Chemokine modulation of
hippocampal function across aging

Annabel Florence Smith

PhD

University of York
Biology
February 2022



Abstract

The hippocampus undergoes several structural, cellular, and functional changes during
normal aging which is directly associated with cognitive decline and the pathogenesis of
neurodegenerative disease. Dysregulation of innate immune function in the peripheral
and central nervous system during aging is thought to contribute to reduced cognition
and the pathophysiological events leading to neurodegeneration. Most studies of aging
compare young individuals with elderly, however there is limited investigation into

whether hippocampal function also declines in early aging.

In this thesis | used in vitro electrophysiology on mouse hippocampal slices to examine
hippocampal excitability along the perforant path in an early aging model, comparing
neuronal activity between juvenile (9-15 weeks old) and adult (25-35 weeks old)
C57BL/6J mice. | also examined if the Duffy antigen receptor for chemokines (DARC),
which mediates circulating pro-inflammatory chemokine concentration, was affecting

hippocampal excitability using homozygous DARC knockout mice.

Extracellular measurements of dentate gyrus neurons during perforant pathway
stimulation showed that hippocampal excitability increases in early aging. Intracellular
measurements of intrinsic membrane properties indicated that dentate gyrus granule
neurons become hyperpolarised and have increased membrane resistance during early
aging, which occurred only in the supra-pyramidal subregion. Bath application of
chemokine CCL2 increased hippocampal excitability via its cognate receptor CCR2,
however not in an age-dependent manner, indicating that CCL2 does not regulate early
age-dependent excitability. Measurements of population excitability and granule cell
intrinsic properties in DARC knockout mice indicated that DARC regulates neuronal
excitability in early aging and resting membrane potential of supra-pyramidal granule
neurons. Adult DARC knockout mice also had increased hippocampal microglia

proliferation. These are the first reported effects of DARC deficiency on brain cells.

These implications of these findings, for our overall understanding of how hippocampal
function changes in early aging and how chemokines and chemokine receptors alter

hippocampal excitability, are discussed.
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Chapter 1 - General Introduction



1.1 The hippocampus

1.1.1 Overview
The hippocampal formation is one of the most studied neuronal systems in the brain as

it plays an important role in episodic memory, spatial navigation, anxiety related-
behaviour, and is involved in regulation of hypothalamic functions (Stella et al., 2012;
Toyoda et al., 2011; Koehl and Abrous, 2011). The hippocampus is vulnerable to age-
related changes in circuitry (Barnes, Rao and Houston, 2000a; Burke and Barnes, 2010;
Yassa, Muftuler and Stark, 2010), volume (Driscoll et al., 2006), neuronal number (Fu et
al., 2015), and associated behaviour (Kausler, 1994; Gage et al., 1984; Rapp, Kansky
and Roberts, 1997; Newman and Kaszniak, 2000). Moreover, the hippocampus is
affected in neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s
related dementia (Ritchie et al., 2018; Camicioli et al., 2003). Evidence has emerged that
changes in hippocampal function and related behaviours are altered in midlife (Williams
et al., 2019; Hattiangady et al., 2005), suggesting that middle age could be a critical
period in the development of pathophysiological mechanisms leading to
neurodegenerative diseases later in life (Ritchie et al., 2018). Despite this, study into
whether aging-pathologies occur progressively with aging is scarce. Further investigation
into hippocampal function with early aging could help to identify physiological functional
changes that pre-depose individuals to age-related disease and provide a potential

opportunity for preventative intervention.

1.1.2 Hippocampal memory function

1.1.2.1 Episodic memory

There is general agreement amongst the scientific community that the hippocampus is
essential for episodic memory - the memory of everyday events that are the collection of
past personal experiences (Wiggs, Weisberg and Martin, 1999; Eichenbaum, 2000) and
was first described by Endel Tulving in 1972 (Tulving, 1984; Tulving, 1985; Clayton,
Salwiczek and Dickinson, 2007). Episodic memory requires binding together of stimuli,
along with spatial, temporal and conceptual relationships to form coherent memory
representations (Pender, 2002). It is often contrasted with semantic memory, which
includes memory for generic, context free knowledge (Hudson, Mayhew and Prabhakar,
2011). Nine properties of episodic memory have been described to distinguish it from

other forms of memory: it has the perspective of the observer; represents short time-
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frames of experience; contains summary records of sensory-perceptual-conceptual-
affective processing; often represented in the form of visual images; retains patterns of
activation/inhibition over long periods; represented on a temporal dimension in an
approximate order of occurrence; is subject to rapid forgetting; makes autographical

remembering specific and is collectively experienced when accessed (Conway, 2009).

1.1.2.2 Spatial navigation
The hippocampus also plays a role in spatial navigation and memory, which was first

identified through the observation that hippocampal neurons exhibit spatially localised
firing patterns when rats explore their environments (O'Keefe and Dostrovsky, 1971). It
was later observed that damage to the hippocampus and amygdala in primates caused
a severe impairment in object recognition (Mishkin, 1978), highlighting that the
hippocampus also plays a role in visual memory. Strong activation of the hippocampus
has been routinely observed during memory guided spatial navigation experiments
(Maguire, Frackowiak and Frith, 1997; Bontempi et al., 1999), and activity in hippocampal
pyramidal neurons has been shown to be location specific (O'Keefe and Dostrovsky,

1971; Wilson and McNaughton, 1993).

Pyramidal neurons in the hippocampus and granule cells in the dentate gyrus act as
place cells that become active when an animal enters a space in an environment, known
as a place field. Place cells are a cognitive representation of a specific location in space
(Routtenberg, 1980), and communicate with other neurons in the hippocampus and
surrounding regions to perform spatial processing activities (Muir and Bilkey, 2001). In
addition, grid cells in the entorhinal cortex fire at regular intervals as an individual
navigates an open area, allowing the storage of information about location, distance, and
direction (Fyhn et al., 2004; Hafting et al., 2005). The idea that the hippocampus is
involved in generating a mental representation of the spatial layout of an environment is
supported by a number of reports indicating that hippocampus neurons are acutely
sensitive to the spatial geometry of an environment (Gothard et al., 1996; Muller and
Kubie, 1987). In particular, hippocampal-dependent spatial navigation is thought to
depend on the arrangement of distal landmarks (Muller, Kubie and Ranck, 1987; O'Keefe
and Speakman, 1987; O'Keefe and Burgess, 1996), with navigation still partially
successful after removal or concealment of the controlling cues (Quirk, Muller and Kubie,

1990; O'Keefe and Speakman, 1987). Hippocampal response patterns are also sensitive
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to non-geometric features, with neurons exhibiting changes in spatial firing patterns in
response to an environment’s odour and colour, highlighting that spatial geometry cannot
solely be determined by hippocampal responses (Anderson and Jeffery, 2003; Hayman

et al., 2003).

Animals with hippocampal lesions fail to learn the location of a hidden goal whose
position is defined by the arrangement of distal landmarks (Jarrard, 1978; Olton, Walker
and Gage, 1978; Morris et al., 1982; Sutherland, Whishaw and Kolb, 1983). The size of
the hippocampal lesion affects spatial navigation and object recognition differently;
lesions in the dorsal hippocampus damaging 30-50% of total hippocampal volume cause
severe spatial memory impairment, yet object recognition memory is only impaired to the
same extent after a lesion volume of 75-100% total volume. Recognition memory was
entirely spared by smaller lesions (Moser et al., 1995; Broadbent, Squire and Clark,
2004). However not all features of spatial navigation and memory depend on the
hippocampus; rats with hippocampal lesions can solve landmark-based navigation tasks
under certain conditions, such as when training is prolonged or when the task difficulty
is progressively increased (Morris et al., 1990; Whishaw, Cassel and Jarrad, 1995).
Evidence suggests that the hippocampus is essential for goal-directed spatial navigation
as hippocampal lesions cause a severe but selective deficit in the identification of a
location, suggesting that the hippocampus is essential for image recognition during

spatial navigation (Hollup et al., 2001). (Hollup et al., 2001)

1.1.2.3 Emotional and social processing
The hippocampus is involved in emotional processing and is reported to be distinct from

that of the amygdala, which is suggested to be associated with fear rather than anxiety
(Bannerman et al., 2004). Early support for this view was discovered when the removal
of the medial temporal lobe caused profound emotional disturbance in monkeys (Kluver
and Bucy, 1937). The region exerts strong regulatory control of the hypothalamic-
pituitary-adrenal (HPA) axis, a complex set of direct influences and feedback mechanism
interactions between the hypothalamus, pituitary gland and adrenal glands. It constitutes
a major neuroendocrine system controlling reactions to stress and regulates body
processes such as the immune system, emotions, energy storage and expenditure
(Jacobson and Sapolsky, 1991). Glucocorticoid hormones are secreted from the adrenal

gland and stress-induced rise in glucocorticoid concentration facilitates adaptation to
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stress and restores homeostasis through the enhancement and promotion of
motivational and cognitive processes (de Kloet, Joéls and Holsboer, 2005; Joéls et al.,
2007; McEwen, 2007). These hormones can enter the brain and bind to two intracellular
receptor types, mineralocorticoid receptors and glucocorticoid receptors that regulate
transcription of response genes. These are both found in abundance in the hippocampus
(Joéls, 2001; Meijer, Buurstede and Schaaf, 2019). Excessive, prolonged or inadequate
glucocorticoid response impairs an individual’s adaptation to stress and is considered a
risk factor for disease, having a profound effect on brain development (de Kloet, Karst
and Joéls, 2008). Hippocampal lesions have shown to severely impair control of the
hormonal stress response (Dedovic et al., 2009), and elevations of stress hormones lead
to hippocampal dysfunction in rodents and humans (McEwen et al., 1997; Herman et al.,
2005). Decreased hippocampal volume and general hippocampal dysfunction are
associated with psychological disorders such as post-traumatic stress disorder, bipolar
disorder and depression, with effective pharmacological treatments of these disorders
targeting hippocampal function and physiology (Bonne et al., 2008; Frey et al., 2007).
The hippocampus is also involved in the formation of emotional memories in social
contexts (Eisenberger, Gable and Lieberman, 2007) and in the processing of emotional

facial expressions (Critchley et al., 2000; Fusar-Poli et al., 2009).

Social memory refers to the ability to retrieve socially relevant information from past
experiences and encounters. Social recognition teaches exploration of unfamiliar
individuals and encourages adaptation to familiar individuals, promotes reproductive
behaviours and enables recognition of social hierarchical positions (Montagrin, Saiote
and Schiller, 2018). The hippocampus is essential for learning new information about a
person that is tied to a specific event or experience, contributes to the ability to form
relationships with others, influence behaviour in social situations and effects judgements
and perceptions (Rubin et al., 2014). Animal studies show a link between the
hippocampus and social recognition. In rodents, social recognition is important for mate
choice and maintaining social hierarchy (Berry and Bronson, 1992), and hippocampal
lesions impair the robust recognition that adult mice exhibit toward young conspecifics
and affect the distinct grooming behaviour degus display towards familiar and unfamiliar
partners (Kogan, Frankland and Silva, 2000; Uekita and Okanoya, 2011). In addition,

social isolation in mice and rats induces impairment of hippocampal-dependent long term



social recognition memory (Kogan, Frankland and Silva, 2000; Pena et al., 2014). In non-
human primates, a single-unit study showed that hippocampal-neurons expressed a
significant activity enhancement to faces and voices (Sliwa et al., 2016) and single-unit
recordings of human hippocampal cells show they fire in a highly selective and invariant
manner for familiar and well-known individuals (Quiroga et al., 2005; Quiroga et al., 2009;
Viskontas, Quiroga and Fried, 2009). Functional magnetic resonance imaging of
primates shows the hippocampus as an area with enhanced activity for faces compared
with objects (Ku et al.,, 2011; Lafer-Sousa and Conway, 2013), and functional
neuroimaging of healthy humans undertaking a facial recognition task showed that
hippocampal activation correlated with how well participants recognised the faces
presented (Trinkler et al., 2009). The study of human patients with hippocampal
impairments show difficulty retrieving sematic information about well-known individuals,
possess difficulty in establishing interpersonal relationships and present limited social
circles compared with unimpaired controls (Sanders and Warrington, 1971; Davidson et
al., 2012). Restricted social circles could be explained by the inability to remember faces
and difficulties in accessing episodic memories, such as the details of a moment shared

with a person (McHugh et al., 2004).

