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I Summary

Environmental manipulations can enhance neuroplasticity in the brain, with enrichment-
induced cognitive improvements being linked to increased expression of growth factors,
such as neurotrophins, and enhanced hippocampal neurogenesis. Environmental
enrichment can ameliorate the memory decline reported in normal ageing and in animal
models of Alzheimer’s disease, Huntington’s disease and depression. Thus, this may be a
particularly beneficial therapeutic intervention against age-related cognitive decline.
Environmental enrichment is defined as the addition of social, physical and somatosensory
stimulation into an animal’s environment via larger group housing, extra objects and often,
running wheels. Previous studies from our lab report that physical activity alone is a potent
memory enhancer but that long-term environmental stimulation can be as effective as
exercise at ameliorating age-related memory decline. Therefore, it is crucial to dissociate
the different factors of environmental enrichment, and to elucidate the associated
neurochemical mechanisms. The aim of this study is to evaluate the efficacy of
environmental enrichment, in the absence of exercise, as a cognitive enhancer and assess
the underlying mechanisms involved, with particular focus upon the roles of neurotrophins

and neurogenesis in mediating this effect.

To assess the minimum period of environmental enrichment necessary to elicit an
improvement in hippocampal-dependent memory, male Wistar rats were housed in
standard (SH) or environmentally enriched (EE) housing for two, three and six weeks.
Following this, rats’ recognition memory was tested using the Novel Object Recognition
(NOR) task.To measure the effect of environmental enrichment on additional forms of
memory, spatial (using the Object Displacement [OD] task) and working memory (using
the T maze task) of 6 week EE rats was also tested. 3 week and 6 week EE rats displayed
improved recognition memory and 6 week EE rats also displayed improved spatial and
working memory. Neurochemical analyses revealed a significant increase in BNGF and
cell proliferation (as measured by BrdU+ nuclei) in the dentate gyrus of 6 week EE rats,
and further analysis revealed a significant positive correlation between NOR task
performance and both PNGF and BrdU+ nuclei, suggesting that they may mediate the
enrichment-induced memory improvements. In addition, 6 week EE rats showed a
significant increase in synaptophysin and synapsin I in the dentate gyrus, indicating that

environmental enrichment can enhance synaptic plasticity.

To further analyse the effect that BNGF might play in enhancing memory function, male
Wistar rats were given a single intracerebroventricular infusion or, in some
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experiments,infused chronically (42 days) with BNGF. All BNGF-infused rats displayed
significantly improved recognition memory, as measured using the 3 object NOR task.
Chronic BNGF-infused rats displayed a significant increase in BNGF, TrkA and synapsin |
in the hippocampus and a parallel increase in ERK phosphorylation when compared with
controls, suggesting a learning-induced activation of the MAPKinase pathway. Chronic
BNGF-infused rats also showed an increase in cell proliferation in the dentate gyrus,

suggesting that BNGF can enhance hippocampal neurogenesis.

To assess the neuroprotective effect of environmental enrichment, in the absence of
exercise, rats were housed in continuous enriched conditions for approximately 20 months
and their memory was assessed at young age, prior to their housing, middle age and old
age using the two object and three object NOR task, OD task, Morris water maze and T
maze task. Rats were also scanned in a 7T Bruker MRI scanner at young, middle age and
old age to assess regional changes in grey matter (using Voxel-Based Morphometry) and
blood flow (using bolus-tracking Arterial Spin Labelling) with age, and the effect
environmental enrichment may have upon these measures. There was an age-related
decline in recognition, spatial and working memory which is prevented with environmental
enrichment. Neurochemical analysis revealed an age-related reduction in BNGF and VEGF
in hippocampus, and cell proliferation in the dentate gyrus, that is prevented by
environmental enrichment. Furthermore, environmental enrichment attenuated the age-
related increase in apoptosis and the pro-inflammatory markers IL-1 and CD68. Long-
term environmental enrichment also induced increases in grey matter intensity in the S1

cortex and partially rescued the age-related reduction in cerebral blood flow.

Taken together, the data in this study provide clear and powerful evidence that
environmental enrichment can induce memory improvements in young rats, and can
prevent age-related memory loss. We consistently demonstrate that these memory
improvements are associated with upregulation of BNGF and hippocampal neurogenesis in
both the long-term and short-term. This study also demonstrates that environmental
enrichment can ameliorate many features typical of the ageing brain, such as increases in
apoptosis and pro-inflammatory markers.  Furthermore, we provide novel data on
enrichment-induced regional grey matter increases and age-related alterations in blood

flow in the rat.
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Chapter 1: Introduction

1.1 General Introduction

Understanding the process of neuroplasticity in the brain is fundamental to furthering
knowledge about how learning takes place and memories are formed. The groundbreaking
proposal that plasticity is experience dependent and that this process can be demonstrated
to occur at a cellular level (Bliss and Lomo, 1973) has provided the basis for research into
the cellular mechanisms behind learning that are still crucial in neuroscience to this day.
This framework also influenced the early research into whether external environmental
stimulation could be used as an experimental manipulation to induce behavioural
improvements. Since that time this kind of stimulation has been defined as environmental
enrichment and has been used experimentally to induce cognitive improvements, modulate
the expression of growth factors, such as neurotrophins, and enhance neurogenesis
(Rosenzweig and Bennett, 1996, van Praag et al., 2000). Recent data on lifestyle trends in
the U.S. show that most people spend twice as much time watching television as
participating in cognitive stimulating activities such as reading or socialising and only 6%
of their leisure time exercising (U.S. Bureau of Labor Statistics, 2011). Given the impact
that a cognitively and physically active lifestyle can have on the health of the mind and
body, a lack of stimulation may be causing detrimental effects in the general population
impacting on future mental health. Furthermore, both cognitive and social stimulation are
crucial for normal development in childhood: additional cognitive stimulation for children
from lower socioeconomic backgrounds, at home or in a preschool setting, can
significantly improve their academic achievements (Gray and Klaus, 1965, Crosnoe et al.,

2010).

Environmental enrichment has also been shown to be protective against the normal decline
in memory functioning associated with ageing and against a number of different
neurological and psychological pathologies, such as depression, Huntington’s disease and
Alzheimer’s disease in both humans and animal models (Mora ef al., 2007, Laviola et al.,
2008, Brenes et al., 2009, Nithianantharajah and Hannan, 2011). This shows that
environmental enrichment has the ability to play a therapeutic role in a health system that
is becoming increasingly burdened by an ageing population and associated age-related

cognitive diseases for which, to date, there are no highly effective treatments or cure



(Fratiglioni et al., 2004). In addition to this, if the mechanisms underlying the cognitive
enhancement or neuroprotective effects of environmental enrichment are elucidated, these
mechanisms have the potential to become molecular targets to enhance the current

treatment of these neurological conditions.

Environmental enrichment has been classically defined as “a combination of complex
inanimate and social stimulation” (Rosenzweig et al., 1978), with many experiments also
including running wheels in their enrichment protocol. This is a very broad definition and
has led to a difficulty in understanding the exact component of an enriched environment
that can induce cognitive improvements; hence there are many theories suggesting that it is
the combination of all of these factors that is the key aspect. Exercise alone however, can
induce cognitive improvements via similar neurochemical and neuroplastic changes to
those that have been demonstrated in enrichment experiments (O'Callaghan et al., 2007,
Griffin et al., 2009). This research is therefore focused on distinguishing whether cognitive
stimulation without the inclusion of physical stimulation can bring about similar cognitive
improvements via similar mechanisms to those seen in enrichment protocols that include
physical exercise. Following this, this research will focus upon long-term environmental
enrichment in the absence of exercise and whether it can have a neuroprotective effect on
age-related cognitive decline in healthy ageing rats, and what changes this enrichment may

have on the brain structure, function and neurochemistry.

1.2 Hippocampus and Associated Structures

The association between the hippocampus and memory function was initially documented
after a bilateral temporal lobe resection surgery was carried out by William Schoville on
Henry Gustav Molaison, better known as H. M., a patient with severe localised epileptic
seizures, in 1953. In this surgery two thirds of his hippocampal formation,
parahippocampal gyrus and the amygdala along with his entire entorhinal cortex were
destroyed. After the surgery H. M. was left with a dramatic loss in memory function
characterised by a specific deficit in his ability to store new short-term memories into long-
term memory (Schoville and Milner, 1957). This meant that whilst he was still able to
remember information from past events, he could not recognise new people or places
(anterograde amnesia). Further case studies have shown that patients with lesioning to the
limbic association areas of the temporal lobe have similar memory deficits to those

reported by H. M (Zola-Morgan et al., 1986, Victor and Agamanolis, 1990). This gave
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researchers new insight into the role of the hippocampal region in cognitive function, and
experimental lesioning of this region together with selective lesioning of hippocampal sub-
structures has provided further insight into their cognitive roles (for review see Squire,

1992).

The hippocampal formation is a subcortical brain structure that forms part of the limbic
system. It can be further classified into 3 subregions: the dentate gyrus, the hippocampus
proper consisting of the CA1, CA2 and CA3 regions, and the subiculum. The hippocampal
formation appears as two interlocking C-shaped structures, with the dentate gyrus
occupying the area between the hippocampus proper and the subiculum (figure 1a). The
subiculum directly continues from the hippocampus (CAl region) into the
parahippocampal gyrus (entorhinal cortex). The neuronal population in the hippocampus is
made up of two different types: the principal neurons (pyramidal cell) and intrinsic neurons
(polymorphic, basket cell). Axons of the pyramidal cell neurons in the hippocampus and
subiculum project into the entorhinal cortex, where impulses are passed on to the limbic,
sensory and multimodal association cortical areas. The hippocampus and subiculum also
project into the fornix, the main output tract of the hippocampal formation. The intrinsic
neurons have axons that remain within the hippocampus and are inhibitory (GABAergic)
to the pyramidal cell activity. The main input to the hippocampal formation is via the
entorhinal cortex, travelling through the subiculum and on to the dentate gyrus then CAl
and CA3 regions unidirectionally. This circuit is completed with signals originating from
the CA1 and subiculum relaying back to the entorhinal cortex, making this structure an
important gateway for the hippocampus. Associated with the parahippocampus is the
perirhinal cortex, a structure that has been described as playing an important role in visual
recognition memory. Whilst it seems that full amnesia occurs only with damage to all of
the hippocampal formation and associated parahippocampus, many of these structures have
been shown to play separate roles in different types of memory and selective damage to
specific regions can cause specific memory deficits (for review see Eichenbaum et al.,
2007).The dissociation between areas within the hippocampal and parahippocampal
regions has been studied extensively, with data showing that dorsal hippocampal lesions
can induce impairments in spatial memory in the rodent whilst sparing recognition memory
(Duva et al., 1997, Broadbent er al., 2004). In fact, lesioning 30% of the dorsal
hippocampus is sufficient to induce deficits in spatial memory task performance in rodents

with a corresponding negative correlation between the size of the lesion and the
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performance of the rodent (Broadbent et al., 2004). This correlation holds true up to 50%
lesioning, after which the size of the lesion does not cause any further deficit. It is argued
therefore that spatial memory is heavily reliant on a large amount (up to 50%) of
hippocampal tissue, whereas there is no deficit on object recognition tasks with up to 75%
hippocampal lesioning indicating that recognition memory utilises a much smaller amount
of hippocampal tissue for normal functioning. Recent research into the role of the
perirhinal cortex in memory has supported this dissociation; lesioning within this region
induces deficits in a variety of recognition memory tasks in the both non-human primates
and rodent models whilst spatial memory remains intact (Brown and Aggleton, 2001,

Buckley, 2005).

<
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S

Figure 1a. An illustration of the subregions of the hippocampal formation modified from a drawing by
Ramoén y Cajal (1911). EC = Entorhinal Cortex; DG = Dentate Gyrus; Sub = Subiculum.

1.2.1 Short-Term and Long-Term Mechanisms of Neuroplasticity

External stimulation via motor and sensory inputs has a direct impact on neuronal circuitry
in the brain. It is the fine-tuning of this circuitry that enables normal brain functioning to
occur and because of this all of our past experiences play a role in shaping our future
behaviours and abilities. This is made possible via a process of experience-dependent
plasticity, where neuronal pathways and connections that are heavily stimulated are
strengthened and connections that are seldom used are pruned away. First hypothesised by
Hebb (Hebb, 1949), this theory has been used to model synaptic transmission in the brain,
particularly using long-term potentiation (LTP), where high-frequency stimulation of a

neural pathway can elicit long-lasting changes in synaptic efficacy (Bliss and Lomo, 1973).
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Consequently, stimulation of these strengthened pathways at a later date would be
reactivating the memory of the past experiences. This theory of memory formation is
called the synaptic plasticity and memory (SPM) hypothesis and, although not universally
accepted, constitutes a leading hypothesis of memory formation. A large amount of
research has concentrated on gaining data to connect this hypothesis to actual learning
processes (Martin and Morris, 2002), and whilst there is no conclusive evidence to date it

is widely accepted that there is synaptic strengthening following certain types of learning.

Repeated high frequency stimulation of a neural pathway at certain intervals (long-lasting,
late-phase LTP; L-LTP) induces protein synthesis and this can lead to morphological
changes such as increases in post-synaptic spine area and number of spines (Lee ef al.,
1980) and increases pre-synaptically in synaptic vesicle number which can enhance
neurotransmitter release (Meshul and Hopkins, 1990). Blockade of CAMKII or ERK, both
important in the LTP signalling cascade, has been shown to block long-term memory
formation (Blum et al., 1999, Frankland et al., 2001), whilst an increase in glutamate
release has been shown both after LTP and learning in the Morris water maze (Richter-
Levin et al., 1998). Changes in neurotransmitter release could be associated with increases
in synaptic vesicle availability; increases in synaptic vesicle proteins synaptophysin,
synapsin and synatotagmin have been shown 3 hours post LTP-induction (Lynch er al.,
1994).

This classical definition of synaptic plasticity only models changes in LTP or long-term
depression (LTD) via alterations such as neurotransmitter release or receptor density,
however there is also evidence to suggest experience-dependent neurogenesis may play a

role in learning processes.

Neurogenesis in the adult mammalian brain is typically confined to two areas: the
subventricular zone (SVZ), where neural stem cells and progenitor cells differentiate and
subsequently travel to the olfactory bulb, and the subgranular zone (SGZ) of the dentate
gyrus, where granule cells are produced from neural stem cells and progenitor cells
continuously throughout adult life (Ehninger and Kempermann, 2008). Neural stem cells
do exist in other areas of the brain, however in these non-neurogenic regions the stem cells
do not differentiate. Transplanting these cells into the dentate gyrus does induce their
differentiation and this would suggest that there are environmental factors within the niche

of the SGZ (or any other neurogenic region) that play significant roles in the regulation of



this differentiation (Shihabuddin et al., 2000). In the adult SGZ, proliferating radial and
nonradial precursor cells generate intermediate progenitor cells which in turn give rise to
neuroblasts. These migrate from the SGZ to the granule cell layer and within 7 days begin
to project axons through the hilus.At this stage, these dentate granule cells are tonically
activated via ambient GABA but are not synaptically integrated into the neural network
(Zhao et al., 2006). In the second week, the granule cells begin to look more neuron-like:
their dendrites begin to extend towards the molecular layer and axons growing through the
hilus. These axons reach the CA3 area within 10-11 days and spine formation begins at
around 16 days (Zhao et al., 2006). At this point, the immature neurons exhibit different
firing properties than mature neurons and also lack glutamatergic input, although they do
receive synaptic GABAergic input by local interneurons (Esposito et al., 2005). By 21
days, these progenitors begin to resemble mature neurons and receive activation via
glutamatergic inputs by 28 days (Wang ef al, 2003, Ge er al, 2006). GABA is an
important regulator of neurogenesis, as GABAergic activation on neural progenitor cells
increases expression of NeuroD, a positive regulator of neuronal differentiation, and

increases the number of new neurons as measured by 5-bromo-2’-deoxyuridine (BrdU)

labelling (Ge et al., 2006).
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Figure 1b.Adult neurogenesis in the dentate gyrus.Neural stem cells proliferate and differentiate into
granule cells which migrate from the sub granular zone into the granule cell layer. By day 7, granule cells
begin to project axons through the hilus and by day 14 , dendrites begin to extend towards the molecular cell
layer. By day 28, these young progenitor cells begin to resemble mature neurons and can receive activation
via glutamatergic inputs.Adapted from Lie et al (2004).



Given current knowledge of the importance of the hippocampus in both memory
consolidation and retrieval, it has been theorised that neurogenesis in this region may serve
a significant role in this process. Existing data show that immature neurons exhibit
electrophysiological properties, some of which are similar to adult neurons (van Praag er
al., 2002) and some of which are unique to their population. For example, they are more
excitable and induce LTP more readily than more mature neurons (Schmidt-Hieber er al.,
2004, Ge et al., 2007). This enhanced synaptic plasticity seem to rely upon NR2B-
containing NMDA receptors (Ge et al., 2007). This has led some researchers to suggest
that an increase in this population of immature neurons may be ideally suited to undergo
activity-dependent plasticity and hence facilitate learning and memory processes (Bruel-

Jungerman et al., 2007b).

The function of adult neurogenesis in the hippocampus remains a hotly debated issue, the
main challenge centring on associating neurogenesis with hippocampal network function
and behavioural outputs. Hippocampal-dependent learning paradigms (for example the
Morris water maze) have been shown to selectively increase neurogenesis in the
hippocampus, whereas a similar task that is not hippocampal-dependent does not (Gould et
al., 1999a). Whilst other studies have replicated this result (Kempermann and Gage, 1999),
there is also evidence of learning induced apoptosis in the hippocampus (Ambrogini et al.,
2004). This indicates that learning can functionally regulate mature neurons and neuronal
precursor cells by selectively promoting proliferation, survival or in fact apoptosis of
different populations in an activity dependent manner (Dobrossy ef al., 2003, Dupret ef al.,
2007). Nevertheless, these correlations between neurogenesis and learning cannot
conclusively prove that neurogenesis is a requirement for hippocampal-dependent learning.
To test whether neurogenesis is a vital component in the learning process, different
techniques for the ablation of dividing cells in the dentate gyrus have been developed via
neurochemical agents, radiological approaches or different genetic manipulations.
Evidence from these experiments has been mixed: using methylaxomethanol acetate
(MAM) or genetic manipulation to prevent cell division has induced impairments in some
hippocampal-dependent conditioning tasks whereas other hippocampal-dependent spatial
tasks were unaffected (Shors et al., 2002, Saxe et al., 2006). Improvements in object
recognition memory have also been prevented via a MAM-induced loss of neurogenesis
(Bruel-Jungerman et al., 2005). The ablation of neurogenesis via focal X-irradiation

however, does not affect improvements in spatial learning due to environmental
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enrichment (Meshi et al., 2006) but has been shown to impair contextual fear conditioning
(Saxe et al., 2006). New genetic techniques have been developed more recently that can be
utilised to knockdown neurogenesis for a set period of time in a specific region: Jessberger
and colleagues use lentiviral techniques to block neurogenesis in the dentate gyrus of rats
and have shown that this impairs both spatial and object recognition learning (Jessberger et
al.,, 2009). These data suggest that there could be some different types of memory

processes that may be more sensitive to changes in neurogenesis than others.

In recent years, the focus of research has become heavily biased towards the role that
young, immature neurons play in memory formation. Kee and colleagues show that after
mice perform a water maze task, there is a significant increase in expression of the
immediate-early genes c-fos and Arc on neurons that were 4-8 weeks old (Kee et al.,
2007), suggesting that these immature neurons are involved in spatial processing. Neurons
only 2 weeks old that are exposed to an enriched environment are more likely to become
activated again at a later date when they are exposed to the same environment than a
different one (Tashiro er al., 2007), which would indicate that there is preferential
activation of these new neurons when exposed to a new stimulus and this activation is
associated with memory formation. Further evidence for the role of young neurons in
learning processes comes from their importance in the process of activity dependent
synaptic plasticity. One of the unique properties of young neurons is their ability to exhibit
LTP even in the presence of GABAergic inhibition, whereas mature neurons do not, and
therefore they display a lower threshold for LTP induction (Wang et al., 2000). However,
when neurogenesis is abolished via gamma irradiation 3 weeks prior to high frequency
stimulation, LTP cannot be evoked (Snyder et al., 2001). These studies show that neurons
that are less than 3 weeks old are necessary for LTP induction under physiologically
relevant conditions (when GABAergic inhibition remains). Whilst the functional
connection between immature neurons and the formation of new memories has not been
fully elucidated, it is clear that they play a different role in hippocampal plasticity
mechanisms than mature neurons and their preferential activation during hippocampal-
dependent memory tasks would suggest they are important for the processing of novel
information. However, it is not fully understood how they are functionally integrated into
existing neuronal networks and whether this process requires activity-dependent synaptic

modulation such as during a learning paradigm (Mongiat and Schinder, 2011).



An alternative hypothesis proposed for the role of adult-born neurons in dentate gyrus is
that they are indirectly involved via a process of functional integration into hippocampal
circuitry that enables an improved capacity for memory storage in the future (Ehninger and
Kempermann, 2008). The suggestion that adult neurogenesis may play a long lasting role
in hippocampal function has been proposed via the ‘neurogenic reserve’ hypothesis
(Kempermann, 2008). This theory proposes that sustained cellular activity during adult life
can provide a greater capacity and efficiency within the hippocampal neural circuitry and
may also protect against age-related neuropathological damage. Activity-dependent
regulation of hippocampal neurogenesis is therefore argued not only to recruit young
neurons into a functioning memory circuit, but also to stimulate mechanisms that can
increase the number of young neurons available for recruitment on a much longer
timescale (Kempermann, 2008). Experimentally, activities such as exercise and
environmental enrichment have been shown to stimulate such mechanisms and increase
neurogenesis via neurochemical changes in the neurogenic niche within the dentate gyrus

(van Praag et al., 2000).

Synaptogenesis is an attractive mechanism to associate with memory formation because
remodelling of neural networks would seem likely to occur if the theory of experience-
dependent plasticity is followed. The induction of LTP and learning has been shown to
bring about synaptogenesis or alter the morphology of current synapses to increase strength
such as spine branching and boutons with multiple synapses, however a comprehensive
analysis of these changes after learning has not been undertaken (for reviews, see Bruel-
Jungerman et al., 2007a, Kelsch et al., 2010). Both synapsin and synaptophysin are
synaptic vesicle proteins found in abundance in synaptic boutons. The synapsins are
known to play an important role in synaptic plasticity and neurotransmission and are
regulated by a number of different protein kinases and phosphatises such as cAMP-
dependent protein kinase (PKA), CAMKII and MAPK. Synapsin I binds to synaptic
vesicles and is thought to be important in the clustering of synaptic vesicles together,
which helps to maintain a functioning vesicle pool in the synaptic bouton at active zones
and the organisation of the reserve pool of synaptic vesicles. This function is maintained
possibly via its tethering to Actin filaments during its dephosphorylated state, where upon
phosphorylation these vesicles may be released which could facilitate their movement into
the active zone (for reviews, see Cesca ef al., 2010, Shupliakov et al., 2011). Additionally,

increases in synapsins are found during synaptogenesis, making them a useful protein
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marker for evidence of synaptic remodelling (Lohmann et al., 1978). Synaptophysin is one
of the most abundant synaptic vesicle proteins and whilst it was the first vesicle protein to
be discovered, its role is not yet fully understood. Recent data show that it regulates
endocytosis to maintain the availability of synaptic vesicles during and after neuronal
stimulation (Kwon and Chapman, 2011), however it has been reported to be unnecessary
for neurotransmitter release as synaptophysin homozygous knockout mice exhibit normal
neurotransmission (McMahon et al., 1996). More recently, there is evidence that these
knockout mice have deficits in exploratory behaviour, recognition and spatial memory
(Schmitt er al., 2009), suggesting that it may play a role in cognitive function.
Additionally, because of its abundance in the synaptic bouton, it provides a useful measure

to determine synapse number and hence synaptogenesis,

The substantial amount of data that is available at present shows there is an important role
for adult neurogenesis and synaptogenesis in the hippocampus in both short-term memory
processes as well as providing protection in the longer term against age-related memory
decline. The specific mechanisms behind these patterns however, are only very recently

becoming more evident and many are yet to be elucidated.

1.3 Measuring Cognitive Function in the Rat

Memory is a dynamic system involving classification, encoding, storage and recovery of
information. Memory can be divided into two major classes: declarative, which is
information that can be consciously stored and retrieved; and procedural or non-
declarative, which is information about motor or perceptual skills (Squire, 1986).
Procedural memory typically requires extensive acquisition phases whereas declarative
memory can be acquired through relatively few exposures to the information that is to be
learnt. The two forms of declarative memory that are particularly well studied in humans
and animals are recognition memory and spatial memory. Recognition memory can be
generally defined as the ability to discriminate the novelty or familiarity of previous
experiences. This can be associated with differences in an individual object, a whole
environment or the spatial arrangement of objects within an environment. There are several
regions that have been implicated in the neural basis of recognition memory: lesions to the
perirhinal cortex have been shown to disrupt recognition of novel objects (Ennaceur et al.,
1996, Bussey et al., 1999) but not spatial memory (Barker et al., 2007).There is a great

degree of controversy in the literature surrounding the contribution of the hippocampus to
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the processing of recognition memory, indeed many hippocampal lesion studies report no
deficits in novel object recognition memory (Mumby, 2001, Barker and Warburton,
2011)but some do show deficits within specific parameters, particularly with a longer
period between acquisition and testing (Clark et al., 2000). Nevertheless, it is evident that
intact spatial memory is heavily reliant upon a large portion of hippocampal tissue whereas
object recognition memory relies upon a much smaller amount, and it is the perirhinal
cortex that is most valuable in processing in novel object recognition memory (Duva ef al.,
1997, Broadbent et al., 2004, Buckley, 2005). The development of numerous tasks that
allowspecific aspects of these different types of memory to be tested have been crucial in
aiding our understanding of the roles of different brain regions and have helped to provide

insights into the neurochemistry of learning.

One of the first behavioural tasks to be designed was used to test visual recognition
memory by using the delayed non-matching to sample task (DNMS). This task was
initially developed for monkeys and later adapted for rodents (Prusky et al., 2004). In this
task, an animal is trained to displace an object in order to obtain a food reward (sample
phase) and then, following a set delay period, the sample object is presented again with a
novel object and the animal must displace the novel object in order to obtain the food
reward (choice phase). More recently however, use of this task has been overtaken by the
novel object recognition task (NOR) which uses an animal’s spontaneous preference for
novelty as its measure of memory function. This is particularly useful because it takes
away the pre-training that is needed to learn the non-matching rule as is the case in the
DNMS. This virtually eliminates the variability associated with rule learning across
different species and within test groups of animals, and furthermore the results of this task
are arguably more sensitive to recognition memory impairments and show consistency in

behavioural findings across species (Nemanic ef al., 2004)

The NOR task has three different phases: familiarisation, delay and test. In the rodent
version of this test, the animals actively explore objects for a set period of time in the
familiarisation phase, and then following a delay period one of the familiar objects is
replaced by a novel object and animals are tested on the amount of time they spend
exploring the novel object. One of the reasons why this task has become so widely used is
because of its flexibility; manipulation of the delay phase (varying the amount of time
between the familiarisation and test phases) enables researchers to change the memory load
on the rodent without introducing any changes to motivation, perception or attention and
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thus is a very powerful tool in testing for memory impairments. Further manipulation can
alter the memory load of the rodent by changing the number of objects or the time the
animals are given to explore the objects in the familiarisation phase. Consequently, it is
possible to determine behavioural differences due to experimental manipulation with a
very high degree of sensitivity providing the appropriate test design is utilised. This type of
task has also proved invaluable in understanding the mechanisms involved in specific
aspects of memory, because it is possible to disrupt the memory formation specifically at
any one of the encoding (familiarisation), consolidation (delay) or retrieval (test) phases
and measure the behavioural outcomes (Winters and Bussey, 2005a, Winters and Bussey,

2005b).

The spatial variant of this task, the object displacement task (OD), is based on the same
familiarisation and delay phase, but in this case instead of a novel object being introduced
in the test phase, one of the familiar objects is moved to a new position and the
spontaneous exploration of the displaced object is used a measure of spatial memory

(Poucet, 1989, Larkin et al., 2008).

A more popular test of spatial memory is the Morris water maze (Morris, 1984). This is
one of the most frequently used measures of hippocampal-dependent memory in rodents
(for review, see Paul et al., 2009). In this task, rodents swim around a circular arena and
use distal spatial cues to find a static hidden platform and escape the water. This task is
performed with a certain number of trials over a number of days, with the speed at which
animals find the platform decreasing as they perform more trials. The latency to find the
platform is used as a measure of acquisition of this spatial information. This is not
however, an ideal measure of spatial memory as it is open to disruption by other factors
such as differential search strategies. Therefore a probe trial is often used in this task,
where the platform is removed after a set number of acquisition trials and the time animals
spend in the quadrant where the platform was positioned is used a measure of their
memory for the spatial location of the platform. Successful completion of this task has
been shown to be hippocampal-dependent, and particularly sensitive to dorsal hippocampal

lesions (Moser et al., 1993, Broadbent et al., 2004).

One of the main advantages of the water maze is that animals are incentivised to escape
from the water onto the platform which is a strong negative reinforcer for learning. This is

especially important for testing groups of animals that may be exhibiting depressive or
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sickness-behaviour and therefore would not be expected to show the natural exploratory
tendencies necessary for successful performance on the NOR and OD tasks.
Unfortunately, this is also a significant disadvantage of the water maze because the
negative effects of stress from the aversive stimuli of immersion in water may limit this
test’s ability to measure the spatial memory relevant to natural and real-life situations. In
this sense, the OD task has an inherent advantage over this task because it is not stressful

and directly taps into natural exploratory behaviour of rodents.

Another more traditional way of measuring spatial memory in rodents is using spontaneous
alteration behaviour. This test is based on the principle that animals tend to explore areas
that have been explored less recently (Dennis, 1939). Typically this test is performed using
a ‘T” or ‘Y’ maze, where the animals are allowed to freely explore each arm of the maze
and the number of visits to each arm is recorded. This test can be performed as a free or
forced test: the free test allows animals to freely explore and the forced test will block one
of the arms of the device to favour alternation behaviour or a positive reinforcer, such as a
food reward, can be placed at the end of the arms to reward alternation behaviour (Dember
and Fowler, 1959). As with the NOR and OD tasks, increasing the interval between each
trial (one trial being equal to exploration of a single arm) increases the memory load on
animals. Performance on this task is sensitive to hippocampal lesions but other regions of
the brain have also been associated with successful alternation, such as the thalamus,

neocortical areas and the basal ganglia (Lalonde, 2002).

In addition to measuring memory in rodents, it is often common to take a more general
measure of innate behavioural characteristics such as grooming, rearing, intruder
aggression and exploration of a novel environment. All of these tests are based on the
theory that they will be affected by the level of anxiety that the animals are experiencing.
These tests do not give a measure of the memory abilities of animals, but differences
within groups can serve as a confounding factor in interpreting results from the different
behavioural tests outlined above. The NOR, OD and T or Y maze tasks all require animals
to exhibit natural exploratory behaviours in order that they can effectively perform the task
and the swimming strategy of animals in the water maze could affect the time it takes them

to find the hidden platform.

The earliest test of anxiety developed for rodents was open field exploration (Hall, 1934).

In this test, naive animals are placed in a large circular arena and their exploration of this
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arena is recorded. In this situation, rodents typically exhibit thigmotactic behaviours; they
tend to avoid the ‘exposed’ areas in the arena and mainly explore around the edges.
Therefore, exploration of the central area in this test is generally used as an index of
anxiety (Treit and Fundytus, 1988), although whether a test based on locomotor activity
can be a full measure of emotionality is contentious in the literature (Ramos, 2008).
Nevertheless, this test is useful to establish whether there are different exploratory
strategies between treatment groups. Indeed, studies have shown that environmental
enrichment can change locomotor activity and reduce thigmotactic exploration
(Zimmermann et al., 2001, Harris et al., 2009). These studies highlight the importance for
sufficient habituation of animals with the test environment before the NOR, OD and T/Y

maze tests to ensure their tendency to explore overrides the rodents’ anxiety.

The most popular test of anxiety at present in the literature is probably the elevated plus
maze. As with open field exploration, this test is based on the knowledge that rodents will
typically avoid exposed areas. The maze is designed as a ‘+’ shape in which two of the
arms are open and exposed and two of the arms are enclosed with high walls. The amount
of times the rodents enter either the closed or open arms is then used as a measure of
anxiety. Animals treated with anxiolytic drugs show a higher number of entries into the
open arms and correspondingly, animals treated with anxiogenic drugs show a reduced
number of entries into open arms. Animals that are confined on the open arms of the maze
also measure higher levels of plasma corticosterone than when confined to the closed arms
(Pellow et al., 1985). This test is most frequently used to measure the effects of different
drugs that are hypothesised to have either an anxiolytic or anxiogenic effect (for review,
see Rodgers and Dalvi, 1997), nonetheless it is an important measure to assess when
studying memory changes because chronic stress can upregulate glucocorticoids, which
have been shown to impair memory performance (Bodnoff er al, 1995). Furthermore,
environmental enrichment has been shown to reduce anxiolytic behaviours in rodents (Zhu

et al., 2006, Galani et al., 2007, Hattori et al., 2007, Brenes et al., 2009).

