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II SUMMARY

Human and rodent studies dem onstrate that physical exercise targets many aspects o f brain 

function and has positive effects on overall brain health. The majority o f  studies published in 

this field focus on long-term exercise with fewer studies assessing the effects o f  acute exercise 

on cognitive function. It is as yet unclear whether exercise-induced improvements in cognitive 

function are task-specific or brain-region specific. M oreover, the m echanisms underlying these 

effects o f  exercise are not well understood and consequently, the therapeutic applicability o f  

exercise regimens or the developm ent o f  pharm acom im etics o f  exercise for im proving and 

m aintaining cognitive function has been limited. In rodents, this exercise-induced improvement 

in learning is accom panied by an increase in synaptic plasticity in specific areas o f  the brain, 

with brain-derived neurotrophin factor (BDNF) being implicated as a possible regulator o f  these 

improvements. In humans, an increase in peripheral BDNF concentration has been frequently 

reported after exercise. BDNF is a neurotrophin that binds to the tropom yosin-related kinase B 

(TrkB) receptor resulting in phosphorylation o f  the receptor and activation o f  several 

downstream signalling cascades, which are important to synaptic transmission. The objective o f 

this thesis was to investigate the effects o f  acute exercise on cognitive function in rats and 

humans and to elucidate the potential mechanisms m ediating any exercise-related changes in 

cognitive function observed.

A duration-response study o f  acute forced, m oderate intensity exercise on cognitive 

perform ance in the adult male W istar rat was perform ed to determine the minimum am ount o f 

exercise required to observe an exercise-related change in cognitive function. Having 

established the most appropriate exercise duration, the effect o f  a single bout o f  exercise on 

spatial and non-spatial recognition memory was assessed. A single bout o f  moderate intensity 

exercise enhanced non-spatial memory, but did not confer spatial memory im provements above 

that observed in the control group. This exercise-induced improvement in non-spatial memory 

was associated with ERK activation in the dentate gyrus. Furthermore, a single bout o f  exercise 

increased core tem perature and led to an increased release o f  BDNF from the dentate gyrus. 

M im icking an exercise-induced increase in core tem perature had no effect on cognitive 

perform ance, suggesting that the exercise-induced improvem ents in learning and memory were 

not tem perature-dependent but occurred as a result o f  m echanisms specific to exercise. The 

effects o f  an intravenous infusion o f  BDNF on cognitive function were examined, and indicated 

that peripheral adm inistration o f  BDNF in com bination with exercise improved cognitive 

perform ance on a challenging spatial task. The ability o f  exercise and tem perature to affect



permeability of the blood-brain barrier (BBB) was investigated using a fluorescent tracer and 

confirmed that neither of these interventions led to a transient increase in BBB permeability.

The increasing awareness of the many important roles played by BDNF activation of TrkB, has 

lead to the development o f a specific novel TrkB agonist, 7,8-dihydroxyflavone (7,8-DHF), that 

fully mimics the actions o f BDNF at the central TrkB receptors in vivo. This study assessed the 

role o f 7,8-DHF on non-spatial and spatial memory in rats and the parallel changes in cell 

signalling. Analysis revealed that a single intraperitoneal administration o f 7,8-DHF enhanced 

learning on all tasks and in parallel, enhanced TrkB activation and subsequently ERK 

phosphorylation in the hippocampus.

Lastly, the effect of moderate and maximal intensity physical exercise on cognitive function and 

the possible link with plasma and serum BDNF concentration was investigated in sedentary 

young men. Participants completed three cognitive tasks, including a face-name pairs task, an 

object scene recognition task and a Stroop task, pre- and post-intervention on two separate 

occasions. For the maximal and moderate intensity exercise trials, participants in the exercise 

group completed a graded exercise test or an endurance ride corresponding to 60% V0 2 max 

respectively, while the control group rested for the corresponding time. Moderate intensity 

exercise improved performance on the object scene recognition task, with a concomitant 

increase in plasma and serum BDNF concentration. Maximal intensity exercise did not augment 

cognitive performance, however, an increase in circulating BDNF was observed in plasma and 

serum.

Taken together, these results are consistent with the literature that physical exercise enhances 

cognitive function. Given the timing of events, rapid changes must be occurring to mediate 

these cognitive improvements. The data presented here tentatively suggest a role for BDNF in 

mediating the effects o f acute exercise on learning and memory.
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Introduction



CHAPTER 1

1.1 General introduction

Learning and memory are the main ways by which living beings acclimatize to changes and the 

uncertainty of their surroundings (Morgado-Bemal, 2011). However, these cognitive processes 

are particularly vulnerable to ageing, disease and trauma. Consequently, it is essential that 

interventions with the potential to enhance cognitive function across a wide age range are 

thoroughly investigated in an attempt to slow the progressive cognitive decline that is normally 

accompanied with senescence in humans and also associated with many neurodegenerative 

diseases. For instance, the World Alzheimer Report (2010) estimates that there are currently 

35.6 million people with dementia, and with demographic trends suggesting that the elderly 

population is rising, these numbers are likely to double every 20 years, summing to 65.7 million 

in 2030 and a staggering 115.4 million in 2050. Accordingly, it has now become a source of 

major public health concern hence, research into interventions and treatments to ameliorate 

such detrimental effects on cognitive processes such as learning and memory has increased 

substantially.

It is easy to assume that pharmacological interventions are the only viable treatment options 

available to alleviate the detrimental effects on cognition that accompany ageing and age- 

related neurodegenerative conditions, such as Alzheimer’s disease. Indeed, finding novel 

therapeutic treatments for neurodegenerative disorders is an endeavour that is heavily supported 

by the pharmaceutical industry but, to date, therapeutic options have been reported as modest at 

best (Husain & Mehta, 2011), with preclinical research offering little translational opportunities 

(Plath et al., 2011). Even modest advances in therapeutic and preventive strategies could 

significantly reduce the growing global burden of dementia-related illnesses on worldwide 

health systems.

Over the past century a plethora o f scientific evidence has emerged that supports the idea that 

regular physical exercise is beneficial for general health. Study after study has shown the 

benefits of exercise in mitigating symptoms associated with illnesses such as cardiovascular 

disease (Toyama et al., 2012), type 11 diabetes (Colberg et al., 2010) and cancer (Kossman et 

al., 2011). Given the substantial impact o f physical exercise on various physiological systems, 

the study o f its effects on brain function and cognition has also recently become extremely 

relevant and is currently a major focus of neuroscience research. It is now well established that 

physical exercise, such as aerobic activity, is a promising low cost lifestyle intervention to 

enhance cognitive function. It has been reported to enhance cognitive function in both humans 

and rodents (Colcombe et al., 2004; O'Callaghan et al., 2007; Griffin et al., 2009; Griffin et a l .
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2011) and long-term exercise has been shown to decrease the risk o f dementia (Rovio et a i,  

2005). Nevertheless, the precise cellular and molecular mechanisms underlying the powerful 

cognitive enhancing effects o f physical exercise are not well understood and are currently being 

characterised in animal models. By elucidating these cognitive enhancing mechanisms induced 

by exercise, novel molecular drug targets that exploit the same pathways could be developed to 

promote healthy cognitive function, particularly in those affected by neurological diseases, in 

addition to prescribed exercise interventions. This present introduction will review the 

mechanisms associated with learning and memory as well as the effect o f physical exercise as a 

non-invasive intervention to enhance cognition in both humans and rodents. In addition, the 

various mechanisms that have been proposed to mediate exercise-induced cognitive 

enhancements will be discussed along with some existing available pharmacomimetics of 

exercise.

1.2 Learning and memory

1.2.1 Introduction to learning and memory

Recent studies in rodents and humans have significantly enhanced our understanding of how the 

brain accomplishes learning and memory. Learning is one of the key processes from which 

environmental experience produces lasting changes in the nervous system which is articulated 

in the behaviour o f the organism, whereas memory, a phenomenon usually inferred from those 

changes, allows us to reconstruct past experiences and makes us feel our lives are a continuum 

as time elapses (Morgado-Bernal, 2011). From an information processing perspective, there are 

three main stages in the memory process: encoding (or acquisition), storage (or consolidation), 

and retrieval (or recall) (Abel & Lattal, 2001). Learning is involved in the initial stage of 

encoding (or acquisition), whereby an organism acquires knowledge about the world and this 

information is processed to form memory traces (Lynch, 2004). In contrast, the term memory 

refers to the mechanisms involved in both the storage and retrieval stages of memory processing 

(Lynch, 2004). The storage stage refers to the permanent record and stabilization o f the encoded 

memory traces via a consolidation process (McGaugh, 2000). The third stage in the memory 

process, referred to as retrieval, involves accessing and recalling information in memory usually 

in response to some environmental cue (Abel & Lattal, 2001; Lynch, 2004). An earlier study 

demonstrated that retrieval of a memory trace induces an additional labile phase that requires an 

active process to stabilise memory after retrieval (Misanin et al., 1968), and has since set the 

basis for the thinking about a process now known as reconsolidation. It appears that memory 

can be modified further through reconsolidation (Abel & Lattal, 2001), which is a distinct
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process by which previously consolidated memories are stabilised after retrieval (Tronson & 

Taylor, 2007). Reconsolidation has been hypothesised to be an important component of long

term memory processing (Nader et a!., 2000; Dudai, 2006) and despite its name, it is not simple 

reiteration o f consolidation. Instead, it is thought that these two processes are distinct from each 

other, although overlap in both the underlying mechanisms (protein synthesis) and function 

(storage) does exist (Dudai, 2006).

Memory implies retention o f acquired knowledge or previously experienced events along with 

the retrieval of such knowledge or conscious recall o f  events, and can be divided into short-term 

and long-term memory (Squire, 1986). Short-term memory has a limited capacity and is 

information that is retained over a few seconds (Squire, 1986). In contrast, long-term memory 

has a potentially unlimited duration, from minutes to years, and allows the retention of larger 

quantities o f information (Davis &, Squire, 1984; Squire, 1986). Long-term memory is not a 

single entity and instead is based on a two-part dichotomy, which is classically categorised as 

non-declarative or procedural (implicit) memory and declarative (explicit) memory in humans. 

Non-declarative memory refers to unconscious learning capacities that are expressed through 

performance, such as training reflexive motor or perceptual skills ( Squire, 1986; Squire & 

Zola, 1996). This type of memory is mostly mediated by the neostriatum and requires an intact 

cerebellum and basal ganglia (Salmon & Butters, 1995; Young et a i ,  1997). In contrast, 

declarative memory is conventionally transmitted or expressed by deliberate conscious effort 

and involves factual knowledge of people, places and things (Squire & Zola, 1996). It is further 

subdivided into episodic memory, which is the capacity to re-experience personal events that 

have a specific spatial and temporal context, and semantic memory, which involves the capacity 

to recall facts and objective knowledge about the world. The hippocampus is the major brain 

structure involved in this type o f memory, along with other medial temporal lobe (MTL) 

structures (Squire & Zola, 1996; Young et a i ,  1997).

Various cognitive tasks assessing declarative memory in non-human animals have been 

developed, such as object recognition and spatial tasks, since declarative memories are 

memories that can be articulated in humans (Eichenbaum, 1997). Many rodent models of 

human learning focus on tasks dependent on the hippocampus, a brain region known to be 

important for learning and memory (Scoville & Milner, 1957; Squire, 1992) and implicated in 

many age-related neurodegenerative diseases (Patrylo & Williamson, 2007). Recognition 

memory is a form of event memory commonly employed by researchers to probe episodic 

memory in humans. In humans, it refers to the recollection o f past personally experienced 

events and in animals it refers to the ability to recognise previously encountered information. 

Evidence suggests that the hippocampus is important for the acquisition o f a temporal sequence 

o f events and for the distinction of spatial information about objects (Hunsaker et a l ,  2008),
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whereas the perirhinal cortex is important for processing familiarity o f objects (Wan et a i,  

1999; Buckley, 2005). In contrast, spatial memory is generally related to the answer for the 

question “where?” and often describes whether and how living organisms have a sense of their 

position in space. It is obtained through exploratory behaviour and is considered an expression 

o f natural curiosity (Paul et a l ,  2009). More specifically, spatial memory can be defined as the 

ability to recognise, encode, store and retrieve spatial information about the arrangement of 

objects or specific routes (Kessels et a l ,  2001). This type o f memory is not strictly assigned to 

the subsystems mentioned above. It is a component o f several o f these categories, since it 

involves aspects of non-declarative memory (procedural), declarative (semantic and episodic), 

as well as both short- and long-term memory (Moscovitch et a l ,  2006).

1.2.2 Hippocampus and associated structures

The importance o f the hippocampus in learning and memory was first revealed in the 1950’s 

with the famous neurosurgical case of a severely epileptic patient, known by the initials H.M.. 

In 1953, neurosurgeon William Scoville performed experimental neurosurgery on H.M. in an 

attempt to alleviate his debilitating seizures. This radical surgery involved a bilateral MTL 

resection, and consequently the destruction o f two-thirds of the hippocampal formation and 

parahippocampal gyrus, as well as the amygdala and entire entorhinal cortex (Scoville & 

Milner, 1957). Post-surgery neuropsychological testing demonstrated that patient H.M. had 

profound amnesia for all events following surgery (anterograde amnesia) and intact memory for 

childhood events or events that occurred prior to surgery. H.M.’s anterograde amnesia meant 

that his declarative memory was adversely affected and manifested as deficient acquisition of 

semantic and episodic knowledge, yet his non-declarative memory, such as the ability to form 

procedural (skill) memories were spared (Corkin, 2002). Since this case emerged, other studies 

have also confirmed the adverse effect o f lesions in rodents and primates in the limbic 

associated areas, particularly in the hippocampus (M ishkin, 1978; Liu & Bilkey, 2001; Gaskin 

et a i,  2003; Feinstein et a i,  2010). Collectively, these studies in combination with others have 

led to the discovery o f key principles about how memory is organised and the role of the MTL 

in memory formation. It has also given us a much broader indication of the structure, function 

and circuitry o f the hippocampus to help explain the cellular processes underlying learning and 

memory. Furthermore, such observations support the theory that the primate hippocampus lies 

at the centre o f a MTL-based declarative memory system (Squire & Z ola-M organ, 1991). It 

is thought that the MTL is essential for the consolidation of declarative memories and is 

exclusively involved in memory (Squire & Z ola-M organ, 1991; B uckley & G affan, 2006). 

Over time, these memories are thought to become independent from the hippocampus, as they 

are consolidated into long-term memories that are dependent upon the neocortex. According to
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the traditional theory o f the MTL memory system, visual perception and visual memory are 

viewed as entirely dissociable cognitive processes, with visual perception proposed to depend 

on the inferotemporal cortex and more posterior cortical regions in the occipital lobe. However, 

this theory has recently been challenged by reports arguing that MTL structures also play a role 

in perception (for review see, B uckley & G affan, 2006).

The anatomy o f the hippocampus is well conserved throughout all mammalian species and 

consequently, studies performed in rodents have been critically informative about hippocampal 

function in humans. The hippocampus is part o f the limbic system (Figure 1.1), which is a set of 

neural structures including cortical regions (cingulate gyrus, entorhinal cortex and 

parahippocampal gyrus), subcortical regions (amygdala and hypothalamus) and fibre tracts 

(fornix). These limbic system structures are critically involved in many emotional and 

motivational processes, while the hippocampus largely plays a role in the association o f sensory 

information integrated to form long-term memories (Alvarez & Squire, 1994). More 

specifically, the hippocampus is a subcortical brain structure located deep in the medial portions 

of the forebrain in the MTL and represents approximately 2% of a human brain, in the rat, the 

hippocampus is a C-shaped structure that is situated in the caudal part o f the brain (van Strien et 

a i ,  2009) and occupies approximately 10% o f brain volume. The hippocampus, also referred to 

as the hippocampal formation, can be divided into a number o f subregions, namely the dentate 

gyrus, the hippocampus proper and the subiculum. The hippocampus proper is further 

subdivided into four subfields which consist o f the cornu ammonis (CA) regions; the C A l, 

CA2, CAS and CA4. Although four CA regions have been identified in the hippocampus 

proper, only three of these regions (C A l, CA2 and CA3) have been identified in the rat (van 

Strien et a l ,  2009). For the most part, the CA2 region has been largely ignored in the literature 

due to the lack o f knowledge concerning its neurophysiological properties (Jones & McHugh, 

2 0 1 1 ).
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Human Rodent

Figure 1.1 Main structures of the hum an and rodent limbic systems

Structural layout o f  the human and rodent limbic systems, highlighting the location o f  the amygdala 

(green), bed nucleus o f  stria terminalis (BN ST, blue), hippocampus (pink), hypothalamus (yellow ) and 

olfactory bulbs (M OB, purple). Other structures include the mamillary bodies (MB, orange) which are 

attached to the hippocampus via the fimbria-fomix, the nucleus accumbens (NuAc), ventral tegmental 

area (VTA), and the periaqueductal gray (PAG) and the accessory olfactory bulbs (AOB, red) in the 

rodent brain (Sokolowski & Corbin, 2012).

The hippocampal formation consists of a trilaminar structure containing three layers of cells. 

The deep layer, known as the polymorphic layer, comprises a mixture of afferent and efferent 

fibres and intemeurons. In the dentate gyrus, this layer is referred to as the hilus and contains 

the axons of granule cells that project to the CA3 region, whereas it is referred to as the stratum 

oriens in the CA regions. Superficial to the polymorphic layer, is the cell layer, which is 

comprised of principle cells and interneurons. This cell layer forms the granular cell layer in the 

dentate gyrus and contains the soma of the granule cells. In contrast, in the CA regions and 

subiculum it forms the pyramidal cell layer. The molecular layer is the most superficial layer 

that forms the dentate gyrus and CA regions. In the dentate gyrus, this layer comprises the 

dendrites of the granule cells (van Strien et al., 2009). The hippocampus exhibits an elaborate 

excitatory trisynaptic neural circuitry with the main input running via the entorhinal cortex 

through to the dentate gyrus, CA3, CAI and returning to the entorhinal cortex (Figure 1.2). The 

hippocampus receives input from the axons o f layer II neurons in the entorhinal cortex which 

project to the granule cells o f the dentate gyrus via the perforant pathway, including the lateral 

perforant pathway and medial perforant pathway. The granule cells of the dentate gyrus send 

projections to the pyramidal cells o f the CA3 subfield, via mossy fibres and finally, the CAS 

pyramidal neurons project to the CAI pyramidal neurons, via the Schaffer collaterals pathway. 

The CA3 subfield can also receive direct projections from layer II neurons in the entorhinal 

cortex via the perforant pathway, while the CAI can receive direct input from layer III neurons
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through the temporoammonic pathway. These CAl neurons, along with the subiculum, relay 

back into deep-layer neurons o f the entorhinal cortex, thus forming the main output o f the 

hippocampus (Amaral & Witter, 1989; Deng et a i, 2010). In recent years, these three pathways 

have been extensively studied for evidence of experience-dependent plasticity; the perforant 

pathway, the mossy fibre pathway and the Schaffer collaterals pathway.

The hippocampus is thought to be a crucial structure for the initial encoding and storage of 

memories involving synaptic plasticity, but the neocortex is believed to be the site o f storage 

and maintenance of memory (Battaglia et ai, 2011). The perirhinal cortex is one o f the very 

few neocortical areas closely associated with the hippocampus and receives monosynaptic 

excitatory, plastic input connections. The communication between these two regions is 

important during active behaviour and transfer o f memory-related information (Battaglia et ai, 

2011). In recognition memory', the perirhinal cortex is critically involved in the discrimination 

o f familiarity and novelty detection, whereas the hippocampus appears to play a role in 

contextual memory and processing information related to the spatial arrangements of objects 

(Buckley, 2005; Kealy & Commins, 2011). Lesions o f the perirhinal cortex causes deficits in 

novel object recognition (NOR) task performance (Barker et a i, 2007; Albasser et ai, 2011), 

whereas it appears hippocampal lesions predominantly affect spatial learning in rodents whilst 

sparing recognition memory (Broadbent et ai, 2004). The dentate gyrus hippocampal subregion 

is thought to support a type o f information processing called pattern separation, which is 

defined as a mechanism for encoding and discriminating between spatially similar events 

(Aimone et a i, 2011). Lesions localised in the dentate gyrus of rats have demonstrated the 

importance o f this brain region for pattern separation. Rats with localised dentate gyrus lesions 

have shown impaired novelty detection for both environment as well as small changes in the 

environment compared with controls, indicating an impairment in their pattern separation 

ability (Hunsaker et al, 2008). Such studies have highlighted the various roles played by 

different brain regions in memory formation and have emphasised the relevance o f studying the 

hippocampus in association with other prominent interconnected anatomical regions when 

exploring mechanisms underlying learning and memory.
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Figure 1.2 Illustration of the neural circuitry of the hippocampus

Illustration o f the neural circuitry o f the rodent hippocampus. The hippocampus receives input from layer 

II neurons in the entorhinal cortex (EC), which project to the granule cells o f  the dentate gyrus via the 

perforant pathway, including the lateral perforant pathway (LPP) and medial perforant pathway (MPP). 

The mossy fibres connect the granule cells o f  the dentate gyrus to the pyramidal cells o f the CAS 

subfield, while the Schaffer collaterals connect the CA3 pyramidal neurons to the CAI pyramidal 

neurons. The CA3 subfield can also receive direct projections from layer II neurons in the entorhinal 

cortex via the perforant pathway, while the CAI can receive direct input from layer III neurons through 

the temporoammonic pathway. The main output from the hippocampus is from the CAI to the deep layer 

neurons o f  the entorhinal cortex via the subiculum (Deng et al., 2010).

1.2.3 Cellular and molecular mechanisms o f learning and memory

1.2.3.1 Synaptic transmission and long-term potentiation

The junction between two neurons, referred to as the synapse, forms the connection point for 

transmitting electrical messages in the mammalian nervous system. These connections 

generally arise between axon terminals o f  one neuron (presynaptic neuron) and dendrites o f  

another neuron (postsynaptic neuron). In the vertebrate brain, branched extensions known as 

dendritic spines are the major site o f  excitatory transmission (Morgado-Bernal, 2011). Within 

milliseconds, activation o f relevant synapses causes a presynaptic release o f  glutamate (main 

excitatory neurotransmitter o f  the mammalian nervous system) into the synaptic cleft which 

activates ligand-gated ionotropic AMPA receptors (a-amino-3-hydroxy-5-methyl-4-isoxazole- 

propionic acid) on the postsynaptic membrane leading to an influx o f  Na^ ions and



consequently, depolarisation o f  the postsynaptic neuron to produce an excitatory postsynaptic 

potential (EPSP) (Cooke & Bliss, 2006). Diffused glutam ate also binds to NM DA (N-m ethyl- 

D-aspartate) receptors. However, only high glutamate concentrations at a strongly active 

synapse produce strong depolarisation o f  the postsynaptic m em brane resulting in membrane 

NM DA receptors rem oving the positively charged Mg^" ions that block them. This gives rise to 

an influx o f  Na^ and Câ "" ions through the NM DA receptors them selves, as well as other 

voltage-dependent glutamate channels located in the same neuron and an increase in release o f 

Ca^^ from intracellular stores (M orgado-Bernal, 2011). This massive influx o f  Ca^^ in 

association with other intracellular signals in the postsynaptic membrane can lead to the 

activation o f  several protein kinases, such as Ca^Vcalmodulin-dependent kinases (CaM Ks) and 

extracellular signal-regulated kinase (ERK). It is believed that these kinases serve as positive 

regulators o f  early and late stages o f  synaptic plasticity, such as the phenom enon generally 

known as long-term potentiation (LTP), and memory consolidation (M orgado-Bernal, 2011).

Nowadays, it is widely accepted that LTP, defined as a long-lasting activity-dependent form o f 

synaptic plasticity, is the dom inant model for understanding both the cellular and molecular 

m echanism s o f  memory form ation and storage (Bliss & Collingridge, 1993; Nicoll & M alenka, 

1995; Cooke & Bliss, 2006). Synaptic plasticity was first predicted by Hebb (1949) and is an 

event that describes the process by which connections between two neurons, or synapses, 

change in strength. More specifically, it refers to a decrease or increase in synaptic efficacy. 

This event occurs during learning whereby memories become stabilised and stored as a result o f 

m odifications o f  synaptic strength within existing neural circuits (Bruel-Jungerm an et a l ,  

2007a). M emory formation is thought to be dependent on changes in synaptic efficiency that 

perm it strengthening o f  associations between neurons, and activity-dependent synaptic 

plasticity during this process is believed to be both necessary and sufficient for storage o f 

inform ation (Lynch, 2004). Bliss and Lomo (1973) were the first to dem onstrate that when a 

b rief high-frequency electrical stim ulation was applied to  the perforant path, the m ajor input to 

the hippocam pus that conveys inform ation from neocortical areas, it resulted in a sustained 

increase in synaptic strength at dentate granule cell synapses o f  intact anaesthetised rabbits. 

This important discovery unveiled a whole new area o f  research and over the past few decades, 

LTP has been intensely investigated by researchers who have dem onstrated that it is a property 

shared by neurons in various cortical and subcortical regions o f  the brain across different 

species (Bruel-Jungerman et al., 2007a). However, LTP has been primarily studied at excitatory 

synapses in the hippocampus o f  the mammalian brain, due to the important role o f  the 

hippocam pus in learning and memory. LTP can be divided into NM DA receptor-dependent and 

-independent LTP (M inichiello, 2009). The majority o f  experimental work aimed at 

understanding the mechanism underlying LTP has been specifically focused on NM DA
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receptor-dependent LTP at the synapses between the Schaffer collateral and commissural axons 

and the apical dendrites o f CAl pyramidal cells (Malenka & Nicoll, 1999; Minichiello, 2009).

A sequence of important events occurs to sustain a long-lasting potentiation in synaptic 

strength, which requires the activation o f specific receptors and numerous molecular cascades 

to convert extracellular signals into persistent functional changes in neuronal connectivity. LTP 

comprises three sequential phases that are fundamentally distinct in their underlying 

mechanisms: initial, early-phase LTP (E-LTP) and late-phase LTP (L-LTP). The initial phase, 

also referred to as short-term potentiation (STP), is transient and relies on activity-dependent 

release o f neurotransmitters (e.g. glutamate) from presynaptic terminals in response to an action 

potential. This phase serves as a prelude o f E-LTP and L-LTP, is independent o f protein kinase 

activity for its induction or expression and generally lasts from milliseconds up to 30 to 45 

minutes post-tetanus (Sweatt, 1999).

E-LTP starts at around 30 minutes and lasts up to two to three hours and is subserved by 

persistently activated protein kinases (Sweatt, 1999). This phase depends on mechanisms 

involving AMPA and NMDA receptors (Rao & Finkbeiner, 2007) and postsynaptic Ca^^ influx, 

mediated by the activation o f NMDA receptors, is both necessary and sufficient for the 

induction of this phase (Bliss & Collingridge, 1993). E-LTP requires modification o f existing 

proteins and protein trafficking at synapses, but does not require de novo protein synthesis 

(Bliss & Collingridge, 1993). Ca^^ influx triggers activation of protein kinases such as 

Ca^Vcalmodulin-dependent protein kinase type II (CAMKII) and protein kinase C (PKC), 

which are essential for E-LTP induction (Sweatt, 1999). In contrast, the maintenance phase of 

E-LTP is characterised by the persistent activation of these enzymes and is Ca^^-independent 

(Lynch, 2004). During the maintenance phase, these kinases become autonomously active and 

are capable of performing the phosphorylation events underlying E-LTP expression (Sweatt, 

1999). These events include phosphorylation of postsynaptic AMPA receptors, which enhances 

their activity (Malenka & Bear, 2004), their trafficking to and from the plasma membrane and 

also, their insertion into the postsynaptic membrane (Minichiello, 2009).

L-LTP differs from E-LTP in its dependency for de novo gene expression and protein synthesis 

and it generally lasts from hours to weeks in vivo (Lynch, 2004), making it an attractive 

candidate for the molecular analogue o f long-term memory. Kinases such as protein kinase A 

(PKA), ERK and Ca^Vcalmodulin-dependent protein kinase type IV (CaMKIV) activate key 

transcription factors, including cyclic AMP-response element-binding protein (CREB), leading 

to gene expression and the synthesis o f proteins that underlie L-LTP maintenance (Minichiello, 

2009). Among these newly synthesised proteins are AMPA receptors, which are inserted into 

the postsynaptic membrane thereby increasing the sensitivity o f the cell to glutamate.
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Neurotrophins, which will be discussed in a later section, are considered to be major regulators 

o f activity-dependent synaptic plasticity. Infusion o f brain-derived neurotrophic factor (BDNF), 

the most abundantly expressed neurotrophin in the mammalian brain, has been shown to 

enhance LTP in the rat dentate gyrus (Messaoudi et a i, 2002). Furthermore, forced treadmill 

running has been shown to enhance LTP and object recognition memory, in association with an 

increased expression of BDNF in the dentate gyrus (O'Callaghan et ai, 2007). These data 

present evidence for a role o f BDNF as a mediator of LTP and the associated learning and 

memory.

1.2.3.2 Synaptogenesis and synapse remodelling

in the central nervous system (CNS), plastic events such as alterations in the function and 

organisation of synapses and remodelling of neural networks have been proposed as prime 

candidate mechanisms underlying learning and memory (Bruel-Jungerman et ai, 2007a). 

However, it remains unclear whether the cellular mechanisms mediating long-term memory 

lead to morphological remodelling of existing synapses or synaptogenesis, the growth of new 

synapses between neurons. Dendritic expansion is linked with the formation of new synapses, 

as it is the small actin-rich spine protrusions on the dendrites that form excitatory synapses with 

other neurons (Leuner et ai, 2003). Changes in the number, size and density o f dendritic spines 

will consequently result in changes in the number, size and density of synapses. As such, 

dendritic spines may be involved in the formation o f new memories. In the adult brain, dendritic 

spines are the primary sites for excitatory synaptic contact on pyramidal neurons and therefore, 

an increase in their number could translate into a significant increase in excitatory 

neurotransmission, which is considered an important step in memory formation (Harris & 

Kater, 1994).

Previous evidence suggests certain behavioural plasticity paradigms have lead to the 

restructuring of existing synapses and even de novo synthesis o f synapses (Markham & 

Greenough, 2004). A hippocampal-dependent form o f associative learning was found to be 

associated with an increase in the density o f dendritic spines on pyramidal cells in the CAl of 

the hippocampus (Leuner et a l, 2003). Furthermore, a meta-analysis o f structural changes 

observed after hippocampal-dependent learning revealed the most reliable changes were an 

increase in spine density, large increases in the density o f multisynaptic boutons, particularly in 

the C A 1 region o f the hippocampus and an increase in size and density of perforated synapses, 

primarily in the CA3 region and the dentate gyrus o f the hippocampus (Marrone, 2007).

1 1



1.2.3.3 A d u lt h ippocam pal neurogenesis

The long-held dogma that mammals are bom with all the neurons they will ever possess has 

been debunked due to a vast amount o f research over the past few decades. An overwhelming 

amount o f research now supports the idea that new neuronal cells are continually produced 

throughout the adult life in discrete regions o f adult mammalian brains, including humans, as 

opposed to merely occurring during development (Eriksson et al., 1998). This phenomenon, 

referred to as neurogenesis, is defined as the process o f generating mature, functional neurons 

from neural precursor cells (Ming & Song, 2005). In adult mammalian brains, cell proliferation 

and adult neurogenesis continue to occur in two specific “neurogenic” brain regions, notably the 

subventricular zone (SVZ) o f the lateral ventricle and the subgranular zone (SGZ; thin band of 

cells between the granule cell layer and the hilus) o f the dentate gyrus in the hippocampus 

(Altman & Das, 1967; Eriksson et al., 1998; Gage, 2000). In the SVZ, adult born neurons 

migrate through the rostral migratory stream to become periglomerular neurons and granular 

neurons o f the olfactory bulb (Gage, 2000; Deng et al., 2010). In contrast, the adult born 

neurons in the SGZ differentiate and integrate into local neural networks as granule cells o f the 

dentate gyrus (Gage, 2000; Deng et al., 2010). Although thousands o f new cells are produced 

daily in the adult hippocampus, more than half o f these newly born cells die by apoptosis within 

a few weeks of birth (Shors et al., 2012). However, adult hippocampal neurogenesis (AHN) is a 

highly regulatable process that can by modulated by various intrinsic and extrinsic factors 

including age (Kuhn et al., 1996), learning (Gould et al., 1999; Waddell & Shors, 2008), growth 

factors such as BDNF (Choi et al., 2009), environmental enrichment (Kempermann et al., 1997) 

and physical exercise (van Praag et al., 1999a; van Praag et al., 1999b).

The identification o f adult-born neurons by methods such as labelling with the mitotic marker 

5-bromo-2’-deoxyuridine (BrdU), a thymidine analogue that is incorporated into replicating 

DNA during the S-phase (synthesis phase) of the cell cycle, has enabled researchers to gain a 

greater understanding of the processes involved in adult neurogensis. Given current knowledge 

emphasising the role o f the hippocampus in learning and memory, it has been postulated that 

the integration o f adult bom neurons into the circuitry of the adult hippocampus may serve a 

considerable role in this memory process, particularly in terms o f long-term memory storage. A 

sequence of complex processes is involved in AHN, which begins with the proliferation of 

neural progenitor cells in the SGZ o f the dentate gyrus. Within the first week of their birth, 

neural progenitor cells commit to a neuronal lineage, undergo initial differentiation and migrate 

into the inner granule cell layer o f the dentate gyrus. During the second week after birth, they 

begin to adopt their neuronal like appearance, with dendrites extending to the molecular layer 

and axons extending through the hilus towards the CAS region o f the hippocampus. They
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continue to undergo a long process of morphological and physiological maturation for up to 

four weeks after birth and display characteristics distinct from mature neurons before they are 

fully integrated into existing neural circuits and become indistinguishable from fully functional 

mature neurons (Deng et ai, 2009). Immature neurons start to receive GABAergic inputs within 

8 days of birth and glutamatergic synaptic inputs by 18 days (Deng et ai,  2009). Intriguingly, 

immature neurons exhibit a unique electrophysiological property, whereby they have a lower 

threshold for LTP induction and are more readily excitable than mature neurons (Schmidt- 

Hieber et al,  2004). Although there is no conclusive evidence that AHN plays a role in memory 

formation, the ability of immature neurons to undergo LTP induction at a lower threshold has 

lead some researchers to propose that an increased population of immature neurons may be 

ideally suited to undergo enhanced activity-dependent plasticity (Bruel-Jungerman et ai, 

2007b). This mechanism could play a critical role in facilitating learning and memory 

processes.

AHN has also been proposed as a key component o f the pattern separation function o f the 

dentate gyrus (Cleliand et ai, 2009; Sahay et ai,  2011). Pattern seperation describes the ability 

to discriminate between two patterns, including contexts, objects and locations. Cleliand and 

colleagues (2009) were one o f the first to show that adult mice with ablated neurogenesis due to 

x-irradiation displayed impaired spatial memory for similar, but not distinct, spatial locations in 

the radial arm maze and impaired spatial discrimination for similar but not distinct spatial 

locations, but not impaired associative object-in-place memory, in the mouse touch screen. The 

mouse touch screen is a useful behavioural tool as all trials are directed by the mouse through 

an initiation process, and all testing is independent o f the experimenter. The authors o f this 

study concluded that spatial memory was impaired when stimuli were presented with little 

separation, but not when stimuli were more widely separated in space and also, that newborn 

neurons may be critical for normal pattern separation function in the dentate gyrus of adult 

mice. More recently, a task previously shown to require pattern separation in the dentate gyrus 

(contextual fear discrimination task) was used to assess whether new neurons were required for 

distinguishing between similar contextual representations (Sahay et ai,  2011). Results from this 

study showed that hippocampal x-irradiated mice were unable to discriminate between two 

contexts; a shock associated training context and a similar no-shock safe context, when 

compared with controls. However, a genetic strategy to increase AHN in mice results in a 

greater ability to discriminate between two similar contexts, indicating that increasing AHN is 

sufficient to improve pattern separation.
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1.3 Assessing cognitive function

1.3.1 Measuring recognition and spatial memory in rodents

An important component of memory in our everyday lives is the ability to recognise whether 

we have encountered someone or something before. This ability can be assessed non-verbally 

by using tasks that build on the instinctive nature o f animals, including humans, to look at, or 

explore, something novel. Recognition memory is a form o f declarative memory that is 

commonly studied in both humans and rodents. In humans, object recognition can be described 

as an incessant cognitive process which deals with detection and integration of novelty and with 

update and consolidation o f familiarity (Ennaceur, 2010). The NOR task (Ennaceur & 

Delacour, 1988), is a widely used behavioural task employed to assess aspects o f declarative 

memory in rodents (Squire et al., 2007) and is well-suited for studying the effects o f exercise on 

cognition. Memory performance on this task is based on the premise that animals have a natural 

tendency to explore novel objects in preference to familiar objects (Dere et al., 2007).

The NOR task is a two-trial paradigm, consisting o f both a training (familiarisation) and testing 

phase, which are separated by a prescribed delay period. Typically, the task is run in an open 

field arena, to which the animals have previously been habituated. During training, a set o f 

objects are presented in the open field and the animal is allowed to explore these objects for a 

limited amount o f time before being returned to their home cage for a prescribed retention 

delay. Following the delay period, animals are reintroduced to the open field for the testing trial 

and presented with two (or three) objects: the previously experienced object(s) and a novel 

object. Essentially, one object is substituted for a novel object and recognition memory is 

assessed by analysis o f the rodent’s behavioural response to the altered environment. The 

amount o f time spent exploring the familiar and novel objects is quantified and used to assess 

the behavioural outcome on the task. Performance on the task is distinguished by the animal 

preferentially spending more time exploring the newly substituted object, since a rodent’s 

natural tendency is to explore novelty.

A number o f factors have contributed to the increasing popularity o f the NOR task. The task 

does not involve the strong aversive stimuli that are employed by other common behavioural 

tasks, such as foot shock delivered during fear conditioning or swimming stress encountered 

during the famous Morris water maze (MWM) (Engelmann et al., 2006). In addition, it does not 

require food or water restriction, which is a required component of many Pavlovian 

conditioning and maze learning tasks (Hopkins & Bucci, 2010). Cognitive load on the rodent 

can also easily be manipulated in the absence o f changes to motivation, perception or attention. 

The performance on the task depends on the ability o f the rodent to remember the objects from
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the training phase and thus an experimenter can easily alter the memory load o f the rodent by 

varying the retention delay (time between the training and testing phase), increasing the number 

o f objects to be explored or by modifying the time given to animals to explore the objects in the 

training phase. As a consequence of the inherent flexibility of this task, it is feasible to tease 

apart behavioural differences due to experimental interventions or putative cognitive 

modulating compounds with a high degree o f sensitivity, providing the appropriate task is 

designed and implemented. There is a high level of controversy over the role of the 

hippocampus in object recognition memory, with studies suggesting that the perirhinal cortex 

may have a more critical role in this task (Mumby, 2001). As mentioned previously, evidence 

suggests that this task recruits both the hippocampus, which plays a role in processing 

information related to the spatial arrangement o f objects, and also the perirhinal cortex, which 

plays an important role in the actual recognition o f the features o f the objects (Wan et al., 1999; 

Broadbent et al., 2004; Buckley, 2005; Kealy & Commins, 2011).

Several types o f tasks have been developed to examine spatial memory, including the MWM 

and T- or Y- maze tasks. In our laboratory, we use a spatial variant o f the NOR task, known as 

the object displacement (OD) task, to test spatial recognition memory. This task is a test for 

long-term object-location memory (Griffin et al., 2009) and relies on the formation of a spatial 

map as well as the association o f a specific object with a specific position on the map (Kessels 

et al., 2001). Maze based tasks require animals to learn the spatial routes or paths, whereas 

object displacement relies on the animal being able to recognise changes in the spatial 

configurations of objects. This task involves the same two-trial paradigm as the NOR task, 

however, in the testing phase the spatial configuration of the objects is changed by displacing 

one o f the familiar objects to a new position. Rodents will preferentially explore the displaced 

object. This behaviour is taken as an indication that the animal has remembered the original 

spatial arrangement in contrast to the novel spatial change and is taken as a measure o f spatial 

memory (Poucet, 1989).

Another method used to assess spatial memory in rodents is spontaneous alternation behaviour, 

which is generally tested in either ‘T ’ or ‘Y ’ shaped devices. The principle o f alternation is 

based on the fact that rodents tend to prefer exploring the less recently visited arm of the maze, 

and thus will need to recall the last arm visited (Paul et al., 2009). This implies that rodents are 

using spatial working memory, where the response on each trial varies according to what they 

have previously just done. The T-maze task can be performed in two manners; a free or forced 

test. In the free test, animals are allowed to freely explore the maze, whereas in the forced test, 

one of the maze arms is blocked in order to favour alternation behaviour (Lalonde, 2002). 

Alternative positive reinforcers, such as food rewards, may be placed inside the T-maze arms so 

as to reward alternation behaviour (Paul et al., 2009). Alternation tasks are highly flexible in
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that by increasing the interval between each trial (exploration o f a single arm during maze 

exposure) the cognitive demands can be increased. Spontaneous and rewarded alternation 

behaviours are sensitive to dysfunction of the hippocampus, however, other brain structures 

such as the basal ganglia, neocortical areas and thalamus are also involved (Lalonde, 2002).

1.3.2 Measuring cognitive function in humans

The term ‘cognition’ describes an umbrella o f memory processes that enable us to perform day- 

to-day functions. For example, the ability to remember, solve problems and pay attention are all 

elements o f cognition. Many different cognitive tests have been developed to examine 

particular aspects o f an individual’s cognition. However, having established the importance of 

the MTL in memory formation (Scoville & Milner, 1957; Milner et al., 1998), it is imperative 

for researchers to select tasks that recruit this region o f the brain, particularly when examining 

the effect o f non-pharmacological interventions such as exercise on cognition. In our everyday 

lives, the ability to learn and remember associations between previously unrelated information, 

such as an association between a name and a face, is a fundamental part o f episodic memory 

(Sperling et al., 2001). Nevertheless, forming this face-name association can be a particularly 

difficult associative task because faces and names are inherently unrelated. Patients with right 

amygdalo-hippocampectomy display an inability to recognise previously viewed faces, 

providing evidence that the right MTL is important for face recognition (Crane & Milner, 

2002). Functional magnetic resonance imaging (fMRl) studies have provided further evidence 

for engagement o f the hippocampal formation in face-name task performance. Briefly, this task 

involves presenting a series of unfamiliar faces paired with names to participants and following 

a short delay, the faces are presented again in a randomised order and participants must attempt 

to correctly recall the names. Zeineh and colleagues (2003) showed that learning face-name 

associations during a face-name task resulted in predominant activation o f the anterior CA2 and 

CA3 fields and the dentate gyrus o f the hippocampus. However, these subdivisions o f  the 

hippocampus appeared to be more active during encoding, whereas the subiculum was 

predominantly more active during retrieval. Several other MTL structures have also been 

identified as important structures for encoding including the parahippocampal cortex and the 

amygdala, in addition to the perirhinal cortex and entorhinal cortex, which are predominately 

active during retrieval in a face-name task (Kirwan & Stark, 2004).

Recognition memory, the discrimination of a novel from a familiar event, is composed o f two 

distinct processes, item recognition and associative recognition (Aggleton et al., 2012). Item 

recognition involves the identification o f novel individual stimuli. In contrast, associative 

recognition involves the detection o f novelty that arises when familiar items are reconfigured in 

a new way. As previously described, the NOR task is a commonly employed task to test
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recognition memory in rodents. Given the substantial evidence from rodent studies 

demonstrating the positive effects of exercise on recognition memory (O'Callaghan et ai,  2007; 

Griffin et ai,  2009; Hopkins & Bucci, 2010; Hopkins et ai,  2011), it seems inevitable that these 

results could be translational to humans. Recently, it was reported that participants who 

exercised voluntarily for four weeks including the final day o f testing displayed an 

enhancement in object recognition memory (Hopkins et al,  2012). Interestingly, in the same 

study a single bout o f exercise alone, which involved walking or jogging continuously on a 

treadmill for 30 minutes at a minimum speed o f 3.5mph, had no effect on recognition memory.

In addition to examining MTL-dependent learning and memory, it is also important that 

researchers consider the effects o f exercise on other regions of the brain. The Stroop task 

examines how the brain interprets conflicting information and is associated with activation of 

the anterior cingulate cortex, insular cortex, prem.otor and inferior frontal regions o f the brain 

(Pardo et ai,  1990; Leung et ai,  2000). In the classic colour-word matching Stroop task, 

participants observe the names of colours presented in different ink colours and are instructed to 

name the ink colour the word was presented in (Yanagisawa et ai,  2010). in the incongruent 

condition, colour names are presented in non-matching ink colours (e.g. the word blue is 

presented in yellow) and in the congruent condition, colour names are presented in matching 

ink colours (e.g. the word red presented in red ink). During the incongruent condition, a 

competing effect known as Stroop interference is present due to the two conflicting sources of 

colour information. Participants must inhibit their predominant response to read a word and 

instead, activate a weaker response to name the colour o f the ink in which the word appears 

(Pontifex et al,  2009), which is typically observed as a prolonged reaction time in comparison 

to the congruent condition (Laird et ai,  2005).

1.4 Neurotrophic factors in learning and memory 

1.4.1 An introduction to neurotrophins

Neurotrophins were first identified in the early 1950’s by Rita Levi-Montalcini and Victor 

Hamburger (Levi-Montalcini & Hamburger, 1951) and have since been found to play crucial 

roles in the developing and mature nervous system (Cohen-Cory et al,  2010). More 

specifically, they are a family o f secreted proteins that regulate growth, differentiation and 

survival of neurons in the CNS and peripheral nervous system (PNS) (Blum & Konnerth, 

2005). At least four proteins have been characterised in the neurotrophin family in mammals: 

BDNF, nerve growth factor (NGF), neurotrophin 3 (NT-3) and neurotrophin 4/5 (NT-4/5). They
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are collectively known as neurotrophins because they are derived from a common ancestral 

gene and are similar in sequence and structurally closely related (Hallbook, 1999).

Neurotrophins are initially synthesised as precursor proteins, or pro-neurotrophins, that are 

proteolytically cleaved intracellularly by furin or pro-convertases and are mostly secreted in a 

mature and biologically active form (Lu et al., 2005). Neurotrophins utilize a complex receptor 

system, consisting o f tropomyosin receptor kinase (Trk) receptors and the structurally unrelated 

pan neurotrophin receptor (pVS"^™), to confer diverse and sometimes opposing biological 

actions (Hempstead, 2002). Neurotrophins exert their influence on neurons primarily through 

full-length Trk receptor tyrosine kinases: NGF binds with high affinity to TrkA, BDNF and NT- 

4/5 bind with high affinity to TrkB and NT-3 binds with high affinity to TrkC (Lu et al., 2005; 

Waterhouse & Xu, 2009). In contrast with the specificity displayed by the Trk family of 

receptors, the p75'^’̂ '̂  receptor, which is related to the tumour necrosis factor (TNF) receptor 

superfamily, binds each o f the mature neurotrophins with approximately equal low affinity but 

has a much higher affinity for binding the uncleaved neurotrophin precursors (Lee et al., 2001). 

Trk and p75'^™ receptors display independent signalling properties (Kaplan & Miller, 2000) 

and the activation o f their downstream signal transduction pathways contribute to unique 

physiological responses. Signalling via Trk receptors promotes cell survival, differentiation and 

enhancement o f synaptic plasticity (Bramham & Messaoudi, 2005), whereas signalling via 

p75^™ is thought to play a role in mediating apoptosis (Hempstead, 2002).

1.4.2 BDNF and BDNF-TrkB signalling cascades

Among neurotrophins, BDNF has been the most extensively studied and much o f the research 

to date has linked increases in BDNF to enhancements in learning and memory. This small 

dimeric secretory protein was the second growth factor to be identified and was originally 

purified from the brain o f a pig (Barde et al., 1982). BDNF exhibits a wide range of important 

effects on the developing and adult CNS. It has been implicated in memory formation, 

including learning and behaviour, synaptic transmission and plasticity, and neuronal 

connectivity and it also plays a role in promoting the development of immature neurons and 

enhancing the survival o f adult neurons (Schinder & Poo, 2000; Tyler et a l ,  2002; Bramham & 

Messaoudi, 2005). In the developing and adult mammalian brain, BDNF has the most abundant 

expression and along with its major receptor TrkB, is widely expressed in association with 

glutamatergic synapses across subregions o f the hippocampus and the adult forebrain (Murer et 

a l,  2001; Bramham & Messaoudi, 2005). In fact, the highest concentrations o f this protein can 

be found in the hippocampus and the highest concentration o f TrkB receptors are found in the 

granular cell layer o f the dentate gyrus and the pyramidal cell layer o f the hippocampus (Das et 

a l,  2001). Although it is largely present in neurons, BDNF has also been detected in astrocytes
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(Bergami et a l,  2008). In the periphery, BDNF is detected in the plasma, serum and platelets, 

which rapidly release a large amount of BDNF upon agonist stimulation by thrombin, sheer 

stress and collagen (Yamamoto & Gurney, 1990; Fujimura et a l,  2002). Other potential sources 

o f peripheral BDNF include the heart, spleen, liver, lungs, vascular endothelial cells, smooth 

muscle cells and peripheral blood mononuclear cells (Scarisbrick et a l,  1993; Timmusk et a l, 

1993; Yamamoto et a l, 1996; Sarchielli et a l,  2002; Lommatzsch et a l, 2005). The peripheral 

effects of BDNF are only sparsely known but it is believed to affect the immune system 

(Schuhmann et a l,  2005) and be involved in the regeneration o f neurons during nerve damage 

(Song et a l,  2008). Exogenous BDNF injected into the footpad of Sprague-Dawley rats was 

effective in promoting the regeneration of ascending sensory neurons and functional recovery 

after spinal cord injury, leading the authors to conclude that peripherally derived BDNF may 

have therapeutic effects on spinal cord injury (Song et a l,  2008). Furthermore, peripheral 

BDNF may also contribute to the overall maintenance o f energy balance (Nobel et a l,  2011), as 

it is expressed in many tissues important to the regulation o f energy homeostasis such as the 

liver, adipose tissue and skeletal and smooth muscle cells (Yamamoto et al., 1996; Lommatzsch 

et a l, 1999; Mousavi & Jasmin, 2006; Ukropec et a l, 2008).

BDNF is a basic protein composed o f 252 amino acids and is coded by the Bdnf gene (Knaepen 

et a l,  2010). This gene is located on chromosome 11, band p l3 , contains 11 exons and 9 

functional promoters and extends over 70kb (Maisonpierre et a l, 1991; Binder & Scharfman, 

2004; Pruunsild et a l, 2007). BDNF possess a single coding exon, the 3’ exon, which encodes 

for the entire proBDNF protein (Pruunsild et a l, 2007). However, a variant o f the human Bdnf 

gene has been identified. This single nucleotide polymorphism consists o f a valine to 

methionine amino acid substitution at codon 66 (Val^^Met) in the pro-domain o f the Bdnf gene 

(Egan et al:, 2003; Chen et a l,  2008b) and is found in one or both alleles in approximately 30% 

of the population (Cramer, 2008). The main consequence o f this gene mutation is a disruption 

in the packaging o f BDNF into secretory granules resulting in a decrease o f activity-dependent 

BDNF release (Egan et a l,  2003). The BDNF Val^M et polymorphism carries several 

physiological implications including impaired episodic memory and reduced hippocampal 

activation as measured by fMRI (Hariri et a l, 2003). It has also been linked with mood 

disorders and schizophrenia (Rybakowski, 2008). Such studies have highlighted a role for 

BDNF in human memory and in disorders affecting the brain.

BDNF is initially synthesised as a precursor protein, (proBDNF with molecular weight (MW) 

of 32kDa), which subsequently undergoes enzymatic cleavage to generate the mature BDNF 

(mBDNF with MW of approximately 14kDa). Initial translation o f BDNF occurs in the 

endoplasmic reticulum yielding proBDNF. ProBDNF is packaged into dense core vesicles for 

dendritic trafficking and release, which occurs via the regulated (stimulus-induced) or
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constitutive (spontaneous) route (Mowla et a l ,  1999; Lessmann & Brigadski, 2009). 

Constitutive secretion occurs mainly in the soma, whereas regulated secretion generally occurs 

in distal neural processes (Brigadski et al., 2005). During constitutive secretion, BDNF is 

packaged into distinct vesicles that automatically exocytose when they reach the plasma 

membrane. Generally, proBDNF that has been proteolytically cleaved intracellularly by furin in 

the Golgi bodies is targeted for constitutive secretion. In contrast, the regulated route is activity- 

dependent and involves intact secretory vesicles located at the presynaptic terminal that are 

released under Ca^^-dependent exocytosis. ProBDNF is then cleaved by plasmin, an 

extracellular protease, via the activation of plasminogen by tissue plasminogen activator (tPa). 

BDNF release via the regulated route is dependent on activation o f voltage-gated Na* channels 

and subsequent Ca^^ influx through voltage-gated N-type Ca^^ channels (Blum & Konnerth, 

2005). However, Ca^^ influx-independent forms o f neurotrophin release have also been reported 

(Canossa et a l ,  2001). Although a third BDNF isoform has been identified, known as truncated 

BDNF (Mowla et al., 2001), only the biological actions o f proBDNF, which has an affinity for 

P7 5 NTR receptor, and mBDNF, which selectively binds and activates TrkB, are known.

Activation o f the BDNF-TrkB association induces ligand-receptor dimerization and 

autophosphorylation of multiple tyrosine residues in the intracellular domain o f the receptor. 

Consequently, this leads to phosphorj'lation of tyrosine residues in the carboxyl terminus or 

juxtamembrane domain o f the receptor, which function as docking sites for adaptor molecules 

(Minichiello, 2009). Activation o f the TrkB receptor leads to one or more of the three major 

cytoplasmic signalling cascades (Figure 1.3): the phosphatidylinositol 3-kinase (P13K) and Akt 

(also called protein kinase B) pathway, the phospholipase C-gamma calcium ((PLC-y)-Ca^^) 

pathway and the Ras-mitogen-activated protein kinase (MAPK) pathway (Kaplan & Miller, 

2000; Minichiello, 2009; Cunha et al., 2010). Secretory vesicles containing BDNF are located 

in both presynaptic axon terminals and postsynaptic dendrites of glutamatergic principle 

neurons. Secretion of BDNF into the synaptic cleft and subsequent binding to its receptor TrkB 

can elicit rapid changes in synaptic efficacy in the CNS within minutes of application, leading 

to an increase in excitatory synaptic transmission. The binding o f BDNF to presynaptic TrkB is 

coupled to the stimulation o f presynaptically localised MAP kinases, which in turn increase 

synapsin-1 phosphorylation (Jovanovic et al., 2000). Synapsins operate by tethering small 

synaptic vesicles to the actin cytoskeleton in a phosphorylation-dependent manner. They 

regulate the proportion o f vesicles in the nerve terminal that are available for release (Hilfiker et 

al., 1998). Presynaptically, BDNF facilitates the release o f neurotransmitters such as glutamate 

via phosphorylation of synaptic vesicle proteins (Jovanovic et al., 2000), leading to a 

facilitation o f LTP in the postsynaptic neuron. Postsynaptically, BDNF contributes to the 

maintenance of E-LTP by inducing rapid depolarisations and consequently regulating Ca^^
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influx through voltage-dependent Ca^^ channels and NMDA receptors (Bramham & Messaoudi, 

2005) and by upregulating AMPA expression (Cunha et a l ,  2010). Given that BDNF protein is 

released in an activity-dependent manner and the synaptic localisation o f TrkB, it is likely that 

BDNF is a potential key regulator of synaptic plasticity and memory and it can have extremely 

rapid effects on synaptic transmission.

Activation of the TrkB receptor at position Y515 in the juxtamembrane leads to the recruitment 

o f Src homologous and collagen-like (She) adaptor proteins, which link the activated TrkB to 

two separate signalling pathways; the PI3K-Akt pathway or the Ras-MAPK pathway. Fibroblast 

growth factor receptor substrate 2 (FRS2), another adaptor protein, competes with She adaptor 

proteins for binding at this site and provides a Shc-independent mechanism for activation of 

Ras. In the Ras-MAPK pathway. She adaptors lead to the binding o f growth factor receptor- 

bound 2 (GRB 2) and/or son o f sevenless (SOS). In turn, these proteins evoke transient Ras 

activation, which activates the protein kinase activity o f RAF. This in turn, phosphorylates and 

activates mitogen-activated protein kinase kinase (MEK) 1 and 2 and ERK 1 and 2 to promote 

neuronal differentiation and growth (Minichiello, 2009). These events influence transcriptional 

events via the induction o f CREB transcriptional factor, which plays a role in the cell cycle, 

neurite outgrowth and synaptic plasticity (Chao, 2003). Activation o f ERK 1 and 2 regulates 

synaptic proteins, promotes the formation o f dendritic spines, influences the phosphorylation of 

nuclear transcription and translational factors related to LTP and synaptic plasticity, such as 

CREB and activity-regulated cytoskeleton-associated protein (Arc), and plays a constructive 

role in the induction and maintenance of LTP (Peng et al., 2010). Furthermore, this pathway has 

been associated with recognition memory, in which inhibition of ERK with inhibitor U 0126 

rendered animals unable to distinguish between a novel and familiar object (Kelly et a l ,  2003). 

This study highlighted a possible differential role o f ERK 1 and 2 isoforms in learning and 

memory, as only changes in phosphorylation of ERK 1 were identified in the dentate gyrus 

following object recognition learning.

Ras activation can lead to the P13K-Akt signalling cascade to promote cell survival. Also, upon 

BDNF-TrkB binding this pathway can be mediated through the Shc/GRB2/GRB-associated 

binder 1 (G A Bl) adaptor proteins. In response to this association, 3-phosphoinositides are 

generated by PI3K, which in turn activate 3-phosphoinositide-dependent protein kinase 1 

(PDPKl). Together, these proteins activate protein kinase Akt, which acts as the putative 

effector of the PI3K pathway by phosphorylating several proteins (Minichiello, 2009). 

Activation o f this pathway has been shown to be necessary for the expression o f LTP (Kelly & 

Lynch, 2000; Horwood et al., 2006) and has been implicated in certain types o f memory 

including fear conditioning (Mizuno et al., 2003), inhibitory avoidance (Lin et al., 2001) and 

recognition memory (Callaghan & Kelly, 2012).
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The third pathway activated by the binding o f  a ligand to TrkB is PLC-y-Ca^^ pathway. 

Phosphorylation o f  a tyrosine at position Y816 in the C term inus o f  TrkB leads to activation o f 

PLC-y, which hydrolyses phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) to generate 

inosito l-1,4,5-trisphosphate (lns(l,4 ,5)P3) and diacylglycerol (DAG). Ins(l,4,5)P3 initiates an 

increase in intracellular via its release from internal stores in the endoplasmic reticulum, 

thereby increasing the concentration o f  this common second messenger. An increase in 

intracellular Ca^^ concentration leads to the activation o f  enzymes such as CaM KlI, w hich plays 

an im portant role in the m aintenance o f  LTP (M iyamoto, 2006). Alternatively, via the same 

initial pathway, DAG activates DAG-regulated PKC isoforms.
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Figure 1.3 Interplay of BDNF-TrkB and the downstream signalling pathways

The interaction between BDNF and TrkB activates three main intracellular signalling cascades. 

Phosphorylation and recruitment o f  adaptor proteins (FRS2, She, GRB2, SOS, G A B l) to Y515 leads to 

activation o f  the Ras-MAPK signalling cascade, which promotes cell proliferation, cell differentiation 

and synaptic plasticity, and to activation o f  the PI3K cascade, which promotes the survival o f  neurons. 

Activation o f  PLCy through phosphorylation o f  Y 816 results in the hydrolyses o f  PtdIns(4,5)P2 to 

generate Ins(l,4,5)P3 and DAG, which promotes the release o f  intracellular Ca^  ̂ stores and subsequent 

activation o f  CAMKII and PKC, respectively, to influence synaptic plasticity.
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1.5 Behavioural interventions that enhance cognition

1.5.1 Exercise as a cognitive enhancer in rodents

Over the past few decades, the benefits o f exercise on brain health and functioning have been 

suggested by numerous studies conducted on both animals and humans. Given the wealth o f 

information highlighting the benefits of exercise on general health, it seems intuitive that 

exercise can also have a positive effect on the brain. Animal models have several advantages 

when investigating learning and memory mechanisms, and the effects o f interventions such as 

exercise. Because the cellular and molecular mechanisms underlying learning and memory are 

comparable across species, insight gained from primate and rodent studies can often be applied 

to human research (Purcell & Carew, 2003). Animals also give researchers the advantage of 

studying in vivo techniques, such as imaging, in addition to post-mortem analysis, which for 

obvious ethical reasons would not be possible in human research.

Physical exercise has previously been shown to induce cognitive improvements, up-regulate 

various neurotransmitters in the brain and enhance synaptic plasticity after both short- and long

term bouts of exercise. Four weeks o f voluntary exercise every other day has been shown to 

improve object recognition memory in rats (Hopkins & Bucci, 2010) and improve MWM 

performance, increase the number o f BrdU-positive cells and selectively enhance LTP in the 

dentate gyrus of mice (van Praag el a i, 1999b). Furthermore, five days o f exercise per week 

over an eight week period, either voluntary or forced, increased the number o f surviving BrdU- 

positive cells in the dentate gyrus of rats, although forced exercisers had significantly more than 

voluntary exercisers suggesting that these two forms of exercise may be inherently different 

(Leasure & Jones, 2008). Taken together, these data indicate that long-term exercise regimens 

can regulate hippocampal neurogenesis, synaptic plasticity and learning.

Studies examining the impact o f short-term exercise on cognitive function and the underlying 

neurochemical mechanisms in rodents have also presented some interesting results that support 

the beneficial role o f exercise in learning and memory. One week o f forced treadmill running 

resulted in an enhancement in object recognition memory, which was associated with an 

enhancement in LTP and increased expression o f BDNF in the dentate gyrus (O'Callaghan et 

a i,  2007). Furthermore, one week o f treadmill exercise significantly enhanced both NOR and 

OD learning and these behavioural changes were accompanied by an increase in the expression 

o f BDNF in the dentate gyrus, hippocampus and perirhinal cortex o f rats (Griffin et a i,  2009). 

Intracerebroventricular (i.c.v.) administration o f BDNF was capable of mimicking the exercise 

induced enhancement of object recognition learning, which highlights a possible role for this 

growth factor in this form of learning. Although one week o f exercise can enhance object
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recognition learning and LTP, it is not capable o f improving spatial learning, as assessed by the 

MWM (O’Callaghan et a l ,  2007). Given that no exercise effect on spatial learning was evident 

it could be speculated that one week o f exercise may not always induce a cognitive 

enhancement, and furthermore, an enhancement in LTP may not always be correlated with an 

improvement in learning. Conflicting evidence demonstrates that one week o f exercise 

improved performance on the MWM task, however, the exercise paradigm used in this study 

was voluntary (Vaynman et a l ,  2004). This same study also found an increase in BDNF 

messenger RNA (mRNA) expression in the hippocampus and demonstrated that by inhibiting 

the actions o f endogenous BDNF with a specific immunoadhesin chimera TrkB- 

immunoglobulin G (TrkB-IgG), which mimics the BDNF receptor, the benefit o f exercise on 

performance in the MWM task is blocked.