1.1.3 Hippocampal Structure and circuitry

The hippocampus lies deep in the medial and temporal lobes and can be distinguished
externally as a layer of densely packed neurons which curl into a small S-shaped
structure, measuring approximately 3-3.5cm?in volume on each side of the brain (Anand
and Dhikav, 2012; Gilbert and Brushfield, 2009; Bird and Burgess, 2008). The structure
of the hippocampus is conserved across mammals and runs along a dorsal (septal) to
ventral (temporal) axis in rodents, which corresponds to a posterior to anterior axis in
humans (Figure 1.1). The same basic intrinsic circuitry is maintained throughout the long
axis across species; however, the 3D nature of the hippocampus gives rise to the dorsal
and ventral portions of the hippocampus which have different connections with cortical
and subcortical areas (Strange et al., 2014). The dorsal hippocampus receives
polymodal sensory information from cortical areas; the ventral hippocampus is more
closely linked to sub-cortical structures such as the amygdala and hypothalamic-pituitary

axis (Bannerman et al., 2014; Naber and Witter, 1998).



Memory formation and recall requires interactions between the entorhinal cortex and
dentate gyrus, forming a cortico-hippocampal circuit. This circuit receives multisensory
inputs from the olfactory domain of the telencephalon, perirhinal cortex, and pre- and
para-subiculum to the superficial layers of the entorhinal cortex, which then routes inputs
into the hippocampus. The hippocampus can be subdivided into the Cornu ammonis
regions (CA), dentate gyrus (DG), subiculum and entorhinal cortex. The Cornu ammonis
is further subdivided into the CA1, CA2 and CAS3 in rodents, with the addition of the CA4
in the human brain (Figure 1.1 Aii and Bii) (Anand and Dhikav, 2012).
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Figure 1.1 Rodent and human cross-species comparison of hippocampal
anatomy. The location and shape of the longitudinal axis of the hippocampus is shown
in the rodent brain (Ai) and human brain (Bi). The longitudinal axis is described as
ventro-dorsal in rodents and antero-posterior in humans. A 90 degree rotation is
required for the rodent hippocampus to have the same orientation as that of humans.
Figures Aii and Bii show schematic diagrams of Nissl stained cross-sections of a rodent
and human hippocampi, respectively. Figure adapted from Strange et al., 2014 and
O’Leary and Cryan, 2014.



1.1.3.1 The perforant pathway
The entorhinal cortex is the major input and output structure of the hippocampus, forming

the nodal point in cortico-hippocampal circuits (Witter et al., 1989). Sensory inputs
converge at the neuronal level in the superficial layers of the entorhinal cortex layer Il
and layer Il which then project to the hippocampus (van Strien, Cappaert and Witter,
2009; Naber et al., 1997). Intrinsic inputs from the entorhinal cortex layer Il project
directly to the CA1, whilst inputs arising in the entorhinal cortex layer Il instead project to
the dentate gyrus, known as the perforant pathway (Buzsaki and Moser, 2013; Canto,
Wouterlood and Witter, 2008; Hyman et al., 1986). The dentate gyrus then routes these
inputs to the CA3 via the mossy fibres, a projection formed of granule cell axons
(Steward, 1976; Blackstad et al., 1970), and then through Schaffer collateral synapses
to the CAL (Witter, 2007). The CA1 and subiculum send back processed memory output
to the deep layer V of the entorhinal cortex as well as less dense projection to layers Il
and lll, which then communicate with other brain structures (van Strien, Cappaert and
Witter, 2009; Basu and Siegelbaum, 2015; de No, 1933). This circuitry is described as

the hippocampal tri-synaptic loop and is summarised in figure 1.2.

Principal neurons in the dentate gyrus receive mainly monosynaptic inputs from the
entorhinal cortex, whereas pyramidal cells in the CA3 and CA1 receive monosynaptic
inputs via perforant pathway fibres as well as additional input via the hippocampal tri-
synaptic circuit. There is no report of backpropagation of signals form the CA3 to DG

(Amaral, Scharfman and Lavenex, 2007).

1.1.3.2 The lateral and medial perforant pathway

The entorhinal cortex can be sub-divided into the medial entorhinal cortex (MEC) and
the lateral entorhinal cortex (LEC) (Insausti, Herrero and Witter, 1997). The LEC is
primarily innervated by the perirhinal cortex, whilst the MEC is primarily innervated by
the postrhinal cortex, but also receives minor projections from the visual association
areas and posterior parietal and retrosplenial areas (Burwell and Amaral, 1998; Burwell,
2000). The MEC and LEC generate the medial and lateral perforant pathways,
respectively. The MEC terminates in the middle one third of the dentate gyrus molecular
layer, whereas the LEC terminates on the outer third of the dentate gyrus molecular layer
(McNaughton, 1980). The MEC and LEC are differentially involved in spatial learning

and episodic memory (Ferbinteanu, Holsinger and McDonald, 1999).



Electrophysiological recordings demonstrate that cells in the MEC are predominantly
spatially modulated, processing contextual and spatial environment information, involved
in the brains where processing stream (Hargreaves et al., 2005). In contrast, this
modulation is absent in the LEC, and instead neuron firing has been correlated to objects
in context and is part of the what processing stream (Fyhn et al., 2004; Deshmukh and
Knierim, 2011; Knierim, Neunuebel and Deshmukh, 2014; Moser et al., 2014; Tsao,
Moser and Moser, 2013). Episodic memory requires an integration of what, where and
when components of a memory (Clayton and Dickinson, 1998; Eichenbaum and Fortin,
2005), highlighting that both LEC and MEC components are essential for the formation

of episodic memory.
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Figure 1.2 Basic circuitry of the hippocampus. Hippocampal basic circuitry is
traditionally presented as a tri-synaptic loop, where major polymodal sensory information
input is carried from neurones of the entorhinal cortex layer Il to the dentate gyrus by
axons of the perforant path. Perforant path axons make excitatory synaptic contact with
the dendrites of dentate granule cells - axons from the lateral entorhinal cortex and medial
entorhinal cortex innervate the outer third and middle third of the dendritic tree,
respectively. Granule cells project through their axons, the mossy fibres, to the proximal
apical dendrites of CA3 pyramidal cells. These project to ipsilateral CA1 pyramidal cells
through Schaffer collaterals and to contralateral CA3 and CA1 pyramidal cells through
commissural connections. The distal apical dendrites of CA1 pyramidal neurones also
receive a direct input from EC layer Il cells. The CAl sends processed memory output
to EC layer V and a less dense projection to layers Il and Ill. Figure adapted from (Neves,
Cooke and Bliss, 2008).



1.1.3.3 Dentate gyrus structure
The dentate gyrus is a laminar structure that comprises a dense layer of granule cells

that possess a hyperpolarised resting membrane potential and low average firing rate
(Nusser and Mody, 2002). The dentate gyrus acts to reduce interference between the
entorhinal cortex and CA3, performing pattern separation by combing spatial and object
information from the entorhinal cortex into a single representation of decorrelating input
to the CA3 (Leutgeb et al., 2007; O'Reilly and McClelland, 1994). The dentate gyrus is
comprised of two subregions called the supra-pyramidal dentate gyrus, which lies closest
to the CAl, and the infra-pyramidal dentate gyrus, as represented in figure 1.3
(Scharfman et al., 2002). The supra-pyramidal and infra-pyramidal regions have been
previously described as homogeneous, and it was originally reported that entorhinal
cortex projections innervated both subregions equally (Tamamaki and Nojyo, 1993), with
modulatory inputs into the dentate gyrus seemingly had no selectivity for either subregion
(Frotscher, Zhao and Forster, 2007). More recent evidence suggest that the dentate

gyrus may not be as uniform as previously defined.

Supra-pyramidal

CA3 Dentate Gyrus

P L LT T Ty, Y,
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Dentate Gyrus

Figure 1.3 Dentate gyrus subregions. The dentate gyrus can be subdivided into the
supra-pyramidal dentate gyrus (green) and the infra-pyramidal dentate gyrus (red). The
subregions have been reported to have different circuit functions, with the supra-pyramidal
dentate gyrus reported to be more active during spatial navigation. Figure adapted from
(Greene et al., 2013; Tamamaki, 1997).
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Research suggests that the supra-pyramidal and infra-pyramidal subregions could
contain different circuit functions (Scharfman et al., 2002), as the supra-pyramidal blade
is more active during spatial navigation, with the neuronal activity markers activity-
dependent cytoskeleton associated protein (Arc) and early growth response protein 1
(ERG-1) showing 4-fold higher expression in the supra-pyramidal region compared to
the infra-pyramidal region during rodent behavioural tasks (Chawla et al., 2005; Satvat
et al., 2011). In general, the supra-pyramidal subregion is considered more active, and
greater levels of c-fos MRNA, a marker of neuronal activity, are observed in the supra-

pyramidal dentate gyrus compared to the infra-pyramidal (Chawla et al., 2013).

The dentate gyrus subregions also have different cellular morphologies. Supra-
pyramidal granule cells have greater dendritic length and spine densities (Desmond and
Levy, 1982; Desmond and Levy, 1985; Claiborne, Amaral and Cowan, 1990), which are
associated with are larger number of synaptic contacts (Sorra and Harris, 2000). A larger
guantity of GABA-immunoreactive neurons are located in the supra-pyramidal dentate
gyrus (Woodson, Nitecka and Benari, 1989; Czeh et al., 2013), and these inhibitory
neurons are more densely innervated by mossy fibres than infra-pyramidal dentate gyrus
neurons (Ribak and Peterson, 1991). Furthermore, the infra-pyramidal dentate gyrus
exhibits higher levels of cell proliferation than the suprapyramidal blade (Snyder,
Ferrante and Cameron, 2012); however, the infra-pyramidal subregion also shows
greater vulnerability to hypoxia (Hara et al., 1990), cannabinoid treatment (Simonyi,
Miller and Sun, 2000) and sleep deprivation, with larger reductions in spine density
observed (Raven et al., 2019). Although the supra-pyramidal subregion is more active,
the infra-pyramidal subregion shows greater subregional excitability and less paired-
pulse inhibition in rats with chronic seizures (Scharfman et al., 2002), suggesting that the
infra-pyramidal subregion is more susceptible to pathologic conditions that the supra-

pyramidal region.

Single unit studies typically record in the supra-pyramidal subregion (Jung and
McNaughton, 1993; Leutgeb et al., 2007; Schmidt, Marrone and Markus, 2012).
However, because multiple differences in excitability and vulnerability have been
observed between the supra-pyramidal and infra-pyramidal dentate gyrus, it highlights
that in order to achieve an accurate picture of dentate gyrus function, measurements in

both subregions should be conducted.
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1.1.4 Ventral and dorsal hippocampal function
In an influential review, it was suggested that the hippocampus may not act as a unitary

structure, but instead have different roles associated with the dorsal and ventral
hippocampal portions (Moser and Moser, 1998). Their reasoning was based on three
major experimental findings. Firstly, anatomical studies indicated that the input and
output connections of the dorsal and ventral hippocampus are distinct (Swanson and
Cowan, 1977), secondly, spatial memory is dorsal- and not ventral-dependent (Moser et
al., 1995), and finally, ventral lesions alter stress responses and emotional behaviour
and not dorsal regions (Henke, 1990). Although the basic circuitry of the hippocampus
is similar along its dorsoventral axis, the main extrinsic and intrinsic connections are very
different for dorsal and ventral regions, and their connections with different extra-
hippocampal structures are summarised in figure 1.4. These connections are complex

and involve the cross talk between multiple brain regions.

In addition to circuitry connections, neurochemical localisation is different between the
dorsal and ventral hippocampus (Sousa, Cerqueira and Almeida, 2008), with cholinergic
innervation being more present in the dorsal hippocampus (Amaral and Kurz, 1985;
Milner, Loy and Amaral, 1983) and fibres containing dopamine, noradrenaline and
serotonin being more present in the ventral hippocampus (Verney et al., 1985; Gage and

Thompson, 1980; Haring and Davis, 1985; Kohler, Chan-Palay and Steinbusch, 1981).

1.1.4.1 Dorsal hippocampal connectivity

The dorsal hippocampus receives and sends prominent cortical projections from the
retrosplenial and anterior cingulated cortices, which are the two cortical regions primarily
involved in the cognitive processing of visual-spatial information (Van Groen and Wyss,
2003; Vogt and Miller, 1983; Kobayashi and Amaral, 2007; Roberts et al., 2007; Harker
and Whishaw, 2004). Therefore, the dorsal hippocampus has been reported to be
responsible for cognitive processing of visuospatial information and spatial navigation,
which was identified by lesions in this region reducing visuospatial memory and
navigation performance in rats (Harker and Whishaw, 2004), monkeys (Lavenex,
Lavenex and Amaral, 2007; Kishi et al., 2000) and humans (Maguire, Nannery and
Spiers, 2006). Furthermore, parallel projections from the dorsal subiculum, which is
positioned between the hippocampus and entorhinal cortex (O'Mara et al., 2001), reach

the lateral and medial mammillary nucleus and the anterior thalamic complex (Ishizuka,
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2001), which contain a high number of navigation-related neurons (Taube, 2007). These
subcortical structures send their projections back to the dorsal hippocampus and
retrosplenial cortex (Risold, Thompson and Swanson, 1997), and this neural network
provides the import circuitry needed to register a cognitive map for the navigation system,
enabling animals to properly orient and execute behaviours in a learned environment

(Muller, Stead and Pach, 1996; Taube, Muller and Ranck, 1990).