1.4 Neurotrophins

The neurotrophin family of proteins are known to play a key role in neurodevelopment, but
are also vital for many functions in the adult brain. They are closely linked to the
maintenance and support of adult neurons and the regulation of activity-dependent synaptic

plasticity (Hennigan et al., 2007). There are four neurotrophins that have been described in
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mammals: nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4). NGF and BDNF are the most

extensively researched to date.

Neurotrophins are synthesised as proneurotrophin precursor proteins that undergo
enzymatic cleavage to yield mature neurotrophins. The actions of neurotrophins are
mediated by a receptor signalling system that involves many different ligand-receptor
interactions. Signalling via Trk (tropomyosin receptor kinase) receptors is commonly
associated with cell survival and the enhancement of synaptic transmission (Tyler et al.,
2002, Bramham and Messaoudi, 2005), whilst there is strong evidence to suggest that

signalling via p75™'™®

(p75 neurotrophin receptor, a member of the tumour necrosis factor,
TNF, receptor family) plays a role in mediating cell death and functional impairment
(Barker, 1998). The different neurotrophins are specific to different Trk receptors: TrkA
binds with high affinity to NGF, TrkB to BDNF and NT-4 and TrkC to NT-3. The
p75"™®binds all neurotrophins with approximately equal low affinity although recent
evidence suggests that the proneurotrophins are chemically active proteins and this

receptor binds them with high affinity (Lee et al., 2001, Volosin ef al., 2008).

The dual and opposing processes that are triggered through neurotrophin-receptor
interactions are indicative of the number of different downstream pathways that can be
activated. Activation via the Trk receptors results in autophosphorylation of the tyrosine
residues on the cytoplasmic domains of these receptors which in turn can trigger
intracellular signalling cascades that include the Ras-ERK (extracellular signal-related
kinase) protein kinase pathway, PI-3 kinase (phosphotidylinositol-3-kinase)/Akt kinase
pathway and PLC-y1 (figure 1b).

Action via the PLC-y1 pathway is through the recruitment of PLC-y1 by phosphorylated
residues on the Trk receptor. It is then itself phosphorylated and activated, and hydrolyzes
phosphatidylinositides to create diaglycerol (DAG) and inositol 1,4,5 trisphosphate (IP3).
IP; induces the release of Ca>* from stores which increases the Ca*" in the cytoplasm and
hence activates Ca’'-dependent pathways, such as activation of Ca**/calmodulin-dependent
protein kinase II (CAMKII) which plays a crucial role in the maintenance of LTP
(Miyamoto, 2006). Activation of Ras has been shown to promote survival and proliferation
of neurons through the ERK family of MAP kinases (Grewal et al., 1999). Recruitment of

Shc and phosphorylation leads to the recruitment of the Grb-2 and son of Sevenless (SOS)
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complex. SOS is a Ras exchange factor and therefore this recruitment induces transient
activation of Ras. Downstream, pp90 ribosomal S6 kinases (RSK) are activated and in turn
phosphorylate a number of transcription factors, including CREB (cAMP regulated
enhancer binding protein). These factors regulate the expression of many genes that are
known to be under the control of neurotrophins (Xing et al., 1996). CREB, for example,
regulates genes that have been implicated in long-term neurotrophin-dependent neuronal
survival (Bonni et al., 1999). Additionally, phosphorylation of MAP kinase isoforms p42
and p44 (pERK-1 and pERK-2) has been shown to stimulate the phosphorylation of
synapsin [ which reduces its actin bundling and therefore may play a significant role in
synaptic plasticity (Jovanovic et al., 1996). Primarily PI3-kinase acts via Akt to induce
neuronal survival (Dudek er al, 1997) and can be activated via Trk-mediated
phosphorylation of Grb-associated binder-1 (Gab-1) (Holgado-Madruga et al., 1997),
however Ras has also been shown to activate PI3-kinase to promote survival in
sympathetic neurons (Mazzoni et al., 1999). Conversely, the binding of neurotrophins to

5NTR can induce the activation of the JNK (c-Jun N-terminal kinase) pathway and

p7
downstream activation of caspases, which in turn cause DNA fragmentation and neuronal

apoptosis (for review, see Roux and Barker, 2002).

Thus, whilst the main function of neurotrophins is generally accepted to be neuronal
survival, the complexity of their receptor interactions and signalling cascades suggests that
they should be more appropriately classified as mediators of neuronal differentiation and
growth. There is also a great deal of data supporting the hypothesis that neurotrophins,
particularly BDNF and NGF, are neuromodulators involved in plasticity mechanisms in the
brain; a specific role for NGF in the expression of long-term potentiation (LTP) has been
shown (Kelly et al., 1998a, Conner et al., 2009) however the vast majority of literature
implicates a more central role for BDNF in this form of cellular plasticity (Bramham and

Messaoudi, 2005, Hennigan ef al., 2007).
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Figure 1c. Basic pro-survival signalling pathways of Trk receptors. Phosphorylation of the Trk receptor
activates three major signalling pathways: Ras/MAPK, PI3Kinase/Akt and IP3-dependent Ca*" release.
Adapted from Segal ef a/(2003) and Patapoutian and Reichardt (2001).

1.4.1 NGF

NGF was the first neurotrophin to be discovered, described as a factor that could promote
the survival and development of maturing neurons in culture (Levi-Montalcini and
Hamburger, 1951). NGF is expressed during development and throughout adult life in the
central nervous system (CNS). Trk A is the main receptor for NGF although at very high
concentrations it can also be activated by NT-3. Signalling via this receptor elicits neurite

outgrowth and cell survival (Loeb et al., 1991).

During development, NGF plays a major role in the survival and maturation of many
populations of neurons: namely basal forebrain and striatal cholinergic neurons (for
review, see Sofroniew et al., 2001). Animals heterozygous for the NGF gene (NGF +/-)
show a reduction in the number of basal forebrain cholinergic neurons and also a loss of
cholinergic innervation to the hippocampus. In the mature brain, NGF is widely expressed
in the hippocampal formation by pyramidal and dentate granule neurons (French et al.,
1999), by subpopulations of GABAergic interneurons (Lauterborn et al., 1993) and by a
subpopulation of small interneurons in the striatum (Bizon et al., 1999). In the

hippocampus, its expression is regulated by neuronal activity, with glutamatergic and
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cholinergic neurotransmission increasing expression and GABAergic neurotransmission
decreasing expression (Thoenen et al., 1991, Zafra et al., 1991, Lindefors et al., 1992,
French et al., 1999). NGF has also been shown to be produced throughout the CNS by
microglia and astrocytes (Heese et al., 1997), largely in response to neuronal injury
indicating its role in the promotion of survival and regeneration in the brain (Tonchev et
al., 2008). Selective inhibition of NGF in an animal model of epilepsy prevented the
typically seen post-seizure axonal sprouting and cell body increases, indicating that this
neurotrophin may be important for synaptic remodelling after this type of injury (Holtzman
and Lowenstein, 1995). An exogenous infusion of NGF within 5 hours of middle cerebral
artery occlusion significantly reduced infarct volume and apoptosis levels in a rabbit model
of stroke and therefore may be an important therapeutic target for neuroprotection against

cerebral ischemia (Yang et al., 2011).

Whilst all neurotrophins have been proposed as mediators of both structural and functional
plasticity, NGF has been implicated more specifically as being important in structural
plasticity rather than having direct effects on neuronal activity. NGF has been shown to
play a role in memory processes however, with blockade of endogenous NGF in the
dentate gyrus impairing spatial memory (Conner et al., 2009) and contextual memory
consolidation (Woolf et al., 2001). Direct infusion of NGF into the CAl region of the
hippocampus has also been shown to stimulate enhanced retention on an inhibitory
avoidance task via MAP kinase activation (Walz et al., 2000) and improve spatial memory
in aged rats (Niewiadomska et al., 2006). In NGF(+/-) mice however, only prolonged
exposure to NGF can reverse spatial memory acquisition when compared with brief
exposure; after 5 weeks of exogenous NGF infusions, NGF(+/-) mice showed a reversal in
a spatial memory acquisition deficit, as tested by the Morris water maze, but this reversal
was not evident after a short infusion period of 3 days (Chen et al., 1997). Furthermore,
continuous infusions of exogenous NGF have also been shown to enhance the survival of
new neurons in the granule cell layer of the dentate gyrus and increase activity in
hippocampal cholinergic neurons (Frielingsdorf et al., 2007). Interestingly, NGF infusions
did not directly increase neurogenesis, suggesting that this neurotrophin exerts its main

effects in trophic support as opposed to directly stimulating proliferation.

There is no evidence of reductions in NGF in normal ageing, MCI or Alzheimer’s disease
patients but an increase in proNGF and a reduction in Trk A receptor expression has been
shown (Fahnestock ef al., 2001, Mufson et al., 2003). No corresponding decrease in
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p75"™ expression has been shown and therefore NGF may more frequently bind to p75™'~
and elicit activation of pro-apoptotic pathways. Given the high affinity of p75™'" for
proneurotrophins, their increased expression may also facilitate a tipping of the balance of
NGF signalling away from survival and towards apoptosis in neurodegenerative diseases
such as Alzheimer’s disease. A recent study has also found reductions in mature NGF and

SNTR in the

phospho-TrkA receptors with a corresponding increase in proNGF and p7
prefrontal cortex and hippocampus of aged rats however (Terry Jr et al., 2011), suggesting
that there may be changes in NGF levels with age that are not detectable post-mortem.
These studies show that there is a dysfunction in normal NGF production and signalling in
the aged brain, and this could be associated with the age-related loss of memory function

(Terry Jret al., 2011).

1.4.2 BDNF

BDNF is the most widely studied of all the neurotrophins; there is hope that it will yield
therapeutic value in the future for a number of neurological and neurodegenerative
conditions including depression and Alzheimer’s disease. It is expressed in the developing
and adult hippocampus and neocortex (Hofer er al., 1990, Friedman er al., 1991), by
excitatory pyramidal neurons but not GABAergic inhibitory interneurons. Both
populations of these neurons express the primary BDNF receptor, Trk B, but its expression
is higher in interneurons. Electrical activity can stimulate release of BDNF, with
hippocampal seizures inducing its expression (Kornblum et al., 1997). In the hippocampus,
neuronal activity can also stimulate expression of BDNF mRNA and subsequent release of

BDNF protein (Nanda and Mack, 2000).

Initially, BDNF was described as being slow-acting and regulating the proliferation,
survival and growth of populations of neurons in both the developing and adult brain. It
was also shown to enhance axonal growth of granule cells from the dentate gyrus in vitro
(Patel and McNamara, 1995). The last decade of evidence however, has revealed a major
role for BDNF in synaptic transmission and neuroplasticity particularly, but not

exclusively, in the hippocampus.

BDNF has been shown to play a crucial role in LTP (for review, see Bramham and
Messaoudi, 2005). Both homozygous and heterozygous knockout animals (BDNF -/-,
BDNF +/-) show reduced LTP, which is rescued by the reintroduction of BDNF. Direct
incubation of hippocampal sections with BDNF also induces LTP (Ying et al., 2002), most
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likely via stimulation of MAP kinase mediated phosphorylation of synapsin which has
been shown to enhance glutamate release (Jovanovic et al, 2000). These data are
evidenced by behavioural results: BDNF mRNA expression is selectively increased in
hippocampal CA1l pyramidal cells in a contextual fear conditioning task (Hall er al.,
2000b). During short-term and long-term memory formation in an inhibitory avoidance
task there is also a transient increase in BDNF mRNA. Additionally, short-term memory
performance on this task can be improved via exogenous infusions of BDNF and long-term
memory performance impaired following infusions of anti-BDNF or protein synthesis
inhibitors in a time-dependent manner (Alonso ef al., 2002, Bekinschtein et al., 2008).
These papers suggest that the action of BDNF is via the MAP kinase signalling pathway, in
an ERK-dependent manner. The action of BDNF has also been shown to affect many
different hippocampal-dependent memory systems; protein synthesis inhibition in MAP
kinase pathway can cause deficits in spatial memory tasks (McGauran et al., 2008) and
hippocampal specific deletion of BDNF also induces spatial and object recognition

memory impairments (Heldt ez al., 2007).

The wealth of data available with respect to the role of BDNF in synaptic plasticity is
indicative of its proposed role as one of the major molecular mediators of learning and
memory. [ts importance in hippocampal neurogenesis is also becoming increasingly
recognised following the discovery that Trk B is expressed on stem cells and neural
progenitor cells in the dentate gyrus (Donovan et al., 2008, Li et al., 2009). This discovery
places a greater amount of weight on the importance of adult hippocampal neurogenesis in
neuroplasticity and memory functioning, and the potential roles of BDNF in these
processes. Conditional knockout or knockdown of BDNF in mice induces reduced levels
of neural progenitor cell survival and dendritic development in the dentate gyrus and
BDNF (+/-) mice do not show the enrichment induced increase in neurogenesis that is
exhibited with wild-type mice (Rossi et al., 2006, Choi et al., 2009, Taliaz et al., 2010).
This would indicate that BDNF is an important factor in the neurogenic niche necessary for
efficient neurogenesis in the dentate gyrus. Indeed, a continuous infusion of BDNF into the
hippocampus increased neurogenesis in adult rats (Scharfman ez al., 2005). These studies,
together with the emerging theories regarding the function of young neurons in learning
and memory, make it seems highly likely that BDNF has a number of different roles to

play in synaptic and neuronal plasticity.
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As with NGF, there is mixed evidence regarding the expression of BDNF with age:
increases in BDNF in the hippocampus of aged mice have been reported, whereas some
studies report decreases in the aged rat and others report no changes (Katoh-Semba et al.,
1998, Karege et al., 2002, Silhol et al., 2005). In humans, BDNF plasma levels are found
to decrease with age, whereas there is no change in BDNF expression in the hippocampus
(Lommatzsch et al., 2005b, Webster et al., 2006). Similar to NGF however, there is a
decrease in Trk B receptor expression reported in the hippocampus over the life span in
both humans and rats (Silhol et al., 2005, Webster et al., 2006). BDNF may play an
important role in synaptic plasticity in ageing, as blocking BDNF attenuates LTP induction
in aged but not young rats and an exogenous infusion of BDNF can rescue deficits in LTP

in middle-aged rats (Rex et al., 2006, Didgenes et al., 2011).

1.5 Environmental Enrichment

Environmental enrichment within an experimental setting requires the enhancement of the
conditions of standard laboratory housing. This can be done in many different ways but
typically involves making the animals’ environment more complex by adding toys,
tunnels, bridges, nesting materials and running wheels. The animals are also often housed
in larger cages with a larger number of co-inhabitants in each cage to increase the number
of social interactions. The additional objects can enhance the sensory and physical
experiences of the animals as well as their experience of novelty in their home
environment, since objects will be replaced or moved frequently. In addition to this, the
inclusion of a running wheel will increase the physical activity of the animal and previous
studies in our lab have shown that this enhances their cognitive function (O'Callaghan ef
al., 2007, Griffin et al., 2009). The large number of different combinations that can be used
within an enriched environment does cause a degree of difficulty in explaining any
behavioural or neurochemical changes that may occur; specific factors cannot be easily
pinpointed as the main cause of these changes and hence it is commonly interpreted to be
an interaction of factors that is an essential part of the enrichment protocol (van Praag et

al., 2000, Kumar et al., 2011).

There are two main cognitive theories regarding the way in which environmental
enrichment can have an effect on the brain. These are the ‘arousal hypothesis’ (Walsh and
Cummins, 1975) and the ‘learning and memory hypothesis’ (Rosenzweig and Bennett,

1996). The arousal hypothesis argues that the enhanced ‘arousal response’ of animals when
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they are faced with increased novelty and environmental complexity is crucial to the
changes observed. The somewhat more popular learning and memory hypothesis argues
that enrichment evokes the similar cascade of neurochemical processes that are seen during
learning paradigms. This could be indicative of a priming effect on the brain, which could
enhance any future memory formation. These neurochemical processes may also facilitate
morphological changes in the brain that would enhance plasticity, such as synaptogenesis
or neurogenesis. Much of the recent research that is being undertaken into the mechanisms
underlying environmental enrichment is directly targeted at ways that it would be possible
to manipulate and reproduce these mechanisms therapeutically, to enhance memory

function or more frequently as a tool to combat neurodegenerative diseases.

Animals housed in enriched environments have shown improvements in memory function
in both recognition and spatial memory tasks and rescuing of cognitive deficits following
experimentally induced ischemia or surgical lesions (Gobbo and O'Mara, 2004, Mandolesi
et al., 2008). Additionally, there are many studies which link environmental enrichment
with reduced anxiety in rodents (Galani et al, 2007, Amaral et al, 2008). These
behavioural changes seem to be, at least in part, due to changes in neurotrophin levels:
mice heterozygous for BDNF show increased anxiety which is rescued via housing in an
enriched environment (Chourbaji et al., 2008) and BDNF increases have also been found
with corresponding improvement in memory tasks (Gobbo and O'Mara, 2004). Enriched
animals also demonstrate increased NGF concentration in the hippocampus and associated
entorhinal cortices, together with improvements in spatial memory (Pham et al., 1999a,
Pham et al., 1999b). The data do not always agree however, with some studies showing
changes in both NGF and BDNF expression (Ickes et al., 2000), some reporting changes in
BDNF and not NGF (Turner and Lewis, 2003), and some showing no change in BDNF
expression (Bindu et al., 2007, Kumar et al., 2011). These results are most likely to do
with the large variation in experimental protocol in studies of environmental enrichment;
the time period over which animals are housed in enriched environments varies
considerably, as does whether the enrichment is continuous (stimulation remains within the
animals’ home cages (eg. Bindu et al., 2007)) or non-continuous (animals are introduced to
an enriched environment for a certain period of time per day (eg. Bruel-Jungerman et al.,
2005)). The housing of the control animals is also not always the same, with some studies
comparing animals housed in isolated conditions with the effects of environmental

enrichment (Nilsson et al., 1999, Pham et al., 2002) instead of socially housed animals
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with no extra stimulation. This can be a serious confound as there is evidence that social
enrichment alone can induce increases in both BDNF and NGF concentrations in the

hippocampus and reduce behaviours associated with anxiety and aggression (Branchi ef
al., 2006).

Conflicting data also hampers efforts to understand the importance of hippocampal
neurogenesis in the cognitive improvements from environmental enrichment. There is a
considerable amount of evidence to show that animals housed in enriched environments
have significant increases in neurogenesis (Nilsson et al., 1999, Kempermann et al., 2002,
Rossi et al., 2006, Segovia et al., 2006) and that behavioural improvements due to
enrichment may be reliant upon neurogenesis, however some data suggest that

neurogenesis may not be required for the enrichment-induced improvements in memory
(Meshi et al., 2006).

An additional source of variation within environmental enrichment protocols gives rise to
possibly the most important confound in understanding its underlying mechanisms: the
inclusion or exclusion of running wheels. Numerous studies have shown that exercise
alone can induce memory improvements, upregulate neurotrophins and increase
neurogenesis in animals (van Praag et al., 1999, Anderson et al., 2000, Farmer et al., 2004,
Xu et al., 2006, O'Callaghan et al., 2007, Wu et al., 2008, Griffin et al., 2009). It is not
clear however, whether exercise and cognitive enrichment, whilst able to bring about
similar behavioural improvements, do so via similar mechanisms of change in the brain.
van Praag et al(1999) reported that enrichment only affected cell survival and not cell
proliferation whereas exercise increased cell division and net neuronal survival in
C57BL/6 mice. It has therefore been proposed that enrichment does not stimulate an
increase in proliferation per se, but promotes increased survival of neuronal progenitor
cells hence increases the number of young neurons able to functionally integrate into
neuronal networks (Kempermann et al., 1998, Kempermann and Gage, 1999). This would
suggest that cell survival and cell proliferation may be regulated by differing mechanisms
that can be affected by behavioural and environmental factors (Olson ef al., 2006). In
developing an enrichment protocol, it is therefore crucial to recognise that the possibility of
exercise-induced behavioural, neurochemical or neurogenic changes may interact with any

other changes occurring due to cognitive or social enrichment.
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[t is becoming increasingly evident that environmental enrichment may be able to play a
role in neuroprotection, with an accumulation of studies suggesting that it may be useful as
a preventative tool for protection against neurodegenerative diseases such as Alzheimer’s
disease and dementia or indeed as a treatment for other neurological disorders such as
depression (Fratiglioni er al., 2004, Laviola et al., 2008). Neurotrophins have been
therapeutic targets for the treatment of neurodegenerative diseases since their importance
in neuroplasticity and memory function has been recognised(Tapia-Arancibia et al., 2008).
Interestingly, BDNF expression remains relatively similar in the hippocampus throughout
life (Silhol ef al., 2005, Kumar et al., 2011), although there is evidence that BDNF serum
concentrations are reduced in aged humans (Lommatzsch er al., 2005a, Ziegenhorn et al.,
2007). BDNF has been shown to protect against the neurotoxic effects of beta-amyloid
both in vivo and in vitro (Arancibia et al., 2008) and also mediate the rescue of cognitive
deficits in a transgenic mouse model of Alzheimer’s disease via direct infusion (Nagahara
et al., 2009) or the transplantation of neural stem cells (Blurton-Jones et al., 2009). These
improvements were not associated with a reduction in beta-amyloid plaque load. Similarly,
both environmental enrichment and exercise increase hippocampal neurogenesis in a
mouse model of Alzheimer’s disease and do not affect the plaque load seen (Mirochnic ef
al., 2009). They did reduce the amount of insoluble AB,.4» however; this particular form of
beta-amyloid is known to have neurotoxic effects. The evidence is still mixed, with some
data to suggest that environmental enrichment can reduce beta-amyloid plaque load
(Cracchiolo ef al., 2007). Environmental enrichment has also been shown to induce
increases in neurogenesis and neuroplasticity in ageing as well as rescuing age-related
cognitive decline (Kempermann et al., 2002, Leal-Galicia et al., 2008). The vast majority
of these studies do include running wheels in their protocols and because exercise has been
shown to prevent age-related memory deficits (O'Callaghan er al, 2009), the
neuroprotective effects that cognitive enrichment alone may have on the cognitive deficits
associated with normal ageing or neurodegenerative diseases have yet to be elucidated. A
recent study by Kumar and colleagues however, does suggest that it is the cognitive
enrichment, rather than exercise which can prevent age-related decline in spatial memory
retention, whereas both exercise and cognitive enrichment prevent the loss of LTP
induction with age (Kumar et al., 2011). They did not find an underlying mechanism for
this effect and argue that it is the extra locomotor activity associated with the enriched

environment which is inducing a beneficial effect on memory function. Yet they do not
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show any evidence for increased locomotor activity in the enriched animals and therefore

this hypothesis is lacking in any direct evidence.

The vast amount of studies published in recent years on environmental enrichment are
testament to its possible therapeutic benefits, and yet how is it that two very different
interventions such as physical and cognitive stimulation can elicit similar memory
improvements? Dissociating these pathways and teasing out any subtle differences in
cognitive improvements is crucial to further research into the benefits of environmental

enrichment as a therapeutic target.

1.6 Ageing & Memory Decline

With the significant advances in modern science and medical technology over the past
decades, life expectancy has increased a great deal in the western world. Indeed, there has
been a fundamental shift in the distribution of age across populations, with the number of
people over the age of 65 being greater than those under 15 in Europe in 2000 and it is
predicted that the rest of the world will follow this pattern by 2050 (UN, 2002). This shift
poses significant economic and social burdens on countries, as incidences of age-related
cognitive diseases such as Alzheimer’s disease are becoming increasingly common. The
majority of people however, will not develop a dementia but nevertheless will undergo
cognitive decline, particularly in hippocampal function, with normal ageing which can lead

to severe lifestyle impairments (Plassman ef al., 2008).

Rats provide a useful model for measuring age-related cognitive decline because they have
a relatively short lifespan (typically 2 years) which facilitates longitudinal studies. Their
learning abilities have also been well-documented using a variety of behavioural tasks,
particularly hippocampal-dependent tasks. Age-related deficits in spatial memory have
been well documented in rats (for review, see Rosenzweig and Barnes, 2003) and humans
have shown similar deficits in an equivalent spatial task (Moffat et al., 2001). Whilst there
is a great deal of evidence to show that lesions in the hippocampal formation cause deficits
in spatial memory (Schoville and Milner, 1957, Squire, 1992, Duva et al., 1997, Broadbent
et al., 2004), the evidence to suggest age-related memory decline is associated with region-
specific volumetric reductions is inconclusive. In a meta-analysis of results from 33
studies, Van Petten found a very weak association between hippocampal size and episodic
memory (Van Petten, 2004) whereas Driscoll and colleagues found deficits in spatial

memory associated with reductions in hippocampal volume in aged subjects (Driscoll et
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al., 2003). It is clear however, that there is disruption to memory with age and in particular,
the hippocampus and prefrontal cortex seem to be more vulnerable to dysfunction than

other cortical regions (Grady, 2008).

To date, most treatments for Alzheimer’s disease and other dementias are effective only at
ameliorating symptoms and not curative, therefore lifestyle factors such as exercise and
cognitive stimulation may be important behavioural targets for upregulating endogenous
mechanisms that can enhance cognitive function. These treatments would provide benefits
to overall health, are relatively straightforward to employ and do not have any potential
side-effects or interactions with any other medications that most elderly people would be
prescribed (Frick and Benoit, 2010). There have been some recent studies that have
addressed the impact that exercise or cognitive training may have on elderly subjects: one
year of exercise training increased hippocampal volume and this volume was positively
correlated with BDNF serum concentration in aged adults, however there was no
significant improvement in spatial memory in the exercise group when compared with
stretching controls (Erickson et al., 2011). Another study addressed the concept of brain-
training to improve memory in elderly adults, Mahnke and colleagues showed that 8-10
weeks of an auditory/language-based cognitive training program can improve general
memory improvements in nonrelated tests and this improvement is maintained 3 months
post-training (Mahncke e al., 2006). Despite this, and the large number of review papers
arguing for the neuroprotective benefits of environmental enrichment, there is a relative
sparsity of human studies using exercise or cognitive stimulation as therapeutic

interventions.

There is a significant body of evidence however, for a ‘cognitive reserve’, with
epidemiological observations that suggest increased cognitive function and enhanced
complex mental activity can provide a functional reserve with age that can compensate for
pathological changes associated with neurodegenerative diseases such as Alzheimer’s
disease and other dementias (Valenzuela er al., 2007). Valenzuela and Sachdev (2006)
report that there is a significant overall reduction in the risk of developing dementia in
people classed as having ‘high mental activity levels’ such as higher educational level,
occupational complexity and increased cognitive lifestyle in their meta-analysis that
incorporates 22 studies with data from over 29,000 participants.Wilson ef a/(2002) also
show that frequent participation in cognitive activities reduces the risk of developing
Alzheimer’s disease in a longitudinal cohort study with over 800 participants. These
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reports, together with animal studies, suggest that environmental enrichment could induce
behavioural improvements in a ‘cognitive reserve’ associated manner; there can be
cognitive improvements or protection against cognitive decline in the absence of any
improvements in brain pathology (Mirochnic et al., 2009, Nithianantharajah and Hannan,
2009). Indeed, studies suggest that it is not necessary to cause a change in AP plaque
deposits in order to see improvements in the cognitive dysfunction seen in Alzheimer’s
disease (Erten-Lyons ef al., 2009). Additionally, it seems that although level of education
may not prevent the onset of Alzheimer’s disease, it may confer some protection against
the development of the clinical symptoms (Letenneur et al., 1999, Stern, 2002).There is
still some debate regarding the causal direction of these associations however, with
questions remaining about whether it is a lack of cognitive stimulation that causes an
increased risk of dementia or a high level of cognitive stimulation that provides some
protection against memory decline(Gallacher et al., 2005). In addition, many questions still
remain regarding the biological mechanisms that underlie the proposed modulating effect

that environmental enrichment can have upon the development of dementia.

Animal studies tend to show a relatively clear-cut association between environmental
enrichment and reduced risk of memory decline: exercise can prevent age-related cognitive
decline in rats (O'Callaghan et al., 2009, Kim et al., 2010) and has been shown to prevent
or delay cognitive decline in a number of neurodegenerative mouse models of traumatic
brain injury (Griesbach et al., 2009), Huntington’s disease (Pang et al., 2006) and
Alzheimer’s disease (Ke et al, 2011, Liu et al, 2011). Similarly environmental
enrichment can prevent age-related spatial memory decline (Kempermann et al., 2002,
Bennett ef al., 2006, Leal-Galicia et al., 2008, Kumar et al., 2011) and delay memory
deficits in mouse models of Alzheimer’s disease (Berardi et al., 2007, Cracchiolo et al.,
2007) and huntington’s disease (Nithianantharajah et al., 2008). Many of these studies
report roles for neurotrophins, synaptogenesis or neurogenesis in these improvements (for

reviews, see van Praag et al., 2000, Nithianantharajah and Hannan, 2011).

Aging is also strongly associated with an increase in glial activation, with aged rodents
show increases in TLR4, CD14 and MHCII, pro-inflammatory cytokines and astrocyte
number with age (Hayakawa et al., 2007, Letiembre et al., 2007, Lynch, 2010). This is
indicative of an increased inflammatory state in the aged brain, which could impact on
neuronal functioning and behaviour. IL-1p in particular is known to impact on synaptic

plasticity: IL-1p expression was increased in free moving rats 8 hours after LTP induction,
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furthermore the induction of this LTP could be prevented with an infusion of the IL-1
receptor antagonist IL-1ra (Schneider ez al., 1998). IL-1 receptor knockout mice also show
impaired LTP induction and spatial memory deficits (Goshen ef al., 2009). This might
suggest that increases in IL-1f expression may have a positive impact on memory function,
however this is not the case. Aged rats exhibit an increase in hippocampal IL-18 and an
associated deficit in contextual fear conditioning which are ameliorated with the inhibition
of caspase-1, an enzyme that proteolytically cleaves the precursor of IL-1p to generate its
mature form (Gemma et al., 2005). Furthermore, Alzheimer’s disease is associated with
elevated levels of IL-1B, TNF-a and IL-6 both in the serum and cerebrospinal fluid
(Akiyama et al., 2000, Shaftel et al., 2008). It is therefore well recognised that whilst
certain pro-inflammatory cytokines play an important role in modulating synaptic plasticity
and memory functioning, a prolonged pro-inflammatory phenotype can be detrimental to
brain functioning and may accelerate cognitive decline in neurodegenerative diseases
(Lynch, 2010, Viviani and Boraso, 2011, Yirmiya and Goshen, 2011). Additionally, aging
seems to enhance brain vulnerability to inflammatory challenges and these can interact to
induce memory deficits, possibly via downregulation of BDNF (Barrientos et al., 2006,

Cortese et al., 2011).

Vascular endothelial growth factor (VEGF) is an angiogenic trophic factor, inducing the
proliferation, migration and integration of blood vessels into a connected network (Ferrara
et al., 2003). It is a vital factor in maintaining vascular function during development and
throughout life. Given the current evidence that shows a role for cardiovascular health and
cognitive decline, there has been a great deal of research into whether VEGF can be a
mediator of cognitive function. The expression of VEGF is upregulated after hippocampal-
dependent learning in rats and overexpression of VEGF can further improve spatial
memory and contextual learning (Cao ef al., 2004, Licht et al., 2011). Furthermore, rats
treated with VEGF displayed significantly more angiogenesis and neurogenesis than
control rats suggesting that, in addition to improving memory in the short-term, VEGF
may also play a role in maintenance of a suitable neurogenic niche in the dentate gyrus
(Licht et al., 2011). However, Licht and collegues also found that inhibition of VEGF
under normal conditions does not affect neurogenesis but still impaired contextual and
spatial memory, although it has been shown that knocking down VEGF expression inhibits
the environmental enrichment-induced increase in neurogenesis in the dentate gyrus (Caoet

al., 2004). It has also been found that treatment with VEGF enhanced spatial memory in a
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Alzheimer’s disease mouse model, coupled with an increase in angiogenesis in the
hippocampus and a reduction in AP plaque load (Wang ef al., 2011). These data suggest
that VEGF could be a suitable neurochemical marker to analyse local changes in
angiogenesis that induce memory improvements and can also correlate with changes in
blood perfusion. Given that environmental enrichment can increase the expression of
VEGF in the hippocampus (Cao et al., 2004), it is conceivable that environmental
enrichment may prevent any age-related reductions in cerebral blood volume via a VEGF-

induced maintenance of vascular health.

Aging is an inevitable part of life and as medical research prolongs our lifespan, it is
becoming increasingly important to find ways to support and maintain healthy minds and
bodies. Whilst there is a great deal of hope that more effective treatments and cures can be
developed for many neurodegenerative diseases, environmental enrichment provides an
easily implemented intervention that can be utilised both in younger and older people to
prevent or ameliorate cognitive decline. Ongoing research into understanding the
underlying neurochemical mechanisms associated both with age-related cognitive decline
and environmental enrichment as an intervention will also provide invaluable insights into

neurodegeneration and possible therapeutic targets.