Interestingly, a lot of human research has focused on the effects of a single bout o f exercise 

with very little work performed on rodents. In fact, the majority o f studies have focused on 

exercise paradigms that exceed one week duration. However, two hours o f treadmill exercise 

induced a three- to five- fold increase in BDNF mRNA expression in the hippocampus and 

cortex o f mice, peaking 2 hours post-exercise (Rasmussen et al., 2009). The authors proposed 

that this up-regulation o f BDNF mRNA expression in the recovery period may serve as a 

compensatory adaptation to the increased demand for BDNF release by the brain during and 

after exercise. It remains to be determined whether a single bout o f physical exercise can lead to 

exercise-induced cognitive enhancements in rodents. In addition, if exercise promotes cognitive 

function, then a logical question to address is ‘how much exercise is enough?’ To our 

knowledge, no study has examined the minimum amount o f exercise needed to see any 

exercise-induced cognitive enhancement in rodents.

Despite the robust confirmation of the beneficial effects of short- and long-term exercise on 

brain health and functioning, the exact cellular and molecular mechanisms underlying the 

ability o f  exercise to benefit cognitive and neuronal functions remain obscure and are yet to be 

fully elucidated. Furthermore, not all studies have demonstrated cognitive improvements after 

exercise (O’Callaghan et a l ,  2007), suggesting that the effects of exercise on various aspects of 

cognition may depend on variable factors such as the duration o f exercise exposure, the 

modality o f the exercise undertaken (e.g. forced versus voluntary) and the intensity o f the 

exercise, along with the nature and difficulty of the task (Berchtold et al., 2010).

1.5.2 Exercise as a cognitive enhancer in humans

Through contemporary studies, it is now becoming evident that exercise not only has positive 

effects on many physiological systems but may also have the potential to improve
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neurobiological processes and functions in the brain. Much research to date has focused on the 

effects of exercise and cognitive function in older populations, particularly because in older 

adults without dementia the hippocampal volume shrinks 1-2% annually (Raz et a l ,  2005) and 

this loss o f volume increases the risk o f memory impairment in late adulthood (Jack et al., 

2010). Exercise in an aged population has been linked to a reduced incidence o f dementia, 

relative to their sedentary counterparts (Rovio et al., 2005; Larson et al., 2006), indicating that 

regular exercise may be a powerful neuroprotective approach against age-related cognitive 

decline. Higher levels o f aerobic fitness have also been shown to be associated with an 

increased hippocampal volume in elderly adults (Erickson et al., 2009). More recently, Erickson 

and colleagues (2011) reported that a one year aerobic intervention increased hippocampal 

volume by 2%, which effectively offset the age-related loss in volume by one to two years. 

This increase in volume also translated to improved memory function and higher circulating 

BDNF levels, thus further highlighting the potential neuroprotective role o f aerobic exercise. 

Moreover, the existing evidence indicates that exercise may have the capacity to attenuate the 

deleterious consequences o f ageing (Erickson et al., 2011).

Exercise has also been shown to have positive effects on cognitive function in younger 

populations. A single acute bout of moderately-intense aerobic exercise was reported to 

improve the cognitive control o f attention in preadolescent children (Hillman et a l ,  2009), 

supporting a role for moderate acute exercise as a contributing factor for increasing attention 

and academic performance. Various studies have highlighted the positive effects o f acute 

exercise on enhancing cognitive function in young, healthy adults. However, it appears that the 

intensity o f exercise is an important factor to consider. Winter and colleagues (2007), for 

instance, reported that vocabulary learning was accelerated by 20% immediately after an acute 

exercise bout o f intense running in young healthy males, but was unchanged after moderate 

exercise. Ferris and colleagues (2007) examined the effect of acute exercise o f varying 

intensities on cognitive function and circulating BDNF, a growth factor believed to play a role 

in mediating the cognitive enhancing effects o f exercise. Cognitive function, as measured by the 

Stroop task, was improved after all exercise conditions, which involved a graded exercise test 

(GXT) and both high and low intensity endurance cycles o f 30 minute duration. BDNF 

concentration in the serum increased from baseline after high intensity exercise and the GXT. A 

recent study from our laboratory demonstrated that acute maximal intensity exercise had no 

effect on Stroop task response accuracy, however, performance of the face-name task was 

enhanced following the exercise protocol (Griffin et al., 2011). These changes in cognitive 

function were paralleled by an increase in BDNF concentration in the serum of exercising 

subjects. The discrepancies between the two studies may be attributed to the absence o f a 

control, non-exercising group in the first study, suggesting that the observed enhancement in
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Stroop task performance were a result o f a practice effect. The findings from our laboratory are 

consistent with several other studies that have demonstrated increases in the concentration of 

both plasma and serum BDNF in response to exercise (Gold et al., 2003; Rojas Vega et ai,  

2006; Goekint et al., 2008; Tang et a l ,  2008; Rasmussen et al,  2009; Cho et a l ,  2012), thus 

providing support for the hypothesis that BDNF could be a mediator of the enhancing effect of 

exercise on learning and memory. Based on previous research, it seems that single bouts of 

exercise can affect specific underlying processes that support cognitive function and may be 

necessary for effective cognitive health and functioning across the lifespan.

Investigation into the effects o f different acute exercise modalities has lead to a stronger role for 

aerobic exercise in modulating changes in cognition. Cardiovascular (aerobic) exercise such as 

cycling, running and swimming are reported to induce cognitive benefits, as opposed to 

strength/resistance training (Liu-Ambrose & Donaldson, 2009). Aerobic and resistance exercise 

represent a distinct spectrum o f exercise due to the different physiological demands (i.e. 

cardiovascular, musculoskeletal, metabolic, etc.). An acute bout of aerobic exercise resulted in 

shorter reaction time latency during a working memory task, but resistance exercise failed to 

evoke a similar effect, indicating that different modes o f exercise have differential effects on 

this type o f memory (Pontifex et a l,  2009). Furthermore, no effects on serum BDNF 

concentrations after an acute resistance training session or strength training period have been 

reported (Schiffer et a l ,  2009; Goekint et a l ,  2010).

Chronic exercise has also been found to have positive effects on cognitive measures and 

peripheral BDNF concentrations. In our laboratory, we have shown that as little as five weeks 

o f aerobic training has the ability to enhance cognitive performance on a hippocampal- 

dependent task (i.e. face-name task) in young male adults, with an increase in serum BDNF 

concentration (Griffin et a l,  2011). Furthermore, it has been shown that three months of 

endurance training increases the release o f BDNF from the human brain at rest, compared with 

baseline values and to sedentary controls (Seifert et a l,  2010). In this study, blood samples 

from each participant were obtained simultaneously from the brachial artery and the right 

internal jugular vein at various time points throughout the exercise protocol during the first 

laboratory visit and during a three month follow-up. The resting arterial BDNF level was not 

affected by three months o f endurance training or by sedentary living, but training significantly 

increased the jugular venous BDNF level compared with the baseline level and the control 

group.

Some o f the discrepancies and often contradictory findings in the literature have led researchers 

to develop four methodological factors to be considered in experimental research. These include 

(i) the physical fitness o f the participants, (ii) the intensity and duration of the exercise, (iii) the
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nature o f the cognitive taslc, and (iv) the time at which the cognitive taste was presented to 

participants after completion o f the exercise bout (Grego et a l ,  2004). In reference to the last 

point, fatigue is evident when exercise exceeds one hour (Grego et a l ,  2004). Naturally 

symptoms o f fatigue can appear after exercise of long duration and therefore, it is essential to 

consider these effects when examining cognitive function. During prolonged exercise, several 

factors relating to the appearance of central fatigue can emerge, such as heat stress, dehydration, 

hypoglycaemia and changes in hormonal levels (Cian et a l ,  2001; Grego et a l ,  2004), which 

can subsequently lead to a possible decrease in cognitive performance. Exercise exceeding one 

hour resulted in a progressive increase in cortisol and adrenaline (Grego et al., 2004).

Collectively, the research on acute and chronic exercise suggests that rather than observing a 

ceiling effect o f exercise in a young population, being active actually contributes to functional 

differences. Short bouts of exercise could be useful in situations which require an immediate 

boost o f  learning, such as exercise performed prior to studying (Winter et al., 2007). 

Furthermore, participation in regular aerobic exercise in early adulthood and the maintenance of 

exercise throughout one’s life might increase the resilience o f the brain at a later stage in life, 

resulting in so called ‘cognitive reserve’ (van Praag. 2009). Given that a strong relationship 

between exercise and cognitive function exists in humans, it is imperative to study the 

underlying mechanisms, which to date, are unclear and remain to be elucidated.

1.5.3 Environmental enrichment as a cognitive enhancer

Aside from exercise, other behavioural and non-pharmacological interventions exist that have 

the ability to enhance cognitive function. Environmental enrichment is another intervention that 

has been shown to be protective against the normal decline in memory function associated with 

ageing, in addition to numerous neurological and psychological pathologies in both human and 

animal models, such as Alzheimer’s disease, depression and Huntington’s disease (Mora et al., 

2007; Laviola et al., 2008; Brenes et al., 2009; Nithianantharajah & Hannan, 2011). 

Environmental enrichment can be broadly defined as a housing condition that ‘facilitates 

enhanced sensory, cognitive and motor stimulation relative to standard housing conditions’ 

(Nithianantharajah & Hannan, 2006). Protocols reported in the literature vary widely between 

laboratories, but in general, animals are housed in larger cages with enrichment objects (e.g. 

toys, nest boxes and tunnels) which vary in composition, colour, shape, size and texture 

(Nithianantharajah & Hannan, 2009). The inclusion o f a running wheel is another parameter 

which can vary between protocols and have significant implications, as enhanced voluntary 

exercise alone has effects on the brain (van Praag et al., 1999b; Hopkins & Bucci, 2010). A 

recent study performed in our laboratory demonstrated that both one week o f exercise and three 

weeks o f environmental enrichment improved object recognition memory in the adult rat, with a

27



combination o f the two interventions having an additive effect on task performance (Bechara & 

Kelly, 2013). Several other studies have also suggested that environmental enrichment without 

access to running wheels can still confer cognitive benefit in healthy young rats, and protect 

against age-related cognitive decline (Harburger et a i ,  2007; Birch et al., 2013). In contrast, 

there is evidence to suggest that the effects o f environmental enrichment on spatial memory, 

BDNF and neurogenesis in mice is attributed entirely to the physical exercise component o f the 

environmental enrichment protocol (Kobilo et a l ,  2011).

1.6 Mechanisms of exercise-induced enhancement of cognitive function 

1.6.1 Exercise and growth factors

Neurotrophins have been targeted as possible mediators governing the effects o f exercise on 

cognition, with much o f the research to date focusing on BDNF. Various animal studies have 

indicated that exercise can have a profound effect on BDNF expression in the brain. Neeper and 

colleagues (1996) were among the first to report a significant positive correlation between the 

mean distance run following voluntary exercise and BDNF gene expression in the hippocampus 

and caudal neocortex o f rats. The authors postulated that exercise could increase the availability 

o f BDNF to these cells by increasing its expression and thus proposed that exercise may have a 

role to play in increasing the brain’s resistance to damage and degeneration through BDNF’s 

stimulation o f neuronal growth and survival. Various other studies have supported the findings 

o f the aforementioned study by demonstrating a robust increase in BDNF mRNA and protein 

expression in the brain following both forced and voluntary exercise of three days duration or 

more (Molteni et al., 2002; Vaynman et al., 2004; van Fraag et a i ,  2005; O'Callaghan et al., 

2007; Griffin et al., 2009; Ding et al., 2011) and have shed more light on the link between 

exercise and BDNF. Some studies have noted significant changes in BDNF mRNA expression 

within 2 hours following an acute exercise paradigm (Huang et a i ,  2006; Soya et al., 2007; 

Rasmussen et a i ,  2009). Since BDNF expression can be upregulated over a short time frame, it 

has been proposed that exercise-induced BDNF is a prime candidate mediating short-term 

cognitive enhancement. Conversely, no changes in hippocampal BDNF protein was reported 

when measured immediately or 2 hours after an acute exercise protocol (Goekint et al., 2012). 

However, there is still no substantial neurophysiological evidence on how acute bouts of 

exercise improve cognitive function.

Like BDNF, NGF stimulates the proliferation, growth and survival o f new neurons by exerting 

its actions through TrkA receptors (Blum & Konnerth, 2005). Few studies have provided 

evidence o f an increase in NGF expression with exercise (Neeper et al., 1996), however, some
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have suggested a role for this growth factor in learning and memory (Gustilo et a l,  1999; 

Conner et a l ,  2009). NGF signalling may have a more substantial role in ageing as previous 

research indicates the concentration of NGF and its receptor are decreased in the dentate gyrus 

o f aged animals and its stimulated release is reduced (Kelly et al., 2000). These neurochemical 

changes were correlated with impaired LTP in these animals. However, a previous study 

demonstrated that long-term treadmill exercise (8 month duration) rescued the age-related 

impairments in both BDNF and NGF mRNA expression in the dentate gyrus (O'Callaghan et 

al,  2009). Significant correlations between the expression of these growth factors and the 

ability to sustain LTP were reported in exercised aged animals, in addition to improved spatial 

learning on the MWM task when compared with aged controls.

Aside from BDNF and NGF, other neurotrophins have also emerged as possible candidates 

mediating the effects of exercise on brain function. Insulin-like growth factor 1 (lGF-1) plays a 

crucial role in supporting cognitive function and is important for nerve growth and 

differentiation, neurotransmitter synthesis and release (Anlar et a l,  1999). Given its prominent 

role in supporting cognitive function, it has been suggested that it could be a mechanism sub

serving exercise-induced cognitive enhancement (Ding et a l ,  2006). lGF-1 receptors are 

abundantly expressed in the hippocampus and blocking these receptors with the potent 

inhibitor, AG538, during exercise has been shown to inhibit exercise-induced enhancements in 

memory (Ding et a l ,  2006). Furthermore, exercise-induced increases in levels o f mBDNF 

mRNA and protein and proBDNF protein were dampened following lGF-1 receptor blocking, 

suggesting that the effects of lGF-1 may be partially accomplished by modulating proBDNF to 

mBDNF. Serum lGF-1 deficient mice were reported to have spatial memory impairments, 

which was ameliorated by exogenous lGF-1 administration (Trejo et a l,  2008). Thus, this study 

suggests that circulating lGF-1 could be beneficial in mediating the effects o f exercise on the 

brain. However, a more recent study reported no changes in serum lGF-1 concentration 

following either acute exercise or chronic training in young male human subjects (Griffin et al, 

2011). This finding is in broad agreement with the existing literature and due to lacking 

evidence, the role of lGF-1 in exercise-induced cognitive enhancement warrants further 

investigation.

1.6.2 Exercise and synaptic plasticity

Physical exercise induces hippocampal synaptic plasticity primarily by enhancing synaptic 

efficacy and altering the expression o f molecules involved in learning and memory (Vaynman 

et a l,  2004). Exercise facilitates LTP in young rodents compared with sedentary controls (van 

Praag et a l,  1999a; Farmer et a l ,  2004; O'Callaghan et a l,  2007) and this synaptic 

enhancement is apparent when rodents perform either voluntary or forced treadmill exercise. To
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date, many studies examining the effects of exercise on LTP have used exercise protocols of 

one week duration or more and as a result, there is limited evidence probing the effects of acute 

exercise on this form o f synaptic plasticity.

1.6.3 Exercise, angiogenesis and vascular growth factors

Physical exercise influences vasculature, with the most obvious and rapid change being 

vasodilation. Although the brain was originally believed to maintain a constant blood supply in 

the face of changes to arterial pressure, there is now overwhelming evidence supporting an 

increase in cerebral blood flow possibly due to an increase in brain metabolism (Querido & 

Sheel, 2007). At a cellular level, physical activity has been linked with angiogenesis, which 

involves the growth of new capillaries from pre-existing blood vessels, in several brain regions 

including the hippocampus, motor cortex and cerebellum (Isaacs et al., 1992; Swain et a l,  

2003; Clark et al., 2009; Van der Borght et al., 2009). Vascular endothelial growth factor 

(VEGF), a hypoxia-inducible secreted protein, plays an important role in the angiogenic effects 

o f exercise (Ferrara et al., 2003; van Praag, 2009). VEGF expression is increased in skeletal 

muscle and brain tissue following a single bout o f moderate intensity exercise (Tang et al., 

2010). In this study, exercise-induced VEGF expression was predominant in the hippocampus, 

linking a possible function for this growth factor in learning and memory. Kerr and colleagues 

(2010) reported on the importance o f vascular plasticity in learning and memory by 

pharmacologically blocking angiogenesis with a selective inhibitor (SU5416). Results from this 

study showed that blocking angiogenesis in the hippocampus impaired learning and memory 

acquisition in a two trial MWM task. In humans, cerebral blood volume changes in the dentate 

gyrus have been correlated with aerobic fitness and cognitive function (Pereira et a l,  2007). 

Collectively, these experiments show that the hippocampus displays remarkable angiogenic 

plasticity and rapidly responds to physical activity. These vascular adaptations could be a 

potential underlying mechanism by which exercise improves cognitive function, however 

affirmative evidence is lacking.

1.6.4 Exercise and temperature

Temperature fluctuations can be observed during many physiological situations. In humans and 

rats, core temperature can rise by several degrees centigrade (°C) following physical exercise. 

The bulk o f this heat is likely to be provided by the working skeletal muscles due to an 

increased metabolic demand. Venous blood drained from active muscles is transported to the 

rest o f the body including the brain via the circulation. The hypothalamus situated at the base of 

the brain is the thermostat for body temperature regulation, however, in rats a ventro-dorsal 

temperature gradient is present (Andersen & Moser, 1995). The dorsal cortex is generally 1-
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1.5°C cooler than the base o f the brain and this gradient is maintained during temperature 

increases associated with physical exercise (Andersen & Moser, 1995). In rats, the variations in 

brain temperature are greater than in some other species and this is largely attributed to the 

absence of the carotid rete, which is also lacking in humans.

Physiological changes in temperature can have an effect on brain function and may be a means 

by which acute exercise can facilitate improvements in cognitive performance. Relatively small 

changes in tissue temperature can affect the speed o f many cellular processes, including 

synaptic transmission and action potential generation (Andersen & Moser, 1995). During 

warming, synaptic potentials become faster and larger and changes in neurotransmitter release 

are apparent. Therefore, since exercise can significantly increase core temperature in exercising 

rats after 1 hour (Hasegawa et al., 2011), it is possible that this increase in core temperature 

could facilitate synaptic transmission and contribute to enhancements in learning. To our 

knowledge, no study has been conducted in vivo to examine the relationship between acute 

exercise and temperature and their independent effects on cognitive performance.

1.6.5 Exercise and blood-hrain barrier

The blood-brain barrier (BBB) is a selective barrier that restricts permeability to the brain and is 

formed by the endothelial cells that line the cerebral microvessels (Abbott et a l ,  2010). This 

physical barrier consists of complex tight junctions between adjacent endothelial cells that force 

most o f the molecular traffic to take the transcellular pathway across the BBB, rather than the 

paracellular pathway through the junctions (Wolburg & Lippoldt, 2002). Lipid-soluble agents 

and those with a molecular weight less than 450Da can passively diffuse through the plasma 

membrane o f endothelial cells (Liu et a l ,  2004). In contrast, the BBB is characterised by low 

paracellular permeability between endothelial cells and molecules exceeding 180Da are not 

permitted across the BBB (Kozler & Pokorny, 2003).

It remains to be determined whether neurotrophins, such as BDNF, can cross the BBB under 

normal conditions. To date, studies have reported contradicting findings about BDNF crossing 

the BBB. Despite the size o f BDNF (~14kDa), some argue that it can cross the BBB in both 

directions in humans and animals, via a high capacity saturable transporter system (Poduslo & 

Curran, 1996; Pan et al., 1998). However, other studies have challenged the idea o f an exchange 

o f BDNF between the brain tissue and blood (Sakane & Pardridge, 1997; Wu, 2005). 

Rasmussen and colleagues (2009) reported that during exercise there is a two- to three- fold 

increase in the cerebral output of BDNF into the circulation. Moreover, others have suggested 

that BBB integrity may be threatened by a rise in core temperature (Watson et al., 2005). In this 

study, participants tested under warm conditions were immersed to the neck in hot water
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maintained at 39.0±0.1°C for 30 minutes prior to cycling at 60% peak oxygen uptake for 1 hour 

in a climatic chamber maintained at 35.0±0.3°C. The serum concentration of SlOOp (21kDa), a 

proposed peripheral marker o f BBB permeability and protein specific to the CNS (Sendrowski 

et a i,  2004), was elevated in those exposed to a warm environment prior to exercise suggesting 

that BBB permeability may have been altered. Taken together, there is still no clear evidence 

supporting the transport o f BDNF across the BBB from brain to periphery or vice versa. 

Naturally it seems counterintuitive for the BBB to allow molecules to permeate the brain, as this 

may lead to neurotoxic harmful substances leaking from the blood into the brain and 

contributing to potentially fatal complications. Further research investigating the possibility that 

neurotrophins can cross the BBB is warranted, particularly as BDNF is widely considered to be 

the mediator o f exercise-induced cognitive enhancements.

1.6.6 Exercise and morphological changes

Physical exercise can have positive effects on neuronal morphology, mainly affecting dendritic 

spines. LTP induction is closely linked with changes in spine size and quantity, which are 

considered to support changes in synaptic strength (van Praag, 2009). Long-term voluntary 

running (2 months duration) increased the density o f dendritic spines in granule neurons and 

CAl pyramidal neurons o f the dentate gyrus and layer 111 pyramidal neurons of the entorhinal 

cortex (Stranahan et a i ,  2007). Mossy fibre sprouting is one of the most dramatic neuroplastic 

events and has been reported to increase following a short period o f exercise. In a more recent 

study, a significant increase o f mossy fibre terminals in the CA3 stratum oriens region of the 

hippocampus was observed after five days o f both forced and voluntary exercise (Toscano-Silva 

et a l ,  2010). These findings suggest that physical activity exerts pervasive effects on neuronal 

morphology and such structural changes may contribute to the exercise-induced changes in 

cognitive function, however, it appears that at least several days of exercise are needed to 

observe such changes. Further empirical research is necessary to determine the role of 

morphological changes in learning and memory processes.

1.6.7 Exercise and neurogenesis

Exercise is the most robust neurogenic stimulus identified to date (van Praag, 2009). 

Considering the length o f time it takes for neurons to mature and become fully integrated into 

neuronal circuitry, it is likely that neurogenesis is a more long-term adaptation to exercise and 

its associated cognitive-enhancing effects. However, the onset of the effect of exercise on 

neurogenesis appears to be rapid with cell genesis reportedly peaking following three days o f 

voluntary exercise (Kronenberg et a l ,  2006). This pro-proliferative effect remains elevated for 

up to 32 days before returning to baseline. Numerous other studies have shown that both
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voluntary and forced exercise can induce an increase in AHN in the dentate gyrus (van Praag et 

al., 1999b; Fabel et al., 2003; van Praag et al., 2005; Van der Borght et al., 2007), although as 

previously mentioned these two exercise paradigms may be inherently different (Leasure & 

Jones, 2008).

1.7 Pharmacomimetics of exercise

By understanding the cellular and molecular consequences o f physical exercise in the rodent 

brain, it may be possible to develop novel therapeutic strategies that mimic the positive effects 

o f exercise. BDNF appears to be the most recognised chemical mediator of the beneficial 

neurophysiological effects o f exercise (Stranahan et a l ,  2009) and consequently, it is this 

growth factor that has received the most attention as a potential pharmacological agent for the 

enhancement of neural function. Nevertheless, a number o f properties o f BDNF have limited its 

therapeutic potential. Among these significant pharmacokinetic problems is the very short half- 

life o f plasma BDNF (ti/2=0.92min in rats; Poduslo & Curran, 1996) its poor ability to penetrate 

the BBB (Boado et al., 2007) and poor brain intraparenchymal penetration (Morse et al., 1993). 

To counteract these problems, a long-sought goal has been to develop small molecule ligands 

that bind with high affinity and specificity to TrkB receptors (Fletcher & Hughes, 2006).

To achieve any potential therapeutic effects, these novel agents must possess a tremendous 

increase in plasma stability, have similar potency and an ability to cross biological membranes, 

compared with endogenous BDNF (Stranahan el al., 2009). An interesting alternative to 

recombinant BDNF was recently identified after a chemical library o f compounds that activate 

TrkB receptors in vitro was screened (Jang et al., 2010b). The authors discovered a series of 

flavone derivatives with TrkB agonist properties, with 7,8-dihydroxyfiavone (7,8-DHF) 

exhibiting the most potent effects. Flavonoids are common components o f the daily diet and are 

naturally present in fruits and vegetables. They are a large group o f polyphenolic compounds 

made up of a basic fiavan nucleus with two aromatic rings, namely the A and B rings, 

interconnected by a three carbon atom heterocyclic ring (the C ring) (Liu et al., 2010). The 

preliminary structural-activity relationship (SAR) study established that the 7,8-catechol moiety 

on the A ring is essential for the agonistic effect by 7,8-DHF (Jang et al., 2010b). Furthermore, 

it was found that the hydroxy groups on the B ring can regulate 7,8-DHF’s stimulatory activity 

on the TrkB receptor (Liu et al., 2010). A 2’-hydroxy and, especially, a 3’-hydroxy group has 

been shown to elevate the agonistic effect, whereas a 4 ’-hydroxy group diminishes the 

stimulatory effect (Liu et a l ,  2010). Numerous studies have emerged on the commercially 

available synthetic version o f 7,8-DHF (Figure 1.4). These studies have demonstrated that 7,8-
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DHF is the first coinpound to imitate the actions o f BDNF and enter the brain with much more 

efficacy than the protein (Choi et a l ,  2010; Jang et a l ,  2010b). Intraperitoneal (i.p.) injection of 

7,8-DHF in mice has been shown to cross the BBB and cause TrkB receptor dimerization and 

autophosphorylation and activation o f downstream signalling (Jang et al., 2010b). Furthermore, 

behavioural studies have demonstrated that a single systemic dose o f 7,8-DHF was sufficient to 

activate TrkB receptors in the amygdala and enhance both fear acquisition and extinction in 

naTve mice (Andero et a l ,  2011). This small peptide mimetic reversed memory deficits in an 

Alzheimer’s mouse model (Devi & Ohno, 2012) and blocked long-term declarative memory 

deficits elicited by acute stress immobilisation (Andero et al., 2012). Application of 7,8-DHF in 

vitro rescued long-term synaptic plasticity in hippocampal slices of aged rats (Zeng et a/., 2011) 

and more recently, chronic treatment with 7,8-DHF significantly reversed synaptic loss and 

enhanced synaptic plasticity in the hippocampus of cognitively impaired aged rats in an age- 

dependent manner (Zeng et al., 2012). Collectively, the existing literature suggests that this 

TrkB agonist exerts neurotrophic effects in both healthy and diseased animal models via its 

ability to mimic BDNF and potently activate TrkB receptors. Therefore, 7,8-DHF may serve as 

a potentially promising therapeutic intervention for the clinical treatment o f some nervous 

system disorders and as a cognitive enhancer. Further investigation o f the effects of 7,8-DHF 

could warrant this as a viable pharmacological mimetic for the effects o f exercise on the brain.

O

OH

Figure 1.4 Chemical structure of 7,8-dihydroxyflavone

Illustration o f  the com m ercially  availab le synthetic version o f  7 ,8 -D H F , w ith a m olecular form ula o f  

C 1 5 H 1 0 O 4  (im age taken from  httD://w w w .tc ich em ica ls .co m /esh o p /en /u s/co m m o d itv /D 1 9 1 6 /).

Other compounds that exhibit TrkB agonist properties have also emerged in recent years, 

however, there is limited literature available on the benefits o f these compounds in vivo and 

evidently more detailed pharmacodynamics would be desirable. Among these is a more potent
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analogue of 7,8-DHF which was discovered following an extensive SAR study. 4- 

dimethylamino-7,8-dihydroxyflavone (4-DMA-7,8-DHF) exhibited better in vivo 

pharmacokinetics and displayed higher TrkB agonistic activity than that o f its lead (Liu et a i ,  

2010). Furthermore, deoxygedunin has also been reported to bind to the extracellular domain of 

TrkB and promote its dimerization and activation, in addition to enhancing cue-dependent fear 

conditioning learning (Jang et a l ,  2010a). Although studies to date have primarily focused on 

BDNF as a signalling target for the enhancement o f neuronal function, it should be noted that 

there are many biochemical links between physical activity and neurophysiology and 

consequently, other pharmacological mechanisms by which the beneficial actions o f exercise 

can be effectively reproduced exist (Stranahan et al., 2009).

Several advantages and limitations exist for the use o f pharmacological mimetics for the effects 

of exercise on the brain. A low adherence rate to prescribed exercise programmes could be 

overcome by a higher compliance for an exercise pharmacomimetic. Also, those physically 

impaired and unable to partake in exercise protocols could benefit from the use of 

pharmacomimetics o f exercise (Stranahan et a l ,  2009). On the contrary, pharmacological 

interventions that mimic the effects of exercise could involve the generation of potentially 

multiple side-effects. Ramsden and colleagues (2003) reported that microinjections of kainic 

acid, a neuroexcitotoxic agent, into the hippocampi o f anaesthetised female rats resulted in 

greater neuronal loss in hippocampal region CA2/3 in subjects that were provided with a 

running wheel for 28 days compared with sedentary controls. The authors of this study 

interpreted this enhanced excitotoxicity in exercised rats as a consequence o f exercise-induced 

increased expression o f hippocampal BDNF, thus supporting the hypothesis that exercise- 

induced plasticity could leave the brain more vulnerable to excitotoxicity. In contrast, pre-injury 

exercise appears to confer a significant improvement in performance o f the MWM and object 

exploration tasks relative to non-exercised controls, which the authors attributed to an 

enhancement of a probable synaptic strength between the viable cells exerted by a prior increase 

in BDNF levels (Gobbo & O'Mara, 2005). Given the discrepancies of such studies, it is 

necessary to establish whether mimetics o f the BDNF-TrkB pathway could have any 

unintended and adverse consequences on brain excitotoxicity. More supporting evidence is 

needed on the multifactorial nature and toxicity o f agents, such as 7,8-DHF, which have the 

potential to translate the effects o f physical exercise into improved neurophysiological activity.
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1.8 Objectives

To date, the majority o f  research investigating the positive correlation between exercise and 

cognitive function has focused on the effects o f  long-term exercise. With this in mind, the main 

aim o f  this thesis was to evaluate acute exercise as a cognitive enhancer and to investigate the 

potential underlying biochem ical, physiological, and m olecular m echanisms m ediating any 

observed cognitive enhancements. Furtherm ore, the efficacy o f  a BDNF mimetic to modulate 

cognitive function in the rat was established by com bining pharm acological, behavioural and 

biochem ical approaches. Lastly, translational research was incorporated into this thesis by 

assessing the effects o f  acute exercise on cognitive function in young healthy sedentary men. 

The follow ing list is a more detailed break-down o f  the specific objectives o f  this thesis:

1) The first aim o f  this thesis was to  examine the effect o f  acute forced, m oderate intensity 

exercise on spatial and non-spatial recognition memory in the adult male W istar rat, and 

to assess its role on both acquisition and consolidation o f memory. Furtherm ore, the 

minimum am ount o f  exercise necessary to elicit an improvement in cognitive function 

was established. The effect o f  one-week o f  forced, moderate intensity exercise on spatial 

working memory was also investigated.

2) The second aim was to assess the potential underlying m echanism s m ediating any 

exercise-induced cognitive enhancem ent observed. Peripheral and central BDNF and the 

downstream  signalling effectors associated with, but not specific to neurotrophin 

signalling, were examined. Furtherm ore, the effect o f  high am bient tem perature on spatial 

and non-spatial recognition m em ory was investigated.

3) A third aim o f  this thesis was to exam ine the effect o f  exogenous BDNF adm inistration on 

spatial and non-spatial recognition memory in the adult male W istar rat. The ability o f  

acute exercise and/or high am bient tem perature to induce changes in BBB perm eability, to 

potentially facilitate the delivery o f  BDNF from the circulation to the CNS, was also 

investigated.

4) The fourth aim o f  this thesis was to examine the efficacy o f  a BDNF m im etic, 7,8-DHF, 

to m odulate cognitive function in the adult m ale W istar rat.

5) The final aim o f  this thesis was to investigate the effects o f  both m oderate and maximal 

intensity exercise on cognitive function in young sedentary men. Plasm a and serum 

BDNF concentrations were assessed to examine the role o f  BDNF in any exercise-related 

changes in cognitive function observed.
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CHAPTER 2

2.1 M aterials

2.1.1 Animals

W istar rats (3 m onth old, males)

Duplo Lego blocks 

Exer 3/6 animal treadmills 

Irradiated laboratory animal diet 

T-m aze apparatus

2.1.2 Animal treatments 

Cytochrom e C 

7,8-dihydroxyflavone 

Human recom binant BDNF 

IsoFlo® (Isoflurane)

Sodium fluorescein (NaFl)

2.1.3 ELISA kits

Hum an BDNF DuoSet® ELISA kit

2.1.4 General laboratory chemicals 

Acrylam ide electrophorysis reagent 

Am m onium  persulphate

Aprotinin

Bio-Rad dye reagent concentrate 

Bovine serum album in (BSA) 

Bromophenol blue sodium salt

Bioresources Unit, TCD 

Lego Group®, Denmark 

Colum bus Instruments, Ohio, USA 

Harlan™, M adison, W l, USA 

Stoelting Company, Illinois, USA

Sigm a-Aldrich,W icklow, Ireland 

Tokyo Chemical Industry UK Ltd., UK 

R&D System s Europe, Oxon, UK 

Abbott Laboratories Ltd., Berkshire, UK 

Sigm a-Aldrich, W icklow, Ireland

R&D Systems Europe, Oxon, UK

Sigm a-Aldrich, W icklow, Ireland 

Sigm a-Aldrich, W icklow, Ireland 

Sigm a-Aldrich, W icklow, Ireland 

Bio-Rad, California, USA 

Sigm a-Aldrich, W icklow, Ireland 

Sigm a-Aldrich, W icklow, Ireland
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Calcium chloride (CaCb)

Dimethyl sulphoxide (DMSO)

Di-sodium hydrogen orthophosphate 

( N a 2 H P 0 4 )

Ethanol

Glucose

Glycerol

Glycine

Heparin sodium 

Hydrochloric acid (HCl)

Hydrogen peroxide (H2O2)

Leupeptin

Magnesium sulphate (MgS04) 

Magnesium Chloride (MgCl2) 

P'Mercaptoethanol 

Methanol (MeOH)

N, N ’-Methylenebisacrylamide 

Nitrocellulose membrane 

NP-40

O.C.T. ™ compound

Potassium chloride (KCl)

Potassium di-hydrogen orthophosphate 

(KH2PO4)

Lennox, Dublin, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland

Sigma-Aldrich, Wicklow, Ireland 

Lennox, Dublin, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Leo Laboratories Ltd., Dublin, Ireland 

Lennox, Dublin, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland 

Amersham Bioscience, Stockholm, Sweden 

Sigma-Aldrich, Wicklow, Ireland 

Tissue Tek®, Zoeterwoude, The Netherlands 

Sigma-Aldrich, Wicklow, Ireland 

Sigma-Aldrich, Wicklow, Ireland
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P otassim  h yd rox id e (K O H )

P otassium  phosphate (KH2PO4) 

2-Propanol

S od ium  b icarbonate (N aH C O s)

Sod ium  carbonate (N a 2C 0 3 )

Sod ium  ch loride (N a C l)

S od ium  d od ecy lsu lp h ate  (S D S )

Sodium  hydrogen  carbonate (N aH C O a)

Sodium  h yd rox id e (N aO H )

Sodium  orthovanadate (N a 3V 0 4 )

Sod ium  phosphate, m o n o b a sic  (N a H 2P0 4 )

Sod ium  p hosphate, d ib asic  (N a 2H P 0 4 )

Sulphuric acid  (H2SO4)

3 ,3 ’,5 ,5 ’-T etram eth y lb en zid in e  (T M B )

N ,N ,N ’,N ’-T etram eth y leth y len e-d iam in e

(T E M E D )

T olu id in e  b lue

T ris-base

Tris-H C l

T w een® -20

U rethane

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick low , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

L en n ox , D ub lin , Ireland

S igm a-A ld rich , W ick low , re land

S igm a-A ld rich , W ick low , re land

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick lo w , reland

S igm a-A ld rich , W ick low , reland

S igm a-A ld rich , W ick lo w , reland
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2.1.5 General laboratory products and plastics

Biosphere filter pipette tips 

Cork discs

Falcon tubes (15ml, 50ml)

M icroscope slides (twin frosted)

M icrotest 96-well flat bottom ed plates 

M icrotubes (0.5ml, 1.5ml)

96 M icrowell Nunc ELISA plates

N eedles 26G

Optical adhesive covers

MicroAmp® Opitical 96-well reaction plate

Parafilm

PCR tubes

Pipette tips

Plastic transfer pipettes 

Scalpels (disposable)

Standard grade N o.l filter paper 

Standard grade No.3 filter paper 

Sterile syringes (1ml, 2ml, 10ml, 50ml) 

Syringe-drive filter unit

2.1.6 Human blood collection 

BD Vacutainer®(K 2 EDTA)

Sarstedt, Niimbrecht, Germany 

R.A. Lamb Ltd., Sussex, UK 

Sarstedt, Niimbrecht, Germany 

Lennox, Dublin, Ireland 

Sarstedt, Niimbrecht, Germany 

Sarstedt, Num brecht, Germany 

Nunc, Roskilde, Denm ark 

BD M icrolance, Oxford, UK 

A pplied Biosystems, W arrington, UK 

Applied Biosystems, W arrington, UK 

Lennox, Dublin, Ireland 

Sarstedt, Num brecht, Germany 

Sarstedt, Niimbrecht, Germany 

Sarstedt, Niimbrecht, Germany 

Swann-M orton, Sheffield, UK 

W hatman Ltd., Kent, UK 

W hatman Ltd., Kent, UK 

BD Plastipak, Oxford, UK 

M illipore, Cork, Ireland

Becton-Dickinson Vacutainer® systems, UK
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BD Vacutainer® (lithium heparin)

BD Vacutainer® (SST™ gel and clot activator) 

Vacutainer® system with luer adaptor 

Venisystems™ 21G Butterfly needle

2.1.7 Immunohistochemical reagents 

DAPl VectashieId®Hard Set

PAP pen for im m unostaining

2.1.8 Molecular reagents 

Absolute ethanol

BCA Protein Assay Kit

High capacity cDNA reverse transcription kit

M olecular grade water

RNA/ater™

RNase-free m icrotubes 

RNaseZap® w ipes 

Nucleospin® RNA 11 isolation kit 

Taqm an gene expression assays 

Taqm an universal PCR m aster mix

2.1.9 Western immunoblotting reagents 

Akt

Anti- p-Actin m ouse monoclonal IgG 

Anti-m ouse (goat) IgG peroxidase conjugate 

Anti-rabbit (goat) IgG peroxidase conjugate

Becton-Dickinson Vacutainer® systems, UK 

Becton-Dickinson Vacutainer® systems, UK 

Becton-Dickinson Vacutainer® systems, UK 

A bbott Laboratories Ltd., Ireland

Vector Laboratories Inc., USA 

Sigm a-Aldrich, W icklow, Ireland

Sigm a-Aldrich, W icklow, Ireland 

Pierce®, Rockford, USA 

Applied Biosystems, W arrington, UK 

Sigm a-Aldrich, W icklow, Ireland 

Am bion, W arrington, UK 

Ambion, W arrington, UK 

Ambion, W arrington, UK 

M acherey-Nagel GmbH & Co., Germ any 

Applied Biosystem s, W arrington, UK 

Applied Biosystems, W arrington, UK 

and antibodies

Cell Signaling Technology®, M assachusetts, USA 

Sigma-Aldrich, W icklow, Ireland 

Sigm a-Aldrich, W icklow, Ireland 

Sigm a-Aldrich, W icklow, Ireland
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Anti- phospho-A kt (Ser473)

Anti- p44/42 M APK (E R K l/2 ) rabbit 

m onoclonal IgG

Anti- phospho-p44/42 M APK (E R K l/2 ) rabbit 

m onoclonal IgG

Anti-TrkB

A nti-TrkB (phospho Y515)

Hybond-C extra nitrocellulose m embrane

MagicMark™ XP W estern Protein Standard

Phospho-synapsin (Ser9)

Precision Plus Protein Standards (Dual 

Colour)

Anti- synapsin I rabbit monoclonal IgG 

ReBlot Plus strong antibody stripping solution 

SuperSignal® W est Dura chem ilum inescence

Cell Signaling Technology®, M assachusetts, USA 

Cell Signaling Technology®, M assachusetts, USA

Cell Signaling Technology®, M assachusetts, USA

Abeam®, Cambridge, UK

Abeam®, Cambridge, UK

Am ersham  Biosciences, Buckinghamshire, UK

Invitrogen, California, USA

Cell Signaling Technology®, M assachusetts, USA

Bio-Rad Laboratories, California, USA

Cell Signaling Technology®, M assachusetts, USA 

M illipore, Cork, Ireland 

Pierce®, Rockford, USA
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2.2 Rodent study

2.2.1 Animals

Male rats of Wistar Ola strain (Bioresources Unit, Trinity College Dublin, Ireland), aged 

between three and four months, were used in all experiments. Animals were group-housed, two 

to four per cage, in standard polypropylene cages (40 L x 24 W x 20 H cm) and maintained 

under a 12:12-h light-dark cycle (lights on at 09:00a.m.) with controlled ambient temperature 

(21.5±1,5°C). Access to food and water was available ad libitum. All animals were 

experimentally naive and weighed 250-400g at experimental onset. Animals were given one 

week to acclimatize to the laboratory environment after transfer from the breeding facility and 

were handled daily by the experimenter prior to experimental testing. Acclimatisation allowed 

animals to become familiar with the novel environment prior to any experimental treatment. All 

animal experimentation was conducted in accordance with national law and European Union 

directives on animal experiments (European Communities [Amendment o f Cruelty to Animals 

Act 1876] Regulations, 2002 and 2005, 86/609/EC) and was performed under a license granted 

by the Department of Health and Children, Ireland, with ethical approval from the University 

Ethical Review Committee.

2.2.2 Animal treatments

2.2.2.1 Acute high ambient temperature

Animals were randomly assigned to either a control (CON) or an acute heat (HEAT) group. 

Animals in the acute heat group were transported to a temperature controlled chamber 

maintained at an elevated ambient temperature of 38”C for 1 h. Animals in the control condition 

were transported to a temperature controlled chamber maintained at normal ambient 

temperature (21.5±1.5°C) for 1 h. Rectal temperatures were recorded pre- and post-treatment.

2.2.2.2 BD NF infusion

Animals were randomly assigned to either a vehicle control (Cyt C) or BDNF treated (BDNF) 

group. One bolus of human recombinant BDNF (volume 500jil; lOng.ml''; R&D Systems 

Europe, Oxon, UK) dissolved in saline solution (0.9% NaCl) was injected intravenously (i.v.) 

into the lateral tail vein of rats. According to the manufacturer, human recombinant BDNF is 

100% cross-reactive with rat BDNF. The dosage o f lOng.ml'' human recombinant BDNF was 

chosen on the basis of previous studies performed in the laboratory, which reported a significant 

increase in peripheral BDNF following short-term exercise (pers. comm. Dr. Ranya Bechara, 

unpublished data). Tails were thoroughly cleaned to aid visibility of the lateral veins and heated
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slightly using a warming pad to aid vasodilation. A tourniquet was applied to the proximal end 

o f the tail and the vein was punctured approximately one-third the distance from the tail tip. 

Animals were transferred to a transparent anaesthesia box connected to an anaesthetic 

scavenging system where they received a controlled flow o f oxygen (IL .m in'' at 100%) with 

isoflurane (4% induction; Abbott Laboratories Ltd., UK) until deeply anaesthetised, which was 

established through a lack o f pedal reflex. Animals were maintained under continuous 

anaesthesia using a nasal mask which provided oxygen (IL .m in'' at 100%) and isoflurane (1.5- 

2% for maintenance) for the duration o f the intervention. Control rats received an injection of 

cytochrome C (volume 500|il; lOng.mr'; Sigma-Aldrich, Ireland) dissolved in saline solution 

(0.9% NaCl). Cytochrome C is a commonly used control protein for studies investigating 

neurotrophic factors as it has a similar charge and MW to BDNF (Willson et al., 2008).

2.2.2.3 D rug treatment

Animals were randomly assigned to either a control (Vehicle) or treatment (7,8-DHF) group. A 

TrkB agonist, 7,8-DHF (Tokyo Chemical Industry, cat no: D1916, UK Ltd., UK), was 

dissolved in phosphate-buffered saline (PBS) containing 17% dimethyl sulphoxide (DMSO). 

7,8-DHF animals received a dose (Im l.kg ') of 5mg.kg'' intraperitoneally (i.p.). Control animals 

received the corresponding vehicle solution. A single dose was administered either 90 min prior 

to or immediately after behavioural training or 90 min prior to animals being euthanised. The 90 

min interval between the drug treatment and behavioural testing or dissection and the dosage of 

5 mg.kg'' 7,8-DHF, vehicle and mode o f administration were chosen on the basis o f previous in 

vivo and in vitro studies (Jang et al., 2010b; Andero et al., 2011).

2.2.2.4 Forced exercise protocol

Animals were randomly assigned to either a sedentary control (CON) or an exercise (EX) 

group. All animals were familiarised to motorised rodent treadmills (Exer 3/6 treadmill, 

Columbus Instruments, Ohio, USA; Figure 2.1) to minimise novelty stress, by walking on the 

treadmill for 10 min on two consecutive days (belt speed, 5m.min"'). Animals were placed on a 

treadmill and separated into individual lanes by clear partitions during each exercise bout 

(dimension, 43.8 L x 12 W x 12.7 H cm). The exercise protocol consisted of a bout of exercise 

at an intensity o f 16.7m.min'' for 1 h (belt speed, Ikm.h '). The treadmill is equipped with wire 

loops at one end o f the belt, through which a mild electrical stimulus can be delivered. The 

stimulus acted to encourage the animals to maintain the pace o f the moving belt and permitted a 

controlled duration and intensity o f exercise. The electrical stimulus system was activated at 

low intensity throughout all exercise sessions (on average an intensity o f 2 on a scale o f 0-10; 

this represents a stimulus current of 0.7mA with an inter-pulse interval o f 2 s) and was adjusted
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as necessary throughout the exercise protocol. Animals were monitored while exercising to 

ensure they ran continuously and to assess them for signs o f undue stress. Sedentary animals 

were placed on stationary treadmills with the electrical stimulus system activated at the same 

intensity for the corresponding time.

Figure 2.1 Exer 3/6 animal treadmill

An im age o f  the m otorised animal treadmill and stim ulus dev ice  used to exercise  anim als. A single  

treadm ill belt is utilised and divided into three lanes using clear Perspex div id ing w alls.

2.2.2.5 Sodium fluorescein infusion

Animals were randomly assigned to a control (CON), exercise (EX) or an acute heat (HEAT) 

group. Sodium fluorescein (NaFl, MW 376Da; Sigma-Aldrich, Ireland) was dissolved in saline 

solution (0.9% NaCl), at a concentration o f 0.02g.ml'' (Natah et a i, 2009). The solution was 

filter sterilized and 1ml was injected into the tail vein o f animals. Tails were thoroughly cleaned 

to aid visibility o f the lateral veins and heated slightly using a warming pad to aid vasodilation. 

A tourniquet was applied to the proximal end o f the tail and the vein was punctured 

approximately one-third the distance from the tail tip. Animals were transferred to a transparent 

anaesthesia box connected to an anaesthetic scavenging system, where they received a 

controlled flow of oxygen (IL.m in’’ at 100%) with isoflurane (4% induction; Abbott 

Laboratories Ltd., UK) until deeply anaesthetised, which was established through a lack of 

pedal reflex. Animals were maintained under continuous anaesthesia using a nasal mask which 

provided oxygen (IL.m in’’ at 100%) and isoflurane (1.5-2% for maintenance) for the duration 

o f the intervention. The NaFl tracer was allowed to circulate for 10 min (Natah et al., 2009). A
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previous study observed tiiat peak fluorescence in animal brains occurred in a time range 

between 5 and 15 min following intravascular injection (Martinez & Koda, 1988). After 10 min 

o f NaFl circulation, the animals were injected with urethane (1.5g.kg'‘, i.p.; Sigma-Aldrich, 

Ireland) to obtain surgical anaesthesia and were transcardinally perfused (see section 2.2.5.2) to 

wash out the intravascular blood. Brains were prepared for sectioning as described in section 

2.2.5.6.

2.2.3 Cognitive testing

Two tasks were performed to assess memory; (i) NOR task and (ii) OD task (Griffin et al., 

2009). The OD task was performed to assess spatial recognition memory, while the NOR task 

was performed to assess non-spatial recognition memory. Two variants of the NOR task was 

used: 2-object and 3-object. The level o f difficulty of the task was adjusted by increasing the 

number o f objects to be explored or by manipulating the amount o f training the animal received. 

The apparatus consisted of a black circular open field built of plywood (diameter, 125cm; 

height, 50cm) placed in a dimly-lit room. This apparatus was used to provide a less anxiety- 

provoking environment (e.g. high walls, dark walls) to ensure greater object exploration. A 

video camera was mounted above the apparatus and all sessions were recorded. Objects were 

constructed from plastic Lego blocks (Lego Group®, Denmark), which were o f similar 

dimensions and colour but had distinctive configurations. Although rats have limited colour 

vision (Ennaceur, 2010), efforts were made to equate the colour pairings o f objects in order to 

avoid any unintentionally induced preference bias. Object interaction typically increases with 

the complexity and structure o f the object (Bevins & Besheer, 2006). Thus, objects that had 

really discriminative features (e.g. flat surfaces to allow the animal to sit on the object) were 

avoided, as these objects tend to induce greater interaction because rats tend to show a 

preference for objects that have affordances for common rat activities (Ennaceur, 2010). 

Objects were fixed to the floor of the open field, equidistant from the walls and each other, to 

avoid displacement during object exploration (Figure 2.2). The animal was placed into the open 

field at random entry points during training and testing. To prevent coercion to explore the 

objects, each animal was released against the wall with its back to the objects. Objects and test 

arena were cleaned thoroughly between trials to ensure the absence o f olfactory cues.

The T-maze task was used to assess working memory. For the T-maze task, the apparatus was 

constructed from gray plastic and was monitored by a video camera mounted directly above 

(Figure 2.3). The stem was 10x50cm and each arm measured 10x40cm, with 20cm high walls 

(Stoelting Company, Illinois, USA). Testing was conducted in the same room for all 

behavioural procedures.
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Figure 2.2 Open field used for cognitive testing

The tasks w ere perform ed in a dim ly lit room  using objects sim ilar to  those pictured.

Figure 2.3 T-maze apparatus used for cognitive testing

An exam ple o f  the structure o f  a T -m aze (Stoelting C om pany, Illinois, U SA). The task  w as perform ed in 

a dim ly lit room.

2.2.3.1 O D task  

Habituation

Anim als were habituated to the experimental apparatus in the absence o f  objects for two 

consecutive days in order to minimise anxiety and facilitate sufficient levels o f  exploration. On 

the first day o f  habituation anim als were exposed to the open field in pairs for 10 min. On the 

second day animals explored the open field individually for a 5 min period.
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Training (acquisition)

Tw enty-four hours following habituation, anim als were reintroduced to the open field. Three 

distinct objects (denoted A, B and C) were positioned at fixed coordinates and spatial cues, in 

the form o f  cardboard shapes, were fixed to the walls o f  the open field (Figure 2.4). Each 

animal was allowed to freely explore for one 5 m in trial or three 5 min trials with inter-trial rest 

periods o f  5 min. During the inter-trial rest period animals were placed in a holding cage in 

order to m inim ise disturbance from home cage co-habitants. Following training, anim als were 

returned to their home cages. The training phase allowed the animals to learn the position o f  the 

objects.

Testing

Anim als were reintroduced to the open field either 30 min or 24 h post-training and allowed to 

freely explore for a single 5 min trial. In the testing trial, one o f  the objects was moved from its 

original position in the open field and displaced to a novel position. The criteria for exploration 

were strictly based on active exploration in which the rat had to be actively sniffing or touching 

the objects with their nose, whiskers and/or forepaws. Sitting on the objects or sitting in the 

vicinity o f  the object was not deemed as exploratory behaviour. An exam iner recorded the time 

spent exploring the displaced and stationary objects using stopwatches. To assess the 

perform ance in the task, the time, recorded in seconds (s), spent exploring the displaced object 

and stationary objects was expressed as a percentage o f  the total exploration time.

Training Testing

O bject exposure D isp laced-ob jec ttest

Figure 2.4 Schematic of the OD task

Overview of the behavioural paradigm used to assess spatial learning in the rat. The schematic illustrates 

the training and testing phase of the task. In the testing trial, object C is displaced to a new position. The 

green crosses on the side of the open field wall represent spatial cues.
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2 .2 .3 .2  N O R  task

Habituation

All anim als were habituated to  the open field using the same protocol as the OD task. O n the 

first day o f  habituation anim als were introduced to the open field in pairs for 10 min and on the 

second day anim als explored the open field individually for 5 min.

Training (acquisition)

Tw enty-four hours following habituation, animals were reintroduced to the open field. For the 

2-object variant o f  the NOR task, two distinct objects (denoted A and B) were positioned at 

fixed coordinates (Figure 2.5). For the 3-object variant o f  the task, three distinct objects 

(denoted A, B and C) were positioned at fixed coordinates (Figure 2.6). Each animal was 

allowed to freely explore for one 5 min trial, two 5 min trials with an inter-trial rest period o f  5 

min or three 5 min trials with inter-trial rest periods o f  5 min. During the inter-trial rest period, 

anim als were placed in a holding cage in order to minimise disturbance from home cage co 

habitants. Following training, animals were returned to their home cages.

Testing

A nim als were reintroduced to the open field either 30 min or 24 h post-training and allow ed to 

freely explore for a single 5-min trial. In the testing trial o f the 2-object variant, one o f  the 

objects used in the training phase was removed and replaced by a novel object (denoted C). In 

the testing trial o f  the 3-object variant, one o f the objects used in the training phase was 

rem oved and replaced by a novel object (denoted D). As with the OD task, the criteria for 

exploration were strictly based on active exploration in which the rat had to be actively sniffing 

or touching the objects with their nose, whiskers and/or forepaws. Sitting on the objects or in 

the vicinity o f  the objects was not considered as exploratory behaviour. The time spent 

exploring each object was recorded as before. To assess the perform ance in the task, the time, 

recorded in seconds, spent exploring the fam iliar object(s) and novel object was expressed as a 

percentage o f the total exploration time.
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T rain ing T esting

O bject exposure N ovel-ob jcc ttest

Figure 2.5 Schematic of the 2-object NOR task

Overview o f the behavioural paradigm used to assess non-spatial learning in the rat. The schematic 

illustrates the training and testing phase of the task. In the testing trial, object B is substituted for novel 

object C.

Training Testing

O bject exposure N ovel-ob jecttest

Figure 2.6 Schematic of the 3-object NOR task

Overview o f the behavioural paradigm used to assess non-spatial learning in the rat. The schematic 

illustrates the training and testing phase of the task. In the testing trial, object C is substituted for novel 

object D.

2.2.33 T-maze task

The rew arded alternation paradigm o f  the task was used, which required food-deprived animals 

to learn w hich o f  the tw o arms form ing the T was baited with a food reinforcer (i.e. chocolate 

flavoured cereal flake). Seven days prior to habituation, animals were placed on a restricted diet 

and fed sufficient am ounts to m aintain above 85% o f  free-feeding body weight (W enk, 2001). 

Food restriction ensured that the anim als were adequately incentivised to explore the T-maze 

for the food reinforcer. Each animal was weighed daily throughout the experim ent to monitor 

the degree o f  food deprivation and health.
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Habituation

A nim als were habituated to the T-maze for seven days prior to training. During habituation, 

anim als were allowed to freely explore the T-maze alone for 5 min each day. On the first day o f  

habituation, the food reinforcer was distributed evenly throughout the T-m aze to initially 

encourage exploration. On the second and third day, the food reinforcer was limited to the two 

arms o f  the T-maze. On the fourth and fifth day, the food reinforcer was confined exclusively to 

the end o f  the tw o arms o f  the T-maze. On the final two days o f  habituation, a single food pellet 

(5g) was placed in a food cup positioned at the end o f  each arm o f  the T-m aze. Prior to  and 

during habituation, the food reinforcer was given in the home cages daily to fam iliarise animals 

to its taste in a fam iliar environm ent and to eliminate hyponeophagia.

Training

A nim als were placed into the stem o f  the T-maze face forward (Figure 2.7). Before the trials 

began, each rat com pleted a single forced trial whereby only the arm baited with a food pellet 

w as open. The rat was placed in the T-maze with one goal arm closed o ff and were forced to 

locate and eat the food reinforcer in the open arm. A tem porary barrier blocked entry into the 

opposite arm during the forced trial. The identity o f  the baited arm for each single forced trial 

was randomly determ ined and alternated between the opposing arms during the training 

sessions. Once the rat had consum ed the food pellet, it was removed and placed in a holding 

cage for 30 s. Following this, both arms were opened and the food reinforcer was placed in the 

opposite arm to its position in the single forced trial.

Each animal performed eight free choice trials per day over eight days. In the free choice trials, 

the animal was placed in the stem o f  the maze and allowed to  freely choose an arm to explore in 

search o f  the food reinforcer. A correct arm entry was recorded when the animal, including the 

tail tip, had entered the goal arm containing the food reinforcer. If the correct arm was chosen, 

anim als were given sufficient time to consume the food pellet, before being removed for an 

inter-trial interval o f  30 s prior to com m encem ent o f  the next trial. Follow ing this, the food 

pellet was placed in the alternate arm for the subsequent trial to test the ability o f  the rat to learn 

rewarded alternation. If the animal chose incorrectly, it was rem oved after it discovered that the 

food cup was empty or before it entered the correct arm. The food reinforcer rem ained in the 

same location for the subsequent trial or until it was found and eaten. If the animal failed to 

choose one o f  the tw o arms w ithin 120 s, the respective trial was term inated and the animal was 

removed, returned to its home cage and placed back in the start arm.

The maze was cleaned thoroughly between trials to ensure the absence o f  olfactory cues. 

Throughout testing, the experim enter stood centrally behind the T-m aze to ensure that body
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presence did not bias the ami choice o f the animal. The number of coiTect entries into the baited 

arms and the number o f incorrect entries into unbaited arms was recorded. The mean number of 

correct entries from daily training sessions were recorded, as a percentage, and averaged into 2- 

day blocks.

Forced tria ! (x 1)

O

start
^  R ew ard cup 

O  Em pty food  cup

Figure 2.7 Schem atic o f  the single forced trial and subsequent free choice trial

A nim als perform ed a single forced trial follow ed by eight free choice trials.

2.2.4 Blood sampling and treatment

Trunk blood was collected immediately post-decapitation by exsanguination (Goekint et a i, 

2012) into a dry eppendorf. The blood was incubated at room temperature for 30 min to allow 

clotting and centrifuged at 1500 x g  for 20 min for serum collection. The supernatant (serum) 

was recovered and stored at -20“C until further analysis.

2.2.5 Preparation o f tissue samples

2.2.5.1 Tissue collection

Animals were euthanised by decapitation. Trunk blood was collected immediately after 

decapitation, and the brains were removed and tissue of interest (dentate gyrus, entorhinal 

cortex, hippocampus (i.e. hippocampus proper containing CAl to CA3 subfields) and perirhinal 

cortex) was sub-dissected on ice (Figure 2.8). The brains were hemisected and where 

appropriate, the left hemisphere was taken for sectioning while the right hemisphere was 

dissected freehand. Using forceps, the perirhinal cortex was carefully removed by pinching 

tissue on either side o f the rhinal sulcus, a visible linear depression that delimits the anterior 

part of the parahippocampal gyrus from the fusiform gyrus. The entorhinal cortex was removed 

by pinching tissue at the posterior edge o f the hemisphere. The hippocampus was removed by
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initially rem oving the olfactory bulbs and the cerebellum  and brain stem. The brain was 

positioned upright on its anterior end and the overlying thalam ic tissue was peeled back. The 

hippocam pus was exposed and removed as an intact structure. The boundary o f  the dentate 

gyrus was visible in the dissected hippocam pus and was dissected free o f  the hippocampal 

formation. The entire dissection took approxim ately 2 min. Tissue was flash-frozen and stored 

at -80°C until further processing.

tus

vn

f-CPHR!IK

Figure 2.8 Schem atic o f  tissue dissection

Sub-d issected brain regions highlighted. H F= hippocam pal formation; PER= perirhinal cortex; EC=  

entorhinal cortex.

2.2.5.2 Transcardial perfusion

The usual route o f  perfusion is transcardial. Animals were overdosed with urethane (l.S g .k g '', 

i.p.) and were watched carefully during this time as the dose given is lethal and some rats 

respond more quickly than others. Breathing was m onitored to observe a change from fast and 

shallow to slow and deep as a superficial indicator o f  anaesthesia. A bsence o f  pedal and eye 

reflexes was taken to indicate deep anaesthesia. Follow ing com plete anaesthesia and cessation 

o f  breathing, a thoracotomy was performed to expose the beating heart. This opening was 

extended laterally and was continued through the diaphragm. The sternum was cut and the rib 

cage was cut rostral ly on the lateral edges to expose the heart. Every effort was made to  draw 

the scissors away from the organs when cutting to  avoid dam aging the circulation more than 

necessary. The heart was freed from surrounding connective tissue with a forceps to avoid any 

unwanted bleeding. While the heart continued beating, a needle was inserted into the left 

ventricle and clamped. The needle was connected to a peristaltic pump (MINIPULS® 3, Gilson 

Inc., USA) via tubing to allow perfusion. The right atrium was located and snipped to allow the 

perfusate to drain through the incision in the atrium. Anim als were perfused w ith ice-cold
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heparinised (heparin sodium , 25units.L '’; Leo Laboratories Ltd., Dublin, Ireland) saline solution  

(0.9%  NaCl) for 10 min. Post-perfusion, dissections proceeded as described in section 2 .2 .5 .1 .

2.2.5.3 Preparation o f  tissue slices

Freshly dissected tissue was sliced bi-directionally to a slice thickness o f  350|jm  with a 

M cllw ain tissue chopper (Campden Instruments Ltd., UK). A ll sam ples were rinsed in ice-cold  

Krebs buffer (4 0 0 |il, com position in mM: NaCl, 136; KCl, 2.54; K H 2PO4 1.18; M gS0 4 .7 H2 0 , 

1.18; NaHCOs, 16; G lucose, 10) containing CaCl2 (final concentration: 2m M ). The slices were 

re-suspended after each wash, allow ed to settle on ice (approxim ately 30 s) and rinsed tw ice  

more with Krebs CaCla buffer. Finally, slices were re-suspended in ice-cold  Krebs CaCl2 

containing D M SO  (final concentration: 10%) and stored at -80°C until further analysis (Haan & 

Bow en, 1981).

2.2.5.4 Preparation o f  homogenate

Flash frozen w hole tissue sam ples or slices were thawed on ice and hom ogenised in ice-cold  

Krebs CaC^ buffer (400|j1) or lysis buffer (400|j1; com position: N P -40, 1% (v/v); Tris (pH 8.0), 

20m M ; N aC l, 137mM; glycerol, 10% (v/v); ethylenediam inetetraacetic acid (ED TA ), 2mM; 

activated sodium  orthovanadate (Na3V 0 4 ), ImM; aprotinin, lOiig.ml '; leupeptin, lOfig.ml ') 

using a 1ml glass hom ogeniser. The hom ogenates were centrifuged at 10,000 x g  for 10 min at 

4“C after which the supernatant was collected and stored at -20°C until required.

