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ABSTRACT 

 

Postnatal hippocampal neurogenesis is the birth of new neurons within the dentate 

gyrus that occurs throughout the lifespan.  In adulthood, these new neurons have been 

shown to be necessary for cognitive tasks such as spatial and contextual memory.  It is 

well established that adult hippocampal neurogenesis can be modulated by a number 

of intrinsic and extrinsic factors, such as intracellular signalling molecules, exercise, 

inflammation and stress.  Moreover, levels of adult hippocampal neurogenesis do not 

remain constant throughout life.  Indeed, levels of hippocampal neurogenesis and 

integration of new neurons within the dentate gyrus are up to four times higher during 

adolescence than during adulthood.  The first aim of this thesis (addressed in Chapter 

2) was to explore the extent and involvement of Tlx in motor, cognitive and anxiety-

related behaviour.  A spontaneous deletion of Tlx, a key intrinsic regulator of 

neurogenesis, was demonstrated to impair motor, cognitive and anxiety-related 

behaviours during adolescence and adulthood.  The second aim of this thesis (addressed 

in Chapters 3 and 4) was to investigate the impact of adolescent-initiated exercise on 

hippocampal plasticity and contextual and cued fear conditioning as well as pattern 

separation in adulthood.  It was demonstrated that adult-initiated exercise enhanced 

both contextual and cued fear conditioning, while conversely, exercise that began in 

adolescence did not affect performance in these tasks and these differential effects were 

accompanied by differential expression of plasticity-related genes in the hippocampus 

in adulthood.  Moreover, adult and adolescent-initiated exercise enhanced cognitive 

flexibility and dendritic complexity of immature neurons in the dentate gyrus.  The 

third aim of this thesis (addressed in Chapter 5) was to examine the impact of 
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chronically elevated IL-1β on adult hippocampal neurogenesis and pattern separation.  

It was shown that chronic lentiviral-mediated overexpression of IL-1β within the dorsal 

hippocampus impaired neurogenesis and performance in its associated cognition, while 

sparing neurogenesis independent cognition.  Finally, the fourth aim of this thesis 

(addressed in Chapter 6) was to explore the impact of chronic IL-1β, chronic 

unpredictable stress exposure, or a combination of an initial chronic IL-1β insult was 

examined following exposure to chronic unpredictable stress on learning and memory 

and depressive-like behaviours.  It was shown that exposure to chronically elevated IL-

1β and chronic stress independently impair certain types of learning and memory and 

increased depressive-like behaviour.  However, exposure to a sequential ‘two-hit’ of 

chronically elevated hippocampal IL-1β and chronic stress did not produce an 

exacerbated phenotype. 

 

In summary (Chapter 7), disruption of intrinsic regulators of neurogenesis, such as Tlx, 

or exposure to extrinsic factors, such as exercise or adverse stimuli, like inflammation 

and stress, and the consequent effect on cognition may provide insight into why 

adolescence is a vital period for correct conditioning of hippocampal function in later 

life. 
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CHAPTER 1 

 

Introduction  

 

 

 

 

 

Part of this introduction relating to the regulation of behavior by the nuclear receptor 

TLX has been published  

 

O'Leary, J.D., O'Leary, O. F., Cryan, J.F. & Nolan, Y.M. (2016). Regulation of 

behaviour by the nuclear receptor TLX. Genes Brain and Behavior 

(doi:10.1111/gbb.12357). 
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1.1 The hippocampus 

1.1.1 Neuroanatomical structure of the hippocampus 

The hippocampal formation is a structure within the medial temporal lobe that is 

involved in episodic memory and spatial navigation (Bannerman et al., 2004, O'Keefe, 

1976).  Despite notable differences across species, similarities and generalizations can 

be drawn regarding its structure and function (Strange et al., 2014).  The hippocampal 

formation is comprised of three major regions, the cornu ammonis (CA), the dentate 

gyrus (DG) and the subiculum (Nolte, 2002).  The cornu ammonis is subdivided into 

the CA1, CA2 and CA3 subregions.  Each of the CA1, CA2 and CA3 consist of a 

polymorphic layer which contains basal dendrites and axon collaterals of pyramidal 

neurons (Nolte, 2002).  The pyramidal cell layer is comprised of the pyramidal neuronal 

cell bodies, the principal excitatory neurons of the hippocampus.  The stratum radiatum 

contains the dendrites of the pyramidal cells and recurrent axon collaterals of the 

pyramidal cells, and the molecular layer contains the distal dendrites of the pyramidal 

cells and incoming axons of the perforant pathway from the entorhinal cortex (EC) 

(Neves et al., 2008).  The DG is comprised primarily of granular neurons and can be 

divided into three main layers; the first is the molecule layer, which contains the 

dendrites of the granular cells and incoming axons from the perforant pathway.  The 

second is the granular cell layer (GCL), containing the cell bodies of the granule cells 

which are glutamate containing excitatory neurons as well as the subgranular zone 

(SGZ).  The SGZ is of special importance as adult neurogenesis takes place here 
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(discussed in greater detail below).  The third layer is the stratum multiforme, a 

polymorphic layer which contains axons of granular cells and the inhibitory γ-

aminobutyric acid (GABA)-ergic interneurons (Nolte, 2002).  

 

 

Figure 1.1: Neural circuitry of the rodent hippocampus. Neurons from the entorhinal 

cortex (EC) layer II forms connections with the (DG) and CA3 through the perforant 

pathway. CA3 neurons receive connections from the DG mossy fibers. Neurons within 

the CA3 project to CA1 pyramidal cells through Schaffer collaterals. EC layer III 

neurons project to the CA1. CA1 neurons project to the subiculum, which sends 

hippocampal output back to the EC. Adapted from Neves et al. (2008). 

 

 

Polymodal sensory information arrives in the hippocampus from the EC through the 

perforant pathways which provide both direct and indirect input to the CA1 pyramidal 

neurons (Figure 1.1) (Kandel, 2000, Lie et al., 2004).  Through the indirect pathway, 

axons from layer II of the EC make excitatory synapses with the granule cells of the 

DG, via the perforant path (Figure 1.1) (Neves et al., 2008).  The granule cells of the 
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DG then project through the mossy fiber pathway to make excitatory synapses with the 

pyramidal cells within the CA3 and hilar interneurons of the hippocampus (Neves et 

al., 2008, Lie et al., 2004).  The CA3 cells project through the Schaffer collateral 

pathway to CA1 pyramidal cells (Neves et al., 2008, Rebola et al., 2017).  The CA1 is 

a major output node of the hippocampus and has been suggested to play a role in 

novelty detection and input comparison (Treves and Rolls, 1994, Kaifosh and 

Losonczy, 2016).  More recently, CA1 pyramidal cells have been proposed to play a 

key role in parallel information processing in the hippocampus (Soltesz and Losonczy, 

2018).  Alternatively, neurons from layer III of the EC connect directly through the 

perforant path,  making excitatory synapses on the distal dendrites of CA1 pyramidal 

neurons (Kandel, 2000).  This special tri-synaptic circuitry of the hippocampus has 

been suggested to underlie its unique functionality in cognitive processes (Tonegawa 

and McHugh, 2008). 

 

The input and output connections of the dorsal hippocampus and ventral hippocampus 

are anatomically distinct (Swanson and Cowan, 1977, Nolte, 2002, Kandel, 2000).  

Increasingly more ventral and medial bands of the EC are connected to increasingly 

more ventral levels of the hippocampus (Strange et al., 2014).  A dorsolateral band of 

the EC is preferentially connected to the dorsal hippocampus.  Specifically, the pre-

limbic, perirhinal and postrhinal cortices project to the dorsal hippocampus, while the 

infralimbic, piriform as well as the pre and para-subiculum project to the ventral 

hippocampus (Strange et al., 2014).  There is also a greater density of place fields within 

the dorsal hippocampus compared to the ventral hippocampus (Jung et al., 1994).  The 
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dorsal hippocampus projects to the EC, nucleus accumbens core, retrosplenial cortex 

and septum (Kandel, 2000), whereas the ventral hippocampus projects to the medial 

prefrontal cortex, nucleus accumbens shell and basolateral amygdala as well as the 

ventral basolateral and basomedial nucleus of the amygdala (Strange et al., 2014).  

Importantly, the differences in connectivity of the dorsal and ventral hippocampus with 

cortical and subcortical structures along the dorsoventral axis of the hippocampus are 

gradual and not absolute, suggesting that functional differences may also exhibit a 

gradient-like organization (Strange et al., 2014). 

 

1.1.2 Adolescence as a sensitive period of neurodevelopment  

Adolescence represents a time of transition from childhood to adulthood,  during which 

significant lifestyle changes occur along with an increase in independence from 

caregivers (Arnett, 2000), and it is believed to be a critical period for the programming 

of future adult behaviours (Sawyer et al., 2012).  In humans, the onset of the biological 

changes associated with puberty has often been considered to signal the onset of 

adolescence (Spear, 2000, Arain et al., 2013).  Although the timing overlaps between 

these two developmental stages, adolescence is separate from the more temporally 

restricted phase of puberty, which refers to the attainment of sexual maturation (Casey 

et al., 2008b).  There are no definite markers for the adolescent period, however, in 

humans it is considered to be from ages 12 to 18 years, and in mice and rats from post-

natal day (PND) 21–60 (Spear, 2000).  In mammals, adolescence is a critical period for 

maturation of the hippocampal circuity (Sousa et al., 1998, Bayer, 1982) and heighted 

neural plasticity (He and Crews, 2007).  Dentate gyrus neurons undergo substantial 
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structural remodeling during adolescence (Koshibu et al., 2004, Lenroot and Giedd, 

2006).  In adolescent rats (PND 28) there is an approximately 35-40% linear increase 

in the total number of granule cells in the DG of compared to adult (120 PND) rats, 

while the volume of a single granule cell nucleus in the DG decreases with age (Bayer, 

1982).  Indicating that older rats have a larger DG with small neurons.  The morphology 

of granular neurons within the lower blade of the DG also change during the adolescent 

period (Zehr et al., 2008).  Specifically, the dendrites in the lower infrapyramidal blade 

undergo pruning close to the cell body and an increase in distal dendritic spine densities 

(Zehr et al., 2008).  Moreover, gonadal steroid hormones, which dramatically increase 

during the adolescent period have been shown to alter neuronal structure in the 

hippocampus (Lenroot and Giedd, 2006).  The spine synaptic density in the CA1 

subfield have been reported to be affected by the presence of circulating testosterone 

(Leranth et al., 2003).  Similarly, estradiol has also been shown to increase dendritic 

spine density in hippocampal neurons (Murphy et al., 1998, Frankfurt and Luine, 2015).  

Levels of hippocampal neurogenesis, that is, the production, differentiation and 

integration of new neurons within the subgranular zone of the GCL of the DG is up to 

four times higher during adolescence than during adulthood in rats and mice (He and 

Crews, 2007, Curlik et al., 2014).  Therefore, as the hippocampus generates 

significantly more cells during the adolescent period, it is possible that the adolescent 

brain is especially sensitive to environmental factors and experiences (Curlik et al., 

2014).  This enhanced response may have significant consequences for the functional 

integrity of the hippocampus.  Thus, given the neural, hormonal and behavioural 

changes that occurs during adolescences, this development period may be a critical 
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window during which alternations in hippocampal function may result in 

organizational changes lasting throughout adulthood (Fuhrmann et al., 2015, 

Schneider, 2013, Curlik et al., 2014, Blakemore and Choudhury, 2006, Spear, 2004).  

However, whether changes in hippocampal plasticity during this sensitive period of 

maturation can alter behaviour in adulthood is yet to be fully explored.   

 

1.1.3 Hippocampus and learning and memory 

Memory refers to the storage of learned information and is crucial for adaptive 

behaviour (Dudai and Morris, 2013).  The process of memory formation has three key 

stages.  Firstly, information undergoes encoding, which is the initial processing of 

information to an internal representation of the environment which can be stored within 

the brain.  Secondly, memory storage refers to the creation of a permanent record of 

the encoded information through a process of consolidation.  Thirdly, retrieval or recall, 

is the process of accessing the previously encoded and stored information (Koehl and 

Abrous, 2011).  Memory can be divided into short-term and long-term memory 

(Cowan, 2008).  Short-term memory has a limited capacity and lasts only for a period 

of a few seconds to minutes, while long-term memory has a potentially unlimited 

capacity and duration (Deco and Rolls, 2005, Cowan, 2008).  The hippocampus has 

been strongly associated with long-term storage of information.  Particularly, 

declarative memory which encompasses both episodic and semantic memories. 

The hippocampus is crucial for these learning and memory processes, playing a key 

role in the initial encoding of multimodal information and consolidation of newly 
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formed memories to other neocortical regions for long-term storage (Andersen, 2007, 

Damasio, 2008).  The first link between the hippocampus and memory came from 

anecdotal evidence in the 1950’s from Henry Molaison, whose medial temporal lobe 

was bilaterally removed to treat intractable epilepsy.  This treatment lead to severe 

anterograde and partial retrograde amnesia, which resulted in the inability to form new 

memories, while previous memories of events prior to the removal of the medial 

temporal lobe were retained (Scoville and Milner, 1957).  The memory impairment of 

Henry Molaison provided some of the first evidence for the role for the hippocampus 

in memory formation and the transfer of memories from the hippocampus to other 

cortical regions over time.  

 

It is now well established that the hippocampus is crucial for learning and memory 

process (Squire, 1992).  Specifically, it is responsible for the formation and retrieval of 

declarative memories (Eichenbaum, 2004, Tulving and Markowitsch, 1998).  

Declarative memory, which consists of memories that can be consciously recalled such 

as knowledge of events and experiences requires the rapid formation of associations 

between specific events and experiences (Eichenbaum, 2000).  The subregions of the 

hippocampus, CA1, CA3 and the DG have been implicated in the rapid acquisition of 

contextual memories with the DG acting as a pattern separator of incoming information 

(Lee and Kesner, 2004).  Declarative memory can further be subdivided into episodic 

and semantic memories.  Episodic memory is comprised of ones experiences and 

specific events and are typically referred to as the ‘what’, ‘where’ and ‘when’ 

information in relation to events (Tulving and Markowitsch, 1998, Tulving, 2002).  
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Semantic memory is comprised of our accumulated knowledge such as facts 

(McClelland et al., 1995).  The hippocampus is involved in some but not all types of 

memory and while there is debate over the specific nature of hippocampal-dependent 

and independent memory, it is well established that lesions or disruption of the 

hippocampus affects several forms of memory, such as; episodic memory and spatial 

as well as contextual memory (Fanselow and Dong, 2010, Squire et al., 2004), whereas, 

non-declarative memory is unaffected by hippocampal disruption (Deng et al., 2010).  

In addition, the hippocampus has also been shown to play a role in spatial navigation 

(O'Keefe, 1976).  Specific neurons within the CA1 and CA3 subregions have been 

shown to be activated when an animal moves through a specific area of its environment 

(O'Keefe, 1976, Smith and Mizumori, 2006).  These cells have been referred to as place 

cells and help to form a cognitive map of the environment (O'Keefe and Nadel, 1978, 

O'Keefe, 1976, O'Keefe, 1979).   

There is a growing consensus that there is at least two distinct functional domains of 

the hippocampus (Fanselow and Dong, 2010).  Selective lesion studies have shown that 

the hippocampus is functionally subdivided along the septotemporal axis into a dorsal 

and ventral region, associated with distinct behaviours (Bannerman et al., 2004).  

Moreover, recent neuroanatomical studies have suggested that the hippocampus may 

be further divided into an additional third intermediate region, with overlapping 

characteristics of both the dorsal and ventral regions (Fanselow and Dong, 2010).  The 

process of learning and memory is generally associated with the dorsal hippocampus,  

while the ventral hippocampus is associated with emotional behaviour, particularly fear 

learning and anxiety-related behaviours (Bannerman et al., 2004).  Therefore it has 
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been suggested that the dorsal and ventral regions of the hippocampus are involved in 

different functions (Moser and Moser, 1998, Fanselow and Dong, 2010).  Evidence for 

a differential role of the dorsal and ventral hippocampus has come from lesion studies 

that have demonstrated that lesions of the dorsal hippocampus impaired spatial learning 

within the Morris water maze in rats (Moser et al., 1993, Moser et al., 1995b), as well 

as spatial working memory in both T maze and water maze (Bannerman et al., 2002).  

Previous studies have shown that lesions of the ventral hippocampus impair contextual 

fear conditioning in rats (Richmond et al., 1999, Bannerman et al., 2003).  Moreover, 

Bannerman et al. (2003) reported that lesions of the ventral hippocampus did not affect 

spatial learning within the Morris water maze or T maze in rats.  Indeed, the rodents 

behaviour following a ventral hippocampal lesion mimicked that of a benzodiazepine-

induced decrease in anxiety-like behaviours (Bannerman et al., 2003).  Together, these 

studies highlight that the dorsal hippocampus is preferentially involved in spatial 

learning and memory, while the ventral hippocampus is associated with anxiety-related 

behaviours (Bannerman et al., 2004). 

 

1.1.4 Behavioural models of hippocampal function 

Several behavioural models have been developed to assess hippocampal function, these 

include measures of spatial and contextual memory, such as the Morris water maze, 

Barnes maze, contextual fear conditioning and touchscreen operant conditioning 

(Figure 1.2).  The Morris water maze, has become a standard behaviour test of 

hippocampal-dependent learning and memory in rats and mice.  It is comprised of a 

spatial navigation task in which the animal must find a hidden platform in a water maze 
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(Morris, 1984).  The escape from the platform is the positive reinforced as the rodent 

is highly motivated to escape a water environment (Crawley, 2007).  Performance in 

the Morris water maze has been shown to be sensitive to hippocampal disruption.  The 

testing procedures consist of an initial training phase, where rodents learn to swim 

towards a visible platform.  Followed by a hidden platform task and a subsequent probe 

trial.  There are many different protocols for the Morris water maze that help to evaluate 

different aspects of memory that may be dependent or independent of the hippocampus.  

For example, during the hidden platform task, distal cues in the room can be removed 

and the location signaled by a single cue proximal to the platform, in this way cued 

learning, a hippocampal independent process, can be assessed.  Moreover, several 

hidden platform trials can be completed with the location of the platform alternating, 

which would allow for the assessment of reversal learning, a measure of cognitive 

flexibility which is mediated by the prefrontal cortex.  Furthermore, remote memory 

can also be evaluated by adding or extending probe trials by several weeks from initial 

training.  A dry-land alternative to the Morris water maze is the Barnes maze.  In the 

Barnes maze paradigm the rodent explores a brightly lit open field with holes around 

its perimeter, with one of the holes leads to an escape tunnel (Barnes, 1979).  Like the 

Morris water maze, the escape from the aversive brightly lit open field is the positive 

reinforcement (Barnes, 1979, Crawley, 2007).  Hippocampal independent processes 

can also be assessed in the Barnes maze by adaption of the protocol.  The location of 

the escape tunnel can be alternated on subsequent testing trials, which would allow for 

the investigation of behavioural flexibility.  Spatial learning has also been assessed in 

a variety of maze configurations, such as the Y-maze, T-maze and radial arm maze 
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(Figure 1.2D-F).  Spontaneous alternation is the tendency of rodents to alternate non-

reinforced choices of the Y-maze, T-maze or radial arm maze (Hughes, 2004).  In this 

task, the animal must remember which arm it has entered on a previous occasion in 

order to correctly alternate its subsequent choice.  This task has been suggested to be a 

measure of spatial working memory, and sensitive to hippocampal disruption (Gerlai, 

1998).  The Y-maze, T-maze or radial arm maze can also be used to assess 

hippocampal-independent behaviour, such as reversal learning. Under these 

procedures, the animal is first trained to obtain a food reward from one the maze’s 

baited arms.  Following subsequent training the animal learns to alternate their entry 

into a maze arm based on the location of the previously baited arm. 

 

Contextual fear conditioning is another hippocampal-dependent task which assess 

contextual memory.   In this paradigm, the ability of the rodent to associate an aversive 

shock to a particular context is assessed (Figure 1.2G) (Fanselow, 1980).  The rodent 

is placed inside a chamber and a mild electric shock is administered, upon re-entry into 

the same chamber the rodent having learnt the association between the contextual 

environment and shock will display freezing behaviour, in expectation of the aversive 

stimuli (Fanselow, 1980, Crawley, 2007).  This task has been extensively shown to 

assess hippocampal-dependent processes (Fanselow and Dong, 2010).  However, 

variations in the paradigm can also be used to assess associative and non-associative 

learning, such as habituation or sensitization to a shock-paired stimulus as well as the 

extinction of conditioned stimulus response.  Object recognition is a task that has been 

widely used as a measure of short-term and long-term memory and has be shown to be 
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a entorhinal-hippocampal dependent task (Figure 1.2C) (Crawley, 2007, Dere et al., 

2007).  In a modified version of this task, rodents are presented with two identical 

objects in a testing arena, following which one object-location is moved.  Upon a 

second exposure to testing arena, the rodent will display a preference in exploring the 

object that has been displaced (Dere et al., 2007).  In more recent years, a novel 

touchscreen operant task has been developed to assess location discrimination (Figure 

1.2I) (Oomen et al., 2013, Oomen et al., 2015).  In this paradigm, the rodent is trained 

to nose-poke the correct location on a touchscreen to receive a food reward.  Previous 

studies have demonstrated that performance in this task is affected by changes in adult 

hippocampal neurogenesis (Clelland et al., 2009, Creer et al., 2010). 

 

 

Figure 1.2: Animal behavioural tests for assessing learning and memory. A) Morris 

water maze, in this task rodents learn to navigate to a hidden platform. B) Barnes maze, 

rodents learn to navigate to an escape box. C) Object location recognition measures a 

rodent’s preference for novelty. D and E) T-maze and Y-maze, rodents are trained to 

retrieve a food reward from the correct maze arm. F) Radial arm maze, rodents are 

trained to retrieve a food reward from the correct maze arm. G) Contextual fear 

conditioning, rodents learn to associate a fear response to the context of the chamber. 

I) Touchscreen operant conditioning, rodents are trained to nose-poke the correct 

location on a screen for a food reward. Adapted from Sharma et al. (2010). 
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1.1.5 The hippocampus and emotion 

The involvement of the hippocampus in emotion has been well established, with both 

lesions and neuroanatomical studies demonstrating a role of the ventral hippocampus 

in fear learning and anxiety-related behaviours (Bannerman et al., 2004, Fanselow and 

Dong, 2010). Indeed, the hippocampus, in conjunction with the amygdala and 

ventromedial prefrontal cortex have shown to be critical for the acquisition and 

retrieval of fear learning (Hartley and Phelps, 2010).  Specifically, the hippocampal 

projections to the ventromedial prefrontal cortex and amygdala have been shown to 

mediate context specific freezing behaviour.  More recently, Huff et al. (2013) 

demonstrated that optogenetic excitation of the basolateral amygdala enhanced 

retention in an inhibitory avoidance task.  Similarly, optogenetic inhibition of the 

basolateral amygdala impaired performance in this task (Huff et al., 2013).  Moreover, 

Huff et al. (2016) further demonstrated that optogenetic excitation of the ventral 

hippocampal-basolateral amygdala pathway enhanced retention of foot-shock training, 

while optogenetic inhibition impaired performance.  Taken together, these findings 

implicate the hippocampal-basolateral amygdala circuity in the consolidation of fear 

memory (Huff et al., 2016, Huff et al., 2013).   

 

The hippocampus has also been implicated in emotion through its regulatory role of 

the hypothalamic–pituitary–adrenal axis (HPA) (Dedovic et al., 2009, Jacobson and 

Sapolsky, 1991).  The HPA-axis, a major mediator of the endocrine-stress response has 

been shown to be impaired following lesions of the hippocampus (Dedovic et al., 2009, 
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Jacobson and Sapolsky, 1991).  Thus, another potential pathway in which the 

hippocampus regulates emotion may be through its inhibitory role of the HPA-axis.  

Furthermore, the dysregulation of the hippocampus has been implicated in the 

aetiology of mood and affective disorders such as depression, bipolar and anxiety-

related disorders (Revest et al., 2009, Belzung et al., 2015, Campbell et al., 2004). 

Indeed, disruptions in pattern separation may underlie the over generalization of fear 

responses to emotional stimuli which is a hallmark of anxiety disorders (Kheirbek and 

Hen, 2014, Kheirbek et al., 2012).  This over generalization of memory may be driven 

by disruption of hippocampal processes, which subsequently leads to impairment in the 

resolution and interference between similar memoires (Besnard and Sahay, 2016).  The 

addition of new neurons within the hippocampus has been suggested as a potential 

mechanism of action of antidepressant drugs (Boldrini et al., 2012, Boldrini et al., 2009, 

Malberg et al., 2000, O'Leary and Cryan, 2014, O'Leary et al., 2013, Santarelli et al., 

2003).  However, further work is needed to fully elucidate the role of the hippocampus 

and emotional regulation and the aetiology of affective disorders. 

 

1.2 Adult hippocampal neurogenesis 

Altman and colleagues were the first to demonstrate that new neurons were formed 

within the adult brain, in a process referred to as adult neurogenesis (Altman and Das, 

1965, Altman, 1962).  This landmark discovery questioned the long-held dogma that 

no new neurons were created within the CNS after birth (Colucci-D'Amato et al., 2006, 

Gage, 2000).  However, it took several decades before this concept was accepted by 
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the wider scientific community (Gage, 2002).  It is now widely accepted that 

neurogenesis occurs within the adult brain, namely the subventricular zone (SVZ) of 

the lateral ventricles and the subgranular zone (SGZ) of the DGs in several species 

including rats and mice (Goncalves et al., 2016), guinea-pigs (Altman and Das, 1967), 

marmoset monkeys (Gould et al., 1998) and tree shrews (Gould et al., 1997a) as well 

as humans (Eriksson et al., 1998, Ernst and Frisén, 2015).  Evidence now also suggests 

that adult neurogenesis occurs within the rodent hypothalamus, where it has been 

proposed to contribute to homeostatic functions such as energy balance and food intake 

(Kokoeva et al., 2005, Sousa-Ferreira et al., 2014).  It has also been observed within 

the striatum in humans and has been suggested to contribute to the generation of new 

striatal interneurons (Bergmann et al., 2015, Eriksson et al., 1998, Gage, 2000, Sousa-

Ferreira et al., 2014).  While the functional significance of new adult striatal neurons 

is yet to be fully understood, it is possible that they contribute to motor and cognitive 

functions such as behavioural flexibility (Ernst & Frisén 2015).  Dysregulation of adult 

striatal neurogenesis has also been implicated in the pathophysiology of Huntington’s 

disease, suggesting a possible role in neurodegenerative disorders (Curtis et al., 2003).  

However, most research to date on adult neurogenesis has focused on hippocampal 

neurogenesis.  During adult hippocampal neurogenesis the newly generated cells pass 

through several developmental stages as they migrate away from the SGZ and 

intergrade into the GCL of the DG, (Figure 1.3) (Gage, 2000, van Praag et al., 2002, 

Goncalves et al., 2016).  The neurogenic niche of the subgranular zone is comprised of 

radial glia-like cells (RGL) which generate the proliferating intermediate progenitor 

cells (IPCs).  These new born cells are characterized by expression of intermediate 
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filament proteins glial fibrillary acidic protein (GFAP), nestin or Ki67.  The progenitor 

cells in turn give rise to neuroblasts which differentiate into immature neurons, that are 

characterized by expression of doublecortin (DCX) or polysialylated neural cell 

adhesion molecule (PSA-NCAM).  As the newly differentiated neurons mature, they 

are characterized by the expression of neuron-specific nuclear protein (NeuN) 

(Bischofberger, 2007).  The new neurons integrate into the existing GCL of the DG, 

establishing synaptic connections with CA3 region of the hippocampus and the EC 

(Braun and Jessberger, 2014).  

 

 
 

Figure 1.3: Progenitor cell development. New cells pass through several 

developmental stages while migrating away from the subgranular zone and integrate 

into the GCL of the DG. Adapted from (O'Leary and Cryan, 2014). Quiescent neural 

progenitor (QNP), Amplifying neural progenitor (ANP) Subgranular zone (SGZ), 

Granular cell layer (GCL) and Molecular layer (ML). 

 

 

During maturation the young immature neurons (approximately 3-4 weeks old) exhibit 

distinct physiological differences from the mature granule cell population, with 

immature neurons exhibiting a heighten excitability (Aimone et al., 2011, Bonaguidi et 

al., 2012).  In immature neurons, GABA regulates cell proliferation and neurite 
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outgrowth through an excitatory, depolarizing activation, due to the high intracellular 

concentration of chloride (Watanabe and Fukuda, 2015, Sernagor et al., 2010).   

During maturation, GABA initially elicits an excitatory response  in newborn neurons, 

but as the cell matures and becomes integrated into the existing hippocampal circuity, 

GABA exhibits an inhibitory effect (Bischofberger, 2007).  The shift in excitability is 

due to a change in the expression of chloride transporters that control chloride 

homeostasis.  Specifically, the Na+- K+-2Cl- co-transporter (NKCC1), which increases 

the intracellular concentration of chloride, is predominantly expressed in immature 

neurons, which causes a GABA-mediated-excitatory action (Watanabe and Fukuda, 

2015, Sernagor et al., 2010).  As the new neuron matures, the NKCC1 transporter is 

downregulated and an upregulation of the potassium-chloride transporter member 5 

(KCC2) occurs.  This results in low intracellular concentration of chloride ions, which 

shifts the GABA-mediated excitation to inhibition (Sernagor et al., 2010).  Thus, adult-

born cells initially exhibit an excitatory response to GABAergic synaptic transmission, 

but as the cells mature, expression of KCC2 increases, and approximately 3 weeks after 

cell proliferation the transition from an excitatory to an inhibitory role of GABA 

occurs, with glutamate eliciting an excitatory effect (Figure 1.4) (Goncalves et al., 

2016).  These differences in excitability have been suggested to indicate functionally 

distinct roles between the young (immature) and mature neurons within the 

hippocampus (Aimone et al., 2011, Bonaguidi et al., 2012).  GABA-CREB signalling 

has been shown to regulate the maturation and survival of newly born neurons (Jagasia 

et al., 2009, Ge et al., 2007).  Specifically, CREB is activated in new granule neurons 

during maturation and a loss of CREB leads to an impairment in dendritic development 
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and neuronal integration (Jagasia et al., 2009).  In rodents it takes several weeks for 

adult newborn cells to mature and functionally integrate into the existing hippocampal 

circuity, whereas in macaque monkeys it takes approximately 6 months (van Praag et 

al., 2002, Kempermann et al., 2003, Kohler et al., 2011).  In humans, the newborn 

neurons are thought to mature similar as macaque monkeys, however further work is 

needed to support this theory (Bergmann et al., 2015, Eriksson et al., 1998). 

 

 

 

Figure 1.4: Adult hippocampal neurogenesis. New born cells within the SGZ are 

characterized by expression of intermediate filament proteins glial fibrillary acidic 

protein (GFAP) and nestin. The new born cells differentiate into neurons, 

characterized by expression of doublecortin (DCX) or polysialylated neural cell 

adhesion molecule (PSA-NCAM) or into glial cells. Mature neurons are characterized 

by expression of neuron-specific nuclear protein (NeuN).  Initially GABA is excitatory 

to newborn neurons, once the cell is integrated, GABA becomes inhibitory. Adapted 

from Bischofberger (2007). 
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1.2.1 Adult hippocampal neurogenesis and cognition 

The addition of new neurons into the existing hippocampal neurocircuitry has been 

suggested to play a key role in learning and memory.  Spatial learning in the Morris 

water maze and trace eye-blink conditioning, a hippocampal-dependent processes, 

have also been shown to rescue new born neurogenesis within the adult hippocampus 

(Shors et al., 2012, Gould et al., 1999a, Gould et al., 1999c, Dupret et al., 2007).  In 

particular, Curlik et al. (2013) demonstrated that learning rescues newly born neurons 

from death, by integration of new born cells into existing hippocampal circuitry in rats.  

Importantly, the learning had to be challenging in order to promote cell survival (Curlik 

and Shors, 2011).  While there are some discrepancies in the literature, for the most 

part adult hippocampal neurogenesis has been linked to cognitive function in tasks 

which require spatial memory, contextual memory, and pattern separation, that is the 

ability to form distinct representations of similar inputs (Clelland et al., 2009, Rola et 

al., 2004, Raber et al., 2004, Saxe et al., 2006c, Snyder et al., 2005b, Aimone et al., 

2011, Dupret and Abrous, 2010).  Hippocampal neurogenesis has also been implicated 

in memory consolidation and forgetting (Kitamura and Inokuchi, 2014b, Akers et al., 

2014, Frankland et al., 2013).  Impairements in hippocampal neurogenesis has also 

been suggested as a potenital mechanisms which underlies the cogntive decline 

associated with the neuropathology of neurodegenerative diseases, such as Alzheimer’s 

and Parkinson’s disease as well as stress-related disorders such as depression and 

anxiety (Crews et al., 2010, Marlatt & Lucassen, 2010, Winner & Winkler, 2015). 
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1.2.2 Adult hippocampal neurogenesis and pattern separation 

The ability to discriminate between similar experiences is a critical feature of episodic 

memory (Tulving and Markowitsch, 1998).  In order to form new memories of these 

similar experiences, a process that encodes the memory in a discrete non-overlapping 

fashion is required.  Without such a process, memory recall would suffer high 

interference from similarly encoded memories (Kent et al., 2016).  The process of 

discriminating between similar memories has been termed pattern separation.  Pattern 

separation was first proposed as a key function of the DG, as convergent evidence from 

computational, physiological and behavioural studies indicated that the unique tri-

synaptic circuitry of the hippocampus positioned the DG for the disambiguation of 

incoming neural inputs from the EC (Marr, 1971, Knierim and Neunuebel, 2016, Myers 

and Scharfman, 2011, Myers and Scharfman, 2009, McHugh et al., 2007, Yassa and 

Stark, 2011).  

 

More recently, pattern separation has been linked to hippocampal neurogenesis 

(Aimone et al., 2011, Sahay et al., 2011c, Revest et al., 2009, Besnard and Sahay, 2016, 

McHugh et al., 2007, Tronel et al., 2012).  Young neurons that are approximately 2 

weeks old begin to receive GABAergic input and start expressing glutamatergic 

receptors (Ge et al., 2006).  After four weeks of age, the young neurons begin to 

established synaptic connections from glutamatergic neurons within the EC, similar to 

existing mature granule cells (Toni et al., 2007).  However, despite similar levels of 

glutamatergic input, GABAergic input to the young neurons is relatively low compared 
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to mature granule cells (Lacar et al., 2014).  This difference in excitation/inhibition 

balance causes a period of heightened excitability of the immature neurons, where long-

term potentiation is more readily induced within the young neurons compared to mature 

neurons (Schmidt-Hieber et al., 2004, Wang et al., 2000, Snyder et al., 2001).  This 

suggests that young maturing neurons may contribute to memory formation function 

through regulation of excitation-inhibition balance of the DG (Park et al., 2015).  

Indeed, Marin-Burgin et al. (2012) demonstrated that young neurons are more likely to 

respond to two separate neural inputs than their mature counterparts, and thus requires 

a weaker input (medial perforant pathway activation) to trigger an action potential.  

Marin-Burgin et al. (2012) showed that weak afferent activity recruits few mature 

granule cells but activates a large number of the immature neurons.  For example, a 

stimulus that activates approximately 5% of mature granule cells will activate 

approximately 30% of the immature granule cell population.  These differences in 

activation thresholds are dictated by an enhanced excitation/inhibition balance in 

immature granule cells which is not present in mature neurons (Marin-Burgin et al., 

2012).  Therefore, immature granule cells exhibit a low activation threshold that 

switches with time as the cell matures, toward a higher activation threshold.  This 

finding suggests that activity patterns entering the DG can undergo differential 

decoding by a heterogeneous population of granules cells which were born at different 

times (Marin-Burgin et al., 2012).  Thus, newborn neurons have a developmental 

period during which they exhibit unique physiological characteristics, separate from 

the mature granule cell population and this heterogeneity may underlie the ability of 

the DG to function as a pattern separator of incoming information.  Moreover, it has 
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been demonstrated that this period of heighten excitability is a transient developmental 

stage where young granule cells are initially hyper-sensitive to a narrow input and 

secondly, where older mature granule cells respond to a wide range of input signals 

(Brunner et al., 2014).  In addition, (Brunner et al., 2014) the shift from a narrow input 

specificity to a wide input range is not predicted by the chronical age of the cell, and 

thus, it has been proposed that this change in input sensitivity may be experience 

dependent (Brunner et al., 2014).  Furthermore, adult derived mature granule cells are 

almost indistinguishable from the existing hippocampal neural circuitry, suggesting 

that these young neurons have a unique contribution to hippocampal function during 

this maturation period.  However, once the cell matures it functions in a similar fashion 

as the pre-existing mature granule cell population (Laplagne et al., 2006, Aimone et al., 

2011).  Taken together, these data suggest that new neurons are a potential mechanism 

by which the DG encodes similar but non-identical environmental inputs through 

distinct cellular populations within the hippocampal circuitry (Deng et al., 2013).  

 

1.2.3 Behavioural models of pattern separation 

In recent years, novel cognitive tests have been developed to tease apart the relationship 

between hippocampal neurogenesis and pattern separation (Bekinschtein et al., 2013a, 

Oomen et al., 2013, Sahay et al., 2011b).  Four main behavioural models have been 

developed and are commonly used in assessing pattern separation.  These include; fear 

conditioning paradigms, object-location recognition and radial arm maze based tasks 

as well as touchscreen-operant based tests (Figure 1.5).  The latter allows for increased 
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translation with human neuropsychological assessments as well as the testing of 

multiple types of cognitive tasks utilizing the same behavioural platform (Oomen et al., 

2013, Horner et al., 2013, Bekinschtein et al., 2013a, McHugh et al., 2007).  The 

underlying concept of these pattern separation tasks is to present an animal with two 

similar but different stimuli that the animal must discriminate or “separate” in order to 

exhibit the correct behavioural response.  The role of adult hippocampal neurogenesis 

in pattern separation has come from in vivo studies investigating loss/gain function 

following changes in neurogenesis.  The majority of these studies have focused on 

neurogenesis ablation, using a variety of techniques, such as antimitotic drugs, low-

dose focal irradiation and permanent or temporary genetic manipulations (Sahay et al., 

2011a, Niibori et al., 2012, Tronel et al., 2012).  
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Figure 1.5: Behavioural models of pattern separation. Illustration of the different 

pattern separation behavioural models. Fear conditioning paradigm (A). Object-

location paradigm (B). Radial arm maze paradigm (C). Touchscreen operant paradigm 

(D). 
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1.2.3.1 Fear conditioning paradigm of pattern separation 

In the fear conditioning paradigm of pattern separation, the animal learns to associate 

a particular context with an aversive electric shock.  The animal undergoes several 

exposures to a fear conditioning chamber with an aversive electric shock (Context A) 

as well as a second “shock free” chamber with different contextual cues (Context B) 

(Kheirbek et al., 2012).  Over several exposures, the animal learns to anticipate a shock 

in Context A (indicated by increased freezing behaviour) and no shock in Context B 

(indicated by reduced freeze behaviour) (Figure 1.5A) (Sahay et al., 2011b, Kheirbek 

et al., 2012, Tronel et al., 2012).  Freeze behaviour is a complete immobility except for 

breathing and is a common response to a fearful or aversive stimuli where escape is 

impossible (LeDoux, 1998).  The contextual overlap between Context A and B can be 

manipulated by varying the similarity of the contextual cues within the fear 

conditioning chambers (i.e. chamber lighting, scent, visual cues).  Animals with intact 

hippocampal neurogenesis readily learn to discriminate the contextual environment in 

which the shock is administered (Context A) compared to a neutral environment 

(Context B), whereas animals with impaired neurogenesis overgeneralize the 

conditioned response to both conditioned (Context A) and neutral context (Context B) 

and are therefore unable perform a contextual discrimination or “pattern separate” 

(Kheirbek et al., 2012, Tronel et al., 2012, Saxe et al., 2006c, Sahay et al., 2011b). 
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1.2.3.2 Object-location paradigm of pattern separation 

Object-location based models of pattern separation employ modified spontaneous 

location recognition tasks.  These tasks are similar to the traditional novel object 

location recognition tasks that employ a sample phase, in which the animal is initially 

presented with 3 identical objects in an arena with various spatial cues and is allowed 

to explore the objects (thereby encoding information regarding the object’s features 

and its position in space) (Kent et al., 2015, Bekinschtein et al., 2013a, Bekinschtein et 

al., 2014, Crawley, 1999).  Following the sample phase and inter trial delay (to allow 

for the encoding of object-location information), the animal is exposed to a test phase 

in which one object has been removed and other object has been displaced (placed in a 

new location) (Figure 1.5B).  The animal, having a natural preference for novelty, will 

tend to explore the now displaced object (Antunes and Biala, 2012).  The contextual 

overlap between the sample phase and test phase can be manipulated by reducing or 

increasing the distance of the displaced object. For example, a small object 

displacement will create a high contextual overlap between the sample and test phase 

(i.e. difficult to notice a difference) whereas a large object displacement will create a 

low contextual overlap between the sample and test phase (i.e. easy to notice a 

difference) (Bekinschtein et al., 2013a, Bekinschtein et al., 2014).  Therefore, animals 

with intact hippocampal neurogenesis are able to discriminate between a small 

displaced object which has high contextual overlap, as indicated by a preference in 

exploration for the displaced object, while rats with ablated neurogenesis fail to 

discriminate between the small displaced object and the unmoved object, as indicated 

by an equal amount of time spent exploring both the displaced object and familiar 
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object (Bekinschtein et al., 2013a, Bekinschtein et al., 2014).  Within this paradigm, 

pattern separation is measured during the small displacement (i.e. high contextual 

overlap).  Therefore, when there is a large object displacement (i.e. low contextual 

overlap), animals with either intact or impaired hippocampal neurogenesis perform 

equally well.  

 

1.2.3.3 Radial arm maze paradigm of pattern separation 

The delay non-matching to place task in the radial arm maze, was first developed by 

(Marighetto et al., 1993).  In this task the animal is initially trained to retrieve a food 

reward from a baited arm (Marighetto et al., 1993).  The animal is then exposed to a 

sample phase in which only one arm is open.  Upon reward collection the animal is 

given an inter-trial interval and a second arm is baited.  During the choice phase, the 

previously baited arm remains empty and the new arm contains the food reward.  The 

animal must correctly retrieve the reward from the newly baited arm, and entry into the 

previously rewarded arm results in a failure (Figure 1.5C).  The radial arm maze model 

of pattern separation utilizes a modified version of this task (Clelland et al., 2009).  In 

this paradigm, pattern separation is assessed by manipulating the spatial separation 

between the sample arm and choice arm to create conditions of either high or low 

contextual overlap.  For example, a choice arm which is located next to the sample arm 

exhibits high contextual overlap (i.e. high spatial interference) whereas, a choice arm 

located opposite (180 degree) the sample arm exhibits low contextual overlap (i.e. low 

spatial interference) (Clelland et al., 2009).  Therefore, animals with intact hippocampal 
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neurogenesis are able to correctly retrieve the food reward when the choice arm is in 

close proximity to an empty sample arm, while animals with impaired hippocampal 

neurogenesis incorrectly return to the unabated sample arm (Clelland et al., 2009). 

Furthermore, during the low contextual overlap conditions, that is, when the choice arm 

is furthest (180 degree) from the sample arm, animals with either intact or impaired 

hippocampal neurogenesis perform equally well.  

 

1.2.3.4 Touchscreen operant paradigm of pattern separation 

Touchscreen based paradigms utilizes the touchscreen operant chamber where animals 

are trained to nose-poke an image on a touch sensitive screen to receive a food reward 

(McTighe et al., 2009, Talpos et al., 2010).  In this paradigm, pattern separation is 

assessed by a two-choice spatial discrimination task where the animal is presented with 

two identical images (white squares).  One is reinforced with a food reward and the 

other is punished with a timeout.  The inter-stimulus distance between the correct and 

incorrect image is either reduced so there is only a small separation between the two 

images (i.e. high contextual overlap), or a large separation between the two images (i.e. 

low contextual overlap).  Over several trials animals are presented with the “large 

separation” (large inter-stimulus distance, 5 cm) and a “small separation” (small inter-

stimulus distance, 1 cm) (Figure 1.5D).  Again, animals with intact neurogenesis are 

able to perform the task when there is a small inter-stimulus distance i.e. high spatial 

interference while, animals with impaired neurogenesis are unable to respond to the 

correct image.  Additionally, it is possible that while this task requires spatial learning, 
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it may also be mediated by the prefrontal cortex, as the animal is required to respond 

to the correct reward location, and then alternate their response based on the previously 

learnt reward location (Oomen et al., 2013).  Therefore, requiring the rat to retrieve 

spatial-context appropriate memories and supress competing spatial-context 

inappropriate memories (i.e. the previously correct reward location, which is now 

incorrect), a process that has been linked to the prefrontal cortex (Kehagia et al., 2010).  

