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Summary

The collection of studies presented in this thesis evaluates novel
therapeutics and assesses their potential as cognitive enhancers. The study
also examines the impact of ambient glucose levels on a widely used
cellular model for learning and memory. Finally, the work described here
explores a possible mechanism of action of an experimental nootropic
compound. Taken together, this thesis aims to address the prevailing
public health threat of cognitive decline by expanding the existing
knowledge on nootropics and on the effects of glucose on learning and

memory.

. The validity of a L-436, a novel and potentially beneficial positive allosteric
modulator (PAM) of a7 nAChRs, developed by Merck, was assessed via the
application of the extracellular recording electrophysiology technique. The
effectiveness of L-436 was compared with known modulators of these
receptors: a partial agonist, EVP-6124 and a PAM BNC-375. The key findings
from this study are that L-436 induced a concentration-dependent
enhancement of LTP in both mouse and rat hippocampal slices. This effect
was not present in mice lacking a7 nAChRs (Acra7- mice) unlike their wild-
type littermates. In rat hippocampal slices, the maximum effect of L-456 on
LTP, observed around a concentration of 10 uM, was inhibited in the presence
of the selective a7 nAChR antagonist MLA. Consequently, these data suggest
that L-436 enhances LTP via a direct effect on a7 nAChRs. Therefore, the
effects of L-436 on LTP are similar those of established partial agonists of a7
nAChRs such as EVP-6124, GTS-21, S 24795 and SSR180711.

. The second study evaluated the effects of three different ambient D-glucose
concentrations (10, 5 and 2 mM) on theta-burst-induced LTP, in the presence
of either vehicle or a selection of adenosine receptor-targeting antagonists with
the aim to elucidate the role of adenosine receptors in LTP. It was also of
interest to investigate the influence of extracellular D-glucose on LTP due to
the well-known disparity between extracellular glucose concentration in vitro,
as opposed to in vivo conditions. Data presented here suggest little effect of

extracellular glucose on LTP and does not support the idea that ambient
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extracellular glucose levels impact LTP via a glial-adenosine-dependent

mechanism as is observed in hypothalamus.

. The aim of the third study was to provide an insight into the mechanism of
action SD118, novel putative cognition-enhancing compound developed by
Syndesl, using Levetiracetam as the scaffold structure. By using whole-cell
patch clamp recording techniques in hippocampal slices SD118 was shown to
enhance excitatory glutamatergic synaptic transmission in the hippocampus in
a frequency-dependent manner. Excitatory synaptic responses were little
affected at low frequencies of stimulation (0.1 to 2 Hz) but were potentiated at
higher frequencies (10 and 20 Hz). Therefore, SD118 shares the frequency-
dependent effect on excitatory synaptic transmission with Levetiracetam,
albeit with different outcomes. Unlike Levetiracetam, SD118 enhances
synaptic transmission and could therefore be beneficial for cognitive

enhancement.
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Chapter 1: General Introduction

1.1 Types of Learning and Memory

Learning and memory are two key cognitive functions that provide
organisms with the ability to adapt their behaviour in response to changing
environments. Memories are categorized into two broad groups:
nondeclarative and declarative (Fig.1.1). Non-declarative memories can be
recalled without conscious awareness. These memories include skills and
habits (e.g., driving a car, playing the piano, etc.), priming (i.e., exposure to a
stimulus influences the response to a subsequent stimulus), simple classical
conditioning (e.g., Pavlovian conditioning), and nonassociative learning, such
as habituation and sensitization. In contrast, declarative memories are
memories that can be consciously recalled, such as events, experiences, and
facts (Eichenbaum 1997, Squire 2004). Declarative memories are further
classified into either episodic memory, which include the recall of events or
specific experiences, or semantic memory, which is the recollection of general
facts and knowledge (Eichenbaum 1997). It is important to note that although
both declarative and nondeclarative memory systems are commonly associated
with specific brain regions, the processes underlying these memory systems

are likely to interact therefore involving partially overlapping domains.
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Figure 1.1 An overview of the taxonomy of memory systems and brain structures

associated with them (Squire et al., 2004).

1.2 Neurological disorders and learning and memory

Memory dysfunction can be caused by a wide range of
neuropathologies that affect the neural networks underlying these memory
systems in the human brain. The process of ageing is frequently accompanied
by some degree of cognitive impairment (e.g., forgetfulness) that with
appropriate management does not severely affect one’s quality of life.
However, minor cognitive disturbances can escalate further to mild-cognitive
impairment, that in turn can lead to extensive cognitive deficits, resulting in a
form of dementia. Dementia is defined as a gradual and irreversible loss of
cognitive functions, encompassing loss and deterioration of processes such as
memory, information processing, understanding and judgement. In recent
years links between obesity and development of dementia have been
recognised, highlighting poor diet and obesity as potential risk factors for
dementia (Kiliaan et al, 2014).



1.3 Alzheimer’s Disease: A major public health concern

To date, the most common cause for dementia is Alzheimer’s disease
(AD). In the UK alone, an estimated 850,000 individuals suffer from a form of
dementia, AD being the major contributor to this statistic. The healthcare costs
associated with dementia currently total £26.3bn and the worldwide estimate
for this cost has reached US$818bn (World Alzheimer report, 2015). In
addition, a worrying statistic has been reported by Alzheimer’s Research UK
(2018) showing that only a third of respondents think it is possible to reduce
their risk of developing dementia; conversely over 80% of respondents believe
in reducing the likelihood of developing diabetes. It is apparent that dementia
and the diseases it encompasses pose a major socio-economic burden that is
predicted to worsen in the future. At present, there is no cure for AD and the
available treatment options are of limited efficacy. Whilst further research of
the mechanisms underlying AD onset and progression is urgently required,
raising public awareness about dementia-associated lifestyle factors is equally

as important.

1.3.1 Alzheimer’s Disease: Diagnostic guidelines

Alzheimer’s disease is characterized by a gradual and advancing
decline in memory and executive functions, progressing to an inability to
perform basic daily activities, and ultimately resulting in death. The onset and
advancement of AD among patients is highly unpredictable, therefore
increasing the challenge of finding appropriate treatments. In addition,
reaching a definite diagnosis confirming Alzheimer’s disease is a complex and
not wholly reliable process. According to clinical guidelines, in addition to the
“core criteria” for AD, such as evidence of cognitive decline and ruled out
vascular, traumatic, or medical causes of cognitive impairment, several tiers of
probability for confidence in a diagnosis of AD have been developed, i.e.,
“proven AD”, “probable AD” and “possible AD”. Proven AD is confirmed by

the presence of AD-associated neuropathology criteria at autopsy after death
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or after biopsy. However, it should be noted that a brain biopsy is usually
considered as an investigational process of last resort for patients exhibiting
neurological decline of undetermined etiology or atypical presentations due to
the recent advances in the less invasive imaging and CSF analysis techniques
(Schott et al., 2010; Magaki et al., 2015; Hansson et al., 2019). Probable AD
refers to a history of progressive worsening of amnestic dementia and lack of
aphasia, cardiovascular disease, dementia with Lewy bodies or frontotemporal
dementia. Lastly, possible AD refers to the presence of the “core” cognitive
impairments in addition to some evidence of other medical conditions that

could account for the cognitive disturbances.

It is of note that motor-skill learning appears to be spared or at least
substantially less affected in patients with AD. First documented by Eslinger
and Damasio (1986) this disassociation in learning supports the theory of two
learning systems — “declarative” and “non-declarative”. Furthermore, this
supports the view that AD affects memory likely via changes in the

hippocampal function.

1.3.2 Neuropathology of Alzheimer’s Disease: Macroscopic

Characteristics

It is widely accepted that AD-associated cognitive deficits are
complemented by major macroscopic and microscopic changes of the brain.
Post-mortem examinations of brain specimens obtained from AD patients
reveal a considerable degree of cerebro-cortical atrophy (Fig.1.2). which
mainly affects the medial temporal lobes but somewhat spares the primary
motor, sensory and visual cortices. This manner of cortical thinning makes the
lateral and third ventricles appear dilated. In addition, cerebral gyri narrow,
whereas sulci —widen. This specific pattern of atrophy can be detected by MRI
as early as a decade before the onset of cognitive decline and hence could be
useful marker (Dickerson et al, 2011). Such structural changes, however, have

been observed in brain scans from aged but cognitively intact individuals.
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Therefore, cortical thinning it is not a guaranteed sign of future cognitive
decline. Nevertheless, a greater proportional brain tissue loss has been

correlated with a more rapid cognitive decline in older patients (Double, 1996).

Figure 1.2. Coronal sections of formalin-fixed tissue slices taken at the level of
the anterior hippocampus of a person without dementia (A) and a patient with
severe AD ((B) and (C)).

There is a considerable enlargement of the lateral ventricle (blue asterisk), substantial
atrophy of the medial temporal lobe (red asterisk), as well as thinning of the gyri and
widening of the sulci (arrowheads). A section of the midbrain shows the presence of
pigmentation (C). Both scale bars are 1 cm. Photographs by Dr. Christopher Morris
and the Newcastle Brain Tissue Resource (Attems et al., 2018).



1.3.3 Amyloid p plaques

In addition to the macroscopic changes, histological examinations of
AD-affected brains reveal additional abnormalities. The presence of senile
(Amyloid-B) plaques is widely recognized as one of the hallmarks of
Alzheimer’s disease. The AP plaques are extracellular, insoluble
accumulations of small (40 or 42 amino acids long) amyloid-f peptides (AB40,
Ap42), which are the by-products of abnormal processing of the amyloid
precursor protein (APP) (Fig. 1.3.).

There are two morphologically distinct types of AB plaques — diffuse
and dense-core (or focal). Diffuse AP plaques are frequently found in the
brains of cognitively intact elderly individuals, whereas dense-core plaques are
mainly found in patients affected by AD. The presence of dense-core plaques
Is associated with further damage to the neuropil, including dystrophic
neurites, synaptic loss, neuron loss and activation of both astrocytes and
microglia (Knowles et al., 1999; Urbanc et al., 2002; Vehmas et al., 2003).
However, the true pathological significance of the presence of Ap plaques and
their influence on the severity or progression rate of Alzheimer’s disease,

remains controversial (Thal, et al., 2002; Giannakoupoulos, et al., 2003).

Both in vitro and in vivo studies have shown that the amyloid peptide
in its soluble form is produced by normal, healthy cells (Haas et al., 1992).
However soluble AP (sAPB) appears to be a major contributor towards the
pathogenesis of AD, since there is a strong correlation between sAf levels and
the severity of AD-associated neuropathological changes (Shankar et al.,
2008). Studies have indicated that sAP promotes synaptic failure and
impairment of cognitive functions, and dysregulation of specific neuronal
miRNAs, which are likely to further contribute to the pathogenesis seen in AD
(Mdiller et al., 2013; Boissonneault et al., 2009). In addition, Li et al, (2014)
showed that the sAB-induced miRNA dysregulation was reversed by NMDA
receptor antagonists, suggesting a NMDAR-dependent mechanism for altered

mMiRNA expression.
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Figure 1.3. A commonly used schematic diagram for visualising the processing of the
amyloid precursor protein (APP).

Briefly, it shows two processing pathways and their end products. The non-amyloidogenic
pathway is initiated by a-secretase releasing soluble APP (sAPPa) into the intracellular
space. The resulting CTF-a fragment is cleaved by vy -secretase in the intermembrane space
resulting in both the APP intracellular domain (AICD) and p3 peptide fragments that are
both non-plaque-forming elements. The cleavage of APP of B-secretase and subsequently
by y -secretase results in the production of an amyloid plaque. The pathogenic
(amyloidogenic pathway) initiated by B-secretase and resulted in SAPP-f release externally.
The remaining CTF-B fragment is cleaved by y -secretase and releases APss-42 amino acid
amyloid monomers. The externally released Ap fragment forms toxic oligomers and are
eventually arranged in amyloid plagues — a hallmark of AD pathology (Bachurin et al.,
2017).



Figure 1.4. Photomicrographs of Ap plaques.

(A) Distribution of A immunoreactivity in the prefrontal cortex of an Alzheimer’s
disease patient. (Ai) Subpial AP load; (Aii) dense-core AP accumulations; (Aiii)
diffuse AP deposits. WM, white matter; AP, amyloid beta. Immunohistochemistry
was performed with antibody against amyloid precursor protein, 4G8. Scale bars: Ai

and Aiii, 50 um; Aii, 20 um (Attems et al., 2018).



1.3.4 Neurofibrillary tangles and neuropil threads

Neurofibrillary tangles (NFTs) and neuropil threads (NTs) are also
considered as hallmarks of AD (Fig. 1.4). These filaments are made up of
hyperphosphorylated microtubule-associated protein (MAP) tau (HP-T): a
microtubule-stabilizing protein that is found in both axons and dendrites. In
case of pathological conditions, MAP tau undergoes phosphorylation and
subsequent disintegration of microtubules and accumulation of insoluble tau
filaments or fibrils. In addition, NFTs and NTs are thought to contribute
towards neurodegeneration by disrupting microtubule networks, leading to
cytoskeletal destabilization and synaptic withdrawal (Billingsley & Kincaid,
1997; Ballatore et al.,2007). In the early stages of AD, NFTs and NTs are
primarily found in the trans-entorhinal and entorhinal cortices, from where
they gradually spread into the hippocampus and isocortex (Braak and Braak,
1991).
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Figure 1.5. Photomicrographs depicting neurofibrillary tangles and neuropil
threads.

(A) Distribution of tau immunoreactivity in the hippocampus, subiculum,
transentorhinal, and occipital-temporal cortex of an Alzheimer’s disease patient. (Ai)
Neurofibrillary tangles and neuropil threads in the CA1 area of the hippocampus. (Aii)
Neurofibrillary tangles present within the neuronal soma (black arrow);
immunoreactive neuropil thread in the neuronal process (red arrowhead). CA1 and
CA4, hippocampal cornu ammonis regions 1 and 4; GR, granule cell layer of the
dentate gyrus; Sub, subiculum; Trans Ent, transentorhinal cortex; OTC, occipital-
temporal cortex. Immunohistochemistry with antibody against hyperphosphorylated

tau, AT8. Scale bars: Ai, 50 um; Aii, 10 um (Attems et al., 2018).
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1.4 Other neurodegenerative disorders associated with dementia

AD is not the only neurodegenerative condition with dementia as its
major component. Other diseases, such as vascular dementia, frontotemporal
dementia, dementia with Lewy bodies, Korsakoff’s syndrome (an alcohol-
related pathology), and HIV-associated cognitive impairment also exhibit
varying degrees of dementia. In addition, traumatic brain injury is a risk factor
for developing dementia. Moreover, many of the AD-associated
neuropathological features, e.g., neural loss, senile plaques or NFTs are also
present in some of the disorders mentioned above. This overlap in pathologies
Is creating a challenging environment for the diagnosis and potential treatment

of those affected.

1.5 Obesity and disturbances in learning and memory

Over the past few decades, a substantial rise in the prevalence of
obesity has been observed. Obesity is usually quantified via the use of the body
mass index (BMI) calculation: Body weight (Kg)/height (m)? (Gray and
Fujioka, 1991). A BMI score of >25 is classified as overweight, whereas >30
as obese. In England, 29% of all adults are classified as obese and hospital
admissions where obesity was a factor have risen to 711,000, which is an
increase by 15% compared to data gathered in 2016/2017 (NHS, 2019). In
addition, obesity is strongly linked with a range of co-morbidities, including
osteoarthritis, hypertension, coronary heart disease, non-alcoholic fatty liver
disease, type Il diabetes (T2D) and cancer. Therefore, we are dealing with a

major health and socioeconomic burden that is only expected to worsen.

Besides the obesity-associated secondary diseases, there is mounting
evidence implicating excess body fat and calorie-dense diet as potential
contributors towards cognitive impairment. Various studies have linked
elevated intake of saturated fats and carbohydrates to increased incidence of

AD (Pasinetti et al., 2008) and milder forms of cognitive disturbances (Morris
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et al, 2004). In animals, the use of Western-style diet (WS-diet), even if for a
brief period, results in selective impairment on tests involving hippocampal-
dependent memory and learning (Beilharz et al., 2014). Similar findings have
recently been reported from human trials (Stevenson et al., 2020). In addition,
selective hippocampal damage in rodents and pathologies that are largely
confined to the hippocampus in humans are associated with increased energy
intake (Davidson et al., 2009). Thus, we can conclude that dietary factors are
associated with the emergence of hippocampal pathology and that
hippocampal pathology in turn is correlated with an increase in food intake and

body weight gain.

1.6 Insulin resistance

A proposed common factor for connecting hippocampal impairment
and excessive food intake is glucoregulation. An increased intake of saturated
fats and refined carbohydrates_can lead to metabolic syndrome, characterized
by insulin resistance and glucose intolerance (Hu et al., 2001). Insulin
resistance is a common symptom of obesity and is characterized by poor
glycemic control resulting from continued extreme elevations in, and
decreased concentrations of, peripheral insulin (Martyn et al., 2008). In
elderly, healthy individuals who do not have T2D, a reduction in insulin
sensitivity is associated with impaired cognitive performance, while cognitive
function is improved in individuals with T2D following treatments with
glucoregulatory compounds (Ryan et al., 2006). Likewise, a delay in verbal
memory has been reported by studies on persons with insulin resistance and
poor glycemic control and similar deficits have been found in individuals with

damage to the hippocampus (Greenwood et al., 2003).
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1.7 The hippocampus: role in learning and memory

The hippocampus is one of the most studied structures of the brain
and its significance for learning and memory in indisputable. This was first
highlighted by an early study based on the clinical case of patient H.M., a man
who became an amnesiac after his medial temporal lobe was removed to lessen
his epileptic seizures (Scoville and Milner, 1957; Corkin, 1997). Although
most of his cognitive abilities, including working memory and perceptual and
motor learning were intact, H.M. was found to be lacking in declarative
memory. In addition to this deficit in learning ability, H.M. also suffered from
retrograde amnesia. Collectively, these observations suggested that learning
and subsequent consolidation of newly acquired information required the
involvement of the hippocampal system. Hippocampal dysfunction, damage
or surgical removal can lead to loss of memory and problems with establishing
new memories. As AD progresses, the hippocampus is one of the first brain

areas to be affected coinciding with confusion and loss of memory.

The mechanisms underlying the consolidation of declarative
memories remains a highly debated subject. One view is that the hippocampus
plays a time-limited role in memory consolidation; it is primarily active during
initial stages of memory acquisition and these memories later become
independent of the hippocampus as they are moved to parts of the neocortex
for long-term storage. On the other hand, it is possible that the hippocampus
plays an active role in both memory acquisition and their recall. (Eichenbaum,
1997).
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1.8 The hippocampus: anatomy and structural organisation.

The hippocampus is a paired structure, with mirror-image halves
found in each brain hemisphere. In humans and other primates, the
hippocampus is found in the medial temporal lobe, whereas in mice and rats it
Is located between the thalamus and the cerebral cortex. Along with amygdala,
thalamus, hypothalamus, basal ganglia, and cingulate gyrus, the hippocampus
forms a substantial part of the limbic system. The hippocampus itself consists
of the hippocampus proper (or cornu Ammonis - CA) and the fascia dentata
(or dentate gyrus - DG), with one lamina folded around the other Amaral &
Lavenex, 2007).

The hippocampus proper is divided into three regions: CA1, CA2, and
CA3. Anatomically, the CAL arises from the subiculum, a structure located
between the hippocampus proper and entorhinal cortex. The CA1-3 areas
consist of clearly defined layers: the stratum oriens, stratum pyramidale,
stratum lucidum, stratum radiatum, stratum lacunosum, and stratum
moleculare, with the latter two layers frequently grouped together as stratum
lacunosum — moleculare. On the other hand, the DG contains only three layers:
molecular (stratum moleculare), granular cell (stratum granulosum) and
polymorphic layer (Fig. 1.5.). The hippocampus receives inputs (afferents)
from the entorhinal cortex, which in turn, receives inputs from the cingulate,
temporal, orbital, and olfactory cortices, and amygdala. Outputs (efferents)
from the hippocampus go from the subiculum to the entorhinal cortex and

amygdala or via the fornix to an array of anterior brain structures.

The hippocampus receives most of its inputs via the perforant
pathway. Perforant path axons form excitatory synaptic connections with the
dendrites of granule cells, which then project to the dendrites of CA3
pyramidal cells via the mossy fiber pathway. CA3 pyramidal cells then synapse
with CA1 pyramidal cells via Schaffer collaterals and to CA1 cells in the
contralateral hippocampus via commissural connections (Fig.1.6). This

connectivity phenomenon is known as the tri-synaptic loop of the
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hippocampus, and it has a central role in most electrophysiological studies of

the potential mechanisms underlying learning and memory.
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Figure 1.6. The anatomical arrangement of the rat dorsal hippocampus,
including the principal layers and areas.

The alveus consists of axons of the hippocampal and subicular neurones. The
Stratum oriens mainly contains basket cells. The Pyramidal layer contains
pyramidal neurons (the main output neurons of the hippocampus), as well as
interneurons and stellate neurons. The Stratum lucidum is only found in the CA3
area and it is occupied by the mossy fiber axons originating from the dentate gyrus.
The stratum radiatum contains apical dendrites from pyramidal neurons and
interneurons. The stratum lacunosum moleculare consists of apical dendrites from
Schaffer collaterals, commissural fibres and interneurons. The molecular layer is
where most performant path fibres form synapses with the granule cells of dentate

gyrus. (Altman and Bayer, Braindevelopmentmaps.org).
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Figure 1.7. A diagram of the tri-synaptic circuit of the mouse hippocampus.
Perforant path provides the major input to the hippocampus. The axons encompassed
in the perforant path originate from layers 11 and 111 of the entorhinal cortex (red and
brown lines, respectively). Additional axons join the perforant path from layers IV
and V. Axons originating from layers IV and V project to the granule cells of the
dentate gyrus (yellow), pyramidal neurons of the CA3 (blue). The mossy fibres are
the axons of DG granule cells. They travel from the dendate gyrus to CA3 pyramidal
cells, forming their major input (light brown). Axons from layers Il and V project to
pyramidal neurons of the CA1l and the subiculum (green) (the temporoammonic
pathway) (Neves et al, 2008).
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1.9 An overview of long-term potentiation of synaptic transmission

in learning and memory

The ability of synapses to change their activity behaviours in response
to stimuli is known as synaptic plasticity. First hypothesized by Hebb in 1949
(Sejnowski, 1999), until activity-dependent changes in synaptic strength was
first demonstrated by Bliss and Lomo in 1973. They reported a long-lasting
increase in the post-synaptic response after applying electrical stimuli to the
perforant pathway in the hippocampal formation. This enhancement of
synaptic activity has since been referred to as long-term potentiation (LTP). In
contrast, subsequent studies revealed a sustained reduction in synaptic
response, induced in an activity-dependent manner by different electrical
stimuli, and was named long-term depression (LTD) of synaptic transmission.
The discovery of both LTP and LTD were significant not only because these
electrophysiological phenomena supported the theoretical Hebbian model of
plasticity, but also because they were initially found in the hippocampal
formation — an area known for its involvement in aspects of learning and

memory (Fig. 1.7).

Extensive research into the mechanisms underlying LTP suggest at
least three different stages: an initial or short-term potentiation (I-LTP/STP),
early LTP (E-LTP), and late LTP (L-LTP; Frey et al., 1993; Sweatt, 2003). I-
LTP, is the earliest stage of LTP and is a continued response from NMDA
receptor-dependent synaptic plasticity. I-LTP lasts about 30—60 minutes and
does not require protein kinase involvement (Roberson et al., 1996). Due to its
decremental potentiation, I-LTP used to be regarded as an unstable phase of
the LTP, however it has been shown that it is a relevant and mechanistically
separate to LTP (Park et al, 2014). E-LTP lasts 2-3 hours and is mediated by
kinases, such as calcium/calmodulin-dependent protein kinase Il (CaMKII)
and protein kinase C (PKC), whereas L-LTP lasts 5-6 hours and involves
protein synthesis and changes in gene expression (Frey et al., 1993; Kelleher
et al., 2004).
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Overall, LTP posesses numerous electrophysiological characteristics
that make it an attractive as a learning and memory candidate mechanism, for
example - state dependence, i.e., the extent of depolarization of the
postsynaptic cell determines LTP will take place. Input specificity is another
important factor as it means that LTP will be restricted to only activated
synapses, instead of all the synapses within a given area, ensuring that
particular sets of inputs are selectively enhanced. Likewise, associativity is a
crucial property of LTP, i.e., should a stimulation of a pathway be too weak to
trigger LTP on its own, but a strong activation of a neighbouring pathway onto
the same cell occurs at the same time, both synaptic pathways undergo LTP.
This factor is important as it aids in linking networks and prevents degradation

of information.

fast induction, long-term maintenance with capacity for long-term
persistence, increased persistence with spread out induction protocols, input
specificity, associativity (between both presynaptic inputs, as well as pre- and
postsynaptic cells), management by neuromodulators, and abundant
expression at synapses throughout the nervous system (e.g., Léwel & Singer,
1992; Abraham et al., 2002).
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Figure 1.8. A schematic representation of the vital aspects of the LTP
experiments performed by Bliss & Lomo (1973).

(A) The saggital section of the hippocampus showing the placements of the
stimulating and recording electrodes. (B) A magnified area of the dentate gyrus (AD)
(rectangle from fig.(A) showing apical dendrites of the granule cells with perforant
path fibres. The field electrophysiological postsynaptic potential (fEPSP) evoked in
the synaptic layer (upper trace) and the population spike evoked in the cell body layer

(lower trace).

1.9.1 Induction of LTP

The early electrophysiological studies of the induction of LTP
involved the application of a brief (1 s) burst of high-frequency electrical
stimuli (100 Hz). However, under normal conditions neurons do not fire at a
rate of 100 Hz and as a result, several other stimulation paradigms were
established. For example, the “theta-burst” (TBS) stimulation paradigm was
created based on the finding that in normal, freely moving rodents the
hippocampal pyramidal neurons fire action potentials at a frequency of
approximately 5 Hz, creating what is known as “theta rhythm,” a sinusoidal
oscillation of the hippocampal electroencephalography, which is critical

feature for mnemonic processing (Bland, 1986; Lynch et al., 1988). Therefore,
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the use of this frequency could provide more physiologically relevant

conclusions.

LTP is not solely confined to the hippocampal formation, rather it has
been recorded from other brain areas, such as cerebral cortex, amygdala,
hypothalamus and cerebellum. According to Malenka & Bear (2004), LTP is
likely to be present in all excitatory synapses throughout the brain. Different
forms of LTP can be found throughout the brain, most notably: N-methyl-D-
aspartate (NMDA) receptor-dependent and NMDA receptor-independent
long-term potentiation (Grover and Teyler,1992; Cavus & Teyler,1996). For
example, LTP recorded from the CA3-CA1 hippocampal synapses employing
high-frequency stimulation or TBS is NMDA receptor-dependent
(Collingridge et al., 1983; Harris et al., 1984; Morris et al., 1986), whereas a
NMDA-independent LTP can be induced at the same synapse by using a 200-
Hz stimulation protocol (Grover, 1998). In addition, LTP at mossy fiber-CA3
synapses is induced by NMDA receptors (Harris & Kotman, 1986; Rebola et
al., 2008). It should be noted that the focus of our research project remains on
the NMDA receptor-dependent form of LTP at Schaffer-
collateral/commissural synapses in area CAl of rat hippocampus. An
important reason for favouring an NMDAR-dependent forms of LTP is that it
is input- or synapse-specific, i.e., only synapses that actively contribute to the
induction process will undergo plasticity. This is because NMDARs on the
synapses must be activated by synaptically released glutamate during the
induction protocol.

The fast, excitatory synaptic transmission is mainly mediated via the
release of L-glutamate, the most abundant excitatory neurotransmitter, from
presynaptic glutamatergic neurons. This neurotransmitter quickly diffuses
across the synaptic cleft where it binds to its postsynaptic receptors: a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARSs) and
NMDA receptors (NMDARS). Both AMPARs and NMDARs are ionotropic
receptors that are permeable to Na* and K* ions, with NMDARs also being
permeable to Ca?*.Activation of calcium-permeable AMPARSs (CP-AMPARSs,
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a distinct receptor group that lack the GIuA2 subunit) leads to an influx of Na*
into the postsynaptic neuron and a moderate efflux of K*, resulting in the net
depolarization of the postsynaptic cell. AMPARs mediate low-frequency
synaptic transmission with little contribution from NMDARs, which under
resting or low-frequency conditions are subject to a voltage-dependent block
by magnesium ions (Mg?"). However, in case of repetitive stimulation,
continued AMPAR-mediated depolarization can be sufficient to remove the
Mg?* block of NMDARSs, leading to the activation of NMDARs and leading to
Ca?* influx into postsynaptic dendritic spines: a key step for the induction of
LTP (Fig.1.8). This requirement for synchronized pre- and post-synaptic
activity is what confirms this synapse as Hebbian. In addition, the necessity
for intracellular Ca?* elevation has been proven by a lack of LTP with the
application of Ca®* chelators such as EGTA or BAPTA (Lynch et al., 1983;
Mulkey & Malenka, 1992), whereas LTP is induced if the postsynaptic cell has
received calcium ion loading (Malenka et al., 1988).

Activation of NMDARs and consequent increase in Ca®*
concentration leads to the activation of calcium/calmodulin-dependent kinase
Il (CaMKII), which is present at high concentrations in dendritic spines and
are required for LTP (Lisman et al., 2002). This leads to the phosphorylation
of various proteins, including additional AMPARs. The phosphorylation_of
AMPARs can lead to an increase in AMPAR channel conductance (Benke et
al., 1998), a postsynaptic occurrence that contributes to the early phase of LTP.
Furthermore, increased CaMKII activity leads to insertion of additional
AMPARSs into the postsynaptic membrane (Ehlers, 2000; Davies et al., 2008;
1989) and this increased availability of functional postsynaptic AMPARS is
also a contributing factor to LTP.

While CaMKII is well acknowledged as the major trigger for LTP,
the full signaling cascades underlying the induction and maintenance of LTP
are extremely complex. Several additional protein kinases, e.g., CAMP-

dependent protein kinase (PKA) and protein kinase C (PKC), have been
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identified as contributing factors to the processes underlying LTP (Malenka &
Nicoll, 1999).
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Figure 1.9. A diagram of the postsynaptic mechanism of LTP.
LTP is triggered by strong depolarization, leading to CaMKII activation, receptor
phosphorylation and AMPAR exocytosis. (Below) AMPAR Exocytosis and LTP is
blocked by Tetanus toxin (control experiment — white circles, tetanus toxin — red
circles). (Luscher, 2012). The collective evidence suggests that NMDARs are

required to initiate the LTP of AMPAR-mediated synaptic transmission.
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1.9.2 Maintenance of LTP

In order to maintain long term potentiation for long periods of time,
significant changes must take place within the postsynaptic density (PSD) area.
Because most synaptic proteins have lifespans of some hours to a few days
(Ehlers, 2003), it is likely to conclude that not all LTP events will result in
long-lasting memories. Therefore, additional mechanisms that preserve the

potentiated synapses must exist.

AMPARs are docked in the PSD by scaffolding proteins connecting
them to cytoskeletal components such as actin. Insertion of additional AMPA
receptors is therefore likely to affect the ultrastructure of the synapse, i.e., the
spines associated with synapses that undergo LTP will enlarge (Matsuzaki et
al. 2004). In addition to the physical enlargement of the existing spines, new
dendritic spines arise from the neural shaft within minutes of the induction of

LTP, therefore increasing the overall dendritic spine density (Toni et al. 1999).

The maintenance of LTP-induced change in synaptic magnitude is
dependent upon protein synthesis. Signaling molecules, such as extracellular
signal-regulated kinase (ERK) initiate protein synthesis either locally in the
dendrites or via nuclear transcription (Sacktor 2008). Both local dendritic and
nuclear transcription and somatic translation processes synthesize the proteins
required for the maintenance of functional and structural flexibility following
the onset of LTP. These mechanisms are likely instrumental for LTP to direct
the selective stabilization of synaptic inputs that are of coincident activity,
whereas nonactivated inputs may be replaced by new spines. One of the
earliest-acting genes is the activity-regulated cytoskeleton-associated protein
(Arc) which has been implicated in directing the translation of dendritic
MRNA, which in turn is required for actin polymerization and steady

expansion of dendritic spines during LTP (Bramham et al. 2010).
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1.9.3 NMDA receptors

As mentioned above, NMDARs have an established role in triggering
LTP. These receptors are structurally complex and possess multiple separate
binding sites for glutamate, glycine, Mg?*, Zn®" and various polyamines.
NMDARs belong to the ionotropic glutamate receptor subtype and they are
made up of three separate subunit families: GIuN1 GIuN2 and GIuN3. A
functional NMDAR is a heteromeric complex typically combined of two glycine-
binding GIuN1 subunits and two glutamate-binding GIuN2 subunits (Salussolia et al.,
2011). Depending on the subunit composition, the NMDA receptors will have
varying pharmacological and biophysical properties. Thus, NMDARs in
different parts of the brain can have diverse roles and functional properties
(Fig.1.9).