2.2.5.5 Preparation o f  tissue samples fo r RNA extraction

Freshly dissected tissue sam ples were placed in R N ase-free tubes containing RNA/a/er™ buffer 

(200|al; A m bion, Warrington, UK ), a solution which preserves tissue RNA, and stored at 4°C  

for up to tw o w eeks until RNA extraction w as performed.

2.2.5.6 Preparation o f  whole brains fo r  sectioning

The left hem isphere o f  the brain was flash-frozen in isopentane over dry ice and wrapped in 

aluminium foil and stored at -80°C. W hen required, the brains were placed on a cork disc in the 

correct orientation and coated in O.C.T.™ com pound (optical cutting temperature; T issue Tek®, 

Zoeterwoude, The Netherlands) over dry ice  and stored at -80°C until sectioning.

2.2.6 Total protein quantification

2.2.6.1 Protein quantification using the Bradford protein assay

Protein concentrations o f  supernatant were quantified according to the Bradford protein assay 

m ethod (Bradford, 1976). Standards and sam ples were analysed in triplicate (5|al/well) on a 96-
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well microtest plate (Sarstedt, Ireland). A standard curve was prepared from a stock solution of 

1000|ag.mr' bovine serum albumin (BSA) diluted in deionised water ranging from 1000- 

15.625|j,g.mr', with a blank o f deionised water included as the lowest standard. A 1:4 dilution 

of Bio-Rad reagent in deionised water was filtered and added to the standards and samples 

(195|il/well). After 5 min incubation at room temperature, the absorbance was measured at 

595nm using a 96-well plate reader (Synergy HT Multi-Mode Microplate Reader, BioTek® 

Instruments, UK). Protein concentrations were calculated using regression analysis and values 

were expressed as mg.ml"' protein. Samples were equalised for protein concentration prior to 

any further analysis.

2.2.6.2 Protein  quantification using the bicinchoninic a c id  (BCA) pro tein  assay

The Bradford protein assay was not compatible with tissue samples stored in lysis buffer due to 

the elevated concentration o f detergent in the buffer, thus protein concentrations were 

quantified using the BCA protein assay method (Pierce®, Thermo Scientific, UK). All standards 

and samples were analysed in triplicate (25|il/well) on a 96-well microtest plate (Sarstedt, 

Ireland). A standard curve was prepared by appropriately diluting a 1ml ampule o f 2.0mg.ml'' 

BSA standard with lysis buffer, as per manufacturer’s guidelines. The standard curve ranged 

from 2000ng.mr‘ down to 25|ig.ml ', with a blank of distilled water included as the lowest 

standard. BCA working reagent was prepared by mixing 50 parts of BCA reagent A 

(bicinchonic acid and tartrate in an alkaline carbonate buffer) with 1 part of BCA reagent B (4% 

copper sulphate pentahydrate solution) and 200^1 o f this working reagent was added to the 

standards and samples. Each plate was mixed with gentle agitation, covered and incubated at 

37°C for 30 min. Plates were cooled to room temperature and the absorbance o f the standards 

and samples was measured at 562nm using a 96-well plate reader (Synergy HT Multi-Mode 

Microplate Reader, BioTek® Instruments, UK). The regression equation of the curve was used 

to calculate the concentration o f protein in each sample and values were expressed as mg.mf' 

protein. Samples were equalised for protein concentration prior to any further analysis.

2.2.7 BDNF release experiment

BDNF release was assessed in slices o f dentate gyrus using an adapted protocol previously 

described in the literature (Gooney & Lynch, 2001). Tissue slices were thawed on ice and 

rinsed three times with ice-cold oxygenated Krebs CaC^. For the pre-incubation stage, slices 

were incubated in 250|il of Krebs CaCl2 with O2 at 37°C (using a water bath) for 3 min. Slices 

were spun down at 500 x g  for 20 s and the supernatant was discarded. For the incubation stage, 

the process was repeated and the supernatant was recovered for assessment o f BDNF under 

basal conditions. For the stimulated step, the slices were stimulated with 250(il of oxygenated
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Krebs CaCU containing 50mM  KCI to depolarise the tissue and incubated with O2 at 37°C  

(using a water bath) for 3 min. S lices were spun down again at 500 x g  for 20 s, and the 

supernatant was recovered for assessm ent o f  BD N F under stimulated conditions. The remaining 

slices were then hom ogenised in ice-cold  Krebs CaCl2 and centrifuged at 10,000 x g  for 10 min 

at 4°C. The supernatant was rem oved for BDNF assessm ent under cell conditions. A ll sam ples 

were stored at -20°C until further analysis.

2.2.8 Enzyme linked immunosorbent assay (ELISA) for BDNF quantification

B D N F concentrations were assayed as per manufacturer’s guidelines using a com m ercially  

available Human BD N F Duoset® ELISA developm ent system s kit (R& D System s Europe, 

O xon, UK). According to the manufacturer, the Human BDNF ELISA kit is 100% cross

reactive with rat BD N F. To obtain valid m easurements, serum sam ples were diluted 1:1 in 

distilled water (dH 2 0 ; 5 5 |il serum in 55|j1 dH2 0 ) and were assayed accordingly. A 96-w ell plate 

(NUNC-immuno™  MaxiSorp™ plate; Denmark) was coated with capture antibody (2 n g .m r’ 

m ouse anti-human BD N F diluted in PBS (50n l/w e ll)) and incubated overnight at room  

temperature. The plate was washed with wash buffer (PBS-T; 0.05%  Tween®20 in PBS) using  

an automated plate washer (Colum bus Plus, Tecan, Austria) and blocked with reagent diluent 

(1% BSA in PBS; 150(il/w ell) for 1 h at room temperature. After w ashing, standards 

(recombinant human BD N F diluted in reagent diluent, top standard concentration: ISOOpg.ml'') 

and sam ples were added in duplicate (5 0 |il/w ell) and incubated for 2 h at room temperature. 

The plate was washed and incubated with detection antibody (25ng.m l'' biotinylated m ouse 

anti-human BD N F in reagent diluent; 50 |il/w ell) for 2 h at room temperature. Follow ing this, 

the plate was washed and reacted with Streptavidin-HRP com plex (1:200 dilution in reagent 

diluent; 50).il/well) for 20 min at room temperature. After washing, 3 ,3 ’,5 ,5 ’- 

tetram ethylebenzidine (TM B) one solution was added (5 0 |il/w ell)  and incubated in the dark at 

room temperature for 20 min. The reaction was stopped using IM  H 2SO4 (50|.il/w ell). The 

optical density (O D ) was measured at 450nm  using a 96-w ell plate reader (Synergy HT M ulti- 

M ode M icroplate Reader, BioTek® Instruments, UK). A standard curve was constructed and the 

regression equation o f  the curve was used to calculate the concentration o f  BDNF in each  

sample. V alues were expressed as pg B D N F.m g protein"' for tissue hom ogenate or as pg 

BD N F.m l ' for blood sam ples.

2.2.9 Polymerase chain reaction (PCR) analysis

2.2.9.1 Total RNA extraction

RNA extraction from tissue sam ples was performed using a Nucleospin® R N A  II isolation kit 

(M acherey-N agel GmbH & Co., Germany) in an R N ase-free area. Samples were placed in a
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350^1 solution o f  RAl buffer containing p-mercaptoethanol (3.5|il; 1:100 dilution) and were 

homogenised using a polytron tissue disrupter (Kinetatica, Switzerland). The sample 

homogenate was added to Nucleospin® filter units, as per the manufacturer’s user manual and 

filtered by centrifugation for 1 min at 11,000 x g. Ethanol (350^1, 70% (v/v)) was added to the 

homogenised lysate and mixed by pipetting up and down approximately 5 times. Each sample 

lysate was pipetted up and down twice more and loaded in Nucleospin® RNA II columns. The 

samples were centrifuged for 30 s at 11,000 x g,  allowing the RNA to bind to the silica 

membrane. The column was placed in a new collection tube, membrane desalting buffer (MDB; 

350|xl) was added and the columns were centrifuged for 1 min at 11,000 x g  to dry the 

membrane. DNase reaction mixture (95)il; 1:10 dilution o f  reconstituted rDNase in reaction 

buffer rDNase) was pipetted directly onto the centre o f  the silica membrane o f  each column. 

Samples were incubated with this solution at room temperature for 15 min to digest DNA. RA2 

buffer (200|j1) was added to the column and centrifuged for 30 s at 11,000 x g  to inactivate the 

rDNase. The column was placed in a new collection tube and RA3 buffer (600|.il) was added to 

each o f the columns and centrifuged for 30 s at 11,000 x g . The flow-through was discarded and 

the column was washed a final time with RA3 buffer (250 |il) and centrifuged for 2 min at 

11,000 X g  to dry the membrane completely. Finally, the column was placed in a fresh RNase- 

free microtube and the RNA was extracted by adding RNase-free H2 O (60|al) and centrifuging 

for 1 min at 11,000 x g. The eluted RNA was stored at -20°C until quantification and reverse 

transcription.

2.2.9.2 RNA quantification

The OD o f  the extracted RNA was measured using a Nanodrop™ ND-1000 Spectrophotometer 

(Thermo Scientific, UK) to determine RNA concentration and purity. Briefly, 1 |al o f  RNase- 

free H2 O was added to the pedestal o f  the Nanodrop™ N D -1000 Spectrophotometer to blank the 

machine. Following thorough mixing o f  samples, 1 |il o f  sample was applied to the pedestal and 

RNA concentration was determined (ng.ml '). RNA concentrations were equalised with RNase- 

free H2 O so that equal concentrations o f RNA could be used as a template for complementary 

DNA (cDNA) transcription.

2.2.9.3 Reverse transcription o f  RNA

The ABl Fligh Capacity cDNA archive kit (Applied Biosystems, UK) was used to reverse 

transcribe the equalised RNA samples. Equalised RNA (20 |il) was mixed with 2x master mix 

(20^1, containing: 1:5 dilution o f  lOx reverse transcription buffer; 1:12.5 dilution o f  25x  

deoxyribonucleotide triphosphates (dNTPs); 1:5 dilution o f  random primers; 1:10 dilution o f  

MultiScribe™ reverse transcriptase and 1:2.38 dilution o f  H2 O). Samples were placed in a

57



thermal cycler (PT C -200 Peltier Thermal Cycler, B iosciences, Dublin, Ireland) and incubated at 

25°C for 10 min, then at 37°C for 120 min. The cD N A  was stored at -20°C for real-time 

polymerase chain reaction (RT-PCR) analysis.

2.2.9.4 RT-PCR and multi-target (multiplex) quantitative PCR

RT-PCR was performed using Taqman gene expression assays (Applied B iosystem s, UK ), 

which contained specific target primers and FA M -labelled M GB target probes (Table 2.1). p- 

actin gene expression was used to norm alise gene expression between sam ples, and was 

quantified using a p-actin endogenous control gene expression assay containing specific primers 

and a V lC -labelled M G B probe for rat p-actin.

Brain regions were tested for m RNA o f  different targets using multi-target (m ultiplex) 

quantitative PCR (Q-PCR). cD N A  was diluted with R N ase-free H2O (1:4 dilution) and lOul o f  

this diluted cD N A  w as pipetted onto a 96-w ell PCR m icroplate (MicroAmp® Optical 96-w ell 

Reaction plate. A pplied B iosystem s, UK). Follow ing this, target primer/probe (1.25|xl), p-actin  

primer/probe (1 .2 5 |il)  and Taqman master m ix (12.5^1) were m ixed and added to each well 

(25)il reaction volum e). Electronic pipettes (EDP3 2-20|al, 10-100|al and 20-200|al) were used  

to ensure pipetting accuracy. RT-PCR measurements were performed using an A B l Prism 7300  

instrument (Applied B iosystem s, UK). Samples were placed in a RT-PCR therm ocycler and 

measured according to the fo llow in g consecutive stages: stage 1: 50°C for 2 min, stage 2: 95°C  

for 10 min, stage 3: 95°C for 15 s and stage 4: 60°C for 1 min for each cycle. Stage 3 was 

repeated 50 tim es to ensure that all sam ples could be measured before the plateau phase o f  

am plification. The fluorescence was read during the annealing and extension phase (60°C) for 

the duration o f  the programme.

Table 2.1 List of gene assays used for PCR

BD N F Rn00560868_m l

TrkB Rn00820626_m l NM _012731.1

VEG F Rn015I1601 ml NM 001110333.1

*Gene reference as listed on the National Centre for Biotechnology Information (NCBI). Entrez- 

Nucleotide website: http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=search&db=nucleotide
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2.2.9.5 RT-PCR analysis

The AACt method (Applied Biosystems 7300 RQ softw are) was used to assess gene expression 

for all RT-PCR analysis. This method was used to assess relative gene expression by com paring 

the gene expression o f  experimental samples to the mean o f  control samples, rather than 

quantifying the exact copy num ber o f  the target gene. In this manner, the fold-difference 

(increase or decrease) can be com pared between treated and control samples. The fold- 

difference is assessed using the cycle tim e (Ct) difference between samples. To m easure this 

fold-difference relative to control, the Ct o f  the endogenous control (p-actin) is subtracted from 

the Ct o f  the target gene for each sample, thus accounting for any difference in cDNA quantity 

that may exist. This norm alised Ct value is called the ACt. The ACt value for the control sample 

is subtracted from itself, to give 0, and also subtracted from all other samples to correct for P- 

actin. This is the AACt value which is then converted into a fold-difference. As a one-cycle 

difference corresponds to a tw o-fold increase or decrease relative to control, 2 to the power o f 

the -AACt (difference in control and sample Ct corrected for actin) gives the fold-difference in 

gene expression between the control and treated samples. The control sample always has a 

AACt value o f  0, thus 0-2 gives a 2''̂ '̂ *̂ o f  1, against w hich all other samples are referenced.

2.2.10 Western immunohlotting

2.2.10.1 Preparation o f samples for gel electrophoresis

Using the previously equalised tissue samples, 100)^1 o f  each sam ple was added to lOOjil o f 

Laemmli sample buffer (composition: Tris-HCl pH 6.8, 0.5M ; sodium dodecyl sulphate (SDS), 

10% (w/v); glycerol, 10% (v/v); 2-p-m ercaptoethanol, 5% (w/v); bromophenol blue, 0.05% 

(w/v)) and boiled for 5 min.

2.2.10.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Acrylam ide gels (10%  com position), were prepared and cast between two glass plates o f  1mm 

spacing diam eter and allowed to set. Gel cassettes w ere inserted into an electrophoresis unit 

(B ioRad M ini-PROTEAN 3, BioRad Laboratories, Hertfordshire, England) and electrode 

running buffer (composition: Tris base, 25mM ; glycine, 200m M ; SDS, 17mM) was added to 

the inner and outer reservoirs o f  the unit. A MW  m arker was loaded onto the end lanes in each 

gel (Precision Plus Protein™ Standards, 5 |il/w ell; B ioRad Laboratories Ltd., USA or 

MagicMark™ XP W estern Protein Standard, 3(il/well; Invitrogen, California, USA) in order to 

confirm  the size o f  the target proteins. Samples (10|^1 or 30 |il) were loaded onto gels and were 

separated using gel electrophoresis. Each gel was run at 30mA for approxim ately 40 min.
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2.2.10.3 Western immunoblotting

Hybond extra nitrocellulose mem brane paper (Am ersham  Bioscience, UK) and filter paper 

(W hatm an no. 3 grade, UK) were cut to the size o f  the gel and soaked in transfer buffer 

(com position: Tris base, 25mM ; glycine, 192mM; m ethanol, 20%  (v/v); SDS, 0.5%  (w/v)). A 

layered sandwich was assem bled in the following order starting from the bottom up: filter 

paper, nitrocellulose m em brane, gel and filter paper. Air bubbles were gently rem oved and the 

sandwich was placed on the anode o f  a sem i-dry blotter unit (Apollo Instruments, Alpha 

Technologies, Dublin, Ireland) w hich had been pre-m oistened with transfer buffer. The upper 

electrode (cathode) was placed firmly on top o f  the sandw ich and the transfer was carried out 

for 75 min at 225mA. Following transfer, non-specific binding sites were blocked on the 

nitrocellulose m em brane with a solution o f  Tris buffered saline-Tween®20 (TBS-T, 10ml; 

0.05%  Tween®20 in TBS) containing BSA (5%  (w /v)) for 2 h at room tem perature and then 

probed with an antibody raised against the specific protein. Nitrocellulose m em branes were 

incubated overnight at 4°C with the respective prim ary antibody, which was appropriately 

diluted in TBS-T (10ml) containing BSA (2%  (w/v)), and raised against the protein o f  interest. 

Following incubation with the prim ary anfibody, the nitrocellulose mem branes were given 5x10 

min washes in TBS-T and were incubated with a secondary antibody conjugated with horse 

radish peroxidise (HRP), appropriately diluted in TBS-T (10m l) containing BSA (2%  (w/v)) for 

1-2 h. The nitrocellulose mem branes were given another 5x10 min washes in TBS-T before 

im m unoreactive bands were detected using Supersignal® W est Dura chem ilum inescence 

reagent (Pierce®, Rockford, USA) and developed using a gel reader (Fujifilm  Lum inescent 

Image A nalyzer LAS-3000 System, Tokyo, Japan). All protein bands were quantitated by 

densitom etric analysis using ImageJ software (NIH, USA). N itrocellulose mem branes were 

stripped with ReBlot Plus Strong stripping solution (1:10 dilution in dH 20, 10ml; M illipore, 

Ireland) before probing for another protein. A list o f  prim ary and secondary antibodies used and 

their appropriate dilution is provided in table 2.2. p-actin is a m ajor cytoskeletal protein. The 

concentration o f  this protein in tissue sam ples gives an overall indication o f  the total protein 

w ithin a sample. In order to norm alise protein, data produced by W estern immunoblotting 

analysis were expressed per p-actin. This endogenous control gene was used to confirm  equal 

loading o f  protein between samples.
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Table 2.2 List of antibodies used for W estern immunoblotting

A nti- B -actin mouse 

m onoclonal IgG 

(Sigm a-A ldrich)

42 1:1000 TBS-T 

w ith BSA 

(2%  w/v)

G oat anti-m ouse IgG 

H R ? 

(Sigm a-A ldrich)

1:2000 TB S-T  

w ith BSA  

(2%  w /v)

Akt

(Cell S ignaling Technology)

60 1:1000 TBS-T 

w ith BSA 

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(S igm a-A ldrich)

1:1000 T B S-T  

w ith BSA  

(2%  w /v)

A nti- phospho-A kt (Ser473) 

(Cell S ignaling T echnology)

60 1:750 TBS-T 

w ith BSA 

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(S igm a-A ldrich)

1:1000 TB S-T  

with BSA  

(2%  w/v)

A nti- phospho-p44/42 M APK 

(ERK  1/2) rabbit m onoclonal IgG 

(Cell S ignalling T echnology)

44/42 1:1000 TBS-T 

w ith BSA

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(S igm a-A ldrich)

1:1000 TB S-T  

w ith BSA 

(2%  w/v)

A nti- p44/42 M A PK  (ERK  1/2) 

rabbit m onoclonal IgG 

(Cell S ignalling T echnology)

44/42 1:1000 TB S-T  

w ith BSA 

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(S igm a-A ldrich)

1:1000 TB S-T  

w ith BSA 

(2%  w/v)

Anti-TrkB

(Abeam®)

92 1:750 TBS-T 

w ith BSA 

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(Sigm a-A ldrich)

1:1000 TB S-T  

with BSA 

(2%  w /v)

A nti-TrkB  (phospho Y 515) 

(Abeam®)

92 1:500 TBS-T 

w ith BSA

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(S igm a-A ldrich)

1:1000 TB S-T  

w ith BSA  

(2%  w /v)

Phospho-synapsin (Ser9) 

(Cell Signaling Technology)

77 1:1000 TBS-T 

w ith BSA 

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(Sigm a-A ldrich)

1:1000 TB S-T  

w ith BSA  

(2%  w/v)

A nti- synapsin I rabbit 

m onoclonal IgG 

(C ell S ignaling T echnology)

77 1:1000 TBS-T 

w ith BSA 

(2%  w/v)

G oat anti-rabbit IgG 

HRP 

(Sigm a-A ldrich)

1:1000 TB S-T  

w ith BSA 

(2%  w /v)

The table displays the M W , dilution period and secondary antibody used for each prim ary antibody.

2.2.11 Analysis o f NaFlpermeability

Hemisected brains stored at -80°C were allowed to adapt to -20°C for 30 min. Cutting was 

performed using a cryostat (Leica CM 1900, Germany). Saggital sections o f 50|jm diameter 

were cut until the hippocampus started to appear (~150x50|im ) and once the hippocampus 

became visible, three 20|am saggital slices were transferred onto a subbed microscope slide
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(Lennox, Ireland) and stained with 0.1% toluidine blue (Sigina-Aldrich, Ireland) for 1 min and 

viewed by light microscopy (Nikon Labophot, Nikon Insteach Co. Ltd., Japan) to confirm the 

correct position. Once the correct position was confirmed, six slides with three sections (20|am) 

per slide were taken for each animal for fluorescent microscopy. All analysis was performed 

blind to minimise subjectivity by coding and relabelling slides. Slides were mounted with glass 

cover slips using mounting medium containing the nuclear stain DAPl Vectashield® Hard Set™ 

(Vector Laboratories Inc., USA) and fixed with clear nail varnish. Slides were stored at 4“C 

until required for analysis by confocal microscopy. Three saggital brain sections, at intervals of 

100|im apart were examined for each animal. The fluorescence from these three sections was 

visualised and measured with a Zeiss 510 Meta-Confocal Laser Microscope using an Axiovert 

200M inverted microscope (Carl Zeiss, Germany). Confocal settings were kept constant for all 

sections examined. Six views o f the dentate gyrus, and one view of the hippocampus (CAl 

subfield) and parietal cortex (-3.80mm posterior to bregma (Paxinos & Watson, 1997)), were 

viewed under the fluorescent microscope and the corresponding DAPI-stained images were 

acquired to indicate the correct brain regions. Image analysis was performed using LSM 

software (Carl Zeiss, Germany) which calculated mean fluorescence, measured in pixels, for 

each image. For the dentate gyrus, the mean intensity fluorescence was averaged for the six 

views on each slide. As three slides were analysed per animal, the mean fluorescence across the 

three slides for any given brain region was taken as the fluorescent score for each animal.

2.2.12 Statistical analysis

All data were examined for outliers, which were excluded if they were ± 2 standard deviations 

(SD) removed from the mean. All data are presented as mean ±  standard error o f the mean 

(SEM). For two groups and one independent variable, a two-tailed Student’s Mest was used to 

assess whether the means were significantly different. For more than two groups, a one-way 

analysis o f variance (ANOVA) was used to analyse data. When ANOVA analysis indicated 

significance, a post-hoc Tukey honestly significant difference (HSD) test was used to determine 

which conditions were significantly different from each other. Behavioural data were analysed 

using a two-way ANOVA or two-way repeated measures ANOVA. Where a significant main 

effect was detected, a Bonferroni post-hoc test was used to locate the significant differences. 

GraphPad Prism v5.0 software (GraphPad Software Inc, USA) was used for analysis and 

graphical presentation with statistical significance set at p<O.OS.
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2.3 Human study 

2.3.1 Participants

Twenty healthy m ale students volunteered to participate in this study, all aged between 18 and 

25 years old. All participants were sedentary, that is, not involved in any regular physical 

training for at least 6 m onths prior to com m encem ent o f  the study.

2.3.1.] Subject recruitment

Participants were recruited through personal contact or local advertisem ent, mainly from the 

student population o f  Trinity College Dublin. Potential participants received a routine medical 

exam ination to ascertain suitability for the study. The m edical exam ination was conducted by a 

qualified in house medical practitioner (School o f  M edicine, Trinity College Dublin) and 

included m easures o f  blood pressure, collection o f  blood samples and com pletion o f  a 

spirometry test. Absence o f  certain medical conditions was confirm ed by medical questionnaire 

(A ppendix 1). Contact details were obtained from suitable participants and all participants were 

provided with an inform ation sheet outlining the study procedure (A ppendix 2). The 

information sheet contained detailed inform ation outlining the nature and purpose o f  the 

experimental protocol, as well as the potential benefits and risks associated with the study. 

Written informed consent was obtained from all participants at least one week prior to 

experim entation (A ppendix 3). The study was conducted in accordance with the Declaration o f 

Helsinki (1982) and was reviewed and approved by the Faculty o f  Health Science Research 

Ethics Com m ittee, Trinity College Dublin.

2.3.1.2 Subject exclusion criteria

Exclusion criteria comprised a history o f  any orthopaedic, m usculoskeletal, neurological, 

cardiovascular, pulmonary problem s/issues and/or any other contraindications to physical 

activity discovered during the medical examination. Participants reported being free o f 

prescribed m edication for any medical or psychological condition, were non-sm okers, non- 

recreational drug users, had (corrected- to-) normal vision and normal colour vision. All 

participants were instructed to fast for 2 h prior to testing, refrain from caffeinated drinks for 12 

h and to abstain from alcohol consum ption for 24 h preceding participation in this study.
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2.3.2 Anthropometric measurements and physical activity levels

2.3.2.1 Body mass and height

Body mass (kg) was m easured to the nearest 0.1kg using a calibrated medical balance beam 

scale (SECA Ltd., Germany). Height (cm) was measured to the nearest 1.0cm using a calibrated 

SECA'* '̂^ stadiom eter (SECA Ltd., Germany).

2.3.2.2 Physical activity levels

Regular physical activity levels were evaluated using the International Physical Activity 

Q uestionnaire (IPAQ) long form (A ppendix 4). The IPAQ long form was developed as an 

international instrum ent to measure physical activity levels, and has been previously validated 

(Hagstrom er et a l ,  2006). The IPAQ assesses physical activity undertaken across various 

domains including job-related activities, transport-related activities, dom estic activities and 

recreation and leisure activities (w w w .ipaq.ki.se) . Each participant was required to  recall their 

daily activity for the previous seven days. Sedentary, m oderate-intensity and vigorous-intensity 

sub-scores were calculated to give an overall total IPAQ physical activity score in metabolic 

equivalents (M ET) -min.wk"'.

2.3.3 Experimental study design

Participants were allocated to a control group (CON, n=9) or an exercise group (EX, n= l 1) and 

were required to attend the laboratory on tw o occasions. D uring visit one, all participants 

com pleted an initial battery o f  cognitive tasks, including the face-nam e pairs task, an object 

recognition task and the Stroop colour-word task. Following this, the EX group com pleted a 

GXT test to  volitional exhaustion, while the CON group had a 30 min rest period to ensure a 

sim ilar delay between cognitive testing, to control for any practice effects o f  task performance. 

Following maximal exercise or rest, participants com pleted a second set o f  cognitive tasks. A 

baseline blood sample was taken at 0 min, followed by another blood sam ple im m ediately post

exercise or rest at 60 min and a final blood sample was drawn at 90 min when the second set o f  

cognitive tasks was com pleted, in order to assess the effects o f  acute maximal intensity exercise 

on plasm a and serum BDNF concentration (Figure 2.9).
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CON group Cognitive tasks (30 min) Rest Cognitive tasks (30 min)

Face-nam e pa irs  
O b je c t re c o g n itio n  
S to o p  co lou r-w ord

V '

30 min Face-nam e pairs 
O b je c t re co g n itio n  
S to o p  co lour-w ord

'  V

B ase line  b lo o d s P o s t-tre a tm e n t b lo o d s Recover)> b lo o d s

EX group Cognitive tasks (30 min) VO^maxtest Cognitive tasks (30 min)

Face -nam e pa irs  
O b je c t re c o g n itio n  
S to o p  co iou r-w ord

v  '

(approx30 min)

> \

Face-nam e pa irs  
O b je c t re co g n itio n  
S to o p  co lou r-w o rd  

f y

Base line  b lo o d s P ost-trea tnnent b lo o d s R e co ve ry  b lo o d s

Figure 2.9 Experimental design for visit one

The schematic illustrates the C O N  and E X  experiment for visit one. Baseline bloods were taken at 0 min 

followed by the first set o f cognitive tasks. Following this, the C O N  and E X  group rested or completed a 

V02max test, respectively. A second blood sample was drawn immediately post-treatment at 60 min. 

Cognitive tasks were completed again, followed by a final recovery blood sample drawn at 90 min.

A ll participants completed a second session two weeks ± two days post their first visit (Figure 

2.10). During visit two, all participants completed an initial battery o f cognitive tasks, similar to 

visit one. Following this, the EX group completed an acute bout o f moderate intensity exercise. 

This involved exercising at 60% o f their V02max for 30 min, which was determined after their 

GXT test during visit one. The moderate exercise bout was preceded by a 5 min warm-up and 

followed by a 5 min cool-down. The CON group had a 40 min rest period to ensure a similar 

delay between cognitive testing, to control for any practice effects o f task performance. 

Following moderate intensity exercise or rest, participants completed a second set o f cognitive 

tasks. A  baseline blood sample was taken at 0 min, followed by another blood sample 

immediately post-exercise at approximately 70 min and a final blood sample was drawn at 100 

min when the second set o f cognitive tasks was completed, in order to assess the effects o f acute 

moderate intensity exercise on plasma and serum BDNF concentration. The CON group were 

not subjected to blood sampling due to the similarities in protocol to visit one. Participants 

returned to the laboratory at the same time as their first visit in an effort to minimize diurnal 

variation.
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CON group Cognitive tasks (30 min) Rest Cognitive tasks (30 min)

F a c e - n a m e  p a ir s 40 min

'  '

F a c e - n a m e  p a ir s
O b je c t  r e c o g n i t io n  
S to o p  c o lo u r-w o rd

V  '

O b je c t  re c o g n i t io n  
S to o p  c o lo u r-w o rd

EX group Cognitive task* (30 min)
Warm

up
60%

VOjtnax
Cool
down Cognitive tasks (30 min)

F a c e - n a m s  p a ir s  
O b ja c i  r e c o g n i t io n  
S t o o p  c o lo u r-w o rd

V  ’

5 min

' '

30 min

! \

5 min

• ’

F a c e - n a m e  p a ir s  
O b je c t  r e c o g n i t io n  
S to o p  c o lo u r-w o rd  

* ▼

B a s e l in e  b l o o d s P o s H r e a tm e n t  b lo o d s R e c o v e ry  b lo o d s

Figure 2.10 Experim ental design for visit two

The schematic illustrates the CON and EX experiment for visit two. N o blood was drawn from the CON  

group. For the EX group, baseline bloods were taken at 0 min followed by the first set o f  cognitive tasks. 

Following this, the CON and EX group rested for 40 min or completed an exercise trial at 60% V02max, 

with a 5 min warm-up and cool-down period, respectively. A second blood sample was drawn from the 

EX group immediately post-exercise at approximately 70 min. Cognitive tasks were completed again by 

both groups, followed by a final recovery blood sample drawn at 100 min from the EX group.

2.3.4 Graded exercise test

The GXT was performed on an electro-magnetically braked cycle ergometer (Excalibur Sport, 

Lode B.V., Netherlands), to establish maximal oxygen consumption rate (V02max). Saddle 

height, handle bar height and length were adjusted as necessary to facilitate comfort. 

Participants were fitted with a polar heart rate transmitter (Cardiosport GO, Healthcare 

Technology Ltd., UK) positioned at the level of the inferior sternum, which was used to monitor 

heart rate (beats.min'') every 30 s. Participants were fitted with a silicone facemask (Hans 

Rudolph, USA) connected to a re-breathing valve unit that allowed for breath-by-breath 

determination o f pulmonary minute ventilation (V e ) ,  oxygen uptake (VO2), carbon dioxide 

production (VCO 2) and respiratory exchange ratio (RER) (Innocor, Innovision, Denmark). Prior 

to each test, gas analysers were calibrated with certificated calibration gases as per 

manufacturer’s guidelines. The Innocor has previously been validated and demonstrated 

excellent reliability for gas exchange measurements (Fontana et a l ,  2009).

The test commenced with a 3 min rest period where the participant sat stationary on the bike to 

determine resting cardio-respiratory parameters. The exercise test was performed at a pedalling 

cadence between 60-70 revolutions per minute (rpm) and started at an initial workload o f 20 

watts (W). The workload increased each min by 20W increments until volitional exhaustion
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was reached. Participants were verbally encouraged to continue cyclin g  until heart rate 

approached the age predicted m aximum  (220  -  age (y)). A chievem ent o f  V 02m ax was 

confirm ed by a m inimum  o f  two o f  the three fo llow in g criteria; (i) >90%  o f  their age predicted 

m axim al heart rate, (ii) RER >1.15  and (iii) plateau o f  VO 2. The breath-by-breath parameters at 

the m aximal exercise level were averaged over 30 s for calculation o f  V 02m ax. Results 

obtained from this test were used to calculate the intensities for the moderate intensity exercise  

bout.

2.3.5 Moderate intensity exercise

The moderate intensity exercise was performed on a stationary cyc le  ergom eter (Monark 

Ergom edic 874 E, UK). Participants exercised at 60%  V 02m ax for 30 min, w hich was 

determined using data from visit one. Participants were allow ed a 5 min warm-up period 

cyclin g  at a workload o f  20W . Follow ing this, the workload w as increased by 40W  per min 

until 60%  V 0 2 m ax was attained and participants were encouraged to maintain a cadence 

betw een 60-70 rpm. This workload was maintained until the allocated 30 min period had 

passed, and was follow ed by a 5 min cool-dow n period cyclin g  at 20W . Heart rate was 

monitored throughout the session.

2.3.6 Blood sampling and treatment

A tourniquet was applied to the non-dominant arm and venous blood was taken from a free- 

flow in g  vein  in the antecubital fossa using a sterile 2 1 G Butterfly® needle (Venisystems™ , 

Abbott, Ireland) and a Vacutainer® system  with a luer adaptor (B ecton-D ickinson (B D ) 

Vacutainer® System s, UK). The tourniquet was released during blood sam pling, w hich was 

carried out by a trained phlebotom ist. Sam ples were drawn into B D  Vacutainer® blood  

collection  tubes (Table 2.3) at three different tim e points: at baseline, after the GXT/moderate 

intensity exercise trial or rest, and 30 min post-recovery. Sam ples were drawn into sterile SST™ 

gel and clot activator and lithium heparin tubes, respectively. The clotting tim e and

centrifugation em ployed for each Vacutainer® is outlined in table 2.3 . SST™ gel and clot

activator tubes were left to clot for 30 min at room temperature, as per manufacturer’s

guidelines, before being centrifuged at 1300 x g  for 10 min at 4°C. The resulting serum was

rem oved and stored at -80°C pending analysis. Heparin tubes were im m ediately centrifuged  

(<15  m in after sam pling) at 1300 x g  for 10 min at 4°C and the resulting plasm a w as removed  

and stored at -80°C until further analysis.
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Table 2.3 Blood treatment summary

SST  gel and clot 

activator

Serum

determ ination

5 30 min 1300 X g  (1 0  m in)

Lithium  heparin Plasm a

determ ination

8 N /A 1300 X g  (1 0  m in)

Function o f  blood co llection  tubes, clotting tim es and centrifugation protocol for each blood sam ple  

co llected . N /A , not applicable.

2.3.7 Cognitive testing

2 .3 .7.1 Face-name pairs task

The face-name pairs task was adapted from a paradigm previously reported in the literature 

(Zeineh et a i, 2003). The task included encoding, distracter and recall phases.

Materials and apparatus

The task consisted o f viewing female faces unfamiliar to the study participants paired with 

popular female English first names, assigned to each face by the investigator. The face-name 

pairs stimuli consisted o f a face displayed on a black background with a name printed to the 

right-hand side of the face, forming a face-name pair. The faces in the current protocol appeared 

as a black and white image and for each face, no hair, neck or accessories were visible. With 

each participant completing two testing sessions comprising o f two cognitive trials, a different 

set of ten face-name pairs was used each time the task was administered, with no participant 

repeating the cognitive task on the same series o f faces. The task was programmed and 

presented using E-Prime version 1.1 (Psychology Software Tools, Inc., Pittsburgh, USA; 

www.pstnet.com/eprime). A Dell Optiplex gx620 computer linked to a response pad (Model: 

RB-530, Cedrus Corporation, California, USA) was used for completion o f this task.

Procedure

The task structure included a series o f four learning blocks (encoding), interleaved with a 

distraction task and four recall blocks (Figure 2.11). The learning phase required participants to 

study ten serially presented pairs o f faces and names, which the subject had to attempt to 

commit to memory. Each face-name pair was presented for 3.5 s, with a 0.5 s blank between 

each stimulus. To prevent rote rehearsal o f the face-name associations, a distracter task was
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inserted between each learning and recall phase. The distracter task consisted o f a central visual 

display (fixation cross in a circle) and participants were required to press a button on a response 

pad each time the central visual display flashed as a solid black circle on the screen (for a 

duration o f between 0.5 s and 3.5 s). The distracter task lasted for a period o f 40 s and was 

presented prior to the beginning o f each cued recall block. During each recall block, participants 

were presented with a randomised order o f the ten “learning phase” faces for 3.5 s, with a 0.5 s 

blank between each stimulus. Participants were required to verbally respond with the correct 

face-name association, which were recorded by the investigator. Performance of the task was 

measured as the number o f correct face-name pairs recalled.

Recall

X 10

Figure 2.11 Schematic of the face-name pairs task

The schematic illustrates the task structure o f  the face-name pairs task, which included a face-name 

learning block, interleaved with a distraction task, and a recall block. Participants were required to learn 

and recall 10 face-name pairs over a total o f  4 trials.

2.3.7.2 Object scene recognition task

The object recognition task apparatus was acquired from Prof. Fiona Newell’s group in the 

School of Psychology, Trinity College Dublin (Figure 2.12). The task performed in this 

experiment was an adaptation o f that previously proposed on the visual recognition o f scenes 

(Newell et at., 2005). Prior to experimental testing, a pilot study was completed to ensure that

F ace-n am e  lea rn ing

Distraction
40s

N a m e ?x 4  Trials
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neither a ceiling nor a floor effect was present. A separate set o f  12 males, aged 18-25 years, 

completed a pilot study to determ ine the optimum protocol for the task. V ariables such as time 

spent initially observing the scene, time between viewings, orientation o f  the platform  and 

num ber o f  objects on the platform  per trial were altered. Participants were asked to report the 

most m em orable objects, and which trial com binations were easy or hard to remember. From 

the pilot study, the optim um  num ber o f  objects to use per trial was determ ined as eight and the 

tim ing established was a learning tim e o f 8 s, with an inter-stim ulus interval o f  20 s and a recall 

phase o f  15 s.

Materials and apparatus

The apparatus consisted o f  a rotating circular platform (diam eter, 54cm) that was placed 

horizontally on top o f  a fixed table and had 19 sunken position markers in w hich objects could 

be placed. The stimulus set o f  objects included 15 white w ooden shapes resem bling familiar 

animals attached to plastic narrow  stands that could be easily inserted into any sunken position 

on the platform. All objects m easured 1cm in width, varied in height from the base to the top 

between 6 and 8cm and in length between 3.5 and 5.5cm. The platform was designed so that 

position m arkers were placed in such a way that each m arker was equidistant from any o f  its 

neighbouring markers by a distance o f  7cm. Participants were seated directly in front o f  the 

platform so that their body m idline was directly aligned with the centre o f  the scene and the 

furthest object position measured a distance o f  42cm. The participant viewed the objects from a 

slightly elevated angle to ensure that all objects could be viewed without object occlusion. A 

white curtain attached to a wooden frame separated the participant from the platform between 

trials.

Procedure

For each trial, eight object stimuli were randomly chosen and placed in random positions on the 

platform. Each trial consisted o f  scene learning followed by testing. The head orientation o f  the 

stimuli rem ained horizontal throughout all o f  the trials and the original orientation o f  the two 

swapped objects was m aintained between the learning phase and the testing phase with respect 

to the scene. A curtain was placed between the experimental set-up and the participant, and was 

used to cover the scene during the inter-stimulus interval between the learning and testing 

phase. D uring learning, participants were given 8 s to learn the scene visually. Participants used 

their own exploration strategy but were instructed not to make contact w ith any object in the 

scene during visual learning and were required to verbally recall which tw o objects were 

swapped. A fter visual learning, the experim enter lowered the curtain to cover the scene for an 

inter-stim ulus interval o f  20 s. During the inter-stim ulus interval, tw o o f the eight objects were 

exchanged by the experim enter out o f  view. Furthermore, the orientation o f  the entire scene was
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either unchanged (e.g. 0° orientation) w ith respect to the observer, or rotated by 60°. To ensure 

the participant could not use secondary auditory cues to detect w hich objects were swapped or 

w hether a change in orientation occurred during the interval, the experim enter m asked the 

sound o f objects changing position and/or the sound o f  the platform  rotating by making 

“dum m y” noises. A fter the 20 s interval, the curtain was draw n and the participant was given 15 

s to identify which two o f the eight objects had been swapped. The participant was prom pted to 

give a response i f  none was forthcom ing after the 15 s time limit. The experim ent consisted o f 

14 trials, seven at 0“ orientation and seven at 60° orientation. The order o f  trials was randomised 

w ithin each experim ent and the scenes were varied pre- and post-exercise/control conditions for 

the tw o visits. Fifty-six different object arrangem ents were created and docum ented for use, in 

order to m inim ise any practice effects o f  task performance. The global configuration o f  the 

objects in the scene rem ained the sam e after exchanging tw o objects because all original 

positions in the scene were still occupied. Performance o f  the task was m easured in term s o f 

error rates. If two swapped objects w ere correctly identified this was reported as 0% error, if  

one object was correctly identified this was reported as a 50%  error and if  none o f  the objects 

w ere identified this was reported as 100% error for that trial.

Figure 2.12 Illustration of the object scene recognition task apparatus

The illustration shows the set-up for the object recognition scene which consisted o f  eight randomly 

placed wooden shapes o f  familiar animals.

71



2.3.7.3 Stroop colour-word task

The Stroop task was included in the cognitive battery to assess the effect o f  exercise on the 

function o f  brain regions other than the hippocampus.

Materials and apparatus

The task was program m ed and presented using E-Prim e version 1.1 (Psychology Software 

Tools, Inc., Pittsburgh, USA; www.pstnet.com /eprim e'). A Dell O ptiplex gx620 computer 

linked to a response pad (M odel: RB-530, Cedrus Corporation, California, USA) was used for 

com pletion o f  this task. Both congruent and incongruent stimuli were presented random ly in 

identical font size and style, on a white background.

Procedures

The task consisted o f  a continuous series o f  colour words, which were presented in one o f  four 

colours and words (blue, green, red and yellow) and were displayed over two consecutive trials 

o f  2.5 min duration each (Figure 2.13). A short inter-trial rest period (<1 min) separated the two 

trials. Each stimulus appeared on screen for 1.3 s. The protocol mainly consisted o f  words that 

were displayed in their congruent colours (e.g. the word red displayed in red font colour), with 

randomised infrequent incongruent colour words (e.g. the word yellow displayed in green font 

colour), in order to maximise cognitive interference. No word or colour o f  an incongruent 

stim ulus was the same as the preceding congruent colour word to avoid prim ing effects. 

Participants were required to inhibit their autom atic response to read the word stimulus 

presented, and instead reported the font colour the word was presented in by pressing the 

appropriate colour-coded key on a response pad. Results are presented as percentage response 

accuracy and mean response time for the congruent and incongruent conditions. As an index o f 

behavioural response conflict, the Stroop effect was calculated from these measures 

(incongruent response time - congruent response time).
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BLUE
Congruent trial

Incongruent trial

Correct responses 
Blue 
Red 

Green

F ig u re  2 .13  S ch em a tic  o f  tlie  S tro o p  co lo u r-w o rd  task

The schem atic illustrates the task structure o f  the S troop colour-w ord task, w hich included a series o f  

congruent trials (“blue” and “red” ) and incongruent trials (e.g. “yellow ” in green font). Participants were 

required to inhibit their autom atic response to read the w ord and instead reported the colour the w ord was 

presented in on a colour-coded response pad. The correct responses for the schem atic are indicated in the 

lower left hand corner.

2.3.8 BDNF quantification

Plasma and serum concentrations o f BDNF were assessed by ELISA using a commercially 

available Human BDNF Duoset® ELISA development systems kit (R&D Systems Europe, 

Oxon, United Kingdom). To obtain valid measurements, serum samples were diluted 1:2 in 

dH20 (50(j 1 serum in 100|j 1 dH20) and were assayed as per manufacturer’s guidelines. The 

ELISA was preformed as described in section 2.2.8. For the EX group, the baseline, post

exercise and recovery blood samples were analysed for both visits. The CON group provided 

baseline, post-rest and recovery blood samples for visit one only.

2.3.9 Statistical analysis

All data were examined for outliers, which were excluded if they were ±  2SD removed from 

the mean. All data are presented as mean ± SEM. Behavioural data and BDNF analysis for visit 

one were analysed using two-way repeated measures ANOVA to assess both the effect of time 

(repeated measure) and the effect of group. Where a significant main effect was detected, a 

Bonferroni post-hoc test was used to locate the significant differences. For session two, no 

blood samples were taken from the CON group, hence one-way repeated measures ANOVA

RED

X 2 Trials ^  
(2 .5  min each) YELLOW
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with post-hoc Tukey's HSD were used to analyse BDNF changes over time for the EX group. 

GraphPad Prism v5.0 software (GraphPad Software Inc, USA) was used for analysis and 

graphical presentation with statistical significance set at /?<0.05.
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Chapter 3
Evaluation of the cognitive enhancing effects o f acute exercise 

and assessment o f the potential underlying mechanisms



CHAPTER 3

3.1 Introduction

Exercise is associated with improved cognitive function in humans (Colcombe et al., 2004; 

Ferris et al., 2007; W inter et al., 2007; Griffin et al., 2011) as well as improved learning across 

a range o f  cognitive tasks in rodents (Griffin et al., 2009; Hopkins & Bucci, 2010). To date, the 

majority o f  studies published on this topic focus on long-term exercise interventions o f  more 

than one week; am ong the relatively few studies assessing the effect o f acute exercise on 

cognitive function, there are reports that several days o f  exercise, both forced and voluntary, 

result in robust im provem ents in learning and m emory (Vaynm an et al., 2004; Griffin et al., 

2009). Furthermore, these studies have aim ed to elucidate the possible underlying m echanisms 

behind these im provements in memory perform ance and have focused their attention on the role 

o f  BDNF in m ediating these cognitive im provem ents, since the concentration o f  this protein has 

been reported to increase in the brain with both acute and chronic exercise (Berchtold et al., 

2005; O 'Callaghan et al., 2007; Griffin et al., 2009). In addition, previous reports in humans 

have shown im provements in cognitive perform ance after a single bout o f  exercise, in 

association with an increase in peripheral BDNF (Ferris et al., 2007; Griffin et al., 2011).

To date, no study has assessed the effects o f  a single bout o f  physical exercise on hippocampal- 

dependent memory in rodents and the possible factors that may mediate any potential exercise- 

induced enhancem ent in cognitive performance. Based on this research question, the first aim 

was to investigate the duration-response o f  acute forced, moderate intensity exercise on 

cognitive performance in the adult male W istar rat using a NOR task. Several human studies 

have examined the affects o f  acute exercise bouts o f  varying duration and intensity on cognitive 

perform ance (Ferris et al., 2007; W inter et al., 2007; G riffin et al., 2011) but little research has 

focused on the m inimum am ount o f  exercise required to observe an exercise-induced cognitive 

im provem ent in rodents. Establishing the m inimum am ount o f  exercise necessary to see such 

cognitive im provem ents may com plem ent the existing literature on human studies and 

contribute to a better understanding o f  the exact m echanism s underlying im provements in 

m emory following acute exercise which have yet to be determ ined.

A cquisition and consolidation o f  newly-acquired inform ation are essential components o f  

m emory formation. However, the effect o f  exercise on these particular aspects o f  memory 

form ation has not been explored extensively in the literature. The OD and NO R tasks are ideal 

learning paradigms to use to study the effect o f  acute exercise on acquisition and consolidation 

as exercise can be performed at various time points during the protocol. These tasks allow a 

series o f  objects to be freely explored by the rat at time points corresponding to the phases o f
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acquisition and consolidation. In light of this, another aim o f the current study was to examine 

the effect o f exercise on both memory acquisition and consolidation by allowing a single bout 

of exercise either pre- or post-task training.

Exercise can enhance various forms o f leaning in young rodents, including passive avoidance 

(Chen et al., 2008a), object recognition (O'Callaghan et a i, 2007; Griffin et a l, 2009), 

contextual fear conditioning (Burghardt et a l, 2006) and learning in MWM (van Praag et a l, 

1999a). However, exercise-induced enhancements are not consistently reported in the literature 

(O'Callaghan et a l, 2007), and may depend on the duration, frequency and intensity o f the 

exercise performed. Alternatively, this may be due to the selected task not being sensitive or 

cognitively challenging enough to detect exercise-induced memory improvements. Both ceiling 

and floor effects may be present in certain behavioural tasks routinely used by researchers to 

assess learning in rodents, such as the MWM task, a widely-used test of spatial memory. A 

ceiling effect occurs when a behavioural task possesses a distinct upper limit for potential 

responses and the majority o f animals tested on such a task score at or near this limit, indicating 

that the task was too easy. A floor effect is precisely the opposite -  all the animals hit the 

bottom end o f the distribution due to the extreme difficulty o f the task.

Many studies have provided a strong link between exercise and learning, but to date they have 

largely focused on tasks that primarily recruit the hippocampus. The T-maze task is a spatial 

working memory task that uses the principle o f spontaneous alternation behaviour. Performance 

of this task is sensitive to dysfunction of the hippocampus, however, other brain structures such 

as the basal ganglia, neocortical areas and thalamus are also involved (Lalonde, 2002). 

Therefore, an additional aim of the current study was to examine the effect o f a one-week 

exercise protocol on performance o f the T-maze task, whereby adult male Wistar rats were 

exercised at two different time points in the behavioural protocol. The objective was to establish 

if daily bouts o f acute exercise over seven consecutive days could produce a cognitive 

enhancing effect on a task that involves other brain structures in addition to the hippocampus.

Having established the most appropriate exercise duration and cognitive task, a final aim was to 

investigate the effect o f a single bout of forced moderate intensity exercise on performance of 

two variants o f a non-spatial recognition task and to assess the potential underlying biochemical 

and molecular mechanisms mediating any observed exercise-induced enhancement in task 

performance.
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3.2 Methods

3.2.1 Animals

M ale rats o f  W istar O la strain, aged three to four months, were used in these experim ents. They 

were group-housed, two to four per cage, and m aintained under environm ental conditions 

described in section 2.2.1. Procedures were conducted in accordance with national law and 

European Union directives on animal experim ents as described in section 2.2.1 and approved by 

the University Ethical Review Committee.

3.2.2 Experimental design

3.2.2.1 Experiment I  - Establishing the duration-response o f acute moderate intensity 

exercise on object recognition memory

Anim als were random ly assigned to either a sedentary control (CON, n=6-7) or exercise (EX, 

n=6-7) group. To exam ine the ‘duration’ effect o f  acute exercise on non-spatial recognition 

mem ory, animals were tested on the 2-object variant o f  the NOR task. Anim als in the EX group 

exercised for either 15 min, 30 min or 45 min while the CON group remained sedentary on 

stationary treadm ills for the corresponding time. This experim ent was designed to exam ine the 

m inim um  am ount o f  exercise required to see any possible exercise-induced im provem ent in 

learning. Each experim ent was performed at least one week apart and groups were alternated 

for each experiment.

3.2.2.2 Experiment II - Effect o f a single bout o f  exercise on acquisition and 

consolidation o f memory using a battery o f cognitive tasks

Anim als were random ly assigned to either a sedentary control (CON, n=5-6) or exercise (EX, 

n=5-6) group. A battery o f  cognitive tasks was used to exam ine the effects o f  acute exercise on 

the various tasks perform ed (see Table 3.1). The level o f  difficulty o f  each task was varied by 

m anipulating the am ount o f  training the animals received, by increasing the num ber o f  objects 

to be explored or by testing the animals either immediately post-exercise or 24 h after a single 

exercise bout. In addition, animals were exposed to the treadm ills for 1 h either before task 

training or im m ediately after task training to investigate the role o f  exercise on acquisition and 

consolidation o f  memory. Each experim ent was performed at least one week apart to facilitate a 

w ash-out period for the animals.
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Table 3.1 Sequence of cognitive task battery

1 1 h at 16.7m .m in' (pre-training) 3 -object N O R 3x5 min 1x5 m in (24  h)

2 1 h at 16.7m .m in'' (post-training) 3-object N O R 3x5 min 1x5 m in (2 4  h)

3 1 h a t  16.7m .m in' (pre-training) O D 1x5 min 1x5 min (30  m in)

4 1 h at 16.7m .m in' (pre-training) OD 3x5 min 1x5 min (24  h)

5 1 h at 16.7m .m in ' (post-training) O D 3x5 min 1x5 m in (2 4  h)

6 1 h a t  16.7m .m in '(p re-tra in ing) 2-object N O R 3x5 min 1x5 m in (24  h)

7 1 h at 16.7m .m in ‘ (post-training) 2-object N O R 3x5 min 1x5 m in (24  h)

N O R , novel object recognition; O D , object displacem ent.

3.2.2.3 Experiment III - Effect o f a one-week exercise protocol on working memory 

using the T-maze task

Thirty two anim als were randomly assigned to either a sedentary control (CON, n=16) or 

exercise (EX, n=16) group. The study was conducted to evaluate the effects o f  acute forced 

exercise on perform ance in a different cognitive paradigm. The T-m aze task assesses spatial 

w orking memory, w hich is defined as information that is only useful to an animal during the 

current experience with the task. For experim ent one, anim als in the EX group (n=8) were 

exercised for seven consecutive days during the habituation phase o f  the task while the CON 

group (n=8) remained sedentary on stationary treadm ills for the corresponding time (Figure 

3.1 A). Alternatively, for experim ent two, animals in the EX group (n=8) were exercised for 

seven consecutive days during the training phase o f  the task  while the CON group (n=8) 

remained sedentary on stationary treadm ills for the corresponding time (Figure 3.1 B). Any 

behavioural effects were evaluated as described in section 2.2.3.3. During the one week 

treadmill protocol, all anim als were exposed to treadm ills im m ediately after task habituation or 

training on the T-maze task to minimise any possible stress effects on habituation or 

acquisition.
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(A)

Sedentary or exercise 
(16.7m m irr ' ,1 h/day)

l-iabituation Training (8 triais/day)

Day' 1 D ay? Day 15

(B)

Sedentary o r exercise 
(16 7m.m in-’ ,1 h/day)

Habituation Training (8 trials/day)

D a / 1 D a / 7 D ay 14 Day 15

Figure 3.1 Study design for assessing the effect of one-weeli of exercise on the T-maze task

Two studies were performed to assess the effects o f  short-term exercise on the T-maze task. (A ) In 

experiment one, animals exercised for one week during the habituation phase. (B) In experiment two, 

animals exercised for one week during the training phase. Sedentary controls remained on stationary 

treadmills fo r the corresponding time.

3.2.2.4 Experiment IV  - Effect o f  a single bout o f exercise on object recognition memory 

and the potential underlying mechanisms

Animals were randomly assigned to either a sedentary control (CON, n=6) or exercise (EX, 

n=6) group. To examine the effects o f acute exercise on non-spatial recognition memory, 

animals were tested on the 2-object variant o f the NOR task. Animals were tested pre- and post

intervention (sedentary or exercise at 16.7m.min'' for 1 h) to assess whether any test-retest 

practice effects were present when testing performance on this task after exercise. Animals 

received a 1x5 min training bout followed by a 1x5 min testing bout after a 30 min delay. 

Following this, animals were given a wash-out period o f two weeks and tested on a more 

challenging version o f the task by increasing the number o f objects to be explored, the 3-object 

variant. For the 3-object variant o f the NOR task, two additional experimental groups were 

included in the study and thus, the four groups were divided on the basis o f whether they 

received a single bout o f exercise or remained sedentary on stationary treadmills and whether
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they perform ed the 3-object variant o f  the NOR task or not: sedentary with no learning controls 

(CON-NoL, n=6), sedentary controls (CON, n=6), exercise w ith no learning (EX-NoL, n=7) 

and exercise (EX, n=6). The CON-NoL and the EX-NoL groups did not perform a cognitive 

task, but were placed in the open field w ithout objects for the corresponding training and testing 

tim e frame in order to control for any direct effects o f  learning. Immediately following the 

cessation o f  the task, the animals were euthanised in accordance with institutional guidelines for 

later analysis o f  brain and blood tissue samples.

3.2.3 Forced exercise protocol

All animals were fam iliarised to m otorised rodent treadm ills prior to the beginning o f  each 

experim ent as described in section 2.2.2.4. Following fam iliarisation, animals were exercised 

for a single bout o f  exercise at an intensity o f  16.7m.min ’ for a predeterm ined amount o f  time, 

depending on the experim ent, in the case o f  the T-maze task, anim als were exercised at this 

intensity for 1 h each day for seven consecutive days. In all cases, sedentary control animals 

were placed on stationary treadm ills for the corresponding time. Immediately following 

treadmill exposure, anim als were returned to their home cage for 10 min. The inclusion o f  this 

b rie f resting period was based on the results o f  a pilot study in our laboratory which showed a 

decrease in exploration for some o f  the animals in the EX group when they were placed in the 

open field im m ediately following treadmill exposure.

3.2.4 Behavioural procedures

All anim als were habituated to the open field for tw o days prior to behavioural experim entation. 

M emory was assessed using the OD task (see section 2.2.3.1), the 2-object variant and the 3- 

object variant o f  the NO R task (see section 2.2.3.2). Briefly, anim als received either a 1x5 min 

training bout or 3x5 min training bouts with inter-trial rest periods o f  5 min and were tested 

either 30 min or 24 h post-training, to assess the effects o f  a single bout o f  exercise on both non- 

spatial and spatial learning. A different set o f  objects was used for each behavioural experim ent 

performed. Spatial working memory was assessed using the T-m aze task (see section 2.2.3.3).

3.2.5 Tissue collection and processing

In experim ent IV, anim als were euthanised by decapitation follow ing testing on the 3-object 

variant o f  the NO R task. Trunk blood was collected im m ediately post-decapitation into an 

eppendorf and treated as described in section 2.2.4. The supernatant (serum ) was recovered and 

stored at -20°C until further analysis. The brain was removed and tissue o f  interest (dentate 

gyrus, hippocampus (i.e. hippocampus proper containing C A l to  CA3 subfields) and perirhinal
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cortex) was sub-dissected on ice (see section 2.2.5.1). The extracted tissue was immediately 

flash-frozen and stored at -80°C until further processing.

3.2.6 Analysis o f  BDNF serum levels by ELISA

The concentration of BDNF in serum samples was analysed using a commercially available kit 

as described in section 2.2.8.

3.2.7 Analysis o f  protein expression by Western immunoblotting

Tissue was homogenised in lysis buffer (section 2.2.5.4) and equalised for protein concentration 

prior to Western immunoblotting (section 2.2.6.2). ERK phosphorylation (p-ERK) was assessed 

using SDS-PAGE and Western immunoblotting (see section 2.2.10) in the dentate gyrus, 

hippocampus and perirhinal cortex. Both isoforms o f ERK, p44 and p42 (ERK 1 and 2, 

respectively), were analysed. This protein is not specific to TrkB, however, it is one o f the 

major downstream effectors of TrkB signalling in the Ras-MAPK pathway, and therefore, 

indicative o f neurotrophin action. Synapsin-1 phosphorylation (p-Synapsin-1) was also assessed 

in the dentate gyrus, hippocampus and perirhinal cortex. This synaptic vesicle protein is 

important for synaptic vesicle release and therefore, plays a role in neurotransmission. Samples 

were assessed for p-actin expression to control for equal protein loading.

3.2.8 Statistical analysis

All data were examined for outliers, which were excluded if they were ± 2SD removed from the 

mean. All data are presented as mean ± SEM. For the T-maze task, data were pooled into two 

day blocks so that performance was compared between days 1-2, 3-4, 5-6 and 7-8 together and 

analysed using a two-way repeated measures ANOVA. Behavioural data for the OD and NOR 

tasks were analysed using a two-way ANOVA to compare the exploration of objects and the 

effect of group treatment (independent variables). Where a significant main effect was detected, 

a Bonferroni post-hoc test was used to locate the significant differences. For two groups and 

one independent variable, a two-tailed unpaired Student’s Mest was used to assess whether the 

means were significantly different. Neurochemical data were analysed using a one-way 

ANOVA, with Tukey’s HSD post-hoc tests. GraphPad Prism v5.0 software (GraphPad 

Software Inc, USA) was used for analysis and graphical presentation, with statistical 

significance set at p<0.05.
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3.3 Results

3.3.1 Experiment I  - Establishing the duration-response o f  acute moderate intensity 

exercise on object recognition memory

3.3.1.1 Effect o f  15 min acute exercise on the 2-object NOR task with a 30 min testing 

delay

Animals were exercised or remained stationary on a treadmill for 15 min prior to task training. 

Following a 10 min delay, object recognition memory was assessed using the 2-object variant 

o f the NOR task with a 1x5 min training bout followed by a 1x5 min testing bout after a 30 min 

delay (Figure 3.2A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A and B (percentage exploration o f objects: CON, Object A=53.05±8.84, Object 

B=46.95±8.84; EX, Object A=49.30±2.14, Object B=50.70±2.14), indicating that there was no 

significant difference between the exploration of the two objects by either group (F(i_20)=0.134, 

/?>0.05). There was no significant difference in total exploration between the groups 

(F(i 20)=0.000, /?>0.05) and no interaction between group treatment and the exploration of 

objects (F(i,20)=0.341,/?>0.05; Figure 3.2B).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i 20)=0.000, /7>0.05) and no significant 

difference between the exploration o f the familiar object A and novel object C* (F(i 20)=3.959, 

p>0.05; percentage exploration of objects: CON, Object A=44.11±8.07, Object C*=55.89±8.07; 

EX, Object A=38.34±9.52, Object C*=61.66±9.52). There was no significant interaction 

between group treatment and the exploration o f objects (F(i_20)=3.959, /?>0.05; Figure 3.2C). 

These data suggest that neither the CON nor EX group could identify the novel object C* 

during testing. Data are presented as mean percentage of total exploration time ± SEM. 

Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, n=6 per group.
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Figure 3.2 Effect of 15 min acute exercise on the 2-object NOR task

(A ) Schematic o f  study design. Neither the CON nor EX group showed a preference for any object during 

training (B) or testing (C) (p>0.05). Data are presented as mean percentage exploration time ± SEM; n=6 

per group; two-way ANO VA.
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3.3.1.2 Effect o f  30 min acute exercise on the 2-object NOR task with a 30 min testing 

delay

Animals were exercised or remained stationary on a treadmill for 30 min prior to task training. 

Following a 10 min delay, object recognition memory was assessed using the 2-object variant 

o f the NOR task with a 1x5 min training bout followed by a 1x5 min testing bout after a 30 min 

delay (Figure 3.3A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A and B (percentage exploration of objects: CON, Object A=48.89±2.72, Object 

B=51.11±2.72; EX, Object A=48.13±0.58, Object B=51.87±0.58), indicating that there was no 

significant difference between the exploration of the two objects by either group (F(i 24)=2.673, 

/?>0.05). There was no significant difference in total exploration between the groups 

(F(i,24)=0.000, /?>0.05) and no interaction between group treatment and the exploration of 

objects (F(i 24)=0.173,/p>0.05; Figure 3.3B).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i,24)=0.000, p>0.05) but there was a 

significant difference between the exploration of the objects A and C* (F(i 24>=5.193,/7<0.05). 