1.7 The Use of Animal MRI

Studying plasticity at a cellular level is crucial in order to understand the mechanisms
behind brain changes during adult life. Studying structural and neurochemical changes
within the hippocampus can only be done using animal studies with invasive techniques or
with analysis of brains postmortem in humans. It is not possible therefore, to conclude
definitively that there are similar mechanisms occurring within human brains and animal
brains when they exhibit similar cognitive improvements. Functional magnetic resonance
imaging (fMRI) however, has provided neuroscientists and cognitive psychologists with a
non-invasive tool that is a window into the activity of the brain during cognitive tasks. This
has been invaluable for the advancement of our knowledge of which specific regions of the
brain are important for particular skills. It would be unethical to test rodents in a similar
way, as they would have to be fully conscious to perform the cognitive tasks and this
would be distressing in the confined space of the MRI scanner. There are many different
types of MRI scan that can be utilised whilst the animals are anaesthetised however,

particularly to study any structural changes that may have occurred in the brain due to an
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experimental intervention. There have been a limited number of fMRI studies however,
which have measured changes in blood flow in the sensory cortex of rats during
stimulation of whiskers or paws under light anaesthetic(Goloshevsky et al., 2008, Zhao et
al., 2008), showing that it is possible to map relatively simple brain activity in rodents. As
techniques develop further, it seems very likely that more sophisticated techniques will be

utilised in order to more directly compare more complex animal and human brain activity.

It is possible to study experience-dependent plasticity changes on a regional scale: in a
highly publicised study by Maguire and colleagues (2000), it was shown that London taxi
drivers (who have extensive experience with spatial navigation) had significantly larger
posterior hippocampi than age-matched controls that did not drive taxis. Furthermore, the
posterior hippocampal volume was positively correlated with the amount of time spent
working as a taxi driver. Grey matter and white matter changes have also been seen after
learning particular tasks in humans and non-human primates (Draganski er al., 2004,
Quallo er al., 2009), suggesting that experience-dependent plastic changes can be large
enough to be detected using analysis of structural MRI scans. Task training in this way is a
cognitive stimulation that is similar to the cognitive enrichment in environmental
enrichment protocols for rodents, although at a much more complex level. As
environmental enrichment has been shown to upregulate neurogenesis in the hippocampus,
in the long term this may lead to grey matter changes in this region that can be analysed

using MRI.

Typically, studies comparing cognitive function and grey or white matter changes
concentrate on cognitively-impaired groups such as mild cognitive impairment (MCI),
dementia or Alzheimer’s patients. Voxel-based morphometry studies show reductions in
global grey matter, with more significant changes in medial temporal regions in
Alzheimer’s patients (Baron ef al., 2001, Frisoni et al., 2002, Karas et al., 2003) and
positive correlations between volumes of grey matter in temporal and frontal regions and
memory performance (Duarte et al., 2006). In normal ageing, the patterns are not as clear-
cut, some studies show associations with semantic and short-term memory performance
and grey matter volume in the anterior temporal lobes and hippocampus respectively (Taki
et al., 2011), whereas there was only a weak association between episodic memory and
hippocampal volume in a meta-analysis of 33 studies (Van Petten, 2004). This suggests
that only certain types of memory may be affected by regional-specific reductions in grey
matter volume, indeed in MCI and Alzheimer's disease patients higher cognitive function
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was associated with reduced brain volumes but an increase in brain activation (Solé-
Padullés et al., 2009). Interestingly, the same study also found the opposite pattern in
healthy controls: higher cognitive function was correlated with a larger brain volume and
reduced brain activity. This would suggest that some patients that are able to maintain
higher cognitive functions can utilise compensatory mechanisms, most likely via
alternative neural networks. An additional advantage of this technique is that it can enable
direct comparisons of changes in regional brain volume in the same subjects over time.
Kramer and colleagues found a correlation between loss of hippocampal volume and
episodic memory and global cortical volume reductions and executive function in healthy

elderly subjects, with no changes patterns in white matter integrity and memory function
(Kramer et al., 2007).

Using voxel-based morphometry in rodent studies is a relatively new area of research. To
date, there are no studies that have compared the global grey matter changes with age using
automated analytical techniques. Driscoll and colleagues (2006) manually measured grey
matter intensity from MR images taken using a 9.4T scanner. They reported a significant
reduction in hippocampal volume with age, which was correlated with performance on the
Morris water maze. /n vivo studies show that there is a reduction in neurogenesis with
ageing and that this is correlated with spatial memory performance in rats (Drapeau ef al.,
2003, McDonald and Wojtowicz, 2005). This reduction in neurogenesis is rescued by
environmental enrichment (Kempermann et al., 2002) and so it is possible that this rescue
effect may be measurable as grey matter changes in the hippocampus, especially if the

enrichment is over a long enough period.

An alternative measure to volumetric analysis that is often used in MRI studies is the
assessment of changes in cerebral blood perfusion in the brain. Measuring cerebral blood
perfusion can be done either by using exogenous tracers (such as bolus tracking with
gadolinium chelates) or labelling endogenous arterial water (arterial spin labelling, ASL).
Using exogenous tracers assumes that the blood brain barrier is intact and therefore the
contrast agents only travel through the vasculature. Using this technique, it is possible to
measure the flow of the blood through and within specific regions of the brain with a
sensitive scanning sequence such as T,*-weighted images (Pagani et al., 2008). Using ASL
to measure perfusion has the advantage over using exogenous tracers of removing the
requirement for a contrast agent, and therefore reduces the stress to the animal. The

theoretical models behind this analysis are more complex however, which makes
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interpretation of the results more difficult. This technique labels the water molecules in the
blood upstream of the region of interest by inverting their longitudinal magnetisation and
then subsequently imaging the region of interest during the time that the labelled blood is
within that region. This enables a measure of cerebral blood flow to be derived via
calculations from the ratio of relaxation (time taken for the inverted ions to return to their
relaxed state) between the labelled and control blood and the amount of magnetised blood
that arrived at the region of interest (Buxton, 2005). This study uses an updated approach
to ASL, bolus-tracking ASL (btASL) in which boluses of varying duration were labelled
using the continuous ASL (cASL) technique (Kelly et al., 2009).

It has been well-established that alterations in blood flow are a significant factor in
dementia: evidence from epidemiological studies show associations between
cardiovascular disease and dementia (Launer, 2002), in particular hypertension seems to
play a role in cognitive decline with age. Many studies show that increases in both systolic
and diastolic blood pressure in midlife are associated with lower cognitive function in later
life (Launer et al., 1995, Kilander et al., 1998, Launer ef al., 2002) and therefore anti-
hypertensive treatments are considered to be significant factors in the prevention of
developing dementia (Launer, 2002). Elevated blood pressure can damage the blood-brain
barrier and surrounding capillaries which will cause a reduction the cerebral blood flow,
therefore a lack of nutrients to the brain and subsequent neuronal cell death. Recent
evidence shows that cerebral blood flow is reduced in the hippocampus of aged humans
and is also positively correlated with spatial memory performance (Heo et al., 2010).
Cerebral blood volume analysis in monkeys shows that the dentate gyrus is particularly
vulnerable to reductions with age, and reductions have been correlated with reduced
expression of Arc, the expression of which is associated with LTP, in the dentate gyrus of
aged rats (Small et al., 2004). Furthermore, it has been shown the cerebral blood volume is
positively correlated with neurogenesis in the dentate gyrus of mice and that exercise
significantly increases cerebral blood volume and correspondingly neurogenesis (Pereira et
al., 2007). This study also showed that exercising humans had increases in cerebral blood
volume in the dentate gyrus which was positively correlated with both the fitness level of

the individual and their cognitive performance on a verbal reasoning test.
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1.8 Objectives

1. The first aim of this study is to investigate the minimum period of environmental
enrichment, without exercise, that is needed to elicit an improvement in hippocampal-
dependent memory in the rat. Furthermore this study analyses the changes in neurotrophins

and neurogenesis that are associated with this memory improvement.

2. Having elucidated a role for both neurogenesis and NGF in the enrichment-induced
memory improvement, this study analyses the direct effect of NGF on hippocampal-
dependent memory by administering a single intracerebroventricular (i.c.v.) infusion of
NGF. Following this, a chronic i.c.v. infusion of NGF for 6 weeks that directly mimics the
increase in NGF observed with environmental enrichment is used to further elucidate the
role that the enriched-induced NGF increase has on memory function, neurogenesis and

apoptosis.

3. The aim of the final study is to investigate the neuroprotective effects of environmental
enrichment, without exercise, on memory decline tested at both middle-age and old-age in
rats and whether there are any associated changes in neurotrophins, neurogenesis,

apoptosis, grey matter or cerebral blood volume.
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Chapter 2: General Methods
2.1 Materials

2.1.1 Animals
Wistar rats (3 month old males)
Laboratory rat diet
Enrichment toys

Nestboxes (15cmx15¢cmx12cm)

2.1.2 ELISA Kits
Human BDNF DuoSet ELISA kit
Rat BNGF DuoSet ELISA kit
Rat VEGF DuoSet ELISA kit
Human Trk B DuoSet IC ELISA kit

Substrate Solution

2.1.3 General Laboratory Chemicals
Acrylamide electrophorysis reagent
Ammonium Persulphate
Aprotitin
Bio-Rad dye reagent concentrate
Bis-acrylamide
Bovine Serum Albumin (BSA)

Bromopehnol Blue

Calcium Chloride

Dimethyl sulphoxide

Di-Sodium Hydrogen Orthophosphate (Na,HPOy)

DL-Dithiothreitol (DTT)

Bioresources, TCD
Harlan
€2 euro and charity shops

Noldus

R & D Systems
R & D Systems
R & D Systems
R & D Systems

R & D Systems

Invitrogen
Sigma
Sigma
Bio-Rad
Sigma
Sigma
Sigma
Lennox
Sigma
Sigma
Sigma
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Ethanol

Glucose

Glycerol

Glycine

Hydrochloric Acid

Hydrogen Peroxide

Heparin from bovine lung
[sofluorane

Leupeptin

Magnesium Sulphate
Magnesium Chloride (MgCl,)
B-Mercaptoethanol

Methanol (MeOH)
Nitrocellulose membrane
PAP pen for immunostaining
Pepstatin A

Potassium Chloride (KCI)
Potassium Dihydrogen Orthophosphate (KH,POy4)
Potassim Hydroxide
Potassium Phosphate
2-Propanol

0.C.T.™ compound

Sodium Azide (NaNj3)
Sodium Carbonate (Na,CO3)
Sodium Bicarbonate (NaHCOs)

Sodium Chloride (NaCl)

Lennox
Lennox
Sigma
Sigma
Lennox
Sigma
Sigma
Bioresources, TCD
Sigma
Sigma
Sigma
Sigma
Sigma
Amersham
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Tissue Tek
Sigma
Sigma
Sigma
Sigma
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Sodium Dodecylsulphate (SDS)
Sodium Hydrogen Carbonate
Sodium Hydroxide (NaOH)
Sodium Phosphate (monobasic)
Sodium Phosphate (dibasic)
Sodium Tetraborate

Sucrose

Tetramethyl-diamine (TEMED)
Tris-base

Tris-HCI

Trypan blue

Tween-20

Xylenes

2.1.4 General Laboratory Products and Plastics

96 Microwell ELISA plates
Biosphere filter pipette tips
Hyperfilm

Laboratory roll

Latex powder-free gloves
Microtest 96-well flat bottomed plates
Microtubes

Microscope slides twin frosted
Needles 26G

96-well optical reaction plates
Optical adhesive covers

PCR tubes

Sigma
Sigma
Lennox
Sigma
Sigma
Fluka
Sigma
Sigma
Sigma
Sigma
Sigma
Lennox

Sigma

Nunc

Sarstedt

Pierce

Ace Cleaners

Abina

Sarstedt

Sarstedt

Sparks

BD Microlance
Applied Biosystems
Applied Biosystems

Sarstedt
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Plastic transfer pipettes

Pipette tips

Standard grade No.1 filter paper
Standard grade No.3 filter paper

Sterile syringes (Luer 2ml)

2.1.5 Molecular Reagents
Absolute ethanol
Agarose
Ethidium bromide
High capacity cDNA reverse transcription kit
Hematoxylin
Molecular grade water
RNAlater™
RNase-free microtubes
RNaseZap® wipes
Total RNA isolation kit
Tagman gene expression assays (see table 2b)

Tagman universal PCR master mix

2.1.6 Western Blotting Reagents and Antibodies

Anti-mouse (goat) IgG peroxidase conjugate
Anti-rabbit (goat) IgG peroxidase conjugate
Anti-Trk A rabbit polyclonal IgG

Anti-Trk B rabbit polyclonal IgG
Anti-BActin mouse monoclonal IgG

Anti-ERK2 mouse monoclonal IgG

Sarstedt
Sarstedt
Whatman
Whatman

BD Plastipak

Sigma

Condra

Sarstedt

Applied Biosystems
Sigma

Sigma

Ambion

Ambion

Ambion
Macherney-Nagel
Applied Biosystems

Applied Biosystems

Sigma

Sigma

Cell Signalling Technology
Millipore

Sigma

Santa Cruz
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Anti-p44/42 MAPK (ERK1/2) rabbit polyclonal IgG Cell Signalling Technology

Anti-p75™"® rabbit polyclonal antibody Cell Signalling Technology

Anti-phospho-p44/42 MAPK (ERK1/2) rabbit monoclonal Cell Signalling Technology

Anti-phospho-ERK mouse monoclonal antibody

Anti-synapsin [ rabbit monoclonal antibody

Santa Cruz

Cell Signalling Technology

Anti-synaptophysin mouse monoclonal antibody Millipore
Hybond-C extra nitrocellulose membrane Amersham
Prestained dual band molecular weight standard BioRad
ReBlot Plus strong antibody stripping solution Chemicon
Supersignal® Pierce

2.1.7 Immunohistochemical reagents and antibodies

Anti-mouse (Goat) [gG AlexaFluor®633 conjugate Invitrogen
5-bromo-2’-deoxyuridine Sigma
BrdU chicken monoclonal IgG Abcam
BrdU rat monoclonal IgG FITC conjugate Abcam
DAB Chromagen tablets Dako
DPX mountant Sigma
Hoescht Sigma
NeuN mouse monoclonal IgG Millipore
Normal Goat Serum Vector
Normal Rabbit Serum Vector
Rabbit polyclonal anti-chicken (H&L) biotinylated AbCam
Triton® X-100 Sigma
Vectashield® Vector
VECTASTAIN ABC kit standard Vector
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2.2 Animals

Male Wistar rats in all experiments (Bioresources Unit, TrinityCollege, Dublin). All
experiments were conducted in accordance with National and European Union guidelines
(European Communities [Amendment to Cruelty to Animals Act 1876] Regulations 2002
and 2005). At approximately twelve weeks of age (300-350g), rats were allocated

randomly to experimental groups.

2.3 Housing Conditions

Rats in all conditions were group housed, three per cage in large, high-top standarye rat
cages (59x31cm) and maintained under a 12:12 light:dark cycle with a controlled ambient
temperature of between 21-24°C. Food and water was available ad libitum. Rats housed in
enriched conditions (EE) were supplied with various different toys, nest boxes and extra
bedding in their cages (figure 2a). The toys were replaced weekly with new objects and the

position of the nest boxes was changed weekly.
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Figure 2a.An example of the enriched housing conditions including toys, a nestbox, tunnel and extra
bedding.
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2.4 Assessing Memory Function

2.4.1 Anxiety Tests

To measure whether anxiety could be a significant factor in any differences in performance
on memory tasks, the open field test and elevate plus maze were utilised. Animals always
underwent these tests prior to exposure to any of the memory tests to reduce the amount of
handling that they would have, enabling a more accurate measure of their innate anxiety

levels.

Open Field Exploration

Rats explored the same circular arena, without objects, used for the NOR and OD tasks for
five minutes in a dimly lit room. Using EthoVision® 3.0, the amount of time spent in the
centre of the arena and around the outside of the arena (20cm corridor around the edge of
the arena) was measured. The amount of time spent exploring the centre and the edge of

the arena was calculated as a percentage of the time spent in the arena.

Elevated plus maze

Rats explored a “+’-shaped maze elevated 40cm off the floor placed in a dimly lit room for
five minutes. Two of the arms in this maze are enclosed with high walls (40cm) and the
alternate two arms are open (figure 2d). This exploration was digitally recorded and the

number of times the rats entered the open and closed arms was measured.

Figure 2b. An example of the structure of a T maze (A) and Elevated Plus Maze (B)(Stoelting Company,
USA).
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2.4.2 The NOR task
Habituation

Rats were habituated to the arena in which the task was to be performed in order to
minimise anxiety and facilitate sufficient levels of exploration. The arena consisted of a
black circular open field without spatial cues (diameter = 120cm, height = 35¢m), placed in
a dimly lit room. The rats were habituated for two days prior to the familiarisation phase of
the NOR task. On the first day of habituation, the rats were introduced to the open field in
pairs for a period of ten minutes. On the second day, the rats were introduced singly for a

period of five minutes each.
Familiarisation

The day following habituation, different objects made of large Lego blocks were
positioned in the arena, equidistant from the side and each other (figure 2b). Two variants
of this task were used: two object NOR or three object NOR. The number of objects used
changes the level of difficulty for the rat because the greater the number of objects, the

more information the rat has to remember.

The rats were placed in the arena at random positions and allowed to explore the objects
freely for three trials of five minutes, with a rest interval of five minutes in between each
trial. They were placed in a holding cage during the rest period in order to minimise
disturbance from home cage co-habitants. This constitutes the familiarisation phase

(training) of the task.
Testing

24 hours post-training, one of the objects was replaced by a novel object in the same
position. The rats were reintroduced to the arena for a single period of five minutes and

allowed to explore freely.

All objects were cleaned thoroughly between each rat to eliminate olfactory cues in both
the training and testing phases. The time spent exploring each object was recorded using
stopwatches. Exploration had to be deemed to be active to be recorded; rats needed to be
touching the object with their paws or nose and in active investigation, not solely sitting on
or in the vicinity of the object. Exploration of each object was then calculated as a

percentage of the total exploration of all objects.
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2.4.3 The OD task
Habituation

Rats were habituated to the same arena and using the same protocol as the NOR task.
Visible spatial cues were also attached to the walls of the arena in this variant of the task.
Briefly, the rats were habituated for two days; on day one, the rats were introduced to the
open field in pairs for ten minutes and on day two, the rats were introduced singly for five

minutes each.
Familiarisation

The day following habituation, three different objects made of large Lego blocks were
positioned in the arena, equidistant from the side and each other (figure 2b). Spatial cues
had been positioned on the walls of the arena. The rats were placed in the arena and
allowed to explore the objects freely for one trial of five minutes. This constitutes the
familiarisation phase (training) of the trial. The position at which the rats were introduced

to the arena was always random with respect to the other rats and groups.
Testing

24 hours post-training, one of the objects was placed in a novel position. The rats were

reintroduced to the arena for a single period of five minutes and allowed to explore freely.

As with the NOR task, all objects were cleaned thoroughly between each rat to eliminate
olfactory cues in both the training and testing phases. The time spent exploring each object
was recorded using stopwatches. Exploration had to be deemed to be active to be recorded;
rats needed to be touching the object with their paws or nose and in active investigation,
not solely sitting on or in the vicinity of the object. Exploration of each object was then

calculated as a percentage of the total exploration of all objects.
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Figure 2c. The Open Field used in the NOR, OD and OF tasks with three examples of objects used in the
NOR and OD tasks.

2.4.4 The Morris Water Maze task
Training

Rats were placed in a circular arena (diameter = 200cm, height = 35c¢m) filled with tepid
water in a dimly lit room containing spatial cues (figure 2¢), and allowed to swim around
until they found a static hidden platform (diameter = 9.5cm, height = 29cm) approximately
two centimetres below the water level, for five trials each day for five consecutive days.
Each trial lasted a maximum of sixty seconds or until the rat had found the hidden
platform. If rats had not found the platform within sixty seconds, they were led to the
platform. The rats were allowed to remain on the platform for thirty seconds to enable
them to orientate the position of the platform in relation to the spatial cues. Between each

trial, rats were dried off and placed in a holding cage for a rest interval of sixty seconds.

Each trial was recorded and analysed using Ethovision® 3.0 (Noldus). The time spent to
find the hidden platform (escape latency) and distance travelled to the platform
weremeasured and mean escape latency and mean distance were calculated for each rat on

each day. The pattern of exploration was also recorded.
Probe test

Two days after the final training day, the hidden platform was removed and the rats were

reintroduced into the arena for a single trial of sixty seconds. Using EthoVision® 3.0, the

43



arena was divided into quadrants and the time the rat spent in each quadrant was recorded.

The pattern of exploration was also recorded.

A

Figure 2d.A pictorial representation of the Morris water mazewith spatial cues visible around the sides of
the maze and a hidden platform (A) placed 2cm below the water level in one quadrant.

2.4.5 T Maze task

Seven days prior to habituation on this task, rats were placed on a restricted diet of 85% of
the suggested weight of food for rats (Wolfensohn and Lloyd, 2003). This ensured that the

rats were sufficiently incentivised to search for the food reward.
Habituation

Rats were habituated to the T maze for seven days prior to training. The T maze consisted
of a stem of 10 x 50cm and two arms of 10 x 40cm with walls of 20cm placed in a dimly lit
room (figure 2d). During habituation, the rats were introduced to the T maze and food
reward for five minutes per day. On the first day of habituation the food reward (chocolate
cereal flakes) was distributed evenly throughout the T maze whilst the rats were allowed to
explore freely. On the second and third day of habituation, the food reward was distributed
evenly within the two arms of the T maze whilst the rats were exploring the maze. On the
fourth and fifth day of habituation, the food reward was confined solely to the ends of the
two arms of the T maze whilst the rats were exploring the maze and on the final two days
of habituation, a single food reward (5g) was placed at the end of each of the arms of the

maze whilst the rats were exploring. Throughout the habituation phase, a small amount of
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the food reward was also placed in the home cages of the rats to ensure they were fully

familiarised.
Training

Rats were given six trials per day for seven days. Before the trials began, one of the arms
was closed off and a single food reward was placed at the end of the open arm. Rats were
then placed into the stem of the maze and allowed to find the food reward in the open arm.
Once the rat had eaten the reward, it was removed and placed in a holding cage for thirty
seconds. Following this, both arms were opened and the reward was placed in the opposite
arm to its position in the pre-trial. The rat was then returned to the stem of the maze for
trial one and allowed to choose which arm to explore in search of food. Once the rat had
explored its chosen arm, it was removed and placed a holding cage for a thirty second
inter-trial interval. If the rat chose the arm with the food reward, in the following trial the
food was positioned in the alternate arm. However, if the rat chose the arm without the
food reward, then it would remain in the same arm until the rat found it on a subsequent
trial. The maze was cleaned thoroughly between trials to remove any olfactory cues. The
number of correct and incorrect entries into the arms was recorded, where a correct entry
meant that that rat had chosen the arm with the food reward. The mean number of correct

entries, as a percentage, was calculated for each day.

2.5 Neurochemical Analyses

All rats were sacrificed by decapitation and the brains were quickly removed and dissected
on ice. The left hemisphere was removed and covered in Tissue-Tek®™ O.C.T.™ compound,
flash-frozen with liquid nitrogen and stored at -80°C to preserve it for
immunohistochemical analysis. The right hemisphere was sub-dissected to extract the
perirhinal cortex, hippocampus proper and dentate gyrus. Tissue from each of these brain
regions were homogenised or stored for RNA extraction. Trunk bloods were collected and
centrifuged (20 minutes at 11,000g) after which the supernatant (serum) was collected for

future analysis and stored at -20°C.
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2.5.1 Preparation of Samples

Preparation of homogenate

Freshly dissected samples of the perirhinal cortex, hippocampus proper and dentate gyrus
from each rat were homogenised in ice cold Krebs solution (15 strokes, 500ul)or lysis
buffer (15 strokes, 500ul) using a 1ml glass homogeniser. The homogenates were then
centrifuged (20 minutes at 11,000g at 4°C), supernatant taken and then stored in

microtubes at -20°C until required.

Protein quantification

Protein concentrations of supernatant were quantified using the Bradford method
(Bradford, 1976). Samples were analysed in triplicate (Sul/well) on a 96-well plate
(microtest plate; Sarstedt, Ireland). A standard curve was prepared from a stock solution of
1000pg.ml™” bovine serum albumin (BSA) diluted in deionised water ranging from 1000-
15.625ug.ml™" with a blank of de-ionised water also included. A 1:5 dilution of Bio-Rad
reagent was filtered and added (195ul) to samples and standards. The absorbance was
measured at 620nm using a 96-well plate reader (Labsystems Flouroscan Ascent FL,
Medical Supplies Ltd, Ireland). The absorbance of the standards was plotted and the
regression equation of the curve was used to calculate the protein concentrations of the
samples. The values were then calculated as mg.ml" protein. Samples were equalised to
ensure all samples had equal concentrations of protein before any further neurochemical

analysis was performed.

2.5.2 SDS-PAGE and Western Immunoblotting

Preparation of samples for gel electrophoresis

100ul of equalised samples in lysis buffer were added to sample buffer (1:1 dilution) and

boiled for 5 minutes in a heating block.

Gel electrophoresis

Acrylamide gels (10% or 7.5%) were cast between 2 glass plates and inserted into the

electrophoresis unit (BioRad Mini-PROTEAN 3, BioRad Laboratories, Herfordshire,
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England). Electrode running buffer was added to the inner and outer reservoirs. Samples
prepared in sample buffer (10ul) or pre-stained molecular weight marker (5ul; BioRad)

were loaded into the wells and run at 30mA (per gel) for approximately 40 minutes.

After electrophoresis, the gel was rinsed gently in transfer buffer. Nitrocellulose paper
(Amersham) and filter paper (Whatman no.3 grade) were cut to the size of the gel and
soaked in transfer buffer for approximately 3 minutes. A sandwich was made of one sheet
of filter paper, followed by nitrocellulose paper, followed by the gel and finally a second
sheet of filter paper and placed on the anode of a semi-dry blotter (Apollo Instruments,
Alpha Technologies, Dublin, Ireland) that had been moistened with transfer buffer. Any
air bubbles in the sandwich were removed and the lid (containing the cathode) was placed

firmly on top. The transfer was carried out for 75 minutes at 225 mA.

Following this, blots were blocked for non-specific binding overnight at 4°C or 2 hours at
room temperature with a solution of TBS-T (10ml; 0.05% Tween®20 in TBS) containing
BSA (5%) and then probed with an antibody raised against the specific protein (table 2a).
This was washed off with TBS-T (6 x 5 minute washes) and a secondary HRP-conjugated
antibody was added for 1 hour at room temperature (table 2a). Immunoreactive bands were
detected with HRP conjugated secondary antibody using Supersignal® West Dura
chemiluminescence reagents (Pierce). The membranes were then exposed to photographic

film (Hyperfilm, Amersham, UK) and developed using a Fuji Processor.

All protein bands were quantified by densitometric analysis using the Gel Doc It Imaging
System (UVP, Medical Supply Company, Ireland) in conjunction with LabWorks
(Lablogics Inc, Mission Viejo, California, USA).
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Primary Antibody Dilution Incubation Secondary Dilution Incubation
Antibody
Mouse Anti- ERK-2 1:1000 TBS- | Overnight Goat anti-mouse | 1:1000 TBS- | 1 hour (room
Monoclonal IgG (Santa | T with BSA | (4°C) IgG HRP T with BSA | temperature)
Cruz) (2% w/v) (Sigma) (2% w/v)
Mouse Anti-phospho- 1:2000 TBS- | Overnight Goat anti-mouse | 1:6000 TBS- | 1 hour (room
ERK1/2 Polyclonal IgG | T with BSA | (4°C) IgG HRP T with BSA | temperature)
(Santa Cruz) (2% w/v) (Sigma) (2% w/v)
Rabbit Anti- 1:2000 TBS | Overnight Goat anti-rabbit | 1:6000TBS- | 1 hour (room
p44/42MAPK (ERK1/2) 4°C) IgG HRP T with BSA | temperature)
Polyclonal IgG (Cell (Sigma) (2% wlv)
Signalling Technology)
Rabbit Anti-phospho- 1:2000 TBS | Overnight Goat anti-rabbit | 1:6000TBS- | 1 hour (room
p44/42MAPK (ERK1/2) (4°C) IgG HRP T with BSA | temperature)
Monoclonal IgG (Cell (Sigma) (2% w/v)
Signalling Technology)
Rabbit Trk B Polyclonal | 1:2000 PBS | Overnight Goat anti-rabbit | 1:5000 PBS | 1 hour (room
IgG (Millipore) with non-fat | (4°C) IgG HRP with non-fat | temperature)
milk (2% (Sigma) milk (2%
w/V) w/V)
Mouse Anti--Actin 1:2000 TBS- | Overnight Goat anti-mouse | 1:2000 TBS- | 1 hour (room
(Sigma) T with BSA | (4°C) IgG HRP T with BSA | temperature)
(2% w/v) (Sigma) (2% w/v)
Rabbit Anti-synapsin [ 1:4000 TBS- | Overnight Goat anti-Rabbit | 1:6000TBS- | 1 hour (room
Monoclonal IgG (Cell T with BSA | (4°C) IgG HRP T with BSA | temperature)
Signalling Technology) (2% w/v) (Sigma) (2% w/v)
Mouse Anti- 1:4000 TBS- | Overnight Goat anti- 1:6000TBS- | 1 hour (room
Synaptophysin T with BSA | (4°C) Mouse IgG T with BSA | temperature)
Monoclonal IgG (2% w/v) HRP (Sigma) (2% w/v)
(Millipore)
Mouse Anti-GAPDH 1:1000 TBS- | Overnight Goat anti- 1:2000 TBS- | 1 hour (room
Monoclonal IgG T with BSA | (4°C) Mouse IgG T with BSA | temperature)
(AbCam) (2% w/v) HRP (Sigma) (2% w/v)
Rabbit Anti-Trk A 1:500 TBS- | Overnight Goat anti-Rabbit | 1:2000 TBS- | 1 hour (room
Polyclonal IgG (Cell T with non- | (4°C) IgG HRP T with non- | temperature)
Signalling Technology) | fat milk (2% (Sigma) fat milk (2%
w/V) w/V)
Rabbit Anti-p75"™® 1:500 TBS- | Overnight Goat anti-Rabbit | 1:2000 TBS- | 1 hour (room
Polyclonal IgG (Cell T with BSA | (4°C) IgG HRP T with BSA | temperature)
Signalling Technology) (2% w/v) (Sigma) (2% w/v)

Table 2a. Dilutions, incubations and secondary antibodies used for Western immunoblotting
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2.5.3 Polymerase Chain Reaction Analysis

Preparation of samples for RNA extraction

Freshly dissected samples of the perirhinal cortex, hippocampus and dentate gyrus from

each rat were placed in RNase-free tubes containing RNA/ater™ and stored at 4°C.

Preparation of samples for polymerase chain reaction analysis

Tissue samples in RNA/later™ were prepared by extracting RNA using a total RNA
isolation kit (Macherey-Nagel). Samples were placed in a 350ul solution of pB-
mercaptoethanol in buffer RA1 (1:100 dilution) and homogenised using a polytron tissue
disrupter (Kinetatica). Following the user manual provided with the kit, the sample
homogenate was added to Nucleospin” Filter units and centrifuged for 1 minute at
11,000g. 350ul ethanol (70%) was added to the resultant sample and mixed by pipetting up
and down approximately 5 times. Each sample was added to a Nucleospin® RNA II
column, pipetted up and down twice and centrifuged for 30 seconds at 11,000g. Following
this, 350ul Membrane Desalting Buffer (MDB) was added to each of the columns and
centrifuged for 1 minute at 11,000g. 95ul DNase reaction mixture (1:10 dilution of
reconstituted rDNase in Reaction buffer rDNase) was added directly into the centre of the
silica membrane in each of the columns and incubated at room temperature for 15 minutes
to digest DNA. 200ul buffer RA2 was then added to each of the columns and centrifuged
for 30 seconds at 11,000g and the columns were placed in new collecting tubes. 600ul
buffer RA3 (1:3 dilution of RA3 in ethanol) was added to each of the columns and
centrifuged for 30 seconds at 11,000g and the flow-through was discarded. A final wash of
250ul buffer RA3 was added to each of the columns and centrifuged for 2 minutes at
11,000g to dry the membrane fully. Finally, the RNA was eluted by adding 60ul of H,0
(RNase-free) to each of the columns in a fresh RNase-free microtube and centrifuged for 1
minute at 11,000g. The eluted RNA was stored at -80°C for quantification and reverse

transcription.
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RNA quantification and reverse transcription

The RNA was quantified using a NanoDrop'™ Spectrophotometer (Thermo Fisher
Scientific). RNA concentrations were equalised with RNase-free H,0 in order that equal

concentrations of RNA could be used as a template for cDNA transcription.

A high capacity cDNA archive kit (Applied Biosystems) was used to reverse transcribe the
equalised RNA samples. 20ul of equalised RNA was mixed in a PCR mini-tube with an
equal volume of 2x master mix (1:5 dilution of 10x Reverse Transcriptase Buffer; 1:12.5
dilution of 25x dNTPs; 1:5 dilution of Random Primers; 1:10 dilution of MultiScribe
Reverse Transcriptase and 1:2.381 dilution of H,0). Samples were then placed in a thermal
cycler (PTC-200 Peltier Thermal Cycler) and incubated at 25°C for 10 minutes and 37°C
for 120 minutes. The ¢cDNA was frozen at -20°C for later real-time polymerase chain

reaction (PCR) analysis.

