an important role in driving
certain behaviours; it ensures precise firing of pyramidal cells and projection neurons,
regulates the processing of specific inputs and generates network oscillations which
allows for information processing and communication between different brain areas.
This allows for selective and discriminative responses to external stimuli – a key factor
in learning and memory. Therefore, both inhibition and disinhibition have important
roles in these processes.
In fear conditioning, several genes associated with the GABA pathway are
downregulated including GAD65, GAD67 and several GABA type A receptor
subunits, which may be necessary to facilitate learning (Heldt and Ressler, 2007). In
the basolateral amygdala, PV+ interneurons are excited in response to the CS (cue)
and act to inhibit SOM+ interneurons, which, in turn, disinhibit excitatory neurons to
enhance auditory responses, promoting cue-shock associations (Wolff et al., 2014).
However in response to US, such as an aversive footshock, PV+ and SOM+
243

Chapter 9: General Discussion

interneurons are strongly inhibited by US presentation, leading to disinhibition of
principal excitatory cells, increasing their activity and enhancing associative learning
(Wolff et al., 2014). In the hippocampus, inactivation of SOM+ interneurons impairs
contextual fear memory; suggesting that increased inhibition is required to exclude
the US from the context. However, PV+ inactivation had no effect (Lovett-Barron et
al., 2014). During recall, PV+ interneurons in the dorso-medial PFC are inhibited when
mice show fear, suggesting that disinhibition is also necessary for memory expression
(Wolff et al., 2014).
Taking these datas together, it appears that disinhibition via PV+ and SOM+
interneurons mediates behavioural learning by increasing excitability of principal
cells, boosting their responses to the CS and inducing synaptic plasticity. Therefore,
the reduced PV+ interneurons seen in the Cacna1c+/- rat model may mediate their
response to auditory fear conditioning. Indeed, the increased fear displayed to context
and cue suggests a lack of inhibitory learning. If during CS and US presentation there
are less PV+ interneurons to disinhibit principal cells, it may mean that cue-shock
associations are not learnt correctly and are processed differently, resulting in
different responses within recall.
In mice with the GABA type A receptor knocked out, trace fear conditioning was
enhanced in a similar manner to what is observed with the Cacna1c+/- model,
suggesting reduced inhibition may facilitate increased learning of this paradigm
(Martin et al., 2010). However, the deficit in PV+ interneurons in Cacna1c+/- was very
specific to the dentate gyrus in the hippocampus; when PV+ interneurons were
activated specifically in the dentate gyrus, there were no differences in cued or
contextual fear memory, although extinction was increased (Zou et al., 2016).
Investigating as to whether this PV deficit is seen within the amygdala and the
prefrontal cortex may offer more insights as to how inhibitory mechanisms are
affected in the context of Cacna1c heterozygosity. It is also important to note that the
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evidence for decreased PV within the dentate gyrus is not indicative of a deficit in
activation of the interneurons. Further studies to determine this would be highly
valuable in determining the role of inhibition and disinhibition within the Cacna1c+/model and how it affects their response to auditory fear conditioning.

9.7

Limitations

9.7.1 Models
It is highly important to emphasise that there is no complete ‘animal model of
psychiatric illness’. Schizophrenia and bipolar disorder are both highly heterogeneous
and complex disorders that we cannot fully model in animals. Single gene knockout
models, such as the Cacna1c+/- rat, and singular environmental models, such as PPS,
do not take into account the complex polygenic background in which these insults can
contribute risk. Having said this, the models we use to interrogate the impact of
functional genetic variants can be used to understand parts of the underlying biology
that can guide our understanding to how alterations in that gene, or pathway, may
contribute to specific symptoms. Likewise, examining the consequences of stress can
contribute to identifying molecular processes that may also lead to pathology. Once
we have an increased understanding as to why a particular gene or environmental
factor provides an increased risk over others, we can start to identify novel treatment
targets for human psychiatric illness.
Many of the experiments presented in this body of work utilised a chronic genetic
knockdown rat model of Cacna1c which has many advantages over pharmacological
LTCC antagonism, such as specificity to the target gene and a reduction of off-target
effects. However, there are still disadvantages to using these models. For example,
it is possible that the prenatal or postnatal environment provided by a mutant or
wildtype mother to offspring could affect the development of the offspring. This is
particularly important considering the potential interaction of CACNA1C and early life
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stress, as shown in this thesis. To combat this, one could utilise a conditional
knockout, however a vital role for Cacna1c in neurodevelopment has been shown,
where deletion has different consequences at different ages, showing the importance
of modelling Cacna1c heterozygosity from birth (Dedic et al., 2018). In addition, it is
not fully determined as to whether a knock-down model of Cacna1c is the most
appropriate model for investigating the impact of genetic variation of this gene.
Genetic literature suggests that gain-of-function phenotypes may also be relevant to
disease (Bigos et al., 2010; Heyes et al., 2015) and therefore increased gene dosage
should also be investigated in the context of Cacna1c genetic variation.
The PPS model used in this thesis has been validated before and shown to have
dramatic effects on the adult animal (Brydges et al. 2014; Albrecht et al. 2017).
However due to the consistent timing and duration of stress, it cannot account for the
modelling of all PPS in humans which varies between individuals and can have
different degrees of intensity and length. Early life stress models are time-consuming
experiments, meaning that it was not possible to investigate different time points of
giving stress within the confines of this thesis. Also, while the PPS paradigm was wellcontrolled between litters, the social stress that may have been experienced within
the home cages was unknown, although animals were carefully monitored for signs
of excessive fighting.

9.7.2 Behaviour
Linking animal behaviours to human phenotypes is imprecise and complex, as
several aspects of psychopathology, and the symptoms associated with it, are
classed as ‘human’ traits, particularly considering cognition. This is an important
distinction to make when considering the translational aspect of functional animal
work.
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Within this thesis, I focus on the impact of Cacna1c variation and PPS on associative
learning in the form of aversive auditory fear conditioning. Associative learning has
been shown to be impaired in clinical studies of schizophrenic patients (Miller, 1976;
Diwadkar et al., 2008; Holt et al., 2012), animal models of psychiatric disorders
(Nakajima, 2004; Dickinson, 2012) and more recently in genetics studies (Hall et al.,
2009; Pocklington et al., 2015; Clifton et al., 2017). Thus associative learning has
been seen for many years as a robust paradigm to investigate how psychiatric
symptoms such as psychosis and delusions arise (Rescorla and Wagner, 1972;
Fletcher and Frith, 2009). However, it is well known that other cognitive domains are
also impaired in schizophrenia and bipolar disorder, for example, working memory,
episodic memory, executive functions and attention (Bowie and Harvey, 2006). In
fact, schizophrenia in particular is associated with impairments across a wide-range
of cognitive impairments, ranging from mildly affected to severely affected, with most
patients demonstrating at least moderate cognitive impairments. Therefore, it should
be acknowledged that the focus on associative learning presented here does not
negate the importance of other cognitive domains implicated in schizophrenia, and
other neurodevelopmental disorders.

9.7.3 Gene and protein expression
Several aspects of this work relies on the detection of changes in genes or proteins
within the hippocampus using techniques such as qPCR and immunohistochemistry.
While variables were kept constant over experiments, certain factors cannot be fully
controlled while utilising these techniques. For example, while all the tissue was taken
at ‘basal’ level, that is without the influence of behavioural experiments, we cannot
know what the animals were experiencing in their home cages prior to sacrifice. For
example, expression of certain transcripts of BDNF and PV are known to be activity
dependent (Bramham and Messaoudi, 2005; Liu et al., 2006; Zheng et al., 2011;
Donato et al., 2013), and thus, although animals were sacrificed at similar times in
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the day, there may be certain differences in activity between different cages. The
number of animals used for each experiment is also fairly small which may not be
enough to pick up smaller expression changes as current tools available within the
laboratory are designed principally to pick up larger expression changes. However,
increasing the number of animals within a study is not always desired, for example,
introducing variability into the environment and genetic background can mask effects.
Also, it is important to take into account ethical concerns and the higher stringency in
statistics that would be required.

9.8

Future experiments

The results presented in this thesis build a foundation for the investigation of a
possible gene x environment interaction concerning CACNA1C and early life stress.
Gene x environment (G x E) implies that a particular phenotype is caused by
synergistic interaction between genes and environment, where the effect of one is
conditional upon another. A genetic factor can influence the sensitivity of the
individual to a particular environment exposure, or the environment may impact or
epigenetically modify DNA sequences themselves. The first reported G x E interaction
for a psychiatric disorder was a functional polymorphism in the gene encoding
catechol-O-methyltransferase (COMT), an enzyme which metabolises dopamine.
Caspi and colleagues found that those carrying a SNP that substitutes methionine
(Met) for valine (Val), resulting in a less efficient COMT enzyme, had a reduced risk
of developing schizophrenia following adolescent cannabis (Caspi et al., 2005). This
finding, despite considerable disparity in the literature in terms of replication, opened
the door for the exploration of gene-environment interactions in psychiatric disorders;
for example, a polymorphism in the promoter of SLC6A4, which encodes the
serotonin transporter, has been seen to moderate the effects of childhood
maltreatment on persistent depression (Barnett and Smoller, 2009; Brown et al.,
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2013). The association of CACNA1C with trauma (Dedic et al., 2018) suggests that
this is another potential G x E interaction that requires further investigation.

This experiment could be instigated by subjecting both Cacna1c+/- rats and their wildtype littermates to PPS (alongside a non-stressed control group) and carefully
examining chosen behaviours and biochemical parameters, as detailed in Figure 9.2.
It would be particularly interesting to see how a dual-hit of risk gene variation and
stress affects the processing of delay and trace conditioning, and the influence on
neurogenesis.
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Figure 9.2: Gene x environment experiment concerning Cacna1c+/- and PPS. Both wildtype and heterozygote rats would be subject to PPS between PND25-27 whilst another
group of wild-type and heterozygote rats would act as controls. Behavioural and
molecular analysis could then be completed to assess how Cacna1c and PPS may
interact to cause phenotypes associated with psychiatric disease.
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To compliment this work, it would also be interesting to investigate the mechanisms
as to how PPS decreases Cacna1c expression in the hippocampus through
examining epigenetic modifications of the Cacna1c gene, particularly within promoter
or enhancer regions. The methylation status of CACNA1C has been shown to be
altered in bipolar disorder (Starnawska et al., 2016) and thus it would be prudent to
begin with the examination of methylation changes of CpG sites, potentially through
using techniques such as pyrosequencing. Additionally, further investigation of the
effect of enriched environment on Cacna1c+/- and PPS rats, by the inclusion of
running wheels for physical exercise, might provide insight as to how the environment
can shape Cacna1c expression and interact with relevant phenotypes.
The reduction of PV and GAD67 in the dentate gyrus alludes to the fact there the
excitatory-inhibitory balance in Cacna1c+/- may be disrupted, which could be
influencing behaviour. Electrophysiological studies would be paramount to
investigating this in more detail, within the hippocampus and also within other brain
areas such as the prefrontal cortex and amygdala. Investigation of other subtypes of
interneurons such as SOM+ interneurons should also be conducted. Furthermore, it
would be beneficial to perform stereological experiments within the hippocampus to
determine if the number of inhibitory interneurons are reduced, or PV and GAD67 are
decreased within intact interneurons.
Finally, the results presented in this thesis contribute to the expansive literature that
highlights the role of the hippocampus in the pathophysiology of psychiatric and mood
disorders (Knable et al., 2004; Konradi et al., 2011a; Brydges et al., 2014d; Knierim,
2015). It may be argued that multiple genetic and environmental insults converge on
the hippocampus, causing progressive damage and leading to the development of
psychiatric symptoms. However, it is clear that other brain areas are impacted in
psychiatric disorders such as the prefrontal cortex, basal ganglia and amygdala which
were beyond the scope of this thesis. Further investigations should however consider
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the impact of genetic variation and environment stress on multiple brain areas, as well
as the influence on the communication between them that is vital for many cognitive
processes.

9.9

Conclusions

Cacna1c and stress may interact to increase risk for psychiatric disorders, potentially
by converging on the hippocampus. The current findings demonstrate that Cacna1c
has a specific role in aspects of associative learning, particularly the specificity of
associations made, whilst PPS also impairs trace fear conditioning. Cav1.2 is also
shown to have a role in parvalbumin expression and adult neurogenesis within the
dentate gyrus.
Deficits seen in both the Cacna1c+/- and PPS animals models are indicative of
potential psychopathologies that underlie schizophrenia, bipolar disorder and other
psychiatric disorders. Further investigation of both models, and importantly, on the
potential interaction between PPS and Cacna1c would be vitally important to
understand the biological mechanisms involved, and potentially highlight these
pathways as targets for novel treatments.

252

Bibliography

Bibliography
Aas M, Henry C, Andreassen OA, Bellivier F, Melle I, Etain B (2016) The role of childhood
trauma in bipolar disorders. Int J Bipolar Disord 4:2.
Aberg MAI, Pedersen NL, Toren K, Svartengren M, Backstrand B, Johnsson T, CooperKuhn CM, Aberg ND, Nilsson M, Kuhn HG (2009) Cardiovascular fitness is associated
with cognition in young adulthood. Proc Natl Acad Sci 106:20906–20911.
Achanta P, Fuss M, Martinez JL (2009) Ionizing Radiation Impairs the Formation of Trace
Fear Memories and Reduces Hippocampal Neurogenesis. Behav Neurosci 123:1036–
1045.
Adolphs R (2013) The Biology of Fear. Curr Biol 23:R79–R93.
Adriano F, Caltagirone C, Spalletta G (2012) Hippocampal Volume Reduction in FirstEpisode and Chronic Schizophrenia. Neurosci 18:180–200.
Aisa B, Tordera R, Lasheras B, Del Río J, Ramírez MJ (2008) Effects of maternal separation
on hypothalamic–pituitary–adrenal responses, cognition and vulnerability to stress in
adult female rats. Neuroscience 154:1218–1226.
Akbarian S, Kim JJ, Potkin SG, Hagman JO, Tafazzoli A, Bunney WE, Jones EG (1995)
Gene expression for glutamic acid decarboxylase is reduced without loss of neurons in
prefrontal cortex of schizophrenics. Arch Gen Psychiatry 52:258–266.
Albrecht A, Müller I, Ardi Z, Çalışkan G, Gruber D, Ivens S, Segal M, Behr J, Heinemann U,
Stork O, Richter-Levin G (2017) Neurobiological consequences of juvenile stress: A
GABAergic perspective on risk and resilience. Neurosci Biobehav Rev 74:21–43.
Allen KM, Fung SJ, Shannon Weickert C (2016) Cell proliferation is reduced in the
hippocampus in schizophrenia. Aust New Zeal J Psychiatry 50:473–480.
Altman J, Das GD (1965) Autoradiographic and histological evidence of postnatal
hippocampal neurogenesis in rats. J Comp Neurol 124:319–335.
Amrein I (2015) Adult hippocampal neurogenesis in natural populations of mammals. Cold
Spring Harb Perspect Biol 7.
Anacker C, Cattaneo A, Luoni A, Musaelyan K, Zunszain PA, Milanesi E, Rybka J, Berry A,
Cirulli F, Thuret S, Price J, Riva MA, Gennarelli M, Pariante CM (2013) Glucocorticoidrelated molecular signaling pathways regulating hippocampal neurogenesis.
Neuropsychopharmacology 38:872–883.
Anacker C, Hen R (2017) Adult hippocampal neurogenesis and cognitive flexibility — linking
memory and mood. Nat Rev Neurosci 18:335–346.
Anacker C, Luna VM, Stevens GS, Millette A, Shores R, Jimenez JC, Chen B, Hen R (2018)
Hippocampal neurogenesis confers stress resilience by inhibiting the ventral dentate
gyrus. Nature:1.
Anastasides N, Beck KD, Pang KCH, Servatius RJ, Gilbertson MW, Orr SP, Myers CE
(2015) Increased generalization of learned associations is related to re-experiencing
symptoms in veterans with symptoms of post-traumatic stress. Stress 18:484–489.
Andreasen NC, Olsen S (1982) Negative v positive schizophrenia. Definition and validation.
Arch Gen Psychiatry 39:789–794.
Andronache Z, Ursu D, Lehnert S, Freichel M, Flockerzi V, Melzer W (2007) The auxiliary
subunit gamma 1 of the skeletal muscle L-type Ca2+ channel is an endogenous Ca2+
antagonist. Proc Natl Acad Sci U S A 104:17885–17890.
Apple DM, Fonseca RS, Kokovay E (2017) The role of adult neurogenesis in psychiatric and
cognitive disorders. Brain Res 1655:270–276.

