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Major depressive disorder (MDD) is a serious and debilitating psychiatric illness found of
increasing prevalence. Despite this, our current first line treatments have been shown to lack
efficacy and possess a high non-response rate. Most new pharmacological developments have not
shown efficacy in humans, likely due to our current models being outdated. This thesis attempts
to use a range of novel approaches, integrating behavioural, physiological, and biological methods
to provide support for the use of the serotonin transporter knockout (SERT-KO) rat to model
components of MDD in humans. Social anhedonia is assessed through conditioned place
preference and play behaviour analysis, demonstrating significantly reduced reward sensitivity in
SERT-/- animals. Comorbid anxiety is assessed using a modified successive alleys test, wheteby
SERT-/- animals demonstrate increased anxiety behaviour, which persist over the course of the
experiment. The assessment of heart rate variability, a physiological correlate of MDD was
impacted by time constraints, however suggests a likely reduction to be present in the SERT-/-
animals. Finally, neurogenesis was found to be significantly increased in SERT-/- animals during
early development (PND7), demonstrating neurodevelopmental alterations associated with
reduced SERT expression. These data demonstrate that the SERT knockout rat possesses many
deficits associated with MDD, thus being a likely candidate for novel pharmacological
development. A final pilot experiment was conducted using MALDI-TOF to provide a method
of examining potentially thousands of compounds in brain and cardiac tissue with high spatial
definition. Applications and implication of this research are discussed in detail with suggestions

for future studies being presented.






CHAPTER ONE

Introduction

Our Current Understanding of Depressive Disorders and How

They are Modelled in Rodents



Major Depressive Disorder (MDD) is characterized by a reduction in hedonic state
(anhedonia), feelings of guilt or worthlessness, reduced motivation (avolition), fatigue, alongside
disruptions in sleep and appetite (Association, 2013). Between 2005 and 2015, prevalence rates of
depression increased by 18.4% (Hay et al, 2017) with current prevalence estimates placing
depression as the leading cause of disability worldwide (Organization, 2017). In severe cases,
depression can lead to suicide which is the second leading cause of death in those aged 15-29.
Despite the severity and increasing prevalence rates of depression, treatments still focus on the
monoamine hypothesis of the disease which posits that an imbalance in monoamines such as
serotonin, noradrenaline, and dopamine underlie the disease (Krishnan & Nestler, 2008). While
this approach has been useful in the development of pharmaceutical interventions, their
effectiveness remains relatively low (Locher et al., 2017; Pigott, Leventhal, Alter, & Boren, 2010),
and the delayed onset of effectiveness is linked to several significant limitations including increased
suicidality in initial stages of treatment (Fergusson et al., 2005) and reduced compliance (Keller,

Hirschfeld, Demyttenaere, & Baldwin, 2002).

While the high prevalence of MDD and the concurrent impact of the disorder, and its
comorbidities are well documented, there have been few attempts to investigate the long-term
impacts outside the symptomology of the disorder when left untreated, or when treatments prove
unsuccessful. A recent study by Setiawan et al. (2018) demonstrated that untreated depression can
result in progressive neurodegeneration related to the duration of the illness, demonstrating the

urgent need for novel treatments of MDD.

To develop novel pharmacological interventions, there is a need for new animal models of
depression which closely align with the current research-based understanding of the disorder.
Most attempts to model depression are based on the (usually repeated) exposure to stressor, as
depression is often regarded as a stress related disorder (Caspi et al., 2003). For example, one

widely used model that involves the induction of stress to produce depressive behaviours is the



chronic mild stress model, which through the exposure to unpredictable long term stressful stimuli,
the animal exhibits depressive traits (Willner, Towell, Sampson, Sophokleous, & Muscat, 1987).
This model has become popular as it shows high predictive validity as chronic antidepressant
treatments alleviate the depressive symptoms such as anhedonia. Further, the CMS model has been
shown to produce similar neurobiological deficits observed in depressed humans (Willner, 2005).
While CMS is a strong candidate for modelling depression, and has produced developments within
drug discovery, it should be noted that this model is labour intensive. Further, these behavioural
deficits are often transient in nature (Grippo, Beltz, & Johnson, 2003; Pothion, Bizot, Trovero, &
Belzung, 2004), thus not being clearly representative of a chronic disorder such as MDD, rather,
CMS may be a better representative of situational depression. More recently, the social defeat
model (often referred to as the resident-intruder test) has gained popularity as a model of
depression (Hollis & Kabbaj, 2014; Keeney & Hogg, 1999). Through introducing a target animal
into the home cage of an older, more aggressive male, the target animal is forced into submission,
inducing a strong physiological and emotional stress response (Tornatzky & Miczek, 1993).
Through multiple exposures to social defeat, a number of behavioural changes including social
avoidance and anhedonia have been demonstrated (Hollis & Kabbaj, 2014; Rygula et al., 2005)
while biological alterations such as reduced neurogenesis, mobility, and food consumption have
been noted (Becker et al., 2008). Importantly, it should be noted that these deficits can be reversed

through chronic antidepressant treatment.

While the social defeat model of depression appears to be a strong candidate, it suffers
from some unique and some similar flaws as the CMS model; Firstly, sucrose preference has been
shown to be not affected by repeated social defeat (Hollis & Kabbaj, 2014). Given the use of
sucrose preference as a well-established measure of stress induced anhedonia (Hollis, Wang, Dietz,
Gunjan, & Kabbaj, 2010; Willner et al., 1987), the proposed induction of depressive behaviours
should be interpreted with caution. Secondly, as with the CMS model, some of the induced

depressive effects are transient in nature, including reduced BDNF expression, body weight
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reductions, and despair behaviours, and exploration (de Jong, van der Vegt, Buwalda, & Koolhaas,
2005; Fanous, Hammer Jr, & Nikulina, 2010; Krishnan et al., 2007). These transient effects do not
mimic the human depressive experience of persistent dysfunctional behaviours and low mood,
thus the social defeat model is more clearly modelling situational depression. Moreover, it is well
established that MDD has a strong genetic component (Lopez-Leon et al., 2008) which is not

incorporated in such stress models, likely explaining the transient effects previously described.

Another limitation of the current generation of animal models for MDD is the assessment
of MDD-like symptoms. While there are many behavioural assays used to assess depressive-like
behaviours, one of the most commonly used is the forced swim test (FST). The FST is thought to
model behavioural despair, measured through immobility in an inescapable chamber of water,
believed to reflect depressive tendencies. That is, the greater the proportion of time spent
immobile, is indicative of greater depressive behaviour. Importantly, this assumption was initially
developed due to the observation that through administration of antidepressants, immobility is
reduced, thus indicating the reduction of depressive behaviours (Porsolt, Le Pichon, & Jalfre,
1977). While the FST has been shown to be reasonably predictive of antidepressant efficacy
through reduced immobility, it would be fallacious to assume that increased immobility is
predictive of increased depressive-like behaviours. Furthermore, acute antidepressant
administration reduces immobility, however, chronic administration is required to reduce
depressive symptoms in humans. This suggests that the mechanisms underlying the antidepressant
response in the FST likely differ from those underlying the reduction of depressive symptoms in
response to antidepressants in humans (Borsini, Volterra, & Meli, 1986). Thus, in addition to more
faithfully mimicking the aetiology of MDD, better assays for assessing MDD like features are

equally warranted.

In the present thesis we have therefore aimed to develop a model of MDD through genetic

manipulation, by introducing a mutation which has often been associated with this disorder in



humans. Specifically, we focussed on a common polymorphism (SHTTLPR, 5-HT transporter
linked polymorphic region) in the gene (SL.C6.44) which encodes for the serotonin transporter
(SERT). This polymorphism consists of a 44 base pair insertion/deletion (I allelic variant & s allelic
variant respectively) (See figure 1), resulting in a 50% reduction in SERT activity in the ss-genotype,
compared to the ll-genotype, which in turn enhances extracellular levels of serotonin in the
synaptic cleft (Nakamura, Ueno, Sano, & Tanabe, 2000). Due to the widespread effects of
serotonin through development and adulthood, the increased extracellular serotonin as a result of

this mutation has been associated with several neuropsychiatric disorders, but most predominantly

with MDD (Collier et al., 1996; Serretti et al., 2002).

Figure 1.
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Figure 1. Visual depiction of the common polymorphism (SHTTLPR, 5-HT transporter linked
polymorphic region) in the ST.C6.44 gene which encodes for the serotonin transporter. A 44 base

pair deletion is depicted in purple (s allelic variant), while the 44 base pair insertion is depicted in
red (1 allelic variant).

While this mutation does not naturally occur in rodents, advancements in genetic

manipulation techniques have allowed researchers to reproduce this down regulation of the
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serotonin transporter expression in a laboratory rat strain through N-ethyl-N-nitrosourea (ENU
mutagenesis) (Smits et al., 2006). Following the development of this mutant rat, referred to as the
SERT knockout (Slc6a4'™™) rat, J. Homberg et al. (2007), examined the impact of this mutation
by comparing SERT knockouts, both homozygous (SERT”) and heterozygous (SERT*"), with
those not expressing this mutation (SERT**). The results indicate that there is a gene dose
dependant reduction of the SERT levels, that is a 100%, and 50% reduction in SERT knockouts
(SERT”" and SERT" compared to SERT*/* respectively). Furthermore, there was a nine-fold
increase in extracellular concentrations of serotonin in the hippocampal region of SERT”" animals.
Finally, the authors determined that no compensatory mechanisms occurred in tryptophan
hydroxylase (serotonin synthesizing enzyme) or monoamine oxidase (serotonin metabolizing
enzyme). Moreover, no major changes in other monoamines, most notably dopamine and

noradrenaline, were found.

Since the development of the SERT knockout rat, it has been subjected to numerous
behavioural assays to examine the behaviour consequence of the genetic reduction of the serotonin
transporter. Neumann et al. (2011) summarised the deficits observed in SERT knock out rats, with
the overview of the data strongly suggesting the validity of this strain as a model for anxiety
disorders due to the increased anxiety-like behaviour in a variety of behavioural paradigms, reduced
social behaviours, HPA axis dysregulation, and increased amygdala responsiveness. However, it
should be noted that the behavioural abnormalities are not limited to modelling anxiety, rather,
SERT knockout rodents have also exhibited behaviours frequently associated with depression,

including reduced sucrose preference, and increased immobility in the FST (J. Olivier et al., 2008).

This thesis seeks to further explore the impact of the genetic reduction in the expression
of SERT as an animal model for depression, using several new techniques. By integrating
behavioural, neurobiological, and physiological approaches we hope to further increase our

understanding of the validity of the SERT knockout rat as translational model of MDD.



CHAPTER TWO

Experirnent One

Conditioned Place Preference and Social Behaviour
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Humans, like many mammalian species, are innately social beings with theories suggesting
that sociability evolved to improve survivability against predation, improve resource collection,
and improve gene pools for mate selection (Alexander, 1974). While social interaction and
behaviour in itself has evolved over time, it undeniably remains one of the core elements behind
the progression and expansion of the human species. The influential hierarchy of needs models
propose that the requirement of social belonging falls after the acquisition of physiological and
safety requirements (Maslow, 1943), whereas more recent theories propose the requirement of
sociability to fall alongside these basic requirements as opposed to the linear hierarchy of needs
model (Alderfer, 1969). Nonetheless, given the importance of social interactions in humans,
reductions in social behaviours associated with psychiatric conditions are troubling and
significantly impact the overall burden of disease. Reductions in social interest and interactions are
also frequently reported in Major Depressive Disorder (MDD) (Beck, Steer, & Brown, 1996;

Hamilton, 1960).

To highlight the importance of social relationships in depression, several studies have
investigated the detrimental impacts of negative social interactions and social isolation on the
development and maintenance of MDD. A longitudinal study examining the social predictors of
depression after a 10-year follow up (n=4642) found that lack of social support, greater social
strain, and poorer social relationship quality were all predictive of greater depression scores after
10 years (Teo, Choi, & Valenstein, 2013). Further longitudinal evidence implicates depressive
symptoms in the future reduction of social support (Stice, Ragan, & Randall, 2004), which suggests
a bidirectional relationship between social relationships and depressive symptoms. Additionally,
and of greatest concern is that preference for solitude combined with social isolation is predictive
of suicidal ideation and self-harming behaviours (Endo et al., 2017). Furthermore, the act of social
withdrawal and isolation was shown to frequently precede a suicide attempt (Baumeister, 1990;
Stravynski & Boyer, 2001). Given these relationships, the understanding of social behaviours

should be examined further and integrated into new depression models.
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While the reduction in social interactions in MDD is relatively well documented, it should
be noted that the relationship may be more complex than first thought. One study examined a
community sample to investigate the relationship between social interactions and depressive
symptomology (Nezlek, Hampton, & Shean, 2000); half of those studied met the criteria for
clinical depression, these participants did not differ in the amount of day-to-day social interaction
reported when compared to the rest of the sample. However, differences emerged when
investigating the enjoyment rating of these interactions. Depressed participants rated the
interactions as less enjoyable and felt they had less control over these interactions. In other words,
depressed individuals may experience more social anhedonia, which in turn may precede social

withdrawal observed in those with (more severe) depression.

Serotonin has been strongly implicated in depressive disorders, particulatly, in regards to
the social component of behaviour (S. N. Young & Leyton, 2002). For example, increased
serotonin is related to improvements in prosocial behaviours such as cooperation and bonding,
while conversely, reductions in serotonin, are associated with reduced prosocial behaviours and
increased antisocial behaviours such as aggression (Duke, Begue, Bell, & Eisenlohr-Moul, 2013;
Kiser, SteemerS, Branchi, & Homberg, 2012; Kruesi et al., 1990). To examine the importance of
the serotonergic system, a frequently used method is to reduce tryptophan levels through the acute
tryptophan depletion method (ATD) (Ellenbogen, Young, Dean, Palmour, & Benkelfat, 1990).
Through this method the participant ingests food devoid of tryptophan, which subsequently leads
to a reduction in synthesised serotonin. Using this method, it has been demonstrated that an acute
reduction in serotonin results in significant reductions in mood and social interaction (S. N. Young
& Leyton, 2002). Conversely, by selectively increasing serotonergic activity, we would expect
elevations in mood and social interactions. One such method of increasing extracellular serotonin
is through 3, 4-Methylenedioxymethamphetamine (MDMA) which is a widely used recreational
drug which has anecdotally been reported to improve mood and social connectedness which

underlie its popularity (Vollenweider, Liechti, Gamma, Greer, & Geyer, 2002). Further studies
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have examined these effects to support the anecdotal reports suggesting that MDMA
administration improves mood and facilitates social communication (Brothers, 1996). Based on
these findings, some have even suggested that MDMA administration may assist in therapeutic
psychotherapy settings by acting as a catalyst to enhance therapist-patient bonding and improve

communication (Ochen, Traber, Widmer, & Schnyder, 2013; Sessa, 2007).

Current treatments of mood disorders primarily involve modulation of the serotonin
system through selective serotonin reuptake inhibitors (SSRIs), which increase extracellular
serotonin levels by preventing the transportation out of the synapse. Studies examining the impact
of antidepressant medication on social symptoms of mood disorders has been mostly positive,
indicating that through increasing synaptic serotonin levels, elevations in prosocial behaviours
occur, while antisocial behaviours tend to be reduced (Bond, 2005; Carrillo, Ricci, Coppersmith,
& Melloni, 2009; Kiser et al., 2012; Steenbergen, Jongkees, Sellaro, & Colzato, 2016). For example,
New et al. (2004) sought to examine the impact of fluoxetine (an SSRI) on impulsive aggression
in patients who had exhibited aggressive behaviours. The results of this study showed significant
clinical improvements in aggression, thus indicating the regulation of antisocial type behaviour
through alterations in the serotonergic system. Further supporting the importance of serotonin in
regards to prosocial behaviour, Harmer et al. (2003) examined the impact of acute administration
of the SSRI citalopram on the processing of social information through a facial expression task.
Those in the citalopram group showed greater accuracy in detecting happy and fearful expressions
at a faster rate when compared to the placebo control group. This indicates that citalopram

improves the rate and accuracy at which social information is processed.

Genetic evidence also links serotonin to social behaviour. Thus, carriers of the 1/1 genotype
of the 5-HTTLPR demonstrated better social adjustment scores in relation to work and family
when compared to carriers of the s allele. Additionally, the s-allele has not only been linked to

seasonal affective disorder per se (Rosenthal et al.,, 1998), but particularly to social deficits in this
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disorder. Stoltenberg, Christ, and Carlo (2013) sought to investigate the underlying factors
involved in the relationship between the 5-HTTLPR polymorphism and prosocial behaviours.
Using a self-report questionnaire, the authors found prosocial behaviours to be increased in
homozygous | allele carriers while agoraphobia and social phobia were increased in s allele carriers.
Furthermore, they found that social phobia partially mediated the relationship between 5-
HTTLPR and prosocial behaviours indicating that s-allele carriers are less likely to engage in
prosocial behaviours in part due to their anxiety surrounding social engagement. While the majority
of studies have since focussed on behavioural and psychological data, there also exists a vast
literature on the neuronal impacts of the 5-HTTLPR polymorphism. Munafo, Brown, and Hariri
(2008) conducted a meta-analysis (14 studies, # = 499) regarding the 5-HTTLPR polymorphism
and amygdala activation, a core structure involved in emotion, emotional recognition, and social
behaviour. Amygdala activity was measured primarily through functional magnetic resonance
imaging (fMRI), with two studies using perfusion magnetic resonance imaging. This meta-analysis
showed significantly heightened amygdala activity in response to emotional stimuli in s-allele
carriers. Furthermore, Canli and Lesch (2007), using a similar approach found that the 5>-HTTLPR

polymorphism underlies social cognition, and emotion regulation.

Given the role of the 5-HTT gene in social behaviour in humans, the SERT knock out
(Smits et al.,, 2000) rats provide a prime candidate to explore these behaviours further in a
controlled experimental environment. Due to this isolated genetic mutation, the use of this animal
model in the study of social behaviour allows for the examination of the gene-specific
contributions to social behaviour. To date, few studies have examined the social behaviours of
SERT knockout animals. Moy et al. (2009) examined socialization behaviour in SERT knockout
mice through a two-chamber test. One chamber contained an unfamiliar caged animal, while the
other contained no stimulus. SERT”" male mice spent significantly less time investigating the
unfamiliar mouse compared to SERT"/* and SERT"/ mice. Furthermore, the time spent in the

empty chamber was marginally greater than that spent in the chamber with the other animals. This
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could suggest an aversion to socialization, however, this measure of social behaviour is relatively
crude and difficult to tease apart separate elements of social behaviour. In contrast, Homberg,
Schiepers, Schoffelmeer, Cuppen, and Vanderschuren (2007) conducted a detailed analysis of
social behaviours in peri-adolescent rats (post-natal days 28-35). Animals were placed in pairs into
the experimental arena and allowed to freely interact for 15 minutes. The SERT” group had
significant reductions across all social play behaviours (such as pinning, pouncing and wrestling,
however, non-playful social interactions (such as social grooming) remained unaffected, thus
implicating the genetic reduction of serotonin transporter expression in social play behaviours, but
not non-playful interactions. While this study remains to be one of the most comprehensive
analyses of the serotonin transporters contribution to deficits in social behaviour, it is in urgent

need of replication.

Moreover, it is unclear why play behaviour, but not non-play social behaviour is reduced.
As previously mentioned, a reduction in reward from social interaction may partially explain
reductions in social behaviour. The SERT knockout animals have been shown to have a reduced
reward sensitivity and have been shown to exhibit anhedonia. For example, J. Olivier et al. (2008)
examined the impact of the SERT knockout mutation on sucrose consumption (a crude but robust
measure of anhedonia and reward sensitivity). SERT” animals were found to have a reduction in
sucrose consumption, with this deficit becoming more prominent as sucrose concentration
increased. These results indicate a reduction in reward sensitivity suggesting the presence of
anhedonia. Furthermore, these deficits have been observed in other paradigms including a food
reinforced progressive responding schedule (Sanders, Hussain, Hen, & Zhuang, 2007), and delayed
based decision making (Denk et al., 2005). However, SERT downregulation did not affect effort
based learning (Denk et al., 2005) and increased sensitivity to drug induced rewards caused by
cocaine and MDMA administration have been observed (Homberg et al., 2008; Oakly, Brox,
Schenk, & Ellenbroek, 2014). Thus, while differences in avolition and anhedonia are present in

the SERT knockout rat, they are not uniformly observed. Thus, it is important to establish whether
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SERT knockout impacts social reward similarly to food reward, or whether an alternative

mechanism may be underlying this association.

One method which has classically been used to assess the rewarding properties of drugs
of abuse is the conditioned place preference (CPP) paradigm (Tzschentke, 1998), which, has also
been adapted to assess the rewarding properties of social interaction (Trezza, Damsteegt, &
Vanderschuren, 2009). In this paradigm, animals are placed in one of two chambers. Classically,
the animal will be infused with a drug with rewarding properties when placed into one chamber,
while, no rewarding stimulus is given before the animals are placed in the second chamber.
Following the conditioning phases, an animal will spend more time in the drug-paired chamber
when allowed to freely choose between chambers. To assess social reward, animals are placed into
one chamber with another animal and allowed to interact (or alone in the other chamber). Due to
the social nature of rats, being paired with another rat acts as the rewarding stimulus, thus inducing
a similar preference for the conditioned chamber in the assessment phase as to what is seen with
drugs of abuse (Tzschentke, 2007). Douglas, Varlinskaya, and Spear (2004) provided a detailed
assessment of factors likely to induce the greatest preference development. Their results showed
that peri-adolescent rats which have been isolated for at least one week prior to conditioning and

exposed to 10-minute interaction sessions will develop the greatest preference.

To determine whether the reduction in serotonin transporter expression reduced reward
sensitivity for social stimuli, SERT**, SERT*/, and SERT” rats were examined using the social
CPP paradigm. Based on the previously discussed literature, we hypothesised a gene-dose
reduction in social place preference. That is, the SERT** group would show the largest increase

in preference for the socially paired chamber when compared to the SERT* and SERT" rats.
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Method
Subjects

A total of 32 male Wistar rats were used for this experiment consisting of 10 SERT*/*, 12
SERT"", and 10 SERT”" animals (Smits et al., 2006). All subjects were weened at PND 21 from
SERT*" dams and placed directly into individual housing for the remainder of the duration of this
experiment. Tissue samples from an ear clipping were sent to be genotyped (Transnetyx, Cordova
US), while, subcutaneous RFID implants were injected for later identification. Social isolation was
intended to last for 3-5 days prior to the commencement of the experiment, however, due to delays
in receiving the genotyping results, this period had to be extended to 10 days, placing the animals
in the middle of the peri-adolescent stage of development (PND31) at the beginning of the
experiment. All rats were singularly housed in polycarbonate cages in a temperature and humidity
(55-60%) controlled environment, 21°C £ 2 and 55-60% respectively. Animals were housed under
a reverse light cycle (lights on at 1900-0700 hours) to ensure testing occurred during active periods.
Animals were bred and housed in the Victoria University of Wellington vivarium in accordance
with the Animal Welfare Act 1999, with all procedures being approved by the VUW Animal Ethics

committee (AEC number 24384).
Apparatus

Plexiglas locomotor activity boxes (Med Associates Inc, USA; model ENV-515) with the
dimensions of 42 x 42 x 30cm were contained within closable cabinets. Further, two chamber CPP
inserts with two compartments (Med Associates Inc, USA; model ENV-517) were fitted into each
box to create two clearly distinguishable compartments (zable 1). The left compartment contained
a grid mesh floor with high contrast black and white vertical stripe wall art, while the right
compartment contained bar flooring with high contrast black and white circle pattern wall art (figure
7). A fixed divider wall with a sealable passage in the centre separated each compartment. Infrared
beams were located across the walls to monitor the rat’s movements using a standard beam break
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protocol, allowing accurate detection of the subjects positioning. Med Associates computer
software collected data from the locomotor activity boxes, which was then processed for analysis.
Infrared cameras were installed directly above the locomotor activity boxes using an adjustable

mount to record the subjects’ behaviours.