NMDARs are highly permeable to Ca?*. However, at resting
membrane potentials (~ —65 to =75 mV), external magnesium (Mg?*) ions flow
into the NMDAR pore, but unlike the Ca?* ions, they bind tightly and prevent
any other ion permeation (Novak et al., 1984). Extracellularly Mg?* ions are
present at millimolar concentrations, whereas intracellular Mg?*
concentrations are in the micromolar range, yielding a net inward driving force
for Mg?* ions at negative membrane potentials. A strong depolarization is
needed to remove the Mg?* ions from the pore, thereby allowing the flow of
Ca2" into the postsynaptic cell. Thus, for NMDARSs to be activated both the
concurrent binding of glutamate and glycine to their respective binding sites

and sufficient depolarization are required to remove the Mg?* block.
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Figure 1.10. A diagram of the structure and binding sites of the NMDAR.
At rest, the receptor is blocked by Mg?* which is removed upon depolarization of the
membrane. Extracellular domains of the NMDA receptor host binding sites for
glutamate, the endogenous co-agonists D-serine and glycine, and endogenous
modulators such as polyamines, Zn?*, and protons. The co-agonists and modulators
may affect the functional properties of this ligand gated ion channel and therefore
likely influence LTP. NMDA antagonists such as phencyclidine (PCP) and MK-801
bind to deeper areas of the channel pore (Tomek et al, 2013).
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1.9.4 AMPA receptors

The a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARS) belong to a class of ionotropic transmembrane receptors
for glutamate that facilitate fast synaptic transmission in the central nervous
system (CNS). Functional AMPARSs are hetero-tetramers composed of four
types of subunits (GluAs1-4). In addition, changes in the receptor subunit
composition determine the functional receptor properties. For example, an
AMPAR’s permeability to Ca®" depends upon the presence of the GluA2
subunit within the tetramer. More specifically, the ability of the GIluA2
subunits to allow for the AMPARSs to become Ca®*-permeable is determined
by RNA editing of the GluA2 mRNA via post-transcriptional alteration of a
codon encoding glutamine (Q) to a codon encoding arginine (R). Therefore,
AMPARSs are not Ca?*-permeable if the edited GIuA2 (R) subunit is part of the
receptor, whereas the AMPARs are permeable to Ca?* if they contain an
unedited GIuA2 (Q) or no GIUA2 subunit at all (Hollman & Heinemann, 1994;
Mayer & Armstrong, 2004). These receptors are also recognised as substantial

modulators towards synaptic plasticity (Song & Huganir, 2002).
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1.9.5 Metabotropic Glutamate receptors

The neurotransmitter glutamate exerts its modulatory actions via
metabotropic glutamate receptors (mGIuRs). Eight different mGIluRs have
been identified (MGIuR: — mGIuRs), which depending on their structure and
activity are further divided into three groups — I, Il, and Il (Fig.1.10). All
mGIuR receptor groups are widely expressed throughout the central nervous
system, including neocortex, hippocampus, basal ganglia,
thalamus/hypothalamus, cerebellum, and spinal cord (Martin et al., 1992
Shigemoto et al., 1993; Romano et al., 1995; Berthele et al., 1999).

Group-1 mGIluRs are primarily found postsynaptically, whereas
Group 1I/11I mGIuRs are mainly found in presynaptic locations. Group Il
receptors are highly expressed in glial cells. The group-I11 receptors are likely
responsible for the mediation of presynaptic depression of glutamatergic
synaptic potentials, probably via inhibition of voltage-gated Ca?* entry and
regulation of glutamate release. Antagonism of Group | mGIuRs results in
substantial impairment in both the induction and maintenance of LTP
(Manahan-Vaughan & Braunewell, 2005).

28



Group | Group Il Group Il
mGIuR1/5 mGIuR2/3 mGIuR4/6/7/8

e
o
o

l

\
CPLCD
!

1P,

DAG l cAMP
Ca*

Figure 1.11. A schematic representation of the three mGIuR groups.
Group | consists of mGIuRs1 and 5, Group Il consists of mGIuRs2 & 3, and Group
Il — mGluRs4, 5, 7, and 8. Intracellular signalling pathways of different mGIuRs.
Group | are coupled to PLC through activation of a Gq type G-protein and subsequent
production of innositol triphosphate (1P3), release of calcium from intracellular stores
and production of diacylglycerol (DAG), activate protein kinase C. Group I/l are
negatively coupled to adenylate cyclase (AC) via G-protein of the Gi/Go type,
resulting in a decrease in cyclic AMP (CAMP) production (Hovelsg et al, 2012).
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1.9.6 Nicotinic cholinergic receptors

The nicotinic acetylcholine receptors (NnAChRs) are a super-family of
ligand-gated, pentameric ion channels that are activated by the
neurotransmitter acetycholine (ACh). Presently, 16 different NAChR subunits
(al-7, a9-10, B1-4, J, €, v) have been identified in humans. These subunits
form a variety of homopentameric and heteropentameric receptors with varied

structural and pharmacological characteristics (Millar & Gotti, 2009).

The a7nAChr is composed of five identical a7 subunits and contains
five acetylcholine binding sites (Drisdel & Green, 2000). The a7 receptor
subunit has a high conductance for Ca?* ions (Berg & Conroy, 2002), low
affinity to ACh (Clarke, 1992) and a high affinity for a-bungarotoxin (Marks
& Collins, 1982; Rangwala et al., 1997). This receptor is widely distributed
throughout the brain and is present in both neural and non-neural cells and its
presence, activity or lack thereof is associated with feeding behaviours, ageing,
Alzheimer’s disease and trauma (Mcfadden et al., 2014; Court et al., 1997;
Okada et al., 2013; Hoffmeister et al., 2011).

In neurons, the activation of a7nAChRs results in an increase in
intracellular Ca?* either directly through voltage-gated channels or indirectly -
from intracellular sources (Dajas-Bailador et al., 2002). The intracellular
increase in Ca?* concentration then regulates the release of glutamate and
GABA (Maggi et al., 2001; Radcliffe & Dani, 1998). In addition, Ca?* influx
and subsequent Ca®* release from internal stores promotes the activation of
CaMKII/IV and ERK/MAPK signaling cascades and the perpetuated
phosphorylation of CREB, resulting in changes in gene expression (Hu et al.,
2002). This CREB-dependent gene transcription plays a further role in long-
term memory formation (Bourtchouladze et al. 2003). Supporting evidence
shows that mutant mice models lacking the CREB function have impaired
memory formation and L-LTP, whereas mutant mice displaying a gain in the
CREB function showed increased memory formation and a lowered threshold

of L-LTP, overall indicating that CREB is an important factor in the positive
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regulation of memory formation and LTP (Bourtchouladze et al. 1994; Kida,
2012). This connection between nAChRs and LTP strongly suggests that the
nicotinic receptors are directly involved in the synaptic plasticity of the
hippocampus. In hippocampal astrocytes a7nAChRs appear to be involved in
Ca?* release from intracellular stores. However, the a7nAChRs are expressed
in much lower densities in glia than in hippocampal interneurons (Shen &
Yakel, 2012).
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1.9.7 Adenosine

Adenosine is a ribonucleoside that consists of adenine and D-Ribose
and that is produced from the metabolism of adenosine triphosphate (ATP). In
addition to playing a substantial role in cellular metabolism, adenosine and its
derivatives have wide-ranging physiological effects upon arousal and sleep,
cognition and learning and memory. In the central nervous system (CNS),
adenosine operates as a neuromodulator by contributing to processes such as
neurotransmitter release (Sebastio & Ribeiro, 2000), synaptic plasticity (de
Mendonca & Ribeiro, 2001) and neuroprotection in ischemic, hypoxic and
oxidative stress events (Fredholm et al., 2011).

In the CNS, adenosine exerts its effects via G-protein coupled
receptors (GPCRs) known as A1, Aza, Azs, and Az (Fredholm et al., 1994).
The four ARs have different affinities for adenosine, distribution throughout
tissues, and signaling pathways. It is generally accepted that activation of the
Aiand Asreceptors elicit inhibitory effects, whereas the Axa and Azs receptors
facilitate excitatory outcomes upon CNS cells (Klinger et al., 2002).

1.9.7.1 The A1 receptor

The Arreceptor can be found in the cerebellum, cortex, hippocampus,
spinal cord, and glia (Chen et al., 2013). Due to its widespread presence in the
CNS, the A1AR is considered to be a major component in a wide range of
physiological events, including analgesia, sleep regulation, sedation, inhibition
of neurotransmitter release and reduction of neuronal excitability (Varani et
al., 2017; Stenberg et al., 2003; Gessi et al., 2011; Sawynok, 2016; Vincenzi
et al., 2016a, b). The mechanism underlying these effects is the activation of
A1AR and subsequent inhibition of adenylyl cyclase (AC) via the activation of
G-proteins (Gi/Go), resulting in increased activity of phospholipase-C (PLC).
In neurons, activation of A1ARs can also lead to activation of K* channels and
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inhibition of Q/P-, and N-type Ca?" channels (Haas & Greene, 1984;
Gundlfinger et al., 2007).

The use of adenosine A; receptor agonists diminishes LTP in the
hippocampus. Endogenous adenosine wields a tonic inhibitory effect on LTP
since A1 receptor antagonists consistently facilitate LTP (de Mendonca &
Ribeiro, 1994). Application of adenosine Aza receptor agonists can enhance
LTP (Almeida et al., 2003). However, the role of endogenous adenosine
mediated via Aza receptors towards the modulation of synaptic plasticity is still
the subject to investigation (Sebastido & Ribeiro, 2009). The Az receptors may
interfere with several modulatory systems in the hippocampus. The Az receptor

agonists desensitize Az receptor-mediated responses (Dunwiddie et al., 1997).

The effects of adenosine on synaptic plasticity should be relevant for
the enhancement of intellectual performance and compounds acting via
adenosine receptors might prove helpful in the treatment of memory disorders
(de Mendonca & Ribeiro, 2001).
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1.9.7.2 The Aza receptor

The Aoa receptor is present in the striatum, especially in the
GABAergic striatopallidal neurons, cholinergic interneurons, and
corticostriatal glutamatergic terminals. In addition, the Aa receptor can be

found in the cerebral cortex, hippocampus, olfactory tubercle, and glial cells.

Activation of Axa receptors increases AC activity via coupling to Gs/o
proteins leading to an increase in cyclic-AMP (CAMP) levels, resulting in the
activation of protein kinase A (PKA), which in turn regulates cAMP
responsive element binding protein (CREB). Subsequent phosphorylation of
CREB activates c-fos and other genes such as preproenkephalin (Ferré, 2008).
Interestingly, A2aRs can form heteromers with dopamine D> receptor (D2R),
which show robust functional antagonistic interaction, which in turn appears
to be important for striatal functioning under both baseline and pathological
conditions (Beggatio et al., 2014; Prasad et al., 2021).

34



1.9.7.3 The Azg receptor

The Azp receptor is expressed at low levels on both neuronal and glial
cells but compared to other AR subtypes, its role in the CNS is less established.
The Azs receptors have a low affinity for adenosine compared with other ARs
(>10uM vs. 0.1-1 uM) (Klinger et al., 2002). Upon activation, A2g receptors
can couple to both Gsand Gq proteins, with Gs signaling leading to activation
of the CAMP pathway, or Gqinvolvement resulting in PLC and PKC activation
(Dunwiddie & Masino, 2001).

1.9.7.4 The Asreceptor

Low levels of Az receptor expression have been detected in the cortex,
thalamus, hypothalamus and hippocampus (Borea et al., 2015). Like the A1R,
the AsR couples to Giproteins, resulting in decreased cAMP levels and reduced
PKA activity (Dunwiddie & Masino, 2001). However, A3ARs can also
activate PLC and increase Ca* concentration if Gq proteins or Gg, subunits are
involved. Unlike A1aRs, AzaRs wundergo fast, agonist-dependant

desensitization (Palmer et al., 1996).

1.9.8 Glia

The neural mechanisms underlying LTP have been investigated in
extensive detail but increasing evidence suggests that glial cells have a
substantial role in this process as well. Several studies have shown that glia
participate more actively in neural circuit function than previously thought
(Araque & Navarrete, 2010).

The Hebbian-like long-term potentiation that we have focused on so
far, relies on N-methyl-D- NMDARS, and it has been shown that glia, such as
astrocytes can adjust the activation of NMDARSs via Ca®*-dependent release of
the NMDAR co-agonist D-serine (Henneberger et al., 2010). Astrocytic
endfeet, containing both NMDARs and AMPARs surround synaptic clefts,
therefore modulating/regulating synaptic plasticity (Verkhratsky & Kirchoff,
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2007). However, increases in Ca?* concentration in astrocytes can also release
other signaling molecules, most notably glutamate, ATP and tumour necrosis
factor-a, while neurons themselves can synthesize and supply D-serine. (Zorec
et al., 2012; Rosenberg et al., 2010). Furthermore, astrocytic loading with
exogenous Ca?* buffers do not suppress LTP obtained from the Schaffer
collaterals, and the physiological significance of experiments in cell cultures
or strong exogenous stimuli applied to astrocytes has been discussed.
Therefore, the involvement of glia in LTP induction remains to be elaborated.
A variety of additional neuroactive molecules affect neuronal plasticity and
LTP (table 1.1) (Ota et al, 2013).
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Table 1.1: Summary of receptors/signaling molecules and mechanisms and their role

in neuronal plasticity (adapted from Ota et al., 2013).

Molecule

Acetylcholine

Adenosine

ATP

Cytokines

1. TNF
2. CCL2

3. Interleukin-1

D-serine

Ephrin
1. Ephrin-A
2. Ephrin-B

Glutamate

Lactate

Nicotine

Receptor (s)

Muscarinic AchRs

Al Receptors

P2Y Receptors

1. CXCR4
2. NMDA
Receptors

3. IL1 Receptors

NMDA Receptors

1. EphrinA
Receptors
2. EphrinB

Receptors
AMPA Receptors
NMDA Receptors

mGlu Receptors
MCT2

nACh Receptors
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Mechanism of action in
plasticity/memory
formation

Causes an increase in
[Ca2+] activating
mGIuRs

Inhibition of cAMP-
dependent transcription

Enhances concentration

of AMPA receptors
1. Glutamate
release AMPAR
insertion
2. Inhibition of
NMDAR activity
3. Unknown

Co-agonist of receptors

1. Promotes
retraction of
dendritic spines

2. Regulates D-
serine release

Increased EPSP

Upregulation of
AMPARSs
Provides additional

metabolic energy for
growth/plasticity
Releases Ca**

Promotes the release of

D-serine



1.9.9 LTP and neurodegeneration

Although ageing-associated neuronal loss does affect most brain
structures, it is not considered to be the primary cause for the various cognitive
deficits that arise with advancing age. Instead, these cognitive deficits could
be brought about via age-related changes in synaptic plasticity. Support for this
theory comes from studies proving that the threshold for induction of LTP
increases in older animals with higher stimulus frequencies or repeated
induction stimuli being required to achieve the levels of potentiation
comparable to their younger counterparts. Maintenance of LTP is also affected,
I.e., the potentiation decays faster in hippocampi from aged animal brains.
Conversely, the threshold for induction of LTD is reduced in aged animals
(Norris et al, 1996; Kamal et al, 2000). Thus, the age-related decline in
synaptic transmission may reflect a shift in the LTP/LTD balance, with
insufficient LTP induction and maintenance and excessive synaptic depression
(Foster et al, 2001; Foster & Kumar, 2007).

With advancing age, changes in the mode of Ca?* entry into neurones
is an additional factor that may contribute to the shift in LTP/LTD balance,
i.e., influx of Ca?* via NMDARS is being reduced whereas Ca?* influx via L-
type voltage-gated calcium channels (VDCCs) is enhanced. The proposed
underlying mechanisms for this imbalance include NMDAR hypofunction and
redox sensitivity, while changes in phosphorylation of the L-type Ca?*
channels might contribute towards the increase in Ca?" influx via L-type
VDCCs (Kumar et al., 2019; Bodhinathan et al., 2010; Potier et al., 2000;
Norris et al., 2002). L-type VDCCs are vital for NMDAR-independent
induction of LTP (Morgan & Teyler, 1999), yet they also affect the NMDAR-
dependent LTP via enhancing the afterhypolarization and subsequently
diminishing the activation of NMDARs, thereby contributing towards the
impairment of synaptic plasticity seen in aged rats (Landfield & Pitler, 1984).
Aged neurons show other dysfunctional characteristics of Ca?* homeostasis,
such as increased release of Ca?* from the endoplasmic reticulum (ER) (Gant

et al, 2006), reduced export of Ca?* via the plasma membrane ATPase (Gao et
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al, 1998), reduced cellular Ca?* buffering (Murchinson & Griffith, 1999) and
decreased mitochondrial Ca®* sink capacity (Xiong et al, 2002). These events
result in an overall increase in intracellular Ca®* that in turn increases the
threshold frequency for induction of LTP (Ris & Godaux, 2007). In summary,
these changes in intracellular Ca?* levels and localisation could underlie age-
associated deficits in learning and memory. Indeed, application of the cell
permeable Ca?* chelator BAPTA, improves decreased presynaptic cytosolic
and mitochondrial Ca?* dynamics in hippocampal CA1 synapses of aged rats
(Tonkikh & Carlen, 2009), and enhances spatial learning (Tonkikh et al, 2006).
Changes in Ca?* homeostasis have been linked to neuronal degeneration in
both normal ageing and neurodegenerative conditions such as AD. Therefore,
an increase in intracellular Ca?* is thought to contribute towards increased

neuronal vulnerability to further insults, including factors associated with AD.

1.9.10 LTP and metabolism

The main source of energy for the brain arises from glucose. The
metabolism of glucose generates adenosine triphosphate (ATP) which fuels
physiological brain functioning and is a crucial component for cellular upkeep
and neurotransmitter generation. Thus, tight regulation of glucose metabolism
is critical for normal brain physiology and disturbances in glucose metabolism
in the brain underlies various pathological conditions, affecting both the brain

itself, as well as the rest of the organism.

Glucose enters cells via glucose transporters (GLUTs) and is
phosphorylated by hexokinase (HK) to produce glucose-6-phosphate. Glucose
6-phosphate is then processed via several metabolic pathways, for example,
glycolysis, which leads to lactate production or mitochondrial metabolism. The
pentose phosphate pathway (PPP) is another mode of metabolism, as is
glycolysis, although the latter is present in astrocytes only (Fig. 1.11).
Eventually, glucose is almost entirely oxidized to CO> and water in the brain.

However, different glucose-metabolism routes result in a variety of metabolic
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intermediates that can subsequently be oxidized by brain cells for energy
production (e.g., lactate, pyruvate, glutamate, or acetate) (Zielke et al., 2009).
It is thought that both oxidative and non-oxidative (e.g., glycolysis) processes
are required in order to meet increased metabolic demand during brain activity.

Hormones are critical for glucose homeostasis and they activate
different signal transduction cascades in the brain. For example, insulin and
insulin-like growth factor (IGF-I) activate the phosphatidylinositol
trisphosphate kinase (PI3K)/Akt and Ras/MAPK-ERK pathways, thus
affecting gene expression, with major consequences for neural stem cell
proliferation and neuronal activity (Blazquez et al, 2014). In addition, animal
studies support the involvement of insulin in learning and memory, e.g.,
Zucker fa/fa rats (a leptin receptor mutation-dependent rat model for obesity)
display impaired insulin sensitivity, which correlates with poor performance
in the Morris Water Maze (MWM) (Kamal et al., 2013). In agreement with
this finding, heterozygous knockout (KO) mice for insulin receptor show lower
performance in the novel object recognition test (Nistico et al., 2012).
Furthermore, Zucker fa/fa rats show loss of insulin sensitivity and a subsequent
reduction in LTP at CA3-CALl synapses, whereas LTD is unaffected. In
addition, the heterozygous KO mouse model show a normal LTP induction
that does not become consolidated, resulting in an impairment of long-term
synaptic plasticity (Nisticé et al., 2012).

Other studies show that insulin facilitates LTP by lowering the
stimulus frequency required for LTP — a result due to the activation of PI3K
pathway and subsequent upregulated NMDAR exocytosis. Therefore, insulin
appears to be an influential mediator of LTP and learning and memory (Van
der Heide et al, 2005). Thus, insulin resistance associated with obesity-
induced T2D may be a mechanism contributing to impaired cognitive function

in the metabolic syndrome.
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Figure 1.12. A simplified diagram of glucose metabolism.

Glucose enters cells via glucose transporters (GLUTS) and is phosphorylated by
hexokinase (HK), resulting in glucose-6-phosphate (glucose-6P). Glucose-6P can be
further processed via three main metabolic pathways. First, it can be metabolized via
glycolysis (i), resulting in two molecules of pyruvate, and producing ATP and
NADH. Mitochondria can then utilize pyruvate via the tricarboxylic acid (TCA) cycle
and oxidative phosphorylation (Ox Phos), producing ATP and CO; while using
oxygen. Pyruvate can otherwise be reduced to lactate by lactate dehydrogenase
(LDH). The lactate can then be released in the extracellular space through
monocarboxylate transporters (MCTSs) where it can be taken up by neurons via MCTs
in parallel with glucose. The complete oxidation of glucose yields larger amounts of
energy in the form of ATP in the mitochondria (30—34 ATP) than that resulting from
glycolysis (2 ATP). Alternatively, glucose-6P can be consumed via the pentose
phosphate pathway (PPP) (ii), resulting in the production of reducing equivalent
(NADPH). Note that the PPP and glycolysis are linked at the level of glyceraldehyde-
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3-phosphate (GA3P) and fructose-6-phosphate(fructose-6P). Glucose-6P can also be
used by astrocytes to store glucosyl units as glycogen (iii). Unlike neurons, astrocytes
can store glycogen. (Bélanger et al., 2011).

1.10 High fat diet, obesity, and synaptic plasticity

Previously we have outlined some of the main reasons why obesity
and high-fat diet (HFD) have been implicated as risk-factors for dementia and
related deficits in learning and memory. Several mechanisms contributing to
this phenomenon have been proposed, including insulin resistance,
developmental disturbances, altered membrane functioning, oxidative stress,

inflammation, and altered vascularization (Stranahan et al., 2008).

A study by Stranahan et al (2008) investigated diet-induced insulin
resistance by feeding rats a HFD, supplemented with high fructose corn syrup.
The alterations to energy and lipid metabolism included elevated fasting
glucose, cholesterol, and triglyceride levels that were like those described in
cases of clinical diabetes. Compared to control animals, rats subject to this diet
for an extended period (8 months) showed decreased performance on spatial
learning tasks. In addition, the HFD/corn syrup-fed animals had diminished
hippocampal dendritic spine density and LTP at Schaffer collateral CAl
synapses and decreased hippocampal brain-derived neurotrophic factor
(BDNF) levels.

These findings could be significant as according to Craft et al (2009)
and Schioth et al (2012) insulin resistance could be a contributing factor for
the progression of AD. Indeed, an early pilot study utilizing intranasal insulin
as a potential therapy in patients with mild-cognitive impairment showed
promising results (Craft et al., 2012), as did a subsequent four-month long
study which compared the effects of 20 1Us twice daily of a long-acting insulin
analog detemir to 20 1Us of regular insulin twice daily in 36 patients. Regular

insulin, but not detemir, improved memory compared with placebo, and was
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associated with preserved brain volume in several regions on MRI (Craft et al,
2017). Interestingly, a prior study by Claxton et al (2015) indicated that
detemir improved memory in ApoE4 carriers. Considering that ApoE4 has
been identified as a major genetic risk factor for late-onset AD (Apostolova et
al., 2018), targeting this facet of AD-associated pathology would be extremely
beneficial. Nevertheless, the effects of detemir were not as long-lived as hoped
and the use of regular insulin remains a more favourable choice for current
clinical studies, where it continues to show promise as a potential treatment
option for mild cognitive impairment and Alzheimer’s disease (Mufoz-

Jiménez et al., 2020; Kellar et al., 2021).

Pro-inflammatory cytokines such as IL-1, IL-6, and TNF-a are
responsible for initiating an inflammatory response to many stimuli, both
peripherally and in the brain. Primarily, these cytokines are able to cross the
blood brain barrier (BBB). Pro-inflammatory cytokines can also be produced
by cells within the brain parenchyma, e.g., by microglial cells, astrocytes, and
endothelial cells of the BBB (Parnet et al., 2002). IL-1 and IL-6 receptors are
abundant in the hippocampus, therefore suggesting a possible involvement in
learning and memory circuitry. Indeed, a systemic or intraventricular IL-13
injection gives rise to spatial memory impairments in rats (Gemma and
Bickford, 2007) and an indirect IL-1 blockade, significantly improves memory
in aged rats, suggesting that IL-1 could be involved in impaired performance
on memory tasks with aging (Gemma et al, 2004). Specifically, IL-1 has been
shown to inhibit NMDAR-mediated and non-NMDA-mediated synaptic
potentiation, LTP, and glutamate release in the hippocampus (Murray &
Lynch, 1998), providing a physiological explanation for inflammation-induced
memory impairment in rodent models. Furthermore, IL-1 has been shown to
affect learning and memory, BDNF expression, neurogenesis, and microglial

activation (Barrientos et al, 2004).

Studies subjecting aged rats to HFD (e.qg., Pistell et al., 2010) reported
increases in body mass, impaired cognition, increased brain inflammation, and
decreased BDNF levels. Similarly, Lewis et al (2010) showed that the high
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cholesterol diet led to an increase in interleukin (IL)-4, IL-6, 1L-12p70, IL-13
and this diet-induced change in cytokine expression in the hippocampus was
age dependent. In addition, HFD results in hippocampal morphological
changes such as an increased load of activated microglia. Therefore,
inflammation could be regarded as an inevitable accompanying factor of HFD,

cognitive problems and ageing.
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1.11 Treatment of Alzheimer’s disease

For many decades, a substantial part of the scientific community has
endeavoured to search for an effective treatment for Alzheimer’s disease.
Unfortunately, these efforts have resulted in modest successes. Over the years,
it has become clear that at present, there is no cure for AD and continual
research on this condition suggests that finding a treatment that could slow the
progression of AD is a more realistic goal.

In line with the current understanding of the the pathogenic
mechanisms underlying Alzheimer’s disease, the formation of AP plaques
remains a focal point in the progression of this disease while the formation of
NFTs under certain conditions could be a secondary response to an injury
(Nelson et al., 2012). Therefore, the search for an effective AD treatment has
been based upon utilizing the following knowledge:

e Formation of AP peptides and their subsequent plaques will
be suppressed upon the inhibition of a, B and y secretases
(e.g., McLeod et al., 2015)

e Inhibition of tau protein kinases will reduce the tau
phosphorylation, thereby reducing the formation of NFTs
(e.g., Yoshiyama et al., 2013).

e Employing chemical agents that can remove or dissolve Ap
plagues and NFTs (e.g., Decourt et al., 2021; Sonawane et
al., 2020).

e Another major theory explaining the cognitive deficits seen
in AD assigns a substantial role to the decrease in
acetylcholine neurotransmitter presence due to a reduced
synthesis and release of ACh brought upon by the death of
neuronal cells. Therefore, raising the ACh levels or

preventing its catabolism could improve the cognitive
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functions of AD sufferers (e.g., Davies & Maloney; Bertrand
& Wallace, 2020).

e Growing evidence supports a likely association between
cognitive decline seen in AD and conditions such as diabetes
mellitus and cardiovascular diseases. Therefore, an
appropriate management of these conditions could aid in
reducing the risk for developing AD (e.g., Akter et al., 2011;
Stampfer, 2006).

1.12 Current outlook in AD therapy

At present, the existing treatments and both past and future clinical
trials are largely centered around the pathological pathways mentioned
previously. The drugs that have been given FDA approval are donepezil,
rivastigmine, galantamine, memantine (Melnikova, 2007) and Namzaric® (a
combination of donepezil and extended release memantine) (Actavis &
Adamas Pharmaceuticals, 2015). Despite mounting evidence casting doubts
over its efficacy in AD patients, a new addition to these five treatments is the
recently approved aducanumab (Aduhelm), an amyloid beta-directed

monoclonal antibody (Alexander & Karlawish, 2021).

Acetylcholinesterase inhibitors (AChEIs) such as donepezil,
rivastigmine and galantamine and the NMDAR antagonist memantine do not
arrest the progression of AD, although they provide some relief to the
symptoms of AD and appear to reduce mortality among dementia sufferers
(Alcolea-Palafox et al., 2014; Folch et al., 2018; Hapca et al., 2018).
Therefore, considering the financial and personal strain that this condition
continues to bring upon communities all over the world, the rush to find more

suitable treatment options is understandable.
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The high rate of failure in AD drug development with 99% of trials
showing no drug-placebo difference, has been a major concern (Cummings et
al., 2019). Multiple contributing factors for this undesirable outcome have
been suggested, ranging from poor clinical trial design (Fogel, 2018), difficulty
in determing the starting point of the AD pathophysiology and thus finding an
appropriate starting point for the treatment (Huang et al., 2020), to name a few.
In addition, we should consider the collection of cultural, economic, and
regulatory factors that form the so-called “Valley of Death” which prevents
new drug candidates from being promoted to clinical trials or approved for use
(Beach, 2013). Indeed, a fair number of preclinical studies have often shown
great promise and offered temporary hope to AD patients with few positive
developments following the initial findings. For example, illustrating this
situation is a study following academic drug discovery projects between the
years 1995 and 2015 at 36 academic institutions in the United States indicated
that at the preclinical stage there was a 23% success rate among the 65 projects
focusing on the diseases of the nervous system with only 1 project reaching
the final approval stage (Takebe et al., 2018).

A practical strategy towards improving the AD drug development
process would be to repurpose the already FDA-approved compounds as some
have shown to exhibit AD-relevant effects (Parsons et al., 2019). An additional
reason in favour of investigating the benefits of drug repurposing lies within
the evidence of lack of reversal of cognitive decline in amyloid-targeting drug
trials; for example, patients with AD in whose brains AP plaques were virtually
cleared by anti-amyloid immunotherapy did not show cognitive improvements
(Selkoe & Hardy, 2016). This indicates that instead of focusing the therapeutic
approach onto the obvious pathogenic feature which is considered to be a
major hallmark of AD, it might be of importance to address the multitude of
other pathophysiologies associated with this disease and target

neuroprotection, anti-inflammation and metabolic aspects.
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1.13 Summary and hypotheses

Considerable evidence has been accumulated, indicating that the
ageing population and lifestyle factors, such as calorie-dense diet contribute to
the development of impairments in learning and memory. Since most studies
have failed at both clearing AD-associated neuropathologies, i.e., AP plaques
and tau tangles, and restoring the baseline levels of cognitive capacity in either
animal models or human subjects, we propose focusing on the possibility of
enhancing one’s cognitive capacity via the use of cognitive enhancers. These
compounds affect receptors that in turn have an influence on LTP. We will
also explore the role of adenosine antagonists on LTP in control animals.
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Chapter 2: Materials and Methods

2.1 Electrophysiology: Slice preparation

Hippocampal slice preparations were obtained from male Sprague
Dawley (SD) rats (Charles River UK or Harlan UK) between six and nine
weeks of age, as well as from male wild type mice (C57BL/6J) and
homozygous for the alpha7 nicotinic acetylcholine receptor null allele mice
(Acra7-), supplied by Merck. All animals were housed on a 12/12 hour
light/dark cycle. All brain tissue slices were obtained during the light phase of
this cycle. A subset of WT rats was subject to a 24h fast prior to tissue

harvesting. All other rodents were provided with food and water ad libitum.