253

Bibliography

Arcego DM, Krolow R, Lampert C, Toniazzo AP, Berlitz C, Lazzaretti C, Schmitz F,
Rodrigues AF, Wyse ATS, Dalmaz C (2016) Early life adversities or high fat diet intake
reduce cognitive function and alter BDNF signaling in adult rats: Interplay of these
factors changes these effects. Int J Dev Neurosci 50:16–25.
Arnold SJM, Ivleva EI, Gopal TA, Reddy AP, Jeon-Slaughter H, Sacco CB, Francis AN,
Tandon N, Bidesi AS, Witte B, Poudyal G, Pearlson GD, Sweeney JA, Clementz BA,
Keshavan MS, Tamminga CA (2015) Hippocampal volume is reduced in schizophrenia
and schizoaffective disorder but not in psychotic bipolar I disorder demonstrated by
both manual tracing and automated parcellation (FreeSurfer). Schizophr Bull 41:233–
249.
Avital A, Richter-Levin G (2005) Exposure to juvenile stress exacerbates the behavioural
consequences of exposure to stress in the adult rat. Int J Neuropsychopharmacol
8:163–173.
Aykut DS, Arslan FC, Özkorumak E, Tiryaki A (2017) Schizophrenia and Bipolar Affective
Disorder: a Dimensional Approach. Psychiatr Danub 29:141–147.
Bader PL, Faizi M, Kim LH, Owen SF, Tadross MR, Alfa RW, Bett GCL, Tsien RW,
Rasmusson RL, Shamloo M (2011) Mouse model of Timothy syndrome recapitulates
triad of autistic traits. Proc Natl Acad Sci 108:15432–15437.
Bai YY, Ruan CS, Yang CR, Li JY, Kang ZL, Zhou L, Liu D, Zeng YQ, Wang TH, Tian CF,
Liao H, Bobrovskaya L, Zhou XF (2016) ProBDNF signaling regulates depression-like
behaviors in rodents under chronic stress. Neuropsychopharmacology 41:2882–2892.
Baldessarini RJ, Salvatore P, Khalsa H-MK, Gebre-Medhin P, Imaz H, González-Pinto A,
Perez J, Cruz N, Maggini C, Tohen M (2010) Morbidity in 303 first-episode bipolar I
disorder patients. Bipolar Disord 12:264–270.
Banasr M, Soumier A, Hery M, Mocaër E, Daszuta A (2006) Agomelatine, a New
Antidepressant, Induces Regional Changes in Hippocampal Neurogenesis. Biol
Psychiatry 59:1087–1096.
Bangasser DA, Waxler DE, Santollo J, Shors TJ (2006) Trace Conditioning and the
Hippocampus: The Importance of Contiguity. J Neurosci 26:8702–8706.
Bao H, Asrican B, Li W, Gu B, Wen Z, Lim S-A, Haniff I, Ramakrishnan C, Deisseroth K,
Philpot B, Song J (2017) Long-Range GABAergic Inputs Regulate Neural Stem Cell
Quiescence and Control Adult Hippocampal Neurogenesis. Cell Stem Cell 21:604–
617.e5.
Barad M (2004) Like Extinction, Latent Inhibition of Conditioned Fear in Mice Is Blocked by
Systemic Inhibition of L-Type Voltage-Gated Calcium Channels. Learn Mem 11:536–
539.
Barbelivien A, Herbeaux K, Oberling P, Kelche C, Galani R, Majchrzak M (2006)
Environmental enrichment increases responding to contextual cues but decreases
overall conditioned fear in the rat. Behav Brain Res 169:231–238.
Barha CK, Brummelte S, Lieblich SE, Galea LAM (2011) Chronic restraint stress in
adolescence differentially influences hypothalamic-pituitary-adrenal axis function and
adult hippocampal neurogenesis in male and female rats. Hippocampus 21:1216–
1227.
Barnabé-Heider F, Miller FD (2003) Endogenously produced neurotrophins regulate survival
and differentiation of cortical progenitors via distinct signaling pathways. J Neurosci
23:5149–5160.
Barnett JH, Smoller JW (2009) The genetics of bipolar disorder. Neuroscience 164:331–343.
Barrett CF, Tsien RW (2008) The Timothy syndrome mutation differentially affects voltageand calcium-dependent inactivation of CaV1.2 L-type calcium channels. Proc Natl

254

Bibliography

Acad Sci U S A 105:2157–2162.
Bartos M, Elgueta C (2012) Functional characteristics of parvalbumin- and cholecystokininexpressing basket cells. J Physiol 590:669–681.
Bath KG, Manzano-Nieves G, Goodwill H (2016) Early life stress accelerates behavioral and
neural maturation of the hippocampus in male mice. Horm Behav 82:64–71.
Bauer EP, Schafe GE, LeDoux JE (2002) NMDA receptors and L-type voltage-gated calcium
channels contribute to long-term potentiation and different components of fear memory
formation in the lateral amygdala. J Neurosci 22:5239–5249.
Bavley CC, Fischer DK, Rizzo BK, Rajadhyaksha AM (2017) Cav1.2 channels mediate
persistent chronic stress-induced behavioral deficits that are associated with prefrontal
cortex activation of the p25/Cdk5-glucocorticoid receptor pathway. Neurobiol Stress
7:27–37.
Bazak N, Kozlovsky N, Kaplan Z, Matar M, Golan H, Zohar J, Richter-Levin G, Cohen H
(2009) Pre-pubertal stress exposure affects adult behavioral response in association
with changes in circulating corticosterone and brain-derived neurotrophic factor.
Psychoneuroendocrinology 34:844–858.
Beasley CL, Reynolds GP (1997) Parvalbumin-immunoreactive neurons are reduced in the
prefrontal cortex of schizophrenics. Schizophr Res 24:349–355.
Belforte JE, Zsiros V, Sklar ER, Jiang Z, Yu G, Li Y, Quinlan EM, Nakazawa K (2010)
Postnatal NMDA receptor ablation in corticolimbic interneurons confers schizophrenialike phenotypes. Nat Neurosci 13:76–83.
Benes FM (1999) Evidence for altered trisynaptic circuitry in schizophrenic hippocampus.
Biol Psychiatry 46:589–599.
Benes FM, Kwok EW, Vincent SL, Todtenkopf MS (1998) A reduction of nonpyramidal cells
in sector CA2 of schizophrenics and manic depressives. Biol Psychiatry 44:88–97.
Bennett AJ, Lesch KP, Heils A, Long JC, Lorenz JG, Shoaf SE, Champoux M, Suomi SJ,
Linnoila M V, Higley JD (2002) Early experience and serotonin transporter gene
variation interact to influence primate CNS function. Mol Psychiatry 7:118–122.
Bennett JC, McRae PA, Levy LJ, Frick KM (2006) Long-term continuous, but not daily,
environmental enrichment reduces spatial memory decline in aged male mice.
Neurobiol Learn Mem 85:139–152.
Benros ME, Nielsen PR, Nordentoft M, Eaton WW, Dalton SO, Mortensen PB (2011)
Autoimmune Diseases and Severe Infections as Risk Factors for Schizophrenia: A 30Year Population-Based Register Study. Am J Psychiatry 168:1303–1310.
Berkefeld H, Fakler B (2008) Repolarizing Responses of BKCa-Cav Complexes Are
Distinctly Shaped by Their Cav Subunits. J Neurosci 28:8238–8245.
Berridge MJ (2014) Calcium signalling and psychiatric disease: bipolar disorder and
schizophrenia. Cell Tissue Res 357:477–492.
Beylin A V., Gandhi CC, Wood GE, Talk AC, Matzel LD, Shors TJ (2001) The role of the
hippocampus in trace conditioning: Temporal discontinuity or task difficulty? Neurobiol
Learn Mem 76:447–461.
Bigos KL, Mattay VS, Callicott JH, Straub RE, Vakkalanka R, Kolachana B, Hyde TM, Lipska
BK, Kleinman JE, Weinberger DR (2010) Genetic variation in CACNA1C affects brain
circuitries related to mental illness. Arch Gen Psychiatry 67:939–945.
Birch AM, Mcgarry NB, Kelly ÁM (2013) Short-term environmental enrichment, in the
absence of exercise, improves memory, and increases NGF concentration, early
neuronal survival, and synaptogenesis in the dentate gyrus in a time-dependent
manner. Hippocampus 23:437–450.

255

Bibliography

Björkholm C, Monteggia LM (2016) BDNF - A key transducer of antidepressant effects.
Neuropharmacology 102:72–79.
Boersma GJ, Lee RS, Cordner ZA, Ewald ER, Purcell RH, Moghadam AA, Tamashiro KL
(2013) Prenatal stress decreases Bdnf expression and increases methylation of Bdnf
exon IV in rats. Epigenetics 9:437–447.
Boksa P (2012) Abnormal synaptic pruning in schizophrenia: Urban myth or reality? J
Psychiatry Neurosci 37:75–77.
Bolbecker AR, Mehta C, Johannesen JK, Edwards CR, O’donnell BF, Shekhar A,
Nurnberger JI, Steinmetz JE, Hetrick WP (2009) Eyeblink conditioning anomalies in
bipolar disorder suggest cerebellar dysfunction. Bipolar Disord 11:19–32.
Boldrini M, Fulmore CA, Tartt AN, Simeon LR, Pavlova I, Poposka V, Rosoklija GB, Stankov
A, Arango V, Dwork AJ, Hen R, Mann JJ (2018) Human Hippocampal Neurogenesis
Persists throughout Aging. Cell Stem Cell 22:589–599.e5.
Boldrini M, Underwood MD, Hen R, Rosoklija GB, Dwork AJ, John Mann J, Arango V (2009)
Antidepressants increase neural progenitor cells in the human hippocampus.
Neuropsychopharmacology 34:2376–2389.
Bouffard-bouchard T, Parent S, Larivee S (2017) Early adversity and learning: implications
for typical and atypical behavioral devolopment. J Child Psychol Psychiatry 58:770–
778.
Bowers M, Jessberger S (2016) Linking adult hippocampal neurogenesis with human
physiology and disease. Dev Dyn 245:702–709.
Bowie CR, Harvey PD (2006) Cognitive deficits and functional outcome in schizophrenia.
Neuropsychiatr Dis Treat 2:531–536.
Brambilla P, Cerruti S, Bellani M, Perlini C, Ferro A, Marinelli V, Giusto D, Tomelleri L,
Rambaldelli G, Tansella M, Diwadkar VA (2011) Shared impairment in associative
learning in schizophrenia and bipolar disorder. Prog Neuro-Psychopharmacology Biol
Psychiatry 35:1093–1099.
Bramham CR, Messaoudi E (2005) BDNF function in adult synaptic plasticity: The synaptic
consolidation hypothesis. Prog Neurobiol 76:99–125.
Brasted PJ, Bussey TJ, Murray EA, Wise SP (2003) Role of the hippocampal system in
associative learning beyond the spatial domain. Brain 126:1202–1223.
Bremner JD, Vermetten E, Schmahl C (2005) Positron emission tomography imaging of
neural correlates of a fear acquisition and extinction paradigm in women with childhood
sexual-abuse-related post-traumatuc stress disorder. Psychol Med 35:791–806.
Brisch R, Bielau H, Saniotis A, Wolf R, Bogerts B, Krell D, Steiner J, Braun K, Krzyżanowska
M, Krzyżanowski M, Jankowski Z, Kaliszan M, Bernstein H-G, Gos T (2015) Calretinin
and parvalbumin in schizophrenia and affective disorders: a mini-review, a perspective
on the evolutionary role of calretinin in schizophrenia, and a preliminary post-mortem
study of calretinin in the septal nuclei. Front Cell Neurosci 9:393.
Brown AS (2012) Epidemiologic studies of exposure to prenatal infection and risk of
schizophrenia and autism. Dev Neurobiol 72:1272–1276.
Brown GW, Ban M, Craig TK, Harris TO, Herbert J, Uher R (2013) Serotonin transporter
length polymorphism, childhood maltreatment, and chronic depression: a specific
gene-environment interaction. Depress Anxiety 30.
Brown GW, Craig TKJ, Harris TO, Herbert J, Hodgson K, Tansey KE, Uher R (2014)
FUNCTIONAL POLYMORPHISM IN THE BRAIN-DERIVED NEUROTROPHIC
FACTOR GENE INTERACTS WITH STRESSFUL LIFE EVENTS BUT NOT
CHILDHOOD MALTREATMENT IN THE ETIOLOGY OF DEPRESSION. Depress

256

Bibliography

Anxiety 31:326–334.
Bruel-Jungerman E, Laroche S, Rampon C (2005) New neurons in the dentate gyrus are
involved in the expression of enhanced long-term memory following environmental
enrichment. Eur J Neurosci 21:513–521.
Brydges N, Jin R, Seckl J, Holmes M, Drake A, Hall J (2014a) Juvenile stress enhances
anxiety and alters corticosteroid receptor expression in adulthood. Brain Behav 4:4–13.
Brydges N, Seckl J, Torrance H, Holmes MC, Evans KL, Hall J (2014b) Juvenile stress
produces long-lasting changes in hippocampal DISC1, GSK3ß and NRG1 expression.
Mol Psychiatry 19:854–855.
Brydges N, Seckl J, Torrance HS, Holmes MC, Evans KL, Hall J (2014c) Juvenile stress
produces long-lasting changes in hippocampal DISC1, GSK3β and NRG1 expression.
Mol Psychiatry 19:854–855.
Brydges N, Wood E, Holmes M, Hall J (2014d) Prepubertal stress and hippocampal function:
sex-specific effects. Hippocampus 24:684–692.
Brydges NM, Hall L, Nicolson R, Holmes MC, Hall J (2012) The Effects of Juvenile Stress on
Anxiety, Cognitive Bias and Decision Making in Adulthood: A Rat Model. PLoS One.
Brzózka MM, Rossner MJ (2013) Deficits in trace fear memory in a mouse model of the
schizophrenia risk gene TCF4. Behav Brain Res 237:348–356.
Buhl EH, Han ZS, Lorinczi Z, Stezhka V V., Karnup S V., Somogyi P (1994) Physiological
properties of anatomically identified axo-axonic cells in the rat hippocampus. J
Neurophysiol 71:1289–1307.
Bullmore ET, Frangou S, Murray RM (1997) The dysplastic net hypothesis: an integration of
developmental and dysconnectivity theories of schizophrenia. Schizophr Res 28:143–
156.
Buraei Z, Yang J (2010) The β Subunit of Voltage-Gated Ca 2+ Channels. Physiol Rev
90:1461–1506.
Burgess N, Maguire EA, O’Keefe J (2002) The human hippocampus and spatial and
episodic memory. Neuron 35:625–641.
Busquet P, Hetzenauer A, Sinnegger-Brauns MJ, Striessnig J, Singewald N (2008) Role of
L-type Ca2+ channel isoforms in the extinction of conditioned fear. Learn Mem 15:378–
386.
Cabungcal J-H, Steullet P, Kraftsik R, Cuenod M, Do KQ (2013) Early-Life Insults Impair
Parvalbumin Interneurons via Oxidative Stress: Reversal by N-Acetylcysteine. Biol
Psychiatry 73:574–582.
Cain CK, Blouin AM, Barad M (2002) L-type voltage-gated calcium channels are required for
extinction, but not for acquisition or expression, of conditional fear in mice. J Neurosci
22:9113–9121.
Cameron HA, Mckay RDG (2001) Adult neurogenesis produces a large pool of new granule
cells in the dentate gyrus. J Comp Neurol 435:406–417.
Cano-Abad MF, Villarroya M, García AG, Gabilan NH, López MG (2001) Calcium entry
through L-type calcium channels causes mitochondrial disruption and chromaffin cell
death. J Biol Chem 276:39695–39704.
Cao L, Jiao X, Zuzga DS, Liu Y, Fong DM, Young D, During MJ (2004) VEGF links
hippocampal activity with neurogenesis, learning and memory. Nat Genet 36:827–835.
Cao W, Duan J, Wang X, Zhong X, Hu Z, Huang F, Wang H, Zhang JJ, Li F, Zhang JJ, Luo
X, Li CQ (2014) Early enriched environment induces an increased conversion of
proBDNF to BDNF in the adult rat’s hippocampus. Behav Brain Res 265:76–83.

257

Bibliography

Cariaga-Martinez A, Saiz-Ruiz J, Alelú-Paz R (2016) From Linkage Studies to Epigenetics:
What We Know and What We Need to Know in the Neurobiology of Schizophrenia.
Front Neurosci 10:202.
Carr CP, Martins CMS, Stingel AM, Lemgruber VB, Juruena MF (2013) The role of early life
stress in adult psychiatric disorders: A systematic review according to childhood
trauma subtypes. J Nerv Ment Dis 201:1007–1020.
Carrión VG, Haas BW, Garrett A, Song S, Reiss AL (2010) Reduced hippocampal activity in
youth with posttraumatic stress symptoms: an FMRI study. J Pediatr Psychol 35:559–
569.
Casamassima F, Huang J, Fava M, Sachs GS, Smoller JW, Cassano GB, Lattanzi L,
Fagerness J, Stange JP, Perlis RH (2010) Phenotypic effects of a bipolar liability gene
among individuals with major depressive disorder. Am J Med Genet Part B
Neuropsychiatr Genet 153:303–309.
Caspi A, Moffitt TE, Cannon M, McClay J, Murray R, Harrington H, Taylor A, Arseneault L,
Williams B, Braithwaite A, Poulton R, Craig IW (2005) Moderation of the Effect of
Adolescent-Onset Cannabis Use on Adult Psychosis by a Functional Polymorphism in
the Catechol-O-Methyltransferase Gene: Longitudinal Evidence of a Gene X
Environment Interaction. Biol Psychiatry 57:1117–1127.
Catterall WA (2011) Voltage-gated calcium channels. Cold Spring Harb Perspect Biol
3:a003947.
Catterall WA, Perez-Reyes E, Snutch TP, Striessnig J (2005) International Union of
Pharmacology. XLVIII. Nomenclature and Structure-Function Relationships of VoltageGated Calcium Channels. Pharmacol Rev 57:411–425.
Chameau P, Qin Y, Spijker S, Smit G, Joëls M (2007) Glucocorticoids Specifically Enhance
L-Type Calcium Current Amplitude and Affect Calcium Channel Subunit Expression in
the Mouse Hippocampus. J Neurophysiol 97:5–14.
Champagne DL, Bagot RC, van Hasselt F, Ramakers G, Meaney MJ, de Kloet ER, Joëls M,
Krugers H (2008) Maternal care and hippocampal plasticity: evidence for experiencedependent structural plasticity, altered synaptic functioning, and differential
responsiveness to glucocorticoids and stress. J Neurosci 28:6037–6045.
Chao M V, Bothwell M (2002) Neurotrophins: To cleave or not to cleave. Neuron 33:9–12.
Chareyron LJ, Lavenex PB, Amaral DG, Lavenex P (2012) Postnatal development of the
amygdala: A stereological study in macaque monkeys. J Comp Neurol 520:1965–1984.
Chen Y, Baram TZ (2016) Toward understanding how early-life stress reprograms cognitive
and emotional brain networks. Neuropsychopharmacology 41:197–206.
Chocyk A, Przyborowska A, Makuch W, Majcher-Maślanka I, Dudys D, Wedzony K (2014)
The effects of early-life adversity on fear memories in adolescent rats and their
persistence into adulthood. Behav Brain Res 264:161–172.
Christian KM (2003) Neural Substrates of Eyeblink Conditioning: Acquisition and Retention.
Learn Mem 10:427–455.
Cicchetti D, Rogosch FA (2001) The impact of child maltreatment and psychopathology on
neuroendocrine functioning. Dev Psychopathol 13:783–804.
Cichon S et al. (2009) Genomewide Association Studies: History, Rationale, and Prospects
for Psychiatric Disorders. Am J Psychiatry 166:540–556.
Cipriani A, Saunders K, Attenburrow M-J, Stefaniak J, Panchal P, Stockton S, Lane TA,
Tunbridge EM, Geddes JR, Harrison PJ (2016) A systematic review of calcium channel
antagonists in bipolar disorder and some considerations for their future development.
Mol Psychiatry 21:1324–1332.