Table 1.

Dimensions and construction of the CPP insert (Med Associates Inc, USA; model ENV-515)

CPP Apparatus (Med Associates Inc, USA; model ENV-515)

Total Paired Chamber Unpaired Chamber
Width 42cm 20.5cm 20.5cm
Length 42cm 42cm 42cm
Height 30cm 30cm 30cm
Visual Cue N/A High Contrast Circles High Contrast Stripes
Tactile Cue | N/A Bar Flooring Grid Flooring

Figure 1. A three-dimensional visual depiction of the CPP apparatus used in the present

experiment
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Experimental setting

The temperature-controlled (21°C £ 2) room in which the experiment took place included
locomotor chambers around the exterior in closable cabinets and a table in the centre. A red light
was used to illuminate the room due to the animal’s inability to perceive red light, while maintaining
the animals’ active period. A white noise generator was used to mask external sound as well as
mask the vocalisations from animals in other chambers. Animals were transported into the
experimental room in their home cages and placed on the centre table and allowed to habituate

for 15-20 minutes prior to the experiment commencing.

Procedure

Prior to the preconditioning phase, pairs of animals were selected based on their genotype
and weight, whereby animals were only paired with other animals of the same genotype to avoid
genotypical behaviours being masked, as well as avoid dominant behaviour occurring between

significantly different sized animals.

Day 1: Preconditioning phase. Following the habitation period, animals were placed in the
centre of the apparatus and allowed to freely explore the two chambers to establish any pre-existing
bias which may occur due to environmental cues (e.g. tactile differences between the grid and bar
flooring). The animal’s locomotor activity was tracked using Med associates software to determine
the time spent in each chamber throughout the 10 minute session. All animals, irrespective of
genotype showed some preference for the chamber with grid flooring, thus following the biased

approached, this chamber was used for the later unpaired conditioning phases.

Days 2-11: Conditioning phases. 'The conditioning phases ran for ten consecutive days with
two sessions run per day (one paired and one unpaired). Sessions lasted 10 minutes and were run
during the first and last 3 hours of the dark cycle and to ensure the greatest amount of interaction

while maintaining the greatest interval between conditioning sessions. The two conditioning
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phases (paired and unpaired) were alternated between morning and night, resulting in a pseudo-
counterbalanced design. During these phases, a blockage was in place to keep the subject/s in the

desired chamber for the remained of the session.

Paired conditioning phases. During the paired conditioning phases, pairs of animals
were placed into the centre of the bar floored chamber and allowed to interact for the entire 10-
minute session. Each session was recorded using an infrared camera located directly above the
chamber for later analysis of play behaviours. Following the completion of this session, the animals
were removed and placed back into their isolated home cages and returned to the housing room.
Chambers were cleaned between sessions using 70% ethanol to eliminate any residual scents while

may affect preference.

Unpaired conditioning phases. During the unpaired conditioning phases, animals were
individually placed into the grid floored chamber for the 10-minute session. All procedures were
identical to the paired conditioning phases, with the exception of each animal being run

individually in grid floored chamber.

Day 12: Post-conditioning phase. 'To determine the development of preference, the same
procedure as the pre-conditioning phase was used. Animals were individually placed in the
apparatus and allowed to freely move between the two chambers. Time spent in each chamber

was recorded by Med associates software.
Results

A one-way ANOVA was used to determine whether any preconditioning differences in
preference between genotypes existed., revealing no significant between groups differences were

present prior to conditioning [F (2, 29) = 1.70, p = .200].

Following the statistical method of Douglas et al. (2004), preference coefficients were

produced for each genotype; Total time spent in the unpaired chamber is deducted from time
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spent in paired chamber, this value is divided by the total trial duration then multiplied by 100. A
one-way ANOVA found a significant genotype effect [FF (2, 29) = 4.773, p = .010] (figure 2). A
post-hoc Tukey analysis was conducted to determine the source of the detected differences,
revealing a significant difference between SERT** and SERT”" groups (p = .013), indicating a
greater preference development for SERT*/* genotype (see figure 2). No significant differences

were found between SERT* and SERT" (p = .151), nor between the SERT"" and SERT"

genotypes (p = .410).

Furthermore, to determine which groups developed a preference, one-sample t-tests were
performed to determine whether preference coefficients for each genotype significantly differed
from zero. The preference coefficients for the SERT*/* group differed significantly from zero [z
(9)= 2.62, p = .028] indicating a preference for the paired chamber. For the SERT*/" group,
preferences coefficients did not differ significantly from zero [# (11)= -.05, p = .961], suggesting
no development of preference. Finally, the SERT”" group showed a negative shift in preference
which approached significance [# (9)= -1.99, p = .078], indicating that the SERT” group trended

towards an aversion for the paired chamber.
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Figure 2.
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Figure 2. Mean preference coefficients (=== L225) from the CPP

experiment, indicative of the development of preference for the chamber containing the

stimulus. Positive values indicate a preference for the paired chamber, while negative values
indicate an aversion. Error bars represent the standard error of the mean (xSEM)

* Indicates significant preference development (p < .05)

# Indicates significant between group differences (p < .05)

Excperiment 1b. Follow up analysis of play bebaviour

To determine whether the preference shift was due to a reduction in reward sensitivity or
in social interaction per se video recordings were made. These videos were coded to measure social
and non-social behaviour. Following to behavioural criteria of J. R. Homberg et al. (2007), eight
behaviours were operationally defined to maintain consistency; non-social behaviour and social
behaviour, of which social behaviours were further refined into pinning, pouncing, boxing, and
chasing, while non play social interaction included social grooming/exploration, and non-playful

indirect social interaction.
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Due to the rewarding nature of play behaviour, we hypothesised that play behaviour would
be positively correlated with preference coefficients. Furthermore, based on Homberg and
colleagues (2007), we predicted a reduction in play behaviour in the SERT”" group compared to
the SERT"* group, with SERT*/" showing intermediate levels, in line with the gene-dose effect

relationship.

Due to time constraints, means and standard deviations were computed for overall play-
related and non-play related social interaction over the first five days of pairing for 12 of the
animals used in the CPP experiment (see Tubles 2 &> 3). Pearson’s correlations were computed to
examine the association between the type of behaviour exhibited during each session and
preference coefficients (table 4). Moreover, means and standard deviations for individual
behaviours were computed, however, no further analyses were conducted (appendices 1-7) Overall

play behaviour, and non-play behaviour were not significantly correlated with preference

coefficients.
Table 2.
Means and Standard Deviations for Play Behaviour
Day 1 Day2  Day3 Day4  Day5 Overall
SERT Mean 54.70% 61.44% 65.90% 69.54% 69.72% 64.26%
+/+ Standard Deviation 6.68 3.85 4.36 0.48 1.02 2.83
SERT Mean 54.58% 58.57% 71.40% 61.88% 53.54% 59.99%
+/- Standard Deviation 2.99 1.91 3.04 2.76 4.56 3.21
SERT -/- Mean 48.25% 55.59% 64.47% 63.09% 67.38% 59.75%
Standard Deviation 3.97 1.36 0.99 1.88 1.21 3.47
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Table 3.

Means and Standard Deviations for Non-Play Behaviour
Day 1 Day2 Day3 Day4  Day5 Overall

SERT Mean 28.61% 24.93% 25.80% 21.78%  25.03% 25.23%
+/+ Standard Deviation 3.39 2.80 3.19 0.74 1.00 1.09
SERT Mean 32.83% 32.69% 25.85% 27.54% 13.58% 26.50%
+/- Standard Deviation 1.55 1.69 1.74 3.07 2.31 3.51
SERT /- Mean 39.09% 34.95% 28.95% 33.57% 30.24% 33.36%
Standard Deviation 0.87 1.62 2.53 1.93 0.98 1.80
Table 4.

Correlation Matrix of Social Behaviours and Preference Coefficients
Dayl Day2 Day3 Day4 Day5

Correlation Coefficient (r -.016 208 .083 .369 .015
Non-Play eff (")
Sz;gﬂ?fi[dﬂfe @) 953 439 760 159 957
Pla Correlation Coéﬁ’;ﬁm; (;») -.296 -404 -.109 -.513* -.149
Y Ségm]imnm @) 265 121 .687 .042 582

To examine the effect of reduced serotonin transporter expression on the exhibition of
play related social interactions over time, means and standard deviations were computed for the
proportion of time engaging in social play behaviour for each day. A mixed ANOVA was
conducted with time (Days 1-5) as the repeated measure, and genotype (SERT*/*, SERT*/, SERT"
") as the between groups variable. As determined by Mauchley’s test, the assumption of sphericity
was not violated, thus no corrections were required. A significant main effect of day was uncovered
[F (4, 20) = 8.164, p < .001], suggesting that irrespective of genotype, the proportional duration of
play related social behaviour increased over time (see figure 3). However, no significant genotype

effect, or interaction was present.
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Figure 3.
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Figure 3. Means and £SEM of the proportion of time spent engaging in play related
social interaction (total trail duration 600 seconds). Consecutive days are presented on the x
axis, while the percentage of time is depicted through the y axis. SERT"/* are represented by
the solid line, SERT*/" are represented by the dashed line, while the dotted line indicates the
SERT” group. A significant main effect of time was discovered (p < .001), no further effects
or interactions were uncovered.

A mixed ANOVA was also conducted with time (Days 1-5) as the repeated measure, and genotype
(SERT */*, SERT *, SERT ) as the between groups variable for social non-ply behaviour. The
assumption of sphericity was not violated, thus no corrections were used. A significant main effect
of time was revealed [F (4, 20) = 4.55, p = .009] indicating that irrespective of genotype, non-play
behaviours reduced as a function of time (see figure 4). Furthermore, a significant main effect of
genotype was uncovered [F (2, 5) = 6.49, p = .041], indicating that there was an effect of genotype,
irrespective of day. Follow-up pairwise comparisons were conducted indicating that the SERT"
group engaged in significantly greater non-play social behaviour than both the SERT** group (p
= .025) and the SERT" group (p = .031). Finally, the genotype x day interaction was not

significant.
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Figure 4.
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Figure 4. Means and *SEM of the proportion of time spent engaging in non-play
related social interaction (total trail duration 600 seconds). Consecutive days are presented on
the x axis, while the percentage of time is depicted through the y axis. SERT** are
represented by the solid line, SERT*/ are represented by the dashed line, while the dotted line
indicates the SERT”" group. A significant main effect of time was found (p = .009).
Furthermore, a significant main effect of genotype was uncovered (p =.041), whereby the
SERT”" group engaged in more non-play related interaction than the SERT*" (p =.031) and
SERT** (p =.025) groups. No interactions were uncovered.

Discussion

The present experiment sought to examine the influence of the partial and complete
genetic abolition of the serotonin transporter on social reward. To assess this, the CPP paradigm
was used, with the level of preference development being indicative of experiencing reward from
social stimuli. Based on the comprehensive study by Douglas et al. (2004), detailing the factors
which increase the development of social preference, it was hypothesised that adolescent rats with

an uncompromised serotoninergic system would develop a significant preference for the location
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where social pairings occurred. Furthermore, based on the human and animal studies examining
the influence of a compromised serotonergic system on social behaviour and reward (J. R.
Homberg et al., 2007; Rosenthal et al., 1998), it was hypothesised that a partial deletion in serotonin
transporter expression (SERT*/) would lead to a small reduction in preference development, while
a complete elimination of the serotonin transporter expression (SERT”") would result in a larger
reduction, or even an absence of preference development. In line with our hypotheses, the
SERT*"* animals showed a significantly greater preference for the social compartment than the
SERT”" group, and while not reaching significance, the SERT*" group fell midway between the
two extremes, thus demonstrating a gene-dose response-like effect. Further analyses revealed the

development of a significant preference was limited to the SERT*/*

group (see figure 2). In fact,
while the SERT" group showed no preference, the SERT”" group even showed a (non-
significant) tendency towards an aversion (p = 0.08, see figure 2). These results indicate that a partial

reduction in serotonin transporter expression results in an absence of social reward, while a

complete reduction may result in social stimuli being aversive in nature.

Aligning with prior research and our understanding of serotonin’s involvement in social
behaviour, it has been demonstrated that increased extracellular serotonin from gestation results
in a diminished preference for novel social interaction (Moy et al., 2009). However, the precise
mechanisms underlying this effect have yet to be fully established. To further elucidate the
underlying mechanisms behind the development of preference, or lack thereof, social behaviour
was coded as either play related, or non-play related social behaviour in accordance with J. R.
Homberg et al. (2007). As Homberg and colleagues demonstrated a reduction in social play
behaviour in SERT" animals, while non-play related social behaviour remained unaffected, it was
hypothesised that these results would be replicated with the SERT"" falling midway between the

extremes, producing a gene-dose response.
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These hypotheses were not supported by the data, as unlike Homberg and colleagues, we
did not find any significant genotype differences in play related behaviours. There are several
possible explanations for these discrepancies. First of all, it is known that play behaviour strongly
depends on external factors, such as lightning, size of the experimental chamber, period of
previous social isolation etc (Vanderschuren, Niesink, Spruijt, & Van Ree, 1995). Secondly, we
focused on total duration, while Homberg et al only measured frequency of behaviours. Thirdly,
the duration of each trial differed, this experiment used 10 minute trials as it has been previously
shown that play behaviours decline after 10 minutes of interaction (Douglas et al., 2004), while
Homberg et al used a 15 minute trial duration. Finally, we measure repeatedly over a period of 5

days, while Homberg et al only assessed play behaviour in a single experiment.

Intriguingly, neither play, nor non-play related social behavioural was associated with
preference coefficients when examining all animals. This may in part be due to the relatively small
sample size (time constraints did not allow us to analyse all videos from all animals). However, it
is also possible that social reward (as reflected in the preference coefficients) is fundamentally
different from social (play) behaviour per se. The finding that SERT-/- rats had significantly
reduced social reward, but showed no difference in play behaviour and even an increase in non-

play social behaviour supports this view.

A possible mechanism by which the trend towards aversion in the SERT”" occurred may
be the experience of stress from being placed in the environment which was deemed to be less
favourable in the pre-conditioning test. All animals showed an initial preference for the chamber
which contained the grid flooring, which is likely due to more stable footing as the bar floor
contained wide gaps between bars. Being place in a chamber which may cause discomfort would
induce a stress response While this stress response would occur in uncompromised animals, this
is likely offset by the experience of reward from social interaction (Ulrich-Lai et al., 2010).

However, the compromised reward system of the SERT”" animals may have failed to offset the
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effect of stress, resulting in a measure of environmental stress, possibly due to increased neuronal
activity in the amygdala (Hariri et al., 2002; Krishnan & Nestler, 2008; Montanez, Munn, Owens,

Horton, & Daws, 2014).

It should be noted that due to the extended duration of isolation prior to the experiment
commencing, stress may have significantly impacted the observed results. Social isolation has been
shown to be a significant stressor to rats due to their highly sociable nature resulting is significant
HPA axis dysfunction (Serra, Pisu, Floris, & Biggio, 2005), and increased depressive and anxiety-
like behaviours (Brenes, Rodriguez, & Fornaguera, 2008; Weiss, Pryce, Jongen-Rélo, Nanz-Bahr,
& Feldon, 2004). Furthermore, the negative impact of social isolation has been shown to be
exacerbated between PNID25-45, as this is a critical time of social development (Einon & Morgan,
1977). While stress is likely to have impacted all genotypes, the experience of stress may have been
exacerbated by the genetic reduction of serotonin transporter expression, thus comprising a gene-
environment interaction. This interaction has been demonstrated in rhesus macaques exhibiting
similar serotonergic dysregulation to the human 5-HTTLPR s-allele carriers and SERT knock out
rats, whereby HPA axis activation in response to stressors were shown to amplified in s-allele
carriers (Barr et al.,, 2004). Similarly, Carola et al. (2008) demonstrated that poor maternal care

+/+

significantly impacted anxiety like behaviours in SERT* but not SERT** mice, indicating the

presence of the gene x environment interaction in SERT knockout rodents.

The impact of stress during early development aligns with studies on humans, whereby
exposure to adverse experiences such and abuse and neglect or other significant stressors during
childhood and adolescents have been shown to predict negative outcomes psychiatric illness
(Hazel, Hammen, Brennan, & Najman, 2008). Furthermore, the gene x environment interaction
between 5-HTTLPR polymorphism and eatly stress has been well documented in humans, being
associated with depression, and anxiety, among other psychiatric disorders (Caspi & Moffitt, 20006;

Taylor et al., 2000), whereby s-allele carriers reporting a higher number of stressful events, or
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chronic stressors were found to be at a significantly greater risk of developing depression (Caspi

et al., 2003) thus likely benefiting the translatability of these results to the human condition.

Previous studies have demonstrated impaired social communication as a result of
alterations in serotonin homeostasis (Ellenbogen et al., 1996). These studies generally focus on the
reduction of serotonin through depleting the precursor tryptophan, thus resulting in the inability
to replenish serotonin levels. As a result of this reduction, mood and social deficits are mostly
reported after tryptophan depleting in adults. These deficits return to baseline as serotonin levels
normalize, while existing deficits are often alleviated through chronic increases in serotonin
(Locher et al., 2017). However, through the genetic reduction in serotonin transporter expression,
as seen in SERT'" and SERT” rats, extracellular serotonin levels are increased, yet as
demonstrated in this study produce depressive-like behaviours such as social anhedonia. This
dissociation is referred to as the serotonin paradox, and while the precise mechanisms remain to
be fully elucidated, some possible mechanisms have been proposed. Given then serotonin paradox
implicates increased extracellular serotonin throughout development as underlying the depressive
characteristics produces, the most promising theory posits that early increasing in serotonin induce
multiple developmental effects, as well as the downregulation of post-synaptic receptors, resulting
in a reduced receptor activation (Fox, Stein, French, & Murphy, 2010). This downregulation of
serotonin receptors likely underlie the social deficits in SERT*/ and SERT"rats, as demonstrated
by Dunn, Corbett, and Fielding (1989), administration of selective 5-HT'* agonists; buspirone,
fepirone, and 8-hydroxy-2-(di-n-propylamino) tetralin (8-OH-DPAT) all produced significant
increases in social interaction. Furthermore, using CPP, intraperitoneal administration and direct
microinjections into the raphe-nuclei of 8-OH-DPAT were sufficient in producing a significant

preference, thus implicating 5-HT"* agonism in social interaction and reward.

Most importantly, the data of the present study provide further validity for the SERT"

rats as a model for depression. While multiple studies have found a reduction in social interaction
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in depressed patients (Lewinsohn, Mischel, Chaplin, & Barton, 1980), these self-reported data may
be skewed by the negative biases associated with depression (Pyszczynski, Hamilton, Herring, &
Greenberg, 1989), while the frequency of interaction may be underreported due to feelings of
isolation and reduced emotional valence during socialisation (Cacioppo, Hawkley, & Thisted,
2010). One study addressed these methodological issues used diary reports whereby interactions
were reported in detail, including the relationship with the person, gender, and personal experience
of the interaction (Nezlek, Imbrie, & Shean, 1994). Across all measures of the quantity of
interactions, including total number of interactions, duration of interaction, and proportion of time
spent interacting per day, no significant differences were found between the depressed and non-
depressed sample. However, enjoyment, intimacy, responsiveness, influence, and confidence
measures for each interaction showed significant reductions in depressed participants. These
results are very similar to the findings reported here, while the overall duration of play behaviour
was not reduced (and in fact the duration of social non-play behaviour was even slightly increased
in SERT"" rats), the rewarding effect of interactions is significantly reduced in rats with a genetically
compromised SERT. These findings suggest that the SERT"" rats represent a valid model for the

social anhedonia observed in patients with MDD.
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CHAPTER THREE

Experiment Two

Repeated Testing of Anxiety Using the Modified Successive

Alleys Test
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Patients with major depressive disorders often show comorbid symptoms of anxiety
disorders. According to the DSM-V, anxiety disorders are by persistent or irregular panic, fear, and
uneasiness, sleep disturbances, agitation, perspiration, shortness of breath, and increased heart rate
in the absence of physical exertion (Association, 2013). Comorbidity rates of these disorders are
some of the highest in the mental health area with studies suggesting between 50-60% of people
experiencing MDD will also suffer from an anxiety disorder (Fava et al., 2000; Kaufman &
Charney, 2000; Kessler, Nelson, McGonagle, & Liu, 1996). This is unsurprising given that
predominant theories posit that both depressive and anxiety disorders are in essence stress induced
disorders (Smoller, 20106), with some suggesting that anxiety generally pre-empts the development
of depression (Cole, Peecke, Martin, Truglio, & Seroczynski, 1998). To further examine this
temporal association, Moffitt et al. (2007) analysed the cumulative and sequential comorbidity of
depression and generalised anxiety disorder (GAD) using data obtained from the ground breaking
Dunedin Multidisciplinary Health and Development Study (Poulton, Moffitt, & Silva, 2015;
Stanton, 1996), where a cohort of 1037 babies born between 1972 and 1973 has been (and
continues to be) followed throughout life. The results of this study indicate that while 48% of
lifetime cases of depression experienced anxiety, 72% of those who experienced GAD also
experienced depression within the time course of this study. Further analyses were conducted to
examine the potential of a directional relationship which found that while 37% of cases of
depression occurred concurrently or following the development of anxiety, the opposing direction
was observed in 32% of cases of anxiety. These results further support the idea that the association
between these disorders are strongly related but further suggests that the relation is more complex

than the simplistic directional relationship that has been suggested.

The comorbidity between depression and anxiety disorders is strong enough to prompt
the inclusion of the diagnostic criteria of mixed anxiety and depressive disorder in the World Heath
Organisations International Statistical Classification of Diseases and Related Health Problems

(ICD) (Lam et al., 2012). This combination of disorders has not been without criticism (Goldberg,
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2014), as in recent years there has been a drive towards separating disorders into their individual
symptoms to circumvent their heterogeneity (Cuthbert, 2014). Despite the issues with this
combination approach, it is important to note that both depressive and anxiety disorders are most
commonly treated with selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine,
escitalopram, and sertraline (Panel, 1993; Roy-Byrne, Wingerson, Cowley, & Dager, 1993).
Response to these pharmacological treatments are variable, with many patients being prescribed
multiple different SSRIs prior to any reduction in symptoms occurring (Berman, Narasimhan,
& Charney, 1997; O'reardon, Brunswick, & Amsterdam, 2000). Despite the variability in
response, SSRIs are the preferred treatment for anxiety disorders as other anxiolytics such as
benzodiazepines can impair normal functioning and have a high abuse potential (Longo &
Johnson, 2000). Moreover, the effects of SSRIs in both MDD and anxiety disorders points to a

common role for serotonin in these psychiatric disorders.

In order to examine anxious behaviours in animals, a range of behavioural assays have
been developed, virtually all are based around the conflict theory, whereby an animal must choose
between safety, and a competing (natural) impulse, such as exploration, food etc (Wall & Messier,
2001) (Cryan & Sweeney, 2011). J. Olivier et al. (2008) conducted a study examining anxiety like
behaviours in SERT knockout rats across the open field, elevated plus maze, home cage emergence
paradigms (all based on the conflict between safety and the drive to explore) and novelty
suppressed feeding (based on the conflict between safety and the drive to eat). The results showed
SERT”" animals tend to show more anxious behaviours across all paradigms, except for the
elevated plus maze which failed to reach significance. While robust, these paradigms may lack the
sensitivity to differentiate between high anxiety compared to moderate anxiety, as with the elevated
plus maze due to their binary nature. For example, most of the results focus on whether the animal
is in location x (low anxiety/safety) or location y (high anxiety/danger) which while useful, remains
a crude measure attempting to match a more complex disorder on a spectrum of severity.

Moreover, from an ethological point of view, spending more time in a safe environment may be
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beneficial. Indeed, it is difficult to determine in these models where natural cautiousness ends and

pathological anxiety starts.