The animals were terminally anaesthetized with isofluorane and
following confirmation of permanent cessation of the circulation, subsequently
decapitated according to a Schedule One protocol. All procedures were
conducted in agreement with the Animals (Scientific Procedures) Act, 1986
(U.K. Government Home Office), incorporating European Directive
2010/63/EU on the protection of animals used for scientific purposes.The brain
was rapidly removed from the intracranial space and placed in freshly
prepared, cold (2°C-4°C), oxygenated (95% Oz, 5% CO) artificial
cerebrospinal fluid (aCSF). The composition of aCSF, shown in Table 2.1 with
a pH of 7.4 and an osmolarity of 309-315 mOsm kg*. For experiments where
5 mM or 2 mM glucose-containing aCSF was used instead of 10 mM glucose-
containing aCSF, glucose was substituted in equimolar quantities by D-
mannitol to maintain osmolarity. The brains were trimmed and mounted on a
specimen holder that was then securely placed in a tissue slicer (Leica
VT1000S, Leica Microsystems GmbH, Wetzlar, Germany). Throughout the
slicing process, the brain tissue was surrounded by chilled aCSF. Coronal
slices containing the hippocampus were cut at a thickness of 400 pm and
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subsequently stored in oxygenated aCSF at room temperature for at least 1
hour prior to electrophysiological recordings. After the recovery period,
individual slices were transferred to a modified Haas submersion chamber
(Fig.2.1) and continuously perfused with oxygenated, warm (30°C) aCSF at a

flow rate of approximately 2ml.min™.

2.2 Electrophysiological Recording and Data Analysis

A concentric bipolar electrode (FHC, Bowdoin, ME, USA) was
placed within the Schaffer collateral pathway where stimulation was applied
(1-30 V, 0.1 ms pulse width, 0.033 Hz; DS2A,DS3 Constant VVoltage/Constant
current isolated stimulator, Digimeter LTD) and the evoked extracellular field
excitatory postsynaptic potentials (fEPSPs) recorded from the stratum
radiatum of the cornu ammonis 1 (CAL) region of the hippocampus (see Figure
2.2) with a glass capillary microelectrode (GF150TF-10; Harvard Apparatus)
filled with 2 M NaCl (resistance 2-6 MQ).

Stimulation parameters were set to produce a fEPSP of approximately
30-50% of the maximum amplitude. A stable baseline period (control) was
recorded for 10 minutes using Axon software (pClamp), followed by
administration of test compound or adenosine antagonist, or DMSO control for
15, 20 or 30 minutes. The brain slices were then subjected to a high frequency
stimulation paradigm. The paradigms selected were either a theta-burst
stimulation protocol (TBS) of 10 mini-trains: 4 pulses, 100 Hz, 200 msec apart
(10xTBS), or 5 mini-trains: 4 pulses, 100Hz, 200msec apart (5XTBS), or a
high-frequency stimulation: 1sec, 100 Hz train (HFS) (Fig. 2.4). Test
compound was applied for a further 5 minutes. In accordance with
Neurosolutions Ltd Standard operating procedures, experiments with unstable
baselines were discarded, as were those not showing clear initial/early or late
phases of LTP induction because such lack of hallmarks within an LTP
experiment is often caused by technical issues, e.g., unhealthy brain tissue,

inadequate oxygenation or improper electrode placement, to name a few. In
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successful experiments fEPSPs were monitored for 60 minutes after LTP
induction (see Figs. 2.5. and 2.6).

Alternatively, the stimulation electrode was placed along the mossy
fiber pathway from the dentate gyrus to CA3 with the recording electrode —
positioned in CA3 (Fig. 2.3). A selection of paired-pulse (PP) stimulation
protocols were utilized, i.e., (50, 100, 250ms inter-pulse intervals, 0.1Hz).

It should be noted that at strong stimulus intensities fEPSPs
recordings may be contaminated by an action potential, i.e., population spike
which may not always be visible in the fEPSP traces. Therefore, using the
fEPSP peak potential as a measurement of choice is often replaced by
measuring the slope of the fEPSP instead.
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NET INSERT

Figure 2.1 A simplified diagram of a modified brain slice chamber system.

(1) Bubble trap - prevents bubbles from the perfusion solution, from entering under
the net insert. (2) Heat exchanger element — allows the incoming perfusion solution
to reach the required temperature before it arrives the net insert holding the brain slice.
(3 & 4) Heating elements — apply heat to the distilled water within the chamber. (5)
Oxygen/Carbon dioxide gas bubbler — provides humid conditions for the brain
tissue. (6) Exit for perfusion fluid via suction line — a replaceable hypodermic
needle is used to adjust fluid height (Scientific Systems Design Inc. Science Products
GmBh, 2020).
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Figure 2.2 A schematic representation of the hippocampal trisynaptic circuit and

electrode placement.
fEPSPs were recorded from the stratum radiatum of the CAL region of the
hippocampus (blue arrow) in response to stimulation of the Schaffer collateral (sc) -

commissural fibre pathway (red arrow).

Figure 2.3 A schematic representation of the hippocampal trisynaptic circuit and

electrode placement.
fEPSPs were recorded from the CA3 (blue arrow) in response to paired-pulse

stimulation applied to the mossy fiber (mf) pathway.
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fEPSP recording

s

Figure 2.4 A schematic representation of the stimulation protocols utilized in our

studies and their corresponding chapters.
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Figure 2.5 An example of typical fEPSP traces before (a) and after (b) high

frequency stimulation.
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Figure 2.6 An example of a typical scatter plot representing mean normalised
fEPSP amplitude before and after high frequency (HFS) or theta burst
stimulation (TBS).

The image is showing a baseline (1.) and phases of LTP: initial (I-LTP) (2.), early (E-
LTP) (3.) and late (L-LTP) (4.). The initial/early phases of LTP are characterised by
an initial transient increase in synaptic efficiency, which appears as a marked increase
in the amplitude of the field EPSP immediately following high frequency stimulation.
As these phases settle and diminish, another phase becomes established (L-LTP)

which appears as an increase in synaptic efficiency compared to baseline control.
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2.3 Solutions, drugs, and drug application protocols

L-436, methyllycaconitine (MLA), BNC375, L-250, L-614 and L-592
were supplied in powder form by Merck. KN-93 and D-AP5 were supplied by
Abcam UK. Levetiracetam and Syndesi compound were provided by Syndesi.
CGS15943, DPCPX, Istradefylline and PSB603 were obtained from Tocris,
and MRS1523-from Sigma (Tables 2.2 and 2.3). Final concentrations of drugs
were selected based on previous experiments performed by Prof. Spanswick’s
research group. All compounds were stored at -20°C and prepared fresh on the
day of use. All compounds were applied to the brain tissue from 50 ml syringes
arranged in series with the main perfusion line from the aCSF reservoir via

three-way valves.

Table 2.1 Composition of aCSF solutions utilized in our studies

10 mM glucose- S5mM glucose- 2 mM glucose-
containing containing containing

aCSF (in mM) aCSF (in mM) aCSF (in mM)
NaCl 127 127 127
KH2PO4 1.2 1.2 1.2
KCI 19 19 1.9
NaHCO3 26.0 26.0 26.0
Glucose 10 5.0 2.0
D-Mannitol 0 5.0 8.0
CaCl, 24 24 24
MgCl; 1.3 1.3 13
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Table 2.2 Drugs utilized in our studies.

Drug Function Solvent | Supplier
L-436 a7nACh receptor antagonist DMSO Merck
Methyllycaconitine | o7nACh receptor antagonist (Ki = ddH20 Merck
(MLA) 1.4 nM). Interacts with 04p2 &
a6B2 receptors at > 40 nM.

BNC375 a7nACh receptor antagonist DMSO Merck
L-250 CaM kinase Il inhibitor DMSO Merck
L-614 CaM kinase Il inhibitor DMSO Merck
L-592 CaM kinase Il inhibitor DMSO Merck
KN-93 CaM kinase Il inhibitor (IC5=0.37 | ddH20 | Abcam

uM), direct extracellular open UK
channel blocker of voltage-gated K*
channels (ICs0=307 nM for Ky1.5).
D-APV NMDA glutamate site antagonist ddH20 | Abcam
UK
Syndesi Mechanism unknown ddH20 | Syndesi
Levetiracetam Racetam anticonvulsant ddH20 | Syndesi

Exact mechanism unknown
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Table 2.3 Adenosine antagonists utilized in our studies.

113 nM)

[Stock] 0.5 mM

Adenosine Target Solvent | Concentration | Supplier
antagonist (in rat) applied
CGS15943 Az, Asa, Asg, Az (K| DMSO 100 nM Tocris
=6.4,3.3,16 and 51 [Stock] 0.5 mM
nM respectively).
DPCPX A:R antagonist (Ki= | DMSO 1uM Tocris
0.5 nM) [Stock] 1 mM
Istradefylline | Asa antagonist (Ki = DMSO 50 nM Tocris
(KW6002) 2.2 nM) [Stock] 0.2 mM
PSB603 Aug antagonist (K= DMSO 100 Nm Tocris
0.355 nM) [Stock] 0.5 mM
MRS1523 A; antagonist (Ki = DMSO 300 nM Sigma

2.4 Data and Statistical Analysis

Data was filtered and digitized as appropriate and stored on a PC

running pClamp data acquisition software for later off-line analysis using

Clampfit software. All data in this study are presented as means + S.E.M.

Effects of test compounds on baseline fEPSP amplitudes are normalised to the

initial 10 minutes of recording before application of test compound or vehicle.

Effects of compounds upon the magnitude of LTP are normalised to the 10

minutes or recording immediately prior to TBS. Significant differences

between groups were calculated using Student’s unpaired t-test or One-way

ANOVA to compare group mean normalised values. Probability values of less

than 0.05 were considered to indicate statistical significance.
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2.5 Whole-cell patch-clamp electrophysiology

As described previously, male Sprague Dawley rats (8-12 weeks old)
were housed in a temperature-controlled room on a 12-hour light/12-hour dark
cycle with food and water available ad libitum. All experiments were
performed in accordance with the UK Animals (Scientific Procedures) Act
1986 incorporating European Directive 2010/63/EU on the protection of

animals used for scientific purposes.

On the day of experiment, animals were terminally anaesthetized
using isoflurane and the brain harvested. Brain slices containing the striatum
(thickness 400 pm) were cut using a vibrating blade microtome (Leica
VT1000S) in ice-cold aCSF. Slices were subsequently maintained in aCSF at
room temperature (21-23°C). For recording, slices were transferred to a
custom-built recording chamber continuously perfused with aCSF at a rate of
3-5 ml.min-1. aCSF had the following composition (in mM): 127 NaCl; 1.9
KCI; 1.2 KH2PO4; 2.4 CaCl2; 1.2 MgCI2; 26 NaHCO3; 10 D-glucose,
equilibrated with 95% 02-5% CO2.

Whole-cell patch-clamp recordings were obtained from neurons in the
striatum at room temperature (20°C) using a Multiclamp 700B or Axopatch
1D amplifier employing the ‘blind’ version of the patch-clamp technique.
Patch pipettes were pulled from thin-walled borosilicate glass and had
resistances of 5-8 MQ when filled with intracellular solution of the following
composition (in mM): KGlu, 140; EGTA-Na, 1; HEPES, 10; Na2ATP, 4; GTP,
0.3; QX-314 4; pH was adjusted to 7.3. SD118 was aliquoted at a stock
concentration of 30 mM in DMSO and stored at -4 °C until use and diluted in
aCSF prior to use.

A bipolar stimulating electrode was placed in the stratum radiatum to
stimulate Schaffer collateral-mediated inputs. AMPA receptor-mediated
EPSPs and EPSCs in CA1 neurones were evoked at a frequency of 0.1 Hz

(low-frequency) interspersed with periods of high frequency stimulation 1, 2,
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5, 10 and 20 Hz (see Chapter 5 for details of stimulation protocols) in aCSF
that contained the NMDA receptor antagonist D-AP5 (20 uM), the GABAAa
receptor antagonist GABAzine (10 uM) and the GABAg receptor antagonist
CGP55485 (400 nM), in order to pharmacologically isolate AMPAR-mediated
activity.For voltage-clamp experiments, neurones were clamped at a holding

potential of -70 mV.

Data were acquired on a PC running pClamp data acquisition
software, filtered, and digitally stored for later off-line analysis. Statistical
comparisons were made using paired Student’s t-test as detailed on individual

slides with P<0.05 taken to indicate statistical significance.
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Chapter 3: The effects of extracellular
glucose on LTP in the hippocampus and the

role of adenosine

3.1 Introduction

For decades glucose has been regarded as the obligatory source of
energy for the mammalian brain. In the adult brain, neurons have the highest
rate of energy consumption, therefore requiring a reliable and continuous
supply of the substrates necessary for cells to generate the cellular fuel; ATP,
is provided via the blood. Although in humans, the brain constitutes for ~2%
of the body weight, it consumes ~20-25% of the total body glucose
consumption rate, therefore making it the main consumer of glucose (Rolfe &
Brown, 1997; Raichle et al., 2006).This elevated demand for glucose is
justified upon considering the broad range of physiological brain functions,
such as neuronal and non-neuronal cellular maintenance and neurotransmitter
production, all of which depend on the availability of ATP, generated by the
metabolism of glucose. More specifically, the foremost energy demands of the
brain are linked with processes encompassed within neuronal signalling, e.g.,
resting potentials, action potentials, glutamate cycling, postsynaptic receptors,
calcium homeostasis accounting for ~70% of the calculated energy
expenditure (Yu et al., 2018). The remaining 30% are consumed by
nonsignaling activities, such as actin cytoskeleton remodelling, axonal
transport, etc. In addition, excitatory neurons require ~80%-85% of the
calculated ATP use, while inhibitory neurons and glia consume ~15%-20%
(Yu et al., 2018). Consequently, the regionally heterogeneous metabolic rates
of grey matter are considerably higher than those in white matter, as white
matter has a higher portion of non-signalling energy demands than grey matter
(Sokoloff et al., 1977). Therefore, tight regulation of glucose metabolism is

crucial for brain physiology and disturbances in glucose delivery or
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metabolism in the brain gives rise to various disorders, affecting both the brain

function itself, as well as the whole organism.

3.2 The importance of the blood-brain barrier

The dependence of the brain on glucose as its chief source of energy
originates due to the presence of the blood-brain barrier (BBB), a highly
selective, semipermeable membrane that prevents a non-selective entry of
solutes from the blood into the brain. Although glucose cannot be substituted
for another energy source, it can be supplemented in cases of strenuous
physical activity when blood lactate levels are increased, or during extended
periods of starvation when blood concentration of ketone bodies is elevated
and BBB monocarboxylic acid transporters (MCTSs) are augmented (Nielsen
et al., 2009; Lutas & Yellen, 2013).

The BBB is a highly specialised cellular system that consists of a
basal membrane, pericytes and astrocytic end-feet all of which provide support
to the endothelial cells of cerebral capillaries (Fig 3.1). The endothelial cells
found in the brain differ from the endothelial cells found in other organs in
three ways; first, the fenestrations are absent; second, vesicular transport is
sparse; third, continuous tight junctions are found between the cerebral
endothelial cells. Due to TJs, the flux of hydrophilic molecules across the BBB
is limited, whereas small lipophilic molecules such as Oz and CO- can diffuse
freely across this barrier into the brain (Grieb et al., 1985). Nutrients such as
glucose and amino acids enter the brain via transporters, while larger
molecules such as insulin and leptin are taken up via receptor-mediated

endocytosis (Partridge et al., 1985).
Some brain areas, known as circumventricular organs (CVOs), lack

the BBB and therefore are exposed to a wider range of molecules than the
BBB-protected brain areas. The CVOs are small midline structures located
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around the third and fourth ventricles and they play important roles in brain

homeostasis.

Astrocyte
Astrocyte end feet

Pericyte

Endothelial cell

Basal lamina

Microglia

Figure 3.1 A schematic illustration of the BBB which is comprised of a
monolayer

The BBB comprises a monolayer of endothelial cells joined together by tight
junctions and the underlying basal lamina. The integrity of the BBB is further
supported by pericytes and the astrocyte end-feet. The BBB, together with microglia
and neurons, forms the neurovascular unit (Nishanth & Schluter, 2019).

3.3 Glucose transport into the brain

The blood-to-brain concentration gradient drives the facilitated
transport of glucose across the endothelial cells via GLUT-1 glucose
transporters into the extracellular space of the brain (Drewes., 1998). GLUT-1
also facilitates glucose uptake from the extracellular space into astrocytes,
oligodendrocytes and microglia, while GLUT-3, which has a higher rate of
glucose transport than GLUT-1, mediates neuronal glucose uptake (Simpson
et al., 2007). It is important to note that the capacity of glucose transport
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exceeds demand, and that the higher rate of transport via GLUT-3 guarantees
sufficient supply of glucose under varying glucose utilization rates and
neuronal activity levels (Dienel, 2012). Although most glucose from the
extracellular fluid is taken up by neurons, some enters astrocytic end-feet and
diffuses down its concentration gradient to other gap junction-coupled
astrocytes, where this glucose can be released into the extracellular solution at
sites which are further away from the capillaries (Harris et al., 2012; Gandhi
et al., 2009).

Interestingly, alternatives to the focus on glucose in the brain have
been proposed, e.g., the astrocyte-neuron lactate shuttle which represents the
generation of lactate by astrocytes, the export of said lactate to neurones and
its subsequent conversion to pyruvate, followed by its use in ATP production
(Pellerin & Magistretti, 1994). Initially considered as a necessary process for
ATP generation during periods of limited glucose availability, this mechanism
has been found to have some involvement in LTP and memory, thereby

highlighting the complexity of brain energy metabolism (Suzuki et al., 2011).

3.4 Glucose presence in the brain

In both animals and humans, the steady-state brain-to-plasma glucose
concentration ratio overall is 0.2-0.3 (Dienel et al., 1991; Gruetter et al., 1998).
In a normal rat brain, the brain glucose levels range from 2-3 umol/g, with the
overall brain glucose concentration exceeding 1mmol/l, provided that the
arterial plasma glucose level exceeds 5 mmol/l. Furthermore, detailed
investigations of basal glucose levels in anaesthetised preparations indicate
that CSF glucose levels vary depending on the brain region, for example, 3.3
mmol/l in the cortex, 2.6 mmol/l in the hippocampus and 2.4 mmol/l in the
ventromedial area of the hypothalamus (Ronne-Engstrom et al., 1995; Hu &
Wilson, 1997; Silver & Ercinska, 1994). Once transported intracellularly, the
glucose is catalysed by hexokinases which have a Km for glucose at ~0.05ml/I

(Wilson, 2003). Therefore, should intracellular glucose concentration exceed
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0.5 mmol/l, hexokinase will reach a saturation level of ~90%. If the
intracellular glucose concentration decreases, hexokinase becomes unsaturated
and its rate of glucose catalysis falls. However, if there is an increase in steady-
state plasma and brain glucose concentrations that exceed the normoglycaemic
range and reach hyperglycaemic levels, local rates of brain glucose utilization
in rat brains will not be altered (Schuier et al., 1990). Thus, cerebral metabolic
rates of glucose are controlled by the demand for energy, rather than the supply
of it, except when the energy supply is low during hypoglycaemia.

3.5 Glucose metabolism in the brain

Once intracellular glucose is phosphorylated by HKI glucose-6-
phosphate (Glc-6-P) is formed, which is a “branch-point” metabolite that not
only governs the HKI activity by feedback inhibition, but also has various
downstream metabolic fates. For example, Glc-6-P can be processed via the
glycolytic pathway, generating pyruvate, which can subsequently be used in
the mitochondria by oxidative metabolism via the tricarboxylic (TCA) cycle,
leading to the production of ATP. Alternatively, Glc-6-P can enter the pentose
phosphate shunt pathway (PPP), generating NADPH, which is then used for

management of oxidative stress and nucleic acid synthesis.

In astrocytes Glc-6-P is a precursor for glycogen, the only energy
reserve of the brain. Under normal conditions, glycogen turnover takes place
when the glucose levels are normal, serving as a local energy buffer for

astrocytes.
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3.6 Glucose-sensing mechanisms in the brain

In order to comply with the ever-changing metabolic demands of the
brain and integrate the exogenous availability of nutrient supplies, specialized
neuronal networks have evolved, linking peripheral regulation of glucose and
central glucose sensing. One such area of interest is the subpopulation of nuclei
encompassed within the hypothalamus, which lie in the vicinity of fenestrated
capillaries, ependymal cells, and tanycyte cells. Therefore, these nuclei are
exposed to and are likely to monitor and integrate the multitude of glucose
signals simultaneously from blood, brain and CSF. For example, neurons of
the hypothalamic arcuate nucleus (ARC) respond to a wide range of glucose
concentrations (from 0.5 to 10mmol/l), while the glucosensing neurons of
ventromedial hypothalamic nucleus (VMN) respond to a much finer range in

glucose concentration (from 0.1 to 2.5mmol/l) (Hanna et al., 2020).

Two groups of glucosensing neurons have been identified: glucose-
excited (GE) and glucose-inhibited (Gl), respectively. The best described
mechanism of action of the GE neurons predicts the involvement of the high-
affinity glucose transporters (GLUT3) as the main transporter (Manolescu et
al., 2007). Subsequently, the intracellular glucose undergoes phosphorylation
by HKIs, ultimately leading to an increase in the ATP:ADP ratio. ATP then
binds to and inactivates the ATP-sensitive K™ channels (Katp), leading to
depolarization of the cell membrane, followed by influx of extracellular
calcium via voltage-dependent calcium channels and resulting in an increase
in action potential frequency. Astrocytic release of adenosine inhibits the firing
rate of GE AgRP neurons, resulting in an inhibition of food intake and
modifying the overall response to metabolic hormones such as ghrelin (Yang
et al., 2015). In addition, glial cells contribute towards the glucose-sensing

mechanism as well.

Considering the normoglycaemic range and the resulting
physiologically-relevant brain glucose levels, it is important to explore

whether these factors are significant in experiments performed on brain tissue
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in vitro. However, most in vitro brain electrophysiology studies involve the
use of aCSF with a glucose content of at least 10 mM which is a substantial
departure from the naturally occurring steady-state brain glucose levels. Since
the purpose of in vitro studies is to investigate and explain phenomena that also
take place in living, intact organisms, e.g., the mechanisms underlying learning
and memory, the experimental conditions for in vitro studies should be as close

as possible to the conditions seen in vivo.

3.7 The effects of extracellular glucose on LTP

According to numerous observations, an increase in the availability
of glucose enhances learning and memory (Gold, 1986; Kopf & Baratti, 1996;
McNay & Gold, 2001). Since the best candidate mechanism for learning and
memory remains long-term potentiation (LTP), it is of importance to pinpoint

the role of glucose in this process.

Maintenance of LTP depends upon a series of intracellular events,
such as DNA transcription, RNA translation and signalling via the mammalian
Target of Rapamycin (mTOR) pathway. Findings by Potter et al., (2010)
showed that AMP-activated protein kinase (AMPK) couples energy
metabolism to LTP expression via association with the mTOR pathway.
Likewise, direct injection of glucose into the rat hippocampus both improved
long-term memory and was associated by a downregulated AMPK activity and
an upregulated mTor cascade (Dash et al., 2006).

Since it has been established that glucose and its metabolism are
irreplaceable essentials for ensuring a sufficient functioning of the brain, it is
of importance to explore the pathological causes for disturbances in this
complex support system and the subsequent impact on the physiological
processes in the brain. One such clinically significant condition is diabetes
mellitus (DM), which encompasses a host of insults to the CNS in both type-1
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and -2 diabetic patients as well as in experimental animal models (Malone,
2016).

The diabetes-associated hyperglycaemia and reactive carbonyl
species (RCS) compromise the integrity of BBB, leading to numerous
cerebrovascular complications. In addition, many experimental studies show
that hyperglycaemia appears to reduce the glucose transport across the BBB
due to downregulation of glucose transporter proteins, indicative of the
measures taken by brain from preventing excessive intake of glucose (Duelli
et al., 2000; Hou et al., 2007; Pardrige et al., 1990). However, this view
remains inconclusive due to additional evidence from both human and animal
studies showing no significant changes in the BBB glucose transporter protein
expression in D2M (Simpson et al., 1999; Seaquist et al., 2005). Nevertheless,
the role of BBB in preserving the brain homeostasis is well established,
therefore identifying a metabolism-associated vulnerability in this system
would point towards a potential solution to obesity-induced cognitive

impairment.

A likely point of such interest is the endothelial adenosine receptor
Aoa. Yamamoto et al (2019) reported that in diabetic mice endothelial Aza
receptors promoted BBB permeability and that the same mouse model
exhibited a lower hippocampal LTP, compared to the control animals. This
reduction in LTP was ameliorated upon systemic administration of an Aza
receptor antagonist (SCH58261), while application of this compound directly
to the brain slice in vitro did not yield a similar result. These findings indicate
that systemic reinstatement of the BBB via the use of an AR antagonist might
contribute towards a rescue of synaptic plasticity in mice with diet-induced
insulin resistance. Furthermore, the recovery of BBB integrity is part of an

upstream mechanism for improvements in synaptic plasticity and memory.
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3.8 Adenosine

Adenosine is an endogenous and widely distributed molecule which
participates in numerous physiological events, particularly in excitable tissues
such as the heart and brain. Some of the better-known actions of adenosine
include the reduction of activity of the excitable tissues, such as slowing of
heart rate; or increase in the distribution of metabolic substrates via induction
of vasodilation. Hence, adenosine plays a substantial role in coupling the rate
of energy expenditure to the energy supply. However, this type of singular
effect of adenosine does not account for many of its other actions, for example
its role as an intercellular messenger. This becomes particularly apparent in the
brain, which expresses high levels of adenosine receptors, and where
adenosine has been shown to exert its influence upon both normal and
pathophysiological processes, such as arousal, sleep, analgesia,
neuroprotection, and epilepsy, in addition to mediating the effects of alcohol

and chronic drug use (Dunwiddie & Masino, 2001).

3.9 Adenosine production and metabolism in the CNS: Intracellular

In the CNS, adenosine is produced by both neural and glial cells in
situ in the extracellular space, and in turn, it can modulate the activity of nearby

cells acting in an autocrine or paracrine manner.

Intracellular adenosine serves as an intermediate substrate for the
synthesis of nucleic acids and adenosine trisphosphate (ATP). It is produced
from 5’-adenosine monophosphate (AMP) by 5’-nucleotidase and can be
turned back into AMP by adenosine kinase. Adenosine can also be derived
from S-adenosylhomocysteine (SAH), a homocysteine precursor, by the
activity of SAH hydrolase. The metabolism of intracellular adenosine is
carried out by adenosine deaminase (ADA) or adenosine kinase, creating
inosine or AMP, respectively. Inosine produced via deamination can exit the
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cell or can be further degraded into hypoxanthine, xanthine and eventually —
uric acid. Low levels of intracellular adenosine can also be released into the
extracellular space via equilibrative nucleoside transporters (ENTs) (King et
al., 2006). This release of intracellular adenosine is augmented in cases of such

insults as ischemia, hypoxia and seizures.

3.10 Adenosine production and metabolism in the CNS:

Extracellular

The presence of adenosine in the CNS under basal conditions is
understood to provide the inhibitory tone of neurotransmission and
neuroprotection, which can be substantially impaired should the system be
subject to stress. Under baseline physiological conditions, the concentration of
adenosine both extra- and intracellularly remains low due to a multitude of
mechanisms. For example, the maintenance of extracellular adenosine levels
relies upon a balance of production and removal. Some of the proposed
mechanisms for adenosine origin and release include ATP metabolism, release
via gap junction hemi-channels, uptake from the cell cytoplasm or even by
direct release of adenosine (Jo & Schlichter, 1999; Pearson et al., 2005; Gu et
al., 1995; Wall & Dale, 2007). In addition, maintenance of low levels of
intracellular adenosine might be the result of the adenosine-phosphorylating
action of adenosine kinase (Boison, 2006).

However, in response to metabolic stress the adenosine levels
increase significantly. This level of adenosine varies depending on the brain
area, as well as the experimental methods involved in determining it,
nevertheless the physiological base level of extracellular adenosine is normally
maintained at 50-200 nM (Latini & Pedata, 2001).

There are two main mechanisms which allow adenosine to reach the
extracellular spaces in the brain, i.e., adenosine release from cells via
transporters and  dephosphorylation of adenine nucleotides by

ectonucleotidases. Conversion of adenine nucleotides such as ATP or ADP is
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a rapid process, which takes less than a second (Dunwiddie et al., 1997).
Inactivation of extracellular adenosine is primarily controlled by its uptake
across the cell membranes of either neural or non-neural cells and subsequent
phosphorylation to AMP by adenosine kinase (AK) or deamination to inosine
by adenosine deaminase (ADA). The balance between intracellular and
extracellular adenosine as well as the multitude of factors affecting it
ultimately determines the bioavailability of extracellular adenosine at receptor
sites.

3.11 Adenosine receptors

All the known ARs are G-protein-coupled receptors, composed of
seven transmembrane domains and are linked to various transduction
mechanisms (see Table 1 for summary). The Az receptor is especially abundant
in the brain and is coupled to activation of K* channels and inhibition of Ca?*
channels (Trussell & Jackson, 1985; Macdonald et al., 1986), both of which
result in inhibition of neuronal activity. The Axa receptors is highly expressed
throughout some regions of the brain and is primarily linked to the activation

of adenylyl cyclase as its mode of transduction.

In the CNS adenosine has a pervasive and generally inhibitory effect
upon neuronal activity. Due to the readily available adenosine in the
extracellular space in brain tissue, tonic activation of A and Aoa receptors
result in inhibitory effects. Since this tonic inhibition is removed by AR
antagonists such as caffeine, therefore accounting for the excitatory action of
these agents, at least in rodents (Marston et al., 1998). The Azg receptor also
possesses an adenylyl cyclase-activating mechanism. Due to the relatively low
quantities of this AR within the brain, it has been challenging to link this
receptor to definite physiological or behavioural outputs (Feoktistov &
Biahhioni, 1997). However, upon the creation of a Azg receptor KO mouse it
transpired that while these animals showed no anatomical abnormalities, they
exhibited increased levels of pro-inflammatory cytokines (Yang et al., 2006).

Furthermore, the activation of this low-affinity adenosine receptor promotes
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the uptake of glucose in neurons and astrocytes (Lemos et al., 2015). The
characteristics of the As receptor are also somewhat elusive, yet they have been
reported to uncouple A; and mGIuRs via a protein kinase C-dependent
mechanism, therefore its function may be involved in modulating the activity
of other receptors (Dunwiddie et al., 1997; Macek et al., 1998).

Interestingly, the other ARs also exhibit the ability to influence other
types of G-protein-coupled receptors. For example, synergistic exchanges have
been documented between low concentrations of A1R and GABAg agonists on
GIRKs (G-protein-coupled inwardly-rectifying K* channels), which implies
that a tonic, low level of occupation of A:Rs might adjust the strength of
GABAG& synapses (Sodickson & Bean, 1998). Additional evidence, primarily
from studies on the striatum, have shown direct interactions between A2aRs
and D1Rs, and between A;and D2 receptors (Fuxe et al., 1998).
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Table 3.1 Adenosine receptors in the brain

GIRKs — G-protein-dependent activation of inwardly rectifying K* channels; PLC —

phospholipase-C

Recepto | Adenosin G- Transductio | Physiological | Distributio
r e Affinity | protei n actions in the nin the
n mechanisms brain brain
Aq ~70 nM Giand | Inhibits Inhibits Widespread
Go adenylyl synaptic
cyclase transmission
Activates Hyperpolarizes
GIRKs neurons
Inhibits Ca?*
channels
Activates
PLC
Aoa ~150nM | G Activates Facilitates Striatum,
adenylyl neurotransmitte | olfactory
cyclase r release tubercle,
nucleus
Inhibits Ca** | Inhibits accumbens
channels neurotransmitte
r release
Az ~5100 nM | Gs Activates Increases Widespread,
adenylyl CAMP in brain | but at low
cyclase slices levels
Activates
PLC Modulation of
Ca?* channel
function (?)
Az ~6500 nM | Gis Gq | Inhibits Uncouples A;, | Widespread
adenylyl MGIuRs
cyclase
Activates
PLC
Increases
intracellular
Ca**
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3.12 ARs as therapeutic targets

The potential of ARs as therapeutic targets has been highlighted by
numerous sources (Jacobson & Gao, 2006; Pacher et al., 2008; Fredholm,
2010). Due to technological advances in medicinal chemistry and introduction
of radioligands for adenosine receptors, both agonists and antagonists with
high affinity and selectivity for the human variants for the four ARs have been
generated (Fredholm et al., 2001). In addition, both agonist and antagonist
ligands containing positron-emitting radio-isotopes have been utilized to
examine the in vivo occupancy of ARs in humans (Muller & Jacobson, 2011).
Hence, a lack of selective ligands cannot be regarded as a limiting factor for
research and development on AR-targeting compounds, as has been the case
for several other GPCRs. A much bigger concern is the broad distribution of

ARs and therefore, achieving tissue-selectivity remains a challenge.