The number of times in which an animal can alternate their response (i.e. re-learn the 

previous reward-location contingency) may serve as an indication of reversal learning 

and a measure of cognitive flexibly.   

 

1.2.4 Adult hippocampal neurogenesis and spatial learning 

The role of the hippocampus in spatial memory has been well established.  Specific 

neurons within the CA1 and CA3 subregions have been shown to be activated when an 

animal moves through a specific area of its environment (O'Keefe, 1976, Smith and 

Mizumori, 2006).  These cells have been referred to as place cells and help to form a 

spatial map of the environment (O'Keefe and Nadel, 1978).  Moreover, lesions of the 

dorsal hippocampus have led to impairments in spatial memory (Moser et al., 1993, 

Moser et al., 1995a, Fanselow and Dong, 2010).  However, the involvement of 

hippocampal neurogenesis in spatial learning remains to be fully elucidated.  Previous 

studies have reported contradictory findings on the role of hippocampal neurogenesis 

in spatial learning, with either disruption of adult hippocampal neurogenesis 

corresponding to impairments in spatial learning (Dupret et al., 2008, Garthe et al., 
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2009, Garthe et al., 2014, Jessberger et al., 2009, Snyder et al., 2005b) or no effect in 

spatial learning (Groves et al., 2013).  Findings from a meta-analysis on spatial learning 

and neurogenesis revealed no consensus in findings on neurogenesis and spatial 

learning, highlighting the controversy within the literature (Groves et al., 2013).  It has 

been suggested that the relationship between stress/ glucocorticoids and hippocampal 

behaviour may explain the heterogeneity observed within the literature (Groves et al., 

2013).  Specifically, the different testing environments and subsequent stress levels of 

the animals may explain the variance in findings.  Integrating data on the interaction 

between stress and adult hippocampal neurogenesis may be important in order to fully 

understand the role of these new cells in spatial learning.   Moreover, disruption of 

hippocampal neurogenesis also did not affect less complex spatial learning (Dupret et 

al., 2008).  Thus, differences in the specific behavioural paradigms between studies 

may also account for the differences in findings.  Furthermore, many other 

experimental parameters such as the method used to disrupt hippocampal neurogenesis 

(radiation, genetic or pharmacological) (Dupret et al., 2007, Garthe et al., 2009, Saxe 

et al., 2006b, Snyder et al., 2005b), the duration of treatment before behavioural testing, 

the experimental animals (species, strain or sex), the behavioural paradigms, 

(including; intra-trial interval (ITI), number of trials, length of trials) may affect the 

behavioural outcomes.  Therefore, a systematic standardization of the protocols 

employed would enable better comparison between studies.   

 

Therefore, adult hippocampal neurogenesis may not contribute to hippocampal 

learning in general but only to highly specific aspects of learning, such as pattern 

separation, as adult hippocampal neurogenesis appears to be relevant for specific 
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aspects of the Morris water maze task, such as retention and platform reversal-learning 

(Garthe et al., 2014).  The differences in methodologies between studies may help to 

explain the differences in results as the contribution of these new neurons to cognitive 

process may only be detectable when the behavioural task is sufficiently demanding, 

that is when there is a high contextual overlap between inputs (Garthe and 

Kempermann, 2013).  In addition, it has been suggested that the ablation of 

hippocampal neurogenesis will only impair information processing within the 

hippocampus in situations where the processing load is high (Dupret et al., 2007).  

Thus, disruption of hippocampal neurogenesis will not always result in a detectable 

performance reduction. 

 

1.2.5 Adult hippocampal neurogenesis and forgetting 

The addition of new neurons to the hippocampus has also been suggested to play a role 

in the forgetting of acquired memoires (Akers et al., 2014).  Acquired memory is 

initially dependent upon the hippocampus during encoding and memory consolidation.  

However, the process by which newly formed memories become progressively 

independent from the hippocampus is unclear.  It has been suggested that this decay or 

clearance of the memory trace from the hippocampus may enable this area to 

continuously encode and store new information (Kitamura and Inokuchi, 2014a, 

McClelland et al., 1995).  The addition of new neurons then may act to erase the 

previous memory trace in the hippocampus (Kitamura and Inokuchi, 2014a).  New born 

neurons have been shown to modulate the period of hippocampal dependency of a fear 

memory (Kitamura et al., 2009).  More specifically, a decrease in hippocampal 
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neurogenesis resulted in a prolonged period where the newly formed fear memory was 

susceptible to hippocampal disruption (Kitamura et al., 2009).  Inversely, an increase 

in hippocampal neurogenesis has been shown to increase the decay rate of the 

hippocampal dependency of a fear memory (Kitamura et al., 2009).  Impairments in 

hippocampal neurogenesis during adolescence have been shown to negatively affect 

spatial learning within the Morris water maze, while impaired neurogenesis in 

adulthood did not affect spatial learning, suggesting that disruption of neurogenesis 

may alter hippocampal development whereas during adulthood and aging, pre-existing 

neurons may compensate for the lack of new hippocampal neurons (Martinez-Canabal 

et al., 2013).  Neurogenesis has also been implicated in infantile amnesia (Guskjolen et 

al., 2017). 

 

1.2.6 Adult hippocampal neurogenesis, neurodegenerative and psychiatric disorders 

While some discrepancies are evident in the literature, impairments in hippocampal 

neurogenesis have been implicated in the neuropathology of neurodegenerative 

diseases such as Alzheimer’s and Parkinson’s disease (Wesnes et al., 2014, Ormerod 

et al., 2013, Crews et al., 2010, Marlatt and Lucassen, 2010, Winner and Winkler, 2015) 

as well as in ageing itself (Kuhn et al., 1996b, Spalding et al., 2013).  The rate of 

hippocampal neurogenesis has been shown to decline with age in rodents (Kuhn et al., 

1996a) and non-human primates  (Leuner et al., 2007, Gould et al., 1999b).  

Specifically, the proliferation rate of NSCs in the DG is reduced by as much as 80% in 

aged rats (Jin et al., 2003).  Alzheimer’s disease is characterized by progressive 



 
 

52 

neurodegeneration and increased levels of the hyperphosphorylated tau and amyloid-β 

protein, which aggregates to form plagues and neurofibrillary tangles within the basal 

forebrain, cortex, hippocampus and amygdala (Selkoe, 2001).  Furthermore, the 

hippocampus has been identified as one of the first regions affected by the emergence 

of the tau and amyloid-β plagues and neurofibrillary tangles (Hardy and Selkoe, 2002). 

In addition, Crews et al. (2010) demonstrated that the number of newly born neurons 

within the hippocampus was decreased in the post-mortem brains of patients previously 

diagnosed with Alzheimer’s disease.  Moreover, hippocampal neurogenesis has been 

shown to be altered in several transgenic mouse models of Alzheimer’s disease.  In the 

amyloid precursor protein (APP) transgenic mouse model of Alzheimer’s disease, 

proliferation within the DG has been shown to be decreased (Haughey et al., 2002, 

Donovan et al., 2006), while, other studies have reported an increase in proliferation 

and neuronal differentiation within the DG of APP23 transgenic mice (Mirochnic et 

al., 2009), as well as in postmortem DG tissue of patients previously diagnosed with 

Alzheimer’s disease (Jin et al., 2004).  Parkinson’s disease is characterized by 

progressive neurodegeneration of nigral dopaminergic neurons resulting in the 

depletion of striatal dopamine.  Cell proliferation within the hippocampus has been 

shown to be reduced in postmortem brains of individuals with Parkinson’s disease 

(Hoglinger et al., 2004).  Moreover, cell proliferation within the hippocampus is 

reduced following dopamine depletion as well as in the 6-hydroxydopamine mouse 

model of Parkinson’s disease (Hoglinger et al., 2004).  Given that neural precursor cells 

(NPC) express dopamine receptors, it is possible that cognitive dysfunction associated 
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with Parkinson’s disease may be mediated through disruption of hippocampal 

neurogenesis resulting from dopaminergic degeneration. 

 

1.3 Intrinsic and extrinsic regulators of hippocampal 

neurogenesis 

A large number of intrinsic regulators of hippocampal neurogenesis, such as Tlx, Wnt, 

Notch, nuclear factor kappa B alpha (NF-κB), mitogen activated protein kinase 

(MAPK) have been shown to play a key role in the regulation of hippocampal 

neurogenesis (O'Léime et al., 2017, Mu et al., 2010, Aimone et al., 2014).  Moreover, 

several intrinsic regulators of inflammation have also been shown to play a key role in 

hippocampal neurogenesis. Specifically, the pro-inflammatory cytokine IL-1β has been 

shown to negatively affect NPC’s through down regulation of the nuclear receptor Tlx 

(Ryan et al., 2013).  These intrinsic factors regulate gene expression within NPCs in 

order to control proliferation, differentiation and maturation into neuronal or glial cells 

(Mu et al., 2010).  In addition, several extrinsic factors, such as environmental 

enrichment and exercise, as well as certain types of learning have been shown to 

beneficially modulate hippocampal neurogenesis and its associated cognitive processes 

(Lucassen et al., 2010).  Learning itself has been shown to promote cell survival and 

provide a buffer against the negative effects of stress on cognition (Gould et al., 1999a).  

Conversely, other extrinsic factors such as stress have been shown to negatively impact 

hippocampal neurogenesis and disruption hippocampal and neurogenesis-associated 

learning and memory (Ryan and Nolan, 2016a).  Understanding the role of intrinsic 
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and extrinsic regulators of hippocampal neurogenesis may help in the development of 

novel therapeutic treatments. 

 

1.4 Tlx and the hippocampus 

1.4.1 Tlx deletion models 

The orphan nuclear receptor Nr2e1 (also known as Tlx or Tailless) is a key intrinsic 

regulator of embryonic and adult neurogenesis, with expression localized within the 

neurogenic niche of the forebrain and retina throughout development and adulthood 

(Islam and Zhang, 2015, Monaghan et al., 1995, Shi et al., 2004).  In an effort to 

understand the role of Tlx in neurogenesis and cognitive processes such as learning and 

memory, several different Tlx deletion models have been developed in mice 

(Monaghan et al., 1997, Shi et al., 2004, Young et al., 2002, Yu et al., 2000, Zhang et 

al., 2008b).  Each of these models differs in the method of genetic disruption: (1) a 

spontaneous deletion of all nine exons occurring within the Tlx gene (referred to as 

“fierce” (frc)) (Young et al., 2002), (2) targeted deletion of Tlx by homologous 

recombination disruption of exons two and three (Monaghan et al., 1997) and exons 

three, four and five (Yu et al., 2000) (referred to as Tlx-hr), and (3) a floxed conditional 

deletion of Tlx by flanking exon 2 with two loxP sites (referred to as Tlx-Cre-lox; 

infection of a Cre-expressing virus results in deletion of the second Tlx allele) (Zhang 

et al., 2008b).  The developmental period in which genetic disruption occurs also varies 

across studies in that it ranges from embryonic (spontaneous deletion and Tlx-hr mice) 

(Monaghan et al., 1997, Shi et al., 2004, Young et al., 2002, Yu et al., 2000) to 
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conditional disruption in adulthood (Tlx-Cre-lox) (Zhang et al., 2008b).  Furthermore, 

the genetic background of these mouse models varies.  The spontaneous deletion model 

has been investigated in Bl6129F1, C57BL/6J and 129P3/JEms mice (O'Leary et al., 

2016a, Wong et al., 2010, Young et al., 2002, Monaghan et al., 1997, Roy et al., 2004), 

whereas the targeted deletion of Tlx by homologous recombination model has only 

been investigated within Bl6129F2 mice (Monaghan et al., 1997, Roy et al., 2004).  

Similarly, the floxed conditional deletion model has only been established with 

C57BL/6J mice (Zhang et al., 2008b).  The background strain is known to affect the 

behavioural phenotype observed in knockout and transgenic mice as well as mutation-

phenotype interaction and is therefore an important factor to consider when comparing 

findings from studies using mice bred on different genetic backgrounds (Jacobson and 

Cryan, 2007, Silva et al., 1997).  For example, mice bred on a 129B6F1 background 

have been reported to outperform C57BL/6J mice in spatial learning paradigms 

(Wehner and Silva, 1996), while C57BL/6J mice have been shown to be hyperactive 

compared to 129 and hybrid 129BL/6J mice (Võikar et al., 2001).  Sex-genetic-

background interactions have also been shown to affect behavioural phenotype.  For 

example, Võikar et al. (2001) reported that male hybrid 129BL/6J exhibited higher 

anxiety-like behaviour within the elevated plus maze compared to female counterparts.  

Thus, methodological differences in the generation of these models should be 

considered when making direct comparisons between different studies assessing the 

behavioural effects of Tlx manipulation.  Nonetheless, disruption in Tlx expression 

results in a number of neuroanatomical and behavioural abnormalities across all 

deletion models of Tlx. 
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1.4.2 Tlx and learning and memory  

The role of Tlx in cognitive processes such as learning and memory has been 

investigated in several different animal models of Tlx deletion.  Tlx is expressed within 

the developing forebrain and the disruption of Tlx expression during this time results 

in the malformation of the amygdala, hippocampus and septum and poor performance 

across several learning paradigms dependent upon these malformed regions.  The 

Morris water maze is a hippocampus-dependent spatial learning and memory task, and 

the hippocampus has been shown to be reduced within both Bl6129F1-frc and 

Bl6129F2-Tlx-hr mice (Morris, 1984).  However, Bl6129F2-Tlx-hr mice show normal 

spatial learning acquisition within the Morris water maze despite their reduced 

hippocampal volume (Drill, 2009, Belz et al., 2007).  Although, despite normal 

acquisition, behavioural flexibility within the Morris water maze was impaired (Drill, 

2009).  Furthermore, Bl6129F2-Tlx-hr mice also show no deficits in spontaneous 

alternation within the radial arm maze, another hippocampal-dependent task (Drill, 

2009).  This evidence suggests that malformations derived from early life Tlx 

disruption are not sufficient to impair performance on this hippocampal-dependent 

task, but do affect prefrontal-hippocampal-dependent behavioural flexibility.  

However, when Tlx function is impaired specifically during adulthood Tlx has also 

been shown to play a role in hippocampal-dependent cognitive processes through its 

regulatory effect on adult hippocampal neurogenesis.  C57BL/6J-Tlx-Cre-lox mice 

exhibit impaired acquisition and short term recall measured 24 hours later, while long 

term recall was spared.  This impairment was correlated with a decrease in hippocampal 

neurogenesis (Murai et al., 2014, Zhang et al., 2008a).  While Tlx has been shown to 
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affect spatial learning, a neurogenesis-associated process, limited research on the role 

of Tlx in other neurogenesis-dependent tasks such as pattern separation has been 

carried out.  It should be noted that pattern separation is regarded as a cognitive process 

which is most likely to be dependent on hippocampal neurogenesis (Aimone et al., 

2011, Clelland et al., 2009, Creer et al., 2010, Sahay et al., 2011a, Sahay et al., 2011c).  

While adult C57BL/6J-Tlx-Cre-lox mice exhibit reduced adult hippocampal 

neurogenesis and impaired spatial learning within the Morris water maze (Zhang et al., 

2008b), further investigation is still necessary to draw definitive conclusions on the role 

of Tlx in behaviour, and how mechanisms such as hippocampal neurogenesis might 

drive the behavioural effect resulting from Tlx disruption.  It should also be noted that 

controversy remains regarding the role of adult hippocampal neurogenesis in spatial 

learning (Arruda-Carvalho et al., 2011, Clelland et al., 2009, Saxe et al., 2006b, Snyder 

et al., 2005b, Wojtowicz et al., 2008, Drapeau et al., 2003, Nada et al., 2013).  

Although, several studies have characterized the expression and the functional role of 

Tlx within the brain during embryonic and early postnatal development (Islam and 

Zhang, 2015, Monaghan et al., 1995, Roy et al., 2002, Wong et al., 2010, Roy et al., 

2004), the functional role of Tlx during adolescence remains largely unexplored.  In 

particular, it is not yet clear whether there are critical periods during postnatal life when 

Tlx might play a more dominant role in cognition, and whether such effects are sex-

dependent.  Thus, one aim of this thesis was to explore the extent and involvement of 

Tlx in learning and memory as well as hippocampal-independent functions during 

adolescence and adulthood in both male and female mice, see Chapter 2. 
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Differences in anxiety phenotypes have been reported in the spontaneous deletion 

model across different genetic backgrounds (C57BL/6J-frc and Bl6129F1-frc). 

C57BL/6J-frc and Bl6129F1-frc mice display an anxiolytic phenotype independent of 

sex, but dependent on strain within the elevated plus maze (Young et al., 2002).  

Specifically, adult male and female C57BL/6J-frc mice exhibit reduced anxiety-like 

behaviour in the elevated plus maze, while male and female Bl6129F1-frc mice showed 

similar levels of exploration to wild-type control mice (Young et al., 2002).  In addition, 

Bl6129F2-Tlx-hr mice also exhibit reduced anxiety-like behaviour within the elevated 

plus maze (Roy et al., 2002).  Further investigations utilizing the adult conditional 

C57BL6/J-Tlx-Cre-lox mice would help to establish a role for Tlx in anxiety-like 

behaviours and determine whether the anxiolytic phenotype is due to 

neurodevelopmental abnormalities or Tlx impairment in the adult brain.  It is possible 

that reduced adult hippocampal neurogenesis may play a role in anxiety, however the 

contribution of new neurons in anxiety is still debated within the literature and a 

consensus has not been reached (Petrik et al., 2012).  Moreover, the mechanisms 

underlying the sex-specific effects are currently unclear but there is a growing body of 

literature focusing on sex-dependent effects of adult hippocampal neurogenesis in 

stress and anxiety-related behaviours (Loi et al., 2014, Mahmoud et al., 2016).  Taken 

together, early life disruption of Tlx produces an anxiolytic phenotype which may be 

explained by abnormal development of key limbic system structures, such as the 

hippocampus and amygdala, areas known to play a role in anxiety-related behaviours 

while the contribution of Tlx to anxiety-related behaviours in adulthood requires further 

investigation. 
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The most striking behavioural phenotype displayed by both male and female 

C57BL/6J-frc and Bl6129F1-frc mice is increased aggression (Abrahams et al., 2005, 

Young et al., 2002).  Moreover, male C57BL/6J-frc mice are more aggressive 

compared to Bl6129F1-frc counterparts in both home cage and neutral arena encounters 

(Young et al., 2002).  Female C57BL/6J-frc and Bl6129F1-frc mice also exhibit 

elevated aggression within a resident-intruder paradigm as well as reduced maternal 

behaviour resulting in the premature death of pups (Young et al., 2002).  Conversely, 

heterozygous C57BL/6J-frc and Bl6129F1-frc mice display typical maternal behaviour 

and as such, heterozygous C57BL/6J-frc and Bl6129F1-frc mice have been used to 

breed experimental animals.  Thus, controlling for potential effects of impaired 

maternal behaviour on the pups.  Abrahams et al. (2005) utilized Bl6129F1-frc mice to 

develop a transgenic mouse line carrying the human nuclear receptor 2E1, and 

interestingly, these transgenic mice displayed similar levels of aggression compared to 

controls, suggesting the aggressive phenotype was rescued (Abrahams et al., 2005).  

These data indicate that similar mechanisms involving Tlx may underlie abnormalities 

in aggression in humans.  However, currently no studies have been carried out 

investigating the role of Tlx in aggression in humans. 

Similarly to the spontaneous deletion model, Bl6129F2-Tlx-hr mice exhibit a hyper-

aggressive phenotype, displaying a greater number of attacks towards non-estrus 

females than control wild type littermates (Roy et al., 2002).  Furthermore, the 

serotonin2A/C receptor has been shown to mediate the aggressive phenotype of male 

Bl6129F2-Tlx-hr mice within the resident intruder paradigm (Juarez et al., 2013).  

While Juarez et al. (2013) observed less heterozygous mice engaged in aggression 
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(36%), those that did, displayed a similar aggressive phenotype (latency and duration 

of attacks) compared to Bl6129F2-Tlx-hr littermates (Juarez et al., 2013).  Taken 

together, these data suggest that Tlx plays a role in aggression.  These effects seem to 

be a result of neurodevelopmental deficits as elevated aggression is not observed in 

adult C57BL/6J-Tlx-Cre-lox mice (Zhang et al., 2008b) thus suggesting that the 

reported aggressive phenotype is a function of disruption to relevant neural circuits 

involved in emotional regulation during development/early life.  

 

Hyperactivity has been observed in male Bl6129F1-frc mice (Wong et al., 2010).  

However, despite the similar developmental time frame of genetic disruption (early 

life) as well as similar neuroanatomical and emotional behavioural abnormalities, 

hyperactivity was not observed in Bl6129F2-Tlx-hr mice (Roy et al., 2002).  This may 

be due to the fact that the striatum remains structurally intact in the Bl6129F2-Tlx-hr 

mice, resulting in normal locomotor activity (Drill, 2009).  These findings suggest that 

disruption of motor activity may be a unique characteristic of the spontaneous deletion 

of Tlx.  Furthermore, these effects on motor function may be a result of 

neurodevelopmental deficits as adult C57BL6/J-Tlx-Cre-lox mice do not exhibit a 

hyperactive phenotype, but motor performance on the rotarod has yet to be tested 

within these mice (Zhang et al., 2008b).  Investigations into motor function (i.e. rotarod 

performance) following early life and adult disruption of Tlx is needed to further 

establish a role of Tlx in motor performance and corticostriatal pathways. 
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1.4.3 Tlx and neurogenesis 

Tlx is a key intrinsic regulator of embryonic and adult neurogenesis (Islam and Zhang, 

2015, Monaghan et al., 1995, Shi et al., 2004).  Tlx has been shown to regulate neural 

stem cell (NSC) maintenance through complexing with histone deacetylases (HDACs) 

and recruitment of lysine-specific demethylase 1 (LSD1) and to regulate repression of 

several cell cycle genes including p21, Wnt7na, cyclinD1, p27Kip1 and Pten (Shi et 

al., 2004, Sun et al., 2007, Yokoyama et al., 2008, Sun et al., 2010, O'Léime et al., 

2017).  Furthermore,  microRNA MiR-9 and MiR-219 have been shown to affect the 

post transcriptional regulation of Tlx expression (Murai et al., 2016, Zhao et al., 2009).  

Upregulation of miR-219 and a corresponding downregulation of Tlx has been shown 

in NSCs taken from patients with schizophrenia, suggesting a possible role of Tlx in 

neurodevelopment disorders such as schizophrenia (Murai et al., 2016).  Expression of 

Tlx is localized within the neurogenic niche of the forebrain and retina throughout 

development and adulthood (Islam and Zhang, 2015, Monaghan et al., 1995, Shi et al., 

2004). The temporal pattern of Tlx expression begins at embryonic day 8 (E8) peaking 

at E13.5 and decreasing by E16 (Drill, 2009, Monaghan et al., 1995).  Expression 

begins to increase again postnatally continuing into adulthood (Monaghan et al., 1995, 

Shi et al., 2004).  Tlx mRNA and protein is expressed within the lateral ganglionic 

eminence of the telencephalon as well as the developing amygdala, striatum, 

hippocampus and septum (Drill, 2009).  Moreover, Tlx has been shown to regulate the 

timing of neurogenesis in the cortex during development, regulate the timing of 

postnatal astrogenesis through modulation of bone morphogenetic protein BMP-

SMAD signalling (Qin et al., 2014), and to play a role in retinal development through 
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the regulation of the Pax 2 gene, Müller glia, S-cones, and glycineric amacrine cell 

differentiation (Corso-Diaz and Simpson, 2015, Yu et al., 2000).  Thus, Tlx plays a 

crucial role in neural and retinal development through its role in controlling cell cycle 

progression and exit of NSCs from quiescence (Corso-Diaz and Simpson, 2015, Li et 

al., 2008, Miyawaki et al., 2004, Roy et al., 2004, Roy et al., 2002, Shi et al., 2004, Yu 

et al., 2000). 

 

Given the role of Tlx in embryonic neurogenesis and subsequent neural and retinal 

development, Tlx may play a possible role in neurodevelopment disorders.  Indeed, 

early life deletion of Tlx causes neuroanatomical abnormalities such as decreased 

hippocampal volume, structural changes within the prefrontal cortex and amygdala as 

well as enlarged ventricles (Young et al., 2002).  The neuroanatomical abnormalities 

observed in Tlx knockout mice are similar to those seen in patients with depression 

(decreased hippocampal volume) (Campbell et al., 2004, Videbech and Ravnkilde, 

2004), as well as with bipolar disorder (structural and or volumetric changes within the 

prefrontal cortex, hippocampus and amygdala) (Andreazza and Young, 2014a, 

Strakowski et al., 2012a), and schizophrenia (enlarged ventricles and reduced 

hippocampal volume) (Ross et al., 2006).  Disruption of Tlx expression also causes 

malformation of the lateral and basolateral amygdala, brain regions involved in the 

regulation of anxiety (Stenman et al., 2003, Tasan et al., 2010).  Moreover, genetic 

variation at the Nr2e1 locus in humans has been linked to increased susceptibility to 

developing bipolar disorder (Kumar et al., 2008). 
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1.5 Exercise and the hippocampus 

A growing body of evidence suggests that exercise in adulthood has a significant effect 

on the brain and behaviour (Voss et al., 2013, Gomez-Pinilla and Hillman, 2013), and 

may also protect against the cognitive decline associated with ageing and 

neurodegenerative disorders (Ryan and Kelly, 2016, Ryan and Nolan, 2016a, Brown et 

al., 2013).  The development of animal models of exercise has helped to elucidate the 

molecular mechanisms underlying exercise-induced changes in cognition (Voss et al., 

2013).  In rodents, both short-term (1-2weeks) and prolonged (> 4 weeks) exercise 

paradigms, using either voluntary running wheel or forced treadmill exercise have been 

investigated (Kelly, 2015).  Indeed, voluntary wheel running activity is a well adopted 

exercise paradigm of experience-based change in synaptic plasticity that simulates 

aspects of voluntary human behavior (Molteni et al., 2002).  The voluntary wheel 

running paradigm promotes ad libitum exercise and therefore running, speed, distance 

and duration vary between animals, which is thought to closely model human exercise 

regimes, whereas, in forced treadmill exercise paradigms, the running time, speed and 

distance are fixed experimental parameters (Voss et al., 2013).  Moreover, the forced 

treadmill running has also been shown to produce physiological adaptations indicative 

of chronic stress, which may alter exercise derived changes in behaviour (Moraska et 

al., 2000).  However, for the most part, studies investigating the effects of chronic 

running wheel or treadmill exercise have shown enhanced hippocampal-dependent 

cognition and these enhancements are associated with significant changes in the 

neurocircuitry involved in learning and memory, particularly the hippocampus 

(Brockett et al., 2015, Creer et al., 2010).  Thus exercise may be a simple non-



 
 

64 

pharmacological means to maintain brain function and promote plasticity as well as a 

therapeutic treatment for psychiatric disorders in which hippocampal function is 

altered.  

 

1.5.1 Exercise and learning and memory 

Prolonged running wheel and treadmill exercise (seven to twelve weeks) in adulthood 

has been shown to enhance hippocampal-dependent cognition, such as spatial learning 

in the Morris water maze in adult and aged rats (Anderson et al., 2000, Ang et al., 2006, 

Albeck et al., 2006) and mice (Rhodes et al., 2003, van Praag et al., 2005).  Contextual 

fear conditioning, another hippocampal-dependent task, has also been shown to be 

enhanced following prolonged (four, six or eight weeks) wheel running exercise in 

adult rats (Baruch et al., 2004, Burghardt et al., 2006, Greenwood et al., 2009) and mice 

(Kohman et al., 2012, Clark et al., 2008, Dubreucq et al., 2011).  In addition, pattern 

separation has been shown to be enhanced following prolonged (ten weeks) running 

wheel exercise in adult and aged mice using both the touchscreen operant chamber 

(Creer et al., 2010) and fear conditioning paradigms (Wu et al., 2015).  Likewise, 

prolonged (six weeks) forced treadmill exercise has been shown to increase pattern 

separation assessed using the radial arm maze in mice (So et al., 2017).  Long-term 

potentiation (LTP), a physiological model of learning and memory in the DG (Bliss 

and Collingridge, 1993), has been shown to be increased following exercise (Vivar et 

al., 2013, van Praag et al., 1999a).  Specifically, field recordings in acute hippocampal 

slices of mice exposed to eight weeks of voluntary wheel running exercise showed an 
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increase in LTP in the DG compared to sedentary controls (Vivar et al., 2013, van Praag 

et al., 1999a).  Similarly, in vivo recordings within the DG exhibited enhanced LTP 

following one week exposure to voluntary wheel running (Farmer et al., 2004) or forced 

treadmill exercise (O'Callaghan et al., 2007).  However, exercise does not appear to 

promote all types of hippocampal-dependent cognition, as previous studies have 

reported contradictory findings in both spatial working memory and novel object 

recognition.  Voluntary wheel running exercise for six to seven weeks was 

demonstrated to improve spatial working memory in the radial arm maze in rats 

(Anderson et al., 2000, Gram et al., 2016, Alomari et al., 2016), whereas, spatial 

working memory in the T-maze was reportedly unaffected following one week of 

forced exercise in rats (Acevedo-Triana et al., 2017).  In addition, novel object 

recognition, a hippocampal and perirhinal cortex-dependent processes has shown 

differential effects of exercise on performance.  Previous studies have reported 

contradictory findings of exercise on object recognition, with some studies 

demonstrating enhanced performance following either voluntary or forced exercise 

(one to four weeks) (O'Callaghan et al., 2007, Griffin et al., 2009, Bolz et al., 2015, 

Hopkins and Bucci, 2010), and others reporting no effect of wheel running exercise 

(two to four weeks) on recognition memory (Brockett et al., 2015, Bolz et al., 2015).  

Thus, further work is needed to fully elucidate the effects of exercise on certain types 

of hippocampal-dependent cognition.  It has been well established that exercise 

conveys pro-cognitive effects in the aging brain (Ryan and Kelly, 2016, Ryan and 

Nolan, 2016b).  Indeed, both voluntary and forced running during middle and later age 

have been shown to improve performance in hippocampus-dependent memory tasks in 
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rats (Albeck et al., 2006, Adlard et al., 2005), mice (van Praag et al., 2005, Gibbons et 

al., 2014) as well as humans (Duzel et al., 2016, Erickson et al., 2011, Intlekofer and 

Cotman, 2013).  However, how exercise interventions that begin earlier in life such as, 

adolescent or young adult affect aged-related hippocampal-dependent impairments is 

yet to be fully explored. 

 

1.5.2 Exercise and hippocampal neurogenesis 

The survival rate of newly born neurons in the hippocampus has been shown to be 

increased by exposure to a more complex environment, suggesting that adult 

hippocampal neurogenesis may be regulated by experiences (Gould et al., 1999a, 

Kempermann et al., 1998).  Specifically, Kempermann et al. (1998) demonstrated that 

exposure to enriched environments enhanced the survival rate of newly formed 

neurons.  Under environmentally enriched conditions there is increased opportunity for 

learning, socialization, and physical activity (van Praag et al., 2000).  Indeed, physical 

activity has been shown to be a critical component of the effects of environmental 

enrichment on hippocampal neurogenesis (Kobilo et al., 2011, van Praag et al., 2000).  

Furthermore, both short term (one week) (van Praag et al., 1999a) and prolonged 

(twelve weeks) (Creer et al., 2010) running wheel exercise in adulthood has been shown 

to be a potent stimulator of hippocampal neurogenesis.  Indeed, it is hypothesized that 

the beneficial effects of exercise on hippocampal-dependent cognition is due, in part, 

to its pro-neurogenic capacity (Clark et al., 2008, Ji et al., 2014).  Interestingly, the pro-

neurogenic effects of exercise appear to be restricted to the hippocampus, as adult 

neurogenesis within the olfactory bulb has been shown to be unaffected following 
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running (Brown et al., 2003).  Voluntary wheel running has been shown to increase 

proliferation and cell survival within the hippocampus (van Praag et al., 1999b).  

Furthermore, both prolonged (five weeks) voluntary wheel running and forced 

treadmill exercise have been shown to combat the age-related decline in hippocampal 

neurogenesis, with enhances in the proliferation and survival of neuronal progenitor 

cells within the DG of aged mice (van Praag et al., 2005, Wu et al., 2008, Kronenberg 

et al., 2006).  Moreover, the exercise induced increase in cell proliferation occurs 

without altering apoptosis in the DG (Kim et al., 2002).  Furthermore, while short term 

exercise has been shown to increase cell proliferation, exercise induced increase in 

immature neurons, as measured by doublecortin (DCX), a marker of immature neurons, 

only occur following 14 days of exercise (Patten et al., 2013).  These data suggest that 

later cellular developmental stages, such as neuronal differentiation require greater 

periods of exercise to impact.  Indeed, the duration of exercise has been suggested to 

be an important factor in the pro-neurogenic capacity of exercise.  Lucassen et al. 

(2010) suggested that short periods of exercise (a few days) convey positive effects on 

hippocampal neurogenesis whereas prolonged periods (several weeks) exerts a 

negative impact on hippocampus neurogenesis effects (Lucassen et al., 2010, Naylor et 

al., 2005, Droste et al., 2003).  To date, the majority of studies investigating the impact 

of exercise on hippocampal neurogenesis has been reported in adulthood.  Thus, how 

exercise affects hippocampus neurogenesis during different developmental periods, 

when basal levels of cell proliferation and survival are altered is yet to be fully 

understood. 
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1.5.3 Exercise and neural plasticity 

Running has been shown to induce morphological changes.  Short-term (one week) 

running wheel exercise has been shown to reorganize of the circuitry of new born 

neurons in the hippocampus in mice (Sah et al., 2017).  Sah et al. (2017)  demonstrated 

that one week of exercise increased arborization of immature adult born granule cells.  

Specifically, the cell body and total dendrite length were significantly larger in running 

animals compared to controls.  In addition, the number of dendrite branch points, a 

measure used to quantify the complexity of a neuron, was greater in mice that had 

undergone exercise compared to sedentary controls (Sah et al., 2017).  Likewise, 

running wheel exercise for two weeks increased the dendritic length and the number of 

dendritic spines of granule neurons in the DG in rats (Eadie et al., 2005).  Moreover, 

Dostes et al. (2016) demonstrated that the effect of exercise on neuronal morphology 

was activity-dependent, with mice given unlimited (24 hour) access to a running wheel 

for three weeks exhibiting a greater increase in dendritic complexity compared to mice 

with limited (3 hour) running wheel access also for three weeks.  Moreover, prolonged 

running wheel exercise (twelve weeks) has been shown to increase the dendritic spine 

density not only in granule neurons of the DG, but also in the CA1 pyramidal neurons, 

and in layer III of the entorhinal cortex in rats (Stranahan et al., 2007, Siette et al., 

2013).  In the CA1 region, exercise induced changes were accompanied by changes in 

dendritic arborization and alternations in the morphology of individual spines.  

Specifically, running animals had longer dendritic spines on pyramidal neurons in the 

CA1 (Stranahan et al., 2007).  These findings suggest that exercise accelerates new 

neuron maturation by increasing their dendritic complexity and spine density but does 
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not result in overall changes by the time the neurons are one month old (Eadie et al., 

2005, Stranahan et al., 2007, Vaynman et al., 2004, Dostes et al., 2016).  In addition, 

exercise has also been shown to increase hippocampal mRNA and protein expression 

of PSD-95, and synaptophysin  markers of synaptic plasticity (Vaynman et al., 2006).  

Furthermore, previous work has shown that BDNF within the DG can alter cellular and 

dendritic morphology of granule neurons in the DG and pyramidal neurons in the CA1 

(Tyler and Pozzo-Miller, 2003, Tolwani et al., 2002, McAllister et al., 1997).  Thus, 

exercise induces morphological changes in neurons may be mediated by neurotrophic 

factors, such as BDNF.  Exercise that begins in earlier life (PND 29) and continues into 

late adolescence (PND 49) has been shown to have a similar effect on neuronal 

morphology to exercise that begins later in life, with increases in cell density within 

the hippocampus (CA1, CA3 and DG) as well as preferentially enhancing 

synaptophysin protein levels within the ventral hippocampus in rats (Hescham et al., 

2009). However, whether there are differences in the functional outcome of early 

exercise onset and hippocampal neuronal morphology is yet to be fully explored. 

   

Trophic factors associated with progenitor cell survival and differentiation (Gage, 

2012), alterations in synaptic strength (Schuman, 1999), as well as learning and 

memory (Fischer et al., 1987), are elevated after several days of exercise (Neeper et al., 

1995, Gomez-Pinilla et al., 1997).  Brain derived neurotrophic factor (BDNF) plays a 

key role in the regulation of hippocampal neurogenesis through promotion of cell 

survival of newly differentiated neurons (Foltran and Diaz, 2016).  Both intra-

hippocampal infusion of BDNF in rats (Scharfman et al., 2005) and chronic peripheral 
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administration of BDNF in mice (Schmidt and Duman, 2010), has been shown to 

increase the number and survival of newborn neurons in the DG.  Exposure to voluntary 

wheel-running in adulthood for one week increases levels of BDNF mRNA and protein 

within the hippocampus (Neeper et al., 1995, Neeper et al., 1996, Cotman and 

Berchtold, 2002, Berchtold et al., 2001, Uysal et al., 2015).  Specifically, hippocampal 

BDNF levels were increased in both young mice (Rhodes et al., 2003) and aged mice 

following one or six months of voluntary wheel running exercise (Marlatt et al., 2012).  

Additionally, exercise that begins earlier in life (PND 21) and continues into adulthood 

(PND 60) has also been shown to increase hippocampal levels of BDNF (Gomes da 

Silva et al., 2012).  Acute wheel running exercise (6 h) in mice has been shown to 

increase BDNF mRNA expression within the hippocampus and this exercise-induced 

increase was mediated by cAMP-response-element binding protein (CREB), a 

transcription factor involved the maintenance of synaptic plasticity and cell survival 

(Chen and Russo-Neustadt, 2009).  Fibroblast Growth Factor (FGF-2) promotes 

proliferation and differentiation of hippocampal NPCs in rats and mice (Palmer et al., 

1999, Yoshimura et al., 2001), and has also been shown to be elevated following one 

week of voluntary running-wheel exercise in rats (Gomez-Pinilla et al., 1997, Gomez-

Pinilla et al., 1998).   

 

Insulin-like growth factor-I (IGF-I) is a growth-promoting peptide hormone that is 

expressed in the developing hippocampus.  It has been shown to promote proliferation 

and neuronal differentiation of progenitor cells resulting in increased neurogenesis in 

the adult rat hippocampus (Cameron et al., 1998).  Acute forced treadmill exercise for 
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one hour has been demonstrated to increases uptake of circulating IGF-1 in rats (Carro 

et al., 2000, Annenkov, 2009).  Additionally, peripheral infusion of IGF-1 has been 

shown to enhance hippocampal neurogenesis in rats (Åberg et al., 2000).  Moreover, 

IGF-1 has been reported to increase hippocampal BDNF gene expression therefore 

IGF-1 may be an important mediator of exercise-induced increases in hippocampal 

neurogenesis through action upon BDNF signalling (Carro et al., 2000, Trejo et al., 

2008).   

 

Nerve growth factor (NGF) is known to increase the survival of adult newly born 

neurons (Frielingsdorf et al., 2007).  Furthermore, NGF mRNA expression has been 

reported to be increased within the hippocampus following one week of running wheel 

exercise  (Neeper et al., 1996).  Basic fibroblast growth factor (bFGF) has also been 

shown to increase proliferation of NPCs during development (Tropepe et al., 1999).  In 

addition, one week of running wheel exercise has been shown to increase FGF-2 

mRNA expression within the hippocampus (Gomez-Pinilla et al., 1997).  

 

Vascular endothelial growth factor (VEGF) regulates hippocampal neurogenesis, 

through the VEGF receptor (Flk-1) which is expressed on hippocampal NPCs (Yang et 

al., 2003). Disruption of Vegf gene expression impairs cell proliferation and 

differentiation of new born neurons within the hippocampus (Sun et al., 2006).  VEGF 

has also been demonstrated to regulate the exercise-induced effects on hippocampal 

neurogenesis (Fabel et al., 2003).  Given the VEGF receptor (Flk-1) is expressed on 
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hippocampal NPCs, exercise-induced changes in VEGF may act directly upon 

hippocampal NPCs (Yang et al., 2003).  Moreover, blockage of VEGF signalling by an 

VEGF antagonist prevented the exercise-induced increase in the number of immature 

neurons in the DG of mice following one week of running wheel access (Fabel et al., 

2003).  Although neurotrophic factors, including NGF (Neeper et al., 1996) and FGF-

2 (Gomez-Pinilla et al., 1997), have been reportedly increased in the hippocampus 

following voluntary running wheel exercise in rats, this upregulation appears to be 

transient and less robust compared to that of BDNF, suggesting that BDNF may be a 

candidate for mediating the long-term benefits of exercise on hippocampal functioning.  

Taken together, these findings suggest that the effect of exercise on dendritic 

complexity within the hippocampus may in part be mediated by BDNF. 

 

1.6 Inflammation and the hippocampus 

There is a growing consensus that the increasing impact of age and stress-related 

inflammatory insults on daily living positions neuroinflammation as a significant 

protagonist of neurodegeneration and associated cognitive disorders (Amor et al., 2010, 

Green and Nolan, 2014, Ryan and Nolan, 2016b).  The hippocampus is particularly 

vulnerable to neuronal degeneration and the consequent cognitive dysfunction 

associated with ageing, neurodegenerative and psychiatric disorders (Conrad, 2008, 

Bartsch and Wulff, 2015).  A common pathological feature of these neurodegenerative 

and psychiatric disorders, as well as in normal ageing, is neuroinflammation, which has 

been consistently shown to negatively affect hippocampal-dependent processes (Amor 
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et al., 2010, Barrientos et al., 2015, Green and Nolan, 2014, Nolan et al., 2013, Ryan 

and Nolan, 2016b).  Understanding the contribution of neuroinflammation to 

hippocampal disruption may help to understand the cognitive decline associated with 

ageing and neurodegenerative disorders. 

  

1.6.1 The pro-inflammatory cytokine interleukin-1β 

The pro-inflammatory cytokine Interleukin-1 (IL-1) is produced primarily by 

macrophages and monocytes as well as by glia and neurons within the brain (Srinivasan 

et al., 2004, Palomo et al., 2015, Rothwell and Luheshi, 2000).  IL-1 is produced in two 

forms, IL-1α and IL-1β, whose signalling is mediated by the IL-1 receptor type I 

(Palomo et al., 2015).  Furthermore, IL-1β is a major mediator of neuroinflammation 

and is highly expressed within the hippocampus (Ban et al., 1991, Parnet et al., 1994).  

It has been shown that hippocampal neurons express the IL-1R1 and respond to IL-1β 

through its cognate receptor IL-1R1 to impair LTP (Lynch, 2015).  IL-1R1 is also 

expressed on hippocampal NPCs, thus making NPCs vulnerable to inflammatory 

insults (Green and Nolan, 2012b).  The primary source of inflammatory cytokines in 

the brain is glia and both microglia and astrocytes can be stimulated to produce IL-1β, 

TNFα and IL-6 (Minogue et al., 2012, Cowley et al., 2012). Sustained microglial 

activation in response to chronic stress, infection, toxins or age is responsible for 

prolonged release of the prototypic cytokine IL-1β from microglia, which influences 

the normal function of neurons (Lull and Block, 2010).   
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1.6.2 IL-1β and learning and memory 

Evidence indicates that IL-1β is required for hippocampal-dependent learning and 

memory under quiescent conditions. Schneider et al. (1998) demonstrated that IL-1β 

mRNA expression in the CA1 and DG was substantially increased during long term 

potentiation (LTP), a process underlying hippocampal learning and memory, in rats.  

However, under chronic inflammatory conditions such as those reported in ageing and 

neurodegenerative disorders, IL-1β has a detrimental effect on memory processes 

(Goshen et al., 2007, Hauss-Wegrzyniak et al., 2002, Kohman and Rhodes, 2013, 

Lynch et al., 2010).  Particularly, impaired interleukin-1 signalling is associated with 

deficits in hippocampal memory processes and neural plasticity (Avital et al., 2003).  

Furthermore, acute elevations in hippocampal IL-1β has been shown to inhibit long-

term potentiation (LTP) within the DG and CA3 region of the hippocampus of both 

rats and mice (Katsuki et al., 1990, Cunningham et al., 1996, Lynch, 2015).  