Finally one of the major issues in the present tests of anxiety is the one-trial-tolerance
(OTT) problem, which was first demonstrated by File, Mabbutt, and Hitchcott (1990), whereby
prior exposure to the elevated plus maze diminished the effects of anxiolytics, creating issues in
testing within subject effects. Furthermore, anxious behaviour diminished across trails resulting in
a failure to find significant group effects with only one additional trial (Cook, Crounse, & Flaherty,
2002; File, Lippa, Beer, & Lippa, 2004; Hanell & Marklund, 2014; Lister, 1987). Although
Schwarting and Pawlak (2004) showed that a 120 day separation between trials eliminated the
emergence of OTT, and Schneider, Ho, Spanagel, and Pawlak (2011) further demonstrated that a
novel experimental room with a 28 day interval was sufficient, it is clear that the current generation

of anxiety models are not able to measure stable trait-like anxiety states.

The successive alleys test (SAT) was designed to provide a solution for the binary issue
mentioned above (Deacon, 2013). Like the elevated plus maze, the SAT contains four segments
or “alleys”, however, they are in one straight line and, most importantly, have progressively smaller
walls and narrower alleys (see figure 7). However, in its original form, the test does not solve the
issue of repeated testing. Indeed, unpublished studies from our own laboratory showed that, as
with the elevated plus maze, repeated testing in the SAT leads to a reduction in time spent in the
more anxiogenic alleys (3 and 4) and more time spent in the safer alleys (1 and 2). Therefore, we
set out to adapt the SAT in an attempt to allow meaningful repeated measures of anxiety. This
would not only allow us to more accurately assess trait anxiety but also would make the test suitable

for investigating novel treatments.

One core element in the diagnosis of anxiety disorders, is that the symptoms must impact
general functioning. While this is somewhat observed in the reduction of exploration, it is better

modelled in the novelty suppressed feeding, whereby animals are food deprived, thus the
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acquisition of food or lack thereof is a behaviour essential for survival. We therefore decided to
combine the SAT with food rewards in each alley. This, we reasoned, has the added benefit that
the baiting of each alley entices exploration of the more anxiogenic alleys, even upon repeated
exposure. As a result, several different variables can be measured from the test, including latency
to leave alley one, latency to reach alley four, duration in all four alleys, food retrieval behaviour,

and ultrasonic vocalizations.

A significant criticism of our current tests of anxiety is related to inferring the emotional
state of an animal from its behaviour (Ramos, 2008). Therefore, it is important to incorporate an
element which is considered to be a marker of emotional state in the test animal. Very few methods
of assessing pure emotional state in rats exist, however, ultrasonic vocalisations (USVs) and facial
expressions (Finlayson, Lampe, Hintze, Wiirbel, & Melotti, 2016) have been proposed as markers
of internal emotional state. Facial expression has been used to detect both positive and negative
valence in response to rewarding or aversive stimuli, however, the difficulty of detection makes
the assessment of facial expression incompatible with many experimental designs. USVs, on the
other hand, represent a method of communication between rats and are relatively easy to record.
As a result, it can be incorporated in many experimental set-ups. USVs are generally categorized
into two ranges in adult rats, 22-khz (true range: 18-32khz) calls which are indicative of a negative
emotional state (Jelen, Soltysik, & Zagrodzka, 2003), while 50-khz (true range 32-96khz) are
suggested to indicate a positive emotional state, furthermore, individual rats tend to only fluctuate
by around 1-6khz of their average emitted frequency in these ranges. To support this claim,
Thompson, Leonard, and Brudzynski (2006) administered amphetamine, a highly rewarding drug
due to its action on the dopamine system, to rats and recorded the USVs emitted. A dose response
increase of the number of 50-khz calls in response to amphetamine administration was observed.
These results were further supported by Burgdorf, Panksepp, and Moskal (2011) who observed
50-khz call increases in response to enhanced dopaminergic activity, whilst further suggesting the

involvement of the cholinergic system, which is often involved in number of defensive behaviours,
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to underlie the increase in 22-khz calls in response to negative stimuli. The authors also suggest
that these two types of calls never occur at the same time and due to their association with
associated behaviour and stimuli are clear measures of negative or positive emotional experiences.
Finally, USV data was obtained alongside facial expressions by Finlayson et al. (2016), who found
a significant correlation between these measures. Finally, since latency and duration are heavily
reliant on exploratory behaviour, the inclusion of food retrieval and particularly USV allows for

the assessment of motor behaviour-independent aspects of anxiety.

Given these association, it is important that measures of anxiety should include USVs to
further validate what is being inferred from the observed behaviour of rats. Through the modified
SAT and the inclusion of USVs, we propose a more detailed measure of anxiety both from a
behavioural and emotional perspective, allowing the development of a behavioural trait as opposed
to a single behavioural state score. Furthermore, given the number of studies examining the SERT
knockout mutation on anxiety behaviours, this mutation is a strong candidate for examining

anxious behaviour in a novel paradigm.

The present study aimed to establish a behavioural test of anxiety which circumvents the
core issues present in more frequently used assessment of anxiety in animal models. Through the
use of the modified SAT (mSAT), we hope to provide a measure that does not rely on a
dichotomous design, thus likely being more sensitive to differentiating between severities of
anxiety-like behaviours. Furthermore, the inclusion of baited alleys will be incorporated to

circumvent the OTT issue previously discussed.

To determine whether the mSAT overcomes the OTT issue, multiple trials were conducted
over the course of a week. It was hypothesised that there might be a significant effect of day,
however this would be independent of genotype, which would indicate that the mSAT is resistant
to the OTT issue. Furthermore, to ensure the construct (anxiety) being assessed during each trial

did not change, Cronbach’s alpha was computed for each behavioural measure. We hypothesised
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that a sufficient alpha value (greater than .7) would be obtained, suggesting that the anxiety
remained stable over all trials. Furthermore, to further validate anxiety we hypothesised that the
proportion of 50khz USVs (indicative of a positive emotional state) would be inversely correlated
with latency to enter alley four, while being positively associated with the duration spent in alley
four (as these latter two are measures of a negative emotional state). Given the results from the
previous chapter, that SERT"" rats show more depression-like social anhedonia and the strong
comorbidity between depression and anxiety, we hypothesise that SERT”" rats show the most
anxious and the SERT+/+ rats the least anxious phenotype. This would also be in line with
previous data from more classical anxiety tests such as the elevated plus maze, home cage
emergence and one field test (J. Olivier et al., 2008). Thus, we predict that SERT”" rats show the
shortest time spent in, and the longest latency to enter alley 4. Likewise, we predict that the SERT"
/" had the lowest food retrieval scores (as explained below, lower retrieval scores are indicative of
a more anxious phenotype). In addition, we expect these genotype differences to remain stable

over time, although the overall anxiety levels may improve with repeated exposure to the mSAT.
Method
Subjects

A separate cohort of animals was used for this experiment consisting of 27 male Wistar
rats. Three different genotypes were used; 6 homozygous SERT knockout (SERT”), 11
heterozygous SERT knockout (SERT*), and 10 Wildtype animals lacking the SERT knockout
mutation (SERT*/*). All subjects were of adult age ranging between postnatal days (PND) 71-100.
Animals were maintained at 85-90% of their free feeding weight for at least one week prior to the
start of testing to establish food directed motivation (Woods & Begg, 2015). To maintain this
weight, 12-15g of food was provided daily in the evening. On testing days, animals were fed at a
random time point following testing, with at least a one hour variable delay between the end of

their test session and being fed to maintain food motivation (Boulos, Rosenwasser, & Terman,
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1980). All rats were housed in polycarbonate cages (2-3 per cage) in a temperature and humidity-
controlled environment, 21°C + 2 and 55-60% respectively. Animals were housed on a reverse
light cycle (lights on at 1900-0700 hours) to ensure testing occurred during active periods. Animals
were bred and housed in the Victoria University of Wellington vivarium in accordance with the
Animal Welfare Act 1999, with all procedures being approved by the VUW Animal Ethics

committee (AEC number 24384).
Experimental setting

The experimental room was temperature controlled (21°C £ 2) consisting of the SAT
apparatus set up in the centre of the room with a high definition recorder set up above the
apparatus, providing a bird’s eye view to monitor the animal behaviour. Dim LED lighting was
used and maintained at approximately, 5, 8, 9, and 10 lux (alleys 1 through 4 respectively), the
minimum threshold at which detection through the camera was possible. Furthermore, a 30x30cm
novel environment chamber containing an UltraMic microphone (250K 16 bi; Java Sound) was

located in the corner of the room, outside of direct view of the SAT apparatus.
Apparatus

The successive alleys apparatus was constructed using gloss black polycaronate pannels,
joined with epoxy resin. Each alley slots together to create a complete unit which can be broken
down for thourough cleaning. Alleys progressively reduce in runway width and wall height to
increase the induction of anxiety. Each alley is 45cm in length (180cm total), while alley one is
29cm in height and 9cm in width, alley two is 6cm by 8cm, alley three is 2.5cm by 6.5cm, and alley

four is 1ecm by 3.5cm (table 1 & figure 7).
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Figure 1.

Table 1.
Dimensions of the Successive Alleys Apparatus
i . Hypothesised Anxiogenic

Alley Length Width Wall height Effect
1 45cm 9cm 29cm Low
2 45cm 8cm 6cm Modest
3 45cm 6.5cm 2.5cm Moderate
4 45cm 3.5cm lcm High

Procedure

Following the pilot procedure, testing occurred over the duration of eight days; an initial

four days of testing, followed by a two day break, then two additional days of testing. On testing
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days, animals were transported from the housing room into the testing room in their home cages

and allowed to habituate for at least 30 minutes prior to any testing.

Animals were placed into a novel experimental box five minutes prior to being placed in
the SAT alleys apparatus to record anticipatory USVs. USV data were collected using an UltraMic
(205K, 16 bi; Java Sound) and analysed using Raven software, whereby all calls present in each 600
second file were manually selected to ensure a high degree of accuracy. Calls falling with in the 18-
32 khz range were coded as 22khz calls, while 50khz calls were those between 32-72khz (Jelen et
al., 2003). A large degree of variation was detected between animals in respect to the total number
of calls made, to correct for this variation, the number of 50khz call was divided by the total
number of calls within the 18-72khz range, producing a 50khz percentage which would indicate
the interplay between high and low frequency calls. Increased high frequency percentage would be
indicative of both increased 50khz, and reduced 22khz calls, and, as such reflect a more positive
emotional state. Following the completion of the USV recordings, the animal was removed from
the novel environment box and placed facing the back of alley one of the successive alleys.
Locomotor activity was recorded using a camera positioned directly above the apparatus and using
Ethovision software to track movement. Total duration in each alley, as well as latency to enter
each alley was measured using Ethovision tracking, while consumption of the Frootloops and
location of consumption was manually recorded. The SAT was cleaned and baited (half a

Frootloop in the centre of each alley) between each session.

Each day of testing, the bait position was changed in correspondence to the behaviour that
was observed the prior day. Alleys were baited from the highest anxiety inducing alley where
consumption occurred on the previous session and onwards. For example, if an animal consumed
the bait from each alley, in the alley they were presented, the following day bait would only be
presented in the fourth alley, however, if all bait from each alley was retrieved and consumed in

alley two, the following session, alley two, three, and four would be baited.
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To score retrieval behaviour, each alley was allocated with a value whereby bait consumed
within that alley would be given either one, two, three, or four points (alleys 1 through 4
respectively) (figure 7). Alleys which induce a greater anxiogenic effect would be attributed a higher
score, thus animals scoring higher in retrieval behaviour consume the bait in more anxiogenic
alleys, in turn implying a lower level of anxiety. For example, if an animal consumed all bait in the
alleys in which they were presented, the animal would be given a score of 10, while an animal who
retrieves the bait from each alley and consumed it all in alley one would receive a score of four.
Finally, at least in theory, animals could score a 0, if they would not eat any of the baits. For
consecutive days where bait was not presented in earlier alleys due to prior performance, the animal

will automatically receive the value of each alley where bait is not presented.
Results
Latency to Alley Four

A mixed factorial ANOVA was conducted with time (days 1-6) as the repeated measure
and genotype (SERT**, SERT", SERT”) as the between groups measure to examine the effect
of day and genotype on latency to enter alley 4 (figure 2). For the effect of days, Mauchly’s test of
sphericity determined that the assumption of sphericity was violated, thus Greenhouse-Geisser
correction was used. A significant main effect of day was found, [F (2.72, 62.65) = 8.406, p < .001],
as well as a significant main effect of genotype was uncovered; [F (2, 23) =3.606, p = .042]. Most
importantly, however, no significant interaction between day and genotype was found through this
analysis. Follow-up pairwise comparisons were performed to determine the source of the genotype
difference. A significant difference was found between SERT"/* and SERT”" (p = .018), and
between SERT/"and SERT" (p = .030). As figure 2 shows, while there was a significant reduction

in latency over the trials, SERT" had significantly longer latencies throughout the experiment.

To determine the consistency of the anxiety measured over days, Cronbach’s alpha was
analysed. While less conventional than a simple correlation, it was deemed theoretically more valid
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(Santos, 1999). Performance on each day of testing was considered a scale item, thus Cronbach’s
alpha could be computed between latency to alley four at days 1 through 6. Scores for latency to

alley 4 showed acceptable internal consistency (a = .73).

To validate the mSAT as measure of anxiety, as opposed to a measure of exploratory
behaviour, the association between latency scores and the percentage of 50khz USVs was
examined. A two-tailed Pearson’s correlation coefficient was computed between latency to alley
four and the percentage of 50khz calls to examine the association between these variables. As
predicted, a significant negative correlation was uncovered [7(160) = - .28, p < .000], suggesting a

negative association between these variables (see figure 3).

Figure 2. Latency to enter alley four over the course of the experiment
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Figure 2. Means and ZSEM of the latency to enter alley four across the six trial days (trail
duration 600 seconds). Trial days are presented along the x axis, while the latency in seconds
is depicted along the y axis. SERT*/* are represented by the solid line, SERT™" are
represented by the dashed line, while the dotted line indicates the SERT” group. A
significant main effect of day (» <.001) and genotype were uncovered (p =.042), no further
effects or interactions were uncovered. No interaction was observed. SERT-/- were found to
show increased latency scores when compared to SERT"* (p =.018), and SERT"" (» =.030)
groups, irrespective of day.
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Figure 3. Correlation between latency to alley four and the percentage of 50khz calls
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Figure 3. A scatterplot depicting the correlation between latency to enter alley four (s)

and the percentage of 50khz anticipatory calls. A significant negative association is depicted
by the trend line (p < .001).

Cummnlative Duration in Alley Four

Similarly to the prior analyses, a mixed ANOVA was conducted with time (days 1-6) as
the repeated measure, and genotype (SERT*/*, SERT"", SERT") as the between groups measure
examining the effect of genotype and day on the cumulative duration spent in alley four. The
assumption of sphericity was violated as determined by Mauchly’s test of sphericity, thus the
Greenhouse-Geisser correction was used for the following analyses. A significant main effect of
day was observed [F (2.77, 63.58) = 12.76, p < .001], as well as a marginally significant main effect
of genotype was uncovered [F (2, 23) =2.98, p = .071], again, no interaction between genotype and
trail day was observed (see fignre 4). While the main effect of genotypes just missed significance,
given the previous results with latency to alley 4, we followed up with a pairwise comparisons,
which revealed significant difference between SERT** and SERT”" (p = .035), and between

SERT" and SERT”" were observed (p = .041), but not between SERT** and SERT*/". Inspection
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of figure 4 showed that SERT”" spent less time in alley four compared to SERT** and SERT*/,

irrespective of the effect of day.

To determine whether the same construct was assessed across all days, duration spent in
alley four on each day was considered a single item, thus allowing for the analysis of reliability over
time through the computation of a Cronbach’s alpha (« = .806). Internal consistency of days one
through six are considered high. Finally, a two-tailed Pearson’s correlation revealed a significant
positive correlation between duration in alley four and the percentage of high frequency calls

[7160) = - .28, p <.000] (see figure 5).
Figure 4. Duration spent in alley four over the course of the experiment
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Figure 4. Means and ZSEM of the cumulative duration spent in alley four across the
six trial days (trail duration 600 seconds). Trial days are presented along the x axis, while the
duration in seconds is depicted along the y axis. SERT™/* are represented by the solid line,
SERT* are represented by the dashed line, while the dotted line indicates the SERT”" group.
Follow-up pairwise analyses indicated that the SERT" group showed a reduction in duration
spent in alley four when compared to SERT"* (» =.035), and SERT"" (p =.041) groups,
irrespective of day.
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Figure 5. Correlation between duration in alley four and the percentage of 50khz calls
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Figure 5. A scatterplot depicting the correlation between cumulative duration spent in

alley four (s) and the percentage of 50khz anticipatory calls. A significant positive correlation
is depicted by the trend line (p < .001)

Retrieval Bebhaviour

In addition to the classical parameters of latency and duration, we also evaluated a novel
variable, namely retrieval behaviour, which indicates whether and where the animals consumed
their food. As discussed in the material and methods section, higher retrieval scores are indicative

of lower anxiety.

As with the previous two parameters, we first studied the effects of day and genotype on
retrieval behaviour. A mixed ANOVA with time (days 1-0) as the repeated measure, and genotype
(SERT"*, SERT"", SERT") as the between groups measure was conducted. As determined by
Mauchly’s test of sphericity the assumption of sphericity was violated, therefore the Greenhouse-
Geisser correction was used in the following analyses. In line with the previous measures, a
significant main effect was observed for day [FF (3.45, 21.61) = 6.21, p < .001], and genotype was

identified [F (2, 22) = 14.16, p < .001], while no significant interaction was observed (figure 6).
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Pairwise comparisons identified significant differences between all genotype SERT*/* and SERT /-
(p = .034), SERT*'* and SERT”" (p < .001), SERT""" and SERT"" (p = .002), Figure 10 shows that
SERT”" had the lowest retrieval scores, and SERT** had the highest, with SERT*/" rats having

intermediate values.

As with prior behavioural measures, a Cronbach’s alpha was computed to determine if the
retrieval behaviour at time one was a constant predictor of retrieval behaviour over time, thus
implying the measurement of the same construct. Supporting this, a high reliability was observed

(o = .86).

A two-tailed Pearson’s correlation was computed between retrieval data and latency to
enter alley four, revealing a significant negative association [#(160) = - .39, p < .001] (see figure 7),
while a significant positive relationship was uncovered between retrieval data and the cumulative

duration spent in alley four [/(160) = .43, p < .001] (see figure §).
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Retrieval score

Figure 6. Retrieval scores over the course of the experiment
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Figure 6. Means and £SEM for the retrieval scores across the six trial days. Trial days are
presented along the x axis, while the retrieval scores along the y axis. SERT"/* are represented by
the solid line, SERT*/" are represented by the dashed line, while the dotted line indicates the
SERT” group. A significant main effect of day (p < .001) and genotype were uncovered (p <.001),
while no interaction was observed. Pair wise analyses revealed that all groups significantly differed
irrespective of day, with SERT”" showing reduced retrieval scores compared to both the SERT**
(p < .001) and SERT*" (p =.002), furthermore, the SERT*/" showed a reduced retrieval score in
comparison to the SERT+/+ group (p =.034).
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Figure 7. Correlation between retrieval scores and latency to enter alley four
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Figure 7. A scatterplot depicting the correlation between retrieval scores and latency to
enter alley four (s). A significant negative correlation is depicted by the trend line (p < .001)

Figure 8. Correlation between retrieval scores and duration spent in alley four

12
° ° ° r=.29
10 [ [} [} ) p<001
® ° ° o0 °
8 ) ® e oo® e o0 0
% I O 06 COOEND OMO 00 ¢ O oo o °
(2]
§ [ X ) ) )
2
2 o o
o
4 TREXX ) e®0 o ° ° °
° e o
2
° °
0 ® ®
0 20 40 60 80 100 120 140

Cumulative duration in alley four (s)

49



Figure 8. A scatterplot depicting the correlation between retrieval scores and the

cumulative duration spent in enter alley four (s). A significant positive correlation is depicted
by the trend line (» < .001)

Discussion

The SAT is still a relatively novel test for assessing anxiety, particularly when compared to
the elevated plus maze but also with other classic anxiety paradigms (open field, light dark box
etc.). In the present experiment we aimed to further improve on the SAT, and our results show
that (1) anxious behaviour can be reliably recorded for at least 6 sessions; (2) there is a remarkable
consistency between different measures of anxiety (latency to enter alleys four, food retrieval
behaviour, USVs) and (3) rats with a genetically compromised SERT activity show trait dependent
anxious behaviour. Thus, our findings not only provide support for the mSAT as a valid model
for measuring trait anxiety, but further provides evidence that the validity of the SERT knockout
animals as an animal model of trait anxiety. Overall, our hypotheses that there would be a gene
dose effect on anxiety were mostly supported as significant differences between SERT*/* and
SERT”" groups were observed in measures of latency to alley four, duration in alley four, and
retrieval scores. However, SERT/* and SERT"/" groups did not significantly differ over time in
duration and latency measures, indicating if differences in anxiety are present between these
genotypes, they may have been too subtle to detect with these more classical parameters. Similar
results have been observed with anxious behaviours between SERT** and SERT”" mice rarely
being detected, a finding which is particularly robust in males (Ansorge, Zhou, Lira, Hen, &
Gingrich, 2004; Holmes, Yang, Lesch, Crawley, & Murphy, 2003). Likewise, in a previous paper
from our group, no genotype differences were found between SERT"/" and SERT" in the

elevated plus maze and the novelty suppressed feeding task (Ellenbroek, August, & Youn, 2016).

+/+

Intriguingly, SERT"" rats different significantly from SERT"/" rats in retrieval scores,

suggesting this may be a more sensitive measure of anxiety. Retrieval scores are a novel measure
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where resources are plentiful to overcome periods of scarcity. Given that food deprivation induces
an artificial resource scarcity, the animal is more likely to engage in pilfering and collection for
consumption purposes, however, this scarcity increases competition and predation, thus animals
are more likely to return to a safe location prior to consumption (Verdolin, 2006). While seemingly
adaptive, complete retraction from an area containing resources increases the probability that these
areas will be pilfered prior to returning. Due to this interplay between resource competition and
predation, the most adaptive behaviour would be a partial retraction to a nearby lower risk location,
allowing for the consumption of collected resources and a rapid return to continue collection, a
balance between risk and reward (Lima & Dill, 1990). This behaviour has been experimentally
tested in jackrabbits (Longland, 1991), an animal facing similar predation and competition to
rodent species (Erlinge et al., 1983). Furthermore, it should be noted that these retrieval and
hoarding behaviours are not moderated by the direct presence of a predator or its scent, rather,
through indirect cues such as increased exposure (Verdolin, 20006), thus there is no need to
introduce direct predation cues into the SAT to induce these natural behaviours. These behaviours
are mirrored using the mSAT, whereby less anxious animals (SERT*/*) would only partially retract
to a location deemed relatively safe, while anxious (SERT”) animals deem these areas as too
stressful, thus more often resulting in a complete retraction for consumption. While, as mentioned
above, our data suggests that retrieval behaviours provide a more sensitive measure of anxiety-like
behaviours, further validation is clearly required using other (genetic) models of anxiety, and the

effects of anxiogenic and anxiolytic pharmacological interventions.