258

Bibliography

Clemenson GD, Deng W, Gage FH (2015a) Environmental enrichment and neurogenesis:
From mice to humans. Curr Opin Behav Sci 4:56–62.
Clemenson GD, Lee SW, Deng W, Barrera VR, Iwamoto KS, Fanselow MS, Gage FH
(2015b) Enrichment rescues contextual discrimination deficit associated with
immediate shock. Hippocampus 25:385–392.
Clifton NE, Pocklington AJ, Scholz B, Rees E, Walters JTR, Kirov G, O’Donovan MC, Owen
MJ, Wilkinson LS, Thomas KL, Hall J (2017) Schizophrenia copy number variants and
associative learning. Mol Psychiatry 22:178–182.
Cohen SM, Ma H, Kuchibhotla K V, Watson BO, Buzsáki G, Froemke RC, Tsien RW (2016)
Excitation-Transcription Coupling in Parvalbumin-Positive Interneurons Employs a
Novel CaM Kinase-Dependent Pathway Distinct from Excitatory Neurons. Neuron
90:292–307.
Collins AL, Sullivan PF (2013) Genome-wide association studies in psychiatry: what have
we learned? Br J Psychiatry 202:1–4.
Cotman CW, Monaghan DT, Ottersen OP, Storm-Mathisen J (1987) Anatomical organization
of excitatory amino acid receptors and their pathways. Trends Neurosci 10:273–280.
Coyle JT (2012) NMDA Receptor and Schizophrenia: A Brief History. Schizophr Bull
38:920–926.
Curzon P, Rustay NR, Browman KE (2009) Cued and Contextual Fear Conditioning for
Rodents. CRC Press/Taylor & Francis.
Czeh B, Simon M, van der Hart MG, Schmelting B, Hesselink MB, Fuchs E (2005) Chronic
Stress Decreases the Number of Parvalbumin-Immunoreactive Interneurons in the
Hippocampus: Prevention by Treatment with a Substance P Receptor (NK1)
Antagonist. Neuropsychopharmacology 30:67–79.
D’Ascenzo M, Piacentini R, Casalbore P, Budoni M, Pallini R, Azzena GB, Grassi C (2006)
Role of L-type Ca2+ channels in neural stem/progenitor cell differentiation. Eur J
Neurosci 23:935–944.
Dao DT, Mahon PB, Cai X, Kovacsics CE, Blackwell RA, Arad M, Shi J, Zandi PP, O’Donnell
P, Knowles JA, Weissman MM, Coryell W, Scheftner WA, Lawson WB, Levinson DF,
Thompson SM, Potash JB, Gould TD (2010) Mood disorder susceptibility gene
CACNA1C modifies mood-related behaviors in mice and interacts with sex to influence
behavior in mice and diagnosis in humans. Biol Psychiatry 68:801–810.
Daskalakis NP, De Kloet ER, Yehuda R, Malaspina D, Kranz TM (2015) Early Life Stress
Effects on Glucocorticoid—BDNF Interplay in the Hippocampus. Front Mol Neurosci
8:68.
Datson NA, Speksnijder N, Mayer JL, Steenbergen PJ, Korobko O, Goeman J, de Kloet ER,
Joëls M, Lucassen PJ (2012) The transcriptional response to chronic stress and
glucocorticoid receptor blockade in the hippocampal dentate gyrus. Hippocampus
22:359–371.
Davies A, Hendrich J, Van Minh AT, Wratten J, Douglas L, Dolphin AC (2007) Functional
biology of the α2δ subunits of voltage-gated calcium channels. Trends Pharmacol Sci
28:220–228.
De Rubeis S et al. (2014) Synaptic, transcriptional and chromatin genes disrupted in autism.
Nature 515:209–215.
Dedic N et al. (2018) Cross-disorder risk gene CACNA1C differentially modulates
susceptibility to psychiatric disorders during development and adulthood. Mol
Psychiatry 23:533–543.
Degoulet M, Stelly CE, Ahn KC, Morikawa H (2016) L-type Ca 2+ channel blockade with

259

Bibliography

antihypertensive medication disrupts VTA synaptic plasticity and drug-associated
contextual memory. Mol Psychiatry 21:394–402.
Deisseroth K, Singla S, Toda H, Monje M, Palmer TD, Malenka RC (2004) Excitationneurogenesis coupling in adult neural stem/progenitor cells. Neuron 42:535–552.
Deng W, Aimone JB, Gage FH (2010) New neurons and new memories: How does adult
hippocampal neurogenesis affect learning and memory? Nat Rev Neurosci 11:339–
350.
Dich N, Hansen ÅM, Avlund K, Lund R, Mortensen EL, Bruunsgaard H, Rod NH (2015)
Early life adversity potentiates the effects of later life stress on cumulative physiological
dysregulation. Anxiety Stress Coping 28:372–390.
Dichter MA, Ayala GF (1987) Cellular mechanisms of epilepsy: a status report. Science
237:157–164.
Dick IE, Joshi-Mukherjee R, Yang W, Yue DT (2016) Arrhythmogenesis in Timothy
Syndrome is associated with defects in Ca2+-dependent inactivation. Nat Commun
7:10370.
Dickinson A (2012) Associative learning and animal cognition. Philos Trans R Soc B Biol Sci
367:2733–2742.
Diehl LA, Pereira N de SC, Laureano DP, Benitz AND, Noschang C, Ferreira AGK, Scherer
EB, Machado FR, Henriques TP, Wyse ATS, Molina V, Dalmaz C (2014) Contextual
fear conditioning in maternal separated rats: The amygdala as a site for alterations.
Neurochem Res 39:384–393.
Diwadkar VA, Flaugher B, Jones T, Zalányi L, Ujfalussy B, Keshavan MS, Érdi P (2008)
Impaired associative learning in schizophrenia: Behavioral and computational studies.
Cogn Neurodyn 2:207–219.
Dolphin AC (2013) The α2δ subunits of voltage-gated calcium channels. Biochim Biophys
Acta - Biomembr 1828:1541–1549.
Donato F, Rompani SB, Caroni P (2013) Parvalbumin-expressing basket-cell network
plasticity induced by experience regulates adult learning. Nature 504:272–276.
Ducharme G, Lowe GC, Goutagny R, Williams S (2012) Early Alterations in Hippocampal
Circuitry and Theta Rhythm Generation in a Mouse Model of Prenatal Infection:
Implications for Schizophrenia Dickson CT, ed. PLoS One 7:e29754.
Duffy SN, Craddock KJ, Abel T, Nguyen PV (2001) Environmental Enrichment Modifies the
PKA-Dependence of Hippocampal LTP and Improves Hippocampus-Dependent
Memory. Learn Mem 8:26–34.
Duncko R, Cornwell B, Cui L, Merikangas KR, Grillon C (2007) Acute exposure to stress
improves performance in trace eyeblink conditioning and spatial learning tasks in
healthy men. Learn Mem 14:329–335.
Dunsmoor JE, Paz R (2015) Fear Generalization and Anxiety: Behavioral and Neural
Mechanisms. Biol Psychiatry 78:336–343.
Eckart N, Song Q, Yang R, Wang R, Zhu H, McCallion AS, Avramopoulos D (2016)
Functional characterization of schizophrenia-associated variation in CACNA1C Potash
JB, ed. PLoS One 11:e0157086.
Eckert A, Karen S, Beck J, Brand S, Hemmeter U, Hatzinger M, Holsboer-Trachsler E
(2017) The link between sleep, stress and BDNF. Eur Psychiatry 41:S282.
Egeland M, Zunszain PA, Pariante CM (2015) Molecular mechanisms in the regulation of
adult neurogenesis during stress. Nat Rev Neurosci 16:189–200.
Eiland L, Ramroop J, Hill MN, Manley J, McEwen BS (2012) Chronic juvenile stress

260

Bibliography

produces corticolimbic dendritic architectural remodeling and modulates emotional
behavior in male and female rats. Psychoneuroendocrinology 37:39–47.
Ekstrom AD, Ranganath C (2017) Space, time, and episodic memory: The hippocampus is
all over the cognitive map. Hippocampus.
Ellinor PT, Yang J, Sather WA, Zhang J-F, Tsien RW (1995) Ca 2+ Channel Selectivity at a
Single Locus for High-Affinity Ca 2+ Interactions. Neuron 15:1121–1132.
Elzinga BM, Molendijk ML, Oude Voshaar RC, Bus BAA, Prickaerts J, Spinhoven P, Penninx
BJWH (2011) The impact of childhood abuse and recent stress on serum brain-derived
neurotrophic factor and the moderating role of BDNF Val66Met. Psychopharmacology
(Berl) 214:319–328.
Epp JR, Spritzer MD, Galea LAM (2007) Hippocampus-dependent learning promotes
survival of new neurons in the dentate gyrus at a specific time during cell maturation.
Neuroscience 149:273–285.
Errington AC (2014) Extrasynaptic GABAA Receptors. In: Extrasynaptic GABAA Receptors,
pp 1–14. New York, NY: Springer New York.
Everson-Rose SA, Mendes De Leon CF, Bienias JL, Wilson RS, Evans DA (2003) Early Life
Conditions and Cognitive Functioning in Later Life. Am J Epidemiol 158:1083–1089.
Ewald H, Glotzbach-Schoon E, Gerdes ABM, Andreatta M, MÃ¼ller M, MÃ¼hlberger A,
Pauli P (2014) Delay and trace fear conditioning in a complex virtual learning
environmentâ€”neural substrates of extinction. Front Hum Neurosci 8:323.
Fabel K, Wolf SA, Ehninger D, Babu H, Leal-Galicia P, Kempermann G (2009) Additive
effects of physical exercise and environmental enrichment on adult hippocampal
neurogenesis in mice. Front Neurosci 3:50.
Fanselow MS, Dong HW (2010) Are the Dorsal and Ventral Hippocampus Functionally
Distinct Structures? Neuron 65:7–19.
Feng R, Rampon C, Tang YP, Shrom D, Jin J, Kyin M, Sopher B, Martin GM, Kim SH,
Langdon RB, Sisodia SS, Tsien JZ (2001) Deficient neurogenesis in forebrain-specific
presenilin-1 knockout mice is associated with reduced clearance of hippocampal
memory traces. Neuron 32:911–926.
Ferreira M et al. (2008) Collaborative genome-wide association analysis supports a role for
ANK3 and CACNA1C in bipolar disorder. Nat Genet 40:1056–1058.
Filipović D, Zlatković J, Gass P, Inta D (2013) The differential effects of acute vs. chronic
stress and their combination on hippocampal parvalbumin and inducible heat shock
protein 70 expression. Neuroscience 236:47–54.
Fiorentino A, O’Brien NL, Locke DP, McQuillin A, Jarram A, Anjorin A, Kandaswamy R,
Curtis D, Blizard RA, Gurling HMD (2014) Analysis of ANK3 and CACNA1C variants
identified in bipolar disorder whole genome sequence data. Bipolar Disord 16:583–591.
Fletcher PC, Frith CD (2009) Perceiving is believing: a Bayesian approach to explaining the
positive symptoms of schizophrenia. Nat Rev Neurosci 10:48–58.
Forsyth JK, Lewis DA (2017) Mapping the Consequences of Impaired Synaptic Plasticity in
Schizophrenia through Development: An Integrative Model for Diverse Clinical
Features. Trends Cogn Sci 21:760–778.
França TFA, Bitencourt AM, Maximilla NR, Barros DM, Monserrat JM (2017) Hippocampal
neurogenesis and pattern separation: A meta-analysis of behavioral data.
Hippocampus 27:937–950.
Franks RD, Dubovsky SL, Lifshitz M, Coen P, Subryan V, Walker SH (1982) Long-term
lithium carbonate therapy causes hyperparathyroidism. Arch Gen Psychiatry 39:1074–
1077.

261

Bibliography

Freir DB, Herron CE (2003) Inhibition of L-type voltage dependent calcium channels causes
impairment of long-term potentiation in the hippocampal CA1 region in vivo. Brain Res
967:27–36.
Freund J, Brandmaier AM, Lewejohann L, Kirste I, Kritzler M, Kruger A, Sachser N,
Lindenberger U, Kempermann G (2013) Emergence of Individuality in Genetically
Identical Mice. Science (80- ) 340:756–759.
Frey BN, Andreazza AC, Nery FG, Martins MR, Quevedo J, Soares JC, Kapczinski F (2007)
The role of hippocampus in the pathophysiology of bipolar disorder. Behav Pharmacol
18:419–430.
Fromer M et al. (2014) De novo mutations in schizophrenia implicate synaptic networks.
Nature 506:179–184.
Gejman P V, Sanders AR, Duan J (2010) The role of genetics in the etiology of
schizophrenia. Psychiatr Clin North Am 33:35–66.
George ED, Bordner KA, Elwafi HM, Simen AA (2010) Maternal separation with early
weaning: a novel mouse model of early life neglect. BMC Neurosci 11:123.
Gershon ES, Grennan K, Busnello J, Badner JA, Ovsiew F, Memon S, Alliey-Rodriguez N,
Cooper J, Romanos B, Liu C (2014) A rare mutation of CACNA1C in a patient with
bipolar disorder, and decreased gene expression associated with a bipolar-associated
common SNP of CACNA1C in brain. Mol Psychiatry 19:890–894.
Ghosh A, Carnahan J, Greenberg ME (1994) Requirement for BDNF in activity-dependent
survival of cortical neurons. Science 263:1618–1623.
Gibb BE, Butler AC, Beck JS (2003) Childhood abuse, depression, and anxiety in adult
psychiatric outpatients. Depress Anxiety 17:226–228.
Gilbert R, Widom CS, Browne K, Fergusson D, Webb E, Janson S (2009) Burden and
consequences of child maltreatment in high-income countries. Lancet 373:68–81.
Gilmartin MR, Helmstetter FJ (2010) Trace and contextual fear conditioning require neural
activity and NMDA receptor-dependent transmission in the medial prefrontal cortex.
Learn Mem 17:289–296.
Godfraind T (2017) Discovery and Development of Calcium Channel Blockers. Front
Pharmacol 8:286.
Gonzalez-Burgos G, Hashimoto T, Lewis DA (2010) Alterations of Cortical GABA Neurons
and Network Oscillations in Schizophrenia. Curr Psychiatry Rep 12:335–344.
Gonzalez-Burgos G, Lewis DA (2008) GABA Neurons and the Mechanisms of Network
Oscillations: Implications for Understanding Cortical Dysfunction in Schizophrenia.
Schizophr Bull 34:944–961.
Gonzalez S, Xu C, Ramirez M, Zavala J, Armas R, Contreras SA, Contreras J, Dassori A,
Leach RJ, Flores D, Jerez A, Raventós H, Ontiveros A, Nicolini H, Escamilla M (2013)
Suggestive evidence for association between L-type voltage-gated calcium channel
(CACNA1C) gene haplotypes and bipolar disorder in Latinos: A family-based
association study. Bipolar Disord 15:206–214.
Götz M, Huttner WB (2005) The cell biology of neurogenesis. Nat Rev Mol Cell Biol 6:777–
788.
Gould E, Beylin A, Tanapat P, Reeves A, Shors TJ (1999) Learning enhances adult
neurogenesis in the hippocampal formation. Nat Neurosci 2:260–265.
Green EJ, Greenough WT, Schlumpf BE (1983) Effects of complex or isolated environments
on cortical dendrites of middle-aged rats. Brain Res 264:233–240.
Green EK, Grozeva D, Jones I, Jones L, Kirov G, Caesar S, Gordon-Smith K, Fraser C,

262

Bibliography

Forty L, Russell E, Hamshere ML, Moskvina V, Nikolov I, Farmer A, McGuffin P,
Holmans PA, Owen MJ, O’Donovan MC, Craddock N (2009) The bipolar disorder risk
allele at CACNA1C also confers risk of recurrent major depression and of
schizophrenia. Mol Psychiatry 15:1–7.
Green EK, Hamshere M, Forty L, Gordon-Smith K, Fraser C, Russell E, Grozeva D, Kirov G,
Holmans P, Moran JL, Purcell S, Sklar P, Owen MJ, O’donovan MC, Jones L, Jones
IR, Craddock N (2013) Replication of bipolar disorder susceptibility alleles and
identification of two novel genome-wide significant associations in a new bipolar
disorder case-control sample. Mol Psychiatry 18:1302–1307.
Grunze HC, Rainnie DG, Hasselmo ME, Barkai E, Hearn EF, McCarley RW, Greene RW
(1996) NMDA-dependent modulation of CA1 local circuit inhibition. J Neurosci
16:2034–2043.
Guan F, Zhang B, Yan T, Li L, Liu F, Li T, Feng Z, Zhang B, Liu X, Li S (2014) MIR137 gene
and target gene CACNA1C of miR-137 contribute to schizophrenia susceptibility in Han
Chinese. Schizophr Res 152:97–104.
Guillozet-Bongaarts AL, Hyde TM, Dalley RA, Hawrylycz MJ, Henry A, Hof PR, Hohmann J,
Jones AR, Kuan CL, Royall J, Shen E, Swanson B, Zeng H, Kleinman JE (2014)
Altered gene expression in the dorsolateral prefrontal cortex of individuals with
schizophrenia. Mol Psychiatry 19:478–485.
Gur RE, Turetsky BI, Bilker WB, Gur RC (1999) Reduced gray matter volume in
schizophrenia. Arch Gen Psychiatry 56:905–911.
Guyer A, Kaufman J, Hodgon HB, Masten CL, Jazbec S, Pine DS, Ernst M (2006)
Behavioral Alterations in Reward System Function. J Am Acad Child Adolesc
Psychiatry 45:1059–1067.
Haenschel C, Bittner RA, Waltz J, Haertling F, Wibral M, Singer W, Linden DEJ, Rodriguez
E (2009) Cortical Oscillatory Activity Is Critical for Working Memory as Revealed by
Deficits in Early-Onset Schizophrenia. J Neurosci 29:9481–9489.
Hall J (2017) Schizophrenia - An anxiety disorder? Br J Psychiatry 211:262–263.
Hall J, Romaniuk L, McIntosh AM, Steele JD, Johnstone EC, Lawrie SM (2009) Associative
learning and the genetics of schizophrenia. Trends Neurosci 32:359–365.
Hall J, Thomas KL, Everitt BJ (2000) Rapid and selective induction of BDNF expression in
the hippocampus during contextual learning. Nat Neurosci 3:533–535.
Hall J, Trent S, Thomas KL, O’Donovan MC, Owen MJ (2015) Genetic Risk for
Schizophrenia: Convergence on Synaptic Pathways Involved in Plasticity. Biol
Psychiatry 77:52–58.
Hamshere ML et al. (2013) Genome-wide significant associations in schizophrenia to
ITIH3/4, CACNA1C and SDCCAG8, and extensive replication of associations reported
by the Schizophrenia PGC. Mol Psychiatry 18:708–712.
Han CJ, O’Tuathaigh CM, van Trigt L, Quinn JJ, Fanselow MS, Mongeau R, Koch C,
Anderson DJ (2003) Trace but not delay fear conditioning requires attention and the
anterior cingulate cortex. Proc Natl Acad Sci 100:13087–13092.
Hanson JL, van den Bos W, Roeber BJ, Rudolph KD, Davidson RJ, Pollak SD (2017) Early
adversity and learning: implications for typical and atypical behavioral development. J
Child Psychol Psychiatry 58:770–778.
Harburger LL, Lambert TJ, Frick KM (2007) Age-dependent effects of environmental
enrichment on spatial reference memory in male mice. Behav Brain Res 185:43–48.
Harris AP, Lennen RJ, Brydges NM, Jansen MA, Pernet CR, Whalley HC, Marshall I, Baker
S, Basso AM, Day M, Holmes MC, Hall J (2016) The role of brain-derived neurotrophic