Bonferroni post-hoc analysis revealed that the EX group spent significantly more time 

exploring the novel object C* compared with the familiar object A (percentage exploration of 

objects: EX, Object A=40.73±6.23, Object C*=59.27±6.23; p<0.05), with no significant 

differences between the exploration of objects in the CON group (percentage exploration of 

objects: CON, Object A=48.24±3.98, Object C*=51.76±3.98; /?>0.05). There was no significant 

interaction between group treatment and the exploration o f objects (F(, 24)=2.412,/?>0.05; Figure 

3.3C). These data suggest that the EX group could identify the novel object C* during testing, 

whilst the CON group could not. Data are presented as mean percentage o f total exploration 

time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, n=7 

per group.
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Figure 3.3 Effect o f 30 min acute exercise on the 2-object NOR task

(A) Schematic o f  study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(i,24)=5.193, p<0.05), with post-hoc analysis revealing that the EX group explored the novel 

object C* significantly more than the familiar object A (*p<0.05). Data are presented as mean percentage 

exploration time ± SEM; n=7 per group; two-way ANOVA.
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3.3.1.3 Effect o f  45 min acute exercise on the 2-object NOR task with a 30 min testing 

delay

Animals were exercised or remained stationary on a treadmill for 45 min prior to task training. 

Following a 10 min delay, object recognition memory was assessed using the 2-object variant 

of the NOR task with a 1x5 min training bout followed by a 1x5 min testing bout after a 30 min 

delay (Figure 3.4A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A and B (percentage exploration o f objects: CON, Object A=47.93±4.55, Object 

B=52.07±4.55; EX, Object A=48.82±7.93, Object B=5I.18±7.93), indicating that there was no 

significant difference between the exploration of the two objects by either group (F(i 24)=0.294, 

/?>0.05). There was no significant difference in total exploration between the groups 

(F(i ,24)=0 .0 0 0 , p>0.05) and no interaction between group treatment and the exploration of 

objects (F(| 24)=0.022,/?>0.05; Figure 3.4B).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i,24)=0.000, /?>0.05) but there was a 

significant difference between the exploration of the objects A and C* (F(i 24>=13.57,/?<0.0I). 

Bonferroni post-hoc analysis revealed that the EX group spent significantly more time 

exploring the novel object C* compared with the familiar object A (percentage exploration of 

objects: EX, Object A=3I.73±4.30, Object C*=68.27±4.30; /?<0.00l), with no significant 

differences between the exploration of objects in the CON group (percentage exploration of 

objects: CON, Object A=44.82±38.72, Object C*=55.18±8.72; p>0.05). There was no 

significant interaction between group treatment and the exploration o f objects (F{| 24)=4.230, 

;?>0.05; Figure 3.4C). These data suggest that the EX group could identify the novel object C* 

during testing, whilst the CON group could not. Data are presented as mean percentage o f total 

exploration time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni post- 

hoc tests, n=7 per group.
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Figure 3.4 Effect of 45 min acute exercise on the 2-object N O R  task

(A ) Schematic o f study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(| 24)=13.57, /?<0.01), w ith post-hoc  analysis revealing that the EX group explored the novel 

object C* significantly more than the fam iliar object A (***p<0.001). Data are presented as mean 

percentage exploration time + SEM; n=7 per group; two-way AN O VA.
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3.3.2 Experiment II - Effect o f a single bout o f exercise on acquisition and 

consolidation o f memory using a battery o f cognitive tasks

3.3.2.1 Effect o f a single bout o f exercise pre-training on the 3-object NOR task with a 

24 h testing delay

Animals were exercised or remained stationary on a treadmill for 60 min prior to task training. 

Following a 10 min delay, object recognition memory was assessed using the 3-object variant 

o f  the NOR task. Animals received 3x5 min training bouts with inter-trial rest periods o f  5 min. 

During the inter-trial rest periods, animals were placed in a holding cage in order to minimise 

disturbance from home cage co-habitants. Animals were tested using a 1x5 min testing bout 

after a 24 h delay (Figure 3.5A). Two animals were excluded from the EX group due to a lack 

o f  exploration during the training trials.

In the training trial, both the CON and EX groups spent a similar amount o f  time exploring 

objects A, B and C (percentage exploration o f objects summed across training bouts: CON, 

Object A=34.92±1.37, Object B=32.88±2.84, Object C=32.20±2.33; EX, Object A=33.94±2.92, 

Object B=28.72±2.49, Object C=37.34±l .54), indicating that there was no significant difference 

between the exploration o f  the three objects by either group (F(2 ,2 4 p l -673, p>0.05). There was 

no significant difference in total exploration between the groups (F(i 24)=0.000, p>0.05) and no 

interaction between group treatment and the exploration o f  objects (F(2 ,2 4 )= 1-936, p>0.05; Figure 

3.5B).

In the testing trial, object C was replaced with a novel object D*. There was no significant 

difference in exploration between the two groups (F(i,24)=0.000, /?>0.05) but there was a 

significant difference between the exploration o f  the objects A, B and D* (F(2,24)=8.481, 

p<0.01). Bonferroni post-hoc  analysis revealed that the CON group spent significantly more 

time exploring the familiar object A compared with B (percentage exploration o f objects: CON, 

Object A=39.60±2.56, Object B=23.15±2.99, Object D*=37.25±4.46; /?<0.05) while the EX 

group spent significantly more time exploring the novel object D* compared with the familiar 

object B (percentage exploration o f objects: EX, Object A=32.07±5.08, Object 3 = 2 1 ,76±4.52, 

Object D*=46.16±9.27; /><0.01). There was no significant interaction between group treatment 

and the exploration o f objects (F(2 ,2 4 )=l .5 0 1 ,/?>0.05; Figure 3.5C). These data suggest that no 

learning occurred when exercise was performed pre-task training. Data are presented as mean 

percentage o f  total exploration time ± SEM. Statistical analysis was by two-way ANOVA with 

Bonferroni post-hoc  tests, CON n=6 and EX n=4.
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Figure 3.5 Effect of a single bout of exercise pre-training on the 3-object NOR task

(A) Schematic o f study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(2,24)=8.481, p<0.01), with post-hoc analysis revealing that the CON group explored the 

familiar object A significantly more than the familiar object B (*p<0.05) and the EX group explored the 

novel object D* significantly more than the familiar object B (**jp<0.01). Data are presented as mean 

percentage exploration time ± SEM; CON n=6, EX n=4; two-way ANOVA.
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3.3.2.2 Effect o f  a single bout o f  exercise post-training on the 3-object NO R task with a 

24 h testing delay

Object recognition memory was assessed using the 3-object variant of tiie NOR task. Animals 

received 3x5 min training bouts with inter-trial rest periods o f 5 min. During the inter-trial rest 

periods, animals were placed in a holding cage in order to minimise disturbance from home 

cage co-habitants. Animals in the EX group were exercised for 60 min immediately post

training, while the CON group were placed on stationary treadmills for the corresponding time. 

Animals were tested using a 1x5 min testing bout after a 24 h delay (Figure 3.6A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration o f objects summed across training bouts: CON, 

Object A=34.59±3.44, Object B=30.35±2.47, Object C=35.06±2.93; EX, Object A=30.75±2.22, 

Object B=33.86±1.29, Object C=35.39±2.10), indicating that there was no significant difference 

between the exploration o f the three objects by either group (F(2,27)=0.802, /?>0.05). There was 

no significant difference in total exploration between the groups (P(i,27)=0.000, /?>0.05) and no 

interaction between group treatment and the exploration o f objects (F(2,27)=0.986,/7>0.05; Figure 

3.6B).

In the testing trial, object C was replaced with a novel object D*. There was no significant 

difference in exploration between the two groups (F(i 27)=0.000, p>0.05) but there was a 

significant difference between the exploration of the objects A, B and D* (F(2,27)=3.849, 

p<0.05). Bonferroni post-hoc analysis revealed that the CON group spent significantly more 

time exploring the novel object D* compared with the familiar object A (percentage exploration 

of objects: CON, Object A=26.15±3.40, Object B=34.35±2.91, Object D*=39.50±2.42; p<0.05) 

with no significant differences between the exploration o f objects in the EX group (percentage 

exploration o f objects: EX, Object A=32.92±5.01, Object B=29.89±2.22, Object

D*=37.19±3.10; /7>0.05). There was no significant interaction between group treatment and the 

exploration o f objects (F(2_27)=1.669, p>0.05; Figure 3.6C). These data suggest that no learning 

occurred when exercise was performed post-task training. Data are presented as mean 

percentage o f total exploration time ± SEM. Statistical analysis was by two-way ANOVA with 

Bonferroni post-hoc tests, CON n=6 and EX n=5.
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Figure 3.6 Effect of a single bout of exercise post-training on the 3-object NOR task

(A) Schematic o f study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (/?>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(2,27>=3.849, p<Q.05), with post-hoc analysis revealing that the CON group explored the 

novel object D* significantly more than the familiar object A {*p<0.Q5). Data are presented as mean 

percentage exploration time ± SEM; CON n=6, EX n=5; two-way ANOVA.
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3.3.2.3 Effect o f  a single bout o f  exercise pre-training on the OD task with a 30 min 

testing delay

Animals were exercised or remained stationary on a treadmill for 60 min prior to task training. 

Following a 10 min delay, spatial memory was assessed using an OD task with a 1x5 min 

training bout followed by a 1x5 min testing bout after a 30 min delay (Figure 3.7A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration o f objects: CON, Object A=31.23±1.06, Object 

B=35.21±2.00, Object C=33.57±2.45; EX, Object A=30.72±3.88, Object B=30.98±4.09, Object 

C=38.30±7.13), indicating that there was no significant difference between the exploration of 

the three objects by either group (F(2,27)=0.918, p>0.05). There was no significant difference in 

total exploration between the groups (F(i 27)=0.000, /?>0.05) and no interaction between group 

treatment and the exploration of objects (F(2,27>=0.751,/?>0.05; Figure 3.7B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(i,27)=0.000, /7>0.05) but there 

was a significant difference between the exploration o f the objects A, B and C* (F(2,27)=39.53, 

/?<0.001). Bonferroni post-hoc analysis revealed that both the CON and EX groups spent 

significantly more time exploring the displaced object C* compared with the stationary objects 

A and B (percentage exploration of objects: CON, Object A=22.86±2.25, Object 

B=27.43±4.18, Object C*=49.71±3.95; p<0.01; EX, Object A=14.59±2.98, Object 

B=22.81±5.82, Object C*=62.60±7.02; /?<0.001). There was no significant interaction between 

group treatment and the exploration of objects (F(2,27)=3.157,/>>0.05; Figure 3.7C). These data 

suggest that both the CON and EX group could identify the new position o f the displaced object 

C* during testing. Data are presented as mean percentage of total exploration time ± SEM. 

Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, CON n=6 and EX 

n=5.
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Figure 3.7 Effect of a single bout of exercise pre-training on the OD task

(A) Schematic o f study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(2,27)=39.53, p<0.05), with post-hoc analysis revealing that the CON group explored the 

displaced object C* significantly more than the stationary objects A and B (**/?<0.01) and the EX group 

explored the displaced object C* significantly more than the stationary objects A and B (***/?<0.001). 

Data are presented as mean percentage exploration time ± SEM; CON n=6, EX n=5; two-way ANOVA.

93



3.3.2.4 Effect o f  a single bout o f  exercise pre-training on the OD task with a 24 h 

testing delay

Animals were exercised or remained stationary on a treadmill for 60 min prior to task training. 

Following a 10 min delay, spatial memory was assessed using an OD task. Animals received 

3x5 min training bouts with inter-trial rest periods o f 5 min. During the inter-trial rest periods, 

animals were placed in a holding cage in order to minimise disturbance from home cage co

habitants. Animals were tested using a 1x5 min testing bout after a 24 h delay (Figure 3.8A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration o f objects summed across training bouts: CON, 

Object A=30.15±2.65, Object B=31.68±1.39, Object C=38.17±2.58; EX, Object A=34.42±1.62, 

Object B=30.49±l .67, Object C=35.09±3.07), indicating that there was no significant difference 

between the exploration o f the three objects by either group (F(2,2?)=3.065, p>0.05). There was 

no significant difference in total exploration between the groups (F(i 27)=0.000, p>0.05) and no 

interaction between group treatment and the exploration o f objects (F(2,27>=1.311,/?>0.05; Figure 

3.8B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(i,27)=0.000, p>0.05) and no 

significant effect of object (F(2,2?)=0.262, p<0.05). There was a significant interaction between 

group treatment and the exploration o f objects (F(2,27)=5.405,/?<0.05; Figure 3.8C). Bonferroni 

post-hoc analysis revealed that the EX group spent significantly more time exploring the 

displaced object C* compared with the stationary object B (percentage exploration o f objects: 

EX, Object A=33.31±4.32, Object B=27.55±l.76, Object C*=39.14±4.07; /7<0.05) with no 

significant differences between the exploration o f objects in the CON group (percentage 

exploration o f objects: CON, Object A=36.36±3.62, Object B=37.56±2.94, Object 

C*=26.07±4.03; p>0.05). These data suggest that no learning occurred when exercise was 

performed pre-task training. Data are presented as mean percentage o f total exploration time ± 

SEM. Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, CON n=5 

and EX n=6.
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Figure 3.8 Effect of a single bout of exercise pre-training on the OD tasli

(A) Schematic o f study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant interaction between group treatment 

and the exploration o f objects (F(2,27)=5.405, p<0.05), with post-hoc analysis revealing that the EX group 

explored the displaced object C* significantly more than the stationary object B (*p<0.05). Data are 

presented as mean percentage exploration time ± SEM; CON n=5, EX n=6; two-way ANOVA.

95



3.3.2.5 Effect o f  a single bout o f  exercise post-training on the OD task with a 24 h 

testing delay

Spatial memory was assessed using an OD task. Animals received 3x5 min training bouts with 

inter-trial rest periods of 5 min. During the inter-trial rest periods, animals were placed in a 

holding cage in order to minimise disturbance from home cage co-habitants. Animals in the EX 

group were exercised for 60 min immediately post-training, while the CON group were placed 

on stationary treadmills for the corresponding time. Animals were tested using a 1x5 min 

testing bout after a 24 h delay (Figure 3.9A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration o f objects summed across training bouts: CON, 

Object A=34.06±1.90, Object B=35.25±2.25, Object C=30.70±l .40; EX, Object A=34.86±2.00, 

Object 8=33.53±1.54, Object C=31.61±1.95), indicating that there was no significant difference 

between the exploration o f the three objects by either group (F(2,27)=2.012,/?>0.05). There was 

no significant difference in total exploration between the groups (P(i,27)=0.000, /7>0.05) and no 

interaction between group treatment and the exploration of objects (F(2,27)=0.312,/?>0.05; Figure 

3.9B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(, 27)=0.000, p>0.05). Although 

there was a significant difference between the exploration of the objects A, B and C* 

(F(2,27)=4.670, p<0.05), Bonferroni post-hoc analysis revealed no significant preference for any 

one object (percentage exploration o f objects: CON, Object A=29.97±4.44, Object 

B=31.86±3.09, Object C*=38.16±3.34; EX, Object A=28.83±3.86 Object B=30.68±1.74, 

Object C*=40.49+3.01; /?>0.05). There was no significant interaction between group treatment 

and the exploration of objects (F(2,27)=0.171, p>0.05; Figure 3.9C). These data suggest that 

neither the CON nor the EX group could identify the new position of the displaced object C* 

during testing. Data are presented as mean percentage of total exploration time ± SEM. 

Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, CON n=6 and EX 

n=5.
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Figure 3.9 Effect o f acute exercise post-training on the OD task

(A) Schematic o f  study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(2,27)=4.670, p<0.05), with post-hoc analysis revealing that this did not reach a statistical 

level for either o f  the groups (/?>0.05). Data are presented as mean percentage exploration time ± SEM; 

CON n=6, EX n=5; two-way ANOVA.
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3.3.2.6 Effect o f  a single bout o f  exercise pre-training on the 2-object NOR task with a 

24 h testing delay

Animals were exercised or remained stationary on a treadmill for 60 min prior to task training. 

Following a 10 min delay, object recognition memory was assessed using the 2-object variant 

o f the NOR task. Animals received 3x5 min training bouts with inter-trial rest periods o f 5 min. 

During the inter-trial rest periods, animals were placed in a holding cage in order to minimise 

disturbance from home cage co-habitants. Animals were tested using a 1x5 min testing bout 

after a 24 h delay (Figure 3.10A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A and B (percentage exploration o f objects summed across training bouts: CON, Object 

A=48.47±1.84, Object B=51.53±1.S4; EX, Object A=47.09±4.36, Object B=52.91±4.36), 

indicating that there was no significant difference between the exploration of the two objects by 

either group (F(i |8)=2.005, p>O.OS). There was no significant difference in total exploration 

between the groups (F(i,i8)=0.000, /?>0.05) and no interaction between group treatment and the 

exploration of objects (F(| i8)=0.195,/?>0.05; Figure 3.1 OB).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i |8)=0.000, p>0.05) but there was a 

significant difference between the exploration o f the objects A and C* (F(i_i8)=45.23, ;?<0.001). 

Bonferroni post-hoc analysis revealed that both the CON group and EX group spent 

significantly more time exploring the novel object C* compared with the familiar object A 

(percentage exploration of objects: CON, Object A =45.54±l.07, Object C*=54.46±l .07; 

/?<0.05; EX, Object A=37.42±3.75, Object C*=62.58±3.75; /?<0.001). There was a significant 

interaction between group treatment and the exploration of objects (F(i_i8)=10.25,/?<0.01; Figure 

3 .IOC). These data suggest that both the CON and EX group could identify the novel object C* 

during testing after receiving 3x5 min training bouts, with this effect being greater in the EX 

group. Data are presented as mean percentage o f total exploration time ± SEM. Statistical 

analysis was by two-way ANOVA with Bonferroni post-hoc tests, CON n=6 and EX n=5.
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Figure 3.10 Effect of a single bout of exercise pre-training on the 2-object N O R  task

(A) Schematic o f study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F(i ig)=45.23, /7<0.001), with post-hoc analysis revealing that both the CON and EX groups 

explored the novel object C* significantly more than the familiar object A (*p<0.05; ***p< 0 .00 \). There 

was also a significant interaction between group treatment and the exploration o f objects (F(i i8)=10.25, 

p<0.01). Data are presented as mean percentage exploration time ± SEM; CON n=6, EX n=5; two-way 

ANOVA.
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3.3 .2 . 7  Effect o f  a single bout o f  exercise post-tra in in g  on the 2-object N OR task with a  

24 h testing  delay

Object recognition memory was assessed using the 2-object variant o f the NOR tasi<. Animals 

received 3x5 min training bouts with inter-trial rest periods o f 5 min. During the inter-trial rest 

periods, animals were placed in a holding cage in order to minimise disturbance from home 

cage co-habitants. Animals in the EX group were exercised for 60 min immediately post

training, while the CON group were placed on stationary treadmills for the corresponding time. 

Animals were tested using a 1x5 min testing bout after a 24 h delay (Figure 3.11 A).

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A and B (percentage exploration of objects summed across training bouts: CON, Object 

A=53.03±1.65, Object B=46.97±l .65; EX, Object A=47.95±3.25, Object B=52.05±3.25), 

indicating that there was no significant difference between the exploration of the two objects by 

either group (F(i ig)=0.161, /?>0.05). There was no significant difference in total exploration 

between the groups (F(i,i8)=0.000, p>0.05) and no interaction between group treatment and the 

exploration o f objects (F(iig,=4.345,/?>0.05; Figure 3.1 IB).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i,i8)=0.000,/?>0.05). Although there was a 

significant difference between the exploration of the objects A and C* (F(i |g)=5.969, p<0.05), 

Bonferroni post-hoc analysis revealed no significant preference for any one object (percentage 

exploration o f objects: CON, Object A=43.14±4.29, Object C*=56.86±4.29; EX, Object 

A=42.20±7.79, Object C*=57.80±7.79; /?>0.05). There was no significant interaction between 

group treatment and the exploration of objects (F(i ig)=0.024,/?>0.05; Figure 3.11C). These data 

suggest that neither the CON nor the EX group could identify the novel object C* during 

testing, when animals were exposed to the treadmills post-task training. Data are presented as 

mean percentage o f total exploration time ± SEM. Statistical analysis was by two-way ANOVA 

with Bonferroni post-hoc tests, CON n=6 and EX n=5.
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Figure 3.11 Effect of a single bout of exercise post-training on the 2-object NOR task

(A) Schematic o f  study design. (B) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f  

the objects (F(i i8)=5.969, p<0.05), with post-hoc analysis revealing that this did not reach a statistical 

level for either o f the groups (p>0.05). Data are presented as mean percentage exploration time ± SEM; 

CON n=6, EX n=5; two-way ANOVA.
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3. 3.2.8 Summary overview o f  behavioural results from the cognitive battery

A summary o f  the behavioural outcome for the various tasks performed as part o f  the cognitive 

battery is displayed in Table 3.2. Any learning effects are indicated as either ‘non-significant’ 

(NS) when no learning occurred or ‘significant’ (p<0.05) when learning occurred.

Table 3.2 Summary of behavioural results from the cognitive battery

1 Pre-training 3-object NOR 3x5 min 24 h C O N -N S

E X -N S

2 Post-training 3-object NOR 3x5 min 24 h CON -  NS 

E X -N S

3 Pre-training OD 1x5 min 30 min C O N -/7<0.05

E X -p < 0 .0 5

4 Pre-training OD 3x5 min 24 h C O N -N S

E X -N S

5 Post-training OD 3x5 min 24 h CON -  NS 

E X -N S

6 Pre-training 2-object NOR 3x5 min 24 h C O N -/7<0.05

E X -p< 0 .05*

7 Post-training 2-object NOR 3x5 min 24 h C O N -N S

E X -N S

Exercise was completed either pre- or post-task training. Animals performed various tasks and received 

either 1x5 min or 3x5 min training on each task. Animals were tested after either a 30 min or 24 h delay. 

The behavioural outcome for each task represents whether the CON or EX groups learned and is 

indicated as ‘N S’ when no learning occurred or ‘/?<0.05’ when learning occurred. * denotes that the EX 

group performed better on the task than the CON group. NOR, novel object recognition; OD, object 

displacement; NS, non-significant.
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3.3.3 Experiment III - Effect o f a one-week exercise protocol on working memory 

using the T-maze task

3.3.3.1 Effect o f  one-w eek o f  exercise during the habituation ph ase o f  the T~maze task

Working memory was assessed using the T-maze task. The one-week exercise protocol was 

performed during the habituation phase o f the task (see Figure 3.1 A). There was a significant 

effect o f  group treatment (F(i 42)=6.097,/><0.05; Figure 3.12), but Bonferroni post-hoc analyses 

revealed no significant difference in the percentage o f  correct arm entries in the EX group when 

compared with the CON group on days 1-2, 3-4, 5-6 and 7-8 (all /?>0.05). There was no 

significant effect o f  time (F ( 3  42)=0.287, />>0.05) and no significant interaction between group 

treatment and time (F ( 3  42)=0.604, p>0.05). These data indicate that animals exercised for a one- 

week period during the habituation phase o f  the T-maze task do not learn to alternate between 

the arms baited with a food reward faster than the controls and therefore, show no significant 

improvement in spatial working memory. Data are presented as a percentage o f  correct arm 

entries, mean ± SEM. Statistical analysis was by two-way repeated measures ANOVA with 

Bonferroni post-hoc tests, n=8 per group.
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Figure 3.12 Effect of one-week o f exercise during the habituation phase of the T-maze task

There was a significant effect of group treatment (F(i 42)=6.097, p<Q.Q5). There was no significant effect 

of time (F( 3  42)=0,287, /?>0.05) and no significant interaction between the group treatment and time 

(F (3 ,4 2 )“ 0  .604, p>0.Q5). Data are presented as a percentage o f correct arm entries, mean ± SEM; n=8 per 

group; two-way repeated measures ANOVA.
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3.3.3.2 Effect o f  one-w eek o f  exercise during the training ph ase o f  the T-maze task

Working memory was assessed using the T-maze task. The one-week exercise protocol was 

performed during the training phase o f the task (see Figure 3 .IB). There was no significant 

effect of group treatment (F(i_42)=3.588, p>0.05) or time (F(3 42)=0.138, p>0.05) and no 

significant interaction between group treatment and time (F(342)=0.843,/?>0.05; Figure 3.13). 

These data indicate that animals exercised for a one-week period during the training phase of 

the T-maze task do not leam to alternate between the arms baited with a food reward faster than 

the controls and therefore, show no significant improvement in spatial working memory. Data 

are presented as a percentage o f correct arm entries, mean ± SEM. Statistical analysis was by 

two-way repeated measures ANOVA with Bonferroni post-hoc tests, n=8 per group.

CON
EX

i--i1----------1

 1-------------------------------1—
5-6 7

Day

Figure 3.13 Effect of one-week of exercise during the training phase o f the T-maze task

There w as no significant e ffect o f  group treatment (F(, 42)=3.5 8 8, /?>0.05) or tim e (F ( 3  42)=0.138, p > 0 .0 5 ). 

There w as no significant interaction betw een group treatment and tim e (F ( 3  42j=0.843, p > 0 .0 5 ). Data are 

presented as a percentage o f  correct arm entries, m ean ±  SEM ; n=8 per group; tw o-w ay repeated  

m easures A N O V A .
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3.3.4 Experiment IV - Effect o f a single bout o f exercise on object recognition 

memory and the potential underlying mechanisms

3.3.4.1 Effect o f  a single bout o f  exercise on the 2-object NOR task with a 30 min testing 

delay

Object recognition m em ory was assessed pre- and post-intervention (sedentary or exercise for 

60 min) to control for test-retest practice effects using the 2-object variant o f  the N O R  task with 

a 1x5 min training bout fo llow ed  by a 1x5 min testing bout after a 30 min delay (Figure 3.14A ). 

The pre-test established whether the assigned CON group and EX group (prior to the exercise  

intervention) could learn the 2-object variant o f  the NOR task.

In the pre-intervention training trial, both the CON and EX groups spent a sim ilar amount o f  

tim e exploring objects A and B (percentage exploration o f  objects: CO N, Object A = 50 .62± 1 .67 , 

Object B = 49 .38± l .67; EX, Object A = 47 .19± l .62, Object 8 = 5 2 .8 1± 1.62), indicating that there 

was no significant difference between the exploration o f  the tw o objects by either group 

(F(i,2 0 )= 1-754, /?>0.05). There was no significant difference in total exploration betw een the 

groups (F(i,20)=0.000, p > 0 .05 ) and no interaction between group treatment and the exploration  

o f  objects (F(i 20)=4.338, p>0.05; Figure 3 .1 4 8 ).

in the pre-intervention testing trial, object 8  was replaced with a novel object C*. Both the 

CON and EX groups spent a similar amount o f  tim e exploring the familiar object A and the 

novel object C* (percentage exploration o f  objects: CON, Object A = 47 .98± 4 .59 , Object 

C *= 52.02±4.59; EX, Object A = 4 5 .3 7 ± 3 .1 1, Object C * = 5 4 .6 3 ± 3 .1 1), indicating that there was 

no preference for either o f  the objects and thus no learning effect after a 30 min delay between  

the training and testing phase (F(i,20)=2.867, /?>0.05). There w as no significant difference in 

total exploration between the groups (F(i 20)=0.000, p > 0 .05 ) and no interaction betw een group 

treatment and the exploration o f  objects (F(i 20)=0.444,p>0.05; Figure 3.14C ).

In the post-intervention task, a set o f  new  objects were used for training and testing. During 

training, both the CON and EX groups spent a similar amount o f  tim e exploring objects D and 

E (percentage exploration o f  objects: CON, Object D = 53 .92± l .94, Object E =46.08±1.94; EX, 

Object D = 48 .82± 3 .01 , Object E =51.18±3.01), indicating that there was no significant difference 

between the exploration o f  the two objects by either group (F(i,2 0 )=l -174, p >0 .05). There was no 

significant difference in total exploration between the groups (F(i 20)=0.000, /?>0.05) and no 

interaction between group treatment and the exploration o f  objects (F(i 20)=4.064, p >0.05; Figure 

3.14D ).

105



In the post-intervention testing trial, object E was replaced with a novel object F*. 1 here was no 

significant difference in total exploration between the two groups (F(| 2O)=0.000, p>0.05) but 

there was a significant difference between the exploration of the objects E and F* (F(i 20)=60.63, 

/7<0.001). Bonferroni post-hoc analysis revealed that the EX group spent significantly more 

time exploring the novel object F* compared with the familiar object D (percentage exploration 

of objects: EX, Object D=23.08±4.41, Object F*=76.92±4.41; /KO.OOl), with no significant 

differences between the exploration of objects in the CON group (percentage exploration of 

objects: CON, Object D=44.86±3.80, Object F*=55.14±3.80; p>0.05). There was a significant 

interaction between group treatment and the exploration o f objects (F(i 20)=27.96, p<0.001; 

Figure 3.14E). These data suggest that the EX group could identify the novel object F* during 

testing, whilst the CON group could not. Data are presented as mean percentage o f total 

exploration time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni post- 

hoc tests, n=6 per group.
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Figure 3.14 Effect of a single bout o f exercise on the 2-object NOR task

(A) Sciiematic o f  study design. Animals were trained and tested pre- and post-exercise intervention to 

assess any practice effects on task performance. Neither the CON nor EX group showed a preference for 

any object during training (B) or testing (C) {p>0.05). Post-exercise, neither the CON nor EX group 

showed a preference for any object during training (D). During testing, there was a significant difference 

between the exploration o f  the objects (F(i 2O)=60.63, p<0.001), with post-hoc analysis revealing that the 

EX group explored the novel object F* significantly more than the familiar object D (***p<0.001). There 

was also a significant interaction between group treatment and the exploration o f  objects (F(i 20)=27.96, 

/7<0.001). Data are presented as mean percentage exploration time ± SEM; n=6 per group; two-way 

ANOVA.
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3.3.4.2 Effect o f  a single bout o f  exercise on total exploration time for the 2-object NOR 

task

In the post-intervention training trial (i.e. after treadmill exposure), there was no significant 

difference in total exploration time between the CON and EX groups (total exploration time (s): 

CON, 42.09±6.57; EX, 27.44±4.52; tio=l .834, p>0.05; Figure 3.15A). In the post-intervention 

testing trial, there was no significant difference in total exploration tim e between the CON and 

EX groups (total exploration time (s): CON, 42.26±9.21; EX, 32.83±4.49; t|o=0.921,/?>0.05; 

Figure 3.15B). These data indicate that a single bout o f  exercise does not affect total exploration 

time. Data are presented as mean total exploration time (s) ± SEM. Statistical analysis was by 

tw o-tailed unpaired Student’s /-test, n=6 per group.
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F igure 3.15 Effect of a single bout of exercise on to ta l exploration tim e

There was no significant difference in total exploration time during training (A ) or testing (B ) (p>0.05). 

Data are presented as mean total exploration time (s) ±  SEM; n=6 per group; Student’s /-test.
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3.3.4.3 Effect o f  a single bout o f  exercise on the 3-object NOR task with a  30  min testing  

delay

Animals were exercised or remained stationary on a treadmill for 60 min prior to task training. 

Following a 10 min delay, object recognition memory was assessed using the 3-object variant 

o f the NOR task with a 1x5 min training bout followed by a 1x5 min testing bout after a 30 min 

delay (Figure 3.16A). This task was used to examine the effect o f a single bout o f exercise on a 

more cognitively challenging version o f the NOR task.

In the training trial, both the CON and EX groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration o f objects: CON, Object A=36.11±1.01, Object 

B=32.48±1.31, Object C=31.41 ±1.60; EX, Object A=34.19±3.32, Object 8=34.41 ±3.57, Object 

C=31,39±3.39), indicating that there was no significant difference between the exploration of 

the three objects by either group (F(2,30)=l-045,/?>0.05). There was no significant difference in 

total exploration between the groups (F(i_30)=0.000, p>O.OS) and no interaction between group 

treatment and the exploration of objects (F(2,30)=0.274,/?>0.05; Figure 3.16B).

In the testing trial, object C was replaced with a novel object D*. There was no significant 

difference in exploration between the two groups (F(i,30)=0.000, /?>0.05) but there was a 

significant difference between the exploration o f the objects A, B and D* (F(2,30)=28.60, 

p<0.001). Bonferroni post-hoc analysis revealed that the EX group spent significantly more 

time exploring the novel object D* compared with the familiar objects A and B (percentage 

exploration o f objects: EX, Object A=21.16±4.48, Object B=24.22±2.38, Object

D*=54.62±3.26; /?<0.001), with no significant differences between the exploration o f objects in 

the CON group (percentage exploration o f objects: CON, Object A=32.24±2.11, Object 

B=28.95±2.28, Object D*=38.82±3.23; p>0.05). There was a significant interaction between 

group treatment and the exploration o f objects (F(2 ,3 o>= 10.50, /;<0.001; Figure 3.16C). These 

data suggest that the EX group could identify the novel object D* during testing, whilst the 

CON group could not. Data are presented as mean percentage o f total exploration time ± SEM. 

Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, n=6 per group.
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Figure 3.16 Effect of a single bout of exercise on the 3-object N O R  task

(A ) Schematic o f  study design. (B ) Neither the CON nor EX group showed a preference for any object 

during training (p>0.05). (C) During testing, there was a significant difference between the exploration o f 

the objects (F (2,3O)=2 8 .6 0 , p<0.001), w ith post-hoc analysis revealing that the EX group explored the 

novel object D * significantly more than the fam iliar objects A and B (♦♦ ’''/7<0.001). There was also a 

significant interaction between group treatment and the exploration o f objects (F(2,3O)=10.50, p<0.001). 

Data are presented as mean percentage exploration time ± SEM; n=6 per group; two-way A N O VA.
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3.3.4.4 Effect o f  a single bout o f exercise and learning on serum BDNF concentration

Immediately following testing on the 3-object variant o f  the NOR task, animals were euthanized 

by decapitation for neurochemical analysis. For this task, two additional experimental groups 

were included in the study and thus, four groups were divided on the basis o f  whether they 

received a single bout o f  exercise or rem ained sedentary on stationary treadmills and w hether 

they performed the cognitive task or not: sedentary with no learning controls (CON-NoL), 

sedentary controls (CON), exercise with no learning (EX-NoL) and exercise (EX). The tw o 

non-learning groups were included in the study to control for any direct effects o f  learning.

There was no significant difference in the concentration o f  BDNF in the serum across all groups 

(F (3 ,2 1 )= 2  .216,/7>0.05; Figure 3.17). Data are presented as pg BDNF per ml serum, mean ±  SEM 

(CON-NoL, 843.5±53.3; CON, 468.2±132.4; EX-NoL, 776.1±150.2; EX, 477.7±151.7). 

Statistical analysis was by one-way ANOVA with Tukey’s HSD post-hoc  test, CON-NoL, 

CON and EX n=6, Ex-No-L n=7.
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Figure 3.17 Effect o f a single bout o f exercise and learning on serum BDNF concentration

There was no significant difference in the concentration of serum BDNF across all groups (F(3,2i)=2.216, 

p>0.05). Data are presented as pg BDNF per ml serum, mean ± SEM; CON-NoL, CON and EX n=6, EX- 

NoL n=7; one-way ANOVA.
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3.3 .4 .5  Effect o f  a  single bout o f  exercise and learning on ERK  activation  in the dentate  

gyrus, hippocam pus and perirh inal cortex

Western immunoblot analysis revealed no significant difference in phosphorylated ERK 1 (p44 

isoform) across all groups in the dentate gyrus (F(3,i9)=1.107, p>0.05; Figure 3.18A), when 

normalised to total ERK 1 (p-ERK 1 expression relative to total ERK 1 expression: CON-NoL: 

0.592±0.105; CON: 0.579±0.064; EX-NoL: 0.681±0.019; EX: 0.763±0.098; n=6 for CON- 

NoL, CON and EX, n=5 for EX-NoL). There was a significant difference in phosphorylated 

ERK 2 across all groups in the dentate gyrus (F(3 19)=3.587, /?<0.05; Figure 3.18B), when 

normalised to total ERK 2. Tukey’s HSD post-hoc analysis revealed a significant difference 

between the CON-NoL group and the EX group (p-ERK 2 expression relative to total ERK 2 

expression: CON-NoL: 0.654±0.105; CON: 0.928±0.186; EX-NoL: 1.024±0.186; EX: 

1.638±0.339; CON-NoL, CON and EX n=6, EX-NoL n=5).

There was no significant difference in phosphorylated ERK 1 across all groups in the 

hippocampus (F(3,20)=0.812,/7>0.05; Figure 3.19A), when normalised to total ERK 1 (p-ERK I 

expression relative to total ERK 1 expression: CON-NoL: 0.885±0.09; CON: 0.669±0.07; EX- 

NoL: 0.825±0.120; EX: 0.789±0.118; n=6 per group). There was no significant difference in 

phosphorylated ERK 2 across all groups in the hippocampus (F( 3  20)=0.092, p>0.05; Figure 

3.19B), when normalised to total ERK 2 (p-ERK 2 expression relative to total ERK 2 

expression: CON-NoL: 1.694±0.163; CON: 1.703±0.217; EX-NoL: 1.666±0.066; EX: 

1.595±0.160; n=6 per group).

There was no significant difference in phosphorylated ERK 1 across all groups in the perirhinal 

cortex (F( 3  20)=0.154, /j>0.05; Figure 3.20A), when normalised to total ERK 1 (p-ERK 1 

expression relative to total ERK 1 expression: CON-NoL: 1.798±0.226; CON: 1.805±0.204; 

EX-NoL: 1.675±0.218; EX: 1.637±0.223; n=6 per group). There was no significant difference 

in phosphorylated ERK 2 across all groups in the perirhinal cortex (F(3_20)=0.225,;p>0.05; Figure 

3.20B), when normalised to total ERK 2 (p-ERK 2 expression relative to total ERK 2 

expression: CON-NoL: 2.273±0.239; CON: 2.283±0.302; EX-NoL: 2.108±0.247; EX: 

2.037±0.237; n=6 per group).

Data are expressed in arbitrary units obtained from calculating the ratio o f  phosphorylated ERK 

to total ERK, mean ± SEM. Statistical analysis was by one-way ANOVA with Tukey’s HSD 

post-hoc test.
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Figure 3.18 Effect of a single bout of exercise and learning on ERK activation in the dentate gyrus

(A ) There was no significant difference in p-ERK 1 relative to total ERK. 1 (F(3 19)=1.107, p>0.05). (B) 

There was a significant increase in the ratio o f p-ERK 2 relative to total ERK 2 across all groups in the 

dentate gyrus (F(3 19)=3.587, p<0.05), w ith post-hoc analysis revealing a significant difference between 

the CON-NoL group and the EX group (*p<0.05). Representative Western immunoblots illustrating 

expression o f phosphorylated ERK 1 and 2, total ERK 1 and 2 and P-actin (loading control) are provided. 

Data are expressed in arbitrary units obtained from calculating the ratio o f  phosphorylated ERK to total 

ERK, mean ± SEM; CON-NoL, CON and EX n=6, EX-NoL n=5; one-way AN O VA .
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Figure 3.19 Effect of a single bout of exercise and learning on ERK  activation in the hippocampus

(A ) There was no significant difference in p-ERK I relative to total ERK I (F(3 2O)=0.812, p>0.05) or (B) 

in p-ERK 2 relative to total ERK 2 (F(32op0.092, p>0.05) across all groups in the hippocampus. 

Representative Western immunoblots illustrating expression o f phosphorylated ERK 1 and 2, total ERK 1 

and 2 and p-actin (loading control) are provided. Data are expressed in arbitrary units obtained from 

calculating the ratio o f  phosphorylated ERK to total ERK, mean ± SEM; n=6 per group; one-way 

AN O VA.
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(A ) There w as no sign ificant d ifference in p-ER K  1 relative to total ERK 1 (F ( 3  2O)=0.154,/?>0.05) or (B )  

in p-ERK  2 relative to total ERK 2 (F ( 3  2op 0 .225 , p > 0 .0 5 ) across all groups in the perirhinal cortex. 

R epresentative W estern im m unoblots illustrating expression o f  phosphorylated ERK 1 and 2, total ERK 1 

and 2 and P-actin (load ing  control) are provided. Data are expressed in arbitrary units obtained from  

calculating the ratio o f  phosphorylated ERK to total ERK , m ean ±  SEM ; n=6 per group; one-w ay  

A N O V A .
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3.3.4.6 Effect o f  a single bout o f  exercise and learning on the activity o f  synaptic vesicle 

proteins in the dentate gyrus, hippocampus and perirhinal cortex

Western immunoblot analysis revealed no significant difference in phosphorylated synapsin-1 

(p-Synapsin-1) across all groups in the dentate gyrus (F(3_2i)=1.857,/?>0.05; Figure 3.21), when 

normalised to total synapsin-1 (p-synapsin-1 expression relative to total synapsin-1 expression: 

CON-NoL: 1.075±0.120; CON: 0.812±0.137 EX-NoL: 1.004±0.150; EX: 1.273±0.131; CON- 

NoL, CON and EX n=6, EX-NoL n=7).

There was no significant difference in phosphorylated synapsin-1 (p-Synapsin-1) across all 

groups in the hippocampus (F(3,20)=0.532, /?>0.05; Figure 3.22), when normalised to total 

synapsin-1 (p-synapsin-1 expression relative to total synapsin-1 expression: CON-NoL: 

0.473±0.106; CON: 0.403±0.062; EX-NoL: 0.448±0.078; EX: 0.569±0.127; n=6 per group).

There was no significant difference in phosphorylated synapsin-1 (p-Synapsin-1) across all 

groups in the perirhinal cortex (F(3,20)=0.112, p>0.05; Figure 3.23), when normalised to total 

synapsin-1 (p-synapsin-1 expression relative to total synapsin-1 expression: CON-NoL: 

3.723±0.642; CON: 3.680±0.650; EX-NoL: 3.580±0.398; EX: 4.176±1.226; n=6 per group).

Data are expressed in arbitrary units obtained from calculating the ratio o f phosphorylated 

synapsin-1 to total synapsin-1, mean ± SEM. Statistical analysis was by one-way ANOVA with 

Tukey’s HSD post-hoc test.
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Figure 3.21 Effect o f a single bout o f exercise and learning on synapsin-1 activation in the dentate 

gyrus

There was no significant difference in p-synapsin-1 relative to total synapsin-1 (F (3 2i)=1.857, p>0.05) 

across all groups in the dentate gyrus. Representative Western immunoblots illustrating expression o f 

phosphorylated synapsin-1, total synapsin-1 and P-actin (loading control) are provided. Data are 

expressed in arbitrary units obtained from calculating the ratio o f phosphorylated synapsin-1 to total 

synapsin-1, mean ±  SEM; C O N-N oL, C O N  and E X  n=6, E X -N o L  n=7; one-way A N O V A .
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Figure 3.22 Effect of a single bout of exercise and learning on synapsin-1 activation in the 

hippocampus

There was no significant difference in p-synapsin-1 relative to total synapsin-1 (F(3_20)=0.532, /?>0.05) 

across all groups in the hippocampus. Representative Western immunoblots illustrating expression o f 

phosphorylated synapsin-1, total synapsin-1 and p-actin (loading control) are provided. Data are 

expressed in arbitrary units obtained from calculating the ratio o f phosphorylated synapsin-1 to total 

synapsin-1, mean ±  SEM; n=6 per group; one-way A N O V A .
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Figure 3.23 Effect o f  a single bout o f  exercise and learning on synapsin-1 activation in the 

perirhinal cortex

T h ere  w as no s ig n ifican t d iffe re n ce  in p -synapsin -1  re la tiv e  to  to ta l sy n ap sin -1  (F (3 2o>=0.112, p > 0 .0 5 )  

a c ro ss  all g ro u p s in th e  perirh in a l co rtex . R ep resen ta tiv e  W este rn  im m u n o b lo ts  illu stra tin g  e x p ress io n  o f  

p h o sp h o ry la te d  sy n ap sin -1 , to ta l synapsin-1  an d  P-actin  ( lo ad in g  c o n tro l)  a re  p ro v id ed . D a ta  a re  

ex p ressed  in a rb itra ry  u n its  o b ta in ed  from  ca lcu la tin g  th e  ra tio  o f  p h o sp h o ry la ted  synapsin-1  to  to ta l 

sy n ap sin -1 , m ean  ±  SE M ; n= 6  p e r g roup ; o n e -w ay  A N O V A .
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3.4 Discussion

The overall objective o f this study was to investigate the effects of a single bout o f exercise on 

object recognition and object displacement memory. The aim was firstly to establish the 

minimum amount o f exercise required to improve object recognition memory. Results from the 

duration-response study indicated improvements in recognition memory with as little as 30 

minutes o f exercise. However, 1 hour o f exercise was necessary to observe the most robust 

effects on exercise-induced cognitive enhancements and therefore, further testing on various 

behavioural paradigms was completed with this in mind. From the cognitive battery, the results 

indicated that testing after a short delay o f 30 minutes resulted in a greater learning effect than 

when testing occurred at a 24 hour time point. Furthermore, exercise preformed prior to task 

training resulted in a cognitive enhancement compared with exercise performed after task 

training suggesting that a single bout of exercise had a positive effect on acquisition, and played 

a lesser role on the consolidation o f memory. As conflicting evidence exists surrounding the 

ability o f exercise to enhance certain types of spatial memory, the effect of exercise on the T- 

maze task was assessed. This cognitive paradigm recruits other brain regions in addition to the 

hippocampus, which is generally the primary region o f interest when choosing cognitive tasks 

for rodents due to its involvement in the initial encoding and storage of memories (Battaglia et 

a i,  2011). Following this, the effect o f a single bout of exercise on both the 2-object and 3- 

object variant o f the NOR task was determined. Preliminary biochemical and molecular 

analyses were conducted to investigate the possible underlying mechanisms mediating these 

enhancements in cognitive performance following an acute bout o f moderate intensity exercise.

While it is well established that physical exercise can improve cognitive function, it is unclear 

how much exercise is required to observe such improvements. Accordingly, a duration-response 

study was conducted to establish the minimum amount of exercise that is necessary to elicit a 

cognitive enhancement in the rat. The results from this study indicate that there is a temporal 

improvement in memory, with rats that exercise for a longer period exhibiting a more robust 

learning effect than when exercised for a shorter period o f time. The 2-object variant of the 

NOR task was selected as the memory task due to the reduced cognitive load that is placed on 

the animals during training and testing, in comparison to the 3-object variant. Also, all animals 

received 5 minutes training on the task before being returned to their home cage for a short 

retention delay o f 30 minutes. Thus, it was anticipated that any subtle differences o f acute 

exercise on cognitive performance would be easier to detect in healthy young rats when the 

difficulty o f the task was set at a low level. After 15 minutes of forced treadmill exercise, 

neither the exercised group nor the sedentary controls could discriminate between the familiar 

and the novel object. However, with a minimum of 30 minutes exercise the exercised group
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could distinguish between the novel and familiar object, in comparison with the sedentary 

controls that explored both objects equally. This was a persistent effect that was seen after 45 

minutes o f treadmill exercise, indicating that an acute bout o f exercise was sufficient to improve 

cognitive performance. To our knowledge, this is the shortest period of exercise yet analysed in 

the rat that resulted in an improvement in learning and further strengthens the hypothesis that 

exercise positively affects brain function. Several human studies have investigated the effects of 

a single exercise bout on cognitive function and have reported positive effects. A previous study 

in our laboratory demonstrated that acute maximal intensity exercise improves performance on 

a hippocampal-dependent task in sedentary young male subjects (Griffin et a l ,  2011). 

Numerous other studies have also reported the beneficial effects o f an acute exercise bout on 

cognitive performance but these results are limited to human participants (Grego et al., 2005; 

Ferris et al., 2007; Winter et al., 2007; Pontifex et al., 2009; Yanagisawa et al., 2010), making 

it difficult to compare with the results o f the current study.

Frequently, researchers employ different exercise protocols that vary in duration, intensity, 

frequency, and modality o f exercise. Voluntary wheel-running exercise has been advocated in 

the interest o f reducing the potential confounding factor o f stress. However, a forced exercise 

protocol in the form of motorised treadmill running was used in the current experiments. With 

treadmill exercise, stress can be minimised by performing a familiarisation period (Huang et al., 

2006), which was factored in to all the current experimental protocols. Advantages o f forced 

exercise include the control o f both the speed and duration o f running, enabling researchers to 

apply exactly the same protocol (intensity, distance) for every rat (Goekint et al., 2012), which 

would not be easily achieved using a voluntary wheel running protocol. Furthermore, forced 

exercise allowed animals to be group housed, as the single housing required for an accurate 

measurement of voluntary wheel running may in itself be considered a stressor. One potential 

confound o f the forced exercise protocol used for all the studies in this thesis is the possible 

effect o f the shocker system used to encourage the animals to maintain the pace of the moving 

treadmill belt. On average, animals are shocked 12 times during 1 hour o f exercise. However, 

these electric shocks have previously been shown to result in no significant changes to 

behaviour or the stress response of animals (pers. comm. Dr. Ranya Bechara, unpublished data).

In recent years, some studies examining the effects of acute exercise and the associated rapid 

neurochemical changes in rodents have emerged which would suggest that acute exercise has 

the capacity to support improvements in cognitive performance. The neurotrophic factor BDNF 

is a prime candidate to mediate exercise-induced cognitive enhancement. Soya and colleagues 

(2007) were among the first to provide evidence that an acute low-intensity treadmill exercise 

bout (15m.min ', 30 minute duration) that is minimally stressful is sufficient to increase BDNF 

mRNA levels in the hippocampus in male Wistar rats. Conversely, higher intensity exercise did
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not lead to further increments in either BDNF mRNA or protein expression in the hippocampus. 

Hence, it appears that mild exercise could lead to greater benefits in hippocampal function 

compared with more strenuous forms. An increase in BDNF mRNA expression has been 

detected in the hippocampus and cortex o f mice after 2 hours o f forced treadmill exercise 

(ISm.min"', 10% slope), with these changes reportedly peaking 2 hours after the exercise 

protocol and returning towards control levels in subsequent hours (Rasmussen et a l,  2009). 

Elevated protein expression has been detected 2 hours after single bouts o f moderate (ISm.min' 

’, 30 min duration) or severe exercise (beginning with 12m.min'' followed by 3m.min’' 

increments every 3 minutes up to 24m.min'' until exhaustion), with BDNF mRNA expression 

dramatically increasing after severe exercise only (Huang et a l ,  2006). Conversely, rats 

subjected to 1 hour o f treadmill running at 20m.min‘' showed no changes in hippocampal 

BDNF protein when measured immediately or 2 hours after the exercise protocol (Goekint et 

al., 2012). The same study also reported no changes in serum BDNF levels when measured 

immediately after exercise and instead noted that 1 hour of exercise enhanced dopamine release 

in the hippocampus o f the rat in vivo. However, rats subjected to a more moderate intensity 

exercise protocol (ISm.min ') displayed a 17% increase in hippocampal BDNF that did not 

quite reach statistical significance (p=0.07), when euthanised 2 hours post-exercise. 

Collectively, these studies in combination with the results from human research have provided 

some rationale for testing the effects o f a single exercise bout on cognitive performance in 

rodents.

Having established that a single bout o f exercise can have a beneficial impact on cognitive 

function, the next aim was to assess the effect o f acute exercise in a variety of cognitive tasks of 

various degrees of difficulty. Two behavioural tasks were employed, the NOR and the OD task, 

and the level of difficultly was manipulated by adjusting the number of objects to be explored, 

increasing the retention delay from 30 minutes to 24 hours and varying the amount of training 

that the animal received on a task. Furthermore, the effect of performing exercise either prior to 

task training or after task training was evaluated to determine whether exercise was facilitating 

either acquisition or consolidation o f memory, or both. The difficulty o f the task can be 

manipulated by adjusting two variables: the training time and the number of objects. 

Conducting a cognitive battery of tasks where these cognitive task parameters were adjusted 

permitted the identity o f variants most affected by a single bout o f exercise.

One o f the main findings from this study was that a single bout of forced mild-intensity exercise 

had a beneficial effect on non-spatial recognition memory in young adult rats, but was not 

sufficient to confer spatial learning improvements beyond those seen in sedentary controls. 

Both exercised and sedentary animals performed equally well on the OD task and were able to 

identify the new position o f the displaced object following a short retention delay. A
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dissociation between tiie effect o f exercise on non-spatial and spatial learning has previously 

been observed in our laboratory (O'Callaghan et a l,  2007; Griffin et a l, 2009). There is 

evidence that the effects o f exercise on spatial learning are evident in the presence o f an existing 

cognitive deficit (Christie et a i, 2005; Gobbo & O'Mara, 2005; Albeck et a i, 2006). The results 

from the current study may be attributed to the fact that the level o f difficulty o f this task was 

not challenging enough to observe a difference. Thus, there may be a ceiling effect in some 

paradigms whereby interventions such as exercise cannot improve performance in the task. 

Adjusting the parameters of the OD task with the objective of increasing task difficulty may 

yield different results, as previously demonstrated in our laboratory (Griffin et al., 2009). On 

the other hand, the dissociation between exercise-induced enhancements in non-spatial and 

spatial learning reported here may be due to an inherently superior spatial learning ability in rats 

when compared to other forms of learning such as recognition memory. Although both tasks 

rely on visual information, there may have been a ceiling effect present that precluded 

observation of any exercise-induced enhancements, in contrast, following a total o f  15 minutes 

o f task training and testing at a 24 hour time point, neither the sedentary controls nor the 

exercised group could remember the new position of the displaced object, indicating that the 

level o f difficulty of this task was too high to detect any possible subtle changes between the 

two groups. This result conflicts with previous data in our laboratory which demonstrated that 

both the sedentary controls and exercised group could learn the task following the same training 

and testing procedure (Griffin et a i, 2009). However, in this experiment the animals received 

one week of treadmill exposure (exercise or sedentary, 10-15m.min'' for Ih/day) and therefore, 

it may be argued that the control animals received a form o f stimulatory enrichment by being 

handled and placed in a treadmill daily, in contrast to the current study where animals were 

exposed to the treadmill for a single hour (exercise or sedentary, 16.7m.min'' for Ih). 

Alternatively, different objects may influence the learning outcome, although every effort was 

made in the current study to make objects that had equal affordances in order to reduce the 

chance of preference bias in both the training and testing trials. It is well established that rats 

show a preference for objects that have affordances for common rat activities such as objects 

that they can climb onto (Ennaceur, 2010). Furthermore, haptic perception is also involved 

when discriminating between objects (Ennaceur, 2010) and thus the presence of 

protrusions/intrusions on the surface o f the objects were consistent across objects so not to 

advantage the exploration of these objects when exposed alongside objects with a plain surface. 

No learning effect was apparent when animals received treadmill exposure following training 

on the OD task. The fundamental mechanisms of memory consolidation have been reported 

extensively in the literature. Various roles for extracellular signalling proteins, kinases and de 

novo protein synthesis have been identified (Martinez-Moreno et a l, 2011; Mou et a l, 2011;
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Seoane et a i,  2011). However, based on our results here it appears that exercise has no 

beneficial effect on the early phase o f consolidation.

It may be easier to tease out differences between sedentary and exercised animals when 

cognitive tasks are made more challenging. Both exercised and sedentary animals demonstrated 

a significant increase in exploratory learning in the 2-object variant o f the NOR task when they 

received a total o f 15 minutes o f task training, with this effect being evidently more robust in 

the exercised group. This corroborates previous studies where seven consecutive days o f forced 

exercise was shown to enhance object recognition memory (O'Callaghan et a i, 2007), resulting 

in significantly greater exploration in exercised animals compared with sedentary controls. 

However, when animals received exercise post-training on the same paradigm they were unable 

to identify the novel object suggesting exercise has no effect on consolidation using this 

paradigm and thus, exercise may be more critical for priming learning and facilitating 

acquisition. Surprisingly, in this experiment there was a main effect o f  object during the testing 

trial, but post-hoc analyses revealed no differences in object exploration for either group. In 

contrast, when exposed to the treadmills prior to task training both groups could recognise the 

novel object 24 hours later. The discrepancy between these two studies indicate that sedentary 

controls may exhibit borderline and inconsistent learning effects on this particular version o f the 

task, and thus by decreasing the amount o f training received it may increase the likelihood of 

teasing apart a behavioural difference due to the effects of acute exercise or other interventions. 

As mentioned earlier, every effort was made to make objects that had equal affordances but 

naturally this factor could have played a role in the discrepancy o f these studies as identical 

objects were not used for each study.

The NOR task was made more difficult by introducing an additional object into the task. The 

results from the present study indicate that exercised animals were unable to learn the 3-object 

variant of the NOR task when exercise was performed either prior to or after 15 minutes o f task 

training on this variant of the task. This paradigm was chosen based on a previous study in our 

laboratory, whereby exercised rats displayed robust learning with 15 minutes o f task training, 

when compared to sedentary controls (Griffin et a i, 2009). Although there were preferences 

during testing, these were not sufficient to interpret the results as a clear learning effect because 

the animals were unable to distinguish between at least one familiar object and the novel object. 

This suggests that a single bout of exercise is not capable o f inducing cognitive improvements 

when animals are faced with a greater cognitive load during task training, in addition to the 

presence of a longer delay between the training and testing trials. The discrepancies between the 

current study and those previously seen in our laboratory may be due to the different amount of 

exercise received; 1 hour in the current study versus 1 hour o f exercise daily for seven 

consecutive days in the previous study. Hence, a greater amount o f exercise might be necessary
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to observe an exercise-induced cognitive enhancement when the tasi< is more difficult. This 

could be attributed to differential underlying mechanisms of a single bout o f exercise versus 

seven days o f  exercise on cognitive function.

To assess whether improvements in memory promoted by exercise are exclusive to certain 

aspects o f learning (e.g. object recognition) or whether it has the ability to improve other forms 

o f learning, the T-maze task was used to test spatial working memory. To our knowledge, no 

other study has assessed the effect o f exercise on performance o f this spatial task in healthy 

young rats. A left-right discrimination paradigm in the T-maze was chosen here instead o f the 

more commonly applied MWM task, which is a test o f  spatial memory (Morris, 1984). The 

MWM paradigm involves swim stress (Engelmann et ai, 2006) and causes considerable 

elevation of plasma corticosterone levels (Beiko et ai, 2004). The current study was designed 

in such a way that any possible stress was minimised. Firstly, all animals received treadmill 

habituation and seven days habituation to the T-maze apparatus to reduce novelty stress. 

Secondly, all animals were exposed to treadmills following task habituation or training, 

depending on the experiment performed, in an attempt to reduce any possible stress imposed by 

the forced exercise protocol. As a rewarded alternation paradigm was used, this limited the 

chances of food-deprived exercised animals being more incentivised to explore the T-maze for 

the food reward as a result o f the exercise performed. Performance o f the T maze task was not 

improved in the exercised group, relative to their sedentary counterparts, when a one-week 

exercise protocol was performed during the habituation or training phase of the task. This was 

evidenced by the fact that the exercised group did not display a faster learning rate over the 

eight days o f task training. The absence o f any exercise-induced improvement on this task 

would suggest that the beneficial cognitive enhancing properties of exercise are not apparent on 

different learning tasks and in particular, the T-maze task may not be sensitive enough to detect 

the cognitive enhancing effects of exercise. In the present study, both sedentary controls and 

exercised animals started at a relatively high level o f alternation on days 1-2 and therefore, it is 

likely that a ceiling effect occurred leaving no room for improvement in task performance as a 

consequence of exercise. A longer inter-trial rest period could increase task difficulty and 

possibly reduce the baseline performance of the animals, in an attempt to tease apart differences 

between exercised and sedentary animals.

Previous results in our laboratory have demonstrated no improvement in spatial learning after 

one week o f exercise in young adult rats, as assessed by the MWM task (O'Callaghan et ai, 

2007) and the OD task when a less challenging version o f the task was used (Griffin et ai, 

2009). Furthermore, other studies have noted that this form o f learning may be more noticeably 

improved by exercise if there is a cognitive deficit prior to the exercise intervention. Mazes are 

often used in studies exploring ageing processes, as well as toxicological, pharmacological and
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neurodevelopmental models (Paul et a i,  2009). Therefore, exercise has been found to act as a 

cognitive enhancer in animals that demonstrate spatial learning deficits, such as aged animals 

(Albeck et a i,  2006) or those exposed to experimental brain insult (Christie et a i,  2005; Gobbo 

& O'Mara, 2005). Conflicting evidence demonstrates that one week o f exercise was sufficient to 

improve performance on the MWM task, however, the exercise paradigm employed here was 

voluntary (Vaynman et a l, 2004). Another study showed that 14 days o f voluntary wheel 

running promoted acquisition and retention when using a spatial Y-maze task in mice (Van der 

Borght et al., 2007). This task is similar to the T-maze task in the sense that it requires the 

animal to learn which o f the two arms is baited with a food reward when testing reward 

alternation behaviour. The discrepancies between this and the current study could be due, in 

part, to the different exercise modalities (forced exercise versus voluntary exercise), in addition 

to the length of the exercise protocol (7 days versus 14 days) and the different animals used 

(rats versus mice). The exercise protocol used in the present study may not have been sufficient 

to induce a cognitive enhancing effect and thus, further studies are necessary to investigate 

whether longer duration exercise protocols can induce cognitive enhancements.

It has been speculated that forced exercise, as performed in the present study, may not induce 

the same beneficial effects of voluntary exercise, due to elevated stress. Nevertheless, this 

proposal has been challenged by those reporting that mild treadmill exercise can enhance 

learning in aged rats (Albeck et al., 2006). Furthermore, treadmill exercise has been found to 

increase cell proliferation without altering apoptosis in the dentate gyrus and hippocampus of 

young rats (Kim et a i, 2002) suggesting that forced treadmill exercise exerts no detrimental 

effects on cell proliferation. Given that no effect of exercise on spatial learning was identified it 

could be proposed that exercise may not always induce a cognitive enhancement and that any 

improvements may be task-specific. While the T-maze task recruits the hippocampus, it also 

recruits higher cortical regions such as the prefrontal cortex, since the rat must learn a rule in 

order to successfully complete the task, in addition to the basal ganglia, neocortical areas and 

thalamus (Lalonde, 2002). Exercise may not affect the function of these brain regions during 

task performance and this may explain why both sedentary and exercised animals perform the 

task equally well. Also, in the present study exercise was performed following task habituation 

or training and therefore, the effect o f exercise on consolidation o f memory was investigated as 

opposed to acquisition, which may have yielded a different outcome. As previously mentioned, 

rats may be inherently better at tasks that involve spatial learning, as opposed to object 

recognition memory. Alternatively, results may depend on factors such as duration of exercise 

exposure, modality o f exercise undertaken, task difficulty (e.g. adjustment of the duration of 

trial intervals), external spatial cues or other variables that have yet to be defined (Berchtold et 

a/., 2010).
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Following the results o f the cognitive battery, the effects o f exercise on performance on the 2- 

object variant o f the NOR task using only 5 minutes o f training and testing after a 30 minute 

retention delay was examined. This task was performed initially in the absence of exercise and 

the results obtained indicated that neither the potential exercise group nor the potential 

sedentary group could distinguish between the familiar and novel object. This particular study 

was designed to assess whether any test-retest practice effects were present when testing 

performance on this task after exercise. Different objects were used for the pre- and post

exercise training and testing trials and the results indicated a clear and beneficial effect of 

exercise on object recognition memory. Both the sedentary and exercised rats spent an equal 

amount o f time actively exploring objects during the training and testing trials on the 2-object 

variant of the NOR task, thus providing some indication that the animals were not stressed 

following acute treadmill exposure. Animals were tested on the more cognitively challenging 3- 

object variant of the task after a single bout o f exercise and again, the results demonstrated an 

exercise-related improvement in learning. The OD and NOR tasks are thought to enlist distinct 

forms of learning. The OD task is a widely accepted hippocampal-dependent form o f learning 

that requires the rat to remember the original position o f the object using spatial memory; 

whereas the NOR task assesses non-spatial learning and is thought to recruit the hippocampus, 

with an evident role for the dentate gyrus subfield (Kelly et al., 2003), and the perirhinal cortex 

(Wan et al., 1999; Broadbent el al., 2004; Buckley, 2005; Kealy & Commins, 2011). Evidence 

suggests that the hippocampus plays a role in processing information related to the spatial 

arrangement o f objects, whereas the perirhinal cortex plays an important role in the actual 

recognition o f the features o f the objects (Wan et al., 1999; Broadbent et al., 2004; Buckley, 

2005; Kealy & Commins, 2011). Thus, these brain regions were analysed here based on their 

well-established functional roles.