The present study also included USVs as they have been considered a relatively accurate
representation of the emotional state of the animal, with calls within the 50khz range being
indicative of a positive emotional state, while a negative emotional state being represented by calls
within the 22khz range. Due to the serotonergic system being implicated in both exploratory and
anxiety like behaviours through different receptor subtype combinations (see Gaspar et al, 2003

for a full review), and exploratory behaviours being heavily involved in current behavioural
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measures of anxiety, the inclusion of a measure of internal state allows for the differentiation of
the mechanisms underlying the observed behaviours. The inclusion of anticipatory USVs provides
further validity to the measure as the anticipation of exposure to a stressful stimulus would result
in an increased proportion of 22khz calls and/or a reduction in the total number of 50 kHz calls,
while the inverse would be expected in anticipation of a positive environment or stimulus.
Unfortunately, we observed a large degree of variation between animals in the total number of
50khz and 22khz call. Furthermore, some animals presented no 50khz calls on day one, while other
animals showed no 22khz calls on the first day of the experiment. As a result, we were unable to
measure the relative increase in these calls over time. As discussed in the material and methods
section, we opted for a ratio between 50khz and 22 kHz calls. This, we reasoned would allow to
detect a difference between positive (higher 50khz percentage) and negative (lower 50khz
percentages) internal emotional states. Thus it was hypothesised that the percentage of 50khz calls
would be positively associated with the duration of time spent in, but negatively with the latency
to enter alley four. As hypothesised, percentage of 50khz calls was positively correlated with the
duration spent in alley four, while inversely correlated with latency to alley four. Given these
associations, anticipatory USVs improve the validity of the SAT as the observed behaviours are

associated with the predicted internal state of the animal.

Finally, the use of the modified version of the SAT proved useful as a behavioural
paradigm to assess trait anxiety-like behaviours which persisted over multiple consecutive testing
days, thus overcoming the OTT problem. As figures 2, 5 and 10 indicate, and the statistics confirm,
there was no interaction between genotype and day, thus confirming that the anxious phenotype
of the rats with a genetically compromised SERT activity is maintained throughout testing. Some
studies have suggested that through repeatedly testing anxiety behaviours in the same subject alters
the mechanisms underlying the behaviour, thus only the first test session is truly indicative of
anxiety-like behaviours (Carobrez & Bertoglio, 2005). While this likely explains the OTT problem

previously discussed, this effect was not observed in the present experiment. To further determine

52



whether the behaviours examined at each time point were the same behavioural construct as
observed on each other day, the Cronbach’s alpha of each measure was calculated using each day
as a ‘scale item’. For each behavioural measure, there was a sufficient alpha value suggesting
behaviours exhibited on each day were reflective of the same behavioural construct, suggesting no

OTT or behavioural shift present.

As discussed eatlier, depression and anxiety disorders have a very high comorbidity, the
highest of any two psychiatric illnesses (Melartin et al., 2002). This is likely due to a significant
overlap in the underlying mechanisms, with both disorders being associated altered amygdala
response to emotional stimuli, and serotonergic system alterations (Munafo et al, 2008).
Furthermore, the first line treatment for both disorders involves modulation of the serotonergic
system through the pharmacological blockade of the serotonin reuptake transporter (Hirschfeld,
2001). The role of serotonin in emotion and anxiety is complex, however, of the 14 known receptor
types, the 5-HT' receptor has been most consistently implicated in anxiety (Gaspar, Cases, &
Maroteaux, 2003). For example, genetic reductions of the 5-HT'* receptor subtype leads to
increased anxiety-like behaviours (Ramboz et al., 1998). Furthermore, reduced 5-HT"* binding has
been shown to be reduced in humans with depression and anxiety (Molina et al.,, 2011). As
discussed, the reduction in serotonin transporter expression results in a persistently increased
anxiety behaviour which has been demonstrated through the present study, as well as prior

research using classic anxiety paradigms (J. Olivier et al., 2008).

Human studies have frequently implicated the serotonergic system in psychiatric disorders,
particularly depression and anxiety (Lesch et al.,, 1996), the inclusion of an animal model with a
dysfunctional serotonergic system improves the translatability to the human condition. Thus,
genetic associations between the 5>-HTTLPR polymorphism and anxiety have often been reported,
whereby reduced expression of the serotonin transporter (s-allelic variation) has been shown to be

associated with increased anxiety like traits (Mazzanti et al., 1998; F. Murakami et al., 1999).
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Furthermore, reduced 5-HT" receptor binding has been shown in depressed humans (Drevets et
al., 1999), as well as those with anxiety disorders (Akimova, Lanzenberger, & Kasper, 2009).
Interestingly, in healthy subjects, those scoring higher in anxiety traits demonstrated a reduction
in 5-HT" binding (Tauscher et al., 2001). These findings in humans are mimicked in the SERT"",
whereby anxiety like behaviours have been consistently been reported, as well as a reduction in 5-
HT™ binding being observed (J. D. Olivier et al., 2008). These effects are not limited to the 5-
HT"™ receptor, as 5-HT*™*“ 3% receptor subtypes have been implicated in anxiety to some degree,
in humans and animal models (Barnes & Sharp, 1999). While brain imaging studies provide insight
into the underpinnings of psychiatric disorders, post-mortem studies could provide a valuable
source of information, however results from post-mortem studies in regards to anxiety and
depression often yield inconsistent results (Hall et al., 1997; Hendricksen, Thomas, Ferrier, Ince,
& O’Brien, 2004; Rajkowska, 2000). These inconsistencies likely emerge from uncontrollable
environmental factors and low sample size due to limited tissue availability, thus animal studies are

required to further elucidate the mechanisms underlying these psychiatric illnesses.

Opverall, these data suggest that the modified SAT represent a novel animal model for
assessing trait anxiety. Given that anxiety is a chronic disorder in humans, and that as genetic
reduction in SERT activity is a well-known risk factor for anxiety disorders (Savitz & Ramesar,
2004), this suggest the modified SAT may represent a model with higher translational validity.
Moreover, the combination of several different measures both traditional motor behaviours
(latency to enter, time spent) and more novel (retrieval behaviour, USVs) may allow for detecting
more subtle differences in anxiety between different animals, while at the same time maintaining
internal consistency. However, despite the promising results, some considerations should be taken;
Firstly, there is a large degree of variance within groups, particularly in the USVs. The origin of
this variance likely emerged from the age range of the animals. While all animals were considered
mature, those in the highest age bracket (PND90-100) clearly displayed lower baseline USVs. As

a result, we decided to use proportional change from baseline, which provided a more consistent
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measure, in future studies, age should be considered a factor likely to impact the results, thus
stricter age distributions, even within an adult sample should be considered. Despite this variance,
significant results were observed, thus implying these results to be relatively robust. In addition,
future studies should include pharmacological treatments to assess the (added) benefits of the
additional measures (USVs, retrieval behaviour) and should incorporate female rats as well. As
Olivier et al showed, female SERT”, like their male counterparts also display a more anxious

phenotype than female SERT*/ rats.
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CHAPTER FOUR

Experiment Three

Heart Rate Variability as a Potential Biomarker of Depressive

Disorders
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The current basis of animal models of psychiatric disorders tends to be falling behind the
latest clinical research which may underlie the lack of efficacious pharmacological treatments
emerging in recent years Ellenbroek and Weiwen (2018). With the animal models lagging behind
the current research advancements, false negative results may occur due to a lack of translational
validity of our models (Kola & Landis, 2004). Moreover, most animal models focus on behavioural
read-outs, while integration of physiological aspects of psychiatric illnesses may provide a more
accurate description of the illness and in turn enhance the reliability and validity of our animal

models.

An association between MDD and cardiovascular disease (CVD) has repeatedly been
shown with rates of depression in patients with CVD ranging between 20-40% (Carney et al., 1987;
Gonzalez et al., 19906). This association is troubling as depressed patients have reduced medication
compliance (Keller et al., 2002) and have more difficulty coping with the stress of an illness
(Blumenthal, Williams, Wallace, Williams Jr, & Needles, 1982; Mohr, Goodkin, Gatto, & Van Der
Wende, 1997). The directional relationship of this association has been controversial with some
proposing that depression is merely a response to the stress of having a significant illness
(Musselman, Evans, & Nemeroff, 1998), or that factors often associated with depression (anxiety,
drug abuse, etc) mediate this relationship (Hayward, 1995). However, there is substantial evidence
that depression itself is an independent risk factor of developing CVD (Aromaa et al., 1994;
Everson et al., 1996; Musselman et al., 1998; Pratt et al., 1996; Wassertheil-Smoller et al., 1990).
For instance, a meta-analysis involving over 120,000 subjects concluded that depression increased
the risk of CVD by 80 — 90% (Nicholson, Kuper, & Hemingway, 2006) Importantly, depression
also increased the risk of cardiovascular mortality and contributed not only to the onset but also
to the progression and prognosis of CVD. Thus the association between depression and CVD is

often described as a downward spiral in which depression and CVD mutually reinforce each other

(Penninx, 2017).
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The association between CVD and MDD has been investigated by Musselman et al. (1998),
and they identified sympatho-adrenal hyperactivity, modifications in platelet receptors, reduced
heart rate variability (HRV) and hyperactivity of the hypothalamic-pituitary-adrenocortical axis
(HPA) as key elements in increasing CVD risk. One key element in the link between MDD and
CVD is a decrease in HRV. HRV refers to the beat-to-beat variation in heart rate and is a measure
of the interplay between the two arms of the autonomic nervous system: the parasympathetic and
sympathetic nervous systems. The sympathetic nervous system is involved in increased activity of
physiological systems in response to stress or the fight or flight response noted by (Cannon, 1911).
The parasympathetic system plays a more regenerative role by reducing activity in these
physiological systems. The balance between these systems is of crucial importance as increased
sympathetic activity or decreased parasympathetic activity can reduce HRV, while, decreased
sympathetic activity, and increase parasympathetic activity will result in increased HRV (Thayer,

Yamamoto, & Brosschot, 2010) (figure 7).

HRYV, therefore, may not only represent an important link between MDD and CVD, as
suggested by Musselman et al. (1998), but may actually be fundamentally related to the aetiology
of the psychiatric symptoms seen in patients with MDD. Intriguingly, many mental and physical
illnesses, aside from MDD, are also associated with a reduction in HRV, including schizophrenia,
bipolar disorder and autism spectrum disorders (Boettger et al., 2006; Casanova et al., 2014; Licht,
De Geus, Van Dyck, & Penninx, 2009; Sevcencu & Struijk, 2010) (Ellenbroek, Kidwell, Colussi-
Mas, Youn, 2018). Before investigating the relationship between MDD and HRV and the possible
underlying mechanisms behind this association, it is important to understand the measurement
and analysis techniques most commonly used to assess HRV, and where possible, identify what

these parameters indicate.
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The Assessment of HRV

A range of measures to investigate HRV have been compiled and summarized below to
provide a simple and understandable overview of the parameters and the information they provide.
These measures have been separated into linear and non-linear techniques. However, for a detailed
explanation of these measures and parameters, we would recommend reading the paper by

Cardiology (1996) and a more recent review which includes non-linear techniques by Acharya,

Joseph, Kannathal, Lim, and Suri (2006).

In general, HRV parameters can be subdivided into linear and non-linear measurements.
Linear measurements typically use the interval between two heart beats (the so-called R-R interval)
to construct a linear association between variables. While these measures have dominated the field
of HRV so far, it is increasingly recognized that the HRV signals are non-stationary and non-linear
(Faes, Chon, & Nollo, 2009). This has led to the introduction of a series of non-linear
measurements, sometimes referred to as fractal indexes. Table 1 lists a large number of linear and
non-linear measurement. In the next section, we will briefly summarize the relevant parameters

for the present discussion.

Linear Parameters

Linear parameters of HRV are computed through linear algorithms, whereby graphing the
function will produce a linear association between variables. These parameters can be subdivided

into two main categories: Time-domain, and Frequency domain.

Time-Domain

Time domain measures are linear measurement of heart rate variability derived from the
variation in the interval between subsequent R-waves from an ECG signal (see figure 7). These
measures can again be subdivided into statistical and geometric measures; however, geometric

measures make group comparisons difficult to ascertain.
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Frequency Domain measures

Frequency domain measures are computed via the decomposition of the waveform of
ECG-RR intervals (interbeat interval or RRIs) and are often used in to better differentiate between
the influence of the parasympathetic and sympathetic nervous systems. To examine frequency
domain parameters, data needs to be transformed to produce a spectrum, thus, Fast Fourier
transformation (FFT) is typically used. FFT decomposes the ECG trace into its component
frequencies. This transformation is useful only if the signal is stationary, therefore may be
incompatible if used to analyse non-stationary or transient signals. Following the required
transformation of the data, analyses may be carried out using parametric or non-parametric
analyses. Each parameter has been suggested to be indicative of aspects of autonomic activity.
Traditionally two different bands (high and low frequency) have been studied, although more

recently two additional bands have also gained attention.
Non-Linear Measures

Non-linear parameters of HRV refer to analysis techniques which account for more than
merely the beat to beat variation, but rather attempt to capture a range of the dynamic processes
at play within an organism. While linear methods are well understood and simple to compute,
which has resulted in their popularity, they fail to account for the interplay between many
interconnected systems within an organism. Non-linear parameters are less understood and more
complex in nature, however, some key parameters used in HRV analysis will be simplified below

in hopes to promote their use, which may lead to a greater understanding of their applications.
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Table 1.

Parameters

Description

Linear measures (time domain)
RR
SDNN
RMSSD
NN50O
pNN50
HRYV triangular index
TINN

The mean of all RR intervals

SD of the normal to normal (R-R) intervals

Square root of the mean squared difference between successive RRs

The number of successive RR intervals that differ by more than 50 ms

The percentage of NN5O

The integral of the RR interval histogram divided by the height of the histogram

Triangular interpolation of N-N intervals. Calculation is based on taking the highest peak in the RR histogram and creating a triangle
using the minimum squared difference

Linear measures (frequency domain)

HF
LF
VLF
ULF
TP
LF/HF
Nonlinear measures
Poincare plot

ApEn
DFA

Power band encompassing the 0.15-0.4 Hz range
Power band encompassing the 0.04-0.15 Hz range
Power band encompassing the 0.003-0.04 Hz range
Power band encompassing the range below 0.003 Hz
Total power within the HRV spectrum

The ratio between LF and HF

A method of visually representing chaos as opposed to random noise, whereby each R-R interval is plotted against the previous interval
in a scatterplot

Approximate entropy is a method to quantify the predictability of fluctuations in a signal over time

Detrended fluctuation analysis represents a modified root mean square type of analysis

Table 1. A brief description of the most frequently reported parameters of HRV:

ApEn, approximate entropy; DFA, detrended fluctuation analysis; HF, high frequency;
HRYV, heart rate variability; LF, low frequency; SDNN, SD of the normal to normal

(R-R) intervals; TINN, triangular Interpolation of N—N intervals; TP, total power; ULF,
ultra-low frequency; VLF, very low frequency. Adopted from Kidwell and Ellenbroek (2018)

Figure 1. The Brain-Heart association and ECG depiction
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While the link between HRV and MDD is yet to be fully elucidated, a vast body of research
has shown a relatively consistent association between reductions in HRV and MDD. Kemp,
Quintana, Felmingham, Matthews, and Jelinek (2012) sought to examine this link in unmedicated
patients with MDD. A significant reduction in HRV (reduced RMSSD, SDNN, & HF, while
increasing LF/HF ratio) was observed. The deficits observed were greater in the subset of patients
with comorbid anxiety suggesting a compounding effect may be occurring. Similar results have
been reported by van der Kooy et al. (2006) who examined HRV in elderly patients with
depression: Reductions in HF, LF, RMSSD and SDNN, indicating reduced vagal tone and an
overall reduction in HRV. This study also demonstrated that reductions in HRV are associated
with depression, irrespective of age. In a meta-analysis conducted by Kemp et al. (2010),
depression, symptom severity and treatments were examined in regards to their relationship with
HRYV alterations. Of the studies used, 11 examined depression and HRV directly, which included
401 depressed patients and 407 controls. Through this analysis, it was shown that depression was
associated with decreased time domain measures of HRV, HF and several non-linear measures of
HRYV, while the LF/HF ratio showed a significant increase. It should be noted that data were
obtained from unmedicated participants (either drug naive, or following a washout period), and
time domain measures were combined into a single grouping, while similarly, non-linear
parameters were combined. The need to combine these measures highlights a lack of consensus
over which measures should be reported across studies. More detailed studies provide evidence
that symptom severity of patients with MDD is inversely correlated with HRV, especially with
respect to the time domain parameters (such as RMSSD and SDNN) and HF, and possibly LF
(Kemp et al,, 2010; Yeh, Chung, Hsu, & Hung, 2017). This would suggest a potential avenue of
research into novel treatments of MDD with a focus on HRV outside of the effective yet invasive
direct vagus nerve stimulation treatment for treatment-resistant MDD. Moreover, it suggests that
reduced HRV may be a biomarker for MDD, or perhaps even be predictive for the development

of MDD. Jandackova, Britton, Malik, and Steptoe (2016), examined participants HRV (SDNN,
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RMSSD, LF & HF) and depressive symptomology using data from the Whitehall II study. Patients
were assessed at two time points (10.5 years between assessments) and found that male patients
who had lower HRV at time point 1 were less likely to report experiencing a depressive episode at

time point 2, while females had a similar trend which failed to reach significance.

The exact relationship between MDD and HRYV is still a matter of debate, as HRV is
related to several important functional domains. Low baseline HRV, especially HF HRV has been
associated with cognitive deficits, especially in tasks relying on the frontal cortex (Ottaviani et al.,
2016). Additionally, reduced HRV (again predominantly HF-HRV) has been associated with
emotional deficits and in particular to emotional inflexibility (Balzarotti, Biassoni, Colombo, &
Ciceri, 2017). In line with this, a recent neuro-imaging meta-analysis found a clear association
between HRV and activation of the major neuronal areas involved in cognitive and emotional
flexibility, most notably the anterior cingulate and prefrontal cortex, the insula and the amygdala
(Ruiz Vargas, S6ros, Shoemaker, & Hachinski, 2016). However, HRV is also influenced by many
other processes, such as lifestyle and coping strategy, nutrition and personality trait (Appelhans &
Luecken, 2006; H. A. Young, Cousins, Watkins, & Benton, 2017). Moreover, drugs, including

antidepressant drugs are known to affect cardiovascular functioning.

Interestingly, the 5-HTTLPR genetic variation has been shown to affect HRV. Agorastos
et al. (2014) examined the effect of cholecystokinin tetrapeptide (CCK-4), a substance known to
produce panic attacks through its anxiogenic effects, on homozygous S allele carriers in
compatison to homozygous L allele carriers. Not only did S/S catriers display a reduced baseline
vagal tone (HF), but following the administration of CCK-4, this reduction was further
exacerbated. Furthermore, Yamakawa, Matsunaga, Isowa, and Ohira (2015) demonstrated S/S
carriers show a reduction in LF/HF ratio in response to stress, which didn’t reach significance,
potentially due to the limited sample size. Finally, Crisan et al. (2009) showed that individuals

carrying at least one copy of the S allele had a reduction in overall autonomic control, reduced
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vagal tone (HF), and a marginally significant increase in the LF parameter of HRV. While the
mechanism are yet to be fully understood, alterations in emotional regulation and coping styles in
response to stress have been suggested (H. Murakami, Matsunaga, & Ohira, 2009). As such,
carriers of the s allele experience equivalent reductions in HRV in response to a stressor, as their
L allele counterparts, however normalisation of HRV is delayed in the s allele carriers. This delayed
normalisation of HRV has been observed in high and low anxiety line animals (HAB & LAB), an
animal model of anxiety selectively bred based on their performance in the elevated plus maze
(Landgraf & Wigger, 2002). HAB and LAB animals show equivalent HRV reductions in response
to restraint, however, normalisation of HRV is significantly delayed in HAB animals in comparison

to LAB animals (Carnevali & Sgoifo, 2014).

Animal Models of Psychiatric Illness Integrating HR1”

One of the most attractive features of HRV is that it can be assessed in humans and animals
with very similar techniques. However, while several different devices exist for measuring heart
rate, few studies have used these to assess HRV, and fewer yet have done so in animal models of

psychiatric disorders (Ellenbroek et al., 2018).

Two core methods of examining HRV in animals exist, each with their own advantages
and disadvantages, these are invasive, and non-invasive. Non-invasive methods involve the
measurement of ECG signals through the skin of the subject, similarly to humans, however, these
methods are plagued by movement artefacts, and may require an external device which may impact
behaviour, although alternatives have also been developed. Invasive methods involve the surgical
implantation of a telemetry device which sends ECG signals to an external receiver. This method
provides the superior signal to noise ratio and does not impair free movement of the animal.
However, in contrast to the non-invasive method, this is substantially more expensive and more
challenging for the animals as it requires surgery. Moreover, given the size and weight of the

telemetry probe, this technique cannot be used on very young animals.
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While the invasive method has excellent signal to noise characteristics, the signal can still
be affected by movement artefacts, especially using the standard technique where the leads are
connected close to the fore- and hindlimb muscles of the animals. However, Sgoifo et al. (1996),
developed a technique which substantially reduced such artefacts, making the assessment of HRV
much more reliable. This technique was also used in the present paper and will be described in

more detail in the material and methods section.
Depression models and HR1”

So far, only a few studies have investigated HRV in animal models for psychiatric
disorders, and more specifically for depression. The Flinders line of rats were originally bred based
for their cholinergic sensitivity. However, since then many studies have found that the Flinders
Sensitive Line (FSL) show multiple behavioural and neurochemical similarities with major
depression (Overstreet & Wegener, 2013). Due to these similarities, Hildreth, Padley, Pilowsky,
and Goodchild (2008), sought to investigate whether the FSL would exhibit similar HRV deficits
observed in humans. Initially, ECG studies over 24 hours in FSL, FRL, and a standard Sprague
Dawley line noted increase in HR in the FRL. More relevant for the present discussion, however,
reduced HRV was noted in both the FSL (HF & LF/HF ratio) and FRL (only HF) in compatison
to the Sprague control group. The reduction in HRV observed in the FRL was suggested to be a
direct result of the increased HR, while the FSL. animals displayed reductions in HF and increased
LF/HEF ratio independent of HR changes, suggestive of a reduced parasympathetic control, similar

to that observed in depressed humans.

Another animal model of depression, the chronic mild stress paradigm (CMS), involves
exposing a rat to a series of unpredictable stressors over a prolonged period of time (e.g. strobe
lights, wet bedding, tilting the cage) which induces behavioural impairments associated with
depressive disorders, such as anhedonia. Grippo et al. (2003) examined HRV of CMS animals

following a 4-week recovery period. The authors measured HRV through SDRR, showing a
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significant reduction in those exposed to CMS. Interestingly, these cardiovascular changes were
present despite the normalisation of sucrose preference and locomotor activity, indicating the
impact of CMS on HRV are independent of the behavioural changes observed in response to

stress (and may thus be a more sensitive measure of a negative emotional state).
Anciety models and HR1”

Animal models of anxiety have also been subjected to HRV analysis. The high anxiety
behaviour (HAB) and low anxiety behaviour animals (LAB), selectively bred for their anxious
phenotype in the elevated plus maze were used in a study by Carnevali and Sgoifo (2014) to
examine resting HRV and HRV changes following the induction of stress through restraint. The
HAB animals showed reductions in HRV (RMSSD, HF, & TP) during rest, while the induction of
stress through restraint showed a muted reduction of HRV in the HAB animals compared to LAB
animals. This muted response is likely to be a result of the reduced vagal control of the HAB

animals, which has been noted to be associated with reduced emotional regulation in human

studies (Ellenbroek, et al., 2018).

While there are clear differences in HRV associated with animal models of psychiatric
disorders, which improve the translational validity of the model, outside of these studies, the
examination of HRV is often overlooked. Given the lack of HRV studies in more prevalent

disorders, it is unsurprising that no known model of schizophrenia or autism have integrated HRV

analysis to date (Kidwell & Ellenbroek, 2018a).

Given the relationship between major depression and HRV on the one hand, and between
HRYV and the s-allele of the 5-HTTLPR, the purpose of the present study was to examine the
impact of the genetic reduction of serotonin transporter expression on parameters of HRV. Given
the prior literature, we would hypothesise that reductions will be observed across HRV parameters,

primarily those modulated by parasympathetic inputs (RMSSD, HF, SDSD) in SERT” rats
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compared to SERT"* rats. In line with the previous chapters, we expected a gene-dose

relationship with the SERT" showing an intermediate response.
Method
Surgical equipment

Standard surgical equipment is required for this procedure; however, some specialty equipment

was used:

A blunt dissector and tight-fitting removable polymer cylindrical enclosure was used. This
provides less tissue damage than other methods of blunt dissection. The polymer enclosure allows

for the withdrawal of the blunt dissector and guidance of the lead to the desired location.