Real-time PCR

Gene expression of targets (table 2b) was assessed using Tagman gene expression assays
containing specific target primers and FAM-labelled MGB target probes. B-actin gene
expression was used to normalise gene expression between samples and was quantified
using a f-actin endogenous control gene expression assay containing specific primers and a

VIC-labelled MGB probes for rat 3-actin.

Multi-target (multiplex) Q-PCR

cDNA was diluted 1:4 with RNase-free H,0, 10ul of which was pipetted onto a PCR plate.
Following this, 1:12 dilution of both target primer/probe and B-actin primer/probe in
Tagman master mix was added to each well (25ul reaction volume). Electronic pipettes

(EDP3 20-200ul, 2-20ul and 10-100ul) were used to ensure pipetting accuracy.

Samples were placed in a real time PCR thermocycler (Applied Biosystems 7300) using
the following steps: 95°C for 10 minutes, 95°C for 15 seconds followed by 60 seconds at
60°C. The second step was repeated forty times and the fluorescence was read during the

annealing and extension phase (60°C) for the duration of the programme.
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Real-time PCR analysis

The AACT method (Applied Biosystems 7300) was used to assess gene expression for all
real-time PCR analysis. This method assesses relative gene expression by comparing the
gene expression of experimental samples to the mean of control samples, instead of
quantifying the exact copy number of the target gene. In this manner, the fold-change
(increase-decrease) can be assessed between experimental and control samples. The fold-
change is assessed using the cycle number (CT) difference between samples; a threshold
for fluorescence is set, against which CT is measured. In order to accurately assess the
difference between gene expression, the threshold is set when the PCR reaction is in the

exponential phase.

Gene Name Assay Number NCBI Gene Reference®
BNGF Rn01533872 ml XM 227525.3
Trk A Rn00572130 ml NM 021589.1
BDNF Rn00560868 m1 [ -----------
Trk B Rn00820626 ml NM 012731.1
p75NTR Rn00561634 ml NM 01610.2
Ki67 Rn01451446 ml XM 225460.5
VEGF Rn01511601 ml NM 001110333.1
IL-1B Rn00580432 ml NM 031512.2
CD68 Rn01495634 gl NM_134360.1
CD40 Rn01423583 ml NM 001031638.1

Table 2b. List of gene assays used for PCR

* Gene reference as listed on the national centre for biotechnology information (NCBI). Entrez-Nucleotide
website: http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search& DB=nucleotide
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2.5.4 Enzyme Linked Immunosorbent Assay (ELISA)

An enzyme-linked immunosorbent assay (ELISA) was used to examine the concentration
of BDNF, Bngf, VEGF and Trk B in samples of brain tissue homogenate. Commercially
available kits were used; Human BDNF DuoSet ELISA Development system (R&D
Systems Europe, Oxon, United Kingdom), rat BNGF DuoSet ELISA Development system
(R&D Systems), Rat VEGF DuoSet ELISA Development system (R&D Systems) and
Human Total Trk B DuoSet IC Development system. The manufacturer states that Human
BDNF ELISA kit is 100% cross-reactive with rat BDNF and that Human Trk B ELISA kit

1s 93% cross-reactive with rat Trk B.

Human BDNF

A 96-well plate was coated with 2pug.ml™ concentration of capture antibody (mouse anti-
human BDNF in phosphate buffered saline (PBS; 50ul/well)) and incubated overnight at
room temperature. The plate was washed with PBS-T (0.05% Tween®20 in PBS) using an
automated plate washer (Columbus Plus, Tecan, Austria) and blocked with a reagent
diluent (1% BSA in PBS; 150ul/well) for 1 hour at room temperature. After washing, the
samples and standards were added (50ul/well) and incubated for 2 hours at room
temperature. The plates were washed again and detection antibody (25ng.ml™" biotinylated
mouse anti-human BDNF in reagent diluent; 50ul/well) was added and incubated for 2
hours at room temperature. After washing, the plates were reacted with Streptavidin-HRP
(50ul/well) for 20 minutes at room temperature, washed and substrate solution was added
(50ul/well) and incubated in the dark at room temperature for 20 minutes. To stop the
reaction, 1M H,SO, was added (50ul/well). The absorbances of the samples and standards
were read at 450nm in a plate reader (Labsystems Flouroscan Ascent FL, Medical Supplies
Ltd, Ireland). The regression equation of the standard curve was used to calculate the

BDNF concentrations of the samples.

Rat B-NGF

A 96-well plate was coated with 0.4ug.ml” concentration of capture antibody (goat anti-rat
B-NGF in phosphate buffered saline (PBS; 50ul/well)) and incubated overnight at room
temperature. The plate was washed with PBS-T (0.05% Tween®20 in PBS) using an

automated plate washer (Columbus Plus, Tecan, Austria) and blocked with a reagent
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diluent (1% BSA in PBS; 150ul/well) for 1 hour at room temperature. After washing, the
samples and standards were added (50ul/well) and incubated for 2 hours at room
temperature. The plates were washed again and detection antibody (100ng.ml™ biotinylated
goat anti-rat B-NGF in reagent diluent; 50ul/well) was added and incubated for 2 hours at
room temperature. After washing, the plates were reacted with Streptavidin-HRP
(50ul/well) for 20 minutes at room temperature, washed and substrate solution was added
(50ul/well) and incubated in the dark at room temperature for 20 minutes. To stop the
reaction, 1M H,SO4 was added (50ul/well). The absorbances of the samples and standards
were read at 450nm in a plate reader (Labsystems Flouroscan Ascent FL). The regression
equation of the standard curve was used to calculate the B-NGF concentrations of the

samples.

Rat VEGF

A 96-well plate was coated with 1pg.ml™ concentration of capture antibody (mouse anti-rat
VEGF in phosphate buffered saline (PBS; 50ul/well)) and incubated overnight at room
temperature. The plate was washed with PBS-T (0.05% Tween®20 in PBS) using an
automated plate washer (Columbus Plus, Tecan, Austria) and blocked with a reagent
diluent (1% BSA in PBS; 150ul/well) for 1 hour at room temperature. After washing, the
samples and standards were added (50ul/well) and incubated for 2 hours at room
temperature. The plates were washed again and detection antibody (IOOng.ml'1 biotinylated
goat anti-rat VEGF in reagent diluent; S0ul/well) was added and incubated for 2 hours at
room temperature. After washing, the plates were reacted with Streptavidin-HRP
(50ul/well) for 20 minutes at room temperature, washed and substrate solution was added
(50ul/well) and incubated in the dark at room temperature for 20 minutes. To stop the
reaction, 1M H,SO4 was added (50ul/well). The absorbances of the samples and standards
were read at 450nm in a plate reader (Labsystems Flouroscan Ascent FL, Medical Supplies
Ltd, Ireland). The regression equation of the standard curve was used to calculate the

VEGF concentrations of the samples.

Human Total Trk B

A 96-well plate was coated with 8ug.ml™ concentration of capture antibody (mouse anti-

human Trk B in phosphate buffered saline (PBS; 50ul/well)) and incubated overnight at
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room temperature. The plate was washed with PBS-T (0.05% Tween®20 in PBS) using an
automated plate washer (Columbus Plus, Tecan, Austria) and blocked with a block buffer
(1% BSA, 0.05% NaNj; in PBS; 150ul/well) for 1 hour at room temperature. After
washing, the samples and standards were added (50ul/well) and incubated for 2 hours at
room temperature. The plates were washed again and detection antibody (400ng.ml”
biotinylated goat anti-human Trk B in reagent diluent (20 mM Tris, 137 mM NacCl, 0.05%
Tween 20, 0.1% BSA, 50ul/well) was added and incubated for 2 hours at room
temperature. After washing, the plates were reacted with Streptavidin-HRP (50ul/well) for
20 minutes at room temperature, washed and substrate solution was added (50ul/well) and
incubated in the dark at room temperature for 20 minutes. To stop the reaction, 1M H,SO,
was added (50ul/well). The absorbances of the samples and standards were read at 450nm
in a plate reader (Labsystems Flouroscan Ascent FL). The regression equation of the

standard curve was used to calculate the B-NGF concentrations of the samples.

2.6 Immunohistochemical Analyses

Analysis of the proliferation of cells in the dentate gyrus of the rats was performed via
immunohistochemical staining for the thymidine analogue 5-bromo-2’-deoxyuridine

(BrdU).

2.6.1 Preparation of Samples for Immunostaining

The left hemisphere, which had been flash froze, was sectioned at -20°C using a cryostat
(Leica CM1900). For each hemisphere, 18 sections of 10um thickness through the
hippocampus were made and stored at -20°C for immunohistochemical analysis with light
microscopy. 9 sections of 20um thickness through the hippocampus were made and stored

at -20°C for double immunhistochemical labelling with fluorescent antibodies.

2.6.2 Quantification of BrdU Positive Nuclei in the Dentate Gyrus

Initial quantification of the proliferation of cells in the dentate gyrus was done using 3,3'-
diaminobenzidine(DAB)-linked staining. First, 10um sections were fixed with 100%
methanol (Sigma-Aldrich) for 10 minutes followed by PBS washes (3 x 3 minutes). To
denature the DNA in order for the antibody to bind to the incorporated BrdU, the sections
were incubated with 2N HCI (Fluka) at 37°C for 30 minutes (75pul per section). Following
this, the sections were washed with 0.1M Borate buffer (0.1M sodium borate in deionised
H,O, pH 8.5; 2 x 5 minute washes) to neutralise the acid. The sections were then washed
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with PBS (3 x 3 minutes). To block endogenous peroxidase, the sections were incubated in
0.3% H,0, ([Sigma], 75ul per section) for 20 minutes at room temperature and then
washed with PBS (3x 3 minute washes). To block non-specific binding, the sections were
incubated in blocking buffer (1:5 Normal Rabbit Serum [Vector Laboratories, UK] in 1%
BSA in PBS; 75ul per section) for one hour at room temperature. The sections were then
incubated with chicken anti-BrdU ([AbCam], 1:200 dilution in blocking buffer; 75ul per
section) overnight at 4°C. On day two, the sections were washed in PBS (3 x 3 minutes)
and then the sections were incubated in the secondary antibody (rabbit anti-chicken
[AbCam], 1:1000 dilution in 1% BSA in PBS; 75ul per section) for 30 minutes at room
temperature. Following this, the sections were washed in PBS (3 x 3 minutes). To amplify
the signal, Vectastain® ABC (Vector Laboratories) was utilised; sections were incubated
in ABC solution for 30 minutes at room temperature (75ul per section) and then washed in
PBS (3 x 3 minutes). Finally, the sections were reacted with DAB (Dako, Denmark)
activated with 30% H,0O, (1:1000 dilution; 75ul per section) for approximately five
minutes at room temperature. To stop the reaction, sections were immersed in PBS.
Following 2 washes with H,O, sections were counterstained with hematoxylin (Sigma) to
stain all nuclei. Sections were then dehydrated using increasing concentrations of methanol
(70%, 90% and then 100%), immersed in xylene and mounted with DPX mountant

(Sigma). The sections were stored at room temperature until further analysis.

Nine sections of the dentate gyrus were stained per rat and then the number of BrdU
positive (BrdU+) nuclei was calculated as a percentage of the number of proliferating cells.
This was done by counting the total number of BrdU+ nuclei and dividing this by the total
number of nuclei in the dentate gyrus of the sections stained (6 views per section at 40x on

by light microscopy [Olympus CH-2, Olympus Optical Company, Japan]).

As a negative control, the above protocol was performed on three sections without the

inclusion of the primary antibody. No BrdU+ nuclei were visible on any of the sections.

2.6.3 Classification of BrdU Positive Nuclei in the Dentate Gyrus

In order to classify the type of cell differentiating in the dentate gyrus of the rat,
immunofluorescent antibodies were used. First, 20um sections were fixed with 4%
paraformaldehyde for 10 minutes followed by PBS washes (3 x 3 minutes). To denature
the DNA in order for the antibody to bind to the incorporated BrdU, the sections were

incubated with 0.5M NaOH at room temperature for 30 minutes (75ul per section) and
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then washed with PBS (3 x 3 minutes). To block non-specific binding and permeabilise the
tissue, the sections were incubated in blocking buffer (1:5 Normal Goat Serum [Vector
Laboratories] and 1:20 0.2% Triton X-100 in PBS; 75ul per section) for two hours at room
temperature (75ul per section). The sections were then incubated in rat anti-BrdU FITC-
conjugated (1:50 dilution in blocking buffer; 75ul per section) overnight, in the dark, at
4°C. All the following steps took place in the dark. On day two, the sections were washed
in PBS (12 x 3 minutes) and the sections were incubated in blocking buffer for two hours
at room temperature. To stain for neurons, the sections were incubated in mouse anti-NeuN
(1:100 dilution in blocking buffer; 75ul per section) overnight at 4°C. On day three, the
sections were washed with PBS (6 x 3 minutes) and incubated in goat anti-mouse
Alexa633-conjugated (1:2000 dilution in blocking buffer; 75ul per section) for 30 minutes
at room temperature. Following this, the sections were washed in PBS (12 x 3 minutes). To
stain for all nuclei, the sections were also incubated in Hoescht (1:1000 dilution in PBS;
75ul per section) for 10 minutes at room temperature, washed in PBS (3 x 3 minutes) and
then mounted with Vectashield®. The sections were stored in the dark at 4°C until
analysed using a LSM 700 Confocal Laser Scanning Microscopeand LSM software (Carl

Zeiss, Germany).

Three sections of the dentate gyrus per rat were stained and the co-localisation of BrdU+
and NeuN positive (NeuN+) nuclei was analysed. The number of BrdU+/NeuN+ nuclei

was calculated as a percentage of the total number BrdU+ nuclei.

2.6.4 Analysis of Apoptosis (Fluorometric TUNEL)

Levels of apoptosis in the dentate gyrus were assessed using the DeadEnd™ Fluorometric
TUNEL System (Promega Corporation, Madison, USA) according to manufacturer’s
instructions. This system detects apoptotic cells by measuring levels of nuclear DNA
fragmentation, a biochemical hallmark of apoptosis. First, 10um sections were fixed with
4% paraformaldehyde (75ul per section) for 10 minutes followed by PBS washes (2 x 5
minutes). To permeabilise the tissue, Proteinase K (20pg.m1'1; 75ul per section) for 5
minutes at room temperature followed by a 5 minute PBS wash. Sections were then fixed
with 4% paraformaldehyde (75ul per section) for 5 minutes followed by a 5 minute PBS
wash. The sections were then incubated in Equilibration Buffer (75ul per section) for 10
minutes. To catalytically incorporate the Fluorescein-12-dUTP at 3’OH DNA, sections
were incubated in rTdT Incubation Buffer (1:1.13 Equilibration Buffer, 1:10.2 Nucleotide
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Mix, 1:51 rTdT enzyme; 50ul per section) at 37°C, in the dark, for 60 minutes. To stop the
reaction, sections were incubated in 2x SSC for 15 minutes at room temperature (75ul per

section) followed by PBS washes (3 x 5 minutes).

To stain for all nuclei, the sections were also incubated in Hoescht (1:1000 dilution in PBS;
75ul per section) for 10 minutes at room temperature, washed in PBS (3 x 3 minutes) and
then mounted with Vectashield®. The sections were stored in the dark at 4°C until
analysed using a LSM 700 Confocal Laser Scanning Microscopeand LSM software (Carl
Zeiss, Germany). Three sections of the dentate gyrus per rat were stained and the mean

fluorescent intensity at 488nm was analysed.

2.7 MRI Analyses

Animals were first anesthetised with 5% isoflurane in 1:2 O;:N, airmix. For the
maintenance of anesthesia during the experiment, the isoflurane concentration was reduced
to 2% and administered via a facemask at 11.min"" of 1:2 O,:N, air mix. The rat’s breathing
and heart-rate was monitored throughout the scanning using custom hardware and software
(SA Instruments Inc., Stony Brook, NY, USA). Their body temperature was controlled
using a water-containing line-system (SA Instruments Inc., Stony Brook, NY, USA), and
monitored throughout the experiment using a rectal probe. The rat’s head was fixated using

a bite-bar, a plastic head-tube and plastic ear-bars.

Animals were scanned in a 7 Tesla horizontal bore magnet (Bruker Biospin, Germany) at
Trinity College Institute of Neuroscience, Trinity College Dublin. A variety of images
were acquired to enable further analysis for grey matter volume differences and alterations

in blood perfusion rates.

2.7.1 Voxel-Based Morphometry (VBM)

T;-weighted MR axial images were collected using a rapid-acquisition relaxation-enhanced
(RARE) sequence with the following acquisition parameters: field of view (FOV) = 4.00 x
3.00cm, image matrix = 266 x 200, 64 x 0.5mm slices, repetition time (TR) = 6.26s, echo
time (TE) = 36.00ms. Images were analysed based on a fully automated voxel-based
morphometry (VBM) analysis adapted from human brain analyses (Ashburner and Friston,
2000, Good et al., 2001) carried out with FSL tools (Smith et al., 2004).

Using this analysis, the structural images were first brain-extracted using a skull-stripping
technique in MIPAV software (Medical Image Processing, Analysis and Visualisation;
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(McAuliffe et al., 2001)) followed by segmentation into the different tissue types using
FSL tools. The resulting grey matter partial volume images were aligned to a standard rat
brain. These normalised images were then averaged to create a study specific template to
which the native grey matter images were then non-linearly re-registered. The registered
partial volume images were then modulated (to correct for local expansion or contraction)
by dividing by the Jacobian of the warp field. The modulated segmented images were then

smoothed with an isotropic Gaussian kernel with a sigma of 2.5 in preparation for further

statistical analysis (figure 2¢).

Figure 2e. Automated Voxel Based Morphometry(A) Raw images were reorientated and skull-stripped (B)
Brains were segmented into different tissue types (C) Grey matter images were normalised to a standard rat
brain, registered to the study-specific template and spatially smoothed.

2.7.2 Continuous ASL analysis

Axial images were obtained with a 5s preparation interval (where the magnetisation of the
water molecules was inverted (2)) followed by a fast low angle shot (FLASH) sequence to
image the flow of the ‘tagged’ blood with the following acquisition parameters: FOV =
3.00 x 3.00cm, image matrix = 128 x 64, 1 x 2mm slice, TR = 6.94ms, TE = 2.63mm with
22 x repetition images per slice to enable the calculation of the blood flow in that slice (1).
The position of the slice was selected to provide the best view of the hippocampal region.
Control images were taken at the same position as the ‘tagged’ images to account for noise,
where the magnetisation of the water molecules was not inverted (3) before the images

were obtained (4) (figure 2f).

Regions of interest (ROIs) of 26 voxels in size were drawn in ImageJ (Rasband W.S.,
Bethesda, MD, USA). Regions were selected in the left and right hippocampus and the left
and right cortex. These slices encompassed the maximum amount of hippocampal tissue.
The whole brain was also used as a control image. Difference images were calculated by
subtracting the control from the labelled image to give an image with signal intensities
proportional to the concentration of excited spins. The ROIs were placed on these images

and mean intensity measures in these ROIs were plotted against time and used to produce
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intensity-time curves. Using the method described in Kelly et a/ (2009), mean transit time:
time taken for the ‘tagged’ blood to reach the target slice (MTT) and capillary transit time:
time taken for the ‘tagged’ blood to traverse the vasculature in the target slice (CTT) were
calculated. Proportional blood flow was calculated by dividing the mean intensity
measures from the ROIs by the mean cerebral blood flow (as measured from the middle

cerebral arteries).

2_ 1
Ly
TTF CB
=~
(831 1 MTT

Figure 2f. Pictorial representation of continuous arterial spin labeling method (1) The water molecules
in the blood are magnetised (2) 5 seconds later, 22 repetition images are taken at the slice of interest (3) For
control images, no magnetisation of the water occurs and (4) images are taken at the same slice position.
Control images are subtracted from ‘tagged’ images to reduce noise. MTT, CTT and proportional blood flow
are calculated.

2.8. Statistical Analyses

All data are represented as mean + standared error of the mean (SEM). Outliers were
calculated as +2 standard deviations from the mean, and excluded from any analyses.
Behavioural analyses were performed in GraphPad Prism v4 with One-Way ANOVAs or
in SPSS v14 with Mixed Within-Between ANOVAs. Neurochemical analyses were
performed in GraphPad Prism with One-Way ANOV As or T-tests.
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Chapter 3: Evaluation of the cognitive enhancing effects of short-term environmental

enrichment & assessment of the underlying mechanisms

3.1 Introduction

In the 1940s, Hebb first documented that animals housed as pets in a home secan betting
exhibited behavioural improvements when compared with littermates that were kept in a
laboratory setting (Hebb, 1947), but it was Rosenzweig and colleagues in the 1960s who
began to study the behavioural consequences of an enriched environment as a scientific
paradigm (Bennett ez al., 1969, Rosenzweig and Bennett, 1969, Rosenzweig et al., 1969,
Rosenzweig and Bennett, 1996). Since that time, environmental enrichment has emerged
as a particularly useful experimental manipulation that can be utilised to facilitate memory
formation and induce various neuroplastic changes in the brain, including increases in

neurogenesis, synaptic plasticity and synaptogenesis (van Praag et al., 2000).

Classically, environmental enrichment can be defined as any enhancement of standard
laboratory housing and typically involves larger cages, increased social stimulation via the
housing of larger groups together and the inclusion of extra objects in the cages such as
nestboxes, extra bedding material, tunnels and toys. The objects are moved frequently to
add further stimulation and the majority of enrichment protocols would also include
running wheels in the animals’ homecages to facilitate additional physical activity.
Environmental enrichment can therefore enhance the animal’s cognitive and sensory

stimulation, social interactions and physical activity.

Due to the large number of factors that are associated with an enriched environment, it has
been hypothesised that it is the combination of factors that is the most important aspect and
that they interact to induce cognitive and neuroplastic benefits, particularly in
neurodegeneration (Cracchiolo et al., 2007, Mirochnic et al., 2009). Studies that have
tested the effects of increased social stimulation alone would suggest that this is not a
major factor in the enhancement of memory (Rosenzweig et al., 1978, Cracchiolo et al.,
2007, Zaias et al., 2008), however social isolation can have detrimental effects on
neurodevelopment and memory function (Bianchi et al., 2006, King ef al, 2009,
McCormick et al., 2011). In contrast to this, there is a wealth of data including from our
own lab showing that physical activity alone can enhance memory and increase

neurogenesis, as well as being neuroprotective (Anderson et al., 2000, Gobbo and O'Mara,
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2005, O'Callaghan et al., 2007, Griesbach et al., 2009, Griffin et al., 2009). Given that
exercise is such a potent cognitive enhancer, some groups do argue that it is physical
activity that is the key beneficial factor of environmental enrichment (van Praag et al.,
2000, Ehninger and Kempermann, 2003). Few studies have analysed the effect of cognitive
enrichment alone as an environmental enrichment protocol for improving memory,
however recent evidence suggests that it can prevent age-related cognitive decline in

spatial memory (Kumar ef al., 2011).

Whilst significant interaction between the different factors in environmental enrichment
may elicit memory improvements, the mechanisms that underlie these improvements have
not been fully elucidated. Indeed, it is likely that these different interventions can induce
the same behavioural improvements via dissociable pathways (Olson et al., 2006). Many
studies have shown that neurotrophic factors are upregulated during environmental
enrichment, particularly NGF and BDNF (Ickes ef al., 2000, Pham ef al., 2002). Both NGF
and BDNF are known to play important roles in synaptic plasticity and memory function
(Woolf et al., 2001, Alonso et al., 2002, Bramham and Messaoudi, 2005, Conner ef al.,
2009), therefore it is likely that they are associated with enrichment-induced memory
improvements. Exercise in particular, has been consistently shown to increase BDNF in
association with memory improvements (Griesbach et al., 2009, Griffin et al., 2009,

Erickson ef al., 2011).

Additionally, environmental enrichment can increase hippocampal neurogenesis and
synaptogenesis (Ehninger and Kempermann, 2003, Nithianantharajah er al., 2008).
Learning itself could also be argued to be a form of cognitive enrichment and performance
in the Morris water maze task has been shown to induce neuronal network remodelling via
increases in neurogenesis (together with some apoptosis), synaptogenesis and changes in
dendritic aborisation (Dupret et al., 2007, Ambrogini et al., 2010, Tronel et al., 2010). The
potential confound of these studies is that the Morris water maze has a large physical
activity component, therefore these effects could in fact be due to an interaction between

the cognitive stimulation of learning and the physical stimulation of swimming.

Although it is clear that there are therapeutic benefits in environmental enrichment, the
variety of different enrichment protocols makes the dissociation between the factors within

an enrichment setting difficult. Certainly, it is not clear whether different neurochemical
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pathways are associated with one factor over another and whether they are capable of

eliciting similar behavioural improvements.

The aim of this study was to use cognitive enrichment in the absence of physical or
additional social stimulation to elicit an improvement in cognitive function and assess the
underlying neurochemical mechanisms associated with this improvement. This will add
much needed clarification to the question of how environmental enrichment can enhance
memory and begin to dissociate the different mechanisms that may be involved in this
process. To date, there has been no study that assessed the minimum duration of
environmental enrichment, in the absence of exercise, necessary induce a cognitive
improvement. Therefore, this study assessed the effect of environmental enrichment, in the
absence of exercise and for different lengths of time, cognitive function in rats.
Furthermore, the underlying mechanisms of enrichment-induced improvements were

analysed, especially in the context of neurotrophin expression and neurogenesis.
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3.2 Methods

3.2.1 Subjects and Design

The experimental groups consisted of two groups of rats housed in standard conditions
(SH, n=6) and three groups of rats housed in enriched conditions for two weeks (2wk EE,
n=6), three weeks (3wk EE, n=6) and six weeks (6wk EE, n=6) respectively and then
tested on the NOR task. At a later date, two groups of rats were tested on the OD task (SH:
n=6; 6wk EE: n=6), and two groups of rats were tested on the T maze task (SH; n=11; 6wk
EE: n=12). For a full list of all the rats used in the short-term enrichment experiments and

the tasks that they performed, see table 3a.

Group Number of rats Behavioural task
performed

2 week E—E (proliferation) 6 NOR

3 week EE (proliferation) 6 NOR

6 week EE (proliferation) 6 NOR

2 & 6 week SH 6 NOR (2 weeks) &

(proliferation) NOR (6 weeks)

3 week SH (proliferation) 6 NOR (3 weeks)

6 week EE (survival) 6 OD, OF

6 week SH (survival) 6 OD, OF

6 week EE (ageing) 12 T maze

6 week SH (ageing) 11 T maze

Table3a.Rats used in assessing short-term enrichment and the tasks that they performed.Proliferation =
rats used in the experiment to assess the effect of environmental enrichment upon proliferation in the dentate
gyrus. There were 3 different enriched housing groups in this study (2, 3 and 6 week EE) and 2 standard
housing groups, with one group of SH rats being tested on the NOR task at 2 and 6 weeks, and the other SH
group being tested on the NOR task at 3 weeks. Survival = rats used in the experiment to assess the effect of
environmental enrichment upon survival of neurons in the dentate gyrus. Ageing = rats used in the study to
assess the long-term benefits of environmental enrichment. These rats were also tested following 6 weeks of
housing in their respective conditions to assess the effect of short-term enrichment upon spatial working
memory.
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3.2.2 BrdU Administration

Cell proliferation

To evaluate hippocampal cell proliferation, the thymidine analogue 5-bromo-2’-
deoxyuridine (BrdU [Sigma]) was administered intraperitoneally (50mg.kg™) to all rats.
For the EE rats, the BrdU was administered three times weekly for the last two weeks of
their enrichment period. One group of SH rats were injected three times weekly in weeks 2
and 3 of the housing. One group of SH rats were injected 3 times weekly at the same time

as the 6wk EE group (figure 3a).

Cell survival

To evaluate hippocampal cell survival, BrdU (50mgkg™”; i.p) was administered to an
additional group of rats (SH: n=6, EE: n=6) for 7 days prior to housing in standard or
enriched housing conditions. Following six weeks of housing in their respective
environments, rats were tested with the 3 object OD task (see 2.4.2) and sacrificed by
decapitation. Brains were quickly removed and the left hemisphere was covered in
TissueTec® OCT™ compound, flash frozen and stored at -80°C to preserve it for
immunohistochemical analysis. The right hemisphere was sub-dissected to extract the
perirhinal cortex, dentate gyrus and hippocampus. All tissue was prepared for further
neurochemical analysis using methods described in section 2.5. The data collected from

this study was analysed, under supervision, by Niamh McGarry.

3.2.3 Behavioural Testing

The hippocampal-dependent memory performance of all the rats was tested with the two
object NOR task in the final two days of their enrichment period (figure 3b, see 2.4.1).
Briefly, the rats had three trials of five minutes with an inter-trial interval of five minutes
to explore two different novel objects in an open field (training day). Twenty-four hours
post-training, one of the objects was replaced by a novel object in the same position and
the rats were placed back into the open field for five minutes and allowed to explore
(testing day). During both the training and testing days, the time spent exploring each
object was recorded using stopwatches and calculated as a percentage of the total time

spent exploring both objects.
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One group of SH rats were tested at week two and six with the 2wk EE and 6wk EE rats
and one group of SH rats were tested at week three with the 3wk EE rats (figure 3b). The
day following the NOR test day, rats were sacrificed by decapitation and tissue was

collected as described in section 2.5.1.

Two additional groups of rats (SH: n=6; EE: n=6; D on figure 3b) were tested for levels of
anxiety following 6 weeks of enrichment using the OF test (see section 2.4.1). Briefly, rats
were individually placed in a circular arena in a dimly lit room for 5 minutes and allowed
to explore freely. Their exploratory patterns were measured using EthoVision® 3.0 and the
amount of time spent in the centre of the arena versus around the outside of the arena
(20cm corridor around the edge of the arena) was calculated. The amount of time spent
exploring the centre and the edge of the arena was calculated as a percentage of the time
spent in the arena. Following this, rats were tested with the three object OD task (figure 3b,
see 2.4.2). For this task, the rats had one trial of five minutes to explore three different
novel objects in an open field (training day). Twenty-four hours post-training, one of the
objects was placed in a novel position and the rats were placed back into the open field for
five minutes and allowed to explore freely (testing day). During both the training and
testing days, the time spent exploring each object was recorded using stopwatches and

calculated as a percentage of the total time spent exploring both objects.

Two additional groups of rats (SH: n=11; EE: n=12) were tested on the T maze task after 6
weeks of enrichment. This utilises working memory (figure2d, see 2.4.4) and is designed
to test the rats’ spontaneous alteration behaviour in search of food. Rats were placed on a
reduced diet for two weeks prior to testing on this task and throughout the task itself, of
approximately 85% of their recommended daily food intake for their weight. The training
for this task takes 7 days and therefore rats began testing on this task in the seventh week
of enrichment. The rats were given six trials per day in which they had to learn to alternate
between exploration of either arm in order to obtain a food reward. The number of correct

entries was recorded as a percentage of total trials per day for eight days.
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Figure 3a.Overview of the tasks used to assess novel object recognition (NOR) and spatial (OD)
memory.
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Figure 3b.The time course for assessing the effect of short-term environmental enrichment on
cognitive function, cell proliferation and survival. There were three groups of EE rats: 2week EE(red line;
A), 3week EE (red line; B) and 6week EE (red line; C),and two groups of SH rats (black lines; B & C).
2week EE rats were injected with BrdU (|) on days 2,4, 7,9, 11 and 14. One group of SH and 3week EE rats
were injected on days 9, 11, 14, 16, 18 and 21. The second group of SH rats and 6week EE were injected on
days 28, 30, 32, 35, 37 and 39. 2week EE and one group of SH rats were tested on the 2 object NOR task on
day 14, 6 week EE rats and the same group of SH rats were tested on the 2 object NOR task on day 42. 3
week EE and the second group of SH rats were tested on the 2 objectNOR task on day 21. To assess cell
survival, an additional group of SH (black; D) and 6wk EE rats (red; D) were injected once a day for 7 days
prior to housing in standard or enriched housing. At the end of six weeks, rats were tested on the 3 object OD
task.
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3.2.4 Analysis of the expression of NGF, BDNF, Trk A and Trk B and
phosphorylation and expression of ERK

Neurotrophin expression was measured in the dentate gyrus, perirhinal cortex and
hippocampus in all groups. BDNF and BNGF protein concentration were measured by
ELISA (see 2.5.4) and BDNF and PNGF mRNA expression were measured using PCR
analysis (see 2.5.3). Trk A and Trk B mRNA expression were also measured using PCR

analysis in the dentate gyrus and hippocampus in all groups (see 2.5.3).

Trk B protein concentration was measured using western immunoblotting in the dentate
gyrus and perirhinal cortex for SH and 6wk EE groups (see 2.5.2). ERK phosphorylation
was measured using western immunoblotting in the dentate gyrus, hippocampus and
perirhinal cortex for SH and 6wk EE groups (see 2.5.2). The phosphorylation of this
protein is a downstream effect of the activation of Trk receptors in the MAPkinase

pathway and therefore indicative of neurotrophin action.

3.2.5 Analysis of Synaptic Vesicle Proteins

Synapsin and synaptophysin protein concentration in the dentate gyrus and hippocampus
was measured using western immunoblotting (see 2.5.2). These proteins are key
modulators of neurotransmitter release and increases in these proteins are often linked with
increases in the number of synapses on neuronal axons and increases in the density of

synaptic vesicles within the presynaptic nerve terminals.