263

Bibliography

factor in learned fear processing: An awake rat fMRI study. Genes, Brain Behav
15:221–230.
Harrison PJ (1999) The neuropathology of schizophrenia. A critical review of the data and
their interpretation. Brain 122 ( Pt 4):593–624.
Harrison PJ, Weinberger DR (2005) Schizophrenia genes, gene expression and
neuropathology: on the matter of their convergence. Mol Psychiatry 10:40–68.
Harte MK, Powell SB, Swerdlow NR, Geyer MA, Reynolds GP (2007) Deficits in parvalbumin
and calbindin immunoreactive cells in the hippocampus of isolation reared rats. J
Neural Transm 114:893–898.
Hashimoto T, Bazmi HH, Mirnics K, Wu Q, Sampson AR, Lewis DA (2008) Conserved
Regional Patterns of GABA-Related Transcript Expression in the Neocortex of
Subjects With Schizophrenia. Am J Psychiatry 165:479–489.
Hashimoto T, Volk DW, Eggan SM, Mirnics K, Pierri JN, Sun Z, Sampson AR, Lewis DA
(2003) Gene expression deficits in a subclass of GABA neurons in the prefrontal cortex
of subjects with schizophrenia. J Neurosci 23:6315–6326.
He K, An Z, Wang Q, Li T, Li Z, Chen J, Li W, Wang T, Ji J, Feng G, Lin H, Yi Q, Shi Y
(2014) CACNA1C, schizophrenia and major depressive disorder in the Han Chinese
population. Br J Psychiatry 204:36–39.
Hebb DO (1947) The effects of early experience on problem solving at maturity. Am Psychol
2:306–307.
Heckers S (2001) Neuroimaging studies of the hippocampus in schizophrenia. Hippocampus
11:520–528.
Heckers S, Rauch S, Goff D, Savage C, Schacter D, Fischman A, Alpert N (1998) Impaired
recruitment of the hippocampus during conscious recollection in schizophrenia. Nat
Neurosci 1:318–323.
Heckers S, Stone D, Walsh J, Shick J, Koul P, Benes FM (2002) Differential hippocampal
expression of glutamic acid decarboxylase 65 and 67 messenger RNA in bipolar
disorder and schizophrenia. Arch Gen Psychiatry 59:521–529.
Hegde P, O’Mara S, Laxmi TR (2017) Extinction of contextual fear with timed exposure to
enriched environment: A differential effect. Ann Neurosci 24:90–104.
Heinz A, Deserno L, Reininghaus U (2013) Urbanicity, social adversity and psychosis. World
Psychiatry 12:187–197.
Heldt SA, Ressler KJ (2007) Training-induced changes in the expression of GABAAassociated genes in the amygdala after the acquisition and extinction of Pavlovian fear.
Eur J Neurosci 26:3631–3644.
Hell JW, Westenbroek RE, Warner C, Ahlijanian MK, Prystay W, Gilbert MM, Snutch TP,
Catterall WA (1993) Identification and differential subcellular localization of the
neuronal class C and class D L-type calcium channel alpha 1 subunits. J Cell Biol
123:949–962.
Helmstetter FJ, Bellgowan PS (1994) Effects of muscimol applied to the basolateral
amygdala on acquisition and expression of contextual fear conditioning in rats. Behav
Neurosci 108:1005–1009.
Herting MM, Nagel BJ (2012) Aerobic fitness relates to learning on a virtual Morris Water
Task and hippocampal volume in adolescents. Behav Brain Res 233:517–525.
Hertzberg L, Katsel P, Roussos P, Haroutunian V, Domany E (2015) Integration of gene
expression and GWAS results supports involvement of calcium signaling in
Schizophrenia. Schizophr Res 164:92–99.

264

Bibliography

Heyes S, Pratt WS, Rees E, Dahimene S, Ferron L, Owen MJ, Dolphin AC (2015) Genetic
disruption of voltage-gated calcium channels in psychiatric and neurological disorders.
Prog Neurobiol 134:36–54.
Hiraide S, Saito Y, Matsumoto M, Yanagawa Y, Ishikawa S, Kubo Y, Inoue S, Yoshioka M,
Togashi H (2012) Possible Modulation of the Amygdala on Metaplasticity Deficits in the
Hippocampal CA1 Field in Early Postnatally Stressed Rats. J Pharmacol Sci 119:64–
72.
Holland FH, Ganguly P, Potter DN, Chartoff EH, Brenhouse HC (2014) Early life stress
disrupts social behavior and prefrontal cortex parvalbumin interneurons at an earlier
time-point in females than in males. Neurosci Lett 566:131–136.
Holt DJ, Coombs G, Zeidan MA, Goff DC, Milad MR (2012) Failure of neural responses to
safety cues in schizophrenia. Arch Gen Psychiatry 69:893–903.
Homayoun H, Moghaddam B (2007) NMDA Receptor Hypofunction Produces Opposite
Effects on Prefrontal Cortex Interneurons and Pyramidal Neurons. J Neurosci
27:11496–11500.
Hori H, Yamamoto N, Fujii T, Teraishi T, Sasayama D, Matsuo J, Kawamoto Y, Kinoshita Y,
Ota M, Hattori K, Tatsumi M, Arima K, Kunugi H (2012) Effects of the CACNA1C risk
allele on neurocognition in patients with schizophrenia and healthy individuals. Sci Rep
2:634.
Horn ME, Nicoll RA (2018) Somatostatin and parvalbumin inhibitory synapses onto
hippocampal pyramidal neurons are regulated by distinct mechanisms. Proc Natl Acad
Sci 115:589–594.
Horovitz O, Tsoory MM, Yovell Y, Richter-Levin G (2014) A rat model of pre-puberty
(Juvenile) stress-induced predisposition to stress-related disorders: Sex similarities and
sex differences in effects and symptoms. World J Biol Psychiatry 15:36–48.
Hossein Fatemi S, Stary JM, Earle JA, Araghi-Niknam M, Eagan E, Eagan E (2005)
GABAergic dysfunction in schizophrenia and mood disorders as reflected by
decreased levels of glutamic acid decarboxylase 65 and 67 kDa and Reelin proteins in
cerebellum. Schizophr Res 72:109–122.
Howell BR, Sanchez MM (2011) Understanding behavioral effects of early life stress using
the reactive scope and allostatic load models. Dev Psychopathol 23:1001–1016.
Hu H, Gan J, Jonas P (2014) Fast-spiking, parvalbumin+ GABAergic interneurons: From
cellular design to microcircuit function. Science (80- ) 345.
Hulshof HJ, Novati A, Sgoifo A, Luiten PGM, Den Boer JA, Meerlo P (2011) Maternal
separation decreases adult hippocampal cell proliferation and impairs cognitive
performance but has little effect on stress sensitivity and anxiety in adult Wistar rats.
Behav Brain Res 216:552–560.
Hüttenrauch M, Salinas G, Wirths O (2016) Effects of Long-Term Environmental Enrichment
on Anxiety, Memory, Hippocampal Plasticity and Overall Brain Gene Expression in
C57BL6 Mice. Front Mol Neurosci 9:62.
Ieraci A, Mallei A, Musazzi L, Popoli M (2015) Physical exercise and acute restraint stress
differentially modulate hippocampal brain-derived neurotrophic factor transcripts and
epigenetic mechanisms in mice. Hippocampus 25:1380–1392.
Ivorra JL et al. (2014) Replication of previous genome-wide association studies of
psychiatric diseases in a large schizophrenia case-control sample from Spain.
Schizophr Res 159:107–113.
Jabès A, Lavenex PB, Amaral DG, Lavenex P (2011) Postnatal development of the
hippocampal formation: A stereological study in macaque monkeys. J Comp Neurol
519:1051–1070.

265

Bibliography

Jacobson-Pick S, Elkobi A, Vander S, Rosenblum K, Richter-Levin G (2008) Juvenile stressinduced alteration of maturation of the GABAA receptor α subunit in the rat. Int J
Neuropsychopharmacol 11.
Jacobson-Pick S, Richter-Levin G (2010) Differential impact of juvenile stress and
corticosterone in juvenility and in adulthood, in male and female rats. Behav Brain Res
214:268–276.
Jacobson L, Sapolsky R (1991) The role of the hippocampus in feedback regulation of the
hypothalamic-pituitary-adrenocortical axis. Endocr Rev 12:118–134.
Jann MW (2014) Diagnosis and treatment of bipolar disorders in adults: a review of the
evidence on pharmacologic treatments. Am Heal drug benefits 7:489–499.
Javitt DC, Zukin SR (1991) Recent advances in the phencyclidine model of schizophrenia.
Am J Psychiatry 148:1301–1308.
Jayatissa MN, Henningsen K, West MJ, Wiborg O (2009) Decreased cell proliferation in the
dentate gyrus does not associate with development of anhedonic-like symptoms in
rats. Brain Res 1290:133–141.
Jenkins TA, Harte MK, Stenson G, Reynolds GP (2009) Neonatal lipopolysaccharide
induces pathological changes in parvalbumin immunoreactivity in the hippocampus of
the rat. Behav Brain Res 205:355–359.
Jeon D, Kim S, Chetana M, Jo D, Ruley HE, Lin SY, Rabah D, Kinet JP, Shin HS (2010)
Observational fear learning involves affective pain system and Ca v 1.2 Ca 2+
channels in ACC. Nat Neurosci 13:482–488.
Jha S, Dong BE, Xue Y, Delotterie DF, Vail MG, Sakata K (2016) Antidepressive and BDNF
effects of enriched environment treatment across ages in mice lacking BDNF
expression through promoter IV. Transl Psychiatry 6:e896.
Ji J, Maren S (2007) Hippocampal involvement in contextual modulation of fear extinction.
Hippocampus 17:749–758.
Jia N, Yang K, Sun Q, Cai Q, Li H, Cheng D, Fan X, Zhu Z (2010) Prenatal stress causes
dendritic atrophy of pyramidal neurons in hippocampal CA3 region by glutamate in
offspring rats. Dev Neurobiol 70:114–125.
Jiang M, Swann JW (2005) A role for L-type calcium channels in the maturation of
parvalbumin-containing hippocampal interneurons. Neuroscience 135:839–850.
Jiang YH et al. (2013) Detection of clinically relevant genetic variants in autism spectrum
disorder by whole-genome sequencing. Am J Hum Genet 93:249–263.
Jimerson DC, Post RM, Carman JS, van Kammen DP, Wood JH, Goodwin FK, Bunney WE
(1979) CSF calcium: clinical correlates in affective illness and schizophrenia. Biol
Psychiatry 14:37–51.
Joels M, de Kloet E (1989) Effects of glucocorticoids and norepinephrine on the excitability
in the hippocampus. Science (80- ) 245:1502–1505.
Jones PB, Barnes TRE, Davies L, Dunn G, Lloyd H, Hayhurst KP, Murray RM, Markwick A,
Lewis SW (2006) Randomized Controlled Trial of the Effect on Quality of Life of
Second- vs First-Generation Antipsychotic Drugs in Schizophrenia. Arch Gen
Psychiatry 63:1079.
Kabir ZD, Lee AS, Burgdorf CE, Fischer DK, Rajadhyaksha AM, Mok E, Rizzo B, Rice RC,
Singh K, Ota KT, Gerhard DM, Schierberl KC, Glass MJ, Duman RS, Rajadhyaksha
AM (2017) Cacna1c in the prefrontal cortex regulates depression-related behaviors via
REDDI. Neuropsychopharmacology 42:2032–2042.
Kabitzke PA, Brunner D, He D, Fazio PA, Cox K, Sutphen J, Thiede L, Sabath E, Hanania T,
Alexandrov V, Rasmusson R, Spooren W, Ghosh A, Feliciano P, Biemans B, Benedetti

266

Bibliography

M, Clayton AL (2018) Comprehensive analysis of two Shank3 and the Cacna1c mouse
models of autism spectrum disorder. Genes, Brain Behav 17:4–22.
Kang E, Wen Z, Song H, Christian KM, Ming GL (2016) Adult neurogenesis and psychiatric
disorders. Cold Spring Harb Perspect Biol 8:a019026.
Kaplan M, Hinds J (1977) Neurogenesis in the adult rat: electron microscopic analysis of
light radioautographs. Science (80- ) 197:1092–1094.
Karst H, Nair S, Velzing E, Rumpff-van Essen L, Slagter E, Shinnick-Gallagher P, Joels M
(2002) Glucocorticoids alter calcium conductances and calcium channel subunit
expression in basolateral amygdala neurons. Eur J Neurosci 16:1083–1089.
Katsuki H, Izumi Y, Zorumski CF (1997) Noradrenergic regulation of synaptic plasticity in the
hippocampal CA1 region. J Neurophysiol 77:3013–3020.
Kawamura T, Chen J, Takahashi T, Ichitani Y, Nakahara D (2006) Prenatal stress
suppresses cell proliferation in the early developing brain. Neuroreport 17:1515–1518.
Kee N, Teixeira CM, Wang AH, Frankland PW (2007) Preferential incorporation of adultgenerated granule cells into spatial memory networks in the dentate gyrus. Nat
Neurosci 10:355–362.
Keilhoff G, Becker A, Grecksch G, Wolf G, Bernstein H-G (2004) Repeated application of
ketamine to rats induces changes in the hippocampal expression of parvalbumin,
neuronal nitric oxide synthase and cFOS similar to those found in human
schizophrenia. Neuroscience 126:591–598.
Keller PA, McCluskey A, Morgan J, O’Connor SMJ (2006) The Role of the HPA Axis in
Psychiatric Disorders and CRF Antagonists as Potential Treatments. Arch Pharm
(Weinheim) 339:346–355.
Kempermann G, Kuhn HG, Gage FH (1998) Experience-induced neurogenesis in the
senescent dentate gyrus. J Neurosci 18:3206–3212.
Kempermann G, Song H, Gage FH (2015) Neurogenesis in the adult hippocampus. Cold
Spring Harb Perspect Biol 7:a018812.
Kent JS, Bolbecker AR, O’Donnell BF, Hetrick WP (2015) Eyeblink conditioning in
schizophrenia: A critical review. Front Psychiatry 6:146.
Kerr D, Campbell L, Hao S, Landfield P (1989) Corticosteroid modulation of hippocampal
potentials: increased effect with aging. Science (80- ) 245:1505–1509.
Kerr DS, Campbell LW, Thibault O, Landfield PW (1992) Hippocampal glucocorticoid
receptor activation enhances voltage-dependent Ca2+ conductances: relevance to
brain aging. Proc Natl Acad Sci U S A 89:8527–8531.
Keshavan MS, Hogarty GE (1999) Brain maturational processes and delayed onset in
schizophrenia. Dev Psychopathol 11:525–543.
Kesner RP (2017) An analysis of dentate gyrus function (an update) An analysis of dentate
gyrus function (an update). Behav Brain Res:0–1.
Kheirbek MA, Hen R (2011) Dorsal vs ventral hippocampal neurogenesis: Implications for
cognition and mood. Neuropsychopharmacology 36:373–374.
Kim J-M, Stewart R, Kim S-W, Yang S-J, Shin I-S, Kim Y-H, Yoon J-S (2007) Interactions
Between Life Stressors and Susceptibility Genes (5-HTTLPR and BDNF) on
Depression in Korean Elders. Biol Psychiatry 62:423–428.
Kim JJ, Jung MW (2006) Neural circuits and mechanisms involved in Pavlovian fear
conditioning: a critical review. Neurosci Biobehav Rev 30:188–202.
Kim YJ, Park HJ, Jahng GH, Lee SM, Kang WS, Kim SK, Kim T, Cho AR, Park JK (2017) A

267

Bibliography

pilot study of differential brain activation to suicidal means and DNA methylation of
CACNA1C gene in suicidal attempt patients. Psychiatry Res 255:42–48.
Kirschbaum C, Schommer N, Federenko I, Gaab J, Neumann O, Oellers M, Rohleder N,
Untiedt A, Hanker J, Pirke KM, Hellhammer DH (1996) Short-term estradiol treatment
enhances pituitary-adrenal axis and sympathetic responses to psychosocial stress in
healthy young men. J Clin Endocrinol Metab 81:3639–3643.
Kirtley A, Thomas KL (2010) The exclusive induction of extinction is gated by BDNF. Learn
Mem 17:612–619.
Klaus K, Butler K, Gutierrez H, Durrant SJ, Pennington K (2018) Interactive effects of early
life stress and CACNA1C genotype on cortisol awakening response. Biol Psychol
136:22–28.
Klausberger T, Somogyi P (2008) Neuronal Diversity and Temporal Dynamics: The Unity of
Hippocampal Circuit Operations. Science (80- ) 321:53–57.
Knable MB, Barci BM, Webster MJ, Meador-Woodruff J, Torrey EF (2004) Molecular
abnormalities of the hippocampus in severe psychiatric illness: postmortem findings
from the Stanley Neuropathology Consortium. Mol Psychiatry 9:609–620.
Knierim JJ (2015) The hippocampus. Curr Biol 25:R1116–R1121.
Kobayashi T, Yamada Y, Fukao M, Shiratori K, Tsutsuura M, Tanimoto K, Tohse N (2007)
The GK domain of the voltage-dependent calcium channel β subunit is essential for
binding to the α subunit. Biochem Biophys Res Commun 360:679–683.
Kobilo T, Liu Q-R, Gandhi K, Mughal M, Shaham Y, van Praag H (2011) Running is the
neurogenic and neurotrophic stimulus in environmental enrichment. Learn Mem
18:605–609.
Kochli DE, Thompson EC, Fricke EA, Postle AF, Quinn JJ (2015) The amygdala is critical for
trace, delay, and contextual fear conditioning. Learn Mem 22:92–100.
Kohman RA, Clark PJ, Deyoung EK, Bhattacharya TK, Venghaus CE, Rhodes JS (2012)
Voluntary wheel running enhances contextual but not trace fear conditioning. Behav
Brain Res 226:1–7.
Konkle ATM, Kentner AC, Baker SL, Stewart A, Bielajew C (2010) Environmentalenrichment-related variations in behavioral, biochemical, and physiologic responses of
Sprague-Dawley and Long Evans rats. J Am Assoc Lab Anim Sci 49:427–436.
Konradi C, Yang CK, Zimmerman EI, Lohmann KM, Gresch P, Pantazopoulos H, Berretta S,
Heckers S (2011a) Hippocampal interneurons are abnormal in schizophrenia.
Schizophr Res 131:165–173.
Konradi C, Zimmerman EI, Yang CK, Lohmann KM, Gresch P, Pantazopoulos H, Berretta S,
Heckers S (2011b) Hippocampal interneurons in bipolar disorder. Arch Gen Psychiatry
68:340–350.
Koo JW, Duman RS (2008) IL-1 is an essential mediator of the antineurogenic and
anhedonic effects of stress. Proc Natl Acad Sci 105:751–756.
Koschak A, Reimer D, Huber I, Grabner M, Glossmann H, Engel J, Striessnig J (2001) α1D
(Cav1.3) Subunits Can Form L-type Ca2+Channels Activating at Negative Voltages. J
Biol Chem 276:22100–22106.
Kosten TA, Kim JJ, Lee HJ (2012) Early life manipulations alter learning and memory in rats.
Neurosci Biobehav Rev 36:1985–2006.
Kramer AA, Ingraham NE, Sharpe EJ, Mynlieff M (2012) Levels of Ca(V)1.2 L-Type Ca(2+)
Channels Peak in the First Two Weeks in Rat Hippocampus Whereas Ca(V)1.3
Channels Steadily Increase through Development. J Signal Transduct 2012:597214.