A 10-14 gauge needle hypodermic needle is required. The needle requires a lead to be easily
guided through it, thus needs to be sufficient in size. This allows the tissue to close around the

lead resulting in less tissue damage or risk of tearing,.

A soft plastic drinking straw was modified to assist with the final lead placement. This was

required to prevent internal damage caused by more rigid surgical equipment.

An implantable telemetry device (TA1 ICTA-F40; Data Sciences International) with

compatible device reader pad and associated software (LabChart, ADInstruments).
Surgical procedure

The standard preoperative procedure was performed in preparation for surgery. A dose of
90mg/kg ketamine + 9Img/kg xylazine solution was administered intraperitoneally to induce
anaesthesia and analgesia. Following the cessation of the paw reflex, ensuring sufficient
anaesthesia, the ventral surface of the animal’s neck, and the ventral abdominal were shaved using

electric clippers. Exposed skin was sterilised using 70% ethanol solution, betadine prior to
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transference to the surgical room. Finally, carprofen, a nonsteroidal anti-inflaimmatory drug

(NSAID) was administered subcutaneously (5 mg/kg).

The implantation procedure was developed on the basis of Sgoifo et al. (1996). However,
due to the limited detail presented in the procedural section, some modifications had to be
established; firstly, the lead positive lead termination site was describe as being accessed by
tunnelling the under the muscle, along the trachea, finally terminating in the anterior mediastinum,
near the right atrium. During attempts to recreate this, the flexibility of the lead would result in an
inability to breach into the anterior mediastinum and attempts to use more rigid guiding system
often resulted in animals experiencing cardiac failure. To circumvent this, a small incision was
created in the muscle surrounding the trachea, allowing the lead to be inserted alongside the trachea
with less resistance. The modified straw guide was used to breach into the mediastinum, with the
new angel created allowing a greater degree of control. Due to the novel entrance point of the
positive lead, the anchoring points required modification. The lead was sutured to the muscle
surrounding the trachea while closing this incision, while two further anchor points were created
on the sternocleidomastoid muscle. Aside from these modifications, the remainder of the
procedure remained the same, whereby the body of the telemetry device in inserted into the

peritoneal cavity, with the negative lead being sutured to the dorsal surface of the xiphoid process.

Following the successful completion of the surgical procedure, 10ml Hartmans solution
and 0.2ml of penicillin (250,000 IU/ml) was administered subcutaneously. Terramycin powder was
puffed over the incision sites to prevent post-operative infections, following which, the animal was
allowed to recover on a heating pad until fully mobile prior to being returned to their home cage.
Following the surgery penicillin and carprofen were administered daily. Core body temperature

was measured daily through the telemetry device as an early detection measure of infection.
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Animals

Animals used for this procedure were the same as used in experiment one, however, due
to some health concerns presented by two animals within the four-month period between
experiments, they were deemed unfit for surgery and were euthanized. Of the remaining animals,
a total of 3 suffered from surgical or postoperative compilations and were rapidly euthanized.
Therefore, 27 animals were used for data collection in this experiment. Due to RFID malfunctions,
likely from the magnetic switch of the telemetry device, and the use of a blinded experimental
design, four animals were unable to be identified. Therefore, eight SERT*/*, eight SERT*/, and
seven SERT"", were used in the final analysis. Animals were housed in the same conditions as in
prior experiments, with single housing being required due to experimental procedures. All
procedures were in accordance with the Animal Welfare Act 1999, with all procedures being

approved by the VUW Animal Ethics committee (AEC number 24384).
Excperimental setting

The present experiment took place in the same room as experiment one, however separate
cabinets were used which contained one receiver per cabinet (maximum of 8 testing session). The
room was constantly dark to match the activity period on which testing took place, with the
exception of the 24-hour testing sessions, in which lights were manually adjusted to match the
reverse cycle present in the housing facility. As we only had limited numbers of telemetry probes,

the experiments took place in two separate cohort.
Procedure

In each of the cohort, heart rate was measured during three a baseline 24-hour recording
was collected, whereby the animal in its regular housing cage was transported to the experimental
room and placed on the receiver pads. After 8 animals had been transferred into the experimental

room, the Labchart software was started and each animal had their telemetry device turned on
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with a magnet without any handling. Data were collected until the same time the following day, at
which point the remaining animals were cycled through the same process. Following data
collection, all animals were euthanized, and the telemetry probes removed and cleaned for renewed

use.

ECG data obtained in this experiment were analysed using Labchart (AD Instruments),
using the HRV add-on module. The VLF window was predefined following FFT as 0-0.04 Hz, LF
as 0.04-0.15 Hz, and HF as 0.15-0.45 Hz. Percentage values are used to compensate for variable
impedance, commonly observed within electrophysiology data. The HF percentage (HF/TP) was
used as HF is the most reported frequency parameter within the depression literature, while being
a near pure measure of parasympathetic modulation of the cardiovascular system. Furthermore,
RMSSD was used as a generalised measure of HRV, while being the most frequently reported time

domain parameter within the depression literature.

Comparisons of HRV are very dependent of the quality of the underlying ECG signal, thus
equivalence between groups needed to be established. Labchart’s standard HRV detection settings
(1.8 complexity maximum; 200ms R-R interval maximum) resulted in significantly different
proportion of detected beats between groups, suggesting important differences in the morphology
of the ECG between the genotypes (see also below). Therefore, we adjusted the criteria to a 3.0
complexity maximum and a 300ms R-R interval maximum. These new criteria allowed the
assumption of group equivalence to be met, as there were no differences between the percentage
of included beats anymore (F(2, 858) = 46.59, p < .153). HRV parameters were computed in 5-
minute bins of ECG outputs for the 24-hour duration of the experiment (288 per animal). The
HF% and RMSSD was calculated for each 5-minute segment of data, then averaged for each hour,
creating a stable average HF% and RMSSD value for each animal, per hour over the course of 24

hours.
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Results

Means and standard deviations were computed for the average hourly RMSSD score in
the SERT**, SERT", and SERT”" groups (see appendix 8). A mixed ANOVA was conducted
with time (Hours 1-24) as the repeated measure, and genotype (SERT**, SERT"", SERT"") as the
between groups measure examining the effect of genotype and time of day on RMSSD (Figure 2).
Due to the violation of sphericity, the Greenhouse-Geisser correction was adopted for the
following analyses. No significant main effects, nor interactions were observed, indicating that the
effect of time and genotype have no effect on HRV as measured through RMSSD. To determine
whether any effects were being masked by the number of levels, four blocks consisting of six hours
each (hours 1-6, 7-12, 13-18, and 19-24) were produced and subjected to a mixed ANOVA,
however, as with the prior analysis, this simplification produced no significant effects or

interactions (Figure 3).

Figure 2. RMSSD over 24 hours
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Figure 2. Means and £SEM for the average RMSSD for each hour over 24 hours.

Hours (starting at 12pm) are presented along the x axis, while RMSSD value is depicted by
the y axis. SERT"/" are represented by the solid line, SERT "/ are represented by the dashed
line, while the dotted line indicates the SERT”" group. No significant main effects of
interactions were observed.

71



Figure 3. Quarterly averaged RMSSD
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Figure 3. Means and =SEM for the average RMSSD for each hour over 24 hours were

combined into 6 hour buckets (hours 1-6, 7-12, 13-18, & 19-24). Quarterly buckets are
presented along the x axis, while RMSSD value is depicted by the y axis. SERT*/* are
represented by the solid line, SERT*/" are represented by the dashed line, while the dotted
line indicates the SERT”" group. No significant main effects of interactions were observed.

High Frequency percentage:

Similarly to the RMSSD analyses, the means and standard deviations were computed for

the average hourly HF percentage score in the SERT**, SERT*, and SERT”" groups (Appendix

9). A mixed ANOVA was conducted on these data with time (Hours 1-24) as the repeated measure,

and genotype (SERT**, SERT"/", SERT"") as the between groups measure to examining the effect

of genotype and time of day on HF percentage (Figure 4). The Greenhouse-Geisser correction was

adopted due to the violation of sphericity. No significant main effects, nor interactions were

observed, indicating that the effect of time and genotype have no effect on HF percentage.

Following the same method as used previously, four blocks consisting of six hours each (hours 1-

6, 7-12, 13-18, and 19-24) were produced and subjected to a mixed ANOVA, however, this

simplification produced no significant effects or interactions (Figure 5).
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Figure 4. Means and £SEM for the average percentage of high frequency (HF/TP*100) for each
hour over 24 hours. Hours (starting at 12pm) are presented along the x axis, while the HF% value
is depicted by the y axis. SERT** are represented by the solid line, SERT*/" are represented by the
dashed line, while the dotted line indicates the SERT”" group. No significant main effects of

interactions were observed.

73



Figure 5. Quarterly averaged High Frequency Percentage
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Figure 5. Means and +SEM for the average percentage of high frequency (HF/TP*100)

for each hour over 24 hours were combined into 6 hour buckets (hours 1-6, 7-12, 13-18, & 19-
24). Quarterly buckets are presented along the x axis, while RMSSD value is depicted by the y
axis. SERT"* are represented by the solid line, SERT "/ are represented by the dashed line,
while the dotted line indicates the SERT”" group. No significant main effects of interactions
were observed.

Inspection of figures 2 and 4 showed that there was a relatively large variance in the
RMSSD and HF values, much larger than is typically seen in the literature. To explore the potential
source of this variance, we first turned our attention to the two different cohort. As the animal
facility in which the experiments took place was closed and moved to a new building, the
experiments had to be performed relatively quickly. This led to two important differences between
the two cohorts. First of all, the second cohort was substantially younger than the first cohort. A
well-documented impact of age is reduced HRV (Zhang, 2007), thus potentially resulting in an
increase in the variance within the groups as a result of inter cohort variance. Secondly, and perhaps
more importantly, post-operative recovery periods were reduced to the minimal ethical

requirement of 5 days in cohort 2, in order to ensure the experiments could be done before the
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lab closed. This meant that the rats were still receiving carprofen and penicillin during the actual

recording (which was not the case in cohort 1).

To investigate whether these procedural differences were, at least in part, responsible for
the large variance, a split analysis was performed for each cohort. Unfortunately, due to the smaller
sample size, this analysis likely lacked the power to produce significant differences and thus should

be regarded as representing an exploratory analysis only.

We hypothesise that if age was the driving factor underlying the variance, cohort two
should show an zncreased RMSSD in comparison to their older counterparts. On the other hand, if
the recovery caused the variance, cohort one would show an zncreased RVMSSD value due to the

additional recovery time when compared to cohort two.

Table 2.
HRV (RMSSD) Split by Cohort and Time of Day
SERT+/+ SERT+/- SERT-/-
Cohort 1 Cohort 2 Cohort 1 Cohort 2 Cohort 1 Cohort 2
Lights On Lights Off Lights On Lights Off|Lights On Lights Off Lights On Lights Off|Lights On Lights Off Lights On Lights Off
Mean 3.15 3.08 2.65 2.47 3.24 2.92 2.74 2.61 3.01 2.92 2.86 2.52
Standard Deviation 0.19 0.24 0.09 0.11 0.09 0.08 0.08 0.09 0.14 0.16 0.08 0.08

A three-way ANOVA was conducted to examine the effect of cohort (1 and 2), genotype
(SERT**, SERT”* and, SERT"") and time of day (lights on or lights off) on RMSSD values (Figure
6). A main effect of cohort was observed [F (1,540) = 22.806, p <.001], with table 2 indicating that
cohort one had significantly greater RMSSD than cohort two. Furthermore, a main effect of time
of day was found [F (1,540) = 4.80, p = .030], with table 2 indicating an intact circadian rhythm
with higher RMSSD during the lights on period. Since no interactions were observed these cohort
and time of day effects occurred independent of genotype (although, as mentioned above, this

may in part be due to a lack of statistical power).
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Figure 6. RMSSD; Groups split by genotype, cohort, and time of day
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Figure 6. Means and *SEM for RMSSD (y axis), split by genotype, cohort, and light

cycle (x axis). Main effects of cohort (p < .001), and light cycle (p = .03), were observed. No
further interaction was observed.

Given the clear cohort effect on RMSSD, a similar analysis was performed for HF
percentage. (Figure 7). A main effect of cohort was again observed [F(1,540) =45.65 p< .001], with
table 3 showing a substantially lower percentage of HF percentages in the second cohort. We did
not find a main effects of time of day, nor genotype, however, a genotype by cohort interaction
was observed [F(2,540) = 13.04, p <.001]. To further examine the nature of this interaction, simple
comparisons were computed; the significant genotype by cohort interaction was maintained, while
no further interactions were uncovered. Two follow up simple one way ANOVAs were computed
for each cohort to assess the effects of genotype on HF percentage. In both cohort one [F(2,264)
= 5.71, p = .004], and cohort two [F(2,288) = 15.15, p < .001] a significant genotype effect was

observed. Simple comparisons within each cohort were conducted and showed that in cohort one,
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the SERT"/* group significantly differed from the SERT*" group (p< .001), while marginally

differing from the SERT” group (p = .051). Furthermore, in cohort two, the SERT"/" group

significantly differed from both SERT*'* (p=.004) and SERT" groups (p = .002), while no further

differences reached significance. These data indicate that, as expected, the difference between the

genotypes were substantially influenced by the recovery time.

Table 3.
HRV (HF%) Split by Cohort and Time of Day
SERT+/+ SERT+/- SERT-/-
Cohort 1 Cohort 2 Cohort 1 Cohort 2 Cohort 1 Cohort 2
Lights On Lights Off Lights On Lights Off|Lights On Lights Off Lights On Lights Off|Lights On Lights Off Lights On Lights Off
Mean 15.79 15.18 8.09 8.82 11.10 12.16 11.42 11.44 12.00 14.59 9.09 8.17
Standard Deviation | 1.32 1.52 0.37 0.61 0.56 0.74 0.75 0.83 112 1.52 0.49 0.42
Figure 7. High frequency percentage
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Figure 7. Means and SEM for the average percentage of high frequency

(HE/TP*100) (y axis), split by genotype, cohort, and light cycle (x axis). A genotype x cohort
interaction was observed (p < .001). Follow-up analyses revealed that in cohort 2, SERT "/ animals
displaced higher HF% when compared to SERT*/" (p < .004), and SERT"" groups (p < .002).
Furthermore, within cohort one, SERT"/" animals demonstrated a greater HF% when compared
to SERT"”" (p < .001) and SERT"”" animals (p = .051).
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Cardiac morphology

While we are unable to conclusively state that the genetic reduction of serotonin transporter
expression results in significant alterations in HRV, the data suggest this trend may be present,
particularly in cohort 1. Abnormal HRYV is likely to be accompanied by morphological alterations
of the heart as well. To get a first impression of such possible morphological differences, we
measured the heart weight of the animals in the different genotype. To account for the possible
age differences in the cohort, we corrected for total body weight. It should be noted that body
weight has been shown to not differ between SERT** and SERT”" animals of similar age.
Increased HW:BW has been shown in prior animal models of depression and anxiety (Carnevali
& Sgoifo, 2014), thus it is hypothesised that SERT” rats had a significantly increased HW:BW in
comparison to SERT"*, with SERT"/ falling between these groups resulting in a gene dose

response (refer to Appendix 10 for extraction procedure).
Results

A one-way ANOVA was conducted (Figure 8) to assess potential genotype differences.
Levene’s test of homogeneity revealed no differences in variance between groups. A marginally
significant effect of genotype was observed (F(2, 23) = 2.90, p = .077 , which while not significant
at the .05 level, warranted further examination into the underlying differences. A post-hoc LSD
analysis showed a significant difference between SERT/* and SERT”" (p = .035), and marginal
differences between SERT™ and SERT”" (p = .064). It should be noted that these effects would
not withstand a correction for multiple testing. While the significance is marginal at best, these

results suggest a trend whereby the SERT”" genotype showed an increased HW:BW.
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Figure 8. Heart to body weight ratio
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Figure §. Means and *SEM for the heart to body ratio (HW:BW) between
genotypes. HW:BW values presented along the y axis, and genotypes along the x axis. The SERT”
group significantly differed from the SERT*/* group (p = .064), while only marginally differed
from the SERT"/ group (p = .064), neither of which would withstand correction for multiple
testing. No other differences were observed.

Discussion

Given that HRV changes have been reported in major depression, as well as in many other
psychiatric disorders, combined with the fact that it can be assesses in animals and humans with
virtually identical methods, makes HRV a very interesting candidate for assessing novel animal
models of psychiatric disorders (Kidwell & Ellenbroek, 2018a). Furthermore, normalisation of
HRYV through novel pharmacological interventions in animal models can be used to assess the
therapeutic window in humans at a much earlier stage of clinical development than assessing the
improvement of psychiatric symptoms. One limiting factor in the analysis of HRV is the plethora

of different methods of assessing HRV. As mentioned in the introduction, many linear and non-
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linear methods have been developed. The present study examined a variety of HRV parameters in
SERT"*, SERT", and SERT”" animals to determine whether the genetic reduction in serotonin
transporter expression in rats would produce similarities to depressed humans, thus providing a
novel animal model of depression with high translational validity. Given that in such patients,
reductions have been described particularly in RMSSD and HF, we focussed predominantly of
these two. We hypothesized a gene dose related reduction in HF percentage and RMSSD (van der
Kooy et al., 2006). While there appeared to be a trend in support of this hypothesis, the data

showed an unexpected large variance, resulting in a failure to find significant differences.

Due to this, the objective of the data analysis became focussed on determining the
source of the variance. Two hypotheses were tested based on the fact that the second cohort of
animals had to be tested more quickly as the animal lab was about to be closed. First it was
hypothesised that if the age differences was responsible for the large variance, cohort one should
have alower RMSSD as they were older (Zhang, 2007). Secondly, if the short post-operative period
(and the continued used of penicillin and carprofen) was responsible, the first cohort should have
higher RMSSD, (Maesen, Nijs, Maessen, Allessie, & Schotten, 2011). The analysis of these data

revealed a greater RMSSD value in cohort one, thus supporting the second hypothesis.

Due to the time constraints previously mentioned, the second cohort were receiving
postoperative antibiotics and pain relief during the time of testing, whereas the first cohort received
an additional two days of recovery following the final postoperative infusion. An unexpected result
of these medications could be hyperkalaemia, an abnormally high serum level of potassium. Both
carprofen, among other nonsteroidal anti-inflammatory drugs (NSAIDs), and penicillin have been
shown to increase the risk of hyperkalaemia (Perazella, 2000; Thiele & Rehman, 2008) which has
been demonstrated to significantly impact the morphology of a standard P QRS T wave (Ettinger,
Regan, & Oldewurtel, 1974). In particular, increased potassium results in a blunted and elongated

p wave through modulation of the sinoatrial node depolarisation. To explore this possibility, the
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P QRS T wave morphology was examined between high and low HRV animals. An average P
QRS T of 80 cycles was randomly selected, during the active and the rest period for the two animals
displaying the highest, and lowest HRV (figure 9). To account for individual differences in signal
strength, the ratio between the height of the p-wave, and r-wave were computed. The P:R ratio
was shown to be significantly reduced in the low HRV animals, both of which were from the

second cohort (appendix 11).

Figure 9. Representative average P QRS T waves from each cohort

High HRV

P/R Ratio:
0.252

Low HRV

P/R Ratio:
0.125

While no study has directly examined the impact of hyperkalaemia on HRYV, this
morphological change strongly suggests the existence of such an association. Furthermore, an
abnormal p-value is most likely to directly impact HF components of HRV, as HF is generally
considered a measure of respiratory sinus arrhythmia, the modulation of the sinoatrial node by
respiration (Yasuma & Hayano, 2004). While we were unable to directly examine the serum
potassium concentration, as this effect was only detected following euthanasia, the examination of
the HIF percentage data strongly suggests a significant impact of potassium to be present. To
highlight this, the split analysis of HF percentage showed no effect of circadian pattern, a highly

robust effect observed even in the RMSSD of these animals. Furthermore, a genotype by cohort
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interaction was observed, whereby differences between SERT** and SERT”" animals began to
emerge within cohort one, further emphasising the normalisation of HRV following increased
recovery time. The lack of such a genotype effect in cohort 2 may be due to a floor effect, as HF
and RMSSD were already very low in this cohort due to the reasons mentioned above. While these
data should not be considered conclusive due to the low sample size requiring the violation of
statistical assumptions to increase power, they should still be considered to suggest that the genetic
reduction of serotonin transporter expression may produce reduction in HRV, improving the
translational validity of the serotonin transporter knockout rat as a model of depressive disorders,

warranting further investigation.

Finally, to further examine the likely association between the reduced serotonin expression
and the cardiovascular system, cardiac morphology was examined through the computation of
HW:BW. It was hypothesised that SERT”"animals will be observed to have an increased HW:BW,
which while not reaching significance, suggests a trend in support of this hypothesis. There data
provide additional support to the suggested association between cardiovascular abnormalities and
alterations of the serotonergic system frequently reported in humans. For example, individuals
with autism spectrum disorder, particularly those exposed to valproic acid during foetal
development, show abnormal heart valve morphology (Jentink et al., 2010), as well as reduced
HRYV (Ellenbroek & Sengul, 2017). While having multiple effects, Valproic acid has been shown
to significantly impact the serotonergic system, whereby foetal serum concentrations are
significantly increased; the most frequently reported association between gestational exposure and
the development of autism (Narita et al., 2002). Given the similar serotoninergic impact of
gestational valproic acid, and the genetic reduction in serotonin transporter expression, it is
unsurprising that abnormal heart valve morphology has been reported in SERT &nock-in mice
(transporter expression reduction during gestation, thus comparable to the SERT knockout line
during this period) (Pavone et al., 2008). This association is further demonstrated through foetal

exposure to SSRIs producing cardiac malformations (Noorlander et al., 2008), and a reduction in
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left ventricular weight being observed in SERT" rats (J. Homberg et al., 2006). While the precise
mechanisms underlying this association at yet to be fully elucidated, serotonin has been
demonstrated to play a significant role in cardiovascular development. For example, Nebigil and
colleagues. (2000) developed an animal model in which a genetic ablation of the 5-HT*" receptor
subtype results in embryonic and early infant death due to heart malfunctions. Due to the
associations between HRV, cardiovascular morphology, and the serotonergic system, the
examination of the cardiovascular morphology in SERT”" and SERT*" may further elucidate the
association between the association between the 5-HTTLPR polymorphism, depressive disorders,
and HRV abnormalities. It should be noted that the data showed an inability to reach significance,
likely resulting from the tissue extraction and preparation, whereby hearts were extracted, then
rapidly snap-frozen for use in later experiments. Due to this, residual blood remained in the

ventricles and atria, likely contributing to the variance observed.

Due to the lack of clear significance when examining the effects of the genetic reduction
in the expression of the serotonin transporter on the cardiovascular system due to the limitations
described, clear conclusions are difficult to make. Due to this, the reduced HF percentage and
RMSSD parameters observed in the SERT”" rats in the first cohort will be discussed despite the
violation of statistical assumptions. These data suggest a potential reduction in HRV parameters
as a result of the reduction in serotonin transporter expression. While as demonstrated with
potassium, numerous factors have been shown to significantly impact HRV scores in humans,
including diet and exercise (H. A. Young et al., 2017),. prior studies have shown that SERT” rats
have normal locomotor activity in these animals (Lizarraga et al., 2014; J. Olivier et al., 2008).
Furthermore, serotonin transporter knockout animals typically do not significantly differ in body

weight, nor in food consumption (Lira et al., 2003).