Considering the overall influence of adenosine on glucose signalling
and LTP, it is of relevance to investigate this neuromodulator and its receptors

further.

3.13 Hypothesis and aims of research

Preliminary research undertaken by Prof. Spanswick’s group at
Monash University revealed a critical role of glial-derived adenosine in
mediating glucose-sensing in neurones in energy status-sensing neural
networks in the hypothalamus. In these neural circuits, raising extracellular
glucose from fasted levels (1-2 mM) to fed levels (5 mM) induced excitation
of pro-opiomelancortin (POMC) neurones via release of adenosine from glia
and activation of Ax receptors. In other POMC neurones, raising glucose-
induced inhibition via activation of Az, receptors. Ambient glucose levels were
signalled via tonic activation of A; and Az receptors leading to the suggestion
that ambient glucose levels are signalled via adenosine receptors. This led to

the suggestion that neural circuit function generally may be regulated by tonic
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activity of a glucose-adenosine-dependent signalling pathway (Spanswick;
unpublished observations). This led to the suggestion that hippocampal
function may operate in a similar manner and cognitive, learning and memory
deficits observed in the obese may reflect dysfunction of this glucose-glial
adenosine signalling matrix. Preliminary experiments performed by Prof.
Spanswick’s group at Warwick University indicated an optimum level of
ambient extracellular glucose of approximately 5mM, lower and higher levels
yielding significantly lower LTP. The aim of the current study was to extend

these preliminary observations.

The specific aims of this project were:
1. Todetermine the effects of physiologically relevant levels of extracellular

glucose on LTP in the hippocampus.

2. To determine the role of adenosine receptors in mediating the effects of
extracellular glucose on LTP.
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3.14 Results: The effects of adenosine antagonists on LTP in vitro

Extracellular field excitatory postsynaptic potentials (fEPSP) were
recorded in the CA1 region of the hippocampus of adult male Sprague- Dawley
rats (aged 6-8 weeks, 120-2509), evoked in response to electrical stimulation
of the Schaffer-collateral pathway. The effects of three concentrations of
extracellular glucose were tested: 2 mM, 5 mM, and 10 mM. In every step of
the brain tissue preparation and experimental procedures aCSF glucose
concentration to be tested was maintained consistent throughout. For
experiments with either 2 or 5 mM glucose, D-mannitol (8 and 5 mM,
respectively) was added to the aCSF, to correct for changes in osmolarity. A
10-minute baseline was recorded, followed by a 20-minute application of

vehicle (0.1% DMSO) or an adenosine receptor antagonist.

The following receptor antagonists were tested on LTP induced in 10
mM D-glucose: the non-selective A1, Aoa, A2g and Az receptor antagonist
CGS15943 (100 nM); the selective A receptor antagonist DPCPX (1 uM); the
selective Aza receptor antagonist KW-6002 (50 nM); the selective Azg receptor
antagonist PSB603 (100 nM); the selective As receptor antagonist MRS1523
(300 nM). For experiments with 5 mM or 2 mM glucose-consisting aCSF
adenosine receptor antagonists tested were: N: vehicle = 6; 100 nM CGS15943
= 3; 50 nM KW-6002 = 5, and N: vehicle = 4; 1 uM DPCPX = 2; 50 nM KW-
6002 = 2, respectively.
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3.14.1. The effects of extracellular glucose on LTP in rat CAl

hippocampus in vitro

Physiological glucose levels at the level of the brain closely mirror
those of the plasma amounting to around 2-3 mM under normal basal
conditions although this can vary depending on energy status (e.g. fed versus
fasted), age, brain region and under pathophysiological conditions (see van den
Top et al., 2017). In the hippocampus, basal levels of glucose in CSF are
indicated around 2.6 mM (Hu & Wilson, 1997). Here the effects of 3
concentrations of glucose were tested on LTP evoked in response to a theta
burst stimulation (see Figs 3.1. & 3.2.). In the presence of 2 mM extracellular
D-glucose the magnitude of LTP amounted to 131.6 + 4% (mean + SEM; n =
4) of control pre-LTP (100%) baseline levels. In 5 mM extracellular D-glucose
the magnitude of LTP increased to 141.8 = 5.2% of control pre-LTP levels
(mean + SEM; n = 6). However, this effect did not reach statistical
significance, possibly reflecting the low n numbers in this study. Like 5 mM
extracellular glucose, the magnitude of LTP recorded in the presence of 10
mM extracellular glucose amounted to 143.9 + 4.4% (mean = SEM; n = 8).
Thus, there appeared no statistically significant effect of extracellular glucose
concentration on the magnitude of LTP although there was a trend to reduced
LTP in the presence of 2 mM D-glucose compared to 5 and 10 mM D-glucose
(p>0.05, One-way ANOVA, for 2 versus 10 mM D-glucose, 2 versus 5 mM
glucose and 5 versus 10 mM glucose; see Table 3.2.).
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Figure 3.1. The effects of extracellular glucose concentration on LTP in the CAl
area of the hippocampus.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices treated with varying concentrations
of D-glucose, i.e., 10 mM glucose aCSF (black diamonds) (n = 8), 5 mM glucose
aCSF (grey diamonds) (n = 6), or 2 mM glucose aCSF (white diamonds) (n = 4). Data
are expressed as a percentage of the average of fEPSP amplitudes recorded during the
10-minute period before the application of 5XTBS protocol. Error bars represent
standard error of the mean (SEM).
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Figure 3.2. The effects of extracellular glucose concentration on LTP in the CAl
area of the hippocampus.

Bar chart summarizing the effects of different extracellular glucose concentrations on
LTP. The level of LTP was measured 50-60 minutes after 5xTBS induction paradigm
from rat hippocampal slices treated with vehicle. The magnitude of LTP was
measured as the average of the evoked fEPSPs recorded during the last 10 minutes
expressed as a percentage of the average baseline fEPSP amplitude recorded in the
10-minute period immediately prior to induction of LTP. Application of the vehicle
control in experiments subject to the conditions of 2 MM (n = 4) or 5 mM glucose-
containing aCSF (n = 6) did not result in significant changes in the magnitude of LTP
induced 50-60 mins post-induction., vehicle application in experiments utilizing aCSF
containing 10 mM glucose (n = 8) (statistical results summarized in Table 3.2, One-
way ANOVA).
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Table 3.2. Mean magnitude of LTP measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10, 5 or 2 mM
glucose and treated with vehicle (aCSF + 0.1% DMSO) (One way-ANOVA, NS, non-
significant).

Pvs 10
mM
Treatment Mean SEM n Glucose
aCSF
Vehicle: 10 mM Glucose aCSF 143.9 4.4 8
Vehicle: 5 mM Glucose aCSF 141.8 5.2 6 NS
Vehicle: 2 mM Glucose aCSF 131.6 4.0 4 NS
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3.14.2 Effects of the A1 receptor antagonist DPCPX on LTP induced

in CAl in the presence of 10 and 2 mM extracellular glucose

In the following set of experiments the effects of an A selective
adenosine receptor antagonist (1 uM DPCPX) on LTP were examined, in the
presence of either 10 mM or 2 mM extracellular D-glucose. LTP was measured
as an increase in amplitude of the fEPSP relative to vehicle controls. In
experiments utilizing 10 mM extracellular glucose, LTP in CA1 induced in
response to 5xTBS, in the presence 0.1% DMSO (vehicle control) amounted
to an increase in the fEPSP of 143.9 + 4.4% (mean £ SEM), compared to pre-
stimulation baseline levels (n = 8). In response to the application 5XTBS in the
presence of 1 uM DPCPX (n = 7), the fEPSP amplitude rose to 136.2 + 3.9%
(mean £ SEM) when compared with the level of fEPSP before the stimulation
(see Fig. 3.3. & 3.4.). This reduction in LTP in the A1 receptor antagonist was
not significantly different to that observed in the vehicle control group (all

groups: p>0.05, unpaired student’s t-test, see table 3.3.).

In the presence of 2 mM extracellular D-glucose, the LTP induced in
response to 5xTBS, accompanied by 0.1% DMSO application (vehicle
control), resulted in an increase in the amplitude of fEPSP of 131.6 £ 4.0%
(mean + SEM), compared to pre-stimulation fEPSP amplitude (n = 4). In
response to 5XTBS in the presence of 1 uM DPCPX the fEPSP amplitude rose
to 149.1 + 5.2% (mean £ SEM), compared to pre-5xTBS fEPSP amplitude (n
= 2) (see Fig. 3.5. & 3.6.). Due to the low experiment count, the significance
of this effect could not be determined. This effect was significantly different
to the control group (table 3.4.). This increase in amplitude was also compared
to the value obtained from the set of experiments testing DPCPX in the
presence of 10 mM extracellular glucose (see Figs. 3.7. & 3.8.). However, no

significant difference could be detected at this time (see table 3.5.)
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Figure 3.3 The effect of the A; receptor antagonist DPCPX on LTP in the CAl
area of the hippocampus, in the presence of 10 mM extracellular D-glucose.
Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle or the A; receptor antagonist DPCPX. Data are expressed as a percentage of
the average of fEPSP amplitudes recorded during the 10-minute period before the
application of 5xTBS protocol. Following a 10-minute stable baseline recording
period (no compound treatment), vehicle (black diamonds) or 1 uM DPCPX (green
diamonds), was applied for 20 minutes (black bar). Theta-burst (5xTBS; indicated by
the bar on the timeline), induced LTP. Error bars represent standard error of the mean
(SEM). N: vehicle = 8; DPCPX =7
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Figure 3.4 The effect of the A; receptor antagonist DPCPX on LTP in the CAl
area of the hippocampus, in the presence of 10 mM extracellular D-glucose.

Bar chart summarizing the effects of the adenosine antagonist DPCPX on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or the adenosine A receptor antagonist
DPCPXs. The magnitude of LTP was measured as the average of the evoked fEPSPs
recorded during the last 50-60 minutes expressed as a percentage of the average
baseline fEPSP amplitude recorded in the 10-minute period immediately prior to
induction of LTP. Application of DPCPX did not result in significant changes in
fEPSP amplitude, compared to vehicle (statistical results summarized in Table 4.3,
unpaired Student’s t-test). (N: vehicle = 8; DPCPX = 7).

Table 3.3 Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS stimulation
in rat hippocampal slices prepared with aCSF containing 10 mM D-glucose and
treated with vehicle (aCSF + 0.1% DMSOQO) or 1 uM DPCPX, (unpaired Student’s t-

test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 143.9 4.4 8
136.2 3.9 7 NS
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Figure 3.5 The effects of adenosine A; receptor antagonist DPCPX on LTP in the
CALl area of the hippocampus in 2 mM glucose-containing aCSF.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5xTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle A; receptor antagonist, 1 yM DPCPX. Data are expressed as a percentage of
the average of fEPSP amplitudes recorded during the 10-minute period before the
application of 5xTBS protocol. Following a 10-minute stable baseline recording
period (no compound treatment), vehicle (black diamonds) or 1 uM DPCPX (green
diamonds) was applied for 20 minutes (black bar). Due to 1 uM DPCPX n = 2, both
experiments were plotted. Theta-burst (5xTBS; indicated by the bar on the timeline),
induced LTP.
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Figure 3.6 The effects of A; adenosine antagonist 1 pM DPCPX on LTP in the
CAL1 area of the hippocampus in experiments utilizing 2 mM glucose-containing
aCSF

Bar chart summarizing the effects of 1 uM DPCPX on LTP. The level of LTP was
measured 50-60 minutes after 5XTBS induction paradigm from rat hippocampal slices
treated with either vehicle, or A; adenosine receptor antagonists, 1 uM DPCPX. The
magnitude of LTP was measured as the average of the evoked fEPSPs recorded during
the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of 1 uM DPCPX resulted in an increase in fEPSP amplitude, compared

to vehicle.
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Table 3.4. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 2 mM D-glucose
and treated with vehicle (aCSF + 0.1% DMSO) or 1 uM DPCPX

Treatment Mean SEM n Pvs
Vehicle
Vehicle 131.6 4 4
149.1 5.5 2 NA
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Figure 3.7. The effects of A; adenosine receptor antagonist DPCPX on LTP in
the CA1 area of the hippocampus.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with 1 uM
DPCPX in experiments using 10 mM glucose aCSF (green diamonds) (n = 7), or 2
mM glucose aCSF (2 individual recordings: light and dark green diamonds,
respectively) (n = 2). Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS

protocol.
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Figure 3.8. The effects of the A: receptor (1 pM DPCPX) on LTP in the CAl area
of the hippocampus in experiments utilizing 10 and 2mM-glucose-containing
aCSF, respectively.

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with the adenosine antagonist DPCPX. The magnitude of
LTP was measured as the average of the evoked fEPSPs recorded during the last 50-
60 minutes expressed as a percentage of the average baseline fEPSP amplitude
recorded in the 10-minute period immediately prior to induction of LTP. Application
of the adenosine antagonist DPCPX, at a concentration of 1 uM in experiments subject
to the conditions of 2 mM glucose-containing aCSF (n = 2) did not result in significant
changes in fEPSP amplitudes, compared to the same antagonist applied in

experiments utilizing aCSF containing 10 mM glucose (n =7).
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Table 3.5. Mean fEPSP amplitudes measured 50-60 minutes after a 5XTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10 or 2 mM
glucose and treated with adenosine antagonist DPCPX (NS, non-significant).

Treatment Mean SEM N Pvs
Vehicle
10 mM Glucose aCSF &
136.2 3.9 7
2 mM Glucose aCSF &
149.1 55 2 NS

3.14.3 The effects of the Aza receptor antagonist KW-6002 on LTP
induced in CALl in the presence of 10, 5 and 2mM extracellular

glucose

LTP was measured as an increase in amplitude of the fEPSP relative
to vehicle controls. In experiments utilizing 10mM extracellular D-glucose,
LTP induced in response to 5XTBS in the presence of 0.1% DMSO (vehicle
control) amounted to an increase in the fEPSP of 143.9 + 4.4% (mean £ SEM),
compared to pre-stimulation baseline levels (n = 8). A fEPSP increase of 132.6
* 4% (mean £ SEM), compared to the pre-5xTBS amplitude of fEPSP was
observed in the group of experiments using 50 nM KW-6002 (n = 5), see
Figures 3.9. & 3.10. This reduction in LTP in the presence of the Aza receptor
antagonist was not significantly different to that observed in the vehicle control
group (p>0.05, unpaired Student’s t-test, see Table 3.6.).

In the experiments performed in 5 mM D-glucose aCSF, the vehicle
controls (0.1% DMSO) yielded an increase in the amplitude of fEPSP of 141.8
* 5.2% (mean £ SEM), compared to pre-stimulation baseline levels (n = 6). In
the presence of 50 nM KW-6002 (n = 5), the LTP was represented by an
increase in fEPSP amplitude of 132.9 * 3.6% (mean = SEM), compared to pre-
5xTBS fEPSP amplitude (Fig. 3.11. & 3.12). No significant effect was detected
(p>0.05, unpaired Student’s t-test, see table 3.7.).
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In the presence of 2mM extracellular D-glucose, the vehicle control
(0.1% DMSO) LTP fEPSP was 131.6 + 4% (mean = SEM), compared to pre-
stimulation fEPSP amplitude (n = 4). The application of 50 nM KW-6002 led
to an increase in fEPSP amplitude of 122 + 3.5% (mean £ SEM), compared to
the fEPSP amplitude before the 5xTBS application (see Fig. 3.13. & 3.14.).
This reduction in LTP was not significantly different to the results collected
from the vehicle control group (p>0.05, unpaired Student’s t-test, see table
3.8).

Lastly, the fEPSP amplitudes obtained from experiments using 5- and
2 mM extracellular D-glucose and the adenosine receptor antagonist, were
compared to the increase in fEPSP amplitude seen upon the application of KW-
6002 in the presence of 10 mM D-glucose (see fig. 3.15. & 3.16.). However,
no significant differences were detected upon comparing the influence of KW-
6002 in the presence of 5 or 2 mM and the effect of KW-6002 in the presence
of 10 mM D-glucose (p>0.05, unpaired student’s t-test, see Table 3.9.).
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Figure 3.9. The effects of the adenosine A;a receptor antagonist KW-6002 on
LTP in the CAl area of the hippocampus in 10mM extracellular D-glucose.
Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds) or 50 nM KW-6002 (yellow diamonds) was
applied for 20 minutes (black bar). Theta-burst (5xTBS; indicated by the bar on the
timeline), induced LTP. Error bars represent standard error of the mean (SEM). N:
vehicle = 8; KW-6002 =5
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Figure 3.10. The effects of the A;aR antagonists on LTP in the CALl area of the
hippocampus in 10mM extracellular D-glucose.

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5XTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or adenosine receptor antagonists. The
magnitude of LTP was measured as the average of the evoked fEPSPs recorded during
the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonists did not result in significant changes in fEPSP
amplitudes, compared to vehicle (statistical results summarized in Table 3.6, unpaired
Student’s t-test). (N: vehicle = 8; KW-6002 = 5).

Table 3.6. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10 mM D-
glucose and treated with vehicle (aCSF + 0.1% DMSOQO) or 50 nM KW-6002,

(unpaired Student’s t-test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 143.9 4.4 8
132.6 4 5 NS
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Figure 3.11. The effects of the A;aR antagonists on LTP in the CALl area of the
hippocampus in 5mM extracellular D-glucose.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds) or 50 nM KW-6002 (yellow diamonds) was
applied for 20 minutes (black bar). Theta-burst (5xTBS; indicated by the bar on the
timeline), induced LTP. Error bars represent standard error of the mean (SEM). N:
vehicle = 6; KW-6002 =5

94



fEPSP amplitude 50-60
minutes post 5xTBS (% of

160 -

6

150 4

140 4 [ ]
g s
T 130
(2]
©
o

120 - °

110 A

100 -

Vehicle 50nM KW-6002

Figure 3.12. The effects of the A2aR antagonist (50 nM KW-6002) on LTP in the
CAL1 area of the hippocampus in experiments utilizing 5mM glucose-containing
aCSF.

Bar chart summarizing the effects of 50 nM KW-6002 on LTP. The level of LTP was
measured 50-60 minutes after 5XTBS induction paradigm from rat hippocampal slices
treated with either vehicle, or 50 nM KW-6002. The magnitude of LTP was measured
as the average of the evoked fEPSPs recorded during the last 50-60 minutes expressed
as a percentage of the average baseline fEPSP amplitude recorded in the 10-minute
period immediately prior to induction of LTP. Application of the adenosine antagonist
50 nM KW-6002 did not result in significant changes in fEPSP amplitudes, compared
to vehicle (statistical results summarized in Table 4.7, unpaired Student’s t-test). Error
bars represent standard error of the mean (SEM) (N: vehicle = 6; KW-6002 = 5).

Table 3.7. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 5mM D-glucose
and treated with vehicle (aCSF + 0.1% DMSO) or 50 nM KW-6002, (unpaired

Student’s t-test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 141.8 5.2 6
132.9 3.6 5 NS
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Figure 3.13. The effects of the adenosine Aza receptor antagonist KW-6002 on
LTP in the CA1 area of the hippocampus in 2mM glucose aCSF.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds) or 50 nM KW-6002 (yellow and brown
diamonds) was applied for 20 minutes. Theta-burst (5XTBS; indicated by the bar on
the timeline), induced LTP. Error bars represent standard error of the mean (SEM)

(N: vehicle = 6; KW-6002 = 2).
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Figure 3.14. The effects of the A2aR adenosine antagonists (50 nM KW-6002) on
LTP in the CA1 area of the hippocampus in experiments utilizing 2mM-glucose-
containing aCSF.

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or an adenosine receptor antagonist.
The magnitude of LTP was measured as the average of the evoked fEPSPs recorded
during the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonist did not result in significant changes in fEPSP

amplitudes, compared to vehicle (N: vehicle = 4; KW-6002 = 2).
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Table 3.8. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 2 mM D-glucose
and treated with vehicle (aCSF + 0.1% DMSO) or 50 nM KW-6002, (NS, non-
significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 131.6 4 4
122 3.5 2 NS
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Figure 3.15. The effects of the A;aR adenosine antagonist (KW-6002) on LTP in
the CA1 area of the hippocampus.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5xTBS induction in rat hippocampal slices pre-treated for 20 minutes with 50
nM KW-6002 in experiments using 10mM glucose aCSF (dark orange diamonds) (n
= 7), 5mM glucose aCSF (yellow diamonds) (n = 5), or 2mM glucose aCSF (light
orange diamonds) (n = 2). Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS

protocol.
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Figure 3.16. The effects of A2aR antagonists (50 nM KW-6002) on LTP in the
CAL1 area of the hippocampus in experiments utilizing 10, 5 and 2mM aCSF.

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with adenosine receptor antagonists. The magnitude of
LTP was measured as the average of the evoked fEPSPs recorded during the last 50-
60 minutes expressed as a percentage of the average baseline fEPSP amplitude
recorded in the 10-minute period immediately prior to induction of LTP. Application
of the adenosine antagonist KW-6002 in experiments subject to the conditions of 2
mM (n = 2) or 5mM glucose-containing aCSF (n = 5) did not result in significant
changes in fEPSP amplitudes, compared to the same antagonist applied in
experiments utilizing aCSF containing 10 mM glucose (n = 5) due to a low experiment

count.
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Table 3.9. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10, 5 or 2mM
glucose and treated with adenosine antagonist KW-6002 (NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
10 mM Glucose aCSF &
132.6 4 5
5 mM Glucose aCSF &
132.9 3.6 5 NS
2 mM Glucose aCSF &
122 3.5 2 NS
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3.14.4 The effects of the A2g receptor antagonist PSB603 on LTP

induced in CA1 in the presence of 10mM extracellular D-glucose

LTP was measured as an increase in amplitude of the fEPSP relative
to vehicle controls. LTP in CAL induced in response to 5XTBS in the presence
of 0.1% DMSO (vehicle control) amounted to an increase in the fEPSP of
143.9 £ 4.4% (mean = SEM), compared to pre-stimulation baseline levels
(100%; n = 8). LTP induced in the presence of PSB603 at a concentration of
100 nM was associated with an increase in the fEPSP to 138.9 + 4.1% (mean
+ SEM), compared to baseline levels pre-5xTBS (n = 5) (see figs. 3.17. &
3.18). The effect of PSB603 on the fEPSP amplitude was not significant when
compared to the vehicle (p>0.05, unpaired student’s t-test, see table 3.10.).
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Figure 3.17. The effects of the adenosine Azs receptor antagonist PSB603 on LTP
in the CAL1 area of the hippocampus in 10mM extracellular glucose

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5xTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds) or 100 nM PSB603 (blue diamonds) was applied
for 20 minutes (black bar). Theta-burst (5XTBS; indicated by the bar on the timeline),
induced LTP. Error bars represent standard error of the mean (SEM). N: vehicle = 8;
PSB603 =5
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Figure 3.18. The effects of the adenosine Azs receptor antagonist PSB603 on LTP
in the CALl area of the hippocampus in 10mM extracellular glucose.

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or Ass receptor antagonist PSB603.
The magnitude of LTP was measured as the average of the evoked fEPSPs recorded
during the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonists did not result in significant changes in fEPSP
amplitudes, compared to vehicle (statistical results summarized in Table 3.10.,
unpaired Student’s t-test). (N: vehicle = 8; PSB603 = 5).

Table 3.10. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10mM D-
glucose and treated with vehicle (aCSF + 0.1% DMSO) or 100 nM PSB603, (unpaired

Student’s t-test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 143.9 4.4 8
100 nM PSB603 138.9 4.1 5 NS
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3.14.5 The effects of the Az receptor antagonist MRS1523 on LTP

induced in CAl in the presence of 10mM extracellular glucose

LTP was measured as an increase in amplitude of the fEPSP relative
to vehicle controls. LTP in CAL induced in response to 5XTBS in the presence
of 0.1% DMSO (vehicle control) amounted to an increase in the fEPSP of
143.9 + 4.4% (mean £ SEM), compared to pre-stimulation baseline levels (n =
8). Lastly, the effect of 300 nM MRS1523 (n = 5) was recorded as an increase
of 134.4 + 4.4% (mean = SEM) in fEPSP amplitude when compared with the
corresponding baseline level (Fig.3.19 & 3.20). None of the effects reported
were significantly different to that observed in the vehicle control group (all

groups: p>0.05, unpaired Student’s t-test, see table 3.11.).

105



fEPSP amplitude (% of baseline)

250 ~

Vehicle/test compound application

200 -
150 - B 5 b AN A NN
it o5 Lh%“j‘*lﬂ-" e lJ.‘-l-':L¢‘J-*J-*L‘T"'-fL
100
& Vehicle
300nM MRS1523
50 -
5x TBS
0 T T ! T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Time (mins)

Figure 3.19. The effects of the adenosine Az receptor antagonist MRS1523 on
LTP in the CA1 area of the hippocampus in 10mM extracellular glucose

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle or the test compound. Data are expressed as a percentage of the average of
fEPSP amplitudes recorded during the 10-minute period before the application of
5XTBS protocol. Following a 10-minute stable baseline recording period (no
compound treatment), vehicle (black diamonds) or 300 nM MRS1523 (pink
diamonds) was applied for 20 minutes (black bar). Theta-burst (5XTBS; indicated by
the bar on the timeline), induced LTP. Error bars represent standard error of the mean

(SEM). N: vehicle = 8; MRS1523 =5
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Figure 3.20. The effects of the adenosine Az receptor antagonist MRS1523 on
LTP in the CAl area of the hippocampus in 10mM extracellular glucose

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5XTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or the As receptor antagonist
MRS1523. The magnitude of LTP was measured as the average of the evoked fEPSPs
recorded during the last 50-60 minutes expressed as a percentage of the average
baseline fEPSP amplitude recorded in the 10-minute period immediately prior to
induction of LTP. Application of the adenosine antagonists did not result in significant
changes in fEPSP amplitudes, compared to vehicle (statistical results summarized in
Table 3.11., unpaired Student’s t-test). (N: vehicle = 8; MRS1523 = 5).

Table 3.11. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10mM D-
glucose and treated with vehicle (aCSF + 0.1% DMSO) or 300 nM MRS1523,

(unpaired Student’s t-test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 143.9 4.4 8
134.4 4.4 5 NS
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3.14.6 The effects of the non-selective adenosine receptor antagonist
CGS15943 on LTP induced in CAl in the presence of 10 and 5mM

extracellular glucose

LTP was measured as an increase in amplitude of the fEPSP relative
to vehicle controls in the presence of aCSF containing either 10 or 5mM D-
glucose. In experiments with 10mM D-glucose, LTP in CAl induced in
response to 5XTBS in the presence of 0.1% DMSO (vehicle control) amounted
to an increase in the fEPSP of 143.9 + 4.4% (mean £ SEM), compared to pre-
stimulation baseline levels (n = 8) (see figs 3.21 & 3.22). Compared to the
baseline levels prior the 5XTBS stimulation, an increase in the fEPSP of 135.4
+ 8.2% (mean + SEM) was detected in the presence of the AR antagonist
CGS15943, at a concentration of 100 nM (n = 5). The effect reported was not
significantly different to that observed in the vehicle control group (p>0.05,

unpaired student’s t-test, see table 3.12.).

In experiments utilizing 5 mM D-glucose, the vehicle control (0.1%
DMSO) group showed an increase in the amplitude of fEPSP of 141.8 £ 5.2%
(mean = SEM), compared to pre-stimulation baseline levels (n = 6).
Application of 5xTBS in the presence of 100 nM CGS15943 (n = 3) resulted
in an increase in fEPSP amplitude to 139.9 *+ 7.8% (mean + SEM), compared
with the fEPSP amplitude at baseline level. The effects of 100 nM CGS15943
was not significantly different to the increase in fEPSP amplitude observed in
the vehicle control group (all groups: p>0.05, unpaired student’s t-test, see
Figs. 3.23 & 3.24, table 3.13).

In addition, no statistically significant outcome was seen upon
comparing the effect of 100 nM CGS15943 on LTP (See Fig. 3.25 & 3.26) in
experiments using 5 mM D-glucose aCSF (n = 3), to that seen in the presence

of 10 mM D-glucose (p>0.05, unpaired student’s t-test, see table 3.14.).
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Figure 3.21. T The effects of the non-selective adenosine receptor antagonist
CGS15943 on LTP in the CAL area of the hippocampus in 10 mM extracellular
glucose

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5xTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds) or 100 nM CGS15943 (purple diamonds), was
applied for 20 minutes (black bar). Theta-burst (5xTBS; indicated by the bar on the
timeline), induced LTP. Error bars represent standard error of the mean (SEM). N:
vehicle = 8; CGS15943 =5
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Figure 3.22. The effects of the non-selective adenosine receptor antagonist
CGS15943 on LTP in the CAl area of the hippocampus in 10mM extracellular
glucose

Bar chart summarizing the effects of the non-selective adenosine receptor antagonist
CGS15943 on LTP. The level of LTP was measured 50-60 minutes after 5XTBS
induction paradigm from rat hippocampal slices treated with either vehicle, or non-
selective adenosine receptor antagonist CGS15943. The magnitude of LTP was
measured as the average of the evoked fEPSPs recorded during the last 50-60 minutes
expressed as a percentage of the average baseline fEPSP amplitude recorded in the
10-minute period immediately prior to induction of LTP. Application of CGS15943
did not result in significant changes in fEPSP amplitudes, compared to vehicle
(statistical results summarized in Table 3.12, unpaired Student’s t-test). (N: vehicle =
8; CGS15943 = 5).

Table 3.12. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10mM D-
glucose and treated with vehicle (aCSF + 0.1% DMSOQO) or 100 nM CGS15943,

(unpaired Student’s t-test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 143.9 4.4 8
100 nM CGS15943 135.4 8.2 5 NS
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Figure 3.23. The effects of the non-selective adenosine receptor antagonist
CGS15943 on LTP in the CALl area of the hippocampus in 5 mM extracellular
glucose

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5xTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds) or 100 nM CGS15943 (purple diamonds) was
applied for 20 minutes (black bar). Theta-burst (5xTBS; indicated by the bar on the
timeline), induced LTP. Error bars represent standard error of the mean (SEM). N:

vehicle = 6; CGS15943 = 3
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Figure 3.24. The effects of non-selective adenosine antagonist 100 nM CGS15943
on LTP in the CA1l area of the hippocampus in experiments utilizing 5mM
glucose-containing aCSF

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or adenosine receptor antagonists. The
magnitude of LTP was measured as the average of the evoked fEPSPs recorded during
the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonists did not result in significant changes in fEPSP
amplitudes, compared to vehicle (statistical results summarized in Table 3.13.,
unpaired Student’s t-test). (N: vehicle = 6; CGS15943 = 3).