Functional magnetic resonance imaging (fMRI) studies of human participants highlight
that encoding of visual information results in the greatest activation in the dorsal
hippocampus, whilst information retrieval showed greater activation in the ventral
hippocampus (Stern et al., 1996; Gabrieli et al., 1997). Staining for the expression of the
c-Fos gene is an indirect correlate of increased neuronal activity and is induced during
learning experiences (Sagar, Sharp and Curran, 1988; Tischmeyer and Grimm, 1999).
cFos activation was discovered to be greater in the dorsal hippocampus dentate gyrus,
CA3, CA1 and dorsal subiculum subregions when compared to the ventral hippocampus
when mice underwent spatial working memory tasks using novel landmarks (Vann et al.,

2000).

1.1.4.2 Ventral hippocampal connectivity

The ventral hippocampus has different efferent connections than the dorsal
hippocampus which gives rise to different associated behaviours. The ventral
hippocampus is anatomically connected to structures that regulate neuroendocrine and
behavioural responses to stress, anxiety, reward processing, motivation and executive
function and social behaviour (Bannerman et al., 2003; Bannerman et al., 2004; McHugh

et al., 2004; Swanson and Cowan, 1977).

Bi-directional connectivity exists between the ventral hippocampus and the amygdala,
an area of the brain associated with processing emotion, including fearful and
threatening stimuli (Calder, Lawrence and Young, 2001). Efferent connectivity to the
nucleus accumbens and medial prefrontal cortex modulates reward and emotional
behaviour circuitry (Sahay and Hen, 2007; Liu and Carter, 2018; Liang et al., 2018), and
these structures along with the ventral hippocampus and amygdala form a series of
parallel and segregated projections, either directly or indirectly through the medial and

central amygdala nuclei, and bed nuclei of the stria terminalis (BST), to innervate the
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hypothalamus (Fanselow and Dong, 2010). The hypothalamus is the primary structure
involved in the hypothalamic-pituitary-adrenal axis, which controls neuroendocrine,
autonomic, and somatic motor activities associated with three basic classes of motivated
behaviours having strong emotional components including ingestion, reproduction, and

defence (Dong, Petrovich and Swanson, 2001; Herman et al., 2005; Kishi et al., 2000).

Hippocampal lesions impair control of the hormonal stress response (Buchanan, Tranel
and Kirschbaum, 2009) and in agreement, amygdala lesions and inactivation blocks
stress effects on hippocampal long term potentiation and spatial memory in rats (Kim et
al., 2001; Kim et al., 2005), and elevations of stress hormones, such as corticosterone,
lead to hippocampal dysfunction in rodents (McEwen et al., 1997). Furthermore, in
humans, decreased hippocampal volumes and hippocampal dysfunction are associated
with psychological disorders with strong affective components such as posttraumatic
stress disorder, bipolar disorder, and depression (Frey et al., 2007; Bonne et al., 2008).
Indeed, effective pharmacological treatments of these disorders target hippocampal
function and physiology (Fanselow and Dong, 2010). These data highlight the extensive
correlation with the hippocampus and emotion, an affect that is similarly striking as its

relationship with memory.
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Figure 1.4 Segregation of the rodent hippocampus along the dorsoventral axis, its
connectivity to other brain regions and subsequent functions. The rodent
hippocampus (Hi) extends along a rostro-caudal and dorso-ventral axis, beginning at the
septal nuclei forming a dorsal pole (pink) and ending in the temporal lobe to form a ventral
pole (blue). The rodent hippocampus has distinct anatomical connections along the
dorsoventral axis, as shown by arrows. Connecting structures of the dorsal hippocampus
are displayed in pink and have roles in spatial learning and memory, navigation and
visuospatial processing. The connecting structures of the ventral hippocampus are
represented in blue and are regulators of stress hormone release, reward processing,
motivation, anxiety and executive functions. Abbreviations: ACC, anterior cingulate cortex;
Acb, nucleus accumbens; AMY, amygdala; BST, bed nucleus of stria terminalis; Hyp,
hypothalamus; mPFC, medial prefrontal cortex; LM, lateral mammillary nucleus; MM,
medial mammillary nucleus; RSP, retrosplenial cortex; VTA ventral tegmental area. Figure
adapted from (O'Leary and Cryan, 2014).

1.1.5 Gamma oscillations

Gamma oscillations have been studied in many cortical regions and in the hippocampus
and have been associated with many different processes and behaviours including visual
processing (Gray and Singer, 1989), motor function (Pfurtscheller and Berghold, 1989;
Pfurtscheller and Neuper, 1992; Pfurtscheller, Neuper and Kalcher, 1993; Crone et al.,
1998), olfactory function (Eeckman and Freeman, 1990) and memory and sensory
processing (Gray and Singer, 1989; Traub et al., 1996; Traub et al., 1999). Gamma
oscillations are abundant in most behavioural states but are particularly prevalent during
primary sensory processing during wakefulness (Gray and Singer, 1989). Hippocampal

gamma oscillations have been shown to be important in memory encoding (Newman et
15



al., 2013), working memory (Yamamoto et al., 2014) and spatial navigation tasks in
rodents (Bieri, Bobbitt and Colgin, 2014; Zheng et al., 2016). The entorhinal cortex acts
as an interface between neocortical regions and the dentate gyrus and cornu ammonuis
(Witter et al., 1989). Superficial neurons of the entorhinal cortex supply the main
neocortical input to the hippocampus via the perforant pathway and therefore occupies
a pivotal role in the process of gating information flow along the neo-archicortical axis.
(Steward and Scoville, 1976; Witter and Groenewegen, 1984; Amaral and Witter, 1989)
The entorhinal cortex provides inputs from several sensory regions and engages in a
functional interplay of sensory information with the hippocampus (Fernandez et al., 1999;
Fell et al., 2001). The entorhinal cortex has been shown to undergo pathologic changes
that occur in disorders of memory function such as Alzheimer’s disease (Hyman et al.,
1984; Braak and Braak, 1991). During rodent spatial learning tasks, entorhinal cortex
and hippocampal gamma oscillations measured from the dentate gyrus synchronise

(Fernandez-Ruiz et al., 2021).

Gamma oscillations are generated in numerous ways involving different mechanisms
and networks and have a frequency band encompassing a range from 25-150 Hz, with
some studies categorising the frequency band into low (25-100 Hz) and high (100-
150Hz) sub-bands (Herculano-Houzel et al., 1999; Uhlhaas et al., 2011). A variety of in
vitro modelling systems have been developed to provide a pharmacological and
mechanistic insight into gamma oscillations (Whittington, Traub and Jefferys, 1995;
Fisahn et al., 1998; Fisahn et al., 2004). These use a combination of carbachol and the
ionotropic glutamate receptor agonist kainic acid to elicit oscillations, although
metabotropic glutamate receptor agonists and tetanic stimulations have also been used
(Traub et al., 1996; Macdonald et al., 1998). There are two widely accepted models of
gamma generation; the interneuron network gamma (ING) and pyramidal-interneuron

network gamma (PING) models.

1.1.5.1 Interneuron network gamma (ING)

The ING model of gamma oscillations describes a mechanism in which interconnected
interneurons can alone generate the population rhythm. The ING model relies on the
interconnectivity of GABAergic interneurons, resulting in mutual and sustained inhibition
amongst the intraneuronal network (Whittington et al., 2000) and was originally shown

by eliciting 40 Hz oscillations in hippocampus CA1 region (Traub et al., 1996). The
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network requires initial excitatory input to bring the intraneuronal population to a
threshold level of activity, achieved by tonic (application of a metabotropic agonist in the
presence of ionotropic glutamate receptor blockers), phasic (carbachol model) or both
(the tetanus model) activation. In a two interneuron model, if one interneuron is
depolarised, a high frequency of action potentials is generated in that interneuron. These
action potentials produce a temporally summating train of inhibitory post synaptic
potentials (IPSPs) in the non-depolarised interneuron. If both interneurons are
concurrently depolarised then both fire synchronous action potentials at gamma
frequencies, a consequence of the mutual inhibition between two neurons. An action
potential in one interneuron will prevent an action potential in the other, and as the IPSP
arrives, the most favourable time for second interneuron to fire is simultaneously with the
first. Hence, a network of this configuration generates synchronous gamma frequency
oscillations (Fig 1.5 A) (Whittington et al., 2000). Once a population of interneurons are
excited, the firing frequency of the population is governed by the time course of the
mutual inhibition present from one neuron within the population to its synaptically
connected neighbours (Whittington, Traub and Jefferys, 1995; Traub et al., 1996; Wang
and Buzséki, 1996). It is important to note that the interneuron population must consist
of neurons with intrinsic firing frequencies faster than the gamma range, which is
common in depolarised inhibitory neurons in the CNS (Buhl et al., 1994; Buhl et al.,
1996). The magnitude of the synaptic inhibition between interneurons is responsible for
the frequency of ING. The frequency of gamma oscillations can be altered by a range of
endogenous and exogenous agents that mediate the GABAa receptor-mediated IPSP.
These agents include sedatives (Segal and Barker, 1984), anaesthetics (Maclver,
Tanelian and Mody, 1991), hormones (Wan et al., 1997), sex steroids (Teschemacher

et al., 1995) and other neuromodulators (Siarey, Andreasen and Lambert, 1995).

1.1.5.2 Pyramidal-interneuron network gamma (PING)
Early studies of gamma oscillations in vivo demonstrated networks composed of both

excitatory and inhibitory connections (Leung, 1982; Jagadeesh, Gray and Ferster, 1992),
therefore, to replicate the in vivo conditions of the brain, the reciprocal influence of
excitatory neurons within the interneuron network activity was investigated. It was
discovered that an oscillation is produced involving the interplay between excitatory
pyramidal cells and interneurons, a concept known as pyramidal interneuron network

gamma (PING) and occurs in situations where metabotropic receptor activation not only
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generates ING but recruits pyramidal cells (Whittington et al., 1997). In an intact local
network, the activity of excitatory neurons will modify the behaviour of the interneuron
network via feedback excitation of interneurons. Excitatory neurons recover from
inhibition before inhibitory neurons which allows the pyramidal cells to fire EPSPs onto
inhibitory cells before they become inhibited by another arriving IPSP, therefore the
activity of the excitatory and inhibitory cell alternates. The pyramidal neurons excite the
interneuronal population through glutamatergic neurotransmission via AMPA receptors.
The subsequent neuronal output from interneurons inhibits other interneurons (as
described in the ING mechanism) as well as the mutual inhibition of the locally connected
pyramidal neurons (Fig 1.5 B). The time decay of the IPSP determines the frequency of

the oscillation (Whittington et al., 2011).

The involvement of excitatory neurons strengthens the network and makes it less
vulnerable to loss of coherence when there is heterogeneity in driving forces (Traub et
al., 1996; Wang and Buzsaki, 1996; White et al., 1998). Additionally, the involvement of
excitatory pyramidal cells in the PING model also results in the ability of the network to
synchronise over distances of up to 3.5mm, with spatially distinct regions being shown
to oscillate together with little phase-lag (Whittington et al., 1997; Ermentrout and Kopell,
1998).