In humans, concentration o f BDNF in the circulation increases in response to acute exercise 

(Gold et a l ,  2003; Ferris et al., 2007; Griffin et al., 2011); this evidence supports the hypothesis 

that BDNF could be a mediator of the enhancing effect o f exercise on learning and memory. To 

allow some comparison to human studies, serum BDNF was measured immediately following 

the learning paradigm. In contrast to results in humans, serum BDNF was not increased in rats. 

This result is consistent with a recent study that demonstrated no increase in serum BDNF in 

exercised rats when measured immediately following acute exercise (1 h, 20m.min'') (Goekint 

et al., 2012). Failure to detect an increase in serum BDNF may be due to timing, since increases 

in circulating BDNF are known to be transient (Gold et al., 2003; Ferris et al., 2007; Griffin et 

al., 2011), or due to the intensity o f exercise being insufficient to induce an increase in serum 

BDNF. To address this, future studies should examine the concentration o f BDNF in the 

periphery at different time points after exercise of different intensity. The animals in the current
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study were sacrificed approximately 1 hour post-exercise, which may have corresponded with a 

return to baseline of serum BDNF. Alternatively, involvement of peripheral mechanisms in 

serum BDNF induction may be independent from central changes which may in fact be 

mediating the effects o f exercise on cognitive function. Another factor that may influence 

BDNF levels is the mild stress that may be associated with treadmill running (Moraska et al., 

2000), as previously discussed. It has been reported that corticosterone levels are significantly 

higher in exercising than control animals and it was found that serum BDNF and corticosterone 

levels were negatively correlated in these groups (Goekint et al., 2012). Corticosterone is the 

major glucocorticoid in rats, analogous to cortisol in humans. Although the present study did 

not assess corticosterone levels in animals, a previous study from our laboratory demonstrated 

no significant changes in serum corticosterone between exercised rats and sedentary controls 

(pers. comm. Dr. Ranya Bechara, unpublished data), indicating that stress induced by the 

treadmill and the motivational mild shocks is likely to be minimal. The influence of stress in the 

exercise group cannot be completely ruled out, though it is unlikely to be a factor that 

influenced learning and memory in the current study as evidenced by the exercise-induced 

improvements in cognitive performance. However, it must be noted that previous studies have 

shown that stress can disrupt learning and LTF in vivo (Cazakoff & Howland, 2010; Cazakoff et 

al., 2010; Howland & Cazakoff, 2010).

Taking the time frame of the experiment into consideration, it is important to examine 

immediate and rapid changes in the brain such as activation o f kinase signalling pathways, as 

possible mediators o f the cognitive improvements observed. Previous research has shown that 

synaptic signalling and responsiveness are enhanced within seconds of BDNF administration to 

rat hippocampal neurons (Vicario-Abejon et al., 1998). Thus, in a short time frame BDNF may 

potentially be enhancing synaptic transmission at presynaptic and postsynaptic sites. These 

short term effects o f  BDNF are initiated upon binding o f BDNF to its receptor, TrkB, and 

subsequent activation o f a downstream signalling cascade (Jovanovic et al., 2000). Previous 

research has shown that BDNF-induced LTP in young adult rats is accompanied by a significant 

increase in activation o f the BDNF receptor TrkB and ERK activation, as well as enhanced 

evoked release o f glutamate in synaptosomes prepared from the dentate gyrus (Gooney et al., 

2004). Furthermore, it has been reported that BDNF can control its own release via activation of 

TrkB-coupled phospholipase C leading to IP3 formation and mobilisation o f intracellular Ca^^ 

stores (Canossa et al., 1997). Therefore, by analysing BDNF release in future experiments 

(chapter 4) it will be possible to elucidate any potential role of this growth factor at the synaptic 

junction in response to acute exercise.

Although no changes in peripheral BDNF were observed, the hypothesis that the neurotrophin- 

dependent facilitation o f synaptic transmission might involve the TrkB-MAP kinase-synapsin
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signalling cascade was investigated. It has previously been reported that binding o f BDNF to 

presynaptic TrkB increases synapsin-1 phosphorylation, via activation of MAP kinases, and 

leads to a concomitant potentiation of neurotransmitter release (Jovanovic et al., 2000). 

Therefore, this may be a mechanism by which acute exercise enhances learning and memory. 

The phosphorylation of ERK 1/2 is one o f the major downstream effects of the activation of 

TrkB receptors in the Ras-MAPK pathway and therefore indicative o f neurotrophin action. 

Tissue analysis revealed an increase in the phosphorylation of ERK 2 but not ERK 1 in the 

dentate gyrus of the exercise group when compared with the sedentary no learning group and no 

differences in the phosphorylation of ERK 1/2 in the hippocampus or perirhinal cortex across 

the groups. A number of behavioural studies have confirmed that ERK is involved in the 

processes of learning and memory. Blum and colleagues (1999) reported that water maze 

training in mice leads to activation of ERK in the hippocampus. Furthermore, rapid and 

transient activation of the MAPK-ERK pathway has been previously shown following the 

exploration of objects and has also been shown to be necessary for the processes of 

consolidation and reconsolidation (Kelly el al., 2003). This study showed that inhibition of 

ERK rendered animals unable to distinguish a familiar object from a novel object during an 

object recognition task and also demonstrated increased ERK 1 activation in the dentate gyrus 

following object exposure. This result was further confirmed by a more recent observation 

(Callaghan & Kelly, 2012), whereby phorphorylation o f ERK 1, though not ERK 2, in the 

dentate gyrus is associated with consolidation o f recognition memory in the rat. Interestingly, 

ERK 2 is more frequently reported for its crucial role in memory function rather than ERK 1 

(English & Sweatt, 1996; Selcher et al., 2001; Satoh et al., 2007). Thus, it appears that exposure 

to the objects themselves may activate this pathway but in the presence of exercise, the ERK 

signalling pathway is further activated, possibly via BDNF-induced phosphorylation of ERK 2. 

It is possible that exercise and the learning environment have an additive effect on learning and 

memory, and occurs in an ERK 2-dependent manner to mediate cognitive improvements.

Activation of the Ras-MAPK pathway can in turn increase synapsin-I phosphorylation which 

acts as a downstream mediatior o f BDNF’s effects on synaptic transmission (Jovanovic et al., 

2000). The synapsins are neurospecific phosphoproteins that tether small synaptic vesicles to 

the actin cytoskeleton in a phosphorylation-dependent manner and through this mechanism they 

facilitate exocytosis and regulate the number o f vesicles in the presynaptic nerve terminal that 

are available for release (Pieribone et al., 1995). Hence, they represent a locus for modulating 

neurotransmitter release and consequently, enhancing synaptic transmission. Synapsin-1 is the 

most abundant phosphoprotein in presynaptic terminals in the CNS (Evergren et al., 2007). The 

phosphorylation of this protein is a crucial mechanism by which synaptic transmission can be 

regulated and facilitated (Evergren et a l ,  2007). The data from the present study shows no
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increase in the phosphorylation o f synapsin-1 in the dentate gyrus, hippocampus or perirhinal 

cortex in any group. Thus, it appears that exercise may not regulate the activation o f synapsin-1 

or alternatively the window o f testing in this study did not permit an increase in synapsin-1 

activation to be detected. Given the role o f synapsin-1 in vesicular release, it would be 

important to confirm the role of acute exercise in modulating the distribution o f vesicles and 

neurotransmitter release via regulation of synapsin-1. Changes in the expression o f synapsin-1 

are more commonly reported in studies examining the effects of exercise on synaptic-plasticity, 

with the bulk o f these studies focusing on exercise protocols lasting a minimum of several days 

(Vaynman et a i ,  2003; Ding et a l ,  2006; Ferreira et al., 2010; Cassilhas et a i ,  2012). 

Therefore, comparisons cannot easily be made between the current study and these previous 

studies, where synapsin-1 expression has been reported to increase following longer duration 

voluntary and forced exercise.

In summary, the current study has shown that a single bout of moderate intensity forced 

treadmill running improves cognitive performance in adult male Wistar rats in an object 

recognition task, but not in a spatial variant o f the task. In addition, one-week of exercise does 

not improve cognitive performance in a spatial working memory task, as assessed by the T- 

maze task. These data suggest that the positive effects of acute exercise may be task-specific, 

and are dependent on the level o f difficulty of the task and retention delay as demonstrated by 

the two variants of the NOR task. One hour of exercise appears to be the optimal duration of 

acute exercise to observe a cognitive enhancement and must be performed prior to task learning 

in order for cognitive improvements to be observed. The enhancement in object recognition 

memory following exercise is accompanied by an increase in ERK phosphorylation in the 

dentate gyrus, a hippocampal subfield previously reported to be implicated in this type of 

learning (Kelly et a i ,  2003). These data are among the first reports of the effects o f acute 

exercise on hippocampal-dependent learning in the rat. Further work needs to be performed to 

elucidate the exact underlying mechanisms contributing to the enhancement in cognitive 

performance following acute exercise (chapter 4).
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Chapter 4
Investigation o f possible mechanisms underlying the effects of 

acute exercise on learning and memory



CHAPTER 4

4.1 Introduction

The results of chapter 3 showed that a single bout o f forced moderate intensity exercise can 

induce improvements in object recognition memory in rodents. However, it appears that these 

improvements in cognitive performance are not persistent as the most robust changes occurred 

when animals were trained and tested on the same day as the acute exercise protocol in 

comparison with testing performed 24 hours later. This improvement in object recognition 

memory was accompanied by an increase in phosphorylation of ERK 2 in the dentate gyrus. 

This protein is one of the major downstream effectors o f TrkB signalling in the Ras-MAPK 

pathway, and suggests that neurotrophin activation of TrkB receptors may have played a role in 

these exercise-induced cognitive enhancements.

One possible hypothesis for this enhanced signalling activation is an increase in the activity- 

dependent release o f neurotrophins and subsequent increase in excitatory synaptic transmission. 

To date, BDNF has received the most attention as a possible mediator governing the effects of 

exercise on cognition. With this in mind, analysis o f peripheral serum BDNF concentration was 

conducted in chapter 3, however, there were no differences observed between sedentary and 

exercised rats. Given the discrepancies in the literature regarding the ability o f BDNF to cross 

the BBB from the periphery to the brain or vice versa (Poduslo & Curran, 1996; Sakane & 

Pardridge, 1997; Pan et al., 1998; Wu, 2005), observing an increase in serum BDNF may be 

irrelevant and thus observing central changes in growth factors is likely to be of greater 

importance when examining the effects of exercise on cognition. Conversely, changes in serum 

BDNF may have occurred but were transient and subsequently were not identified at our 

specific time-point. Previous data in humans have demonstrated transient increases in 

circulating BDNF in response to acute exercise (Gold et a l ,  2003; Rojas Vega et a l ,  2006; 

Goekint et al, 2008; Rasmussen et al., 2009; Griffin et al., 2011; Cho et al, 2012). Animal 

studies have an inherent advantage over human studies because they allow researchers to 

examine specific cellular and molecular changes in the brain and therefore, these studies usually 

investigate changes in mRNA and protein expression in preference to peripheral biochemical 

markers. Consequently, there is a paucity o f studies examining serum BDNF in rodents. One 

study assessed serum BDNF concentration in rats immediately following acute exercise but 

reported no changes (Goekint et al., 2012). The authors proposed that increased circulating 

corticosterone might explain the absence o f any observable change in BDNF. Taken together, it 

is more plausible that neurotrophins are originating from a central source to activate TrkB 

receptors. To address this idea, animals were exercised for 1 hour and euthanised immediately 

following the cessation of exercise. This study was performed to investigate if  any immediate
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biochemical, physiological or molecular changes occurred with a single bout o f exercise, which 

could be at least partially responsible for the exercise-induced cognitive improvements 

observed after a single exercise bout.

Acute aerobic exercise can induce various immediate and temporary physiological changes 

such as an increase in heart rate and ventilation, an increase in metabolic demand and a change 

in hormone levels, which return to pre-exercise levels soon after exercise stops. In addition, a 

change in core temperature may occur depending on the intensity and duration of the exercise 

performed. An increase in core temperature of rats has been reported following 1 hour of 

exercise (Hasegawa et al., 2011). This may be of significant interest given that relatively small 

changes in tissue temperature can affect the speed o f many cellular processes, including 

synaptic transmission and action potential generation (Andersen & Moser, 1995). Therefore, the 

effect o f increased temperature, independent o f but similar to that seen with exercise, on non- 

spatial and spatial learning was examined.

BDNF is a large protein (~14kDa) that, under ordinary circumstances, should not cross the 

BBB. Although, no exercise-induced increases in circulating BDNF were reported in chapter 3, 

results from our laboratory have previously demonstrated that a seven day exercise protocol 

induces a robust increase in serum BDNF which remains elevated 24 hours after the last bout of 

exercise (pers. comm. Dr. Ranya Bechara, unpublished data). Thus, it remains unclear whether 

an acute bout of exercise can induce a similar effect and if so, can circulating BDNF pass 

through the BBB to reach the brain, specifically the hippocampus and its subregions, which are 

important structures for learning and memory. Circulating BDNF is mostly sequestered by 

platelets and one hypothesis is that BDNF is released from platelets during exercise. Large 

amounts o f BDNF can be released upon agonist stimulation (Fujimura et al., 2002), with 

potential stimuli including sheer stress and changes in core temperature, two factors that can 

occur with exercise. To investigate this further, a series o f experiments were conducted to 

examine the potential of peripherally administered BDNF (i.v. injection), in the presence and 

absence o f exercise and following high ambient temperature exposure, to enhance memory. It 

has previously been proposed that BBB integrity may be threatened by a rise in core 

temperature (Watson et a l,  2005) or exercise (Sharma et a l ,  1991; Watson et al., 2006). 

Therefore, BBB integrity was assessed using NaFl tracer (376Da), which is normally excluded 

from the brain by the BBB (Malmgren & Olsson, 1980), to visualise any potential transient 

disruption under the independent conditions o f exercise and high ambient temperature exposure.
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4.2 Methods

4.2.1 Animals

M ale rats o f  W istar O la strain, aged three to four m onths, were used in these experim ents. They 

were group-housed, tw o to four per cage, and m aintained under environmental conditions 

described in section 2.2.1. Procedures were conducted in accordance with national law and 

European Union directives on animal experim ents as described in section 2.2.1 and approved by 

the University Ethical Review Committee.

4.2.2 Experimental design

4.2.2.1 Experiment I  - Effect o f a single bout o f exercise on biochemical, physiological 

and molecular parameters

Animals were random ly assigned to either a sedentary control (CON, n=12) or exercise (EX, 

n=12) group. Anim als in the EX group were exercised for 1 h at an intensity o f  16.7m .m in'', 

whilst the CON group rem ained sedentary on stationary treadm ills for the corresponding time. 

Rectal tem perature was recorded pre- and post-treadm ill exposure. Immediately following 

treadmill exposure, anim als were euthanised in accordance with institutional guidelines for 

analysis o f  brain and blood tissue samples. Some tissue from the right hemisphere was 

harvested for mRNA analysis while some was used for protein analysis. Tissue from the left 

hem isphere was cross-chopped for a BDNF release experim ent.

4.2.2.2 Experiment II - Effect o f a single BDNF (i.v.) infusion on cognitive performance 

in the NOR and OD task

To investigate whether a single infusion o f  BDNF can elicit a cognitive improvement, the 

following experim ents were conducted. These experim ents were designed to compliment 

previous studies performed in our laboratory (pers. comm. Dr. Ranya Bechara, unpublished 

data). These previous studies examined the effect o f  a single bolus o f  recom binant BDNF 

(lO ng.m l'', i.v.) on spatial learning in the absence o f  exercise and on recognition m emory in the 

presence o f  exercise. Thus, the reverse o f  these experim ents were examined here.

Animals were random ly assigned to either a cytochrom e C (Cyt C, n=6) or BDNF treated 

(BDNF, n=6) group. One bolus o f  human recom binant BDNF (volume 500|il, lOng.ml"') 

dissolved in saline solution (0.9%  NaCl) was injected (i.v.) into the lateral tail veins o f rats as 

described in section 2.2.2.2. The dosage o f  lO ng.m f' hum an recom binant BDNF was chosen on 

the basis o f  previous studies performed in the laboratory w hich reported a significant increase in 

peripheral BDNF following short-term exercise (pers. comm. Dr. Ranya Bechara, unpublished
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data). Control animals received an injection (i.v.) o f cytochrome C (volume 500^1, lOng.mf') 

dissolved in saline solution (0.9% NaCl). Cytochrome C is a commonly used control protein for 

studies investigating neurotrophic factors as it has a similar charge and MW to BDNF (Willson 

et a i, 2008). Animals were allowed 15 min to recover from anesthesia prior to any further 

experimentation. Animals received 2x5 min training bouts on the 3-object variant o f the NOR 

task followed by a 1x5 min testing bout after a 24 h delay.

To investigate whether a single infusion o f BDNF in combination with a single bout o f exercise 

can elicit a cognitive improvement beyond that caused by exercise alone, the following 

experiment was conducted. One week following the previous study, the groups were swapped 

and animals received either a single bolus o f BDNF (n=5) or cytochrome C (n=6) solution as 

described above. Animals were allowed 15 min to recover from anaesthesia, after which all 

animals were exercised for 1 h. Following a 10 min delay after exercise, animals received a 1x5 

min training bout on the OD task followed by a 1x5 min testing bout after a 24 h delay.

4.2.2.3 Experiment III - Effect o f  temperature alone and combined with a single BDNF 

(i.v.) infusion on cognitive performance in the NOR and OD task

Animals were randomly assigned to either a control (CON, n=5) or an acute heat (HEAT, n=5) 

group. Animals in the HEAT group were transported to a temperature controlled chamber 

maintained at an elevated ambient temperature o f 38°C for 1 h. Animals in the CON group were 

transported to a temperature controlled chamber maintained at normal ambient temperature 

(21.5±1.5°C) for 1 h. Rectal temperatures were recorded at baseline, pre-task training and post

task testing. To examine the effect of temperature on non-spatial and spatial memory, animals 

were tested on the 2-object variant of the NOR task and the OD task, respectively. In the 2- 

object variant o f the NOR task, animals received a 1x5 min training bout followed by a 1x5 min 

testing bout after a 30 min delay. In the OD task, animals received a 1x5 min training bout 

followed by a 1x5 min testing bout after a 30 min delay. Each experiment was performed at 

least two weeks apart.

To investigate whether a single infusion o f BDNF in combination with an increase in core 

temperature can elicit a cognitive improvement, the following experiment was performed. 

Animals were randomly assigned to either a cytochrome C (Cyt C, n=6) or BDNF treated 

(BDNF, n=6) group and were treated as described in section 2 2 2 2 .  Rats were allowed 15 min 

to recover from anesthesia, after which they were transported to a temperature controlled 

chamber maintained at an elevated ambient temperature of 38°C for 1 h. Following acute high 

ambient temperature exposure, animals received a 1x5 min training bout on the 2-object variant
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o f the NO R task followed by a 1x5 min testing bout after a 30 min delay. Rectal tem peratures 

were recorded follow ing i.v. injection (baseline), pre-task training and post-task testing.

4.2.2.4 Experiment IV  - Effect o f  exercise and temperature on BBB permeability to 

NaFl

The ability o f  an exogenous com pound to cross the BBB under conditions o f  exercise and high 

am bient tem perature was used as a measure o f  BBB integrity. Anim als were randomly assigned 

to a control (CON, n=6), exercise (EX, n=7) or an acute heat (HEAT, n=8) group. Anim als in 

the EX group exercised for 1 h, while the CON group rem ained sedentary on stationary 

treadm ills for the corresponding time. Anim als in the HEAT group were transported to a 

tem perature controlled cham ber m aintained at an elevated am bient tem perature o f  38°C for 1 h. 

Immediately post-treatm ent, anim als were infused with 1ml o f NaFl (i.v.) as described in 

section 2.2.2.5. NaFl (376Da) is too large to cross the BBB and should not normally be 

detectable in the brain parenchym a o f  anim als with a functionally intact BBB. Anim als were 

taken for brain perfusion 10 min follow ing i.v. injection o f  NaFl (see section 2.2.5.2) to ensure 

that the intravascular blood was washed out and that any extravasation o f  NaFl into brain 

parenchym a was due to its extravasation from the capillaries and not due to the substance 

rem aining within the capillaries. Post-perfusion, animals were euthanised in accordance with 

institutional guidelines for analysis o f  brain tissue samples.

4.2.3 Forced exercise protocol

In experim ent I, 11 and IV, animals in the appropriate groups were familiarised to motorised 

rodent treadm ills prior to experim entation as described in section 2.2.2.4. Following 

fam iliarisation, anim als were exercised for a single bout o f  exercise at an intensity o f 

16.7m .m in '' for 1 h (belt speed, Ikm .h’’). Sedentary control animals were placed on stationary 

treadm ills for the corresponding time.

4.2.4 Behavioural procedures

In experim ent II and III, all anim als were habituated to the open field for two days prior to 

behavioural experim entation. M emory was assessed using the OD task (see section 2.2.3.1), the 

2-object variant and the 3-object variant o f  the NOR task (see section 2.2.3.2). Briefly, animals 

received either a 1x5 min training bout or 2x5 min training bouts w ith an inter-trial rest period 

o f  5 m in and were tested either 30 min or 24 h post-training. A different set o f  objects was used 

for each behavioural experim ent performed.
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4.2,5 Tissue collection and processing

In experim ent 1, anim als were euthanized by decapitation following a single bout o f  exercise. 

Trunk blood was collected immediately post-decapitation into an eppendorf and treated as 

described in section 2.2.4. The supernatant (serum) was recovered and stored at -20”C for 

further analysis. The brain was removed and tissue o f  interest (dentate gyrus and hippocam pus 

(i.e. hippocam pus proper containing C A l to CA3 subfields)) was sub-dissected on ice (see 

section 2.2.5.1). Tissue from the left hem isphere was cross-chopped for a BDNF release 

experim ent, while som e tissue from the right hem isphere was taken for mRNA or protein 

analysis. The extracted tissue was im m ediately flash-frozen and stored at -80°C until further 

processing or stored in RNAlater^” buffer kept at 4°C until RNA extraction was performed 

within tw o weeks. In experim ent IV, follow ing transcardial perfusion the left hem isphere o f  the 

brain was flash-frozen and prepared for sectioning as described in sections 2.2.5.6 and 2.2.11.

4.2.6 Analysis o f  BDNF serum levels by ELISA

The concentration o f  BDNF in serum samples was analysed using a com m ercially available kit 

as described in section 2.2.8.

4.2.7 BDNF release experiment

Dentate gyrus tissue from the left hem isphere was cross-chopped for a BDNF release 

experim ent as described in section 2.2.7.

4.2.8 Analysis o f  the expression o f  BDNF, TrkB and VEGF

BDNF, TrkB and VEGF expression in the dentate gyrus and hippocam pus were analysed using 

PCR analysis as described in section 2.2.9

4.2.9 Analysis o f  protein expression by Western immunoblotting

Tissue was hom ogenised in lysis buffer (section 2.2.5.4) and equalised for protein concentration 

prior to W estern im m unoblotting (section 2.2.6.2). ERK phosphorylation (p-ERK) was assessed 

using SDS-PAGE and W estern im m unoblotting (see section 2.2.10) in the dentate gyrus and 

hippocam pus. Both isoforms o f ERK, p44 and p42 (ERK 1 and 2, respectively), w ere analysed. 

Samples w ere assessed for P-actin expression to control for equal protein loading.

4.2.10 Statistical analysis

All data were exam ined for outliers, which were excluded if  they were ±  2SD rem oved from the 

mean. All data are presented as mean ± SEM. Behavioural data were analysed using a tw o-w ay
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ANOVA to compare the exploration of objects and the effect o f group treatment (independent 

variables). Where a significant main effect was detected, a Bonferroni post-hoc test was used to 

locate the significant differences. For two groups and one independent variable, a two-tailed 

unpaired Student’s Mest was used to assess whether the means were significantly different. For 

studies with more than two groups, a one-way ANOVA with Tukey’s HSD post-hoc test was 

used. GraphPad Prism v5.0 software (GraphPad Software Inc, USA) was used for analysis and 

graphical presentation with statistical significance set at /?<0.05.
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4.3 Results

4.3.1 Experiment I  - Effect o f a single bout o f exercise on biochemical, physiological 

and molecular parameters

4.3.1.1 Effect o f  a single bout o f  exercise on core temperature

The CON group was exposed to a stationary treadmill, while the EX group exercised for 1 h at 

an intensity o f 16.7m.min'‘. Recordings o f core temperature were taken at baseline and post

treadmill exposure. There was a significant effect of group treatment (F(i 22)=39.92, /?<0.001) 

and a significant difference in core temperature over time (F(i 22)=85.24, p<0.001). There was a 

significant interaction between group treatment and time (F(i 22)=60.19, /?<0.001; Figure 4.1). 

Bonferroni post-hoc analysis revealed that the EX group had a significantly elevated core 

temperature following exercise when compared with the CON group (core temperature (°C): 

CON, baseline=37.3±0.1, post-treadmill=37.4±0.1; EX, baseline=37.2±0.1, post- 

treadmill=39.1±0.1). These data suggest that core temperature is elevated when animals are 

exercised for 1 h at a moderate intensity. Data are presented as mean temperature (°C) ± SEM. 

Statistical analysis was by two-way repeated measures ANOVA with Bonferroni post-hoc tests, 

n=12 per group.

4.3.1.2 Effect o f  a single bout o f  exercise on serum BDNF concentration

There was no significant difference in the concentration o f serum BDNF for the CON or EX 

group (t22=1.199, p>0.05; Figure 4.2). Data are presented as pg BDNF per ml serum, mean ± 

SEM (CON, 2667.0±175.4; EX, 2941.4± 146.5). Statistical analysis was by two-tailed unpaired 

Student’s Mest, n=12 per group.

4.3.1.3 Effect o f  a single bout o f  exercise on BDNF release in the dentate gyrus

There was no significant effect of group (F(i 22)=0.231,p>0.05) but there was a significant effect 

o f  treatment condition between the two groups (F(i,22)=6.284, p<0.05). Bonferroni post-hoc 

analysis revealed that upon stimulation with 50mM KCl, BDNF release was significantly 

increased from the dentate gyrus o f  the EX group compared with the constitutive basal 

condition (EX, basal=534.55±l 18.5, KCl stimulated=1126.9±206.38; /?<0.05). No significant 

differences occurred in the CON group (CON, basal=662.3±136.2, KCl 

stimulated=849.8±151.2). There was no significant interaction of factors (F(i_22)=l-694,/?>0.05; 

Figure 4.3). Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, CON 

n=7 and EX n=6. After stimulation, the remaining pellet was homogenised and tested for BDNF 

remaining in the cells. No significant differences were observed in BDNF released from the cell
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pellet between the groups (p>0.05; data not shown). BDNF protein concentration is reported in 

pg BDNF per mg protein, mean ± SEM. Statistical analysis was by two-tailed unpaired 

Student’s Mest, CON n=7 and EX n=6.

4.3.1.4 Effect o f  a single bout o f  exercise on BDNF, TrkB and VEGF mRNA expression 

in the dentate gyrus and hippocampus

There was no significant difference in the expression o f BDNF mRNA between CON and EX 

groups in the dentate gyrus (tio=0.752, p>O.QS, fold change: CON: 1.000±0.276, EX; 

1.274±0.237, Figure 4.4A) or the hippocampus (t9=0.127, p>0.05, fold change: CON: 

1.000±0.334, EX: 0.952±0.214, Figure 4.4B). There was no significant difference in the 

expression of TrkB mRNA between CON and EX groups in the dentate gyrus (t|o=0.379, 

/?>0.05, fold change: CON: 1.000±0.065, EX: 1.051±0.117, Figure 4.4C) or the hippocampus 

(t9=0.772, p>0.05, fold change: CON: 1.000±0.057, EX: 1.181±0.207, Figure 4.4D). There was 

no significant difference in the expression of VEGF mRNA between CON and EX groups in 

the dentate gyrus (t|o=0.018,/7>0.05, fold change: CON: 1.000±0.034, EX: 1.002±0.118, Figure 

4.4E) or the hippocampus (t9=0.291, p>0.05, fold change: CON: 1.000±0.114, EX: 

0.926±0.211, Figure 4.5F). mRNA expression is reported as a fold change, mean ± SEM. 

Statistical analysis was by two-tailed unpaired Student’s Mest, n=6 per group for dentate gyrus 

samples; CON n=5 and EX n=6 for hippocampus samples.

4.3.1.5 Effect o f  a single bout o f  exercise on ERK activation in the dentate gyrus and 

hippocampus

Western immunoblot analysis revealed no significant difference in phosphorylated ERK 1 (p44 

isoform) for either group in the dentate gyrus (tio=0.5837, p>0.05; Figure 4.5A), when 

normalised to total ERK 1 (p-ERK 1 expression relative to total ERK 1 expression: CON: 

0.413±0.013; EX: 0.467±0.092; n=6 per group). There was no significant difference in 

phosphorylated ERK 2 for either group in the dentate gyrus (tio=0.020, p>0.05; Figure 4.5B), 

when normalised to total ERK 2 (p-ERK 2 expression relative to total ERK 2 expression: CON: 

0.660±0.059; EX: 0.658±0.093; n=6 per group).

There was no significant difference in phosphorylated ERK 1 for either group in the 

hippocampus (tg=0.868, p>0.05; Figure 4.6A), when normalised to total ERK 1 (p-ERK 1 

expression relative to total ERK 1 expression: CON: 1.042±0.171 EX: 0.889±0.040; n=5 per 

group). There was no significant difference in phosphorylated ERK 2 for either group in the 

hippocampus (t8=0.415, /?>0.05; Figure 4.6B), when normalised to total ERK 2 (p-ERK 2 

expression relative to total ERK 2 expression: CON: 1.163±0.163 EX: 1.065±0.170; n=5 per 

group). Data are expressed in arbitrary units obtained from calculating the ratio of
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phosphorylated ERK to total ERK, mean ± SEM. Statistical analysis was by tw o-tailed unpaired 

Student’s Mest.
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Figure 4.1 Effect of a single bout of exercise on core temperature

There was a significant effect o f  time (F(, 22)= 85.24, p<0.001) and group treatment (F(, 22)= 39.92, 

p<0.001), w ith post-hoc analysis revealing an increase in core temperature in the EX group compared 

w ith the CON group post-treadmill exposure (***p<0.001). There was also a significant interaction 

between group treatment and time (F(| 22)=60.I9,/?<0.00l). Data are presented as mean temperature (°C) 

± SEM; n=12 per group; two-way repeated measures A N O VA.

Figure 4.2 Effect of a single bout of exercise on serum BDNF concentration

There was no significant difference in the concentration o f  serum BDNF for either group (t22=l-199, 

p>0.05). Data are expressed as pg BDNF per ml serum, mean ± SEM; n=12 per group; Student’ s Mest.
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F igure 4.3 Effect of a single bout o f exercise on BDNF release in the den tate  gyrus 

There was a significant effect o f  treatment condition between the groups (F(] 22)=6.284, p<0.05), with 

post-hoc analysis revealing that upon stimulation with 50mM KCI, BDNF release was significantly 

increased from the dentate gyrus o f  the EX group compared with the constitutive basal condition 

(*/7<0.05). Data are expressed as pg BDNF per mg protein, mean ± SEM; CON n=7 and EX n=6; two- 

way ANOVA.
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Figure 4.4 Effect of a single bout of exercise on BDNF, TrkB and VEGF mRNA expression

There was no significant difference in BDNF mRNA expression between groups in (A) the dentate gyrus 

(t|o=0.752, p>0.05) or (B) the hippocampus (t9=0.127, p>0.05). There was no significant difference in 

TrkB mRNA expression between groups in (C) the dentate gyrus (tio=0.379, p>0.05) or (D) the 

hippocampus (t9=0.772, p>0.05). There was no significant difference in VEGF mRNA expression 

between groups in (E) the dentate gyrus (t|o=0.018, p>0.05) or (F) the hippocampus (t9=0.291, p>0.Q5). 

Data are expressed as mRNA fold change, mean ± SEM; n=6 per group for dentate gyrus samples; CON 

n=5 and EX n=6 for hippocampus samples; Student’s Mest.
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(A)

Figure 4.5 Effect o f a single bout of exercise on ERK activation in the dentate gyrus 

(A) There was no significant difference in p-ERK 1 relative to total ERK 1 (t|o=0 .583 , p>0.05) or (B) in 

p-ERK 2 relative to total ERK 2 (t|o=0.020, p>0.05) for either group in the dentate gyrus. Representative 

Western immunoblots illustrating expression o f  phosphorylated ERK I and 2, total ERK 1 and 2 and p- 

actin (loading control) are provided. Data are expressed in arbitrary units obtained from calculating the 

ratio o f  phosphorylated ERK to total ERK, mean ± SEM; n=6 per group; Student’s Mest.
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Figure 4.6 Effect of a single bout of exercise on ERK  activation in the hippocampus

(A ) There was no significant difference in p-ERK 1 relative to total ERK 1 (t8=0.868,p>0.05) or (B) in p- 

ERK 2 relative to total ERK 2 (tg=0.415, p>0.05) for either group in the hippocampus. Representative 

Western immunoblots illustrating expression o f  phosphorylated ERK 1 and 2, total ERK 1 and 2 and P- 

actin (loading control) are provided. Data are expressed in arbitrary units obtained from calculating the 

ratio o f  phosphorylated ERK to total ERK, mean ± SEM; n=5 per group; Student’ s Mest.
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4.3.2 Experiment II - Effect o f  a single BDNF (i.v.) infusion on cognitive 

performance in the NOR and OD tasks

4.3.2.1 Effect o f  a single BD NF (i.v.) infusion on the 3-object NOR task with a 24 h 

testing delay

Animals were injected (i.v.) with either cytochrome C or BDNF and allowed to recover for 15 

min prior to task training. Object recognition memory was assessed using the 3-object variant o f 

the NOR task. Animals received 2x5 min training bouts with an inter-trial rest period o f 5 min. 

During the inter-trial rest period, animals were placed in a holding cage in order to minimise 

disturbance from home cage co-habitants. Animals were tested using a 1x5 min testing bout 

after a 24 h delay (Figure 4.7A).

In the training trial, both the Cyt C and BDNF groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration of objects summed across training bouts: Cyt C, 

Object A=24.43±6.27, Object B=35.97±9.63, Object C=39.60±5.17; BDNF, Object 

A=21.59±4.86, Object B=42.48±8.73, Object C=35.93±10.45), indicating that there was no 

significant difference between the exploration of the three objects by either group (F(2,30)=2 .6 2 1 , 

/7>0.05). There was no significant difference in total exploration between the groups 

(F(i ,30)=0 .0 0 0 , p>0.05) and no interaction between group treatment and the exploration of 

objects (F(2,30)=0-260,/7>0.05; Figure 4.7B).

In the testing trial, object C was replaced with a novel object D*. There was no significant 

difference in exploration between the two groups (F(i,30)=0.000, p>0.05) but there was a 

significant difference between the exploration of the objects A, B and D* (F(2,ao)= 17.08, 

/ 7<0 .0 0 1 ). Bonferroni post-hoc analysis revealed that the BDNF group spent significantly more 

time exploring the novel object D* compared with the familiar objects A and B (percentage 

exploration of objects: BDNF, Object A=21.35±4.91, Object B=32.77±3.42, Object 

D*=45.88±3.55; p<0.05), while the Cyt C group spent significantly more time exploring the 

novel object D* and familiar object B compared with the familiar object A (percentage 

exploration of objects: Cyt C, Object A=20.42±3.98, Object B=40.38±3.84, Object 

D*=39.20±2.98; p<0.01). There was no significant interaction between group treatment and the 

exploration o f objects (F(2,so)=1.765, /?>0.05; Figure 4.7C). Although these data are more 

difficult to interpret, they suggest that the BDNF group could identify the novel object D* 

during testing, whilst the Cyt C group could not. Data are presented as mean percentage o f total 

exploration time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni post- 

hoc tests, Cyt C n= 6  and BDNF n=6 .
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Figure 4.7 Effect o f a single BDNF (i.v.) infusion on the 3-object NOR task

(A) Schematic o f  study design. (B) Neither the Cyt C nor BDNF group showed a preference for any 

object during training (/7>0.05). (C) During testing, there was a significant difference between the 

exploration o f  the objects (F (2 ,3 O )= 1 7 .0 8 ,p < 0 .0 0 1 ), with post-hoc analysis revealing that the BDNF group 

explored the novel object D* significantly more than the stationary objects A and B (*p<0.05). The Cyt C 

group explored objects B and D* significantly more than object A (* * /? < 0 .0 1 ). Data are presented as 

mean percentage exploration time ± SEM; n=6 per group; two-way ANOVA.
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4.3.2.2 Effect o f  a single BDNF (i.v.) infusion followed by a single bout o f  exercise on 

the OD task with a 24 h testing delay

Animals were injected (i.v.) with either cytochrome C or BDNF and allowed to recover for 15 

min, after which all animals exercised for 60 min. Following a 10 min delay, spatial memory 

was assessed using an OD task with a 1x5 min training bout followed by a 1x5 min testing bout 

after a 24 h delay (Figure 4.8A). One rat was excluded from the BDNF group due to poor 

running performance and a lack o f exploration in the training trial.

In the training trial, both the Cyt C and BDNF groups spent a similar amount o f time exploring 

objects A, B and C (percentage exploration o f objects: Cyt C, Object A=32.08±7.26, Object 

B=27.87±4.71, Object C=40.05±6.84; BDNF, Object A=29.24±2.23, Object B=32.81±1.78, 

Object C=37.96±3.06), indicating that there was no significant difference between the 

exploration of the three objects by either group (F(2,2?)=2.152,/7>0.05). There was no significant 

difference in total exploration between the groups (F(i 27)=0.000, p>0.05) and no interaction 

between group treatment and the exploration of objects (F(2,27>=0.184,/?>0.05; Figure 4.8B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(i,27)=0.000, p>0.05) but there 

was a significant difference between the exploration o f the objects A, B and C* (F(2,27)=10.36, 

/?<0.001). Bonferroni post-hoc analysis revealed that the BDNF group spent significantly more 

time exploring the displaced object C* compared with the stationary objects A and B 

(percentage exploration o f objects: BDNF, Object A=29.76±3.16, Object B=22.88±2.07, Object 

C*=47.36±4.55; p<0.05) with no significant differences between the exploration of objects in 

the Cyt C group (percentage exploration o f objects: Cyt C, Object A=26.70±5.19, Object 

B=31.32±4.38, Object C*=41.98±6.53; /?>0.05). There was no significant interaction between 

group treatment and the exploration o f objects (F(2,27)=1.697,/?>0.05; Figure 4.8C). These data 

suggest that the BDNF group could identify the new position of the displaced object C* during 

testing, whilst the Cyt C group could not. Data are presented as mean percentage of total 

exploration time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni post- 

hoc tests, Cyt C n=6 and BDNF n=5.

148



(A)

60 min

Train 
(1x5 min)

(B)

C y tC o rB D N F  Exercise (16 7m  m irr') 
(i.v. injection)

*  •

Test 
(1x5 min)

15 min recovery 10 min delay 24 min delay

f sf V

100-|

c 80-g
To
o 60-
&<u
"s 40-
h-
ss 20-

0-

Training (1x5 min)

C D  O b ject A  

C D  O b ject B 

C D  O b ject C

C y tC B D N F

(C)

Testing (24 h)

100-1

c 80-g
2o 60-
&0)
75 40-
1-
5? 20-

0-

C Z I

CD
O bject A  

O bject B 

O bject C *

C y tC B D N F

Figure 4.8 Effect of a single BDNF (i.v.) infusion and a single bout of exercise on the OD task

(A) Schematic o f study design. (B) Neither the Cyt C nor BDNF group showed a preference for any 

object during training (p>0.05). (C) During testing, there was a significant difference between the 

exploration o f the objects (F(2,27)=10.36,/?<0.001), with post-hoc analysis revealing that the BDNF group 

explored the displaced object C* significantly more than the stationary objects A and B (*p<0.05). Data 

are presented as mean percentage exploration time ± SEM; Cyt C n=6, BDNF n=5; two-way ANOVA.
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4.3.3 Experiment III - Effect o f  temperature alone and combined with a single BDNF 

(i.v.) infusion on cognitive performance in the NOR and OD tasks

4.3.3.1 Effect o f  high ambient temperature on core temperature response and cognitive 

performance on the 2-object NOR task with a 30 min testing delay

The CON group were exposed to an ambient temperature of 21.5±1.5°C, while the HEAT group 

were exposed to a high temperature o f  38.0±1.0 °C. Recordings o f core temperature were taken 

at baseline, pre-task training and post-task testing. There was no significant effect of group 

treatment on core temperature (F(i,i6)=3.901, /?>0.05) but there was a significant difference in 

core temperature over time (F(2,i6)=16.74, /j<0.001). Bonferroni post-hoc analysis revealed that 

the HEAT group had a significantly elevated core temperature pre-task training when compared 

with the CON group (pre-training core temperature (°C): CON=37.4±0.3; HEAT=39.2±0.2). 

There was a significant interaction between group treatment and time (F(2,i6)=30.46, /7<0.001; 

Figure 4.9). These data suggest that core temperature is elevated when animals are acutely 

exposed to a high temperature in comparison with animals maintained at ambient temperature. 

In addition, an elevated temperature of 38°C was sufficient to mimic the increase in core 

temperature seen after 1 h o f exercise. Data are presented as mean temperature (°C) ± SEM. 

Statistical analysis was by two-way repeated measures ANOVA with Bonferroni post-hoc tests, 

n=5 per group.

Immediately following temperature exposure, object recognition memory was assessed using 

the 2-object variant o f the NOR task with a 1x5 min training bout followed by a 1x5 min testing 

bout after a 30 min delay (Figure 4.10A). In the training trial, both the CON and HEAT groups 

spent a similar amount o f time exploring objects A and B (percentage exploration of objects: 

CON, Object A=49.95±3.36, Object B=50.05±3.36; HEAT, Object A=50.84±2.65, Object 

B=49.16±2.65), indicating that there was no significant difference between the exploration of 

the two objects by either group (F(i i6)=0.068, p>0.05). There was no significant difference in 

total exploration between the groups (F(i,i6)=0.000, p>O.OS) and no interaction between group 

treatment and the exploration o f objects (F(i,i6)=0.087,/7>0.05; Figure 4.1 OB).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i i6)=0.000, /?>0.05) and no significant 

difference between the exploration o f the familiar object A and novel object C* (F(i_i6)=0.006, 

/?>0.05; percentage exploration of objects: CON, Object A=52.69±7.56, Object C*=47.31±7.56; 

HEAT, Object A=46.52± 12.24, Object C*=53.48±12.24). There was no significant interaction 

between group treatment and the exploration of objects (F(| |6)=0.368,/7>0.05; Figure 4 .IOC). 

These data suggest that neither the CON nor HEAT group could identify the novel object C*
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during testing. Data are presented as mean percentage o f total exploration time ± SEM. 

Statistical analysis was a two-way ANO VA with Bonferroni post-hoc tests, n=5 per group.

In the training trial, there was no significant difference in total exploration time between the 

CON and HEAT groups (total exploration time (s): CON, 80.90± 15.29; HEAT, 49.69±7.06; 

tg=l .835,/7>0.05; Figure 4.1 lA ). In the testing trial, there was no significant difference in total 

exploration time between the CON and HEAT groups (total exploration time (s): CON, 

54.88±17.25; HEAT, 54.63±14.44; ts=0.011, p>0.05; Figure 4.1 IB). These data indicate that 

high ambient temperature exposure does not affect total exploration time. Data are presented as 

mean total exploration time (s) ±  SEM. Statistical analysis was by two-tailed unpaired Student’ s 

/-test, n=5 per group.
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Figure 4.9 Effect of high ambient temperature on core temperature response

There was a significant effect o f  time (F(2_|6)=16.74, p<0.001), w ith post-hoc analysis revealing an 

increase in core temperature in the HEAT group compared with the CON group pre-task training 

( * ’̂ *p<0.001). There was also a significant interaction between group treatment and time (F(2,i6)=30.46, 

p<0.001). Data are presented as mean temperature (°C) ± SEM; n=5 per group; two-way repeated 

measures ANO VA.
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Figure 4.10 Effect o f high ambient temperature on the 2-object NOR task

(A) Schematic o f study design. Neither the CON nor HEAT group showed a preference for any object 

during training (B) or testing (C) (p>0.05). Data are presented as mean percentage exploration time ± 

SEM; n=5 per group; two-way ANOVA.
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Figure 4.11 Effect of high ambient temperature on total exploration time

There was no significant difference in total exploration time during training (A ) or testing (B) (/?>0.05). 

Data are presented as mean total exploration time (s) ±  SEM; n=5 per group; Student’ s Mest.
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4.3.3.2 Effect o f  high ambient temperature on core temperature response and cognitive 

performance on the OD task with a 30 min testing delay

The CON group were exposed to an ambient temperature o f 21.5±1.5“C, while the HEAT group 

were exposed to a high temperature of 38.0±1.0 °C. Recordings o f core temperature were taken 

at baseline, pre-task training and post-task testing. There was a significant effect of group 

treatment on core temperature (F(i i6)=9.77 p<0.05) and a significant difference in core 

temperature over time (F(2,i6)=10.10, p<0.01). Bonferroni post-hoc analysis revealed that the 

HEAT group had a significantly elevated core temperature pre-task training when compared 

with the CON group (pre-training core temperature (°C): CON=37.4±0.2; HEAT=39.1±0.5). 

There was a significant interaction between group treatment and time (F(2,i6p8.59, p<0.01; 

Figure 4.12). These data suggest that core temperature is elevated when animals are acutely 

exposed to a high temperature in comparison with animals maintained at ambient temperature. 

Data are presented as mean temperature (°C) ± SEM. Statistical analysis was by two-way 

repeated measures ANOVA with Bonferroni post-hoc tests, n=5 per group.

Immediately following temperature exposure, spatial memory was assessed using the OD task 

with a 1x5 min training bout followed by a 1x5 min testing bout after a 30 min delay (Figure 

4.13A). In the training trial, both the CON and HEAT groups spent a similar amount o f time 

exploring objects A, B and C (percentage exploration o f objects: CON, Object A=41.02±9.31, 

Object B=25.90±5.10, Object C=33.08±12.10; HEAT, Object A=27.30±8.08, Object 

B=35.21±6.47, Object C=37.49±7.49), indicating that there was no significant difference 

between the exploration o f the three objects by either group (F(2,24)=0.171, p>O.OS). There was 

no significant difference in total exploration between the groups (F(i,i6)=0.000, p>0.05) and no 

interaction between group treatment and the exploration o f objects (F(2,24)=1.028,/?>0.05; Figure 

4.13B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(i_24)=0.000, p>0.05) and no 

significant difference between the exploration of the displaced object C* and stationary objects 

A and B (F(2,24)=2.669, p>0.05; percentage exploration of objects: CON, Object A=18.38±3.72, 

Object B=42.45±3.69, Object C*=39.17±5.88; HEAT, Object A=30.34±7.52, Object 

B=41.13±12.61, Object C*=28.53±8.04). There was no significant interaction between group 

treatment and the exploration o f objects (F(2,24)=1.130, p>0.05'. Figure 4.13C). These data 

suggest that neither the CON nor HEAT group could identify the new position o f the displaced 

object C* during testing. Data are presented as mean percentage o f total exploration time ± 

SEM. Statistical analysis was by two-way ANOVA with Bonferroni post-hoc tests, n=5 per 

group.
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Figure 4.12 Effect of high ambient temperature on core temperature response

There was a significant effect o f  group treatment on core temperature (F(i i6)=9.77 p<0.05) and a 

significant difference in core temperature over time (P(2,i6)=10.10, p<0.01), w ith post-hoc analysis 

revealing an increase in core temperature in the HEAT group compared w ith the CON group pre-task 

training (***/?<0.001). There was also a significant interaction between group treatment and time 

(F(2,i6)=8.59, /?<0.01). Data are presented as mean temperature (°C) ±  SEM; n=5 per group; two-way 

repeated measures ANO VA.
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Figure 4.13 Effect of high ambient temperature on the OD tasl<

(A) Schematic o f study design. Neither the CON nor HEAT group showed a preference for any object 

during training (B) or testing (C) (p>0.05). Data are presented as mean percentage exploration time ± 

SEM; n=5 per group; two-way ANO VA.
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4.3.3.3 Effect o f  temperature combined with a single BDNF (i.v.) infusion on the 2- 

object NOR task with a 30 min testing delay

Anim als were injected (i.v.) with either cytochrom e C or BDNF and allowed to recover for 15 

min. All anim als were then transported to a climatic cham ber held at a high tem perature o f  

38.0±1.0 °C. Recordings o f  core tem perature were taken at baseline, pre-task training and post

task testing. There was no significant effect o f  group treatm ent on core tem perature 

(F(i,i6)=0.760, p>O.OS) but there was a significant difference in core tem perature over time 

(F (2,i6)= 3 0 .2 6 , /7<0.001). Bonferroni post-hoc analysis revealed no significant differences 

betw een the groups at each tem perature recording. There was no significant interaction between 

group treatm ent and time (F(2,i6)=0.014, /?>0.05; Figure 4.14). These data suggest that core 

tem perature is elevated in both groups after exposure to a high ambient tem perature. Data are 

presented as mean tem perature (°C) ± SEM. Statistical analysis was by two-way repeated 

m easures ANOVA with Bonferroni post-hoc tests, Cyt C n=6, BDNF n=4. Two animals were 

excluded from the BDNF group due to a lack o f  object exploration in the training trial.

Im m ediately follow ing tem perature exposure, object recognition memory was assessed using 

the 2-object variant o f  the NOR task with a 1x5 min training bout followed by a 1x5 min testing 

bout after a 30 min delay (Figure 4.15A). Although there was a significant difference between 

the exploration o f  the objects A and B (F(ij6)=5.427, /?<0.05), Bonferroni post-hoc analysis 

revealed no significant preference for any one object during training (percentage exploration o f 

objects: Cyt C, Object A=56.00±3.89, Object B=44.00±3.89; BDNF, Object A =53.22±3.15, 

O bject B=46.78±3.15). There was no significant difference in total exploration between the 

groups (F(i,i6)=0.000, p>0.05) and no interaction between group treatm ent and the exploration 

o f  objects (F(i i6)=0.491,p>0.05; Figure 4 .15B).

In the testing trial, object B was replaced w ith a novel object C*. There was no significant 

difference in exploration between the two groups (F(i,i6)=0.000, p>0.05) and no significant 

difference between the exploration o f  the fam iliar object A and novel object C* (F(i,i6)=0.774, 

p>0.05; percentage exploration o f  objects: Cyt C, Object A=48.18±6.31, Object 

C*=51.82±6.31; BDNF, Object A=45.81±6.33, Object C*=54.19±6.33). There was no 

significant interaction between group treatm ent and the exploration o f  objects (F(i_i6)=0.120, 

p>0.05; Figure 4.15C). These data suggest that neither the Cyt C nor BDNF group could 

identify the novel object C* during testing. Data are presented as m ean percentage o f  total 

exploration tim e ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni post- 

hoc tests, Cyt C n=6, BDNF n=4.
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Figure 4.14 Effect of high ambient temperature on core temperature response

There was a significant effect o f  time (F(2j6)=30.26, p<0.01), w ith post-hoc analysis revealing no 

significant differences between the groups at each temperature recording. Data are presented as mean 

temperature (°C) ± SEM; Cyt C n=6, BDNF n=4; two-way repeated measures A N O VA.
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Figure 4.15 Effect of high ambient temperature and BDNF (i.v.) infusion on the 2-object NOR task

(A) Schem atic o f  study design. (B) D uring training, there w as a significant difference betw een the 

exploration o f  the objects (F(i i6)=5.457,p<0.05), w ith post-hoc  analysis revealing that th is did not reach a 

statistical level for either o f  the groups (p>0.05). (C) N either the C yt C nor BDN F group show ed a 

preference for any object during testing (p>Q.05). D ata are presented as m ean percentage exploration tim e 

± SEM ; Cyt C n=6, BDNF n=4; tw o-w ay A NO VA .
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4.3.4 Experiment IV  - Effect o f exercise and temperature on BBB permeability to 

NaFl

For immunohistochemical analyses, slides were mounted using medium containing DAPI. This 

nuclear stain was used to locate anatomical regions o f  interest: dentate gyrus, hippocampus 

(C A l subfield), and parietal cortex (Figure 4.16). Examining the pattern o f  DAPI staining 

ensured that the same brain regions were analysed for every slide, across all groups.

Natah and colleagues (2009) previously demonstrated that under normoxic control conditions, 

no signs o f  extravasation o f  NaFI can be identified, except in the circumventricular organ 

regions o f  the brain that are normally permeable (Frappell et a i ,  1992). However, under 

conditions o f  room temperature (22°C) hypoxia and high ambient temperature (32°C) hypoxia, 

rats exhibited increased BBB permeability compared with normoxic rats. Both hypoxia groups 

showed significantly higher levels o f  NaFl pixel intensity in the brain than normoxic control 

animals, indicating that NaFl is capable o f  crossing the BBB under certain conditions (Natah et 

a i ,  2009). All animals were transcardially perfused in the aforementioned study to ensure that 

the intravascular blood was washed out and that any extravasation o f  NaFl into brain 

parenchyma was due to its extravasation from the capillaries and not due to the substance 

remaining within the capillaries.

Cryosections from NaFl injected CON, EX and HEAT animals were assessed by confocal 

microscopy. Semi-quantitative analysis o f  the mean fluorescence intensity from each 

anatomical region was measured as described in section 2.2.11. There was no significant 

difference in mean fluorescence intensity across all groups in the dentate gyrus (F(2,i9)=2.887, 

p>0.05; mean fluorescence: CON; 120.00±12.24, EX: 97.32±8.02, HEAT: 92.57±4.29; Figure 

4.17), hippocampus (F(2,20)=3.439, /?>0.05; mean fluorescence; CON: 120.30±13.08, EX: 

91.08±7.72, HEAT: 90.04±6.42; Figure 4.18) or parietal cortex (F(2 ,2 0 )= l-845, jO>0.05; mean 

fluorescence; CON; 117.50±19.13, EX; 87.91±7.34, HEAT: 91.35±7.46; Figure 4.19). These 

data suggest that there was no extravasation o f  NaFl across the BBB in young rats under all test 

conditions. Data are presented as fluorescence (mean pixel) ± SEM. Statistical analysis was by 

one-way ANOVA with Tukey’s HSD post-hoc  test, CON n=6, EX n=7, HEAT n=7-8.



(A)
Dentate gyrus

(B)
Hippocampus

(C)

Figure 4.16 Micrographs illustrating the anatomical areas of the brain examined following staining 

with the nuclear marker DAP!

For im m unohistochem ical analyses, slides w ere m ounted using m edium  containing DAPI. This nuclear 

stain was used to locate anatom ical regions o f  interest; (A) dentate gyrus, (B) hippocam pus, and (C) 

parietal cortex. Scale bar, 50iim.
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Figure 4.17 Dentate gyrus of control, exercise and acute heat exposed animals injected with NaFI

BBB integrity was observed as the presence o f green fluorescence in the dentate gyrus. (A ) Micrographs 

illustrate a representative view o f  the dentate gyrus from a NaFI injected CON, EX and HEAT animal, 

respectively. (B) Semi-quantitative analysis o f  brain micrographs revealed no significant difference in 

mean fluorescence intensity in the dentate gyrus across all groups (F(2,i9)=2.887, /?>0.05). Data are 

presented as fluorescence (mean pixel), mean ± SEM; CON n=6, EX n=7, H EAT n=7; one-way 

A N O V A ; scale bar, 50nm.
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Figure 4.18 Hippocampus of control, exercise and acute heat exposed animals injected with NaFI

BBB integrity was observed as the presence o f  green fluorescence in the hippocam pus. (A) M icrographs 

illustrate a  representative view  o f  the hippocam pus from  a NaFI injected C O N , EX and H EA T anim al, 

respectively. (B ) Sem i-quantitative analysis o f  brain m icrographs revealed no significant difference in 

m ean fluorescence intensity in the hippocam pus across all groups (F(2,20)=3.439, p>0.05). D ata are 

presented as fluorescence (m ean pixel), m ean ±  SEM ; CON n=6, EX n=7, H EA T n=8; one-way 

A N O V A ; scale bar, 50|xm.
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Figure 4.19 Parietal cortex of control, exercise and acute heat exposed animals injected with NaFI

BBB integrity was observed as the presence o f green fluorescence in the parietal cortex. (A ) Micrographs 

illustrate a representative view o f  the parietal cortex from a NaFI injected CON, EX and HEAT animal, 

respectively. (B) Semi-quantitative analysis o f  brain micrographs revealed no significant difference in 

mean fluorescence intensity in the parietal cortex across all groups (F(2 ,2 o)=l-845, p>0.05). Data are 

presented as fluorescence (mean pixel), mean ± SEM; CON n=6, EX n=7, H EAT n=8; one-way 

A N O V A ; scale bar, 50|xm.
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4.4 Discussion

The results of chapter 3 provided evidence that an acute exercise protocol has a significant 

impact on object recognition memory. Although the persistence of exercise was not assessed, it 

appears that these improvements in task performance are more evident when training and 

testing occur on the same day as opposed to tasks designed to test long-term memory at a 24 

hour time point. Due to the timing of events, short term rapid physiological, biochemical and/or 

molecular mechanisms must be examined in an attempt to clarify the role of acute exercise in 

mediating these exercise-induced enhancements in cognitive performance. Assessments o f the 

potential molecular mechanisms underlying the influence o f physical exercise on cognitive 

function have suggested the involvement o f neurotrophic factors. BDNF is the neurotrophic 

factor that is most susceptible to regulation during exercise, with the concentration of this 

protein increasing with both acute and chronic exercise protocols in animals (Vaynman et a i, 

2004; van Praag et a l, 2005; Huang et a l, 2006; Soya et a i, 2007). Forced running on a 

treadmill or in a motorised running wheel are the most common methods used for acute 

exercise protocols (Ploughman et al., 2005; Huang et al., 2006; Ploughman et a i, 2007; 

Goekint et al., 2012), as these methods enable control o f both intensity and duration of running. 

There are, however, limited data available on the effects o f forced acute exercise on central and 

peripheral BDNF protein levels (Ploughman et a l,  2005; Huang et a l,  2006; Ploughman et al., 

2007; Soya et a i, 2007; Goekint et a i,  2012).

The aim of the first study was to examine physiological and neurochemical changes associated 

with a single bout of exercise. Temperature was increased in animals that exercised for 1 hour 

by approximately 2°C in comparison to sedentary controls. Core temperature of exercised rats 

has previously been reported to increase (~39.5°C) after 1 hour (Hasegawa et a i, 2011), which 

is consistent with the present study. This study measured core temperature response every 10 

minutes, and reported a significant increase in core temperature with as little as 10 minutes 

treadmill running/brisk walking at lOm.min''. Rectal thermocouple probes can stress rats and 

cause emotional hyperthermia (Gordon, 1990). The core temperature of unstressed rats 

fluctuates between 37.0 and 37.4°C during the day (Gordon, 1990). The present study used a 

clinical thermometer to measure rectal temperatures, with mean temperature recordings from 

control rats at baseline measuring 37.3°C and 37.4°C post-intervention. Likewise, in the 

exercised group the mean baseline rectal temperature was 37.2°C, which is consistent with the 

literature and confirms that the recording of rectal temperatures resulted in undisturbed rats 

prior to the exercise intervention.

Little is known of the peripheral effects o f BDNF. Studies have suggested that it is involved in 

regeneration of neurons during nerve injury (Novikova et al., 1997), that it can affect the

165



immune system (Schuiimann et a l, 2005) and that it affects energy homeostasis (Noble et a i, 

2011). Furthermore, BDNF is an interesting biomarker o f the effects o f exercise on cognition in 

humans (Knaepen et a l, 2010). However, this is mainly relevant if BDNF alterations in the 

periphery are correlated with correspondent central BDNF modifications, since human studies 

depend on the evaluation o f this neurotrophin in serum or plasma. The correlation between 

central and peripheral BDNF in the literature is unclear (Karege et al., 2002; Elfving et a i, 

2010; Klein et a l,  2011). A recent study reported no correlation between serum and 

hippocampal BDNF levels in rats, suggesting that serum BDNF levels in rats do not completely 

reflect brain concentrations (Goekint et a l, 2012). Also, this study suggested the involvement 

of peripheral mechanisms in serum BDNF induction, which act independently from central 

changes in BDNF protein.

In humans, peripheral BDNF is increased immediately following exercise (Gold et al., 2003; 

Ferris et al., 2007; Griffin et al., 2011), so as a comparison to these studies, serum BDNF was 

determined immediately after a single bout of exercise in rats. In contrast to the results seen in 

humans, there was no increase in the concentration o f serum BDNF following an acute bout of 

exercise in rats. This is consistent with the BDNF serum result from chapter 3, where no 

increase in circulating BDNF was observed in the exercised group, in comparison with all other 

groups. Two differences are apparent between these two studies. Firstly, animals were 

euthanised immediately following exercise in the present study, whereas animals in the 

previous study were euthanised approximately 1 hour following exercise. Secondly, in the 

present study animals were not exposed to a learning environment, whereas in the previous 

study, learning was a factor but was controlled for by including both non-learning and learning 

groups. This result is consistent with a previous study that, following the same method o f blood 

collection, found no exercise-induced changes in circulating BDNF in rats that exercised for 1 

hour at an intensity o f 20m.min'' (Goekint et a i, 2012). Serum corticosterone was also 

determined in the aforementioned study immediately following acute exercise, to evaluate the 

stress component o f running and was found to be significantly higher in the exercised rats 

compared with the control rats, indicating a stress reaction to treadmill running. A negative 

correlation was detected between serum BDNF and serum corticosterone concentration in the 

exercised and control group. The same study also examined the effect o f more moderate 

exercise o f shorter duration (15m.min’’, 30 minutes duration) as with a less prolonged, 

moderate exercise protocol, the concern o f a stress-induced response is reduced. No significant 

changes were observed in blood collected 2 hours post-recovery. The protocol used in the 

present study involved moderate intensity exercise, however this does not completely rule out 

any influence o f corticosterone on BDNF concentration. In comparison with voluntary exercise, 

forced exercise can acutely elevate serum corticosterone to a greater extent (Ploughman et a l.
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2007). Serum corticosterone was increased immediately following both forced exercise 

(1 Im.min’’, 1 hour duration) and voluntary exercise in a rat model o f focal ischemia induced by 

the vasoconstrictive peptide endothelin-1 (Ploughman et a l ,  2007). This effect was short lived, 

with corticosterone concentration returning to control levels 30 minutes post-recovery. 