Table 3.13. Mean fEPSP amplitudes measured 50-60 minutes after a 5XTBS
stimulation in rat hippocampal slices prepared with aCSF containing 5mM D-glucose
and treated with vehicle (aCSF + 0.1% DMSO) or 100 nM CGS15943, (unpaired
Student’s t-test, NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 141.8 5.2 6
100 nM CGS15943 139.9 7.8 3 NS
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Figure 3.25. The effects of the non-selective adenosine antagonist CGS15943 on
LTP in the CA1 area of the hippocampus

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with 100
nM CGS15943 in experiments using 10mM glucose aCSF (dark purple diamonds) (n
=5), or 5 mM glucose aCSF (light purple diamonds) (n = 3). Data are expressed as a
percentage of the average of fEPSP amplitudes recorded during the 10-minute period
before the application of 5XTBS protocol. Error bars represent standard error of the
mean (SEM).
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Figure 3.26. The effect of the non-selective adenosine receptor antagonist 100 nM
CGS15943 on LTP in the CAl area of the hippocampus in experiments utilizing
10 and 5mM glucose-containing aCSF

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5XTBS induction paradigm from rat
hippocampal slices treated with adenosine receptor antagonists. The magnitude of
LTP was measured as the average of the evoked fEPSPs recorded during the last 50-
60 minutes expressed as a percentage of the average baseline fEPSP amplitude
recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonist in experiments subject to the conditions of 5
mM glucose-containing aCSF (n = 3) did not result in significant changes in fEPSP
amplitudes, compared to the same antagonist applied in experiments utilizing aCSF
containing 10mM glucose (n = 5), (statistical results summarized in Table 3.14.,

unpaired Student’s t-test).
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Table 3.14. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10 or 5mM
glucose and treated with adenosine antagonist CGS15943 (unpaired Student’s t-test,
NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
10 mM Glucose aCSF &
100 nM CGS15943 138.9 4.1 5
5 mM Glucose aCSF &
100 nM CGS15943 139.9 7.8 3 NS
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3.14.7 Results: A summary of the effects of adenosine receptor
antagonists on the LTP in the presence of aCSF containing 10mM of

glucose

LTP was measured as an increase in amplitude of the fEPSP relative
to vehicle controls. LTP in CAL induced in response to 5XTBS in the presence
of 0.1% DMSO (vehicle control) amounted to an increase in the fEPSP of
143.9 + 4.4% (mean £ SEM), compared to pre-stimulation baseline levels (n =
8). LTP induced in the presence of PSB603 at a concentration of 100 nM was
associated with an increase in the fEPSP to 138.9 + 4.1% (mean + SEM),
compared to baseline levels pre-5xTBS (n = 5). Compared to the baseline
levels prior the 5XTBS stimulation, an increase in the fEPSP of 135.4 £ 8.2%
(mean £ SEM) was detected in the presence of the non-selective AR antagonist
CGS15943, at a concentration of 100 nM (n = 5). In response to the application
of 1 uM DPCPX (n = 7), the fEPSP amplitude rose to 136.2 £+ 3.9% (mean *
SEM) when compared with the level of fEPSP before the stimulation. An
fEPSP increase of 132.6 + 4% (mean £ SEM), compared to the pre-5xTBS
amplitude of fEPSP was observed in the group of experiments using 50 nM
KW-6002 (n = 5). Lastly, the effect of 300 nM MRS1523 (n = 5) was recorded
as an increase of 134.4 + 4.4% (mean £+ SEM) in fEPSP amplitude when
compared with the corresponding baseline level (Fig.3.27. & 3.28.). None of
the effects reported were significantly different to that observed in the vehicle

control group (all groups: p>0.05, unpaired student’s t-test, see table 3.15.).
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Figure 3.27. The effects of adenosine receptor antagonists on LTP in the CAl
area of the hippocampus in the presence of 10mM extracellular glucose
Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5xTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds), 100 nM PSB603 (blue diamonds), 100 nM
CGS15943 (purple diamonds), 1 uM DPCPX (green diamonds), 50 nM KW-6002
(yellow diamonds) or 300 nM MRS1523 (pink diamonds) was applied for 20 minutes
(black bar). Theta-burst (5XTBS; indicated by the bar on the timeline), induced LTP.
Error bars represent standard error of the mean (SEM). N: vehicle = 8; PSB603 = 5;
CGS15943 = 5; DPCPX = 7; KW-6002 = 5; MRS1523 =5
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Figure 3.28. The effects of adenosine receptor antagonists on LTP in the CAl
area of the hippocampus in the presence of 10mM extracellular glucose

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or adenosine receptor antagonists. The
magnitude of LTP was measured as the average of the evoked fEPSPs recorded during
the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonists did not result in significant changes in fEPSP
amplitudes, compared to vehicle (statistical results summarized in Table 3.15.,
unpaired Student’s t-test). (N: vehicle = 8; PSB603 = 5; CGS15943 =5; DPCPX =7,
KW-6002 = 5; MRS1523 = 5).
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Table 3.15. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 10 mM glucose
and treated with vehicle or adenosine antagonists, (One-way ANOVA, NS, non-

significant).
Treatment Mean SEM n Pvs
Vehicle
Vehicle 143.9 4.2 8
100 nM PSB603 138.9 5.3 5 NS
100 nM CGS15943 135.4 53 5 NS
136.2 4.5 7 NS
132.6 53 5 NS
134.4 5.3 5 NS
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3.14.8 Results: A summary of the effects of adenosine receptor
antagonists on the LTP in the presence of aCSF containing 5 mM of

glucose

In the following set of experiments, LTP was measured as an increase
in amplitude of the fEPSP relative to vehicle controls. LTP in CA1 induced in
response to 5XTBS in the presence of 0.1% DMSO (vehicle control) resulted
in an increase in the amplitude of fEPSP of 141.8 £ 5.2% (mean = SEM),
compared to pre-stimulation baseline levels (n = 6). Application of 100 nM
CGS15943 (n = 3) showed an increase in fEPSP amplitude of 139.9 + 7.8%
(mean = SEM), compared with the fEPSP amplitude at baseline level. In the
presence of 50 nM KW-6002 (n = 5), the LTP was represented by an increase
in fEPSP amplitude of 132.9 + 3.6% (mean £ SEM), compared to pre-5xTBS
fEPSP amplitude (Fig.3.29. & 3.30.). The effects of 100 nM CGS15943 or 50
nM KW-6002 were not significantly different to the increase in fEPSP
amplitude observed in the vehicle control group (all groups: p>0.05, unpaired
student’s t-test, see table 3.16.).
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Figure 3.29. The effects of adenosine receptor antagonists on LTP in the CAl
area of the hippocampus in the presence of 5 mM extracellular glucose
Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5xTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds), 100 nM CGS15943 (purple diamonds) or 50
nM KW-6002 (yellow diamonds) was applied for 20 minutes (black bar). Theta-burst
(5XTBS; indicated by the bar on the timeline), induced LTP. Error bars represent
standard error of the mean (SEM). N: vehicle = 6; CGS15943 = 3; KW-6002 =5
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Figure 3.30. The effects of adenosine receptor antagonists (100 nM CGS15943
and 50 nM KW-6002) on LTP in the CAl area of the hippocampus in
experiments utilizing 5 mM glucose-containing aCSF

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5xTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or adenosine receptor antagonists. The
magnitude of LTP was measured as the average of the evoked fEPSPs recorded during
the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of the adenosine antagonists did not result in significant changes in fEPSP
amplitudes, compared to vehicle (statistical results summarized in Table 3.16.,
unpaired Student’s t-test). (N: vehicle = 6; CGS15943 =3; KW-6002 = 5).

Table 3.16. Mean fEPSP amplitudes measured 50-60 minutes after a 5xTBS
stimulation in rat hippocampal slices prepared with aCSF containing 5 mM glucose

and treated with vehicle or adenosine antagonist, (unpaired Student’s t-test, NS, non-

significant).
Treatment Mean SEM n Pvs
Vehicle
Vehicle 141.8 5.2 6
100 nM CGS15943 139.9 7.8 3 NS
132.9 3.6 5 NS
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3.14.9 Results: A summary of the effects of adenosine receptor
antagonists on the LTP in the presence of aCSF containing 2 mM of

glucose

LTP in CAL induced in response to 5xTBS in the presence of 0.1%
DMSO (vehicle control) resulted in an increase in the amplitude of fEPSP of
131.6 + 4% (mean + SEM), compared to pre-stimulation fEPSP amplitude (n
=4). In response to 1uM DPCPX the fEPSP amplitude rose to 149.1 £+ 5.2%
(mean £ SEM), compared to pre-5xTBS fEPSP amplitude (n = 2) (see Fig.
3.31. & 3.32.). This effect appeared larger when compared to the control group
(see table 3.17.). The application of 50 nM KW-6002 led to an increase in
fEPSP amplitude of 122 + 3.5% (mean £ SEM), compared to the fEPSP
amplitude before the 5XTBS application, however it cannot be determined if
this effect is significantly different to the results collected from the vehicle

control group (see table 3.17.).
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Figure 3.31. The effects of adenosine receptor antagonists on LTP in the CAl
area of the hippocampus in 2 mM glucose aCSF

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 5XTBS induction in rat hippocampal slices pre-treated for 20 minutes with either
vehicle of test compound. Data are expressed as a percentage of the average of fEPSP
amplitudes recorded during the 10-minute period before the application of 5XTBS
protocol. Following a 10-minute stable baseline recording period (no compound
treatment), vehicle (black diamonds), 1uM DPCPX (green diamonds), or 50 nM KW-
6002 (yellow diamonds) was applied for 20 minutes (black bar). Theta-burst (5xTBS;
indicated by the bar on the timeline), induced LTP. N: vehicle = 6; DPCPX = 2; KW-
6002 =2
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Figure 3.32. The effects of adenosine receptor antagonists (1 pM DPCPX and 50
nM KW-6002) on LTP in the CAl area of the hippocampus in experiments
utilizing 2 mM glucose-containing aCSF

Bar chart summarizing the effects of different adenosine antagonists on LTP. The
level of LTP was measured 50-60 minutes after 5XTBS induction paradigm from rat
hippocampal slices treated with either vehicle, or adenosine receptor antagonists. The
magnitude of LTP was measured as the average of the evoked fEPSPs recorded during
the last 50-60 minutes expressed as a percentage of the average baseline fEPSP
amplitude recorded in the 10-minute period immediately prior to induction of LTP.
Application of 1uM DPCPX resulted in a significant change in fEPSP amplitude,
compared to vehicle (N: vehicle = 4; DPCPX = 2; KW-6002 = 2).

Table 3.17. Mean fEPSP amplitudes measured 50-60 minutes after a 5XxTBS
stimulation in rat hippocampal slices prepared with aCSF containing 2 mM glucose

and treated with vehicle or adenosine antagonist, (NS, non-significant).

Treatment Mean SEM n Pvs
Vehicle
Vehicle 131.6 4 4
149.1 55 2 NS
122 3.5 2 NS
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3.15 Conclusions

In this project we have evaluated the effects of various D-glucose
concentrations (10, 5 and 2mM) on 5xTBS-induced LTP, in the presence of
either vehicle (0.1% DMSO) or a selection of adenosine receptor-targeting
antagonists (the non-selective A1, Aza, A2z and As receptor antagonist
CGS15943 (100 nM); the selective A receptor antagonist DPCPX (1 uM); the
selective Axa receptor antagonist KW-6002 (50 nM); the selective Azg receptor
antagonist PSB603 (100 nM); the selective Az receptor antagonist MRS1523
(300 nM).
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3.15.1 The effects of extracellular glucose on LTP in rat

hippocampus

According to extensive research identifying the physiologically
relevant range of glucose in the brain, the widely accepted use of aCSF
containing 10 mM D-glucose for in vitro brain slice electrophysiology
experiments is not entirely comparable to the conditions the brains are exposed
to in vivo. Therefore, a reduction in D-glucose levels in aCSF solutions might
provide a more physiologically relevant result. Our findings show that with
lower D-glucose levels, the amplitude of LTP decrease as well. Although the
reduction in LTP seen in experiments utilizing 2 or 5 mM D-glucose aCSF was
not significant once compared to the LTP from the 10 mM experiments, more
experiments are required to substantiate this, given the low n numbers recorded
here for 2 mM glucose. Nevertheless, it can be concluded that increased
concentration of extracellular glucose appears to enhance LTP. Although these
results do not exactly correspond with the findings of Moriguchi et al (2011)
who reported an up to a two-fold increase in LTP in the presence of 10 mM
extracellular glucose, as opposed to LTP collected from experiments utilizing

3.5 mM extracellular glucose.

To elaborate upon the influence of extracellular glucose concentration
on fEPSP amplitudes, some of the technical aspects utilized in these in vitro
experiments, should be discussed. Specifically, the use of an interface chamber
and brain slices. This type of experimental setup provides an almost
unrestricted supply of glucose directly to the surface of the brain tissue, leading
to a larger diffusion gradient between the surface of the slice and its interior,
compared to brain in vivo. According to Tekkok et al (2002), this gradient can
be modelled, giving an estimate of the interior glucose concentration within
the brain slice. By adapting this equation (Figure 3.33., Tekkok et al., 2002) to
the experimental conditions of this study, the interior glucose concentration at
a depth of 200 um can be approximated for different ambient aCSF glucose
concentrations: 10 mM glucose in aCSF decreases to 7.34 mM; 5 mM to 2.34

mM; and 2 mM aCSF glucose would amount to 0 mM, assuming that the rate
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of glucose utilization remains constant. Although the depths of the stimulating
and recording electrodes in most fEPSP experiments are usually a somewhat
arbitrary measure, it appears that in cases where glucose concentration is of
interest it might be of importance to consider the varying levels of glucose

throughout the tissue.

A [G]e = [G]s — (a/2D*)(2xI-x?)

B [Gle = [G]s—0.19(9x-x?)

Figure 3.33. The equation for determining the net flux of glucose for tissue slices
at an air-aCSF interface experimental configuration

(A) and its simplified form for slice thickness of 450 uM (B).

Obtaining the steady-state extracellular concentration of glucose ([G]e) at a given
depth (X) requires the glucose concentration at the surface of the slice ([G]s), the rate
of glucose utilization (a), the effective diffusion quotient (D*), and the slice thickness
(). The rate of glucose utilization has been estimated to be about 5 nmol gt s™%. The
diffusion coefficient (D) of glucose in agar is 3.3x10°® cm? s™* (Lund-Andersen and
Kjeldsen, 1976); taking a value of 1.6 for the tortuosity factor (1) (i.e., the relationship
between effective resistance to macroscopic flow and the particular resistance of the
medium encompassing the microscopic flow), leading to D* = D//?=1.3x10% cm?s™!
(adapted from Tekkok et al., 2002).

Another factor to consider is the presence of mannitol in brain slice
preparations using 5 mM and 2 mM D-glucose. Mannitol is commonly used in
emergency medical cases involving traumatic brain injury as an
osmotherapeutic agent where it exerts its neuroprotective effect via increasing
the osmotic pressure in the CSF. In vitro, the use of mannitol is justified as
additional neuroprotective support, especially when investigating ischemic
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edema. However, mannitol itself has been shown to have an inhibitory effect
upon fEPSP magnitude (Nakijama et al., 2004). Therefore, the reduction in
LTP seen in the presence of 5 and 2 mM D-glucose could be explained not
only due to lack of glucose but also due to presence of mannitol, collectively

impeding synaptic transmission.

Although in vitro slice electrophysiology has been considered a
reliable investigatory technique for several decades, the present collective
knowledge regarding glucose, its uses within the brain, the low ATP levels in
brain slice preparations, and imperfect oxygenation of the brain tissue due to
the removal of the BBB and further mechanical damage to both vascular
supply and brain tissue due to slicing, has raised questions whether this
laboratory method can offer a true explanation for the physiological events
responsible for learning and memory (Capron et al., 2006; Slanzi et al.,
2020).0n the other hand, while the search for the perfect experimental
technique continues, slice electrophysiology could represent a window into

investigating brain injury.

3.15.2 Conclusions: Effects of the A receptor antagonist DPCPX on
LTP induced in CAL in the presence of 10 and 2mM extracellular

glucose

The application of the selective Ax receptor antagonist DPCPX on the
hippocampal slice preparation in the presence of 10mM extracellular D-
glucose did not result in a significant change in LTP once compared with the
vehicle, whereas some difference in the fEPSP amplitude was observed upon
application of DPCPX in the presence of 2mM D-glucose. The latter result is
somewhat anticipated since antagonism of the A:R is known to increase
neuronal activity, although it should be noted that based on n=2 it is not
appropriate to draw a definite conclusion in favour of this observation.
According to literature, application of DCPCX facilitates the induction of LTP

as well as enhances its magnitude, at least in young adult rats (Costenla et al.,
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2011). Since there is an influence of intracellular ATP on extracellular
adenosine and neuronal excitability, i.e., in cases of sufficient intracellular
ATP (Zur Nedden et al., 2011, 2014; Hall & Frenguelli, 2018), reducing
extracellular glucose induces release of adenosine and activation of adenosine

A receptors (Kawamura et al., 2010).

In addition, it can be argued that lowering extracellular glucose levels
mimics aspects of ketogenic diet in vitro, i.e., should normal or elevated
intracellular levels of ATP be accompanied by a reduced extracellular glucose
concentration, the pannexin-1 channels will open and release intracellular ATP
into extracellular space. This ATP will rapidly undergo conversion into
adenosine, subsequently activating the A:Rs, leading to opening of Katp
channels and eventually — hyperpolarization and reduced excitability
(Kawamura et al., 2010). This factor could explain the DPCPX-related
increase in LTP seen in the presence of 2 mM but not 10 mM D-glucose aCSF.

3.15.3 Effects of the Aoa receptor antagonist KW-6002 on LTP
induced in CA1 in the presence of 10, 5 and 2 mM extracellular

glucose

In 2019, the selective Aoa receptor antagonist KW-6002, or
Istradefylline (Nourianz) was approved by the FDA as an add-on therapy to
levodopa/carbidopa treatment in adults with Parkinson’s disease. The success
of this compound highlights the significance of Axa antagonism via the
amelioration of motor response, accompanied by the rescue of dopamine and
its metabolites, and glutamate, and GABA levels in the striatum, resulting in

the observed beneficial outcomes for cognition (Uchida et al., 2014).

Furthermore, the involvement of the Axa adenosine receptor in LTP
facilitation has been well established. As follows, the use of A2aR antagonists
result in a decrease in LTP and therefore suggesting an excitatory role of

AzaRs, a phenomenon that becomes exacerbated as animals age (de Mendoca
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& Ribeiro, 1994; Costenla et al., 2011). In addition, in the hippocampus the
Azareceptors are necessary for the LTP facilitation by BDNF (Fontinha et al.,
2008). This piece of evidence is particularly interesting due to the important
role BDNF plays in the formation of E-LTP (Korte et al., 1995; Patterson et
al., 1996).

However, no significant differences in the fEPSP amplitudes were
observed upon the application of KW-6002 to the hippocampal slices,
accompanied by TBS stimulation. However, it is worthy of note that in
experiments outlined here E-LTP appeared reduced although it was not
systematically analysed. Also, in the presence of 2 mM D-Glucose the change
in fEPSP amplitude was somewhat lower than those seen in experiments
accompanied by 10 and 5 mM D-Glucose aCSF, a similar pattern was
collectively produced the 10, 5 and 2 mM D-glucose vehicle control
experiments. Therefore, it could be argued that as in the case with the vehicle
experiments, even in the presence of KW-6002, low levels of extracellular
glucose contributed towards the overall electrophysiological output of the

hippocampal circuit in question.

On the other hand, application of KW-6002 in the presence of both 5
and 2 mM, showed a reduction in post-tetanic potentiation (PTP), a change in
synaptic plasticity that previously has been observed at hippocampal mossy
fiber synapses, in the presence of A1 receptor antagonist DPCPX (Kimberly et
al., 2003). While the involvement of the A1R cannot be entirely excluded under
these experimental conditions, due to the established A; — Aoa receptor
interactions, it is also plausible that the glial cell ability to release ATP is
another contributing factor. For example, a lower level of ATP release would
lead to a lower concentration of adenosine in the synaptic cleft and a

subsequent activation of A1Rs, resulting in a lower PTP.
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3.15.4 Effects of the A2g receptor antagonist PSB603 on LTP induced

in CALl in the presence of 10 mM extracellular glucose

Determining the definite role of the A2g receptor in the context of
hippocampal LTP and metabolism remains elusive, primarily due to the low
presence of this receptor in the brain, compared to the AiR or AaaR.
Nevertheless, increasing evidence points towards the necessity of the AR
under certain pathological states. For example, its low binding affinity to
adenosine suggests that A2gR is activated when adenosine levels are higher
than normal due to inflammation, trauma, ischemia or hypoxia (Fredholm et
al., 2001).

It has been shown that A2g receptors control astrocytic and neuronal
glycogen metabolism, and glucose utilization in hippocampal slices
(Magistretti et al., 1986; Allaman et al., 2003; Lemos et al., 2013). In addition,
previous oxygen-glucose deprivation (OGD) research shows that just like in
controls, pre-treatment with Aozg receptor antagonists to CAl pyramidal
neurons does not result in morphological changes, nor increased apoptosis or
activated mTOR levels (Fusco et al., 2018). Therefore, the Azg receptor can be
considered as having a protective function within the CA1 of the hippocampus,
especially in cases of acute ischemic/hypoxic damage. In conclusion, since our
data of PSB603 application do not show any significant deviations from the
vehicle data, the experimental conditions involving 10 mM D-glucose were

optimal for this context.
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3.15.5 Effects of the As receptor antagonist MRS1523 on LTP

induced in CA1 in the presence of 10 mM extracellular glucose

Understanding the function of the As receptor in the CNS remains a
challenge due to its relatively limited presence in tissue and reduced affinity
for adenosine (Ki = 1 uM), compared to adenosine receptors A1 (Ki = 10 nM)
and Aza (Ki= 0.5 nM). However, considering that baseline adenosine levels
can increase dramatically not only under pathological stresses, such as injury,
hypoxia or ischemia, but can also rise transiently during synaptic plasticity, it
is possible that the Az adenosine receptor contributes towards modulation of
LTP.

The selective Az receptor antagonist MRS1523 has been reported to
reduce the effects of ischemic injury in vitro. Although the exact role of As
receptor antagonists in synaptic activity under hypoxia/ischemia remains
conflicting, the existing data suggests that the protective or disruptive
outcomes of AsR activation may depend on the cell type involved, as well as
the duration of activation. For example, the application of MRS1523 to an in
vitro brain slice preparation, before and during a severe oxygen-glucose
deprivation (OGD) protocol stimulates a recovery of neurotransmission,
whereas application of this antagonist before a brief OGD results in a reduction
of the OGD-induced depression of fEPSPSs in the CA1 of the hippocampus
(Pugliese et al., 2007).

Since it is universally recognized that cerebral stroke and other
ischemic insults are likely consequences of chronic and progressive
inflammation, which in turn are likely accompanying features of T2D,
metabolic syndrome and AD, exploring all possible options for preventing the
detrimental effects of cerebral ischemic injury are required (Lindsberg & Grau,
2003).
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3.15.6 Effects of the non-selective adenosine receptor antagonist
CGS15943 on LTP induced in CAL in the presence of 10 and 5 mM

extracellular glucose

CGS15943 is a compound which in the brain acts as a potent Az and
Az receptor antagonist, and its effects on animal behaviour in experimental
settings are often compared to those of caffeine (Holtzman, 1991; Weerts &
Griffiths, 2003). Evidence suggests that in both humans and animals, chronic
consumption of caffeine has been associated with prevention of memory
dysfunction, age-related cognitive impairment, and even reduced incidence of
Alzheimer’s disease (Takahashi et al., 2008; Ritchie et al., 2007; Maia & de
Mendonca, 2002; Eskelinen et al., 2009).

Given the significance of LTP as a possible neurophysiological
correlate of learning and memory, the use of caffeine would be expected to
result in facilitation of LTP. However, this is not the case, since application of
caffeine, accompanied by high-frequency stimulation to the Schaffer
collaterals, results in a reduction in LTP recorded from the CA1 fibers of the
hippocampus (Costenla et al., 2010; Lopes et al., 2019). Similarly, the effect
of CGS15943 upon the magnitude of LTP is not facilitatory, regardless of
whether the experiment was carried out in the presence of 10 or 5 mM D-
glucose.

Therefore, it is of importance to draw attention to the commonly
drawn parallels between the increase in LTP magnitude and memory
performance. It is also possible that adenosine and its receptors contribute to

the formation of learning and memory outside the hippocampus.
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3.16 Future Experiments

One of the biggest drawbacks of the current study was the relative low
n numbers associated with many aspects of the study, in particular the
experiments with low levels of glucose. Future studies will need to address
this, the current unusual situation globally preventing completion of the
experiments here. In addition, we must draw attention to the challenge that
presents itself upon utilizing low glucose-containing aCSF solutions, as in
these cases it is less frequent to detect adequate fEPSPs, resulting in the low n
counts in our experiments of 5 and 2 mM glucose aCSF. This effect becomes
even more apparent if an experiment is started using 10 mM glucose aCSF
which is then swapped with an aCSF containing 2 mM of glucose, i.e., more
often than not, the fEPSP will diminish over the course of the experiment.

Interestingly, experiments outlined here failed to replicate similar
experiments previously undertaken in this lab that showed even narrow
changes in extracellular glucose between 2 and 5 mM markedly affecting LTP
whereas 10 mM glucose produced lower LTP than 5 mM. It is unclear at
present why this was the case. Further work would be required to clarify this
as few recordings were made here at lower concentrations of extracellular
glucose where our previous studies had suggested the system was most
sensitive. In addition, experiments should be repeated looking at the effects of
extracellular glucose and adenosine receptor antagonists on basal extracellular
field potentials to determine the role of ambient glucose levels and tonic
adenosine drive on low frequency synaptic transmission. It would also be
beneficial to perform more control experiments before continuing with

adenosine receptor antagonists.

In conclusion data presented here suggest little or no effect of
extracellular glucose on LTP and offer little support to the notion that ambient
extracellular glucose levels impact LTP via a glial-adenosine-dependent

mechanism as is observed in hypothalamus.
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Chapter 4: An electrophysiological
evaluation of novel, a7nAChR-targeting

compounds

4.1 Introduction

Decades worth of research into the vast landscape of disorders
associated with cognitive deficits and decline, has yielded a surprisingly
limited number of effective and reliable treatments. At present, the approved
compounds for Alzheimer’s disease management include cholinesterase
inhibitors, e.g., donepezil, rivastigmine, and galantamine, and the NMDA
glutamatergic receptor blocker memantine, all of which have modest efficacy
upon the cognitive impairment seen in AD. Similarly, most drugs used to treat
schizophrenia block the dopamine D2 receptor, alleviating symptoms such as
delusions and hallucinations, yet failing to improve the deficits in cognitive
processes which also involve dopamine-related activity (Casey et al., 2010;
Szeto & Lewis, 2016; Patel et al., 2014).

Although most of the reported positive effects of these drugs have
been moderate in magnitude overall and are highly unpredictable in terms of
outcome across individuals, they have had an enormous impact, generating
interest in the concept of cognitive enhancement not only for patients with
brain disorders, but also for healthy persons. Nevertheless, the use of
substances that enhance components of the memory and learning brain circuits,
e.g., dopamine, glutamate, and norepinephrine, and therefore stand to elevate
brain function in healthy individuals beyond their baseline functioning remains

controversial (Sahakian et al., 2015).
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4.2 a7nACh - the target of interest

Stimulation of alpha 7 nicotinic receptors (a7nAChRs) elevates
cholinergic neurotransmission and the release of glutamate and dopamine,
therefore improving cognitive functions in both humans and rodents (Lewis et
al., 2017; Potasiewicz et al., 2017; Lendvai et al., 2013; Yang et al., 2017).

Mounting evidence suggests that the a7 nicotinic acetylcholine
receptor (NAChR) may play a substantial role in cognitive performance. In the
central nervous system (CNS), the a7 nAChRs are highly expressed in
hippocampus, cerebral cortex, and thalamus, brain regions involved in
cognitive function, and activation of a7 NAChR has been shown to modulate
synaptic function and influence the release of a range of neurotransmitters,
e.g., glutamate, y-aminobutyric acid (GABA), ACh, norepinephrine, and
dopamine (Livingstone et al., 2009; Huang et al., 2014; Koranda et al., 2014).
Preclinical studies in multiple species have shown that boosting a7 nAChR
activity improves cognitive deficits in episodic memory (Sahdeo et al.,
2014; Weed et al., 2017), working memory (Ng et al., 2007; Castner et al.,
2011), as well as attention (Pichat et al., 2007; Rezvani et al., 2009), whereas
blocking or genetically deleting the «7nAChR is associated with impaired
cognitive performance (Keller et al., 2005; Young et al., 2007). Furthermore,
the expression level of a7 NAChR can be affected by several pathologic
conditions, including Alzheimer’s disease (AD) and schizophrenia (Freedman
et al.,, 1995; Guan et al., 2000; Wevers et al., 2000; Kadir et al., 2006).
Information provided by human genetic studies indicates that both large
deletions to the region of 15g13.3 in chromosome 15 and smaller deletions to
the gene for the a7 nAChR, CHRNAY, frequently produce cognitive
impairments (Sharp et al., 2008; Le Pichon et al., 2013). In addition, an
unusually high affinity interaction exists between AP and a7nAChRs,
indicating towards a role in the pathophysiology of Alzheimer’s disease and
ttherefore fortifying the likely significance of this nicotinic receptor even
further (Wang et al., 2000).
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As a result, the a7nAChR has attracted a substantial amount of
attention as a target for cognitive deficits seen in Alzheimer’s disease and
schizophrenia. And taken together, based on receptor localization, genetics
implicating its involvement in cognitive disturbances, promising preclinical
findings, and encouraging, if somewhat mixed, clinical data involving a7nACh

orthosteric agonists has emerged.

4.2.1 7nAChR agonists

At present, most of the developed a7nAChR modulators are partial
agonists, rather than full agonists. Unlike full agonists, such as endogenous
acetycholine (ACh), partial agonists are orthosteric ligands which, upon
binding to the receptor, can only elicit a submaximal response, even at

concentrations where all available receptors are occupied (Lape et al., 2008).

For example, encenicline (EVP-6124) is a selective a7nAChR partial
agonist developed by Bayer Healthcare and in 2004 licensed to Envivo
Pharmaceuticals, which in 2014 became FORUM Pharmaceuticals Inc. The
rationale underlying the development of EVP-6124 was to boost cholinergic
transmission and thus cognitive enhancement by taking advantage of selective
a7nAChR agonism without causing side-effects associated with overactivation
of other nicotinic receptors, such as a4p2 or muscarinic AChRs. For example,
an advantage for targeting o7 nAChRs lies in the evidence that unlike the (3>
NnAChRs, they do not appear to be involved in activation of behavioural reward

pathways and, hence, may not be associated with development of addiction.

The lack of cognitive benefits for individuals suffering from
schizophrenia or AD, can be explained by a number of limitations associated
with medication including a lack of target selectivity leading to dose-limiting
side-effects. In addition, sustained exposure to an agonist can result in
desensitization and loss of function. Another shortcoming associated with

orthosteric approaches for targeting a7nAChRs is an inverted U-shape dose-
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response curve which may impede the efficacy of an a7 agonist to a very

specific and narrow range of drug exposure (Deardorff et al., 2015).

4.2.2 aTnAChR positive allosteric modulators (PAMS)

To overcome the limitations of the endogenous ACh site-binding
orthosteric agonists, alternative ways of influencing the a7 nAChR activity
have been proposed. Positive allosteric modulators (PAMs) of the a7 nAChR
bind to a unique binding site on the receptor and potentiate the actions of the
endogenous ligand ACh, and thus may pose an improved clinical profile,
compared to orthosteric a7 agonists. PAMs show enhanced selectivity over
related Cys-loop superfamily of ligand-gated ion channels via binding to a
non-conserved region of the a7 nAChR (Dinklo et al., 2011; Williams et al.,
2011). In addition, PAMs do not appear to promote receptor desensitization,
unlike o7 agonists, desensitization in this case referring to the rapid
inactivation of the receptor in the presence of ligand rather than loss of the
response to repeated applications. Hence, a7 PAMs may provide efficacy over
a wider range of concentrations and sustain efficacy upon repeated dosing
events. Various structurally diverse a7 PAMs have been identified, and
according to their impact upon receptor desensitization kinetics, at least two
distinct types of PAMs have been defined. Type | PAMs, such as BNC375,
potentiate the agonist-induced peak current without affecting the
desensitization kinetics. Type Il PAMs, affect not only the peak current but

also delay receptor desensitization (Bertrand et al., 2015).
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The aim of the work described here was to test the effects of three
nicotinic a7 ligands on long-term potentiation (L TP) of synaptic transmission
in the hippocampus in vitro to determine the utility of these ligands as potential
enhancers of learning and memory. The ligands investigated were:

e anovel a7nAChR ligand (L-436, MERCK).

e partial agonist (EVP-614, Forum Pharmaceuticals).

e PAM (BNC375, MERCK).