While no direct effects are present, it has been demonstrated that activation of the 5-HT™

receptor inhibits the release of the inhibitory neurotransmitter, GABA (Kishimoto, Koyama, &
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Akaike, 2001). This inhibition of GABA in turn results in a reduction of vagal tone. Although at
this point, it is speculative to discuss the underlying mechanism, it has been well established that
5-HT'™ receptor activation enhances vagal tone (REFS). Given the SERT”" rats have substantially
reduced 5-HT'* activation, vagal tone is likely reduced. as well. (J. D. Olivier et al., 2008). If the
current trends can be statistically confirmed in replication studiers, it would strongly suggest the
association between reduced serotonin transporter expression and cardiovascular abnormalities...
Moreover, it would substantially add to the relevance of the SERT”" as a genetic model for
depression, as a reduction in vagal tone and HRV has consistently been reported in human studies
in depression (Kidwell & Ellenbroek). In line with this suggestion, one of the most direct links

between HRV and depression comes from studies using vagus nerve stimulation.

Given the invasive nature of the procedure, VNS has so far only been used in treatment-
resistant cases of MDD. Sackeim et al. (2001) piloted this technique in 60 treatment-resistant
MDD patients, to establish predictors of outcome and side effects, and to determine the response
rate to this novel technique. The 10-week response rate ranged from 30.5 to 37.3% improvement,
depending on which depression scale was used for the assessments, with relatively few side effects.
On the basis of this finding, VNS was proposed as an effective technique to overcome mild to
moderate treatment-resistant MDD. Marangell et al. (2002) conducted a 1-year follow-up of these
patients to examine the chronic efficacy of VNS and reported that response rates were maintained,
while remission rates had significantly increased. Finally, a 2-year follow-up was conducted by
Nahas et al. (2005) who reported sustained response and remission rates, from which they

suggested VNS as an effective treatment for resistant MDD or chronic recurrent MDD.

The present study initially sought to examine the impact of the genetic reduction of
serotonin transporter expression on parameters of HRV. This was initially intended to improve
the translational validity of the serotonin knockout rat as a model of depressive disorders, however,

due to uncontrollable time constraints, the effects were significantly impacted by a high degree of
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variance. The increase in potassium following standard post-operative protocols was determined
to underlie this variance, and once controlled for, genotype differences emerged. Furthermore,
HW:BW was computed to elucidate the mechanisms underlying the association between serotonin
and cardiovascular alterations. These data showed a marginally significant increase in HW:BW in
SERT”" animals. While caution should be taken when interpreting these results, these data suggest
cardiovascular pathology in SERT”" rats, similar humans with psychiatric illness. This in turn
suggests the association between SERT” rats and depressed humans extends beyond behavioural
associations, improving the translational validity of the model. These data should be replicated
following the recommendations listed to further understand the association between HRV and

depressive disorders.
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CHAPTER FIVE

Experiment Four

The Impact of the Serotonin Transporter Knockout on Eatrly

Neurogenesis
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Given the behavioural abnormalities associated with the 5-HTTLPR genetic variation, a
large variety of psychopathologies coexist (Kenna et al, 2012). However, the underlying
neurobiological alterations are yet to be fully elucidated. Of particular interest in this respect is the
so-called serotonin paradox. In its simplest form, the serotonin paradox is based on the fact that
on the one hand the most common medications given to treat anxiety and depressive disorders
are SSRIs which selectively inhibit serotonin transporter function, thus increasing extracellular
serotonin (Nutt et al., 1999). On the other hand, as shown in the literature and previous chapters,
a genetic mutation which similarly impacts the serotonin transporter produces the opposite effects,
i.e. an increase in anxiety and depressive symptoms, in both animals and humans. (see figure 7). The
major difference between that two situations is, of course, that SSRIs are typically administered
during adulthood, while 5-HTTLPR mutations create alterations in serotonin transporter
functionality during development, thus likely impacts all stages of neurodevelopment. This
suggestion is supported by perinatal exposure to SSRIs producing effects comparable with the
SERT knockout (Oberlander, Gingrich, & Ansorge, 2009). Serotonin plays a diverse, and very
important role in all stages of neurodevelopment, affecting particularly prenatal and early postnatal
development (Kepser & Homberg, 2015). Details of the involvement of serotonin across an array

of neurodevelopmental processes will be briefly described below.

Figure 1. Visual depiction of the serotonin paradox
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The Neurodevelopmental Role of Serotonin

Serotonin plays a crucial role in many aspects of neurodevelopment, thus abnormalities in
extracellular serotonin during development can produce significant alterations to the natural
development of a foetus and infant. For example, serotonin modulates axon path finding through
the protein, netrin-1, which when exposed to excessive serotonin reverses its function, repelling
extending axons (Bonnin, Torii, Wang, Rakic, & Levitt, 2007). Other notable influences of excess
serotonin during cerebral cortex development include protection against normal neuron culling,
increased synaptogenesis, angiogenesis, gliogenesis, and neurogenesis (Vitalis & Parnavelas, 2003).
While the protective effects being detrimental may appear paradoxical, the developing brain is
highly sensitive, thus alterations in the natural homeostasis will produce significant downstream
effects. Homberg, Schubert, and Gaspar (2010) reviewed the literature surrounding the impact of
increased serotonin during early neurodevelopment from both animal and human studies. The
authors identified associations between the early increased serotonin concentrations and increased
anxiety and depressive symptoms. While these studies were primarily from animal research, the
fundamental impacts of serotonin on neurodevelopment are translatable to human development.
Given the broad impact of increased serotonin on neurodevelopment, it is unsurprising that there
exists a strong association between the 5-HTTLPR polymorphism and a wide range of psychiatric

illnesses (Caspi & Moffitt, 20006).

Of particular interest is the impact of serotonin on neurogenesis which refers to the
development of new neurons. Neurogenesis is a crucial element in the developing brain with
neurogenesis rates maximising during late gestation then reducing with age (Kuhn, Dickinson-
Anson, & Gage, 1996). Abnormal neurogenesis has been implicated in a number of psychiatric
disorders including anxiety, autism and schizophrenia (Kheirbek, Klemenhagen, Sahay, & Hen,
2012; Reif, Schmitt, Fritzen, & Lesch, 2007; Revest et al., 2009; Wegiel et al., 2010), however, most

frequently within depressive disorders (Kempermann & Kronenberg, 2003; Sahay & Hen, 2007).
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Adult neurogenesis was first detected in humans using 5-bromo-2’-deoxyuridine (BrdU) by
Eriksson et al. (1998), to discover the development of new cells in the dentate gyrus. Since this
discovery, the results have been replicated with mixed success in human studies, potentially due to
a variety of procedural differences (Bhardwaj et al., 2000; Sorrells et al., 2018). Despite this
controversy, the results indicating that neurogenesis occurs throughout development and
adulthood in non-human mammals remains relatively consistent (Kuhn et al., 1996; Ming & Song,
2005). The involvement of serotonin in neurogenesis has been relatively well studied, with
serotonin depletions reducing neurogenesis within the dentate gyrus (Brezun & Daszuta, 1999).
Further, due to the delayed response to SSRI treatment aligning closely with the time course for
new cells to develop and become integrated into the dentate gyral network, this has been posited
as a potential mechanism underlying the effects of antidepressants (Jacobs, Van Praag, & Gage,
2000). Thus, serotonin clearly plays a crucial role in neurodevelopment through the promotion of

neurogenesis throughout development and possibly into adulthood.

Although behavioural and neurological data remains relatively consistent in regards to the
impacts of abnormal serotonergic system activity, it is important to explore the impacts of
serotonin on neurogenesis from a molecular and cellular perspective. While during development a
number of neurons have been shown to temporarily store and release serotonin (Lebrand et al.,
1996), the production and release of serotonin remains relatively specific to the serotonergic
system, especially later in life (Jonnakuty & Gragnoli, 2008). The serotonergic system originates
from the raphe nuclei, a cluster of nuclei located within the brain stem. During early cortical
development, afferent fibres project from the raphe nuclei into the majority of cortical regions
(Wallace & Lauder, 1983). The complexity of serotonergic effects is further explained by
serotonin’s self-regulatory ability, whereby serotonin can stimulate or inhibit its own expression
(Gaspar et al., 2003; Lauder, 1990). The hippocampus is one region where serotonergic projections
are most densely populated, thus it is one of the primary regions of interest when examining the

function of neurogenesis.
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There exists 14 types of serotonin receptors, of which the majority have been implicated
in neurogenesis, however, 5-HT" receptor activation has been shown to be most strongly
associated with increased neurogenesis in adulthood, while others remain less understood (Banasr
& Duman, 2007). Activation of the 5-HT" receptor subtype has been shown to reduce the cAMP
cascade, while increasing the rate of neurogenesis (Duman, Malberg, Nakagawa, & D’Sa, 2000,
Duman, Malberg, & Thome, 1999). Further, 5-HT*> %7 receptor subtypes have been shown to
trigger the cAMP-CREB cascade, which in turn increase the expression of BDNF (Djavadian,
2004). While BDNF itself does not directly influence the rate of neurogenesis, BDNF has been
shown to increase the release of serotonin (Martinowich & Lu, 2008). This increased release of
serotonin then likely stimulates the 5-HT' receptors, increasing adult neurogenesis, as well as the
5-HT? receptors, which are involved in early neurogenesis. One potential explanation behind the
serotonin paradox is that due to increased extracellular serotonin during development,
downregulation of the 5-HT" receptor occurs, resulting in reduced adult nenrogenesis, which has been
associated with depression. In addition, higher levels of serotonin during development would lead
to overstimulation of the 5-HT? (and the 5-HT' receptors) resulting in sncreased develgpmental

nenrogenesis.

A number of studies have examined the effects of neurogenesis through the agonism and
antagonism of the 5-HT'* receptor (Polter & Li, 2010), whereby 5-HT'* activation produces
increased neurogenesis, while the inverse occurs in blockades and 5-HT"* knockout rodents. While
some studies have indeed reported reduced neurogenesis in adulthood, these effects are not
observed in SERT knockout animals (Murphy & Lesch, 2008), while studies looking at
neurogenesis in early development are lacking. To further examine the nature of the serotonin
paradox, we aimed, in the present chapter to investigate whether a genetic reduction in serotonin

transporter expression indeed leads to increases in neurogenesis in the developing brain.
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BrdU immmunobhistochemistry

Several different methodologies exist for the detection of neurogenesis, including analysis
of the immunohistochemical detection of Ki-67, (a protein that is expressed during all phases of
cell division except the resting phase) and doublecortin (a protein which is expressed during active
cell division and over three weeks of maturation) (Kee, Sivalingam, Boonstra, & Wojtowicz, 2002).
However, immunohistochemical detection of 5-bromo-2'-deoxyuridine (BrdU) remains the most
often used technique, particularly as it has the clear advantage of being incorporated in the DNA,

and remains therefore is detectable throughout the lifespan of the cell (O’Leary et al., 2018).

BrdU is a synthetic analogue of the pyrimidine deoxynucleoside, thymidine (Figure 2),
which when administered, incorporates itself into newly synthesised DNA, replacing thymidine in
the process (Taupin, 2007). The cell cycle lasts approximately 12 hours, of which the forming cell
spends 4 hours in the synthesis phases. Briefly, during the synthesis phase DNA is replicated to
create two identical strands. The double helix formation of the DNA is separated primarily thought
the action of helicase enzymes, which is followed by the nucleotide pairing, whereby the purine
adenine pairs with the pyrimidine thymine, while the purine guanine always pairs with the
pyrimidine cytosine primarily through the action of DNA polymerase 8. The S-phase is later ceased
by p16 protein (cyclin-dependent kinase inhibitor 2A). This process in turn produces two identical
DNA strands to be separated into their own cells through the later process of mitosis. BrdU
competes with thymidine, and with the correct concentration is able to near completely replace
the integration of thymidine with adenine (see Figure 3). Following the incorporation into the newly
formed cell, BrdU can be labelled for detection using immunohistochemistry techniques to
examine neurogenesis, cell proliferation, cell migration, and cell survival. The half-life of BrdU is
11 minutes, and while BrdU is present, all cells passing through the S phase will be labelled,
however to avoid cell migration to examine accurate, regionally specific neurogenesis, the animal

should be euthanized within two hours of BrdU administration.
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Figure 2. Molecular similarities between BrdU and Thymidine
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Figure 3. The BrdU incorporation process which allows antibody labelling
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Method
Animals

A separate cohort of animals was used for this experiment which consisted of 13 litters of
pups produced from pairing seven different genotype combinations to produce all possible
genotypes in the offspring and all different maternal genotypes. However, for the purpose of this
study, only male pups produced from SERT*/* dams will be examined to limit maternal influences,
thus only animals fitting this criterion will be discussed from this point (litters: 5, pups: 26). All
animals were housed in the Victoria University of Wellington vivarium in accordance with the
Animal Welfare Act 1999, with all procedures being approved by the VUW Animal Ethics
Committee (AEC number 22375). All animals were housed in polycarbonate cages (one dam and
her offspring per cage) in a temperature and humidity (55-60%) controlled environment, 21°C £
2 and 55-60% respectively. A reverse light cycle was used (lights on at 1900-0700 hours), consistent

with all other experiments.
Tissue Preparation

At postnatal day 7 (PND 7), pups were removed in pairs and taken to a separate room to
avoid stress on the remaining animals. After weighing, pups were injected with 25 mg/kg of BrdU
intraperitoneally, marked for identification, and returned to the dam within 5 minutes. Following
a 2-hour integration phase, the animals were rapidly decapitated. Tail clippings were taken to
establish the animal’s genotype (Transnetyx, Inc.), and brains were submerged in 4%
paraformaldehyde solution for 24 hours for protein fixing, following this, brains were immersed
in 30% sucrose solution for cryoprotection. Once the brains showed no buoyancy, indicating the
complete transfer of water for sucrose solution had occurred, the brains were snap frozen at -40
°C in isopentane, at which point they were stored at -70 — -80 °C until sectioning. All brains were
coded at this point to keep the experimenter blind for the remained of the experiment. Sectioning
was completed using a freezing microtome, whereby 30 um sections were obtained, with every
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sixth section being used in the analysis to ensure a 180 pm difference between sections to avoid

counting the same cell multiple times (Coordinates; P7, C11-13).

BrdU Labelling Procedure

The ABC peroxidase method for labelling BrdU positive cells in free floating sections, a
procedure previously established within our lab group, was used in this experiment. All steps were
conducted under mild agitation at room temperature. Sections were removed from the Phosphate-
buffered saline (PBS) azide solution in which they were stored, and washed three times, for five
minutes in PBS (10 mM, pH 7.4) (replaced between each wash). An antigen retrieval process was
used to break the protein crosslinks formed during most standard fixation methods, allowing for
greater staining intensity; the sections were incubated for 90 minutes in 5 ml of 2 N hydrochloric
acid (HCL). Following incubation, sections were washed three times in PBS as before. Sections
were incubated in 1% Bovine Serum Albumin (BSA, Sigma-Aldrich) for 60 minutes to block non-
BrdU binding sites, preventing non-specific antibody binding for occurring. Following incubation,
as previously, sections were washed using PBST, created by adding Triton (X-100, ThermoFisher)
to PBS solution (1:1000). Next, sections were incubated in 3% hydrogen peroxide (H202) for 30
minutes to induce membrane permeability, then washed in PBST solution. To increase the number
of binding locations per BrdU positive cells, sections were incubated overnight in the primary anti-
BrdU mouse monoclonal antibody, conjugated to biotin (ab2284, Abcam). Following this
incubation period, sections were washed in PBST, then incubated in Avidine-biotine peroxidase
complex (ABC, Vectastain) for 60 minutes. Finally, following washing in PBST, sections were
incubated in 3,3’-diaminobenzidine (DAB; 4 mg/ml), Nickel chloride (NiCl2; 8§ mg/ml) (2:1)
solution with 0.3% H2O2 to induce oxidisation resulting in a rust coloured stain binding to the

BrdU sites.

Following staining, sections were kept at 4 °C until mounting within 48 hours. Stained

sections were extracted from the baskets and immersed in PBST and gently mounted onto the
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gelatinised slides and allowed to dry. Following mounting, counterstaining was completed to
provide a strong contrast between BrdU positive cells and the surrounding tissue (see figure 4). This
procedure involves immersion of the mounted sections in 1% neutral red assay (Biovision) for 2
minutes, followed by a brief immersion in a progressively increasing strength of ethanol solution
(70%, 95% x2, 100% x2). Following this, sections were immersed in two baths of Histo-Clear
(National Diagnostics), then a coverslip was applied with DPX (Sigma-Aldrich) and allowed to dry

for at least 48 hours.

Figure 4. Representative section with the dentate gyrus region mapped

Results

Means and standard deviations of the total area (1) of dentate gyri used in the analysis
were computed for SERT™* (M = 45.52, SD = 11.83), SERT"" (M = 46.67, SD = 5.62), and
SERT (M = 49.46, SD = 6.74), to explore the equivalence of the samples between groups.
Equivalence of the size of the dentate gyri between genotypes was determined through a one-way
ANOVA which revealed no significant differences [F (2, 11) = .227, p = .801], ensuring no bias
underlying the areas examined during data collection (Table 7). Following the confirmation of
equivalence, means and standard deviations for the density of BrdU positive cells were produced
for SERT™* (M = 0.32, SD = 0.30), SERT"" (M = 0.75, SD = 0.09), and SERT"" (M = 1.45, D

= 0.70) (figure 5). A one-way ANOVA showed a significant genotype effect [FF (2, 11) = 6.65, p =
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.017]. A post hoc Tukey test was conducted to identify the origin of the differences; SERT/*and
SERT”" differed significantly (p = .014), while no other differences withstood correction for
multiple tests. These results indicate that SERT”" animals show more neurogenesis than SERT*/*

animals during early development.
Table 1. Density (BrdU positive cells per °) and hippocampal area

Density of BrdU Positive Cells

SERT+*/+ SERT*/- SERT-/-
Area (')  Density Area (’) Density Area () Density
Mean 45.52 0.32 46.67 0.75 49.46 1.45
Standard Deviation 11.83 0.3 5.62 0.09 6.74 0.7
Figure 5.
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Figure 5. Means and £SEM for the density of BrdU positive cells indicating the
number of new cells developed following BrdU administration (2 hours).

* Indicates significant differences (p < .05)
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Discussion

The present experiment sought to examine the impact of a genetic reduction of serotonin
transporter expression on neurogenesis during early development. Prior studies have indicated a
modulatory role of serotonin in neurogenesis, particularly in adulthood, with common
antidepressants increasing neurogenesis in adulthood through the increased extracellular
serotonin, a process thought to underlie the reduction in depressive symptom severity. However,
other studies have clearly shown that increase in serotonin in early development are actually a risk
factor for the development of psychiatric disorders, including depression (Homberg et al., 2010).
To examine this serotonin paradox, we set out to investigate the impact of increased serotonin
during early development, the rate of neurogenesis was examined in SERT"*, SERT*"and SERT*
/~ rats using BrdU. It was hypothesised that the proportion of BrdU positive cells would be
increased in SERT"" in comparison to the SERT*/* group due to the promotion of neurogenesis
through serotonin. Furthermore, the partial reduction of serotonin transporter expression as seen
in the SERT" group was hypothesised to produce a smaller increase in BrdU than the SERT,
when compared to the SERT*/* group, thus producing a gene-dose response. These hypothesise
were supported as there was a significant increase in BrdU positive cells in the hippocampus of
SERT rats, compared to the SERT*/* animals, with the SERT"/" group being intermediate to

both.

Given the significant increase in neurogenesis observed in the SERT”" animals used in this
experiment, it is clear that developmental changes are occurring in response to the increased
extracellular serotonin. Given that such new born cells are likely to make new synaptic contacts,
this early increase in serotonin signalling is likely to change the connectivity within the
hippocampus. Whether this also occurs in other brain regions has yet to be investigated. However,
since neurogenesis at this age (and especially earlier) also occurs in multiple other brain regions,

and SERT" have increased serotonin levels throughout the brain, this seems highly likely. In
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addition to the results of the current study, high levels of serotonin during development have also

been shown to induce changes in the barrel cortex and the frontal cortex.

The barrel cortex, a rodent specific portion of the somatosensory cortex critically involved
receiving sensory information has been intensively studied due to the simplistic structure and
topographical layout (Petersen, 2007). The role of serotonin during development heavily impacts
the formation of the barrel cortex, whereby depletion of serotonin results in significant
developmental stunting (Persico et al.,, 2000), while excess levels as shown in the monoamine
oxidase-A deficient mice have been observed to not show the characteristic barrel shaped clusters
(Cases et al., 1996). These data demonstrate that serotonergic homeostasis is required for normal
cortical development and cytoarchitecture, whereby increased serotonin produces structurally
unorganised barrel formation, while depletion stunts development typically requiring serotonergic
mediation. While the frontal cortex is a more complex structure, the role of serotonin during early
development is equally important. Numerous deficits have been observed in the prefrontal cortex
in response to increased extracellular serotonin during critical stages of development. For example,
(Witteveen et al., 2013) demonstrated significant alterations to the development of the raphe-
prefrontal network is SERT knockout rodents, an effect suggested to occur in response to
guidance cues. As discussed earlier, excess serotonin resulted in the reversal of the nefrin-1 cues
involved in axon guidance (Bonnin et al., 2007), similarly, Witteveen et al. (2013), demonstrated
the reversed guidance effect of the median raphe serotonin neurites in SERT”" rats. These data
indicate the significant role of serotonin during critical stages of development whereby challenging
the homeostasis results in altered guidance cues which, in turn result is abnormal cytoarchitecture.
Similarly, these serotonin mediated deficits have been observed in humans with psychiatry illness,
particularly autism spectrum disorder, thus demonstrating the role of serotonin innervation of the

frontal cortex (Schubert, Martens, & Kolk, 2015).
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It is, at present difficult to identify the exact molecular mechanism underlying this increase
in neurogenesis during development, or indeed the other developmental changes. Studies have
shown in SERT”" rats, 5-HT"* receptors are downregulated in adulthood (J. D. Olivier et al., 2008).
Additionally, we have unpublished data of downregulated 5-HT2C receptors and it seems highly
likely that other 5-HT receptors are also downregulated. However, exactly when this
downregulation occurs is unknown. Thus, it is entirely feasible that at postnatal day 7, 5-HT'*and
5-HT" receptors are not yet downregulated and thus (as mentioned above) enhanced stimulation
of these receptors would induce enhanced neurogenesis. In adulthood, when downregulation has
occurred, an under-stimulation of these receptors may then lead to the reduced neurogenesis seen
in major depression. However, other factors may also play an important role. For instance, it is
well known that increased cortisol release can influence neurogenesis (Gould & Tanapat, 1999),
and some studies have shown that humans with the s-allele of the 5-HTTLPR have increased

hypothalamus-pituitary-adrenal (HPA) axis activity, leading to an altered circulation cortisol levels.

For instance, human infants expressing the s allele of the 5-HTTLPR polymorphism show
increased cortisol response to stress, and a marginally significant increase in baseline cortisol
irrespective of environmental factors. Given the negative influence of cortisol on neurogenesis,
this may in part counteract the effects of increased serotonin levels. It is tempting to speculate that

this may explain the lack of effect in the SERT /" rats, but clearly more research is needed.

In summary, the present study sought to examine the impact of increased serotonin levels
on neurogenesis during early neurodevelopment in order to gain insight into the mechanisms
underlying the serotonin paradox. Through the genetic reduction in the expression of serotonin
transporters, we found a gene-dose related increase in neurogenesis in the dentate gyrus of the
hippocampus. Although further studies are needed to investigate to what extent this finding can
be extrapolated to other brain regions, the data do show that the brains of SERT”" rats are

fundamentally different from SERT"/* rats. Together with changes found in the serotonin
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innervation of the frontal cortex (Schubert et al., 2015), and even changes in the dopaminergic
system, this begs the question how different these brain are. While it would be impossible to
answer this in a single master’s thesis, in the next chapter we introduce a relatively novel technique

to investigate regional changes in multiple biochemical compounds in a single sample.
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CHAPTER SIX

Experiment Five

Piloting the Use of Matrix Assisted Laser Desorption/Ionisation on Brain and

Heart Tissue
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Immunohistochemistry has been a great contributor to many fields of research, from
oncology to psychiatry (Wood, 2014), however, one core component of these techniques is their
limited scope. While it is possible with some techniques to process the same tissue multiple times,
each procedure is highly specified to detection a specific protein such as brain derived neurotropic
factor (BDNF), or a specific cell phase such as KI-67 or BrdU. Given the specificity of these
techniques, the research conducted tends to be labour intensive and primarily driven by on a priori
hypotheses and it seems unlikely that such techniques lead to the identification of completely novel

insights.