Although this research involved rats in which a stroke was induced, an increase in serum 

corticosterone in rats tested in the present study could be possible immediately following acute 

treadmill exercise but the effect is likely to be transient. This is an important aspect to consider, 

particularly as corticosterone has been implicated in the transient downregulation o f BDNF in 

the hippocampus (Schaaf et a l ,  2000), but it seems to bear a negligible impact on learning and 

memory as evidenced by the behavioural results from chapter 3. Collectively, the results from 

the present study suggest that immediately or 1 hour following acute exercise, moderate 

intensity exercise has no effect on the concentration of circulating BDNF in the serum of rats.

A rapid increase in activity-dependent BDNF release was observed in the dentate gyrus 

following acute exercise. Under basal conditions, no significant difference in the amount of 

BDNF released from cells of the dentate gyrus was observed. In contrast, when the cells were 

stimulated with a high concentration of KCl, BDNF release was significantly increased in the 

exercised group compared with the sedentary controls. This suggests that exercise may be 

priming the release o f readily available BDNF from cells o f the dentate gyrus. However, since 

the homogenised tissue from the dentate gyrus contains both neurons and glia, it is possible that 

exercise is increasing the activity-dependent release o f BDNF from glia. Astrocytes, the most 

abundant cell type in the brain, have been reported to sequester proBDNF from the extracellular 

space and release it upon stimulation (Bergami et a l ,  2008). However, it has previously been 

reported that 90% of the BDNF found in the CNS is o f the mature form (Matsumoto et al.,

2008). Therefore, any release o f proBDNF from astrocytes in our sample is likely to have had a 

minimal contribution to the increased release of BDNF from tissue o f the dentate gyrus 

observed after exercise. These data suggest that acute exercise may lead to enhanced BDNF 

release at synapses which could potentially mediate plasticity in the dentate gyrus to support 

mechanisms underlying learning and memory. Mature BDNF is proposed to be released in an 

activity-dependent manner from both axons and dendrites but direct evidence o f site-specific 

endogenous BDNF release is still lacking (Cohen-Cory et al., 2010). A recent study in our 

laboratory demonstrated a rapid increase in the activity-dependent release o f BDNF in the 

dentate gyrus and perirhinal cortex following exposure to objects during an object recognition 

task, which appeared to be blocked by a Trk inhibitor, tyrphostin AG879 (Callaghan & Kelly, 

2012). The results from this study are consistent with previous reports that BDNF activation of 

TrkB stimulates BDNF release and the hypothesis that neurotrophins can regulate their own 

release (Canossa et al., 1997). Furthermore, an increase in ERK 1 activation and c-fos

167



(immediate early gene) expression in the dentate gyrus and P13K activation and c-fos 

expression in the perirhinal cortex was also observed (Callaghan & Kelly, 2012). Thus, ERK 

activity was assessed in the current study in an attempt to investigate if this increased release of 

BDNF from the dentate gyrus was associated with any BDNF-TrkB signalling cascades. There 

was no increase in phosphorylation o f ERK 1 or ERK 2 in the dentate gyrus following an acute 

bout o f exercise. These data support results in chapter 3, whereby no differences were found in 

either phosphorylated ERK 1 or ERK 2 in either the sedentary control or exercised group. 

Instead, an increase in phosphorylation o f ERK 2 was only apparent when both exercise and 

learning were performed. This may indicate that learning must occur, in combination with acute 

exercise, to activate signalling cascades required for the acquisition and consolidation of 

memory.

Acute exercise has been reported to increase BDNF expression in both mice and rats (Huang et 

a i, 2006; Soya et a l, 2007; Rasmussen et a i, 2009). In the present study, no significant 

difference in BDNF mRNA expression was detected between the sedentary controls and 

exercised animals in either the hippocampus or the dentate gyrus. No increase in BDNF mRNA 

expression in the hippocampus was reported 2 hours following a moderate exercise protocol in 

rats (ISm .min'', 30 minutes duration), however a significant increase in hippocampal BDNF 

protein was detected at this time point (Huang et a i, 2006). Interestingly, an increase in both 

BDNF mRNA expression and BDNF protein was detected 2 hours following severe exercise 

(incremental exercise to exhaustion). These observations suggest that the upregulation of BDNF 

mRNA depends on intensity. Evidence from this study leads to the speculation that acute 

treadmill exercise, regardless o f its intensity, may alter BDNF expression at the translational 

level or post-translation level, with only higher intensity exercise affecting BDNF gene 

expression at the transcriptional level. Conversely, no differences in expression of BDNF 

protein in the hippocampus were found between exercised animals and control animals either 

immediately or 2 hours following an exercise protocol (Goekint et a i, 2012). The discrepancies 

between these two studies could be due to the treadmill familiarisation protocol used. In the first 

study, animals received a one week familiarisation protocol but the authors failed to report the 

delay between treadmill familiarisation and the experimental acute exercise protocol, and thus 

without any potential break, exercise performed as part of the familiarisation protocol may have 

affected the BDNF response. Hence, it is preferable that extensive familiarisation exercise 

protocols are avoided when examining the effects o f acute exercise. In contrast, the latter study 

also used a week long treadmill familiarisation protocol but allowed 4 days before the onset of 

any experimental testing. Therefore, any influence o f the familiarisation protocol on BDNF 

expression or protein may have subsided during this period. A previous study reported 

increased expression o f BDNF mRNA after 30 minutes treadmill running at an intensity of
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15m.min'‘, with no changes reported at an intensity o f 25m.min‘‘ (Soya et a l,  2007). These 

changes were apparent in the C A l, CA3 and dentate gyrus subfields o f the hippocampus and 

reached a peaic value at 2 hours following the commencement o f the exercise protocol. 

Considering this, it is surprising that no increase or even a trend for increased BDNF mRNA 

expression was found in the present study. Alternatively, exercise duration may be an important 

factor when comparing the results from the present study to other studies (30 minutes versus 1 

hour). Thus, future studies should focus on duration-response studies to investigate the 

influence o f acute exercise on the induction o f BDNF mRNA and protein expression.

No alterations in TrkB mRNA in either the dentate gyrus or hippocampus were reported 

following an acute bout o f exercise. To our knowledge, this is the first study to examine the 

effects o f a single bout of exercise on TrkB mRNA expression. Seven days of voluntary wheel 

running elevated TrkB mRNA expression in the lumbar spinal cord of rats (Gomez-Pinilla et 

a i,  2002), providing evidence that exercise can augment expression o f this receptor. However, 

given the much shorter exercise protocol used here and the different forms of exercise, it is 

impossible to compare such studies. Upregulation o f TrkB is activity-dependent (Kingsbury et 

al., 2003) and therefore, it is possible that at a different time point for tissue collection, acute 

exercise may have upregulated TrkB mRNA expression. To investigate the role of any other 

growth factors in learning and memory, VEGF expression was investigated. No significant 

differences were apparent after a single bout o f exercise in either the dentate gyrus or the 

hippocampus. VEGF transcription, mRNA and protein have been found to predominantly 

increase in the hippocampus following acute exercise of 1 hour duration (Tang et a i ,  2010). 

However, this study was conducted in transgenic mice and therefore, cannot be directly 

compared with the present study.

A recent report provided some evidence that BDNF may cross the BBB. The authors 

demonstrated that BDNF administered to mice via a subcutaneously implanted osmotic mini

pump produced antidepressant-like behaviours and cellular responses in the brain, including 

increased BDNF in the hippocampus (Schmidt & Duman, 2010). It has previously been 

demonstrated in our laboratory that an infusion o f a single bolus of recombinant BDNF 

(lOng.m f', i.v.) does not improve spatial memory (pers. comm. Dr. Ranya Bechara, 

unpublished data). This result is consistent with reports in the literature that BDNF, when 

infused intravenously, is unable to cross into the CNS from the circulation (Zhang & Pardridge, 

2006). However, another study performed in our laboratory revealed that object recognition 

memory was improved when animals received a single bolus of recombinant BDNF (i.v.) 

followed by a single bout o f exercise immediately post-infusion (pers. comm. Dr. Ranya 

Bechara, unpublished data). Animals that received a cytochrome C infusion (lO ng.m f’, i.v.) 

prior to exercise did not preferentially explore the novel object in this task. This result indicates
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that circulating BDNF may cross the BBB only in the presence o f exercise, suggesting a role for 

peripheral BDNF in exercise-induced cognitive improvement. To elaborate on these results, the 

present study focused on examining the effect o f peripherally administered BDNF on cognitive 

performance. When animals were infused with BDNF or cytochrome C at the same dose, and 

received 1 hour o f treadmill running, only the BDNF group learned the new position o f the 

displaced object in the OD task. This is an interesting finding when compared with the results 

from chapter 3. In chapter 3, animals that received three 5 minute training bouts post-exercise 

could not learn the task, whereas in the present study animals received only one 5 minute 

training bout making this a more difficult task to learn. In addition, these data confirm that 

exercise must be performed in the presence o f a BDNF infusion to observe any cognitive 

improvements as the animals infused with cytochrome C did not learn the task in the presence 

o f exercise. Therefore, it is possible that BDNF is gaining access to the brain via the cerebral 

circulation, having been sequestered by the platelets. On the other hand, it may be sequestered 

by vascular endothelial cells (Bayas et a i ,  2002) and transported to the brain via cerebral 

vessels by some as yet unknown mechanism involving the transport of BDNF, such as an 

unknown receptor mediated transport system. Alternatively, increases in core temperature 

associated with exercise or the environment may transiently compromise the integrity of the 

BBB, as previously reported in human subjects (Watson et a i ,  2005). However, if exercise 

contributes to transient changes in BBB permeability, it is likely that certain regions are more 

vulnerable to leakage than others as it has previously been reported that the BBB is not uniform 

across the brain (Saubamea et a i ,  2012). Nevertheless, it remains to be elucidated whether 

peripheral BDNF could exert direct actions on the brain, or whether the effects observed are via 

an indirect mechanism o f peripheral BDNF. Interestingly, when animals were tested on the 

NOR task after two 5 minute training bouts, both the cytochrome C and BDNF group explored 

the novel object significantly more. However, these results are slightly unclear as the 

cytochrome C group explored object B and the novel object D* significantly more that the 

familiar object A in the testing trial. Although no object preferences were observed during the 

training trial, it appears that both the cytochrome C and BDNF treated animals had an aversion 

to object A as indicated by the decreased exploration of this object. Thus, it is difficult to 

determine whether the presence o f this slight aversion influenced the results of the testing trial 

and therefore, it would be necessary to conduct this experiment again to clarify any learning 

effects.

It is possible that this exercise-induced increase in core temperature could be facilitating 

learning and memory, particularly during the acquisition phase. Several in vitro studies have 

reported temperature-dependent differences in synaptic transmission (Hardingham & Larkman, 

1998; Dinkelacker et a i ,  2000; Pyott & Rosenmund, 2002; Kushmerick et a i ,  2006) but
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evidence is lacicing for tiie effects o f temperature in vivo. During warming, synaptic potentials 

become faster and larger and the amount o f neurotransmitter that is released at synaptic 

terminals is increased (Andersen & Moser, 1995), making it a viable hypothesis that changes in 

core temperature may facilitate learning and memory processes. To examine the independent 

effects of temperature on memory, animals were exposed to either ambient temperature 

conditions or to a high ambient temperature o f 38”C for 1 hour duration. This protocol was used 

to investigate whether high ambient temperature exposure could mimic an increase in core 

temperature similar to that seen with exercise. These data demonstrate that 1 hour in a high 

ambient temperature environment is sufficient to increase the animal’s temperature to a similar 

extent as seen with exercise. The 2-object variant of the NOR task and the OD task with a 30 

minute retention delay were chosen based on previous findings from the acute exercise studies. 

After the corresponding temperature conditions, neither the control group nor the acute heat 

exposed group could discriminate between the familiar and the novel object. The amount of 

total object exploration was assessed to determine whether animals subjected to an increased 

temperature were more lethargic after heat exposure and less likely to explore the open field. 

However, no differences were found between the groups indicating that levels o f exploration 

did not influence the results o f the current study. When animals were tested on the OD task, 

neither the control nor acute heat exposed group could recognise the new position of the 

displaced object. Surprisingly, this result contradicts the result from chapter 3 which showed 

that object displacement memory was improved in both the sedentary controls and exercise 

group when they were tested following a 30 minute retention delay. The discrepancy between 

the two studies could be attributed to the fact that animals received a form of environmental 

stimulation when placed on the treadmills in the first study (both the control and exercised 

animals), whereas animals in the latter study received minimal handling and remained in their 

home cage during the treatment intervention. Thus, it could be argued that exposing the animals 

to a new environment (treadmill) could be stimulating the animals cognitively, such that, on 

easier cognitive tasks, it is the cognitive stimulation that is causing the observed cognitive 

enhancement.

When animals received an injection of either cytochrome C or BDNF and were exposed to a 

high ambient temperature for 1 hour, no enhancement in learning occurred for either group. 

This result indicates that in the presence o f an increased temperature, peripherally injected 

BDNF has no effect on learning and memory. A previous study has shown that rats exposed to 

an extreme temperature o f 38°C for 1 hour in a temperature controlled chamber exhibited an 

increase in serum corticosterone compared with controls (Jasnic et a l ,  2010), indicating that 

heat-induced stress may have reduced the possibility of a behavioural effect occurring. These 

data demonstrate that exposure to a high ambient temperature had no beneficial impact on
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spatial or recognition memory. Exercise and the associated rise in core temperature may need to 

occur simultaneously for an enhancement in cognitive function, indicating that additional 

physiological and molecular changes that occur as a consequence o f acute exercise could be 

necessary to enhance brain function.

There is little evidence to support the idea that neurotrophins can cross the BBB from the brain 

into the periphery or vice versa and to date, existing studies have reported conflicting data 

(Poduslo & Curran, 1996; Sakane & Pardridge, 1997; Pan et a l, 1998; Wu, 2005; Pardridge, 

2006). BDNF is the most cited neurotrophic factor in the literature in relation to exercise, 

therefore it is important to examine whether molecules of this size that would usually not 

permeate the BBB, can cross the BBB under various conditions. A previous study proposed that 

an output o f BDNF from the human brain to the circulation can occur (Rasmussen et a l, 2009). 

Conversely, a mechanism could also exist whereby increased circulating BDNF could cross 

from the periphery to act on the CNS. Although no changes in peripheral BDNF were apparent 

in rats that exercised for 1 hour, the existing literature supports an increase of plasma and serum 

BDNF in response to acute exercise in humans (Gold et a l, 2003; Rojas Vega et a l, 2006; 

Goekint et a l, 2008; Tang et a l, 2008; Rasmussen et al., 2009; Griffm et a l, 2011; Cho et a l, 

2012). To assess BBB permeability under conditions of exercise and high ambient temperature 

and the possibility o f neurotrophin transfer across the BBB, the migration o f NaFI to the brain 

parenchyma was investigated in the adult rat. In the current study, all animals received a tail- 

vein injection o f NaFI, which under normal circumstances, is too large to cross the BBB and 

should not be apparent in the brain parenchyma (Malmgren & Olsson, 1980). These animals 

were perfused to ensure that any NaFI identified was in the tissue and not remaining in the 

capillaries. No increases in NaFI were apparent in any group suggesting that acute disruption of 

the BBB as a consequence o f moderate intensity exercise or high ambient temperature is 

unlikely to be a mechanism o f neurotrophin transfer across the BBB.

In summary, acute exercise increases the activity-dependent release o f BDNF from the dentate 

gyrus, with no reported effects on expression of BDNF or its receptor. Furthermore, signalling 

events linked with improvements in memory were not activated following acute exercise alone, 

suggesting that increased activation may only occur in the presence o f a learning event. 

Peripheral administration o f BDNF can enhance memory but this effect is likely to be 

independent o f an increased transient permeability o f the BBB brought about by either acute 

exercise or high temperature exposure, as indicated by the inability o f NaFI, a smaller molecule 

than BDNF, to cross the BBB under these conditions. Furthermore, mimicking an exercise- 

induced increase in core temperature via exposure to high ambient temperature had no effect on 

cognitive performance.
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Chapter 5
Evaluation o f a selective TrkB agonist on non-spatial and spatial

learning in the rat



C H A P T E R  5

5.1 Introduction

BDNF, a member of the neurotrophin family, is widely distributed throughout the adult brain 

(Andero et a i ,  2011). This neurotrophin mediates neuronal survival, differentiation, synaptic 

plasticity and neurogenesis by exerting its biological functions through the TrkB receptor 

(Huang & Reichardt, 2003; Bramham & Messaoudi, 2005). BDNF binding to the TrkB receptor 

triggers its dimerization and autophosphorylation o f tyrosine residues in the intracellular 

domain, consequently resulting in activation o f the three major signalling cascades involving 

MAPK, PI3K and PLC-yl (Liu et a l ,  2010). Phosphorylation of tyrosine at position Y515 leads 

to activation of MAPK and P13K, whereas phosphorylation o f tyrosine at position Y816 

facilitates activation o f the PLC-yl mediated signalling pathway (Huang & Reichardt, 2003).

There is evidence that BDNF is a key regulator of learning and memory (Mu et a l ,  1999; Heldt 

et a l ,  2007) and plays a critical role in LTP (Korte et al., 1995). Genetic manipulation studies 

suggest that animals with reduced expression of BDNF or TrkB are deficient in hippocampus- 

dependent learning tasks (Linnarsson et al., 1997; Minichiello et a i ,  1999). Based on previous 

literature, BDNF can be regarded as an attractive candidate for altering learning and memory 

processes. However, despite the many important roles BDNF-TrkB signalling has, efforts to use 

recombinant BDNF in human clinical trials have been largely disappointing. BDNF is a 

moderately sized and charged protein with a short half-life and poor pharmacokinetic properties 

(Poduslo & Curran, 1996; De Young et al., 1999), making it difficult to deliver this growth 

factor to the CNS (Nagahara & Tuszynski, 2011). The use o f BDNF as a therapeutic agent for 

cognitive enhancement has been limited by the lack o f any potential small molecule peptide 

mimetic with the potential to activate TrkB receptors in vivo and fully mimic the actions of 

BDNF.

Jang and colleagues (2010b) recently screened a chemical library for compounds that activate 

TrkB receptors in vitro and identified a potent novel TrkB agonist, 7,8-DHF. This agonist is a 

flavonoid derivative that is obtained from the plant Godmania aesculifolia or more commonly, 

through chemical synthesis (Andero & Ressler, 2012). It has been shown to bind to the 

extracellular domain of the TrkB receptor with high affinity after systemic and oral 

administration and mimic BDNF’s biological and physiological actions (Jang et al., 2010b; Liu 

et al., 2010; Andero et al., 2011). Flavonoids are a diverse class of plant secondary metabolites 

that are commonly found in fruit and vegetables. These natural products possess a wide range of 

pharmacological and medicinal properties including anti-allergic, anti-inflammatory, and 

antioxidant activity (Cushnie & Lamb, 2005). Furthermore, flavonoids have potential for
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improving cognitive performance by enliancing existing neuronal function, protecting 

vulnerable neurons, and stimulating neuronal regeneration (Spencer, 2008). Flavonoid-based 

compounds, such as 7,8-DHF, that successfully bind to TrkB receptors and are easily 

administered may have the potential to be developed into a powerful class of therapeutic agents.

7,8-DHF has been reported to penetrate the BBB with i.p. administration and cause activation 

of TrkB receptors in the hippocampus (Jang et a i ,  2010b). Furthermore, this compound has 

been reported to protect neurons from apoptosis in wild-type but not TrkB deficient or mutated 

(F616A) mice in a model o f neuronal injury (Jang et a i,  2010b) and in the same study, 7,8- 

DHF inhibited kainic acid-induced neuronal cell death and decreased infarct volume in stroke in 

a TrkB-dependent manner. In addition, studies examining the effects o f 7,8-DHF on 

behavioural responses reported that i.p. administration o f 7,8-DHF blocked long-term spatial 

memory impairment caused by immobilization stress in rats (Andero et a l,  2012) and enhanced 

both the acquisition o f fear and its extinction (Andero et a i,  20U ). Studies on a mouse model 

of Alzheimer’s disease have indicated that TrkB activation with systemic 7,8-DHF rescues 

Alzheimer’s disease associated memory deficits (Devi & Ohno, 2012). Taken together, these 

studies support a role for this TrkB agonist in modulating learning and memory processes in 

stressed and diseased animal models.

To date, no study has evaluated the effects of 7,8-DHF on tasks such as the NOR and OD tasks. 

Recognition memory and spatial memory are often impaired in humans affected by various 

neurodegenerative diseases and therefore, it is important to find potential therapeutic agents that 

have the ability to improve or preserve this type o f learning. Pharmacological, behavioural and 

biochemical approaches were combined here to examine the role o f 7,8-DHF in modulating 

non-spatial and spatial memory in Wistar rats. If the exercise-induced enhancements in memory 

that have previously been observed in our laboratory are directly caused by BDNF-TrkB 

signalling and subsequent activation of signalling cascades, it was hypothesised that activation 

o f the TrkB receptor via systemic administration o f 7,8-DHF would have a similar behavioural 

outcome.
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5.2 Methods

Two undergraduate students, A nita M artin and Colette Fogarty, assisted in collecting some o f  

the behavioural data presented in this chapter, while com pleting their final year projects in the 

Department o f  Physiology, Trinity College Dublin.

5.2.1 Animals

M ale rats o f  W istar Ola strain, aged three to four m onths, were used in these experim ents. They 

were group-housed, two to four per cage, and m aintained under environm ental conditions 

described in section 2.2.1. Procedures were conducted in accordance with national law and 

European Union directives on animal experim ents as described in section 2.2.1 and approved by 

the University Ethical Review Committee.

5.2.2 Experimental design

5.2.2.1 Experiment 1 - Effect o f  7,8-DHF on cognitive performance in the NOR and OD 

tasks

Anim als were randomly assigned to either a vehicle control (Vehicle, n=6) or 7,8-DHF treated 

(7,8-DHF, n=6) group. Animals completed a battery o f  cognitive tasks, one per week, over a six 

week period (see Table 5.1) to examine the effects o f  the TrkB agonist, 7,8-DHF, on both non- 

spatial and spatial learning. During week two, anim als were tested on a behavioural task in the 

absence o f  any treatm ent to determ ine if  a one-week wash-out period was sufficient to eliminate 

any carryover effects following drug treatment. The same animals rem ained in their respective 

groups for experim ent one and two, and thereafter, were alternated on a weekly basis for each 

subsequent experiment. The effect o f  7,8-DHF on acquisition and consolidation o f memory was 

investigated.

5.2.2.2 Experiment II - Effect o f 7,8-DHF on central TrkB receptor activation and 

downstream signalling

To exam ine any central effects o f  7,8-DHF on TrkB activation and downstream  signalling, 16 

naive anim als were randomly assigned to either a vehicle control (Vehicle, n=8) or 7,8-DHF 

treated (7,8-DHF, n=8) group and injected 90 min prior to being euthanised in accordance with 

institutional guidelines for later analysis o f  brain tissue samples.

175



Table 5.1 Sequence of cognitive task battery

1 90 min prior 2-object N O R 1x5 min 1x5 min (3 0  m in)

2 N on e received 2-object N O R 1x5 min 1x5 min (30  m in)

3 90 min prior O D 1x5 min 1x5 min (24  h)

4 90 min prior 2-object N O R 2x5 min 1x5 min (24  h)

5 Post-training O D 1x5 min 1x5 min (2 4  h)

6 Post-training 2-object N O R 2x5 min 1x5 min (24  h)

For experim ent 1 and 2 , anim als rem ained in their respective groups (n=6 per group). Thereafter, they  

w ere alternated for each subsequent experim ent. For experim ents 1 to 4 , exclud in g  experim ent 2 , anim als 

received either v eh icle  or 7 ,8 -D H F  90  min prior to task training. For experim ent 5 and 6 , anim als w ere  

trained on a task and received either veh icle  or 7 ,8 -D H F  im m ediately post-training. N O R , novel object 

recognition; O D , object displacem ent.

5.2.3 Drug treatment

7,8-DHF (Tokyo Chemical Industry, cat no: D1916, UK Ltd., UK), was dissolved in PBS 

containing 17% DMSO. 7,8-DHF animals received a dose (1ml.kg'') o f Smg.kg'' i.p., while 

control animals received the corresponding vehicle solution as described in section 2.2.2.3. A 

single dose was administered 90 min prior to behavioural testing to assess the effects o f the 

TrkB agonist on acquisition. To examine the effects o f 7,8-DHF on memory consolidation, 

animals were trained on a task and received a single dose o f either vehicle or 7,8-DHF 

immediately following task training.

5.2.4 Behavioural testing

All animals were habituated to the open field for two days prior to behavioural experimentation. 

Memory was assessed using the OD task (see section 2.2.3.1) and the 2-object variant o f the 

NOR task (see section 2.23.2). Briefly, animals received either a 1x5 min training bout or 2x5 

min training bouts with an inter-trial rest period o f 5 min and were tested either 30 min or 24 h 

post-training, to assess the effects of 7,8-DHF on both non-spatial and spatial learning. A 

different set o f objects was used for each behavioural experiment performed.
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5.2.5 Preparation o f  tissue samples

In experiment II, naive animals (n=16), that had not been subjected to any behavioural testing, 

were injected with 7,8-DHF (n=8) or the vehicle control (n=8). Animals were euthanised by 

decapitation 90 min post-injection. Both brain hemispheres were sub-dissected on ice and tissue 

was collected from the dentate gyrus, entorhinal cortex, hippocampus (i.e. hippocampus proper 

containing CAl to CA3 subfields) and perirhinal cortex as described in section 2.2.5.1. The 

extracted tissue was immediately flash-frozen and stored at -80°C until further processing.

5.2.6 Analysis o f  protein expression by Western immunoblotting

Tissue was homogenised in lysis buffer (section 2.2.5.4) and equalised for protein concentration 

prior to Western immunoblotting (section 2.2.6.2). TrkB phosphorylation (p-TrkB) was 

assessed using SDS-PAGE and Western immunoblotting (see section 2.2.10) in the dentate 

gyrus, entorhinal cortex, hippocampus and perirhinal cortex. Activation of the TrkB receptor at 

the tyrosine 515 domain was assessed in all four brain regions, along with ERK 

phosphorylation (p-ERK). Both isoforms of ERK, p44 and p42 (ERK 1 and 2, respectively), 

were analysed. Downstream expression of phosphorylated Akt at the Ser473 domain (p-Akt) in 

the dentate gyrus and hippocampus was assessed. Samples were assessed for (3-actin expression 

to control for equal protein loading.

5.2.7  Statistical analysis

All data were examined for outliers, which were excluded if they were ± 2SD removed from the 

mean. All data are presented as mean ± SEM. Behavioural data were analysed using a two-way 

ANOVA to compare the exploration o f objects and the effect of group treatment (independent 

variables). Where a significant main effect was detected, a Bonferroni post-hoc test was used to 

locate the significant differences. For two groups and one independent variable, a two-tailed 

unpaired Student’s /-test was used to assess whether the means were significantly different. 

GraphPad Prism v5.0 software (GraphPad Software Inc, USA) was used for analysis and 

graphical presentation with statistical significance set at p<0.05.
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5.3 Results

5.3.1 Experiment I  - Effect o f 7,8-DHF on cognitive performance in the NOR and 

OD tasks

5.3.1.1 Effect o f  7,8-DHF pre-training on the 2-object NOR task with a 30 min testing 

delay

Animals received a single dose of either vehicle or 7,8-DHF 90 min prior to task training. 

Object recognition memory was assessed using the 2-object variant o f the NOR task with a 1x5 

min training bout followed by a 1x5 min testing bout after a 30 min delay (Figure 5.1 A).

in the training trial, both vehicle and 7,8-DHF treated rats spent a similar amount o f time 

exploring objects A and B (percentage exploration o f objects: Vehicle, Object A=50.02±3.32, 

Object B=49.98±3.32; 7,8-DHF, Object A=50.70±4.96, Object B=49.30±4.96), indicating that 

there was no significant difference between the exploration of the objects by either group 

(F(i 20)=0.029, /7>0.05). There was no significant difference in total exploration between the 

groups (F(i_20)=0.000, p>0.05) and no interaction between group treatment and the exploration 

o f objects (F(| 20)=0.026,/?>0.05; Figure 5. IB).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i 2O)=0.000, p>0.05) but there was a 

significant difference between the exploration o f the objects A and C* (F(i,20)=8.703,/?<0.01). 

Bonferroni post-hoc analysis revealed that the 7,8-DHF group spent significantly more time 

exploring the novel object C* compared with the familiar object A (percentage exploration of 

objects: 7,8-DHF, Object A=34.50±5.59, Object C*=65.50±5.59; p<0.001), with no significant 

differences between the exploration of objects in the vehicle group (percentage exploration of 

objects: Vehicle, Object A=52.19±3.08, Object C*=47.81±3.08; p>0.05). There was a 

significant interaction between the group treatment and the exploration o f objects (F(i 20)=15.37, 

/?<0.001; Figure 5.1C). These data suggest that the 7,8-DHF group could identify the novel 

object C* during testing, whilst the vehicle group could not. Data are presented as mean 

percentage o f total exploration time ± SEM. Statistical analysis was by two-way ANOVA with 

Bonferroni post-hoc tests, n=6 per group.
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Figure 5.1 Effect of 7,8-DHF pre-training on the 2-object N O R  task

(A) Schematic o f study design. (B) Neither the vehicle nor 7,8-DHF group showed a preference for any 

object during training (p>0.05). (C) During testing, there was a significant difference between the 

exploration o f the objects (F(i 20)=8.703, p<0.01), with post-hoc analysis revealing that the 7,8-DHF 

group explored the novel object C* significantly more than the familiar object A ( * * ’*'/7<0.001). There 

was also a significant interaction between group treatment and the exploration o f objects (F(| 20)=15.37, 

/7<0.001). Data are presented as mean percentage exploration time ± SEM; n=6 per group; two-way 

ANOVA.
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5.3.1.2 Effect o f  7,8-DHF on total exploration time fo r  the 2-object NOR task

In the training trial, there was no significant difference in total exploration time between the 

vehicle and 7,8-DHF treated groups (total exploration time (s): Vehicle, 57.89±5.34; 7,8-DHF, 

63.54±6.75; tio=0.657, p>0.05\ Figure 5.2A). In the testing trial, there was no significant 

difference in total exploration time between the vehicle and 7,8-DHF treated groups (total 

exploration time (s): Vehicle, 59.28±8.71; 7,8-DHF, 64.21±6.00; tio=0.466, p>0.05; Figure 

5.2B). These data indicate that a single i.p. injection o f  7,8-DHF does not affect total 

exploration time. Data are presented as mean total exploration time (s) ± SEM. Statistical 

analysis was by two-tailed unpaired Student’s /-test, n=6 per group.

Training

V ehicle

Testing

V eliicle

Figure 5.2 Effect o f 7,8-DHF on total exploration time

There was no significant difference in total exploration time during training (A) or testing (B) (p>0.05). 

Data are presented as mean total exploration time (s) ±  SEM; n=6 per group; Student’s /-test.
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5.3.1.3 Effect o f  7,8-DHF one-week post injection on the 2-object NOR task with a 30 

min testing delay

A nim als were tested in the absence o f  any treatment prior to tasic training. This experim ent was 

performed to determine i f  a one-weeic wash-out period was sufficient to elim inate any carryover 

effects fo llow ing drug treatment. Object recognition m em ory was assessed using the 2-object 

variant o f  the NO R  task with a 1x5 min training bout fo llow ed  by a 1x5 min testing bout after a 

30 m in delay (Figure 5.3A ).

In the training trial, both veh icle  and 7,8-D H F treated rats spent a similar amount o f  time 

exploring objects A and B (percentage exploration o f  objects: V eh icle, Object A = 51.78±4.43 , 

Object B =48.22±4.43; 7,8-D H F, Object A = 49 .12± 1 .57 , Object B =50 .88± 1 .57), indicating that 

there was no significant difference between the exploration o f  the objects by either group 

(F (i,2 0 )= 0 .0 7 4 , p > 0 .05 ).  There was no significant difference in total exploration between the 

groups (F(i_20)=0.000, /?>0.05) and no interaction between group treatment and the exploration  

o f  objects (F(i,20)=0.644,/7>0.05; Figure 5.3B).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i,2opO.OOO, p > 0 .0 5 )  and no significant 

difference between the exploration o f  the familiar object A and the novel object C* 

(F(i,20)=l-742, p >0.05; percentage exploration o f  objects: V ehicle, Object A = 4 9 .7 5 ± 3 .5 1, Object 

C *=50.25±3.51; 7,8-D H F, Object A = 53 .90± 1 .73 , Object C *= 46.10±1.73). There was no 

significant interaction between group treatment and the exploration o f  objects (F(i,20)=2.248, 

/7>0.05; Figure 5.3C). These data suggest that neither the veh icle nor 7,8-D H F group could  

identify the novel object C* during testing, when tested in the absence o f  any drug treatment. 

Data are presented as mean percentage o f  total exploration tim e ±  SEM. Statistical analysis was 

by tw o-w ay A N O V A  with Bonferroni post-h oc  tests, n=6 per group.
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Figure 5.3 Effect of 7,8-DHF one-week post injection on the 2-object NO R  task

(A) Schematic o f study design. Neither the vehicle nor 7,8-DHF group showed a preference for any 

object during training (B) or testing (C) (p>0.05). Data are presented as mean percentage exploration 

time ± SEM; n=6 per group; two-way ANOVA.
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5.3 .1 .4  Effect o f  7,8-DH F pre-tra in ing  on the OD  task w ith a  24 h testing delay

Animals received a single dose o f either vehicle or 7,8-DHF 90 min prior to task training. 

Spatial memory was assessed using an OD task with a 1x5 min training bout followed by a 1x5 

min testing bout after a 24 h delay (Figure 5.4A).

In the training trial, although there was a significant difference between the exploration o f the 

objects A, B and C (F(2,30)=3.778,/?<0.05), Bonferroni post-hoc analysis revealed no significant 

preference for any one object (percentage exploration o f objects: Vehicle, Object 

A=33.14±3.01, Object B=39.66±3.80, Object C=27.20±5.90; 7,8-DHF, Object A=31.89±4.22, 

Object B=40.23±4.16, Object C=27.87±5.51; p>0.05). There was no significant difference in 

total exploration between the groups (F(i_30)=0.000, p>0.05) and no interaction between group 

treatment and the exploration of objects (F(2,30)=0.028,/?>0.05; Figure 5.4B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(i,30)=0.000, /?>0.05) but there 

was a significant difference between the exploration o f the objects A, B and C* (F(2,30)=8.033, 

p<0.01). Bonferroni post-hoc analysis revealed that the 7,8-DHF group spent significantly more 

time exploring the displaced object C* compared with the stationary objects A and B 

(percentage exploration o f objects: 7,8-DHF, Object A=27.66±2.16, Object B=30.50±2.16, 

Object C*=41.84±2.79; p<0.05), with no significant differences between the exploration of 

objects in the vehicle group (percentage exploration o f objects: Vehicle, Object A=28.65±3.62, 

Object B=34.78±3.31, Object C*=36.56±2.22; p>0.05). There was no significant interaction 

between the group treatment and the exploration of objects (F(2 ,3 0 )= l-537,/?>0.05; Figure 5.4C). 

These data suggest that the 7,8-DHF group could identify the new position o f the displaced 

object C* during testing, whilst the vehicle group could not. Data are presented as mean 

percentage of total exploration time ± SEM. Statistical analysis was by two-way ANOVA with 

Bonferroni post-hoc tests, n=6 per group.
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Figure 5.4 Effect of 7,8-DHF pre-training on the OD task

(A ) Schematic o f  study design. (B) During training, there was a significant difference between the 

exploration o f  the objects (F(2,3op3.778, p<0.05), but this did not reach a statistical level for either o f  the 

groups (p>0.05). (C) During testing, there was a significant difference between the exploration o f the 

objects (F(2,30)=8.033, /5<0.01), with post-hoc analysis revealing that the 7,8-DHF group explored the 

displaced object C * significantly more than the stationary objects A and B (*p<0.05). Data are presented 

as mean percentage exploration time ± SEM; n=6 per group; two-way AN O VA.
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5.3.1.5 Effect o f  7,8-DHF pre-training on the 2-object NOR task with a 24 h testing 

delay

Animals received a single dose of either vehicle or 7,8-DHF 90 min prior to task training. 

Object recognition memory was assessed using the 2-object variant o f the NOR task. Animals 

received 2x5 min training bouts with an inter-trial rest period of 5 min. During the inter-trial 

rest period, animals were placed in a holding cage in order to minimise disturbance from home 

cage co-habitants. Animals were tested using a 1x5 min testing bout after a 24 h delay (Figure 

5.5A).

In the training trial, although there was a significant difference between the exploration of the 

objects A and B (F(i 20)=7.294, /?<0.05), Bonferroni post-hoc analysis revealed no significant 

preference for any one object (percentage exploration o f objects: Vehicle, Object 

A=55.06±3.19, Object B=44.94±3.19; 7,8-DHF, Object A=53.80±3.36, Object B=46.20±3.36; 

p>0.05). There was no significant difference in total exploration between the groups 

(F ( i ,20)=0.000, /7>0.05) and no interaction between group treatment and the exploration of 

objects (F(i_20)=0.148,/?>0.05; Figure 5.5B).

In the testing trial, object B was replaced with a novel object C*. There was no significant 

difference in exploration between the two groups (F(i 20)=0-000, p>0.05) but there was a 

significant difference between the exploration of the objects A and C* (F(i,20)=14.75, p<0.01). 

Bonferroni post-hoc analysis revealed that the 7,8-DHF group spent significantly more time 

exploring the novel object C* compared with the familiar object A (percentage exploration of 

objects: 7,8-DHF, Object A=40.68±l .79, Object C*=59.32±1.79; p<0.001), with no significant 

differences between the exploration of objects in the vehicle group (percentage exploration of 

objects: Vehicle, Object A=51.93±2.05, Object C*=48.07±2.05; /?>0.05). There was a 

significant interaction between the groups and the exploration of objects (F(i 20)=34.19,/><0.001; 

Figure 5.5C). These data suggest that the 7,8-DHF group could recognise the novel object C* 

during testing, whilst the vehicle group could not. Data are presented as mean percentage of 

total exploration time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni 

post-hoc tests, n=6 per group.
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Figure 5.5 Effect of 7,8-DHF pre-training on the 2-object NOR task

(A) Schematic o f  study design. (B) During training, there was a significant difference between the 

exploration o f  the objects (F(i 2o)=7.294, p<0.05), but this did not reach a statistical level for either o f the 

groups (p>0.05). (C) During testing, there was a significant difference between the exploration o f  the 

objects (F(| 20)=14.75, p<0.01), with post-hoc analysis revealing that the 7,8-DHF group explored the 

novel object C* significantly more than the familiar object A (***/?<0.001). There was also a significant 

interaction between the groups and the exploration o f objects (F(i 2o>=34.19, p<0.001). Data are presented 

as mean percentage exploration time ± SEM; n=6 per group; two-way ANOVA.

186



5.3.1.6 Effect o f  7,8-DHFpost-training on the OD task with a 24 h testing delay

Spatial memory was assessed using an OD task. Animals received a 1x5 min training bout, and 

received a single dose o f  either vehicle or 7,8-DHF immediately post-task training. Animals 

were tested using a 1x5 min testing bout after a 24 h delay (Figure 5.6A).

In the training trial, both vehicle and 7,8-DHF treated rats spent a similar amount o f  time 

exploring each o f  the three objects, A, B and C (percentage exploration o f objects: Vehicle, 

Object A=34.33±3.46, Object B=34.49±3.31, Object C=31.18±2.93; 7,8-DHF, Object 

A=32.67±3.62, Object B=37.66±3.30, Object C=29.68±4.00), indicating that there was no 

significant difference between the exploration o f  the objects by either group (F(2,30)=l-341, 

p>0.05). There was no significant difference in total exploration between the groups 

(F(i, ,30)=0.000, p>0.05) and no interaction between group treatment and the exploration o f  

objects (F(2,30)=0.315, / j> 0.05; Figure 5.6B).

In the testing trial, object C was displaced to a new position in the open field. There was no 

significant difference in exploration between the two groups (F(i,30)=0.000, p>O.QS) and no 

significant difference between the exploration o f the displaced object C* and the fixed objects 

A and B (F(2 ,3 0 )= l-342, p>0.05; percentage exploration o f  objects; Vehicle, Object 

A=32.95±2.73, Object B=30.48±3.10, Object C *=36.57±4.21; 7,8-DHF, Object A=35.55±4.90, 

Object B=29.62±3.97, Object C *= 34.83±l.57). There was no significant interaction between 

group treatment and the exploration o f objects (F(2,30)=0.205, /?>0.05; Figure 5.6C). These data 

suggest that neither the vehicle nor 7,8-DHF group could identify the new position o f  the 

displaced object C* during testing, when drug treatment was administered post-task training. 

Data are presented as mean percentage o f  total exploration time ± SEM. Statistical analysis was 

by two-way ANOVA with Bonferroni post-hoc  tests, n=6 per group.
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Figure 5.6 Effect of 7,8-DHF post-training on the OD task

(A) Schematic o f  study design. Neither the vehicle nor 7,8-DHF group showed a preference for any 

object during training (B) or testing (C) (p>0.05). Data are presented as mean percentage exploration 

time ± SEM; n=6 per group; two-way ANOVA.
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5.3.1.7 Effect o f  7,8-DHF post-training on the 2-object NOR task with a 24 h testing 

delay

Object recognition memory was assessed using the 2-object variant of the NOR tasic. Animals 

received 2x5 min training bouts with an inter-trial rest period o f 5 min. During the inter-trial 

rest period, animals were placed in a holding cage in order to minimise disturbance from home 

cage co-habitants. Animals received a single dose of either vehicle or 7,8-DHF immediately 

post-task training. Animals were tested using a 1x5 min testing bout after a 24 h delay (Figure 

5.7A).

In the training trial, both vehicle and 7,8-DHF treated rats spent a similar amount of time 

exploring objects A and B (percentage exploration o f objects; Vehicle, Object A=51.40±1.23, 

Object B=48.60±].23; 7,8-DHF, Object A=50.46±2.03, Object B=49.54±2.03), indicating that 

there was no significant difference between the exploration o f the objects by either group 

(F(i,20)=1-230, p>0.05). There was no significant difference in total exploration between the 

groups (F(i,20)=0.000, /?>0.05) and no interaction between group treatment and the exploration 

o f objects (F(i 20)=0.306, ;?>0.05; Figure 5.7B).

In the testing trial, object B was replaced with a novel object C*. Although there was a 

significant difference between the exploration o f the objects (F(i 20)=5.829, ;?<0.05), Bonferroni 

post-hoc analysis revealed no significant preference for any one object (percentage exploration 

o f objects: Vehicle, Object A=48.74±2.05, Object C*=51.26±2.05; 7,8-DHF, Object 

A=46.95±l.48, Object C*=53.05±l.48; /?>0.05). There was no significant difference in 

exploration between the two groups (F(i 20)=0.000, /?>0.05) and no interaction between group 

treatment and the exploration o f objects (F(i,20)=l-005,p>0.05; Figure 5.7C). These data suggest 

that neither the vehicle nor 7,8-DHF group could recognise the novel object C* during testing, 

when 7,8-DHF was administered post-task training. Data are presented as mean percentage of 

total exploration time ± SEM. Statistical analysis was by two-way ANOVA with Bonferroni 

post-hoc tests, n=6 per group.
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Figure 5.7 Effect of 7,8-DHF post-training on the 2-object NOR task

(A) Schematic o f study design. (B) Neither the vehicle nor 7,8-DHF group showed a preference for any 

object during training (p>0.05). (C) During testing, there was a significant difference between the 

exploration o f the objects (F(i_2o)=5.829, p<0.05), but this did not reach a statistical level for either o f the 

groups (p>0.05). Data are presented as mean percentage exploration time ± SEM; n=6 per group; two- 

way ANOVA.
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5.3.1.8 Summary overview o f  behavioural results from the cognitive battery

A summary o f  the behavioural outcome for the various tasks performed as part o f  the cognitive 

battery is displayed in Table 5.2. Any learning effects are indicated as either ‘non-significant’ 

(N S) when no learning occurred or ‘significant’ (p><0.05) when learning occurred.

Table 5.2 Summary of behavioural results from the cognitive battery

1 90 min prior 2-object N O R 1x5 min 30 min V e h ic le -N S  

7 ,8 -D H F -/?< 0 .0 5

2 N one received 2-object N O R 1x5 min 30 min V ehicle -  NS 

7 ,8 -D H F -N S

3 90 min prior OD 1x5 min 24 h V ehicle -  NS 

7 ,8 -D H F -/?< 0 .0 5

4 90 min prior 2-object N O R 2x5 min 24 h V ehicle -  NS 

7 ,8 -D H F -p < 0 .0 5

5 Post-training OD 1x5 min 24 h V e h ic le -N S  

7 ,8 -D H F -N S

6 Post-training 2-object N O R 2x5 min 24 h V ehicle -  NS 

7 ,8 -D H F -N S

A nim als received an injection (i.p.) either pre- o r post-task training. A nim als perform ed various tasks and 

received e ither 1x5 min or 2x5 min training on each task. A nim als w ere tested  after e ither a 30 min or 24 

h delay. The behavioural outcom e for each task represents w hether the vehicle or 7,8-D H F groups 

learned and is indicated as ‘N S ’ w hen no learning occurred o r ‘p < 0 .0 5 ’ w hen learning occurred. N O R, 

novel object recognition; OD, object displacem ent; N S, non-significant.
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5.3.2 Experiment II - Effect o f  7,8-DHF on centra! TrkB receptor activation and 

downstream signalling

5.3.2.1 Effect o f  7,8-DHF on TrkB receptor activation in the dentate gyrus, entorhinal 

cortex, hippocampus and perirhinal cortex

To determine tiie ability o f systemic 7,8-DHF to activate central TrkB receptors in vivo, TrkB 

phosphorylation was assessed at the tyrosine 515 domain. Western immunoblot analysis 

revealed no significant difference in phosphorylated TrkB (t|o=0.083,/?>0.05; Figure 5.8), when 

normalised to total TrkB (p-TrkB expression relative to total TrkB expression: Vehicle: 

1.058±0.240; 7,8-DHF: 1.088±0.252; vehicle n=7, 7,8-DHF n=5) for either group in the dentate 

gyrus.

There was no significant difference in phosphorylated TrkB (ti3=0.635, /?>0.05; Figure 5.9), 

when normalised to total TrkB (p-TrkB expression relative to total TrkB expression: Vehicle: 

0.153±0.021; 7,8-DHF: 0.183±0.039; vehicle n=7, 7,8-DHF n=8) for either group in the 

entorhinal cortex.

There was a significant difference in phosphorylated TrkB (tn=2.537, /?<0.05; Figure 5.10), 

when normalised to total TrkB (p-TrkB expression relative to total TrkB expression: Vehicle: 

0.315±0.034; 7,8-DHF: 0.427±0.028; vehicle n=6, 7,8-DHF n=7) in the 7,8-DHF group when 

compared with the vehicle group in the hippocampus.

There was no significant difference in phosphorylated TrkB (ti2=0.600, p>0.05; Figure 5.11), 

when normalised to total TrkB (p-TrkB expression relative to total TrkB expression: Vehicle: 

0.904±0.162; 7,8-DHF: 1.028±0.128; n=7 per group) for either group in the perirhinal cortex.

Data are expressed in arbitrary units obtained from calculating the ratio o f phosphorylated TrkB 

to total TrkB, mean ± SEM. Statistical analysis was by two-tailed unpaired Student’s /-test.
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Figure 5.8 E ffect o f 7,8-DHF on T rk B  receptor activation in the dentate gyrus 

There was no significant difference in p-TrkB relative to total TrkB (tio=0.083, p>0.05) for either group 

in the dentate gyrus. Representative Western immunoblots illustrating expression o f phosphorylated 

TrkB, total TrkB and p-actin (loading control) are provided. Data are expressed in arbitrary units 

obtained from calculating the ratio o f  phosphorylated TrkB to total TrkB, mean ± SEM; vehicle n=7, 7,8- 

DHF n=5; Student’ s /-test.
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Figure 5.9 Effect o f 7,8-DHF on T rk B  receptor activation in the entorh ina l cortex

There was no significant difference in p-TrkB relative to total TrkB (ti3=0.635, p>0.05) for either group 

in the entorhinal cortex. Representative Western immunoblots illustrating expression o f  phosphorylated 

TrkB, total TrkB and p-actin (loading control) are provided. Data are expressed in arbitrary units 

obtained from calculating the ratio o f phosphorylated TrkB to total TrkB, mean ± SEM; vehicle n=7, 7,8- 

DHF n=8; Student’s /-test.
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Figure 5.10 Effect of 7,8-DHF on TrkB  receptor activation in the hippocampus

There was a significant increase in p-TrkB relative to total TrkB (tn=2.537, *p<0.05) in the 7,8-DHF 

group when compared w ith the vehicle group. Representative Western immunoblots illustrating 

expression o f phosphorylated TrkB, total TrkB and P-actin (loading control) are provided. Data are 

expressed in arbitrary units obtained from calculating the ratio o f  phosphorylated TrkB to total TrkB, 

mean ± SEM; vehicle n=6, 7,8-DHF n=7; Student’ s Mest.
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Figure 5.11 Effect of 7,8-DHF on TrkB  receptor activation in the perirhinal cortex

There was no significant difference in p-TrkB relative to total TrkB (ti2=0.600, p>0.05) for either group 

in the perirhinal cortex. Representative Western immunoblots illustrating expression o f  phosphorylated 

TrkB, total TrkB and p-actin (loading control) are provided. Data are expressed in arbitrary units 

obtained from calculating the ratio o f  phosphorylated TrkB to total TrkB, mean ± SEM; n=7 per group; 

Student’ s /-test.
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5.3.2.2 Effect o f  7,8-DHF on ERK activation in the dentate gyrus, entorhinal cortex, 

hippocampus and perirhinal cortex

Western immunoblot analysis revealed no significant difference in phosphorylated ERK 1 

(ti4=1.174, p>0.05; Figure 5.12A), when normalised to total ERK 1 (p-ERK 1 expression 

relative to total ERK 1 expression: Vehicle: 0.711±0.061; 7,8-DHF: 0.853±0.105; n=8 per 

group) or phosphorylated ERK 2 (ti4=0.235, /?>0.05; Figure 5.12B), when nonnalised to total 

ERK 2 (p-ERK 2 expression relative to total ERK 2 expression: Vehicle: 0.867±0.106; 7,8- 

DHF: 0.903±0.113; n=8 per group) for either group in the dentate gyrus.

There was no significant difference in phosphorylated ERK 1 (ti4=0.108, /?>0.05; Figure 

5.13A), when normalised to total ERK 1 (p-ERK 1 expression relative to total ERK 1 

expression: Vehicle: 0.754±0.052; 7,8-DHF: 0.762±0.052; n=8 per group) or phosphorylated 

ERK 2 (t|4=0.562, /?>0.05; Figure 5.13B), when normalised to total ERK 2 (p-ERK 2 

expression relative to total ERK 2 expression: Vehicle: 0.845±0.056; 7,8-DHF: 0.782±0.096; 

n=8 per group) for either group in the entorhinal cortex.

There was a significant difference in phosphorylated ERK 1 in the 7,8-DHF group when 

compared with the vehicle group in the hippocampus (t|3=2.165,/?<0.05; FigureS.MA), when 

normalised to total ERK 1 (p-ERK 1 expression relative to total ERK 1 expression: Vehicle: 

0.781±0.019; 7,8-DHF: 0.892±0.045; vehicle n=7, 7,8-DHF n=8). There was no significant 

increase in phosphorylated ERK 2 for either group in the hippocampus (ti3=0.854, /?>0.05; 

Figures.M B), when normalised to total ERK 2 (p-ERK 2 expression relative to total ERK 2 

expression: Vehicle: 0.92U0.053; 7,8-DHF: 1.050±0.132; vehicle n=7, 7,8-DHF n=8).

There was no significant difference in phosphorylated ERK 1 (ti3=0.607, p>0.05; Figure 

5.ISA), when normalised to total ERK 1 (p-ERK 1 expression relative to total ERK 1 

expression: Vehicle: 0.748±0.063; 7,8-DHF: 0.699±0.047; vehicle n=8, 7,8-DHF n=7) or 

phosphorylated ERK 2 (ti3=0.625, p>0.05; Figure5.15B), when normalised to total ERK 2 (p- 

ERK 2 expression relative to total ERK 2 expression: Vehicle: 0.637±0.037; 7,8-DHF: 

0.695±0.089; vehicle n=8, 7,8-DHF n=7) for either group in the perirhinal cortex.

Data are expressed in arbitrary units obtained from calculating the ratio o f phosphorylated ERK 

to total ERK, mean ± SEM. Statistical analysis was by two-tailed unpaired Student’s Mest.
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Figure 5.12 Effect of 7,8-DHF on E R K  activation in the dentate gyrus

(A ) There was no significant difference in p-ERK 1 relative to total ERK 1 (ti4=1.174, p>0.05) or (B ) in 

p-ERK. 2 relative to total ERK 2 (ti4=0.235, p>0.Q5) for either group in the dentate gyrus. Representative 

Western immunoblots illustrating expression o f  phosphorylated ERK 1 and 2, total ERK 1 and 2 and p- 

actin (loading control) are provided. Data are expressed in arbitrary units obtained from calculating the 

ratio o f  phosphorylated ERK to total ERK, mean ± SEM; n=8 per group; Student’s /-test.
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Figure 5.13 Effect of 7,8-DHF on E R K  activation in the entorhinal cortex

(A ) There was no significant difference in p-ERK 1 relative to total ERK 1 (ti4=0.108, p>0.05) or (B) in 

p-ERK 2 relative to total ERK 2 (ti4=0.562, p>0.05) for either group in the entorhinal cortex. 

Representative Western immunoblots illustrating expression o f  phosphorylated ERK 1 and 2, total ERK 1 

and 2 and P-actin (loading control) are provided. Data are expressed in arbitrary units obtained from 

calculating the ratio o f  phosphorylated ERK to total ERK, mean ± SEM; n=8 per group; Student’s Mest.
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Figure 5.14 Effect of 7,8-DHF on ER K  activation in the hippocampus

(A ) There was a significant increase in p-ERK 1 relative to total ERK 1 (ti3=2.l65,/?<0.05) in the 7,8- 

DHF group when compared with the vehicle group. (B ) There was no significant difference in p-ERK 2 

relative to total ERK 2 (ti3=0.854,/?>0.05) for either group in the hippocampus. Representative Western 

immunoblots illustrating expression o f phosphorylated ERK 1 and 2, total ERK 1 and 2 and p-actin 

(loading control) are provided. Data are expressed in arbitrary units obtained from calculating the ratio o f 

phosphorylated ERK to total ERK, mean ± SEM; vehicle n=7, 7,8-DHF n=8; Student’s Mest.
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Figure 5.15 Effect o f 7,8-DHF on ERK  activation in the perirh ina l cortex

(A) There was no significant difference in p-ER K  1 relative to total ERK  1 (ti3=0.607, p> 0 .05) o r (B) in 

p-ER K  2 relative to total ERK 2 (t|3=0.625, p>0 .05) for e ither group in the perirhinal cortex. 

R epresentative W estern im m unoblots illustrating expression o f  phosphorylated ERK  1 and 2, total ERK  1 

and 2 and P-actin (loading control) are provided. D ata are expressed in arbitrary units obtained from 

calculating the ratio o f  phosphorylated ERK  to total ERK , m ean ±  SEM ; vehicle n=8, 7,8-D HF n=7; 

S tudent’s Mest.

199



5.3.2.3 Effect o f  7,8-DHF on Akt activation in the dentate gyrus and hippocampus

W estern im m unoblot analysis revealed no significant increase in phosphoi^lated Akt (Ser473) 

(ti3=1.001, /?>0.05; Figure 5.16), when norm alised to total Akt (p-Akt expression relative to 

total Akt expression: Vehicle: 3.773±0.523; 7,8-DHF: 3.167±0.248; vehicle n=8, 7,8-DHF n=7) 

for either group in the dentate gyrus.

There was no significant increase in phosphorylated Akt (Ser473) (ti3=0.729, /?>0.05; Figure 

5.17), when norm alised to total Akt (p-Akt expression relative to total Akt expression: Vehicle: 

1.839±0.230; 7,8-DHF: 2.150±0.374; vehicle n=8, 7,8-DHF n=7) for either group in the 

hippocampus.

Data are expressed in arbitrary units obtained from calculating the ratio o f  phosphorylated Akt 

to total Akt, mean ± SEM . Statistical analysis was by two-tailed unpaired Student’s Mest.
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Figure 5.16 Effect of 7,8-DHF on Akt activation in the dentate gyrus

There was no significant difference in p-Akt relative to total A kt (ti3=1.00l, p>0.05) for either group in 

the dentate gyrus. Representative Western immunoblots illustrating expression o f  phosphorylated Akt, 

total A kt and P-actin (loading control) are provided. Data are expressed in arbitrary units obtained from 

calculating the ratio o f  phosphorylated Akt to total Akt, mean ± SEM; vehicle n=8, 7,8-DHF n=7; 

Student’s Mest.
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Figure 5.17 Effect of 7,8-DHF on Akt activation in the hippocampus

There was no significant difference in p-Akt relative to total A kt (ti3=0.729, p>0.05) for either group in 

the hippocampus. Representative Western immunoblots illustrating expression o f  phosphorylated Akt, 

total A k t and P-actin (loading control) are provided. Data are expressed in arbitrary units obtained from 

calculating the ratio o f  phosphorylated A kt to total Akt, mean ± SEM; vehicle n=8, 7,8-DHF n=7; 

Student’ s /-test.
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5.4 Discussion

Data from chapter 3 revealed that a single bout o f exercise can induce an improvement in 

cognitive function. This improvement in learning was associated with a significant increase in 

ERK 2 phosphorylation in the dentate gyrus of rats that had exercised and learned in the 3- 

object variant o f the NOR task. Furthermore, data from chapter 4 revealed a significant increase 

in capacity for the activity-dependent release o f BDNF in the dentate gyrus following a single 

bout o f exercise, which suggests a potential role for this neurotrophin in mediating the effects of 

acute exercise on cognitive function. If these exercise-induced enhancements in learning and 

memory are indeed directly caused by BDNF-TrkB signalling, then it was hypothesised that 

activation o f TrkB receptors with an exogenous specific agonist could mimic these effects of 

exercise. To date, BDNF has been unsuccessful in terms of its pharmacological action and 

therapeutic value (Nagahara & Tuszynski, 2011) and therefore, agonists that mimic the actions 

of BDNF are of potential clinical importance. Here, the effects of 7,8-DHF, a selective TrkB 

agonist (Jang et a l ,  2010b; Liu et a l ,  2010), on non-spatial and spatial learning was evaluated.

Based on previous in vivo studies (Andero et al., 2012; Zeng et al., 2012), it was anticipated 

that Smg.kg'' o f 7,8-DHF would be an optimal dose for rat behavioural experiments. 

Furthermore, several other studies have examined the effects o f this dose in mice and have also 

demonstrated positive findings both in vitro and in vivo (Choi et al., 2010; Jang et al., 2010b; 

Andero et al., 2011). The present data demonstrate that a single systemic infusion of the 

selective TrkB agonist, 7,8-DHF, enhances recognition and spatial memory in young adult rats. 

Previous studies have examined the effect o f this TrkB agonist on spatial memory using the 

MWM task (Andero et a l ,  2012; Zeng et a l ,  2012) but this is the first study to demonstrate the 

effects o f 7,8-DHF on recognition memory and on spatial memory in the context o f the OD 

task. Similar cognitive tasks to those used for the cognitive battery in chapter 3 were used in the 

present study to allow for direct comparisons between the effects of acute exercise and 7,8-DHF 

on learning and memory. Administration of 7,8-DHF robustly enhanced learning on the 2- 

object variant of the NOR task when rats were tested following a 30 minute retention delay, 

with no such improvements in task performance present in the vehicle group. This learning 

effect was also present in rats subjected to 1 hour of forced exercise. It appears that both 

interventions can enhance cognitive function on this particular task and hence they may be 

mediated by a similar underlying mechanism. Furthermore, administration o f 7,8-DHF did not 

affect the exploratory behaviour of rats as indicated by the similarity in total object exploration 

between the groups during task training and testing. This suggests that neither the injection 

itself, nor the solution injected, influenced on the animal’s behaviour by acting as a stressor.
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Inform ation pertaining to the half life o f  7,8-DHF is limited. To ascertain that a one-week wash 

out period was sufficient to elim inate any carryover effects o f  the drug, a behavioural 

experim ent in the absence o f  any drug treatm ent was conducted one w eek following the initial 

cognitive task. The same training and testing protocol as the first behavioural experim ent was 

used to address this question. W hen animals were trained and tested, they were unable to 

successfully perform the task, providing evidence that the beneficial effect o f  a single systemic 

infusion o f  7,8-DHF is transient. The results o f  the testing trial suggest that a one-w eek w ash

out period is an adequate time window for the behavioural effects o f  a single dose o f  7,8-DHF 

(Smg.kg"', i.p.) to disappear. W ith this in mind, all behavioural experim ents were conducted at 

least one week apart. This suggests that any behavioural effects attributed to the compound are 

no longer present one week post-adm inistration o f  the TrkB agonist.

In chapter 3 neither exercised nor sedentary controls could recognise the new position o f  the 

displaced object in the OD task following a total o f  15 minutes task training. Nevertheless, 

previous reports from our laboratory showed that with a total o f  15 minutes o f  training on the 

OD task both exercised and sedentary controls could learn the new position o f  the displaced 

object, but when training time was reduced to a single 5 minute trial, only the exercised group 

could identify the displaced object (Griffin et a l ,  2009). Based on these findings using a 

cognitively more challenging version o f  the task, the effects o f  7,8-DHF on spatial memory was 

investigated following 5 minutes o f  task training, with testing perform ed 24 hours later. Spatial 

m emory was improved in the 7,8-DHF group relative to their vehicle treated counterparts, 

indicating that even in the presence o f  a more cognitively challenging task, the TrkB agonist has 

the ability to improve memory. In contrast with results reported in chapter 3, this also suggests 

that 7,8-DHF is a m ore potent cognitive enhancer than acute exercise.

Both sedentary controls and exercised animals could learn the 2-object variant o f  the NOR task 

when they received 15 minutes o f  task training, with this effect being evidently more robust in 

the exercised group (chapter 3). As previously discussed, this supports a finding previously 

reported in our laboratory (O 'Callaghan et al., 2007). Therefore, this provides evidence that this 

particular variant o f  the task is not ideal to detect subtle but significant im provements in task 

perform ance caused explicitly by the intervention. H aving a testing system  whereby rats either 

learn or do not learn permits a much more straightforward evaluation o f  the effect o f  the 

intervention on cognitive perform ance. The level o f  task difficulty was m anipulated by 

decreasing the am ount o f  training that the anim als received. A shorter period o f  time given for 

object exploration makes the task more difficult as animals have less time to explore and retain 

the features and positions o f  objects. In the current study, anim als received a total o f  10 minutes 

training in an attempt to tease apart a behavioural difference due to the effects o f  the TrkB 

agonist. Interestingly, a robust im provem ent in learning was observed in the 7,8-DHF group,
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with no learning effect apparent in the vehicle group. This result also confirmed that this 

particular protocol is a more sensitive and suitable version of the task when testing the effects of 

interventions following a 24 hour retention period, as control animals are unable to learn the 

task.