Impairments in hippocampal-dependent cognition have primarily been observed in 

studies investigating the effects of acute IL-1β exposure.  Acute intracerebroventricular 

administration of recombinant IL-1β protein (Oitzl et al., 1993), as well as prolonged 

overexpression of IL-1β in transgenic mice has been reported to impair spatial learning 

in the Morris water maze in Wistar rats (Moore et al., 2009, Hein et al., 2010).  Previous 

work has shown impaired spatial working memory in the radial arm maze following 

acute intra-hippocampal administration of IL-1β recombinant protein in Wistar rats 

(Matsumoto et al., 2004).  Similarly, acute intra-hippocampal administration of IL-1β 

has also been shown to impair other hippocampal-dependent tasks such as contextual 

fear recall in Wistar rats (Gonzalez et al., 2009).  Lipopolysaccharide (LPS) has been 
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shown to induce an acute elevation of IL-1β and to impair both spatial and contextual 

memory in rats (Gibertini et al., 1995, Goshen et al., 2007, Barrientos et al., 2002).  

However, the impact of prolonged increases in IL-1β on hippocampal neurogenesis-

dependent cognitive function is yet to be fully explored.   

 

Chronic neuroinflammation is associated with neurodegenerative disorders (Amor et 

al., 2010).  Indeed, pro-inflammatory cytokine expression is elevated in 

neurodegenerative disorders (Shaftel et al., 2008, Freeman and Ting, 2016).  

Specifically, increased levels of IL-1β protein has been shown in postmortem tissue of 

the striatum and substantia nigra of patients previously diagnosed with Parkinson’s 

disease (Tansey and Goldberg, 2010), as well as in brain tissue and plasma of patients 

previously diagnosed with Alzheimer’s  disease (Swardfager et al., 2010, Meraz-Ríos 

et al., 2013).  Moreover, accumulating evidence suggests that IL-1β might contribute 

to the development or even cause Alzheimer’s disease.  In particular, IL-1β can induce 

APP-β mRNA expression in endothelial cells (Meraz-Ríos et al., 2013), which suggests 

that IL-1β increasing in AD patients could be linked to Aβ formation.  Although it is 

well established that acute neuroinflammation reduces adult hippocampal 

neurogenesis, the role of chronic neuroinflammation, which may be more 

representative of ongoing processes in CNS disorders, remains relatively unknown.   
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1.6.3 IL-1β and hippocampal neurogenesis 

NPCs have been shown to express the type 1 IL-1 receptor (IL-1R1), suggesting that 

IL-1β may act directly upon NPCs (Green et al., 2012).  Acute IL-1β exposure has also 

been shown to negatively impact upon hippocampal neurogenesis, both in vitro (Green 

and Nolan, 2012b, Ryan et al., 2013, Zunszain et al., 2012) and in vivo (Vallières et al., 

2002, McPherson et al., 2011, Wu et al., 2013).  Furthermore, chronic administration 

(four weeks) of IL-1β into the dorsal hippocampus via osmotic mini-pumps has been 

shown to decrease the number of DCX-positive cells in the DG in mice (Goshen et al., 

2008).  Similarly, transgenic overexpression of IL-1β has also been shown to reduce 

DCX-positive cells in the DG in mice (Wu et al., 2012).  Similarly, acute 

intracerebroventricular administration of IL-1β also decreases cell proliferation, in the 

DG in rats (Koo and Duman, 2008).  Moreover, IL-1β is known to disrupt brain-

derived-neurotrophic-factor (BDNF) signalling, a major mediator of neurogenesis 

(Tong et al., 2008, Tong et al., 2012, Ryan et al., 2013, Green and Nolan, 2012b).  

Therefore, it is possible that IL-1β may affect hippocampal neurogenesis through both 

direct action on NPCs through the IL-1R1 signalling and indirectly through disruption 

of BDNF signalling.  Taken together, these findings suggest impairments in 

hippocampal neurogenesis by inflammation may be mediated through pro-

inflammatory cytokines, such as IL-1β, which alter neuronal differentiation and 

integration, subsequently affecting hippocampal-dependent processes (Yirmiya and 

Goshen, 2011, Mathieu et al., 2010).  Understanding the basis of inflammatory-induced 

changes in hippocampal neurogenesis will provide us with valuable information on the 
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functional importance of new neurons, and the potential use of adult neurogenesis for 

repair and regeneration of hippocampal function. 

 

 

1.7 Stress and the hippocampus 

Chronic stress is a risk factor for the development of psychiatric disorders such as 

depression, anxiety disorders, and post-traumatic stress disorder (Hammen, 2005, de 

Kloet et al., 2005, de Kloet et al., 2016, Lucassen et al., 2013). Interestingly, these 

stress-related psychiatric disorders are also characterized by impairments in various 

aspects of cognitive functioning.  Indeed, chronic stress has profound effects on the 

brain and behaviour, influencing a wide range of cognitive processes in both rodents 

and humans, such as spatial learning (Conrad, 2010, Schwabe et al., 2007), working 

memory (Kim and Diamond, 2002, Schoofs et al., 2008) as well as cognitive flexibility 

and decision making (Dias-Ferreira et al., 2009, Lee and Goto, 2015).  Stress-induced 

impairment in cognitive function in rodents is often associated with significant changes 

in the underlying neurocircuitry of learning and memory, particularly the hippocampus 

(Figure 1.6) (McEwen, 2007).  The effects of stress on cognition have been suggested 

to be mediated at least in part through changes in hippocampal neuronal morphology, 

such as impaired synaptic plasticity (Kim and Diamond, 2002), and reduced 

proliferation and survival of adult born hippocampal neurons (Egeland et al., 2015, 

Gould and Tanapat, 1999, Mirescu and Gould, 2006).   
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Figure 1.6: Biological effects of stress on the hippocampus. As the severity (intensity, 

duration) of stress increases, alterations in neurochemicals, synaptic plasticity, neural 

activity, morphology, and neurogenesis occur in the hippocampus that can influence 

hippocampal cognitive processes. Adapted from Kim et al. (2015c). 

 

Understanding the impact of chronic stress on hippocampal-dependent cognitive 

processes may help to understand the aetiology of psychiatric disorders such as 

depression and anxiety-related disorders, and the development of affective therapeutic 

treatments. 

 

1.7.1 Chronic stress and hippocampal-dependent cognition 

The chronic unpredictable stress (CUS) paradigm has been widely used as an 

behavioural model to investigate the impact of prolonged stress on the brain and 

behaviour, it consists of the random, intermittent, and unpredictable exposure to a 

variety of stressors over the course of several weeks (Monteiro et al., 2015).  Although 

other behavioural models of chronic stress have been developed, such as physical 

restraint stress and foot shock, the intermittent and unpredictability of the CUS 
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paradigm has been suggested to closely model the “everyday life stress” experienced 

by humans (Monteiro et al., 2015, Crawley, 2007).  To date, stress-induced 

impairments in cognitive function in rodents have been reported to be associated with 

significant changes in the underlying neurocircuitry of learning and memory, 

particularly the hippocampus (McEwen, 2007).  The high density of glucocorticoid and 

IL-1R1 receptors within this area are implicated in the effects of stress and 

inflammation on hippocampal-dependent cognition (Conrad, 2008, Mirescu and 

Gould, 2006, Farrar et al., 1987).  In response to both acute and chronic stress, neurons 

undergo morphological changes, including dendritic atrophy and spine reduction, 

which have a negative impact on hippocampal-dependent cognitive processes (de Kloet 

et al., 2005). Previous reports that have shown that chronic restraint stress induces 

impairment in location memory in rats (Beck and Luine, 2002, Bowman et al., 2003).  

Similarly, spatial learning in the Morris water maze, another hippocampal-dependent 

task, has also been shown to be impaired following both chronic restraint stress (Kitraki 

et al., 2004) and chronic unpredictable stress (McFadden et al., 2011) in rats.  These 

behavioural impairments were correlated with a decrease in glucocorticoid receptor 

immunoreactivity within the CA1 area and the DG as well as a reduction in new born 

neurons within the hippocampus (Kitraki et al., 2004, Gould and Tanapat, 1999).  

Furthermore, chronic restraint stress has been shown to induce impairments in object 

location memory, another hippocampal-dependent task, in rats (Beck and Luine, 2002, 

Bowman et al., 2003).  Previous studies have reported contradictory findings of stress 

effects on object recognition, with some studies demonstrating stress-induced 

impairments following chronic restraint stress in rats (Luine, 2002, Bowman et al., 
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2003), and others reporting no effect of chronic restraint stress in rats (Bowman et al., 

2003, Bowman et al., 2006).  Likewise, performance in spatial working memory, a task 

requiring an intact hippocampus and prefrontal cortex has resulted in conflicting 

behavioural outcomes.  Pothion et al. (2004) reported that spontaneous alternation in 

the Y-maze was unaffected following chronic mild stress in mice, whereas, chronic 

restraint stress has been shown to impair spatial working memory in the Y-maze in rats 

(Conrad et al., 1996, Wright and Conrad, 2005).  The reason for the differences in 

findings is unclear and future work is needed to fully elucidate the impact of chronic 

stress of hippocampal dependent cognition. 

 

1.7.2 Stress and hippocampal neurogenesis 

Stress has been shown to have a negative effect on hippocampal neurogenesis (Egeland 

et al., 2015, Gould and Tanapat, 1999).  The effects of stress on cognition have been 

suggested to be mediated at least in part through changes in hippocampal neuronal 

morphology, such as impaired synaptic plasticity (Kim and Diamond, 2002), and 

reduced proliferation and survival of adult born hippocampal neurons (Egeland et al., 

2015, Gould and Tanapat, 1999, Mirescu and Gould, 2006).  While the specific 

mechanistic links between stress and cognition are not fully known, a variety of stress 

regimes have been developed which demonstrate this antineurogenic effect.  Both, Koo 

and Duman (2008) and Dias-Ferreira et al. (2009) demonstrated that acute and chronic 

unpredictable stress decreased cell proliferation within the hippocampus in rats.   

Similarly, chronic mild stress has also been shown to decrease the number of 

proliferating cells and newly born neurons in the DG of mice (Goshen et al., 2008).  
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Moreover, psychosocial stress elicited by the exposure of rats to the odor of a natural 

predator, such as a fox odor, has been demonstrated to reduce cell proliferation within 

the hippocampus in rats (Tanapat et al., 2001).  Psychological stress is a major 

contributing factor of depression (Anacker and Pariante, 2012), and repeated exposure 

to psychological stress impairs cell proliferation, cell survival and decreases the growth 

of new neurons in the hippocampus in rats (Magariños et al., 1997), and tree shrew 

(Gould et al., 1997b), coupled with an increase in depressive-like behaviours (Monteiro 

et al., 2015).  Furthermore, in the learned helplessness model of depression, inescapable 

stress has been shown to decrease hippocampal neurogenesis in rats (Malberg and 

Duman, 2003).  Administration of fluoxetine, a selective serotonin reuptake inhibitor, 

reportedly blocked the stress induced downregulation of cell proliferation (Malberg and 

Duman, 2003).  These findings suggest that stress-induced effects on depressive and 

cognitive processes, may in part be mediated through hippocampal neurogenesis 

(Levone et al., 2015). 

 

 

 

 

 



 
 

82 

1.8 Objectives  

Adult hippocampal neurogenesis is modulated by a number of intrinsic and extrinsic 

factors.  Tlx is crucial in maintaining NPCs within the neurogenic niche and IL-1β has 

been shown to regulate neurogenesis through changes in Tlx expression.  Therefore, 

the goal of this thesis was to investigate the role of intrinsic regulators of hippocampal 

neurogenesis, such as Tlx and IL-1β as well as extrinsic regulators, such as exercise 

and stress on learning and memory during adolescence and adulthood.  

 

AIM 1:  The first aim of this thesis, addressed in chapter 2 was to explore the extent of 

an early life disruption of Tlx on motor, cognitive and anxiety-related behaviour during 

adolescence and adulthood in both males and females by using mice with a spontaneous 

deletion of Tlx (Nr2e1-/- mice).   

 

AIM 2:  The second aim of this thesis, addressed in chapters 3 and 4 was to determine 

the impact of adolescent-initiated exercise on pattern separation and contextual and 

cued fear conditioning and the potential role of plasticity to mediate these behavioural 

changes. 

 

AIM 3:  The third aim of this thesis, addressed in chapter 5 was to examine the impact 

of chronic lentiviral overexpression of IL-1β within the dorsal hippocampus on 
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hippocampal neurogenesis and pattern separation using both touchscreen and object-

location paradigms.  

 

AIM 4:  The fourth aim of this thesis, addressed in chapter 6 was to examine the impact 

of chronic unpredictable stress and chronic lentiviral overexpression of IL-1β within 

the dorsal hippocampus on memory and depressive-like behaviour.  
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CHAPTER 2 

The Nuclear Receptor Tlx Regulates Motor, Cognitive and 

Anxiety-Related Behaviours during Adolescence and 

Adulthood 

 

 

 

 

 

This work has been published 

O'Leary, J.D+., Kozareva, D.A+., Hueston, C.M., O'Leary, O.F., Cryan, J.F. & Nolan, 

Y.M. (2016). The nuclear receptor Tlx regulates motor, cognitive and anxiety-

related behaviours during adolescence and adulthood. Behavioral Brain 

Research 306, 36-47. + Equal contribution. 

  



 
 

86 

2.1 Abstract 

The nuclear receptor Tlx is a key regulator of embryonic and adult hippocampal 

neurogenesis and has been genetically linked to bipolar disorder.  Mice lacking Tlx 

(Nr2e1-/-) display deficits in adult hippocampal neurogenesis and behavioural 

abnormalities.  However, whether Tlx regulates behaviour during adolescence or in a 

sex-dependent manner remains unexplored.  Therefore, the role of Tlx was investigated 

in a series of behavioural tasks in adolescent male and female mice with a spontaneous 

deletion of Tlx (Nr2e1-/- mice).  Testing commenced at adolescence (postnatal day 28) 

and continued until adulthood (postnatal day 67).  Adolescent male and female Nr2e1-

/- mice were hyperactive in an open field, an effect that persisted in adulthood.  Male 

but not female Nr2e1-/- mice exhibited reduced thigmotaxis during adolescence and 

adulthood.  Impairments in rotarod motor performance developed in male and female 

Nr2e1-/- mice at the onset of adulthood. Spontaneous alternation in the Y-maze, a 

hippocampus-dependent task, was impaired in adolescent but not adult male and female 

Nr2e1-/- mice.  Contextual fear conditioning was impaired in adolescent male Nr2e1-/- 

mice only, but both male and female adolescent Nr2e1-/- mice showed impaired cued 

fear conditioning, a hippocampal-amygdala dependent cognitive process. These 

deficits persisted into adulthood in males but not females.  In conclusion, deletion of 

Tlx impairs motor, cognitive and anxiety-related behaviours during adolescence and 

adulthood in male and female mice with most effects occurring during adolescence 

rather than adulthood independent of housing conditions.  This suggests that Tlx has 

functions beyond regulation of adult hippocampal neurogenesis, and may be an 

important target in understanding neurobiological disorders. 
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2.2 Introduction 

The orphan nuclear receptor Tlx, encoded by the gene Nr2e1, is a key regulator of 

embryonic and adult neurogenesis, with expression localized within the neurogenic 

niche of the forebrain and retina (Islam and Zhang, 2015, Monaghan et al., 1995, Shi 

et al., 2004).  Tlx has been shown to be crucial for neural and retinal development (Li 

et al., 2008, Miyawaki et al., 2004).  Mice lacking Tlx display hypoplasia of the retina, 

cerebrum and olfactory bulbs as well as malformation of the limbic system, specifically 

the DG within the hippocampus (Miyawaki et al., 2004, Monaghan et al., 1997, Roy et 

al., 2002, Young et al., 2002, Yu et al., 2000).  Moreover, deletion of Tlx has been 

shown to impair adult neurogenesis, synaptic plasticity and to negatively affect 

dendritic structure within the DG of adult mice (Christie et al., 2006).  Thus, alterations 

in Tlx expression are likely to affect hippocampus-dependent behaviour. 

 

Several different mouse models have been developed to target Tlx in vivo, such as 

targeted disruption by homologous recombination (Roy et al., 2002, Shi et al., 2004), 

spontaneous deletion (Young et al., 2002) and conditional deletion (Zhang et al., 

2008b) (collectively referred to here as Nr2e1-/-).  Differences between these models 

make it difficult to draw comparisons.  However, similarities are seen across models as 

mice with impairments in Tlx function have shown a number of behavioural 

abnormalities.  The most striking behavioural phenotype of mice with a spontaneous 

deletion is aggression, which is regulated by the prefrontal cortex and limbic system 
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(Rosell and Siever, 2015).  This circuitry has previously been shown to be defective in 

Nr2e1-/- mice with both a targeted disruption of Tlx by homologous recombination and 

spontaneous deletion (Monaghan et al., 1997, Young et al., 2002).  Hyperactivity has 

also been documented in mice with a spontaneous deletion of Tlx from as early as 

postnatal day (P) 18 (Wong et al., 2010).  Furthermore, impairments in spatial learning 

have been observed in adult mice with a conditional deletion of Tlx, while contextual 

and cued fear memory were unaffected (Zhang et al., 2008b).  Conversely, it has been 

shown that following a targeted disruption of Tlx by homologous recombination, mice 

exhibited poor contextual and cued fear recall, despite normal fear acquisition, in 

addition to reduced anxiety-like behaviour within the elevated plus maze (Roy et al., 

2002).  The reasons for the discrepancies across studies in adult mice are unclear but 

may be a function of the different methods used to reduce or inhibit Tlx expression, 

and/or when Tlx disruption occurs, such as early life or adulthood (Roy et al., 2002, 

Zhang et al., 2006).  When the Tlx transgene was overexpressed using lentivirus-

mediated means or in transgenic mice, an increase in adult hippocampal neurogenesis 

and enhanced performance in the Morris water maze as well as prepulse inhibition was 

observed (Murai et al., 2014).  This work suggests a role for Tlx in learning and 

memory through its regulatory effect on adult hippocampal neurogenesis. 

 

The mammalian brain continues to develop after birth, throughout childhood and into 

adulthood (Sisk and Foster, 2004, Spear, 2004).  The adolescent period, which occurs 

in mice in postnatal weeks 3-8 (Laviola et al., 2003), is a critical developmental window 

when crucial neural circuits are established via a period of synaptic re-modelling 
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(Andersen, 2003, Blakemore and Choudhury, 2006) and is a key period for 

susceptibility to stress and the emergence of neurobiological disorders such as 

schizophrenia, depression and anxiety (Fuhrmann et al., 2015, Giedd et al., 2008, Green 

and Nolan, 2014, O'Connor and Cryan, 2014, Spear, 2007).  Interestingly, linkage 

analysis studies of patients with bipolar disorder have reported susceptibility loci on 

chromosomes where Nr2e1 is expressed (Kumar et al., 2008) thus suggesting a 

potential link between Tlx and mood disorders.  Several studies have characterized the 

expression and the functional role of Tlx within the brain during embryonic and early 

postnatal development (Islam and Zhang, 2015, Monaghan et al., 1995, Roy et al., 

2004, Roy et al., 2002, Wong et al., 2010).  However, the functional role of Tlx during 

adolescence remains largely unexplored.  In particular, it is not yet clear whether there 

are critical periods during postnatal life when Tlx might play a more dominant role in 

cognition, and whether such effects are sex-dependent.  Thus, the aim of this study was 

to explore the extent and involvement of Tlx in hippocampus dependent cognition as 

well as hippocampus-independent functions during adolescence and adulthood in both 

male and female mice. 
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2.3 Methods 

2.3.1 Experimental design 

Behavioural analysis was carried out in male and female mice with a spontaneous 

deletion of the Tlx gene (Nr2e1-/-), heterozygous (Nr2e1+/-) and wild type littermates. 

In order, to capture potential deficits that may manifest during the adolescent 

developmental period, behavioural testing commenced at P28 and continued into 

adulthood until P67.  Sensorimotor tests and motor performance tests on the rotarod 

were conducted each week.  Open field tests, spontaneous alternation in the Y-maze, 

and contextual and cued fear conditioning were conducted during adolescence (P28-

35), and again in adulthood (P56-67; see Figure 2.1 for experimental design).  Nr2e1-/- 

mice display impaired eye sight, therefore the behavioural tasks employed were chosen 

to minimize the dependency on visuospatial learning as much as possible (Brown and 

Wong, 2007, Dember and Roberts, 1958, Morgan et al., 2008). 

 

2.3.2 Animals 

The animals used in the present study were all first generation offspring on a hybrid 

B6129 background resulting from mating male heterozygote (Nr2e1+/-) mice on a 

129S1/SvImJ background with female heterozygote (Nr2e1+/-) mice on a C57BL/6J 

background.  They were kindly provided by Prof. Elizabeth Simpson, University of 

British Colombia and were generated as previously described (Wong et al., 2010). 

These mice exhibit a spontaneous deletion of the entire Nr2e1 allele, including all nine 
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exons.  However, the deletion of the Tlx gene does not affect the transcription of 

neighbouring genes (Kumar et al., 2004).  The impact of maternal care was controlled 

for as all animals were first generation littermate offspring resulting from mating male 

heterozygote (Nr2e1+/-) mice with female heterozygote (Nr2e1+/-) mice.  All pups were 

weaned at P21.  Due to the aggression that has been previously described in this strain 

male Nr2e1-/- mice were singly housed after weaning (Young et al., 2002).  Male wild 

type and heterozygous littermates and all female mice were grouped housed in standard 

housing conditions (temperature 21°C and relative humidity 55%).  All mice had food 

and water available ad libitum.  All experiments were conducted in accordance with 

the European Directive 2010/63/EU, and under an authorization issued by the Health 

Products Regulatory Authority Ireland and approved by the Animal Ethics Committee 

of University College Cork.  

 

2.3.3 Body weight, growth rate and primary observation tests 

Animals were weighed and growth rate calculated each week [(present weight – past 

weight)/ past weight x100].  Sensorimotor tests were conducted to identify any gross 

impairment which may have affected behavioural testing.  The primary observation 

scores and sensorimotor testing were adapted from the Irwin behavioural screen 

(Crawley, 2007, Cryan et al., 2003, Irwin, 1968).  This included measures of general 

health and physical appearance as well as sensorimotor reflexes, piloerection, palpebral 

closure, salivation, tremors, gait, trunk curl, pinna reflex, whisker reflex, reaching 

reflex, eye reflex, righting reflex, toe pinch, and provoked biting as a measure of 
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aggression.  Observations were recorded each week (P30, P37, P44, P51 and P58) and 

a score was assigned as indicated in Table 2.1. 
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Figure 2.1: Experimental design. Nr2e1-/-, Nr2e1+/- and wild type mice were tested during adolescent development 

(postnatal day 28-49) and adulthood (postnatal day 56-67). 
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Table 2.1: Primary Observation of Nr2e1-/- mice. 
 

 

Physical Characteristics   Sensorimotor Reflexes 

Presence of Whiskers Score Appearance of Fur Score Gait Score Trunk Curl Score 

None 0 Ungroomed and disheveled 0 Normal 0 Absent  0 

A few 1 Somewhat disheveled 1 Fluid but abnormal 1 Present 1 

Most, but not a full set 2 Well-groomed (normal) 2 Limited movement only 2   

A full set 3   Incapacity 3 Eye Reflex  

  Wounds    Present 0 

Piloerection  None 0 Reaching Reflex  Absent 1 

None 0 Signs of previous wound 1 None 0   

Most hairs on end 1 Slight wounds present 2 Upon nose contact 1 Whisker Reflex  

  Moderate wounds present 3 Upon vibrissae contact 2 Present 0 

Respiration  Extensive wounds present 4 Before vibrissae contact 3 Absent 1 

Gasping, irregular 0   Early vigorous extension 4   

Slow, shallow 1 Salivation    Toe Pinch  

Normal 2 None 0 Provoked Biting  None 0 

Hyperventilation 3 

Slight margin of sub-

maxillary area 1 Absent 0 Slight withdrawal 1 

  

Wet zone entire sub-maxillary 

area 2 Present 1 

Moderate withdrawal, 

not brisk 2 

Patches of Fur missing on Face      Brisk, rapid withdrawal 3 

None 0 
Patches of Fur missing on 

body  Pinna Reflex  Very brisk, repeated 4 

Some 1 None 0 None 0  extension and flexion  

Extensive 2 Some 1 

Active retraction, moderately 

brisk flick 1   

  Extensive 2 Hyperactive, repetitive flick 2   

Palpebral Closure        

Eyes wide open 0 Skin Color  Righting Reflex  Tremor  

Eyes 1/2 closed 1 Blanched 0 No impairment 0 None 0 

Eyes closed 2 Pink 1 Number of sec required to right 1 to 10 Mild 1 

    Bright, deep red, flushed 2     Marked 2 
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2.3.4 Locomotor activity and Thigmotaxis in the open field  

 

Spontaneous exploratory locomotor activity and thigmotaxis in the open field were 

used as a general measure of motor function and anxiety-related behaviours, 

respectively (Crawley, 2007).  Animals were placed within a rectangular open field (32 

x 40 cm; made in house) for 10 minutes.  Locomotor activity is a simple measure of 

the distance the animal travels within the open field during the test, where large 

distances indicate hyperactivity.  Thigmotaxis refers to the tendency of rodents to stay 

close to the walls of a maze during exploration (Choleris et al., 2001, Crawley, 2007).  

The behavioural test measures anxiogenesis induced by exposure to a novel 

environment as rodents tend to avoid open spaces and stay close to borders of maze 

arenas.  Both locomotor activity and thigmotaxis were analysed using specialized 

software (Ethovision XT, Noldus Information Technology, USA). 

 

2.3.5 Motor performance in the Rotarod 

Performance on the accelerating rotarod is a well-established measure of motor 

performance (Crawley, 2007) and was assessed in this paradigm using a protocol 

adapted from Menalled et al. (2009).  The mice were placed on the rotarod apparatus 

(Ugo Basile, Italy) for five minutes and tested on an accelerating protocol (4 RPM to 

40 RPM over five minutes, averaging 7.2 RPM acceleration).  The latency for each 

mouse to fall was recorded.  The mice were tested during three trials a day for three 

consecutive days (total nine trials), with the best score recorded.  The test was repeated 

at weekly intervals beginning P28, P35, P42, P49 and P56, respectively.  A reduced 
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latency to fall indicates impairment in motor performance and suggests a dysfunction 

within the cortical-striatal circuit which regulates motor behaviour. 

 

2.3.6 Spontaneous alternation in the Y maze 

Spontaneous alternation behaviour is the tendency of rodents to alternate their 

exploration of maze arms (such as those of the Y maze) and is used as a measure of 

hippocampal-dependent working memory as previously described (Hughes, 2004).  

The Y maze consisted of three arms 120° from each other (16 cm x 6.5 cm; made in 

house).  The protocol was adapted from Senechal et al. (2007) (Senechal et al., 2007). 

Each animal was placed into the first arm of the maze facing the wall, and allowed to 

explore the maze for five minutes.  The number and order of arm entries were recorded. 

An arm entry was defined as all four paws entering into the arm (four paw criteria).  An 

alternation was determined as the number of consecutive entries into the three maze 

arms.  Alternations were then divided by the total number of entries during the five 

minute test period. 

 

2.3.7 Contextual and cued fear conditioning 

Contextual fear conditioning was used to assess hippocampal-dependent learning, 

while cued fear conditioning was employed to probe amygdala-dependent cognitive 

processes as previously described (Maren, 2001, Pattwell et al., 2011).  During 

acquisition, animals were first placed into the fear conditioning chamber (Med 

Associates, 30.5 cm x 24.1 cm x 21.0 cm) which was scented with a lemon and ginger 
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tea bag (Twinings™).  Animals were allowed to explore the chamber for two minutes 

during an acclimation period and then received three shock and tone pairs (30 s tone; 5 

kHz; 70 dB; 1 s foot shock; 0.65 mA DC current) separated by 30 second intervals. 

Animals were placed back in their home cage one minute after the final shock. 

Contextual fear memory was assessed 24 hours later by placing the animals back into 

the same chamber, but in the absence of tone and shock.  Freezing behaviour (sec) was 

measured during the last 3.5 minutes of the total 5.5 minute protocol using specialized 

software (Video freeze, Med Associates, USA).  

 

Cued fear conditioning was measured 24 hours after the contextual test in the same 

chambers.  To measure cued fear learning, animals were placed into a novel context 

(white floor; black wall insert at 60°; and almond scent 1%) with presentation of the 

tone but no foot shock.  Animals were allowed two minutes to acclimatize followed by 

three tone presentations (30 s; 5 kHz; 70 dB).  Freezing behaviour during the 30 second 

tone presentations was recorded (Video freeze, Med Associates, USA).  Contextual and 

cued fear conditioning was assessed during adolescence and adulthood with mice 

reconditioned to the tone and context in adulthood.  Prior to reconditioning in 

adulthood, mice were placed back into the initial shock chamber to assess contextual 

fear memory retention.  Twenty-four hours later mice were placed in the same chamber 

as the cued fear conditioning chamber in order to assess cued fear memory recall 

retention. 
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2.3.8 Statistical analysis 

All data were analysed using SPSS statistical software (SPSS, Chicago, IL).  Data from 

body weight, rotarod motor performance, and cued fear conditioning were analysed by 

repeated measures ANOVA with Bonferroni post hoc test.  Data from open field, 

spontaneous alternation and contextual fear conditioning were analysed by one-way 

ANOVA, with Fisher’s LSD post hoc analysis.  Nonparametric data from sensorimotor 

tests were analysed by the Kruskal–Wallis one-way ANOVA.  An alpha level of 0.05 

was used as criterion for statistical significance.  Parametric data are presented as mean 

± SEM.  Nonparametric data are presented as percentage (%) displaying normal 

response. 

 

2.4 Results 

2.4.1 Nr2e1-/- mice have reduced body weight and increased growth rate during 

adolescence 

Male and female mice gained weight throughout development (Figure 2.2A and B). 

The Mauchly’s test indicated that in the male cohort the assumptions of sphericity had 

been violated, (χ2 (9) = 51.29, p < 0.01).  Therefore, the degrees of freedom were 

corrected using Greenhouse-Geisser estimates of sphericity as the epsilon was less than 

0.75 (ɛ = 0.595).  The results show that all male mice gain body weight with age (F 

(2.38, 83.32) = 421.39, p < 0.01; Figure 2.2A).  Female mice also showed a similar 

result, with all genotypes gaining weight with age (F (4, 136) = 253.83, p < 0.01; Figure 
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2.2B).  There was a significant effect of genotype on body weight throughout 

adolescence and adulthood, in both male (F (2, 35) = 17.74, p < 0.01) and female (F 

(2, 34) = 20.35, p < 0.01) mice, with Nr2e1-/- mice remaining significantly lighter than 

their wild type and heterozygous littermates (Bonferroni post hoc comparison, p < 

0.01).  There was also a significant interaction between age and genotype in male (F 

(4.76, 83.32) = 4.40, p < 0.01) and female (F (8, 136) = 3.21, p < 0.01) mice, indicating 

that Nr2e1-/- mice do not gain weight similarly to their wild type and Nr2e1+/- 

littermates. 

 

Male and female mice show a reduction in the rate of growth as they approach 

adulthood (Figure 2.2C and D).  Interestingly, Nr2e1-/- mice appear to have a higher 

rate of growth during early adolescence (P35) compared to wild type and Nr2e1+/- 

littermates in both males (F (2, 35) = 18.69, p < 0.01) and females (F (2, 34) = 24.66, 

p < 0.01).   Furthermore, this increased growth rate appears to normalize at the onset 

of adulthood (P49-56).  These results indicate that while Nr2e1-/- mice gain body weight 

at a greater rate throughout development, body weight remains reduced compared to 

wild type and heterozygous littermates.  This finding is stable across sex and is 

independent of housing conditions.  
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Figure 2.2: Body weight as a function of genotype, sex and age. Body weight of male 

(a) and female (b) mice; growth rate of male (c) and female (d) mice. ***p <0.0001, 

** p <0.001, * p<0.05, Nr2e1-/- compared to wild type mice. ### p <0.0001, ## p <0.001, 
# p<0.05, Nr2e1-/- compared to Nr2e1+/- mice; ANOVA with post hoc Bonferroni 

analysis. All results are expressed as mean ± SEM. Sample size per sex: wild type (n = 

13-14), Nr2e1+/- (n = 16), Nr2e1-/- (n = 8). 

 

2.4.2 Nr2e1-/- mice exhibit increased provoked biting and impaired eye reflex, reaching 

reflex and piloerection in a primary observation test battery  

The results of the primary observation tests are summarised in Tables 2 and 3.  There 

was no significant difference across genotype, sex or age in animal appearance 

(presence of whiskers, appearance of fur, and patches of fur missing, skin colour), 
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respiration, tremors, salivation, gait, trunk curl, pinna reflex, whisker reflex, toe pinch 

reflex or righting reflex.  However, both male and female Nr2e1-/- mice showed an 

increase in provoked biting during adolescence (male, p < 0.05 and female, p < 0.05; 

Table 2.2).  This increase in provoked biting continued in adulthood (Table 2.3) but did 

not reach statistical significance (male, p = 0.14 and female, p = 0.13). Male Nr2e1-/- 

mice also exhibited impaired eye reflex during adolescence (p < 0.05; Table 2.2).  

However, this wasn’t observed during adulthood (p > 0.05; Table 3).  In addition, 

adolescent male Nr2e1-/- mice showed a trend towards impaired reaching reflex (p = 

0.057; Table 2.2).  This pattern continued during adulthood in male mice but did not 

reach statistical significance (males p = 0.12; females p > 0.05; Table 2.3).  Further, 

adult male Nr2e1-/- mice exhibited an increase in piloerection (p < 0.01) and an increase 

in palpebral closure (p < 0.05; Table 2.3). 
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Table 2.2: Primary Observation of Nr2e1-/- mice in adolescent mice. * p<0.05, Nr2e1-/- compared to wild type mice. Kruskal–Wallis 

one-way ANOVA. Wild type (n = 13-14), Nr2e1+/- (n = 16), Nr2e1-/- (n = 8). 
                            Male                        Female 

Physical Characteristics 
Wild 

type Nr2e1+/- Nr2e1-/-  
Physical Characteristics 

Wild 

type Nr2e1+/- Nr2e1-/- 

Presence of Whiskers (%) 100 100 100  Presence of Whiskers (%) 100 100 100 

Well-groomed fur (%) 100 100 100  Well-groomed fur (%) 100 100 100 

Piloerection (%) 0 0 0  Piloerection (%) 0 0 0 

Missing fur on Face (%) 21.4 13.3 0  Missing fur on Face (%) 0 12.5 12.5 

Missing fur on body (%) 0 0 12.5  Missing fur on body (%) 7.6 18.7 12.5 

Palpebral Closure (%) 0 0 0  Palpebral Closure (%) 0 0 0 

Wounds (%) 0 6.25 0  Wounds (%) 0 6.2 0 

Respiration Normal Normal Normal  Respiration Normal Normal Normal 

Tremor (%) 0 0 0  Tremor (%) 0 0 0 

Skin Color Normal Normal Normal  Skin Color Normal Normal Normal 

Salivation (%) 0 0 0  Salivation (%) 0 0 0 

         

Sensorimotor Reflexes (% displaying normal response)  Sensorimotor Reflexes (% displaying normal response) 

Gait 100 100 100  Gait 100 100 100 

Trunk Curl 100 100 100  Trunk Curl 92.3 93.7 100 

Reaching Reflex 71.4 100 62.5  Reaching Reflex 92.3 87.5 62.5 

Pinna Reflex 85.7 87.5 75  Pinna Reflex 100 75 87.5 

Eye Reflex 85.7 100 62.5*  Eye Reflex 90.09 66.67 100 

Whisker Reflex  85.7 92.85 75  Whisker Reflex  100 80 100 

Toe Pinch 78.5 81.25 62.25  Toe Pinch 100 81.25 100 

Righting Reflex (% 

impaired) 0 0 0  

Righting Reflex (% 

impaired) 0 0 0 

Provoked Biting (%) 38.4 31.2 87.5*  Provoked Biting (%) 30.7 37.5 77.8* 
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Table 2.3: Primary Observation of Nr2e1-/- mice in adult mice. ***p <0.0001, ** p <0.001, * p<0.05, Nr2e1-/- compared to wild type mice. 

Kruskal–Wallis one-way ANOVA. Wild type (n = 13), Nr2e1+/- (n = 16), Nr2e1-/- (n = 8). 
 Male   Female 

Physical Characteristics 
Wild 

type Nr2e1+/- Nr2e1-/-  
Physical Characteristics 

Wild 

type Nr2e1+/- Nr2e1-/- 

Presence of Whiskers (%) 100 100 100  Presence of Whiskers (%) 84.6 81.2 87.5 

Well-groomed fur (%) 76.9 75 62.5  Well-groomed fur (%) 100 93.7 100 

Piloerection (%) 0 0 62.5***  Piloerection (%) 0 0 0 

Missing fur on Face (%) 0 0 0  Missing fur on Face (%) 0 0 0 

Missing fur on body (%) 0 0 0  Missing fur on body (%) 0 0 0 

Palpebral Closure (%) 0 0 25*  Palpebral Closure (%) 0 0 12.5 

Wounds (%) 7.7 12.5 37.5  Wounds (%) 0 0 12.5 

Respiration Normal Normal Normal  Respiration Normal Normal Normal 

Tremor (%) 0 0 0  Tremor (%) 0 0 0 

Skin Color 100 100 100  Skin Color 100 100 100 

Salivation (%) 7.7 0 33.33  Salivation (%) 0 13.3 0 

         

Sensorimotor Reflexes  (% displaying normal response)  Sensorimotor Reflexes (% displaying normal response) 
Gait 100 100 100  Gait 100 100 100 

Trunk Curl 100 100 100  Trunk Curl 84.6 93.7 100 

Reaching Reflex 92.3 62.5 50  Reaching Reflex 92.3 87.5 62.5 

Pinna Reflex 76.9 75 75  Pinna Reflex 100 62.5 87.5 

Eye Reflex 92.3 81.25 100  Eye Reflex 100 86.66 83.33 

Whisker Reflex  84.61 87.5 100  Whisker Reflex  77.77 86.66 100 

Toe Pinch 100 93.7 100  Toe Pinch 92.3 93.7 100 

Righting Reflex (% 

impaired) 0 0 0  

Righting Reflex (% 

impaired) 0 0 0 

Provoked Biting (%) 46.1 50 87.5  Provoked Biting (%) 46.1 31.2 75 
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2.4.3 Nr2e1-/- mice exhibit hyperactivity and deficits in cortico-striatal associated 

behaviour 

 

2.4.3.1 Locomotor activity in the open field 

Testing in the open field revealed that male (Figure 2.3A) and female (Figure 2.3B) 

Nr2e1-/- mice were hyperactive during adolescence (male F (2, 37) = 25.21, p < 0.01, 

female F (2, 36) = 18.05, p < 0.01), independent of housing conditions.  Hyperactivity 

continued into adulthood in both male (F (2, 37) = 37.79, p < 0.01) and female (F (2, 

36) 19.77, p < 0.01) Nr2e1-/- mice (Figure 2.3C and D, respectively).  Furthermore, 

hyperactivity appeared to be more pronounced during adulthood in both male and 

female Nr2e1-/- mice with an approximately threefold increase in distance travelled 

compared to wild types (Figure 2.3C and D).  

 

2.4.3.2 Thigmotaxis in the open field 

Adolescent male Nr2e1-/- mice exhibited a significant increase in exploration of the 

centre of the open field (F (2, 37) = 3.90, p < 0.05) indicating a reduction in thigmotaxis 

behaviour (Figure 2.3E).  This observation continued into adulthood (F (2, 37) = 6.37, 

p < 0.01; Figure 2.3G).  All female mice showed similar thigmotaxis behaviour 

throughout adolescence (F (2, 36) = 0.46, p > 0.05) and adulthood (F (2, 36) = 1.39, p 

> 0.05; Figures 2.3F and H, respectively). 
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Figure 2.3: Locomotor activity and thigmotaxis in an open field as a function of 

genotype. Locomotor activity in adolescent male (A) and female (B) mice, and in adult 

male (C) and female (D) mice.  Exploration of arena centre in adolescent male (e) and 

female (F) mice, and in adult male (G) and female (H) mice. ***p <0.0001, ** p 

<0.001, * p<0.05, Nr2e1-/- compared to wild type mice. ### p <0.0001, ## p <0.001, # 

p<0.05, Nr2e1-/- compared to Nr2e1+/- mice; ANOVA with post hoc Bonferroni 

analysis.  All results are expressed in mean ± SEM. Sample size per sex: wild type (n 

= 13-14), Nr2e1+/- (n = 16), Nr2e1-/- (n = 8).  
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2.4.3.3 Motor performance on the Rotarod 

The Mauchly’s test indicated the assumptions of sphericity had been violated in both 

male (χ2 (9) = 27.64, p < 0.01), and female (χ2 (9) = 18.77, p < 0.027) mice.  Therefore, 

the degrees of freedom were corrected using Greenhouse-Geisser estimates of 

sphericity for males as the epsilon was less than 0.75; (ɛ = 0.74), and the Huynh-Feidt 

estimates of sphericity for females as the epsilon was greater than 0.75, (ɛ = 0.949).   

With this correction testing on the rotarod revealed that impairments in motor 

performance developed at the onset of adulthood (P42; Figure 2.4A and B), in both 

male (F (2.69, 103.603) = 4.54, p < 0.01) and female (F (3.795, 129.026) = 9.36, p < 

0.01) Nr2e1-/- mice, independent of housing conditions.  There was a significant effect 

of genotype on motor performance, in both male (F (2, 35) = 6.88, p < 0.01; Figure 

2.4A) and female (F (2, 34) = 7.59, p < 0.01; Figure 2.4B) Nr2e1-/- mice.  There was 

also a significant interaction between age and genotype in male (F (5.92, 103.603) = 

3.344, p < 0.01) and female (F (7.59, 109.202) = 2.97, p <0.01) mice.  Bonferroni post 

hoc comparison revealed that impairments in motor performance developed in both 

male and female Nr2e1-/- mice at the onset of adulthood (Figure 2.4A and B).  This 

indicates that motor performance does not remain stable throughout development for 

Nr2e1-/- mice. 
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Figure 2.4: Motor performance in a Rota-rod latency to fall paradigm as a function 

of genotype. Motor performance on the Rotarod in male (A) and female (B) mice. ***p 

<0.0001, ** p <0.001, * p<0.05, Nr2e1-/- compared to wild type mice. ### p <0.0001, 
## p <0.001, # p<0.05, Nr2e1-/- compared to Nr2e1+/- mice; ANOVA with post hoc 

Bonferroni analysis.  All results are expressed in mean ± SEM. Sample size per sex: 

wild type (n = 13-14), Nr2e1+/- (n = 16), Nr2e1-/- (n = 8).  

 

2.4.4 Nr2e1-/- mice exhibit deficits in hippocampus-associated cognition 

2.4.4.1 Spontaneous alternation in the Y maze 

In the spontaneous alternation test of working memory, male and female Nr2e1-/- mice 

showed impaired spontaneous alternation during adolescence compared to Nr2e1+/- and 

wild type mice, (male F (2, 37) = 4.60, p < 0.01 and female F (2, 36) = 3.97, p < 0.05; 

Figure 2.5a and b).  However, this effect did not persist into adulthood (Figure 2.5C 

and D).  A significant effect was observed in spontaneous alternation in adult male 

mice (F (2, 37) = 7.31, p < 0.01; Figure 2.5C).  Post hoc comparison using the Fisher’s 

LSD test revealed this was due to an increase in Nr2e1+/- performance compared to 
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wild type, (p < 0.01) and Nr2e1-/- mice, (p < 0.01).  Female mice exhibited no overall 

difference in spontaneous alternation during adulthood (F (2, 36) = 1.80, p > 0.05; 

Figure 2.5D). 

 

2.4.4.2 Contextual fear conditioning 

Male Nr2e1-/- mice showed impaired freezing behaviour during adolescence compared 

to Nr2e1+/- and wild type mice (F (2, 36) = 8.82, p < 0.01; Figure 2.5E).  Adolescent 

female Nr2e1-/- mice showed a trend for reduced contextual freezing but this did not 

reach statistical significance (F (2, 34) = 2.46, p = 0.10; Figure 2.5F).  Contextual 

freezing during adulthood did not differ across sex or genotype (male F (2, 36) = 2.34, 

p > 0.05; Figure 2.5G); female (F (2, 28) = 0.47, p > 0.05; Figure 2.5H).  
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Figure 2.5: Spontaneous alternation (%) in the Y-maze and contextual fear 

conditioning as a function of genotype during adolescence (P28-36) and adulthood 

(P56-66). Spontaneous alternation in adolescent male (A) and female (B) mice, and in 

adult male (C) and female (D) mice. Contextual freeze behaviour in adolescent male 

(E) and female (F) mice, and in adult male (G) and female (H) mice. ***p <0.0001, ** 

p <0.001, * p<0.05, Nr2e1-/- compared to wild type mice. ### p <0.0001, ## p <0.001, # 

p<0.05, Nr2e1-/- compared to Nr2e1+/- mice; && p<0.001, Nr2e1+/- compared to wild 

type mice; ANOVA with post hoc Fisher’s LSD test. All results are expressed as mean 

± SEM. Sample size per sex: wild type (n = 8-14), Nr2e1+/- (n = 15-16), Nr2e1-/- (n = 

6-8). 
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2.4.5 Nr2e1-/- mice show impaired hippocampal-amygdala dependent cognition 

2.4.5.1 Cued fear conditioning 

Both male and female Nr2e1-/- mice showed impaired cued fear recall during 

adolescence (male F (2, 34) = 3.62, p < 0.05 and female F (2, 32) = 10.17, p < 0.01; 

Figures 2.6A and D).  In adulthood, only male Nr2e1-/- mice exhibited impaired cued 

fear recall (F (2, 34) = 14.31, p < 0.01; Figure 2.6B).  Interestingly, male Nr2e1+/- mice 

also exhibited impaired cued fear recall during adulthood, but not during adolescence.  