Technological advances have provided a range of new methods, which through slight
modifications can be appropriated into new fields which were not originally intended to use those
methods. For example, mass spectrometry (MS) was initially theorized and developed (while
crudely) in the late 19" century. Since then, MS has undergone many changes, with novel
techniques developed for the specific application in a particular field of research. MS has the
advantage of being able to detect multiple (in theory hundreds of) compounds (including even
unknown) in the same sample. While this is useful for a relatively homogeneous sample (such as
serum or urine), it is inherently less informative when studying the brain, where concentrations of
compounds vary strongly between different brain (sub)regions. Here we present a relatively novel
method for examining all possible compounds in the brain from neurotransmitters to proteins
with a high spatial resolution. While in theory this technique would allow to investigate all chemical
changes in for instance the SERT-/- rats (even across multiple time points during development),

the present study is merely designed to provide a proof-of-principle.
MALDI theory

Matrix assisted laser desorption ionisation time-of-flight MS (MALDI-TOF MS),
integrates aspects of MS, however through the use of a laser absorption matrix, the molecules

remain more stable and less fragmentation occurs (Medzihradszky et al., 2000). Firstly, it is
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important to understand the fundamental theory of time-of-flight MS (TOF MS), thus this will be
briefly described; TOF MS involves directing electrons through an analyte, transferring the kinetic
energy into the sample, this in turn deconstructs the sample into its ions which travel towards a
detection point. Based on the mass to charge ratio, these ions will contain the same charge, but a
different mass, with larger particles travelling at a slower rate, and thus being detected later. This
then leads to a spectrum containing peaks at different time points. The height of the peak correlates
with the concentration of the compound, with the position of the peak within the time spectrum
being indicative of the identity of the compound. The primary limitation of conventional MS
procedures is the fragmentation which occurs due to the intensity of the laser required to ablate

the sample resulting is significant noise surrounding the peak of interest.

To reduce the fragmentation, MALDI incorporates a matrix which contains a
chromophore which absorbs the laser, dispersing the intensity evenly over the sample. This
absorption allows for the use of a lower laser intensity to induce ablation (i.e. soft ionisation); often
a 337 nm wavelength nitrogen laser (Medzihradszky et al., 2000). While this method has been
shown to reduce fragmentation, primarily within large compounds such as proteins, significant
fragmentation has been noted in low mass compounds such as primary amines (Shariatgoriji et al.,
2015). Furthermore, conventional matrices are often of a lower mass composition producing a
significant masking effect of the lower mass range. Due to this masking of lower mass ranges, the
MALDI technique has been of little value within neuroscience, as quantification of (mostly small

molecule) neurotransmitters such as dopamine and serotonin has not been possible.

Recent developments have incorporated a derivatisation agent into the conventional
MALDI technique with the results suggesting a reduced fragmentation and increased intensity of
smaller compounds, resulting in the ability to quantify neurotransmitters such as dopamine
(Shariatgorji et al., 2014). One derivatisation agent, 2-4-6-Triphenylpyrylium tetrafluoroborate

(TPP), derivatives compounds containing an amino group (NH2), a defining component of
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amines, converting the amine into a pyrylium salt structure (Shariatgorji et al., 2015). This pyrylium
salt conversion is advantageous firstly due to providing additional stability to amines, resulting in
less fragmentation, while secondly significantly increasing the mass of the amine, resulting in

detection at a mass above the masking range of most matrices.

Through this method, we propose that it is possible to detect a variety of amines, as well
as other smaller compounds containing an amino group. Moreover, by moving the laser across a
brain slice, it would be possible to obtain an MS spectrum for every 50pm? of tissue, thus allowing
for a high spatial resolution. Together this would make it possible to examine changes in
concentrations of a wide variety of neurotransmitters throughout the tissue sample (and in theory
throughout the brain. The present experiment sought to pilot the use of MALDI incorporating
the use of TPP as a derivatisation agent on brain tissue to accurately detect a broad range of
compounds. Furthermore, we tested the versatility of this technique by simultaneously examining

cardiac tissue.
Method
Tissue preparation

After decapitation, brain tissue from an adult male Wistar rat was rapidly extracted and
snap frozen using liquid nitrogen (see appendix 10). Samples were transferred to a cryostat (-20°
C) and allowed to acclimatise for 20 minutes to improve sectioning quality. Following
acclimatization, sections were halved down the longitudinal fissure, at which point the right
hemisphere was mounted on OCT. Sections were trimmed to create an even cutting surface,
following which, sagittal sections were obtained at 10 pum thickness. Sectioned were placed on the
MALDI target slides (maintained at -20° C), after which a heat source was briefly applied below
the sample location resulting in rapid tissue adherence to the sample slide, thus avoiding residual

ice crystal formation and loss of water soluble compounds associated with gradual adherence.
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Following sectioning, slides were dried at room temperature for 30-60 minutes using a
desiccator to prevent condensation forming and delocalisation of compounds. The sample slide
was then imaged in high definition to align the final spectra output and the sample. To validate the
accurate alignment of the spectra, reference points were added using a 1 mg/ml spot of dopamine
(Dopamine hydrochloride (Sigma-Aldrich) dissolved in distilled watet), and 1 mg/ml of serotonin

(Serotonin hydrochloride (Sigma-Aldrich) dissolved in distilled water), spotted near the tissue.

In the next step, the derivatisation agent, 2-4-6-Triphenylpyrylium Tetrafluroborate (TPP,
1.8mg/ml, diluted in a 70% methanol and 0.5% Trithylamine solution). TPP was selected due to
its ability to react with amines creating pyrylium salt structures. The derivatisation agent was evenly
applied over the sample (Flow rate; 0.02/ml per minute, 250 PSI, 70-75° C) using an automatic sprayet.
The sample was incubated in a beaker elevated over 4ml of 50% methanol solution for 60 minutes. During
this incubation phase, the derivatisation agent reacts with the amines through creating a basic environment,
opening the chemical structure, and allowing for the formation of the pyrylium salt structure. Due to the
acidic nature of the matrix, there was no need to re-acidify the sample as seen in prior studies (KKamath,
Diedrich, & Hindsgaul, 1996), as this was likely to increase delocalisation. Finally, a-cyano-4-
hydroxycinnamic acid (CHCA, Sigma-Aldrich, 8mg/ml was created through combining in a 50%
solution of acetonitrile and 0.2% Trifloroacetic acid) was used as the matrix due its broad use in
soft ionisation techniques. The matrix was applied using the automatic sprayer (75 °C) with the TPP
acting as a proton donor allowing for the absorption of the laser resulting in the ionization and abolition of
the sample tissue. Finally, the sample was incubated with 4ml of 50% methanol solution and 0.2 ml of acetic

acid.

Following CHCA application, the sample slide was loaded into the Mass-spectrometer (AB
sciex tof/tof 5800), which uses a variable laser set at 337nm in a vacuum chamber to process the
spectra using the time of flight principle. The laser ablates and ionises the sample with a resolution
of 50um”per pixel. Following the completion of the MALDI procedure, the output spectra were

analyses using Bitmap software.
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Results

Due to the translucence of the tissue, exact coordinates were unable to be established,
however, the sagittal brain section appeared to be between lateral -0.10 mm and 0.50 mm
coordinates (Paxinos & Watson, 1998) (see figure 7). Given the nature of the experiment (i.e a proof
of principle), no quantification was attempted, but rather a qualitative approach was used to

determine the validity of the method for studying the chemistry of cardiac and brain tissue.

Figure 1. Tissue images taken following desiccation

Brain tissue was initially examined for the presence of dopamine, serotonin and GABA.

These results will be discussed below.

Figure 2. TPP Average spectra intensity at 308.94-309.13 g/mol

Based on prior experiments from our laboratory, the detected mass of TPP is centred around 309
g/mol due to the loss of the tetrafluoroborate, thus this mass acts as a reference point and allows

for the calculation of a pre-derivatization mass of detected peaks of interest. As unbound TPP
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could be detected throughout the tissue, but was of lower intensity than the surrounding plate

surface (figure 2), it can be concluded that adequate derivatisation had occurred.

Figure 3. Dopamine Average spectra intensity at 308.94-309.13 g/mol

As a known quantity of dopamine was spotted near the tissue, the mass peak of dopamine
could be identified through targeting this point. This peak was centred around 444 g/mol,
consistent with prior observations within our laboratory. To establish the accuracy of this
detection, the observed mass of TPP (following the deduction of H20 formed during the
formation of the pyrylium salt structure) is deducted from the observed mass of dopamine (444 —
291.11 g/mol) to produce an observed pre-derivatisation mass of 152.89 g/mol (virtually identical
with the molecular weight of dopamine (Figure 4), (153.2 g/mol) Examining the distribution of
dopamine shows an unexpected absence of dopamine throughout the tissue, aside from a cluster

of high intensity localised around the optic chiasm region (figure 3).
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Figure 4. Dopamine reaction with TPP to form pyrylium salt structure
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Figure 4.. The reaction between the compound of interest and TPP. a) Compound of

interest, b) TPP prior to reaction, ¢) detected compound, d) by-products of the reaction.

Figure 5. Serotonin; Average spectra intensity at 467.04 — 467.224 g/mol

Using the same technique, serotonin was spotted a peak at 467 g/mol was identified,
corresponding to a molecular weight of 175.89 g/mol for the underived form of serotonin
(molecular weight 176.2 g/mol). Serotonin shows a high intensity located within the region

containin e pineal gland, while no detectable level of serotonin was observed in any other tissue
t g the pineal gland, whil detectable level of serot b d y other t

region (figure 5).
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Figure 6. GABA; Average spectra intensity at 393.990 — 394.160 g/mol

Due to the accuracy of the calculations used in the detection of dopamine and serotonin,
this formula was reversed to determine whether it could be used as a predictive calculation. GABA
was selected as a target amine due to containing the required NH2 group for derivatisation, and
the relatively broad distribution throughout the brain. GABA has a theoretical mass of 103.12
g/mol, thus examination of the predicted mass of the pytylium salt structure formed through
derivatisation with TPP (394.23 g/mol) was conducted. A spectra peak was observed at 394 g/mol,
which was determined to be GABA due to being within the tolerance range of this procedure
(difference of 0.23 g/mol). A relatively broad localisation of GABA was identified, with high

intensity detected around hypothalamic, basal forebrain, midbrain regions (see fig 6).
Cardiac tissue

Thus far we have established the ability to detect amines within brain tissue to a high degree
of accuracy using MALDI with TTP as a derivatisation agent and CHCA as a Matrix. To determine

the versatility of this method, cardiac tissue was subjected to the same treatment.

Figure 7. TPP; Average spectra intensity at 309.045 — 309.271 g/mol
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Figure 7. a) Intensity distribution of TPP in cardiac tissue. b) Cardiac tissue with
core regions highlighted; white: right atrium, green: left atrium, black: right ventricle, blue: left
ventricle

Figure 7a depicts the detection of TPP within the cardiac tissue at 309 g/mol. As with
brain tissue, a sufficient degree of unbound TPP indicates ample derivatisation throughout the
tissue. It should be noted that within some of the residual blood (figure 7b), TPP was undetectable
which suggests that all TPP was bound, thus supressed peaks may be present within these regions.
No regions showed intensities equivalent to the surrounding sample plate, thus, similar to the

brain, TPP seems to be an effective derivative tool for cardiac tissue.
Exploratory compound identification

Due to the ability to predict a known amine within the brain using the reversed formula
(as with GABA), this method was applied to determine the viability of this approach as an
exploratory compound identifier. The spectra was examined, with three mass peaks identified due
to their clear peak intensities and patterns of localisation within the tissue sample. The

identification method and results will be described below:
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Figure 8. Dopamine 3-O-sulfate; Average spectra intensity at 524.538 - 524.587 g/mol

A highly localised compound was detected at 524.5 g/mol, thus following the previously
established formula, the pre-derivatisation compound was predicted to have a mass of 233.39
g/mol (figure §). Following the identification criteria, MassBank produced 57 results, mzCloud
identified 23 potential compounds, HMDB identified 23 compounds within the tolerance range,
while Metlin identified over 2000 potential compounds. From these results, all compounds not
containing a NH2 component were excluded, and, of the remaining compounds, all purely
exogenous compounds were excluded. The significantly reduced number of compounds were
subjected to a literature review to determine the most likely option. Based on this, it was concluded
that the detected compound was most likely to be Dopamine 3-O-sulfate (theoretical mass:
233.242 g/mol). Only Metlin and HMDB identified Dopamine 3-O-sulfate in the original search.
From the literature, dopamine 3-O-sulfate, the sulfonated form of dopamine, most prominent in
the peripheral nervous system, appears to be highly localised around the sympathetic

postganglionic fibre in the right ventricle (Lokhandwala & Barrett, 1983).
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Figure 9. Deoxyadenosine triphosphate; Average spectra intensity at 782.566 -782.806

g/mol

A second compound showing a distinctive pattern of high and low intensity localisation
was detected at 782.5 g/mol (see fig 9). If the compound contained an NH2 component allowing
TPP binding, the pre-derivatisation compound was predicted to have a mass of 491.39 g/mol. The
mass was centred into Massbank (1), mzCloud (2), HMDB (4), and Metlin (1475). Those
endogenous compounds containing a NH2 group were subjected to a literature review to
determine the most likely to explain the localisation pattern. It was determined that the target
compound was most likely to be Deoxyadenosine triphosphate (dATP) (theoretical mass: 497.782
g/mol) (See table 7). All data bases aside from Massbank identified dATP within the original search
criteria. Localisation occurs within the right atrium, then diffuses gradually throughout the tissue

(Cheng, Hogarth, O'Sullivan, Regnier, & Pyle, 2015).
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Figure 10. Histamine: Average spectra intensity at 401.966 — 402.042 g/mol

Finally, a compound showing high intensity diffuse labelling was detected at 402 g/mol.
Massbank (58), mzCloud (5), HMDB (18), and Metlin (479) all produced compounds around
110.89 g/mol, of which based on the same method as previously described, histamine was selected
as the most likely compounds (theoretical mass: 111.145 g/mol) to explain the pattern of

distribution (figure 10). This compound is detected primarily in the external tissue (Matsuda et al.,

2004).
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Table 1.

Summary of ldentification Criteria and Results

Tissue |Detected Mass Undervivitized Mass Compound Search Range Compounds within Range  Identified in initial search Selected Compounds  Colloguial Name Formula Theoretical Mass Difference
Eg‘t 309* N/A N/A N/A N/A 2-4-6-Triphenylpyrylium TPP C23H170 309.392 0.392
Brain 444* 152.89 N/A N/A N/A 3,4-dihydroxyphenethylamine Dopamine (DA) C8H11INO2 153.178 0.288
Brain 467* 175.89 N/A N/A N/A 5-Hydroxytryptamine SerOtHO%” G cioH12N20 176.215 0.325
Brain 394* 102.89 N/A N/A N/A gamma-Aminobutyric acid GABA C4HI9NO2 103.12 0.23
Massbank: 1 x
mzCloud: 2 v Deoxyadenosine
Heart 782.5 491.39 490.89 - 491.89 HMDB: 4 v triphosphate dATP C10H16N5012P3 491.182 -0.208
Metlin: 1475 v
Massbank: 57 x
mzCloud: 23 x .
Heart 524.5 233.39 232.89 - 233.89 Dopamine 3-O-sulfate N/A C8H11INO5S 233.242 -0.148
HMDB: 23 v
Metlin: >2000 v
Massbank: 58 v
mzCloud: 5 v A
Heart 402 110.89 110.39 - 111.39 HMDB: 18 v Histamine N/A C5HIN3 111.1451 0.2551
Metlin: 479 v

*Known mass through prior experiments
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Discussion

The present study sought to determine the viability of MALDI as a procedure to detect
neurotransmitters within brain tissue with a high degree of spatial resolution (50um?) through the
integration of TPP as a derivatisation agent. Furthermore, the versatility of the procedure was
tested to determine whether MALDI can be used on cardiac tissue as well. Finally, the potential
to use MALDI as an exploratory procedure to identify unknown compound based on their mass

and localization patterns was investigated.

It was found that clear detection of neurotransmitters was possible as dopamine, and
serotonin, reference points were detected within 0.325 g/mol of their theoretical pyrylium salt
mass. Furthermore, GABA was able to be located through the calculation of the GABA- pyrylium
salt mass, suggesting the predictive validity of this technique. Using cardiac tissue, MALDI was
used to identify compounds without a priori hypotheses: dATP, dopamine 3-O-sulfate, and

histamine where characterised based on their mass, and patterns of localisation in cardiac tissue.

Of the four databases used, it should be noted that only HMDB and Metlin were able to
identify all compounds based on the pre-derivatisation using the in-built standard parameters and
a * .5 g/mol tolerance. Of these databases, Metlin is clearly superior in the number of compounds
contained, however, for the purpose of an exploratory design, these data would suggest the use of
HMDB initially. HMDB was able to accurately detect all compounds based purely on mass more
efficiently that Metlin. If more information about an observed mass is known, the additional

criterion may refine the number of results produced by Metlin.

During the exploration of spectra (both brain and cardiac tissue), a masking effect was
detected. A high intensity peak at 436 g/mol, followed by a succession of gradually reducing peaks
separated by exactly 1 g/mol was present (data not shown). This spacing effect occurred as a result
of the presence of carbon-13, a neutral isotope. Thus, we were unable to differentiate between a
compound with a mass of 437 g/mol and a compound with a mass of 436 g/mol in the presence
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of carbon-13. Due to this masking effect, some compounds were unable to be distinguished, in

patticular acetylcholine (146.118 g/mol) and glutamate (147.053 g/mol).

Due to TPP specifically reacting with amine groups, this derivatisation agent is not suitable
for the detection of other low mass compounds deficient of the amino group. Furthermore,
compounds containing two amino groups result in a non-linear change in mass. For example,
spermidine (202.34 g/mol) contains two amino groups, thus TPP would bind multiple times
(418.22 g/mol) However, due to TPP donating two protons in the case of spermidine, the mass
of spermidine would be detected at half of the mass of spermidine with two TPP structures (actual
mass; 620.56 g/mol, mass peak; 310.28 g/mol). Thus, caution should be taken during compound
identification. These caveats are able to be circumvented through the use of alternative
derivatisation agents, each of which can be specifically selected to fit the compounds of interest.
Furthermore, larger compounds such as lipids, proteins do not require derivatisation. We are

currently evaluating the usefulness of MALDI for such larger molecules.

Finally, limited detection was obtained for serotonin and dopamine throughout the tissue
sample. These neurotransmitters were clearly detected due to the high intensity obtained at the
reference point, and the small tissue localisation. The failure of detecting a clear signal in the brain
is likely due to the position of the sagittal section used. This was likely too medial top include the
main cell bodies in the midbrain or the majority of the projection sides. Indeed, more lateral sagittal

sections show a much stronger presence of dopamine.
Applications

With some refinement the use of MALDI shows great potential for further elucidating the
underlying mechanisms of many psychiatric illness. In particular, the exploratory approach
described could allow for the examination of the developmental molecular and neurobiological
pathology of eatly exposure to increased serotonin. As was discussed in the previous chapter, high
levels of serotonin during development changes the overall structure of the brain, a phenomenon
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likely to underlie the serotonin paradox. However, given serotonin’s broad influence on
developmental processes (further complicated by its interaction with 14 receptors subtypes), the
functional changes in the brain are likely to be very widespread. The MALDI technique seems
ideally suited to identify such widespread changes. Using the subtraction method akin to that used
in fMRI studies (Logothetis, 2008), compatisons can be made between the SERT+/+ and SERT"
/“rats.. Moreover, by studying differences at various time point during development would allow
us to further elucidate the brain changes underlying the serotonin paradox (Oberlander et al.,

2009).

We also demonstrated the ability to use MALDI of cardiac tissue. As discussed in a
previous chapter, there is ample evidence that mental disorders such as depression and anxiety
disorders also affect the heart. The ability to examine cardiac tissue would allow us to elucidate the
mechanisms underlying the association between depression, heart rate variability and
cardiovascular disease (Kidwell & Ellenbroek, 2018b). It is likely that necrohormones and
neuromodulators produce molecular and structural alterations in cardiac tissue, which if detected,

would inform theory and allow for targeted approaches to understand these mechanisms.

This pilot study sought to determine the viability of MALDI to detect, predict, and identify
compounds localised in both brain and cardiac tissue. Within cardiac tissue, dATP, dopamine, 3-
O-sulfate and histamine were detected, while GABA, dopamine, and serotonin were identified
within the brain tissue. These results clearly demonstrated the viability of MALDI in both cardiac
tissue and brain tissue without procedural modifications being required between the two tissue
modalities. Furthermore, a range of approaches were used (detection, prediction, & identification),

indicating the versatility of MALDI in both hypothesis driven, and exploratory research.
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CHAPTER SEVEN

Discussion of the Present Findings and Their Contribution
Towards Our Understanding of the SERT Knockout Rat as a

Model of Depressive Disorders
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The preceding chapters have sought to provide further evidence for the use of the SERT
Knockout rat as an animal model of major depressive disorder (MDD) in humans. There exists
ample evidence implicating a genetic reduction in the serotonin transporter, for instance observed
in those expressing the s-allelic version of the 5>-HTTLPR, in the aetiology of psychiatric illness,
particularly MDD (Collier et al., 1996; Serretti et al., 2002). The SERT knockout rat shows
significant neurochemical similarities to humans with this polymorphism, thus prior studies have
examined the behavioural and neurobiological similarities between this genetic model and
depressed humans. The SERT knockout rat has demonstrated reduced sucrose preference,
increased latency in the forced swim test (FST), and anxious traits examined through the elevated

plus maze (EPM), home cage emergence, novelty suppressed feeding and open field behaviour

(Table 1).

These conventional assays typically reflect a relatively basic method of examining
behavioural correlates of highly complex disorders such as MDD or anxiety. It has been suggested
that our current generation of animal models of psychiatric illnesses are failing to incorporate the
most recent developments in research, a problematic trend which likely underlies the reduction in
novel pharmacological treatments demonstrating efficacy in human trials (Ellenbroek and Weiwen,
2018). This trend is unsurprising considering our gold standard animal paradigms are often overly
simplistic, and grounded in outdated theory. This is evident both in the analysis of MDD-like
symptoms as well as the induction thereof. For example, as discussed in chapter 3, the use of the
FST was initially developed in 1977 as a method of detecting potential antidepressant drug effects,
evidenced by a reduction in immobility (Porsolt et al., 1977), however, the theory has been “reverse
engineered” to the point whereby zncreased immobility is proposed as being a indicative of increased
depression (Castagné, Moser, Roux, & Porsolt, 2010). Furthermore, with respect to the induction
of MDD-like states, as discussed in chapter 1, many of our current animal models of depression
are focussed around stress, such as the Chronic Mild Stress (CMS) and social defeat models. While

repeated stress undoubtedly contributes to the pathogenesis of MDD, and these models typically
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show behavioural and neurobiological characteristics indicative of MDD (Willner, 2005), these
abnormalities are often transient in nature, and, most importantly do not take into consideration

the substantial genetic contribution to the aetiology of MDD.

Throughout the previous chapters we have attempted to provide additional evidence
through the examination of behavioural, neurobiological, and physiological characteristics of
SERT knock out rats using more sophisticated measures. The measures used were selected to
more closely mirror the effects of MDD observed in humans, while incorporating a genetic
component, the observed are unlikely be transient in nature. The major findings will be

summarised (See fable 1):

Social anhedonia, often seen in depressed humans, (Nezlek et al., 1994), was examined
through social conditioned place preference. Preference coefficients revealed the development of
preference for the paired chamber in SERT*/* animals, but not SERT*" or SERT”" groups.
Furthermore, genotypes did not differ in their play related interactions during these trials, while an
increase in non-play social interaction was observed in SERT”" animals. These interactions were
not significantly associated with preference coefficients, thus could not explain the lack of
preference development. These results suggest that SERT/, and SERT”" animals experience

social anhedonia, thus mirroring the anhedonia previously reported in sucrose drinking (see table
1).