268

Bibliography

Krause U, Gravenhorst V, Kriebel T, Ruschewski W, Paul T (2011) A rare association of
long QT syndrome and syndactyly: Timothy Syndrome (LQT 8). Clin Res Cardiol
100:1123–1127.
Kremer T, Jagasia R, Herrmann A, Matile H, Borroni E, Francis F, Kuhn HG, Czech C
(2013) Analysis of Adult Neurogenesis: Evidence for a Prominent “Non-Neurogenic”
DCX-Protein Pool in Rodent Brain Kihara AH, ed. PLoS One 8:e59269.
Kronenberg G, Reuter K, Steiner B, Brandt MD, Jessberger S, Yamaguchi M, Kempermann
G (2003) Subpopulations of Proliferating Cells of the Adult Hippocampus Respond
Differently to Physiologic Neurogenic Stimuli. J Comp Neurol 467:455–463.
Krugers HJ, Arp JM, Xiong H, Kanatsou S, Lesuis SL, Korosi A, Joels M, Lucassen PJ
(2017) Early life adversity: Lasting consequences for emotional learning. Neurobiol
Stress 6:14–21.
Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, Heninger GR,
Bowers MB, Charney DS (1994) Subanethetic effects of the noncompetitive NMDA
agonist, ketamine, in humans. ArchGenPsychiatry 51:199–214.
Krzyzewska IM, Ensink JBM, Nawijn L, Mul AN, Koch SB, Venema A, Shankar V, Frijling JL,
Veltman DJ, Lindauer RJL, Olff M, Mannens MMAM, Van Zuiden M, Henneman P
(2018) Genetic variant in CACNA1C is associated with PTSD in traumatized police
officers /631/208/176/1988 /692/499 /45 /45/61 /45/23 article. Eur J Hum Genet
26:247–257.
Kuhn HG, Eisch AJ, Spalding K, Peterson DA (2016) Detection and Phenotypic
Characterization of Adult Neurogenesis. Cold Spring Harb Perspect Biol 8:a025981.
Kujawa MJ, Nemeroff CB (2000) The biology of bipolar disorder. In: Bipolar Disorders, pp
281–314. Dordrecht: Kluwer Academic Publishers.
Kullmann DM (2011) Interneuron networks in the hippocampus. Curr Opin Neurobiol
21:709–716.
Kumar G, Jones NC, Morris MJ, Rees S, O’Brien TJ, Salzberg MR (2011) Early life stress
enhancement of limbic epileptogenesis in adult rats: Mechanistic insights. PLoS One
6:e24033.
Kuzumaki N, Ikegami D, Tamura R, Hareyama N, Imai S, Narita M, Torigoe K, Niikura K,
Takeshima H, Ando T, Igarashi K, Kanno J, Ushijima T, Suzuki T, Narita M (2011)
Hippocampal epigenetic modification at the brain-derived neurotrophic factor gene
induced by an enriched environment. Hippocampus 21:127–132.
Kwapis JL, Jarome TJ, Schiff JC, Helmstetter FJ (2011) Memory consolidation in both trace
and delay fear conditioning is disrupted by intra-amygdala infusion of the protein
synthesis inhibitor anisomycin. Learn Mem 18:728–732.
La Torre JC (1968) Effect of differential environmental enrichment on brain weight and on
acetylcholinesterase and cholinesterase activities in mice. Exp Neurol 22:493–503.
Labonté B, Suderman M, Maussion G, Navaro L, Yerko V, Mahar I, Bureau A, Mechawar N,
Szyf M, Meaney MJ, Turecki G (2012) Genome-wide Epigenetic Regulation by EarlyLife Trauma. Arch Gen Psychiatry 69:722–731.
Lagace DC, Donovan MH, DeCarolis NA, Farnbauch LA, Malhotra S, Berton O, Nestler EJ,
Krishnan V, Eisch AJ (2010) Adult hippocampal neurogenesis is functionally important
for stress-induced social avoidance. Proc Natl Acad Sci 107:4436–4441.
Lambert HK, Sheridan MA, Sambrook KA, Rosen ML, Askren MK, McLaughlin KA (2017)
Hippocampal Contribution to Context Encoding across Development Is Disrupted
following Early-Life Adversity. J Neurosci 37:1925–1934.
Langwieser N, Christel CJ, Kleppisch T, Hofmann F, Wotjak CT, Moosmang S (2010)

269

Bibliography

Homeostatic Switch in Hebbian Plasticity and Fear Learning after Sustained Loss of
Cav1.2 Calcium Channels. J Neurosci 30:8367–8375.
Lee A-R, Kim J-H, Cho E, Kim M, Park M (2017) Dorsal and Ventral Hippocampus
Differentiate in Functional Pathways and Differentially Associate with Neurological
Disease-Related Genes during Postnatal Development. Front Mol Neurosci 10:331.
Lee AS et al. (2016) The Neuropsychiatric Disease-Associated Gene cacna1c Mediates
Survival of Young Hippocampal Neurons. eNeuro 3.
Lee AS, Gonzales KL, Lee A, Moosmang S, Hofmann F, Pieper AA, Rajadhyaksha AM
(2012) Selective genetic deletion of cacna1c in the mouse prefrontal cortex. Mol
Psychiatry 17:1051.
Lee JLC, Everitt BJ, Thomas KL (2004) Independent Cellular Processes for Hippocampal
Memory Consolidation and Reconsolidation. Science (80- ) 304:839–843.
Lee MY, Yu JH, Kim JY, Seo JH, Park ES, Kim CH, Kim H, Cho SR (2013) Alteration of
synaptic activity-regulating genes underlying functional improvement by long-term
exposure to an enriched environment in the adult brain. Neurorehabil Neural Repair
27:561–574.
Leger M, Quiedeville A, Paizanis E, Natkunarajah S, Freret T, Boulouard M, Schumann-Bard
P (2012) Environmental Enrichment Enhances Episodic-Like Memory in Association
with a Modified Neuronal Activation Profile in Adult Mice Kalueff A V., ed. PLoS One
7:e48043.
Lehmann J, Pryce CR, Bettschen D, Feldon J (1999) The maternal separation paradigm and
adult emotionality and cognition in male and female Wistar rats. Pharmacol Biochem
Behav 64:705–715.
Leitch B, Szostek A, Lin R, Shevtsova O (2009) Subcellular distribution of L-type calcium
channel subtypes in rat hippocampal neurons. Neuroscience 164:641–657.
Lemaire V, Lamarque S, Le Moal M, Piazza PV, Abrous DN (2006) Postnatal Stimulation of
the Pups Counteracts Prenatal Stress-Induced Deficits in Hippocampal Neurogenesis.
Biol Psychiatry 59:786–792.
Lett TAP, Zai CC, Tiwari AK, Shaikh SA, Likhodi O, Kennedy JL, Müller DJ (2011) ANK3,
CACNA1C and ZNF804A gene variants in bipolar disorders and psychosis
subphenotype. World J Biol Psychiatry 12:392–397.
Letts VA, Felix R, Biddlecome GH, Arikkath J, Mahaffey CL, Valenzuela A, Bartlett FS, Mori
Y, Campbell KP, Frankel WN (1998) The mouse stargazer gene encodes a neuronal
Ca2+-channel γ subunit. Nat Genet 19:340–347.
Letzkus JJ, Wolff SBE, Lüthi A (2015) Disinhibition, a Circuit Mechanism for Associative
Learning and Memory. Neuron 88:264–276.
Leuner B, Mendolia-Loffredo S, Kozorovitskiy Y, Samburg D, Gould E, Shors TJ (2004)
Learning Enhances the Survival of New Neurons beyond the Time when the
Hippocampus Is Required for Memory. J Neurosci 24:7477–7481.
Levone BR, Cryan JF, O’Leary OF (2015) Role of adult hippocampal neurogenesis in stress
resilience. Neurobiol Stress 1:147–155.
Lewandowski KE, Cohen BM, Öngur D (2011) Evolution of neuropsychological dysfunction
during the course of schizophrenia and bipolar disorder. Psychol Med 41:225–241.
Lewis DA, Curley AA, Glausier JR, Volk DW (2012) Cortical parvalbumin interneurons and
cognitive dysfunction in schizophrenia. Trends Neurosci 35:57–67.
Lewis DA, Gonzalez-Burgos G (2006) Pathophysiologically based treatment interventions in
schizophrenia. Nat Med 12:1016–1022.

270

Bibliography

Lewis DA, Sweet RA (2009) Schizophrenia from a neural circuitry perspective: advancing
toward rational pharmacological therapies. J Clin Invest 119:706–716.
Li J, Zhao L, You Y, Lu T, Jia M, Yu H, Ruan Y, Yue W, Liu J, Lu L, Zhang D, Wang L (2015)
Schizophrenia related variants in CACNA1C also confer risk of autism Zheng D, ed.
PLoS One 10:e0133247.
Li Z et al. (2017) Genome-wide association analysis identifies 30 new susceptibility loci for
schizophrenia. Nat Genet 49:1576–1583.
Lilliecreutz C, Larén J, Sydsjö G, Josefsson A (2016) Effect of maternal stress during
pregnancy on the risk for preterm birth. BMC Pregnancy Childbirth 16:5.
Lipska BK (2004) Using animal models to test a neurodevelopmental hypothesis of
schizophrenia. J Psychiatry Neurosci 29:282–286.
Liu QR, Lu L, Zhu XG, Gong JP, Shaham Y, Uhl GR (2006) Rodent BDNF genes, novel
promoters, novel splice variants, and regulation by cocaine. Brain Res 1067:1–12.
Liu T-Y, Hsieh J-C, Chen Y-S, Tu P-C, Su T-P, Chen L-F (2012) Different patterns of
abnormal gamma oscillatory activity in unipolar and bipolar disorder patients during an
implicit emotion task. Neuropsychologia 50:1514–1520.
Liu Y et al. (2011) Meta-analysis of genome-wide association data of bipolar disorder and
major depressive disorder. Mol psychiatry 16:2–4.
Liu Z, Vogel HJ (2012) Structural basis for the regulation of L-type voltage-gated calcium
channels: interactions between the N-terminal cytoplasmic domain and Ca(2+)calmodulin. Front Mol Neurosci 5:38.
Loi M, Koricka S, Lucassen PJ, Joëls M (2014) Age- and sex-dependent effects of early life
stress on hippocampal neurogenesis. Front Endocrinol (Lausanne) 5:13.
Loman MM, Gunnar MR (2010) Early experience and the development of stress reactivity
and regulation in children. Neurosci Biobehav Rev 34:867–876.
Lovett-Barron M, Kaifosh P, Kheirbek MA, Danielson N, Zaremba JD, Reardon TR, Turi GF,
Hen R, Zemelman B V., Losonczy A (2014) Dendritic Inhibition in the Hippocampus
Supports Fear Learning. Science (80- ) 343:857–863.
Lubin FD, Roth TL, Sweatt JD (2008) Epigenetic regulation of BDNF gene transcription in
the consolidation of fear memory. J Neurosci 28:10576–10586.
Lukkes JL, Mokin M V., Scholl JL, Forster GL (2009) Adult rats exposed to early-life social
isolation exhibit increased anxiety and conditioned fear behavior, and altered hormonal
stress responses. Horm Behav 55:248–256.
Lyons DM, Buckmaster PS, Lee AG, Wu C, Mitra R, Duffey LM, Buckmaster CL, Her S,
Patel PD, Schatzberg AF (2010) Stress coping stimulates hippocampal neurogenesis
in adult monkeys. Proc Natl Acad Sci 107:14823–14827.
Lyttle K, Ohmura Y, Konno K, Yoshida T, Izumi T, Watanabe M, Yoshioka M (2015)
Repeated fluvoxamine treatment recovers juvenile stress-induced morphological
changes and depressive-like behavior in rats. Brain Res 1616:88–100.
Machado-Vieira R, Manji HK, Zarate CA, Jr (2009) The role of lithium in the treatment of
bipolar disorder: convergent evidence for neurotrophic effects as a unifying hypothesis.
Bipolar Disord 11 Suppl 2:92–109.
Madhyastha S, Sekhar S, Rao G (2013) Resveratrol improves postnatal hippocampal
neurogenesis and brain derived neurotrophic factor in prenatally stressed rats. Int J
Dev Neurosci 31:580–585.
Madruga C, Xavier L, Achaval M, Sanvitto G, Lucion A (2006) Early handling, but not
maternal separation, decreases emotional responses in two paradigms of fear without

271

Bibliography

changes in mesolimbic dopamine. Behav Brain Res 166:241–246.
Maigaard K, Hageman I, Jørgensen A, Jørgensen MB, Wörtwein G (2012) Electroconvulsive
stimulations prevent chronic stress-induced increases in L-type calcium channel
mRNAs in the hippocampus and basolateral amygdala. Neurosci Lett 516:24–28.
Malberg JE (2004) Implications of adult hippocampal neurogenesis in antidepressant action.
In: Journal of Psychiatry and Neuroscience, pp 196–205.
Mamczarz J, Vetulani J (1997) Blockade by nifedipine of repeated restraint stress-induced
delayed hyperactivity in rats. Pol J Pharmacol 49:485–488.
Mandyam CD, Crawford EF, Eisen AJ, Rivier CL, Richardson HN (2008) Stress experienced
in utero reduces sexual dichotomies in neurogenesis, microenvironment, and cell death
in the adult rat hippocampus. Dev Neurobiol 68:575–589.
Manosevitz M, Joel U (1973) Behavioral effects of environmental enrichment in randomly
bred mice. J Comp Physiol Psychol 85:373–382.
Marco EM, Macrì S, Laviola G (2011) Critical age windows for neurodevelopmental
psychiatric disorders: evidence from animal models. Neurotox Res 19:286–307.
Maren S (2008) Pavlovian fear conditioning as a behavioral assay for hippocampus and
amygdala function: cautions and caveats. Eur J Neurosci 28:1661–1666.
Maren S, Aharonov G, Fanselow MS (1996) Retrograde abolition of conditional fear after
excitotoxic lesions in the basolateral amygdala of rats: absence of a temporal gradient.
Behav Neurosci 110:718–726.
Maren S, Aharonov G, Fanselow MS (1997) Neurotoxic lesions of the dorsal hippocampus
and Pavlovian fear conditioning in rats. Behav Brain Res 88:261–274.
Maren S, Phan KL, Liberzon I (2013) The contextual brain: Implications for fear conditioning,
extinction and psychopathology. Nat Rev Neurosci 14:417–428.
Marenco S, Weinberger DR, Schreurs BG (2003) Single-cue delay and trace classical
conditioning in schizophrenia. Biol Psychiatry 53:390–402.
Marín O (2012) Interneuron dysfunction in psychiatric disorders. Nat Rev Neurosci 13:107–
120.
Marlin NA (1981) Contextual associations in trace conditioning. Anim Learn Behav 9:519–
523.
Marschallinger J, Sah A, Schmuckermair C, Unger M, Rotheneichner P, Kharitonova M,
Waclawiczek A, Gerner P, Jaksch-Bogensperger H, Berger S, Striessnig J, Singewald
N, Couillard-Despres S, Aigner L (2015) The L-type calcium channel Cav1.3 is required
for proper hippocampal neurogenesis and cognitive functions. Cell Calcium 58:606–
616.
Martin LJ, Zurek AA, MacDonald JF, Roder JC, Jackson MF, Orser BA (2010)
Alpha5GABAA receptor activity sets the threshold for long-term potentiation and
constrains hippocampus-dependent memory. J Neurosci 30:5269–5282.
Martins CMS, de Carvalho Tofoli SM, Von Werne Baes C, Juruena M (2011) Analysis of the
occurrence of early life stress in adult psychiatric patients: A systematic review.
Psychol Neurosci 4:219–227.
Marty S, Carroll P, Cellerino A, Castrén E, Staiger V, Thoenen H, Lindholm D (1996) Brainderived neurotrophic factor promotes the differentiation of various hippocampal
nonpyramidal neurons, including Cajal-Retzius cells, in organotypic slice cultures. J
Neurosci 16:675–687.
Mateus-Pinheiro A, Pinto L, Bessa JM, Morais M, Alves ND, Monteiro S, Patrício P, Almeida
OFX, Sousa N (2013) Sustained remission from depressive-like behavior depends on

272

Bibliography

hippocampal neurogenesis. Transl Psychiatry 3:e210.
Mathieu G, Oualian C, Denis I, Lavialle M, Gisquet-Verrier P, Vancassel S (2011) Dietary n3 polyunsaturated fatty acid deprivation together with early maternal separation
increases anxiety and vulnerability to stress in adult rats. Prostaglandins Leukot Essent
Fat Acids 85:129–136.
Matsumoto M, Togashi H, Konno K, Koseki H, Hirata R, Izumi T, Yamaguchi T, Yoshioka M
(2008) Early postnatal stress alters the extinction of context-dependent conditioned
fear in adult rats. Pharmacol Biochem Behav 89:247–252.
McClure MM, Barch DM, Flory JD, Harvey PD, Siever LJ (2008) Context Processing in
Schizotypal Personality Disorder: Evidence of Specificity of Impairment to the
Schizophrenia Spectrum. J Abnorm Psychol 117:342–354.
McCrory E, De Brito SA, Viding E (2012) The link between child abuse and
psychopathology: A review of neurobiological and genetic research. J R Soc Med
105:151–156.
McEchron MD, Bouwmeester H, Tseng W, Weiss C, Disterhoft JF (1998) Hippocampectomy
disrupts auditory trace fear conditioning and contextual fear conditioning in the rat.
Hippocampus 8:638–646.
McEchron MD, Tseng W, Disterhoft JF (2000) Neurotoxic lesions of the dorsal hippocampus
disrupt auditory-cued trace heart rate (fear) conditioning in rabbits. Hippocampus
10:739–751.
McEchron MD, Tseng W, Disterhoft JF (2003) Single neurons in CA1 hippocampus encode
trace interval duration during trace heart rate (fear) conditioning in rabbit. J Neurosci
23:1535–1547.
McEwen BS (1998) Protective and Damaging Effects of Stress Mediators Flier JS, Underhill
LH, eds. N Engl J Med 338:171–179.
McGowan PO, Sasaki A, D’Alessio AC, Dymov S, Labonté B, Szyf M, Turecki G, Meaney
MJ (2009) Epigenetic regulation of the glucocorticoid receptor in human brain
associates with childhood abuse. Nat Neurosci 12:342–348.
McGuffin P, Rijsdijk F, Andrew M, Sham P, Katz R, Cardno A (2003) The Heritability of
Bipolar Affective Disorder and the Genetic Relationship to Unipolar Depression. Arch
Gen Psychiatry 60:497.
McIntyre CK, Hatfield T, McGaugh JL (2002) Amygdala norepinephrine levels after training
predict inhibitory avoidance retention performance in rats. Eur J Neurosci 16:1223–
1226.
McKinney BC, Sze W, White JA, Murphy GG (2008) L-type voltage-gated calcium channels
in conditioned fear: a genetic and pharmacological analysis. Learn Mem 15:326–334.
Meaney MJ (2001) Maternal Care, Gene Expression, and the Transmission of Individual
Differences in Stress Reactivity Across Generations. Annu Rev Neurosci 24:1161–
1192.
Meaney MJ, Szyf M (2005) Environmental programming of stress responses through DNA
methylation: life at the interface between a dynamic environment and a fixed genome.
Dialogues Clin Neurosci 7:103–123.
Medoff DR, Holcomb HH, Lahti AC, Tamminga CA (2001) Probing the human hippocampus
using rCBF: Contrasts in schizophrenia. Hippocampus 11:543–550.
Meerlo, Horvath, Nagy, Bohus, Koolhaas (2001) The Influence of Postnatal Handling on
Adult Neuroendocrine and Behavioural Stress Reactivity. J Neuroendocrinol 11:925–
933.
Merikangas KR, Akiskal HS, Angst J, Greenberg PE, Hirschfeld RMA, Petukhova M, Kessler