However, no impairment was observed in female Nr2e1+/- or Nr2e1-/- mice during 

adulthood (F (2, 26), = 0.96, p > 0.05; Figure 2.6E). 

 

To measure the retention of the cued fear memory that was acquired during 

adolescence, we first measured freezing behaviour in response to the cue but prior to 

the re-introduction of the unconditioned stimulus at P62 (Figures 2.6C and F).  In this 

cued fear memory retention test both male and female adult (P62) Nr2e1-/- mice 

exhibited poor retention of the fear memory that was acquired in adolescence (male F 

(2, 34) = 19.95, p < 0.01 and female F (2, 29) = 17.0, p < 0.01). 
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Figure 2.6: Cued fear conditioning as a function of genotype during adolescence (P37) and adulthood (P67). Cued fear 

conditioning in adolescent male (A) and female (D) mice, and in adult male (C) and female (F) mice. Cued fear memory 

retention test in male (B) and female (E) mice. ***p <0.0001, ** p <0.001, * p<0.05 Nr2e1-/- compared to wild type mice. 
### p <0.0001, ## p <0.001, # p<0.05 Nr2e1-/- compared to Nr2e1+/- mice; & p<0.05 Nr2e1+/- compared to wild type mice; 

ANOVA with post hoc Bonferroni analysis. All results are expressed as mean ± SEM. Sample size per sex: wild type (n = 8-

14), Nr2e1+/- (n = 13-16), Nr2e1-/- (n = 6-8). 
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2.5 Discussion 

This study demonstrated that Tlx has a role to play in motor, cognitive and anxiety-

related behaviour during adolescence and adulthood independent of sex or housing 

conditions, with most impact during adolescence.  Both adolescent male and female 

Nr2e1-/- mice showed deficits in spatial working memory as measured by spontaneous 

alternation in the Y maze.  Further, adolescent male but not female Nr2e1-/- mice 

showed deficits in hippocampal function as measured by contextual fear conditioning 

but these effects in hippocampus-dependent memory tasks did not persist into 

adulthood.  Previous studies have reported contradictory findings regarding the 

involvement of Tlx in hippocampus-associated cognition in adult mice.  Similar to the 

present study, it has been shown that normal fear acquisition and contextual fear 

conditioning occurs in adult male Nr2e1-/- mice (Zhang et al., 2008b).  Impaired 

associative fear memory in contextual fear conditioning in adult male mice with a 

targeted disruption of Tlx has also been reported (Roy et al., 2002).  The present study 

is to our knowledge the first report of impaired spatial working memory in adolescent 

male and female Nr2e1-/- mice with a spontaneous deletion; however, this deficit did 

not persist into adulthood.  This is in contrast to the previously reported impairments 

in spatial working memory in Tlx deficit mice albeit using the Morris water maze and 

in mice with a conditional deletion in adulthood (Zhang et al., 2008b), rather than a 

spontaneous deletion.  The reasons for the discrepancies across studies in adult mice 

are unclear but may be a function of the different methods used to reduce or inhibit Tlx 

expression, or the time at which the Tlx disruption occurs.  Zhang et al. (2008) 

generated a conditional deletion of Tlx in adult mice localized to the forebrain and 
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olfactory bulbs, whereas Roy et al. (2002) generated a transgenic strain with a targeted 

disruption of Tlx (Roy et al., 2002, Zhang et al., 2008b).  In the mice used in the present 

study, the Tlx deletion occurs from birth via a spontaneous deletion of all nine exons 

of the gene.  It is important to consider that germline mutation models such as the 

Nr2e1-/- mice used in the current study and by others (where Tlx disruption occurs in 

early life) may impact upon developmental processes (Shi et al., 2004, Wong et al., 

2010, Young et al., 2002) that could thus contribute to the behavioural phenotype. 

Indeed, early life appears to be a sensitive period to Tlx disruption as indicated by 

greater neuroanatomical and behavioural impairments in mice with an early life 

deletion of Tlx compared to mice with an adult knockdown (Shi et al., 2004, Wong et 

al., 2010, Young et al., 2002, Zhang et al., 2008b).  Thus, the method of interference 

on Tlx expression may affect the level of impairment observed, and in turn might at 

least partially explain the inconsistent findings.  Taken together, while there is evidence 

that Tlx plays a role in hippocampus-dependent cognition, adolescence may be the 

more susceptible period to disruption of spatial working memory and hippocampal 

processes from Tlx deletion. 

 

During adolescence, both male and female Nr2e1-/- mice exhibited impaired cued fear 

conditioning, a hippocampal-amygdala dependent cognitive process (Maren, 2001). 

Interestingly, these deficits persist and are more pronounced in adult male Nr2e1-/- 

mice.  On the other hand, the cued fear memory impairments observed in adolescent 

female Nr2e1-/- mice did not persist into adulthood.  While Nr2e1-/- mice exhibit some 

delay in cued fear acquisition, freezing behaviour reaches levels exhibited by wild type 
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control mice by the end of the training period (data not shown) and so these 

impairments are not due to deficits in acquisition.  Interestingly, we report the novel 

finding that male but not female Nr2e1+/- mice also exhibited impaired cued fear 

conditioning during adulthood.  Previous studies have reported contradictory findings 

on cued fear conditioning in male Nr2e1-/- mice, with either normal (Zhang et al., 

2008b) or impaired (Roy et al., 2002) cued fear conditioning in male mice being 

reported.  Unlike the present study however, the effects in female mice were not 

investigated in these earlier studies (Roy et al., 2002, Zhang et al., 2008b).   The reasons 

underlying the discrepancies in adult male Nr2e1-/- mice cued fear conditioning are not 

clear but may again be a function of the methods used to reduce or inhibit Tlx 

expression or possibly the experimental variables in the cued fear conditioning test. 

The fear conditioning training protocol employed by Roy et al. (2002) consisted of one 

training session (2 x 30 s; tone 80 dB; 2 kHz; followed by 2 s shock 0.75 mA) whereas 

the protocol used by Zhang et al. (2008) consisted of three training sessions (1 x tone 

20 s; 80 dB; 2 kHz; followed by 1 s shock 0.70 mA).  In the current study the fear 

conditioning training consisted of one training session (3 x tone 30 s; 70 dB; 5 kHz; 

followed by 1 s foot shock 0.65 mA DC current).  It is possible that the additional 

training sessions employed by Zhang et al. (2008) facilitated fear association and 

improved learning compared to the one training session implemented by Roy et al. 

(2002) and in the current study.  Furthermore, in the present study the same animals 

were tested during adolescence and in adulthood.  It is therefore important to consider 

the potential effects of fear conditioning training during the adolescent period and its 

potential impact on fear conditioning in adulthood when drawing conclusions with 
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previous studies.  In addition, single housing has been shown to impair contextual and 

cued fear conditioning (Voikar et al., 2005).  Given that aggression within male Nr2e1-

/- mice necessitated being single housed compared to group housed female Nr2e1 -/- 

mice, it is not possible to delineate whether the sex-dependent effects on contextual 

and cued fear conditioning are due to Tlx deletion or housing conditioning per se. 

Nevertheless, since the amygdala plays a key role in cued fear conditions, these studies 

suggest that Tlx may also be important in regulating the functions of brain structures 

beyond the hippocampus, particularly during adolescence. 

 

Deletion of Tlx resulted in a sex-dependent effect on thigmotaxis in the open field.  

Adolescent and adult male but not female Nr2e1-/- mice exhibited a significant 

reduction in thigmotaxis thus suggesting reduced anxiety-like behaviour.  In support, 

previous studies have reported that adult male Nr2e1-/- mice with a targeted disruption 

of the Tlx locus are less anxious within the elevated plus maze (Roy et al., 2002).  It 

has also been previously shown that adult male Nr2e1-/- mice (with a spontaneous 

deletion of Tlx) display an anxiolytic phenotype independent of sex, but dependent on 

strain within the elevated plus maze (Young et al., 2002).  Indeed, adult male and 

female Nr2e1-/- mice on a C57BL/6J background exhibited reduced anxiety-like 

behaviour in the elevated plus maze, while Nr2e1-/- mice on a B6129F1 background 

showed similar exploration to control mice (Young et al., 2002).  It is important to note 

that in the latter study, wild type and heterozygous animals were grouped and 

constituted the control group, while in the present study differences in cued fear 

memory were observed in adult male Nr2e1+/- mice compared to wild type mice.  Thus, 
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when data from Nr2e1+/- mice is pooled with that from wild type mice, subtle changes 

in the limbic system circuitry of Nr2e1+/- mice may not be picked up.  The amygdala 

plays a key role in both anxiety behaviour and cued fear conditioning (Davidson, 2002, 

Maren, 2001).  Thus, together with the findings in cued fear conditioning, the reduction 

in thigmotaxis further supports the hypothesis that Tlx can regulate neurobiological 

processing in brain areas beyond the hippocampus.  

 

Hyperactivity was observed in both male and female Nr2e1-/- mice during adolescence 

and adulthood.  This is in agreement with previous studies using the same strain, where 

hyperactivity was reported as early as P18 as well as in adulthood (Wong et al., 2010, 

Young et al., 2002).  The findings presented here, in conjunction with previous reports 

suggest that in the absence of Tlx, the resulting neuroanatomical disruption causes a 

sex-independent hyperactivity that occurs in adolescence and persists into adulthood.  

Nr2e1-/- mice exhibited a progressive decline in motor performance on the accelerating 

rotarod at the onset of adulthood.  This novel finding suggests that deletion of Tlx 

causes disruption of cortico-cerebellar/striatal cognitive processing.  However, this 

disruption does not manifest as behavioural impairment until the onset of adulthood, 

suggesting that Tlx involvement is age-dependent.  The impairment in motor 

performance on the rotarod does not seem to be related to the hyperactive phenotype 

as both adolescent male and female Nr2e1-/- mice are hyperactive, yet impairments in 

rotarod performance only emerge towards the onset of adulthood. 

Previous studies using Nr2e1-/- mice with a spontaneous deletion have reported that 

mice are physically smaller throughout development and adulthood (Wong et al., 2010, 
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Young et al., 2002).  Similarly, we report that both male and female Nr2e1-/- mice 

exhibit reduced body weight.  In addition, we also report that despite smaller body 

weights, Nr2e1-/- mice exhibit an enhanced growth rate during adolescence.  Reduced 

body weight has also been observed in transgenic mice with a targeted disruption of 

Tlx, where deviation in postnatal weight gain appears at a similar time point (~P23) to 

that reported here and previously (Monaghan et al., 1997, Wong et al., 2010).  

Specifically, Young et al. (2002) have previously reported the body weight of male and 

female Nr2e1-/- mice from embryonic day 12.5 through to adulthood (P70) and show 

that a deviation in body weight between wildtype and Nr2e1-/- mice occurs at 

approximately P21.  However, when a conditional deletion is implemented in 

adulthood, body weight is not affected (Zhang et al., 2008b).  Interestingly, the point 

of deviation in growth (~P21) coincides with the initiation of hyperactivity (~P18) 

(Wong et al., 2010).  Wong et al. 2010 suggested failure to gain weight at a similar rate 

to control littermates may be due to the hyperactive phenotype of these mice as they 

observed no difference in milk consumption of pre-wean Nr2e1-/- mice (P0, P7 and 

P18).  This suggests failure to gain weight at a similar rate was not due to a difference 

in food consumption (Wong et al., 2010).  Although in the present study Nr2e1-/- mice 

exhibit a greater growth rate than wild type and Nr2e1+/- littermates (Wong et al., 2010).  

It is likely that hyperactivity stems from underlying neuroanatomical abnormalities 

resulting from germline deletion of Tlx.  However, food intake and metabolism studies 

have yet to be conducted in adulthood which may help delineate the effect of Tlx 

deletion on body weight gain. 
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Sensorimotor observations of wild type, Nr2e1+/- and Nr2e1-/- mice have been 

previously reported in early postnatal life and adulthood (Young et al., 2002).  However 

sensorimotor performance during the adolescent period had yet to been fully described 

and any sex-dependent effect had yet to be characterized.  Here, we show that both 

male and female adolescent Nr2e1-/- mice exhibit increased provoked biting (an 

indication of aggression) which is a well-documented phenotype of this strain (Young 

et al., 2002).  However, while biting was increased in both male and female Nr2e1-/- 

mice in adulthood, it did not reach statistical significance (male, p = 0.14 and female, 

p = 0.13).  Nevertheless, previous studies have reported high aggression in adult male 

and female Nr2e1-/- mice (Abrahams et al., 2005, Young et al., 2002).  Defective limbic 

system functionality in Nr2e1-/- mice is thought to play a role in the aggressive 

phenotype (Monaghan et al., 1997, Young et al., 2002).  We also observed impaired 

eye reflex in male adolescent Nr2e1-/- mice. Mice lacking Tlx display hypoplasia of the 

retina resulting in impaired vision (Miyawaki et al., 2004, Young et al., 2002).  While 

previous studies have shown that this impairment is independent of sex, here female 

Nr2e1-/- mice showed a similar response to wild types. It is unclear why this impairment 

was observed in a sex-dependent manner.  Finally, male adult Nr2e1-/- mice display 

impaired piloerection and palpebral closure, while adult female Nr2e1-/- mice show 

similar primary sensorimotor observations compared to wild type and Nr2e1+/- 

littermates.  Together, it seems that the sensorimotor impairments (provoked biting, 

eye reflex, piloerection and palpebral closure) resulting from the Tlx deletion are 

somewhat dependent on sex and age.   
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A potential limitation to the behavioural studies within this strain of Nr2e1-/- mice is 

the potential confound of visual impairment (Corso-Diaz and Simpson, 2015, Young 

et al., 2002).  Thus, it might be suggested that the anxiolytic phenotype observed within 

the open field in male Nr2e1-/- mice could reflect vision impairments.  Specifically, 

mice with reduced vision may unintentionally explore the center of the arena because 

they are unware it is an exposed area of the maze.  However, impaired vision has been 

shown in both sexes (Young et al., 2002).  Therefore, a lack of a similar anxiolytic 

phenotype in female mice suggests that this behavioural phenotype is a result of neural 

abnormalities other than visual abnormalities.  Moreover, spontaneous alternation and 

rotarod performance has previously been shown to be unaffected by visual performance 

(Dember and Roberts, 1958, Morgan et al., 2008) and thus unlikely to be affected by 

visual impairments in the present study.  A second limitation of this study stems from 

the requirement to single house male knockout mice due to their aggressive phenotype 

(Young et al., 2002).  However, previous studies have shown that spontaneous 

alternation and motor performance on the rotarod are unaffected by housing conditions 

in C57BL/6 mice (Voikar et al., 2005).  Furthermore, previous studies have shown that 

singly housed Nr2e1-/- mice exhibit reduced body weight and increased hyperactivity 

compared to single housed wild type littermates (Voikar et al., 2005).  Thus, suggesting 

that social isolation does not account for the reduced body weight and hyperactivity of 

Nr2e1-/- mice observed within this study.  Notwithstanding that social isolation may 

impact upon fear conditioning, overall the evidence suggests that the impairments in 

motor, cognitive and anxiety-related behaviours assessed here are likely a function of 

Tlx deletion rather than housing conditions.  
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Given the well-established role of Tlx as a transcriptional repressor of downstream 

target genes, it is important to consider the molecular mechanisms which may underpin 

the discrepancies in behaviour between wildtype and Tlx-deficient mice in the current 

study and indeed the developmental time points at which these changes emerge.  Tlx 

has been shown to recruit the epigenetic modulators lysine-specific histone 

demethylase 1 (LSD1) and histone deacetylases (HDAC) 3 and 5 to regulate gene 

expression (Sun et al., 2010, Sun et al., 2007).  In turn, expression of an array of genes 

has been shown to be regulated by Tlx and of particular interest are p21 and Pten as 

they are involved in adult hippocampal neurogenesis (Amiri et al., 2012, Pechnick et 

al., 2008).  Indeed Pten has been shown to have a role in hippocampal-dependent 

contextual fear conditioning in mice (Lugo et al., 2013).  Because adolescence is a 

significant developmental period for the remodelling of hippocampal connectivity and 

networking including neurogenesis, Tlx-regulated genes such as p21 and pten may 

have important roles to play in mediating the associated behavioural changes at this 

time.  Future studies will help elucidate this theory.   

 

A number of studies have shown that deletion of Tlx causes neuroanatomical 

abnormalities similar to those observed in bipolar disorder and schizophrenia, such as 

enlarged ventricles and reduced volume of the hippocampus, cerebral cortex and 

amygdala, as well as impaired neurogenesis (Andreazza and Young, 2014b, Ross et al., 

2006, Strakowski et al., 2012b).  Moreover, genetic variation at the Nr2e1 locus in 

humans has been linked to susceptibility of developing bipolar disorder (Kumar et al., 

2008).  Furthermore, the behavioural abnormalities of Nr2e1 mice are similar to those 
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observed in bipolar disorder i.e., aggression, hyperactivity and impaired learning 

(Ballester et al., 2012, Latalova, 2009, Vohringer et al., 2013, Najt et al., 2007).  

Interestingly, these disorders manifest primarily during the adolescent period, and this 

aligns with the behavioural observations in the adolescent Tlx deficient mice in the 

current study (Giedd et al., 2008).  Thus, the observed impairment in limbic system 

structure and function may indicate a potential role of Tlx in mood disorders.  In 

conclusion, we show that deletion of Tlx results in impairment in motor, cognitive and 

anxiety-related behaviours during adolescence and adulthood in both male and female 

mice with the majority of effects occurring during adolescence rather than adulthood.  

We also show that there is a progressive decline in motor performance of Nr2e1-/- mice 

in adulthood thus indicating cortico-cerebellar/striatal dysfunction in these mice.  This 

novel finding together with alterations in amygdala-dependent behaviour suggests a 

function for Tlx beyond its regulation of adult neurogenesis in the hippocampus.  

Adolescence is a critical period for postnatal brain maturation and thus susceptibility 

to emotional and cognitive-related disorders.  Given that the role of Tlx in the 

regulation of cognitive and anxiety-related behaviour is most apparent during 

adolescence, Tlx is poised to be a key target in understanding the emergence of 

neurobiological disorders at the onset of adolescence and early adulthood. 
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CHAPTER 3 

Differential Effects of Adolescent and Adult-initiated 

Voluntary Exercise on Contextual and Cued Fear 

Conditioning 

 

 

 

 

This work has been submitted to the journal Neuropharmacology 

O’Leary J.D., Hoban E.A., Cryan J.F., O'Leary O.F.+ & Nolan Y.M.+ (2017). 

Differential effects of adolescent and adult-initiated voluntary exercise on 

hippocampal and amygdala-dependent fear conditioning.  +Equal contribution. 
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3.1 Abstract  

Adolescence is a critical period for postnatal brain maturation and a sensitive time for 

increased susceptibility to developing emotional and cognitive-related disorders.  

Exercise during adulthood has been shown to increase hippocampal plasticity and 

enhance cognition.  However, the impact of exercise initiated in adolescence, on brain 

and behaviour in adulthood is not yet fully explored or understood.  The aim of this 

study was to compare the impact of voluntary exercise that was initiated either during 

adolescence or early adulthood on cognitive performance in hippocampal and 

amygdala-dependent fear conditioning tasks in adulthood.  Adult (eight weeks old) and 

adolescent (four weeks old) male Sprague Dawley rats had access to a running wheel 

(exercise) or were left undisturbed (sedentary control) for seven weeks.  Adult-initiated 

exercise enhanced both contextual and cued fear conditioning, while conversely, 

exercise that began in adolescence did not affect performance in these tasks and these 

differential effects were accompanied by differential expression of plasticity-related 

genes in the hippocampus and amygdala in adulthood.  Specifically, adolescent-

initiated exercise increased the expression of many plasticity related genes in the 

hippocampus including, BDNF, synaptophysin, Creb, PSD-95, Arc, TLX and DCX, 

while adult-initiated exercise did not affect hippocampal plasticity related genes.  

Together our data shows that exercise initiated during adolescence has a differential 

effect on hippocampal and amygdala-dependent behavior and neuronal plasticity 

compared to when exercise was initiated in adulthood.  These findings reinforce 

adolescence as a period during which environmental influences have distinct impact on 

neuronal plasticity and cognition.   
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3.2 Introduction 

Adolescence is a critical period for the maturation of the hippocampal circuitry (Sousa 

et al., 1998, Bayer, 1982, Park et al., 2017a) and heighted neural plasticity (He and 

Crews, 2007).  In parallel, adolescence has been identified as a key period of increased 

susceptibility to developing emotional and cognitive-related disorders (Fuhrmann et 

al., 2015, Schneider, 2013, Hueston et al., 2017, Kim et al., 2017).  Thus, adolescence 

may be a critical period during which environmentally-induced alterations in 

hippocampal function may result in organizational effects which persist into adulthood 

thus having long-term impacts on hippocampal-dependent cognition (Fuhrmann et al., 

2015, Schneider, 2013, Curlik et al., 2014, Blakemore and Choudhury, 2006, Spear, 

2004).  The amygdala, which is involved in attributing the emotional significance of 

environmental cues (Maren and Quirk, 2004, Adolphs, 2010, Bissiere et al., 2008, 

Hoban et al., 2017), also continues to develop throughout adolescence, with an initial 

increase in region volume (Uematsu et al., 2012, Payne et al., 2010, Park et al., 2017b) 

and subsequent dendritic pruning (Zehr et al., 2006), as well as an increase in the 

density of the fibers connecting the amygdala, hippocampus and prefrontal cortex 

which continues into adulthood (Cunningham et al., 2002, Casey et al., 2008a).  These 

cellular changes are thought to underlie the changes in emotional processing that 

emerge during the adolescent period (Scherf et al., 2013, Park et al., 2017b, Ganella 

and Kim, 2014).  Furthermore, as the amygdala is extensively interconnected with both 

cortical and subcortical regions including the hippocampus, it is possible that subtle 

changes in the amygdala during the adolescent period may cause wide spread 
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functional changes which persist into adulthood (Scherf et al., 2013, Pessoa, 2008, 

Ganella and Kim, 2014, Kim, 2016) which are also thought to be influenced by 

environmental experiences during adolescence such as, environmental  enrichment, 

social interaction and exercise (Hueston et al., 2017).   

 

A growing body of evidence suggests that environmental enrichment and exercise in 

adulthood has significant effects on the brain and behaviour (for reviews, see (Voss et 

al., 2013, Gomez-Pinilla and Hillman, 2013, Kelly, 2015, Nithianantharajah and 

Hannan, 2006)), but there is little information on the long-term impact of exercise 

during adolescence on the adult brain (Hueston et al., 2017).  Under environmentally 

enriched conditions there is increased opportunity for learning, socialization, and 

physical activity (van Praag et al., 2000, Nithianantharajah and Hannan, 2006).  Indeed, 

physical activity has been shown to be a critical component of the effects of 

environmental enrichment on the hippocampus, a key structure involved in learning 

and memory (Kobilo et al., 2011, van Praag et al., 2000).  Moreover, there is evidence 

to suggest that exercise may protect against the cognitive decline associated with 

ageing and neurodegenerative disorders (Ryan and Kelly, 2016, Ryan and Nolan, 

2016a, Brown et al., 2013).   

 

For the most part, animal studies have revealed that exposure of adult rodents to a 

running wheel or a treadmill results in enhanced hippocampal-dependent cognition, 

such as spatial learning and contextual fear conditioning (Baruch et al., 2004, Kohman 

et al., 2012, van Praag et al., 2005, Griffin et al., 2009, Short et al., 2017).  Moreover, 
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exercise during adulthood enhances neural plasticity in the hippocampus through 

increases in  synaptic plasticity (Patten et al., 2013, Farmer et al., 2004, Vivar et al., 

2013), dendritic spine density (Eadie et al., 2005, Stranahan et al., 2007, Dostes et al., 

2016), upregulation of  immediate early genes (Simon et al., 2006), as well as 

transcription factors (Chen and Russo-Neustadt, 2009) and neurotrophic factors such 

as brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor 

(VEGF)  (Adlard et al., 2004, Marlatt et al., 2012).  Treadmill exercise has also been 

shown to improve amygdala-associated cued fear conditioning in adult rats (Lin et al., 

2012, Liu et al., 2009), coupled with an increase in BDNF in the amygdala (Lin et al., 

2012, Greenwood et al., 2009).  The majority of studies to date have focused on the 

effects of exercise in adulthood, when the hippocampal and amygdala-mediated neural 

circuitry of learning and memory is physiologically mature.  However, the impact of 

exercise during key developmental periods when these structures are still undergoing 

maturation and are therefore more susceptible to environmental conditions, is yet to be 

fully explored.  Thus, the aim of this study was to compare the impact of voluntary 

exercise that was initiated during adolescence or adulthood on plasticity and cognitive 

performance in hippocampal and amygdala-dependent fear conditioning tasks in 

adulthood. 
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3.3 Methods 

3.3.1 Animals and experimentaldDesign 

Adult (8 weeks old) and adolescent (4 weeks old) male Sprague Dawley rats were 

obtained from Envigo Laboratories (The Netherlands).  All rats were paired housed in 

standard housing conditions (45 x 28 x 20cm) or in cages with access to a running 

wheel (45 x 28 x 25cm), with temperature 22 ± 1°C, relative humidity 50% and a 12:12 

hour light-dark cycle (lights on: 0730h) and had ad libitum access to food and water.  

All experiments were conducted in accordance with the European Directive 

2010/63/EU, and under an authorization issued by the Health Products Regulatory 

Authority Ireland and approved by the Animal Ethics Committee of University College 

Cork (AE19130/1019).   

 

The experimental design is shown in Figure 3.1.  The two independent cohorts of rats; 

adolescent (N = 20) and adult (N = 21) were pair-housed in either standard housing or 

with continuous access to a running wheel (Techni plast, UK) for four weeks prior to 

behavioural testing by contextual and cued fear conditioning and in the open field.  Due 

to the limited time window of experimenting with adolescent animals, each cohort 

underwent the experiment sequentially rather than concurrently.  Three control rats that 

were sedentary during adolescence and three rats that underwent exercise during 

adolescence did not acquire a fear response and were removed from the study.  Running 

or sedentary conditions were maintained for the duration of the experiment which 

lasted a total of seven weeks.  Running distance (km) was recorded daily and body 
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weights were recorded weekly.  Twenty-four hours after the completion of behavioural 

testing, rats were culled via un-anaesthetized decapitation and the brains were placed 

into a brain matrix.  Coronal slices were made and the whole hippocampus (dorsal and 

ventral) and amygdala from both the left and right hemispheres were rapidly dissected 

with tweezers according to relevant anatomical coordinates (Figure 3.2).  Samples were 

snap frozen on dry ice before storage at -80°C (Figure 3.2) for mRNA analysis of neural 

plasticity markers BDNF, Creb, TLX, DCX, synaptophysin, PSD-95 and Arc; Table 

1).  

 

 

Figure 3.1: Experimental timeline. Outline of the experimental timeline for rats 

undergoing exercise initiated in adulthood (8 weeks of age) (A) or adolescence (4 

weeks of age) (B). All rats were pair housed in standard housing (control) or with 

continuous access to a running wheel (exercise).  Exercise began at either four weeks 

or eight weeks of age and continued throughout testing, for a total of seven weeks. 

Behavioural testing commenced after four weeks of exercise and tissue was collected 

for mRNA analysis of markers for neural plasticity. 
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Figure 3.2: Diagram of hippocampal and amygdala dissection.   Rat brain atlas with 

anatomical coordinates (Palkovits, 1983) of the hippocampus and amygdala 

highlighted to show regions dissected for analysis of markers of plasticity. 

 

 

3.3.2 Open field test 

Spontaneous exploratory locomotor activity in the open field was used as a general 

measure of motor function (Choleris et al., 2001).  Rats were placed in an open field 

arena (90 cm diameter) under bright lighting conditions for 10 minutes (400 lux).  

Distance travelled and time in the center of the arena were recorded and calculated 

using Ethovision software (Noldus).  The arena was cleaned with a 50% ethanol 

solution between each animal to remove odour cues. 

 

3.3.3 Contextual and cued fear conditioning 

Contextual fear conditioning was used to assess hippocampal-dependent learning, 

while cued fear conditioning was employed to probe amygdala-dependent cognitive 

processes as previously described (Pattwell et al., 2011, Maren, 2001).  During 
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acquisition, rats were placed into the fear conditioning chamber (Med Associates, 30.5 

cm x 24.1 cm x 21.0 cm) with the floor comprised of steel bars which delivered a mild 

electric shock and was scented with a lemon and ginger tea bag (Twinings™).  Rats 

were allowed to explore the chamber for two minutes during an acclimation period and 

then received three shock and tone pairs (30 s tone; 5 kHz; 70 dB; 1 s foot shock; 0.65 

mA DC current) separated by 30 second intervals.  Rats were placed back in their home 

cage one minute after the final shock.  Contextual fear memory was assessed 24 hours 

later by placing the rats back into the same chamber, but in the absence of tone and 

shock.  Time spent freezing (s) was measured during the last 3.5 minutes of the total 

5.5-minute protocol using specialized software (Video freeze, Med Associates, USA). 

 

Cued fear conditioning was measured 24 hours after the contextual test in the same 

chambers.  To measure cued fear learning, rats were placed into a novel chamber (white 

floor mat; black wall insert at 60°; and scented with a 1% almond solution) with 

presentation of the tone but no foot shock.  Rats were allowed two minutes to 

acclimatize followed by three tone presentations (30 s; 5 kHz; 70 dB).  Time spent 

freezing (s) during the 30 second tone presentations was recorded (Video freeze, Med 

Associates, USA).  
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3.3.4 RNA extraction & qRT-PCR 

Total RNA was extracted using the mirVanaTM miRNA isolation kit (Ambion/life 

technologies) and DNase treated (Turbo DNA-free, Ambion/life technologies) 

according to the manufacturers recommendations (8-10 rats per group).  A Nanodrop 

2000 (Thermo Scientific) was used to determine RNA concentration.  All qRT-PCR 

experiments were performed using KiCqStart® SYBR® Green qPCR ReadyMixTM 

with ROXTM (Sigma).  cDNA was then synthesised using the high capacity cDNA 

reverse transcription kit (Applied Biosystems) and diluted to 10 ng/µl.  For individual 

genes (BDNF, synaptophysin, Creb, PSD-95, Arc, TLX and DCX; Table 3.1), three 

technical replicates were carried out for each biological sample on the Applied 

Biosystems StepOnePlus Real-Time PCR System and the average of the closest two 

results analysed using the ΔΔCt – method (Livak and Schmittgen, 2001). 

 

Table 3.1: List of PCR Primers. 

Gene  Forward Sequence (5’->3’)  Reverse Sequence (5’->3’) 

BDNF  GACCAAGTGTAATCCCATGGGTTA  GTTCCAGTGCCTTTTGTCTATGC  

Synaptophysin CCCTTCAGGCTGCACCAA   TTGGTAGTGCCCCCTTTGAC 

Creb  CCGCCAGCATGCCTTC   TGCAGCCCAATGACCAAA 

PSD-95  ACGCCGAAGAGTCAGAGAAA  ACTGTTGGACCGAGTGAACC  

Arc   TGGCTATCCCCTATTTTCACC  AAGATGGTGTGGGCCAGAT 

TLX    GCTTTCTTCACAGCGGTCAC  GCAGACACAGCGGTCAACT  

DCX   ATCTCTACACCCACAAGCCCT  ATCTCTACACCCACAAGCCCT 

HPRT1  GCGAAAGTGGAAAAGCCAAGT     GCCACATCAACAGGACTCTTGTAG 
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3.3.5 Statistical analyses 

All data were analyzed primarily by 2 x 2 Between Subjects Factorial ANOVA and 

simple main effects as appropriate using SPSS statistical software (SPSS, Chicago, IL).  

Analysis of behavioural data was performed on n=7 for the adolescent cohort and n=10-

11 for the adult cohort. With regard to analysis of q-PCR data, tissue samples that failed 

to show a standard amplification curve were removed from analysis. Therefore, 

statistical analysis of qPCR data from rats after adolescent-initiated exercise was 

carried out on n = 6-7 (hippocampus) and n = 5-7 (amygdala), and after adult-initiated 

exercise on n = 7-9 (hippocampus) and on n = 9-10 (amygdala).  An α-level of 0.05 

was used as criterion for rejection of the null hypothesis.  Data are presented as mean 

plus standard errors of the mean (SEM). 

 

3.4 Results 

3.4.1 Exercise decreased body weight gain during adolescent-initiated exercise 

There was no significant main effect of exercise [F (1, 19) = 2.65, p > 0.05; Figure 

3.3A] on body weight when exercise was initiated in adulthood.  However, there was a 

significant interaction between exercise and time when exercise was initiated in 

adulthood [F (6,19) = 2.72, p < 0.05].  Exercise that began during adolescence reduced 

body weight gain [F (1, 12) = 15.13, p < 0.01; Figure 3.3B].  There was also a 

significant interaction between exercise and time when exercise was initiated in 

adulthood [F (6, 12) = 11.61, p < 0.01]. 
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3.4.2 Running wheel distance 

Over the course of the seven-week exercise paradigm, all rats increased the amount of 

running [F (6, 72) = 138.3, p < 0.001; Figure 3.3C], with rats that began exercise in 

adulthood running an average of 3.96 km per day and rats that began exercise in 

adolescence running an average of 3.43 km per day.  There was also a significant 

interaction between time and age [F (6, 72) = 9.17, p < 0.001; Figure 3.3C] as well as 

a main effect of age [F (1, 12) = 11.42, p <0.01; Figure 3.3C], whereby adolescent rats 

initially ran a shorter distance per week compared to their adult counterparts.  Simple 

main effects at individual time-points revealed that this effect was apparent at weeks 

two [F (1, 12) = 42.18, p <0.001, three [F (1, 12) = 24.46, p <0.001] and seven [F (1, 

12) = 24.38, p <0.001] of the exercise regime, but reached a steady state level in both 

groups after four weeks. 

 

 

Figure 3.3: Body weight and Running distance. Body weight of rats after exercise 

was initiated in adulthood (n = 10-11) (A) or adolescence (n = 7) (B).  Running wheel 

activity (km) for both adult and adolescent-initiated exercise (C). Control compared to 

Exercise; Repeated measures ANOVA with simple main effects (***p<0.001). Data are 

presented as means ±SEM. 
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3.4.3 Age but not exercise-related changes in locomotor activity in the open field test 

Locomotor activity in the open field was unaffected by exercise [F (1, 31) = 3.93, p 

>0.05; Figure 3.4A].  Conversely, there was a significant main effect of age [F (1, 31) 

= 31.47, p <0.001; Figure 3.4A] on distanced travelled; animals that had exercise 

initiated during adolescence and their sedentary control counterparts exhibited 

increased activity compared to adult cohorts. 

 

3.4.4 Adult-initiated exercise but not adolescence-initiated exercise enhanced 

contextual fear recall in adulthood 

There was no main effect of exercise [F (1, 31) = 0.009 p > 0.05] or age [F (1,31) = 

2.87, p > 0.05; Figure 3.4B] on contextual fear conditioning.  However, there was a 

significant interaction between age and exercise [F (1, 31) = 9.38, p <0.01; Figure 

3.4B].  Simple main effects revealed that contextual fear recall was enhanced in rats 

when exercise began in adulthood [F (1, 31) = 6.23, p < 0.05; Figure 3.4B].  Conversely, 

contextual fear recall was unaffected in rats that began exercise in adolescence [F (1, 

31) = 3.67, p > 0.05; Figure 3.4B].   

 

3.4.5 Adult-initiated exercise but not adolescence-initiated exercise enhanced cued 

fear recall in adulthood 

There was no main effect of exercise [F (1, 31) = 0.11, p > 0.05; Figure 3.4C] on cued 

fear conditioning.  However, there was a main effect of age [F (1, 31) = 8.34, p > 0.01; 

Figure 3.4C] as well as a significant interaction between age and exercise [F (1, 31) = 

6.46, p < 0.05].  Simple main effects revealed that exercise initiated in adulthood 
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increased cued recall [F (1, 31) = 5.15, p < 0.05; Figure 3.4C], while exercise initiated 

in adolescence had no effect [F (1, 31) = 2.03, p > 0.05].  Baseline freezing was 

unaffected by exercise [F (1, 31) = 1.84, p > 0.05; Figure 3.3D and E].  However, there 

was a main effect of age on baseline freezing during fear acquisition [F (1,31) = 10.49, 

p < 0.01]. 

 

 

 

Figure 3.4: Differential effects of adult-initiated exercise and adolescence-initiated 

exercise on context and cued fear recall. Locomotor activity in the open field of rats 

after exercise was initiated in adulthood or adolescence (A).  Contextual fear recall of 

rats after exercise was initiated in adulthood or adolescence (B).  Cued fear recall of 

rats after exercise was initiated in adulthood or adolescence (C). Baseline freezing of 

rats after exercise was initiated in adulthood (D) or adolescence (E). Bar graphs 

indicate average for adult cohort (n = 10-11) and adolescent cohort (n = 7). Control 

compared to Exercise; 2 x 2 Factorial ANOVA with simple main effects (*p<0.05, 

**p<0.001). Data are presented as means ±SEM. 
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3.4.6 Adolescence-initiated exercise had a greater effect on hippocampal mRNA 

expression of neural plasticity markers than adult-initiated exercise 

Exercise had a significant main effect on hippocampal BDNF mRNA expression [F (1, 

24) = 20.90, p < 0.01; Figure 3.5A].  There was also a significant interaction between 

age and exercise [F (1, 24) = 6.17, p < 0.05]; exercise beginning in adolescence 

increased BDNF expression in the hippocampus [F (1, 24) = 21.78, p < 0.01], while 

adult-initiated exercise had no effect [F (1, 24) = 2.54, p > 0.05].  Exercise also had a 

significant main effect on hippocampal Creb mRNA expression, a transcription factor 

downstream of BDNF [F (1, 27) = 64.26, p < 0.001; Figure 3.5B].  Moreover, there 

was a significant main effect of age [F (1, 27) = 66.41, p < 0.001; Figure 3.5B] as well 

as a significant interaction between age and exercise [F (1, 27) = 81.29, p < 0.001]; 

exercise beginning in adolescence increased Creb mRNA expression in the 

hippocampus [F (1, 27) = 132.47, p < 0.001; Figure 3.5B], while adult-initiated exercise 

had no effect [F (1, 27) = .55, p > 0.05 Figure 3.5B].  Exercise had a significant main 

effect on hippocampal mRNA expression of synaptophysin [F (1, 25) = 33.56, p < 

0.001; Figure 3.5C], which exists in presynaptic vesicles.  There was also a significant 

main effect of age [F (1, 25) = 7.80, p < 0.01; Figure 3.5C] as well as a significant 

interaction between age and exercise [F (1, 25) = 10.75, p < 0.01], where exercise 

beginning in adolescence increased synaptophysin mRNA expression in the 

hippocampus [F (1, 25) = 39.87, p < 0.001; Figure 3.5C], while adult-initiated exercise 

had no effect [F (1, 25) = 3.26, p > 0.05; Figure 3.5C]. 
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Exercise had a significant main effect on hippocampal PSD-95 mRNA expression [F 

(1, 24) = 34.69, p < 0.001 Figure 3.5D], a regulator of postsynaptic function.  Likewise, 

there was a significant main effect of age [F (1, 24) = 29.76, p < 0.001 Figure 3.5D] as 

well as a significant interaction between age and exercise [F (1, 24) = 36.69, p < 0.001], 

where exercise beginning in adolescence increased PSD-95 mRNA expression in the 

hippocampus [F (1, 24) = 71.50, p < 0.001 Figure 3.5D], while adult-initiated exercise 

had no effect [F (1, 24) = .02, p > 0.05 Figure 3.5D].  Exercise alone did not affect 

hippocampal Arc mRNA expression [F (1, 27) = 2.40, p > 0.05; Figure 3.5E], an 

immediate-early gene involved in the induction and maintenance of some forms of 

neuronal plasticity.  Moreover, there was also no main effect of age [F (1, 27) = 4.04, 

p > 0.05; Figure 3.5E].  However, there was a significant interaction between age and 

exercise [F (1, 27) = 8.22, p < 0.01], where exercise beginning in adolescence increased 

Arc mRNA expression in the hippocampus [F (1, 27) = 8.38, p < 0.01; Figure 3.5E], 

while adult-initiated exercise had no effect [F (1, 27) = 1.03, p > 0.05; Figure 3.5E].  

Exercise had a significant main effect on TLX, a key regulator of neurogenesis [F (1, 

25) = 9.37, p < 0.01; Figure 3.5F].  There was also a significant main effect of age [F 

(1, 25) = 16.85, p < 0.001; Figure 3.5F], as well as a significant interaction between 

age and exercise on TLX expression [F (1, 25) = 26.29, p < 0.001], where exercise 

initiated in adolescence increased hippocampal TLX expression [F (1, 25) = 32.48, p < 

0.001; Figure 3.5F], while adult-initiated exercise had no effect [F (1, 25) = 2.20, p > 

0.05; Figure 3.5F]. 
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Figure 3.5: Differential effects of adult-initiated exercise and adolescence-initiated 

exercise on hippocampal mRNA expression of neural plasticity genes. mRNA 

expression of plasticity genes, brain-derived neurotropic factor (BDNF) (A), cAMP 

response element binding protein (Creb) (B), synaptophysin (C), synapse-associated 

protein 90 (PSD-95) (D), activity-regulated cytoskeleton-associated protein (Arc) (E), 

TLX (Nuclear Receptor Subfamily 2 Group E Member 1) (F) and doublecortin (DCX) 

(G) in the hippocampus of rats following adult or adolescent initiated exercise. Bar 

graphs indicate average values in hippocampal tissue from adolescent-initiated 

exercise (n = 6-7) and adult-initiated exercise (n = 7-9) after HPRT1 normalization 

relative to control levels Control compared to Exercise; 2 x 2 factorial ANOVA with 

simple main effects (*p<0.05). Data are presented as means +SEM. 

  



 
 

140 

Exercise had a significant main effect on DCX, a marker of immature neurons [F (1, 

25) = 26.98, p < 0.001; Figure 3.5G].  Similarly, there was a significant main effect of 

age [F (1, 25) = 25.45, p < 0.001; Figure 3.5G] as well as a significant interaction 

between age and exercise [F (1, 25) = 32.61, p < 0.001], where exercise beginning in 

adolescence increased DCX mRNA expression in the hippocampus [F (1, 25) = 57.61, 

p < 0.001; Figure 3.5G], while adult-initiated exercise had no effect [F (1, 25) = .13, p 

> 0.05; Figure 3.5G]. 

 

3.4.7 Adult-initiated exercise selectively enhanced mRNA levels of synaptophysin in the 

amygdala 

There was a main effect of exercise [F (1, 29) = 5.06, p < 0.05; Figure 3.6A] on 

synaptophysin mRNA expression in the amygdala.  A priori t-test indicated exercise 

beginning in adulthood significantly increased synaptophysin expression [ t (17) = 

2.29, p < 0.05)].  However, there was no main effect of age [F (1, 29) = .97, p > 0.05; 

Figure 3.6A], nor interaction between age and exercise [F (1, 29) = .31, p > 0.05]. 

Conversely, there was no main effect of exercise [F (1, 29) = 2.14, p > 0.05; Figure 

3.6B] or age [F (1, 29) = 2.41, p > 0.05; Figure 3.6B], nor interaction effect [F (1, 29) 

= 1.96, p > 0.05] on BDNF mRNA expression in the amygdala.  Likewise, there was 

no main effect of exercise [F (1, 29) = .82, p > 0.05; Figure 3.6C], or age [F (1, 29) = 

.57, p > 0.05; Figure 3.6C], nor interaction between age and exercise on amygdala Creb 

mRNA expression [F (1, 29) = .17, p > 0.05].  There was also no significant effect of 

exercise [F (1, 29) = 2.15, p > 0.05; Figure 3.6D], or age [F (1, 29) =1.05, p > 0.05; 
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Figure 3.6D], nor interaction between age and exercise on amygdala PSD-95 mRNA 

levels [F (1,29) = .45, p > 0.05].  Moreover, there was no main effect of exercise [F (1, 

27) = .75, p > 0.05; Figure 3.6E], or age [F (1, 27) = .26, p > 0.05; Figure 3.6E], nor 

interaction between age and exercise on amygdala Arc mRNA expression [F (1, 27) = 

.00, p > 0.05].  