Anxiety disorders show significant associations with MDD, whereby high comorbidity is
observed, and a significant overlap in aetiology is present (Kessler et al., 1996). As such, the
presence of anxiety traits are likely to be observed in animal models of depression. Moreover,
genetic reductions in SERT activity in humans also contribute to the aetiology of anxiety disorders.
Indeed, conventional measures of anxiety have demonstrated that SERT”" rats show significantly
increased anxiety like behaviour (J. Olivier et al., 2008). As mentioned above, many of the animal

models only induce transient changes in behaviour, and even in the SERT”" rats, changes in
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anxiety, while assessed in multiple paradigms, have only been assessed at a single time point. The
reason, as discussed in chapter 3 is that virtually all of the anxiety tests suffer from the one time
tolerance (OTT) effect and thus do not allow repeated assessments of anxiety (File et al., 1990).
Therefore, we set out to examine these behaviours through a modified version of a relatively novel
measure of anxiety in animals in chapter 2. Firstly, we demonstrated the SERT”" animals show a
significant increase in anxious behaviour through multiple measures, which was found to persist
over the course of the experiment, thus circumventing the OTT effect. Secondly, we demonstrated
that the behaviours exhibited during each trial are reflective of the same construct; anxiety. Finally,
we were able to demonstrate a novel coding measure of retrieval behaviour to detect differences

between all three genotypes, suggesting a greater sensitivity to intermediate levels of anxiety.

There exists a strong association between MDD and cardiovascular disease (CVD), a
relationship likely to be mediated through alterations in heart rate variability (HRV) (Kidwell &
Ellenbroek, 2018b). Furthermore, a bidirectional relationship between HRV and MDD likely exists
whereby, MDD is predictive of reduced HRV, while reductions in HRV have been shown to
predict the onset of MDD. Given these associations, and the ability to examine HRV in humans
and rats through near identical measures, in chapter 3 we sought to investigate HRV in SERT
knockout animals, thus establishing a novel biomarker of depression. Through the integration of
a novel surgical technique, 24 hours of ECG data were collected. However, due to the unforeseen
impact of post-operative treatments, the observed data contained significant amounts of inter-
cohort variance. Following this, several methods were used to isolate the origin of the variance.
The variance observed was most prevalent within the HF percentage parameter, implicating
sinoatrial depolarisation, a finding further supported by the flattened p-wave morphology,
indicative of hyperkalaemia. Through splitting of cohorts, trends began to emerge, suggesting a

likely reduction in HRV in the SERT group which warrants further investigation.
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The neurobiological mechanisms underlying MDD are yet to be fully understood.
Moreover, as mentioned in the introduction, serotonin appears to play a paradoxical effect in
MDD (anxiety disorders): As evidenced by the literature and in the present paper, genetic
reductions in the SERT enhances symptoms of MDD and anxiety, while pharmacological
reductions reduce such symptoms. While many proposed mechanisms have been demonstrated,
there is a large literature base to suggest numerous factors during early development result in the
predisposition to the development of MDD (Wankerl et al., 2014). In line with this, serotonin has
been shown to be intimately involved in many aspects of neurodevelopment. For example, Kraus
et al, (2017) reviewed this complex relationship between serotonin and neuroplasticity
demonstrating not only direct, but an intricate system of indirect effects. For example, the 5-HT"
receptor has been shown to influence neurogenesis, neuroprotection, astroglia, and dendritic
maturation, however, these interactions were mediated through eight distinct mechanisms
including brain derived neurotropic factor (BDNF), protein kinase B, and the cAMP responsive-
element binding (CREB). Furthermore, 5-HT* was shown to have an effect of neurogenesis, spine
morphology and synaptic plasticity, effects mediated through six mechanisms including long term
potentiation/depression, BDNF, and extracellular signal-regulated kinases. This demonstrates the
complex and diverse role of serotonin within the specific process of neuroplasticity, while equally

complex roles exist in other processes (e.g. Rosen, 2009).

In addition, serotonin is involved in adult neuroplasticity. For instance, a reduction in
neurogenesis has been observed in depressed adults, an effect that has been shown to be
normalised following treatment with serotonin transporter blockers (Anacker et al, 2011),
implicating the role of neurogenesis in the aetiology of MDD. To investigate the developmental
alterations that occur as a result of increased exposure to serotonin, we set out to examine
neurogenesis in the dentate gyrus region of the hippocampus on SERT**, SERT"/", and SERT "
animals (PND7). Using BrdU immunohistochemistry, a significant increase in neurogenesis was

observed in SERT”" animals.
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Given the complexity of serotonin’s actions on neurodevelopment, it is virtually
impossible to predict how the brain changes in the presence of high extracellular concentrations
of serotonin during the critical developmental period. This thus requires a more global, hypothesis
free method. Therefore, in chapter 6 we aimed to investigate whether MALDI would provide such
an approach. While only meant as a proof-of-concept chapter, the results suggest that MALDI is
sensitive enough to detect neurotransmitter levels in the brain. Moreover, it has a good spatial
resolution to be able to identify regional differences. Finally, the method is accurate enough to

identify unknown compounds, as evidenced by the analysis of cardiac tissue.

Table 1 Summary of known similarities and dissimilarities

SERT knock out compared to human

Category Human SERT knockout |
. . T N/A
D d d D Crit . o Chapter 3
epressed Mmoo iagnosic Criteria (USVs imply negative internal state) apter
Feelings of worthlessness Diagnosic Criteria N/A N/A
: . L Yes
Anhedonia Diagnosic Criteria . Chapter 2
general and social
Weight chant Diagnosic Criteria es NA
9 o g Developmental delay
. Diagnosic Criteria .
Sleep dysfunct . : | d REM W tal., (2003
eep dysiunction (hypersomnia or hyposomnia) nerease tsor etal, ( )
Diagnosic Criteria
Psychomot - . N N/A
sychometor (agitation or retardation) ©
Fatigue Diagnosic Criteria N/A N/A
Diminished cogpnition Diagnosic Criteria Yes Olivier et al., (2008)
Thoughts of death Diagnosic Criteria N/A N/A
Persistent effects Diagnosic Criteria Yes All
Comornid anxiety Yes Yes Chapter 3
Comorbid Drug misuse Yes Yes Oakly et al. (2014)
HRV Yes Probable Chapter 4
Cardiovascular pathology Yes Yes Chapter 4
. Chapter 5 / Schipper et
Altered Neurogenesis Yes Yes al., (2011)
Altered respose to emotional stimui Yes Yes Bylsma et al., (2008)
Amygdala hyperactivity Yes Yes Bylsma et al., (2008)
Sexual dysfunction Yes Yes Kennedy et al., (1999)
Developmental factors Yes Yes Chapter 5
Serotonin receptor downregulation Yes Yes Stahl et al., (1994)
Reduced BDNF Yes Yes Shmizu et al., (2003)
HPA Dysregulation Yes Yes Bylsma et al., (2008)

125



Mechanisms underlying the bebavioural, nenrobiological, and physiological abnormalities of the SERT

knockout animal

Throughout the prior chapters we have demonstrated significant behavioural,
neurobiological, and physiological alterations in response to the genetic reduction of serotonin
transported expression. Most importantly, these alterations show a great degree of similarity to the
deficits observed in depressed humans, particularly in regard to the SERT”" animals. The broad
impact of this serotonergic modulation highlights the complexity of the interactions underlying
the development and maintenance of MDD, and the models by which we seek to mirror it. Clearly
more research is needed to begin to identify the neurobiological underpinnings underlying the
association between enhanced serotonin during development and the symptoms of MDD,
however, our current understanding allows for informed theories to be developed. For instance
the downregulation of the 5-HT'" receptor subtype has frequently been reported in depressed
humans, an effect which has further been demonstrated in the SERT™" rats, but not SERT*/
animals (Olivier et al., 2007). Importantly, this downregulation likely underlies the social preference
deficits in the SERT knockout rats. As demonstrated by Dunn et al. (1989), administration of
selective 5-HT'* agonists; buspirone, fepirone, and 8-hydroxy-2-(di-n-propylamino) tetralin (8-
OH-DPAT) all produced significant increases in social interaction. Furthermore, using CPP,
intraperitoneal administration and direct microinjections into the raphe-nuclei of 8-OH-DPAT
were sufficient in producing a significant preference, thus implicating 5-HT"* agonism in social
interaction and reward. The impact of the 5-HT'* receptor is not limited to social interaction and
reward, rather the 5-HT'* receptor has been implicated in anxiety, whereby the anxiolytic effects
of fluvoxamine are blocked through 5-HT' antagonism, implying the anxiolytic effects of
fluvoxamine are mediated by the 5-HT'"* receptor (Ichimaru, Egawa, & Sawa, 1995). Intriguingly,
the effects of the 5-HT"* receptor extend beyond behavioural observations, as reductions of the
5-HT' receptor has been demonstrated to produce significant cardiovascular effects which would

produce reductions in the parasympathetic components of HRV (Jordan, 2005), while 5-HT™
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stimulation improves vagal control (Sporton, Shepheard, Jordan, & Ramage, 1991). Finally,
stimulation of 5-HT'* receptors enhance dentate gyrus neurogenesis (Samuels, & Hen, 2011).

While these data clearly point to a potential role of reduced 5-HT'" receptors in the
phenotype of the SERT” rats, it should be kept in mind that the effects are likely much more
complex. Unpublished data from our own lab group have demonstrated a reduction in 5-HT*
activation in the SERT” animals, suggesting the diminished serotonin receptor activation may not
be limited to these receptor subtypes, but likely impacts most if not all the 14 known subtypes. If
this proposition holds true, due to the wide variety of functions influenced through the 5-HT
receptors (for a full review see Gaspar et al. (2003) and see also above), these downregulatory
effects likely contribute to the complex neuropathology of MDD and the SERT knockout line of
rats.

For example in addition to the 5-HT' receptor, stimulation of the 5-HT'® or 5-HT*
receptor also enhances (adult) neurogenesis (Banasr, Hery, Printemps, and Daszuta (2004). The
authors further demonstrated that blockade of the 5-HT?" receptor reduced neurogenesis.
Serotonin receptors also have a complex effect of cardiovascular function. For example the 5-
HT®® produces excitatory effects, while the opposite is true for the 5-HT* (Jordan (2005).
Furthermore, 5-HT’ agonism produced inhibitory effects while 5-HT® agonism resulted in
excitation.

An interesting aspect of the our genetic model is the downregulatory dissociation between
the SERT" and SERT” animals (J. D. Olivier et al., 2008), with SERT”" but not SERT"" rats
having reduced 5-HT"* receptor activity. This may explain a number of the effects observed prior
chapters, whereby the SERT” animals frequently demonstrated significantly altered behaviours
and biological effects, while the SERT* animals failed to reach significance. While in the SERT*"
animals there is an increased extracellular serotonin, this increase may not be sufficient enough to
produce the downregulation, thus often fails to exhibit the deficits observed in the SERT"

animals. It should be noted that while often not reaching significance, a number of chapters
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demonstrate a trend suggesting a minor deficit may be present. For example, in chapter 1, the
SERT"" animals did not demonstrate the development of preference like the SERT*/* group,
however, SERT*/* groups did not significantly differ from either SERT*/*, nor SERT”" animals,
thus implying an intermediate effect. Furthermore, in chapter 3, all groups differed in retrieval
scores, which, along with the absence of preference development suggest effects outside of the
serotonergic system to be impacting the behaviours. Moreover, it should be kept in mind that, so
far, the vast majority of studies (including the studies that observed a downregulation in 5-HT'*
and 5-HT? receptors) have been performed in adulthood. Given the dynamicity of the brain, more
studies investigating young animals is urgently required.

Translatability of the SERT Knockout

The data presented throughout the prior chapters identified several similarities between
the SERT knockout rat and depressed humans, thus providing a high degree of translatable validity
to the SERT knockout rat as an animal model of depression and anxiety. This model should be
strongly considered when developing novel pharmacological treatments of MDD, as the
demonstrated effects closely mirror the human aetiology (See Zable 7). One significant effect which
has likely limited the use of the SERT knockout rat in the development on novel treatments is the
lack of predictive validity, whereby SERT knockouts do not response to SSR1Is. It should be noted
that response to MAOIs and SNRIs have been reported (Haenisch & Bonisch, 2011), thus
predictive validity is not absent. This is problematic, as while we understand the general
mechanisms by which SSRIs exhibit their effects, the precise mechanisms underlying their
antidepressant efficacy are yet to be fully understood (Kupfer, Frank, & Phillips, 2012). Therefore,
the failed response to them does not automatically imply poor model, rather highlights the need
for novel treatments outside of the current serotonin transporter focused treatments. To support
this, the efficacy of our current generation has been questioned (Kirsch et al., 2008), while response
to treatment is known to be delayed (Uher et al., 2011). More troubling, one third of those with

depression fail to respond to current first line treatments (Souery, Papakostas, & Trivedi, 2000),
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an effect which has been shown to be mediated by the 5-HTTLPR polymorphism (Smeraldi et al.,
1998). Finally, treatments outside of the use of SSRIs, such as vagal nerve stimulation, have
demonstrated high efficacy, and the ability to treat those previously classed as treatment resistant
(Nemeroff et al., 2006). The major limitation of the SERT"" rat as a model of the human condition
is the complete reduction of serotonin transporter expression, whereas humans expressing the s
allelic form of the 5-HTTLPR polymorphism show only a partial reduction (Gotlib, Joormann,
Minor & Hallmayer, 2008). This is likely to explain the gene x environment interaction observed
in humans where a stressor is required to produce the onset of a depressive episode, while the
SERT”" animals demonstrate abnormal characteristic in the absence of a stressor (Olivier et al.,
2008). A more suitable model of the MDD, would be the SERT*" rat, whereby in the absence of
a stressor, do not differ from the SERT*/* rat (as seen in chapters 3, 4, & 5), whereas when exposed
to stress, begin to exhibit dysfunctional behaviours (see chapter 2). This suggests that to provide
greater face validity, stress induction such as CMS should be used with SERT"" rats, likely
producing the desired phenotype to emerge. Furthermore, our current behavioural assays may not
be sufficiently sensitive to detect these dysfunctions in their current state, however, more sensitive
behavioural measures as seen in retrieval scores (chapter 3). Physiological measures such as HRV
have demonstrated greater sensitivity than behavioural measures (Grippo et al., 2003), thus should
be incorporated in future models of MDD. This highlights a strong candidate for the development
of novel treatments of MDD, whereby pharmacological stimulation of the parasympathetic

nervous system warrants further attention.
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Appendices

Appendix 1:
Means and Standard Deviations for Chasing
Day 1 Day 2 Day 3 Day 4 Day 5 Overall
SERT 4/ Mean 29.62%  25.07%  24.96% 22.85% 21.36% 24.77%
+/+
Standard Deviation | 3.90% 0.62% 2.52% 1.26% 2.95% 1.39%
SERT +/- Mean 26.15%  22.45%  26.35%  19.20% 22.47%  23.32%
Standard Deviation | 2.59% 0.13% 1.32% 1.54% 1.24% 1.33%
SERT -/- Mean 19.33% 17.39% 21.31% 23.44% 26.56% 21.61%
Standard Deviation | 2.72% 2.57% 2.31% 3.38% 2.64% 1.60%
Appendix 2:
Means and Standard Deviations for Pinning
Day 1 Day 2 Day 3 Day 4 Day 5 Overall
SERT +/+ Mean 0.00% 1.40% 1.89% 2.60% 4.16% 2.01%
Standard Deviation | 0.00% 0.19% 0.75% 0.95% 2.28% 0.68%
SERT +/- Mean 0.16% 1.16% 2.91% 2.02% 2.40% 1.73%
Standard Deviation | 0.10% 0.72% 0.94% 0.91% 0.15% 0.48%
SERT /- Mean 0.00% 0.21% 0.43% 0.73% 2.59% 0.79%
Standard Deviation | 0.00% 0.14% 0.21% 0.40% 1.64% 0.47%
Appendix 3:
Means and Standard Deviations for Pouncing
Day 1 Day 2 Day 3 Day 4 Day 5 Overall
SERT +/+ Mean 25.08% 34.97% 38.97% 44.00% 44.19% 37.44%
Standard Deviation | 2.78% 4.28% 7.59% 1.69% 6.25% 3.53%
SERT +/- Mean 28.25%  34.92% 42.10%  40.50% 28.51% 34.86%
Standard Deviation | 0.40% 1.23% 1.43% 0.65% 3.56% 2.90%
SERT /- Mean 28.91% 37.98% 42.73%  38.92%  38.22%  37.35%
Standard Deviation | 2.29% 1.40% 2.83% 2.28% 3.11% 2.28%
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Appendix 4:

Means and Standard Deviations for Boxing

Day 1 Day 2 Day 3 Day 4 Day5  Overall
SERT +/+ Mean 0.00% 0.00% 0.09% 0.08% 0.01% 0.04%
Standard Deviation | 0.00% 0.00% 0.05% 0.05% 0.01% 0.02%
SERT +/- Mean 0.02% 0.05% 0.04% 0.16% 0.16% 0.08%
Standard Deviation | 0.01% 0.03% 0.01% 0.08% 0.10% 0.03%
SERT /- Mean 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Standard Deviation | 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Appendix 5:
Means and Standard Deviations for Indirect Social Behaviour
Day 1 Day 2 Day 3 Day 4 Day5  Overall
SERT +/+ Mean 6.68% 6.42% 4.06% 5.82% 5.34% 5.66%
Standard Deviation | 0.48% 0.55% 0.60% 0.81% 0.47% 0.46%
SERT +/- Mean 7.49% 10.35% 8.08% 11.45% 5.39% 8.55%
Standard Deviation | 0.31% 0.41% 0.60% 1.37% 0.31% 1.07%
SERT -/- Mean 8.44% 9.61% 5.33% 7.85% 5.62% 7.37%
Standard Deviation | 1.52% 1.39% 0.76% 1.09% 0.91% 0.83%
Appendix 6:
Means and Standard Deviations for Non-social behaviour
Day 1 Day 2 Day 3 Day 4 Day 5 Overall
SERT +/+ Mean 16.69%  13.62% 8.29% 8.68% 5.25% 10.51%
Standard Deviation | 3.29% 1.05% 1.17% 1.21% 2.02% 2.05%
SERT +/- Mean 12.59%  8.74% 6.49% 7.18% 4.66% 7.93%
Standard Deviation | 2.38% 0.39% 1.19% 0.62% 1.33% 1.34%
SERT-/- Mean 12.67% 9.46% 6.58% 3.34% 2.38% 6.89%
Standard Deviation | 3.64% 1.97% 1.54% 0.14% 0.58% 1.91%
Appendix 7:
Means and Standard Deviations for Social Grooming
Day 1 Day 2 Day 3 Day 4 Day5  Overall
SERT +/+ Mean 21.92%  1852% 21.75% 15.96% 19.69%  19.57%
Standard Deviation | 2.91% 3.35% 3.78% 1.55% 1.47% 1.11%
SERT +/- Mean 25.34% 2233% 17.77%  16.09% 8.20% 17.95%
Standard Deviation | 1.46% 1.72% 1.22% 1.75% 2.60% 2.94%
SERT -/- Mean 30.64%  25.34% 23.62% 25.72%  24.62%  25.99%
Standard Deviation | 1.74% 2.61% 2.07% 0.84% 0.57% 1.22%
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Appendix 8

HRV (RMSSD) Over 24 hours

7am 8am 9am 10am 1lam 12pm 1pm 2pm 3pm 4pm S5pm 6pm 7pm 8pm 9pm 10pm 11pm 12am lam 2am 3am 4am 5am 6am

SERT+/+ Mean 2.53 2.40 2.38 2.41 2.62 2.63 2.72 2.76 3.01 3.03 3.03 3.23 2.99 2.87 3.03 2.77 3.12 2.98 3.24 3.13 3.25 3.20 3.34 3.06
Standard Deviation 0.71 0.60 0.81 0.74 0.72 0.99 0.75 1.03 0.84 0.56 0.98 0.87 0.85 1.04 1.43 1.32 1.76 1.22 0.62 0.48 0.99 0.40 0.67 0.74

SERT+/- Mean 2.56 2.50 2.88 2.70 2.69 2.63 2.84 2.76 3.05 3.06 293 2.90 297 3.22 3.15 3.00 3.04 2.95 3.29 3.02 2.82 3.08 2.48 2.50
Standard Deviation 0.71 0.60 0.82 0.75 0.72 0.99 0.75 1.03 0.84 0.56 0.98 0.86 0.85 1.24 1.43 1.34 1.76 1.22 0.62 0.48 0.89 0.39 0.67 0.74

SERT-/- Mean 2.42 2.47 2.69 2.75 3.04 2.77 2.85 2.86 2.88 2.97 293 2.89 2.77 3.10 2.82 273 3.00 2.99 2.70 2.78 2.59 2.64 2.40 2.36
Standard Deviation 0.76 0.64 0.86 0.79 0.77 1.06 0.80 1.10 0.90 0.59 1.05 0.93 0.91 1.32 1.53 1.43 1.88 131 0.66 0.51 0.95 0.42 0.72 0.79
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Appendix 9

HRV (HF%) Over 24 hours

7am 8am 9am 10am 1lam 12pm lpm 2pm 3pm 4pm S5pm 6pm 7pm 8pm 9pm 10pm 11pm 12am lam 2am 3am 4am S5am 6am
SERT+/+ Mean 12.07 14.30 13.09 12.66 14.57 13.38 1333 12.86 12.01 13.21 11.37 13.27 12.95 13.71 12.91 15.55 13.78 10.80 11.04 13.49 11.36 12.47 12.20 12.04
Standard Deviation 237 178 3.05 1.69 2.05 2.34 2.15 1.99 2.59 2.27 2.03 2.86 2.53 2.74 2.14 1.52 2.75 2.53 2.26 3.12 3.42 3.18 3.98 2.75
SERT+/- Mean 10.87 13.87 10.75 11.36 11.91 11.70 13.44 10.12 8.87 9.10 8.81 10.06 11.46 11.57 13.14 13.77 11.09 12.23 10.83 11.11 11.31 11.58 13.44 14.32
Standard Deviation 2.37 1.78 3.05 1.69 2.05 2.34 2.15 1.99 2.59 2.27 2.03 2.86 2.53 2.74 2.14 1.52 2.75 2.53 2.26 3.12 3.42 3.18 3.98 2.75

SERT-/- Mean 11.05 9.37 10.30 10.86 10.96 7.34 8.99 8.27 8.46 11.54 10.82 9.57 9.96 8.77 11.35 10.83 7.54 9.70 10.31 11.85 8.33 11.04 10.82 11.09
Standard Deviation 2.53 1.90 3.26 1.80 2.20 2.50 2.30 213 2.77 2.43 2.17 3.06 271 2.93 2.29 1.62 2.94 2.71 2.42 3.34 3.65 3.40 4.25 2.94
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Appendix 10: Euthanasia and tissue extraction procedure

Animals via conscious decapitation in order to prevent hypoxia induced brain tissue
deterioration and prevent neurochemical alterations caused by general anaesthetics. Brains were
rapidly extracted within 45 seconds and snap frozen in liquid nitrogen to prevent degradation of
neurotransmitters. Following the brain extraction, hearts were severed above the atria, weighed
and snap frozen using the same method as the brain tissue. Following this, the telemetry device

was extracted and weighed.

Appendix 11:

ECG Morphology: P and R Wave Heights
High HRV Low
P-Wave R-Wave P/R P-Wave R-Wave P/R
Height  Height Ratio Height  Height Ratio
Mean 0.18 0.82 0.22 0.09 1.44 0.07
Standard Deviation 0.06 0.25 0.27 0.03 0.47 0.05
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