273

Bibliography

RC (2007) Lifetime and 12-month prevalence of bipolar spectrum disorder in the
National Comorbidity Survey replication. Arch Gen Psychiatry 64:543–552.
Meyer U, Nyffeler M, Yee BK, Knuesel I, Feldon J (2008) Adult brain and behavioral
pathological markers of prenatal immune challenge during early/middle and late fetal
development in mice. Brain Behav Immun 22:469–486.
Miller R (1976) Schizophrenic psychology, associative learning and the role of forebrain
dopamine. Med Hypotheses 2:203–211.
Mineur YS, Belzung C, Crusio WE (2007) Functional implications of decreases in
neurogenesis following chronic mild stress in mice. Neuroscience 150:251–259.
Mirescu C, Gould E (2006) Stress and adult neurogenesis. Hippocampus 16:233–238.
Mirescu C, Peters JD, Gould E (2004) Early life experience alters response of adult
neurogenesis to stress. Nat Neurosci 7:841–846.
Miu AC, Heilman RM, Paşca SP, Ştefan CA, Spânu F, Vasiu R, Olteanu AI, Miclea M (2006)
Behavioral effects of corpus callosum transection and environmental enrichment in
adult rats. Behav Brain Res 172:135–144.
Moghaddam B, Javitt D (2012) From revolution to evolution: the glutamate hypothesis of
schizophrenia and its implication for treatment. Neuropsychopharmacology 37:4–15.
Molet J, Heins K, Zhuo X, Mei YT, Regev L, Baram TZ, Stern H (2016) Fragmentation and
high entropy of neonatal experience predict adolescent emotional outcome. Transl
Psychiatry 6:e702–e702.
Moore JW, Dickinson A, Fletcher PC (2011) Sense of agency, associative learning, and
schizotypy. Conscious Cogn 20:792–800.
Moosmang S, Haider N, Klugbauer N, Adelsberger H, Langweiser N, Muller J, Stiess M,
Marais E, Schulla V, Lacinova L, Goebbels S, Nave K, Storm D, Hofmann F, Kleppisch
T (2005) Role of Hippocampal Cav1.2 Ca2+ Channels in NMDA Receptor-Independent
Synaptic Plasticity and Spatial Memory. J Neurosci 25:9883–9892.
Morgan C, Gayer-Anderson C (2016) Childhood adversities and psychosis: Evidence,
challenges, implications. World Psychiatry 15:93–102.
Morris HM, Hashimoto T, Lewis DA (2008) Alterations in Somatostatin mRNA Expression in
the Dorsolateral Prefrontal Cortex of Subjects with Schizophrenia or Schizoaffective
Disorder. Cereb Cortex 18:1575–1587.
Morton RA, Norlin MS, Vollmer CC, Valenzuela CF (2013) Characterization of L-type
voltage-gated Ca(2+) channel expression and function in developing CA3 pyramidal
neurons. Neuroscience 238:59–70.
Mouri A, Ukai M, Uchida M, Hasegawa S, Taniguchi M, Ito T, Hida H, Yoshimi A, Yamada K,
Kunimoto S, Ozaki N, Nabeshima T, Noda Y (2018) Juvenile social defeat stress
exposure persistently impairs social behaviors and neurogenesis. Neuropharmacology
133:23–37.
Mu¨ller C, Remy S (2014) Dendritic inhibition mediated by O-LM and bistratified interneurons
in the hippocampus. Front Synaptic Neurosci 6:23.
Mueller SC, Maheu FS, Dozier M, Peloso E, Mandell D, Leibenluft E, Pine DS, Ernst M
(2010) Early-life stress is associated with impairment in cognitive control in
adolescence: An fMRI study. Neuropsychologia 48:3037–3044.
Mühleisen TW et al. (2014) Genome-wide association study reveals two new risk loci for
bipolar disorder. Nat Commun 5:3339.
Muller I, Obata K, Richter-Levin G, Stork O (2014) GAD65 haplodeficiency conveys
resilience in animal models of stress-induced psychopathology. Front Behav Neurosci

274

Bibliography

8:265.
Murray AJ, Sauer J-F, Riedel G, McClure C, Ansel L, Cheyne L, Bartos M, Wisden W, Wulff
P (2011) Parvalbumin-positive CA1 interneurons are required for spatial working but
not for reference memory. Nat Neurosci 14:297–299.
Murray RM, Lewis SW (1987) Is schizophrenia a neurodevelopmental disorder? Br Med J
(Clin Res Ed) 295:681–682.
Mustroph ML, Chen S, Desai SC, Cay EB, DeYoung EK, Rhodes JS (2012) Aerobic
exercise is the critical variable in an enriched environment that increases hippocampal
neurogenesis and water maze learning in male C57BL/6J mice. Neuroscience 219:62–
71.
Nakajima S (2004) Associative learning in animals : A selective review. Jpn Psychol Res
46:141–153.
Nakashiba T, Cushman JD, Pelkey KA, Renaudineau S, Buhl DL, McHugh TJ, Barrera VR,
Chittajallu R, Iwamoto KS, McBain CJ, Fanselow MS, Tonegawa S (2012) Young
dentate granule cells mediate pattern separation, whereas old granule cells facilitate
pattern completion. Cell 149:188–201.
Nakazawa K, Zsiros V, Jiang Z, Nakao K, Kolata S, Zhang S, Belforte JE (2012) GABAergic
interneuron origin of schizophrenia pathophysiology. Neuropharmacology 62:1574–
1583.
Nanou E, Catterall WA (2018) Calcium Channels, Synaptic Plasticity, and Neuropsychiatric
Disease. Neuron 98:466–481.
Nees F, Heinrich A, Flor H (2015) A mechanism-oriented approach to psychopathology: The
role of Pavlovian conditioning. Int J Psychophysiol 98:351–364.
Nelson MD, Saykin AJ, Flashman LA, Riordan HJ (1998) Hippocampal Volume Reduction in
Schizophrenia as Assessed by Magnetic Resonance Imaging. Arch Gen Psychiatry
55:433.
Newcomer JW, Farber NB, Jevtovic-Todorovic V, Selke G, Melson AK, Hershey T, Craft S,
Olney JW (1999) Ketamine-induced NMDA receptor hypofunction as a model of
memory impairment and psychosis. Neuropsychopharmacology 20:106–118.
Nieratschker V et al. (2014) MORC1 exhibits cross-species differential methylation in
association with early life stress as well as genome-wide association with MDD. Transl
Psychiatry 4:e429.
Nissen C, Holz J, Blechert J, Feige B, Riemann D, Voderholzer U, Normann C (2010)
Learning as a model for neural plasticity in major depression. Biol Psychiatry 68:544–
552.
Novais A, Monteiro S, Roque S, Correia-Neves M, Sousa N (2017) How age, sex and
genotype shape the stress response. Neurobiol Stress 6:44–56.
Nyegaard M, Demontis D, Foldager L, Hedemand A, Flint TJ, Sørensen KM, Andersen PS,
Nordentoft M, Werge T, Pedersen CB, Hougaard DM, Mortensen PB, Mors O, Børglum
AD (2010) CACNA1C (rs1006737) is associated with schizophrenia. Mol Psychiatry
15:119–121.
O’Leary OF, Cryan JF (2014) A ventral view on antidepressant action: roles for adult
hippocampal neurogenesis along the dorsoventral axis. Trends Pharmacol Sci 35:675–
687.
Oakley RH, Cidlowski JA (2013) The biology of the glucocorticoid receptor: new signaling
mechanisms in health and disease. J Allergy Clin Immunol 132:1033–1044.
Oomen CA, Girardi CEN, Cahyadi R, Verbeek EC, Krugers H, Joëls M, Lucassen PJ (2009)
Opposite Effects of Early Maternal Deprivation on Neurogenesis in Male versus

275

Bibliography

Female Rats Baune B, ed. PLoS One 4:e3675.
Oomen CA, Soeters H, Audureau N, Vermunt L, Van Hasselt FN, Manders EMM, Joëls M,
Krugers H, Lucassen PJ (2011) Early maternal deprivation affects dentate gyrus
structure and emotional learning in adult female rats. Psychopharmacology (Berl)
214:249–260.
Oomen CA, Soeters H, Audureau N, Vermunt L, van Hasselt FN, Manders EMM, Joels M,
Lucassen PJ, Krugers H (2010) Severe Early Life Stress Hampers Spatial Learning
and Neurogenesis, but Improves Hippocampal Synaptic Plasticity and Emotional
Learning under High-Stress Conditions in Adulthood. J Neurosci 30:6635–6645.
Orr SP, Metzger LJ, Lasko NB, Macklin ML, Peri T, Pitman RK (2000) De novo conditioning
in trauma-exposed individuals with and without posttraumatic stress disorder. J
Abnorm Psychol 109:290–298.
Otten M, Meeter M (2015) Hippocampal structure and function in individuals with bipolar
disorder: A systematic review. J Affect Disord 174:113–125.
Otto MW, Moshier SJ, Kinner DG, Simon NM, Pollack MH, Orr SP (2014) De novo fear
conditioning across diagnostic groups in the affective disorders: Evidence for learning
impairments. Behav Ther 45:619–629.
Ozkaragoz T, Noble EP (2000) Extraversion. Interaction between D2 dopamine receptor
polymorphisms and parental alcoholism. Alcohol 22:139–146.
Pacteau C, Einon D, Sinden J (1989) Early rearing environment and dorsal hippocampal
ibotenic acid lesions: long-term influences on spatial learning and altenation in the rat.
Behav Brain Res 34:79–96.
Pape HC, Pare D (2010) Plastic Synaptic Networks of the Amygdala for the Acquisition,
Expression, and Extinction of Conditioned Fear. Physiol Rev 90:419–463.
Pardiñas AF et al. (2018) Common schizophrenia alleles are enriched in mutation-intolerant
genes and in regions under strong background selection. Nat Genet 50:381–389.
Pavlov IP (1927) Conditioned reflexes: an investigation of the physiological activity of the
cerebral cortex. Oxford, England: Oxford Univ. Press.
Pechtel P, Pizzagalli DA (2011) Effects of early life stress on cognitive and affective function:
An integrated review of human literature. Psychopharmacology (Berl) 214:55–70.
Pelkey KA, Chittajallu R, Craig MT, Tricoire L, Wester JC, McBain CJ (2017) Hippocampal
GABAergic Inhibitory Interneurons. Physiol Rev 97:1619–1747.
Perovic M, Tesic V, Djordjevic AM, Smiljanic K, Loncarevic-Vasiljkovic N, Ruzdijic S, Kanazir
S (2013) BDNF transcripts, proBDNF and proNGF, in the cortex and hippocampus
throughout the life span of the rat. Age (Omaha) 35:2057–2070.
Perroud N, Dayer A, Piguet C, Nallet A, Favre S, Malafosse A, Aubry J-M (2014) Childhood
maltreatment and methylation of the glucocorticoid receptor gene NR3C1 in bipolar
disorder. Br J Psychiatry 204:30–35.
Perroud N, Paoloni-Giacobino A, Prada P, Olié E, Salzmann A, Nicastro R, Guillaume S,
Mouthon D, Stouder C, Dieben K, Huguelet P, Courtet P, Malafosse A (2011)
Increased methylation of glucocorticoid receptor gene (NR3C1) in adults with a history
of childhood maltreatment: a link with the severity and type of trauma. Transl
Psychiatry 1:e59–e59.
Phelps EA, O’Connor KJ, Gatenby JC, Gore JC, Grillon C, Davis M (2001) Activation of the
left amygdala to a cognitive representation of fear. Nat Neurosci 4:437–441.
Phillips RG, LeDoux JE (1992) Differential Contribution of Amygdala and Hippocampus to
Cued and Contextual Fear Conditioning. Behav Neurosci 106:274–285.

276

Bibliography

Pietropaolo S, Feldon J, Yee BK (2014) Environmental enrichment eliminates the anxiety
phenotypes in a triple transgenic mouse model of Alzheimer’s disease. Cogn Affect
Behav Neurosci 14:996–1008.
Pocklington AJ, Rees E, Walters JTR, Han J, Kavanagh DH, Chambert KD, Holmans P,
Moran JL, McCarroll SA, Kirov G, O’Donovan MC, Owen MJ (2015) Novel Findings
from CNVs Implicate Inhibitory and Excitatory Signaling Complexes in Schizophrenia.
Neuron 86:1203–1214.
Pollak SD, Tolley-Schell SA (2003) Selective attention to facial emotion in physically abused
children. J Abnorm Psychol 112:323–338.
Post RJ, Dahlborg KM, O’Loughlin LE, Bloom CM (2014) Effects of juvenile exposure to
predator odor on adolescent and adult anxiety and pain nociception. Physiol Behav
131:57–61.
Poulos AM, Reger M, Mehta N, Zhuravka I, Sterlace SS, Gannam C, Hovda DA, Giza CC,
Fanselow MS (2014) Amnesia for early life stress does not preclude the adult
development of posttraumatic stress disorder symptoms in rats. Biol Psychiatry
76:306–314.
Proulx MJ, Brown DJ, Pasqualotto A, Meijer P (2014) Multisensory perceptual learning and
sensory substitution. Neurosci Biobehav Rev 41:16–25.
Pryce CR, Bettschen D, Nanz-Bahr NI, Feldon J (2003) Comparison of the effects of early
handling and early deprivation on conditioned stimulus, context, and spatial learning
and memory in adult rats. Behav Neurosci 117:883–893.
Purcell SM et al. (2014) A polygenic burden of rare disruptive mutations in schizophrenia.
Nature 506:185–190.
Quinn JJ, Oommen SS, Morrison GE, Fanselow MS (2002) Post-training excitotoxic lesions
of the dorsal hippocampus attenuate forward trace, backward trace, and delay fear
conditioning in a temporally specific manner. Hippocampus 12:495–504.
Quinn JJ, Wied HM, Liu D, Fanselow MS (2009) Post-training excitotoxic lesions of the
dorsal hippocampus attenuate generalization in auditory delay fear conditioning. Eur J
Neurosci 29:1692–1700.
Rajput PS, Kharmate G, Norman M, Liu S-H, Sastry BR, Brunicardi CF, Kumar U (2011)
Somatostatin Receptor 1 and 5 Double Knockout Mice Mimic Neurochemical Changes
of Huntington’s Disease Transgenic Mice Najbauer J, ed. PLoS One 6:e24467.
Ramirez-Amaya V, Marrone DF, Gage FH, Worley PF, Barnes CA (2006) Integration of New
Neurons into Functional Neural Networks. J Neurosci 26:12237–12241.
Rampon C, Tang YP, Goodhouse J, Shimizu E, Kyin M, Tsien JZ (2000) Enrichment
induces structural changes and recovery from nonspatial memory deficits in CA1
NMDAR1-knockout mice. Nat Neurosci 3:238–244.
Rapoport JL, Giedd JN, Gogtay N (2012) Neurodevelopmental model of schizophrenia:
update 2012. Mol Psychiatry 17:1228–1238.
Rattiner LM (2004) Brain-Derived Neurotrophic Factor and Tyrosine Kinase Receptor B
Involvement in Amygdala-Dependent Fear Conditioning. J Neurosci 24:4796–4806.
Ray MT, Shannon Weickert C, Webster MJ (2014) Decreased BDNF and TrkB mRNA
expression in multiple cortical areas of patients with schizophrenia and mood
disorders. Transl Psychiatry 4:e389.
Raybuck JD, Lattal KM (2014) Bridging the interval: Theory and neurobiology of trace
conditioning. Behav Processes 101:103–111.
Rayen I, van den Hove DL, Prickaerts J, Steinbusch HW, Pawluski JL (2011) Fluoxetine
during development reverses the effects of prenatal stress on depressive-like behavior

277

Bibliography

and hippocampal neurogenesis in adolescence Borlongan C V., ed. PLoS One
6:e24003.
Rees E, Walters JTR, Georgieva L, Isles AR, Chambert KD, Richards AL, Mahoney-Davies
G, Legge SE, Moran JL, McCarroll SA, O’Donovan MC, Owen MJ, Kirov G (2014)
Analysis of copy number variations at 15 schizophrenia-associated loci. Br J Psychiatry
204:108–114.
Rehan W, Antfolk J, Johansson A, Jern P, Santtila P (2017) Experiences of severe
childhood maltreatment, depression, anxiety and alcohol abuse among adults in
Finland Eapen V, ed. PLoS One 12:e0177252.
Reif A, Fritzen S, Finger M, Strobel A, Lauer M, Schmitt A, Lesch K-P (2006) Neural stem
cell proliferation is decreased in schizophrenia, but not in depression. Mol Psychiatry
11:514–522.
Reincke SAJ, Hanganu-Opatz IL (2017) Early-life stress impairs recognition memory and
perturbs the functional maturation of prefrontal-hippocampal-perirhinal networks. Sci
Rep 7:42042.
Renner MJ (1987) Experience-dependent changes in exploratory behavior in the adult rat
(Rattus norvegicus): Overall activity level and interactions with objects. J Comp
Psychol 101:94–100.
Rescorla RA, Wagner AR (1972) A theory of Pavlovian conditioning: Variations in the
effectiveness of reinforcement and nonreinforcement. Class Cond II Curr Res Theory
21:64–99.
Rice CJ, Sandman CA, Lenjavi MR, Baram TZ (2008) A novel mouse model for acute and
long-lasting consequences of early life stress. Endocrinology 149:4892–4900.
Riecher-Rössler A (2017) Sex and gender differences in mental disorders. The Lancet
Psychiatry 4:8–9.
Ripke S et al. (2014) Biological insights from 108 schizophrenia-associated genetic loci.
Nature 511:421–427.
Rodriguez P, Levy WB (2001) A model of hippocampal activity in trace conditioning: Where’s
the trace? Behav Neurosci 115:1224–1238.
Rolls ET, Stringer SM, Trappenberg TP (2002) A Unified Model of Spatial and Episodic
Memory. Proc Biol Sci 269:1087–1093.
Romero LM, Dickens MJ, Cyr NE (2009) The reactive scope model — A new model
integrating homeostasis, allostasis, and stress. Horm Behav 55:375–389.
Rosenberg G (2007) The mechanisms of action of valproate in neuropsychiatric disorders:
can we see the forest for the trees? Cell Mol Life Sci 64:2090–2103.
Rosenzweig MR, Bennett EL (1996) Psychobiology of plasticity: effects of training and
experience on brain and behavior. Behav Brain Res 78:57–65.
Rosenzweig MR, Krech D, Bennett EL, Diamond MC (1962) Effects of environmental
complexity and training on brain chemistry and anatomy: A replication and extension. J
Comp Physiol Psychol 55:429–437.
Rossetti AC, Paladini MS, Colombo M, Gruca P, Lason-Tyburkiewicz M, Tota-Glowczyk K,
Papp M, Riva MA, Molteni R (2018) Chronic Stress Exposure Reduces Parvalbumin
Expression in the Rat Hippocampus through an Imbalance of Redox Mechanisms:
Restorative Effect of the Antipsychotic Lurasidone. Int J Neuropsychopharmacol.
Rossi C, Angelucci A, Costantin L, Braschi C, Mazzantini M, Babbini F, Fabbri ME,
Tessarollo L, Maffei L, Berardi N, Caleo M (2006) Brain-derived neurotrophic factor
(BDNF) is required for the enhancement of hippocampal neurogenesis following
environmental enrichment. Eur J Neurosci 24:1850–1856.