1.1.5.3 Persistent gamma oscillations

The PING model of oscillations provides mechanistic insight for the generation of gamma
rhythms in the cortex, however experimentally it exists for brief periods of time following
glutamate pressure injection and tetanic stimulation (Whittington et al., 1997). PING
involves the somatic spiking of pyramidal cells; however these have been observed to
occur at 1-5 Hz during persistent gamma (Fisahn et al., 1998; Chapman and Lacaille,
1999). Spiking at this frequency range is insufficient to provide the excitatory drive for a
persistent rhythm, even with the convergence of multiple pyramidal cells onto single
interneurons (Whittington and Traub, 2003). The mechanism underlying persistent
gamma oscillations involves gap-junctional communication between axons of fast
rhythmic bursting neurons (Hormuzdi et al., 2001). High frequency oscillations (>90 Hz)
are generated in the axonal plexus, spike multiple times per oscillation, and provide
phasic input to interneurons required to generate persistent gamma oscillations (Fig 1.5

C) (Traub et al., 2003; Cunningham et al., 2004). Stable persistent gamma oscillations
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can be generated in acute rodent brain slices by bath application of a muscarinic and
nicotinic acetylcholine receptor agonist, carbachol (Fisahn et al., 1998). Carbachol has
been shown to generate robust hippocampal gamma oscillations, however its induction
of cortical gamma oscillations is less successful. In in vitro entorhinal cortex slices,
carbachol has resulted in the generation of epileptiform activity (Dickson and Alonso,
1997; Gloveli et al., 1999). Kainic acid, an exogenous ligand for the glutamate-sensitive
excitatory kainite receptors, is more reliable at generating robust gamma oscillations in
the entorhinal cortex. Kainic acid generates persistent gamma in medial entorhinal cortex
in in vitro slices in manner like that seen in the cornu ammonis, whereby both are
sensitive to GABAAx and AMPA receptor blockade, barbiturates and reduction in gap
junctional conductance (Cunningham et al., 2003). Therefore, in this thesis, kainic acid
was used to generate robust, persistent gamma oscillations simultaneously in the

entorhinal cortex and CA3.

1.1.6 Theta oscillations

In addition to gamma rhythms, the hippocampus is also the main structure involved in
the generation of the theta oscillation (4-12 Hz) which is linked with higher cognitive
function (Green and Arduini, 1954). Theta arises from interactions between
glutamatergic, cholinergic and GABAergic neurons of the medial septum, diagonal band
of Broca neurons and the hippocampus (Colom et al., 2005; Stumpf, Petsche and
Gogolak, 1962; Mitchell et al., 1982), but are also detected in the entorhinal cortex,
somatosensory cortex and the prefrontal cortices (Alonso and Garcia-Austt, 1987;
Nufiez, de Andrés and Garcia-Austt, 1991; Sirota et al., 2008). The theta rhythm is
associated with memory formation, particularly episodic memory (Kerrén et al., 2018;
Lega, Jacobs and Kahana, 2012) and spatial navigation (O'Keefe and Recce, 1993;
Gupta et al., 2012), and theta and gamma oscillations are important for separating
encoding and retrieval states in the hippocampus (Colgin et al., 2009; Cutsuridis, Cobb
and Graham, 2010). Phase-amplitude coupling between theta and gamma oscillations
increase during successful encoding (Lega et al.,, 2016; Mormann et al., 2005), and
gamma-theta coupling is thought to be vital in learning and memory processes and
proper cognitive functioning (Musaeus et al., 2020). Loss of theta-gamma coupling is
thought to contribute to neurodegenerative disorders such as Alzheimer's Disease

(Zhang et al., 2016; Goodman et al., 2018; Bazzigaluppi et al., 2018).
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(A) Interneuron network gamma (ING). Gamma oscillations are generated by
interconnected GABAergic interneurons. Initial activation through tonic or phasic
activation causes depolarisation of an interneuron and subsequent firing of action
potentials. This results in a train of inhibitory postsynaptic potentials (IPSPs) in nearby
non-depolarised interneurons. If interneurons are concurrently depolarised, they fire
synchronous action potentials at the gamma frequency. They can influence pyramidal
cells, but excitatory neurotransmission is blocked.
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(B) Pyramidal Interneuron network gamma (PING). Pyramidal cells provide the
excitatory drive to the interneuronal population through glutamatergic neurotransmission
via AMPA receptors. The subsequent neuronal output from interneurons inhibits other
interneurons (as described in the ING mechanism) as well as the mutual inhibition of
locally connected pyramidal neurones. The time decay of the IPSP determines the
frequency of the oscillation.
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(C) Persistent gamma oscillations. Pyramidal cells spike at a frequency too low to
maintain persistent gamma oscillations. Fast rhythmic bursting neurons spike multiple
times per oscillation and through gap-junctional communication, provide phasic input to
pyramidal neurons and interneurons generating persistent oscillations at the gamma
frequency.

Figure 1.5 Schematic representation of gamma generation through ING (A) and
PING (B) mechanisms and persistent gamma oscillations (C). Figure adapted from
Whittington et al., (2000) and Shin et al., (2011).
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1.1.7 The hippocampus, aging and disease
Neuroplasticity is the ability of the brain structures to adapt in response to stimuli by

reorganising its structure, function and connections, and can occur due to environmental
changes, development, in support of learning or in response to disease (Cramer et al.,
2011; Kolb and Muhammad, 2014). The hippocampus has long been considered a
classic example for the study of functional neuroplasticity, as many models of synaptic
plasticity such as long term potentiation (LTP) and long-term depression (LTD) are
thought to be fundamental to learning and memory (Bliss and Schoepfer, 2004;
Pastalkova et al., 2006). This high degree of plasticity is accompanied by the region’s
vulnerability to conditions such as neuroinflammation, neurodegeneration, ischemia,
epilepsy and aging, suggesting that the intrinsic properties of hippocampal circuits and
neurons that are critical for neuroplasticity, may also predispose the region to the
metabolic injuries that occur in neurological and psychiatric diseases (Bartsch et al.,

2015; Bartsch and Wulff, 2015).

Aging is a natural biological process that is associated with physical and cognitive
decline. With normal aging, cognitive decline can present as deficits in episodic memory,
spatial learning, working memory and attention (Kausler, 1994). A number of behavioural
experiments show that aged individuals exhibit impaired learning and memory
performance compared to young counterparts in rodent models (Gage et al., 1984;
Mizumori, Lavoie and Kalyani, 1996; Shen et al., 1997), primate models (Rapp, Kansky
and Roberts, 1997) and human models (Newman and Kaszniak, 2000; Moffat,
Zonderman and Resnick, 2001). The decline in memory performance during aging could
be due in part to structural changes in the hippocampus with aging, (Bettio, Rajendran
and Gil-Mohapel, 2017; Persson et al., 2012), including an age-dependent reduction in
hippocampal volume which has been observed in male and female rodents (Driscoll et
al., 2006; von Bohlen und Halbach and Unsicker, 2002) and in human subjects (Driscoll
et al., 2003; Schuff et al., 1999). The decrease in hippocampal volume is thought to be
correlated with hippocampal neurone loss during the aging process. A significant
decrease in the number of NeuN-positive neurons and non-neuronal cells is reported in
a rodent model of aging (Fu et al., 2015), and a study of hippocampal neuron numbers
in the human brain described a loss of cells in the subiculum and hilus of the
hippocampus (West, 1993). Some controversy exists however, as other reports detect

no significant association between hippocampal volume change with aging
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(Maheswaran et al., 2009; Spreng et al., 2010). In rodents, aging is associated with
impaired hippocampal LTP which is related to a decreased ability to consolidate long-
term memory and has resulted in poor performances in hippocampal-dependent spatial
memory tasks in rats (Lister and Barnes, 2009; Barnes and McNaughton, 1985; Barnes
and McNaughton, 1980). Furthermore, a decrease in the number of hippocampal
synapses and a reduction in the expression of synaptic proteins is thought to likely
contribute to a reduction in hippocampal synaptic transmission with age and further
contributing to age-related cognitive deficits (Wang et al., 2007; Gureviciene, Gurevicius

and Tanila, 2009).

In the hippocampal formation, the perforant path particularly shows sensitivity to age-
related deterioration. In rats, perforant pathway synapses which interact with dentate
gyrus granule neurons show a decrease in N-methyl-D-aspartate (NMDA) receptor-
mediated responses, fewer synaptic contacts, and a reduction in LTP during aging
(Barnes, Rao and Houston, 2000; Burke and Barnes, 2010). In vivo imaging studies in
humans also demonstrate perforant pathway synaptic deterioration with aging, with the
extent of the degeneration correlating with hippocampal-dependent memory deficits

(Yassa, Muftuler and Stark, 2010; Burger, 2010).

1.1.7.1 Early aging pathologies

Most models of hippocampal function and aging compare young subjects with aged, with
the experiments forementioned comparing age groups that are 2-3 months old with 18-
30 months old in rodent models and 18-35 year olds with 60+ year olds in human models.
Rodents are often used as a modelling of aging due to their short lifespans, and in rodent
aging literature, a variety of animal strains and respective ages are often utilized. Most
aging research is conducted in C57/BL6, BALB/c or CBA mice, and generally mice
between 2-3 months old are classified as young rodents, whilst aged are often classified
as 18+ months old (Radulescu et al., 2021; Brubaker, Palmer and Kovacs, 2011). These
studies have revealed how a variety of physiological, functional and behavioural changes
are affected in old age, however aging is defined as a progressive deterioration of
physiological function with increasing age (Galloway, 1993), yet there is very little
literature examining whether physiological aging is also progressive. The biological onset
of neurodegenerative disorders precedes prodromal clinical symptoms such as mild

cognitive impairment by several years to decades (Jack and Holtzman, 2013), and
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understanding the very earliest stages of senescence may allow for the development of
targeted approaches that can slow the negative impact of aging or even rejuvenate

function (Wyss-Coray, 2016; Castellano et al., 2017).

More recent work has documented how hippocampal function is affected in middle age.
Hippocampal-dependent spatial memory in humans has been shown to gradually decline
between young (18-25 year olds), middle age (40-55 year olds) and the elderly (60 +
years old) (Williams et al., 2019), which is associated with clinical onset of Alzheimer’'s
Disease (Ritchie et al., 2018), and spatial visualisation, memory, and reasoning is
reported to decline chronologically with aging human subjects (Salthouse, 2009).
Additionally, neural circuitry has been documented to be become disrupted in middle
age, with reduced dorsal hippocampal activity reported between 2-3 month old mice and
10-14 month old mice (Schreurs, Sabanov and Balschun, 2017) and neurogenesis
markers decline when rodents age from 4 months to 12 months in all hippocampal
subregions (Hattiangady et al., 2005). Aging from middle age to old age also shows
changes in brain physiology and behaviour. A reduction in neurone number in the
olfactory bulb and hippocampus is observed between 11-12 month old mice and 25-31
month old mice (Shen et al., 1997), and old mice exhibit spatial navigation impairment
which was associated with a reduction in dorsal hippocampal theta frequency (Shen et
al., 1997). Spatial navigation memory is also shown to be reduced between middle aged
(10-12 months old) and old mice (18-20 month old mice), with more pronounced

cognitive decline observed in female mice compared to males (Benice et al., 2006).

These experiments suggest that hippocampal function and cognition could decline
progressively with aging, however, there appears to be subminimal investigation into
whether hippocampal function is affected in early aging, aging from young (2-3 months
old) to adulthood (6-8 months of old) for example, and therefore the trajectory for age-

dependent decrease in hippocampal function is not fully clear.
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1.2 The innate immune system

1.2.1 Innate immune function

1.2.1.1 Proinflammatory and anti-inflammatory mechanisms

The major role of the immune system is to maintain homeostasis in response to changes
in internal and external environments, with the ideal immune response eliminating
pathogens and re-establishing homeostasis without causing excessive damage to
healthy cells and tissues (Paludan et al., 2021). The innate immune system is one of the
two main immunity strategies, with the other being the adaptive immune system. The
innate immune system is a non-specific first line of defence immune response which acts
to immediately identify and remove foreign pathogens through hormonal and cellular
defences (Beutler, 2004). The first step of the innate pro-inflammatory cascade involves
recognition of infection or damage which is typically achieved by pattern-recognition
receptors (PRRs), such as Toll-like receptors (TLRS), intracellular nucleotide binding
domain receptors (NOD-like receptors) and leucine-rich-repeat-containing receptors
(NLRs) (Lange et al., 2011; Proell et al., 2008; Roach et al., 2005). PRRs detect
pathogen-associated molecular patterns (PAMPS), which include fungal and bacterial
cell-wall components and viral nucleic acids (Medzhitov, 2007), in addition to damage-
associated molecular patterns (DAMPS), which are molecules that signal damage or
necrosis (Roh and Sohn, 2018). The detection of PAMPs and DAMPs by PRRs leads to
the activation of a transcription factor called nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB), which translocate to the nucleus where transcription is
upregulated through binding to target inflammatory genes (Ashley, Weil and Nelson,
2012). Transcription and translation of genes leads to the expression of proinflammatory
cytokines, which facilitate the recruitment of effector cells (such as monocytes and
neutrophils) to the sites of disturbance to remove harmful agents (lwasaki and
Medzhitov, 2015). These mechanisms lead to symptoms of local inflammation which
includes heat, swelling, pain, redness, and loss of function. The effector functions of
inflammation are further regulated by the adaptive immune system, which acts to create
immunological memory after an initial response to a particular pathogen which results in
an enhanced response to future encounters to the same pathogen (Bluestone and

Abbas, 2003).
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The last phase of acute inflammation is a process called resolution, which acts to
suppress innate/adaptive immune responses, blocks further neutrophil recruitment, and
enhances infiltration of monocytes important for wound healing (Ashley, Weil and
Nelson, 2012) (Ashley, Weil and Nelson, 2012). This process is crucial for limiting
damage to the host, and often initiates in the first few hours after an inflammatory
response begins (Serhan and Savill, 2005). After entering tissues, granulocytes (such
as neutrophils) promote the switch of inflammatory mediators arachidonic acid-derived
prostaglandins and leukotrienes (which regulate early events in the inflammatory
response) to lipoxins, which serve as stop signals by blocking further recruitment of
neutrophils, eosinophils, basophils and mast cells from post-capillary venules
(Samuelsson et al., 1987; Serhan et al., 1995). Neutrophil recruitment ceases and
programmed cell death by apoptosis is engaged (via macrophages), resulting in
neutrophil clearance and release of anti-inflammatory cytokines which supress
proinflammatory signalling from TLRs (Byrne and Reen, 2002). Macrophages are finally

cleared through lymphatics (Serhan and Savill, 2005).