3.2.6 Analysis of Neurogenesis

In order to measure any changes in neuronal proliferation, immunohistochemical analysis
was performed on sections of the dentate gyrus in all groups. To analyse the rate of cell
proliferation in the dentate gyrus, BrdU immunostaining was performed on 10um sections
and analysed via light microscopy (see 2.6.2). The number of BrdU positive nuclei was
calculated as a percentage of the total number of nuclei stained with hematoxylin.
Following this, the characteristics of the BrdU positive nuclei were measured by double-
labelling 20um sections through the dentate gyrus with BrdU and NeuN antibodies in SH,
3wk EE and 6wk EE groups (see 2.6.3). The co-localisation of this staining was calculated

as a percentage of the total number of BrdU positive cells.
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3.2.7 Statistical Analysis

All data are expressed as mean + standard error of the mean (SEM). Outliers were
excluded from any analysis if they were +2standard deviations away from the mean. Two-
way ANOVAs were used to analyse data from the NOR, OD and OF tasks. In the T maze
task, data were analysed in two day groupings 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. Post-hoc analyses were performed using either Bonferroni or Tukey multiple

comparison tests.

All neurochemical and immunohistochemical data were analysed using one-way
ANOVAs, except the analysis of Trk B, phosphorylated-ERK (pERK), synapsin and

synaptophysin protein concentration which were analysed using unpaired t tests.
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3.3 Results

3.3.1 Six weeks of environmental enrichment does not affect anxiety behaviour

Anxiety levels in the SH and 6wk EE groups were measured using the OF test. Exploration
in the centre of the open field was compared to exploration around the wall (within 20cm
of the wall) and both were calculated as a percentage of total exploration. There was a
significant effect of zone (F; 42 = 169.5, p<0.001, figure 3f), with both groups exploring
around the wall significantly more than in the centre of the open field (t,3 = 21.07,
p<0.001). There was however, no significant effect of housing conditions (F; 4, = 0.00,
p>0.05) and no significant interaction (F;4 = 1.174, p>0.05). These data suggest that
short-term environmental enrichment does not significantly affect anxiety levels in rats.
Mean percentage exploration + SEM: SH Centre = 20.78+3.70, SH Wall = 79.22+3.71,
6wk EE Centre = 25.27+4.47, 6wk EE Wall = 74.73+4.47).
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Figure 3c. Six weeks of environmental enrichment has no effect on open field exploration.There was a
significant effect of zone (F, 4, = 169.5, p<0.001, figure 3e), with both the SH and 6wk EE group exploring
around the wall significantly more than in the centre of the open field (t,; = 21.07, ***<0.001). There was no
effect of group. SH: n=11, 6wk EE: n=12. Data analysed as percentage of total open field exploration and

expressed as mean + SEM.
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3.3.2 Environmental enrichment improves object recognition memory in a

time-dependent manner

Object recognition memory was tested with the two object NOR task on SH, 2wk EE, 3wk
EE and 6wk EE groups. On the training day, there was no significant difference between
the exploration of the two objects A and B (F,44 = 0.0013, p>0.05). There was no
significant difference in total exploration between any of the groups (F;4s = 0.0011,

p>0.05) and no interaction (F3 44 = 1.407, p>0.05, figure 3c.1).

On the testing day, object B was replaced with a novel object C*. There was no significant
difference in total exploration between any of the groups (F3 44 = 0.0000, p>0.05) but there
was a significant difference between the exploration of the objects A and C* (F; 44 = 340.5,
p<0.001), with Bonferroni posttests showing that all groups explored the novel object C*
significantly more than the familiar object A (mean percentage exploration of objects +
SEM: SH: A = 44.58+1.29, C* = 55.42+1.25, p<0.05; 2wk EE: A = 41.45+1.83, C* =
58.55+1.83, p<0.001; 3wk EE: A = 32.12+2.74, C* = 67.88+2.74, p<0.001; 6wk EE: A =
21.0542.57, C* = 78.95+£2.57, p<0.001). There was a significant interaction between the
housing conditions and the exploration of objects (F3 44 = 19.48, p<0.001, figure 3c.ii).

To find the source of the interaction, a one-way ANOV A was performed on the percentage
exploration of the novel object C* between all the groups. This analysis revealed that there
was significant difference in the exploration of object C* between all the groups (F32; =
13.60, p<0.001). Tukey’s multiple comparison test revealed that there was no significant
difference in the exploration of object C* between the SH and 2wk EE group (mean
difference = 3.14, p>0.05). There was however, a significant increase in the exploration of
object C* between the SH and 3wk EE group (mean difference = 12.47, p<0.01) and
between the SH and 6wk EE group (mean difference = 23.54, p<0.001). Furthermore, there
was a significant increase in the exploration of object C* between the 3wk EE and 6wk EE

group (mean difference = 11.07, p<0.05).

These data show that two weeks of environmental enrichment, in the absence of exercise,
are not sufficient to induce a behavioural improvement in object recognition memory as
measured by the two object NOR task. Housing rats in an enriched environment for three
or six weeks is sufficient to induce a significant improvement in object recognition
memory and in addition to this, rats housed in an enriched environment for six weeks have

a significantly greater improvement when compared with those housed for three weeks.
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Figure 3d. Environmental enrichment improves object recognition memory in a time-dependent
manner(i) There was no significant difference between the exploration of objects on the training day of the
NOR task (F; 44 = 0.0013, p>0.05). (ii) There was a significant increase in the exploration of the novel object
C* when compared with the familiar object A on the testing day in all the groups (F; 44 = 340.5, p<0.001; SH:
*p<0.05, 2wk EE: ***p<0.001, 3wk EE: ***p<0.001, 6wk EE: ***p<0.001). There was also an interaction
between the exploration of objects and housing conditions (F3,44 = 19.48, p<0.001) with no significant
difference in the exploration of object C* between the SH and 2wk EE group but with 3wk EE and 6wk EE
exploring object C* significantly more than SH ("'p<0.01), and 6wk EE object C* significantly more than
3wk EE (*®*p<0.001). n=6 in all groups. Data expressed as mean + SEM.
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3.3.3 Six weeks of environmental enrichment improves spatial memory

Spatial memory in SH and 6wk EE groups was tested with the three object OD task. On the
training day, there was no significant difference between the exploration of the three
objects A, B and C (F,43 = 1.597, p>0.05). There was no significant difference in total
exploration between the SH and 6wk EE group (F,¢; = 0.117, p>0.05) and no interaction
(F263=0.557, p>0.05, figure 3d.1).

On the testing day, object A was moved to a novel position. There was no significant
difference in total exploration between any of the groups (F3 44 = 0.0000, p>0.05) but there
was a significant difference between the exploration of the objects A*, B and C (Fy63 =
32.42, p<0.001), with Bonferroni posttests showing that the SH group did not explore the
displaced object A* significantly more than object B (mean percentage exploration of
objects + SEM: A* = 37.35+£2.80, B = 34.08+2.80, p>0.05) but did explore the object A*
more than object C (mean percentage exploration of object C £ SEM = 28.57£1.90,
p<0.05). The 6wk EE group explored the displaced object A* significantly more than
object B (mean percentage exploration of objects = SEM: A* = 49.49+2.30, B =
30.35+2.16, p<0.001) and object C (mean percentage exploration of object C + SEM =
20.17£2.23, p<0.001) and explored object B significantly more than object C (p<0.01).
There was a significant interaction between the housing conditions and the exploration of

objects (F,¢3=10.25, p<0.001, figure 3d.ii).

To find the source of the interaction, an unpaired t test was performed on the percentage
exploration of the displaced object A* between the SH and 6wk EE group. This analysis
revealed that there was significant difference in the exploration of object A* between these

two groups (t21 = 3.37, p<0.01).

These data show that six weeks of environmental enrichment, in the absence of exercise,

can improve spatial memory in the rat as measured by the three object OD task.
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Figure 3e. Six weeks of environmental enrichment improves spatial memory(i) There was no significant
difference between the exploration of objects on the training day of the OD task (F,¢; = 1.597, p>0.05). (ii)
On testing day, there was a significant difference in the exploration of the objects (F,4;= 32.42, p<0.001),
with the SH group exploring the displaced object A* more than object C (*p<0.05) and the 6wk EE group
exploring object A* more than both object B and C (***p<0.001). There was also an interaction between the
exploration of objects and housing conditions (F,¢= 10.25, p<0.001) with the 6wk EE group exploring
object A* significantly more than the SH group ('p<0.01). SH: n=11, 6wk EE: n=12. Data expressed as
mean + SEM.
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3.3.4 Six weeks of environmental enrichment improves working memory

Working memory in SH and 6wk EE groups was tested using the T maze task (figure 3e).
There was a significant effect of time on this task (F3¢ = 4.995, p<0.01). Post-hoc
repeated measures ANOVA revealed that there was a significant increase in the percentage
of correct arm entries between days 1-2 and 7-8 in the SH group (mean percentage entries
+ SEM: days 1-2 [59.09+£3.63] vs days 3-4 [63.64+3.23], p>0.05; days 3-4 vs days 5-6
[66.67£2.75], p>0.05; days 5-6 vs days 7-8 [75.00+£2.51], p>0.05; days 1-2 vs days 7-8,
p<0.05) and that there was a significant increase in the percentage of correct arm entries
across the grouped days in the 6wk EE group (mean percentage entries + SEM: days 1-2
[50.69+£3.47] vs days 3-4 [72.22+3.60] p<0.001; days 3-4 vs days 5-6 [75.69+1.91],
p>0.05; days 5-6 vs days 7-8 [87.50+1.62], p<0.001). There was a significant effect of
housing conditions (F;¢3 = 7.520, p<0.05) and a significant interaction (F3¢; = 4.995,
p<0.01). Bonferroni post-tests revealed a significant increase in the percentage of correct
arm entries in the 6wk EE group when compared with the SH group on days 7-8 (mean

difference = 12.50, p<0.05).

These data show that rats housed in an enriched environment, in the absence of exercise,
for six weeks show faster learning of the T maze task, indicative of a significant

improvement in spatial working memory.
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Figure 3f. Six weeks of environmental enrichment improves working memory.There was a significant
increase in the percentage of correct arm entries over time (F;¢; = 4.995, p<0.01). In the SH group, there was
a significant increase in the percentage of correct arm entries between days 1-2 and days 7-8 (**p<0.01). In
the 6wk EE group, there was a significant increase in the percentage of correct arm entries between days 1-2
and days 3-4 (""'p<0.001) and between days 5-6 and days 7-8 (" 'p<0.001). There was a significant
interaction (Fs4; = 4.995, p<0.01), with a significant difference in the percentage of correct entries between
the SH and 6wk EE group at days 7-8 (*p<0.05). SH: n=11, 6wk EE: n=12. Data expressed as mean + SEM.
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3.4.1 Environmental enrichment increases pNGF concentration in the dentate

gyrus

There was a significant difference in the concentration of BNGF in the dentate gyrus across
all groups (F324 = 3.521, p<0.05, figure 3g.i). Tukey’s multiple comparison test revealed
that there was a significant increase in BNGF concentration in the 6wk EE group compared
with the SH group (p<0.05). There was no significant difference in BNGF concentration
between SH and 2wk EE groups, SH and 3wk EE groups or 2wk EE and 3wk EE groups.
Mean PNGF concentration + SEM (pg.mg™): SH = 14.57+1.42, 2wk EE = 20.84+3.72,
3wk EE = 24.80+3.38, 6wk EE = 31.51+5.35.

There was a significant difference in the concentration of BNGF in hippocampus across all
groups (F32; = 9.369, p<0.001, figure 3g.ii). Tukey’s multiple comparison test revealed
that there was a significant decrease in BNGF concentration in the 3wk EE and 6wk EE
groups when compared with SH and 2wk EE groups (SH vs 3wk EE, p<0.01; SH vs 6wk
EE, p<0.01; 2wk EE vs 3wk EE, p<0.05; 2wk EE vs 6wk EE, p<0.05). There was no
significant difference between SH and 2wk EE groups or between 3wk EE and 6wk EE
groups. Mean BNGF concentration + SEM (pg.mg"): SH = 20.14+£0.90, 2wk EE =
17.41£2.72, 3wk EE = 9.71+1.42, 6wk EE = 8.24+3.08.

There was no significant difference in the concentration of BNGF in the perirhinal cortex
across all groups (F3 17 = 1.686, p>0.05, figure 3g.iii). Mean BNGF concentration + SEM
(pgmg’): SH = 31.79+4.26, 2wk EE = 18.76+2.14, 3wk EE = 40.78+9.06, 6wk EE =
30.10+14.96. These data suggest that changes in PNGF concentration may be regionally

specific to the hippocampus and not in associated structures such as the perirhinal cortex.
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Figure 3g. Six weeks of environmental enrichment increases the concentration of BNGF in the dentate
gyrus.(i) There was a significant difference in the concentration of BNGF in the dentate gyrus across all
groups (F;,4 = 3.521, p<0.05), with a significant increase in BNGF in the 6wk EE group when compared with
the SH group (*p<0.05). SH: n=6, 2wk EE: n=6, 3wk EE: n=7, 6wk EE: n=6 (ii) There was a significant
difference in the concentration of BNGF in hippocampus across all groups (Fs,; = 9.369, p<0.001), with a
significant decrease in PNGF between the SH and 3wk EE group (**p<0.01) and between the SH and 6wk
EE group (**p<0.01). There was a significant decrease between the 2wk EE and 3wk EE group ('p<0.05)
and between the 2wk EE and 6wk EE group ('p<0.05). SH: n=8; 2wk EE: n=6; 3wk EE, n=7; 6wk EE, n=4
(iii) There was no significant difference in the concentration of BNGF in the perirhinal cortex across all
groups (F5 ;7 = 1.686, p>0.05). SH: n=5, 2wk EE: n=6, 3wk EE: n=7, 6wk EE: n=3.Data expressed as mean +

SEM.
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3.4.2 Environmental enrichment induces a time-dependent decrease in BDNF

concentration in the dentate gyrus, hippocampus and perirhinal cortex

There was a significant difference in the concentration of BDNF in the dentate gyrus
across all groups (F326 = 5.951, p<0.01, figure 3h.i). Tukey’s multiple comparison test
revealed that there was a significant decrease in BDNF concentration in the 2wk EE and
3wk EE groups when compared with the 6wk EE group (2wk EE vs 6wk EE, p<0.01; 3wk
EE vs 6wk EE, p<0.05). There was no significant difference in BDNF concentration
between SH and 2wk EE, 3wk EE or 6wk EE groups and no significant difference between
2wk EE and 3wk EE groups. Mean BDNF concentration + SEM (pg.mg'): SH =
277.6+40.49, 2wk EE = 108.0+20.18, 3wk EE = 189.0+34.45, 6wk EE = 377.7+54.68.

There was a significant difference in the concentration of BDNF in hippocampus across all
groups (F3z0 = 11.26, p<0.001, figure 3h.ii). Tukey’s multiple comparison test revealed
that there was a significant decrease in BDNF concentration in the 3wk EE group when
compared with the SH group (p<0.05) and when compared with the 6wk EE group
(p<0.001). There was also a significant decrease in BDNF concentration the 2wk EE group
when compared with the 6wk EE group (p<0.01). There was no significant difference in
BDNF concentration between the SH and 6wk EE or between the 2wk EE and 3wk EE
group. Mean BDNF concentration £ SEM (pgmg'): SH = 138.7+13.81, 2wk EE =
83.38+12.47, 3wk EE = 68.40+3.91, 6wk EE = 188.3+26.58.

There was a significant difference in the concentration of BDNF in the perirhinal cortex
across all groups (F3,0 = 9.369, p<0.001, figure 3h.iii). Tukey’s multiple comparison test
revealed that there was a significant decrease in BDNF concentration in the 2wk EE and
3wk EE groups when compared with the SH and 6wk EE groups (SH vs 2wk EE, p<0.05;
SH vs 3wk EE, p<0.01; 6wk EE vs 2wk EE, p<0.05; 6wk EE vs 3wk EE, p<0.01). There
was no significant difference in BDNF concentration between the SH and 6wk EE groups
or 2wk EE and 3wk EE groups. Mean BDNF concentration + SEM (pg.mg"): SH =
120.1£14.55, 2wk EE = 51.58+14.53, 3wk EE = 34.73+£8.60, 6wk EE = 112.1+16.88.
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Figure 3h. Two and three weeks of environmental enrichment decrease the concentration of BDNF in
the dentate gyrus, hippocampus and perirhinal cortex. (i) There was a significant difference in the
concentration of BDNF in the dentate gyrus across all groups (F3,23 = 3.521, p<0.05), with a significant
decrease in BDNF between the 2wk EE group and 6wk EE group (p<0.01[**]) and between the 3wk EE
group and 6wk EE group (*p<0.05). SH: n=12, 2wk EE: n=6, 3wk EE: n=6, 6wk EE, n=6 (ii) There was a
significant difference in the concentration of BDNF in the hippocampus across all groups (F;,, = 11.26,
p<0.001), with a significant decrease in BDNF between the 2wk EE and 6wk EE groups (**p<0.0), between
the 3wk EE and 6wk EE groups (***p<0.001) and between the SH and 3wk EE groups ('p<0.05). n=6 in all
groups (iii) There was a significant difference in the concentration of BDNF in the perirhinal cortex across all
groups (F;3 2 = 9.369, p<0.001), with a significant decrease in BDNF between the 2wk EE and SH groups (*p
< 0.05), between the 3wk EE and SH groups (**p<0.01). There is a significant decrease in BDNF between
the 6wk EE and 2wk EE groups ('p<0.05) and between the 6wk EE and 3wk EE groups (‘'p<0.01). n=6 in all

groups.Data expressed as mean + SEM.
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3.43 Two weeks of environmental enrichment upregulates PNGF mRNA

expression in the hippocampus

There was no significant difference in the expression of BNGF mRNA in the dentate gyrus
across all groups (F324 = 2.343, p>0.05, figure 3i.i). Mean fold change + SEM: SH =
1.00+0.11, 2wk EE = 0.99+0.13, 3wk EE = 1.13£0.15, 6wk EE = 1.43+0.11. Although it is
not significant, these data appear to mirror the pattern of increases in NGF protein in the

dentate gyrus with increasing time spent in an enriched environment.

There was a significant difference in the expression of BNGF mRNA in the hippocampus
across all groups (F32s = 3.507, p<0.05, figure 3i.ii). Tukey’s multiple comparison test
revealed a significant increase in the fold change of BNGF mRNA in the 2wk EE group
when compared with the 6wk EE group (p<0.05). There was no significant difference in
the fold change of BNGF mRNA between all other groups. Mean fold change + SEM : SH
=1.00+0.18, 2wk EE = 1.94+0.55, 3wk EE = 1.04+0.19, 6wk EE = 0.81+0.15.
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Figure 3i. Two weeks of environmental enrichment upregulates BNGF mRNA expression in the
hippocampus.(i) There was no significant difference in the fold change offSNGF mRNA in the dentate gyrus
across all groups (F3,4 = 2.343, p>0.05). SH: n=11, 2wk EE: n=5, 3wk EE: n=6, 6wk EE: n=6 (ii) There was
a significant difference in the expression of BNGF mRNA in the hippocampus across all groups (F;,s =
3.507, p<0.05), with a significant increase in the fold change of BNGF mRNA in the 2wk EE compared to the
6wk EE group (*p<0.05). SH: n=11, 2wk EE: n=6, 3wk EE: n=6, 6wk EE: n=6. Data expressed as mean +

SEM.
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3.4.4 Environmental enrichment does not affect BDNF mRNA expression in

the dentate gyrus or hippocampus

There was no significant difference in the expression of BDNF mRNA in the dentate gyrus
across all groups (F33 = 0.7956, p>0.05, figure 3j.i). Mean fold change + SEM: SH =
1.00+0.23, 2wk EE = 1.51+0.32, 3wk EE = 1.06+0.32, 6wk EE = 1.42+0.37.

There was no significant difference in the expression of BDNF mRNA in the hippocampus
across all groups (F;323 = 0.5647, p>0.05, figure 3j.ii). Mean fold change + SEM: SH =
1.00+£0.76, 2wk EE = 0.65+0.17, 3wk EE = 0.70+0.13, 6wk EE = 0.90+0.29.

3.4.5 Environmental enrichment does not affect Trk A mRNA expression in

the dentate gyrus or hippocampus

There was no significant difference in the expression of Trk A mRNA in the dentate gyrus
across all groups (F32; = 0.6426, p>0.05, figure 3k.i). Mean fold change + SEM: SH =
1.00+0.70, 2wk EE = 1.06+0.40, 3wk EE = 1.60+0.45, 6wk EE = 1.32+0.68. There was no
significant difference in the expression of Trk A mRNA in the hippocampus across all
groups (F3,5 = 2.874, p>0.05, figure 3k.ii). Mean fold change + SEM: SH = 1.00+0.18,
2wk EE = 1.25+0.40, 3wk EE = 1.11£0.33, 6wk EE = 0.19+0.08.
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Figure 3j. There is no difference in the expression of BDNF mRNA in the dentate gyrus or
hippocampus with two, three or six weeks of environmental enrichment. (i) There was no significant
difference in the expression of BDNF mRNA in the dentate gyrus across all groups (Fs,3 = 0.7956, p>0.05).
SH: n=11, 2wk EE: n=5, 3wk EE: n=6, 6wk EE: n=5. (ii) There was no significant difference in the
expression of BDNF mRNA in the hippocampus across all groups (F;,; = 0.5647, p>0.05). SH: n=10, 2wk
EE: n=6, 3wk EE: n=6, 6wk EE: n=5. Data expressed as mean + SEM.
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Figure 3k. There is no difference in the expression of Trk A mRNA in the dentate gyrus or
hippocampus with two, three or six weeks of environmental enrichment.(i) There was no significant
difference in the expression of Trk A mRNA in the dentate gyrus across all groups (F;,; = 0.6426, p>0.05).
SH: n=11, 2wk EE: n=5, 3wk EE: n=6, 6wk EE: n=3. (ii) There was no significant difference in the
expression of Trk A mRNA in the hippocampus across all groups (F;,s = 2.874, p>0.05). SH: n=11, 2wk EE:
n=6, 3wk EE: n=6, 6wk EE: n=6. Data expressed as mean + SEM.

85



3.4.6 Six weeks of environmental enrichment decreases Trk B receptor

expression in the dentate gyrus but not in the perirhinal cortex

There was a significant decrease in Trk B receptor expression in the dentate gyrus after six
weeks of enrichment (t;o = 2.28, p<0.05, figure 31.1). Mean Trk B expression per BActin
expression + SEM: SH = 0.88+0.20, 6wk EE = 0.41+0.06.

There was no difference in Trk B receptor expression in the perirhinal cortex after six
weeks of enrichment (ty = 1.06, p>0.05, figure 31.ii). Mean Trk B expression per BActin
expression = SEM: SH = 0.59+0.14, 6wk EE = 0.37+0.15.

3.4.7 Environmental enrichment does not affect Trk B mRNA expression in

the dentate gyrus or hippocampus

There was no significant difference in the expression of Trk B mRNA in the dentate gyrus
across all groups (F326 = 0.3218, p>0.05, figure 3m.i). Mean fold change + SEM: SH =
1.00£0.77, 2wk EE = 0.72+0.09, 3wk EE = 0.99+0.17, 6wk EE = 0.92+0.22.

There was no significant difference in the expression of Trk B mRNA in the hippocampus
across all groups (F326 = 0.3218, p>0.05, figure 3m.ii). Mean fold change + SEM: SH =
1.00+0.22, 2wk EE = 0.72+0.09, 3wk EE = 0.99+0.17, 6wk EE = 0.92+0.22.
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Figure 31 Six weeks of environmental enrichment significantly decreases Trk B receptor expression in
the dentate gyrus, but not in the perirhinal cortex.(i) There was a significant decrease in Trk B receptor
per PActin expression in the 6wk EE group in the dentate gyrus: t;, = 2.28 (*p<0.05). n=6 in both groups. (ii)
There was no significant difference between groups in Trk B receptor per fActin expression in the perirhinal
cortex: ty = 1.06 (p>0.05). SH: n=6, 6wk EE: n=5. Data expressed as mean = SEM.
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Figure 3m. There is no significant difference in the expression of Trk B in the dentate gyrus or
hippocampus with two, three or six weeks of environmental enrichment. (i)There was no significant
difference between groups in the expression of Trk B mRNA in the dentate gyrus (F;,s = 0.3218, p>0.05).
SH: n=11, 2wk EE: n=5, 3wk EE: n=6, 6wk EE: n=6 (ii) There was no significant difference between groups
in the expression of Trk B mRNA in the hippocampus (F; 6 = 0.3218, p>0.05). SH: n=12, 2wk EE: n=6, 3wk
EE: n=6, 6wk EE: n=6. Data expressed as mean = SEM.
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3.4.8 Six weeks of environmental enrichment does not affect ERK

phosphorylation in the dentate gyrus, hippocampus or perirhinal cortex

There was no significant difference in the ratio of p42ERK to total ERK 42 protein
expression in the dentate gyrus after six weeks of environmental enrichment (t;o = 0.02,
p>0.05, figure 3n.i). Mean p42ERK expression per ERK 42 expression + SEM: SH =
3.11+£0.43, 6wk EE = 3.10+0.43.

There was no significant difference in the ratio of p42ERK to total ERK 42 protein
expression in the hippocampus after six weeks of environmental enrichment (t;o = 0.94
p>0.05, figure 3n.ii). Mean p42ERK expression per ERK 42 expression + SEM: SH =
1.67+0.81, 6wk EE = 0.81+0.41.

There was no significant difference in the ratio of p42ERK to total ERK 42 protein
expression in the perirhinal cortex after six weeks of environmental enrichment (tg = 1.46,
p > 0.05, figure 3n.iii). Mean p42ERK expression per ERK 42 expression = SEM: SH =
7.87+3.28, 6wk EE = 20.09+9.26.
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Figure 3n. There is no significant difference in p42ERK expression in the dentate gyrus, hippocampus
or perirhinal cortex after six weeks of environmental enrichment. (i) p4A2ERK per ERK 42 expression in
the dentate gyrus (t;o = 0.02, p>0.05). n=6 in both groups (ii) p42ERK per ERK 42 expression in the
hippocampus (t;o = 0.94, p>0.05). n=6 in both groups (iii) p4A2ERK per ERK 42 expression in the perirhinal
cortex (tg = 1.46, p>0.05). SH: n=6, 6wk EE: n=4.Data expressed as mean + SEM.
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3.4.9 Six weeks of environmental enrichment increases synaptophysin in the

dentate gyrus

There was a significant increase in synaptophysin expression in the dentate gyrus after six
weeks of environmental enrichment (t;o = 2.629, p<0.05; figure 30.1). Mean synaptophysin
per GAPDH expression £ SEM: SH = 2.37+0.20, 6wk EE = 4.28+0.63.

There was no significant increase in synaptophysin expression in the hippocampus after six
weeks of environmental enrichment (tjp = 0.185, p>0.05; figure 3o0.ii)). Mean

synaptophysin per GAPDH expression + SEM: SH = 1.70+0.12, 6wk EE = 1.75+0.25.

There was no significant increase in synaptophysin expression in the perirhinal cortex after
six weeks of environmental enrichment (tjp = 0.104, p>0.05; figure 3o.ii1). Mean

synaptophysin per GAPDH expression + SEM: SH = 4.94+0.57, 6wk EE = 5.06+0.9.

3.4.10 Six weeks of environmental enrichment increases synapsin I in the

dentate gyrus

There was a significant increase in synapsin I expression in the dentate gyrus after six
weeks of environmental enrichment (t;o = 2.578, p<0.05; figure 3p.i). Mean synapsin I per

GAPDH expression + SEM: SH = 2.28+0.32, 6wk EE = 4.88+0.89.

There was no significant increase in synapsin I expression in the hippocampus after six
weeks environmental enrichment (t;o = 0.315, p>0.05; figure 3p.ii). Mean synapsin [ per

GAPDH expression + SEM: SH = 1.91+0.21, 6wk EE = 2.06+0.44.

There was no significant increase in synapsin I expression in the perirhinal cortex after six
weeks environmental enrichment (t;p = 1.289, p>0.05; figure 3p.iii). Mean synapsin I per

GAPDH expression + SEM: SH = 9.43+1.28, 6wk EE = 7.44+0.71.
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Figure 3o. There is a significant difference in synaptophysin expression in the dentate gyrus after six
weeks of environmental enrichment, but not in the hippocampus or perirhinal cortex. (i) synaptophysin
per GAPDH expression in the dentate gyrus (t;o= 2.629, *p<0.05). n=6 in both groups (ii) synaptophysin per
GAPDH expression in the hippocampus (t;; = 0.185, p>0.05). n=6 in both groups (iii) synaptophysin per
GAPDH expression in the perirhinal cortex (t;o= 0.104, p>0.05). n=6 in both groups. Data expressed as mean
+ SEM.
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Figure 3p. There is a significant difference in synapsin I expression in the dentate gyrus after six weeks
of environmental enrichment, but not in the hippocampus or perirhinal cortex. (i) synapsin I per
GAPDH expression in the dentate gyrus (t; = 2.578, *p<0.05). n=6 in both groups (ii) synaptophysin per
GAPDH expression in the hippocampus (to = 0.315, p>0.05). n=6 in both groups (iii) synaptophysin per
GAPDH expression in the perirhinal cortex (t;o= 1.298, p>0.05). n=6 in both groups. Data expressed as mean
+ SEM.
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3.5.1 Six weeks of environmental enrichment increases cell proliferation in the

dentate gyrus

There was a significant difference in the number of BrdU+ nuclei across all groups injected
at the end of their respective housing periods (F329 = 9.352, p<0.001, figure 3q). Tukey’s
multiple comparison test revealed that there was a significant increase in the number of
BrdU+ nuclei in the 6 wk EE group when compared with the SH group (p<0.001) and
compared with the 2wk EE (p<0.01). Mean percentage BrdU+ nuclei £ SEM: SH =
4.63+0.31, 2wk EE = 4.80+0.58, 3wk EE = 7.03+1.33, 6wk EE = 9.91+0.63.

3.5.2 Three and six weeks of environmental enrichment increase neuronal

proliferation in the dentate gyrus

There was a significant difference between the BrdU+/NeuN+ labelling in the dentate
gyrus across groups (F,9 = 4.609, p<0.05, figure 3r). Tukey’s multiple comparison test
revealed that there was a significant increase in the percentage of BrdU+/NeuN+ nuclei in
the 3wk EE group when compared with the SH group (p<0.05) and in the 6wk EE group
when compared with the SH group (p<0.05). Mean percentage of BrdU+/NeuN+ nuclei +
SEM: SH = 48.61+4.23, 3wk EE = 57.49+1.27, 6wk EE = 58.82+0.76.

3.5.3 Six weeks of environmental enrichment does not affect long-term
survival of proliferating cells in the dentate gyrus

There was no significant difference between groups in the number of BrdU+ nuclei,
wheninjected with BrdU 6 weeks prior to sacrifice (t;p = 0.1803, p>0.05; figure 3s). Mean
percentage BrdU+ nuclei £+ SEM: SH = 5.36+0.45, EE = 5.488+0.53.
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Figure 3q. Six weeks of environmental enrichment increases the number of BrdU+ nuclei in the
dentate gyrus.(i) There was a difference in the number of BrdU+ nuclei across all groups (F;, = 9.352,
p<0.001), with a significant increase in BrdU+ nuclei between the 6wk EE and SH groups (***p<0.001) and
between the 6wk EE and 2wk EE groups (' 'p<0.01). SH: n=8, 2wk EE: n=5, 3wk EE: n=6, 6wk EE: n=5 (ii)
Representative pictures of BrdU+ (brown) nuclei in SH (A) and 6wk EE groups (B) with hematoxylin (blue)
staining of all nuclei. Data expressed as mean + SEM.
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Figure 3r. Three and six weeks of environmental enrichment increase the percentage of BrdU+/NeuN+
nuclei in the dentate gyrus. (i) There was a significant difference between the BrdU+/NeuN+ labelling in
the dentate gyrus across groups (F,9 = 4.609, p<0.05) with a significant increase in the percentage of
BrdU+/NeuN+ nuclei in the 3wk EE group compared to the SH group (*p<0.05) and in the 6wk EE group
compared to the SH group (*p<0.05). n=4 in all groups. (ii) Representative pictures of BrdU+ (yellow),
NeuN+ (red) and all nuclei (blue) staining in SH (A), 3wk EE (B) and 6wk EE (C) groups. Data calculated as
percentage of colocalised NeuN+/BrdU+ nuclei per total number of Brdu+ nuclei counted, and expressed as
mean + SEM.
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Figure 3s. Six weeks of environmental enrichment does not affect long-term survival of proliferating
cells in the dentate gyrus(i) There was no significant difference in the number of BrdU+ nuclei between
groups when injected with BrdU 6 weeks before sacrifice (t;o = 0.1803, p>0.05). SH: n=6, EE: n=6 (ii)
Representative pictures of BrdU+ (brown) nuclei in SH (A) and 6wk EE groups (B) with hematoxylin (blue)
staining of all nuclei. Data expressed as mean + SEM
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To further analyse the link between the cognitive enhancement seen after three weeks of
environmental enrichment and the neurochemical and immunohistochemical results, the
rats’ performance on the 2 object NOR for all groups was correlated with PNGF

concentration in the dentate gyrus and with the BrdU+ nuclei percentages.