All the behavioural data discussed thus far have directly examined the effects of 7,8-DHF on 

memory acquisition and have provided convincing evidence that 7,8-DHF plays a role in the 

acquisition and priming o f learning during both non-spatial and spatial tasks. To further 

elucidate the role o f this compound in mediating memory processes, animals received an 

injection o f either vehicle or 7,8-DHF following task training, in an attempt to evaluate the role 

of 7,8-DHF on consolidation o f memory. Data from these studies indicate that 7,8-DHF does 

not interfere with consolidation o f previously learned information, as neither the vehicle nor the

7.8-DHF group performed well on the OD task or the 2-object variant o f the NOR task. 

Interestingly, this is a finding comparable to that seen when acute exercise was administered 

prior to rather than after task training, suggesting that any neurochemical changes occurring as a 

result of these interventions must take place before learning occurs. However, one caveat o f the 

current study is that the order effects o f task training were not counterbalanced and may have 

had an effect on the outcome o f the behavioural results from the cognitive battery.

Although the literature on 7,8-DHF is slowly growing, only a few studies have reported the 

beneficial effects o f this treatment on various learning paradigms. The data presented here, from 

both the NOR and OD tasks, are in agreement with previous studies that demonstrated 

enhanced learning following 7,8-DHF treatment. Learning o f cue-dependent fear conditioning 

and extinction in wild-type mice was enhanced following a single systemic dose o f 7,8-DHF 

(5mg.kg‘') (Andero et al., 2011). The authors suggested that 7,8-DHF most likely potentiated 

the fear response to the cue by targeting TrkB receptors in the brain that are normally critical 

for fear learning (e.g. amygdala and possibly the hippocampus and prefrontal cortex). The 

learning paradigm performed in the aforementioned study followed a single acute 

administration of systemic 7,8-DHF, which suggests that the emotional learning and memory 

enhancements were a function o f direct and rapid activation o f central TrkB. This could also be 

the case for recognition memory and spatial memory in the context o f the present study. A 

study from the same group demonstrated that a single exposure to immobilisation on boards 

(IMO), which is considered a severe stressor, exerted long-lasting deficits o f long-term spatial 

memory in the MWM (Andero et a l, 2012). However, these effects were prevented upon 

administration o f 7,8-DHF, given either before IMO or 8 hours following IMO, indicating that

7.8-DHF has a wide temporal window o f action on severe long-lasting stress. Furthermore, 7,8- 

DHF rescued memory deficits in a transgenic mouse model o f Alzheimer’s disease in the 

spontaneous alternation Y-maze task (Devi & Ohno, 2012) and rescued age-related cognitive
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impairment in rats when they were tested for spatial memory in the MWM task (Zeng et a l,  

2012). This present study is the first to examine the behavioural effects o f 7,8-DHF on 

improving cognitive performance in healthy young rats that were not subjected to any prior 

treatment. Collectively, these findings on the behavioural effects o f 7,8-DHF suggests that this 

TrkB agonist may be an important method for understanding the effects of TrkB activation in a 

range o f learning and memory paradigms.

Due to its neurotrophic actions, BDNF has drawn intense interest for its therapeutic potential in 

neurodegeneration, brain injury and as a mediator for enhancing cognitive function. The 

binding o f BDNF to its receptor TrkB results in receptor dimerization and autophosphorylation 

in the kinase domain of its cytosolic region, which leads to downstream phosphorylation 

cascades (Minichiello, 2009). Phosphorylation o f other tyrosine residues can promote specific 

signalling pathways in order to create docking sites for adaptor proteins that couple the 

receptors to intracellular signal transduction mechanisms (Furmaga et a l ,  2012). A critical step 

in TrkB receptor activation involves autophosphorylation o f the TrkB catalytic domain at 

tyrosine position Y705 (Furmaga et al., 2012). Activation at this site further regulates the 

phosphorylation and activation o f other tyrosines including tyrosine position Y515 and Y816, 

which are the most extensively studied (Kaplan & Miller, 2000; Huang & Reichardt, 2003). 

Phosphorylation o f Y515 leads to activation o f the Ras-MAPK and PI3K pathways, whereas 

phosphorylation of Y816 leads to activation of the PLC-yl pathway (Huang & Reichardt, 

2003).

To assess the central effects o f 7,8-DHF on TrkB activation, phosphorylation at Y515 in the 

dentate gyrus, entorhinal cortex, hippocampus and perirhinal cortex of naive animals was 

examined. The entorhinal cortex is an important gateway for hippocampal signalling as it has 

projections from the perirhinal cortex and projects to the hippocampus. Accordingly, it may 

encode for both familiarity and position o f objects in tasks such as the NOR and OD by 

incorporating information from both o f these associated regions (Xiang & Brown, 1998). 

Systemic administration of 7,8-DHF resulted in increased phosphorylation of TrkB at Y515 in 

the hippocampus 90 minutes post-administration, but not in the dentate gyrus, entorhinal cortex 

or perirhinal cortex. This provides confirmation that systemic 7,8-DHF crosses the BBB to 

target TrkB receptors and builds on prior in vitro and in vivo data demonstrating the actions of 

7,8-DHF in penetrating the BBB with a peak in activation occurring at about 1-2 hours (Choi et 

al., 2010; Jang et al., 2010b; Liu et a l ,  2010; Andero et a/., 2011; Devi & Ohno, 2012; Zeng et 

a l ,  2012). This result is interesting in the context that the BBB is a major rate-limiting step in 

the translation o f molecular neuroscience into clinically effective neurotherapeutics. 

Interestingly, TrkB activation was confined to the hippocampus, which has also been confirmed 

by previous studies (Choi et al., 2010; Jang et al., 2010b; Devi & Ohno, 2012; Zeng et al.,
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2012). However, none o f these studies extended their findings to look at the effects o f  7,8-DHF 

on other brain regions associated with the hippocampus, such as the entorhinal cortex or 

perirhinal cortex. TrkB receptors, along with BDNF, are widely expressed in association with 

glutamatergic synapses across subregions of the hippocampus and the adult forebrain (Murer et 

al., 2001; Bramham & Messaoudi, 2005). Therefore, it is surprising that no changes in TrkB 

activation were observed in the dentate gyrus, as a high concentration o f TrkB receptors are 

found in the granular cell layer o f  this subregion. Activation of TrkB by BDNF, and the 

subsequent activation o f downstream signalling cascades have been shown to occur with 

learning (Minichiello, 2009). Thus, phosphorylation o f the TrkB receptor at specific brain 

regions via the actions o f 7,8-DHF may be more prominent in the presence o f a learning 

experience that recruits these brain regions. Alternatively, these data provide evidence that the 

phosphorylation o f TrkB via 7,8-DHF may be region specific. Although the results were not 

reported here, similar TrkB protein expression was observed in the vehicle and 7,8-DHF groups 

thus discounting the possibility that changes in phosphorylation were due to changes in 

synthesis or expression o f TrkB protein. Given the time frame of the study and the single dose 

administered it is unlikely that the agonist facilitated synaptic plasticity in the context of 

increased TrkB protein expression and therefore, receptor activation proves a more functionally 

relevant analysis. As a future experiment, it would be interesting to examine the 

phosphorylation o f Y705 and Y816 and the consequent activation o f signalling proteins in the 

FLC-yl pathway, in addition to the downstream signalling effects o f 7,8-DHF in animals 

immediately following a learning experience.

Flavonoids have been shown to exert effects on LTP underlying learning and memory and 

improve cognitive performance, via their interactions with the signalling pathways including 

Ras-MAPK (Maher et al., 2006) and PI3K-Akt (Vauzour et al., 2007). Thus, activation o f TrkB 

receptors via 7,8-DHF administration may enhance cognitive function through increases in 

these signalling proteins. Further analyses were carried out to examine downstream signalling 

linked to Y5I5 such as phosphorylation o f both ERK 1/2 and Akt (at serine 473). Consistent 

with the TrkB activation findings, 7,8-DHF treatment caused an increase in phosphorylation of 

ERK 1, but not ERK 2, in the hippocampus relative to the vehicle group. No differences in the 

phosphorylation of ERK 1/2 were found in the dentate gyrus, entorhinal cortex or perirhinal 

cortex, which is consistent with the findings o f no reported TrkB activation in these brain 

regions. Extended dosing o f 7,8-DHF may be required to increase the phosphorylation o f ERK 

1/2 in these brain regions, in addition to TrkB phosphorylation. Alternatively, it is possible that 

the time o f sampling was the reason for the lack o f signalling observed in these brain regions, as 

changes in the expression and activation of these proteins are known to be transient. Extending 

the timing o f tissue analysis to 2 hours post-injection could result in a more pronounced
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signalling outcome. Nevertheless, the timing between the injection and the behavioural analysis 

was sufficient to observe a behavioural effect of 7,8-DHF, indicating that this time window 

allowed some neurochemical changes to occur to support an enhancement in learning. The 

enhanced learning and memory could have been mediated by the facilitated synaptic plasticity 

in the hippocampus, which occurred via an ERK-dependent manner. ERK 1/2 is a signalling 

protein crucial to synaptic plasticity and learning and memory (Davis & Laroche, 2006). This 

finding is consistent with several reports demonstrating increased ERK 1/2 activation in the 

hippocampus both in vitro and in vivo (Jang et al., 2010b; Liu et al., 2010; Zeng et a i,  2012), 

however, these studies did not distinguish between the two ERK isoforms. A region-specific 

activation o f the kinase was more evident by analysing the influence o f 7,8-DHF on ERK 1 and 

ERK 2 isoforms in the current study. ERK 1 was activated in the hippocampus, but no 

modification in p-ERK 2 levels was revealed in the same region. This modulation of ERK 1 

activity in the hippocampus indicated that hippocampal ERK 1 phosphorylation might have a 

prominent role in the induction o f improved cognitive function, following treatment with 7,8- 

DHF.

Based on the signalling changes that occurred in the hippocampus and the fact that the PI3K 

pathway is coupled to Y515 on the TrkB receptor, further analyses examined the extent o f Akt 

phosphorylation at the serine 473 site, a critical site for full activation o f Akt, in mediating 

changes in synaptic plasticity. No significant changes in Akt phosphorylation were reported in 

either the hippocampus, or the dentate gyrus subfield. Activation of the P13K pathway, which 

can be regulated through Ras as well as through Shc/GRB2/GRB adaptor proteins (Minichiello, 

2009), has been shown to be necessary for the expression o f LTF (Kelly & Lynch, 2000; 

Horwood et a l, 2006) and it has been implicated in various learning paradigms (Lin et a l, 

2001; Mizuno et a l, 2003; Callaghan & Kelly, 2012). One possible reason for the failure of 7,8- 

DHF to activate the P13K signalling pathway is that phosphorylation o f TrkB and the resulting 

activation o f this pathway may be mediated by 7,8-DHF treatment when a learning paradigm is 

performed too. Previous data from our laboratory has demonstrated that BDNF is released from 

the dentate gyrus subfield o f the hippocampus and the perirhinal cortex immediately following 

training in an object recognition task, with an associated increase in phosphorylation of ERK 1 

and PI3K in these brain regions, respectively (Callaghan & Kelly, 2012). Therefore, 7,8-DHF 

could act in concert with endogenous neurotrophins to mediate plasticity in these brain regions 

during a learning experience. The data reported here conflicts with a previous study that 

observed activation o f Akt at serine 473 following administration of 7,8-DHF (Liu et a l,  2010). 

However, there are some disparities between this and the current study including the route of 

agonist administration (oral versus i.p. injection), dose (Im g.kg '' versus 5 mg.kg’’) and species 

(mice versus rats), which could account for the differences in the phosphorylation state of Akt.
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In summary, these results indicate that a single treatm ent with 7,8-DHF can enhance learning 

and memory in reference to both object recognition and object displacem ent memory. The 

effects o f  7,8-DHF on both non-spatial and spatial m emory may be m ediated, at least in part, 

via an effect on synaptic plasticity in the hippocampus. This is supported by the evidence that 

systemic adm inistration o f  7,8-DHF leads to TrkB receptor activation in the hippocampus and 

the concom itant activation o f  the downstream  Ras-M APK signalling cascade. This behavioural 

effect appears to be beneficial only when 7,8-DHF is adm inistered prior to task training, 

supporting a role for this compound during acquisition. Collectively, the results from this study 

add weight to the pre-existing evidence that neurotrophic factors, particularly BDNF, play a 

central role in hippocam pus-dependent plasticity. These results strongly suggest that systemic 

adm inistration o f  TrkB agonists that mimic the effects o f  BDNF, such as the flavonoid 

derivative 7,8-DHF, may represent a prom ising and feasible therapeutic strategy for enhancing 

learning and memory. Furtherm ore, it provides supplementary evidence that im provements in 

learning and memory may be at least in part dependent on BDNF-TrkB signalling, amongst 

other possible mechanisms. To conclude, developm ent o f  system ically available BDNF 

mimetics and the testing o f  the ability o f  com pounds such as 7,8-DHF for im proving learning 

and memory on various behavioural paradigms may yield results o f  therapeutic significance.
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Chapter 6
The impact o f moderate and maximal intensity exercise on 
learning and memory in healthy sedentary male volunteers



CHAPTER 6

6.1 Introduction

For a long time physical exercise and training was almost exclusively associated with athletes 

and their preparation for sporting events. However, in recent years the number o f studies 

concerning the effect of physical exercise and training and their subsequent effects on the health 

status o f healthy yet untrained people, as well as patients with chronic diseases, has 

significantly increased, it is now widely accepted that regular exercise can have a beneficial 

impact on the cardiovascular, musculoskeletal and respiratory systems. In addition, exercise is 

known to enhance cognitive functions in humans (Berchtold et al., 2010). Physical exercise can 

also be neuroprotective as evidence suggests that physically active older individuals have a 

decreased risk of Alzheimer’s disease and other forms of dementia, relative to their sedentary 

counterparts (Larson et al., 2006). In young healthy adults, high intensity running has been 

shown to improve vocabulary learning (Winter et al., 2007), while cycling has improved 

performance on the Stroop colour-word task (Ferris et al., 2007), face-name pairs task (Griffin 

et al., 2011) and map recognition task (Grego et al., 2005). Although exercise can have such 

remarkable effects on the brain and cognitive function, the physiological mechanisms 

underpinning those effects remains to be elucidated.

A growing interest has emerged regarding the effects of single “acute” bouts o f exercise on 

cognition and the potential health benefits that may derive from such behaviours. Previous 

reviews and meta-analyses have suggested that exercise benefits performance of cognitive tasks 

following an acute exercise bout (Tomporowski, 2003; Lamboume & Tomporowski, 2010; 

Chang et al., 2012). As discussed previously, there are four important variables to consider 

when investigating the effects of exercise on cognitive performance, including exercise 

intensity, initial fitness level o f participants, nature o f the cognitive task and timing of task 

administration relative to exercise (Grego et a l ,  2004; Chang et al., 2012). The frequent 

attention focused on exercise intensity is due to its relevance to understanding mechanisms of 

the effects (Chang et a l ,  2012). The intensity level o f exercise may be important for 

determining the magnitude o f change in various physiological parameters such as heart rate, 

growth factors, catecholamines and temperature, which may also predict the cognitive outcome.

O f all the neurotrophins, BDNF has received the most attention as a mediator o f exercise- 

induced cognitive enhancement as it is extremely susceptible to regulation by exercise in both 

humans and rodents (Neeper et al., 1996; Vaynman et al., 2004; van Praag et al., 2005; Ferris et 

a l,  2007; O'Callaghan et a l ,  2007; Rasmussen et a l ,  2009; Griffin et al., 2011). Conflicting 

evidence has been reported regarding the relationship between exercise intensity and circulating
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BDNF in human subjects, particularly in relation to moderate intensity exercise. Increases in 

BDNF have been reported following 60% V02max (Gold et a i ,  2003), whereas others have 

reported no changes in BDNF response at a similar intensity (Ferris et al., 2007). Thus, it seems 

that exercise intensity may be a key factor when considering physical activity as a non- 

pharmacological intervention for cognitive enhancement. Another important consideration is 

the protocol used for blood sampling and biochemical analysis of peripheral growth factors. 

Details regarding blood sample collection, preparation and storage are often poorly described 

and reported in the literature (Knaepen et al., 2010). However, it is important to accurately 

report the methodology used, in order to interpret the results, as methodological issues could 

potentially influence measured BDNF values. For instance, the length of time allowed for 

serum to clot is frequently not reported, yet this factor could affect the measured values, since it 

is known that BDNF is released from platelets following their activation (Fujimura et al., 2002). 

Concentrations o f BDNF in serum are approximately 200-fold greater than plasma BDNF 

(Knaepen et al., 2010), indicating that low concentrations of BDNF are freely circulating in the 

blood and higher amounts o f BDNF are stored in platelet granules, which can be released upon 

platelet activation (Fujimura et al., 2002). Platelets circulate for approximately 11 days in the 

periphery, in contrast to BDNF protein that circulates in plasma for <1 hour (Knaepen et al., 

2010). Therefore, to unravel the link between plasma and serum BDNF, measurement of 

circulating plasma BDNF should be made to examine its functional relevance, in addition to 

serum BDNF measurements.

The aim of this study was to assess if acute, maximal intensity, physical exercise was associated 

with improved cognitive function in young, sedentary, male subjects. Furthermore, the effect of 

acute, moderate intensity, physical exercise on cognitive function was assessed. Three different 

cognitive tasks were chosen for the outcome measures. Given the evidence from animal studies 

that hippocampal function is particularly responsive to exercise intervention (O'Callaghan et al., 

2007; Griffin et al., 2009), in addition to our results from chapter 3, tasks known to recruit the 

hippocampal formation were included for the assessment o f the effects o f acute exercise on 

human cognition. An additional aim was to investigate plasma and serum BDNF concentrations 

following both maximal intensity and moderate intensity exercise, in an attempt to elucidate the 

potential causal links between increased availability o f this growth factor following acute 

physical exercise and enhancements in cognitive function.
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6.2 Methods

A n undergraduate student, K atie G illigan , assisted  w ith  participant recruitm ent and data 

co llec tio n  as part o f  th is study, w h ile  co m p le tin g  her final year project in the D epartm ent o f  

P h y sio lo g y , T rinity C o lleg e  D ublin .

6.2.1 Participants

T w enty  healthy m ale vo lun teers participated in th is study. A ll participants w ere sedentary, that 

is, not in vo lved  in any regular p hysica l activ ity  prior to experim enta l testin g . P h ysica l activ ity  

lev e ls  w ere a ssessed  using  the IPA Q  lo n g  form  (se e  section  2 .3 .2 .2 ) . A ll participants w ere  

required to com p lete  a m ed ica l questionnaire, rece ived  a routine m ed ica l exam in ation  and gave  

w ritten inform ed con sen t prior to  testing. E xc lu sion  criteria (s e e  section  2 .3 .1 .2 )  com p rised  a 

history o f  any orthopaedic, m u scu losk e le ta l, n eu ro log ica l, card iovascu lar, pulm onary  

p rob lem s/issu es and/or any other contraind ications to p h ysica l activ ity  d iscovered  during the 

m edica l exam ination . Intake o f  prescription m ed ication , sm ok in g  and recreational drug use  w as  

not perm itted in th is study. A ll participants w ere instructed to fast for 2 h prior to testing , refrain  

from  caffein ated  drinks for 12 h and to abstain from  a lcoh o l con su m p tion  for 24  h preced ing  

participation in th is study. T he study w as conducted  in accordance w ith  the D eclaration  o f  

H elsink i (1 9 8 2 ) and w as rev iew ed  and approved by the F acu lty  o f  H ealth S c ien ce  R esearch  

E thics C om m ittee, T rinity C o lleg e  D ublin .

6.2.2 Experimental design

T he experim ental d esign  for th is study is outlined  in section  2 .3 .3 . B riefly , participants w ere  

allocated  to either a control (C O N , n = 9) or ex erc ise  (E X , n = l l )  group and w ere required to  

attend the laboratory on  tw o  separate o cca sio n s. D uring v is it  one, both C O N  and E X  groups 

com p leted  a battery o f  co g n itiv e  tasks. F o llo w in g  th is, the E X  group com p leted  a G X T  for the 

determ ination  o f  V 0 2 m ax, to  in vestigate the e ffe c ts  o f  m axim al in tensity  ex erc ise  on  co g n itiv e  

function . T he C O N  group had a 3 0  m in rest period  to ensure a sim ilar delay  b etw een  co g n itiv e  

testin g , to  control for any practice e ffec ts  o f  task perform ance. F o llo w in g  m axim al in tensity  

ex erc ise  or rest, participants com p leted  another version  o f  the battery o f  co g n itiv e  tasks. B lo o d  

sam p lin g  w as perform ed at three tim e points during v is it one; at 0  m in for b a se lin e  b lood s, 

im m ediately  p o st-ex erc ise  or rest at 60  m in  and at 90  m in  for recovery  b lood s. D uring v is it tw o , 

all participants com p leted  a battery o f  co g n itiv e  tasks sim ilar to v is it one. F o llo w in g  th is, the 

E X  group com p leted  an acute bout o f  m oderate in tensity  ex erc ise , w h ich  in vo lved  ex erc is in g  at 

60%  V 0 2 m a x  for 3 0  m in, w ith  an additional 5 m in w arm -up and co o l-d o w n  period  prior to and 

p ost-exerc ise , resp ectively . T he C O N  group rested  for the corresp ond in g  tim e to  control for any  

practice e ffec ts  o f  task perform ance. F o llo w in g  m oderate in tensity  ex erc ise  or rest, participants
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com pleted another version o f the battery o f  cognitive tasks. Blood sam pling was perform ed for 

the EX group only at three time points during visit two; at 0 min for baseline bloods, 

immediately post-exercise at 70 min and at 100 min for recovery bloods. The CON group were 

not subjected to blood sam pling due to the sim ilarities in protocol to visit one.

6.2.3 Exercise testing

6.2.3.1 Graded exercise test

The GXT was performed on an electro-m agnetically braked cycle ergometer as described in 

section 2.3.4, to establish V02max.

6.2.3.2 Moderate intensity exercise

The moderate intensity exercise was performed on a stationary cycle ergom eter as described in 

section 2.3.5. Participants exercised for 30 min at 60%  V02max, which was determined using 

data from visit one. The trial was preceded by a 5 min warm-up and followed by a 5 min cool

down period.

6.2.4 Blood sampling and treatment

Blood samples were taken from a free-flow ing vein in the antecubital fossa as described 

previously in section 2.3.6. Three samples were taken from the CON and EX groups during 

visit one and only from the EX group during visit two. The time course o f  blood collection was 

as follows: baseline, post-exercise or rest, and 30 min post-recovery. Samples were draw n into 

sterile SST™ gel and clot activator and lithium heparin tubes for the analysis o f  serum and 

plasma, respectively. The clotting time and centrifugation employed for each Vacutainer® is 

outlined in table 2.3.

6.2.5 Cognitive testing

All tasks were administered pre- and post-exercise or resting conditions. The face-nam e pairs 

task was performed as described in section 2.3.7.1. The task structure consisted o f  a series o f  

four learning blocks, interleaved with a distraction task and four recall blocks. The learning 

block consisted o f 10 serially presented pairs o f  unfamiliar faces and names, w hich the 

participant had to commit to memory. The recall block consisted o f  a random ised order o f  the 

original 10 “ learning phase” faces. Participants were required to verbally respond with the 

correct face-name association. Participants viewed the same series o f  face-name com binations 

for the four learning blocks, giving a maximum possible score o f  40. The investigator recorded
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the responses and resuUs are presented as the total number of correct pairs recalled. A different 

set of ten face-name pairs were used each time the task was administered.

The object scene recognition task was performed as described in section 2.3.7.2. Participants 

were required to learn a scene and following an inter-stimulus interval, whereby two objects 

were exchanged and the rotation o f the platform was either unchanged (e.g. 0° orientation) or 

rotated by 60°, they were required to identify which two objects had been swapped. The 

experiment consisted of 14 trials, seven at 0° orientation and seven at 60° orientation. 

Performance o f the task was measured in terms o f error rates. If two swapped objects were 

correctly identified this was reported as 0% error, if one object was correctly identified this was 

reported as a 50% error and if none of the objects were identified this was reported as 100% 

error for that trial.

The Stroop colour-word task was performed as described in section 2 3 .1 3 .  Both congruent and 

incongruent stimuli were presented randomly, and participants were required to inhibit their 

automatic response to read the word stimulus presented, and instead reported the font colour the 

word was presented in. Results are presented as percentage response accuracy and mean 

response time for the congruent and incongruent conditions. As an index o f behavioural 

response conflict, the Stroop effect was calculated from these measures (incongruent response 

time - congruent response time).

6.2.6 Analysis o f  BDNFplasma and serum levels by ELISA

The concentration o f BDNF in plasma and serum samples was analysed using a commercially 

available kit as described in section 2.2.8 and 2.3.8.

6.2.7 Statistical analysis

All data were examined for outliers, which were excluded if they were ± 2SD removed from 

the mean. All data are presented as mean ± SEM. Behavioural data and BDNF analysis for visit 

one were analysed using two-way repeated measures ANOVA to assess both the effect of time 

(repeated measure) and the effect of group. Where a significant main effect was detected, a 

Bonferroni post-hoc test was used to locate the significant differences. For visit two, no blood 

samples were taken from the CON group, hence one-way repeated measures ANOVA with 

post-hoc Tukey’s HSD were used to analyse BDNF changes over time for the EX group. 

GraphPad Prism v5.0 software (GraphPad Software Inc, USA) was used for analysis and 

graphical presentation with statistical significance set at p<0.05.
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6.3 Results

6.3.1 Physical characteristics and activity levels

An overview  o f  the physical characteristics and activity levels for the tw o groups is presented in 

table 6.1. N o significant differences were found between the tw o groups for age (tig=1.403, 

p > 0 .05 ), height (t|8=0.282, p > 0 .05 ) or body m ass (tig^O.695, p > 0 .05). The IPAQ was used to 

assess individual m easures o f  physical activity across a com prehensive set o f  dom ains including  

leisure tim e physical activity, dom estic activities, work-related physical activity and transport- 

related physical activity. The IPAQ defines moderate activity as betw een 600 and 3000  M ET- 

m in.wk''. N o significant difference in physical activity level was reported between the CON  

and EX group (tig=0.356,/5>0.05), indicating sim ilar levels o f  physical activity patterns for each 

group. Data are presented as total physical activity M ET-m in.wk''. Statistical analysis was by 

two-tailed unpaired Student’s Mest.

T able 6.1 Physical characteristics and  physical activity  levels

Age (y) 22±1 21±1

Height (cm) 178.5±1.6 179.3±2.0

Body mass (kg) 74.2±3.0 76.9±2.5

IPAQ total score (M ET-m in.wk"') 2240.6±205.l 2367.0±279.9

Data are presented as mean ± SEM. No significant differences were present between groups. MET,

metabolic equivalent.

6. S. 2 Graded exercise test response

The G XT w as com pleted by the EX group during visit one and results were used to determine 

60%  V 02m ax for each individual for the moderate intensity exercise bout during visit tw o. An  

overview  o f  the maximal oxygen uptake characteristics is presented in table 6.2. Both absolute 

(L .m in'') and relative (m l.kg’'.m in'‘) V 02m ax measurements are provided, along with the peak 

workload achieved at V 02m ax measured in watts (W ). RER is the respiratory exchange ratio, 

w hich describes the ratio o f  carbon dioxide excretion to oxygen uptake and was used as one o f  

the criteria to confirm the achievem ent o f  V 0 2 max.
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Table 6.2 Graded exercise test

V02max (L.min'') 3.27 0.17

V02max (ml.kg '.m in'') 42.58 1.62

Peak work load (W^aj) 265.45 14.29
RER 1.19 0.02

Data are presented as mean ± SEM. Maximal exercise values (EX, n=l 1).

6.3.3 Cognitive task performance

6.3.3.1 Face-name pairs task fo llow ing  maximal intensity exercise

Performance on the face-name pairs task was tested pre- and post-intervention (GXT or rest, 

session 1). There was a significant effect of time (F(| ig)=29.87, /?<0.001) indicating that the 

number o f face-name pairs recalled post-session was greater than pre-session. There was no 

significant effect o f  group (F(i |8)=2.694, p>0.05) and no significant interaction o f factors 

(F(i,i8)=0.988, /?>0.05; Figure 6.1). Bonferroni post-hoc analysis revealed that both CON 

(number o f face-name pairs recalled: pre-session=15.56±l.72, p o st-se ssio n = 2 0 .7 8 ± l.12, 

p<0.05) and EX scores (number of face-name pairs recalled: pre-session=17.73±1.81, post- 

session=25.27±l .68, p<0.001) improved post-intervention. These data suggest that a practice 

effect occurred with task performance and that maximal intensity exercise was unable to confer 

a learning effect greater than that observed in the CON group. Data are presented as mean total 

number o f face-name pairs recalled ± SEM. There were 4 recall blocks, hence 40 was the 

maximum score possible.

To examine the pattern of performance for each group, the improvement in number of pairs 

recalled across each block (number of face-name pairs recalled post-session -  number of face- 

name pairs recalled pre-session) was analysed. There was a significant effect of block 

(F(3,54)=3 .577,/7<0.05), indicating a change in pattern across the four recall blocks. Although the 

EX group appeared to display faster improvements in performance, Bonferroni post-hoc 

analysis revealed that this did not reach statistical significance across any recall block (p>0.05). 

There was no significant effect o f group (F(i_54)=0.989,p>0.05) and no significant interaction of 

factors (F(3 54)=2.009, p>0.05). Data are presented as mean improvement in the number o f pairs 

recalled ± SEM. Statistical analysis was by two-way repeated measures ANOVA with 

Bonferroni post-hoc tests, CON n=9 and EX n=l 1.
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Figure 6.1 Effect of maximal intensity exercise on the face-name pairs task

There was a significant effect o f  time (F(i |8)=29.87, /?<0.001) indicating that the number o f face-name 

pairs recalled post-session was greater than pre-session. Post-hoc analysis revealed that both CON 

(*/7<0.05) and EX scores (***p<0.001) improved post-intervention. Data are presented as mean total 

number o f face-name pairs recalled ± SEM; CON n=9, EX n= l 1; two-way repeated measures AN O VA .
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Figure 6.2 Effect of maximal intensity exercise across all four recall blocks of the face-name pairs 

task

There was a significant effect o f block (F(3 S4)=3.577, p<0.05), indicating a change in pattern across the 

four recall blocks. Post-hoc analysis revealed no significant difference between the two groups across any 

recall block (p>0.05). Data are presented as mean improvement in number o f pairs recalled ± SEM; CON 

n=9, EX n = l 1; two-way repeated measures AN O VA.
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6.3.3.2 Face-name pairs task following moderate intensity exercise

Performance on the face-name pairs task was tested pre- and post-intervention (moderate 

intensity exercise or rest, session 2). There was a significant effect of time (F(i,i8)=13.61, 

p < 0 .0 1 ) indicating that the number o f face-name pairs recalled post-session was greater than 

pre-session. There was no significant effect of group (F(i i8)=0.264, /?>0.05) and no significant 

interaction of factors (F(i,i8)=0.099, p>0.05; Figure 6.3). Bonferroni post-hoc analysis revealed 

that both CON (number o f face-name pairs recalled: pre-session=18.44±2.17, post- 

session=22.11±2.04, p<0.05) and EX scores (number o f face-name pairs recalled: pre- 

session=20.27±2.29, post-session: 23.36±2.21, p<0.05) improved post-intervention. These data 

suggest that a practice effect occurred with task performance and that moderate intensity 

exercise was unable to confer a learning effect greater than that observed in the CON group. 

Data are presented as mean total number of face-name pairs recalled ± SEM. There were 4 

recall blocks, hence 40 was the maximum score possible.

To examine the pattern of performance for each group, the improvement in number of pairs 

recalled across each block (number o f face-name pairs recalled post-session -  number of face- 

name pairs recalled pre-session) was analysed. There was a significant effect of block 

(F(3,54)=3.661,/?<0.05), indicating a change in pattern across the four recall blocks. Bonferroni 

post-hoc analysis revealed that this did not reach statistical significance across any recall block 

(p>0.05). There was no significant effect o f group (F(i 5 4 ,=0.099 p>0.05) and no significant 

interaction of factors (F(3,54)=0.410, p>0.Q5). Data are presented as mean improvement in the 

number of pairs recalled ± SEM. Statistical analysis used was by two-way repeated measures 

ANOVA with Bonferroni post-hoc tests, CON n=9 and EX n=l 1.
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Figure 6.3 Effect o f moderate intensity exercise on the face-name task

There was a significant effect o f  time (F(i_ig)= 13.61, /?<0.01) indicating that the number o f  face-name 

pairs recalled post-session was greater than pre-session. Post-hoc analysis revealed that both CON 

(*/?<0.05) and EX scores (*p<0 05) improved post-intervention. Data are presented as mean total number 

o f  face-name pairs recalled ± SEM; CON n=9, EX n=l 1; two-way repeated measures ANOVA.
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Figure 6.4 Effect of moderate intensity exercise across all four recall blocks o f the face-name pairs 

task

There was a significant effect o f  block (F(3 54)=3.661, p<0.Q5), indicating a change in pattern across the 

four recall blocks. Post-hoc analysis revealed no significant difference between the two groups across any 

recall block (p>0.05). Data are presented as mean improvement in number o f pairs recalled ± SEM; CON 

n=9, EX n=l 1; two-way repeated measures ANOVA.
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6.3.3.3 Object scene recognition task follow ing maximal intensity exercise

Performance on the object scene recognition task was tested pre- and post-intervention (GXT or 

rest, session 1). Error rates were analysed for the 0° and 60° conditions independently. In the 0” 

condition (Figure 6.5 A), there was no significant effect o f time (F(i i8)=3.156, p>0.05) or group 

(F(i,i8)=0.262,/?>0.05) and no significant interaction of factors (F(i i8)=0.104,/?>0.05; percentage 

error: CON, pre-session=38.10±6.30, post-session=27.78±5.38; EX, pre-session=33.12±4.44, 

post-session=25.97±6.76,/)>0.05).

In the 60° condition (Figure 6.5B), there was no significant effect of time (F(i ig,=0.043,/?>0.05) 

or group (F(i,i8)=0.105,/?>0.05) and no significant interaction of factors (F(i ig)=0.002,/?>0.05; 

percentage error: CON, pre-session=39.68±4.92, post-session=38.89±8.08; EX, pre-

session=42.21±4.56, post-session=40.90±6.40, p>0.05). These data suggest that maximal 

intensity exercise does not affect object scene recognition memory for either 0° or 60° 

conditions. Data are presented as mean percentage error rates ± SEM. Statistical analysis was 

by two-way repeated measures ANOVA with Bonferroni post-hoc tests, CON n=9 and EX 

n=l l .
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Figure 6.5 Effect o f m axim al intensity exercise on the object scene recognition task

Maximal intensity exercise did not alter object scene recognition task performance in either the 0° (A) or 

60° condition (B) (p>0.05). Data are presented as percentage error rates ± SEM; CON n=9, EX n = l l ;  

two-way repeated measures ANOVA.
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6.3.3.4 Object scene recognition task follow ing moderate intensity exercise

Performance on the object scene recognition taste was tested pre- and post-intervention 

(moderate intensity exercise or rest, session 1). Error rates were analysed for the 0° and 60° 

conditions independently. In the 0“ condition (Figure 6.6A), there was no significant effect of 

time (F(i i8)=2.743,/?>0.05) or group (F(i,i8)=0.192,/?>0.05). However, there was a significant 

interaction between group and time effect (F(i,ig)=4.566, p<0.05). Bonferroni post-hoc analysis 

revealed a significant improvement in task performance for the EX group leading to a decreased 

error rate post-exercise (percentage error: pre-session=32.47±8.19, post-session=13.64±4.46, 

p<0.05), with no significant improvement in performance for the CON group (percentage error: 

pre-session=25.40±6.64, post-session=27.78±6.78, p>0.05).

In the 60° condition (Figure 6.6B), there was no significant effect of time (F(i i8,=0.690,/?>0.05) 

or group (F(i |8)=0.175, /?>0.05) and no significant interaction o f factors (F(i_i8)=0.030, p>0.05; 

percentage error: CON, pre-session=30.95±6.07, post-session=26.98±5.81; EX, pre-

session=33.77±6.02, post-session=31.17±7.54, /?>0.05). These data suggest that moderate 

intensity exercise affects object scene recognition memory. However, this improvement in 

performance is present for the 0° condition only. Data are presented as mean percentage error 

rates ± SEM. Statistical analysis was by two-way repeated measures ANOVA with Bonferroni 

post-hoc tests, CON n=9 and EX n=l 1.
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Figure 6.6 Effect of moderate intensity exercise on the object scene recognition task

(A) Moderate intensity exercise altered object scene recognition task performance in the 0° condition. 

There was a significant interaction between group and time effect (F(| i8)=4.566, p<0.05), with post-hoc 

analysis revealing a significant improvement in task performance for the EX group leading to a decreased 

error rate post-exercise (*p<0.05). (B) Moderate intensity exercise did not alter object scene recognition 

task performance in the 60° condition (p>0.05). Data are presented as percentage error rates ± SEM; 

CON n=9, EX n=l 1; two-way repeated measures ANOVA.
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6.3.3.5 Stroop colour-word task fo llow ing  maximal intensity exercise

Performance on the Stroop colour-word task was tested pre- and post-intervention (GXT or rest, 

session 1). There was no significant effect of time (F(i j8)=0.176,p>0.05) or group (F(i i8)=0.495, 

p>0.05) and no interaction of factors (F(i i8)=0.744, p>0.05; Figure 6.1 A) for the congruent 

condition (percentage response accuracy: CON, pre-session 1=98.83±0.35, post-session 

1=99.12±0.21; EX, pre-session 1=98.66±0.33, post-session 1=98.56±0.51). There was no 

significant effect of time (F(i ig)=2.098, p>0.05) or group (F(i,i8)=0.206, /?>0.05) and no 

interaction of factors (F(i_ig)=0.122, /?>0.05; Figure 6.7B) for the incongruent condition 

(percentage response accuracy: CON, pre-session 1=92.06±1.86, post-session 1=94.44±1.98; 

EX, pre-session 1=90.26±2.60, post-session 1=94.16±2.11). These data suggest that maximal 

intensity exercise has no effect on response accuracy in the Stroop colour-word task for either 

congruent or incongruent conditions. Data are presented as mean percentage response accuracy 

±SEM.

Analysis of response times for the congruent condition revealed a significant effect of time 

(F(|,|8)=22.S7, p <0 .001) but no significant effect of group (F(i i8)=0.006, p>0.05). There was no 

significant interaction of factors (F(i,i8)=0.041, p>0.05; Figure 6.8A). Bonferroni post-hoc 

analysis revealed a significant decrease in response time post-intervention for both the CON 

and EX groups (response time (ms): CON, pre-session 1=674.53± 18.09, post-session 

1=634.33±19.06; EX, pre-session 1=670.62±24.66, post-session 1=633.69±21.41; /?<0.01). 

Analysis of response times for the incongruent condition revealed a significant effect of time 

(F(i,i8)=8.367, /?<0.01) but no significant effect of group (F(i i8)=0.025, p>0.05). There was no 

significant interaction of factors (F(i_i8)=0.000, p>0.05; Figure 6.88). However, Bonferroni post- 

hoc analysis revealed no with-in group differences (response time (ms): CON, pre-session 

1=849.68±24.44, post-session 1=805.95±28.22; EX, pre-session 1=856.81 ±36.89, post-session 

1=812.87±35.11; p>0.05). These data suggest that maximal intensity exercise has no effect on 

response time in the Stroop colour-word task for either congruent or incongruent conditions. 

Data are presented as mean response time (ms) ± SEM.

To examine the behavioural response conflict, the Stroop effect was calculated from the two 

conditions (incongruent response time - congruent response time). There was no significant 

effect of time (F(i i8)=0.150, p>0.05) or group (F(i_ig)=0.118, p>0.05) and no interaction of 

factors (F(i,i8)=0.016, /?>0.05; Figure 6.9). Data are presented as mean Stroop effect (ms) ± 

SEM. Statistical analysis was by two-way repeated measures ANOVA with Bonferroni post- 

hoc tests, CON n=9 and EX n=l 1.
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Figure 6.7 Effect of maximal intensity exercise on response accuracy on the Stroop colour-word 

task

Maximal intensity exercise did not alter response accuracy on the Stroop colour-word task in either the 

congruent (A ) or incongruent condition (B) (p>0.05). Data are presented as mean percentage response 

accuracy ± SEM; CON n=9, EX n= l 1; two-way repeated measures AN O VA.
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Figure 6.8 Effect of maximal intensity exercise on response time on the Stroop colour-word task

(A) There was a significant effect o f time (F(i i8)=22.87, p<0.001) for the congruent condition, with post- 

hoc analysis revealing a significant decrease in response time post-intervention for both the CON and EX 

group (**p<0.01). (B) Maximal intensity exercise did not alter response time for the incongruent 

condition (p>0.05). Data are presented as mean response time ± SEM; CON n=9, EX n = ll;  two-way 

repeated measures ANOVA.
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Figure 6.9 Effect o f maximal intensity exercise on the Stroop effect

M aximal intensity exercise did not alter behavioural response conflict as m easured by the Stroop effect 

(p>0.05). D ata are presented as m ean Stroop effect (m s) ± SEM ; CON n=9, EX  n= l 1; tw o-w ay repeated 

m easures A NO VA .
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6.3.3.6 Stroop colour-word task fo llow ing  moderate intensity exercise

Performance on the Stroop colour-word task was tested pre- and post-intervention (moderate 

intensity exercise or rest, session 2). There was no significant effect of time (F(i,i8)=0.292, 

p>0.05) or group (F(i i8)=0.221, /?>0.05) and no interaction of factors (F(i i8)=4.093, p>0.05; 

Figure 6.10A) for the congruent condition (percentage response accuracy: CON, pre-session 

2=99.06±0.40, post-session 2=98.25±0.87; EX, pre-session 2=98.09±0.46, post-session 

2=98.56±0.37). There was no significant effect of time (F(ijg)=10.219, /?>0.05) or group 

(F(i,i8)=1-890, p>0.05) and no interaction of factors (F(i,i8,=0.212,p>0.05; Figure 6.10B) for the 

incongruent condition (percentage response accuracy: CON, pre-session 2=97.62±1.68, post

session 2=97.62±1.I9; EX, pre-session 2=88.31±5.03, post-session 2=89.61 ±6.27). These data 

suggest that moderate intensity exercise has no effect on response accuracy in the Stroop 

colour-word task for either congruent or incongruent conditions. Data are presented as mean 

percentage response accuracy ± SEM.

Analysis of response times for the congruent condition revealed no significant effect of time 

(F(i.i8)=4.139, p>0.05) or group (F(i,ig)=0.883, p>0.05) and no interaction of factors 

(F(i,i8)=0.294, p>0.05; response time (ms): CON, pre-session 2=633.63121.96, post-session 

2=606.31 ±25.91 \ EX, pre-session 2=659.60±21.90, post-session 2=643.81±28.10, /?>0.05; 

Figure 6.11 A). Analysis of response times for the incongruent condition revealed no significant 

effect of time (F(i i8)=2.722, p>0.05) or group (F(ij8)=1.904, p>0.05) and no significant 

interaction of factors (F(, i8)=0.324, p>0.05; response time (ms): CON, pre-session 

2=733.98±35.67, post-session 2=718.34±30.81; EX, pre-session 2=797.47±28.24, post-session 

2=765.37±26.19; p>0.05; Figure 6.11B). These data suggest that moderate intensity exercise 

has no effect on response time in the Stroop colour-word task for either congruent or 

incongruent conditions. Data are presented as mean response time (ms) ± SEM.

To examine the behavioural response conflict, the Stroop effect was calculated from the two 

conditions (incongruent response time - congruent response time). There was no significant 

effect of time (F(ij8)=0.018, p>0.05) or group (F(ij8)=0.888, p>0.05) and no interaction of 

factors (F(i,i8)=0.638,/?>0.05; Figure 6.12). Data are presented as mean Stroop effect (ms) ± 

SEM. Statistical analysis was by two-way repeated measures ANOVA with Bonferroni post- 

hoc tests, CON n=9 and EX n=l 1.
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Figure 6.10 Effect o f moderate intensity exercise on response accuracy on the Stroop colour-word 

task

Moderate intensity exercise did not alter response accuracy on the Stroop colour-word task in either the 

congruent (A) or incongruent condition (B) (p>0.05). Data are presented as mean percentage response 

accuracy ± SEM; CON n=9, EX n = l l ;  two-way repeated measures ANOVA.
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Figure 6.11 Effect of moderate intensity exercise on response time on the Stroop colour-word task

Moderate intensity exercise did not alter response time on the Stroop colour-word task in either the 

congruent (A ) or incongruent condition (B ) (p>0.05). Data are presented as mean response time ± SEM; 

CON n=9, EX n = l l ;  two-way repeated measures A N O VA.
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Figure 6.12 Effect o f moderate intensity exercise on the Stroop effect

Moderate intensity exercise did not alter behavioural response conflict as measured by the Stroop effect 

(/?>0.05). Data are presented as mean Stroop effect (ms) ± SEM; CON n=9, EX n= l I; two-way repeated 

measures ANO VA.
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6.3.4 Analysis o f  circulating BDNF

6.3.4.1 Effect o f  maximal and moderate intensity exercise on serum BDNF 

concentration

For the GXT, there was no effect of group (F(i32)=3.245, p>0.05) but there was a significant 

effect o f time (F(2,32)=5.366, /?<0.01), indicating that BDNF concentration changed over time. 

There was no significant overall interaction (F(2 ,3 2 )=l .2 6 4 ,/>>0.05; Figure 6.13). Bonferroni 

post-hoc analysis revealed a significant increase in serum BDNF in the EX group immediately 

post-exercise (60 min) relative to baseline values (serum BDNF in pg.mf': EX, 0 

min=4339.9±537.7, 60 min=5564.5±553.2, 90 min=4831.8±575.0; p<0.01). Serum BDNF 

concentration did not change from baseline in the CON group following a period o f rest (serum 

BDNF in pg.mf': CON, 0 min=3149.9±589.0, 60 min=3651.7±546.0, 90 min=3652.9±675.1; 

;?>G.05). These data indicate that maximal intensity exercise altered the temporal profile o f the 

serum BDNF response. Data are presented as pg BDNF per ml serum, mean ± SEM. Statistical 

analysis was by two-way repeated measures ANOVA with Bonferroni post-hoc tests, CON n=7 

and EX n=l l .

For the moderate intensity exercise intervention, blood was collected from the EX group only at 

three time points: at 0 min for baseline bloods, immediately post-exercise at 70 min and at 100 

min for recovery bloods. There was a significant difference in the concentration of serum 

BDNF over time (F(2,i8)=5.771, p<0.05; Figure 6.14). There was a significant increase in serum 

BDNF immediately post-exercise (70 min) relative to baseline (0 min) and recovery values (100 

min) (serum BDNF in pg.mf': EX, 0 min=5239.2±768.4, 70 min=5706.1±776.2, 100 

min=5131.9±712.5; p<0.05). These data indicate that moderate intensity exercise altered the 

temporal profile o f the serum BDNF response. Data are presented as pg BDNF per ml serum, 

mean ± SEM. Statistical analysis was by one-way repeated measures ANOVA with Tukey’s 

HSD post-hoc tests, EX n=10.
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Figure 6.13 Effect o f m axim al in tensity exercise on serum BDNF concentration

Tliere was a significant effect o f time (F(2,32)=5.3 6 6, p<0.05), w ith post-hoc analysis revealing a 

significant increase in serum BDNF in the EX group immediately post-exercise (60 m in) relative to 

baseline (0 min; **/?<0.001). Data are presented as pg BDNF per ml serum, mean ± SEM; CON n=7, EX 

n= l 1; two-way repeated measures ANO VA.
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Figure 6.14 Effect o f moderate intensity exercise on serum BDNF concentration

There was a significant difference in the concentration o f serum BDNF over time (F(2jg)=5.771,/?<0.05), 

w ith post-hoc analysis revealing a significant increase in serum BDNF immediately post-exercise (70 

min) relative to baseline (0 min) and recovery values (100 min; *p<0.05). Data are presented as pg 

BDNF per ml serum, mean ± SEM; EX n=10; one-way repeated measures AN O VA.
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6.3.4.2 Effect o f maximal and moderate intensity exercise on plasma BDNF 

concentration

For the GXT, there was no effect of group (F(i 32)=2.584, /?>0.05) but there was a significant 

effect o f time (F(2,32)=4.941, p<0.05) and an overall interaction (F(2,32)=7.809, /?<0.01; Figure 

6.15), indicating that BDNF concentration changed over time but the effect was not the same 

for both groups. Bonferroni post-hoc analysis revealed a significant increase in plasma BDNF 

in the EX group immediately post-exercise (60 min) relative to baseline and recovery values 

(plasma BDNF in pg.m f': EX, 0 min=196.5±23.5, 60 min=289.9±37.1, 90 min=175.3±16.6; 

/?<0.001). BDNF concentration did not change from baseline in the control group following a 

period o f rest (plasma BDNF in pg.ml ': CON, 0 m in= l82.1 ±28.9, 60 min=159.0±21.3, 90 

min=165.9±24.9; p>0.05). These data indicate that maximal intensity exercise altered the 

temporal profile o f the plasma BDNF response. Data are presented as pg BDNF per ml plasma, 

mean ± SEM. Statistical analysis was by two-way repeated measures ANOVA with Bonferroni 

post-hoc tests, CON n=8 and EX n=10.

For the moderate intensity exercise intervention, blood was collected from the EX group only at 

three time points: at 0 min for baseline bloods, immediately post-exercise at 70 min and at 100 

min for recovery bloods. There was a significant difference in the concentration o f plasma 

BDNF over time (F(2,i8>=7.644, p<0.01; Figure 6.16). There was a significant increase in plasma 

BDNF immediately post-exercise (70 min) relative to baseline (0 min) and recovery values (100 

min) (plasma BDNF in pg.ml’’: EX, 0 min=286.1±28.1, 60 min=347.6±31.7, 90 

min=259.5±16.2; p<0.05). These data indicate that moderate intensity exercise altered the 

temporal profile o f the plasma BDNF response. Data are presented as pg BDNF per ml plasma, 

mean ± SEM. Statistical analysis was by one-way repeated measures ANOVA with Tukey’s 

HSD post-hoc tests, EX n=10.
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Figure 6.15 Effect of maximal intensity exercise on plasma BDNF concentration

There was a significant effect o f  time (F(2,32)=4.941, p<0.05) and an overall interaction (F(2,32)=7.809, 

p<0.01), w ith post-hoc analysis revealing a significant increase in plasma BDNF in the EX group 

immediately post-exercise (60 min) relative to baseline (0 min) and recovery values (90 min; 

***p<0.001). Data are presented as pg BDNF per ml plasma, mean ± SEM; CON n=8, EX n=10; two- 

way repeated measures ANO VA.
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Figure 6.16 Effect of moderate intensity exercise on plasma BDNF concentration

There was a significant difference in the concentration o f  plasma BDNF over time (F(2,is)=7.644, /?<0.01), 

w ith post-hoc analysis revealing a significant increase in plasma BDNF immediately post-exercise (70 

min) relative to baseline (0 min) and recovery values (100 min; *p<0.05). Data are presented as pg 

BDNF per ml plasma, mean ± SEM; EX n=10; one-way repeated measures ANO VA.
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6.4 Discussion

The present study was designed to assess whether acute exercise bouts at different intensities 

affected cognitive performance in young, sedentary male adults. Participants’ level o f physical 

activity was evaluated using the IPAQ long form and indicated a similar level of activity for 

each group. Assessments o f plasma and serum BDNF concentration were made from exercise 

bouts of disparate intensities. The participants in this study underwent two experiments to 

examine the link between exercise intensity and cognitive performance. In the exercised group, 

participants performed three cognitive tasks before (pre-session) and immediately after (post

session) either a GXT or 30 minutes o f moderate intensity exercise, with an additional 5 min 

warm-up and cool-down period prior to and post-exercise, respectively. In contrast, the control 

group rested during the interval between pre- and post-sessions. Many studies have supported 

the ability o f physical exercise to promote brain health and memory (Rovio et al., 2005; Larson 

et al., 2006; Erickson et al., 2011; Griffin et al., 2011). However, identifying the specific range 

of exercise intensity, duration and load that successfully confers cognitive benefits is important 

when proposing exercise as a therapeutic or cognitive enhancement tool (Tomporowski, 2003). 

The intensity at the end of a GXT to volitional exhaustion is rarely, if ever, achieved by an 

individual during recreational activities or fitness training. Furthermore, this level of exercise 

may be unattainable in an older cohort or in adults with certain diseases or disabilities. 

Therefore, it seems more appropriate to perform exercise at a moderate intensity. Current 

guidelines from the American College o f Sports Medicine Position Stand recommend that 

adults engage in moderate intensity cardiorespiratory exercise for >30min.d ' on >5d.wk’’ for a 

total o f I50min.wk ’ to improve and maintain physical fitness and health (Garber et al., 2011). 

Thus, establishing the benefits o f acute moderate intensity exercise on cognitive function may 

be more suitable if  daily exercise is typically recommended and performed at this intensity.

Evidence from animal and human lesion studies suggests that the hippocampus and related 

MTL structures are important for episodic memory through the formation of new associations 

between previously unrelated information (Squire, 1992; Crane & Milner, 2002). Additional 

support for the important role o f the hippocampal formation in associative memory processes 

has come from functional imaging studies (Sperling et al., 2001; Zeineh et al., 2003). The face- 

name pairs recall task has previously been shown to selectively engage the hippocampal 

formation, with observations that learned associations between faces and names most 

prominently activate the anterior CA2 and CA3 regions and the dentate gyrus subfield of the 

hippocampus (Zeineh et al., 2003). Several other MTL structures including the 

parahippocampal cortex, amygdala, perirhinal cortex and entorhinal cortex have also been 

identified as important structures for encoding and retrieval in a face-name task (Kirwan &
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Stark, 2004). In visit one, performance in tiie face-name pairs tasic improved in both the control 

and exercise groups. These data indicate that a practice effect of task performance was present 

as the number o f face-name pairs recalled improved in the control group following a period of 

rest, possibly because there was less to distract these participants during the 30 minute resting 

interval between the cognitive tests. Interestingly, the number o f face-name pairs recalled 

following the intervention was greater for the exercise group in comparison with the control 

group, but maximal intensity exercise was unable to confer a learning effect greater than that 

observed in the control group. When the improvement in the number o f pairs recalled across 

each block was analysed it appeared that the exercise group showed improvements as early as 

the second recall block, but these improvements did not reach a statistically significant level 

when compared with the control group. However, previous data from our laboratory has shown 

that maximal intensity exercise can induce an enhancement on this particular task (Griffin et ai, 

2011). This study also demonstrated that familiarisation with the task resulted in an improved 

score, an effect consistent with the present study, but that acute exercise resulted in an 

enhancement in the performance of the task. One o f the main limitations to the current study is 

the sample size, which may have been a contributory factor for the lack o f a statistical 

difference between the groups for task response. The sample size in the present study was 

considerably smaller than the study that was previously conducted in our laboratory (n=9 and 

11 versus n=13 and 30 for control and exercise groups, respectively). Although task 

performance for each group followed a similar trend in both studies, the smaller sample size in 

the current study may be accountable for the inability to reproduce previously reported findings. 

Furthermore, the GXT used in these two studies were not identical protocols and may also be a 

contributory factor to the inconsistent findings. Following moderate intensity exercise, both the 

control and exercise group performed this task equally well, adding weight to the evidence 

above that a practice effect exists on this particular task. Previous studies have used eight face- 

name pairs during the learning blocks (Zeineh et a i, 2003; Nestor et a i, 2008) but the present 

study included an additional two face-name pairs to reduce the possibility of a ceiling effect. 

Further increasing the number of face-name pairs during the learning block when testing a 

young cohort may reduce the chances o f ceiling or practice effects in future studies and help 

tease apart cognitive improvements as a consequence o f acute exercise interventions.

Object recognition memory studies in rodents have demonstrated positive findings in relation to 

the cognitive enhancing ability o f physical exercise, particularly o f  moderate intensity. These 

studies have demonstrated that non-exercising rats were unable to successfully discriminate 

between novel and familiar objects, but exercise resulted in successful discrimination 

(O'Callaghan et a i, 2007; Griffin et ai, 2009; Hopkins & Bucci, 2010; Hopkins et ai, 2011). 

Indeed, the results from chapter 3 add weight to the existing literature on cognition in rodents
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and in particular, emphasise the novel finding that a single bout of exercise can enhance 

cognitive performance. Results from the exercise duration-response experiment indicate a 

learning effect with as little as 30 minutes exercise (chapter 3). In the present study participants 

were assessed using a scene recognition task involving familiar objects (Newell et ai,  2005), in 

an attempt to mimic the type o f object task used in rats, thus enhancing the translational value 

of the study. Recognition errors typically increase with deviations in orientation between the 

learned scene and the test view o f the scene. A previous study on a young cohort (age range 19- 

28 years) reported more recognition errors during a visual scene recognition task when there 

was a change in the orientation o f the scene between learning and testing (Newell et ai, 2005). 

Therefore, including the orientation change in the current experimental protocol increased the 

degree of task difficulty in an attempt to investigate whether acute exercise could improve 

visual memory for scenes in an orientation-independent manner. Object scene recognition 

memory was not altered for either of the scene orientation conditions (0°and 60°) in the exercise 

group following the GXT, with a similar effect observed in the control group following a period 

of rest. In contrast, moderate intensity exercise led to enhanced performance on the object scene 

recognition task, an effect that was only present for the 0“ condition and not the 60° condition, 

while the control group showed no improvements on task performance. The results from the 

present study indicate that an acute bout of moderate intensity exercise can improve recognition 

memory in young healthy sedentary males. However, this exercise-induced cognitive 

enhancement appears to be dependent on exercise intensity. This is the first study to report an 

enhancement in performance on this particular visual recognition task as a consequence of 

exercise, making it difficult to compare these findings to previous studies. A recent study 

reported that an acute exercise bout combined with a regular 4 week exercise regimen improved 

recognition memory in young healthy sedentary individuals (Hopkins et ai,  2012). In contrast, 

neither a single bout o f exercise alone, nor a 4 week exercise protocol without an acute exercise 

bout on the cognitive task testing day, augmented recognition memory. The authors proposed 

that these data may reflect a gradual development in the beneficial effects o f  regular exercise, 

whereby an acute bout of exercise can bestow cognitive benefits to individuals who frequently 

engage in exercise. However, at least a 2 hour gap was employed between acute exercise and 

the cognitive testing session in contrast to a 15 minute gap in the present study. Thus, any 

transient effects mediating the effects of acute exercise on cognitive function may have returned 

to baseline by the time the participants were tested. Furthermore, the acute exercise session was 

not standardised as participants were instructed to walk or jog  continuously on a treadmill for 

30 minutes at a minimum speed of 3.5mph at least 2 hours prior to testing. As the timing and 

intensity o f exercise were not well controlled parameters, this may have attributed to the lack of 

an observed improvement in recognition memory following a single bout of exercise in contrast 

to results from the present study.
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Cognitive performance was also assessed for both speed and accuracy on a Stroop task 

(MacLeod, 1991) which is a task that requires cognitive control. This cognitive control implies 

that individuals respond to one dimension of a stimulus while ignoring another conflicting 

dimension to achieve optimal performance on the task. This is a well-known paradigm for 

investigating aspects of cognitive performance that depend on executive functioning and is 

associated with activation o f the anterior cingulate cortex, insular cortex, premotor and inferior 

frontal regions o f the brain (Pardo et a i ,  1990; Leung et a l ,  2000). This task was included in 

the cognitive battery to investigate the effects of exercise on the function of brain regions other 

than the hippocampus. Executive functioning is an umbrella term used to describe higher 

cognitive processes such as working memory, response inhibition, goal planning and decision 

making (Pontifex et al., 2009). Maximal intensity exercise did not alter the response accuracy 

on the Stroop colour-word task in either the congruent or incongruent condition. This is in 

agreement with a previous finding from our laboratory which observed no changes in task 

performance following a GXT to volitional exhaustion (Griffin et a l ,  2011). Collectively, these 

findings suggest that maximal intensity exercise does not facilitate performance on this 

particular task. Analyses of response times revealed a significant decrease for both groups for 

the congruent condition, indicating that a practice effect may have occurred whereby the 

participants responded faster to the congruent condition. However, no differences in response 

time were observed for the incongruent condition and no Stroop effect was apparent.

Moderate intensity exercise did not affect performance on this task as indicated by the lack o f 

change in response accuracy and response time for both the congruent and incongruent 

conditions and the absence of the Stroop effect. The results from this study conflict with a 

previous study that reported post-exercise improvements in the performance o f the Stroop 

colour-word task. Ferris and colleagues (2007), using a slight variation o f the task, observed a 

significant increase in word and colour scores relative to baseline following a GXT to volitional 

exhaustion, but no changes in colour-word scores. The same study also examined the effects of 

two endurance rides, which corresponded to 55.9 and 75.2% V02max, and revealed an increase 

in the word and colour test scores relative to baseline for both intensities, whereas an increase in 

the colour-word score occurred only after the more intense endurance ride. One limitation of the 

aforementioned study is that no non-exercising control group was included and therefore, it is 

possible that the improvements they observed were a result o f a practice effect. Furthermore, 

the authors reported that the Stroop scores, even where significant increases occurred, were not 

uniform in the sense that not all the participants increased relative to baseline. Yanagisawa and 

colleagues (2010) also reported an acute exercise-induced enhancement o f Stroop colour-word 

task performance following an acute bout of moderate intensity exercise. Participants performed 

10 minutes of moderate intensity exercise (50% V02peak) and completed the Stroop colour-
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word task 15 minutes post-exercise. Owing to the inclusion of other cognitive tastes o f greater 

importance to the aims of this thesis, the Stroop colour-word tasic was the last task to be 

completed in the battery of cognitive tasks, approximately 30 minutes post-exercise. Therefore, 

it cannot be ruled out that any exercise-induced enhancements in response accuracy or response 

time may have subsided by the time Stroop testing occurred. Potential physiological or 

molecular mechanisms affected by acute exercise that underlie cognitive enhancement may 

dissipate in a time-dependent manner following exercise cessation and this may be an important 

factor to consider when interpreting these behavioural results. The specific timing o f the 

cognitive test administration is one of several moderators of interest when examining the effects 

o f exercise on cognitive performance (Grego et a l ,  2004; Chang et al., 2012), and may be a 

critical factor to consider in terms of effects that are mediating these potentially transient 

exercise-induced cognitive enhancements. A recent meta-analysis found that cognitive tests 

administered 11-20 minutes after exercise generally result in a bigger effect, with these effects 

subsiding following a longer (>20 minute) delay (Chang et al., 2012).