 

 

Figure 3.6: Adult-initiated exercise selectively enhanced Synaptophysin mRNA 

expression in the amygdala. mRNA expression of plasticity genes, synaptophysin (A), 

brain-derived neurotropic factor (BDNF) (B), cAMP response element binding protein 

(Creb) (C), synapse-associated protein 90 (PSD-95) (D), activity-regulated 

cytoskeleton-associated protein (Arc) (E) in the amygdala of rats following adult or 

adolescent initiated exercise. Bar graphs indicate average values for adolescent-

initiated exercise (n = 5-7) and adult-initiated exercise (n = 9-10) after HPRT1 

normalization relative to control levels. Control compared to Exercise; 2 x 2 factorial 

ANOVA with simple main effects (*p<0.05). Data are presented as means +SEM. 
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3.5 Discussion 

This study revealed that a repeated voluntary exercise regimen initiated in adulthood 

enhanced both contextual and cued fear recall, whereas adolescent-initiated exercise 

failed to show a similar enhancement.  On the other hand, adolescence-initiated 

exercise induced an increase in mRNA expression of neural plasticity markers in the 

hippocampus while adult-initiated exercise did not.  Conversely, adult-initiated 

exercise selectively enhanced synaptophysin mRNA expression in the amygdala, while 

amygdala plasticity was unaffected by exercise beginning in adolescence. 

 

Our finding that adult-initiated exercise enhanced contextual fear conditioning is in 

agreement with previously published studies.  Indeed,  prolonged (four, six or eight 

weeks) running wheel exercise during adulthood has previously been shown to enhance 

contextual fear recall in adult rats (Baruch et al., 2004, Burghardt et al., 2006, 

Greenwood et al., 2009) and mice (Kohman et al., 2012, Clark et al., 2008, Dubreucq 

et al., 2011).  These findings also support other studies which have investigated the 

effects of several weeks of exercise on other hippocampal-dependent tasks. 

Specifically, prolonged (four and twelve weeks) weeks of either running wheel or 

treadmill exercise enhanced spatial learning in the Morris water maze in adult and aged 

rats (Adlard et al., 2004, Albeck et al., 2006, Ang et al., 2006) as well as mice (Rhodes 

et al., 2003, van Praag et al., 2005).   

 

In contrast, to these findings on adult-initiated exercise, we found that when exercise 

was initiated in adolescence it did not affect contextual fear conditioning.  To the best 
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of our knowledge, this is the first study to investigate the impact of adolescent-initiated 

exercise on contextual fear conditioning in adulthood, however others have 

investigated the impact exercise beginning in adolescence on other hippocampal-

dependent cognitive tasks.  Indeed, prolonged (six weeks) running wheel (Uysal et al., 

2015), and (six or eight weeks) treadmill exercise (Uysal et al., 2005, Uysal et al., 2015, 

Gomes da Silva et al., 2012), initiated during the adolescent period (three to four weeks 

of age), enhanced spatial learning in the Morris water maze in rats.  Additionally, 

exposure to environmental enrichment, a process that has similar pro-cognitive and 

pro-neurogenic effects as exercise, initiated during adolescent development (five weeks 

of age) and continuing for eight weeks into adulthood, similar to our exercise regime, 

has also been shown to enhance spatial learning in the Morris water maze in mice 

(Williams et al., 2001).  In the present study, the rats that were exposed to exercise 

during adolescence continued to run through adulthood thus this may have 

inadvertently masked potential behavioural changes from this earlier life exposure.  

This limitation may be overcome in future studies by examining the impact of limiting 

exercise to the adolescent period only.  Furthermore, this could be expanded to include 

multiple cohorts with different ages of exercise onset, for example with exercise 

beginning at four weeks of age through to 14 weeks.  In addition, despite both cohorts 

of rats being tested in adulthood, there was a main effect of the age at which exercise 

began on baseline freezing.  It is possible that the increased locomotor activity that was 

observed in the cohort of rats that began exercise during adolescence (both control and 

exercise) may have confounded freezing behaviour in the fear conditioning task thus 

making it difficult to draw definitive conclusions.   Therefore, further work is needed 
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to fully elucidate the effects of exercise on hippocampal maturation processes during 

key development periods, such as adolescence. 

 

In an effort to elucidate the neurobiology underlying exercise induced changes in 

contextual fear conditioning, we investigated the impact of seven weeks of running 

wheel exercise on plasticity-related genes in the hippocampus in adulthood.  We found 

that adult-initiated exercise did not affect mRNA expression of plasticity related 

markers in the adult hippocampus, whereas adolescent-onset exercise increased mRNA 

expression of an array of neural plasticity markers in the hippocampus, such as BDNF, 

Creb, synaptophysin, PSD-95, Arc and the neurogenesis-related genes TLX and DCX 

in the adult hippocampus.  Growth and transcription factors such as BDNF and Creb 

as well as hippocampal neurogenesis have previously been shown to play a key role in 

fear conditioning (Kim et al., 2013, Liu et al., 2004, Saxe et al., 2006a).  Moreover, 

immediate early genes, such as Arc have also been shown to be required for contextual 

fear conditioning (Czerniawski et al., 2011).  Previous studies that have shown similar 

adult-initiated exercise-induced behavioural enhancements were associated with an 

increase in hippocampal BDNF mRNA expression (Greenwood et al., 2009).  In 

addition, prolonged (four weeks) running wheel exercise increased both VEGF and 

BDNF protein levels within the hippocampus in adult rats (Adlard et al., 2004, Uysal 

et al., 2015) as well as short-term (one week) running wheel exercise (Neeper et al., 

1996, Neeper et al., 1995), and short-term (one week) treadmill exercise in rats 

(O'Callaghan et al., 2007).  Moreover, prolonged (three and eight weeks) running wheel 

exercise in adulthood has also been shown to increase dendritic complexity and spine 
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density in the rat (Stranahan et al., 2007) and mouse (Dostes et al., 2016) hippocampus.  

Although we did not assess protein nor morphological changes within the hippocampus 

in the present study, it is possible that the improved contextual fear recall in adult rats 

is mediated by an exercise-induced change in proteins that regulate neuronal 

morphology. 

 

Similarly, prolonged (six weeks) running wheel and (eight weeks) treadmill exercise 

initiated in adolescence (three and four weeks of age) has also been shown to increase 

BDNF protein levels in adult rats (Uysal et al., 2015, Uysal et al., 2005).  Moreover, 

four to six weeks of running wheel (Hopkins et al., 2011) or treadmill exercise (Gomes 

da Silva et al., 2012, Uysal et al., 2015) initiated during the adolescent period (three to 

four weeks of age), has been shown to increase hippocampal BDNF and VEGF protein 

levels as well as TrkB expression, a downstream target of BDNF (Uysal et al., 2015, 

Hopkins et al., 2011, Gomes da Silva et al., 2012).  Furthermore, the behavioural 

enhancements following adolescent environmental enrichment were also correlated 

with an increase in cAMP response element binding protein (CREB) within the 

hippocampus, a downstream target of BDNF (Williams et al., 2001).  Furthermore, 

disruption of BDNF-TrkB signalling abolishes adult-initiated exercise-induced 

morphological changes in the hippocampus (Liu et al., 2009).   Thus exercise-induced 

changes in neural plasticity may be driven by upregulation of hippocampal BDNF 

signalling, which in turn promotes hippocampal-dependent cognition.  On the other 

hand, however, although we found that adolescent-initiated exercise increased BDNF 

expression, it did not translate to an increase in cognitive function.  Thus suggesting a 
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dissociation between exercise-induced changes in BDNF and enhanced behavioural 

performance. Endogenous BDNF in the hippocampus (Heldt et al., 2007) and amygdala 

(Kirtley and Thomas, 2010) have been shown to be necessary for fear extinction.  

Therefore, it is possible that exercise induced changes in BDNF within the 

hippocampus may have altered fear extinction, which was not assessed in the present 

study.  Interestingly, this dissociation is in line with a previous study that reported an 

adult-initiated exercise-induced increase in hippocampal BDNF protein levels while 

displaying no change in spatial learning, a hippocampal-dependent process 

(O'Callaghan et al., 2007).  Together, these data suggest that prolonged voluntary 

exercise in adulthood but not adolescence enhances contextual recall, a hippocampal-

dependent cognitive processes, possibly through upregulation of neurotrophic factors. 

 

The results in the current study demonstrated that amygdala-dependent cued fear recall, 

was enhanced in rats that began exercise in adulthood, while exercise that was initiated 

in adolescence did not affect cued fear recall in adulthood.  Contradictory findings have 

been reported regarding the effects of adult exercise on cued fear conditioning.  

Prolonged (four or eight weeks) running wheel exercise did not affect cued fear recall 

in adult rats (Burghardt et al., 2006, Baruch et al., 2004) or mice (Kohman et al., 2012) 

whereas prolonged (nine weeks) treadmill exercise improved cued fear recall in an 

APP/PS1 transgenic mouse model of Alzheimer’s disease (Lin et al., 2015).  

Habituation and sensitization to a previously conditioned stimulus, such as a tone has 

been shown to determine the expression and extinction of the conditioned fear response 

(Kamprath and Wotjak, 2004; Seo et al., 2016).  Thus, the changes in cued, as well as 
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contextual fear conditioning observed here may also reflect changes in non-associative 

learning in adulthood. The neural circuitry of fear learning continues to undergo 

maturation during the adolescent period (Pattwell et al., 2013, Scherf et al., 2013, 

Pessoa, 2008, Kim, 2016, Kim et al., 2017), thus we hypothesized that exercise-induced 

changes in plasticity in the basolateral amygdala during this time may have impacted 

upon the maturation of key neural circuits involved in emotional processing which 

persisted into adulthood. However, we did not observe any changes on cued fear recall 

in adulthood or on plasticity markers in the adult amygdala as a result of voluntary 

exercise initiated during adolescence. Previous studies have demonstrated that four 

weeks of treadmill exercise initiated in adolescence (five weeks of age) improved cued 

fear recall, while voluntary running wheel exercise (four weeks) during the same 

developmental period did not affect cued fear recall in adult rats (Lin et al., 2012). 

Taken together with our current results, these findings suggest that any beneficial effect 

of exercise during adolescence on cued fear recall may mediated through the type of 

exercise employed (Lin et al., 2012, Liu et al., 2009).   

 

In an effort to determine the neurobiology underlying exercise induced changes in cued 

fear conditioning, we investigated the impact of seven weeks of running wheel exercise 

on plasticity-related genes in the amygdala in adulthood.  Adult-initiated exercise 

selectively enhanced mRNA levels of pre-synaptic synaptophysin in the amygdala.   

This finding supports a previous study which showed a similar increase in synaptic 

proteins such as synaptosomal-associated protein 25 (SNAP-25) and TrkB in the 

amygdala of rats following four weeks of treadmill exercise in adulthood (Liu et al., 
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2009). Different different types of exercise, such as four weeks of running wheel or 

treadmill exercise has also been shown to induce differential effects on BDNF protein 

levels in the amygdala following adolescent-initiated exercise (Lin et al., 2012).  

Specifically, forced treadmill exercise beginning in adolescence and continuing into 

adulthood increased TrkB protein levels and dendritic arborization and spine density in 

the basolateral amygdala, whereas the same duration of running wheel exercise also 

beginning in adolescence did not affect neural plasticity in the amygdala in adulthood 

(Lin et al., 2012).  BDNF and TrkB are important regulators of neuronal development 

and though we did not observe changes in amygdala BDNF mRNA following adult or 

adolescent-onset exercise, it is possible that exercise-induced changes in these key 

neurotrophic factors at the protein level or indeed the morphology of neurons during 

the critical development period may alter the maturation processes of amygdala circuity 

which in turn effect amygdala-dependent processes in later life. 

 

In conclusion, adult-initiated exercise enhanced both contextual and cued fear 

conditioning.  Conversely, exercise that began in adolescence did not affect contextual 

or cued fear conditioning, despite an enhancement of several hippocampal neural 

plasticity markers. Together these data show that adolescence is a critical period for 

brain maturation with experience shaping plasticity and cognitive processes in later life 

and highlight the importance of understanding the development of neural systems 

associated with the emergent behaviors of adolescence. 
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CHAPTER 4 

 

Differential Effects of Adolescent and Adult-initiated 

Exercise on Cognition and Hippocampal Neuroplasticity 
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4.1 Abstract 

Adolescence is a critical period for postnatal brain maturation and thus a time when 

environmental influences may affect cognitive processes in later life.  Exercise during 

adulthood has been shown to increase hippocampal neurogenesis and enhance 

cognition.  However, the impact of exercise initiated in adolescence, on the brain and 

behavior in adulthood is not fully understood.  The aim of this study was to compare 

the impact of voluntary exercise that is initiated during adolescence or early adulthood 

on cognitive performance in hippocampal-dependent and independent processes using 

both object-based and touchscreen operant paradigms.  Adult (8 week) and adolescent 

(4 week) male Sprague Dawley rats had access to a running wheel (exercise) or were 

left undisturbed (sedentary control) for four weeks.  Results from touchscreen-based 

tasks showed that reversal learning was enhanced by both adult and adolescent-initiated 

exercise, while only exercise that began in adolescence induced a subtle but transient 

increase in performance on a location discrimination task.  Spontaneous alternation in 

the Y-maze was impaired following adolescent onset exercise, while object memory 

was unaffected by either adult or adolescent-initiated exercise.  Adolescent-initiated 

exercise increased the number of hippocampal DCX cells, an indicator of neurogenesis, 

and also promoted the complexity of neurites on DCX cells, a key process for synaptic 

integration, to a greater degree that adult-initiated exercise.  Together the data here 

show that exercise during the adolescent period compared to adulthood differentially 

affects cognitive processes and the development of new hippocampal neurons in later 

life.  
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4.2 Introduction 

The positive effects of exercise on learning and memory is well established for reviews, 

see Voss et al. (2013) and Gomez-Pinilla and Hillman (2013).  Specifically, voluntary 

exercise in adulthood has been shown to enhance hippocampal-dependent cognition, 

such as spatial learning (van Praag et al., 2005, Anderson et al., 2000) and contextual 

fear conditioning (Baruch et al., 2004, Kohman et al., 2012) in both rats and mice.  

Moreover, other forms of learning, such as cognitive flexibly, a prefrontal cortex-

mediated processes is also increased following exercise in adult rats and mice (Brockett 

et al., 2015).  Exercise-induced enhancement in cognitive function is often associated 

with significant changes in the neurocircuitry involved in learning and memory, such 

as the hippocampus and prefrontal cortex (Brockett et al., 2015, Creer et al., 2010).  In 

particular, exercise in adulthood has been shown to be a potent stimulator of 

hippocampal neurogenesis, a form of structural plasticity that occurs in the dentate 

gyrus (DG) of the hippocampus (van Praag et al., 1999a).  Indeed, it is hypothesized 

that the beneficial effects of exercise on hippocampal-dependent cognition is due, in 

part, to its pro-neurogenic capacity (Clark et al., 2008, Ji et al., 2014).  Adult 

hippocampal neurogenesis has been shown to be necessary for cognitive processes such 

as spatial memory and contextual memory, as well as the ability to discriminate 

between similar memories (Frankland et al., 2013, Saxe et al., 2006c, Snyder et al., 

2005a, Rola et al., 2004).  This process of pattern separation encodes memories in a 

discrete non-overlapping fashion, and without such a process, memory recall would 

suffer high interference from similarly encoded memories (Kent et al., 2016).  Pattern 
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separation has been repeatedly associated with hippocampal neurogenesis (Aimone et 

al., 2011, Sahay et al., 2011c, Revest et al., 2009, Besnard and Sahay, 2016).  Indeed, 

several weeks of running wheel exercise in adult mice has been shown to enhance 

pattern separation through upregulation of hippocampal neurogenesis (Creer et al., 

2010).  In recent years, novel cognitive tests have been developed to tease apart the 

relationship between hippocampal neurogenesis and cognitive function.  One such 

approach has been the development of touchscreen-based tests which allow for 

increased translation of pre-clinical research findings, and thus help to bridge the 

species divide, Appendix A (Oomen et al., 2013, Horner et al., 2013).  The majority of 

studies to date, using both object and touchscreen-based approaches to assess cognitive 

function, have focused on the effects of exercise in adulthood, when the neural circuitry 

underling learning and memory is physiologically mature.  However, the impact of 

exercise on cognitive processes during key developmental periods when the 

hippocampus and prefrontal cortex are still undergoing maturation is yet to be fully 

explored (Hueston et al., 2017). 

 

Adolescence is a sensitive period for maturation of the hippocampal circuitry, during 

which time an increase in the number of granule cells and dendritic arbors occurs, as 

well as increased synaptic pruning and an overall increase in the volume of the 

hippocampal layers (Sousa et al., 1998, Bayer, 1982, Hueston et al., 2017, Fuhrmann 

et al., 2015, Schneider, 2013).  In order for these new neurons to process information, 

extensive neurite arborization occurs so that neurons are capable of receiving and 

integrating complex synaptic inputs.  Thus, adolescence may be a critical period during 
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which alterations in hippocampal function may result in organizational effects which 

last throughout adulthood (Fuhrmann et al., 2015, Schneider, 2013, Curlik et al., 2014, 

Blakemore and Choudhury, 2006, Spear, 2004).  The prefrontal cortex also undergoes 

significant maturation during the adolescent period which continues into early 

adulthood, with increases in synaptic pruning and myelination (Spear, 2013, Casey et 

al., 2008b, Giedd et al., 1999, Blakemore and Choudhury, 2006).  These developmental 

processes allow for the strengthening and fine tuning of connections between the 

hippocampus and prefrontal cortex and are thought to underlie the emergence of 

cognitive functions which typically develop in adolescence, such as response inhibition 

and cognitive flexibility (Selemon, 2013, Spear, 2013).  We propose that exercise 

during adolescence may capitalize on the peak in neural plasticity during this period.  

Thus, the aim of this study was to determine the impact of voluntary exercise initiated 

at adolescence on hippocampal neurogenesis, neurite arborization and cognitive 

performance in hippocampal neurogenesis-dependent and independent tasks in 

adulthood. 
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4.3 Methods 

4.3.1 Animals and experimental design 

Adult (8 week) and adolescent (4 week) male Sprague Dawley rats were obtained from 

Envigo Laboratories (The Netherlands).  All rats were paired housed in standard 

housing conditions (temperature 22 ± 1°C, relative humidity 50%) with a 12:12 hour 

light-dark cycle (0730-1930) and had ad libitum access to food and water.  All 

experiments were conducted in accordance with the European Directive 2010/63/EU, 

and under an authorization issued by the Health Products Regulatory Authority Ireland 

and approved by the Animal Ethics Committee of University College Cork 

(AE19130/1019).  Two independent cohorts of rats (adult and adolescent) were pair 

housed in either standard housing (control group n = 10 for each cohort) or with 

continuous access to a running wheel (Techni plast, UK) (exercise group n = 10 for 

each cohort) for four weeks prior to behavioural testing and for the duration of the study 

(Figure 4.1).  Voluntary running wheel activity is a well-adopted exercise paradigm of 

experience-based change in synaptic plasticity that simulates aspects of voluntary 

human behaviour (Molteni et al., 2002).  Access to running wheels was maintained for 

the experiment and running distance (km) was recorded daily.  All rats with access to 

running wheels ran an average of 2.5 (km) per day for the duration of the study.  Rats 

were assessed by the following behavioural tests: spontaneous alternation in the Y-

maze, novel object recognition using object-based tasks, and location discrimination 

and reversal learning using touchscreen operant-based tasks.  Rats were sacrificed three 

weeks after completion of the behavioural tasks and brain tissue was collected for 
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immunohistological analysis of hippocampal neurogenesis and neurite arborization 

(Figure 4.1).  

 

 

Figure 4.1: Experimental timeline. Outline of the experimental timeline for rats 

undergoing exercise during adulthood (A) or adolescence (B). All rats were pair 

housed in standard housing (control) or with continuous access to a running wheel 

(exercise).  Exercise began at either 8 or 4 weeks of age and continued throughout 

testing. Behavioural testing commenced after 4 weeks of exercise and tissue was 

collected for immunohistological analysis of neurogenesis and neurite complexity. 

 

4.3.2 Touchscreen pre-training 

Touchscreen chambers consisting of a rectangular operant box with grid flooring, 

overhead light, a touchscreen, and food hopper were used (Med Associates, USA).  

Following three days of food restriction (90% of free feeding weight), rats were trained 
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to use the touchscreens in 5 stage’s as previously described (Horner et al., 2013).  

Briefly, in stage 1, rats were habituated to the touchscreen chambers and food pellets 

for 30 min each day for two days.  During stage 2, a relationship between the visual 

stimuli (images of white squares), Figure 4.2A, D) and a food reward was introduced.  

Stimuli were presented on the touchscreen for 30 seconds, following which a pellet 

reward was delivered.  Each displayed image and reward collection pair was referred 

to as a trial.  The inter trial interval for stage 2 and all subsequent stages was 20s.  If 

the image was touched by the rat, a three pellet reward was delivered to encourage 

future responses to the displayed image.  Once the rat had completed 60 trials within 

60 minutes the animal advanced to the next training stage.  During stage 3, visual 

stimuli were presented on the touchscreen until a response was made, upon which a 

reward was presented.  Again, once the rat had completed 60 trials within 60 minutes 

the animal advanced to the next training stage.  Stage 4 was similar to stage 3 with the 

addition of a trial initiation step where rats had to initiate the onset of each trial with a 

nose-poke into the reward delivery magazine.  Again, once the rat had completed 60 

trials within 60 minutes the animal advanced to the next training stage.  During stage 

5, a penalty (5 second time-out period with house light on) was introduced for touches 

to an area of the touchscreen that was not displaying the image, thus shaping the 

animals’ response to the visual stimuli only.  In stage 5, criterion was 100 trials with ≥ 

80% correct on two consecutive sessions in 60 minutes.   
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4.3.3 Location discrimination training 

Location discrimination was assessed as described by Oomen et al. (2013).  Rats were 

initially trained on an intermediate separation, consisting of two response image 

locations with an intermediate inter-stimulus distance (5cm); one image location was 

reinforced (CS+) and the other was punished (CS-).  Rats were required to obtain 7 

correct trials out of 8.  The reinforced location was then reversed and the animal was 

again required to learn the new reward contingency (7 correct trials out of 8); this was 

referred to as a reversal.  The intermediate separation was continued until the animal 

was able to attain the initial location-reward contingency, as well as the subsequent 

reversal within one session (60 minutes) in three out of four consecutive sessions. Upon 

successful completion of training, rats advanced to the location discrimination task. 

 

4.3.4 Touchscreen location discrimination testing 

Following successful completion of the intermediate training, rats proceeded to the 

location discrimination test.  The location discrimination test consisted of a large 

separation (large inter-stimulus distance, 8cm) and a small separation (small inter-

stimulus distance, 1cm).  The trial structure of these sessions were identical to the 

intermediate trials as described above; rats were allowed unlimited trials in 60 minutes 

to complete as many reversals as possible (7 correct trials out of 8).  Rats were exposed 

to 2 sessions of each separation (large or small, Figure 4.2A and D) per block, with 

each rat completing 3 blocks of trials (i.e. 6 sessions in total for each large and small 

separation).  Both the starting separation (small or large) and reward location (left or 

right) were counterbalanced between groups.  The number of trials to complete the first 
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reversal was recorded, as well as the total number of reversals completed within the 

60-minute session. 

 

4.3.5 Spontaneous alternation in the Y maze 

Spontaneous alternation behaviour is the tendency of rodents to alternate their 

exploration of maze arms (such as those of the Y maze) and is used as a measure of 

hippocampal-dependent working memory (Hughes, 2004).  The Y maze consisted of 

three arms 120° from each other (40 x 10 x 20 cm; made in house).  The protocol was 

adapted from Senechal et al. (2007).  Each animal was placed into the first arm of the 

maze facing the wall, and allowed to explore the maze for five minutes.  The number 

and order of arm entries were recorded. An arm entry was defined as all four paws 

entering into the arm (four paw criteria).  An alternation was determined as the number 

of consecutive entries into the three maze arms.  Alternations were then divided by the 

total number of entries during the five-minute test period.  The percentage of 

alternations was calculated as % = Alternations/(Entries-2).   

 

4.3.6 Novel object recognition 

Novel object recognition, a hippocampal-perirhinal cortex dependent task, was 

assessed as described by Bevins and Besheer (2006).  On day 1 the rats were habituated 

to the testing arena (rectangle arena) for a 10-minute exploration period.  On day 2, two 

identical objects were positioned on adjacent corners approximately 5 cm from each 

wall of the arena and each animal was introduced for a 10-minute exploration period.  

Rats were then placed directly back into their home cages.  After a three-hour inter-
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trial interval, one familiar object was replaced with a novel object, and each animal was 

introduced for a five-minute exploration period.  Object exploration was defined when 

the animal’s nose came within a 2 cm radius of the object.  The testing arena and objects 

were cleaned with a 50% alcohol solution.  Video recordings were made to allow for 

manual scoring of object exploration.  Object discrimination was calculated as the time 

spent exploring the novel object divided by the total time spent exploring both objects. 

 

4.3.7 Tissue processing and immunohistochemistry 

On completion of the behavioural testing, rats were deeply anesthetised with sodium 

pentobarbital and then transcardially perfused with 4% paraformaldehyde.  Brains were 

post-fixed for 24 hours in 4% paraformaldehyde, transferred to 30% sucrose until full 

penetration of cryoprotectant occurred, snap frozen in liquid nitrogen and stored at -

80°C.  Coronal sections through the DG were collected onto slides at 40 µm thickness 

in a 1:6 series. 

Non-specific antibody binding was blocked using 10% normal donkey serum (NDS) in 

a solution of PBS with 0.3% Triton–X100 and tissue sections were incubated with goat 

anti-DCX (DCX, Goat Polyclonal, Santa Cruz sc-8066, 1:100).  Sections were then 

incubated with a secondary antibody (biotinylated rabbit anti-goat) and DCX-positive 

cells were visualised with a solution of 3,3’-diaminobenzidine (DAB).  A cresyl violet 

counterstain was applied, and sections were washed, mounted, and coverslipped with 

DPX mounting media. 

 



 
 

160 

4.3.8 Image analysis  

Images across a 1:6 series through the DG were obtained using an Olympus BX 53 

Upright Microscope (BioSciences Imaging Centre, Department of Anatomy and 

Neuroscience, UCC).  The total number of positively labelled cells were counted and 

expressed as cells per section of the DG. DCX-positive neurons from adult-initiated 

exercise (n = 4) and adolescent-initiated exercise (n = 4) were selected based on their 

having minimal overlap with neurites of adjacent neurons, thus there were 40-50 

neurons analysed per group.  Neurons were imaged at 100X magnification on an 

Olympus BX40 microscope and each was traced using Camera Lucida (Wollaston, 

1807).  The tracings were scanned onto a personal computer and total neurite length 

was measured by a blinded observer using Neuron J software (Meijering et al., 2004). 

The extent of neurite branching was determined by counting the number of neurite 

branch points and the number of processes per DCX-positive cell. 

 

4.3.9 Statistical analyses 

All data were analysed using SPSS statistical software (SPSS, Chicago, IL).  

Behavioural data (n = 8-10), neurite complexity (n = 4) and the number of DCX-

positive cells (n = 3-4) were graphed as means +SEM.  Data were analysed by Student’s 

t-test or repeated measures ANOVA as described below.  An alpha level of 0.05 was 

used as criterion for statistical significance, and probability levels quoted for non-

significance.  Standard errors of the mean (SEM) were used with all graphical output. 
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4.4 Results 

4.4.1 Adolescent-initiated exercise preferentially promoted performance in a location 

discrimination task 

No effect of exercise during adulthood was observed in both the large and small 

separation condition of the location discrimination task [F (1, 36) = 0.50, p > 0.05; 

Figure 4.2B], [F (1, 36) = 0.76, p > 0.05; Figure 4.2E], respectively.  Similarly, there 

was no effect of exercise during adolescence on location discrimination in the large 

separation task [F (1, 38) = 0.71, p > 0.05; Figure 4.2C].  While there was no overall 

effect of exercise during adolescence on small separation task [F (1, 38) = 1.71, p > 

0.05; Figure 4.2F], when t-tests at each of the 3 trial blocks were performed, there was 

a non-significant trend for adolescent exercise to increase performance in the second 

trial block [t (38) = 1.84, p = 0.07; Figure 4.2F]. 

 

 

4.4.2 Adolescent and adult-initiated exercise enhanced location discrimination 

reversal learning 

There was a significant effect of adult-initiated exercise on reversal learning in the large 

separation condition, [F (1, 36) = 14.52, p < 0.001; Figure 4.3B].  Pairwise comparison 

indicated that rats beginning exercise in adulthood outperformed sedentary control 

adult rats in reversal learning in the large separation discrimination task during trial 

block 2 (p < 0.001) and 3 (p < 0.001), (Figure 4.3B).  Likewise, in the small separation 

condition, there was a significant effect of adult exercise on reversal learning [F (1, 36) 

= 5.97, p < 0.05; Figure 4.3E].  Pairwise comparison indicated that rats beginning 
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exercise in adulthood outperformed sedentary control adult rats in reversal learning in 

the small separation discrimination task during trial block 3 (p < 0.01), (Figure 4.3E).  

In the large separation condition, there was a non-significant trend of adolescent-

initiated exercise to enhance reversal learning [F (1, 38) = 2.31, p = 0.13; Figure 4.3C].  

A pairwise comparison indicated that adolescent-initiated exercise outperformed 

sedentary control counterparts in reversal learning in the large separation 

discrimination task during trial block 3 (p < 0.01), (Figure 4.3C).  Likewise, in the small 

separation condition, there was a significant effect of adolescent exercise on reversal 

learning [F (1, 38) = 17.39, p < 0.0001; Figure 4.3F].  A pairwise comparison indicated 

that rats beginning exercise in adolescence outperformed sedentary control 

counterparts in reversal learning in the small separation discrimination task during trial 

block 1 (p < 0.05) trial block 2 (p < 0.001), and trial block 3 (p < 0.01) (Figure 4.3F). 
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Figure 4.2: Exercise during adolescence preferentially promotes performance in a 

location discrimination task. Representative image of large separation location 

discrimination screen (A). Trials to first reversal of the large location discrimination 

condition after exercise was initiated in adulthood (B) or during adolescence (C).  

Representative image of small separation location discrimination screen (D). Trials to 

first reversal of the small location discrimination condition after exercise was initiated 

in adulthood (E) or during adolescence (F).  Data are graphed as means ± SEM (n=8-

10). 
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Figure 4.3: Exercise during both adolescence and adulthood enhances location 

discrimination reversal learning. Representative image of large separation location 

discrimination screen (A). Reversal learning in the large location discrimination 

condition after exercise was initiated in adulthood (B) or during adolescence (C).  

Representative image of small separation location discrimination screen (D). Reversal 

learning in the small location discrimination condition after exercise was initiated in 

adulthood (E) or during adolescence (F).  (* p<0.05, **p<0.01). Data are graphed as 

means ± SEM (n=8-10). 

 

 

4.4.3 Adolescent-initiated exercise impaired spontaneous alternation in the Y maze but 

had no effect on novel object recognition 

 

Exercise initiated during adulthood had no effect on spontaneous alternation in the Y-

maze, a test of working memory [t (18) = 0.97, p < 0.05; Figure 4.4A].  However, rats 
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that began exercise in adolescence showed impaired spontaneous alternation compared 

to sedentary control rats [t (18) = 3.07, p < 0.01; Figure 4.4B].  

 

The novel object recognition memory test, a measure of short-term memory, was 

unaffected by exercise which began either in adulthood [t (16) = 0.14, p < 0.05; Figure 

4.4C] or adolescence [t (18) = 0.34 p < 0.05; Figure 4.4D]. 

 

 

 

Figure 4.4: Exercise that began in adolescence impairs spontaneous alternation but 

has no effect on novel object recognition. Spontaneous alternation of rats after 

exercise was initiated in adulthood (A) or during adolescence (B).  Novel object 

recognition of rats after exercise was initiated in adulthood (C) or during adolescence 

(D).  (**p<0.01).  Data are graphed as means +SEM (n=10).  
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4.4.4 Adolescent-initiated exercise preferentially increased hippocampal neurogenesis 

compared to adult-initiated exercise 

 

There was no change in the number of DCX-positive cells in the DG as a result of 

exercise initiated during adulthood [t (6) = 1.13, p > 0.05; Figure 4.5A, C and E]. 

However, adolescent-initiated exercise induced a significant increase in the number of 

DCX-positive cells in the DG [t (4) = 2.87, p < 0.05; Figure 4.5B, D and F].   

 

Exercise beginning in adulthood induced a significant increase in the neurite length of 

DCX-positive cells [t (6) = 4.99, p < 0.001; Figure 4.6A], as well as in the number of 

neurite branch points [t (6) = 3.33, p < 0.05; Figure 4.6B], and the number of neurites 

per DCX-positive cell [t (6) = 4.89, p < 0.01; Figure 4.6C].  Similarly, adolescent-

initiated exercise also increased the neurite length [t (6) = 5.59, p < 0.01; Figure 4.6F], 

the number of neurite branch points [t (6) = 4.73, p < 0.01; Figure 4.6G] and the number 

of neurites per DCX-positive cell [t (6) = 4.87, p <0.01; Figure 4.6H].  However, the 

degree of change induced by adolescent-initiated exercise was much greater; a 0.8-fold 

increase in neurite length (compared to 0.2-fold increase as a result of adult exercise), 

a 1.2-fold increase in the number of neurite branch points (0.4-fold in adult exercise) 

and a 1-fold increase in the number of neurites per DCX-positive cell (0.4-fold in adult 

exercise).  When the complexity of neurites on DCX-positive cells were directly 

compared between animals that began exercise in adulthood or adolescence, there was 

no significant difference in neurite length [t (6) = 1.38, p > 0.05; Figure 4.6K].  

However, there was a significant increase in the number of neurite branch points [t (6) 
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= 2.64, p < 0.05; Figure 4.6L] and the number of neurites per DCX-positive cell [t (6) 

= 2.96, p <0.05; Figure 4.6M] following adolescent-initiated exercise. 

 

Figure 4.5: Exercise that began in adolescence but not adulthood increased 

hippocampal neurogenesis. DCX+ cells in the DG of rats after exercise was initiated 

in adulthood (A) or during adolescence (B).  Representative image of DCX+ cells in 

the DG of adult sedentary control (C), adolescent sedentary control (D) rats, and in 

the DG of rats after exercise was initiated in adulthood (E) or during adolescence (F).  

(*p<0.05).  Data are graphed as means +SEM (n=3-4).  
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Figure 4.6: Adolescent-initiated exercise increased neurite complexity of 

hippocampal DCX-positive cells to a greater degree than adult-initiated exercise. 

Neurite length of DCX+ cells in the DG of rats after exercise was initiated in adulthood 

(A) or during adolescence (D).  Number of neurite branch points on DCX+ cells in the 

DG of rats after exercise was initiated in adulthood (B) or during adolescence (E).  

Number of neurites per DCX+ cell of rats after exercise was initiated in adulthood (C) 

or during adolescence (F).  Representative image of the DCX+ cells in the DG of adult 

sedentary control (G), adolescent sedentary control (I) rats, and in the DG of rats after 

exercise was initiated in adulthood (H) or during adolescence (J).  Comparison of 

neurite length (K), neurite branch points (L) on DCX+ cells, and the number of neurites 

per DCX+ cells (M) in the DG of rats after exercise was initiated in adulthood or 

adolescence (*p<0.05, **p<0.01, ***p<0.001). Data are graphed as means +SEM 

(n=4). 



 
 

169 

4.4.5 Positive correlation between neurite length and cognitive flexibility as a result of 

exercise during adolescence 

There was a significant positive correlation between the neurite length of DCX-positive 

cells and performance in reversal learning during the small separation condition in rats 

that began exercise in adolescence [r = 0.775, n = 8, p < 0.05; Figure 4.7C].  This was 

not observed in rats that began exercise in adulthood [r = 0.524, n = 8, p > 0.05; Figure 

4.7A].  No correlation was observed between neurite length and reversal learning 

performance in the large separation condition; adult-initiated exercise [r = 0.527, n = 

8, p > 0.05; Figure 4.7B] and adolescent-initiated exercise, [r = 0.353, n = 8, p > 0.05; 

Figure 4.7D].  
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Figure 4.7: Correlation of neurite length of DCX-positive cells and cognitive 

flexibility. Correlation of reversal learning in the small separation condition with 

neurite length after exercise was initiated in adulthood (A) or adolescence (C).  

Correlation of reversal learning in the small separation condition with neurite length 

after exercise was initiated in adulthood (B) or adolescence (D). Data are graphed as 

means (n=8). 
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4.5 Discussion 

This study revealed a differential effect of adolescent and adult-initiated exercise on 

cognition and neurogenesis in adulthood.  Exercise that began in adolescence had a 

subtle effect on pattern separation, whereas both adult and adolescent-initiated exercise 

enhanced reversal learning in the touchscreen location discrimination task.  Moreover, 

both adult and adolescent-initiated exercise increased the complexity of neurites on 

new born neurons in the DG, although exercise beginning in adolescence induced a 

greater fold increase in neurite complexity compared to exercise beginning later in life.  

Moreover, only adolescent-initiated exercise increased the number of these immature 

neurons in the DG. 

 

The touchscreen location discrimination task was used to measure pattern separation.  

Performance in location discrimination during the small separation condition (i.e. when 

the images are close together and therefore have high contextual overlap) has been 

suggested to be a measure of pattern separation and to be sensitive to changes in 

hippocampal neurogenesis (Oomen et al., 2013, Creer et al., 2010, Clelland et al., 

2009).  The results of the current study indicated that exercise initiated in adulthood 

did not affect location discrimination during either the small or large separation 

conditions.  Similarly, there was no difference in performance following exercise that 

began in adolescence in the large separation condition.  However, there was a non-

significant trend of enhanced performance during the small separation condition 

following adolescent-initiated exercise, although this mild effect was transient as both 
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exercise and control animals performed similarly in the final training block.  Most work 

to date on exercise-induced effects on pattern separation has been reported from 

experiments using adult or aged rodents.  Prolonged (ten weeks) of voluntary exercise 

enhanced performance during the small separation condition (i.e. when the images are 

close together and therefore have high contextual overlap) in the touchscreen operant 

chamber in aged mice (Creer et al., 2010).  Likewise, voluntary exercise has been 

shown to increase pattern separation using a fear conditioning paradigm (in which 

contextual overlap varied between fear conditioning chambers) in aged (17 months old) 

mice (Wu et al., 2015).  Studies using adult rodents have shown that forced treadmill 

exercise for six weeks increased pattern separation assessed in the radial arm maze 

(where conditions of either high or low spatial and contextual overlap were created 

between the sample arm and the choice arm) (So et al., 2017).  However, our results 

from the touchscreen operant chamber reveal that exercise during adulthood did not 

affect pattern separation.  The difference in results we report may be due to 

methodological, species or age differences. Creer et al. (2010) initially trained the aged 

mice to use the touchscreen before the exercise regime began, while in the present study 

exercise began at the same time as touchscreen training.  Moreover, it is possible that 

the exercise-induced increase in performance is more readily observed in an aged 

animal compared to healthy adult.  Although exercise did not affect performance during 

touchscreen training in this study (data not shown), it is possible that transient exercise-

induced changes in hippocampal functioning were lost after several weeks of operant 

training and once rats had reached criteria for location discrimination testing.  

Furthermore, there may be a ceiling effect in discrimination performance where 
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optimal learning by healthy rats leaves no capacity for exercise-induced enhancements 

(Griffin et al., 2009).  Increasing the task difficulty (i.e. reducing the inter-stimulus 

distance) may help to overcome potential ceiling effects and improve task sensitivity 

to subtle and transient enhancements in performance of rats.  To date, no reports have 

been published on adolescent-initiated exercise on pattern separation despite the 

heightened plasticity that occurs in the hippocampus during this period of the lifespan.  

Interestingly, the subtle yet non-significant effect following adolescent-onset exercise 

that we observed in the current study was coupled with an increase in the number of 

immature neurons and the complexity of their neurites.  Indeed, performance in the 

small separation condition of the touchscreen location discrimination task has 

previously been associated with increased survival of hippocampal new born neurons, 

albeit in aged mice (Creer et al., 2010).   

 

Adult and adolescent-initiated exercise enhanced reversal learning, a hippocampal 

prefrontal cortex-mediated behaviour, which was assessed using the touchscreen 

location discrimination task and measured by the number of times the rat could switch 

between reward locations (i.e. reversals).  Previous work has shown that running wheel 

exercise (two weeks) during adulthood in rats facilitated performance in an attentional 

set-shifting task, a measure of cognitive flexibility (Brockett et al., 2015).  However, 

despite the dominant role of the prefrontal cortex in adolescent brain development and 

behaviour, to date no data have been reported to show the impact of adolescent-initiated 

exercise on prefrontal cortex-mediated cognitive flexibility.  Exercise-induced 

enhancement of cognitive flexibility has previously been linked with structural changes 
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in the hippocampus and prefrontal cortex in adulthood.  Specifically,  two weeks of 

running wheel exercise increased the spine density and spine length of neurons in the 

medial prefrontal cortex as well as inducing an increase in protein levels of the synaptic 

plasticity markers synaptophysin and PSD-95in the orbitofrontal cortex of adult rats 

(Brockett et al., 2015).  Moreover, cognitive flexibility may also be modulated by 

exercise-induced increases in hippocampal plasticity which in turn alters hippocampal-

medial prefrontal cortex projections and thus influences executive function processes, 

such as cognitive flexibility (Garthe et al., 2009, Burghardt et al., 2012). 

 

Spontaneous alternation in the Y-maze, a hippocampal-dependant spatial working 

memory task (Hughes, 2004), was unaffected by adult-initiated exercise, while 

adolescent-initiated exercise impaired spontaneous alternation behaviour.  Previous 

studies have reported contradictory findings of exercise on working memory.  

Prolonged (seven weeks) running wheel exercise has been shown to improve spatial 

working memory in the radial arm maze in rats (Anderson et al., 2000, Alomari et al., 

2016), whereas, spatial working memory in the T-maze has been shown to be 

unaffected following one week of forced exercise in rats (Acevedo-Triana et al., 2017).  

The differences may also be due to the specific behavioural tasks used to measure 

spatial working memory i.e. spontaneous behavior versus training/reward directed 

behavior.  Thus, exercise may enhance spatial working memory when the task is 

sufficiently challenging, such as in the radial arm maze where a correct response 

requires several days of training compared to one-time spontaneous exploration in the 

Y-maze.  Moreover, exercise beginning earlier in life may not convey a global 
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enactment of cognitive processes and in fact may negatively affect certain spontaneous 

behaviors in later life. 

 

Novel object recognition, a hippocampal and entorhinal cortex-dependent processes, 

was unaffected by exercise that began in adulthood or adolescence.  Findings from 

previous studies investigating the effects of exercise on object recognition have been 

varied.  Studies have demonstrated an enhancement of object discrimination following 

either one week of forced exercise in adult rats (Griffin et al., 2009) or three and four 

weeks of running wheel exercise in adult rats (Hopkins and Bucci, 2010, Bolz et al., 

2015), whereas, two or three weeks of running wheel exercise had no effect on object 

recognition in adult rats (Brockett et al., 2015) or adult mice (Bolz et al., 2015).  This 

may be due to the fact that differences in the inter-trial interval between the sample and 

test phase have been shown to differentially recruit the hippocampus or perirhinal/ 

entorhinal cortex processes during object recognition (Cohen and Stackman, 2015, 

Hammond et al., 2004).  Thus, tasks with a longer inter-trial interval (e.g. 24h) such as 

reported by (Griffin et al., 2009, Hopkins and Bucci, 2010, Bolz et al., 2015) detected 

an exercise-induced enhancement in discrimination, while tasks with a shorter inter-

trial interval (a few hours), such as employed in the current study and by others 

(Brockett et al., 2015, Bolz et al., 2015) did not detect an exercise-induced effect.  