3.6.1 BNGF concentration in the dentate gyrus positively correlates with

performance on the 2 object NOR task

There was a significant positive correlation between the exploration of the novel object in
the 2 object NOR task and the concentration of BNGF in dentate gyrus of rats (r = 0.461,
p<0.05, N = 25, figure 3t). This suggests that an increase of PNGF in the dentate gyrus

may play a role in the improvement of object recognition memory in rats.

3.6.2 The percentage of BrdU+ nuclei in the dentate gyrus positively correlates

with performance on the 2 object NOR task

There was a significant positive correlation between the exploration of the novel object in
the two object NOR task and the percentage of BrdU+ nuclei in the dentate gyrus of rats (r
=(0.733, p<0.001, N = 21, figure 3u). This suggests that an increase in proliferation in the

dentate gyrus may play a role in the improvement of object recognition memory in rats.
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Figure 3t. There is a positive correlation between the percentage exploration of the novel object and
the concentration of NGF in the dentate gyrus.There was a significant correlation across all groups
between the concentration of NGF in the dentate gyrus and percentage exploration of the novel object in the
two object NOR task (r=0.461, p<0.05). N=25.
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Figure 3u. There is a positive correlation between the percentage exploration of the novel object and
the percentage of BrdU+ nuclei in the dentate gyrus. There was a significant correlation across all groups
between the percentage of BrdU+ nuclei in the dentate gyrus and percentage exploration of the novel object
in the two object NOR task (r=0.733, p<0.001). N=21.
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3.6 Discussion

The aim of this study was to investigate the minimum period of environmental enrichment,
in the absence of exercise, that is necessary to elicit a cognitive enhancement in the rat.
The data presented here demonstrate that three weeks of housing in an enriched
environment was sufficient to induce an improvement in hippocampal-dependent memory,
as measured by the novel object recognition (NOR) task. Furthermore, six weeks of
enriched housing induced an improvement in memory that was significantly increased

when compared with animals housed for three weeks in enriched conditions.

In order to further characterise the enrichment-induced memory improvements, rats housed
for six weeks in enriched conditions were tested using the spatial variant of the NOR task,
the object displacement (OD) task, and the T maze task. Animals housed in the enriched
environment also displayed significant improvements in these tasks when compared with

animals in standard laboratory housing.

These data show that environmental enrichment, in the absence of exercise, can improve
different types of memory. They also show that there is a temporal improvement in
memory, with rats that were housed in the enriched environment for a longer period
exhibiting improvements over the rats housed in the enriched environment for a shorter
period of time. It could be argued that the enriched rats show improvements on both the
NOR and OD tasks because their housing environment gives them prior exposure to the
exploration of novel objects in their environment. However, the toys that are used in the
enrichment protocol are always very different from the objects that are used in behavioural
testing: objects used in the tasks are made from large muiticoloured lego blocks whereas
objects used in enrichment are typically toys from children’s play kits (firetrucks, police
cars and dinosaurs for example). Nevertheless, there may be a general ‘priming’ effect due
to the extra stimulation that the rats will have with the extra objects in their homecages.
This may have facilitated the improved performance that is seen on the NOR and OD tasks
because they are heavily reliant on object exploration. Performance in the T maze task
does not rely on object exploration and the six week enriched rats still showed an
improvement in performance on this task when compared with rats housed in standard
conditions, evidenced by the fact that they had a faster learning rate. The enrichment-
induced improvements on this task would suggest that the cognitive improvements seen

with environmental enrichment are not exclusive to tasks that rely on object exploration.
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There is some evidence to suggest that enriched rats exhibit cognitive improvements on
some behavioural tasks because they are less anxious (Zimmermann ef al., 2001, Harris ef
al., 2009). Typical anxiolytic behaviours in rats would include a reduction in thigmotaxis
and this can affect exploratory patterns within a behavioural task. Harris and colleagues
argue that a reduction in thigmotaxis in enriched rats that are performing the Morris water
maze sufficiently alters the exploratory pattern of the rats so that they are more likely to
encounter the hidden platform on an earlier trial purely by chance and therefore they would
have a greater opportunity to learn its position and hence perform better on this task. The
objects in the NOR and OD tasks are placed approximately 20cm from the wall of the
circular arena and therefore it may be possible that reduced levels of thigmotaxis in the
enriched rats would increase the number of encounters that they had with the objects and
therefore may facilitate their learning of these tasks. As a measure of anxiety that would be
appropriate to the behavioural tasks that the rats have performed, the rats’ open field
activity was measured. The amount of thigmotaxis was analysed by calculating the
percentage of time that the rats spent within a 20cm corridor around the wall of the same
open field that was used in the behavioural task versus the percentage of time that they
spend in the centre. This analysis showed that there was no difference in the amount of
thigmotaxis between the six week enriched rats and the standard housed rats, suggesting
that this enrichment paradigm does not affect levels of anxiety as measured by thigmotaxis
and that differences in exploratory strategy cannot explain the improved performance on

the NOR and OD tasks that is exhibited by the enriched rats.

Whilst the NOR, OD and T maze tasks test memory function that has been shown to be
reliant on the hippocampus, they do so to differing extents. The OD task tests the rat’s
ability to remember the spatial pattern and location of the objects and is therefore heavily
hippocampal-dependent. The NOR task is testing the rat’s ability to distinguish between
objects and recognise familiar versus novel objects and therefore, whilst there is
hippocampal involvement, the perirhinal cortex plays an essential role in this type of
memory(Bussey ef al., 1999). In fact, some studies argue that an intact hippocampus is not
necessary for object recognition memory (Barker and Warburton, 2011), however at the 24
hour testing timepoint that is used in this study, there is evidence to show that the
hippocampus is required for normal recognition memory (Clark et al., 2000, Hammond ef
al., 2004). Therefore, we would argue that in this particular variant of the NOR task,

normal hippocampal functioning is necessary and enhancement of hippocampal function
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would elicit a benefit in performance upon this task. The T maze task is designed to test the
rat’s spatial working memory and therefore utilises the hippocampus but it has also been
shown to recruit higher cortical regions such as the prefrontal cortex because the rat must
learn a rule in order to complete the task successfully. The prefrontal cortex, perirhinal
cortex and hippocampus are strongly interconnected, with the perirhinal cortex connecting
to the prefrontal cortex in a reciprocal manner and to the hippocampus via the entorhinal
cortex. Whilst information associated with recognition memory is conveyed via perirhinal
cortex connections, spatial information is typically conveyed via a non-perirhinal cortex

pathway such as the postrhinal cortex (Naber et al., 1997).

Studies show that further classifications are possible within the hippocampus proper with
respect to its involvement in certain types of memory: the dorsal hippocampus has been
heavily implicated in spatial navigation and memory, with lesions of less than 25% of the
dorsal hippocampus inducing spatial memory deficits (Moser et al., 1993) whereas the
ventral hippocampus has been shown to be important for emotional memory and behaviour
(Kjelstrup et al., 2002, Bannerman et al., 2004). There is a greater density of place fields in
the dorsal hippocampus than the ventral hippocampus (Jung ef al., 1994), and human fMRI
studies have shown that the posterior hippocampus (akin to the dorsal hippocampus in
rodents) is preferentially activated during task involving conceptual information (Kumaran
et al., 2009). Conceptual information of this kind is thought to be associated with the
acquisition of a set of rules that are necessary to understand a novel situation, and are
similar to the kinds of rules that would be necessary to guide suitable navigational
behaviour in a novel environment or to search out food sources. It is likely therefore, that
dorsal hippocampal processing is also crucial for successful performance in the T maze
task, as this task necessitates rule-learning of this kind. Indeed, dorsal hippocampal lesions
impair performance on a radial arm maze, whereas ventral hippocampal lesions did not
affect performance on this task (Pothuizen ef al., 2004). Due to the dissociations that are
possible within the hippocampus proper, it would have been interesting to subdissect the
hippocampus into the dorsal and ventral regions to compare neurochemical changes within

these regions.

Whilst the dentate gyrus is not typically associated with a role in any specific type of
memory, it is known to be crucial for memory consolidation (Monopoli et al., 2011). Many
studies also suggest that it is be important for spatial pattern separation: lesions to the
dentate gyrus cause rats to be unable to discriminate between displacing the correct object
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to obtain a food reward and an identical object when they were situated close together,
whereas lesions to the CAl region did not cause an impairment (Gilbert et al., 2001).
Recent genetic data suggests that there are distinct subpopulations of granule cells within
the dentate gyrus that fire during exploration of the different environments, and the same
subpopulations fired when rodents returned to the same environment twice (Chawla ef al.,
2005). In a similar study, rats that explored the same environment twice displayed an
overlap of 70% of the same granule cells being active compared with 35% of the same
cells being active when rats explored different environments (Marrone et al., 2011). In this
context, adult neurogenesis is argued to play a particular role in pattern separation, with
immature granule cells being preferentially activated during exposure to a novel
environment (Kee et al., 2007, Tashiro et al., 2007). A reduction in neurogenesis can
induce an inability to discriminate between similar contexts in a fear conditioning task and
a deficit in location discrimination when objects are close together (Clelland et al., 2009,
Sahay er al., 2011) and conversely, an enhancement in neurogenesis can improve
performance on a touch screen location task and contextual fear conditioning (Creer et al.,

2010, Sahay et al., 2011).

The neurochemical results show that there is a significant increase in BNGEF, but not
BDNF, in the dentate gyrus of rats following six weeks of enrichment and further analysis
revealed that there was a significant positive correlation between performance on the NOR
task and BNGF concentration. In addition to this there was a significant increase in
neuronal proliferation in the dentate gyrus in rats following six weeks of environmental
enrichment and this also positively correlates with performance on the NOR task. These
data would suggest that both PNGF and neurogenesis are involved in the enrichment-
induced memory improvements seen in this study. Further analysis revealed that there are
increases in the synaptic vesicle proteins synapsin and synaptophysin in the dentate gyrus
of enriched rats. Increases in these proteins have been linked with synaptogenesis, thus
these data provide further evidence for the activity-dependent plasticity changes associated

with housing in an enriched environment.

There is however, a significant reduction in BNGF concentration in the hippocampus after
three and six weeks of environmental enrichment. At the mRNA level, there is also a
significant increase in BNGF expression after two weeks of enrichment. These results are
seemingly in conflict with the association between increased BNGF and memory
improvements that has been found and may indicate that there are certain signalling and
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neurotrophin transport mechanisms between the hippocampus and dentate gyrus that are
being affected by environmental enrichment. Dentate gyrus granule cells send axonal
projections into the hippocampus, particularly the CA3 region and therefore it is possible
that environmental enrichment is stimulating an increase in the production of NGF in the
hippocampus and that this PNGF is being taken up at axon terminals in the CA3 and
retrogradely transported to granule cell bodies in the dentate gyrus where it can exert its
key function of regulating neuronal survival and growth (for reviews, see Lu and Chow,
1999, Poo, 2001). This may stimulate the increase in local production of BNGF in the
dentate gyrus that is suggested in this study, as there is a small increase in BNGF mRNA in
the dentate gyrus with increasing weeks of environmental enrichment. No changes in
BNGEF in the perirhinal cortex were observed in this study, suggesting that this brain region
is not involved in the memory improvements that are seen with this type of environmental
enrichment. Trk A is the main receptor for NGF and whilst there are no statistically
significant differences between groups in Trk A mRNA expression in the dentate gyrus or
hippocampus, there does seem to be a reduction in Trk A expression in the hippocampus
after six weeks of enrichment. This reduction mirrors the decrease in BNGF concentration
shown in the hippocampus after three and six weeks of enrichment, and therefore it is
possible that there is a downregulation of Trk A in the hippocampus in direct response to
the reduction of BNGF that is available to bind to it. Because there are no data available
regarding the protein expression of Trk A however, it is not possible to draw a firm

conclusion on this point.

The increase in NGF concentration that is found in the dentate gyrus of enriched rats in this
study is complemented by data in the literature that shows increases in NGF in the
hippocampus following sixty days of enrichment (Pham er al., 1999b). Their enrichment
protocol does include running wheels however, and there is no analysis of BDNF
concentrations, which would be expected to increase following exercise. Indeed, studies
from the same group show increases in hippocampal BDNF, NGF and Trk A following
long-term environmental enrichment (Pham et al., 1999a, Ickes et al., 2000). Most studies
do not subdissect the hippocampus and therefore it is not possible to pinpoint the source of
neurotrophin increases within the hippocampal formation. Zhu and colleagues report that
there are different baseline and experimental concentrations of BDNF and NGF in the
ventral and dorsal hippocampus in mice (Zhu et al., 2006), indicating that are changes in

neurotrophin concentrations between these regions and that they may be differentially
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affected experimentally. The data from this study add to the current literature that provides
strong evidence for a role for neurotrophins in the cognitive improvements associated with
environmental enrichment, and yet the mechanisms of action of BDNF and NGF as
mediators of memory improvements in these paradigms are still unclear and yield

conflicting evidence in the literature.

This study shows a consistent reduction in BDNF concentration after two and three weeks
of environmental enrichment in the dentate gyrus, hippocampus and perirhinal cortex.
There is also a significant reduction in Trk B receptor expression following six weeks of
enrichment. This would suggest that BDNF is not involved in the improvements in
memory that have been measured in this study. Whilst it is not clear why there would be
such a consistent enrichment-induced reduction in BDNF across all these regions, some
papers that also utilise enrichment protocols without exercise report no increases in BDNF
concentration (Bindu et al., 2007) and behavioural improvements in BDNF " heterozygous
mice (Chourbaji et al., 2008, Zhu et al., 2009). These studies suggest that environmental
enrichment can affect behaviour via a pathway that is independent of BDNF. Nevertheless,
no study to date has shown decreases in BDNF following environmental enrichment
although decreases in expression of BDNF have been shown after social isolation with

associated increases in spatial memory (Pisu ef al., 2011).

There were no changes in ERK phosphorylation found in the dentate gyrus, hippocampus
or perirhinal cortex. Changes in ERK phosphorylation would be indicative of activation of
the MAP kinase pathway that is heavily associated with memory function and the pro-
survival pathways of neurotrophins. The rats in this study were sacrificed one day after
they had been tested on the NOR task and therefore it is likely that, at this time, any
increased activation of the MAP kinase pathway associated with enhanced learning had
decreased to baseline levels. Further analysis of other proteins associated with activation of
this pathway, such as CREB phosphorylation, would confirm this. Alternatively, NGF may
be eliciting memory improvements via activation of the PI3 kinase or PLC-y pathways,
therefore future studies could focus on the analysis of tissue directly after learning occurs
for assessment of all downstream signalling pathways associated with Trk receptor

signalling.

Interestingly, whilst there is a significant increase in neurogenesis at three and six weeks of

environmental enrichment, there is no difference in the survival of these new neurons
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following six weeks of enrichment. Given the importance of NGF in neuronal survival, it
would be likely that an increase in NGF in the dentate gyrus would provide an enhanced
neurogenic niche and stimulate an increase in the survival of adult-born neurons. This
could be associated with the specific protocol that was used in this study: rats were injected
with BrdU prior to housing in the enriched environment. Whilst there is a temporal
increase in concentration of BNGF in the dentate gyrus over the weeks of enrichment,
perhaps the proliferating cells that were BrdU-tagged in this study were born too early to
benefit from the pro-survival effects of this increased BNGF. Recent studies show that
neurons of approximately four weeks old or younger are vitally important for long-term
memory or for the induction of LTP (Snyder et al., 2001, Kee et al., 2007, Deng et al.,
2009). Therefore, if BrdU had been injected one or two weeks into the enrichment
(between three and four weeks prior to sacrifice), this may have increased the likelihood
that enhanced survival of these neurons would be observed. Additionally, it is at this point
during the enrichment period that the increase in NGF concentration in the dentate gyrus

begins to emerge.

BrdU has a half-life of approximately 2 hours and therefore it provides an immediate
measure of the rate of cell proliferation at the time of injection. Given the granule cell
cycle in the rat SGZ is approximately 25 hours(Cameron and McKay, 2001), some of the
cells that were labelled will be up to 14 days old, and therefore this study is more
accurately measuring early progenitor cell survival rather than just increases in
proliferation. Therefore the results presented here may show that NGF has a positive
impact upon early cell survival as opposed to directly stimulating and increase in cell
proliferation, which is more in line with current theories regarding the role of NGF in adult
hippocampal neurogenesis. To fully answer this question, rats should be injected with a
single higher dose of BrdU 24 hours before sacrifice. This would provide a perfect

snapshot of the rate of proliferation at that point in time.

Due to time constraints in this study, it was not possible to use the standard serial counting
technique for an estimation of the total number of BrdU+ cells in the dentate gyrus.
Therefore the results presented here could be a biased sample of a specific section of the
dentate gyrus and not representative of the whole brain region. Whilst this may be the case,
every effort was made to ensure that the sections taken where at the same position in each
brain and therefore the results from each rat can be grouped appropriately and results from
the groups can be compared. Therefore, the differences seen do reflect differences in the

110



rate of neurogenesis, or early cell survival, in the dentate gyrus but these differences may
only be limited to a small subsection of this region and may not reflect differences in

proliferation in the whole of the dentate gyrus.

This study analysed the expression of two synaptic vesicle proteins, synapsin I and
synaptophysin, and found that both were increased in the dentate gyrus of rats housed in an
enriched environment for six weeks. Synaptic vesicle proteins are important for
neurotransmitter release and hence can play a role in experience-dependence plasticity.
Synapsin expression is also known to be increased during synaptogenesis and
synaptophysin is one of the most abundant synaptic vesicle proteins (Lohmann et al.,
1978), therefore they are commonly used in the literature as markers of synaptogenesis
(Kelsch et al., 2010, Cuesto et al., 2011). Increases in their expression in this study
suggests that environmental enrichment can induce changes in synaptic plasticity, possibly
via enhancement of synaptic vesicle availability and release during neurotransmission.
Alternatively, these increases could suggest morphological changes in existing synapses,
such as enlargement of the active zone and spine volume, or the formation of new
synapses. A meta-analysis conducted by Marrone (2007) found increases in spine size and
density of synapses in the dentate gyrus following hippocampal-dependent learning.
Ambrogini and colleagues (2009) showed that learning in the Morris water maze enhanced
dendritic tree complexity and increased synaptogenesis. Whilst it is possible that the
physical exercise associated with performance of the Morris water maze facilitated the
enhancement in synaptic and dendritic morphology, the continuous stimulation that is
associated with environmental enrichment in this study could be hypothesised to stimulate

changes in synaptic morphology in a manner similar to learning-induced changes.

To date, this is the first study to measure the minimum period of enrichment that is
required without additional physical activity, to elicit behavioural improvements on
hippocampal-dependent memory. Many of the studies that utilise similar protocols have
shown that environmental enrichment can reduce anxiety levels in rodents but memory
improvements are not always tested (Brenes et al., 2009) and when these data are available
either no memory improvement was shown or there was a very moderate effect (Galani et
al., 2007, Chourbaji et al., 2008). Lambert and colleagues compared the effects of six
weeks of daily enrichment (three hours per day of environmental enrichment) and found
that it was exercise but not enrichment that induced an improvement in spatial memory
(Lambert ef al., 2005). In contrast to this, Bruel-Jungerman and colleagues report that two
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weeks of daily enrichment, without exercise, can improve object recognition memory
(Bruel-Jungerman et al., 2005). It is not evident therefore, if daily enrichment is more
stimulating than continuous enrichment for rodents however it is clear that the frequency
of novel stimulation could be a significant factor in the intensity of the intervention and its

efficacy at inducing a behavioural improvement.

Most often, environmental enrichment protocols include physical activity via running
wheels and typically use a housing period of over eight weeks. These studies show that
young rodents exhibit spatial memory improvements and that enrichment can be
neuroprotective against spatial memory decline with age and both spatial and recognition
memory in a stroke model (Pham et al., 1999b, Gobbo and O'Mara, 2004, Bennett et al.,
2006). In a further study, Gobbo and O’Mara compared the efficacy of ten weeks of
voluntary exercise with ten weeks of cognitive enrichment at rescuing kainic acid-induced
deficits in spatial and recognition memory and found that it was actually exercise, and not
enrichment, that could ameliorate the memory impairments. They also report an increase in
hippocampal BDNF concentration in the exercise group, but not in the enrichment group.
This result corresponds with data from this study that show no increases in BDNF after
enrichment and previous data in our lab that show that a week of treadmill exercise can
improve memory and correspondingly increase serum and hippocampal BDNF
concentrations in both humans and rats (Bechara & Kelly, unpublished; Griffin et al.,
2009, Griffin et al., 2011). Further data from our lab show that exercise is a very potent
memory enhancer: after a single training session of forced treadmill exercise, rats exhibit
an improvement in spatial and recognition memory (McCreddin & Kelly, unpublished).
Given that this study shows memory improvement following three or more weeks of
environmental enrichment without exercise, it may be that cognitive stimulation is a less
potent memory enhancer than exercise alone and also works via different neurochemical
pathways. Nevertheless, it is clear that it can be used to enhance various types of memory

and elicit neuroplastic changes in the brain.

There is strong evidence in this study to suggest that the increase neurogenesis may also be
an important mechanism by which enrichment is inducing a cognitive improvement,
because there is a significant positive correlation between object recognition memory and
proliferation. In line with this, previous data show that daily environmental enrichment
without exercise for ten days does not affect the concentration of BDNF in the
hippocampus but does increase dendritic branching (Bindu e al., 2007). There are also
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complementary data that show an ablation of neurogenesis prevents the object recognition
memory improvements that are induced via a daily enrichment protocol (Bruel-Jungerman
et al., 2005). In contrast, it has been suggested that neurogenesis is not required for the
induction of memory improvements via enrichment and that BDNF is a crucial factor in
the enrichment-induced increase in neurogenesis (Meshi et al., 2006, Rossi et al., 2006).
The role that this increase in neurogenesis plays in memory improvements is becoming
more clear, with recent data suggesting that young neurons are preferentially activated
during spatial memory tasks (Kee et al., 2007). Tashiro and colleagues not only showed
that exposure to an enriched environment increased neurogenesis, but also that following
enrichment, two week old neurons are more likely to be activated upon re-exposure to the
same environment, when compared to exposure to a different environment one month later
(Tashiro et al., 2007). This suggests that these young neurons are capable of encoding
information and being integrated into the neural circuitry in the hippocampus so that there
is a representation of that information which can be re-activated upon re-exposure, hence
the proposal that these young neurons are important for novel memory formation. Whilst it
is not possible to conclude that this is the process by which cognitive function is enhanced
in this study, the increase in the number of young neurons may boost the accuracy of an
object or place representation and therefore enhance memory formation. A recent study by
Kobilo and colleagues (2011) argues that it is running, via and upregulation of BDNF, that
is the most crucial aspect of environmental enrichment to induce a neurogenic
enhancement which is in direct contradiction to these results. Certainly, whilst it is clear
that exercise is a potent cognitive enhancer, these data show that there are alternative
mechanisms that can be utilised to improve memory and increase neuronal proliferation
and that improvements via environmental enrichment are likely to be due to a complex

interaction of factors.

In summary, this study indicates that there is a time-dependent cognitive enhancing effect
of environmental enrichment that is independent of physical activity. This effect is not
specific to one type of hippocampal-dependent memory as rats show an improvement in
recognition, spatial and working memory following enrichment. Neurochemical data
suggest that there is a role for NGF, and not BDNF, in this improvement as well long-term
neuroplasticity changes such as neurogenesis and synaptogenesis. However, further studies

are needed to elucidate the exact roles that NGF and the neuroplastic changes may play in
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the enrichment-induced improvement of memory function, and the cellular mechanisms

that underpin these improvements.
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Chapter 4: An assessment of the efficacy of Nerve Growth Factor in facilitating

hippocampal-dependent memory

4.1 Introduction

Nerve Growth Factor (NGF) was the first neurotrophin to be described in the literature and
is classically defined as a factor important for neuronal survival and growth (Levi-
Montalcini and Hamburger, 1951). It is an important growth factor during
neurodevelopment, as NGF heterozygous” mice exhibit significant reductions in basal
forebrain cholinergic neurons and cholinergic innervation in the hippocampus (for review,
see Sofroniew ef al., 2001). It is also widely expressed in the mature brain, particularly by

pyramidal neurons in the hippocampus and granule neurons in the dentate gyrus (French et

al., 1999).

Trk A binds with high affinity to BNGF, inducing autophosphorylation and the subsequent
phosphorylation and activation of adaptor proteins such as Shc and PLCy. Shc is critical
for the activation of the Ras/ERK signalling cascade and can also activate the the PI3-
kinase/Akt pathway, both of which promote survival and growth in neurons (Dudek ef al.,
1997, Bonni et al., 1999). Signalling in the Ras/ERK pathway leads to phosphorylation of
the transcription factor CREB, which is important for long-term memory processes since
deficits in CREB can lead to impairments in both spatial and contextual memory formation
(Mizuno and Giese, 2005). Activation via PLCy induces activation of Ca’’-dependent
pathways via IP; such as CAMKII which is known to play a crucial role in LTP

maintenance (Miyamoto, 2006).

The high expression of BNGF in the adult hippocampus has lead to research regarding its
involvement in memory processes, indeed blocking hippocampal PNGF reduces LTP and
impairs spatial memory (Conner et al., 2009). Whilst there is abundant evidence
supporting the role of BDNF in synaptic plasticity, BNGF is known to be vital for the
maintenance of LTP (Kelly et al., 1998b) and an intrahippocampal infusion of BNGF can
enhance memory on an inhibitory avoidance task via activation of the MAP kinase
pathway (Walz et al., 2000). It is also well documented that synapsin is a substrate for the
ERK family of MAP kinases, through its phosphorylation via ERK, and is vital for
neurotransmitter release and the maintenance of a synaptic vesicle pool (Shupliakov et al.,

2011). Inhibition of MEK, a kinase upstream of ERK in the Ras/ERK signalling pathway,
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causes a reduction in the number of functional synapses and this is associated with a
reduced phosphorylation and functional activation of synapsin (Giachello ez al., 2010). It is
therefore likely that BNGF can stimulate enhanced neurotransmitter release via activation
of the Ras/ERK pathway and also induce morphological changes to enhance synaptic

plasticity in addition to its classical role of maintenance of neuronal survival and growth.

Therapeutically, BNGF and Trk A have been proposed as viable targets for neuroprotection
after traumatic brain injury and stroke, and for the treatment of neurodegenerative diseases
such as Alzheimer’s disease. In a mouse model of Alzheimer’s disease, selective Trk A
agonists ameliorated the loss of short-term spatial memory observed (Aboulkassim e al.,
2011). Interestingly, a direct infusion of BNGF in this study did not affect memory
function in the Alzheimer’s model or wild type mice. An exogenous infusion of PNGF
following middle cerebral artery occlusion in a rabbit model of stroke reduced levels of
apoptosis and infarct volume, highlighting its role neuronal repair and survival (Yang et
al., 2011). Recent clinical studies show significant positive correlations between the
outcome of children with traumatic brain injury and the concentration of BNGF and
doublecortin in cerebrospinal fluid (Chiaretti er al., 2008, Chiaretti et al., 2009). These
studies highlight the crucial role that BNGF plays in neuronal repair following injury.
Animal studies typically observe a PNGF-induced increase in survival of neurons in the
hippocampus rather than an enhancement of proliferation (Olson et al., 2006, Frielingsdorf
et al., 2007). To date however, there has not been a study that assesses hippocampal

neurogenesis following chronic BNGF administration.

Although these studies show the therapeutic potential of PNGF, the need for a central
delivery method and the high dosages that are typically used present serious confounds for
realistic treatment options in patients. High doses of PNGF can induce neuropathic pain
(Eriksdotter Jonhagen et al., 1998). Therefore utilising protocols such as exercise or
environmental enrichment to upregulate endogenous neurotrophic factors can reduce the
chance of side effects or interactions with other drug treatments. Data from the Chapter 3
would suggest a role for BPNGF in the enrichment-induced memory improvements
observed. Nevertheless, it is not possible to conclude that BNGF has a direct influence on

the cognitive improvements as only a correlative link was found.

The aim of this study was to assess the efficacy of an exogenous infusion of PNGF into the

lateral ventricle in enhancing hippocampal-dependent memory. The concentration of
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BNGF in the dentate gyrus was observed to increase over a period of six weeks in the
previous study. Thus, a continuous infusion of BNGF into the lateral ventricle for six
weeks was also used in this current study in order to mimic the enrichment-induced BNGF
increase and to further analyse the underlying effects that this may have on neurogenesis
and synaptogenesis. The dosage we use is calculated based upon the enrichment-induced
increase that is observed in the previous study, enabling a comparison of the

neurochemical changes associated with both studies.
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4.2 Single Intracerebroventricular BNGF Infusion Methods

4.2.1 Subjects and Design

The experimental groups in this study consisted of one group of rats injected with a single
infusion of 5pl of recombinant rat BNGF into the lateral ventricle (n=3, 0.8ng.ul™", R&D
Systems) and one group of rats injected with a single infusion of 5Sul of cytochrome ¢ into
the lateral ventricle (n=4, 0.8ng.ul™"). Following a 14 day washout period, the groups of
rats were swapped over so that the group that had previously been injected with rat BNGF
were now injected with cytochrome c and vice versa. All animals were singly housed, with
food and water ad libitum and a 12:12 light:dark cycle. During the 14 day washout period,
a cannula fell out of one of the rats and was excluded from the analysis. Therefore during
the second bout of injections, the groups consisted of the BNGF group (n=4) and the
cytochrome ¢ group (n=2). Therefore by the end of the study, a total of 6 rats had been
injected with both the vehicle and BNGF solution. It could be argued that the prior infusion
could have an impact upon any further behavioural analysis. Because of this limitation,
half the rats were infused with the vehicle solution and half with the BNGF solution first
and this was reversed following the 14 day washout period. This balances any effect the
previous infusion between the groups and reduces the chance that this would impact on any
behavioural analysis. This also counterbalances any possibility that changes that are
reported are due to a practise effect. Nevertheless, this limited the possibility of any
analysis of neurochemical changes that may have occurred following the infusions, and

therefore no neurochemical data was obtained from these rats.

The concentration of the recombinant BNGF solution was calculated using the increase in
BNGEF protein that was seen in rats housed in enriched conditions for 6 weeks in the study
described in Chapter 3. From the ELISA results, mean SH value of BNGF was 14.57
pg.mg" and the mean 6wk EE value of BNGF was 31.51 pg.mg” which is an increase of
16.94 pg.mg'. The average wet weight of the hippocampus is 160 mg and therefore an
additional 2.71 ng of BNGF shouid to be injected to mimic this increase. The solution was
injected into the lateral ventricle, adjacent to the hippocampus, and so to allow for any loss,
this value was rounded up to 4 ng per animal (in 5ul; 0.8ng.ul™). Cytochrome ¢ is a
commonly used control protein for neurotrophin infusions because it is an inert protein that
has a similar molecular weight to BNGF (~12,000 daltons) with no known extracellular

actions (Kobayashi et al., 1997, Willson et al., 2008).
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4.2.2 Surgical Methods

Rats were placed in an anaesthetising chamber and anaesthetised with 4% isoflurane in
pure 0,. Rats were placed on a stereotaxic frame and secured with ear bars and incisor bars
and injected with carprofen (5Smg.kg™; s.c.). Once full anaesthesia was confirmed, their
heads were shaved and an incision of approximately 0.5 inches long was made vertically
down the centre of the skull. Mosquito clamps were used to keep the incision open whilst
the skull was cleaned and sterilised with 3% H,0,. A single hole was drilled at the site of
the right lateral ventricle (0.9mm posterior and +0.14mm lateral to bregma). A guide
cannula (depth of 3.6mm) was inserted into this hole and secured using 3 screws and dental
cement. Once the cannula was secure, the wound was closed using surgical staples and the
animals were allowed to recover for at least 14 days before any studies began. The rats’

food and water intake were monitored as a measure of their wellbeing.

4.2.3 Behavioural Testing

Rats were injected i.c.v. with either BNGF or Cytochrome ¢ (VEH) using a Hamilton
syringe at a rate of approximately 1pl.min” 30 minutes prior to training on the 3 object
NOR Task, as described in 2.4.1 (figure 4.1). Briefly, the rats had three trials of five
minutes with an inter-trial interval of five minutes to explore three different novel objects
in an open field (training day). Twenty-four hours post-training, one of the objects was
replaced by a novel object in the same position and the rats were placed back into the open
field for five minutes and allowed to explore (testing day). During both the training and
testing days, the time spent exploring each object was recorded using stopwatches and

calculated as a percentage of the total time spent exploring all objects.