BDNF has received the most attention in human studies as a potential biomarker that could be a 

key regulator of exercise-induced cognitive enhancements. Studies in rodents have also 

demonstrated an enhancement in learning in association with an increased concentration of 

BDNF in the dentate gyrus (O'Callaghan et al., 2007; Griffin et al., 2009). According to a 

recent review investigating exercise-induced responses o f peripheral BDNF, 69% of studies in 

healthy subjects and 86% of studies in persons with a chronic disease or disability, 

demonstrated a ‘mostly transient’ increase in basal peripheral BDNF concentration following 

acute exercise (Knaepen et al., 2010). In agreement with the literature, both the serum and 

plasma analysis in the present study revealed an acute transient exercise-induced increase in 

BDNF concentration. Serum describes the liquid fraction that separates from blood when it is 

allowed to clot completely, and is essentially blood plasma without the protein fibrinogen and 

other clotting precursors that have been removed during the clotting process. In contrast, plasma 

is the liquid component of blood that is produced when whole blood is collected in tubes that 

are treated with an anticoagulant so the blood does not clot. The timing o f blood collection for 

the present study was based on previous data from our laboratory which examined blood 

samples at baseline, prior to exercise, immediately post-exercise and during recovery 

corresponding to time points o f 0, 30, 60 and 90 minutes, respectively (Griffin et al., 2011). The 

decision to omit the 30 minute blood draw from the present study was based on this previous 

study, which found no significant changes between serum BDNF collected at baseline and at 

the 30 minute time point, suggesting that cognitive testing does not affect peripheral BDNF 

response.
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Immediately following the GXT, serum BDNF was increased relative to baseline values. This 

acute exercise-induced increase in serum BDNF did not quite return to baseline at 30 minutes 

post-exercise. These data support previous findings from our laboratory, whereby a GXT 

resulted in an increase in serum BDNF in young sedentary men immediately post-exercise 

which had not returned to baseline 30 minutes post-exercise (Griffin et a i ,  2011). In contrast, 

no changes in serum BDNF were observed in the control group following a period of rest. Thus, 

based on this result and the limited resources available, blood was not taken from the control 

group during visit two. Moreover, a GXT performed by physically active men and women 

yielded a significant increase in post-exercise serum BDNF that increased by 30% relative to 

baseline values (Ferris et a l,  2007). A single bout of maximal incremental exercise has also 

been reported to significantly increase serum BDNF in recreational athletes, whereas 10 

minutes of moderate aerobic cycling was not sufficient to increase serum BDNF above the pre

exercise level (Rojas Vega et a l ,  2006). Very high intensity short duration running resulted in a 

significant increase in serum BDNF in young healthy athletic men (Winter et a i ,  2007). 

Furthermore, serum BDNF was increased following a GXT in young healthy physically active 

male students (Cho et a l,  2012). Thus, it seems that acute high intensity exercise in the form of 

a GXT can result in exercise-induced increases in serum BDNF irrespective of the participant’s 

physical fitness, although future studies comparing sedentary individuals and athletes are 

necessary to confirm this.

Moderate intensity exercise resulted in an increase in serum BDNF immediately post-exercise 

that had returned to baseline values 30 minutes post-exercise. This finding corroborates a 

previous finding that reported an increase in serum BDNF following moderate intensity 

exercise at 60% V02max (Gold et a i ,  2003). However, the authors of this study report on the 

use o f heparinised tubes for the collection of blood samples and as a result, it is not clear 

whether they analysed serum or plasma BDNF. Ferris and colleagues (2007) reported no 

changes in serum BDNF following moderate intensity exercise equating to 55.9% V02max but 

observed a significant increase when a more intense exercise bout was completed (75.2% 

V02max). The intensity of the moderate exercise bout was slightly lower here than in the 

present study which may account for the discrepancies between the two studies and suggests 

that exercise intensity may be a critical factor for observing exercise-induced increases in 

peripheral BDNF. However, the biochemical analyses for parameters such as clotting time and 

clotting temperature were not specified in the methodology and thus possible differences in 

sample handling could be accountable for the discrepancies. It has previously been reported that 

BDNF in serum is gradually released from platelets at 4°C, while at room temperature o f 26°C it 

immediately degrades (Katoh-Semba et al., 2007).
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Plasma BDNF increased in the exercise group immediately following the GXT, with a return to 

baseline 30 minutes post-exercise. No significant changes in plasma BDNF were observed in 

the control group following a period o f rest. An increase in plasma BDNF has recently been 

reported in healthy men following a GXT (Gustafsson et a i ,  2009; Cho et a i,  2012). However, 

these findings contradict a previous study which reported no effect o f a maximal incremental 

exercise test on plasma BDNF levels in young, healthy and physically active men (Zoladz et ai,  

2008). The method used for blood treatment and biochemical analysis o f plasma BDNF was 

poorly described in this paper, and as a result this finding is difficult to compare with those in 

the present study. Following moderate intensity exercise plasma BDNF was significantly 

elevated immediately after exercise cessation with respect to baseline and post-exercise 

recovery measurements. In fact, plasma BDNF measured 30 minutes post-exercise was slightly 

but not significantly lower than baseline measurements, possibly indicating that the increased 

circulating plasma BDNF that accompanied acute exercise may have been taken up by target 

peripheral tissues (Knaepen et a i ,  2010). Alternatively, circulating BDNF could be transported 

via the blood circulation to the brain, although its ability to cross the BBB is somewhat 

contentious (Sakane & Pardridge, 1997; Wu, 2005).

Results from the present study demonstrate an increase in peripheral BDNF following an acute 

bout o f exercise, which is transient. This is consistent with most o f the literature which showed 

that BDNF concentration returned to baseline within 10-60 minutes post-acute exercise, 

displaying a fast disappearance rate of circulating BDNF (Knaepen et a i,  2010). However, 

what is unclear and remains to be elucidated is the cellular origin o f the exercise-induced BDNF 

response. Furthermore, in order for this exercise-induced increase in plasma and serum BDNF 

to be functionally relevant, BDNF must either gain access to the CNS or alternatively be 

increased in the CNS. There are discrepancies in the literature in relation to the ability o f BDNF 

crossing the BBB. The results from the NaFl experiment in chapter 4 suggest that acute 

disruption o f the BBB as a consequence of moderate intensity exercise or high ambient 

temperature is unlikely to be a mechanism o f neurotrophin transfer across the BBB. However, 

peripheral administration of BDNF in combination with acute exercise resulted in improved 

cognitive performance on a difficult task in rats suggesting that peripheral BDNF may cross the 

BBB to reach the brain by some unidentified transport system or blood-cerebrospinal fluid 

(CSF) pathway. Serum lGF-1 has been reported to enter the brain through the blood-CSF 

pathway and activate different target neurons (Carro et a l ,  2000) which could also be a possible 

pathway to support BDNF transport from blood to brain. Alternatively, BDNF could potentially 

signal across the BBB in combination with some other unidentified exercise-induced co-factor. 

Conversely, Rasmussen and colleagues (2009) found evidence for a release of BDNF from the 

brain and suggested that the brain is a major but not sole contributor to the circulation of BDNF
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both at rest and during exercise. Efflux o f recombinant human BDNF labelled with ('^^1- 

BDNF) from brain to blood, as determined by the i.c.v. injection technique, has been shown to 

be associated with the reabsorption o f CSF by conventional bulk flow into the blood (Pan et ai, 

1998). In addition, a more recent study demonstrated an increase in internal jugular venous 

BDNF concentration following endurance training, supporting an enhanced release o f BDNF 

from the human brain (Seifert et ai, 2010). It has been speculated that exercise-induced 

increases in BDNF partially arise as a consequence of contracting muscle cells. However, an in 

vitro study confirmed that skeletal muscle can produce BDNF but this muscle-derived BDNF is 

not released into the circulation (Matthews et ai, 2009). Therefore, muscle-derived BDNF is 

unlikely to account for changes in circulating BDNF in plasma or serum. Serum BDNF is likely 

to reflect the amount o f BDNF stored in platelets, which has been sequestered from the 

circulation and is released during the clotting process (Fujimura et a i, 2002). Larger variations 

in plasma BDNF are often reported in the literature (Knaepen et ai, 2010) which supports a 

previous hypothesis (Lommatzsch et ai, 2005) that peripheral BDNF is stored, for the most 

part, in the blood platelets and varying concentrations are released from the platelets upon 

agonist stimulation (e.g. sheer stress possibly as a result of exercise) and circulate free in the 

blood plasma (Fujimura et a i, 2002). Thus, results from plasma BDNF analyses could be 

functionally more relevant than serum BDNF when examining a causal link between exercise 

and improved cognitive function in humans. Vascular endothelial cells have been found to 

release BDNF (Nakahashi et ai, 2000) and therefore, future studies should aim to isolate 

endothelial cells to examine their function as a possible source o f peripheral BDNF following 

acute exercise.

The present study is one of the first to assess the effects o f acute exercise on parallel 

measurements o f plasma and serum BDNF, along with the assessment o f cognitive function. 

This study demonstrates that acute-exercise of maximal and moderate intensity induces an 

increase in circulating plasma and serum BDNF, with a greater magnitude o f increase observed 

at maximal intensity. Thus, if  BDNF is a proposed mediator o f the effects o f acute exercise on 

cognitive performance, intensity would be expected to influence behavioural outcomes. 

However, maximal intensity exercise did not lead to a statistically significant improvement in 

cognitive enhancement, whereas moderate intensity exercise resulted in an enhancement in 

object scene recognition when the scene orientation was unchanged with respect to the 

observer. Maximal intensity exercise places maximal anaerobic demands on participants which 

may produce a fatigue state in participants (Tomporowski, 2003). Consequently, fatigue could 

be a factor that impinges on cognitive performance following an acute bout o f maximal 

intensity exercise or after exercise o f longer duration (Grego et a i, 2004) and may be an 

important factor to consider for future research. In a recent meta-analysis, it was reported that
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shorter exercise bouts negatively affected cognitive performance, but longer exercise bouts (>20 

minutes) had positive effects (Chang et al., 2012). Thus, it appears that the duration of exercise 

may be a critical factor and could account for the discrepancies in cognitive performance 

following maximal and moderate intensity exercise reported in the present study, as the exercise 

durations were different. Furthermore, although intelligence was not assessed, participants in 

this study were recruited from a university population, indicating a high level o f natural 

intelligence in those tested. Thus, it is possible that these participants performed at or near 

saturation level on some o f the cognitive tasks due to their intelligence levels. Future studies 

should address the association between exercise, IQ and cognitive performance to determine 

whether naturally intelligent individuals respond differently to various cognitive tasks compared 

with non-academic counterparts. In summary, these results provide evidence for a link between 

moderate acute-exercise and cognitive function and broadly replicate results from the acute 

exercise studies on rodents in chapter 3. Any increases in peripheral BDNF cannot, based on the 

data available, be translated to an increase in central BDNF. While further studies are 

necessary, these results tentatively show that plasma and/or serum BDNF could be a mediator 

between physical exercise and cognitive enhancement.
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Chapter 7

General discussion



CHAPTER 7

7.1 General discussion

Accumulating evidence from animal and human research over the past few decades has 

demonstrated that lifestyle factors such as exercise can enhance learning and memory, delay 

age-related cognitive decline and reduce the risk o f neurodegeneration. Much o f this research 

on animals has involved long-term exercise interventions that more frequently assess the effects 

of voluntary exercise. One o f the main objectives o f this thesis was to investigate the effect of a 

single acute bout o f forced exercise on two types o f memory in young healthy rats, as limited 

research exists on the effects o f exercise of such short duration. Object recognition is thought to 

be a critical component of human declarative memory and is often impaired in human patients 

affected by neurodegenerative diseases or who have suffered brain injury (Reed & Squire, 

1997; Lee et a l ,  2003). Spatial memory is particularly vulnerable to age-related decline in 

humans (Foster et al., 2012) and consequently, this can have an immense impact on the quality 

of life with advancing age. Therefore, it is important that researchers thoroughly investigate the 

ability of non-pharmacological interventions such as exercise to impact these types o f memory 

as it may be a simple yet valuable therapeutic strategy for combating the deleterious effect of 

disease and ageing on brain health and cognition, in addition to a strategy for enhancing and 

maintaining brain function in young healthy individuals.

it is well established that short bouts o f physical exercise can improve cognitive function in 

humans (Ferris el a l ,  2007; Winter et a l,  2007; Pontifex et a l ,  2009; Yanagisawa et a l ,  2010; 

Griffin et a l,  2011). These studies highlight the need to develop experimental protocols using 

animal models that more closely resemble the characteristics o f studies in humans in order to 

precisely elucidate the cellular mechanisms by which single acute bouts o f exercise modulate 

brain function. As yet, the duration o f exercise that is necessary and sufficient to observe 

cognitive improvements in humans or other animals is unclear based on current literature. 

Results from the present study support the recent literature in relation to the memory enhancing 

effects of exercise, with the novel finding that a single acute bout of forced exercise can induce 

cognitive improvements in healthy young male rats. A duration-response relationship was 

established between exercise duration and cognitive improvements, with noticeable 

improvements in task performance following as little as 30 minutes of moderate intensity 

exercise. However, more robust cognitive enhancing effects were observed after 1 hour of 

exercise, hence a 1 hour exercise protocol was used to assess the effects of acute exercise on 

cognitive function and the underlying mechanisms mediating these effects. Results from the 

cognitive battery suggests that varying the number of objects, the number o f training trials 

received and the time at which the animal is tested, can impact on the behavioural outcome.
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More cognitively challenging tasks, such as the 3-object variant of the NOR task with a 24 hour 

test delay, may be more aptly suited for examining the effects o f longer duration exercise o f one 

week (Griffin et a i, 2009), in contrast to the effects o f single bouts o f exercise. The 

mechanisms underlying exercise-induced cognitive improvements may be distinct following 

exercise o f varying duration, and merit further investigation. Furthermore, a ceiling effect is 

apparent on the OD task with a 30 minute test delay, whereas a 24 hour test delay renders the 

task too difficult even for exercised rats to learn. Collectively, these results have enabled us to 

develop a highly sensitive protocol for the evaluation of cognitive performance in rats following 

a single bout of exercise and demonstrate that more robust learning occurs when rats are trained 

and tested on the same day. Although the persistence o f exercise was not a primary objective of 

this thesis, these data suggest that the acute exercise-induced enhancements in learning and 

memory may be an immediate and short-lasting (<24 hr) effect. The cognitive improvements 

associated with exercise appear to be selective to specific tasks, as rats that were exercised for 

one week at different stages during the T-maze behavioural protocol showed no improvements 

on task performance. Both the control and exercised rats assessed in this study performed at a 

relatively high level from the onset o f the task, indicating that a ceiling effect may have been 

present on this task which allowed no room for improvement in task performance. It has been 

proposed that such tasks may be more useful in teasing out a difference in cognitive 

performance in the presence o f an insult or deficit where spatial learning deficits are apparent 

(Christie et a l, 2005; Gobbo & O'Mara, 2005; Albeck et a l, 2006). This result, in combination 

with other studies from our laboratory (O'Caliaghan et al., 2007; Griffin et a l, 2009), further 

suggest a dissociation between the effect of exercise on spatial and non-spatial learning and 

provides some evidence that young healthy rats may have an inherently superior spatial learning 

ability in comparison to other forms o f learning.

An understanding o f when exercise should be performed with respect to learning will help 

researchers and clinicians devise more suitable and beneficial training programmes for 

individuals and will help us gain a deeper understanding o f how exactly exercise-induced 

cognitive improvements affect the brain and memory formation. Results from this thesis 

strongly suggest that exercise must occur prior to learning to observe any beneficial effects on 

cognition. Thus, it is likely that exercise is priming learning and facilitating acquisition as 

exercise performed subsequent to task training resulted in no enhancement o f cognition. Long

term, regular, physical activity regimens are often difficult to adhere to given the typically 

hectic modern lifestyles and therefore, this demonstration that a relatively short amount of 

moderate intensity exercise can prime learning may have potential relevance and translatability 

to humans. Knowing that moderate intensity exercise can improve memory and that it should be 

performed prior to learning could be beneficial to promote work environments to optimise
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cognitive performance. For instance, in a learning environment students could benefit more if 

they engage in acute moderate intensity exercise prior to studying which may have implications 

for scholastic achievement. Some studies have addressed this issue in preadolescent children 

and have suggested that a single bout of moderately-intense aerobic exercise (i.e. walking) may 

improve cognitive control of attention (Hillman et al., 2009). Acute exercise may be a viable 

intervention to implement in schools or when studying, as an alternative to the use of 

pharmacological cognitive enhancers and furthermore, individuals could reap the physiological 

benefits of physical exercise on multiple body systems.

Attention deficit hyperactivity disorder (ADHD) is the most prevalent neuropsychiatric 

childhood disorder, affecting approximately 3-7% of children worldwide (Polanczyk et al., 

2007). This disorder is heritable and disabling, and is characterised by developmentally 

inappropriate levels of core cognitive and behavioural symptoms o f distractibility, 

hyperactivity, impulsivity, and inattention (Mohamed & Sahakian, 2012). Dysfunctions in 

catecholamine neurotransmission, specifically noradrenaline and dopamine pathways in the 

prefrontal cortex (Yang et a i,  2007) and structural abnormalities in fronto-striato-circuitry 

(Durston et al., 2003) have been implicated in ADHD. Previous studies in animals have 

indicated that acute exercise and training induces increased levels of noradrenaline, dopamine 

and serotonin in several brain areas including the prefrontal cortex, hippocampus and striatum 

(Hattori et a l, 1994; Meeusen & De Meirleir, 1995; Pagliari & Peyrin, 1995; Wilson & 

Marsden, 1995; Meeusen et a i, 1997; Gomez-Merino et al., 2001; Goekint et a l, 2012). In 

humans, acute bouts o f physical exercise have been shown to increase levels o f noradrenaline 

and dopamine and enhance learning and memory (Winter et a l, 2007). Physical exercise, in the 

form of a single bout o f short duration moderate intensity aerobic exercise, may be useful as an 

adjunctive or nonpharmacological replacement therapy in ADHD because the physiological 

effects o f physical activity influence the same catecholaminergic systems that psychostimulant 

medications for ADHD (e.g. methylphenidate) target (Tomporowski et al., 2008). A recent 

study demonstrated that both children with ADHD and healthy match control children exhibit 

overall enhancements in inhibitory control and allocation o f attentional resources, coupled with 

selective enhancement in stimulus classification and processing speed, following a single 20 

minute bout of moderate intensity aerobic exercise (Pontifex et a l, 2013). Furthermore, analysis 

revealed that both children with ADHD and healthy match control children exhibited exercise- 

induced improvements in the areas of reading comprehension and arithmetic compared with the 

seated rest condition. Thus, these results provide preliminary evidence that exercise has positive 

effects on children with ADHD and may have relevance for improving attention and 

maximising scholastic performance and in all children.
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Results from this thesis suggest that single bouts o f exercise affect specific underlying 

processes that support cognitive function. However, changes in the brain that are likely to 

underlie improvements induced by an acute bout o f exercise would have to occur within an 

extremely short time frame, since rats are trained in cognitive tasks 10 minutes after treadmill 

exercise. Such changes that could possibly fit with this short time frame include an increase in 

synaptic transmission and plasticity, an increase in physiological arousal, an increase in cerebral 

oxygenation, or a combination of these factors. However, this automatically excludes numerous 

mechanisms o f exercise-induced enhancements o f cognitive function including cellular and 

morphological changes such as angiogenesis, neurogenesis, synaptogenesis and spinogenesis.

BDNF has been implicated in learning and memory, synaptic transmission and plasticity, and 

neuronal connectivity (Schinder & Poo, 2000; Tyler et al., 2002; Bramham & Messaoudi, 2005) 

and is upregulated with exercise (Soya et al., 2007; Griffin et al., 2009), hence it seems 

plausible that this neurotrophin may be a potential mediator of these exercise-induced 

improvements in cognition. The current experiments have focused largely on the behavioural 

effects of acute exercise, and, in parallel, ERK activation following testing. An increase in the 

phosphorylation of ERK 2 in the dentate gyrus occurred following acute exercise and learning. 

No changes in ERK activation were observed in the hippocampus or perirhinal cortex and 

therefore, this finding may suggest that these exercise-induced improvements in learning and 

memory occur as a result o f specific signalling changes in the cells of the dentate gyrus. 

Although phosphorylation of TrkB was not examined in this study, ERK activation is a 

downstream effect o f TrkB signalling and may be indicative o f neurotrophin action. This novel 

finding is particularly interesting given the fact that ERK 2 is frequently reported in the 

literature to be crucial to memory function (English & Sweatt, 1996; Selcher et al., 2001; Satoh 

et al., 2007) and therefore, it may be a key effector molecule mediating the acute exercise- 

induced cognitive enhancements observed here. However, it cannot be discounted that other 

signalling pathways may be of critical importance in mediating the effects o f acute exercise. 

Furthermore, examining the immediate effects o f exercise revealed an increased KCl-stimulated 

release of BDNF in tissue slices o f the dentate gyrus, which suggests that exercise may be 

priming the release o f this neurotrophin. Activity-dependent secretion of BDNF has been found 

to potentiate synaptic transmission in glutamatergic synapses, by enhancing neurotransmitter 

release and membrane excitability (Schinder & Poo, 2000). At presynaptic sites, the binding of 

BDNF to TrkB facilitates small synaptic vesicle docking, which in turn potentiates 

neurotransmitter release and consequently leads to the facilitation of LTP in the postsynaptic 

neuron, along with a reduction in synaptic fatigue (Jovanovic et al., 2000; Bramham & 

Messaoudi, 2005). Although increases in BDNF mRNA have previously been reported after 

acute exercise (Huang et al., 2006; Soya et al., 2007; Rasmussen et al., 2009), no increase in
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expression of BDNF, or its receptor, was reported in this thesis. However, evidence suggests 

that BDNF recycHng can occur and replace newly synthesised BDNF secretion in mediating the 

maintenance o f LTP in hippocampal slices (Santi et a i ,  2006). In the context o f  the present 

study, this may indicate that recycling of available BDNF may help to maintain the size o f the 

activity-dependent releasable pool o f BDNF. Consequently, this may provide neurons with the 

capacity to re-use BDNF on a rapid timescale depending on demand, rather than relying on 

newly synthesised BDNF, thus facilitating synaptic transmission. These preliminary findings 

support a potential role for BDNF in the memory enhancement seen with acute exercise, but 

further work is evidently necessary to establish a direct causal link between BDNF and acute- 

exercise induced cognitive enhancements.

Naturally it is possible that the beneficial effects o f acute exercise on cognitive function are 

entirely BDNF-independent and may be mediated by alternative mechanisms. One proposed 

mechanism for an exercise-induced cognitive enhancement could be attributed to an increase in 

cerebral oxygenation, which provides the brain with an increase in oxygen and nutrient supply. 

A previous study in our laboratory assessed the effect o f exercise on blood fiow using bolus 

tracking arterial spin labelling analysis. Results from this study indicated a highly significant 

increase in regional cerebral blood volume to the hippocampus following an acute bout of 

exercise and one week of exercise, along with corresponding decreases in mean transit time 

(defined as the average time taken for a labelled particle to cross the vasculature) and capillary 

transit time (defined as the time taken for a labelled particle to diffuse at a region o f interest) 

compared with sedentary controls (pers. comm. Dr. Ranya Bechara, unpublished data). 

However, these changes were not observed in the cortex or whole brain following exercise. It is 

well established that increases in cerebral blood flow in response to cardiovascular exercise 

occur both acutely and persistently (Seifert & Secher, 2011) via mechanisms such as cerebral 

autoregulation, arterial carbon dioxide tension, and neuronal activation. Such mechanisms 

explain why exercise would cause an increase in total cerebral blood flow, but do not explain 

why an increase in cerebral blood flow was restricted to the hippocampus in the study 

performed in our laboratory. However, this finding is in agreement with studies reporting 

hippocampal specificity when investigating exercise-induced angiogenesis in rodents (Van der 

Borght et a l,  2009) and exercise-induced increases in cerebral blood volume associated with 

cognitive function in humans (Pereira et a i,  2007). Results from a previous study examining 

cerebral oxygenation during cognitive task performance at rest and during exercise revealed that 

premotor time in the cognitive task decreased during moderate intensity exercise (i.e. 60% 

V02peak) relative to rest (Ando et a l ,  2011). However, cerebral oxygenation during exercise at 

the same intensity was no different to that at rest, indicating that the improvement in cognitive 

function during moderate intensity exercise was independent of cerebral oxygenation. It should
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be noted, however, that the resuhs o f the cerebral oxygenation experiment relate only to the 

right frontal cortex and therefore, possible changes in cerebral oxygenation to the whole brain 

or specific regions of the brain cannot be dismissed.

An increase in arousal level induced by exercise has also been suggested to improve cognitive 

function (Tomporowski, 2003). As mentioned previously, exercise increases noradrenaline, 

serotonin, and dopamine (Hattori et al,  1994; Meeusen & De Meirleir, 1995; Pagliari & Peyrin, 

1995; Wilson & Marsden, 1995; Meeusen et al,  1997; Gomez-Merino et al., 2001; Goekint et 

al,  2012) and therefore, these brain neurotransmitters may be one of the candidates that affect 

arousal level. Further studies are required to shed light on the link between brain 

neurotransmitters and exercise-induced cognitive improvements. Hippocampal theta waves can 

be induced by running and have been linked to cognitive functions such as spatial memory 

performance (Buzsaki, 2005). These waves are strong oscillatory patterns that can be recorded 

prominently in the hippocampus during locomotor activity using electroencephalography (EEG) 

(Kuo et al,  2011). Hippocampal theta oscillations occur when populations of hippocampal 

neurons fire in synchrony at a frequency o f 6-12 Hz (Kuo et al, 2011), and have been observed 

to occur in states of alertness and exploration in the rat (Buzsaki, 2005). Moderate intensity 

treadmill running (13m.min ') has been reported to robustly induce theta activity in healthy 

young male rats (Kuo et al,  2011); however this theta activity stops upon the cessation of 

running. Theta rhythms could potentially serve as a possible mechanism for acute exercise- 

induced cognitive enhancements but one problem is that cognitive task training usually occurs 

10 minutes following exercise when theta activity has stopped. Direct evidence linking an 

enhancement in synchronous activity in the hippocampus with improvements in cognitive 

function is lacking and warrants further investigation.

Another proposed mechanism is the influence of an increased core temperature that 

accompanies physical exercise. Membrane fusion dynamics are temperature-dependent and 

therefore, neurotransmitter endo- and exocytosis at synaptic terminals can be affected by 

changes in temperature (Smith et al,  2008). Data from the present study clearly indicate that the 

independent effects of increased ambient temperature pose no benefit to the type o f learning 

assessed. This indicates that exercise and the associated rise in core temperature may need to 

occur simultaneously for an enhancement in cognitive function. Measurement o f brain 

temperature using thermistors implanted into the hippocampus or other brain structures may 

provide a more appropriate analysis o f the influence o f exercise on brain temperature and 

should be considered in future studies investigating this hypothesis.

SlOOp is a CNS-specific protein that is expressed constitutively by brain astrocytes and is a 

proposed peripheral marker of BBB permeability (Sendrowski et al,  2004). It has been
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suggested that exercise transiently increases the BBB in humans as demonstrated by post

exercise increases in serum S100|3 concentration (Watson et a i ,  2006). Furthermore, a post

exercise increase in extravasation o f Evans blue albumin into the brain of rats has also been 

observed (Sharma et a l ,  1991). Although no exercise-induced increases in peripheral BDNF 

were observed in the rat, results from the human study presented here indicated an increase in 

both plasma and serum BDNF following moderate and maximal intensity exercise. Therefore, 

this increased permeability could provide a means for BDNF to cross from the periphery to 

potential target areas o f the brain. There is evidence to support an influx of BDNF into the brain 

via a specific saturable transport system (Pan et a l ,  1998). However, this has been received 

with much scepticism (Sakane & Pardridge, 1997; Wu, 2005). The results from the NaFl study 

do not support this hypothesis as elevated levels o f this fluorescent marker, which is 

substantially smaller in size than mBDNF, was not detected in the brains o f rats that were 

subjected to either 1 hour o f exercise or high ambient temperature exposure. An alternative 

approach to this study could be to examine the release o f BDNF from the CNS to the periphery 

and may be achieved by injecting NaFl intracerebroventricularly and assessing its presence in 

both serum and plasma several minutes later. An interesting finding from the present study is 

that a single i.v. infusion o f BDNF improved memory when immediately followed by an acute 

bout of exercise, and is a finding that has been replicated in our laboratory (pers. comm. Dr. 

Ranya Bechara, unpublished data). Therefore, it is possible that BDNF is gaining access to the 

brain via mechanisms that have yet to be elucidated. Assessing the permeability o f the BBB to 

BDNF should ideally involve BDNF itself and could be achieved by tagging exogenous 

recombinant BDNF and tracing its location post-intravenous infusion in rodents. One possible 

method to examine whether BDNF can cross the BBB could be to biotinylate recombinant 

BDNF, inject it peripherally, and assess its presence in brain tissue with a particular emphasis 

on the hippocampal region, using standard immunohistochemical techniques. Similarly to the 

NaFl study, the ability o f BDNF to cross from the brain to the peripheral circulation could also 

be examined by injecting biotinylated BDNF intracerebroventricularly, and then assessing it in 

both plasma and serum.

It is likely that there are many pharmacological mechanisms that could be potential targets for 

drug development aimed at effectively reproducing the beneficial actions of exercise, when 

considering the multifactorial nature of the biochemical links between neurophysiology and 

physical exercise. Unravelling the link between interventions that enhance memory and the 

mechanisms by which they execute their effects is of significant importance and is a research 

area that is heavily supported by the pharmaceutical industry. Drugs that improve facets of 

cognition such as learning and memory could be hugely beneficial to those with impairments in 

cognition, such as individuals with traumatic brain injury or neurodegenerative diseases. To
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date, the majority o f studies examining the Hni<. between the enhancement o f neuronal function 

and physical exercise have focused on BDNF as a chemical translator and signalling target 

mediating the effects (Stranahan et al., 2009). Unfortunately, the ineffective delivery o f BDNF 

to the CNS has hampered its clinical potential (Nagahara & Tuszynski, 2011) and thus has 

encouraged the development of peptide mimetics of BDNF that can cross the BBB when 

administered peripherally. To this end, 7,8-DHF has recently been developed as a selective 

TrkB agonist that can successfully cross the BBB and enhance various forms of learning (Jang 

et al., 2010b; Andero et a/., 2011; Zeng et al., 2012). The specificity o f this compound makes it 

highly desirable from a therapeutic point o f view as activation o f p75^™ could have the adverse 

effect of stimulating cell death (Hempstead, 2002). To our knowledge, the experiments 

performed in chapter 5 were the first to examine the behavioural effects of 7,8-DHF in healthy 

young rats that were not subjected to any prior treatment and confirmed that this agonist, when 

administered prior to task training, can successfully improve both recognition and spatial 

memory on cognitively challenging tasks. Furthermore, this work supported previous studies by 

demonstrating that peripheral administration of 7,8-DHF leads to phosphorylation o f TrkB 

receptors in the hippocampus with the concomitant downstream activation o f ERK 1. ERK 1/2 

is a signalling protein crucial to synaptic plasticity and learning and memory (Davis & Laroche, 

2006) and therefore, 7,8-DHF may be mediating its effects on learning and memory by 

facilitating synaptic plasticity in the hippocampus via activation o f the Ras-MAPK signalling 

cascade. The results from this thesis encourage the development and testing o f natural products 

such as flavones and their derivatives as a therapeutic approach for enhancing learning and 

memory. Previous studies examining the effects o f 7,8-DHF on cognition have highlighted a 

potential application for this compound in the treatment of mild cognitive impairment (Zeng et 

al., 2012) and in reversing learning and extinction deficits associated with psychopathology 

(Andero et al., 2011). Such compounds could be used to improve cognitive functions, such as 

attention, learning, memory and planning in patients with impairments in cognition resulting 

from neuropsychiatric disorders such as Alzheimer’s disease, schizophrenia, mild cognitive 

impairment and ADHD or traumatic brain injury. Although small peptide mimetic molecules of 

growth factors may offer a promising therapeutic approach, there is concern that mimetics that 

are potent enough to demonstrate the biological efficacy o f full-length growth factors could 

induce some adverse effects and therefore, further research is evidently warranted.

Results from the human study support the current literature examining the positive effects of 

exercise on cognition but also provide further evidence with respect to the effects of acute 

exercise on peripheral BDNF. Moderate intensity exercise enhanced visual scene recognition, 

with an associated transient increase in both plasma and serum BDNF. This is one o f the first 

studies to report on the exercise-induced peripheral changes o f BDNF in both plasma and serum
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at two different exercise intensities. Tiiis result is supportive o f the findings from animal 

studies, where single acute bouts o f exercise were shown to enhance object recognition 

memory. However, when a spatial component was introduced into the recognition task, 

moderate exercise was unable to confer a learning advantage. Furthermore, no peripheral 

changes in BDNF were observed in rats in comparison with humans. This finding raises the 

question of the relevance and source o f increased peripheral BDNF in humans following acute 

exercise, and whether this increase reflects brain concentrations of BDNF. Evidence indicates 

that the brain contributes to BDNF in the systemic circulation, but is not a sole contributor 

during rest and exercise (Rasmussen et a l ,  2009) and therefore, other sources such as platelets 

and vascular endothelial cells should be examined in future studies to shed more light on this 

increase in BDNF that accompanies acute bouts o f exercise.

The scientific evidence demonstrating the beneficial effects o f exercise is indisputable, and this 

thesis has highlighted that a single bout of moderate intensity exercise is capable o f facilitating 

cognitive enhancements in humans and rodents. In rats, this exercise-induced enhancement in 

cognition was associated with ERK 2 phosphorylation in the dentate gyrus. Further research 

indicated an increase in the activity-dependent release o f BDNF from the dentate gyrus 

immediately following the cessation of exercise. Although we cannot make a direct link 

between BDNF, exercise and cognition based on the evidence presented here, it seems 

appropriate to suggest that BDNF-TrkB signalling may be playing a role in synaptic plasticity 

and effectively mediating these exercise-induced cognitive enhancements observed in this 

thesis. Further studies assessing BDNF in the periphery and CNS following acute exercise and 

cognitive testing are necessary to establish a more direct link. The effects o f temperature on 

cognitive performance was assessed as an alternative hypothesis, however, the results from this 

study ruled out a role for temperature in improving recognition memory either by potentially 

enhancing synaptic transmission or by providing a temporary induction of increased BBB 

permeability. The efficacy of a novel BDNF mimetic for enhancing non-spatial and spatial 

memory was confirmed and supported a role for the use o f 7,8-DHF as a therapeutic strategy to 

enhance cognitive function upon further testing. Finally, acute moderate intensity exercise 

enhanced object scene recognition in young sedentary men, an effect that was linked with an 

increase in the peripheral biomarker BDNF, which may be a key mechanism mediating the 

benefits of exercise on the brain. Collectively, this work suggests that acute physical exercise is 

a powerful intervention that could be used to augment or maintain cognitive function in young 

individuals and may also be beneficial throughout the lifespan.
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7.2 Future directions

This study provides strong evidence o f the cognitive enhancing effect o f acute single bouts of 

moderate intensity exercise, and supports a possible role for BDNF in this process. However, 

there are still some outstanding questions in the field and further studies are required to fully 

elucidate other potential mechanisms that may be influencing these exercise-induced memory 

improvements. Additional studies examining pharmacomimetics of exercise are also necessary 

to unravel the links between therapeutic compounds and their ability to translate the beneficial 

actions o f coordinated physical activity to neuronal health. This will help to develop more 

efficacious and tractable pathways to allow additional compounds to be developed that will 

potentially better mimic the beneficial effects o f exercise, particularly in circumstances where 

physical exercise would be inappropriate. Furthermore, a key area o f future research will be to 

refine animal studies investigating the effects of exercise-induced cognitive enhancements to 

increase their relevance and translatability to humans.

Are the effects o f  acute exercise likely to be mediated by an increased release o f  BDNF?

Activation o f TrkB receptors on BDNF binding results in phosphorylation of tyrosine residues 

in the cytoplasmic domain, which function as docking sites for adaptor molecules (Minichiello, 

2009) and leads to subsequent activation of downstream signalling cascades. A study examining 

the phosphorylation state of TrkB receptors would provide firmer evidence for a role of 

neurotrophins in mediating acute exercise-induced cognitive improvements. Alternatively, a 

nonspecific Trk receptor inhibitor (e.g. K252a) could be administered to assess if the cognitive 

enhancements seen with acute exercise are mediated through and dependent on TrkB 

phosphorylation.

How persistent are the effects o f  acute exercise?

Studies are largely concerned with the immediate effects on cognitive performance following 

exercise with very little research available that has investigated the persistence of the effects of 

exercise on the brain or behaviour. Although assessing the persistence of exercise was not a 

direct aim o f this thesis, results from chapter 3 suggest that a single acute bout of exercise may 

not be enough to cause an enhancement in cognitive function at a later time point. However, 

future studies examining the effects o f one week o f exercise or longer should factor this into the 

experimental design to evaluate how long the exercise-induced improvements persist after 

exercise has ceased. A previous study examined the persistent effects of voluntary exercise 

following four weeks o f voluntary wheel running and reported no enhancement in object 

recognition memory 2 weeks following exercise cessation (Hopkins et a l,  2011). Future studies 

could look at different time points and compare different exercise modalities. This study could
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also be done using both young and aged rats to compare any age-related differences in response 

to exercise. Human studies have generally reported increases in cognitive performance within 

30 minutes o f exercising (Tomporowski, 2003) and therefore, this investigation of the 

persistence of exercise could be extended to human studies too.

Are the acute effects o f  exercise a result o f  increased physiological arousal?

Most studies examining the effects o f acute exercise on humans report effects within 30 minutes 

of exercise (Ferris et a i ,  2007; Winter et al., 2007; Griffin et a l ,  2011), when effects on 

physiological arousal are still increased. Therefore, it is difficult to assess whether changes in 

cognitive function are due to mechanisms that are unique to exercise per se, or simply reflect 

differences due to generalised heightened arousal. Exercise is an arousing stressor that can lead 

to increased blood flow to the brain (Pereira et a l ,  2007), which could improve neural function 

simply by increasing oxygen and metabolic demands. However, it is unclear how exactly this 

could have an impact on improvements in cognition. Furthermore, evidence suggests that 

exercise-induced increases in circulating catecholamines might mediate these short-term 

cognitive improvements (Ferris et al., 2007; Winter et al., 2007) and implicates a role for the 

monoamine systems as a mechanistic explanation o f the effects of acute exercise on cognitive 

processes. An assessment o f catecholamines in plasma could be obtained from humans after 

exercise, as for obvious ethical reasons, determining concentrations of central catecholamines is 

not possible. In contrast, various rodent studies could be conducted to examine central 

catecholamine concentrations and the effect o f the monoamine systems following acute 

exercise. For example, the role o f the p-adrenergic system in the beneficial effects o f acute 

exercise on non-spatial and spatial memory could be evaluated by systemic administration of 

the P-adrenergic receptor antagonist’s propranolol and nadolol.

Does acute voluntary wheel running have the same effect on learning and memory as acute 

forced  treadmill exercise?

The existing literature suggests that these two forms o f exercise may be inherently different 

following longer duration physical exercise (Leasure & Jones, 2008). Given that a single acute 

bout o f forced exercise can lead to a cognitive enhancement, an interesting future study would 

be to investigate the effect o f short duration voluntary exercise as a cognitive enhancer, as this 

type o f exercise may be more reflective of the way animals, including humans, perform 

exercise. Furthermore, evidence in the literature suggests that these two forms of exercise can 

impose stress on rodents, which could be a confounding factor in some experiments. In the case 

o f treadmill exercise, stress could occur as a result of the treadmill itself and the mild shock 

system used to motivate rodents to run. In contrast, voluntary exercise could impose stress on 

rodents as a consequence of being singly-housed. A study could be conducted to compare the
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effects o f  voluntary and forced exercisc by testing singly-housed treadmill runners, singly- 

housed voluntary runners, group-housed treadm ill runners, group-housed voluntary runners and 

the corresponding controls and analysing corticosterone concentrations as a measure o f  stress. 

D ata could be used to elim inate potential confounds from future exercise studies, such as the 

influence o f  exercise m odality-induced stress or isolation-induced stress.

What is the time frame fo r  exercise-induced changes following an acute bout o f exercise and 

how are these changes mediated by exercise duration and intensity?

The tim ing o f  exercise-related events is crucial to understanding the mechanisms underlying the 

cognitive enhancing effects o f  acute exercise and should be tightly controlled for in future 

studies. An area o f  focus could be the application o f  dose-response studies with acute exercise 

to investigate the influence o f  both duration and exercise intensity on the induction o f  mRNA 

and protein levels o f  neurotrophins such as BDNF. This would help clarify some o f  the 

ambiguity surrounding the tim e-scale and sequence o f  potential transient events related to the 

effects o f  acute exercise and could easily be achieved by collecting blood and tissue samples at 

different time points post-exercise. Furthermore, studies should assess both plasm a and serum 

samples following exercise in rats. There is difficulty involved in obtaining plasma with 

minimal platelet lysis from rodents when plasm a is collected from trunk blood, compared to 

peripheral sam pling from humans and therefore, a cardiac puncture would be necessary to avoid 

this potential confound.
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X APPENDICES

A PPEN D IX  1: M edical questionnaire

D EPARTM ENT OF PH Y SIO LO G Y , TRINITY CO LLEG E, DUBLIN. 

MEDICAL QUESTIONNAIRE

Project Title: The effects o f  moderate and high intensity exercise on cognitive function in 
hum an subjects.

Supervising Researcher: Dr. Aine Kelly

Principal Investigators: Katie Gilligan, Suzanne M e Creddin

M edical Personnel/Physician:
The purpose o f  this survey is to keep a record o f  all subject/participant personal, m edical and 
general health details for later com parison and data analysis. It is also essential to ensure any 
unnecessary risk or injury is avoided to all involved in the human experim ental research. Please 
com plete all o f  the personal information at the top o f  this page and answ er all o f  the questions 
accurately. All inform ation provided will be kept confidential as possible.

Subject Name: Date:

Height: Body mass:

Gender: D.O.B.: Age:

Contact Telephone Numbers:

Email:

GP Name:

GP Address:

Please circle the appropriate answer and provide details in all cases.
1. A re you a smoker? YES NO

2. Do you suffer from asthma? YES NO

3. Do you drink alcohol? YES NO

4. Do you drink tea/coffee? YES NO

5. Do you drink Coke/Pepsi etc? YES NO

6. Are you a diabetic? YES NO

7. Are you lactose intolerant? YES NO

8. Have you ever had any recent injuries (broken bones, ligament damage)?
YES NO
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9. Does your family have a history o f  stroke and/or heart disease?
YES NO

10. Do you have any allergies? YES NO

11. Do you have any other m edical/health related complaints that should be made 
aware to the investigators? (Back problems, muscle weakness, jo in t problems, 
heart abnorm alities, eye problems, balance disorders) YES NO

12. Do you perform any regular physical activity? YES NO
If YES, please indicate type, duration and frequency.

13. Are you currently taking any prescribed m edication? YES NO
If YES, please indicate which drugs, and reasons for prescription.

14. Are you currently taking any dietary supplem ents (vitamins, iron, proteins)?
YES NO

If YES, please indicate which supplem ents, and why.

Please sign and date this survey below if  the answers you have given are, to the best o f  your 
knowledge, true and correct. If you are unsure o f  any questions or have any information you 
think may be important, but not specifically addressed by these questions, please make it known 
to the principal investigator o f  the study.

Signature o f  Subject:___________________________________________________________Date:

Signature o f  Supervising Researcher:___________________________________________ Date:

Signature o f  Principal Investigator:_____________________________________________ Date:

Following com pletion o f  this survey and a physical assessment o f  the above listed volunteer, I 
concluded that there are no contraindications evident to exclude participation in this study and 
according to the study proposal which has received appropriate ethical approval from the 
Faculty o f  Health Science Research Ethics Com m ittee 1 deem this volunteer suitable for 
participation

Signature o f  Physician:________________________________________________________ Date:
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APPENDIX 2: Participant information leaflet

PARTICIPANT INFORMATION LEAFLET
1. TITLE OF STUDY:
The effects o f moderate and high intensity exercise on cognitive function in human subjects.

2. NAME OF RESEARCHERS:
• Miss Katie Gilligan (Student Investigator)
• Miss Suzanne McCreddin (Supervisor- PhD student)
• Dr. Aine Kelly (Supervisor - Senior Lecturer, Department of Physiology)

3. INTRODUCTION:
Overview
The benefits that physical activity confers on general health are well known, but recent research 
has shown that exercise may also be good for the brain. Learning and memory are two 
processes that are fundamental for humans to adapt and survive in their environment. It is well 
known that these processes decline with age and are affected by diseases such as Alzheimer’s 
disease and dementia, however, exercise can slow the progression of dementia-related brain 
symptoms. To date, many studies have looked at the effect of acute exercise but few o f these 
studies illustrate how moderate exercise can affect cognitive function and how this could be 
age-related.

Aim
The aim of this research is to investigate whether moderate exercise can enhance learning and 
memory in a manner similar to that shown by maximal exercise. We aim to examine whether 
improvements in memory are associated with changes in circulating growth factor 
concentrations.

4. PROCEDURES:
Inclusion criteria
You can participate in this study i f  the fo llow ing are true:

■ Healthy male aged 18 to 25 years.
■ Non smoker
■ Sedentary (< 1 bout of exercise per week for past 6 months).
■ No physical limitations due to spinal injuries or back problems.
■ Full pain free movements o f ankle, knee and hip joints
■ You do not meet any o f the exclusion criteria listed below.

Subjects in each age category will be recruited into 2 groups; the exercise group or the control 
group. All subjects will attend 3 laboratory sessions.

Session 1: Participants will complete an informed consent form after a Q&A discussion. 
Following this, a medical questionnaire will be given for completion. A medical examination 
including blood letting will be carried out on each participant by a medical practitioner. If 
approved as suitable for the study participants will complete a series o f three memory tests. 
Those not approved will be excluded from the study and their G.P. will be contacted with any 
highlighted medical complaints. The total duration o f the visit should last approximately 1 hour.

Session 2: Participants will perform a fitness test on a stationary bicycle. Measurements of 
participants’ height, weight and BMl will be taken. Expired air will be measured via a breath- 
by-breath system and heart rate and blood pressure will be monitored. Blood samples will be 
taken pre- and post- exercise. Participants will complete three memory tasks before and after 
exercise. The total duration o f this visit will be approximately Ihour 30 minutes.
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Session 3: This session will differ for exercise and control groups. The exercise groups will 
partake in 30 minutes o f moderate exercise on the stationary bicycle, with a 5 minute warm-up 
and 5 minute cool-down period, where the subjects are cycling at 60% o f their maximum fitness 
level. Heart rate and blood pressure will be monitored. Blood samples will be taken pre- and 
post-exercise. In addition, subjects will perform 3 memory tasks before and after exercise. The 
control group will rest for 40 minutes between bouts o f cognitive testing and blood sample 
acquisition.

5. BENEFITS:
The benefits include assisting a research group in developing a deeper understanding o f the 
impact o f exercise on learning and memory. Upon completion you may request a copy o f your 
personal performance data in the exercise trials which will provide an indication o f your current 
fitness level and your ability to perform standard gym based exercises. This information may 
assist you in achieving personal goals in relation to fitness.

6. RISKS:
There are few risks associated with the exercise testing used during this study, which are 
standard procedures carried out in a number o f laboratories worldwide. Risks are involved in 
the use of exercise equipment. These include falling, losing footing, catching loose clothing in 
the device etc. However, all bikes have an in built safety mechanism that halt operation in case 
o f certain unforseen circumstances such as a fall. All subjects will be educated on exercise 
equipment use prior to testing and will be supervised at all times. There have been no previous 
incidences of injury from exercise equipment use in our lab.

To minimise risks associated with extremes o f exercise, a medical assessment will be performed 
prior to participation in the study and subjects will be monitored closely during all experiments 
to ensure their safety and well being. Risks in this case are associated with increased blood 
pressure and flow, particularly in unaccustomed subjects. So far in our laboratory there have 
been no incidences of injury associated with the above risks.

Blood sampling may make some volunteers feel uneasy, or prove painful for some. Some 
participants may experience slight bruising or discomfort around the sampling area. In very rare 
cases (0.1%) this procedure may lead to haematoma, infection or bruising, all o f which are 
highly treatable. There is no history o f serious incidents related to bloodletting in our lab.

The cognitive tests to be used are simple learning and memory tests that do not pose any risks.

If subjects feel any discomfort either during or after any experimental procedures, they are 
encouraged to notify a member o f the research staff immediately at the time, or in the unlikely 
event, after hours by phone to the lead investigator.

7. EXCLUSION FROM PARTICIPATION:
You cannot participate in this study i f  any o f  the following are true:

■ Outside the designated age parameters.
■ Diabetic.
■ Anaemic.
■ Taking prescribed medication.

Have a history of:
■ Heart murmurs.
■ Chest pain.
■ High blood pressure.
■ Shortness o f breath
■ Asthma.
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■ Dizziness.
■ Fainting.
■ Joint pains.
■ Suffering from injury to the abdominal region or low er extrem ities
■ Spinal injury or suffer from lower back pain.

Participants will be excluded if  they fail to satisfy the inclusion criteria. If at any stage the 
investigators or medical staff considers that a participant is not able to com plete the study they 
will be withdrawn without hesitation.

8. CONFIDENTIALITY:
Your identity will rem ain confidential. Your name will not be published or disclosed to anyone 
outside the study group. M edical records o f  volunteers are confidential and will only be
reviewed by the medical physician. All data will be stored securely w ithin the departm ent for a
period o f  five years. If any data from this study is subm itted to scientific journals for 
publication, your confidentiality and anonymity will not be com prom ised.

9. COMPENSATION:
This study is covered by standard institutional indem nity insurance. N othing in this document 
restrains or curtails your rights.

10. VOLUNTARY PARTICIPATION:
After agreeing to take part in this study, you can w ithdraw  at any time. In the event that this 
happens, you will not be penalised and will not give up any benefits that you had before 
entering the study.

11. STOPPING THE STUDY:
You understand that the investigators may w ithdraw  your participation in the study at any time 
without your consent.

12. PERMISSION:
Prior to com m encing this study, ethical approval has been sought and approved from the 
Faculty o f  Health Science Research Ethics Com m ittee, Trinity College Dublin.

13. FURTHER INFORMATION;
In the light o f  any queries relating to the study or your participation in the study, please contact 
the following student investigators,

• Miss Katie Gilligan at 087 7676727, gilligk@ tcd.ie
• Miss Suzanne Me Creddin 087 9577848, m ccredds@ tcd.ie

You can also get more information or answ ers to your questions about the study, your 
participation in the study, and your rights, from Dr. A ine Kelly who can be telephoned at 01 
896 3794.
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APPENDIX 3: Informed consent form

INFORMED CONSENT FORM 

PROJECT TITLE:
The effects o f moderate and high intensity exercise on cognitive function in human subjects.

PRINCIPAL INVESTIGATORS:
• Miss Katie Gilligan (Student Investigator)
• Miss Suzanne McCreddin (Supervisor- PhD student)
• Dr. Aine Kelly (Supervisor - Senior Lecturer, Department of Physiology)

BACKGROUND:

The benefits that physical activity confers on general health are well known, but recent research 
has shown that exercise may also be good for the brain. Learning and memory are two 
processes that are fundamental for humans to adapt and survive in their environment. It is well 
known that these processes decline with age and are affected by diseases such as Alzheimer’s 
disease and dementia, however, exercise can slow the progression of dementia-related brain 
symptoms. To date, many studies have looked at the effect of acute exercise but few o f these 
studies illustrate how moderate exercise can affect cognitive function.

PROCEDURES:

Young sedentary male participants (n=40, age 18 to 25) will be recruited and divided into 
exercise and control groups. All subjects will attend 3 laboratory sessions.

First session: All subjects will complete this consent form after a Q&A discussion. Subjects 
will proceed with the study only after completion o f this consent. Following this, a medical 
examination will be conducted. A blood sample will be taken by a medical practitioner. If 
subjects are not approved for health reasons, contact with their G.P. will be made. Suitable 
candidates will complete a series o f three learning and memory tests on visit one.

Second session: The second visit will be at least seven days after informed consent has been 
obtained. Participants will perform a standard exercise to exhaustion test on an exercise bike to 
assess physical fitness. Measurements of participants’ height, weight and BMI will be taken. 
Expired air will be measured via a breath-by-breath system; heart rate and blood pressure by 
their appropriate apparatus. Blood sampling and three learning and memory tests will be carried 
out pre- and post-exercise. The total duration o f this visit will be approximately Ihour 30 
minutes.

Third session: Exercise groups will partake in 30 minutes of moderate exercise on an exercise 
bike, working at 60% o f their maximal fitness level, with a 5 minute warm-up and 5 minute 
cool-down period. Heart rate and blood pressure will be monitored throughout the exercise. 
Blood samples will be taken and three learning and memory tests will be carried out pre- and 
post-exercise. Control groups will rest for 40 minutes between bouts of cognitive testing and 
blood sample acquisition.
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DATA:
Data collected as a result o f  this project may be kept after the project has finished as input into 
later projects. It is also requested that if  we have any findings that could be published, that your 
data is published. Personal inform ation will not be included in any data used for publication.

DECLARATION:
I have read, or had read to me, the inform ation leaflet for this project and 1 understand the 
contents. 1 have had the opportunity to ask questions concerning any and all aspects o f  the study 
and any procedures involved and all my questions have been answered to my satisfaction. 1 
freely and voluntarily agree to be part o f  this research study, though w ithout prejudice to my 
legal and ethical rights. Confidentiality o f  records concerning my involvement in this study will 
be maintained in an appropriate manner. 1 understand that I may w ithdraw  from the study at 
any time and I have received a copy o f  this agreement. 1 consent for any medical abnorm alities 
uncovered during medical screening to be disclosed to my designated GP.

After reading the entire consent form, if  you have no further questions about giving consent, 
please sign where indicated.

PARTICIPANT'S NAME: ................................................................................................

CONTACT DETAILS: ................................................................................................

PARTICIPANT'S SIGNATURE: ................................................................................................

D A T E :.................................................

STATEMENT OF INVESTIGATOR’S RESPONSIBILTY:
I have explained the nature and purpose o f  this research study, the procedures to be undertaken 
and any risks that may be involved. 1 have offered to answ er any questions and fully answered 
such questions. I believe that the participant understands my explanation and has freely given 
informed consent.

INVESTIGATOR’S SIGNATURE:..................................................................................................

D A T E :....................................................
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APPENDIX 4: IPAQ long form

INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE
(October 2002)

LONG LAST 7 DAYS SELF-ADMINISTERED FORMAT

FOR USE WITH YOUNG AND MIDDLE-AGED ADULTS (15-69 
YEARS)

The International Physical Activity Questionnaires (IPAQ) comprises a set of 4 questionnaires. 
Long (5 activity domains asked independently) and short (4 generic items) versions for use by 
either telephone or self-administered methods are available. The purpose of the questionnaires 
is to provide common instruments that can be used to obtain internationally comparable data on 
health-related physical activity.

Background on IPAQ
The development of an international measure for physical activity commenced in Geneva in 
1998 and was followed by extensive reliability and validity testing undertaken across 12 
countries (14 sites) during 2000. The final results suggest that these measures have acceptable 
measurement properties for use in many settings and in different languages, and are suitable for 
national population-based prevalence studies of participation in physical activity.

Using IPAQ
Use o f the IPAQ instruments for monitoring and research purposes is encouraged. It is 
recommended that no changes be made to the order or wording o f the questions as this will 
affect the psychometric properties of the instruments.

Translation from  English and Cultural Adaptation
Translation from English is encouraged to facilitate worldwide use o f IPAQ. Information on the 
availability o f IPAQ in different languages can be obtained at www.ipaq.ki.se. If a new 
translation is undertaken we highly recommend using the prescribed back translation methods 
available on the IPAQ website. If possible please consider making your translated version of 
IPAQ available to others by contributing it to the IPAQ website. Further details on translation 
and cultural adaptation can be downloaded from the website.

FURTHER DEVELOPMENTS OF IPAQ
International collaboration on IPAQ is on-going and an International Physical Activity 
Prevalence Study is in progress. For further information see the IPAQ website.

M ore Inform ation
More detailed information on the IPAQ process and the research methods used in the 
development o f IPAQ instruments is available at www.ipaq.ki.se and Booth, M.L. (2000). 
Assessment o f  Physical Activity: An International Perspective. Research Quarterly for Exercise 
and Sport, 71 (2): si 14-20. Other scientific publications and presentations on the use o f IPAQ 
are summarized on the website.
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INTERNATIONAL PHYSICAL ACTIVITY QUESTIONNAIRE

We are interested in finding out about the icinds o f physical activities that people do as part of 
their everyday lives. The questions will ask you about the time you spent being physically 
active in the last 7 days. Please answer each question even if you do not consider yourself to be 
an active person. Please think about the activities you do at work, as part o f your house and yard 
work, to get from place to place, and in your spare time for recreation, exercise or sport.

Think about all the vigorous and moderate activities that you did in the last 7 days. Vigorous 
physical activities refer to activities that take hard physical effort and make you breathe much 
harder than normal. Moderate activities refer to activities that take moderate physical effort and 
make you breathe somewhat harder than normal.

PART 1: JOB-RELA TED PHYSICAL ACTIVITY

The first section is about your work. This includes paid jobs, farming, volunteer work, course 
work, and any other unpaid work that you did outside your hom.e. Do not include unpaid work 
you might do around your home, like housework, yard work, general maintenance, and caring 
for your family. These are asked in Part 3.

1. Do you currently have a job or do any unpaid work outside your home? 

^ ^  Yes

I [ No Skip to P A R T 2: TRANSPORTATION

The next questions are about all the physical activity you did in the last 7 days as part o f your 
paid or unpaid work. This does not include travelling to and from work.

2. During the last 7 days, on how many days did you do vigorous physical activities like 
heavy lifting, digging, heavy construction, or climbing up stairs as part of your work? 
Think about only those physical activities that you did for at least 10 minutes at a time.

  Days per week

□  No vigorous job-related physical activity Skip to question 4

3. How much time did you usually spend on one of those days doing vigorous physical 
activities as part o f your work?

Hours per day 

Minutes per day

4. Again, think about only those physical activities that you did for at least 10 minutes at a 
time. During the last 7 days, on how many days did you do moderate physical activities 
like carrying light loads as part of your work? Please do not include walking.

Days per week
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No moderate job-related physical activity Skip to question 6

5. How much time did you usually spend on one of those days doing moderate physical 
activities as part o f your work?

  Hours per day

  Minutes per day

6. During the last 7 days, on how many days did you walk for at least 10 minutes at a
time as part of your work? Please do not count any walking you did to travel to or from
work.

  Days per week

I I No job-related walking Skip to P A R T 2: TRANSPORTATION

1. How much time did you usually spend on one o f those days walking as part of your 
work?

  Hours per day

  Minutes per day

PART 2: TRANSPORTATION PHYSICAL ACTIVITY

These questions are about how you travelled from place to place, including to places like work, 

stores, movies, and so on.

8. During the last 7 days, on how many days did you travel in a motor vehicle like a 
train, bus, car, or tram?

Days per week

I I No travelling in a motor vehicle Skip to question 10

9. How much time did you usually spend on one o f those days travelling in a train, bus, 
car, tram, or other kind of motor vehicle?

  Hours per day

  Minutes per day

Now think only about the bicycling and walking you might have done to travel to and from
work, to do errands, or to go from place to place.

10. During the last 7 days, on how many days did you bicycle for at least 10 minutes at a
time to go from place to place?
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Days per week

No bicycling from place to place Skip to question 12

How much tim e did you usually spend on one o f  those days to bicycle from place to
place?

Hours per day 

M inutes per day

12. During the last 7 days, on how many days did you w alk  for at least 10 m inutes at a 
time to go from place to place?

  Days per week

13. How much time did you usually spend on one o f  those days walking from place to 

place?

  Hours per day

  M inutes per day

PART3: HOUSEWORK, HOUSE MAINTENANCE, AND CARING FOR FAMILY

This section is about some o f  the physical activities you m ight have done in the last 7 days in 

and around your home, like housework, gardening, yard work, general m aintenance work, and 

caring for your family.

14. Think about only those physical activities that you did for at least 10 minutes at a time. 
During the last 7 days, on how many days did you do vigorous physical activities like 
heavy lifting, chopping wood, shovelling snow, or digging in the garden or yard?

No walking from place to place Skip to PART 3:
HOUSEWORK, HOUSE 
MAINTENANCE, AND 
CARING FOR FAMIL Y

Days per week

No vigorous activity in garden or yard Skip to question 16
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15. How much time did you usually spend on one of those days doing vigorous physical 
activities in the garden or yard?

  Hours per day

  Minutes per day

16. Again, think about only those physical activities that you did for at least 10 minutes at a 
time. During the last 7 days, on how many days did you do moderate activities like 
carrying light loads, sweeping, washing windows, and raking in the garden or yard?

  Days per week

I I No moderate activity in garden or yard ■" Skip to question 18

17. How much time did you usually spend on one o f those days doing moderate physical 
activities in the garden or yard?

  Hours per day

  Minutes per day

18. Once again, think about only those physical activities that you did for at least 10 
minutes at a time. During the last 7 days, on how many days did you do moderate activities 
like carrying light loads, washing windows, scrubbing floors and sweeping inside your 
home?

Days per week

Skip to PART 4:
RECREA TION, SPORT  
AND LEISURE-TIME  
PHYSICAL ACTIVITY

19. How much time did you usually spend on one of those days doing moderate physical 
activities inside your home?

  Hours per day

  Minutes per day

PART 4: RECREA TION, SPORT, AND LEISURE-TIME PHYSICAL ACTIVITY

This section is about all the physical activities that you did in the last 7 days solely for 
recreation, sport, exercise or leisure. Please do not include any activities you have already 
mentioned.

[ I No moderate activity inside home
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20. Not counting any walicing you have already mentioned, during the last 7 days, on how 
many days did you walk for at least 10 minutes at a time in your leisure time?

Days per week

[ I No walking in leisure time Skip to question 22

21. How much time did you usually spend on one o f those days walking in your leisure 
time?

Hours per day 

Minutes per day

22. Think about only those physical activities that you did for at least 10 minutes at a time. 
During the last 7 days, on how many days did you do vigorous physical activities like 
aerobics, running, fast bicycling, or fast swimming in your leisure time?

Days per week

I I No vigorous activity in leisure time Skip to question 24

23. How much time did you usually spend on one o f those days doing vigorous physical 
activities in your leisure time?

Hours per day 

Minutes per day

24. Again, think about only those physical activities that you did for at least 10 minutes at a 
time. During the last 7 days, on how many days did you do moderate physical activities 
like bicycling at a regular pace, swimming at a regular pace, and doubles tennis in your 
leisure time?

Days per week

No moderate activity in leisure time Skip to PART 5: TIME
SPENT SITTING

25. How much time did you usually spend on one of those days doing moderate physical 
activities in your leisure time?

  Hours per day

  Minutes per day
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PART 5: TIME SPENT SITTING

The last questions are about the time you spend sitting w hile at work, at home, while doing 
course work and during leisure time. This may include tim e spent sitting at a desk, visiting 
friends, reading or sitting or lying down to watch television. Do not include any time spent 
sitting in a m otor vehicle that you have already told me about.

26. During the last 7 days, how much time did you usually spend sitting on a weekday?

  Hours per day

  M inutes per day

27. During the last 7 days, how much time did you usually spend sitting on a weekend  
day?

  Hours per day

  M inutes per day

This is the end o f the questionnaire, thank you for participating.
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