4.3 Results: The Effects of Encenicline (EVP-614) on LTP in the

hippocampus in vitro

Extracellular recordings of field excitatory postsynaptic potentials
(FEPSPs) were recorded in the CAL region of septo-hippocampal brain
sections, obtained from Sprague-Dawley rats (6-8 weeks, 120-250 g), in
response to electrical stimulation of the Schaffer collateral pathway. A 10-
minute baseline was recorded, followed by a 20-minute application of EVP-
6124, or vehicle (aCSF + 0.1%DMSO0), applied 15 minutes before and washed
5 minutes after the induction of LTP. Experiments with unstable baselines
were abandoned. Five concentrations of EVP-6124 were tested: 1 nM, 1.78
nM, 3.16 nM, 5.62 nM, 10 nM. This narrow concentration range was chosen
based on previous studies carried out by this lab with Envivo and subsequently
Forum Pharmaceuticals. The range of concentrations used here was based on
the fact that the concentration response curve is U-shaped and 1 to 10 nM is
within the range where peak effects were observed (Neurosolutions,
unpublished observations). LTP in the hippocampal CA1 region was measured
as an increase in the amplitude of the fEPSP relative to controls, in adult male
rat septo-hippocampal slices induced by a 10xTBS of the Schaffer collaterals
linking CA3 to CAL.
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LTP in CA1 induced in response to TBS, in the presence of 0.1%
DMSO (vehicle control) amounted to a 123.58 + 4.72 % (mean = SEM)
increase in the fEPSP compared to pre-TBS baseline levels), measured by
analyzing the data gathered at the last 10 minutes of the recording following
LTP induction, when said trace is the most stable (n =10). LTP induced in the
presence of EVP-6124 at a concentration of 1 nM was associated with an
increase in the fEPSP to 122.37 + 3.27 % (mean = SEM) of pre-TBS levels.
This effect was not significantly different to that observed in the vehicle
control group (n = 10; p>0.05; Dunnett’s post-hoc test; see Fig. 4.1.). EVP-
6124 at a concentration of 1.78 nM was associated with an increase in the
fEPSP to 124.56 + 2.51% (mean + SEM) of control values, again an effect that
was not significantly different to LTP induced in the vehicle control group (n
= 9; p>0.05; Dunnett’s post-hoc test; see Fig. 4.2.). LTP induced in the
presence of 3.16 nM EVP6124 amounted to an increase in fEPSP to 133.40 +
4.20% (mean = SEM) of baseline levels. As previously, this rise in fEPSP was
not significantly different to that recorded from the vehicle experiments (n =
10; p>0.05; Dunnett’s post-hoc test; see Fig. 4.3.).

Subsequent utilization of 5.62 nM of EVP-6124 resulted in an
increase in fEPSP to 139.76 + 2.04% (mean £ SEM). LTP induced by this
concentration of EVP-6124 was significantly enhanced compared to control
experiments alone (n = 11; p<0.01; Dunnett’s post-hoc test; see Fig. 4.4.).
Similarly, a significant increase of 144.84+ 3.51% (mean £ SEM) in fEPSP
amplitudes was observed in response to 10 nM EVP-6124 (n = 10; p<0.01,
Dunnett’s post-hoc test; see Fig. 4.5.). In summary, the experiments described
here show that EVVP-6124 enhanced LTP in the hippocampal CA1 region in a

concentration-dependent manner (Figs. 4.5.; 4.6.; 4.7.).
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Figure 4.1. The effect of 1 nM EVP-6214 on LTP in the CAL region of the

hippocampus

Time-course plot showing the effect of EVP-6124 on LTP of fEPSPs. Data are
expressed as a percentage of the average of fEPSP amplitudes recorded during the 10-
minute baseline period immediately before delivery of TBS. Following a 10-minute
stable baseline recording period (no compound treatment), vehicle (open circles) or
1.00 nM EVP-6124 (pink circles) was applied for 20 minutes (solid bar). Theta-burst
stimulation (10xTBS; indicated by the arrow), induced LTP. Note EVP-6124 at a
concentration of 1 nM had little effect on LTP compared to vehicle control. Error
bars represent standard error of the mean (SEM). N =10 for both the vehicle and 1.00
nM EVP-6124 groups.
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Figure 4.2. The effect of 1.78 nM EVP-6214 on LTP in the CAl region of the
hippocampus.

A combined scatterplot showing the effect of EVP-6124 on LTP of fEPSPs. Average
evoked field excitatory postsynaptic potentials (fEPSPS) recorded from septo-
hippocampal slices. Data are shown as a percentage increase in the responses for
average fEPSP amplitude recorded during the 10-minute period immediately before
TBS induction of LTP for each slice. Following a 10-minute baseline period, vehicle
(control; open circles) or 1.78 nM EVP-6124 (green circles) was applied for 20
minutes (solid bar). Application of theta-burst stimulation (10xTBS; arrow) induced
stable long-term potentiation (LTP). EVP-6124 at 1.78 nM had no effect on LTP
relative to the control. Error bars are standard error of the mean (SEM). N (vehicle
=10; 1.78 nM EVP-6124 = 9).
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4.3. The Effect of 3.16 nM EVP-6214 on LTP in the CALl region of the
hippocampus

Average evoked field excitatory postsynaptic potentials (fEPSPs) recorded from
septo-hippocampal slices. Data are presented as a percent of the responses for average
fEPSP amplitude recorded during the 10-minute period immediately before TBS
induction of LTP for each slice. Following a 10-minute baseline period, vehicle (open
circles) or 3.16 nM EVP-6124 (purple circles) was applied for 20 minutes (solid bar).
Theta-burst stimulation (10xTBS; arrow) evoked stable long-term potentiation (LTP).
At the concentration of 3.16 nM, EVP-6124 marginally increased LTP relative to
control. Error bars are standard error of the mean (SEM). N =10 for both vehicle and
3.16 nM EVP-6124 groups.
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4.4, The Effect of 5.62 nM EVP-6214 on LTP in the CALl region of the
hippocampus

Time-course plot showing the effect of EVP-6124 on LTP of fEPSPs. Data is shown
as a percent of the responses for average fEPSP amplitude recorded during the 10-
minute period immediately before TBS induction of LTP for each slice. Following a
10-minute baseline period (no compound treatment), vehicle (open circles) or 5.62
nM EVP-6124 (blue circles) was applied to the slice for 20 minutes (solid bar). Theta-
burst stimulation (TBS; arrow) of the afferent fibers evoked stable long-term
potentiation (LTP). At the concentration of 5.62 nM, EVP-6124 significantly
increased LTP relative to vehicle. Error bars are standard error of the mean (SEM).
N (vehicle) = 10; (5.62 nM EVP-6124) = 11.
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Figure 4.5. The Effect of 10 nM EVP-6214 on LTP in the CAl region of the
hippocampus

Scatterplot showing the effect of EVP-6124 on LTP of fEPSPs. Data are expressed as
a percentage of the responses for average fEPSP amplitude recorded during the 10-
minute period immediately before TBS induction of LTP for each slice. Following a
10-minute baseline period (ho compound treatment), vehicle (open circles) or 10.0
nM EVP-6124 (orange circles) was infused for 20 minutes (solid bar). Theta-burst
stimulation (TBS; arrow) of the Schaffer collaterals evoked stable long-term
potentiation (LTP). Note the enhanced effect of 10 nM EVP-6124 upon LTP relative
to vehicle. Error bars are standard error of the mean (SEM). N = 10 for both vehicle
and 10.0 nM EVP-6124 groups.
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Figure 4.6. The effects of increasing concentrations of EVP-6124 on LTP in the
CA1 region of the hippocampus

Composite scatterplot of the experimental data, which are expressed as a percentage
of the average of fEPSP amplitudes recorded during the 10-minute period
immediately before delivery of TBS. Following a 10-minute baseline period (no
compound treatment), vehicle or EVP-6124 at the concentrations indicated was bath
applied for 20 minutes (solid bar). Theta-burst stimulation (TBS; arrow) of the
afferent fibers evoked stable long-term potentiation (LTP). EVP-6124 enhanced LTP
relative to vehicle in a concentration-dependent manner. Error bars are standard error
of the mean (SEM). N: 9-11 per group.

147



-
o
T

:

fEPSP amplitude (%)
S
—

100

Vehicle .00 1.78 316 562 10.0
EVP-6124 (nM)

Figure 4.7. EVP-6124 induced a concentration-dependent enhancement of LTP
in the CAL region of the hippocampus

Histograms summarizing the effects of increasing concentrations of EVP-6124 on
LTP. The magnitude of LTP was measured as the average of the evoked fEPSPs
recorded during the last 10 minutes of a 60 minute period expressed as a percentage
of the average baseline fEPSP amplitude recorded in the 10-minute period
immediately prior to induction of LTP (mean £ SEM; n = 9-11 per group). Note the
concentration-dependent enhancement of LTP with EVP-6124, the effect reaching
statistical significance at 5.62 and 10 nM (**p<0.01; ***p<0.001, respectively;
Dunnett’s post-hoc test, comparing each EVP-6124 treatment group with the vehicle

group).
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4.4. Results: The Effects of BNC375 and L-436 on LTP in the

hippocampus in vitro

In the following set of “blinded” experiments, the effects of a known
positive allosteric modulator (PAM), BNC375, at a concentration of 10 uM,
were compared with two concentrations (10 and 30 uM) of a novel Merck o7
nAChR-targeting compound (L-436), on long term potentiation (LTP) in
hippocampal brain slices. These experiments were performed with two
different genotypes of mice — wild type (WT) and a7 nAChR KO (Acra7-),
both supplied by MERCK, to confirm activity of these compounds at a7
nAChR.

4.4.1 The effects of a7 nAChR-targeting compounds in the
hippocampi of WT mice

In WT mice, LTP in CAL induced in response to 10xTBS, in the
presence of 0.1% DMSO (vehicle control), amounted toa 117.1 + 4.0 % (mean
+ SEM) increase in the fEPSP compared to pre-TBS baseline levels, measured
at the last 10 minute period (50 to 60mins) minutes following LTP induction
(n = 8). In the presence of the a7 nAChR -targeting compound L-436, at a
concentration of 10 uM, yielded LTP magnitude of 109.5 = 2.1 % (mean +
SEM), (n = 6) compared to parallel vehicle control experiments in wild type

mice. This change in fEPSP amplitude was not significant.

On the other hand, application of 30 uM of L-436 led to a marked
increase in fEPSP magnitude to 134.1+ 6.6 % (mean £ SEM) and the induced
LTP at this concentration was significantly enhanced compared to control
experiments alone (n = 6; p<0.05; Unpaired Student’s t-test; see Figs. 4.8., 4.9.
and Table 4.1.). Likewise, the a7 nAChR positive allosteric modulator,

BNC375 at a concentration of 10 uM, significantly increased the magnitude of
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LTP to 145.0 + 6.4 %, compared to parallel vehicle control experiments (n =
6; p<0.01; Unpaired Student’s t-test; see Figs. 4.8., 4.9. and Table 4.1).

442 The effects of a7 nAChR-targeting compounds in the

hippocampi of Acra7- mice

Following treatment with vehicle, the fEPSP amplitude recorded 60
minutes after theta burst stimulation was 129.1 + 2.3% of baseline (n = 10) in
Acra7- mice. It is important to note that these experiments were blinded and
no obvious differences between the KO and WT animals were apparent, i.e.,
there was no difficulty in finding and recording of fEPSPs, nor there was an
apparent difference in the stability of the recordings. Treatment with 10 uM or
30 UM L-436 had no effect on the level of LTP recorded 60 minutes after TBS
with mean fEPSP amplitude amounting to 125.5 + 2.8% and 125.9 + 1.9%,
respectively of baseline (n =7, 9, NS, Student’s unpaired t-test, Figures 4.10.
and 4.11., Table 4.2.).

Data were plotted normalised to the mean fEPSP amplitude 50-60
mins post TBS of the time-matched vehicle control recordings for each mouse
genotype to compare the effects of the compound between genotypes. The
magnitude of LTP normalised in this manner amounted to 93.5 £ 1.8% and
97.2 + 2.1 % in the presence of 10 uM L-436 in WT and Acra7- mice,
respectively, hence no significant effect on either genotype. However, the
magnitude of LTP in 30 uM L-436 amounted to 114.5 + 5.7% in WT and 97.5
+ 1.5% in Acra7- mice, LTP being significantly enhanced in WT but without
effect in the KO mice. These data suggest a7 nAChR are a pre-requisite for the
action of this compound on LTP. The effects of 10 uM L-436 in the Acra7-
group was significantly different to the 30 uM L-436 WT group, as was the 30
UM L-436 — induced effects between both mouse genotypes (** P<0.01, One-
way ANOVA with Bonferroni's multiple comparisons test; See Figure 4.12.
and Table 4.3.).
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443 The effects of a7 nAChR-targeting compounds in the
hippocampi of SD rats

To further clarify and confirm activity of L-436 at a7 nAChR, we
undertook additional pharmacological studies in rats utilizing a selective a7
nAChR antagonist, MLA (200 nM). This series of experiments were
performed on rat hippocampal brain slices obtained from male SD rats 6-9
weeks old. A 10-minute baseline was recorded, followed by a 20-minute
application of vehicle (aCSF + 0.1%DMSO0), 0.3, 3 or 10 uM of L-436. The
effect of the antagonist MLA was tested on 10 uM L-436-induced responses.
The compound perfusion started 15 minutes before and ended 5 minutes after
the induction of LTP.

Following treatment with vehicle, the fEPSP amplitude recorded after
theta burst stimulation was 124.5 + 2.6% of baseline (n = 14). Treatment with
0.3 UM L-436 had no effect on the level of LTP recorded 60 minutes after TBS
with mean fEPSP amplitude amounting to 128.3 + 5.6% of baseline (n = 6).
Perfusion with 3 uM L-436 however significantly increased the level of LTP
recorded after TBS with mean fEPSP amplitude amounting to 136.3 + 5.6% of
baseline (n = 6, P<0.05, Student’s unpaired t-test). Treatment with 10 uM L-
436 also significantly increased the level of LTP recorded 60 minutes after
TBS with mean fEPSP amplitude amounting to 149.7 + 4.8% of baseline (n =
9, P<0.01, Student’s unpaired t-test, Figures 4.13., Table 4.4.). Treatment with
200 nM MLA alone had no effect on the level of LTP, with mean fEPSP
amplitude amounting to 125.8 + 2.7% of baseline (n = 7) (Figure 4.14). When
MLA was co-administered with 10 uM L-436 the level of LTP recorded 60
minutes after TBS was not-significantly different from that of the vehicle
control with mean fEPSP amplitude amounting to 129.8 + 2.8% of baseline (n
= b, Figures 4.15. and 4.16., Table 4.4). However, the level of LTP was
significantly lower than that observed upon treatment with 10 uM L-436 149.7
+4.8% (n =9, P<0.05, Student’s unpaired t-test, Figures 4.15. and 4.16., Table
4.4).
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Figure 4.8. The effects of compounds L-436 and BNC375 on LTP in the CAl
region of the hippocampus of WT mice.

Composite scatter plot showing the effects of increasing concentrations (10 and 30
uM) of L-436 and 10 uM of BNC375 on LTP of fEPSPs. Data is shown as a
percentage of the response for average fEPSP amplitude recorded during the 10-
minute period immediately before 10xTBS induction of LTP for each slice. A baseline
period (no compound application) of 10 minutes was followed by a 20-minute period
of application (solid bar) of either vehicle (black diamonds), 10 uM L-436 (grey
diamonds), 30 uM L-436 (green diamonds), or 10 uM BNC375 (purple diamonds)
mean normalised fEPSP amplitudes before and after 10xTBS in hippocampal slices
prepared from wild type mice. Theta-burst stimulation (10xTBS; black bar) of the
Schaffer collaterals evoked stable long-term potentiation (LTP). At the concentration
of 30 uM, L-436 increased LTP relative to vehicle, as did 10 uM BNC375. Error bars
are standard error of the mean (SEM). N = 8;6 for vehicle and for all the compound

groups, respectively.
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Figure 4.9 The effects of a7 nAChR-targeting compounds on LTP in the CAl
region of the hippocampus.

Summary histograms representing the level of LTP measured 50-60 minutes after a
10xTBS induction paradigm from hippocampal slices prepared from wild type (WT)
mice treated with vehicle or test compound. A significant increase in fEPSP
amplitudes was associated with either 30 uM L-436 or 10 uM BNC375 (*/**
P<0.05/0.01 compared to vehicle, unpaired Student’s t-test; N: vehicle =8, 10 uM L-
436 =06, 30 uM L-436 =6, 10 uM BNC375 = 6).

Table 4.1. Summary table showing the mean magnitude of LTP measured 50-60
minutes after a 10xTBS stimulation in WT mice hippocampal slices treated with
vehicle (aCSF + 0.1% DMSOQ) or test compounds (unpaired Student’s t-test, NS, non-
significant).

Treatment Mean SEM n
P vs Vehicle
Vehicle 117.1 4.0 8
10 uM L-436 109.5 2.1 6 0.57
134.1 6.6 6 0.039
10 uM BNC375 145.0 6.4 6 0.002
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Figure 4.10. The effects of L-436 on LTP in the CAL region of the hippocampus
of Acra7- mice.

Composite scatter plot showing the effects of increasing concentrations (10 and 30
uM) of L-436 on LTP of fEPSPs. Data is shown as a percentage of the response for
average fEPSP amplitude recorded during the 10-minute period immediately before
10xTBS induction of LTP for each slice. Hippocampal slices prepared from Acra7-
mice were subject to a baseline period (no compound application) of 10 minutes,
followed by a 20-minute period of application (solid bar) of either vehicle (black
diamonds), 10 uM L-436 (grey diamonds) or 30 uM L-436 (green diamonds). Theta-
burst stimulation (10xTBS) of the Schaffer collaterals evoked stable long-term
potentiation (LTP). Error bars are standard error of the mean (SEM). N = 10
(vehicle);7 (10 uM L-436);9 (30 uM L-436). Note the lack of effect of the compound
in KO mice compared to WT shown in Fig 4.8.
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Figure 4.11. Summary of the effect of L-436, a a7 nAChR-targeting compound
on LTP in the CA1 region of the hippocampus of Acra7- mice.

Summary histograms representing the level of LTP measured 50-60 minutes after a
10xTBS induction paradigm from hippocampal slices prepared from wild type Acra7-
mice treated with vehicle or test compound. No significant increase in fEPSP
amplitudes was associated with application of either concentration of L-436,
compared to the vehicle (P>0.05; unpaired Student’s t-test, N: vehicle = 10; 10 uM
L-436 = 7; 30 uM L-436 = 9).

Table 4.2. Summary table showing the mean magnitude of LTP measured 50-60
minutes after a 10xTBS stimulation in Acra7- mice hippocampal slices treated with
vehicle (aCSF + 0.1% DMSO) or test compounds (unpaired Student’s t-test, NS, non-

significant).
Treatment Mean SEM n P vs Vehicle
Vehicle 129.1 2.3 10
10 uM L-436 125.5 2.8 7 0.327
125.9 1.9 9 0.301
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Figure 4.12. Summary bar chart comparing the effect of the nAChR-targeting
compound L-436 on LTP in the CAL region of the hippocampus of WT and
Acra7- mice.

Summary of histograms representing the level of LTP measured 50-60 minutes after
TBS in hippocampal slices treated with L-436 within this study. (** P<0.01, One-way
ANOVA with Bonferroni's multiple comparisons test). Data plotted normalised to the
mean fEPSP amplitude 50-60 mins post TBS of the time-matched vehicle control
recordings for each mouse genotype.

Table 4.3. Comparison of the mean fEPSP amplitudes measured 50-60 minutes after
a TBS in hippocampal slices treated with L-436 L, an a7 nAChR-targetting compound
within this study, (One-way ANOVA with Bonferroni's multiple comparisons test).
Data are normalised to the mean fEPSP amplitude 50-60 mins post TBS of the time-

matched vehicle control recordings for each mouse genotype.

Treatment Mean SEM n Pvs 10 yM L-436 | P vs 30 uM L-
(WT) 436 (WT)
10 pM L-436 (WT) 93.5 1.8 6 0.0005
10 pM L-436 (KO) 97.2 2.1 7 NS 0.0028
1145 5.7 6 0.0005
30 uM L-436 (KO) 97.5 15 9 NS 0.0019
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Figure 4.13. The effects of increasing concentrations of L-436 on LTP in the CAl
region of the hippocampus of SD rats.

Composite scatter plot showing the effects of increasing concentrations (0.3, 3 and 10
uM) of L-436 on LTP of fEPSPs. Data is shown as a percentage of the response for
average fEPSP amplitude recorded during the 10-minute period immediately before
10xTBS induction of LTP for each slice. A baseline period (no compound application)
of 10 minutes was followed by a 20-minute period of application (solid bar) of either
vehicle (black diamonds), 0.3 uM L-436 (green diamonds), 3 uM L-436 (purple
diamonds), or 10 uM L-436 (grey diamonds). Theta-burst stimulation (10xXTBS;
black bar) of the Schaffer collaterals evoked stable long-term potentiation (LTP). At
the concentrations of 3 and 10 uM, L-436 significantly increased LTP relative to
vehicle. Error bars are standard error of the mean (SEM). N = 14 (vehicle); 6 (0.3 uM
L-436); 6 (3 uM L-436); 9 (10 uM L-436).
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Figure 4.14. The effects of the a7 nAChR antagonist MLA on LTP in the CAl
region of the hippocampus of SD rats.

Composite scatter plot representing mean normalised fEPSP amplitudes before and
after 10xTBS in rat hippocampal slices treated for 20 minutes with either vehicle
(black diamonds) or MLA (blue diamonds). No significant changes in fEPSP
amplitude was observed, compared with the vehicle. Error bars are standard error of
the mean (SEM). N = 14 (vehicle); 7 (MLA).
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Figure 4.15. The effects of MLA on L-436-induced enhancement of LTP in the
hippocampus of SD rats.

Composite scatterplot of mean normalised fEPSP amplitude before and after 10xTBS
application in rat hippocampal slices treated for 20 minutes with either vehicle (black
diamonds), 10 uM L-436 (grey diamonds) or 200 nM 10 uM L-436 + 200 nM MLA
(orange diamonds). At the concentration of 10 uM, L-436 significantly increased LTP
relative to vehicle, an effect absent in the presence of the a7 nAChR antagonist MLA.
Error bars are standard error of the mean (SEM). N = 14 (vehicle); 9 (10 uM MLA);
5 (200 nM L-436 + 10 upM MLA).
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Figure 4.16. Summary bar chart showing the effects of increasing concentrations
of the a7 nAChR-targeting compound L-436 on LTP and the effects of the a7
NAChR antagonist MLA on L-436-induced effects.

Summary histograms representing the level of LTP measured 50-60 minutes after a
TBS induction paradigm from rat hippocampal slices treated with vehicle or test
compound. (*/** P<0.05/0.01 compared to vehicle, # P<0.05 compared to 10 uM L-
436, unpaired Student’s t-test). Note the concentration-dependent enhancement of
LTP by L-436 and the reversal of this effect in the presence of the a7 nAChR
antagonist MLA.

Table 4.4. Summary table showing the effects of increasing concentrations of the a7
nAChR-targeting compound L-436 on LTP and the effects of the a7 nAChR
antagonist MLA on L-436-induced effects. Mean fEPSP amplitudes measured 50-60
minutes after TBS in rat hippocampal slices treated with vehicle or test compound,

(Statistical comparison; unpaired Student’s t-test).

Pvs Pvs 10
Treatment Mean SEM n Vehicle | uM L-436
Vehicle 124.5 2.6 14
0.3 uM L-436 128.3 5.6 6 0.334
136.3 5.6 6 0.026
10 uM L-436 149.7 4.8 9 0.0001
200 nM MLA 125.8 2.4 7 0.480
129.8 2.8 5 0.153 0.013
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4.5 Conclusions and Discussion

The main aim of the current study was to validate a novel putative
PAM of a7 nAChRs, developed by Merck, L-436, and to compare the
effectiveness of this compound against known modulators of these receptors:
a partial agonist, EVP-6124 and a PAM BNC-375. The principal findings from
this study are that L-436 induced a concentration-dependent enhancement of
LTP in both mouse and rat hippocampal slices. This effect was lost in mice
lacking a7 nAChRs (Acra7- mice) unlike their wild-type littermates. In rat
hippocampal slices, the peak effect of L-456 on LTP, observed around a
concentration of 10 uM, was inhibited in the presence of the selective a7
nAChR antagonist MLA. Taken together these data suggest that L-436
enhances LTP via a direct effect on a7 nAChRs, although the exact mechanism
of action remains unknown to us due to L-436 being the client’s property.
However, we can seek to explain the possible mechanism of action of L-436
by likening its effects to those similar to already established partial agonists of
a7 nAChRs such as EVP-6124, GTS-21, S 24795 and SSR180711 (Biton et
al., 2007; Lagostena et al., 2008; Hunter et al., 1994; Hurst et al., 2013;
Bertrand et al., 2015; Townsend et al., 2016). a7nAChRs have long been
known to have arole in LTP (Mansvelder & McGehee, 2000). Previous studies
have shown bath application of a7 nAChR agonists facilitated LTP induction
(Hunter et al., 1994; Fujii et al., 1999), leading to enhanced and early and late
phase LTP in the CA1 region of the hippocampus and involves both enhanced
pre-synaptic glutamate release and post-synaptic depolarization (Kroker et al.,
2011). Distributed widely throughout the brain a7nAChRs, located on pre- and
post-synaptic terminals and in extra-synaptic locations (see Dani & Bertrand,
2007), modulate the release of a number of neurotransmitters, including
glutamate, GABA, dopamine and noradrenaline in an intracellular calcium-
dependent manner (Dickinson, Kew & Wonnacott, 2008; Zappettini, et al.,
2011; Molas & Dierssen, 2014; Quarta, et al., 2009).

A rise in intracellular calcium is a pre-requisite for the transient early
phase of LTP (E-LTP), the long lasting late phase of LTP (L-LTP) requiring
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protein synthesis via signalling through MAP kinase and phosphorylation of
ERK and cAMP-Responsive Element Binding (CREB) transcription factor, all
features of responses to ligand-induced activation of a7nAChRs (Bitner et al.,
2007; Bitner et al., 2010). Other signalling cascades that could contribute to of
a7nAChRs-mediated contributions to LTP and synaptic plasticity are the
CaMKII pathway and cAMP-PKA pathways (Sharma et al., 2008; Dajas-
Bailador et al., 2002; Welsby et al., 2009). The calcium permeability of
a7nAChRs is similar to that of NMDA receptors and is believed to be a key
feature of these receptors contributing to driving long-term changes in synaptic
plasticity (Seguela et al., 1993; Uteshev, 2012; Fagen et al., 2003; McKay et
al., 2007). Itis also possible that membrane depolariation via a7nAChRs could
contribute to relieving the magnesium block of NMDA receptors and co-
incident activation of a7nAChRs and NMDA receptors driving enhanced
calcium influx and enhanced LTP. Taken together a7nAChR-dependent

signalling pathways appear ideally equipped to modulate and enhance LTP.

In the hippocampus a7nAChRs mRNA and a7nAChRs associated a-
bungarotoxin binding sites are found distributed widely in the dentate gyrus,
CALl and CA3 (Sudweeks & Yakel, 2000; Fabian-Fine et al., 2001; Adams et
al., 2002). (Adams et al., 2002). a7nAChRs-mediated currents have been
localised to dentate gyrus granule cells, GABAergic interneurons, CA3 and
CAL pyramidal neurones (Ji et al., 2001; Grybko et al., 2011; Gu et al., 2012,;
John et al., 2015; Jones & Yakel, 1999). Elevations in intracellular calcium
associated with a7nAChRs-mediated currents have been imaged localised at
the level of the dendrites of CA1, CA3 pyramidal neurones and dentate granule
cell mossy fibre terminals (Fayuk & Yakel, 2005; 2007; Grybko et al., 2011,
Cheng & Yakel, 2014). Located on the pre- and post-synaptic terminals of
GABAergic interneurones and glutamatergic synapses ((Fabian-Fine et al.,
2001), a7nAChRs are positioned to modulate neurotransmitter release (Jones
et al. 1999; Dajas-Bailador & Wonnacott, 2004; Dani & Bertrand, 2007), and
post-synaptic transmission, respectively, all the ingredients required to drive
functional changes in synaptic plasticity as occurs in LTP.
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Three a7nAChR agonists were investigated for their effects on LTP
here. EVP-6124 was tested at 5 concentrations: 1.0 nM, 1.78 nM, 3.16 nM,
5.62 nM and 10.0 nM. This study was in fact part of an extensive range of
investigations undertaken by this lab to identify mechanism of action of the
compound and to provide “proof-of-concept” studies for its ability to enhance
cognitive function. Initial studies revealed the compound to be effective at low
concentrations in vivo and in vitro and associated with a “bell-shaped”
concentration response curve (see also Townsend et al., 2016). EVP-6124
enhanced LTP at low concentrations and enhanced cholinergic currents in vitro
(Prickaerts et al., 2012). Prickaerts et al., (2012) showed EVP-6124 enhanced
acetylcholine-induced currents mediated via human a7nAChRs over the range
of 0.3 to 1 nM whereas higher concentrations yielded inhibition with an 1Csp
around 3 nM. Data presented here show a remarkable sensitivity to EVP-6124
in LTP assays in rat, the compound showing a concentration-dependent
enhancement of LTP over the range 1 to 10 nM, the effect being significant at
5.62 and 10.0 nM. However, compared to data on human a7nAChRs, the
effective concentration to yield significant LTP was in the range reported for
the compound to suppress ha7nAChRs currents. The most likely explanation
for this discrepancy is a species difference or a penetration issue in slice
preparations, as used here, compared to oocytes used by Prickaerts’s team.
Nevertheless, data presented here on LTP show a remarkable sensitivity to
EVP-6124. Precisely how this compound works is not entirely clear. It is
proposed to act as a potent, partial, selective agonist for a7nAChRs and co-
agonist activity is a feature of its action. Co-agonist activity is where any one
receptor has two binding positions and occupancy of both positions is required
to activate channel opening. Thus, if a single high affinity molecule, such as
EVP-6124 were to occupy a site, the probability of a lower affinity ligand such
as acyetylcholine simultaneously occupying the second site leading to channel
opening is increased. At higher concentrations where EVP-6124 as a partial
but high affinity agonist occupies both sites would limit available binding sites
for ACh and potentially diminish the response (Prickaerts et al., 2012). This
same group proposed that with EVP-6124 acting at sub-nanomolar

concentrations in a co-agonist-dependent manner would lead to an improved
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side-effect profile than a classic full agonist approach and would increase drug
safety margin. It is therefore of interest that EVP-6124 showed initial success
in Phase 2 clinical trials for cognitive deficits in schizophrenia (Preskorn et al.,
2014). Howevew, in Phase 3, the drug concentration was increased, and the
trials halted due to adverse side-effects and lack of efficacy at primary end-
points (BusinessWire, 2015). It is therefore tempting to speculate that the
“bell-shaped” concentration response observed with this compound may in

fact be an undesirable feature extremely sensitive to drug dosage.

BNC375 was another a7nAChR-targetting ligand profiled
extensively in our lab for Merck. BNC375 was proposed to be a a7nAChR
positive allosteric modulator (PAM) of these receptors. a7nAChR PAMs
enhance the effects of ACh by binding to a unique non-conserved region of the
a7nAChR and are generally not associated with receptor desensitization to the
same extent that agonists of this receptor are (Dinklo et al., 2011; Williams et
al., 2011). Two types of PAM have so far been proposed based upon their
effects on receptor desensitization properties. Note receptor desensitization in
this context refers to effectively rapid inactivation of conductances in the
presence of the ligand rather than a loss of effect upon repeated applications of
ligand. Type | PAMS enhance agonist-induced peak currents with little effect
on desensitization whereas TYPE || PAMS potentiate peak currents and delay
desensitization. PAMs are suggested to be able to generate efficacy over a
broader range of concentrations and maintain efficacy with repeat dosing,
features that are suggested to promote improved clinical profiles compared to
classic orthosteric agonists. In the present study we used BNC375 as a positive
control to test and compare the effects of a novel Merck compound L-436, as
we had previously extensively profiled BNC375 and identified the compound
as a positive allosteric modulator of a7nAChR. A recent publication, based on
data from our lab, has shown BNC375 to be a selective a7nAChR PAM (Wang
et al., 2020). The compound enhances ACh-induced currents with little effect
on desensitization Kkinetics classifying it as a Type | PAM. BNC375 also
displayed a wide-range of pro-cognitive effects in rodent and primate pre-

clinical models (Wang et al., 2020; note, in this paper data displayed in figures
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3, 4 and 5 and associated text were written and generated by Neurosolutions;
Harvey et al., 2019).

Similar to BNC375, L-436 also enhanced LTP although when directly
compared to BNC375 in the same series of experiments it showed less
sensitivity than the latter: 10 uM BNC375 inducing enhanced LTP to greater
extent than L-436 at a concentration of 30 uM. However, it is also noteworthy
that L-436 induced a greater effect in mice compared to rats although in this
instance we did not directly compare these effects with BNC375. Nevertheless,
L-436 may be a worthy addition to the growing a7nAChR PAM pipeline for

future clinical evaluation.