TRAINING TESTING
3 x5 min 1 x5 min

Figure 4a. The 3 object NOR Task used for behavioural analysis in both single and chronic BNGF
infusion studies.During Training, rats were exposed to the objects in the circular open field for 3 x 5 minute
sessions. 24 hours later, one object was replaced with a novel object and rats were re-exposed to the objects
for 1 x 5 minute session. The amount of exploration on each object was measured and calculated as a
percentage of total object exploration.
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4.3 Chronic Intracerebroventricular BNGF Infusion Methods

4.3.1 Subjects and Design

The experimental groups consisted of two groups receiving a 42 day chronic infusion of
BNGF (BNGF; n=6) or cytochrome ¢ (VEH; n=5) into the lateral ventricle at a rate of
4ng.hr! using Alzet® Osmotic Pumps (2006, Charles River, Cambridge, UK). This dose
was calculated so that the animals received the same amount of BNGF or cytochrome ¢ per
hour that was administered in the single infusion study. With this dose, a total of 4.032 pg
of BNGF or cytochrome ¢ was infused into the lateral ventricle of the rats by the end of the
42 day infusion. There was also one group of surgery naive rats (CON; n=6) included in
the study to control for the effect that the i.c.v surgery and subsequent infusion may have
on the behaviour and neurochemistry of the rats. All rats were housed 3 per cage, with food
and water ad libitum under a 12:12 light:dark cycle. On day 36, the cannula became
dislodged from one of the rats in the BNGF group. Given the short period of time left in the

study, the rat completed the behavioural testing.

4.3.2 Minipump Priming and Surgical Methods

The chronic infusions were carried out using Alzet® Osmotic Pumps and Brain Infusion
Kits (Charles River, Cambridge, UK). The pumps were primed in sterile conditions for 62
hours prior to surgery. First, the cannulas were adjusted to the correct depth of 3.5mm and
attached to tubing that was then attached to the flow moderator (figure 4.2). Using a sterile
needle and syringe, the minipump and tubing were filled with the solution containing
BNGF or cytochrome c, ensuring there were no bubbles. The flow moderator was then
attached to the minipump and placed in a falcon tube filled with sterile saline in an

incubator at 37°C.

Once the minipumps had been primed, rats were placed in an anaesthetising chamber and
anaesthetised with 4% isoflurane in pure 0,. Rats were then placed on a stereotaxic frame
and secured with ear bars and incisor bars and injected with carprofen (Smg.kg'l; s.c.}.
Once full anaesthesia was confirmed, their heads were shaved and an incision of
approximately 0.5 inches long was made vertically down the centre of the skull. Mosquito
clamps were used to keep the incision open whilst the skull was cleaned and sterilised with
3% H,0,. A single hole was drilled at the site of the right lateral ventricle (0.9mm
posterior and +0.14mm lateral to bregma). Following this, a pocket under the skin was
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created using metzenbaum scissors from the back of the head to below the shoulder blade
and the pump was inserted into the pocket. The cannula was then inserted into the drilled
hole and secured using superglue. Once the cannula was secure, dental cement was used to
smooth over the cannula and reduce irritation. The wound was then closed using surgical
staples and the animals were allowed to fully recover from their anaesthetic before being
returned to their home cages. The rats’ food, water intake and weight were monitored

throughout the study.
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Figure 4b. ALZET® Pump Flow Moderator

4.3.3 BrdU Administration

To measure the amount of cell proliferation in dentate gyrus of the animals in this study,
5’-bromo-2’-deoxyuridine (BrdU) was injected on days 30, 32, 34, 37, 39 and 41
(50mgkg™”, i.p.).

4.3.4 Behavioural Testing

Rats were tested with the 3 object NOR Task, as described in 2.4.1 (figure 4.2). Briefly, the
rats had three trials of five minutes with an inter-trial interval of five minutes to explore
three different novel objects in an open field (training day). Twenty-four hours post-
training, one of the objects was replaced by a novel object in the same position and the rats
were placed back into the open field for five minutes and allowed to explore (testing day).
During both the training and testing days, the time spent exploring each object was
recorded using stopwatches and calculated as a percentage of the total time spent exploring

all objects.
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Immediately after testing, rats were sacrificed by decapitation and tissue was collected as
described in section 2.5.1. Briefly, the ipsilateral hemisphere was flash frozen in liquid
nitrogen to confirm the cannulation site and sectioning for neurogenesis analysis. The
perirhinal cortex, dentate gyrus and hippocampus were dissected from the contralateral
hemisphere for protein and mRNA analysis. Trunk bloods were collected, centrifuged at

11,000g for 20 minutes and serum was removed and stored at -20°C for later analysis.

4.3.5 Analysis of the expression of BNGF, BDNF, Trk A and Trk B and
phosphorylation and expression of ERK

Neurotrophin expression was measured in supernatant samples from the dentate gyrus,
perirhinal cortex and hippocampus in all groups. BDNF and BNGF protein concentration
were measured by ELISA (see 2.5.4) and Trk A protein concentration was measured in the
hippocampus by Western immunoblotting (see 2.5.2). BDNF, BNGF, Trk A and Trk B
mRNA expression were measured using PCR analysis in the dentate gyrus and

hippocampus in all groups (see 2.5.3).

ERK phosphorylation was measured using western immunoblotting in the dentate gyrus
and hippocampus in all groups (see 2.5.2). The phosphorylation of this protein is a
downstream effect of the activation of Trk receptors in the Ras/ERK pathway and therefore

indicative of neurotrophin action.

4.3.6 Analysis of Synaptic Vesicle Proteins

Synapsin and synaptophysin protein concentration was measured using western
immunoblotting in the dentate gyrus and hippocampus in all groups (see 2.5.2). These
synaptic vesicle proteins are important in synaptic vesicle release and maintenance of a
synaptic pool in the synaptic bouton and therefore play a role in neurotransmission.
Synapsin is also linked to the cytoskeleton within the synapse, while synaptophysin is the
most abundant synaptic vesicle protein. Therefore, they can be used as markers of changes

in both synaptic transmission and synaptogenesis.

4.3.7 Analysis of Neurogenesis

In order to measure any changes in neuronal proliferation, immunohistochemical analysis
was performed on sections of the dentate gyrus in all groups. To analyse the rate of cell

proliferation in the dentate gyrus, BrdU immunostaining was performed on 10um sections
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and analysed via light microscopy (see 2.6.2). The number of BrdU positive nuclei was

calculated as a percentage of the total number of nuclei stained with hematoxylin.

4.3.8 Analysis of Apoptosis

Levels of apoptosis in the dentate gyrus of all groups were assessed using the DeadEnd™
Fluorometric TUNEL System (Promega Corporation, Madison, USA) according to
manufacturer’s instructions (see 2.6.4). This system measures nuclear DNA fragmentation
in cells, a marker of programmed cell death. Briefly, Fluorescein-12-dUTP was
catalytically incorporated at 3°-OH DNA in 10um sections using the Terminal
Deoxynucleotidyl Transferase, Recombinant, enzyme (rTdT). The labelled DNA were then
visualized via confocal microscopy at the 488nm wavelength. The mean intensity of

fluorescence at 488nm was calculated for each animal and group means were compared.

4.3.9 Statistical Analysis

All data are expressed as mean + standard error of the mean (SEM).Outliers were excluded
from any analysis if they were +2 standard deviations away from the mean. Repeated
measures two-way ANOVA were used to analyse data from the NOR task in both studies,
where the dependent variable was percentage object exploration. Because the same rats
were infused with both BNGF and a vehicle solution in the single BNGF i.c.v. infusion
study, the within-subjects factors were both ‘Object’ and ‘Treatment’ whereas in the
chronic BNGF i.c.v. infusion, the within-subjects factor was ‘Object’ and the between-
subjects factor was ‘Group’. One-way ANOVAs were used to analyse data from the
protein, mRNA and immunohistochemical analyses. Post-hoc analyses were performed

using Bonferroni or Tukey multiple comparison tests.
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4.4 Results

4.4.1 Chronic infusion of BNGF does not affect weight gain

A common side-effect of BNGF infusions is weight-loss therefore the rats’ weights were
recorded throughout the study. Repeated measures 2-way ANOV A revealed no significant
difference between groups in weight across the study (F; 234 = 0.9297, p>0.05; figure 4c).
All rats significantly gained weight through the study (Fa4 234 = 105.3, p<0.001).
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Figure 4c. Chronic infusion of BNGF does not affect weight gain.There was no significant difference

between groups in weight across the study (F; .34 = 0.9297, p>0.05), with all rats gaining weight overall (Fy,
234 = 105.3, p<0.001). Data is expressed as mean + SEM.
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4.4.2 Single i.c.v. infusion of BNGF improves object recognition memory

Object recognition memory was tested with the three object NOR task. On the training day,
there was no significant difference between the exploration of the three objects A, B and C
(F2.10 = 1.480, p>0.05). There was no significant difference in the exploration between the

treatments (F; s = 0.000, p>0.05) and no interaction (F; 5= 0.594, p>0.05, figure 4d.1).

On the testing day, object C was replaced with a novel object D*. There was no significant
difference in exploration between any of the groups (F; s= 0.0000, p>0.05) but there was a
difference between the exploration of the objects A, B and D*, although it did not reach
significance (F 0= 3.934, p=0.055).

Analysis also revealed a significant interaction between the exploration of objects and
treatment group (Fyj0 = 5.795, p<0.05, figure 4d.ii). To explore the source of the
interaction, one-way repeated measures ANOVAs were performed for each treatment with
the exploration of the objects as the within subjects factor. This analysis showed that there
was no significant difference in exploration of the novel object D* and the familiar objects
A or B (Fy19 = 1.134, p>0.05; mean percentage exploration of objects £+ SEM: A =
40.48+6.04, B = 24.48+5.72, D* = 35.04+6.89) in the VEH group. There was a significant
difference in the exploration of the objects in the PNGF group (F ;0 = 24.25, p<0.001)
with rats exploring the novel object D* significantly more than the familiar objects A and
B (mean percentage exploration of objects + SEM: A =27.21+£1.86, B =21.95+3.01, D* =
50.84+2.65; p<0.001).

These data show that a single i.c.v. infusion of BNGF, at a physiologically similar
concentration to the increase in BNGF measured after six weeks of environmental
enrichment, can induce an improvement in object recognition memory in rats as measured

by the three object NOR task.
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Figure 4d. Single i.c.v infusion of BNGF improves object recognition memory(i) The was no significant
difference found between the exploration of the objects on training day of the NOR task (F,;, = 1.480,
p>0.05). (ii) On testing day, there was a significant interaction between the exploration of objects and the
treatment group, with no significant difference between the exploration of objects in the VEH group (F, o =
1.134, p>0.05) but a significant increase in the exploration of the novel object D* when compared with the
familiar objects A and B in the PNGF group (F,o = 24.25, p<0.001; exploration of A vs D*: ***p<0.001,
exploration of B vs D*: ¥*¥*p<0.001. n=6 in both groups. Data expressed as mean + SEM.
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4.4.3 Chronic i.c.v infusion of BNGF improves object recognition memory

Object recognition memory was tested with the three object NOR test. On training day
there was no significant difference between the exploration of the objects (F; 14 = 0.156,
p>0.05) or between the exploration of the treatment groups (F; 14 = 1.355, p>0.05). There
was also no interaction between the exploration of the objects and treatment group (Fs 14 =

1.055, p>0.05, figure 4e.i)

On testing day, object B was replaced with a novel object D*. There was no significant
difference between the exploration of the treatment groups (F» 14 = 1.443, p>0.05) but there
was a significant difference between the exploration of the objects (F, 14 = 13.16, p<0.001)

and a significant interaction between the exploration of the objects and treatment group

(F4.14 = 3.233, p<0.05, figure 4e.ii).

Bonferroni posttests revealed that the CON group explored the novel object D*
significantly more than the familiar object A (mean percentage exploration of objects +
SEM: A = 23.42+2.59, D* = 37.85£3.33; p<0.05) but not the familiar object C (mean
percentage exploration of object C = 38.73+£2.14; p>0.05). There was no significant
difference between the exploration of the two familiar objects B and C (p>0.05). There was
no significant difference between the exploration of the objects in the VEH group (mean
percentage exploration of the objects + SEM: A = 30.7743.02, D* = 38.47+5.86, C =
30.774£3.40; p>0.05). The BNGF group explored the novel object D* significantly more
than both the familiar objects A and C (mean percentage exploration of objects + SEM: A
= 22.67+£2.47, D* = 49.73£3.68, C = 27.61£1.66; p<0.001). There was no significant

difference between the exploration of the two familiar objects A and C (p>0.05).

These data show that a six week chronic i.c.v. infusion of BNGF can induce an
improvement in object recognition memory in the rat as measured by the three object NOR

task.
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Figure 4e. Chronic i.c.v. infusion of BNGF improves object recognition memory(i) The was no
significant difference found between the exploration of the objects on training day of the NOR task (F, 4 =
0.156, p>0.05). (ii) On testing day, there was a significant difference in the exploration of the objects (F, 4 =
13.16, p<0.001) with a significant increase in the exploration of the novel object D* when compared with the
familiar objects A in the CON group (*p<0.05) and a significant increase in the exploration of the novel
object D* when compared with the familiar objects A and C in the BNGF group (exploration of A vs D*:
**%p<0.001, exploration of B vs D*: **¥*p< 0.001. n=6 in CON and BNGF, n=5 in VEH. Data expressed as
mean = SEM.
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4.5.1 Chronic i.c.v. infusion of BNGF increases the concentration of pNGF in

the contralateral hippocampus

There was no significant difference in the concentration of BNGF in the contralateral
dentate gyrus between groups (F,14 = 2.067, p>0.05; figure 4fi.). Mean BNGF
concentration + SEM (pg.mg'): CON = 132.0+17.62, VEH = 86.83+17.08, PNGF =
115.8£11.52.

There was a significant difference in the concentration of BNGF in the contralateral
hippocampus between groups (F,14 = 7.74, p<0.01; figure 4e.ii.). Bonferroni’s multiple
comparison test revealed that there was a significant increase in BNGF concentration in the
BNGF group when compared with the CON group (p<0.01) and VEH group (p<0.05).
There was no significant difference in the concentration of BNGF between the CON and
VEH groups (p>0.05). Mean BNGF concentration + SEM (pg.mg™"): CON = 81.72+14.37,
VEH = 93.06+17.64, BNGF = 154.7+£11.62.

There was no significant difference in the concentration of BNGF in the contralateral
perirhinal cortex between groups, although the data suggest an increase in the BNGF group
(F.14 = 3.279, p=0.068; figure 4f.iii.). Mean PNGF concentration + SEM (pg.mg™'): CON
=99.75+14.70, VEH = 144.3+£16.90, BNGF = 191.9+37.53.

These data confirm that the exogenous BNGF was infusing throughout the lateral ventricle

into the contralateral hippocampus, and possibly the perirhinal cortex.
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Figure 4f. Chronic i.c.v. infusion of BNGF increases the concentration of BNGF in the hippocampus(i)
There was no significant difference between groups in the concentration of BNGF between groups in the
dentate gyrus (F, ;4 = 2.067, p>0.05). (ii) The was a significant difference in the concentration of PNGF
between groups in the hippocampus (F, 4 = 7.74, p<0.01) with a significant increase in the BNGF group
when compared with the CON (**p<0.01) and VEH ('p<0.05) groups. n=6 in CON and BNGF, n=5 in
VEH.(iii) There was a nonsignificant increase in PNGF concentration in the perirhinal cortex in the PNGF
group, but this did not reach significance (F, ;4 = 3.279, p=0.068). n=6 in CON and BNGF, n=5 in VEH. Data

expressed as mean + SEM.
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4.5.2 Chronic BNGF infusion does not affect BDNF concentration in the

contralateral hippocampus, dentate gyrus or perirhinal cortex

There was no significant difference in the concentration of BDNF in the dentate gyrus
between groups (Fz14 = 0.599, p>0.05; figure 4g.i.). Mean concentration of BDNF + SEM
(pg.mg™"): CON =236.5+28.22, VEH = 196.3+28.67, PNGF = 255.7+49.90.

There was no significant difference in the concentration of BDNF in the hippocampus
between groups (F;13 = 0.192, p>0.05; figure 4f.ii.). Mean concentration of BDNF + SEM
(pg.mg): CON =204.0+22.52, VEH = 191.1+16.33, BNGF = 183.0+29.95.

There was a significant difference in the concentration of BDNF in the perirhinal cortex
between groups (F, 14 = 3.849, p<0.05; figure 4g.iii.). Bonferroni’s multiple comparison
test showed a significant increase in BDNF concentration in the VEH group when
compared with the CON (p<0.05). There was no significant difference in the BDNF
concentration between the CON and BNGF groups (p>0.05) or VEH and BNGF groups
(p>0.05). Mean concentration of BDNF + SEM (pg.mg'l): CON = 207.7=18.02, VEH =
300.6+24.36, BNGF = 256.9+30.36.
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Figure 4g. Chronic i.c.v. BNGF infusion does not affect BDNF concentration in the hippocampus,
dentate gyrus and perirhinal cortex(i) There was no significant difference between groups in the BDNF
concentration in the dentate gyrus (F, 4 = 0.599, p>0.05) (ii) There was no significant difference between
groups in the BDNF concentration in the hippocampus (F 3 = 0.192, p>0.05) (iii)There was a significant
difference in the BDNF concentration in the perirhinal cortex (F, ;4 = 3.849, p<0.05) with a significant
increase in BDNF in the VEH group when compared with the CON group (*p<0.05). n=6 in CON and
BNGF, n=5 in VEH. Data expressed as mean + SEM.
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4.5.3 Chronic BNGF infusion does not affect BNGF mRNA expression in the

contralateral hippocampus, dentate gyrus or perirhinal cortex

There was no significant difference in the expression of BNGF mRNA between groups in
the dentate gyrus (F, 13 = 0.285, p>0.05; figure 4h.i.). Mean PNGF mRNA fold change +
SEM: CON = 1.00+0.12, VEH = 0.90+0.13, PNGF = 1.01+0.09,

There was no significant difference in the expression of BNGF mRNA between groups in
the hippocampus (F, 13 = 0.103, p>0.05; figure 4h.ii.). Mean PNGF mRNA fold change +
SEM: CON =1.00+0.11, VEH = 1.01£0.12, BNGF = 0.96+0.04.

There was no significant difference in the expression of BNGF mRNA between groups in
the perirhinal cortex (F, 13 = 1.962, p>0.05; figure 4h.iii.). Mean BNGF mRNA fold change
+ SEM: CON = 1.00+0.15, VEH = 1.31+0.23, BNGF = 0.86=+0.10.

These data suggest that an exogenous infusion of BNGF does not induce an increase in

endogenous PNGF mRNA transcription.
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Figure 4h. Chronic i.c.v. BNGF infusion does not affect BNGF mRNA expression(i) There was no
significant difference between groups in the expression of BNGF mRNA in the dentate gyrus (F, 5 = 0.285,
p>0.05) (ii) There was no significant difference between groups in the expression of BNGF mRNA in the
hippocampus (F,;; = 0.103, p>0.05) (iii) There was no significant difference between groups in the
expression of BNGF mRNA in the perirhinal cortex (F, 3 = 1.962, p>0.05). Data expressed as fold change of
control. n=6 in CON and BNGF, n=4 in VEH. Data expressed as mean + SEM.
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4.5.4 Chronic BNGF infusion does not affect BDNF mRNA expression in the

contralateral hippocampus, dentate gyrus or perirhinal cortex

There was no significant difference in the expression of BDNF mRNA between groups in
the dentate gyrus (F214 = 0.010, p>0.05; figure 4i.i.). Mean BDNF mRNA fold change +
SEM: CON = 1.00+0.31, VEH = 1.04+0.11, BNGF = 1.03+0.20.

There was no significant difference in the expression of BDNF mRNA between groups in
the hippocampus (F 14 = 0.565, p>0.05; figure 4i.ii.). Mean BDNF mRNA fold change +
SEM: CON = 1.00+0.30, VEH = 0.64+0.18, BNGF = 0.86+0.19.

There was no significant difference in the expression of BDNF mRNA between groups in
the perirhinal cortex (F; 14 = 3.350, p>0.05; figure 4i.iii.). Mean BDNF mRNA fold change
+ SEM: CON = 1.00+0.23, VEH = 1.43+0.10, BNGF = 0.68+0.16.
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Figure 4i. Chronic i.c.v. BNGF infusion does not affect BDNF mRNA expression (i) There was no
significant difference between groups in the expression of BDNF mRNA in the dentate gyrus (F, 4 = 0.010,
p>0.05) (ii) There was no significant difference between groups in the expression of BDNF mRNA in the
hippocampus (F,;; = 0.565, p>0.05)(iii) There was no significant difference between groups in the
expression of BDNF mRNA in the perirhinal cortex (F, j, = 3.350, p>0.05). Data expressed as fold change of
control. n=6 in CON and BNGF, n=5 in VEH. Data expressed as mean + SEM.
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4.5.5 Chronic BNGF infusion increases the expression of Trk A mRNA in the

contralateral hippocampus

There was no significant difference in the expression of Trk A mRNA between groups in
the dentate gyrus (F, 4 = 1.387, p>0.05; figure 4j.1). Mean BNGF mRNA fold change +
SEM: CON=1.00+0.24, VEH=2.99+1.21, BNGF=1.52+0.84.

There was a significant difference in the expression of Trk A mRNA between groups in the
hippocampus (F,14 = 3.954, p<0.05; figure 4j.ii.). Bonferroni’s multiple comparison test
revealed a significant increase in the expression of Trk A mRNA in the PNGF group when
compared with the CON group (p<0.05). Mean BNGF mRNA fold change + SEM:
CON=1.00+0.13, VEH=1.04+0.31, BNGF=2.75+0.83).

There was no significant difference in the expression of Trk A mRNA between groups in
the perirhinal cortex (F5 ;5 = 0.461, p>0.05; figure 4j.iii.). Mean BNGF mRNA fold change
+ SEM: CON=1.00+0.34, VEH=1.53+0.44, BNGF=1.50+0.52.
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Figure 4j. Chronic i.c.v. BNGF infusion increases TrkA mRNA expression in the contralateral
hippocampus(i) There was no significant difference between groups in the expression of Trk A mRNA in
thehippocampus (F, 4 = 1.387, p>0.05) (ii) There was a significant difference in the expression of Trk A
mRNA in thedentate gyrus (F, 4 = 3.94, p<0.05), with a significant increase in Trk A mRNA expression in
the BNGF group when compared with the CON group (*p<0.05)(iii) There was no significant difference
between groups in the expression of Trk A mRNA in the perirhinal cortex (Fs,;5 = 0.461, p>0.05). Data
expressed as fold change of control. n=6 in CON and BNGF, n=5 in VEH. Data expressed as mean + SEM.
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4.5.6 Chronic BNGF infusion increases Trk A protein expression in the

contralateral hippocampus

There was a difference in the Trk A protein expression between groups in the
hippocampus, however it did not reach significance (F ;3 = 3.281, p=0.0702, figure 4k).
Bonferroni’s multiple comparison test revealed a significant increase in Trk A protein
expression in the BNGF group when compared with the VEH group (p<0.05). Mean Trk A
expression per Actin + SEM: CON=0.48+0.07, VEH=0.32+0.11, BNGF=0.71+0.14.

4.5.7 Chronic BNGF infusion increases p44ERK phosphorylation in the

contralateral dentate gyrus

There was no significant difference in the ratio of p42ERK to total ERK42 protein
expression between groups in the dentate gyrus (F; 14 = 0.43, p>0.05; figure 41.i.). Mean
p42ERK expression per ERK42 expression + SEM: CON=0.07+0.01, VEH=0.06+0.01,
BNGF=0.07+0.01.

There was a significant difference in the ratio of p44ERK to total ERK44 protein
expression between groups in the dentate gyrus (F,i14 = 10.57, p<0.01; figure 4Lii.).
Bonferroni’s multiple comparison test revealed a significant increase in the ratio of
p44ERK to ERK44 in the BNGF group when compared with the CON group (p<0.01) and
VEH group (p<0.01). Mean p44ERK expression per ERK44 expression + SEM:
CON=0.21£0.06, VEH=0.15+0.04, BNGF=0.51+0.07.

There was no significant difference in the ratio of p42ERK to total ERK42 protein
expression between groups in the hippocampus (F, 14 = 1.22, p>0.05; figure 4l.ii1.). Mean
p42ERK expression per ERK42 expression + SEM: CON=1.13+£0.15, VEH=1.06+0.18,
BNGF=1.38+0.14.

There was no significant difference in the ratio of p44ERK to total ERK44 protein
expression between groups in the hippocampus (F; 14 = 0.54, p>0.05; figure 4l.iv.). Mean
p44ERK expression per ERK44 expression + SEM: CON=1.05+0.13, VEH=0.87+0.15,
BNGF=0.87+0.14.
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Figure 4k. Chronic i.c.v. BNGF infusion increases TrkA protein expression in the contralateral
hippocampus There was no significant difference in the expression of Trk A protein in the hippocampus
across all groups (F, 3 = 3.28, p=0.07), but there was a significant increase in Trk A protein expression in the

BNGF group when compared with the VEH group (*p<0.05). Data are expressed per Actin. n=6 in CON and
n=5 BNGF & VEH. Data expressed as mean + SEM.
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Figure 41. Chronic i.c.v. BNGF infusion increases p44ERK phosphorylation in the contralateral dentate
gyrus.(i) There was no significant difference between groups in p42ERK phosphorylation in the dentate
gyrus (Fp 14 = 0.43, p>0.05) (ii) There was a significant difference p44ERK phosphorylation in the dentate
gyrus (Fy14 = 10.57, p<0.01), with a significant increase in p44ERK phosphorylation in the BNGF group
when compared with CON (**p<0.01) and VEH (**p<0.01) groups (iii) There was no significant difference
between groups in p42ERK phosphorylation in the hippocampus (F, 4 = 1.22, p>0.05) (iv) There was no
significant difference between groups in p44ERK phosphorylation in the hippocampus (F, 4 = 0.54, p>0.05)
Data expressed per total ERK expression. n=6 in CON and BNGF, n=5 in VEH. Data expressed as mean +
SEM.
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4.5.8 Chronic BNGF infusion increases synapsin I in the contralateral

hippocampus

There was no significant difference in synapsin [ protein expression between groups in the
dentate gyrus (F, 14 = 0.316, p>0.05; figure 4m.i.). Mean synapsin I expression per
GAPDH expression = SEM: CON=0.76+0.17, VEH=0.56+0.11, BNGF=0.70+0.18.

There was a significant difference in synapsin I protein expression between groups in the
hippocampus (F; 14 = 4.885, p<0.05; figure 4m.ii.). Bonferroni’s multiple comparison test
revealed a significant increase in synapsin I expression in the BNGF group when compared
with the VEH group (p<0.05). Mean synapsin I expression per GAPDH expression +
SEM: CON=0.64+0.09, VEH=0.58+0.05, PNGF=0.88+0.06.

There was no significant difference in synaptophysin protein expression between groups in
the dentate gyrus (F, 14 = 0.774, p>0.05; figure 4m.iii.). Mean synaptophysin expression
per GAPDH expression = SEM: CON=0.56+0.04, VEH=0.48+0.06, BNGF=0.60+0.08.

There was no significant difference in synaptophysin protein expression between groups in
the hippocampus (F; 14 = 0.054, p>0.05; figure 4m.iv.). Mean synaptophysin expression
per GAPDH expression + SEM: CON=0.64+0.14, VEH=0.59+0.11, BNGF=0.64+0.10.

142



i. Dentate Gyrus
1.00+

°
S
T

- @s4s @ Synapsin I 78 kDa
_— —

GAPDH 37 kDa

CON VEH BNGF

0.25+

Synapsin IGAPDH
(Arbitrary Units)
o
[

Te

_|
(I

0.00~
CON VEH BNGF

ii. Hippocampus

1.00+ by
I ~
& £ 0751
<
o :>,. - e - Synapsin I 78 kDa
£ £ 0.50- <o
g D 3
S g 0257 CON VEH BNGF
n =
0.004 e

CON VEH BNGF

iii. Dentate Gyrus

1.00+

o©
o
g

- - - Synaptophysin 38 kDa

— —
CON VEH BNGF

GAPDH 37 kDa

Synaptophysin/GAPDH
(Arbitratry Units)
o
[
T

_|
[

CON VEH BNGF

iv. Hippocampus

0.8+

o
o
i

.“ Synaptophysin 38 kDa
aheaeEw ... o

CON VEH BNGF

o
N
h

Synaptophysin/GAPDH
(Arbitratry Units)
o
o

o
o
L

CON VEH BNGF

Figure 4m. Chronic i.c.v. BNGF infusion increases synapsin I expressin in the contralateral
hippocampus(i) There was no significant difference between groups in synapsin I expression in the dentate
gyrus (F,14 = 0.316, p>0.05) (ii) There was a significant difference in synapsin [ expression in the
hippocampus (F,, = 4.885, p<0.05), with a significant increase in synapsin I in the PNGF group when
compared with the VEH (*p<0.05) group. There was no significant difference between groups in
synaptophysin expression in the (iii) dentate gyrus (F, ;4 = 0.774, p>0.05) or (iv) hippocampus (F, ;4 = 0.054,
p>0.05) Data expressed per GAPDH expression. n=6 in CON and PNGF, n=5 in VEHData expressed as
mean + SEM.
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4.5.9 Chronic BNGF infusion does not increase cell proliferation in the

ipsilateral dentate gyrus

There was a significant difference in the percentage of BrdU+ nuclei between groups (F, 14
= 4.043, p<0.05; figure 4n). Bonferroni’s multiple comparison test revealed an increase in
the percentage of BrdU+ nuclei in the BNGF group when compared with CON, however
this did not quite reach significance (p=0.058). There was no significant differences in the
percentage of BrdU+ nuclei between the BNGF group when compared with VEH (p<0.05)
or between the CON and VEH groups (p>0.05). Mean percentage of BrdU+ nuclei + SEM:
CON=5.13+0.21, VEH=5.28+0.38, BNGF=6.20+0.30.

4.5.10Chronic BNGF infusion attenuates an increase in apoptosis in the

ipsilateral dentate gyrus in response to surgery

Apoptosis was measured using the DeadEnd™ Fluorometric TUNEL System (see 2.6.4).
Fragmented DNA are labelled with a marker that fluoresces when excited at 488nm. There
1s a significant difference in the mean fluorescent intensity at 488nm between all groups
(F214 =4.361, p<0.05; figure 40). Bonferroni’s multiple comparison test revealed that there
was a significant decrease in mean fluorescent intensity in the BNGF gourp when
compared with the VEH group. There is an increase in the mean fluorescent intensity in the
VEH group when compared with the CON group, however this does not reach significance
(p=0.098). There is no significant difference in the mean fluorescent intensity between the
CON and BNGF groups (p>0.05). Mean fluorescent intensity @ 488nm + SEM:
CON=427.4+68.83, VEH=651.2+48.73, BNGF=370.4+78.88.
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Figure 4n. Chronic i.c.v. BNGF infusion does not increase cell proliferation in the ipsilateral dentate
gyrus. There was a significant difference in the percentage of BrdU+ nuclei between groups (F, 4 = 4.043,
p<0.05). There was an increase in the percentage of BrdU+ nuclei in the BNGF group when compared with
the CON group, however this did not quite reach significance (p=0.058). A = CON (n=6) B = VEH (n=5) C
= BNGF (n=6). Blue staining = all nuclei (hematoxlin), brown staining = BrdU+ nuclei (DAB Chromagen).
Data expressed as mean + SEM.
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Figure 40. Chronic i.c.v. BNGF infusion attenuates an increase in apoptosis in the ipsilateral dentate
gyrus in response to surgery. There was a significant difference in the mean fluorescent intensity at 488nm
between groups (F, 4 = 4.361, p<0.05). There was a significant decrease in mean fluorescent intensity at
488nm in the BNGF group when compared with the VEH group (*p<0.05). There is an increase in mean
fluorescent intensity at 488nm in the VEH group when compared with the CON group however this does not
reach significance (p=0.098) A = CON (n=6) B = VEH (n=5) C = BNGF (n=6). Blue staining = all nuclei
(Hoescht), green staining = apoptotic cells (TUNEL+ nuclei). Data expressed as mean + SEM.
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4.6 Discussion

The aim of this study was to assess the efficacy of an exogenous infusion of PNGF in
enhancing memory function. Firstly, data demonstrate that a single infusion of 4ng of
BNGF into the lateral ventricle can induce an improvement in object recognition memory.
Furthermore, a continuous infusion of BNGF at the same dose into the lateral ventricle for
42 days also improves object recognition memory. This enhancement of memory seems to
be mediated via Trk receptor activation of the Ras/ERK pathway because there is an
increase in Trk A receptor expression in the hippocampus, an increase in the

phosphorylation of ERK and an increase in synapsin I expression.

The NOR task used in this study is a hippocampal-dependent memory task but is also
known to be dependent upon the perirhinal cortex as lesions in this region can iduce
impairments in rodents and non-human primates (Brown and Aggleton, 2001). It could be
argued that because the infusion of BNGF is adjacent to the hippocampus, a spatial task
such as the OD task would have been more suitable since performance on this task is more
heavily reliant upon the hippocampus. However, rats have excellent spatial memory and as
this study was designed to measure an improvement in memory function, there was the
possibility of a ceiling effect in a spatial task, with the VEH and control group performing
equally as well as the BNGF group. Therefore to ensure a greater chance of detecting an
improvement in memory, the 3 object NOR task was chosen because studies in our
laboratory have repeatedly shown that control rats are unable to learn this task (Bechara
and Kelly, unpublished). This result is confirmed with data in this chapter, as the control
and VEH groups in both the single and chronic infusion studies do not explore the novel
object significantly more that the two familiar objects 24 hours post-training whereas the
BNGF group do explore the novel object significantly more, indicating that PNGF can

induce an improvement in this type of memory.