Indeed, Bolz et al. (2015) demonstrated that three weeks of voluntary exercise 

enhanced object discrimination following a 24 hour inter-trial interval, but did not 

impact object discrimination after a 1.5 hour inter-trial interval in adult rats.   
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Exercise that began in either adulthood or adolescence increased the dendritic 

complexity of immature neurons (DCX-positive cells).  This is line with previous work 

showing that voluntary running wheel exercise for two months (Stranahan et al., 2007) 

and two to three weeks (Eadie et al., 2005) increased the dendritic length and the 

number of dendritic spines of granule neurons in the DG of adult rats.  Interestingly, a 

recent report has demonstrated that as little as one week of running wheel exercise can 

induce an increase the arborization of immature adult born granule cells as measured 

by total dendritic length and the number of dendritic branch points in new granule cells 

in the hippocampus of adult mice resulting in a reorganization of the circuitry of one-

week-old adult-born hippocampal neurons (Sah et al., 2017).  However, behavioural 

correlates were not assessed in this study and so it would be interesting to investigate 

the relationship between exercise-induced dendritic arborization of new hippocampal 

neurons and the emergence of any potential cognitive changes in terms of duration of 

exercise.  Dostes et al. (2016) has reported that the effect of exercise on neuronal 

morphology is activity-dependent in that mice given unlimited (24 hour) access to a 

running wheel for three weeks showed a greater increase in dendritic complexity in the 

hippocampus compared to mice with limited (3 hour) running wheel access.  Another 

factor to be considered in exercise-induced changes in cognition as a function of neurite 

complexity of new neurons is the age at which exercise is initiated.  This is borne out 

in the results of the present study which reveal that exercise initiated in adolescence 

had a greater fold increase in complexity of neurites on new neurons compared to 

exercise that began in adulthood.  Moreover, there was a positive correlation between 

the neurite length of new neurons and performance in reversal learning during the small 
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separation condition in rats that began exercise in adolescence which was not observed 

in rats that began exercise in adulthood.   

 

We observed that exercise that began during adolescence increased the number of 

immature neurons in the DG in adulthood while exercise initiated during adulthood did 

not. This is surprising as previous reports have demonstrated the pro-neurogenic effect 

of exercise during adulthood (van Praag et al., 1999). However, most studies on 

exercise during adulthood have used animals that were singly housed in order to ensure 

sole access to running wheels by the rodents.  It is possible that the housing conditions 

in the current study (pair housing) may have provided an enriched environment 

resulting in elevated baseline levels of neurogenic cells which was not possible to 

enhance by exercise in adult rats, but only by exercise during adolescence.   Indeed,  a 

recent report demonstrated that voluntary exercise by pair-housed mice during 

adolescence increased the survival of new neurons in the DG (Kozareva et al., 2018).    

However, this line of enquiry requires further investigation. 

 

In conclusion, adolescent-initiated exercise resulted in a differential effect on 

hippocampal-dependent and independent cognition, neurogenesis and neurite 

arborisation in adulthood compared to exercise initiated during adulthood.  Thus, 

environmental influences such as exercise during this critical period of brain 

development, may have long lasting effects on cognitive processes in later life.  
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CHAPTER 5 

 

Chronic Interleukin-1β in the Dorsal Hippocampus Impairs 

Pattern Separation 
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5.1 Abstract 

Understanding the long term consequences of chronic inflammation in the 

hippocampus may help to develop therapeutic targets for the treatment of cognitive 

disorders related to stress, ageing and neurodegeneration.  The hippocampus is 

particularly vulnerable to increases in the pro-inflammatory cytokine interleukin-1β 

(IL-1β), a mediator of neuroinflammation, with elevated levels implicated in the 

aetiology of neurodegenerative disorders such as Alzheimer’s and Parkinson’s.  Acute 

increases in hippocampal IL-1β have been shown to impair cognition and reduce adult 

hippocampal neurogenesis, the birth of new neurons.  However, the impact of 

prolonged increases in IL-1β, as evident in clinical conditions, on cognition has not 

been fully explored.  The current studies utilized a lentiviral approach to induce long-

term overexpression of IL-1β in the dorsal hippocampus of adult male Sprague Dawley 

rats.  Following three weeks of viral integration, pattern separation, a process involving 

hippocampal neurogenesis, was impaired in IL-1β treated rats in both object-location 

and touchscreen operant paradigms.  This was coupled with decreased dendritic 

complexity of immature neurons in the hippocampus.  Conversely, tasks involving the 

hippocampus, but not sensitive to disruption of hippocampal neurogenesis, including 

spontaneous alternation, novel object and location recognition were unaffected. 

Touchscreen operant visual discrimination, a cognitive task involving the prefrontal 

cortex, was largely unaffected by IL-1β overexpression.  In conclusion, our findings 

suggest that chronically elevated IL-1β in the hippocampus selectively impairs pattern 

separation.  Inflammatory-mediated disruption of adult neurogenesis may contribute to 

the cognitive decline associated with neurodegenerative and stress-related disorders.  



 
 

181 

 

5.2 Introduction  

There is a growing consensus that the increasing impact of age and stress-related 

inflammatory insults on daily living positions neuroinflammation as a significant 

protagonist of neurodegeneration and associated cognitive disorders (Amor et al., 2010, 

Ryan and Nolan, 2016b).  The hippocampus is particularly vulnerable to neuronal 

degeneration and the consequent cognitive dysfunction associated with ageing, 

neurodegenerative and psychiatric disorders (Bartsch and Wulff, 2015).  The pro-

inflammatory cytokine interleukin-1β (IL-1β), a major mediator of neuroinflammation, 

and its cognate receptor are expressed at high levels within the hippocampus (Ban et 

al., 1991, Parnet et al., 1994).  While evidence indicates that IL-1β is required for 

hippocampal-dependent cognition under quiescent conditions, it is well established that 

IL-1β has a detrimental effect on memory processes under chronic inflammatory 

conditions such as those associated with neurodegenerative disorders (Goshen et al., 

2007, Kohman and Rhodes, 2013, Lynch et al., 2010).  Furthermore, acute IL-1β 

treatment inhibits long-term potentiation (LTP) in the hippocampus (Lynch, 2015), and 

impairs both spatial and contextual memory (Gibertini et al., 1995, Goshen et al., 2007, 

Barrientos et al., 2002).  Acute IL-1β exposure also negatively impacts upon 

hippocampal neurogenesis, the birth of new neurons, both in vitro (Green and Nolan, 

2012b, Ryan et al., 2013, Zunszain et al., 2012) and in vivo (Goshen et al., 2008, 

McPherson et al., 2011).  Together, these findings suggest that IL-1β may mediate 

inflammation induced changes in cognition by affecting hippocampal-dependent 
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processes associated with hippocampal neurogenesis (Yirmiya and Goshen, 2011, 

O'Léime et al., 2017, Hueston et al., 2017).  However, the impact of prolonged 

increases in IL-1β on hippocampal neurogenesis-dependent cognitive function is yet to 

be fully explored.   

 

Adult hippocampal neurogenesis has been shown to be necessary for cognitive tasks 

which require spatial memory and contextual memory and has also been implicated in 

anxiety and forgetting (Frankland et al., 2013, Saxe et al., 2006c, Snyder et al., 2005a, 

Revest et al., 2009, Clelland et al., 2009).  An important aspect of learning and memory 

is the ability to encode newly formed memoires in a discrete non-overlapping fashion 

so as to reduce interference between similarly encoded memories (Tulving and 

Markowitsch, 1998).  The process of discriminating between similar contextual 

memoires has been referred to as pattern separation and has been repeatedly associated 

with hippocampal neurogenesis (Aimone et al., 2011, Sahay et al., 2011c).  In recent 

years, novel cognitive tests have been developed to tease apart the relationship between 

hippocampal neurogenesis and cognitive function, including touchscreen-based tests 

which allow for testing multiple types of cognitive tasks utilizing the same platform as 

well as increasing the translational power of pre-clinical research findings, Appendix 

A (Oomen et al., 2013, Horner et al., 2013, Bekinschtein et al., 2013b).   

As current evidence points to inflammation as a protagonist of both cognitive 

dysfunction and adult hippocampal neurogenesis, the hypothesis of the current study 

was that chronically elevated hippocampal IL-1β impairs location discrimination 
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through disruption of adult hippocampal neurogenesis in both touchscreen-based and 

non-touchscreen behavioural paradigms.  Understanding the basis of inflammatory-

induced changes in hippocampal neurogenesis-associated cognition will provide us 

with valuable information on the functional importance of new neurons, and the 

potential use of adult neurogenesis for repair and regeneration of hippocampal function. 
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5.3 Methods 

5.3.1 Animals and experimental design 

Adult male Sprague-Dawley rats obtained from Harlan UK (325-350 grams) were pair 

housed in a colony maintained at 22 ± 1°C, with a 12:12 hour light-dark cycle (lights 

on 0630-1830).  All animal procedures were performed under licenses issued by the 

Health Products Regulatory Authority (HPRA, Ireland), in accordance with the 

European Communities Council Directive (2010/63/EU) and approved by the Animal 

Experimentation Ethics Committee (AEEC) of University College Cork.  Two 

independent cohorts of animals were injected with either a lentivirus overexpressing 

mCherry-tagged IL-1β or mCherry alone (control) into the dorsal hippocampus.  The 

first cohort (control (n = 10), IL-1β (n = 10); Figure 5.1A) underwent non-touchscreen 

based behavioural testing.  Hippocampal tissue from this cohort was used to assess 

DCX and IL-1β mRNA and protein expression as well as validate viral spread by 

mCherry and IL-1β immunohistochemistry.  The second cohort of rats (control (n = 

10), IL-1β (n = 10); Figure 5.1B) underwent touchscreen based behavioural testing.  

Immunohistochemistry for DCX, IL-1β and mCherry was carried out on hippocampal 

tissue from this cohort.  All rats had ad libitum access to food and water except the 

cohort of rats that underwent touchscreen testing in which case they were food 

restricted to 90-95% body weight for the duration of testing. 
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Figure 5.1: Experimental design. Outline of the experimental timeline for animals 

undergoing non-touchscreen behavioural tasks, Cohort 1; Control (n = 10), IL-1β (n 

= 10) (A), or touchscreen-based tasks, Cohort 2; Control (n = 10), IL-1β (n = 10) (B). 

 

 

5.3.2 Virus preparation 

Production of plasmids and lentiviruses to overexpress mouse IL-1β and the 

fluorophore mCherry or a control virus expressing mCherry only was carried out by 

Genecopoeia (GeneCopoeia, MD, USA).  Briefly, lentiviral particles containing either 

mCherry or mCherry-tagged IL-1β plasmids were generated by following a 

standardised protocol using highly purified plasmids and EndoFectin LentiTM and 

TitreBoostTM reagents.  The lentiviral transfer vector was co-transfected into 293Ta 

cells with Lenti-PacTM FIV packaging mix.  The lentivirus particles were then purified 

and stored at -80°C until use. 
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5.3.3 Stereotaxic surgery and Lentiviral injection 

Rats were anaesthetised with isoflurane and placed into a Kopf stereotaxic frame.  

Lentivirus for the mCherry-tagged overexpression of IL-1β (3µL: 5.62 x 10^3 

transfecting units) or mCherry control (3µL: 5.13 x 10^3 transfecting units) on an FIV 

backbone and under a CMV promotor (Genecopeia, USA) was injected into the dorsal 

hippocampus using the coordinates AP: -3.5 mm, ML: ± 2.4 mm, DV: -3.8 mm relative 

to Bregma (Barrientos et al., 2002) at a rate of 1µL/min followed by a 5 min diffusion.  

Rats were injected with carprofen and 5% glucose (s.c.) prior to anaesthetic recovery.  

All rats were allowed to recover for 1 week with ad libitum access to food and water. 

 

5.3.4 Behavioural tasks 

5.3.4.1 Modified spontaneous location recognition test 

The modified spontaneous location recognition test, is a modified version of the 

standard novel location recognition task in which animals undergo two consecutive 

location discrimination tests where the inter-stimulus distance between the novel and 

familiar locations have been varied so as to create a state of either high or low 

contextual overlap.  Previous studies have demonstrated that performance during 

conditions of high contextual overlap require intact hippocampal neurogenesis 

(Bekinschtein et al., 2014).  The task was conducted in the open field arena, covered 

with bedding under dim light conditions (20 lux) as described previously (Kent et al., 

2015, Bekinschtein et al., 2013b).  The testing room had three proximal spatial cues 

and distal standard furniture.  Rats were habituated to the arena for 10 minutes per day 



 
 

187 

for 5 consecutive days before testing.  During the acquisition phase, three identical 

objects were placed 15 cm from the edge of the open field, and 30 cm from the center 

of the arena, and rats were allowed to explore for 10 minutes.  In the large separation 

condition, the three objects (O1, O2, and O3) were separated by 120° angles (Figure 

5.3A).  In the small separation condition, two of the objects were separated by a 50° 

angle (O2, O3), and the third was placed at an equal distance between the two (O1; 

Figure 5.3B).  The test phase was conducted 24 hours following acquisition.   During 

this phase, two of the previously used objects were placed in the arena.  One (O4) was 

placed in the same position as O1, while a second (O5) was placed halfway between 

the acquisition locations of O2 and O3 (Figure 5.3A, B) and rats were allowed to 

explore for 5 minutes.  Both the objects used and order of testing were counterbalanced 

within and between groups.  Time spent with the objects was recorded, and a 

discrimination index of object recognition was calculated as DI = (seconds with O5 - 

seconds with O4)/ (seconds with O4 + seconds with O5). 

 

5.3.4.2 Spontaneous alternation test 

Spontaneous alternation behaviour is the tendency of rodents to alternate their 

exploration of maze arms (such as those of the Y maze) and is used as a measure of 

hippocampal-dependent working memory (Hughes, 2004).  The Y maze consisted of 

three arms 120° from each other (40 x 10 x 20 cm; made in house).  The protocol was 

adapted from Senechal et al. (2007).  Each animal was placed into the first arm of the 

maze facing the wall, and allowed to explore the maze for five minutes.  The number 
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and order of arm entries were recorded. An arm entry was defined as all four paws 

entering into the arm (four paw criteria).  An alternation was determined as the number 

of consecutive entries into the three maze arms.  Alternations were then divided by the 

total number of entries during the five-minute test period.  The percentage of 

alternations was calculated as % = Alternations/(Entries-2).   

 

5.3.4.3 Object recognition and location test 

The object recognition test, a hippocampal-perirhinal cortex-dependent task and the 

location discrimination test, a hippocampal-dependent task was as carried out as 

described by (Bevins and Besheer, 2006).  Rats were first habituated to an empty 

chamber (40.5cm L x 36.5cm W x 28.0cm H) under dim light (20 lux) for 10 minutes.  

Twenty-four hours later, rats were exposed to 2 identical objects (either ceramic mugs 

or glass bottles) for 10 minutes, followed by a 3-hour inter-trial interval.  After the 

delay, recognition memory was tested with a 5-minute exposure to one novel object 

(Figure 5.3D).  The next day, rats were exposed to two novel objects for 10 minutes 

that were placed in the same position as on the previous day.  Following a 1-hour inter-

trial interval, rats were placed back into the arena, with one object in a novel location 

(Figure 5.3E).  All behaviours were recorded, and videos were scored to determine the 

amount of time the rats spent attending to the novel vs. familiar objects and locations.  

Objects and locations were counterbalanced between groups.  Time spent with the 

objects was recorded, and a discrimination ratio of object recognition was calculated 

as DR = seconds with novel/(seconds with novel + seconds with familiar). 
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5.3.4.4 Open field test 

Spontaneous exploratory locomotor activity and thigmotaxis in the open field were 

used as a general measure of motor function and anxiety-related behaviours, 

respectively (Choleris et al., 2001).  Rats were placed in an open field arena (90 cm 

diameter) under bright lighting conditions (400 lux) for 10 minutes.  Distance travelled 

and time in the center of the arena were recorded and calculated using Ethovision 

software (Noldus).  The arena (and all arenas, apparatus, and objects in subsequent 

tasks) were cleaned with a 70% ethanol solution between exposures of each animal to 

the arena to remove odour cues. 

 

5.3.4.5 Touchscreen pre-training 

Touchscreen chambers consisting of a rectangular operant box with grid flooring, 

overhead light, a touchscreen, and food hopper were used (Med Associates, USA).  

Following three days of food restriction (90% of free feeding weight), rats were trained 

to use the touchscreens in 5 stages as previously described (Horner et al., 2013).  

Briefly, in stage 1, rats were habituated to the touchscreen chambers and food pellets 

for 30 min each day for two days.  During stage 2, a relationship between the visual 

stimuli (images of white squares), see Figure 5.2A, D) and a food reward was 

introduced.  Stimuli were presented on the touchscreen for 30 seconds, following which 

a pellet reward was delivered.  Each displayed image and reward collection pair was 

referred to as a trial.  The inter trial interval for stage 2 and all subsequent stages was 

20s.  If the image was touched by the rat, a three pellet reward was delivered to 
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encourage future responses to the displayed image.  Once the rat had completed 60 

trials within 60 mins the animal advanced to the next training stage.  During stage 3, 

visual stimuli were presented on the touchscreen until a response was made, upon 

which a reward was presented.  Again, once the rat had completed 60 trials within 60 

mins the animal advanced to the next training stage.  Stage 4 was similar to stage 3 

with the addition of a trial initiation step where rats had to initiate the onset of each trial 

with a nose-poke into the reward delivery magazine.  Again, once the rat had completed 

60 trials within 60 mins the animal advanced to the next training stage.  During stage 

5, a penalty (5 second time-out period with house light on) was introduced for touches 

to an area of the touchscreen that was not displaying the image, thus shaping the 

animals repose to only the visual stimuli.  In stage 5, criterion was 100 trials with ≥80% 

correct on two consecutive sessions in 60 minutes.   

 

5.3.4.6 Location discrimination training and testing 

The touchscreen location discrimination task is a hippocampal-dependent task in which 

the animal undergo two consecutive location discrimination tests where the inter-

stimulus distance between the reinforced (CS+) and punished (CS-) locations are varied 

so as to create a state of either high or low contextual overlap.  Previous studies have 

demonstrated that performance in location discrimination during conditions of high 

contextual overlap is sensitive to changes in hippocampal neurogenesis (Creer et al., 

2010, Clelland et al., 2009).  Location discrimination was assessed as described by 

Oomen et al. (2013).  Rats were initially trained on an intermediate separation, 
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consisting of two response image locations with an intermediate inter-stimulus distance 

(5cm), one image location was reinforced (CS+) and the other was punished (CS-) 

(Figure 5.3A).  Rats were required to obtain 7 correct trials out of 8.  The reinforced 

location was then reversed and the animal was again required to learn the new reward 

contingency (7 correct trials out of 8), this was referred to as a reversal.  The 

intermediate separation was continued until the animal was able to attain the initial 

location-reward contingency, as well as the subsequent reversal within one session 

(60mins) in three out of four consecutive sessions.  Upon successful completion of 

training, rats were allowed free access to food for 2 days before undergoing surgery for 

injection of a lentivirus overexpressing IL-1β and the fluorophore mCherry, or a control 

virus expressing mCherry only bilaterally into the dorsal hippocampus. 

 

Following surgery, rats were allowed to recover for 1 week before re-introducing food 

restriction.  After 1 week of food restriction, rats were re-tested on the intermediate 

separation to ensure similar basal performance between groups.  Following this, rats 

proceeded to the location discrimination testing.  The location discrimination testing 

consisted of a large separation (large inter-stimulus distance, 8 cm) and a small 

separation (small inter-stimulus distance, 1 cm).  The trial structure of these sessions 

were identical to the intermediate trials as described above; rats were allowed unlimited 

trials in 60 minutes to complete as many reversals as possible (7 correct trials out of 8).  

Rats were exposed to 2 sessions of each separation (large or small, see Figure 5.3C and 

F) per block, with each rat completing 3 blocks of trials (i.e. 6 sessions in total for each 

large and small separation).  Both the starting separation (small or large) and reward 
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location (left or right) were counterbalanced between groups.  The number of trials to 

complete the first reversal was recorded, as well as the total number of reversals 

completed within the 60-minute session. 

 

5.3.4.7 Visual discrimination and reversal testing 

Visual discrimination and reversal learning is a measure of executive function and has 

been shown to be sensitive to prefrontal cortex manipulation (Kim et al., 2015a, Mar 

et al., 2013). Following location discrimination testing, rats were tested on visual 

discrimination as previously described (Horner et al., 2013).  Rats were presented with 

two images (CS- Spider and CS+ Plane, Figure 5.4A).  One image was always 

reinforced with a food pellet, regardless of image location.  The reinforced image and 

locations were counterbalanced across rats to reduce any positioning-response bias.  

Briefly, rats were allowed 60 minutes to complete 100 trials of visual discrimination.  

In order to discriminate, the rat must correctly touch the reinforced image.  If the 

incorrect image was touched, the rat received correction trials until the correct image 

was touched.  These correction trials did not count towards the 100 trials allowed per 

session.  Criteria to completion was 2 consecutive sessions of at least 80% correct of 

the 100 trials per session.  Once visual discrimination criterion was reached, rats were 

switched to reversal testing, where the opposite image was now correct.  The same 

criteria were used for reversal testing as for visual discrimination for a maximum of 8 

weeks.   
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5.3.5 Tissue analysis 

5.3.5.1 q-PCR 

Rats were culled via un-anaesthetized decapitation, the hippocampal tissue was 

dissected out and processed according to the GenElute kit directions (Sigma).  Briefly, 

total cellular RNA was homogenized into lysis solution using 1mm glass beads (Thistle 

Scientific) in a MagnaLyser system (Roche).  Homogenised sample was filtered 

through a binding column to remove non-RNA.  Equal volume of 70% ethanol was 

added to the filtrate and purified through columns, which were then washed with buffer.  

Purified mRNA was eluted into elution solution, and a further DNAse wipeout step 

was conducted using DNase1 (Sigma).  Total RNA yield and purity were determined 

using the Nanodrop System (Thermo Scientific).  Synthesis of cDNA was performed 

on 0.1–1.0μg of normalized total RNA from each sample using ReadyScript cDNA 

synthesis mix (Sigma).  Probed cDNA amplification was performed in a 20μL reaction 

consisting of 10μl KiCqStart qPCR ReadyMix with ROX (Sigma), 0.1μL of primer 

(final concentration 250nM), 1μL cDNA template, and 8.8μL RNase-free water and 

captured in real-time using the StepOne Plus system (Applied Biosystems).  Relative 

IL-1β (primer sequences: Forward- AAAGAAGAAGATGGAAAAGCGGTT; 

Reverse- GGGAACTGTGCAGACTCAAACTC) and DCX (primer sequences: 

Forward - ATCTCTACACCCACAAGCCCT; Reverse- 

ATCTCTACACCCACAAGCCCT) gene expression was adjusted to β-Actin (Forward- 

GCGAGTACAACCTTCTTGCAGCTC; Reverse- 

TGGCATGAGGGAGCGCGTAA) and quantified using the 2–ΔΔCT method.   
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5.3.5.2 Western Blot 

Total protein was extracted from hippocampal tissue using commercially available 

RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific, 89901) in combination 

with CompleteTM Mini EDTA-Free Protease Inhibitors (Roche, 04693159001) in a 1:1 

ratio with dH2O (400ul of RIPA buffer per sample was used).  Separation using SDS-

polyacrylamide gel electrophoresis was carried out on each sample.  Proteins were 

electrochemically transferred to a nitrocellulose membrane as previously described 

(Green and Nolan, 2012, Nolan et al., 2005).  The nitrocellulose membrane was then 

incubated with a mouse primary antibody for the detection of viral delivery of IL-1β 

(R&D systems, goat anti-mouse IL-1β polyclonal, 1:500) and loading control, β-actin 

(Sigma, mouse polyclonal, 1:1000).  Membranes were incubated with HRP tagged 

secondary antibody (1:10,000 dilution).  Proteins were visualized using exposure film 

and ECL detection kit (GE healthcare). Quantification of the immunoblot bands was 

carried out using densitometry on ImageJ software. Intensity readings for each band 

were expressed as arbitrary units relative to controls. 

 

5.3.5.3 Immunohistochemistry 

Rats were euthanized with an i.p. injection of Sleep-Away (1.0mL/kg) and 

transcardially perfused using a 0.9% phosphate buffered saline (PBS) solution followed 

by 4.0% paraformaldehyde in PBS.  Brains were removed and post-fixed in 4% 

formaldehyde in PBS overnight, then transferred to a 30% sucrose solution.  Coronal 

sections through the dorsal DG were cut at 40μm onto slides in a 1:12 series.  For 
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analysis of viral spread, sections were blocked in 10% normal donkey serum (Sigma) 

and incubated with Dapi (Sigma) to stain nuclei.  Viral spread was imaged using the 

autofluorescence of the mCherry tagged virus.  For representative images of IL-1β, 

sections were blocked in 10% normal donkey serum (Sigma) and incubated with rat 

anti-IL-1β (1:100; R&D Systems) followed by Alexa-Fluor 488 (Invitrogen) to label 

endogenous IL-1β and Dapi (Sigma) to stain nuclei.  

For analysis of newly born neurons, sections were blocked in 10% normal donkey 

serum (Sigma) and incubated with goat anti-DCX (Santa Cruz sc-8066).  Sections were 

then incubated in the appropriate AlexaFluor (AF488) secondary antibody and then 

with Dapi (1:5000; Sigma) to stain nuclei.  Lastly, sections were washed, mounted, and 

coverslipped with anti-fade mounting media (Dako).  Images were obtained using an 

Olympus FV1000 scanning laser confocal system (BioSciences Imaging Centre, 

Department of Anatomy and Neuroscience, UCC).  For DCX, Z-stack images (step size 

1μm) were collected with a 20X objective, and cells expressing DCX were counted 

within 4 grid counting frames of 60x60 pixels per image. Data are expressed as the 

number of DCX+ cells per mm3 of DG.  

 

5.3.5.4 Neuronal morphology 

For analysis of neurite length and complexity, hippocampal sections (1:12 series) were 

incubated with primary antibody goat anti-DCX (Santa Cruz sc-8066) followed by 

biotinylated horseradish peroxidase (HRP) streptavidin ABC complex. DCX-positive 

neurons were selected from control and IL-1-treated rats based on their having 
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minimal overlap with neurites of adjacent neurons.  Ten randomly selected neurons 

were sampled per animal thus there were 30-40 neurons analysed per group (Dolce et 

al., 2016). Neurons were imaged at 100x magnification on the Olympus BX40 

microscope and each was traced using Camera Lucida.  The traced images were then 

scanned and analyzed using Neuron J.  Total neurite length and the length of primary 

and secondary neurites were measured in pixels by a blinded observer and converted 

to um2 using a scaled micrometer and Image J software.  The extent of neurite 

branching was determined by counting the number of neurite branch points. 

 

5.3.6 Statistical analysis 

Analysis of behavioural data (n =10) were conducted in Statistica 7 (Statsoft; Tulsa, 

OK) using t-test or repeated measures ANOVA designs as appropriate. Two animals 

were removed from the open field analysis as tracking software was unable to reliably 

track these animals. Therefore, open field distance and exploration data (n = 8) were 

analyzed Statistica 7 (Statsoft; Tulsa, OK). An α-level of 0.05 was used as criterion for 

rejection of the null hypothesis.  Fisher’s LSD test was used for post-hoc analyses.  

Analysis of q-PCR (n = 6-8), IL-1β protein expression (n = 4-5) and DCX-positive cells 

and morphology (n = 5) were conducted in Statistica 7 (Statsoft; Tulsa, OK) using t-

test. Data are expressed as mean ± SEM. 
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5.4 Results 

5.4.1 Validation of lentiviral-mediated increase in IL-1β in the dorsal hippocampus 

The injection coordinates were verified by observation of mCherry autofluorescence in 

the dorsal DG (Figure 5.2A, B, E and F).  Additionally, the production of IL-1β by the 

lentivirus was verified by both PCR, where an increase in IL-1β mRNA ([t (13) = -

2.99, p < 0.05], Figure 5.2C) was found; and by Western Blot, as an increase in IL-1β 

protein expression approached significance ([t (7) = 2.25, p = 0.06]; Figure 5.2D) in 

IL-1β-injected animals compared to controls. 

 

5.4.2 IL-1β impaired pattern separation but not short term spatial working memory or 

recognition memory 

During the acquisition phase, rats spent equivalent times exploring the three objects 

regardless of treatment ([F (2, 36) = 0.61, p = 0.55]; data not shown).  When the rats 

were tested on the large separation, both groups were able to differentiate the novel 

from familiar location ([t (18) = -0.67, p = 0.51]; Figure 5.3A).  However, in the small 

separation condition, the IL-1β-treated animals showed a significant decrease in 

performance [t (17) = 2.11, p < 0.05], such that they could no longer differentiate 

between the objects (Figure 5.3B).  
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IL-1β did not affect the percentage of alternations made in the Y-Maze ([t (18) = -1.36, 

p = 0.19]; Figure 5.3C) or the number of entries made into the different arms ([t (18) = 

-0.65, p = 0.52]; data not shown). 

 

Performance in the both the novel object recognition task [t (18) = 0.77, p = 0.45] and 

novel object location task [t (18) = -0.68, p = 0.50] was not affected by IL-1β (Figure 

5.3D, E). 

 

Distance travelled in the open field ([t (16) = 1.10, p = 0.29]; Figure 5.3F) was 

unaffected by IL-1β.  Time in the center of the arena was also analysed as a measure 

of anxiety-like behaviour, and no difference was found between the control and IL-1-

treated rats ([t (16) = -1.19, p = 0.25]; Figure 5.3G). There was also no difference in 

the number of entries to the center of the arena ([t (16) = -0.93, p = 0.37], data not 

shown) between control rats and IL-1β-treated rats. 
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Figure 5.2: Lentivirus-mediated IL-1β expression. Representative image of mCherry 

autofluorescence through the dorsal hippocampus of rats injected with a lentivirus 

overexpressing mCherry (control) (A) or mCherry and IL-1β (B). IL-1β mRNA (n = 6-

8) (C) and protein (n = 4-5) (D) expression in the hippocampus. Representative image 

of mCherry (red) and IL-1β (green) immunopositive protein expression in the dorsal 

hippocampus of control (E) and IL-1β- injected (F) rats. *p< 0.05. Data are graphed 

as means + SEM. Scale bar = 100 um. 
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Figure 5.3: IL-1β impaired pattern separation but not short term spatial working 

memory or recognition memory. Pattern separation in the large (A) and small (B) 

separation conditions. Percentage of spontaneous alternation in the Y-maze (C).  

Discrimination ratio for novel object recognition (D) and novel location recognition 

(E). Distance travelled (F) and time spent in the centre (G) of the open field. Graphs 

indicate average values for n = 10, *p< 0.05. Data are graphed as means + SEM. 
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5.4.3 IL-1β selectively impaired hippocampal-dependent cognition in the touchscreen 

operant chamber 

5.4.3.1 Post-surgical baseline intermediate location discrimination 

All animals displayed an improved performance on the intermediate test across the 4 

training sessions [F (3, 54) = 3.44, p < 0.05].  However, no effect of IL-1β [F (1, 18) = 

0.48, p = 0.50] or interaction effect [F (3, 54) = 0.82, p = 0.49] was observed (Figure 

5.4B). 

 

5.4.3.2 Location discrimination testing 

In the large separation, while the rats had a decreased number of trials to reversal across 

time [F (2, 36) = 18.14, p < 0.001], no effect of IL-1β [F (1, 18) = 0.20, p = 0.66] or 

interaction [F (2, 36) = 0.22, p = 0.81] was observed (Figure 5.4D).  In the small 

separation, rats performed better across session blocks [F (2, 36) = 11.22, p < 0.001], 

and while there was no interaction effect [F (2, 36) = 1.90, p = 0.16], a trend for an 

effect of IL-1β [F (1, 18) = 3.31, p = 0.086] was observed.  When t-tests between IL-

1β-treated and control animals in the small separation at each of the three blocks were 

performed, there was a significant decrease in performance within the second trial 

block ([t (18) = 3.47, p < 0.01]; Figure 5.4G).  When the total number of reversals 

during each block was examined, there was an increase in performance over time in 

both the large ([F (2, 36) = 80.13, p < 0.001]; Figure 5.4E) and small ([F (2, 36) = 

66.03, p < 0.001]; Figure 5.4H) separations.  However, no effect of IL-1β (large: [F (1, 

18) = 0.28, p = 0.61]; small: [F (1, 18) = 1.17, p = 0.29]) or interaction effect (large: [F 
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(2, 36) = 1.56, p = 0.22]; small: [F (2, 36) = 0.94, p = 0.40]) was found in either 

separation.   

 

 

Figure 5.4: IL-1β selectively impaired hippocampal-dependent cognition in the 

touchscreen operant chamber.  Representative image (A) and trials to acquisition (B) 

during intermediate location discrimination training. Representative image (C) and 

trials to acquisition (D) and number of reversals completed (E) in the large separation 

location discrimination condition. Representative image (F) and trials to acquisition 

(G) and number of reversals completed (H) in the small separation location 

discrimination condition. Graphs indicate average values for n = 10, *p< 0.05. Data 

are graphed as means ± SEM. 

 



 
 

203 

5.4.4 IL-1β did not affect visual discrimination within the touchscreen operant chamber 

For visual discrimination, no difference in the number of sessions to criteria was found 

due to IL-1β overexpression ([t (13) = 1.27, p = 0.23]; Figure 5.5B).  Not all animals 

were able to reach criteria on the visual discrimination task (8 control, 7 IL-1β), 

however, no difference in the proportion of animals reaching criteria was found 

between groups using the log-rank (Mantel-Cox) test ([χ2 = 0.64, p = 0.42]; Figure 

5.5C).  For the visual discrimination reversal task, not enough animals were able to 

reach criteria to allow analysis of differences of sessions to criteria (7 control, 2 IL-1β).  

However, a difference in the proportion of animals reaching criteria was found [χ2 = 

5.26, p < 0.05], with IL-1β resulting in an increased number of animals failing to reach 

criteria (Figure 5.5D). 

 

 

Figure 5.5: IL-1β did not affect visual discrimination within the touchscreen operant 

chamber. Representative image of visual discrimination stimuli (A). Trials to 

acquisition of the visual discrimination task (B). Survival curve of the proportion of 

rats that reached learning criteria for the visual discrimination task (C).  Survival 

curve of the proportion of rats that reached learning criteria for the visual 

discrimination reversal task (D). Graphs indicate average values for n = 10, *p< 0.05. 

Data graphed as means + SEM. 
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5.4.5 Lentiviral-induced decrease in hippocampal DCX mRNA and morphology of 

immature neurons 

 IL-1β decreased DCX mRNA expression, a marker of immature neurons, in the 

hippocampus ([t (10) = 2.98, p < 0.05]; Figure 5.6A) but did not affect the number of 

DCX-positive cells ([t (4) = 0.26, p > 0.05]; Figure 5.6B).  However, IL-1β reduced the 

complexity of neurites on DCX-positive cells as indicated by a significant decrease in 

the total neurite length of DCX-positive cells ([t (4) = 2.96, p< 0.05]) and specifically, 

a decrease in the length of secondary neurites ([t (4) = 3.59, p < 0.05]; Figure 5.6C).  

There was also a non-significant trend towards a decrease in the number of neurite 

branch points ([t (4) = 2.33, p = 0.08]; Figure 5.6D).  

 

 

Figure 5.6: IL-1β decreased hippocampal DCX expression and morphology of DCX. 
DCX mRNA expression in the hippocampus (n = 6-8) (A). DCX-positive cells (B) 

Neurite length (C) and number of neurite branch points (D) on DCX-positive cells (n 

= 5). Representative image of the DCX+ cells in the DG of control (E) and IL-1β-

treated (F) rats. *p< 0.05. Data are graphed as means + SEM. 
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5.5 Discussion 

Understanding the role of inflammation on brain processes underlying cognitive 

behaviour is an important approach to developing novel treatment strategies for age-

related disorders. This study investigated the effects of lentiviral overexpression of IL-

1β on hippocampal-dependent and independent cognition using both touchscreen and 

non-touchscreen behaviour paradigms.  The results indicated that chronic IL-1β 

exposure impaired performance in the modified spontaneous location recognition task, 

a means of assessing pattern separation. Specifically, task performance was impaired 

by IL-1β when there was a small inter-stimulus distance between the novel and familiar 

locations and therefore high contextual overlap, while performance was unaffected 

when there was a large inter-stimulus distance between locations and thus low 

contextual overlap.  Discrimination between memories of high contextual overlap has 

been referred to as pattern separation, and discrimination during the small inter-

stimulus conditions (i.e. when there is high contextual overlap) has been shown to be 

sensitive to disruption of adult hippocampal neurogenesis (Bekinschtein et al., 2014).  

In support, we found that chronic IL-1β overexpression decreased DCX mRNA and 

impaired the morphological development of DCX-positive cells which was coupled 

with impaired performance in the spontaneous location recognition task.  The 

impairment was not caused by IL-1β-induced sickness behavior, as locomotor activity 

and exploration in the open field were unaffected.  It is important to note that mild food 

restriction has been shown to enhance exploration in spontaneous tasks and impact 

hippocampal neurogenesis (Lee et al., 2000).  Thus, as rats tested in the modified 

spontaneous location recognition test had ad libitum access to food this may have 
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contributed to the relatively low discrimination ratio in the current study compared to 

previously reported findings (Kent et al., 2015, Bekinschtein et al., 2014).  

 

The touchscreen location discrimination task similarly varies the inter-stimulus 

distance between reward locations creating both high and low contextual overlap 

conditions and thus has been proposed to measure pattern separation processes (Oomen 

et al., 2013).  Performance in the touchscreen location discrimination task during high 

contextual overlap has been shown to be sensitive to changes in hippocampal 

neurogenesis (Oomen et al., 2013, Creer et al., 2010, Clelland et al., 2009, McTighe et 

al., 2009, Yassa and Stark, 2011).  The results from the current study indicated a subtle 

and transient impairment in performance by IL-1β overexpression when there was a 

small inter-stimulus distance between the displayed images (i.e. high contextual 

overlap), whereas performance was unaffected by IL-1β when there was a large inter-

stimulus distance between the images (i.e. low contextual overlap).  However, the 

effect was not long lasting as control and IL-1β-treated animals performed at similar 

levels by the end of the training (Session Block 3). Moreover, the mild impairment in 

location discrimination may be due to the relatively short period of time between 

lentiviral injection and location discrimination testing (4 weeks).  Increasing the time 

between lentiviral injection and testing may help to facilitate viral integration and 

convey a greater disruption to hippocampal-dependent processes such as pattern 

separation.  In a previous study, rodents that underwent focal radiation of the 

hippocampus exhibited an impairment in performance during the small separation 

condition and this impairment was correlated with a decrease in the number of DCX-
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positive cells in the DG (Clelland et al., 2009).  Our finding that IL-1β overexpression 

decreases the complexity of neurites on immature neurons which is indicative of 

impaired synaptic integration may have played a role in the IL-1β-induced impairments 

in tasks assessing pattern separation observed here. Together, these data highlight the 

notion that disruption to pattern separation by an overexpression of IL-1β may be 

mediated through its effects on hippocampal neurogenesis.  

 

Impairments in hippocampal-dependent cognition have primarily been observed in 

studies investigating the effects of acute IL-1β exposure.  Specifically, acute 

intracerebroventricular administration of recombinant IL-1β protein has been reported 

to impair spatial learning in the Morris water maze in Wistar rats  (Oitzl et al., 1993).  

Similarly, acute intra-hippocampal administration of IL-1β has been shown to impair 

contextual fear recall in Wistar rats (Gonzalez et al., 2009).  Previous studies have also 

reported impairments in other hippocampal-dependent tasks such as contextual fear 

recall and spatial memory within the Morris water maze following a prolonged 

overexpression of IL-1β in transgenic mice (Moore et al., 2009, Hein et al., 2010).  

However, to our knowledge this is the first study to show that a targeted chronic 

increase in IL-1β in the hippocampus induced an impairment in both touchscreen 

operant and object-based pattern separation paradigms. 

 

Interestingly, we report that novel location recognition was unaffected by IL-1β. While 

novel location recognition has been shown to be hippocampal-dependent (Antunes and 

Biala, 2012, Bevins and Besheer, 2006), it is possible that the increased concentration 
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of IL-1β induced by lentiviral overexpression was not high enough to induce changes 

in some types of hippocampal-dependent cognition, such as novel location recognition. 

Conversely, cognitive processes such as pattern separation may be more sensitive to 

long-term low grade increases in IL-1β.   

 

Chronic IL-1β overexpression in the dorsal hippocampus also did not affect 

performance in novel object recognition by rats.  Previous reports have suggested that 

the perirhinal cortex is involved in distinguishing familiarity, which is the main 

component of the novel object recognition task (Balderas et al., 2008), whereas the 

hippocampus is required for contextual and spatial memories, but not necessarily 

required for discrimination of familiarity (Winters et al., 2004).  As novel object 

recognition is assessed by the rodent’s ability to distinguish a novel object from a 

familiar object, the impaired function of the hippocampus induced by chronic IL-1β 

may not be sufficient to affect novel object recognition performance which relies upon 

both the perirhinal cortex and hippocampus (Dere et al., 2007).  Similarly, spontaneous 

alternation in the Y-maze was unaffected by IL-1β in this study.  Previous work has 

shown impaired spatial working memory in the radial arm maze following acute intra-

hippocampal administration of IL-1β recombinant protein in Wistar rats (Matsumoto 

et al., 2004).  However, the difference in results may stem from methodological 

differences in assessing spatial working memory.  Here, spatial working memory was 

measured by spontaneous alternation in the Y-maze, a tasks which relies on the natural 

tendency of rodents to alternate in the exploration of non-reinforced maze arms 

(Hughes, 2004). Alternatively, in a study by Matsumoto et al. (2004), spatial working 
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memory was assessed in the radial arm maze, a paradigm which employs greater 

training and motivation to seek out a food reward and therefore might be more sensitive 

to hippocampal disruptions.  Moreover, the notion that IL-1β selectively impairs 

subtypes of hippocampal-dependent cognition is further supported by findings that 

have shown hippocampal-independent tasks such as cued fear conditioning and non-

spatial learning in the Morris water maze are spared following two weeks of 

overexpression of IL-1β in transgenic mice (Hein et al., 2010, Moore et al., 2009).  

Taken together, these data suggest that chronic IL-1β in the hippocampus selectively 

affected certain aspects of hippocampal-dependent cognitive function, specifically 

pattern separation, which may be an indication of the sensitivity of pattern separation 

tasks to measure subtle changes in hippocampal function, possibly relating to adult 

hippocampal neurogenesis.  The hippocampus is functionally subdivided along the 

septotemporal axis into a dorsal and ventral region, which are associated with distinct 

behaviours (Moser and Moser, 1998, Fanselow and Dong, 2010).  The process of 

spatial memory is generally associated with the dorsal hippocampus,  while the ventral 

hippocampus is associated with emotional behaviour, particularly cued fear learning 

and anxiety-related behaviours (Bannerman et al., 2004).  Indeed, the data presented 

here confirmed lentiviral-mediated overexpression of IL-1 in the dorsal hippocampus, 

however, it is possible the virus also spread into the ventral hippocampus.  Therefore, 

future work may investigate the impact of chronically elevated IL-1β along the 

septotemporal axis of the hippocampus and its distinct impact on ventral hippocampal-

dependent processes such as emotional regulation.   
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We reported that there were was no statistically significant difference in visual 

discrimination and reversal learning following chronic IL-1β overexpression.  Visual 

discrimination and reversal learning are measures of executive function such as 

cognitive flexibility, decision making and attention and have been shown to be sensitive 

to prefrontal cortex manipulation (Mar et al., 2013).  Our results suggest that disruption 

of the hippocampus by chronic IL-1β may not be sufficient to impair prefrontal cortex-

mediated executive functions, such as cognitive flexibility or decision making.  

However, there was a significantly greater number of IL-1β-treated animals that were 

unable to complete the visual discrimination reversal learning task suggesting that IL-

1 negatively impacted upon acquisition of the task.  Although other studies have not 

directly investigated the effects of IL-1β overexpression on visual discrimination and 

reversal learning using the touchscreen operant paradigm, previous studies using the 

amyloid precursor protein (APP) transgenic mice, (a model of Alzheimer’s disease 

pathology that have increased levels of hippocampal IL-1β (Howlett and Richardson, 

2009, Piiponniemi et al., 2017)), show similar acquisition of visual discrimination, but 

impaired reversal learning compared to wildtype controls (Piiponniemi et al., 2017). 

However, it is important to note that APP transgenic mice exhibit far more complex 

pathology than just increased levels of hippocampal IL-1β (Howlett and Richardson, 

2009).   

 

Chronic IL-1β overexpression significantly reduced hippocampal mRNA expression of 

DCX, a marker for immature neurons.  This finding is in line with previous work that 

reported chronic administration (4 weeks) of IL-1β into the dorsal hippocampus via 
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osmotic mini-pumps decreased the number of DCX-positive cells (Goshen et al., 2008).  

Similarly, transgenic overexpression of IL-1β in the hippocampus has been shown to 

reduce DCX-positive cells (Wu et al., 2012).  While our current findings do not 

demonstrate an IL-1 β-induced decrease in the number of DCX-positive cells, we show 

that chronic IL-1β overexpression impaired the complexity of neurites on DCX-

positive cells, a key process for synaptic integration.  This finding is in line with 

previous work that chronic administration of LPS via osmotic mini pump reduced the 

dendritic length and postsynaptic cluster density of immature neurons in the DG 

(Llorens-Martin et al., 2014).  In addition, acute IL-1β treatment has been shown to 

inhibit LTP in the hippocampus, a measure of synaptic plasticity (Lynch, 2015).  