Regardless of its origin and progression, decline in and retention of
cognitive function remains one of the main challenges of the neuroscience
research community. In addition to the established public health crisis related
to the continued increase in the prevalence in Alzheimer’s disease, the
sustained rise in obesity, type Il diabetes and associated metabolic issues
appear to be exacerbating the worldwide struggle with cognitive decline with
advancing age.

More than 17 years have elapsed since the FDA approval of
memantine as an anti-AD treatment. Although in 2014 a combination
treatment of both donepezil and memantine (Namzaric) was also confirmed as
a viable medication, this is currently marketed as a “temporary relief” from the
symptoms of AD. Thus, the challenge of finding a novel and competent

therapy method remains at large.

Consequently, the lack of success of EVP-614 in Phase Il clinical
trials came as another blow to the already lacklustre output of the AD-targeting
drug pipeline. Due to the established involvement of the a7nAChRs in both
normal and pathological brain states, it is reasonable to predict a significant
research and clinical focus upon compounds targeting these receptors. Despite
promising preclinical findings reported both here and by Prickaerts et al.
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(2012), and favourable Phase Il clinical trial outcomes on both AD and
schizophrenia patients, application of encenicline did not yield the desired
cognitive improvements in either group in the Phase Il trials. The AD trials
were suspended due to unexpected and severe gastrointestinal problems in
some volunteers. In addition, the schizophrenia trial group failed to meet the
co-primary endpoints for improved cognitive function (Forum

Pharmaceuticals, 2016).

This failure contrasts with the strong preclinical evidence and some
promising clinical findings, and several reasons can be offered to explain for
these conflicting outcomes. First, a lack of selectivity leading to dose-limiting
side-effects such as serotonin 5-HT3 receptor antagonism. Second, a loss in
function due to desensitization with sustained exposure to the compound. And
finally, the inverted U-shaped dose-response curve might indicate that the
efficacy of an a7 agonist lies within a specific and narrow range of drug

exposure (Deardorff et al., 2015).

However, certain observations obtained from these trials revealed
additional factors suggestive for shortcomings in study design could have
contributed towards the failure of this compound in the Phase Il clinical
setting. These include the significance of accounting and justifying for non-
adherence to treatment, a lack of plateau in learning effects post repeated
testing sessions, and unexpected improvement within the placebo groups
(Brannan, 2019). Therefore, it is possible that these Phase 111 results are less
reflective of the true efficacy of encenicline, compared to the previous findings
of phase Il trial (Keefe et al, 2015).

In order to circumvent the previously reported, albeit rare Gl side-
effects associated with the conventional oral mode of delivery of EVP-614,
alternative routes such as transdermal, transbuccal, or intranasal should be
considered. Whilst at present no evidence exists that encenicline alone can be
delivered via a transdermal patch, a previous Phase Ilb trial involving a

transdermal nicotine patch (NRT) in conjunction with encenicline attempted
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to tackle smoking withdrawal-associated cognitive deficits and tobacco
abstinence. Although a combination of both NRT and encenicline improved
odds of abstinence by 3-fold compared to encenicline and placebo patch,
overall, this was not a lasting or significant effect (Schuster et al., 2018).
Nevertheless, the transdermal route of drug delivery should be regarded as an
efficacious option due to its successful use in delivering rivastigmine for

Alzheimer’s disease treatment (Nieto et al., 2016).

In addition, transbuccal route of drug delivery has been proposed as a
reliable method for adhering to a correct dose regimen. More specifically,
patients suffering from dementia often experience difficulties in complying
with the prescribed dosage, as well as problems related to swallowing tablets.
Promising findings have been reported by an in vivo animal study utilising an
intraoral device (IntelliDrug) to deliver galantamine in pigs, showing that that
transbuccal delivery can provide long-lasting and controlled blood-levels of
the drug (Giannola et al., 2010).

In the recent years, delivery of compounds via intranasal route for the
purpose of AD treatment has gained a fair amount of attention, perhaps due to
the initially promising outcomes of Phase 1I/111 clinical trials, investigating the
cognitive effects of intranasal administration of insulin on patients with AD
(Craft et al., 2020). The initial patent application for encenicline included both
intranasal and transdermal routes as possible modes of administration (Oliver-
Schaffer et al., 2014). In addition, another patent proposal outlining the
advantages of rivastigmine application via the intranasal route, suggested the

inclusion of encenicline as an additional therapeutic agent (Morgan, 2020).

The promising effects of BNC375 on LTP reported both here and by
Wang et al., (2020) indicate that this compound may hold potential as the next
candidate for cognition-targeting clinical trials. Although at present there is no
additional information regarding the future of BNC375 as a potential cognitive
enhancer in humans, in scopolamine-impaired rhesus monkeys BNC375

reversed scopolamine-induced cognitive impairment in a dose-dependent
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fashion, i.e., showing increasingly significant improvement at BNC375

dosages of both 1 and 10mg/kg but not at 0.1 mg/kg.

On the other hand, a7 agonists, such as GTS-21, encenicline, and
AZDO0328, have frequently shown sharp inverted U-shaped dose-effect
function in non-human primate cognition assays (Castner et al., 2011; Cannon
et al., 2013; Weed et al., 2017). For example, GTS-21 reversed ketamine-
induced deficit in rhesus object retrieval detour (ORD) assay only at 0.03
mg/kg but not at 0.1 or 0.01 mg/kg (Cannon et al., 2013). In a rhesus paired
associated learning task, encenicline was evaluated at six doses ranging from
0.003 to 1 mg/kg, but a significant reversal of the scopolamine-induced
impairment was only noted at 0.01 mg/kg (Weed et al., 2017). These outcomes
indicate that a7 PAMs may demonstrate efficacy over a much broader range

of exposures as compared to the agonists.

In summary, here we report a significant and concentration-dependant
amplified effect of the a7nAChR partial agonist EVP-614 (encenicline) upon
10xTBS-induced LTP in the rat hippocampal CA3-CAL synapse. Likewise,
the investigation of a novel a7nAChR-targetting compound L-436 confirmed
its intended target due to showing no significant changes in the LTP levels in
the same synapse of a7nAChR KO (Acra7-) mice. In their wild-type
counterparts, the effects of L-436 were significant, albeit lower than the LTP
enhanced by the positive-allosteric modulator (PAM) BNC375, suggesting an
adjusted range of compound concentrations in the future. The validity of L-
436 as a a7nAChR-targetting substance was further supported upon showing
a significant decrease in LTP via co-administration of ML A, an established a7
antagonist, suggesting the observed effects of L-436 in the absence of MLA
were due to activation of a7 nAChRs. Therefore, our data supports the

potential of a7nAChR-targetting compounds for the enhancement of LTP.
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Chapter 5: The pursuit of the
mechanism of action of SD118, a novel

SV2A-targetting compound

5.1 Introduction

Although seizures are the defining clinical manifestation of the
epilepsies, individuals suffering from epilepsy are at a high risk of exhibiting
amyriad of co-morbidities, such as cognitive deficits (Committee on the Public
Health Dimensions of the Epilepsies, 2012). In addition, an estimated 10-22%
of patients with Alzheimer’s disease suffer from clinically obvious epilepsies;
however, it should be noted that in clinical practice, epilepsies in individuals
with AD can often go unnoticed as they can present as nonconvulsive status
epilepticus or focal impaired awareness seizures and may overlap with other
AD symptoms (Jenssen & Schere, 2010; Hommet et al., 2008; Larner et al.,
2012; Vossel et al.,2017).

The cognitive difficulties associated with epilepsy have been shown
to hinder educational progress throughout life (Berg et al., 2012; Bell et al.,
2011), as well as contribute towards cognitive regression in adults to a
magnitude which in some individuals would be clinically classified as having
a presenile dementia (Thompson & Duncan, 2005). In addition, children who
suffer from pharmacoresistant epileptic seizures are more likely to exhibit
lower 1Q scores than children with well-managed seizures (Berg et al., 2012).
To complicate matters further, many of the frequently prescribed antiepileptic
drugs (AEDs), e.g., phenobarbital and topiramate, exhibit some degrees of
toxicity leading to cognitive adverse effects in epilepsy patients (Eddy et al.,
2011). Therefore, it can be hypothesized that the ideal AED would reduce
neuronal irritability without altering neuronal excitability and cognitive

functions.
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5.2 Racetams and cognition

The use of racetam compounds as cognitive enhancers is not a new
concept, albeit the exact mechanism of action of this class of drugs remains
elusive. Due to the prevailing interest in repurposing racetams as valid

therapeutic options, more insight regarding this aspect is necessary.

Piracetam is one of the more frequently used racetams as an add-on
treatment for myclonus epilepsy (Fedi et al., 2001). However, it has also been
used to treat cognitive impairment in ageing or dementia, or traumatic brain
injury (Waegemans et al., 2002, El Sayed et al., 2016). Likewise, piracetam
and piracetam-like nootropics have been implicated in the reversal
scopolamine-induced amnesia (Gouliaev & Senning, 1994). Since piracetam
improves membrane fluidity in aged brain tissue without having any effect on
young brains, it is possible that piracetam’s mode of action targets the
biochemical deficits commonly observed in the ageing brains (Muller et al.,
1997). Interestingly, piracetam has been shown to enhance mitochondrial
functioning by improving glucose uptake and ATP production (Naftalin et al.,
2004). Therefore, this compound and its analogues might hold a beneficial
solution to the prevailing negative effects of ageing-associated cognitive

decline.

5.3 Levetiracetam: The New Generation AED

Levetiracetam (Keppra®), or (S)-a-ethyl-2-oxo-pyrrolidine acetamide
is a water-soluble pyrrolidine derivative, whose chemical structure and
mechanism of action differs from other AEDs. It is one of the so-called newer
generation AEDs, i.e., developed after the 1990s with the intention of
providing superior efficacy and safety, compared to the old generation
compounds, such as phenobarbital. Indeed, since its approval for clinical use
in 2002, Levetiracetam (LEV) has become a widely prescribed AED, showing

effectiveness in both partial and generalized epilepsy syndromes as a sole or
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add-on treatment (De Smedt et al., 2007). Furthermore, clinical studies
indicate that Levetiracetam not only appears to lack adverse cognitive effects
frequently associated with other AEDs, but also enhances memory in epilepsy
patients, even in individuals with existing cognitive limitations (Huang et al.,
2008; Lippa et al., 2010).

5.3.1 Levetiracetam: Mechanism of action

Experimental evidence points towards the anti-epileptic potential of
LEV due to its modulatory properties in various seizure activity animal models
of chronic epilepsy (e.g., kindling models, pilocarpine model, genetic absence
epilepsy rats from Strasbourg GAERS) with negligible effect in most models
of acute seizures (Glien et al. 2002; Klitgaard et al. 1998; Ldscher and Honack,
1993). These findings are consistent with the experimental observations that
LEV only affects GABAergic transmission within epileptic tissue or under
conditions that occur during epilepsy, e.g., by inhibiting the proepileptogenic
GABAA run-down in the neocortex, leading to an increase in GABAergic
inhibition, whereas it has no effect on GABAA receptors from controls (Palma
et al. 2007; Rigo et al. 2002).

Taken together, this evidence suggests that the mechanism of LEV
may work in a preferential manner in cases of chronic application or under
chronic epilepsy-associated conditions. However, most of the experiments to
investigate LEV's cellular mechanism of action have been performed with
acute application, reporting its acute cellular effects. A further consideration is
that LEV is now being proposed as an acute treatment for seizures. An
intravenous formulation is available (Ramael et al. 2006) that has already been
shown to terminate status epilepticus after acute intravenous application
(Knake et al. 2008). Interestingly, LEV is effective in one model of acute
epilepsy (6Hz psychomotor seizure model) (Shannon et al. 2005; Barton et al.
2001) with the maximal effect occurring 1 h after intraperitoneal injection

(Barton et al. 2001). These findings suggest that LEV can have an effect in
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some acute seizure models. One possible explanation for these dichotomous
findings in animal models of acute and chronic epilepsy is that LEV may have
different mechanisms of action whether given acutely or chronically and in
epileptic and control tissue, a conclusion that should be considered when

evaluating the definitive mechanism of this compound.

Despite the promising clinical outcomes, the exact molecular
mechanism of action of Levetiracetam was largely unknown until 2004 when
Lynch et al showed that LEV exclusively binds to the synaptic vesicle protein
SV2A.

Synaptic vesicle glycoprotein SV2A belongs to a major facilitator
superfamily (MFA) of transporter proteins and is expressed throughout the
entire brain. This protein is an essential component of synaptic vesicle
membranes, specifically in regulating action potential-dependent
neurotransmitter release (Custer et al., 2016). Although the complexities of
SV2A roles remain elusive, it participates in maturing primed presynaptic
vesicles for Ca?*-induced exocytosis via the regulation of synaptotagmin — a
synaptic vesicle calcium sensor protein, which is essential for calcium-
mediated exocytosis (Lynch et al., 2004; Chang & Stidhof, 2009; Kochubey et
al., 2011). It is of importance to note, however, that LEV reduces the release
of presynaptic glutamate, especially in neurons with prolonged and high
frequency firing (Yang et al., 2007). Furthermore, the anti-epileptic
effectiveness of LEV is correlated with its binding affinity to SV2A (Lynch et
al., 2004).

In summary, the clinical behaviour of Levetiracetam has highlighted
SV2A as a potentially significant component of the presynaptic machinery,
contributing towards improved cognitive functioning. While at present the
entire mechanism of action of LEV is not known, the promise of this potential
target for action has prompted the development of various novel
Levetiracetam-derived compounds, such as Brivaracetam and more recently —
SD118.
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Figure 5.1. A schematic representation of the proposed mechanisms of action of
Levetiracetam (LEV) in the excitatory synapse, with SV2A regarded as the main
target (solid arrow).

LEV has also been proposed to exert some influence via binding to HVA Ca?
channels and AMPA/kainate receptors (dashed arrows). AMPA, a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid; SV2A, synaptic vesicle protein 2A; HVA Ca?*,
high-voltage activated calcium ion channels.
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5.4 Results

The aim of the following sets of experiments was to investigate the
mechanism of action of a novel SV2A-targetting compound SD118, developed
by Syndesi Therapeutics™. At present, the specifics regarding the structure
and pharmacology of SD118 are not available due to contractual obligations
with Syndesi Therapeutics™. However, SD118 is part of a series of
compounds designed with Levetiracetam as the “scaffold”. Unlike
Levetiracetam, SD118 is highly membrane permeable and shows no
anticonvulsant properties despite binding to the same target, SV2A. Whilst
showing no anticonvulsant activity SD118 is effective as a cognitive enhancer
in rodent models. The aim of the current study was to provide insight into the

mechanism of action of SD118.

A series of pilot experiments were undertaken using whole-cell patch
clamp recording techniques to record from CA1 pyramidal neurones in adult
rat hippocampal slice preparations. Pharmacologically isolated EPSCs and
IPSCs were evoked by electrical stimulation of the Schafer-collateral pathway
at a range of frequencies (0.1, 1, 5 and 10Hz). SDI-118 (3 uM) had no effect
on EPSCs or IPSCs evoked at 0.1Hz and little effect on EPSCs evoked at 1 Hz
with no effect on IPSPs. However, EPSCs evoked at 5 and 10 Hz were
enhanced in the presence of SDI-118 unlike IPSCs which were unaffected.
Furthermore, EPSCs evoked at low frequency stimulation (0.1Hz) in cells also
stimulated at 5 or 10Hz were also enhanced in SDI-118 (Spanswick,
unpublished observations). Based on this pilot data we designed a protocol to
investigate the effects of SDI-118 on high (1-20Hz) and low (0.1Hz) frequency
stimulation evoked, pharmacologically isolated EPSCs. Vehicle control
experiments (0.01% DMSO) had no effect on EPSCs evoked evoked using the
protocols outline below with cycles of high frequency trains and low frequency

stimulation recorded for upto 3 hours (Spanswick, unpublished observations).
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5.4.1 Effects of SD118 on Paired-pulse Ratio

Paired-pulse facilitation (PPF) experiments were performed on rat
hippocampal slices, prepared using methods outlined in Chapter 2. The
rationale behind selecting PPF as an experimental paradigm lies within the
classical explanation for its mechanism of action. According to the residual
calcium hypothesis, upon the initial action potential Ca®* ions enter the
presynaptic terminal, where they subsequently bind to synaptotagamin,
leading to NT release. However, a small amount of calcium ions will remain
in the active presynaptic zone, i.e., “passive ions”. Should a second action
potential be delivered to the presynaptic terminal within milliseconds of the
first one, a second influx of Ca?* will follow, adding to the residual Ca?* load.
This increase in Ca®* presence at the presynaptic terminal will lead to an
elevated number of synaptic vehicles ready for release. In addition, mossy fiber
to CA3 PPR increases with increases in extracellular Ca?*concentration. But
in Schaffer to CA1 PPR decreases with increases in extracellular Ca?* (Blatow
et al., 2003).

Low frequency stimulation (0.1Hz) interspersed with PPF stimuli
were applied to rat hippocampal slices initially using conventional fEPSP
recordings. In one set of experiments the stimulating electrode was placed in
the MF pathway and the recording electrode located within the CA3 area. In
another group of experiments, the stimulating electrodes were located in CA3
to activate fEPSPs in CAL. Low frequency stimulation was applied until a
stable baseline was reached and a PPF paradigm was applied to investigate the
interaction. The pairs of stimuli were delivered every 20 seconds, with 50, 100

and 250 msec interstimulus intervals (ISIs).

As an example, the typical paired pulse ratio (50 msec inter-stimulus
interval) in control experiments amounted to values of 1.41 and 1.4 (n = 2).
Subsequently, following exposure to SD118 (3 uM) the paired pulse ratios
amounted to 1.37. Similarly, the exposure to the 100msec ISlIs yielded values
of 1.27 and 1.25 for controls (n = 2), and upon application of SD118 (3 uM):
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1.25 and 1.26 (n = 2). Likewise, the PPR for the wash-out period was 1.26.
Although at present, no significant effect on paired-pulse ratio of SD118 was
observed, the volume of data generated from these experiments calls for
thorough analysis and adjustments in the experimental protocol, as well as an
overall stability (lack of drift) of the experiment (see Figs 5.2, 5.3 and 5.4.).
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Figure 5.2 An example of a typical paired-pulse experiment subject to 50-msec
ISls.

A.A composite illustration of the events in the presence of control, SD118 or wash
conditions, subject to 50msec interstimulus intervals. B. A composite image of bar

charts showing the paired pulse ratios of control and Syndesi compound, subject to
50msec stimuli.
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Figure 5.3 An example of a typical paired-pulse experiment subject to 100 msec
ISls.

Paired Pulse Ratio (P2/P1)

A.A composite illustration of the events in the presence of control, SD118 or wash
conditions, subject to 100msec interstimulus intervals. B. A composite image of bar

charts showing the paired pulse ratios of control and Syndesi compound (SD118),
subject to 100msec stimuli.
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Figure 5.4 An example of a control paired-pulse experiment, showing stability
in amplitude (mV) throughout the course of the experiment at the CA3-CAl
synapse.
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5.4.2 Frequency-dependent effects of SD118 on excitatory synaptic

transmission

Preliminary findings using a paired-pulse protocol revealed little
effect of SD118 on paired-pulse ratio. Previous studies with Levetiracetam
indicated that the anticonvulsant had an activity-dependent effect on both
excitatory and inhibitory synaptic transmission with higher frequencies of
stimulation (20-80Hz) leading to a suppression of both excitatory and
inhibitory synaptic transmission (Meehan et al., 2012; 2011; Yang et al., 2007;
Yang & Rothman, 2009). Here we designed a protocol to determine if the
mechanism of action of SD118 was similarly frequency-dependent. The
protocol was specifically designed to determine if the compound had a
frequency-dependence to its mechanism and what the impact of modulation of
synaptic transmission at high frequencies had on low frequency stimulation.
Thus, the protocols comprised of a period of low-frequency stimulation
(0.1Hz) followed by 3 bursts of high frequency stimulation (1, 2, 5, 10 and
20Hz; interburst interval 30 seconds) followed again by low frequency
stimulation before the next cycle of high frequency burst stimulations. These
cycles were repeated for control and subsequently in the presence of SD118.

Precise stimulation protocols are provided in each subsection.

5.4.2.1 Frequency-dependent effects of SD118 on excitatory synaptic

transmission: 1Hz.

Whole-cell patch clamp recordings were obtained from 6 neurones
located in the CA1 region of the hippocampus. Upon establishing whole-cell
access, neurones were exposed to aCSF containing D-AP5 (20 uM), gabazine
(10 uM) and CGP55485 (400 nM) to block NMDA, GABAA and GABAg
receptors, respectively, and to isolate non-NMDA, AMPA receptor-mediated
EPSCs. This cocktail of antagonists was also designed to limit activity-

dependent synaptic plasticity mediated by NMDA receptors. Neurones were
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clamped at a holding potential of -70 to -75mV in the voltage-clamp
configuration and EPSCs evoked by stimulation of the Schaffer-collateral
pathway at a frequency of 0.1 Hz, followed by 3 bursts of stimuli at 1 Hz (see
Fig 5.5 for details). The last 12 events evoked prior to high frequency
stimulation were pooled for control and following exposure to SD118 and
analysed to quantify the effects of SD118 on low-frequency synaptic
transmission. Data from each EPSC evoked in individual trial of bursts were
analysed for control and in the presence of SD118.

EPSCs evoked at low frequency stimulation (0.1Hz) amounted to
107.5 + 14.8 pA (mean = SEM; n = 6) and 95.2 + 22.7 pA in the presence of
SD118 (3 uM). This small reduction in peak amplitude, to 90.2 £ 17.4 % of
control was not statistically significant (p = 0.6; paired student t-test).
Although this effect was not significant, inspection of data on a cell-by-cell
basis revealed changes in EPSCs in all cells with 3 neurones (data from 3
slices from 3 animals) characterised by an increase in EPSC amplitude in
SD118 (e.g see Fig 5.5) and 3 by a decrease. Figure 5.6 summarises the
effects of SD118 on EPSCs evoked at low frequency in combination with

bursts of stimuli at 1Hz.
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Figure 5.5. A summary of the frequency-dependent effects of SD118, novel
putative cognition-enhancing compound on excitatory synaptic transmission

A. A schematic of the stimulation protocol used in this aspect of the study (0.1 Hz
combined with 1 Hz stimulation protocols). B. Samples of a continuous record
showing superimposed EPSCs evoked at 0.1Hz in control, during and after exposure
of slices to SD118 (each record is the average of 12 consecutively evoked EPSCs).
C. Time-course plot of the effects of SD118 on EPSC evoked at 0.1Hz. Note the
increase in amplitude of EPSCs in SD118.
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Figure 5.6. Summary data of the effects of SD118 on EPSCs evoked at low
frequency (with 1 Hz high frequency).

A shows changes in amplitude of EPSCs evoked in each cell with data normalised to
control shown in B. The red line indicates the mean of all cells. C shows a bar chart
summarising mean peak amplitude of EPSCs in SD118 compared to control with the
same data normalised to control shown in D. Error bras indicate SEM. Note the lack
of effect of SD118.
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Analysis of EPSCs evoked by 1 Hz stimulation revealed EPSCs in
control amounting to 110.6 + 26.7 pA (mean = SEM; n=6 cells, from 6 slices,
4 animals) for trial one of the three 1 Hz trains, and reduced to 81.9 + 19.3 pA
in SD118, amounting to a 77.8 + 10.4% non-significant reduction in the
amplitude of EPSCs. In trial 2 the mean peak amplitude of EPSCs evoked at 1
Hz was 110.3 £ 31.5 pA, increasing to 122.6 + 45.6 pA (100.5 + 12.9% of
control). Trial 3 EPSCs evoked at 1 Hz had mean peak amplitude of 102.1 +
27.1 pA for control and increased to 150.8 + 72.0 pA in SD118 corresponding
to a 119.4 + 25.6 % increase when normalised to control (100%). When data
from all trials were pooled, the mean peak EPSC amplitude was little changed
in the presence of SD118 amounting to 98.9 + 12.6% of control. None of these
effects of SD118 on EPSCs evoked at 1 Hz were statistically significant.
Inspection of responses observed in individual cells revealed peak EPSC
amplitude was reduced in 4 cells in the presence of SD118 and increased in
two. Figures 5.7 and 5.8 show examples of the effects of SD118 on EPSCs
evoked at 1 Hz (3 trials). Figure 5.9 shows the pooled data for the effects of
SD118 on EPSCs evoked at 1 Hz.
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Figure 5.7. EPSCs during application of SD118

A. Samples of a continuous record showing superimposed EPSCs evoked at 1Hz in
control (3 individual trials) and during exposure of slices to SD118 (each record is the
average of 16 consecutively evoked EPSCs). B. Time-course bar chart plots showing
the effects of SD118 on EPSC evoked at 1Hz. SD118, 1, 2, 3 and 4 indicate the mean
peak amplitude of EPSCs with progressive exposure to SD118. Note the increase in
amplitude of EPSCs in SD118.
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Figure 5.8. EPSCs throughout SD118 trials

A. Samples of a continuous record showing superimposed EPSCs evoked at 1Hz in
control (3 individual trials) and during exposure of slices to SD118 (each record is
the average of 16 consecutively evoked EPSCs). B-D. Time-course plots of the
effects of SD118 on EPSCs evoked at 1Hz for trials, 1, 2 and 3, respectively. E.
Shows the time-course plots for all trials combined. Error bars represent SEM.
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Figure 5.9. Summary data of the effects of SD118 on EPSCs evoked at 1 Hz

A shows changes in amplitude of EPSCs evoked in each cell with data normalised to
control shown in B. The red line indicates the mean of all cells. C shows a bar chart
summarising changes in mean EPSC amplitude in SD118 (data for all cells; n = 6)
compared to control for each of the 3 trials with the same data normalised to control

shown in D. There was no significant effect of SD118.
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5.4.2.2 Frequency-dependent effects of SD118 on excitatory synaptic

transmission: 2Hz

Whole-cell patch clamp recordings were obtained from a further 3
neurones (recorded from 3 slices from 3 animals), located in the CA1 region
of the hippocampus. Neurones were clamped at a holding potential of -70 to -
75mV in the voltage-clamp configuration and EPSCs evoked by stimulation
of the Schaffer-collateral pathway at a frequency of 0.1 Hz, followed by 3
bursts of 2 Hz (see Fig 5.10 for details). The last 12 events evoked prior to
high frequency stimulation were pooled for control and following exposure
to SD118 and analysed to quantify the effects of SD118 on low-frequency
synaptic transmission. Data from each EPSC evoked in individual 2Hz trials
or bursts were analysed for control and in the presence of SD118.

EPSCs evoked at low frequency stimulation (0.1Hz) had a mean
peak amplitude of 69.3 £ 14.3 pA (mean + SEM; n = 3) and in the presence
of SD118 (3 uM) increased to 75.7 = 11.7 pA. This increase in peak
amplitude, to 111.3 £+ 15.6 % of control, was not statistically significant.
Although this effect was not significant, inspection of data on a cell-by-cell
basis revealed changes in EPSCs in two of the three neurones dislayed an
increase in EPSC amplitude in SD118 (see Fig 5.11). Figure 5.11 summarises
the effects of SD118 on EPSCs evoked at low frequency in combination with

bursts of stimuli at 2 Hz.
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Figure 5.10. The effects of SD118 on EPSCs evoked at low frequency (with 2 Hz

high frequency)

A. A schematic of the stimulation protocol used in this aspect of the study (0.1 Hz

combined with 2 Hz stimulation protocols). B. Samples of a continuous record

showing superimposed EPSCs evoked at 0.1Hz in control, during application and in

the presence of SD118 (each record is the average of 12 consecutively evoked
EPSCs). C. Time-course plot of the effects of SD118 on EPSC evoked at 0.1Hz.
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Figure 5.11. Summary data of the effects of SD118 on EPSCs evoked at low
frequency (with 2 Hz high frequency)

A shows changes in amplitude of EPSCs evoked in each cell in the absence and
presence of SD118 with data normalised to control shown in B. The red line
indicates the mean of all cells. C shows a bar chart summarising changes in the
mean peak amplitude of EPSCs in SD118 compared to control with the same data

normalised to control shown in D (n = 3; error bars indicate SEM).
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Analysis of EPSCs evoked by 2 Hz stimulation revealed EPSCs in
control of peak amplitude 67.7 £ 19.0 pA (mean + sem; n = 3) for trial one of
three 2 Hz trains, and increased to 73.7 = 22.6 pA in SD118, amounting to a
108.2 + 9.8 % increase in the amplitude of EPSCs. In trial 2 the mean peak
amplitude of EPSCs evoked at 2 Hz was 74.8 = 16.9 pA, increasing to 81.8 +
21.5 pA, amounting to 108.5 + 8.0 % of control values. Trial 3 EPSCs
evoked at 2 Hz had mean peak amplitude of 75.7 + 17.0 pA for control and
increased to 81.2 + 19.4 pA in SD118 correspondingto a 7.8 + 8.6 %
increase relative to control. When data from all trials were pooled, the mean
peak EPSC amplitude was little changed in the presence of SD118 amounting
to 108.2 £ 8.7% of control (100%). None of these effects of SD118 on
EPSCs evoked at 2 Hz were statistically significant. Inspection of responses
observed in individual cells revealed peak EPSC amplitude increased in 2
cells in the presence of SD118 and was reduced in one. Figures 5.12 shows
an example of the effects of SD118 on EPSCs evoked at 2 Hz (3 trials).
Figure 5.13 shows the pooled data for the effects of SD118 on EPSCs evoked
at 2 Hz.
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A. Samples of a continuous record showing superimposed EPSCs evoked at 2Hz in

control (3 individual trials) and during exposure of slices to SD118 (each record is

the average of 20 consecutively evoked EPSCs). B-D. Time-course plots of the
effects of SD118 on EPSCs evoked at 2Hz for trials, 1, 2 and 3, respectively for the

cell shown in A. Error bars represent SEM.

191



=

EFSC ampltuda {pa)

EPSC amplibude {pa)

2 Hz stimulation {average of all triaks)

A,

4 4 10
140 E
120 r________._.-—-""- | 110 o
1010 £ T o0
8 E
0 —— E g
o :}l 3T &
40 3
. A=
J’I:l E
= i)
i} E
Contral SO118 3pha Contraol 50118 3uM
2 Hz stimulation |averaga of all trials) 2 Hz stimulation (normakisad averaga of all trials)
L m T2 T3 -E 1400 11 1
100 T ¥ 130
&0 g g 100
2% 5
Ji]
&0 &
T 2 60
40 8
q= a0
¥l E
= ]
=
] 2 - " 0 .
& b3 T & 3 = -53'
Al e et e "l s
@* i & = h-f & £ = -:ff £
r e L o w [ s
g & o & &

2 Hz stimulation {normalissd average of all trials)

€

EFaC arvpdicudie [ )

Escamplitude [pad

EPSCam plitnedegpa]

EFSC arrpditude | )

TRIAL1

h Ba &

W) 3000 000 5000 000 A0 3000 W0 L0
Time [me)

I TRIALZ

1000 S0 30000 S K0 B0 000 10500

3L B
Time [ rriz]

T TRIALS

VNI 000 30 ANGD SO0 A0 TN 000 000 1000
Tirmem i ms}

ALLTRIALS

Figure 5.13. Summary data of the effects of SD118 on EPSCs evoked at 2 Hz

A shows changes in amplitude of EPSCs evoked in each cell with data normalised to

control shown in A2. The red line indicates the mean of all cells. B shows a bar

chart summarising mean peak amplitude of EPSCs amplitude in SD118 compared to

control for each of the 3 trials for all cells with the same data normalised to control

shown in B2. C shows time-course plots of data for all cells and trials 1 to 3 and the

average of all trials pooled and displayed in C4. Error bars represent sem.
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5.4.2.3 Frequency-dependent effects of SD118 on excitatory synaptic

transmission: 5Hz

Whole-cell patch clamp recordings were obtained from 5 neurones
(recorded from 5 slices from 4 animals) located in the CA1 region of the
hippocampus. Neurones were clamped at a holding potential of -70 to -
75mVin the voltage-clamp configuration and EPSCs evoked by stimulation
of the Schaffer-collateral pathway at a frequency of 0.1 Hz, followed by 3
bursts of 5 Hz (see Fig 5.14 for details). The last 12 events evoked prior to
high frequency stimulation were pooled for control and following exposure
to SD118 and analysed to quantify the effects of SD118 on low-frequency
synaptic transmission. Data from each EPSC evoked in individual trials of
bursts were analysed for control and in the presence of SD118.