Neurochemical analysis revealed that there was a significant increase in the concentration
of BNGF in the contralateral hippocampus in BNGF group. The increase found in the
hippocampus confirms the efficacy of the Alzet® Osmotic Pumps. The lateral ventricles lie
adjacent to the hippocampus and therefore an increase in the concentration of BNGF in the
hippocampus contralateral to the infusion would also suggest that the infused PNGF is
traversing the whole ventricular system. There is also an increase in the concentration of

BNGF in the contralateral perirhinal cortex in the BNGF group, although it is not
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significant. Given the important role that the perirhinal cortex plays in recognition
memory, this increase could be a significant factor in the improvement in the memory that
is observed in this study. The perirhinal cortex makes reciprocal connections to the CAl
region of the hippocampus via the entorhinal cortex and it is possible that an increase in
stimulation of the perirhinal cortex from the recognition component of the behavioural task
is inducing an increase in retrograde transport of BNGF from the hippocampus into that
region to facilitate learning on this task. Because the entorhinal cortex has projections from
the perirhinal cortex and projects into the hippocampus, it has been argued that this region
in an important gateway for hippocampal signalling and may encode for both familiarity
and position of an object by incorporating information from both of these regions (Xiang
and Brown, 1998). It may be interesting in a future study therefore, to examine the
neurochemical changes in the entorhinal cortex in addition to the hippocampus and

perirhinal cortex.

Whilst there were increases found in BNGF concentration, no differences in BNGF mRNA
expression between groups were observed in the dentate gyrus, hippocampus or perirhinal
cortex. These data would suggest that an exogenous infusion of PNGF cannot stimulate an
endogenous increase in the transcription of BNGF. This provides further support for the
therapeutic benefit of utilising environmental enrichment or exercise to induce memory
improvements as they upregulate endogenous pathways to enhance production of

neurotrophins such as PNGF and BDNF.

In addition to the increase in BNGF in the contralateral hippocampus in the BNGF group,
there is also an increase in Trk A receptor protein and mRNA expression in the
contralateral hippocampus. It is likely that this upregulation is a functional response to the
increased availability of BNGF in the region and will enhance the amount of Trk A that is
able to bind to BNGF and induce intracellular signalling cascades. Activated NGF-TrkA
complexes can also be internalised and transported retrogradely down the axon and
continue to activate downstream signalling transduction pathways whilst being transported
(Bhattacharyya et al., 1997, Poo, 2001). This retrograde transport of complexes may be
another explanation for the increase in BNGF concentration in the perirhinal cortex,
however this would have to be confirmed with analysis of Trk A protein and mRNA
expression in the perirhinal cortex. Unfortunately, there is no commercially available
antibody for phosphorylated Trk A and therefore it was not possible to directly measure
whether there was an increase in receptor activation. A chronic infusion of NGF has been
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reported to rescue reductions in Trk A expression in aged rats, but this was with a
significantly higher dose of 100pg (Niewiadomska et al., 2006). This study also reports
that there is an improvement in spatial memory in the aged rats treated with an infusion of
NGF, but NGF-treated young rats displayed no improvement in spatial memory and
neither group exhibited an improvement in recognition memory. However the authors used
five objects in the OD and NOR tasks which is a significantly higher memory load than the

tasks used in the current study.

To further analyse whether an increase in Trk A receptor expression is indicative of an
increase in the downstream signalling pathways associated with Trk activation, the
phosphorylation of ERK was analysed. Data show an increase in the phosphorylation of
ERK1 but not ERK2 in the dentate gyrus of the BNGF group and no difference in the
phosphorylation of ERK1/2 in the hippocampus. This result is interesting because the
increase in BNGF concentration is specific to the hippocampus and not the dentate gyrus
and therefore it would be expected that any downstream signalling changes would be
observed in the hippocampus. It is known however, that there is transport of neurotrophins
from their site of uptake all along the axon and long-range signalling may be responsible
for many neurotrophin actions including plasticity related changes (Poo, 2001). Therefore,
this process likely plays an important role in the ERK1 phosphorylation in the dentate
gyrus shown in this study. This also points to the important role that BNGF may be playing
in neuronal survival and maintenance in the dentate gyrus, particularly with respect to adult
born neurons. Both ERK1 and ERK2 are upregulated during memory tasks (Blum et al.,
1999, Huang et al., 2010) but it is more frequently reported that ERK2 rather than ERK1 is
crucial for memory function (English and Sweatt, 1996, Selcher et al., 2001, Satoh et al.,
2007). These data suggest that the two ERK isoforms are differentially regulated, thus
there may be an PNGF-induced specific ERK1 activation occuring in this study. Further
analysis of upstream regulators of ERK would need to be analysed to confirm this, such as
MEK1/2, although there are limitations regarding the specificity of blockers in this
signalling pathway and these are currently hampering efforts to fully dissect the specific
roles of ERK1 and ERK2 in learning and memory. Downstream substrates of ERK, such as
activation of CREB, could also be analysed to further elucidate the role that this protein

has in the BNGF-induced memory improvement.

Interestingly, whilst there are no differences in the concentration of BDNF in the
contralateral hippocampus or dentate gyrus between groups, there is a significant increase
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in BDNF concentration in the contralateral perirhinal cortex in the VEH group. This is an
unusual result, as it would not be expected that an infusion of a vehicle solution would
interact with neurochemical pathways in the perirhinal cortex. This increase could be
associated with increased stimulation in the perirhinal cortex whilst the rats are exploring
the objects during the NOR task because it has been reported that BDNF can be
upregulated during training on a behavioural task (Hall et al., 2000a). This upregulation
would typically be associated with successful learning on a task, and whilst there is a small
increase in exploration of the novel versus familiar objects in the VEH group, it is not
sufficient to conclude that they have learnt the task. Thus, if the increase was due to
participation in the task alone and not associated with learning, a corresponding increase
should be seen in both the CON and BNGF groups because they were exposed to the

objects for an equal amount of time to the VEH group.

The results from this study show that there is BNGF-induced upregulation of signalling
pathways associated with memory performance (in particular the Ras/ERK pathway), but
the data also suggest that chronic BNGF can induce morphological changes that may be a
significant factor in memory improvement. There is a significant increase in the expression
of synapsin I in the hippocampus of the BNGF group, but there are no differences in the
expression of synaptophysin in the hippocampus or dentate gyrus across all groups.
Synapsin is important for synaptic plasticity and neurotransmission, in particular it is
important in the clustering and release of synaptic vesicles in to the active zone of the
synaptic bouton (Cesca et al., 2010). There are also increases in synapsin reported during
synaptogenesis (Lohmann ez al., 1978). Synaptophysin is the most abundantly expressed
synaptic vesicle protein, hence its common use as a marker for synaptogenesis. However, it
is not vital for neurotransmission (McMahon et al., 1996). This suggests that in this study
there is an PBNGF-induced enhancement of synaptic plasticity via more efficient
neurotransmitter release rather than synaptogenesis. This is because it would be expected
that an increase in the number of functional synapses would be associated with an increase

in both synapsin and synaptophysin.

Whilst there may not be a significant increase in synaptogenesis, there is an increase in cell
proliferation in the ipsilateral dentate gyrus in the BNGF group, suggesting that BNGF may
play a role in enhancing adult hippocampal neurogenesis. Due to time constraints it was
not possible to confirm that the proliferating cells were neurons via co-labelling, however
the majority of BrdU+ nuclei were localised to the subgranular zone of the dentate gyrus
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which would suggest that these cells are proliferating neurons. It has been suggested that 8
is important for the survival and growth of neurons rather than directly stimulating an
increase in proliferation, however this is the first study to directly test this hypothesis with
a chronic infusion of BNGF. Frielingsdorf and colleagues (2007) infused NGF i.c.v. for six
or twenty days and found that NGF promoted increased survival of neurons following
twenty days of infusion using the Alzet® Osmotic minipump. Their protocol only
measures proliferation after six days of NGF infusion however, as they injected the rats
with BrdU within the first week of minipump implantation. This study therefore, provides
the first evidence to suggest that a chronic NGF infusion can increase neurogenesis in the
dentate gyrus and this may be associated with memory improvements. The increase in
proliferation is less marked than the enrichment-induced increase reported in Chapter 3,
which suggests that the environmental enrichment protocol that is used in the previous
chapter is likely to be inducing a number of different neurochemical pathways that may be
associated with enhancing the neurogenic profile in the dentate gyrus and is not fully
dependent on BNGF. It is also important to confirm that these new neurons are important in
the memory improvements associated with the BNGF group, and therefore double-labelling
for immediate-early genes such as c-fos or Arc and BrdU would enable identification of the

proportion of these new neurons that are active during a behavioural task.

Due to the vast amount of research that studies the neuroprotective role that NGF can play
in the brain, levels of apoptosis were measured in the ipsilateral dentate gyrus via TUNEL
staining. Interestingly, whilst there was no difference in the amount of TUNEL+ staining
between the control and BNGF group, there was a significant increase in TUNEL+ staining
in the VEH group. An increase in apoptosis in this group may indicate that the i.c.v.
surgery and continuous infusion has caused injury to the rats and that the BNGF group are
protected against this damage. In this context, recent evidence that NGF infusion can
reduce apoptosis levels and infarct volume in middle cerebral artery occlusion is of
relevance (Yang ef al., 2011). Nevertheless, Alzet® Osmotic minipumps are extensively
used in the literature and there have been no reports of increases in apoptosis following
their implantation, and many studies use cytochrome ¢ as a control molecule for
neurotrophin infusions because it has no known extracellular actions (Kobayashi er al.,
1997, Willson et al., 2008). Therefore this result is unusual, but it may provide further

evidence for the neuroprotective role that BNGF has in the brain. To fully confirm this
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result, it would be important to assess other markers of cellular apoptosis such as activity

of members of the caspase family.

It could be argued that the VEH group show a deficit in performance on the NOR task
because of this increase in apoptosis in the dentate gyrus, and therefore the results actually
show that BNGF can rescue this deficit however the CON group that were surgery naive
were also unable to successfully perform the NOR task and therefore BNGF is inducing an
improvement in memory with respect to these rats. To further study whether it is the
surgery and infusion or the vehicle solution that is causing an increase in apoptosis, an
additional control group that were saline-infused could be used. To assess whether the
VEH group has a deficit in their recognition memory, the 2 object NOR task could be used

because control rats can successfully perform this task.

This study reports that both a single and a continuous infusion of BNGF can induce a
significant improvement in recognition memory.Continuous BNGF infusion is associated
with an upregulation of Trk A and synapsin in the hippocampus and an increase in ERK1
phosphorylation in the dentate gyrus. This suggests that the BNGF-induced improvement
in recognition memory is mediated via the Ras/ERK signalling pathway and may enhance
synaptic plasticity. In addition, there is an increase in cell proliferation in the dentate gyrus
of BNGF-infused rats which provides novel evidence for a BNGF-mediated enhancement
of adult hippocampal neurogenesis. Previous studies that infuse NGF use doses of between
500ng and 13pg for single infusions and 30pg and 100ug for chronic infusions ranging
from 6 to 28 days (DeKosky er al., 2004, Jakubowska-Dogru and Gumusbas, 2005,
Frielingsdorf et al., 2007, Jiang et al., 2008). This study uses a significantly lower dose
than this in both the single and chronic infusions of BNGF, yet still demonstrates a
significant improvement in recognition memory and an associated enhancement of
synaptic functioning and an increase in neurogenesis. This dose mimics the increases that
are associated environmental enrichment and is therefore more physiologically relevant
than previous studies. This helps to elucidate the cellular mechanisms that underpin the
enrichment-induced memory improvements and confirms that they may be, at least in part,

due to an increase in BNGF.
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Chapter 5: Evaluation of the neuroprotective properties of long-term environmental

enrichment in the ageing rat

5.1 Introduction

Age-related cognitive decline is universally accepted to occur in adults and, although not
pathological, can cause loss of memory and other cognitive functions that reduce the
quality of an individual’s life. Due to the advances in medicine in the past decades, there
has been an increase in life expectancy in the western world and with this increase there
has also been a corresponding increase in age-related neurodegenerative disorders such as
Alzheimer’s disease in the human population. Consequently, there is a vast amount of
funding being awarded for research into developing preclinical diagnostic tools and drug
therapies to reduce the future public health burden of an ever increasing ageing population.
Whilst the increase in the incidence of age-related neurodegenerative disorders poses a
serious concern regarding the enhanced socio-economic burden for countries, the majority
of people will not develop a dementia. Nevertheless, they are likely to undergo some
cognitive decline, particularly in memory and executive function, with age and this can
lead to severe effects upon their lifestyle (Plassman et al., 2008). It is possible however, to
induce cognitive improvements via simple lifestyle changes without the need for drug
therapies, such as via exercise or cognitive stimulation (Fratiglioni er al., 2004,
Ploughman, 2008). Using such techniques to alter neurophysiology and improve cognition
via our own body’s natural mechanisms also has the advantage that there are likely to be
no unwanted side effects or interactions with other medications because these techniques

simply utilise and modulate the body’s own physiological processes.

A longitudinal rat model of normal ageing enhances the power of any analyses being
performed because it is possible to track changes in cognitive function throughout the rat’s
lifespan. Rats exhibit deficits in spatial memory with age (for review, see Rosenzweig and
Barnes, 2003) and there are reports of humans showing similar deficits in an equivalent
spatial task (Moffat e al., 2001). Neurogenesis is also significantly reduced in the ageing
brain, as shown in rodent and non-human primate studies (Kuhn et al., 1996, Kempermann
et al, 1998, Gould et al., 1999b). It has also been shown that adult hippocampal
neurogenesis in the aged rat is partially predictive of performance in the Morris water maze
task (Drapeau et al., 2003). It has been argued that the reduction in neurogenesis is not

caused by ageing itself, but that there is a loss of the neurogenic niche in the hippocampus
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and this causes a reduction in the rate of neurogenesis (Klempin and Kempermann, 2007).
In particular, there is a reduction in the availability of neurotrophic factors such as NGF
and BDNF (Silhol et al., 2005, Terry Jr et al., 2011) which may impact on the ability of
neural stem cells to proliferate, differentiate and survive. Terry Jr and colleagues (2011)
report a reduction in NGF and the phosphorylated form of Trk A in the hippocampus and
prefrontal cortex with age and an associated deficit in spatial and recognition memory. In
addition, they report an increase in the proneurotrophin proNGF and the receptor pasEE,
both of which are implicated in the pro-apoptotic signaling cascade and therefore may be a
factor in loss of function. Age-related deficits in NGF are also associated with a loss of
synaptic plasticity (Kelly et al., 2000). There is also evidence to show that BDNF
expression is altered with age, that there is a correlation between hippocampal BDNF and
memory performance in aged rats and that BDNF-induced LTP is impaired with age

(Schaaf et al., 2001, Gooney et al., 2004).

VEGF, whilst typically assumed to exert its main function upon blood vessels, has been
shown to promote neurogenesis in the adult brain, possibly via enhancement of a vascular
niche (Palmer et al., 2000, Licht et al., 2011), and is reported to have neuroprotective
properties particularly after brain injury (Sun ef al., 2003). Gao and colleagues (2009)
reported a reduction in VEGF-stimulated angiogenesis and neurogenesis in aged mice,
which is possibly associated with a reduction in the expression of its main receptor, VEGF
receptor 2. Over-expression of VEGF can also improve spatial and contextual memory,

suggesting it may be important in hippocampal plasticity (Cao et al., 2004).

Aging is also strongly associated with increased inflammation, particularly in glial
activation, with aged rodents showing increases in TLR4, CD14 and MHCII, pro-
inflammatory cytokines and astrocyte number with age (Hayakawa et al., 2007, Letiembre
et al., 2007, Lynch, 2010). This increase in the inflammatory state in the brain could
impact on behaviour and synaptic plasticity. Ageing can also increase the brain’s
vulnerability to inflammatory challenges and these can interact to induce memory deficits,
possibly via downregulation of BDNF (Barrientos ef al., 2006, Cortese ef al., 2011). The
pro-inflammatory cytokine IL-1 has been shown to be important for synaptic plasticity:
its expression was increased in free moving rats 8 hours after LTP induction, furthermore
the induction of this LTP could be prevented with an infusion of the IL-1 receptor
antagonist IL-1ra (Schneider et al., 1998). IL-1 receptor knockout mice also show impaired
LTP induction and spatial memory deficits (Goshen et al., 2009). Conversely, aged rats
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exhibit an increase in hippocampal IL-1f together with a deficit in contextual fear
conditioning which is prevented following the inhibition of caspase-1, an enzyme that can
generate the mature form of IL-1B (Gemma et al., 2005). In addition, Alzheimer’s disease
is associated with elevated levels of IL-1B, TNF-a and IL-6 in both the serum and
cerebrospinal fluid (Akiyama et al., 2000, Shaftel ef al., 2008). These data suggest that
whilst certain pro-inflammatory cytokines, such as IL-1PB, can play a significant role in
modulating synaptic plasticity and memory functioning, an extended and elevated pro-
inflammatory phenotype can elicit negative effects on brain functioning and in fact may be
responsible for an acceleration in cognitive decline in neurodegenerative diseases (Lynch,

2010, Viviani and Boraso, 2011, Yirmiya and Goshen, 2011).

Despite the number of reviews that argue for the neuroprotective benefits of environmental
enrichment, there are only a small number of human studies that test exercise or cognitive
stimulation as therapeutic interventions. It has been reported that one year of exercise
training increases hippocampal volume and this volume is positively correlated with
BDNF serum concentration in aged adults, however there was no significant improvement
in spatial memory in the exercise group when compared with stretching controls (Erickson
et al, 2011). Mahnke and colleagues (2006) have shown that 8-10 weeks of an
auditory/language-based cognitive training program can induce general memory
improvements in tests non-related to the tasks they performed during training and this
improvement is maintained 3 months post-training which would suggest that there is long-
lasting benefit to cognitive training. More studies are necessary however, to obtain
consistent evidence of enrichment-induced memory improvements and to begin to
elucidate the mechanisms that may be underlying them. Environmental enrichment has
also been shown to play a role in neuroprotection and can be a treatment for other
neurological disorders such as depression (Mahncke et al., 2006, Berardi et al., 2007,

Harburger et al., 2007, Laviola et al., 2008).

Exercise can prevent age-related cognitive decline in rats (O'Callaghan et al., 2009, Kim et
al., 2010) and has been shown to prevent or delay cognitive decline in a number of
neurodegenerative mouse models of traumatic brain injury (Griesbach et al., 2009),
Huntington’s disease (Pang ef al., 2006) and Alzheimer’s disease (Ke et al., 2011, Liu et
al., 2011). Similarly environmental enrichment can prevent age-related spatial memory
decline (Kempermann ef al., 2002, Bennett et al., 2006, Leal-Galicia et al., 2008, Kumar et
al., 2011) and delay memory deficits in mouse models of Alzheimer’s disease (Berardi et
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al., 2007, Cracchiolo et al., 2007) and Huntington’s disease (Nithianantharajah et al.,
2008). Environmental enrichment is also associated with long-term upregulation of BDNF
and NGF, increases in synaptic plasticity and neurogenesis (Pham et al., 1999a, Ickes et
al., 2000, Kempermann et al., 2002, Cracchiolo et al., 2007) and both environmental
enrichment and exercise have been shown to increase hippocampal neurogenesis in a
mouse model of Alzheimer’s disease (Mirochnic et al., 2009). There is also evidence that
enrichment may reduce beta-amyloid plaque load (Cracchiolo et al., 2007), however this is
disputed in other studies (Mirochnic et al., 2009). Therefore, whilst there are limited
human studies available to analyse the efficacy of cognitive stimulation, animal models are
yielding a great deal of important evidence supporting a neuroprotective role for

environmental enrichment.

The aim of this study was to assess the neuroprotective properties of long-term
environmental enrichment, in the absence of exercise, on rats’ cognitive function. Previous
data from our lab shows that, whilst long-term treadmill exercise can rescue spatial
memory deficits and a reduction in LTP expression in the aged rat, control rats that were
exposed to a stationary treadmill for the same duration also exhibited a rescuing of spatial
memory and LTP expression (O'Callaghan et al., 2009). This treadmill exposure and
additional handling is akin to environmental enrichment because it provides additional
sensory stimulation for the rats and exposes them to different environments when
compared with aged cage controls that are housed in a relatively impoverished
environment. These data suggest that relatively minimal but consistent amount of
additional stimulation can rescue age-related memory deficits in the long term. Thus, we
hypothesise that environmental stimulation, in the absence of exercise, can be equally
successful at ameliorating cognitive deficits associated with age. This study was
undertaken as a longitudinal study and therefore it was possible to directly compare a rat’s
performance at 3, 13 and 22 months of age providing a powerful comparison of decline in
cognitive function of the rat’s lifespan and any neuroprotective effects that environmental
enrichment may have. Furthermore, the neurochemical changes that are associated with
age were assessed particularly in relation to neurotrophins, neurogenesis and inflammation.
To date, there are no studies that have assessed the neuroprotective impact of long-term
environmental enrichment, without exercise, and therefore this study will further enhance

our understanding of the effects that cognitive stimulation alone can have in prevention of
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cognitive decline with age. It will also add to the current research by further analysing the

mechanisms by which cognitive enrichment can induce a neuroprotective effect.
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5.2 Methods

5.2.1 Subjects and Design

Baseline EE Begins Aged
3 months S months 13-15months 21-23months

i ' Wi

EE:n=12 EE:n=11 EE: n=6
SH:n=12 SH:n=11 SH:n=6

Figure 5a. Timeline for long-term environmental enrichment protocolAt 3 months of age, rats were
tested with a battery of behavioural tasks to obtain baseline cognitive performances and scanned in a 7T MRI
scanner (SH: n=6, EE: n=7). Following this, they were randomly assigned to SH or EE housing. At 13-15
months of age, rats were tested again with the same behavioural tasks and scanned (SH: n=7, EE: n=8). At
Aged, rats were again tested with the same behavioural tasks and scanned (SH: n=6, EE: n=6) and then
sacrificed. All rats were administered BrdU ([|] 50mgkg™; i.p) 3 x weekly for 2 weeks, following final
behavioural testing.

The experimental groups consisted of rats housed in standard housing conditions (SH,
n=11) and rats housed in enriched conditions (EE, n=12) for approximately twenty months.
All rats were tested on a variety of behavioural tests (see 4.2.2) prior to their assignment to
their respective groups in order to obtain a baseline level of cognitive performance to
which further behavioural results can be compared. Thirteen rats (SH, n=6; EE, n=7) were
also scanned in a 7T horizontal bore magnet (Bruker) prior to their assignment to their
respective groups to obtain baseline MR images. After six weeks of environmental
enrichment, rats were tested on the T maze task and OF test and these data were used as

part of the study described in chapter 3 (see 3.2.3).

At 13 months of age (13-15 mo; week 35 of environmental enrichment), 1 rat had died.
The remaining rats were tested with the same behavioural tests that were performed at
baseline (SH, n=11; EE, n=11). Fifteen rats (SH, n=7; EE, n=8) were also scanned in the

7T horizontal bore magnet to obtain 13-15 months old MR images.

At 21 months of age (Aged; week 76 of environmental enrichment), a further 10 rats had

died. The remaining rats were tested again with the same behavioural tests that were
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performed at baseline and 13 mo (SH, n=6; EE, n=6). All twelve rats were also scanned in

the 7T horizontal bore magnet to obtain Aged MR images.

The same rats were scanned at all timepoints and any rats that died during the study were

excluded from the final behavioural and MR analyses.

5.2.2 Behavioural Testing

[t could be argued that rats housed in enriched environments will be more active because
they have more objects in their home cage to explore. Therefore, home cage activity was
recorded during their nocturnal phase in the long-term environmental enrichment study,
when rats were approximately 11 months old. Species typical behaviours and general
activity were measured manually for 4 x 5 minute blocks between 12:00-02:00. Mean

activity scores were calculated.

The baseline hippocampal-dependent memory performance and anxiety levels of all the
rats was tested with a variety of behavioural tasks prior to their assignment into standard or
enriched conditions. The order of the tasks was chosen so as to minimise practise effects
and prior exposure to the equipment. The rats were then tested on the same tasks at 13-15

months of age and Aged (21-23 months of age) timepoints.

The rats’ anxiety levels were measured first with both the elevated plus maze test and the
OF test (see 2.4.5). Briefly, the rats were placed in the centre of the elevated plus maze and
allowed to explore freely for five minutes. The exploration of the rats was digitally
recorded to minimise the disturbance of an experimenter’s presence in the room and the
number of entries into closed and open arms was measured from the videos. Entries into

arms were only counted if the whole body of the rat crossed the threshold of the arm.

Five days later, the rats were placed in the open field arena for a period of five minutes
each and allowed to explore freely. Thigmotaxis was measured using Ethovision 3.0®
software and calculated as the time spent exploring the wall (20cm corridor from the edge).

Time spent in the centre of the arena was also calculated.

Following the OF test, rats’ were tested using different versions of the NOR and OD task.
First, rats were tested with the three object variant of the NOR task (see 2.4.1). Rats had
one trial of five minutes to explore three different novel objects in the open field (training
day). Twenty-four hours post-training, one of the objects was replaced by a novel object in

the same position and the rats were placed back into the open field for five minutes and
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allowed to explore (testing day). During both the training and testing days, the time spent
exploring each object was recorded using stopwatches and calculated as a percentage of

the total time spent exploring both objects.

Seven days after performing the three object NOR task, the rats were tested with the two
object variant of the NOR task as described in section 3.2.3 (see also 2.4.1). The objects
used in this task did not resemble any of the objects used in the three object NOR task from
the previous week. Rats had three trials of five minutes with an inter-trial interval of five
minutes to explore two different novel objects in the open field (training day). Twenty-four
hours post-training, one of the objects was replaced by a novel object in the same position
and the rats were placed back into the open field and allowed to explore (testing day).
During both the training and testing days, the time spent exploring each object was
recorded using stopwatches and calculated as a percentage of the total time spent exploring

both objects.

Seven days after the after performing the two object NOR task, the rats were tested with
the three object OD task (see 2.4.2). The objects used in this task did not resemble any of
the objects used in either the three or two object NOR tasks from the previous two weeks.
Rats had three trials of five minutes with an inter-trial interval of five minutes to explore
three different novel objects in the open field (training day). Twenty-four hours post-
training, one of the objects was placed in a novel position and the rats were placed back
into the open field for five minutes and allowed to explore freely (testing day). During both
the training and testing days, the time spent exploring each object was recorded using

stopwatches and calculated as a percentage of the total time spent exploring both objects.

Six days after performing the three object OD task, the rats were tested with the Morris
water maze task (see 2.4.3). Rats were placed in a circular arena filled with tepid water in a
dimly lit room containing spatial cues and allowed to swim until they found a static hidden
platform. Rats were tested for five consecutive days with five trials each day. Each trial
lasted a maximum of sixty seconds or until rats had found the hidden platform, with an
inter-trial interval of sixty seconds. If rats had not found the platform within sixty seconds,
they were led to the platform. Rats were allowed to remain on the platform for thirty
seconds to enable spatial orientation. Each trial was recorded using Ethovision® 3.0 and
the escape latency was measured. The mean escape latency was calculated for each rat on

each day. The pattern of exploration was also recorded. A probe test was performed two
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days after the final training day, in which the hidden platform was removed and rats were
reintroduced into the arena for a single trial of sixty seconds. The arena was divided into
quadrants and the time rats spent in each quadrant was recorded using Ethovision 3.0®.

The pattern of exploration was also recorded.

Following 7 weeks of environmental enrichment, rats were tested on the T maze task
which utilises working memory (see 2.4.4) and is designed to test the rats’ spontaneous
alteration behaviour in search of food. Rats were placed on a reduced diet for two weeks
prior to testing on this task and throughout the task itself, of approximately 85% of their
recommended daily food intake for their weight. The rats were given six trials per day in
which they had to learn to alternate between exploration of either arm in order to obtain a
food reward. The number of correct entries was recorded as a percentage of total trials per
day for seven days. The results of this task were reported in 3.3.4. Rats were tested using

the T maze task again at the 13-15 months old and Aged timepoints.

The order that the tasks were performed was fixed and therefore to reduce the chance of
any practise effect with the object-based tasks, the task with the least exposure to objects (2
object NOR) was ordered first and the easiest task for the rats was ordered last (3 object
OD). Following Baseline testing, rats were ranked in order of their performance on these
object-based tasks and these ranks were correlated to ensure that no practise effect had
occurred. There were no correlations between ranked performances on the object-based
tasks (2 object NOR vs 3 object NOR: r = -0.187, p>0.05; 2 object NOR vs 3 object OD: r
=0.239, p>0.05; 3 object NOR vs 3 object OD: r = 0.271, p>0.05; figure 5b).
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Figure 5b.Correlation of ranked performance on object-based task.There were no correlations between
ranked performances on object-based tasks in rats. 2 object NOR vs 3 object NOR: r = -0.187, p>0.05; 2
object NOR vs 3 object OD: r = 0.239, p>0.05; 3 object NOR vs 3 object OD: r = 0.271, p>0.05. N=23.
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Behavioural | Elevated | OF | 2 3 3 MWM MWM | T maze T maze

Task Plus Test | object | object | object | (acquisition) | (probe) | (training) | (testing)
Maze NOR | NOR | OD

Days 1 2 3-6 13-16 | 23-26 | 32-39 42 45-52 53-60

Table 5a.The order of behavioural testing at all 3 timepoints.All rats were tested in the same orderwith
rats performing the object-based task with the least exposure to objects first (2 object NOR) and easiest task
(3 object OD) last in order to reduce the chance of any practise effect. All object tasks had a 1 week break in
between and rats had no prior exposure to any of the objects prior to the task.

5.2.4 Neurochemical Analysis

In order to obtain baseline young control measures for neurochemical analysis, 8 young
rats (250-300g; Young SH) were housed in standard conditions for the last 3 weeks of the
study. Following the final MRI scans, these rats were sacrificed with the Aged SH and
Aged EE rats via urethane overdose. All rats were transcardially perfused with heparinised
saline for 10 minutes, decapitated and brains quickly removed. The left hemisphere was
removed and flash frozen in isopentane before being covered in Tissue-Tek® o™
compound and stored at -80°C to preserve it for immunohistochemical analysis. The right
hemisphere was sub-dissected to extract the perirhinal cortex, entorhinal cortex, S1 cortex,
cerebellum, olfactory bulb, hippocampus and dentate gyrus. Homogenate was prepared for

neurochemical analysis using the methods outlined in 2.5.1.

5.2.4 BrdU administration

To evaluate hippocampal neurogenesis, the thymidine analogue 5-bromo-2’-deoxyuridine
(BrdU [Sigma]) was administered intraperitoneally (50mg.kg™) to all rats. For all rats, the

BrdU was administered three times weekly for the last two weeks of their housing period.

5.2.5 Analysis of the expression of NGF, BDNF, Trk A, Trk B and p75NTR

Neurotrophin expression was measured in the dentate gyrus, perirhinal cortex and
hippocampus in all groups. BDNF, BNGF and VEGF protein concentration were measured
by ELISA (see 2.5.4). BDNF, PNGF, VEGF, Trk A, Trk B and p75™'* mRNA expression
in all groups in the dentate gyrus, hippocampus, perirhinal cortex and entorhinal cortex

NTR

were measured using PCR analysis (see 2.5.3). p75" " protein concentration in the dentate

gyrus and the hippocampus was measured using western immunoblotting (see 2.5.2).
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5.2.6 Analysis of Synaptic Vesicle Proteins

Synapsin and synaptophysin protein concentration in the dentate gyrus and hippocampus
were measured using western immunoblotting (see 2.5.2). These proteins are modulators of

neurotransmitter release and are often used as markers of synaptic plasticity.

5.2.7 Analysis of Neurogenesis

In order to measure any changes in neuronal proliferation, Ki67 mRNA expression in the
dentate gyrus and olfactory bulb was measured using PCR analysis (see 2.5.3) and
immunohistochemical analysis was performed on sections of the dentate gyrus in all
groups. To analyse the rate of cell proliferation in the dentate gyrus, BrdU immunostaining
was performed on 10um sections and analysed via light microscopy (see 2.6.2). The
number of BrdU positive nuclei was calculated as a percentage of the total number of

nuclei stained with hematoxylin.

5.2.7 Analysis of Apoptosis

Levels of apoptosis in the dentate gyrus of all groups were assessed using the DeadEnd™
Fluorometric TUNEL System (Promega Corporation) according to manufacturer’s
instructions (see 2.6.4). Labelled DNA fragments were visualised via confocal microscopy
at the 488nm wavelength. The mean intensity of the fluorescence at 488nm was calculated
for each animal and group means were compared. The author would like to acknowledge

the assistance of Alexa Pichet Binette in the analysis of this data.

5.2.8 Analysis of pro-inflammatory markers

In order to measure any changes in inflammatory markers, [L-13, CD68 and CD40 mRNA
expression in the hippocampus was measured using PCR analysis (see 2.5.3). IL-1B is a
pro-inflammatory cytokine which is released as part of an inflammatory response in the
body. Many studies report increases in IL-1p expression in the brain with age and it has
been associated with changes in cognitive function in animal models, although its precise
role as a modulator of memory abilities is unclear. Both CD68 and CD40 are expressed on
microglia in an activated state and are hence used as markers of microglial activity and the
pro-inflammatory response of the body. CD68 is typically associated with the phagocytic

action of microglia.
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5.2.9 Statistical Analysis

All data are presented <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>