278

Bibliography

Rothman EF, Edwards EM, Heeren T, Hingson RW (2008) Adverse Childhood Experiences
Predict Earlier Age of Drinking Onset: Results From a Representative US Sample of
Current or Former Drinkers. Pediatrics 122:e298–e304.
Roussos P et al. (2014) A Role for Noncoding Variation in Schizophrenia. Cell Rep 9:1417–
1429.
Rowland AA, Voeltz GK (2012) Endoplasmic reticulum–mitochondria contacts: function of
the junction. Nat Rev Mol Cell Biol 13:607–615.
Rubin RD, Watson PD, Duff MC, Cohen NJ (2014) The role of the hippocampus in flexible
cognition and social behavior. Front Hum Neurosci 8:742.
Ruderfer DM et al. (2014) Polygenic dissection of diagnosis and clinical dimensions of
bipolar disorder and schizophrenia. Mol Psychiatry 19:1017–1024.
Rudy B, Fishell G, Lee S, Hjerling-Leffler J (2011) Three groups of interneurons account for
nearly 100% of neocortical GABAergic neurons. Dev Neurobiol 71:45–61.
Rujescu D, Bender A, Keck M, Hartmann AM, Ohl F, Raeder H, Giegling I, Genius J,
McCarley RW, Möller H-J, Grunze H (2006) A Pharmacological Model for Psychosis
Based on N-methyl-D-aspartate Receptor Hypofunction: Molecular, Cellular, Functional
and Behavioral Abnormalities. Biol Psychiatry 59:721–729.
Ryu JR, Hong CJ, Kim JY, Kim E-K, Sun W, Yu S-W (2016) Control of adult neurogenesis
by programmed cell death in the mammalian brain. Mol Brain 9:43.
Sah P, Westbrook RF (2008) Behavioural neuroscience: The circuit of fear. Nat 2008
4547204 454:589.
Sala M, Perez J, Soloff P, Ucelli Di Nemi S, Caverzasi E, Soares JC, Brambilla P (2004)
Stress and hippocampal abnormalities in psychiatric disorders. Eur
Neuropsychopharmacol 14:393–405.
Sanacora G, Mason GF, Rothman DL, Behar KL, Hyder F, Petroff OA, Berman RM,
Charney DS, Krystal JH (1999) Reduced cortical gamma-aminobutyric acid levels in
depressed patients determined by proton magnetic resonance spectroscopy. Arch Gen
Psychiatry 56:1043–1047.
Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee J, Duman
R, Arancio O, Belzung C, Hen R (2003) Requirement of hippocampal neurogenesis for
the behavioral effects of antidepressants. Science (80- ) 301:805–809.
Scharfman HE, Hen R (2007) Is more neurogenesis always better? Science (80- ) 315:336–
338.
Schlick B, Flucher BE, Obermair GJ (2010) Voltage-activated calcium channel expression
profiles in mouse brain and cultured hippocampal neurons. Neuroscience 167:786–
798.
Schmidt HD, Duman RS (2007) The role of neurotrophic factors in adult hippocampal
neurogenesis, antidepressant treatments and animal models of depressive-like
behavior. Behav Pharmacol 18:391–418.
Schmitt A, Malchow B, Hasan A, Falkai P, Mitterauer BJ (2014) The impact of environmental
factors in severe psychiatric disorders.
Schobel SA, Chaudhury NH, Khan UA, Paniagua B, Styner MA, Asllani I, Inbar BP,
Corcoran CM, Lieberman JA, Moore H, Small SA (2013) Imaging Patients with
Psychosis and a Mouse Model Establishes a Spreading Pattern of Hippocampal
Dysfunction and Implicates Glutamate as a Driver. Neuron 78:81–93.
Schobel SA, Lewandowski NM, Corcoran CM, Moore H, Brown T, Malaspina D, Small SA
(2009) Differential targeting of the CA1 subfield of the hippocampal formation by
schizophrenia and related psychotic disorders. Arch Gen Psychiatry 66:938–946.

279

Bibliography

Schoenfeld TJ, Cameron HA (2015) Adult neurogenesis and mental illness.
Neuropsychopharmacology 40:113–128.
Sears LL, Andreasen NC, O’Leary DS (2000) Cerebellar functional abnormalities in
schizophrenia are suggested by classical eyeblink conditioning. Biol Psychiatry
48:204–209.
Sears LL, Finn PR, Steinmetz JE (1994) Abnormal classical eye-blink conditioning in autism.
J Autism Dev Disord 24:737–751.
Seckl JR, Meaney MJ (2004) Glucocorticoid programming. Ann N Y Acad Sci 1032:63–84.
Seki T (2002) Hippocampal adult neurogenesis occurs in a microenvironment provided by
PSA-NCAM-expressing immature neurons. J Neurosci Res 69:772–783.
Selden NR, Robbins TW, Everitt BJ (1990) Enhanced behavioral conditioning to context and
impaired behavioral and neuroendocrine responses to conditioned stimuli following
ceruleocortical noradrenergic lesions: support for an attentional hypothesis of central
noradrenergic function. J Neurosci 10:531–539.
Selden NRW, Everitt BJ, Jarrard LE, Robbins TW (1991a) Complementary roles for the
amygdala and hippocampus in aversive conditioning to explicit and contextual cues.
Neuroscience 42:335–350.
Selden NRW, Everitt BJ, Robbins TW (1991b) Telencephalic but not diencephalic
noradrenaline depletion enhances behavioural but not endocrine measures of fear
conditioning to contextual stimuli. Behav Brain Res 43:139–154.
Seo D-O, Carillo MA, Chih-Hsiung Lim S, Tanaka KF, Drew MR (2015) Adult Hippocampal
Neurogenesis Modulates Fear Learning through Associative and Nonassociative
Mechanisms. J Neurosci 35:11330–11345.
Sheridan MA, McLaughlin KA, Winter W, Fox N, Zeanah C, Nelson CA (2018) Early
deprivation disruption of associative learning is a developmental pathway to depression
and social problems. Nat Commun 9:2216.
Shi S Sen, Shao S hong, Yuan B ping, Pan F, Li ZL (2010) Acute stress and chronic stress
change brain-derived neurotrophic factor (BDNF) and tyrosine kinase-coupled receptor
(TrkB) expression in both young and aged rat hippocampus. Yonsei Med J 51:661–
671.
Shinnick-Gallagher P, McKernan MG, Xie J, Zinebi F (2003) L-type voltage-gated calcium
channels are involved in the in vivo and in vitro expression of fear conditioning. Ann N
Y Acad Sci 985:135–149.
Shohamy D, Mihalakos P, Chin R, Thomas B, Wagner AD, Tamminga C (2010) Learning
and generalization in schizophrenia: effects of disease and antipsychotic drug
treatment. Biol Psychiatry 67:926–932.
Shors TJ (2001) Acute stress rapidly and persistently enhances memory formation in the
male rat. Neurobiol Learn Mem 75:10–29.
Shors TJ (2004a) Memory traces of trace memories: Neurogenesis, synaptogenesis and
awareness. Trends Neurosci 27:250–256.
Shors TJ (2004b) Learning during stressful times. Learn Mem 11:137–144.
Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E (2001) Neurogenesis in the
adult is involved in the formation of trace memories. Nature 410:372–376.
Shors TJ, Servatius RJ (1997) The contribution of stressor intensity, duration, and context to
the stress-induced facilitation of associative learning. Neurobiol Learn Mem 68:92–96.
Sideli L, Mule A, La Barbera D, Murray RM (2012) Do Child Abuse and Maltreatment
Increase Risk of Schizophrenia? Psychiatry Investig 9:87.

280

Bibliography

Sigitova E, Fišar Z, Hroudová J, Cikánková T, Raboch J (2017) Biological hypotheses and
biomarkers of bipolar disorder. Psychiatry Clin Neurosci 71:77–103.
Silberman DM, Acosta GB, Zorrilla Zubilete MA (2016) Long-term effects of early life stress
exposure: Role of epigenetic mechanisms. Pharmacol Res 109:64–73.
Simms BA, Zamponi GW (2014) Neuronal Voltage-Gated Calcium Channels: Structure,
Function, and Dysfunction. Neuron 82:24–45.
Sinnegger-Brauns MJ, Hetzenauer A, Huber IG, Renström E, Wietzorrek G, Berjukov S,
Cavalli M, Walter D, Koschak A, Waldschütz R, Hering S, Bova S, Rorsman P, Pongs
O, Singewald N, Striessnig J (2004) Isoform-specific regulation of mood behavior and
pancreatic β cell and cardiovascular function by L-type Ca2+ channels. J Clin Invest
113:1430–1439.
Sinnegger-Brauns MJ, Huber IG, Koschak A, Wild C, Obermair GJ, Einzinger U, Hoda J-C,
Sartori SB, Striessnig J (2009) Expression and 1,4-Dihydropyridine-Binding Properties
of Brain L-Type Calcium Channel Isoforms. Mol Pharmacol 75:407–414.
Sklar P et al. (2008) Whole-genome association study of bipolar disorder. Mol Psychiatry
13:558–569.
Smith DJ, Nicholl BI, Cullen B, Martin D, Ul-Haq Z, Evans J, Gill JMR, Roberts B, Gallacher
J, Mackay D, Hotopf M, Deary I, Craddock N, Pell JP (2013) Prevalence and
Characteristics of Probable Major Depression and Bipolar Disorder within UK Biobank:
Cross-Sectional Study of 172,751 Participants Potash JB, ed. PLoS One 8:e75362.
Smoller JWS et al. (2013) Identification of risk loci with shared effects on five major
psychiatric disorders: A genome-wide analysis. Lancet 381:1371–1379.
Snyder JS, Choe JS, Clifford MA, Jeurling SI, Hurley P, Brown A, Kamhi JF, Cameron HA
(2009) Adult-Born Hippocampal Neurons Are More Numerous, Faster Maturing, and
More Involved in Behavior in Rats than in Mice. J Neurosci 29:14484–14495.
Snyder JS, Hong NS, McDonald RJ, Wojtowicz JM (2005) A role for adult neurogenesis in
spatial long-term memory. Neuroscience 130:843–852.
Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA (2011) Adult hippocampal
neurogenesis buffers stress responses and depressive behaviour. Nature 476:458–
462.
Sohal VS, Zhang F, Yizhar O, Deisseroth K (2009) Parvalbumin neurons and gamma
rhythms enhance cortical circuit performance. Nature 459:698–702.
Solomon PR, Vander Schaaf ER, Thompson RF, Weisz DJ (1986) Hippocampus and Trace
Conditioning of the Rabbit’s Classically Conditioned Nictitating Membrane Response.
Behav Neurosci 100:729–744.
Song J, Sun J, Moss J, Wen Z, Sun GJ, Hsu D, Zhong C, Davoudi H, Christian KM, Toni N,
Ming GL, Song H (2013) Parvalbumin interneurons mediate neuronal circuitryneurogenesis coupling in the adult hippocampus. Nat Neurosci 16:1728–1730.
Sorrells SF, Paredes MF, Cebrian-Silla A, Sandoval K, Qi D, Kelley KW, James D, Mayer S,
Chang J, Auguste KI, Chang EF, Gutierrez AJ, Kriegstein AR, Mathern GW, Oldham
MC, Huang EJ, Garcia-Verdugo JM, Yang Z, Alvarez-Buylla A (2018) Human
hippocampal neurogenesis drops sharply in children to undetectable levels in adults.
Nature 555:377–381.
Spain B (1966) Eyelid conditioning and arousal in schizophrenic and normal subjects. J
Abnorm Psychol 71:260–266.
Spalding KL, Bergmann O, Alkass K, Bernard S, Salehpour M, Huttner HB, Boström E,
Westerlund I, Vial C, Buchholz BA, Possnert G, Mash DC, Druid H, Frisén J (2013)
Dynamics of Hippocampal Neurogenesis in Adult Humans. Cell 153:1219–1227.

281

Bibliography

Speisman RB, Kumar A, Rani A, Pastoriza JM, Severance JE, Foster TC, Ormerod BK
(2013) Environmental enrichment restores neurogenesis and rapid acquisition in aged
rats. Neurobiol Aging 34:263–274.
Spies G, Seedat S (2014) Depression and resilience in women with HIV and early life stress:
does trauma play a mediating role? A cross-sectional study. BMJ Open 4:e004200.
Spinhoven P, Elzinga BM, Hovens JGFM, Roelofs K, Zitman FG, Van Oppen P, Penninx
BWJH (2010) The specificity of childhood adversities and negative life events across
the life span to anxiety and depressive disorders. J Affect Disord 126:103–112.
Spitzer NC, Debaca RC, Allen KA, Holliday J (1993) Calcium dependence of differentiation
of GABA immunoreactivity in spinal neurons. J Comp Neurol 337:168–175.
Spitzer NC, Gu X, Olson E (1994) Action potentials, calcium transients and the control of
differentiation of excitable cells. Curr Opin Neurobiol 4:70–77.
Splawski I, Timothy KW, Sharpe LM, Decher N, Kumar P, Bloise R, Napolitano C, Schwartz
PJ, Joseph RM, Condouris K, Tager-Flusberg H, Priori SG, Sanguinetti MC, Keating
MT (2004) CaV1.2 calcium channel dysfunction causes a multisystem disorder
including arrhythmia and autism. Cell 119:19–31.
Stahl E, Breen G, Forstner A, McQuillin A, Ripke S, Consortium BDWG of the PG, Cichon S,
Scott L, Ophoff R, Andreassen OA, Kelsoe J, Sklar P (2018) Genomewide association
study identifies 30 loci associated with bipolar disorder. bioRxiv:173062.
Starnawska A, Demontis D, Pen A, Hedemand A, Nielsen AL, Staunstrup NH, Grove J, Als
TD, Jarram A, O’Brien NL, Mors O, McQuillin A, Børglum AD, Nyegaard M (2016)
CACNA1C hypermethylation is associated with bipolar disorder. Transl Psychiatry
6:e831–e831.
Steen RG, Mull C, Mcclure R, Hamer RM, Lieberman JA (2006) Brain volume in firstepisode schizophrenia. Br J Psychiatry 188:510–518.
Stefansson H et al. (2014) CNVs conferring risk of autism or schizophrenia affect cognition
in controls. Nature 505:361–366.
Steimer T (2002) The biology of fear- and anxiety-related behaviors. Dialogues Clin
Neurosci 4:231–249.
Stein LR, O’Dell KA, Funatsu M, Zorumski CF, Izumi Y (2016) Short-term environmental
enrichment enhances synaptic plasticity in hippocampal slices from aged rats.
Neuroscience 329:294–305.
Steiner B, Zurborg S, Hörster H, Fabel K, Kempermann G (2008) Differential 24 h
responsiveness of Prox1-expressing precursor cells in adult hippocampal
neurogenesis to physical activity, environmental enrichment, and kainic acid-induced
seizures. Neuroscience 154:521–529.
Steullet P, Cabungcal J-H, Coyle J, Didriksen M, Gill K, Grace AA, Hensch TK, LaMantia AS, Lindemann L, Maynard TM, Meyer U, Morishita H, O’Donnell P, Puhl M, Cuenod M,
Do KQ (2017) Oxidative stress-driven parvalbumin interneuron impairment as a
common mechanism in models of schizophrenia. Mol Psychiatry 22:936–943.
Stevenson CW, Spicer CH, Mason R, Marsden CA (2009) Early life programming of fear
conditioning and extinction in adult male rats. Behav Brain Res 205:505–510.
Stotz SC, Jarvis SE, Zamponi GW (2004) Functional roles of cytoplasmic loops and pore
lining transmembrane helices in the voltage-dependent inactivation of HVA calcium
channels. J Physiol 554:263–273.
Stratakis CA, Chrousos GP (1995) Neuroendocrinology and pathophysiology of the stress
system. Ann N Y Acad Sci 771:1–18.
Striessnig J, Koschak A, Sinnegger-Brauns MJ, Hetzenauer A, Nguyen NK, Busquet P,