Together, these data suggest that chronic IL-1β may affect hippocampal-dependent 

processing through disruption of synaptic integration of new born neurons rather than 

by affecting the numbers of new neurons. These effects may in part be mediated 

through IL-1 type 1 receptor (IL-1R1) signalling.  NPCs have been shown to express 

IL-1R1, suggesting that IL-1β may act directly upon these stem-like cells (Green et al., 

2012, Ryan et al., 2013).  These findings suggest that impairments in hippocampal 

neurogenesis by inflammation may be mediated through IL-1β, which alters neuronal 

differentiation and integration, and which subsequently affects hippocampal-dependent 

processes. 

 

In summary, our data demonstrate that lentiviral-induced chronic elevation of 

hippocampal IL-1β selectively impairs performance in object-based and touchscreen 

based behaviour paradigms that assess pattern separation, coupled with an IL-1β-
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induced decrease in neurogenesis. Disruption of adult neurogenesis through IL-1β may 

contribute to the cognitive dysfunction associated with neurodegenerative and stress-

related disorders, as well as with ageing, each of which display heightened 

inflammatory states characterized by increased IL-1β expression (Bartsch and Wulff, 

2015, Amor et al., 2010). 
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CHAPTER 6 

The Effects of Chronic Unpredictable Stress and 

Interleukin-1β Overexpression in the Dorsal Hippocampus 

on Cognition 
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6.1 Abstract 

A major contributing factor to the development of stress related psychiatric disorders 

is exposure to multiple adverse events, whereby exposure to some initial adverse 

stimuli, such as inflammation or stress, compromises the ability to adapt to a second 

adverse event.  The hippocampus is particularly vulnerable to adverse stimuli, such as 

chronic unpredictable stress and inflammation.  The pro-inflammatory cytokines, 

interleukin-1β (IL-1β), has been proposed as a central regulator of the stress response.  

However, the impact of prolonged increases in IL-1β, followed by a secondary insult 

of chronic stress on cognitive function is yet to be fully explored.  Therefore, the aim 

of this study was to examine the impact of chronic IL-1β, chronic unpredictable stress 

exposure, or a combination of an initial chronic IL-1β insult followed by exposure to 

chronic unpredictable stress on learning and memory and depressive-like behaviours.  

Here, we used a lentiviral approach to induce long-term gene overexpression of IL-1β 

in the dorsal hippocampus of adult male Sprague Dawley rats.  Three weeks after virus 

injection rats were either exposed to chronic unpredictable stress or left undisturbed for 

an additional three weeks.  The results indicated that object memory was impaired by 

IL-1β overexpression or chronic unpredictable stress as well as the combination of the 

two treatments, whereas only chronic unpredictable stress exposure impaired 

spontaneous alternation in the Y-maze.  Chronic unpredictable stress, but not IL-1β nor 

the combination of the two treatments affected contextual fear recall, while cued fear 

recall was unaffected by IL-1β or stress.  IL-1β, chronic unpredictable stress and their 

combination also increased depressive-like behaviours in the forced swim test, while 

corticosterone levels were unaffected.  In conclusion, our findings suggest that 
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exposure to chronically elevated IL-1β and chronic stress independently impair certain 

types of learning and memory and increase depressive-like behaviour.  However, 

exposure to a sequential ‘two-hit’ of chronically elevated hippocampal IL-1β and 

chronic stress does not produce an exacerbated phenotype. 
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6.2 Introduction 

In our aging global population, the cognitive decline associated with neurodegenerative 

and psychiatric disorders represents a major healthcare problem (Shao et al., 2017). 

There is a growing consensus that the increasing impact of stress-related inflammatory 

insults on daily living positions neuroinflammation as a promising therapeutic target 

for treatment of neurodegeneration and associated cognitive disorders (Amor et al., 

2010, Ryan and Nolan, 2016b).  It has been suggested that exposure to multiple 

stressful events is a major contributing factor to the development of stress related 

psychiatric conditions such as depression, anxiety disorders, and post-traumatic stress 

disorder (Hammen, 2005, de Kloet et al., 2005, de Kloet et al., 2016, Lucassen et al., 

2013).  Exposure to multiple stressful events, termed the ‘two-hit’ hypothesis, proposes 

that susceptible neurons under stress devote their compensatory potential to adapt to 

the current stressful stimuli, such as inflammation, and thereby lose their capacity to 

adapt to a second stressful stimuli in the future (Zhu et al., 2004, Zhu et al., 2007).  

Thus pathological conditions, such as impaired cognition, emerge due to a 

compromised ability to adapt to an adverse environment.  

 

The hippocampus is particularly vulnerable to stress and inflammation.  The pro-

inflammatory cytokine interleukin-1β (IL-1β) is a major mediator of 

neuroinflammation and its cognate receptor IL-1R1 is highly expressed within the 

hippocampus (Ban et al., 1991, Parnet et al., 1994).  Under chronic neuroinflammatory 
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conditions such as those associated with neurodegenerative disorders, IL-1β has been 

shown to have a detrimental effect on learning and memory in rodent models (Goshen 

et al., 2007, Kohman and Rhodes, 2013, Lynch et al., 2010).  Indeed, acute IL-1β 

inhibits hippocampal-dependent learning such as spatial learning and contextual fear 

conditioning (Gibertini et al., 1995, Goshen et al., 2007, Barrientos et al., 2002). 

 

Similarly, chronic stress in humans has been shown to have profound effects on 

learning and memory such as spatial learning (Schwabe et al., 2007), working memory 

(Schoofs et al., 2008) as well as cognitive flexibility and decision making (Liston et al., 

2009).  The chronic unpredictable stress (CUS) paradigm has been widely used as an 

behavioural model to investigate the impact of prolonged stress and consists of the 

random, intermittent, and unpredictable exposure to a variety of stressors over the 

course of several weeks (Monteiro et al., 2015). Although other behavioural models of 

chronic stress have been developed, such as physical restraint stress and foot sock, the 

intermittent and unpredictability of the CUS paradigm has been suggested to closely 

model the daily stress experienced by humans (Monteiro et al., 2015, Crawley, 2007).  

To date, stress-induced impairment in cognitive function in rodents have been reported 

to be associated with significant changes in the underlying neurocircuitry of learning 

and memory, particularly the hippocampus (McEwen, 2007).  Despite this, the 

mechanisms underlying the behavioural effects of stress remain to be fully explored 

(Goshen and Yirmiya, 2009).  One possible mechanism is that excessive pro-

inflammatory cytokines, particularly IL-1β, may contribute to the actions of stress (Koo 

and Duman, 2008, Goshen and Yirmiya, 2009).  Rodents exposed to acute restraint 
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stress has been shown to increase IL-1β in several brain areas, including the 

hippocampus (Nguyen et al., 1998, Vichaya et al., 2011).  Moreover, administration of 

an interleukin-1 receptor antagonist (IL-1RA) into the hypothalamus (Shintani et al., 

1995) or hippocampus (Koo and Duman, 2008) produces stress-like behaviour effects, 

anhedonia and activation of the hypothalamic-pituitary-adrenal (HPA) axis as well as  

impairment in hippocampal-dependent contextual fear conditioning (Pugh et al., 1999).  

Together, these findings suggests that IL-1β and chronic stress may mediate 

inflammation-induced changes in cognition through disruption of hippocampal-

dependent processes (Yirmiya and Goshen, 2011, O'Léime et al., 2017, Hueston et al., 

2017).  However, whether the impact of a ‘two hit’ paradigm, combining an initial 

insult of chronically elevated hippocampal IL-1β and a second insult of exposure to a 

chronic stress has a collectively greater impact on hippocampal-dependent and 

independent cognitive function is yet to be fully explored.  Therefore, given the role of 

stress and IL-1β as independent risk factors of cognitive dysfunction, the aim of the 

current study was to determine whether a prior insult of chronically elevated 

hippocampal IL-1β would exacerbate chronic unpredictable stress-induced changes in 

hippocampal-dependent and independent cognitive processes. 
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6.3 Methods 

6.3.1 Animals and experimental design 

Adult male Sprague-Dawley rats obtained from Harlan UK (325-350 grams) were pair 

housed in a colony maintained at 22 ± 1°C, with a 12:12 hour light-dark cycle (lights 

on 0630-1830).  All animal procedures were performed under licenses issued by the 

Health Products Regulatory Authority (HPRA, Ireland), in accordance with the 

European Communities Council Directive (2010/63/EU) and approved by the Animal 

Experimentation Ethics Committee (AEEC) of University College Cork.  Four 

independent cohorts of animals were injected with either a lentivirus overexpressing 

mCherry (control) or IL-1β tagged to mCherry.  The first cohort (mCherry control (n = 

10)) and second cohort (IL-1β (n = 10)) underwent behavioural testing six weeks after 

surgery.  The third cohort (mCherry control (n = 10) and fourth cohort (IL-1β (n = 10)) 

underwent three weeks of chronic unpredictable stress prior to behavioural testing and 

the stress regime continued during testing for a total of six weeks (Figure 6.1).  All rats 

had ad libitum access to food and water except the cohort of rats that underwent chronic 

unpredictable stress, in which stressed animals were periodically food deprived 

overnight during the stress regime (Table 6.1).  All rats were weighted daily. 
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Figure 6.1: Experimental timeline. Rats were injected with a lentivirus for the 

overexpression of IL-1β or mCherry control.  Cohorts 1 (control n = 10) and 2 (IL-1β 

n = 10) were left undisturbed for six weeks following viral injection. Three weeks after 

viral injection, cohorts 3 (control n = 10) and 4 (IL-1β n = 10) were exposed to CUS 

for an additional three weeks.  Six weeks after the initial viral injection behavioural 

testing commenced. CUS continued during testing for a total of eight weeks.  

 

6.3.2 Stereotaxic surgery and Lentiviral injection 

Rats were anaesthetised with isoflurane and placed into a stereotaxic frame.  An FIV 

backbone lentivirus for the overexpression of IL-1β tagged to mCherry (3µL: 5.62 x 

10^3 transfecting units) or mCherry (3µL: 5.13 x 10^3 transfecting units) under a CMV 

promotor (Genecopeia, USA) was injected into the dorsal hippocampus using the 

coordinates AP: -3.5 mm, ML: ± 2.4 mm, DV: -3.8 mm relative to Bregma (Palkovits, 

1983) at a rate of 1µL/min followed by a 5 minute diffusion.  Rats were injected with 

carprofen and 5% glucose (s.c.) prior to anaesthetic recovery.   
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6.3.3 Chronic unpredictable stress 

The chronic unpredictable stress (CUS) procedure used a variety of stressors for 42 

days to maximize unpredictability (Table 6.1) and previously established in Appendix 

B.  Rats were exposed to one stressor during the light cycle; (lights off, cage rocker, 

physical restraint, isolation, cage tilt, strobe light or white noise) as well as one stressor 

during the dark cycle; (lights on, wet bedding, overcrowding, food deprivation or 

isolation) each day.  Stressors were randomized such that no stressor was repeated on 

a consectutive days (Table 6.1).  Control animals were left undistrubed for six weeks.  

 

Table 6.1: Experimental schedule for CUS procedure. 

Stressor Duration Day 

Lights on Overnight 1,7,23,27,33 

Light off 3 h 2,6,11,14,19,22 

Cage rocker 1 h 3,7,12,15,17,25,29 

Wet Bedding Overnight 3,10,17,22,26,31,40 

Restraint 1 h 4,9,13,16,18,22,33,39 

Overcrowding Overnight 6,12,16,21,25,30,34 

Food deprivation Overnight 5,8,14,18,27,32 

Isolation Overnight 11,20,24,29,34 

Isolation 3 h 5,8,19,24,26,41 

Cage tilt Overnight 2,9,28,32,35 

Strobe Light Overnight 4,13,20,24,30,37 

White noise (Radio) 4 h 1,10,15,21,28,31,36 
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6.3.4 Open field test 

Spontaneous exploratory locomotor activity and exploration of arena center in the open 

field were used as a general measure of motor function and anxiety-related behaviours, 

respectively (Choleris et al., 2001).  Rats were placed in an open field arena (90 cm 

diameter) under bright lighting conditions (400 lux) for 10 minutes.  Distance travelled 

and time in the center of the arena were recorded and calculated using Ethovision 

software (Noldus).  The arena (and all arenas, apparatus, and objects in subsequent 

tasks) were cleaned with a 70% ethanol solution between exposures of each animal to 

the arena to remove odour cues. 

 

6.3.5 Novel object recognition 

Novel object recognition, a perirhinal cortex dependent task, was assessed as described 

by Bevins and Besheer (2006).  On day 1, rats were habituated to the testing arena 

(rectangle arena) for a 10-minute exploration period.  On day 2, two identical objects 

(Duplo® blocks) were positioned on adjacent corners approximately 5 cm from each 

wall of the arena and each animal was introduced for a 10-minute exploration period.  

Rats were then placed directly back into their home cages.  After a 3-hour inter-trial 

interval, one familiar object was replaced with a novel object, and the time spent 

exploring the novel object was recorded over a 5-minute exploration period.  Object 

exploration was defined as when the animal’s nose came within a 2 cm radius of the 

object.  The testing arena and objects were cleaned with a 50% alcohol solution.  Object 



 
 

223 

discrimination was calculated as the time spent exploring the novel object divided by 

the total time spent exploring both objects. 

 

6.3.6 Spontaneous alternation in the Y maze 

Spontaneous alternation behaviour is the tendency of rodents to alternate their 

exploration of maze arms (such as those of the Y maze) and is used as a measure of 

hippocampal-dependent working memory (Hughes, 2004).  The Y maze consisted of 

three arms 120° from each other (40 x 10 x 20 cm; made in house) and the protocol 

used was adapted from Senechal et al. (2007).  Each animal was placed into the first 

arm of the maze facing the wall, and allowed to explore the maze for five minutes.  The 

number and order of arm entries were recorded. An arm entry was defined as all four 

paws entering into the arm (four paw criteria).  An alternation was determined as the 

number of consecutive entries into the three maze arms.  Alternations were then divided 

by the total number of entries during the five-minute test period.  The percentage of 

alternations was calculated as % = Alternations/(Total /Entries-2).   

 

6.3.7 Contextual and cued fear conditioning 

Contextual fear conditioning was used to assess hippocampal-dependent learning, 

while cued fear conditioning was employed to probe amygdala-dependent cognitive 

processes as previously described (Pattwell et al., 2011, Maren, 2001).  During the 

acquisition phase, rats were placed into the fear conditioning chamber (Med Associates, 

30.5 cm x 24.1 cm x 21.0 cm with steel bar floors and scented with a lemon and ginger 
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tea bag (Twinings™)).  Rats were allowed to explore the chamber for two minutes 

during an acclimation period and then received three shock and tone pairs (30 s tone; 5 

kHz; 70 dB; 1 s foot shock; 0.8 mA DC current) separated by 30 second intervals.  Rats 

were placed back in their home cage one minute after the final shock.  Contextual fear 

memory was assessed 24 hours later by placing the rats back into the same chamber, 

but in the absence of the tone and shock. Time spent freezing was measured during the 

last 3.5 minutes of the total 5.5-minute protocol using specialized software (Video 

freeze, Med Associates, USA). 

 

Cued fear conditioning was measured 24 hours after the contextual test.  To measure 

cued fear learning, rats were placed into a novel context (white floor; black wall insert 

at 60°; and almond scent 1%) with the presentation of the tone but no foot shock.  Rats 

were allowed two minutes to acclimatize followed by three 30 second tone 

presentations (30 s; 5 kHz; 70 dB).  Time spent freezing during the 30 second tone 

presentations was recorded (Video freeze, Med Associates, USA).  

 

6.3.8 Forced swim test (FST) 

The FST is a measure of antidepressant-like behaviour. The task was carried out as 

previously described (Slattery and Cryan, 2012).  A preswim (15 min) was conducted 

first, 24 hours prior to the test swim.  On test day, all rats were introduced again to the 

Plexiglas cylinder (46cm tall x 21cm in diameter) filled with water (24oC) to a depth 

of 30cm.  Test sessions (5 minutes) were recorded by video camera.  Rats were removed 

from their home cage and placed into the tank.  After 5 min, animals were removed 
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from the tank, dried and replaced back into their home cage.  The tank was then 

emptied, and fresh water was replaced into the tank between each animal.  The 

parameters of interest were the length of time immobile, swimming and climbing.  The 

predominant behaviours  (immobile, swimming or climbing) were scored every 5 

seconds within the 5 minute time frame (Slattery and Cryan, 2012).  Climbing was 

defined by the rat presenting its forepaws along the edge of the cylinder in an upwards 

movement.  Any horizontal movement was classified as swimming.  Finally, 

immobility was defined as no additional movement required for the animal to maintain 

its head above water. Latency to first immobile display was also measured. 

 

6.3.9 Serum corticosterone immunoassay 

On the first day of the FST, tail blood samples were obtained from each individual 

animal at four different time points.  Specifically, blood was taken immediately before 

the FST and at 30 min, 45 min and 90 min following the swim stress.  Approximately 

200 μl of blood was collected in tubes containing EDTA to avoid coagulation.  The 

tubes were centrifuged at 3500 x g at room temperature for 15 minutes.  Plasma was 

removed and stored at -80c.  Measurement of corticosterone levels was carried out 

using a commercially available ELISA kit (Corticosterone ELIA Kit, ADI-900-097, 

Enzo Life Sciences) according to the manufacturer’s protocol.  Absorbance was read 

at 405nm using a plate reader (Synergy HT, BioTek Instruments, Inc.). 
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6.3.10 Tissue 

Rats were euthanized with an i.p. injection of Sleep-Away (1.0mL/kg) and 

transcardially perfused using a 0.9% phosphate buffered saline (PBS) solution followed 

by 4.0% paraformaldehyde in PBS.  Brains were removed and post-fixed in 4% 

formaldehyde in PBS overnight, then transferred to a 30% sucrose solution.  Coronal 

sections from the brains were cut at 40μm onto slides in a 1:12 series and stored at -

80°C for future analysis. 

 

6.3.11 Statistical analysis 

All data were analysed using SPSS statistical software (SPSS, Chicago, IL).  Data were 

analysed primarily by Student’s t-test or two-way repeated measures ANOVA with 

Bonferroni post-hoc test.  An alpha level of 0.05 was used as criterion for statistical 

significance.  Data are presented as mean plus standard errors of the mean (SEM). 

 

6.4 Results 

6.4.1 Chronic unpredictable stress decrease body weight 

All animals gained weight throughout testing (Figure 6.2A).  The results indicated that 

there was no main effect of IL-1β on body weight [F (1, 36) = 0.152, p > 0.05].  

However, there was a significant main effect of CUS on body weight [F (1, 36) = 18.34, 

p < 0.001], with rats exposed to CUS or the combine CUS and IL-1β overexpression 

exhibiting a reduction in body weight compared to control at experimental week 4, (p 
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< 0.01) week 5 (p < 0.001), week 6 (p < 0.001), week 7 (p < 0.01), week 8 (p < 0.05) 

and week 9 (p < 0.05) (Pairwise comparison; Figure 6.2A).  

 

6.4.2 Neither CUS nor IL-1β treatment affected locomotor activity or anxiety-like 

behaviour 

Distanced travelled in the open field, a measure of hyperactivity was unaffected in 

either IL-1β overexpression [F (1, 36) = 0.97, p > 0.05] or CUS [F (1, 36) = 0.12, p > 

0.05] (Figure 6.2B).  Time in the center of the arena was also analysed as a measure of 

anxiety-like behaviour, and was no significant main effect of either IL-1β 

overexpression or CUS [F (1, 36) = 0.42, p > 0.05] [F (1, 36) = 0.007, p > 0.05] (Figure 

6.2C).  

 

6.4.3 Both CUS and IL-1β treatment impaired object memory 

The results indicated that there was a non-significant main effect of IL-1β 

overexpression [F (1, 34) = 1.92, p = 0.17] and CUS [F (1, 34) = 2.45, p = 0.12] on 

object recognition. There was also a non-significant interaction between CUS and IL-

1β overexpression [F (1, 34) = 4.00, p = 0.053].  When t-tests between control and IL-

1β overexpression and CUS animals in object recognition were performed, there was a 

significant decrease in performance within the IL-1β-treated animals [t (17) = 3.53, p 

< 0.01], CUS [t (17) = 3.30, p < 0.01], and the combined CUS and IL-1β-treated 

animals ([t (18) = 2.25, p < 0.05]; Figure 6.3A).
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Figure 6.2: Body weight, locomotor activity and anxiety-like behaviour. Body weight (A). Distance travelled in the open 

field (B). Time spent exploring the center of the open field (C). Line graph and bar graphs indicates average values for n = 

10. Two-way ANOVA with pairwise comparison *p < 0.05; **p < 0.01, *** p < 0.001, control & CUS compared to 

control; #p < 0.05; ##p < 0.01, ###p < 0.001, IL-1β & CUS compared to control.  Data presented as means ±SEM. 
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6.4.4 CUS alone impaired spontaneous alternation in the Y maze 

The results indicated that there was a significant main effect of CUS [F (1, 34) = 6.08, 

p < 0.05], and IL-1β [F (1, 34) = 7.11, p < 0.05] on spontaneous alternation in the Y 

maze, with animal exposed to CUS only animals exhibiting impaired spontaneous 

alternation (p < 0.05) Bonferroni posthoc comparison.  There was also a non-significant 

trend for an interaction between CUS and IL-1β on spontaneous alternation ([F (1, 34) 

= 3.17, p = 0.08]; Figure 6.3B). 

 

6.4.5 CUS, but not IL-1β nor the combination of CUS IL-1β affected contextual fear 

conditioning  

There was a non-significant trend of CUS on contextual fear recall, [F (1, 36) = 3.40, 

p = 0.07].  However, there was no main effect of IL-1β ([F (1, 36) = 0.45, p > 0.05]; 

Figure 3C).  In addition, the results indicated that there was no main effect of CUS [F 

(1, 36) = 1.07, p > 0.05] or IL-1β [F (1, 36) = 0.71, p > 0.05] on cued fear conditioning 

(Figure 6.3D). 
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Figure 6.3: Chronic stress and IL-1β effects on hippocampal-dependent and independent cognition. Novel object 

recognition (A). Spontaneous alternation (B). Contextual fear recall (C) Cued fear recall (D). Bar graphs indicates 

average values for n = 10, (A) Student’s t test *p<0.05, compared to control. (B, C and D) Two-way ANOVA with pairwise 

comparison *p<0.05 compared to control. Data presented as means ±SEM.
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6.4.6 CUS, IL-1β and their combination increased depressive-like behaviour 

The results indicated that there was a non-significant main effect of IL-1β [F (1, 36) = 

3.97, p = 0.054] and CUS [F (1, 36) = 3.33, p = 0.07] on the latency to immobility.  

There was also a significant interaction between IL-1β and CUS on the latency to 

immobility [F (1, 36) = 5.4, p < 0.05].  When t-tests between control and IL-1β and 

CUS animals in latency to first immobile event were performed, there was a significant 

decrease in latency to first immobile by animals treated with IL-1β [t (18) = 2.57, p < 

0.05] or exposed to CUS [t (18) = 2.35, p < 0.05], or the combined CUS and IL-1β-

treated animals ([t (18) = 2.14, p < 0.05] Figure 6.4A).  However, there was no main 

effect of IL-1β [F (1, 36) = 0.79, p > 0.05] or CUS [F (1, 36) = 2.57, p > 0.05] on the 

amount of immobility, nor was there an effect of IL-1β [F (1, 36) = 0.06, p > 0.05] or 

CUS [F (1, 36) = 2.73, p > 0.05] on climbing or swimming behaviour in the forced 

swim test [F (1, 36) = 1.83, p > 0.05], [F (1, 36) = 0.64, p > 0.05], IL-1β and CUS 

respectively (Figure 6.4B).  There was no main effect of IL-1β [F (1, 35) = 0.53, p > 

0.05] or CUS [F (1, 35) = 2.62, p > 0.05] on plasma corticosterone response following 

the forced swim stress (Figure 6.4C). 
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Figure 6.4: Chronic stress and IL-1β effects on depressive-like behaviours and corticosterone response to swim stress. 

Latency to first immobile phase (A). Forced swim test behaviours, immobility, climbing and swimming (B). Corticosterone 

response to swim stress (C). Bar graphs and line graph indicates average values for n = 10, *p<0.05, Student’s t test 

compared to control. Data presented as means ±SEM. 
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6.5 Discussion 

This study investigated the effects of exposure to chronic IL-1β in the dorsal 

hippocampus, CUS or a combination of both IL-1β and CUS on a battery of behavioural 

tasks.  The data showed that exposure to chronically elevated IL-1β or CUS affected 

hippocampal associated cognition, but for the most part, rats exposed to a combination 

of both chronic IL-1β and CUS did not display an exaggerated behavioural phenotype.  

 

Novel object recognition, a hippocampal-perirhinal cortex-dependent behaviour, was 

impaired in rats exposed to chronically elevated IL-1β.  It is important to note that we 

previously reported that overexpression of IL-1β in the dorsal hippocampus did not 

affect object memory (O’Leary et al., unpublished; Chapter 5).  It is possible that this 

difference is due to the duration of viral integration.  In the previous chapter (Chapter 

5), object recognition testing commenced four weeks after of administration of the 

lentivirus.  This increased interval might have resulted in comparatively higher levels 

of IL-1β expression, thus resulting in increased disruption of hippocampal dependent 

processes.  However, this hypothesis has yet to be directly tested.  Exposure to CUS 

and chronic IL-1β combined with CUS were also impaired in object recognition.  

Previous studies have reported contradictory findings of chronic stress effects on object 

recognition, with some studies demonstrating impaired object memory following three 

weeks of chronic restraint stress, an alternative stress protocol to CUS where animals 

are repeatedly physically restrained, in rats (Luine, 2002, Bowman et al., 2003), and 

others reporting no effect in object memory following four weeks of chronic restraint 
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stress in rats (Bowman et al., 2003, Bowman et al., 2006).  The differences in findings 

may be due to differences in the methods used to assess object memory.  Specifically, 

differences in the inter-trial interval between the sample and test phase have been 

shown to differentially recruit the hippocampus or perirhinal cortex during object 

recognition (Cohen and Stackman, 2015, Hammond et al., 2004).  Thus, as chronic 

stress has a profound effect on the hippocampus, studies in which the inter-trial interval 

lasts several hours, where object recall is dependent upon the hippocampus is sensitive 

to stress induced-disruption.  Likewise, studies with a longer inter-trial interval, lasting 

less than an hour, where object recall is dependent upon the perirhinal cortex, 

recognition performance is unaffected to stress-induced hippocampal disruption.  

Indeed, Bowman et al. (2003) reported that three weeks of chronic restraint stress in 

rats did not impair object memory following either a 10 minute or 1 hour inter-trial 

interval, but did observe an impairment following a 4 hour inter-trial interval (similar 

to our protocol of a 3 hour inter-trial interval).  Taken together, these findings suggest 

that the level of hippocampal involvement in object recognition memory may mediate 

the impact of stress and inflammation induced disruption in cognition.   

 

Spontaneous alternation in the Y-maze, a hippocampal-dependent spatial working 

memory task was impaired in rats exposed to CUS.  Previous work has shown that three 

weeks of chronic restraint stress impaired spatial working memory in the Y-maze in 

Sprague Dawley rats (Conrad et al., 1996, Wright and Conrad, 2005).  However, it has 

also been reported, that CUS did not alter spontaneous alternation in the Y-maze in 

mice (Pothion et al., 2004).  In contrast, to the effects of CUS, IL-1β had no effect on 
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spontaneous alternation.  Likewise, the combination of CUS and IL-1β did not affect 

performance in the Y-maze.  This is in contrast to previous studies that have shown 

performance in the radial arm maze, a measure of spatial working memory, to be 

impaired following acute intra-hippocampal administration of IL-1β recombinant 

protein (100ng) in Wistar rats (Matsumoto et al., 2004).  It is possible that the difference 

in findings may stem from the method used to assess spatial working memory.  In the 

present study, spatial working memory was measured by spontaneous alternation in the 

y-maze, a task which relies on the natural tendency of rodents to alternate in the 

exploration of non-reinforced maze arms (Hughes, 2004).  The radial arm maze is a 

paradigm which employs greater training and motivation to seek out a food reward and 

therefore might be more sensitive to hippocampal disruptions.  

 

In the assessment of contextual fear recall, a hippocampal-dependent process, rats 

exposed to CUS displayed a non-significant trend towards impaired recall.  There are 

conflicting reports on the effects of chronic stress on contextual fear recall in rats.  

Previous studies have shown that three weeks of chronic restraint stress enhanced 

contextual fear recall in rats (Conrad et al., 1999, Sandi et al., 2001), while other have 

shown that similar stress regimes (three weeks of chronic restraint stress) resulted in an 

impairment of contextual fear recall in rats (Baran et al., 2009).  Thus further studies 

examining the effects of stress-induced changes in contextual fear conditioning are 

required.  Furthermore, we did not observe impairments in contextual fear conditioning 

following IL-1β overexpression or the combination of CUS and IL-1β.  In contrast, 

Hein et al. (2010) similarly reported impaired contextual fear conditioning following 
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two weeks of IL-1β overexpression in the hippocampus in transgenic mice (Hein et al., 

2010).  In this mouse model, mice carry a dormant human IL-1β excisional activation 

transgene, when activated by a Cre-expressing virus, astrocytes local to the injection 

site express human IL-1β, which in turn binds to the murine IL-1β receptor (Hein et al., 

2010, Shaftel et al., 2007).  In contrast the in the present study, IL-1β is overexpressed 

using a lentivirus overexpressing mouse IL-1β tagged with mCherry, with behavioural 

testing commencing 6 weeks following. In addition, other studies have investigating 

the impact of acute IL-1β exposure on contextual fear conditioning.  Acute intra-

hippocampal administration of IL-1β (5ng/0.25μl) has been shown to impair contextual 

fear recall in Wistar rats (Gonzalez et al., 2009).  Differences between our findings and 

those of previous studies may be related to the intensity of the foot shock administered.  

Indeed,  studies by Baran et al. (2009) and Gonzalez et al. (2009) reported an 

impairment in context fear recall employed a foot shock of 0.4 mA and 0.5 mA 

respectively, whereas in the present study a foot shock of 0.8 mA was employed.  Thus 

the severity of the foot shock and therefore salience of the fear memory, may have 

confounded task performance, causing a ceiling effect and an inability to detect subtle 

changes in contextual fear learning.  Cued fear conditioning, an amygdala-dependent 

cognitive processes was unaffected by IL-1β.  These findings are in line with previous 

studies that have shown that cued fear recall was unaffected following two weeks of 

overexpression of IL-1β in transgenic mice (Hein et al., 2010).  Likewise, exposure to 

CUS did not affect cued fear recall.  Previous studies by (Baran et al., 2009) 

demonstrated that chronic restraint stress did not affect cued fear recall in male Sprague 

Dawley rats (Baran et al., 2009).  Likewise, there was no effect of IL-1β or a 
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combination of CUS and CUS IL-1β on cued fear conditioning.  Taken together these 

data suggest that IL-1β overexpression in the dorsal hippocampus and CUS selectively 

impair certain types of hippocampal-dependent tasks, while amygdala-dependent 

cognitive processes, such as cued fear conditioning were unaffected. 

 

Since CUS is commonly used to induce depressive-like phenotype, we also examined 

the impact of CUS and IL-1β on depressive-like behaviours in the forced swim test.  

The results indicated that rats exposed to CUS displayed an increase in depressive-like 

behaviour in the forced swim test, as measured by a reduced latency to immobility.  

These results are in line with previous findings that that demonstrated that four weeks 

(Dalla et al., 2005) and nine weeks of CUS in rats (Dalla et al., 2002, Dalla et al., 2011) 

and two weeks of restraint stress in mice (Norman et al., 2010) increased depressive-

like behaviours, such as increase immobility and decreased time spent swimming, in 

the forced swim test in mice.  Similarly, other stressors such as restraint stress and acute 

foot shock have also been shown to increase immobility in the forced swim test (Weiss 

et al., 1981, Zebrowska-Lupina et al., 1990), as well as social defeat in mice (Hebert et 

al., 1998).  Likewise, we observed that chronic IL-1β and a combination of CUS and 

IL-1β reduced the latency to immobility.  Previous studies have shown that 

intraperitoneal administration of recombinant mouse IL-1β (1 and 5 µg) increased 

depressive-like behaviour in the forced swim test, as indicated by an increase in 

immobility (Dunn and Swiergiel, 2005).  Taken together these data suggest that both 

chronic stress and overexpression of IL-1β in the dorsal hippocampus affect 

depressive-like behaviour.  However, despite a reduction in the latency to immobility, 
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we did not observe an effect of CUS or IL-1β on the amount of immobility, swimming 

or climbing behaviour.  This finding suggests that the observed increase in depressive-

like behaviour in the present study was subtle. Indeed, this notion of a subtle depressive 

behavioural phenotype is support by the lack of a robust effect in corticosterone 

response following the forced swim test.  We report that exposure to CUS did not alter 

plasma corticosterone levels following the forced swim test.  In fact, exposure to CUS 

appeared to attenuate the corticosterone levels.  This is in contrast to previous work 

that has shown that four weeks of CUS in rats (Dalla et al., 2005) and two weeks of 

restraint stress in mice (Norman et al., 2010) increased corticosterone following the 

forced swim test.  

 

Taken together, these data suggest that exposure to IL-1β or CUS affected certain types 

of learning and memory, such as object memory and spontaneous alternation in the Y-

maze as well as increasing depressive-like behaviours, although these effects were 

subtle.  Interestingly, exposure to a combination of CUS and IL-1β overexpression did 

not resulted in an exacerbated behavioural phenotype.  However, as the present study 

reported limited effects in depressive-like behaviours, coupled with a lack of HPA 

activation, as indicated by an unaltered corticosterone response following the forced 

swim test, cation is needed in extrapolating findings.  Thus, further work is needed to 

explore the impact of a combined treatment of CUS and IL-1β on the brain and 

behaviour. 
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CHAPTER 7 

 

General Discussion 
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7.1 Overview and summary 

The mammalian brain continues to develop after birth, throughout childhood and into 

adulthood (Sisk and Foster, 2004, Spear, 2004).  The adolescent period is a critical 

developmental window when crucial neural circuits are established via a period of 

synaptic re-modelling (Andersen, 2003, Blakemore and Choudhury, 2006).  Indeed, 

levels of hippocampal neurogenesis and integration of new neurons within the DG are 

significantly increased during adolescence than during adulthood (Curlik et al., 2014, 

He and Crews, 2007).  It is well established that adult hippocampal neurogenesis can 

be modulated by a number of intrinsic and extrinsic factors, such as intracellular 

signalling molecules, exercise, inflammation and stress (Hueston et al., 2017, O'Léime 

et al., 2017).  Deciphering how changes to the central nervous system at this time affects 

structure, function and behavioural outputs is important to better understand any long-

lasting effects.  To advance our understanding of such mechanisms this thesis is 

focused on three topics of investigation.   

 

The first examined the regulation of behaviour by the nuclear receptor Tlx in Nr2e1-/- 

mice, which was examined in Chapter 2 and summarized in Table 7.1.  This was 

achieved through examining the involvement of Tlx in motor, cognitive and anxiety-

related behaviour during adolescence and adulthood in both male and female mice.  

The findings presented in Chapter 2 demonstrated that the deletion of Tlx induced 
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hyperactivity as well as impairments in contextual and cued fear conditioning as well 

as anxiety-related behaviour (Table 7.1).  These changes in behaviour occurred 

independent of sex or housing conditions, with the greatest impact occurring during 

adolescence.   

 

The second topic of this thesis reported on the effects of adolescent-initiated exercise 

on pattern separation and contextual and cued fear conditioning and the potential role 

of plasticity to mediate these behavioural changes (Chapters 3 and 4 and Appendix C; 

summarized in Table 7.1).  Adult-initiated exercise enhanced both contextual and cued 

fear conditioning, while conversely, exercise that began in adolescence did not affect 

performance in these tasks and these different effects were accompanied by differential 

expression of plasticity-related genes in the amygdala and the hippocampus in 

adulthood.  Furthermore, it was demonstrated that adolescent-initiated exercise had a 

subtle effect on pattern separation, in a touchscreen location task, when assessed in 

adulthood, whereas both adult and adolescent-initiated exercise enhanced reversal 

learning in a touchscreen location task.  Moreover, both adult and adolescent-initiated 

exercise increased the dendritic complexity of new born neurons in the DG, but, only 

adolescent-initiated exercise increased the number of these immature neurons (Table 

7.1).   

 

The third area of study explored the effects of chronic IL-1β in the dorsal hippocampus 

on pattern separation and hippocampal neurogenesis (Chapter 5; summarized in Table 
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7.1).  It was shown that pattern separation was impaired in chronic IL-1β-treated rats 

in both object-location and touchscreen operant paradigms (Table 7.1).  On the other 

hand, tasks involving the hippocampus, but not sensitive to disruption of hippocampal 

neurogenesis including spontaneous alternation, novel object and location recognition 

as well as visual discrimination were unaffected.  Additionally, assessment of chronic 

IL-1β in the hippocampus followed by exposure to chronic unpredictable stress on 

memory and depressive-like behaviour (Chapter 6; summarized in Table 7.1) revealed 

that this combination of chronic insults impaired learning and memory and increased 

depressive-like behaviour (Table 7.1).   

 

In summary, the disruption of intrinsic regulators of hippocampal neurogenesis, such 

as Tlx and IL-1β or the exposure to extrinsic factors such as exercise or stress which 

are known to impact upon cognitive function through neurogenic mechanisms, may 

provide insight into why adolescence is a critical period for conditioning of 

hippocampal function in later life. 
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Table 7.1: Summary of findings. 

Regulation of 

behaviour by Tlx 

Finding Method Brain region 

Hyperactivity ↑ Open field Cortical striatal 

Anxiety-like behaviour ↓ Open field Amygdala 

Context recall ↓ Fear 

conditioning 

Dorsal hippocampal 

Cued recall ↓ Fear 

conditioning 

Amygdala/ventral 

hippocampus 

Motor performance ↓ Rotarod Cortical striatal 

 

Adult exercise 

   

Context recall ↑ Fear 

conditioning 

Dorsal hippocampal 

Cued recall ↑ Fear 

conditioning 

Amygdala/ventral 

hippocampus 

Cognitive flexibility ↑ Touchscreen 

reversal learning 

Prefrontal cortex, 

hippocampus 

Hippocampal plasticity 

(mRNA) 

Unchanged qPCR Hippocampus 

Hippocampal plasticity 

(Neurogenesis) 

Unchanged Histology Dentate gyrus 

Hippocampal plasticity 

(morphology) 

↑ Dendritic 

complexity of 

DCX-positive 

cells 

Dentate gyrus 

Adolescent exercise    

Context recall Unchanged Fear 

conditioning 

Dorsal hippocampal 

Cued recall Unchanged Fear 

conditioning 

Amygdala/ventral 

hippocampus 

Cognitive flexibility ↑ Touchscreen 

reversal learning 

Preforntal cortex, 

hippocampus 

Hippocampal plasticity 

(mRNA) 

↑ qPCR Hippocampus  

Hippocampal plasticity 

(Neurogenesis) 

↑ Histology Dentate gyrus 

Hippocampal plasticity 

(morphology) 

↑ Dendritic 

complexity of 

DCX-positive 

cells 

Dentate gyrus 

IL-1β and memory    

Pattern separation ↓ Touchscreen 

location 

discrimination 

Dentate gyrus, hippocampal 

neurogenesis 

Hippocampal plasticity 

(morphology) 

↓ Dendritic 

complexity of 

DCX-positive 

cells 

Dentate gyrus 

Stress and IL-1β    

Depressive-like behaviour ↑ Forced swim test Amygdala, Hippocampus, 

prefrontal cortex 

Object memory ↓ Object 

recognition 

perirhinal cortex, 

hippocampus 

Context recall Unchanged Fear 

conditioning 

Dorsal hippocampal 

Cued recall Unchanged Fear 

conditioning 

Amygdala/ventral 

hippocampus 
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7.2 Limitations of knockout models of Tlx 

There has been extensive work characterizing the impact of early life deletion of Tlx 

on behaviour (Young et al., 2002, Roy et al., 2002, O'Leary et al., 2016a, O'Leary et 

al., 2016b).  However, a limitation with a spontaneous deletion model of Tlx is the need 

to single house the Nr2e1-/- male mice, given their server aggression (Young et al., 

2002).  Indeed, single housing of rodents has been shown to impair learning and 

memory (Voikar et al., 2005).  Therefore, in the studies reported here (Chapter 2), it 

was not possible to delineate whether the sex-dependent effects on contextual and cued 

fear conditioning are due to Tlx deletion or housing conditions per se.  Future studies 

should include a single housed female Nr2e1-/- cohort in order to avoid this confounding 

impact of housing on behaviour.  Furthermore, future studies should also consider 

employing alternative approaches to Tlx disruption, such as a viral vector-mediated 

gene knockdown.  Viral vector-mediated gene disruption would overcome some of the 

limitations of a spontaneous deletion of Tlx.  Viral vectors can cross the cellular 

membrane unimpeded, infect post-mitotic cells and can transfer genetic material into 

target cells (Deglon and Hantraye, 2005).  The implementation of a lentiviral approach 

would enable disruption of Tlx during adolescence without disruption of early life 

developmental processes, such as in the case of the spontaneous deletion model used 

in Chapter 2.  It would also ensure that disruption of Tlx is localized to the hippocampal 

neurogenic niche.  This would help to further elucidate the role of Tlx during critical 

development periods, thus representing an advantageous approach promising for future 

research into the role of Tlx in brain and behaviour.  Indeed, a conditional 

overexpression of Tlx model using lentiviral mediated technology has been developed.  
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It was shown that overexpression of Tlx leads to an increase in adult hippocampal 

neurogenesis and performance within the Morris water maze as well as rescuing Tlx-

deficits of knockout mice (Murai et al., 2014).  Future studies could also investigate 

the role of Tlx during early life by conditional disruption during adolescent versus 

adulthood.  Conditional disruption of Tlx in adulthood would enable unimpeded 

neurodevelopment during early life, and in turn could help overcome the limitations of 

the spontaneous deletion model.  For example, a floxed deletion model by Cre-Lox 

recombination has been developed (Zhang et al., 2008b) and enabled the conditional 

disruption of Tlx.  This spared developmental processes that are affected by other early 

life deletion models like the spontaneous deletion.   

 

Finally, the newly developed clustered, regularly interspaced, short palindromic repeat 

(CRISPR) technology has become a widely adopted method for developing genetic 

knockout models (Cong et al., 2013).  CRISPR overcomes many of the caveats 

associated with the current genetic models such as enhanced gene targeting, reduction 

in the number of animals needed to generate and maintain a genetic line as well as the 

ability to edit multiple genes within a single animal.  This gives CRISPR the potential 

to become the standard approach in the generation of genetic models and genome 

editing experimentation.  The utilization of CRISPR can be expected to dominate future 

studies investigating the regulation of behaviour of genes like Tlx. 
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7.3 Adolescence as a critical period? 

Adolescence has been shown to be a critical period for postnatal brain maturation and 

thus a time when environmental influences may affect important cognitive processes 

in later life (Fuhrmann et al., 2015).  It was shown that exercise during adulthood 

increased hippocampal plasticity and enhance hippocampal-dependent cognition, 

whereas adolescent-initiated exercise did not affect hippocampal-dependent behaviour.  

It is possible, that the adolescent period is a critical period to disrupting brain 

maturation leading to impairments in cognitive processes, such as learning and 

memory, similar to what was observed in the Tlx deletion models (Fuhrmann et al., 

2015, Andersen, 2003).  It may however not be a sensitive period for enhancement of 

cognitive processes involving the hippocampus, such as pattern separation and 

contextual fear conditioning.  Given that the DG undergoes substantial structural 

remodeling during adolescence, with increases in dendritic complexity, cell 

proliferation and survival, further increases in this neural plasticity may not convey any 

functional advantages (i.e. improved performance in behavioural tasks) (Koshibu et al., 

2004, Lenroot and Giedd, 2006, Curlik et al., 2014).  Indeed, here it was shown that 

exercise beginning in adolescence did not improve contextual fear conditioning or 

pattern separation in the touchscreen operant chamber, despite increases in 

hippocampal plasticity.  Thus, it is possible that as the baseline level of hippocampal 

plasticity is already substantially elevated and that a ceiling-effect prevents any further 

improvement by environmental, pharmacological or genetic factors.  This could be 

assessed experimentally by investigating the impact of similar amounts of exercise in 

the aged animal.  It has previously been shown that hippocampal plasticity reduces with 
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age. Specifically, decreases in neurogenesis, dendritic complexity and synaptic 

dendritic complexity in the aged hippocampus have been widely reported (Bartsch and 

Wulff, 2015).  Therefore, in this “aged” state, extrinsic factors such as exercise may 

more readily improve cognitive performance, compared to a younger more plastic 

brain. It is important to note the differences in connectivity of the dorsal and ventral 

hippocampus with cortical and subcortical structures along the dorsoventral axis of the 

hippocampus, which suggests a functional separation.  However, the analysis of mRNA 

plasticity markers in chapter 3 was conducted on the total hippocampal tissue i.e. both 

dorsal and ventral hippocampus. Similarly, the number of DCX-positive neurons and 

their dendritic complexity analyzed in chapter 4 was assessed in the total hippocampus.  