EPSCs evoked at low frequency stimulation (0.1Hz) had a mean
peak amplitude of 92.6 £ 25.0 pA (mean + SEM; n = 5) and in the presence
of SD118 (3 uM) increased to 107.3 + 30.2 pA. This increase in peak
amplitude, to 115.5 £ 11.5 % of control (100%), was not statistically
significant. Inspection of data on a cell-by-cell basis revealed changes in
EPSCs in four of the five neurones with an increase in EPSC amplitude
observed in SD118 in 3 cells (see Figure 5.14 and 5.15), a decrease in
amplitude in 1 cell and no change in 1 cell. In 2 cells in which an increase in
EPSC amplitude was observed in SD118, these effects were reversed
following washout of the compound (e.g. see Figure 5.15). Figure 5.16
summarises the effects of SD118 on EPSCs evoked at low frequency (0.1

Hz) in combination with bursts of stimuli at 5 Hz.
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Figure 5.14. Summary of the effects of SD118 on EPSCs evoked at low
frequency (with 5 Hz high frequency)

A. A schematic of the stimulation protocol used in this aspect of the study (0.1 Hz
combined with 5 Hz stimulation protocols). B. Samples of a continuous record
showing superimposed EPSCs evoked at 0.1Hz in control, during application and in
the presence of SD118 (each record is the average of 12 consecutively evoked
EPSCs). C. Time-course plot of the effects of SD118 on EPSC evoked at 0.1Hz.
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Figure 5.15. EPSCs during stimulation trials A. Samples of a continuous record

showing superimposed EPSCs evoked at 0.1Hz in control, during application and in

the presence of SD118 (each record is the average of 12 consecutively evoked

EPSCs shown superimposed in B). C. Same neurone as A and B showing a time-
course plot of the effects of SD118 on EPSC evoked at 0.1Hz. Note the increase in

EPSC amplitude in SD118 and the reversal of this effect following washout of the

compound.
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Figure 5.16. The effects of SD118 on EPSCs evoked at low frequency (with 5 Hz

high frequency)

A shows a bar chart summarising changes in mean EPSC amplitude in SD118

compared to control with the same data normalised to control shown in A2. B Plot

of the peak amplitude of EPSCs for each cell in the presence and absence of SD118

and the same data normalised to the controls shown in B2. C shows changes in

amplitude of EPSCs evoked in each cell in the presence of SD118 with data

normalised to control shown in C2.
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Analysis of EPSCs evoked by 5 Hz stimulation revealed EPSCs in
control amounting to 131.2 + 31.3 pA (mean = SEM; n = 5) for trial one of the
three 5 Hz trains and 134.2 + 34.5 pA in SD118, amounting to a non-significant
change in the amplitude of EPSCs. In trial 2 the mean peak amplitude of EPSCs
evoked at 5 Hz was 123.8 £ 27.9 pA, increasing to 135.9 + 33.5 pA, amounting
to an increase in amplitude to 107.3 £ 5.6 % of control (100%), although again
this was not significant. Trial 3 EPSCs evoked at 5 Hz had mean peak
amplitude of 127.6 = 30.9 pA for control and increased to 131.7 = 31.6 pA in
SD118 corresponding to a 103.8 £ 6.7 % of control (100%). As with other
trials this small increase in EPSC amplitude in SD118 was not statistically
significant. When data from all trials were pooled the mean peak amplitude of
EPSCs was 127.6 £ 16.1 pA for control and 131.7 + 17.8 pA for SD118, the
latter corresponding to 103.7 + 3.4 % of control (100%). Thus, SD118 had no
significant effect on EPSCs evoked at a frequency of 5 Hz. Inspection of
responses observed in individual cells revealed peak EPSC amplitude in 3 cells
increased in the presence of SD118 and decreased in two. Figures 5.17 shows
an example of the effects of SD118 on EPSCs evoked at 5 Hz (3 trials). Figure
5.18 and 5.19 shows the pooled data for the effects of SD118 on EPSCs evoked
at 5 Hz for each trial (Figure 5.18) and with all data for all trials pooled (Figure
5.19).
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Figure 5.17. A summary of the frequency-dependent effects of SD118 on

EFEC arrplitude [pby

Time [ra)

excitatory synaptic transmission at 5 Hz trials

A. Samples of a continuous record showing superimposed EPSCs evoked at 5Hz in
control (3 individual trials) and during exposure of slices to SD118 (each record
shows 20 consecutively evoked EPSCs). B-E. Time-course plots of the effects of
SD118 on EPSCs evoked at 5Hz for trials, 1, 2 and 3, respectively for the cell shown
in A. Note S118 3 uM labelled 1 to 4 represents progressively repeating cycles of

low and high frequency stimulation.
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Figure 5.19. Summary data of the effects of SD118 on EPSC amplitudes evoked

at5 Hz

A shows bar charts representing mean peak amplitude of EPSCs for control and in

the presence of SD118. Absolute values are shown in 1 and data normalised to

control in 2 for all trials in all cells. B shows peak amplitude of EPSCs for each cell

in control and in SD118 with data normalised to control in 2. C shows mean changes

in peak amplitude of EPSCs in SD118 from control with data normalised in B.
SD118 had no significant effect on EPSCs evoked at 5 Hz.
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5.4.2.4 Frequency-dependent effects of SD118 on excitatory synaptic

transmission: 10Hz

Whole-cell patch clamp recordings were obtained from a further 6
(recorded from 6 slices from 4 animals) neurones located in the CAL region
of the hippocampus. Neurones were clamped at a holding potential of -70 to -
75mV in the voltage-clamp configuration and EPSCs evoked by stimulation
of the Schaffer-collateral pathway at a frequency of 0.1 Hz, followed by 3
bursts or trains of 10 Hz (see Fig 5.20 for details). The last 12 events evoked
prior to high frequency stimulation were pooled for control and following
exposure to SD118 and analysed to quantify the effects of SD118 on low-
frequency synaptic transmission. Data from each EPSC evoked in individual
trials or 10 Hz bursts were analysed for control and in the presence of SD118.

EPSCs evoked at low frequency stimulation (0.1Hz) had a mean
peak amplitude of 117.2 + 52.4 pA (mean + SEM; n = 6) and, despite the
variation, in the presence of SD118 (3 uM) significantly increased to 152.0 +
72.3 pA (p = 0.014; paired Student’s t-test). This increase in peak amplitude,
to 130.4 £ 6.0 % of control (100%), was even more significant when
normalised to control (p= 0.004; paired Student’s t-test). Inspection of data
on a cell-by-cell basis revealed EPSCs in all 6 cells increased in peak
amplitude in SD118 (3 uM). In 2 cells in which an increase in EPSC
amplitude was observed in SD118, these effects were reversed following
washout of the compound (e.g., see Figure 5.20). Figure 5.21 summarises
the effects of SD118 on EPSCs evoked at low frequency (0.1 Hz) in

combination with bursts of stimuli at 10 Hz.
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Figure 5.20. Summary data of the effects of SD118 on EPSCs evoked at low frequency
(with 10 Hz high frequency) A. A schematic of the stimulation protocol used in this aspect
of the study (0.1 Hz combined with 10 Hz stimulation protocols). B. Samples of a
continuous record showing superimposed EPSCs evoked at 0.1Hz in control and in the
presence of SD118 (each record shows 10 consecutively evoked EPSCs). C. Time-course

plot of the effects of SD118 on EPSC evoked at 0.1Hz.
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Figure 5.21. Summary data of the effects of SD118 on EPSCs evoked at 0.1 Hz
(with 10 Hz high frequency stimulation)

Al shows a bar chart summarising changes in EPSC amplitude in SD118 compared
to control with the same data normalised to control shown in B1. A2 shows
amplitude of EPSCs for each cell in presence and absence of SD118 and changes in
amplitude relative to control shown in A3 with the corresponding data normalised
shown in B2 and B3, respectively. Note the significant increase in EPSC amplitude
in SD118 (p = 0.014 in Al and P = 0.004 in B1).

Analysis of EPSCs evoked by 10 Hz stimulation revealed EPSCs in
control amounting to 158.2 + 22.8 pA (mean £ SEM; n = 6) for trial one of the
three 10 Hz trains and significantly increased to 192.6 + 30.5 pA in SD118 (p
= 0.0022; paired Student’s t-test). This increase in peak amplitude of EPSCs
in SD118 equates to 120.3 £ 6.1 % of control (100%; p = 0.021). In trial 2 the
mean peak amplitude of EPSCs evoked at 10 Hz was 167.7 + 24.6 pA,
significantly increasing in SD118 to 194.6 + 31.7 pA (p = 0.015), amounting
to an increase in amplitude to 114.6 = 2.1 % of control (100%), again
representing a significant increase in EPSC amplitude in SD118 (p = 0.001).
Trial 3 EPSCs evoked at 10 Hz had mean peak amplitude of 178.1 + 27.8 pA
for control and increased to 190.5 + 31.1 pA in SD118 corresponding to a mean
peak normalised EPSc amplitude of 106.3 + 4.6 % of control (100%). This
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effect was not statistically significant. When data from all trials were pooled
the mean peak amplitude of EPSCs was 168.0 = 13.8 pA for control and
significantly increased to 192.6 + 16.9 pA for SD118 (p = 0.00013), the latter
corresponding to a magnitude of 113.7 + 2.8 % of control (100%; p = 0.00015).
Thus, SD118 significantly enhanced EPSCs evoked at a frequency of 10 Hz.
Inspection of responses observed in individual cells revealed peak EPSC
amplitude in 5 of 6 cells increased in the presence of SD118. Figures 5.22
shows an example of the effects of SD118 on EPSCs evoked at 10 Hz (3 trials).
Figure 5.23 and 5.24 shows the pooled data for the effects of SD118 on EPSCs
evoked at 10 Hz for each trial (Figure 5.23) and with all data for all trials
pooled (Figure 5.24).
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Figure 5.22. An example of the effects of SD118 on EPSCs evoked at 10 Hz (3
trials)

A. Samples of a continuous record showing superimposed trains of EPSCs evoked at
10Hz in control and during exposure of slices to SD118 (each record is the average
of 3 trains of EPSCs). B-D. Time-course plots of the effects of SD118 on EPSCs
evoked at 10Hz for trials, 1, 2 and 3. Note S118 3 uM labelled 1 to 4 represent
repeat cycles of low and high frequency stimulation. Error bars represent sem.
Asterisks indicate significance at points along the train of EPSCs (paired Student’s
t-test).
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Figure 5.23. Summary data of the effects of SD118 on EPSCs evoked at 10 Hz.
A shows bar charts representing mean peak amplitude for each individual trial in
control and presence of SD118. A2 shows mean peak amplitude of EPSCs for each
cell in control and in SD118 for each trial. A3 shows mean changes in peak
amplitude of EPSCs in SD118 from control levels. Panels shown in B represents the
corresponding data from A panels normalised to control. SD118 significantly
increased EPSC amplitude associated with trials 1 and 2 but had no significant effect
on trial 3.
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Figure 5.24. Summary data of the effects of SD118 on EPSCs evoked at 10 Hz
with data pooled from all trials.

A shows bar charts representing mean peak amplitude of EPSCs for control and in
the presence of SD118. Absolute values are shown in 1 and data normalised to
control in 2 for all trials in all cells. B shows peak amplitude of EPSCs for each cell
in control and in SD118 with data normalised to control in 2. C shows changes in
mean peak amplitude of EPSCs in SD118 from control with data normalised in 2.

SD118 significantly increased EPSCs peak amplitude evoked at 10 Hz.
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5.4.2.5 Frequency-dependent effects of SD118 on excitatory synaptic

transmission: 20Hz

Whole-cell patch clamp recordings were obtained from a further 6
neurones (recorded from 6 slices from 5 animals) located in the CA1 region
of the hippocampus. Neurones were clamped at a holding potential of -70 to -
75mVin the voltage-clamp configuration and EPSCs evoked by stimulation
of the Schaffer-collateral pathway at a frequency of 0.1 Hz, followed by 3
bursts of 20 Hz (see Fig 5.25 for details). The last 12 events evoked prior to
high frequency stimulation were pooled for control and following exposure
to SD118 and analysed to quantify the effects of SD118 on low-frequency
synaptic transmission. Data from each EPSC evoked in individual trial of

bursts were analysed for control and in the presence of SD118.

EPSCs evoked at low frequency stimulation (0.1Hz) had a mean
peak amplitude of 87.4 £ 20.9 pA (mean + SEM; n = 6) and significantly
increased in the presence of SD118 (3 uM) to 119.5 £+ 30.9 pA (p = 0.003;
paired Student’s t-test). When normalised to controls, this increase in peak
amplitude, to 134.6 + 9.5 % of control (100%), was also significant (p =
0.015; paired Student’s t-test). Inspection of data on a cell-by-cell basis
revealed EPSCs in all 6 cells increased in peak amplitude in SD118 (3 uM),
markedly in 5 of these. In 2 cells in which an increase in EPSC amplitude
was observed in SD118, these effects were reversed following washout of the
compound (e.g., see Figures 5.25, 5.26 and 5.27). Figure 5.28 summarises
the effects of SD118 on EPSCs evoked at low frequency (0.1 Hz) in series

with bursts of stimuli at 20 Hz.
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Figure 5.25. A summary of the frequency-dependent effects of SD118 on
excitatory synaptic transmission

A. A schematic of the stimulation protocol used in this aspect of the study (0.1 Hz
combined with 20 Hz stimulation protocols). B. Samples of a continuous record
showing superimposed EPSCs evoked at 0.1Hz in control (1) and in the presence of
SD118 (2) shown superimposed in 3 (each record shows 12 consecutively evoked
EPSCs). B4 shows superimposed averages of the data shown in 1 to 3). C. Diagram
outlining how peak amplitude of EPSCs was determined in 20 Hz trains, these trains
showing possible facilitation of individual EPSCs. All peak amplitude

measurements were made relative to baseline before the onset of the train of stimuli.
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Figure 5.26. The reversal of the SD118 effect

A. Time-course plot showing the effects of SD118 on EPSCs evoked at 0.1Hz. Note
the increase in peak amplitude of EPSCs in the presence of SD118, effects that were
reversed on washout of the compound. B. Bar chart summarising data shown in A
with mean peak amplitude of EPSCs shown at progressive time-points for control,
through application of SD118 and following wash. C. Bar chart summarising data
shown in A highlighting change in EPSC amplitude before and following high
frequency stimulation (20Hz X 3). Note the increase in peak amplitude of EPSCs
evoked at low frequency immediately following the 3-train high-frequency bursts.
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Figure 5.27. The reversal of the SD118 effect on EPSC amplitudes

A. Time-course plot showing the effects of SD118 on EPSCs evoked at 0.1Hz. Note the
increase in peak amplitude of EPSCs in the presence of SD118, effects that were reversed on
washout of the compound. B. Bar chart summarising data shown in A with mean peak
amplitude of EPSCs shown at progressive time-points for control, through application of
SD118 and following wash. C. Bar chart summarising data shown in A highlighting change
in EPSC amplitude before and following high frequency stimulation (20Hz X 3).
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Figure 5.28. Summary data of the effects of SD118 on EPSCs evoked at 0.1 Hz
(with 20 Hz high frequency trains)

Al shows a bar chart summarising changes in EPSC amplitude in SD118 compared
to control with the same data normalised to control shown in A2. B1 shows
amplitude of EPSCs for each cell in the presence and absence of SD118 and changes
in amplitude relative to control with data normalised to control shown in B2. C1
shows data for individual cells and changes in mean peak EPSC amplitude induced
by SD118 relative to controls for each cell. C2 shows the same data as shown in 1
normalised to control baseline levels. Note the significant increase in EPSC
amplitude in SD118.
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Analysis of EPSCs evoked by 20 Hz stimulation yielded EPSCs in
control amounting to 141.7 £ 29.0 pA (mean £ SEM; n = 6) for trial 1of the
three 20 Hz trains and increased to 151.0 + 23.5 pA in SD118 (not significant).
This increase in peak amplitude of EPSCs in SD118 equates to 110.9 + 5.6 %
of control (100%; ns). In trial 2 the mean peak amplitude of EPSCs evoked at
20 Hz was 145.0 + 35.1 pA, significantly increasing to 177.3 £ 46.7 pA (p =
0.043) in SD118, amounting to an increase in amplitude to 120.2 + 3.8 % of
control (100%), again representing a significant increase in EPSC amplitude
in SD118 (p = 0.003; paired student t-test). Trial 3 EPSCs evoked at 20 Hz had
mean peak amplitude of 117.0 + 18.1 pA for control and increased to 171.0 +
41.5 pA in SD118 corresponding to an increase in peak EPSC amplitude to
116.8 + 14.4 % of control (100%). This effect was not statistically significant.
When data from all trials were pooled the mean peak amplitude of EPSCs was
138.1 £ 17.7 pA for control and significantly increased to 166.4 + 21.1 pA for
SD118 (p = 0.01016), the latter corresponding to a magnitude of 115.8 + 3.7
% of control (100%; p = 0.0008). Thus, SD118 significantly enhanced EPSCs
evoked at a frequency of 20 Hz. Inspection of responses observed in individual
cells revealed peak EPSC amplitude in 4 of 6 cells increased in the presence
of SD118, decreased in one cell and had no effect in one cell. Figures 5.29
shows an example of the effects of SD118 on EPSCs evoked at 20 Hz (3 trials).
Figure 5.30 and 5.31 shows the pooled data for the effects of SD118 on EPSCs
evoked at 20 Hz for each trial (Figure 5.30) and with all data for all trials
pooled (Figure 5.31).
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Figure 5.29. An example of the effects of SD118 on EPSCs evoked at 20 Hz (3

trials)

A. Samples of a continuous record showing trains of EPSCs evoked at 20Hz in

control (3 individual trials), during exposure of slices to SD118 and shown

superimposed in the far-right panels. B. Time-course plots of the effects of SD118

on EPSCs evoked at 20Hz for trials, 1, 2 and 3, respectively for the cell shown in A.

Note the increase in amplitude of EPSCs in the presence of SD118.
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Figure 5.30. Summary data of the effects of SD118 on EPSCs
evoked at 20 Hz. Al shows bar charts representing mean EPSC amplitude in
control and in the presence of SD118 for each individual trial. Corresponding
data normalised to controls is shown in B1. Note the increase in mean peak
amplitude of EPSCs in trials/trains 2 and 3, the latter when data was
normalised to controls. A2 shows changes in amplitude of EPSCs evoked in
each individual cell with data normalised to control shown in B2. C1 shows
changes in mean peak amplitude of EPSCs for each cell in SD118 from

control and C2 shows the same data normalised to control.
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Figure 5.30. Summary data of the effects of SD118 on EPSCs evoked at 20 Hz
with data pooled form all cells and all trials.

A shows bar charts representing mean peak amplitude of EPSCs for control and in the
presence of SD118. Absolute values are shown in 1 and data normalised to control in
2 for all trials in all cells. B shows peak amplitude of EPSCs for each cell in control
and in SD118 with data normalised to control shown in 2. C shows changes in mean
peak amplitude of EPSCs in SD118 from control with data shown normalised to

control in 2. SD118 significantly increased EPSCs peak amplitude evoked at 20 Hz.

5.5. Discussion

The aim of the current study was to provide insight into the
mechanism of action of the novel cognitive enhancing drug SD118, a
compound developed by Syndesi using Levetiracetam as the scaffold structure.
Like Levetiracetam, SD118 targets the synaptic vesicle protein SV2A,
confirmed by binding studies showing SD118 binding to this protein and
displacing Levetiracetam (Syndesi, personal communication). The principal
findings from the current study described here were that SD118 had no effect
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on excitatory synaptic transmission evoked at low frequency alone (0.1 to 2
Hz) in the hippocampus. However, using whole-cell patch clamp recording
techniques in hippocampal brain slices here we demonstrate a frequency-
dependent effect of SD118. The stimulation protocol we employed was
designed to investigate the effects of SD118 on a range of frequencies of
stimulation and also to investigate the effects of high frequency stimulation on
subsequent low frequency synaptic transmission in the presence of SD118.
SD118 had little or no effect on pharmacologically isolated AMPA receptor-
mediated EPSCs evoked at 0.1 Hz with 1 and 2 Hz. Although SD118 had no
statistically significant effect on EPSCs evoked at 5 Hz and subsequently
0.1Hz there was a trend towards enhanced synaptic transmission. At higher
frequencies, 10 and 20Hz, SD118 induced an increase in excitatory synaptic
transmission both for EPSCs evoked at 10 Hz and 20 Hz and increased EPSC
amplitude at low frequency (0.1 Hz) in the same neurones challenged with
10Hz and 20Hz trains of stimuli. Figure 5.3.1 shows a summary comparison
of the effects of SD118 on EPSCs evoked over a range of frequencies and low
frequency stimulation monitored in the same cells. Thus, the principal
mechanism of action of SD118 is to enhance excitatory synaptic transmission

in a frequency-dependent manner.

Previous research with Levetiracetam has shown this compound to
suppress both excitatory and inhibitory synaptic transmission. This effect is
only apparent at higher frequencies of stimulation (20-80Hz; Meehan et al.,
2012; 2011; Yang et al., 2007; Yang & Rothman, 2009). This frequency-
dependence is thought to reflect synaptic vesicle fusion and recycling
facilitating Levetiracetam access to synaptic vesicles and subsequently to
bind to SV2A (Meehan et al., 2011). Although multiple functions of SV2A
have been suggested, its only clearly defined function is its interaction with
synaptotagmin, SV2 modulating both the levels of expression of this protein
and its trafficking in the synapse (Nowak et al., 2010; Yao et al., 2010;
Zhang et al., 2015; Kaempf et al., 2015).
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That SV2A is a principal target of Levetiracetam and related
compounds is also unquestionable: Levetiracetam binds SV2A (Lynch et al.,
2004); the anticonvulsant effect of Levetiracetam and related compounds
directly correlates with their affinity for SV2A (Kaminski et al., 2009);
SV2A hypomorphic mice (SV2A+/-) are less sensitive to the anticonvulsant
effects of this compound (Kaminski et al., 2012); over-expression of SV2A
in cultured neurones gives rise to abnormal synaptic transmission that is
reversed by Levetiracetam (Nowack et al., 2011); SV2A acts as a
“chaperone” for synaptotagmin and may play a role in both endo and

exocytosis .
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Figure 5.3.1. A. Summary overview data of the effects of SD118 on EPSCs
evoked at a frequency of 0.1 Hz (in series with high frequency trains of stimuli
at1,2,5,10 and 20Hz)

Note the frequency-dependent effect of SD118, EPSCs evoked at low frequency
being enhanced when combined with higher frequency stimulation, the effect being
significant when associated with 10 and 20 Hz trains of stimuli. B. Summary
overview of the effects of SD118 on EPSCs evoked at increasing frequencies. Note
SD118 enhanced EPSCs with increasing frequency of stimulation, the effect being

significant for 10 and 20 Hz trains.

The effects of SD118 described here had a distinct similarity to effects
described for Levetiracetam, specifically, the frequency-dependence of the
effect. However, the outcomes are completely opposite, Levetiracetam
suppressing EPSCs whereas SD118 enhanced EPSCs. From a functional
perspective this fits with observations in vivo where Levetiracetam is
anticonvulsant whereas SD118 has no anticonvulsant activity but enhances
cognition (Syndesi, personal communication). SV2A has been shown to be
needed to maintain pools of vesicles available for calcium-dependent
exocytosis, the readily-releasable pool of vesicles being shown reduced in
adrenal chromaffin cells of SV2A knockout animals (Xu & Bajjalieh, 2001).
This study also suggested that SV2 modulates the formation of protein
complexes needed for synaptic vesicle fusion and release of transmitters. Thus,
SV2 appears critical in defining the pathway of vesicles to a fusion-competent

state and in doing so modulates the size of the secretory vesicle readily-
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releasable pool. As Levetiracetam suppresses excitatory synaptic transmission
it is tempting to suggest that this compound acts as an inhibitor or antagonist
leading to a loss of function of SV2A, whereas SD118 interacts with SV2A
leading to a gain of function, acting as an agonist/activator of the protein.

Several observations over the course of this study suggest SD118 acts
to increase the readily-releasable pool of vesicles at the synapse. Firstly, the
observation that EPSCs were enhanced in a stimulus frequency-dependent
manner. Secondly, although not systematically analysed here it was notable
that following high frequency stimulation, EPSCs subsequently evoked at low
frequency were initially significantly enhanced in SD118 compared to control.
This effect was transient, EPSCs recovering relatively rapidly with progressive
low frequency stimulation. It is tempting to speculate that during high
frequency stimulation the readily-releasable pool is enhanced in the presence
of SD118 underpinning an increase in transmitter release upon subsequent low
frequency stimulation. In this scenario, whilst SD118 may act as a “positive
activator/modulator” of SV2A function and levetiracetam as a “negative
inhibitor/modulator” of SV2A function, there are other possible explanations.
One possibility is that both compounds bind in the same manner to suppress
the function of SV2A but with differential affinities. For example, if SD118
binds SV2A relatively weakly and/or in a use and activity-dependent manner
and “unbinds” during inactivity at the synapse, periods of high frequency
stimulation in SD118 may delay the preparation of the release competent
readily releasable pool of vesicles. Following cessation of the high frequency
stimulation and unbinding of SD118, the release competent readily releasable
pool is increased giving rise to enhanced transmitter release upon subsequent
stimulation. Supporting this notion is the fact that the effects of SD118 were
relatively rapidly reversed upon washout of the compound suggesting the

compound “unbinds” rapidly.
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Since the concepts discussed above are somewhat speculative, further
research is required to clarify the mechanism of action of SD118. One
interesting feature of the frequency-dependent action of Levetiracetam is its
time to take effect. A 3-hour incubation with the compound at high
concentrations is required for the activity-dependent suppression of EPSCs
whereas the effect on inhibitory synaptic transmission is faster (around 30
mins) and requires lower concentrations. Precisely why this is the case is
unclear but may reflect poor membrane permeability of this compound or
higher levels of activity at inhibitory synapses promoting its uptake into
vesicles (see Meehan et al., 2012). SD118, unlike levetiracetam is highly
membrane permeable and thus most likely reaches its target rapidly, this being
reflected in the relatively rapid onset effects of the compound on EPSCs once
stimulation commences. However, further studies testing the effects of SD118
on IPSCs and studies with prolonged incubation periods would be of interest
to further clarify the role of this compound in modulating synaptic vesicle
trafficking and expression levels of trafficking proteins. Other studies using
manipulations to alter presynaptic activity along with further
electrophysiological experiments investigating higher frequencies of
stimulation and manoeuvres to manipulate readily releasable transmitter pools

will help clarify the mechanism of action of SD118.
In summary, here we show SD118 enhances excitatory synaptic

transmission in a frequency-dependent manner. This effect of SD118 may be

key to its cognitive-function enhancing effect in vivo.
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Chapter 6: General Discussion

The pursuit of neuroprotection and cognitive enhancement remains an
uphill battle despite the wealth of information regarding the pathological states
associated with cognitive dysfunction and decline. Work described in this
document investigates several aspects beneficial for potentially successful
drug development, for the purpose of battling cognitive deterioration. First, the
validity of a novel, a7nAChRs-targetting ligands were assessed. Second, the
role of extracellular glucose in the context of LTP was explored, pointing
towards the significance of appropriate metabolic homeostasis and LTP.
Finally, facets of the prospective mechanism of action of SD118, a novel

cognition-enhancing compound, were elucidated.

6.1 The effects of a7 nAChR-targetting ligands on LTP in the

hippocampus in vitro

Collective evidence from both preclinical and clinical sources
indicates that a7 nicotinic acetylcholine receptors have a likely role in
processes and mechanisms encompassed in the mental action of cognition. The
main objective of this set of experiments was to authenticate L-436, a novel
PAM of a7 nAChRs, developed by Merck & Co., Inc., and to evaluate the
effectiveness of this compound against established modulators of these
receptors: a partial agonist and a PAM, EVP-6124 and BNC-375, respectively.

The primary findings from this study are that in both mouse and rat
hippocampal slices, L-436 induced a concentration-dependent enhancement of
LTP. This effect was not found in mice lacking a7 nAChRs (Acra7- mice),
compared with their wild-type littermates. In rat hippocampal slices, the
maximum effect of L-456 on LTP, achieved at a concentration level of 10 uM,
was inhibited in the presence of the selective a7 nAChR antagonist MLA. In
summary, these data propose that L-436 increases LTP via a direct action on

a7 nAChRs. Hence, the effects of L-436 are comparable to those of partial
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agonists of a7 nAChRs, such as EVP-6124, GTS-21, S 24795 and SSR180711
(Biton et al., 2007; Lagostena et al., 2008; Hunter et al., 1994; Hurst et al.,
2013; Bertrand et al., 2015; Townsend et al., 2016).

6.2 The role of extracellular glucose in LTP in the hippocampus in

vitro

The findings of this study indicate that the extracellular glucose level
has little to no influence upon LTP in the hippocampus. In addition, these
results are not in agreement with historic data from Neurosolutions LTD and
other groups (unpublished material and Professor Andy Randall, personal
communication) which showed that the magnitude of LTP was substantially

affected depending on the extracellular glucose concentration.

6.3 Mechanism of action of SD118: a novel cognitive enhancer

The aim of this study was to provide insight into the mechanism of
action of the novel cognitive enhancing drug SD118, a compound developed
by Syndesi using Levetiracetam as the scaffold structure. Like Levetiracetam,
SD118 targets the synaptic vesicle protein SV2A but unlike Levetiracetam,
SD118 has no anticonvulsant activity. Using whole-cell patch clamp recording
techniques in hippocampal slices SD118 was shown to enhance excitatory
glutamatergic synaptic transmission in the hippocampus in a frequency-
dependent manner. Excitatory synaptic responses were little affected at low
frequencies of stimulation (0.1 to 2 Hz) but were potentiated at higher
frequencies (10 and 20 Hz). Thus, SD118 has a similar frequency-dependent
effect on excitatory synaptic transmission to Levetiracetam but the outcomes
are total opposites, Levetiracetam having been shown to suppress excitatory
synaptic transmission, presumably contributing to its anticonvulsant activity,
whereas SD118 enhances synaptic transmission, a feature that could contribute

to its cognitive enhancing properties. As both compounds target the synaptic
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vesicle protein SV2A further research is required to understand how these
compounds interact with this protein to bring about opposing

electrophysiological and behavioural outcomes.

6.4 Conclusions and future work

Key findings of the studies reported here offer a deeper insight into
the role of o7nAChRs, via data obtained by utilising the field
electrophysiological technique, a widely accepted model for learning and
memory, thus reinforcing the significance of these receptors in LTP, as well as
validating this subset of nicotinic receptors as adequate drug targets. Likewise,
the role of adenosine presence and LTP has been discussed, raising important
questions regarding the validity of the classic field electrophysiology
experimental paradigm in the context of this research hypothesis. Finally, a
novel compound with promising clinical potential and intriguing mechanism
of action has been assessed. Therefore, the collective wealth of information
discussed in thesis contains valuable evidence in favour of the pursuit of

cognitive enhancers as potential AD treatment options.

Based on the data discussed here, the future role of a7nAChR-
targetting ligands could be of some significance and potential benefit as
cognitive enhancers. Indeed, the pre-clinical performance of BNC375
foreshadows substantial promise for the ongoing Phase I clinical trials of this
compound. In addition, it would be beneficial to explore alternative drug
delivery routes for the delivery of EVP-6124, to bypass the Gl tract and thus
eliminate the previously reported side-effects.

For a continued exploration of the relationship between LTP and
extracellular glucose, several potentially beneficial additions to the
experimental design can be suggested. For example, in addition to the wild-
type animals involved in this study, other animal models could be considered,

e.g., aged animals, animals subject to a model of the high-carbohydrate, high-
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fat “Western diet”, or to streptozotocin-induced diabetes. Monitoring of the
average glucose levels of both plasma and cerebrospinal fluid as well as
glucose tolerance tests could also be included, thereby setting the scene on
whether systemic changes in metabolism are accompanied by changes in LTP

in these animal models.

The promising effects of SD118 in vitro is an exciting new
development which has led to a fast-tracking of this compound into Phase |
trials. Future experiments should focus on determining how this compound
interacts with and affects the function of SV2A to enhance synaptic

transmission and cognition.
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