282

Bibliography

Pelster G, Singewald N (2006) Role of voltage-gated L-type Ca 2+ channel isoforms
for brain function. Biochem Soc Trans 34:903–909.
Striessnig J, Pinggera A, Kaur G, Bock G, Tuluc P (2014) L-type Ca2+ channels in heart and
brain. Wiley Interdiscip Rev Membr Transp Signal 3:15–38.
Sullivan PF (2015) Schizophrenia: Hope on the Horizon. Cerebrum 2015:1–9.
Sullivan PF et al. (2018) Psychiatric genomics: An update and an Agenda. Am J Psychiatry
175:15–27.
Sullivan PF, Kendler KS, Neale MC (2003) Schizophrenia as a Complex Trait. Arch Gen
Psychiatry 60:1187.
Sun H, Zhang J, Zhang L, Liu H, Zhu H, Yang Y (2010) Environmental enrichment
influences BDNF and NR1 levels in the hippocampus and restores cognitive
impairment in chronic cerebral hypoperfused rats. Curr Neurovasc Res 7:268–280.
Syed SA, Nemeroff CB (2017a) Early Life Stress, Mood, and Anxiety Disorders. Chronic
Stress (Thousand Oaks, Calif) 1.
Syed SA, Nemeroff CB (2017b) Early Life Stress, Mood, and Anxiety Disorders. Chronic
Stress 1:247054701769446.
Szabadics J, Varga C, Molnár G, Oláh S, Barzó P, Tamás G (2006) Excitatory effect of
GABAergic axo-axonic cells in cortical microcircuits. Science (80- ) 311:233–235.
Szyf M (2013) DNA Methylation, Behavior and Early Life Adversity. J Genet Genomics
40:331–338.
Takahashi M, Shirakawa O, Toyooka K, Kitamura N, Hashimoto T, Maeda K, Koizumi S,
Wakabayashi K, Takahashi H, Someya T, Nawa H (2000) Abnormal expression of
brain-derived neurotrophic factor and its receptor in the corticolimbic system of
schizophrenic patients. Mol Psychiatry 5:293–300.
Takahashi S, Glatt SJ, Uchiyama M, Faraone S V., Tsuang MT (2015) Meta-analysis of data
from the Psychiatric Genomics Consortium and additional samples supports
association of CACNA1C with risk for schizophrenia. Schizophr Res 168:429–433.
Tamminga CA, Medoff DR (2000) The biology of schizophrenia. Dialogues Clin Neurosci
2:339–348.
Tang YP, Wang H, Feng R, Kyin M, Tsien JZ (2001) Differential effects of enrichment on
learning and memory function in NR2B transgenic mice. Neuropharmacology 41:779–
790.
Tanti A, Rainer Q, Minier F, Surget A, Belzung C (2012) Differential environmental regulation
of neurogenesis along the septo-temporal axis of the hippocampus.
Neuropharmacology 63:374–384.
Tanti A, Westphal W-P, Girault V, Brizard B, Devers S, Leguisquet A-M, Surget A, Belzung
C (2013) Region-dependent and stage-specific effects of stress, environmental
enrichment, and antidepressant treatment on hippocampal neurogenesis.
Hippocampus 23:797–811.
Tao X, Finkbeiner S, Arnold DB, Shaywitz AJ, Greenberg ME (1998) Ca2+influx regulates
BDNF transcription by a CREB family transcription factor-dependent mechanism.
Neuron 20:709–726.
Tao X, West AE, Chen WG, Corfas G, Greenberg ME (2002) A calcium-responsive
transcription factor, CaRF, that regulates neuronal activity-dependent expression of
BDNF. Neuron 33:383–395.
Tarabova B, Lacinova L, Engel J (2007) Effects of phenylalkylamines and benzothiazepines
on Cav1.3-mediated Ca2+ currents in neonatal mouse inner hair cells. Eur J

283

Bibliography

Pharmacol 573:39–48.
Teh DBL, Ishizuka T, Yawo H (2014) Regulation of later neurogenic stages of adult-derived
neural stem/progenitor cells by L-type Ca2+ channels. Dev Growth Differ 56:583–594.
Temme SJ, Bell RZ, Fisher GL, Murphy GG (2016) Deletion of the Mouse Homolog of
CACNA1C Disrupts Discrete Forms of Hippocampal-Dependent Memory and
Neurogenesis within the Dentate Gyrus. eNeuro 3.
Terrillion CE, Francis TC, Puche AC, Lobo MK, Gould TD (2017) Decreased nucleus
accumbens expression of psychiatric disorder risk gene Cacna1c promotes
susceptibility to social stress. Int J Neuropsychopharmacol 20:428–433.
Tippens AL, Pare J-F, Langwieser N, Moosmang S, Milner TA, Smith Y, Lee A (2008)
Ultrastructural evidence for pre- and postsynaptic localization of Cav1.2 L-type Ca2+
channels in the rat hippocampus. J Comp Neurol 506:569–583.
Toda H, Boku S, Nakagawa S, Inoue T, Kato A, Takamura N, Song N, Nibuya M, Koyama T,
Kusumi I (2014) Maternal separation enhances conditioned fear and decreases the
mRNA levels of the neurotensin receptor 1 gene with hypermethylation of this gene in
the rat amygdala Homberg J, ed. PLoS One 9:e97421.
Toda T, Parylak SL, Linker SB, Gage FH (2018) The role of adult hippocampal neurogenesis
in brain health and disease. Mol Psychiatry.
Toledo-Rodriguez M, Sandi C (2007) Stress before puberty exerts a sex- and age-related
impact on auditory and contextual fear conditioning in the rat. Neural Plast 2007:1–12.
Torpy DJ, Papanicolaou DA, Chrousos GP (1997) Sexual Dimorphism of the Human Stress
Response May Be Due to Estradiol-Mediated Stimulation of Hypothalamic
Corticotropin-Releasing Hormone Synthesis 1. J Clin Endocrinol Metab 82:982–984.
Torrey EF, Barci BM, Webster MJ, Bartko JJ, Meador-Woodruff JH, Knable MB (2005)
Neurochemical markers for schizophrenia, bipolar disorder, and major depression in
postmortem brains. Biol Psychiatry 57:252–260.
Toth AB, Shum AK, Prakriya M (2016) Regulation of neurogenesis by calcium signaling. Cell
Calcium 59:124–134.
Tottenham N, Hare TA, Millner A, Gilhooly T, Zevin JD, Casey BJ (2011) Elevated amygdala
response to faces following early deprivation. Dev Sci 14:190–204.
Tottenham N, Hare TA, Quinn BT, McCarry TW, Nurse M, Gilhooly T, Millner A, Galvan A,
Davidson MC, Eigsti IM, Thomas KM, Freed PJ, Booma ES, Gunnar MR, Altemus M,
Aronson J, Casey BJ (2010) Prolonged institutional rearing is associated with atypically
large amygdala volume and difficulties in emotion regulation. Dev Sci 13:46–61.
Tozuka Y, Fukuda S, Namba T, Seki T, Hisatsune T (2005) GABAergic excitation promotes
neuronal differentiation in adult hippocampal progenitor cells. Neuron 47:803–815.
Tronson NC, Corcoran KA, Jovasevic V, Radulovic J (2012) Fear conditioning and
extinction: emotional states encoded by distinct signaling pathways. Trends Neurosci
35:145–155.
Tsoory MM, Guterman A, Richter-Levin G (2010) “Juvenile stress” alters maturation-related
changes in expression of the neural cell adhesion molecule L1 in the limbic system:
Relevance for stress-related psychopathologies. J Neurosci Res 88:369–380.
Turecki G, Ernst C, Jollant F, Labonté B, Mechawar N (2012) The neurodevelopmental
origins of suicidal behavior. Trends Neurosci 35:14–23.
Uher R (2014) Gene–Environment Interactions in Severe Mental Illness. Front Psychiatry
5:48.
Uhlhaas PJ, Singer W (2010) Abnormal neural oscillations and synchrony in schizophrenia.

284

Bibliography

Nat Rev Neurosci 11:100–113.
van Bodegom M, Homberg JR, Henckens MJAG (2017) Modulation of the HypothalamicPituitary-Adrenal Axis by Early Life Stress Exposure. Front Cell Neurosci 11:87.
Van Dellen A, Blakemore C, Deacon R, York D, Hannan AJ (2000) Delaying the onset of
Huntington’s in mice. Nature 404:721–722.
Van Gemert NG, Carvalho DMM, Karst H, Van Der Laan S, Zhang M, Meijer OC, Hell JW,
Joëls M (2009) Dissociation between rat hippocampal CA1 and dentate gyrus cells in
their response to corticosterone: Effects on calcium channel protein and current.
Endocrinology 150:4615–4624.
van Praag H, Christie BR, Sejnowski TJ, Gage FH (1999a) Running enhances
neurogenesis, learning, and long-term potentiation in mice. Proc Natl Acad Sci
96:13427–13431.
van Praag H, Kempermann G, Gage FH (1999b) Running increases cell proliferation and
neurogenesis in the adult mouse dentate gyrus. Nat Neurosci 2:266–270.
van Praag H, Kempermann G, Gage FH (2000) Neural consequences of environmental
enrichment. Nat Rev Neurosci 1:191–198.
Varese F, Smeets F, Drukker M, Lieverse R, Lataster T, Viechtbauer W, Read J, van Os J,
Bentall RP (2012) Childhood Adversities Increase the Risk of Psychosis: A Metaanalysis of Patient-Control, Prospective- and Cross-sectional Cohort Studies.
Schizophr Bull 38:661–671.
Veenit V, Riccio O, Sandi C (2014) CRHR1 links peripuberty stress with deficits in social and
stress-coping behaviors. J Psychiatr Res 53:1–7.
Vetulani J (2013) Early maternal separation: A rodent model of depression and a prevailing
human condition. Pharmacol Reports 65:1451–1461.
Vita A, de Peri L (2007) Hippocampal and amygdala volume reductions in first-episode
schizophrenia. Br J Psychiatry 190:271.
Vita A, De Peri L, Deste G, Sacchetti E (2012) Progressive loss of cortical gray matter in
schizophrenia: a meta-analysis and meta-regression of longitudinal MRI studies. Transl
Psychiatry 2:e190.
Vivar C, Potter MC, van Praag H (2012) All about running: Synaptic plasticity, growth factors
and adult hippocampal neurogenesis. Curr Top Behav Neurosci 15:189–210.
Vogel S, Klumpers F, Kroes MCW, Oplaat KT, Krugers HJ, Oitzl MS, Joëls M, Fernández G
(2015) A Stress-Induced Shift from Trace to Delay Conditioning Depends on the
Mineralocorticoid Receptor. Biol Psychiatry 78:830–839.
Vogel S, Schwabe L (2016) Learning and memory under stress: implications for the
classroom. npj Sci Learn 1:16011.
Volk DW, Lewis DA (2010) Prefrontal cortical circuits in schizophrenia. Curr Top Behav
Neurosci 4:485–508.
Völkening B, Schönig K, Kronenberg G, Bartsch D, Weber T (2017) Deletion of psychiatric
risk gene Cacna1c impairs hippocampal neurogenesis in cell-autonomous fashion. Glia
65:817–827.
Von Bohlen Und Halbach O (2011) Immunohistological markers for proliferative events,
gliogenesis, and neurogenesis within the adult hippocampus. Cell Tissue Res 345:1–
19.
Waddell J, Shors TJ (2008) Neurogenesis, learning and associative strength. Eur J Neurosci
27:3020–3028.

285

Bibliography

Wadhwa PD, Sandman CA, Porto M, Dunkel-Schetter C, Garite TJ (1993) The association
between prenatal stress and infant birth weight and gestational age at birth: A
prospective investigation. Am J Obstet Gynecol 169:858–865.
Wang AY, Lohmann KM, Yang CK, Zimmerman EI, Pantazopoulos H, Herring N, Berretta S,
Heckers S, Konradi C (2011) Bipolar disorder type 1 and schizophrenia are
accompanied by decreased density of parvalbumin- and somatostatin-positive
interneurons in the parahippocampal region. Acta Neuropathol 122:615–626.
Wei L, Meaney MJ, Duman RS, Kaffman A (2011) Affiliative Behavior Requires Juvenile, But
Not Adult Neurogenesis. J Neurosci 31:14335–14345.
Weinberger DR (1987) Implications of normal brain development for the pathogenesis of
schizophrenia. Arch Gen Psychiatry 44:660–669.
Weinstock M (2008) The long-term behavioural consequences of prenatal stress. Neurosci
Biobehav Rev 32:1073–1086.
Weinstock M (2017) Prenatal stressors in rodents: Effects on behavior. Neurobiol Stress
6:3–13.
Weiss AP, Zalesak M, DeWitt I, Goff D, Kunkel L, Heckers S (2004) Impaired hippocampal
function during the detection of novel words in schizophrenia. Biol Psychiatry 55:668–
675.
Weisskopf MG, Bauer EP, LeDoux JE (1999) L-type voltage-gated calcium channels
mediate NMDA-independent associative long-term potentiation at thalamic input
synapses to the amygdala. J Neurosci 19:10512–10519.
Weller JA, Fisher PA (2013) Decision-Making Deficits Among Maltreated Children. Child
Maltreat 18:184–194.
Welsh JP, Oristaglio JT (2016) Autism and classical eyeblink conditioning: Performance
changes of the conditioned response related to autism spectrum disorder diagnosis.
Front Psychiatry 7:137.
West AE, Chen WG, Dalva MB, Dolmetsch RE, Kornhauser JM, Shaywitz AJ, Takasu MA,
Tao X, Greenberg ME (2001) Calcium regulation of neuronal gene expression. Proc
Natl Acad Sci 98:11024–11031.
West MJ, Gundersen HJG (1990) Unbiased stereological estimation of the number of
neurons in the human hippocampus. J Comp Neurol 296:1–22.
Wheeler DG, Groth RD, Ma H, Barrett CF, Owen SF, Safa P, Tsien RW (2012) CaV1 and
CaV2 channels engage distinct modes of Ca2+ signaling to control CREB-dependent
gene expression. Cell 149:1112–1124.
White JA, McKinney BC, John MC, Powers PA, Kamp TJ, Murphy GG (2008) Conditional
forebrain deletion of the L-type calcium channel CaV1.2 disrupts remote spatial
memories in mice. Learn Mem 15:1–5.
Williams RSB, Cheng L, Mudge AW, Harwood AJ (2002) A common mechanism of action
for three mood-stabilizing drugs. Nature 417:292–295.
Williams S, Boksa P (2010) Gamma oscillations and schizophrenia. J Psychiatry Neurosci
35:75–77.
Wilson CA, Vazdarjanova A, Terry A V, Jr (2013) Exposure to variable prenatal stress in
rats: effects on anxiety-related behaviors, innate and contextual fear, and fear
extinction. Behav Brain Res 238:279–288.
Winocur G, Wojtowicz JM, Sekeres M, Snyder JS, Wang S (2006) Inhibition of neurogenesis
interferes with hippocampus-dependent memory function. Hippocampus 16:296–304.
Witthaus H, Kaufmann C, Bohner G, Özgürdal S, Gudlowski Y, Gallinat J, Ruhrmann S,

286

Bibliography

Brüne M, Heinz A, Klingebiel R, Juckel G (2009) Gray matter abnormalities in subjects
at ultra-high risk for schizophrenia and first-episode schizophrenic patients compared
to healthy controls. Psychiatry Res Neuroimaging 173:163–169.
Wolff SBE, Gründemann J, Tovote P, Krabbe S, Jacobson GA, Müller C, Herry C, Ehrlich I,
Friedrich RW, Letzkus JJ, Lüthi A (2014) Amygdala interneuron subtypes control fear
learning through disinhibition. Nature 509:453–458.
Wood GE, Beylin A V, Shors TJ (2001) The contribution of adrenal and reproductive
hormones to the opposing effects of stress on trace conditioning in males versus
females. Behav Neurosci 115:175–187.
Wood GE, Shors TJ (1998) Stress facilitates classical conditioning in males, but impairs
classical conditioning in females through activational effects of ovarian hormones. Proc
Natl Acad Sci 95:4066–4071.
Woollett K, Maguire EA (2011) Acquiring “the knowledge” of London’s layout drives
structural brain changes. Curr Biol 21:2109–2114.
Wray NR et al. (2012) Genome-wide association study of major depressive disorder: new
results, meta-analysis, and lessons learned. Mol Psychiatry 17:36–48.
Xie Y, Huang D, Wei L, Luo XJ (2018) Further evidence for the genetic association between
CACNA1I and schizophrenia. Hereditas 155:16.
Xu JH, Long L, Tang YC, Hu HT, Tang FR (2007) Cav1.2, Cav1.3, and Cav2.1 in the mouse
hippocampus during and after pilocarpine-induced status epilepticus. Hippocampus
17:235–251.
Yang C-H, Huang C-C, Hsu K-S (2012) A Critical Role for Protein Tyrosine Phosphatase
Nonreceptor Type 5 in Determining Individual Susceptibility to Develop Stress-Related
Cognitive and Morphological Changes. J Neurosci 32:7550–7562.
Yassa MA, Stark CEL (2011) Pattern separation in the hippocampus. Trends Neurosci
34:515–525.
Yau S-Y, Li A, So K-F (2015) Involvement of Adult Hippocampal Neurogenesis in Learning
and Forgetting. Neural Plast 2015:13.
Yee N, Schwarting R, Fuchs E, Wöhr M (2012a) Juvenile stress potentiates aversive 22-kHz
ultrasonic vocalizations and freezing during auditory fear conditioning in adult male
rats. Stress 15:533–544.
Yee N, Schwarting R, Fuchs E, Wöhr M (2012b) Increased affective ultrasonic
communication during fear learning in adult male rats exposed to maternal immune
activation. J Psychiatr Res 46:1199–1205.
Young SL, Bohenek DL, Fanselow MS (1994) NMDA processes mediate anterograde
amnesia of contextual fear conditioning induced by hippocampal damage:
Immunization against amnesia by context preexposure. Behav Neurosci 108:19–29.
Zaletel I, Filipović D, Puškaš N (2016) Chronic stress, hippocampus and parvalbuminpositive interneurons: what do we know so far? Rev Neurosci 27:397–409.
Zalosnik MI, Pollano A, Trujillo V, Suárez MM, Durando PE (2014) Effect of maternal
separation and chronic stress on hippocampal-dependent memory in young adult rats:
Evidence for the match-mismatch hypothesis. Stress 17:445–450.
Zhang ZJ, Reynolds GP (2002) A selective decrease in the relative density of parvalbuminimmunoreactive neurons in the hippocampus in schizophrenia. Schizophr Res 55:1–
10.
Zheng F et al. (2014) Further evidence for genetic association of CACNA1C and
schizophrenia: New risk loci in a Han Chinese population and a meta-analysis.
Schizophr Res 152:105–110.

287

Bibliography

Zheng F, Zhou X, Luo Y, Xiao H, Wayman G, Wang H (2011) Regulation of Brain-Derived
Neurotrophic Factor Exon IV Transcription through Calcium Responsive Elements in
Cortical Neurons. PLoS One 6:e28441.
Zheng F, Zhou X, Moon C, Hongbing W (2012) Regulation of brain-derived neurotrophic
factor expression in neurons. J Neurochem 4:735–741.
Zou D, Chen L, Deng D, Jiang D, Dong F, McSweeney C, Zhou Y, Liu L, Chen G, Wu Y,
Mao Y (2016) DREADD in Parvalbumin Interneurons of the Dentate Gyrus Modulates
Anxiety, Social Interaction and Memory Extinction. Curr Mol Med 16:91–102.

288

Bibliography

289