Dysregulation of pro- and anti-inflammatory mechanisms cause marked tissue damage,
especially during prolonged periods of excessive inflammation, especially in organs and
tissues that are particularly sensitive to immune-mediated change such as the brain

(Paludan et al., 2021; van der Poll et al., 2017).

1.2.1.2 Acute and chronic inflammatory response

Inflammation and its sequelae vary spatially and temporally (Medzhitov, Schneider and
Soares, 2012). Inflammation usually begins in a localised area in response to trauma,
however depending on the severity of the trauma/infection, can spread rapidly to the
periphery and trigger a systemic response that can lead to organ injury (Seeley, Matthay
and Wolters, 2012) (Seeley, Matthay and Wolters, 2012). Systemic inflammation is
triggered by proinflammatory cytokines, which are released into the circulation and
activate fevers and sickness behaviours in the brain in addition to acute protein secretion
from the liver (Cunningham et al., 2009). The time course of inflammation can also incur
a detrimental effect on overall health. Acute inflammation refers to a short-term process
that is initiated immediately upon injury/infection and acts to conduct tissue repair and
restore functionality, lasting minutes, hours or only a few days (Chen et al., 2018).

Inflammatory mediators are short-lived and are degraded quickly in tissue (Kumar et al.,
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2004). Chronic inflammation lasts for several months to years and is referred to as
persistent, low-grade inflammation and is associated with a variety of cardiovascular,
metabolic, and neurodegenerative diseases, as well as stroke and myocardial infarction
(Hotamisligil, 2006) and has been linked to age-associated disease (Finch and

Crimmins, 2004).

1.2.2 Theinnate immune system and aging
There is a plethora of evidence that the immune system becomes deregulated with

aging. It is well documented that adaptive immune function decreases with age, with the
most prominent features of immunosenescence including a decrease in the number of
lymphocytes as a result of a substantial decrease in the development and function of T
cells and B cells (Linton and Dorshkind, 2004; Allman and Miller, 2005). The innate
immune system is also affected by aging, with studies in aged mice (older than 20
months) and humans (over the age of 65) showing that activation of the aged innate
immune system results in dysregulated inflammation (Gomez et al., 2007; Bruunsgaard
et al., 2003; Fulop et al., 2004). This dysregulation involves elevated levels of basal
inflammation, particularly in humans, and an impaired ability to conduct efficient immune
responses to newly encountered pathogens or vaccine antigens (Shaw, Goldstein and
Montgomery, 2013). A mounting body of evidence from human studies indicates that
older adults have elevated levels of pro-inflammatory cytokines and clotting factors
(Bruunsgaard et al., 1999; Fagiolo et al., 1993; Mari et al., 1995), and in general the
innate immune system switches to a pro-inflammatory state in aged individuals
(Franceschi et al., 2000). The reason for elevated levels of pro-inflammatory cytokines
with aging is unknown, however aging is associated with elevated levels of PRR ligands
(PAMPS and DAMPSs), arising through chronic viral infection or from cell damage, and
these are thought to contribute to the downstream proinflammatory state (Pawelec et al.,
2012; Coppe et al., 2010). In addition, changes in endocrine function and hormones,
including those arising from alterations in adipose tissue are also thought to be
responsible for age-dependent immune dysregulation (Garg et al., 2014; Montgomery
and Shaw, 2015). This dysfunction and dysregulation of the immune system can also
lead to various immune-related diseases. Evidence suggests that low-grade chronic
inflammation seen with aging contributes to diseases such as atherosclerosis, diabetes,

lung disease and various neurodegenerative disorders including Alzheimer’'s disease,
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Parkinson’s disease and amyotrophic lateral sclerosis (Lathe, Sapronova and

Kotelevtsev, 2014; McGeer and McGeer, 2004).

1.2.3 Cytokines
The innate and adaptive immune responses are co-ordinated by small, secreted proteins

- the cytokines, which are produced by a number of cell types in response to invading
pathogens (Zhang and An, 2007). They act to simulate, recruit, and proliferate immune
cells, as well as mediate immune cell differentiation and survival (Foster, 2001). Cytokine
synthesis and secretion is under tight regulatory control (Kany, Vollrath and Relja, 2019);
once cytokines are released, their half-life is relatively short, which limits their biological
activity (Whiteside, 1994). Cytokines exert their functions through a number of
mechanisms: acting on cells that secrete them (autocrine action), on nearby cells
(paracrine function) or on distant cells (endocrine function) (Zhang and An, 2007). Most
cytokine activity occurs at a local level, where they act in a paracrine fashion to exert
their effects by diffusion or cell-to-cell contact. Cytokines can also leave their local
environment, enter circulation and interact with different organ systems and alter host
physiology (Arango Duque and Descoteaux, 2014). It is common for different cell types
to secrete the same cytokine, and for a single cytokine to act on several different cell
types (Ozaki and Leonard, 2002). In addition, cytokines are also redundant in their
activity, where multiple cytokines exert similar actions, and are often produced in a
cascade where one cytokine stimulates its target cells to make additional cytokines
(Yadav and Sarvetnick, 2003; Sadik and Luster, 2012). Cytokine action and cross-talk is
highly complex, an overview of the proinflammatory and anti-inflammatory cytokine

network is displayed in figure 1.6.

The cytokine signalling pathway is further complicated by biased signalling, also known
as functional selectivity, where a cytokine binding to a receptor preferentially activates
one signalling pathway out of several available pathways. This scenario can occur due
to ligand bias, receptor bias, or cell/tissue bias. Ligand bias describes a scenario where
different ligands bind to the same receptor, but induce diverse responses (Forster,
Davalos-Misslitz and Rot, 2008). Receptor bias refers to the case where the same ligand
induces different responses on different receptors, and cell/tissue bias describes where
a ligand for a given receptor activates different pathways in a tissue/cell specific manner

(Kenakin, 2012; Steen et al., 2014).
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Figure 1.6 Cytokine network. Immune cells communicate via cytokines, which control
cell proliferation, differentiation, and function. Proinflammatory cytokines (as shown in
green) are crucial for coordinating immune responses and play an important role in
modulating the immune system. Anti-inflammatory cytokines (as shown in red), regulate
the proinflammatory cytokines response, whilst some cytokines are involved in
promoting cell maturation and growth (as shown in blue). Figure adapted from Zhang

2007.
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1.2.4 Chemokines
Chemokines are chemotactic cytokines that act to control cell migration and cell

positioning throughout development, homeostasis, and inflammation and are critical for
immune system function (Sokol and Luster, 2015). Chemokines act to guide leukocytes
to sites of infection and inflammation and coordinate interactions between immune cells
(Le Thuc et al., 2015). They are small 8 - 14kDa protein ligands, and approximately 50
different chemokines exist in humans and mice, which are systematically categorised
into four groups based on their positioning of their cystine residues: XC, CC, CXC and
CX3C, with the largest family being the CC chemokines (Charo and Ransohoff, 2006).
Chemokines act to direct leukocyte extravasation from blood and lymph into surrounding
tissues, guiding leukocyte migration through complex environments such as the
extracellular matrix (Strell and Entschladen, 2008). Effector cell navigation through such
complex and dynamic environments is poorly understood (Quast et al.,, 2022). It is
proposed that leukocyte migration is controlled by chemokine concentration gradients,
where lymphocytes expressing chemokine cognate receptors migrate up the gradient
towards areas of high chemokine concentration, using spatial and temporal cues, that
allows cells to orientate themselves and maintain their direction (Devreotes and
Zigmond, 1988; Moore, Brook and Nibbs, 2018). Chemokine gradients are dynamic and
depend on numerous unified physical and biological processes such as chemokine
production rate, diffusion and fluid flow, in addition to the nature of the extracellular matrix
(Schumann et al., 2010; Patel et al., 2001; de Paz et al., 2007). More recent evidence
suggests that effector cells require gradients with globally rising concentrations for

persistent directional migration, rather than temporally stable gradients (Minton, 2018).

Chemokines exert their functions by binding to a group of approximately twenty
rhodopsin-like seven-transmembrane-spanning, G-protein coupled cell surface
receptors, also referred to as typical chemokine receptors (Rostene, Kitabgi and Melik-
Parsadaniantz, 2007), which act to convert extracellular signals into intracellular
responses. G-proteins exist as a heterotrimer composed of three distinct subunits. When
the molecule GDP is bound to the G-protein subunit, the G-protein is in an inactive state.
Following binding of the chemokine ligand, chemokine receptors associate with G-
proteins, allowing the exchange of GDP for GTP, and the dissociation of the different G
protein subunits. The Ga subunit activates the enzyme Phospholipase C (PLC), that is

associated with the cell membrane. PLC cleaves Phosphatidylinositol (4,5)-
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bisphosphate (PIP2) to form two second messenger molecules inositol triphosphate
(IP3) and diacylglycerol (DAG); DAG activates the enzyme protein kinase C (PKC), and
IP3 triggers the release of calcium from intracellular stores. These events promote many

signalling cascades, and initiates a cellular response (Murdoch and Finn, 2000).

Chemokine receptors can be broadly classified into two classes: constitutive, which are
involved in basal trafficking and development; or inflammatory, which are involved in
activation of immune responses (Dotan et al., 2010). Notably, chemokine receptors are
highly dynamic structures and signalling efficiency largely depends on the discrete
contact with the ligand (Corbisier et al., 2015). However, this system is complex due to
the promiscuity of both chemokines and chemokine receptors, and few receptors bind to
a single ligand (Proudfoot, 2002; Hughes and Nibbs, 2018), as summarised in figure 1.7.
Combined with biased signalling and allosteric modulation of receptor activation (Steen
et al., 2014), dysregulation of this tightly controlled system can result in downstream,
cumulative disruption which can result in pathogenic physiology (Ferrucci and Fabbri,

2018).

Increases in the major pro-inflammatory cytokines such as interleukin-1 (IL-1), IL-6 and
tumour necrosis factor-a (TNFa) (Franceschi et al., 2000) and peripheral
proinflammatory chemokines CCL2, CCL3, CCL5 and CXCL13 (Inadera et al., 1999;
Pulsatelli et al.,, 2000; Gerli et al.,, 2000; Kurosawa et al., 2021) contribute to the
phenomenon of “inflamm-aging” in healthy individuals and the pathology of age-related
diseases such as Parkinson’s Disease, Alzheimer's disease, cardiovascular disease,
diabetes, chronic kidney disease, anaemia, osteoporosis and rheumatoid arthritis
(Franceschi and Campisi, 2014; Lai et al., 2017; Ruparelia et al., 2017; Odegaard et al.,
2016; Amdur et al., 2016; Ferrucci et al., 2010). Therefore, modulating inflammation is a
promising strategy not only to prevent the onset of age-related inflammatory diseases,

but also to slow the decline of health that occurs with aging (Ferrucci and Fabbri, 2018).
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Figure 1.7 Chemokine receptors and their respective ligands. Chemokines are
divided into 4 subgroups based on the spacing of N-terminal cysteine residues: C
(depicted in blue), CC (orange), CXC (purple) and CXsC (green). The pairing of
chemokines to their receptors present confirmed interactions carried out by receptor
binding assays. Figure adapted from (Proudfoot, 2002; Wells et al., 2006).

1.2.5 Neuroinflammation

The CNS has its own regulatory immune responses, often referred to as the
neuroimmune system, and is comprised of microglia, astrocytes, mast cells, ependymal
cells and neurons (Tchessalova, Posillico and Tronson, 2018). Although this system

lacks lymphatics, and uniquely prevents free diffusion of molecular and cellular
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components by the blood brain barrier (BBB) (Ousman and Kubes, 2012), the brain’s
inflammatory response system is made up of complex processes that detect and
eliminate mediators of infection and damage of neuronal tissue (Chen, Zhang and

Huang, 2016).