Therefore, it is not possible to fully delineate the potential differential effects of 

extrinsic factors such as exercise beginning in adulthood or earlier in life on dorsal or 

ventral regions of the hippocampus. 

 

Other brain regions, such as the prefrontal cortex, also undergo significant maturation 

during early life, particularly in adolescence, and maturation continues during early 

adulthood.  Increases in dendritic arborization, synaptic pruning and myelination have 

been widely observed (Spear, 2013, Casey et al., 2008b, Giedd et al., 1999, Blakemore 

and Choudhury, 2006).  These developmental processes allow for the strengthening 

and fine tuning of connections between the prefrontal cortex and subcortical regions, 

and are thought to underlie the emergence of cognitive functions which typically 

develop in adolescence, such as response inhibition and cognitive flexibility (Selemon, 

2013, Spear, 2013).  In Chapters 3 and 4 exercise was initiated during the adolescent 
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period, thus it is possible that exercise may have also induced changes within the 

prefrontal cortex. Indeed, reversal learning, a prefrontal cortex mediated task was 

increased following adolescent exercise (Table 7.1).  However, prefrontal cortex 

pathology was not investigated. Exercise-induced changes in prefrontal cortex 

maturation may have a profound effect on cognition in adulthood, compared to 

exercise-induced changes in the hippocampus (which was examined in Chapter 3 and 

4).  Thus the developing prefrontal cortex may be more susceptible to extrinsic factors, 

such as exercise.  Indeed, early life experience has been shown to shape the 

development of the prefrontal cortex (Kolb et al., 2012).  Thus future work could 

investigate the potential impact of early exercise on the prefrontal cortex and its 

associated cognitive function.  Specifically, further work is needed to investigate the 

impact of adolescent-initiated exercise on cognitive flexibility and dendritic 

complexity in the prefrontal cortex following exercise beginning in adolescence.   

Other extrinsic factors such as diet have also been shown to impact brain maturation 

(Hueston et al., 2017).  Diet is one of the most easily modifiable lifestyle factors that is 

known to alter cognitive and behavioural performance, including neurogenesis (Stangl 

and Thuret, 2009, Murphy et al., 2014).  Indeed, evidence now points to the importance 

of adolescent diet for general well-being, including brain health (O'Connor and Cryan, 

2014).  Changes in the human diet over the past 50 years have been suggested to be 

putting the adolescent brain in a more vulnerable state. ‘Western’ diets high in 

processed foods, fats and sugars result in many problems including obesity, diabetes 

and cognitive and emotional disorders (Kanoski and Davidson, 2011).  Furthermore, 

diet composition has been shown to influence the gut microbiome (Singh et al., 2017).  



 

 
 

249 

Indeed, there is a growing appreciation for the importance of bacteria in shaping brain 

development and behaviour (Cryan and Dinan, 2012, Grenham et al., 2011).  

Disruption of the gut-microbiota during early life negatively affects cognition in 

adulthood (Dinan et al., 2018).  In particular, it has been shown that disruption of the 

gut-microbiota during adolescence impaired object recognition and increased anxiety-

like behaviour in adult mice (Desbonnet et al., 2015).  Future work could investigate 

the relationship between diet, exercise and the microbiota on brain maturation, 

particularly during key developmental periods, such as adolescence.  This would help 

to build a clearer picture of the potential beneficial impact of extrinsic factors, such as 

diet and exercise, on developing structures connected with the hippocampus and 

perhaps the regulation through the microbiota could enhance our understanding of the 

adolescent period when behaviour and cognitive processes are shaped for later life. 

 

7.4 Extrinsic and intrinsic regulators of neurogenesis: 

Neuroinflammatory conditions 

The impact of exercise in adulthood on learning and memory examined in Chapter 3 

and 4 showed that exercise enhanced hippocampal-dependent cognition.  The impact 

of a lentiviral-mediated chronic IL-1β in the dorsal hippocampus of adult rats on 

neurogenesis and its associated function of pattern separation was examined in Chapter 

5.  It was shown that pattern separation was impaired in IL-1β treated rats in both 

object-location and touchscreen operant paradigms. A lentiviral-mediated 

overexpression of IL-1β is a useful technique to produce long-term changes in gene 
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expression, however it is not possible to directly compare the specific dose of IL-1β 

relative to previous studies that administered intra-hippocampal IL-1β protein.  Future 

work could overcome this limitation by directly comparing hippocampal IL-1β protein 

levels following lentiviral-mediated overexpression with alternative intra-hippocampal 

and intracerebroventricular administered as well intraperitoneal administered of LPS, 

a common methodology used to incite inflammation in the brain.  This would enable a 

comparative measure between different techniques helping to harmonize the field of 

IL-1β-induced behavioural changes.  More work could also be expanded to examine 

the impact of chronic IL-1β on neuronal morphology of immature neurons, such as the 

dendritic complexity and the potential of other extrinsic and intrinsic factors on IL-1β-

induced impairments in the morphology of new neurons.  Here it was shown that 

exercise enhanced the complexity of neurites on new neurons in the DG (Chapter 4). 

While, conversely chronic IL-1β impaired neurite length of DCX-positive neurons 

(Chapter 5). These two lines of enquiry could be combined to investigate the potential 

of exercise to recover IL-1β-induced impairment in hippocampal plasticity and 

cognitive processes, such as learning and memory. Indeed, previous work has 

suggested that exercise may protect against the cognitive decline associated with ageing 

and neurodegenerative disorders (Ryan and Kelly, 2016, Ryan and Nolan, 2016a, 

Brown et al., 2013).   

 

One potential therapeutic target in mediating the effects of IL-1β-induced impairment 

in cognitive processes is Tlx.  Tlx has been shown to mediate the effects of IL-1β-

induced reduction in cell proliferation (Ryan et al., 2013, Green and Nolan, 2012a, 
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Green and Nolan, 2012b).  Acute exposure of IL-1β protein has also been demonstrated 

to reduced Tlx expression and impair cell proliferation in vitro (Ryan et al., 2013).  

Moreover, increases in Tlx expression has been shown to protect against the negative 

effects of IL-1β on hippocampal NPCs (Ó’Léime et al., 2017).  However, it is unknown 

whether an enhancement in Tlx signalling is able to protect against the negative 

neurogenic effects of IL-1β on cognitive processes, such as pattern separation.   In 

Chapter 2 the role of Tlx in cognitive and anxiety like behaviour was investigated. This 

work could also be expanded and combined with the IL-1β overexpression studies in 

Chapter 5 in order to investigate the ability to Tlx to rescue IL-1β induced behavioural 

deficits in vivo. Thus, future experiments could examine the involvement of Tlx in IL-

1β-induced changes in adult hippocampal neurogenesis, which may help to identify a 

mechanistic insight into disorders in which neuroinflammation causes alterations in 

neurogenesis. Furthermore, given the propensity of stress (both acute and chronic) to 

elevate hippocampal IL-1β protein, Tlx-IL-1β signalling may also yield valuable 

insight into a mechanism by which stress affects memory.  Finally, the impact of 

chronic IL-1β in the hippocampus during key developmental periods, such as 

adolescence is an avenue for future research.   
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7.5 Behavioural models of pattern separation: Where are we 

going? 

In recent years, novel cognitive tests have been developed to tease apart the relationship 

between hippocampal neurogenesis and cognition (Bekinschtein et al., 2013a, Oomen 

et al., 2013, Sahay et al., 2011b, Tronel et al., 2012).  In particular, pattern separation 

has become a common behavioural paradigm in assessing functional changes in adult 

hippocampal neurogenesis.  As discussed earlier, several behavioural models have been 

developed to examine pattern separation.  These include; fear conditioning paradigms, 

object-location recognition and radial arm maze based tasks as well as touchscreen-

operant based tests.  The latter allows for increased translation with human 

neuropsychological assessments as well as the testing of multiple types of cognitive 

tasks utilizing the same behavioural platform (Oomen et al., 2013, Horner et al., 2013, 

Bekinschtein et al., 2013a, McHugh et al., 2007).  However, a limitation of these 

approaches is the need for extensive training of experimental animals and often require 

food restriction.  Indeed, food restriction has been shown to alter hippocampal 

neurogenesis (Kitamura et al., 2006, Lee et al., 2002a, Lee et al., 2000, Lee et al., 

2002b), which may confound such task performance.  Furthermore, the extended 

training may also impact upon learning paradigms as experimental animals undergo 

extensive training prior to cognitive testing and the impact of prolonged instrumental 

training on hippocampal neurogenesis has not be fully explored.  In addition, this 

prolonged training also limits the examination of behaviour during earlier 

developmental periods, such as adolescence.  These limitations could be overcome by 
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the development of a one-trial pattern separation task.  The underlying concept of 

pattern separation is to present an animal with two similar but distinct stimuli that the 

animal must discriminate or “separate” in order to exhibit the correct behavioural 

response.  Therefore, a one-trial cued fear conditioning task could be developed, 

whereby a high pitch tone is paired with a foot shock, thus when the animal is exposed 

to a novel context, varying the frequency of the conditioned tone to be either similar 

(high pitch) or different (low pitch) to the original conditioned stimulus.  Additional 

experiments could be devised in order to test this hypothesis.  

 

7.6 Recommendations for future work 

7.6.1 Regulation of behaviour by Tlx 

The work in Chapter 2 demonstrated a role of Tlx to regulate motor, cognitive and 

anxiety-related behaviour. In order to advance our understanding of the role of Tlx in 

behaviour, new experiments are needed to determine if social isolation is inhibitory to 

the effects of a spontaneous deletion of Tlx on cognitive processes.  This could be 

achieved by studies employing both male and female single-house Nr2e1-/- and 

wildtype control mice and assessing a series of behaviour, such as those reported in 

Chapter 2.  In addition, investigations are needed into the impact of a lentiviral-

mediated knockdown of Tlx in the DG of rats during the adolescent period and the 

subsequent performance on neurogenesis associated cognition, such as pattern 

separation.  Finally, the potential of exercise to protect against lentiviral-mediated 

knockdown of Tlx-induced impairment in cognition could be explored in rats.  These 
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experiments will help gain insight into the mechanisms of by which behaviour in 

adulthood is shaped by experiences in adolescence.   

 

7.6.2 Exercise during adolescence 

The work in Chapters 3 and 4 investigated the impact of exercise beginning earlier in 

life, when the brain is still undergoing maturation and high levels of plasticity are 

maintained. It was shown that exercise initiated in adolescence enhanced hippocampal 

plasticity, however this effect did not translate into improved learning and memory in 

later life. Further work is needed to fully elucidate the impact of exercise during key 

developmental periods, such as adolescence on brain maturation of behaviour.  New 

experiments could investigate the impact of shorter periods of exercise, such as one 

week, during adolescence and test cognition later in life.  Additionally, the impact of 

adolescent exercise on the neuronal morphology could be expanded to include other 

brain regions.  Specifically, exercise-induced changes in the morphology of pyramidal 

neurons in the prefrontal cortex and basolateral amygdala in adulthood could be 

examined.  

 

7.6.3 IL-1β and memory  

Understanding the mechanisms by which IL-1β disrupts cognition is vital in the 

development of therapeutics for the treatment of inflammatory-related disorders, such 

as Alzheimer’s and Parkinson’s disease.  The work in Chapter 5 examined the impact 

of chronic IL-1β in the dorsal hippocampus on learning and memory.  The findings 

showed that pattern separation and hippocampal neurogenesis were impaired following 
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lentiviral-mediated overexpression of IL-1β in the dorsal hippocampus. Given the 

functional separation along the septo-temporal axis of the hippocampus, one potential 

avenue for future experiments is to compare the effects of chronically elevated IL-1β 

in the dorsal and ventral hippocampus on the neuronal morphology of new born 

neurons in both the dorsal and ventral hippocampus.  These studies will help build an 

understanding of the mechanism by which exposure to IL-1β impairs learning and 

memory. 

 

7.7 Concluding remarks 

In conclusion, the work presented here demonstrated a role of both intrinsic and 

extrinsic regulators of hippocampal neurogenesis during adolescence and adulthood on 

cognition and plasticity.  Furthermore, it was shown that chronically elevated IL-1β 

within the hippocampus, a major mediator of neuroinflammation, leads to disruption 

of adult neurogenesis through which may contribute to the cognitive decline associated 

with inflammation and neurodegenerative disorders.  Future research into the 

mechanisms underlying the susceptibility of the adolescent hippocampus to disruption 

of intrinsic regulators neurogenesis, such as Tlx, or exposure to extrinsic factors, such 

as exercise or adverse stimuli, like stress and inflammation, and the consequent effect 

on cognition may provide insight into why adolescence may be a vital period for correct 

conditioning of future hippocampal function.   
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APPENDIX A 

A Low-cost Touchscreen Operant Chamber Using a 

Raspberry Pi™ 
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A.1 Abstract 

The development of a touchscreen platform for rodent testing has allowed the 

advancement of new methods for cognitive testing that have been back translated from 

clinical assessment tools to pre-clinical animal models. This platform for cognitive 

assessment in animals is comparable to human neuropsychological tests such as those 

employed by the Cambridge Neuropsychological Test Automated Battery and thus has 

several advantages compared to standard maze apparatuses typically employed in 

rodent behavioural testing, such as the Morris water maze. These include improved 

translation of pre-clinical models as well as high-throughput and automation of animal 

testing. However, these systems are relatively expensive, which can impede progress 

for researchers with limited resources. Here we describe a low-cost touchscreen operant 

chamber based on the single board computer, Raspberry PiTM, which is capable of 

performing similar tasks to that of the current state-of-the-art systems. This system 

provides an affordable alternative for cognitive testing in a touchscreen operant 

paradigm for researchers with limited funding. 
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A.2 Introduction 

Operant-based behavioural tasks are standard techniques used in experimental 

psychology in which a rodent learns to press a lever or turn a wheel to receive an 

appetitive or aversive response (Crawley, 2007, Skinner, 1938). Standard operant 

paradigms, such as fixed ratio (where a reward is delivered every nth lever press) or 

variable ratio (where a reward is delivered after a pseudo-random number of lever 

presses) have been used to investigate addiction, impulsivity and motivation (Halladay 

et al., 2017, Salamone and Correa, 2002, Perry et al., 2005). These operant-based tasks 

have been further developed over the years, particularly with the implementation of a 

computer touchscreen in place of the levers. Touchscreen operant chambers have been 

used in a variety of species, such as rodents, (McTighe et al., 2009), birds (Cook, 1992), 

dogs (Range et al., 2008) as well as reptiles (Mueller-Paul et al., 2014). The 

development of a touchscreen platform for behavioural testing has allowed the 

advancement of new methods for cognitive assessment in pre-clinical models (Bartko 

et al., 2011, Bussey et al., 2012, Horner et al., 2013, Nithianantharajah et al., 2015). 

These methodologies are comparable to the human neuropsychological tests employed 

by the Cambridge Neuropsychological Test Automated Battery (CANTAB), such as 

the Pairwise Associative Learning (PAL) task and Trial Unique Non-matching to 

Location (TUNL) task (Bartko et al., 2011, Bussey et al., 2012, Kim et al., 2015b, Mar 

et al., 2013, Nithianantharajah et al., 2015, Talpos et al., 2009). Just as patients in the 

clinic use an iPad/computer to respond to visual and audio cues during neurocognitive 
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assessment, rodents can view a computer touchscreen and respond in a similar fashion 

(nose pokes compared to finger touches) during behavioural testing in an operant 

chamber. Very often the rodent tasks have similar or identical visual stimuli to those of 

the stimuli used for testing in the clinic. In this platform the rodent is presented with an 

image on the computer screen and depending on the task paradigm is trained to respond 

to either the specific image or location of the image via nose pokes on the touch 

sensitive computer screen. A correct response elicits a food reward while an incorrect 

response triggers a timeout. Through repeated trials the rodent’s performance can be 

assessed and the underlying neurobiology required for the task can be studied.  

Currently, there are several tasks available that assess different aspects of cognitive 

function and associated neurophysiology, such as Visual discrimination and reversal 

learning, 5-Choice Serial Reaction Time task and Continuous Performance Test 

(rCPT), which measure executive function such as, cognitive flexibility, decision 

making and attention, and have been shown to be sensitive to prefrontal cortex 

manipulation in rats and mice (Kim et al., 2015a, Mar et al., 2013). In addition, the 

location discrimination and TUNL tasks, which measure spatial learning have been 

shown to be dependent on adult hippocampal neurogenesis and an intact hippocampal 

formation in rats and mice (Oomen et al., 2013, Talpos et al., 2010, Creer et al., 2010, 

McTighe et al., 2009, Clelland et al., 2009). Similarly, the PAL task has also been 

shown to be sensitive to glutamatergic inactivation of the hippocampus in rats (Talpos 

et al., 2009). Furthermore, impaired performance in the PAL task has been shown in 

patients with schizophrenia (Wood, 2002). In addition, PAL performance has been 
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identified as a predicative measure of Alzheimer’s disease pathology (Swainson et al., 

2001). 

The touchscreen operant platform for behavioural assessment in animals has several 

advantages compared to the standard maze apparatus commonly employed in rodent 

behavioural testing, such as the Morris water maze or radial arm maze. Firstly, it 

enables the design of tasks that better represent human neuropsychological tests thus it 

is highly translatable. For example, audio-visual stimuli as well as the task paradigm 

itself, such as the PAL task, can be set up so that they are identical to those used in 

tasks for humans (Talpos et al., 2009). Secondly, the touchscreen operant platform can 

be used to conduct behavioural assessments as part of a test battery. While this is also 

the case for tasks using standard maze apparatus, like the Morris water maze or radial 

arm maze, the touchscreen platform enables a consistent environment and behavioural 

response/reward system, thereby reducing any potential confounds from employing 

different maze equipment and paradigms. Thirdly, the platform is automated thus a 

number of chambers can be used simultaneously for behavioural assessments. This 

increases the throughput of experimental animals as well as reducing the burden of 

labour on the experimenter. While the touchscreen system has advantages over 

standard maze paradigms, the current systems can cost upwards of 25,000 EUR for a 

four-chamber system. This can be prohibitively expensive for researchers with limited 

resources, such is often the case for early-career scientists or those in the developing 

world. Thus, due to the relatively low cost of the necessary components, the option to 

build a touchscreen chamber in-house is an attractive and viable option.  Indeed, several 

groups have already reported on building low cost operant chambers. Steurer et al. 
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(2012) demonstrated a low-cost touchscreen operant chamber which could be used by 

a variety of species, such as pigeons, tortoise and dogs. This system was significantly 

cheaper than commercial alternatives, at approximately 3,000 EUR. Moreover, work 

by Pineño (2014) further reduced the price point of an in-house system, by building a 

low cost touchscreen operant chamber using a touch sensitive iPod and an Arduino 

microcontroller. This group was the first to demonstrate a low-cost touchscreen operant 

chamber using off the shelf electronics for a fraction of the cost of commercially 

available alternatives, at only a few hundred euros. Although the system is innovative, 

it is limited in its ability to facilitate the running of similar tasks to that of the current 

state-of-the-art systems such as the Bussey-Saksida chambers given the small 

touchscreen display, although the addition of an ipad with a larger screen may help to 

overcome this limitation (Pineño, 2014). It is worth pointing out that the original aim 

of this study was to showcase a proof of concept that off-the-shelf components could 

be used to build a low-cost alternative and thus lay the foundation for future work. 

Since then, Devarakonda et al. (2016) built a Rodent Operant Bucket (ROBucket), a 

standard operant chamber based on the Arduino microcontroller. The system was 

comprised of two nose poke sensors and a liquid delivery system capable of both fixed 

ratio and progressive ratio training that can be used to train mice to nose poke a 

receptacle for a sucrose solution (Devarakonda et al., 2016). Moreover, Rizzi et al. 

(2016) built a low cost rodent nose-poke chamber using the Arduino microcontroller. 

Their system was comprised of four nose-poke modules that detected and counted head 

entries. Rizzi et al. (2016) successfully trained mice to prefer the nose-poke module, 

which would trigger an optogenetic stimulation of dopaminergic neurons within the 
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ventral tegmental area. While both Devarakonda et al. (2016) and Rizzi et al. (2016) 

demonstrate low cost alternatives, these systems are designed as standard operant 

chambers and therefore do not allow for similar translatable tasks available within a 

touchscreen operant platform. Here, we build on previous work by Pineño (2014), 

Devarakonda et al. (2016) and Rizzi et al. (2016) by combining the single board 

computer Raspberry PiTM and a 7 inch Raspberry PiTM touchscreen with an Arduino 

microcontroller to demonstrate a low cost touchscreen operant chamber capable of 

performing a number of similar tasks to that of the current state-of-the-art systems, such 

as auto-shaping animals to nose-poke for a food response, as well as more complex 

paradigms such as visual discrimination and PAL or TUNL tasks.  

 

The Raspberry PiTM is a single board computer, roughly the size of a credit card. 

Despite its size and inexpensive price (approx. €30 EUR) the Pi runs a full computer 

operating system and is capable of performing the same tasks as those of a typical 

desktop PC e.g. word processing and web browsing. In addition, the Raspberry PiTM 

has several general purpose input output (GPIO) pins. GPIO pins are generic pins on 

an integrated circuit whose function can be programmed by the user. For example, they 

can be programmed to receive specific input (i.e. reading a temperature sensor) or 

deliver a certain output (i.e. moving a servo motor). In addition, the Raspberry PiTM 

touchscreen is a fully integrated touch sensitive display that runs natively on the 

Raspberry PiTM. The combination of a full PC operating system, touch sensitive 

display, easy hardware integration through the GPIO pins and inexpensive price makes 

the Raspberry PiTM a very powerful platform for electronic projects and is therefore an 
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ideal basis for a touchscreen operant chamber. This paper describes a low-cost 

touchscreen operant chamber based on the Raspberry PiTM, a single board computer 

system. 

 

A.3 Methods 

A.3.1 Hardware 

The main components of the touchscreen operant chamber were a Raspberry Pi 2 

(Raspberry Pi foundation, UK), a 7” touchscreen display for the Raspberry Pi 

(Raspberry Pi foundation, UK) and an Arduino Uno microcontroller (Arduino, Italy) 

(Figure A1a and b). All components were purchased from Adafruit Industries, USA. 

The touchscreen display was connected to the Raspberry PiTM and mounted within a 

Perspex box (35.6 x 23.4 x 22.8 cm), which was housed within a sound attenuating box 

(63.5 x 43.2 x 42.2 cm) (Med Associates, USA). On the opposite side of the Perspex 

box was a food magazine, which was comprised of a food hopper connected to a pellet 

delivery chute, made from a PVC pipe. A servo motor within the hopper would 

dispense a 45 mg pellet, which would fall into the delivery chute (PVC pipe) and into 

the collection receptacle after each correct response (Figure A1a and b). The food 

hopper was controlled by a servo motor attached to the Raspberry PiTM (Figure A2). 

An LED light within the collection receptacle signalled a reward and an infrared (IR) 

beam detected the collection of the food pellet. The IR beam/sensor was connected to 

the Arduino Uno, which was in turn connected to the Raspberry PiTM via USB (Figure 

A2).  A Piezo buzzer within the Perspex box was also used to signal the delivery of the 
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food pellet and was controlled by the Raspberry PiTM (Figure A2). For a detailed list of 

components and associated price at time of publication see Table A1.  The 

commercially available Med Associates touchscreen operant chamber (consisting of a 

rectangular operant box with grid flooring, overhead light, a touchscreen, and food 

hopper; Med Associates, USA) was used for comparison. 

 

A.3.2 Software 

A program to control the main functionality of the touchscreen chamber was written in 

Python (version 3.1.1), a high-level programming language utilizing the pygame 

library (https://www.pygame.org/news) that ran on the Raspberry PiTM (Figure A3). 

Briefly, the program displayed two images (two white squares) on the screen. Once 

either image was touched (e.g. nose-poked by the rat), the program moved the attached 

servo motor, located within the food hopper, which in turn dispensed a food pellet. 

Simultaneously, a tone was played through a buzzer and an LED light within the food 

receptacle was turned on to signal reward delivery. An infrared beam (IR) within the 

food receptacle detected the collection of the food reward. The next trial then began 

and the same process was repeated. A second program was written in the Arduino 

sketch, which signaled an IR beam break detection in the food collection receptacle.  

The code for the Arduino sketch was adapted from Adafruit.com example code 

(https://learn.adafruit.com/ir-breakbeam-sensors/overview).  Each correct response 

was written to a text file and saved to the Raspberry PiTM. These data were used to 

determine the animal’s performance during each session. 

 

https://www.pygame.org/news
https://learn.adafruit.com/ir-breakbeam-sensors/overview
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A.3.3 Experimental design 

Two male Sprague-dawley rats (10 weeks, bred in house) were used to validate the 

Raspberry PiTM touchscreen system. An additional group consisting of three male 

Sprague-Dawley rats (8 weeks) were obtained from Envigo Laboratories (The 

Netherlands) and trained in the standard Med Associates touchscreen operant chamber 

for comparison in training performance. Rats were group housed in standard housing 

conditions (temperature 22°C, relative humidity 50%) on a 12 h light/dark cycle (0730-

1930). Water and rat chow were available ad libitum prior to food restriction. Rats were 

food restricted to 90% of free feeding weight so as increase motivation to seek out a 

food reward within the touchscreen operant paradigm. All experiments were conducted 

in accordance with the European Directive 2010/63/EU, and under an authorization 

issued by the Health Products Regulatory Authority Ireland and approved by the 

Animal Ethics Committee of University College Cork.  

 

A.3.4 Behavioural auto-shaping protocol 

Rats were food deprived with body weight maintained at 90% of free feeding weight 

during operant training so as to increase motivation to seek out a food reward. The 

auto-shaping protocol was adapted from Horner et al. (2013) and was comprised of 3 

stages that served to shape the animals to touch the touchscreen for a food reward.  

Stage 1 involved habituation to the testing chambers for 30 minutes for 2 consecutive 

days, with 10 pellets dispensed within the food magazine. Criteria for the animal to 

progress to the next stage of training was that all pellets were consumed within the 30-

minute session. The food magazine light was illuminated during food delivery and was 
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switched off upon food collection. The house light was off and no images were 

displayed on the screen. Stage 2 involved associating the displayed image with a food 

reward. Two images (white squares) were presented simultaneously for 30 seconds in 

two locations (left and right), separated by 5cm. If no touch occurred after 30 seconds 

a food pellet was dispensed and the food magazine was illuminated and a tone (1 s, 3 

kHz) was sounded. If the image was touched by the animal, a reward (1 x 45mg food 

pellet) was dispensed immediately and concurrently with the tone (1 s, 3 kHz), and the 

food magazine light was switched on. Upon reward collection, the magazine light was 

switched off and an intertrial interval (ITI) began (5 s), following which a new trial 

began. The session ended after 30 trials or 30 minutes, whichever came first. The 

criteria for the animals to progress to the next training stage was to complete 30 trials 

in 30 minutes. Stage 3 involved associating the image touch with a food reward. The 

protocol was the same as for stage 2 except that the animal must touch the displayed 

image to receive a reward. The session ended after 100 trials or 60 minutes. The criteria 

for the animals to complete the final stage of training was to complete 60 trials in 60 

minutes for at least two consecutive days. 

 

A.4 Results 

A.4.1 Auto-shaping task 

A.4.1.1 Stage 1: Habituation 

During stage 1, two rats were habituated to the Raspberry PiTM chamber environment 

over two days. During these two habituation days, both rats ate the ten food pellets 
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within the food receptacle and both were therefore advanced to the next stage of 

training. An additional three rats were similarly habituated to the Med Associates 

operant chamber. Likewise, the rats ate all ten food pellets within the food receptacle 

during the two habituation days and were thus advanced to the next stage of training. 
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A.4.1.2 Stage 2: Image/reward pairing 

During stage 2, image off-set was paired with the food reward. Initially, both rats in the 

Raspberry PiTM chamber only completed approx. ten trials per session (Figure A4a and 

b). However, after 5 days of training, both rats completed 30 trials within 30 minutes 

(Figure A4a and b).  Therefore, both rats were advanced to the next stage of training.  

Rats trained in the Med Associates chamber out performed rats using the Raspberry 

PiTM system by completing 100 trials in one 60-minute training session (Figure A4c-

e) and they were advanced to the next stage of training after one session.   

 

A.4.1.3 Stage 3: Touch response 

During stage 3, the rats were required to touch the image for a food reward.  Initially, 

performance by rat 1 in the Raspberry PiTM chamber was quite low in that only 3-4 

trials were completed within the 60-minute session.  However, after 5 days of training 

rat 1 completed 63 trials and 73 trials respectively, on two consecutive days within the 

60-minute session (Figure A4f).  Similarly, the performance of rat 2 in the Raspberry 

PiTM chamber was initially inconsistent with completion of only 6 trials on the first day 

followed by 62 trials on day 2 and then only 17 trials on day 3.  However, after 5 days 

of training, rat 2 completed 112 trials on two consecutive days within the 60-minute 

session (Figure A4g).  During stage 3, rats in the Med Associates chambers quickly 

reached learning criteria.  Specifically, rat 3 performed quite low on the first day of 

training, however this performance quickly improved, completing 96 and 100 trials on 

training day 2 and 3, respectively (Figure A4h).  Similarly, rats 4 and 5 completed 67 
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and 81 trials on day 1, and 98 and 100 trials on training day 2, respectively (Figure A4i 

and j).  We directly compared the performance of rats during stage 3 in both systems 

and show that rats trained in the Raspberry PiTM system were slower to reach the 

learning criteria compared to rats trained in the Med Associates system (Figure A5). 

However, all rats reached a similar level of performance by days 4 and 5 (Figure A5) 

indicating that all rats learnt to touch the image for a food response regardless of the 

touchscreen operant chamber system used. 

 

A.5 Discussion 

Here we describe a low-cost touchscreen operant chamber based on the Raspberry PiTM, 

a single board computer system. Specifically, two rats were successfully trained to nose 

poke two white squares in a low-cost touchscreen operant chamber and their 

performance was compared to rats trained in a standard Med Associates touchscreen 

operant chamber. Both rats trained in the low-cost Raspberry PiTM system reached the 

learning criteria of 60 trials within 60 minutes on two consecutive days within 10 days. 

For comparison with a commercially available system, three rats were trained in the 

standard Med Associates touchscreen operant chamber. Rats trained in the Med 

Associates chamber reached the learning criteria of 60 trials within 60 minutes on two 

consecutive days within 4 days of testing. Previous studies have shown similar levels 

of performance and training acquisition as reported here in the Raspberry PiTM system. 

Specifically, Horner et al. (2013), Mar et al. (2013) and Oomen et al. (2013) reported 

that learning criteria was reached within 5 days, and Sbisa et al. (2017) reported 
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successful training after 13 days. Although we observed a slower acquisition rate of 

rats trained in the Raspberry PiTM system, it may be due to the design of the reward 

collection receptacle itself (a piece of PVC pipe). For example, in the Raspberry PiTM 

system, delivery of the food pellet may land in the front or back of the delivery chute 

(PVC pipe), leading to slight inconsistencies in the reward placement and subsequently 

affecting task acquisition. This limitation will be overcome by further optimization of 

the collection receptacle. Nevertheless, our data demonstrates that the current system 

is a potential viable low-cost alternative to the current state-of-the-art systems.  

 

Notwithstanding, there are a number of improvements and alterations that could be 

applied to our system to advance its development. For example, the acquisition rate of 

the animals could be improved by the use of “screen masks” that aid the animal’s 

response to specific active windows of the touchscreen screen where an image is 

presented. Screen masks physically cover the touchscreen except for the response 

windows where the image is presented. Therefore, encouraging the rodent’s attention 

and nose-pokes to the specific area of the screen that will elicit a food reward. This 

would help to shape the animal’s response and improve task acquisition. Furthermore, 

the Perspex rectangular box described here could easily be changed to a trapezoid box, 

which has been suggested to help focus attention of the experimental animal towards 

the touchscreen thereby improving task acquisition. We report  an  overall cost of the 

touchscreen chamber of approximately €160 EUR, which is almost half the previous 

estimate of 300 USD reported by Pineño (2014). This price could be further reduced 

by elimination of the Arduino microcontroller. Here we used the Arduino to control the 



 

 
 

272 

IR beam to detect reward collection. It could be removed and the IR senor controlled 

by the Raspberry PiTM to reduce the overall cost of the hardware by approx. €20 EUR.  

 

It should be noted that a limitation of the low-cost approach is that each program has 

to be programmed individually, which requires both time and programming 

knowledge. Moreover, the current system runs a .py file from within the python IDLE 

(Integrated Development and Learning Environment) and therefore requires some 

programming knowledge to operate once it is set up. This limitation could be overcome 

by the development of a graphical user interface (GUI). A GUI would allow for a better 

end-user experience, similar to that of the current top-end systems such as the Med 

Associates system used in the current study. The GUI could also facilitate other 

functionality such as data analysis and task building for future behavioural assessment. 

Although the development of a GUI would require significant work, it would enable 

adoption of low cost alternative systems by less technologically savvy researchers. 

Indeed, Pineño (2014) developed a GUI that allowed the wireless pairing of the iPod 

touch within the operant chamber with a second iOS device, such as an iPhone or iPad, 

for graphing and monitoring the animal’s behaviour during the experimental session. 

In the short term, the program presented here could also be improved by better data 

handling capabilities, similar to that described by Pineño (2014). Currently, the 

program simply records a ‘1’ to a text file after every correct response and the numbers 

are summed at the end of the program to generate a basic performance score. This could 

be improved by including response latencies, reward collection latencies, screen 



 

 
 

273 

touches during the ITI for measures of preservation, as well as a heat map of screen 

touches throughout the session to aid detection of location bias for individual animals.  

 

In summary, our work has advanced previous work by Pineño (2014),  Devarakonda et 

al. (2016) and Rizzi et al. (2016) by combining the Raspberry PiTM and a 7 inch 

touchscreen display with an Arduino microcontroller to create a low cost touchscreen 

operant chamber capable of performing tasks such as the auto-shaping task and other 

more complex paradigms like the PAL or TUNL which are available in the Med 

Associates and other state-of-the-art commercially available systems. This low-cost 

alternative system will provide researchers who have limited funding with a viable 

option to carry out cognitive testing in a touchscreen operant platform. While the 

chamber described here is a prototype and requires some knowledge of programming 

and electronics by the user in order to operate it, it demonstrates that low cost systems 

are capable of conducting similar behavioural tasks to those of the high-end 

commercially available systems.  

 

 

 

 

 



 

 
 

274 

Table A1: List of components of the Raspberry PiTM chamber. 

Part        Price* (EUR) 

Raspberry Pi 2 Model B ARMv7      €35.00 

7” touchscreen display for the Raspberry Pi     €70.00 

Arduino Uno microcontroller      €20.00 

Buzzer: (Local electronics store)     €1.00 

Pack of White LEDs       €5.00 

IR Break Beam Sensor 5mm LEDs      €6.00 

Continuous Rotation Servo FeeTech FS5103R    €10.00  

Perspex box       €5.00 

PVC pipe for Food magazine     €3.00 

Pack of Assorted electrical wire     €3.00 

Total        €158.00 

Note: *Price of components at time of writing 

 

 

 

 

 

 

 

 



 

 
 

275 

 

Figure A1: Raspberry PiTM touchscreen operant chamber. The Raspberry PiTM and 

touchscreen were mounted to a Perspex box with a food magazine and collection 

receptacle equipped opposite to the display (a). Top down view of the Raspberry PiTM 

chamber (b). The touchscreen chamber was placed inside a sound attenuating box. 
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Figure A2: Wiring diagram of the Raspberry PiTM and Arduino. The servo motor was 

connected to the Raspberry PiTM 5V pin, GND pin and GPIO pin 17. The food magazine 

LED was connected to the GPIO pin 18 and GND pin. The Piezo buzzer was connected 

to the GPIO pin 23 and GND pin. The Arduino was connected to the Raspberry PiTM 

via a USB. The Infrared beam break sensor was connected to the 5V pin, 3.3V pin, 

GND pin and GPIO pin 4 of the Arduino. 



 

 
 

277 

 

Figure A3: Flowchart of the auto-shaping program. The program to run the 

touchscreen chamber was comprised of a basic loop function where images were 

displayed on the screen and if touched triggered a “correct response” condition. This 

in turn activated a servo motor that dispensed a food pellet as well as playing a tone 

and turning an LED light on. The program looped for 60 minutes.  
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Figure A4: Auto shaping. Completed trials during stage 2 in the Raspberry PiTM system (a and b) and in the Med Associates 

system (c-e). Completed trials during stage 3 in the Raspberry PiTM system (f and g) and in the Med Associates system (h-

i).  
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Figure A5: Comparison of training performance. Completed trials during stage 3 of 

rats trained in the Raspberry PiTM or Med Associates system. 
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APPENDIX B 

 

Chronic Unpredictable Stress Increases Anhedonia and 

Anxiety-like Behaviour  
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B.1 Introduction 

It is well established that chronic stress is a risk factor for the development of 

psychiatric disorders such as depression, anxiety, and post-traumatic stress disorder 

(Hammen, 2005, de Kloet et al., 2005, de Kloet et al., 2016, Lucassen et al., 2013).  

Interestingly, these stress-related psychiatric disorders are also characterized by 

impairments in various aspects of cognitive functioning. Moreover, exposure to chronic 

stress has profound effects on the brain and behaviour, influencing a wide range of 

cognitive processes.  The chronic unpredictable stress protocol has been widely used 

to study the impact of stress exposure in several behavioural models and consists in the 

random, intermittent, and unpredictable exposure to a variety of stressors during 

several weeks, and has been suggested to closely model the stress of everyday in 

humans.  Here we sort to validate that our chronic unpredictable stress protocol in adult 

Sprague Dawley rats prior to the extensive behavioural testing conducted in Chapter 6.  

Following three weeks of chronic unpredictable stress, anhedonic-like behaviour was 

increased as measured by a reduction in sucrose preference. Moreover, chronic 

unpredictable stress also decreased the time spent exploring the center of the open field, 

an indication of increased anxiety-like behaviour.  Together, these data were used as 

validation of the stress protocol as a method to investigate the impact of chronic 

unpredictable stress on hippocampal-dependent and independent cognition as reported 

in Chapter 6.  
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B.2 Methods 

B.2.1 Animals and experimental design 

Adult male Sprague Dawley rats (300g) were obtained from Envigo Laboratories (The 

Netherlands).  All rats were paired housed in standard housing conditions (temperature 

22°C, relative humidity 50%) on a 12 h light/dark cycle (0730-1930) and had ad libitum 

access to food and water.  All experiments were conducted in accordance with the 

European Directive 2010/63/EU, and under an authorization issued by the Health 

Products Regulatory Authority Ireland and approved by the Animal Ethics Committee 

of University College Cork. 

 

Rats were divided into a control (n = 10) and stress group (n = 10) group (Figure B1).  

The stress group underwent chronic unpredictable stress (CUS) for three weeks prior 

to behavioural testing and the stress regime continued during testing for a total of 6 

weeks.  Rats in the control group were housed under standard conditions in a separate 

room with body weight recorded daily.  
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Figure B1: Experimental design. Rats underwent a chronic unpredictable stress 

regime for 3 weeks prior to behavioural testing and continuously through testing; 

Control (n = 10) and Stress (n= 10). 

 

 

 

B.2.2 Chronic unpredictable stress 

The chronic unpredictable stress (CUS) procedure used a variety of stressors for 33 

days to maximize unpredictability (Table B1).  Rats were exposed to one stressor 

during the light cycle; (lights off, cage rocker, physical restraint, isolation, cage tilt, 

strobe light or white noise) as well as one stressor during the dark cycle; (lights on, wet 

bedding, overcrowding, food deprivation or isolation) each day.  Stressors were 

randomized such that no stressor was repeated on a consectutive days (Table B1). 

 

B.2.3 Sucrose preference test 

Prior to the initiation of CUS, rats were singly housed and habituated to a 1% sucrose 

solution for 24 h.  On days 0 and 21, water bottles were removed from the cages for 4 

hours after which rats were presented with two bottles containing either 1% sucrose or 

tap water. After one hour, the bottles were removed and rats were returned to the pair 

housed conditions.  Sucrose preference was calculated as the percentage of sucrose 
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solution consumed relative to the total amount of liquid consumed.  The bottle order 

(left or right placement in the cage) was counter-balanced across groups.  The sucrose 

preference test was conducted from 1900-2000 h as rodents’ greatest water 

consumption occurs during the first hour of the dark cycle (Koo and Duman, 2008). 

 

B.2.4 Locomotor activity and anxiety-like behaviour in the Open Field 

Spontaneous exploratory locomotor activity and thigmotaxis in the open field were 

used as a general measure of motor function and anxiety-related behaviours, 

respectively (Crawley, 2007). Rats were placed in a circular open field arena (90 cm 

diameter) under bright lighting conditions for 10 minutes.  Behaviours were recorded, 

and distance travelled, and time in the centre of the arena (50% of arena area) were 

calculated using Ethovision software (Noldus Information Technology, USA).  The 

arena was cleaned with a 50% ethanol solution between exposure of each animal to the 

arena to remove odour cues.  

 

B.2.5 Statistical analyses 

All data were analyzed using SPSS statistical software (SPSS, Chicago, IL).  All data 

were checked for assumptions of normality using histograms, normality plots as well 

as formal tests (kolmogorov-smirnov and Shapiro-Wilk tests).  Assumptions of 

equality of variance were checked using Levene's test and box plots.  Data from sucrose 

preference and behavioural tests were compared using Independent Samples t-test.  

Data from body weight was analyzed by ANOVA with repeated measures.  An alpha 
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level of 0.05 was used as criterion for statistical significance.  Parametric data are 

presented as mean +SEM. 

 

Table B1: Experimental schedule for CUS procedure. 

Stressor Duration Day 

Lights on Overnight 1,7,23,27,33 

Light off 3 h 2,6,11,14,19,22 

Cage rocker 1 h 3,7,12,15,17,25,29 

Wet Bedding Overnight 3,10,17,22,26,31 

Restraint 1 h 4,9,13,16,18,22,33 

Overcrowding Overnight 6,12,16,21,25,30 

Food deprivation Overnight 5,8,14,18,27,32 

Isolation Overnight 11,20,24,29 

Isolation 3 h 5,8,19,24,26 

Cage tilt Overnight 2,9,28,32, 

Strobe Light Overnight 4,13,20,24,30 

White noise (Radio) 4 h 1,10,15,21,28,31 

 

 

B.3 Results 

B.3.1 Body weight gain and sucrose preference 

Both control and stressed rats gained weight, [F (4, 72) = 195, p <0.0001].  Although 

there was no main effect of CUS on body weight gain [F (1, 54) = 1.35, p >0.05]; Figure 

2A.  Furthermore, sucrose preference, a measure of anhedonia was decreased as a result 

of 21 days of CUS exposure; [t (16) = 2.54, p < 0.05]; Figure B2B. 
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B.3.2 Locomotor activity and anxiety-like behaviour in the Open Field 

There was no significant difference in locomotor activity between control and stressed 

rats; [t (17) = 2.07, p > 0.05]; Figure B2C.  CUS decreased exploration of the center of 

the open field compared to control; [t (17) = 2.70, p < 0.05]; Figure B2D.  

 

 

 
Figure B2: Chronic unpredictable stress increases anhedonia and anxiety-like 

behaviour.  Weight gain (A). Locomotor activity in the open field (B). Exploration of 

arena center in the open field (C). Sucrose preference test (D). Bar graphs indicates 

average values in n = 10 (*p< 0.05). Data presented as mean +SEM. 

 

B.4 Discussion 

This study interrogated the effects of CUS on anhedonia and anxiety-like behaviour in 

adult Sprague Dawley rats.  We report that chronic stress induced anhedonia and 

anxiety-like behavior in the open field.  Sucrose preference was impaired following 3 

weeks of CUS.  This finding is in line with previous studies that have shown that CUS 

and chronic restraint stress reduced sucrose preference in both rats (Bessa et al., 2013, 

Chiba et al., 2012, D'Aquila et al., 1994) and mice (Pothion et al., 2004, Willner et al., 
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1992, Strekalova et al., 2004, Goshen et al., 2008).  We also report that rats exposed to 

CUS spent less time exploring the center of the open field, a measure of anxiety-like 

behaviour (Crawley, 2007, Choleris et al., 2001), supporting previous studies showing 

that both CUS and chronic restraint stress increased anxiety-like behaviour within a 

variety of behavioural paradigms such as the open field (Zhu et al., 2014, Bowman et 

al., 2006), light dark box (Mineur et al., 2006), and evaluated plus maze (Zhu et al., 

2014, Chiba et al., 2012) in both rats and mice.  In conclusion, these validate the CUS 

protocol as a method to investigate the impact of chronic unpredictable stress on 

hippocampal-dependent and independent cognition as reported in Chapter 6.  
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