1.2.5.1 Communication between systemic and CNS inflammation

The parenchyma of the CNS was originally considered an “immunologically privileged
site” because the BBB was thought to prevent entry and exit of periphery molecules
(Harris et al., 2014). This led to CNS inflammation being viewed in isolation and
independent of systemic inflammation (Holmes, 2013). However, it is now clear that
systemic, peripheral inflammation and the CNS communicate and influence one another
(Chambers, Cohen and Perlman, 1993). The concept of communication between
systemic inflammation to the brain is supported by a vast number of in vitro and clinical
studies. Direct activation of the peripheral immune system by the endotoxin
lipopolysaccharide (LPS), or with one or more pro-inflammatory cytokines, gives rise to
several sickness behaviour symptoms in rodents including fever, loss of appetite and
decreased activity (Dantzer et al., 1999; Dantzer et al., 2000; Konsman, Parnet and
Dantzer, 2002; Sparkman et al., 2006; Wong et al., 1997). In addition, in humans, sepsis
is associated with sickness behaviour symptoms including lethargy, decreased attention
and concentration, and is associated with raised peripheral cytokines and increased
microglial activation (Bone, 1991; Sharshar et al., 2004; Lemstra et al., 2007). Even low
level infection initiated through low doses of Salmonella equi and Escherichia coli LPS
have had significant effects on memory and depression scores and are associated with
marked increases in circulating TNF and IL-6 (Cohen et al., 2003; Reichenberg et al.,

2001; Krabbe et al., 2005).

Communication between systemic and CNS inflammatory signals in mice and humans
has been proposed to occur through several different mechanisms. The first proposed
mechanism involves the direct entry of immune cells such as monocytes and bone
marrow-derived microglia from the periphery into the brain. Bone-marrow derived
microglia have been reported to infiltrate into the brain parenchyma from the blood during
animal models of brain injury, chronic stress and disease including amyotrophic lateral
sclerosis (ALS), multiple sclerosis, experimental autoimmune encephalomyelitis and

Alzheimer’s disease (Ataka et al., 2013; Beers et al., 2006; Ajami et al., 2011; Davoust

32



et al., 2008; Sharma et al., 2010). Peripheral and CNS communication also occurs via
stimulation of peripheral nerves by cytokines and prostaglandin; low levels of
cytokines/prostaglandins introduced directly into the abdominal cavity has been shown
to directly activate vagal afferents, which signal to the medulla oblongata and are relayed
to the hypothalamus, influencing brain function (Dantzer et al., 2000; Romanovsky, 2004;
Székely et al., 2000; Ek et al., 1998). A third mechanism involves direct action of
LPS/pro-inflammatory cytokines at sites lacking a BBB. For example, a number of
specialised neural regions exist that are in contact with the cerebroventricular system
that contain a lack of tight-junctions between the capillary endothelial cells, such as the
median eminence, the area postrema and the organum vasculosum of the lamina
terminalis (Blatteis et al., 1983). LPS and pro-inflammatory cytokines stimulate TNF
production from perivascular and microglial macrophages, which then activate the
proinflammatory transcription factor NF-kB in these areas of reduced BBB (Nadeau and
Rivest, 2000; Breder et al., 1994; Quan et al., 1999). Systemic and central inflammation
are also thought to communicate via direct action of LPS/pro-inflammatory cytokines on
BBB vascular cells. This direct action activates intracellular signalling cascades via
increased expression of the enzyme cyclooxygenase-2 (COX-2) in vascular endothelial
cells and perivascular macrophages, that results in the synthesis of prostaglandins
(Turini and DuBois, 2002). Animals lacking COX-2 fail to produce a fever response to
either systemic LPS or IL-1B3, and COX-2 inhibitor use blocks the fever response
(Matsumura and Kobayashi, 2004; Yamagata et al., 2001). The final proposed
mechanism of action involves the active transport, or “shuttling”, of proinflammatory
chemotactic cytokines across the BBB via atypical non-signalling receptors, which has

been demonstrated in vitro (Minten et al., 2014).

1.2.5.2 Microglia function

Microglia are the resident macrophages of the CNS and act as the primary immune cell
in the brain and spinal cord (Lawson et al., 1990). Microglia have contact with
surrounding cells and mediate a variety of functions including immune surveillance
(Nimmerjahn, Kirchhoff and Helmchen, 2005), synaptic regulation (Wake et al., 2009;
Tremblay, Lowery and Majewska, 2010) and regulate neuronal activity and neurogenesis
(Nakanishi and Wu, 2009). In the healthy CNS, microglia act as maintenance cells, have
a ramified morphology and provide efficient spatial coverage throughout the CNS (Wong,

2013; Kreutzberg, 1996). However during an immune response, microglia undergo
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activation in response to pro-inflammatory stimuli, such as in response to pro-
inflammatory cytokines (Ginhoux et al., 2013). Activated microglia become de-ramified,
express larger cell bodies, shorter and thicker processes with extensive branching and
act to phagocytose foreign material (Fernandez-Arjona et al., 2017; Davis, Foster and
Thomas, 1994). In addition to this phagocytic role, microglia are involved in inflammatory
feedback signalling by releasing pro-inflammatory cytokines and chemokines which
activate nearby microglia and other effector cells (Li and Barres, 2018; Kettenmann et

al., 2011).

Microglia also undergo several morphological and proliferative changes with aging.
Microglia cell number increases in the hippocampus and visual and auditory cortices with
aging (Mouton et al., 2002; Tremblay et al., 2012). During aging microglia also become
de-ramified, with smaller dendritic arbors, increased branching and longer process
lengths (Damani et al., 2011), highlighting that aging also enhances microglia pro-
inflammatory state, (Wong, 2013). Dysfunction of microglia inflammatory signalling has
been associated with chronic inflammation and the contribution to many neurological and
neurodegenerative conditions including Alzheimer’s disease (Haga, Akai and Ishii, 1989;
Itagaki et al., 1989), Parkinson’s disease (McGeer et al., 1988), multiple sclerosis (Raine,
1994), amyotrophic lateral sclerosis (Engelhardt and Appel, 1990) and human

immunodeficiency virus (Dickson et al., 1993).

1.2.5.3 Astrocyte function

Astrocytes represent the largest group of glial cells and are responsible for a variety of
functions including synapse development, neurotransmitter homeostasis, glycogen
storage and the formation and maintenance of the BBB (Sofroniew and Vinters, 2010;
Palmer and Ousman, 2018). In addition to their homeostatic functions, astrocytes are
involved in CNS inflammation by responding to inflammatory signals and promoting
inflammation, which makes them important components in the pathophysiology of
neurogenerative diseases such as multiple sclerosis, Alzheimer’'s Disease, Parkinson’s
Disease and amyotrophic lateral sclerosis (Di Giorgio et al., 2007; Habib et al., 2020;
Wheeler and Quintana, 2019; Solano et al., 2008). Astrocytes in human and mice
express a variety of PRRs and can recognise PAMPS through several TLRs and NOD-
like receptors, which consequently triggers signalling cascades that promote pathogen

clearance. For example, astrocytes stimulated with LPS produce and release a number
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of cytokines including IL-13, IL-6 and TNF and chemokines including CCL2 and CXCL1
(Geyer, Jacobs and Hsu, 2019; Choi et al., 2014).

Astrocytes have also been shown to be affected by aging by showing a reduced ability
to appropriately maintain a healthy CNS environment (Palmer and Ousman, 2018). With
age in humans and rodents, astrocyte phenotypes alter from long and slender processes
to short and thick processes, in addition to alterations in astrocyte density (Cerbai et al.,
2012; Jyothi et al., 2015; Amenta et al., 1998). With aging, astrocyte density decreases
in the retina, whilst density has been observed to increase in the human cortex and
hypothalamus (Mansour et al., 2008; Hansen, Armstrong and Terry, 1987; Wang et al.,
2006). Reports on aging astrocytes have shown that glial fibrillary acidic protein (GFAP)
expression increases, and as GFAP expression is a common feature of activated
astrocytes, these findings suggest that astrocytes become reactive with age (Wu, Zhang
and Yew, 2005; Clarke et al., 2018; Liddelow et al., 2017). In aging astrocytes,
upregulation of pro-inflammatory genes has been reported, implying that astrocytes
could contribute to the inflammatory state characteristic with aging (Mangold et al., 2017;
Palmer and Ousman, 2018). Another characteristic of aged astrocytes is an increase in
cytokine production (Clarke et al., 2018). Aged astrocytes produce increased amounts
of CXCL10 and CXCL5, which attracts peripheral immune cells and aids T-cell adhesion
to endothelial cells, and neutrophil recruitment, respectively. In addition to chemotactic
and survival effects on immune cells via cytokine release, aged cortical astrocytes may
negatively impact CNS health due to a decline in the production of metabolic and tropic
factors such as ATP and neurotrophins. As ATP is involved in regulating neuronal activity
through synaptic and tonic inhibition, a decline in ATP may lead to impaired synaptic

plasticity and contribute to cognitive decline (Lalo, Rasooli-Nejad and Pankratov, 2014).

1.2.5.4 Neuroinflammation in aging and disease pathogenesis

It is recognised that the nervous, endocrine and immune systems are intimately linked
and are interdependent, and it is widely accepted that a neuro-immune endocrine system
allows for the preservation of homeostasis and overall health (De la Fuente and Miquel,
2009). Even though the neuroimmune system and peripheral immune system are
structurally distinct, certain peripheral immune cells are able to cross the blood brain

barrier to carry out immune functions in the brain, highlighting that both the innate and
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peripheral immune system can both contribute to neuroinflammation (Gutierrez, Banks

and Kastin, 1993).

Neuroinflammation is a natural response in the CNS that can be triggered by altered
cerebral environment secondary to infection, trauma, epilepsy, environmental factors,
autoimmunity and normal healthy aging (Gendelman, 2002), The classic role of
inflammation is to remove or inactivate noxious agents and inhibit and reverse their
detrimental effects (Kielian, 2014), yet inflammation in brain tissue is detected and
associated with a number of neurodegenerative, neuropsychiatric and viral illnesses
(Garden, 2002; Miller, Maletic and Raison, 2009; Heneka et al., 2015). Particularly,
neuroinflammation plays a significant role in the pathogenesis of severe diseases related
to cognitive function and memory in later life such as Alzheimer’s disease (West et al.,

1994; Lai et al., 2017) and Parkinson’s Disease (Hirsch, Vyas and Hunot, 2012) .

The brain is acutely sensitive to inflammatory molecules, and the balance between anti-
and pro-inflammatory influencers greatly affects neuronal function, and this balance has
been reported to become disrupted in normal aging. Genes associated with inflammation
and oxidative stress are upregulated in aged rodents (Prolla, 2002), along with an
increase in activation of microglia and astrocytes (Godbout et al., 2005; Lyons et al.,
2009). It is widely accepted that the number of T-cells (which are important components
of general increase of pro-inflammatory state) are low in a healthy brain, and numbers
dramatically increase in response to immunological challenge (Bailey et al., 2006). An
increase in T-cells have also been reported to correspond with an increase in age
(Stichel and Luebbert, 2007) and the passage of T-cells into the brain is facilitated by
CCL2 and CCL3 which both increase in concentration with age (Kumagai et al., 2007).
The upregulation of cytokines IL-18, IL-6, IL-18 and TNF-a with aging is also detected in
the brain (Li et al., 2009; Campuzano et al., 2009; Martin et al., 2002; Sue and Griffin,
2006), and an increase in pro-inflammatory mediators in the brain can affect behaviour
(Lynch, 2010). For example, IL-1B has been frequently studied and an increase in its
concentration in the hippocampus has been shown to impair hippocampal-dependent
learning and spatial memory tasks (Gibertini et al., 1995; Barrientos et al., 2002) and
reduction in exploratory behaviour, social exploration, social interaction and impacts on

feeding and sleep have also been documented (Goshen and Yirmiya, 2009).
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1.2.5.5 Neuro-immune changes with early aging
Similarly to the studies examining age-related pathologies as discussed in 1.1.7.1, the

investigation into inflammatory changes during aging usually compare young cohorts
with aged. The literature mentioned in section 1.2.3.2 investigate aged human
participants ranging between 63-79 years old and mice models 18-30 months old, and
few studies have investigated whether inflammation in the circulatory system and brain
is upregulated in mid-aged individuals. Some evidence suggests that neuroinflammation
is also disrupted during earlier aging, as microglia from middle aged rodents (9 — 10
months old) have greater expression of proinflammatory cytokines than young rodents
(2 months old) (Nikodemova et al., 2016), and greater microglia proliferation in mid aged
humans (30 — 54 years old) was associated with poorer spatial reasoning, learning and
memory and executive function (Marsland et al., 2015). However, there is a gap in the
current literature exploring if neuro-immune function changes in early aging. This is an
important avenue of exploration as inflammation in the brain has been directly related to
a range of age-related neurodegenerative diseases (West et al., 1994; Lai et al., 2017,
Morales et al., 2014; Hirsch, Vyas and Hunot, 2012), however the age at which these
pathological mechanisms begin is unknown. Identifying if age-related immune
pathologies begin at a certain age could provide a crucial point for therapeutic
intervention to help prevent the cascade of pro-inflammatory mechanisms which lead to

neurodegeneration.

126 CCL2

CCL2, also named as monocyte chemoattractant protein-1 (MCP-1), is a chemokine
considered to be a marker of inflammaging, with numerous studies demonstrating
plasma levels of CCL2 correlate with chronological age in humans and mice (Pinke et
al., 2013; Sesso et al., 2015; Chiao et al., 2011) and circulating levels are increased in
patients with renal disease, cardiovascular disease and Alzheimer’s disease (Akdogan
et al., 2015; Deo et al., 2004; Bettcher et al., 2016). CCL2 is produced by several cell
types including endothelial, epithelial, myocytes, monocytes and microglial cells, either
in a constitutive manner or in response to various stimulants such as oxidative stress
and growth factors (Deshmane et al., 2009). CCL2 exerts its biological effects by binding
to its cognate receptor CC motif receptor 2 (CCR2), which induces monocytes to exit the
bloodstream to act as tissue macrophages in response to inflammatory signalling
(Deshmane et al., 2009; Yousefzadeh et al., 2018). CCR2 is one of the most prominent
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chemokine receptors associated with CNS neuroinflammatory processes (Banisadr et
al., 2002; Sokolova et al., 2009). CCL2 in the CNS arises either from blood-brain barrier
diffusion from the peripheral immune system or via microglia production (Duan et al.,
2018; Cherry et al., 2020), and its expression levels are elevated in astrocytes and
microglia under pathological conditions (Zhang et al., 2017). Elevated CCL2 is an
important mediator of the neuroinflammatory responses in ischemic brain injury (Minami
and Satoh, 2003), brain trauma (Glabinski et al., 1996) and neurodegenerative disease
including multiple sclerosis (Simpson et al., 1998; Mahad and Ransohoff, 2003),
Alzheimer’'s Disease (Ishizuka et al., 1997; Bettcher et al., 2016) and human
immunodeficiency virus type-1 (HIV-1) associated dementia (Zink et al., 2001; Dhillon et
al., 2008). Animal studies show that CCL2 and CCR2 are constitutively expressed in
CNS neurons, localised in brain regions such as the hypothalamus, substantia nigra,
cerebellum, cerebral cortex and hippocampus at the protein level via
immunohistochemical staining and ELISAs, and at the mRNA level identified by reverse
transcription PCR (Gosselin et al., 2005; Banisadr et al., 2005a; Banisadr et al., 2005b).
CCL2 has also been described to function as a neuromodulator in the CNS (Jung et al.,
2008; Melik-Parsadaniantz and Rostene, 2008) as its expression is co-localised with
neurotransmitters (Banisadr et al., 2005b) and cell membrane depolarisation can induce
calcium-dependent release of CCL2 (Zhou et al., 2011). CCL2 has been described to
enhance neuronal excitability and synaptic transmission via presynaptic mechanisms in
the hippocampus. An in vitro electrophysiology study on rat hippocampal slices using
whole-cell patch camp technique revealed that CCL2 depolarised membrane potential,
increased spike firing in CA1 neurons, produced an increase of excitatory post synaptic
currents in Schaffer-collateral fibres to CALl synapses and increased the frequency of
spontaneous excitatory events (Zhou et al., 2011). CCR2 and CCL2 are also increased
in the hippocampus following neuroinflammation induced by status epilepticus seizures

(Foresti et al., 2009).

CCL2 has been identified as a systemic immune-related factor that critically contributes
to the susceptibility of the aging brain to cognitive impairments, as systemic CCL2 in
plasma has been correlated with reduced neurogenesis in the dentate gyrus in aged
mice and deficits in synaptic plasticity (Villeda et al., 2011). Heterochronic parabiosis

experiments in mice show that blood-borne immune-related factors are contributing to
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cognitive impairments, with contextual fear conditioning and hippocampal-dependent
spatial learning and memory reduced when a young animal is exposed to an old systemic
environment (Villeda et al., 2011). Furthermore, human Alzheimer’'s disease studies
have shown that higher levels of CCL2 promote a faster rate of cognitive decline (Westin
et al., 2012), and elevated CCL2 expression levels are related to lower memory factor

scores in an assessment of episodic and visual memory (Bettcher et al., 2016).

1.2.7 DARC
The Duffy antigen receptor for chemokines (DARC) is a glycosylated membrane protein

located on the surface of erythrocytes and is expressed by the endothelial cells of the
spleen, lung, thyroid, kidney and brain (Hadley and Peiper, 1997; Lee et al., 2003), and
binds to a number of pro-inflammatory cytokines of both the C-C family and C-X-C family
(Gardner et al., 2004). DARC (also referred to as ACKR1) is an atypical receptor
belonging to the ACKR sub-family. Atypical receptors share the seven-transmembrane
domain topology of conventional, typical, chemokine receptors, however the binding of
a ligand to atypical receptors does not lead to G-protein recruitment. DARC is missing
an Asp-Arg-Tyr consensus motif in its second cytoplasmic loop, and as a result, is
incapable of transmitting intracellular signals when bound to chemokines and therefore
does not directly act to translocate effector cells to sites of inflammation like traditional
chemokine receptors (Pruenster et al., 2009; Hadley and Peiper, 1997). The biological
functions of DARC are different depending on its cellular expression. Erythrocyte DARC
participates in physiological scavenging of chemokines and mediates chemokine
concentration in the blood (Darbonne et al., 1991; Dawson et al., 2000). Unlike other
atypical chemokine receptors, no degradation of chemokines occurs after their
internalisation by DARC, but instead the receptor acts to remove surplus plasma
chemokines that could mediate extensive and harmful inflammation (Mangalmurti et al.,
2009; Ransohoff, 2009). For example, DARC knockout animals receiving systemic
lipopolysaccharide (LPS) injection responded with a marked increase in neutrophil
infiltrate in the lungs and livers compared to wild-type controls (Dawson et al., 2000),

which suggests the receptor plays a role in chemokine homeostasis.

Endothelial DARC plays a subtle role in mediating inflammation as it internalises and
transcytoses chemokines from their sites of synthesis to the luminal side of the

endothelium, where the chemokines become embolised and contribute to leukocyte
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extravasation to tissues (Pruenster et al., 2009). Neutrophil and monocyte migration
towards cognate chemokines is enhanced in monolayers expressing DARC (Lee et al.,
2003) and chemokine injections into mice over-expressing endothelial DARC have
significantly greater leukocyte recruitment (Pruenster et al., 2009). These experiments
highlight that endothelial DARC acts to mediate internalisation and cellular transport of
chemokines and prevents the escape of soluble tissue-derived chemokines into
circulation and enhances firm adhesion of leukocytes (Zarbock et al., 2010).
Inflammation can further up-regulate DARC expression in veins and post-capillary
venules and induce DARC to appear in vascular segments that are usually devoid of the
receptor (Miller et al., 1975; Segerer et al., 2000; Patterson et al., 2002; Geleff et al.,
2010).

CCL2 binds to DARC with high affinity (Hansell, Hurson and Nibbs, 2011), although the
biological purpose of this function is not clear. DARC knockout mice have reported one-
third lower basal CCL2 plasma levels compared to wild-type controls (Fukuma et al.,
2003), and humans lacking the gene encoding DARC had significantly lower basal CCL2
levels than DARC-positive humans (Jilma-Stohlawetz et al., 2001). DARC has also been
shown to have a role in shuttling inflammatory chemokines across the blood brain barrier
(BBB) in in vitro models. DARC shuttles CCL2 and CCL5 across the BBB from the
basolateral to the luminal side of mouse brain endothelial cells, and this transport was
more efficient and significantly increased in TNFa stimulated brain endothelial cells in
wild-type mice compared to mice lacking the DARC receptor (Minten et al., 2014). These
data suggest that DARC has a pro-inflammatory function in brain endothelial cells by
shuttling chemokines across the BBB. DARC’s immunoreactivity has also been observed
at high levels in cerebellar Purkinje cells (Horuk et al., 1996), and throughout the cortex
in post-mortem brain tissue (Minten et al., 2014). Single cell RNA sequencing data
highlights that DARC is present in high abundance on non-myeloid brain cells (Schaum
et al.,, 2018), although its function and specific expression in neuronal subtypes in

currently unknown.
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1.2.7.1 DARC homozygous knockout mice
DARC knockout mice have been used to explore DARC function in vitro and in vivo

(Benson et al., 2018; Dawson et al., 2000; Edderkaoui et al., 2018). Using homozygous
knockout mice, in which endothelial and erythrocyte DARC is fully eliminated, provides

a good mechanism for exploring DARC-related functions.

In this thesis, a homozygous DARC knockout mouse line (DARC’) was used to
investigate the role of DARC in aging and hippocampal excitability. DARC deficiency in
this mouse line was generated using gene targeting by Dawson and group. A 9-kilobase
(kb) EcoRI fragment containing the DARC locus was cloned from an isogenic mouse
genomic library. This fragment was used to generate the targeting construct shown in
figure 1.8, which contained 4.3-kb and 1.2-kb arms of homology in the 5’ and 3’ regions,
and a neo gene in opposite transcriptional orientation that replaced 90 base pairs (bp) of
the DARC open reading frame. Embryonic stem cell lines that were correctly targeted
were injected into C57BI/6J blastocysts and subsequently implanted into CDI host
pseudopregnant females to obtain 10 chimeric pups. Three chimer pups were able to
transmit the DARC mutation through the germline when mated with C57BL/6J mice,
resulting in F1 heterozygotes (DARC*"). F1 heterozygotes were intercrossed to generate

F2 homozygous DARC-deficient mice, DARC” (Dawson et al., 2000).
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Figure 1.8 Gene targeting of the mouse DARC gene. A) Endogenous DARC gene
locus showing exon | and exon Il in a 9kb EcoRI fragment. A 3’ 1-kb Spel-EcoRI located
outside the targeting construct was used by Dawson and group as a probe for Southern
blot analysis. Primers D1 and D2 were used for PCR identification of the wild-type DARC
gene, and primers D2 and D3 were used to detect DARC cDNA by RT-PCR analysis.
B) The targeting plasmid, a 1.1kb neo gene, was inserted to replace the Bgll-Xhol
fragment, which eliminates a part of the intron and 90bp of exon Il. A 5’ 4.3kb EcoRI-
Bgll fragment was used as the 5 arm of homology and a 3’ 1.2kb Xhol-Pstl fragment
containing most of the coding exon was used for the 3’ homology. A TK gene was
inserted for negative selection of embryonic stem cells. The OSDUPDEL vector was
used to create the targeting construct. C) The correctly targeted allele - this can be
detected by PCR analysis using primers D2 and Dneo". Figure adapted from Dawson et
al., 2000.

1.3 Aims and Objectives

It is well described that hippocampal-dependent function declines in aged individuals
which can lead to the onset of neurodegeneration. The dysregulation of innate immune
responses in the peripheral and central nervous system in aging is thought to underlie

the pathophysiological events leading to reductions in cognition and potential
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neurodegenerative onset. Most studies of aging examine young age cohorts with elderly,
but more recent evidence suggests that changes in hippocampal function occur at a
younger age, as alterations in hippocampal-dependent behaviour, neural circuitry and
upregulation of pro-inflammatory mediators have been observed in mid-aged individuals.
There is, however, minimal investigation into whether similar changes are observed in

early aging, and whether hippocampal function changes progressively with aging.

DARC is a non-signalling receptor that acts to mediate pro-inflammatory chemokine
concentration in the blood. It has been shown to regulate the activity of the
proinflammatory chemokine CCL2, which has been directly associated with age-related
pathology of neurodegenerative disorders. DARC is also present in neurons, yet there
has been no investigation into DARC function brain and whether it also mediates immune

function in the cerebral environment.

In this thesis, | aim to investigate for changes in hippocampal activity during early aging
and evaluate the role of the chemokine CCL2 and the chemokine receptor DARC in early

age-dependent changes.

The main objectives are:

e Using in vitro electrophysiology, identify whether hippocampal activity along the
perforant pathway is affected in early aging using young (9-15 weeks old) and
adult (25-35 weeks old) wild-type mice.

e Investigate whether the pro-inflammatory chemokine CCL2 affects hippocampal
function and microglia proliferation in early aging.

e Examine the role of DARC in hippocampal neuronal activity using in vitro
electrophysiology and DARC homozygous knock out mice.

¢ Investigate whether DARC mediates CCL2 function in the hippocampus.
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Chapter 2 — Materials and Methods



2.1 Materials

2.1.1 Listof drugs and chemicals used
The following drugs were used in experiments described in this thesis:

Chemical Supplier

Calcium Chloride Sigma-Aldrich Ltd., Dorset, UK

Dimethyl sulfoxide (DMSQO) 99.5%  Sigma-Aldrich Ltd., Dorset, UK

Glucose Fischer Scientific Limited., Leicestershire,
Magnesium sulphate Sigma-Aldrich Ltd., Dorset, UK

Normal Goat Serum Sigma-Aldrich Ltd., Dorset, UK

Isoflurane (Vetflurane) Virbac, UK

Paraformaldehyde Fischer Scientific Limited., Leicestershire,
Phosphate buffered saline Gibco., UK

Potassium acetate Sigma-Aldrich Ltd., Dorset, UK

Potassium chloride Fischer Scientific Limited., Leicestershire,
Sodium bicarbonate VWR International Ltd., Leicestershire, UK
Sodium chloride VWR International Ltd., Leicestershire, UK
Sodium dihydrogen phosphate VWR International Ltd., Leicestershire, UK
Sucrose Fischer Scientific Limited., Leicestershire,
Triton X-100 Sigma-Aldrich, UK

Tween-20 Sigma-Aldrich, UK

ABTS Solution Sigma-Aldrich, UK
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Drug Supplier Stock Conc. Working Vehicle

Conc.
Kainic acid Tocris, Bristol, 1ImM 200nM H.O
UK
Ketamine Zoetis Ltd., UK 100mg/ml 100mg/kg™ N/A
(Ketavet)
Recombinant PeproTech, New 10ug/mi 10ng/mi H.0
Murine CCL5 Jersey, USA (2.3uM) (2.3nM)
Recombinant Cell Guidance 100pg/ml 0.1pg/ml H20
Rat CCL2 Systems Ltd., (7um) (7nM)
Cambridge, UK
RS504393 Tocris, Bristol, 10nM 1uM DMSO
UK
SB328437 Tocris, Bristol, 100nM 8nM DMSO
UK
Rompun Bayer, York, UK 20mg/ml 10mg/kg? N/A
(Xylazine)

Stock solutions were obtained by diluting stock solids with double-distilled H,O or
dimethyl sulfoxide (DMSO). DMSO was used at a final concentration no greater than
0.05% (v/v) when added to circulating ACSF. All drug stock solutions were administered

to slices via bath application to the circulating ACSF.

2.1.2 ACSF formulations
Normal artificial cerebral spinal fluid (nACSF) was comprised of 126mM NaCl, 3mM KCL,

1.25mM NaH2PO,, 1mM MgSO,, 1.2mM CaCL2, 24mM NaHCO3; and 10mM glucose.
Sucrose artificial cerebral spinal fluid (SACSF) solution used for intracardial perfusion of
animals and brain cutting solution was composed of 252mM sucrose, 3mM KCL, 1.25mM

NaH2PO4,24mM NaHCO3 2mM MgS0O4, 2mM CaCL,, and 10mM glucose.

NACSF contained a reduced concentration of MgSO,4 and CaCl, ions than sACSF to
increase the level of intrinsic excitability of slices. Extracellular Mg?* blocks NMDA
receptors, and reducing extracellular Mg? below the physiological level greatly
potentiates the NMDA response (Nowak et al., 1984). In addition, lowering extracellular

Ca?* concentration increases intrinsic bursting of fast, rhythmically bursting cells in the
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hippocampus (Su et al., 2001). SACSF, which has an equimolar replacement of sodium
chloride (NaCl) and sucrose, has been shown to improve neuronal preservation by
reducing the passive influx of sodium ions and subsequent water entry and cell swelling

during slice cutting (Aghajanian and Rasmussen, 1989).

2.2 Animal provision
All procedures were conducted in accordance with the regulations detailed in the UK

Animals (Scientific Procedures) Act, 1986. All appropriate project and personal licences

were granted by the UK Home Office.

Experiments were carried out on wild type C57BI/6J and DARC” (DARCko, ACKR1™")
male mice from two age cohorts, 9-15 weeks, and 25-35 weeks old. C57BI/6J mice were
obtained from Jackson Laboratories and were used throughout experimentation as a
control cohort. The original DARC’ mouse breeders were obtained from the Dawson
laboratory, and further offspring were bred in house within the Biological Services Facility
at the University of York. The DARC” mice were originally generated as described
previously (Dawson et al., 2000). Homozygous DARC knockout males were bred with
homozygous DARC knockout females to generate offspring of the same genotype. As
male mice were only used for experimentation, female littermates were terminated; a
small number of females were kept every 2-3 generations for breeding purposes. Family
lineages were closely monitored to reduce the incidence of inbreeding and no littermate
or parent-offspring breeding was conducted. To mitigate the impact of genetic drift,
DARC” males were backcrossed with C57BL/6J females on two occasions during the
experimentation period. On each occasion, 3 lots of breeding trios were set up,
composed of one DARC” male and two C57BI/6J females. DARC males were from
different family lineages. The resultant offspring, all DARC heterozygous pups (DARC*"
), were genotyped to confirm correct genetic background. Once of breeding age, 3
breeding trios comprised of all DARC*" were created (males and female breeders within
a trio were taken from different litters). The resultant offspring, with possible genetic
backgrounds of either wild type, DARC heterozygous knockout or DARC homozygous
knockout, were genotyped. Once identified, homozygous DARC knockout males were
bred with DARC homozygous knockout females to produce all DARC homozygous

knockout pups.

47



Animals were group housed with up to 5 individuals per cage, on a 12-hour light-dark

cycle, with ad libitum supply of food and water.

Genotype testing was assessed at the point of weaning via DNA extraction and PCR

protocol.

2.3 Anaesthesia and animal procedures
Animals were introduced to a five litre bell jar and exposed to approximately 3ml of

inhalant anaesthetic isoflurane (Virbac, York, UK), administered at a concentration
sufficient to abolish righting reflex. Once righting reflex was tested, intramuscular
injection of ketamine (100mg/kg?, Zoetis Ltd, London, UK) and xylazine (20mg/kg™,
Bayer, York, UK) was administered into the gluteal area of the hind leg. Pain reflexes
were tested by pedal withdrawal and blink reflexes, and once confirmed, the thoracic
cavity and rib cage of the animal was opened to expose the heart. A catheter was
inserted into the left ventricle of the heart and an incision made into the right atrium.
Animals were then intracardially perfused with approximately 25ml of ice-cold,
oxygenated sucrose artificial cerebral spinal fluid (SACSF) using a peristaltic pump
(Watson-Marlow, UK) at a rate of 1ml/s. Following intracardial perfusion, the spinal cord
was severed, and an incision was made along the head to expose the skull. The skull
was cut along the midline from a caudal to rostral direction and the skull removed to
expose the brain. The brain was removed and immediately immersed in a Petri dish of
ice-cold, oxygenated sACSF, before the cerebellum and olfactory bulbs were removed

using a scalpel and discarded.

2.4 Preparation of hippocampal slices

The brain was glued to the chuck of a Leica VT100 S vibratome (Leica Microsystems,
Nussloch GmbH, Germany) on its horizontal surface, before securing the chuck into the
vibratome cutting chamber, filled with ice-cold, oxygenated sACSF. Intracardial perfusion
and immersion with sACSF is a widely adopted method for preparing acute brain slices,
based on the premise that passive sodium influx and subsequent water entry and cell

swelling during slice cutting leads to a poor survival of neurons.

Horizontal sections were cut at a thickness of 450um, a measurement thin enough to

allow adequate oxygenation of slices and thick enough to ensure that local networks are

48



preserved and sufficiently intact. Horizontal sections were used for perforant pathway
investigation, as medial and lateral perforant pathway fibres remain intact in this
orientation (Van Hoeymissen et al., 2020). Slices were transferred to a petri-dish filled
with ice-cold, oxygenated ACSF, and slices of the midbrain containing dorsal entorhinal
cortex and hippocampal structures were selected (an average of 3 suitable slices were
obtained from each brain). Slices were trimmed with a scalpel so that only the
hippocampus and connecting entorhinal cortex remained (Fig 2.1). 2 hippocampal

sections were obtained from each brain slice.

2.5 Maintenance of hippocampal slices

Hippocampal slices were transferred to an interface recording chamber and placed on
double-thick lens cleaning tissue and maintained in an oxygenated, humidified
environment (caroben gas, 95% O: / 5% CO2) at an interface with continuously
circulating oxygenated normal ACSF (50ml), pumped using a peristaltic pump at a rate
of 2ml/min. Slices were left for 30 minutes before the temperature of the circulating
NACSF was gradually raised to 32°C using a flow heater (Grant Instruments Ltd.,
Cambridge, UK) and slices were left to equilibrate to the recording chamber for a further
1 hour prior to control recordings. Spare slices were stored in a holding chamber in a
humidified environment at an interface with oxygenated nACSF until their use and
transfer to the recording chamber.

A B C
______~Agar block

BN <O\

Vibratome plate

Figure 2.1 Schematic representation of hippocampal slice generation. (A) Mouse
brains were removed and secured onto a vibratome plate against an agar block for
cutting support. 450um horizontal sections were cut using a vibratome in the direction
indicated by the dashed arrow. This generated slice indicated in (B). Slices were trimmed
using a scalpel so that only the hippocampus and connecting entorhinal cortex remained.
(C) Representation of a trimmed hippocampal section that would be used for in vitro
electrophysiology.

49



2.6 Electrophysiology recording techniques
Extracellular field potentials were detected using micropipettes pulled from thin walled

borosilicate glass capillaries (1.2mm O.D., 0.94mm, |.D., Harvard Apparatus, Kent, UK)
using a P-1000 flaming/brown horizontal micropipette puller (Shutter Instruments Co.,
California, USA). Pipettes were filled with normal ACSF of the same ionic composition
as that in which the slices are maintained before being placed in pipette holders
containing silver wire inner filament to form a conducting bridge between the nACSF and
amplifier electronics. Pipette holders were attached to micromanipulator head stages
(HS-9A Axon Instruments) to allow fine movements and precise electrode placement.
Extracellular pipettes had a resistance between 2-5MQ. The electrical signal from each
brain slice was conducted through the micropipette NACSF solution to the silver wire,
amplified (Axoclamp 900A, Axon Instruments, California, USA) and digitised (ITC018
A/D converter, HEKA Instruments) at a sampling frequency of 2000Hz and band-pass
filtered between 0.1 and 300Hz. All electrical noise at 50Hz was filtered from all signals

using Humbugs (Quest Scientific, Vancouver, Canada).

2.6.1 Stimulus response recordings

Once the slices had been allowed to equilibrate in the interface chamber for 1 hour,
extracellular electrodes were placed in the supra-pyramidal and infra-pyramidal
subregions of the dentate gyrus as represented in figure 2.2 A, which was facilitated
using a stereo microscope and micromanipulators to aid electrode placement. To mimic
perforant pathway activity in vitro, a stimulating electrode connected to a DS2A isolated
stimulator box (Digitimer Ltd.,) was placed in layer Il of the entorhinal cortex, and an
initial stimulation of 30V was used to check perforant pathway connection between the
entorhinal cortex and dentate gyrus. If field excitatory post synaptic potentials (fEPSPs)
were detected from the dentate gyrus using Axograph software (version 1.7.6), control
recordings were taken by connecting the stimulator box to a Master 8 pulse stimulator
(A.M.P.1, Jerusalem, Israel), which initiated 10 voltage stimulations (200ms duration) at
1 second intervals. The subsequently generated fEPSPs were recorded simultaneously
from the supra-pyramidal and infra-pyramidal subregions of the dentate gyrus, with the
average of 10 input stimulations recorded. Input voltage began at 5V and increased in

regular intervals up to a maximum stimulation of 100V, to generate a stimulus response

50



curve. The rising slope (Fig 2.2 B) of the fEPSP for each input voltage was measured

using a toolbar on the Axograph software.
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Figure 2.2 Schematic diagram of electrode placement and fEPSP generation.

(A) Schematic diagram of a hippocampal slice highlighting electrode placement and the
supra-pyramidal (green) and infra-pyramidal (red) subregions of the dentate gyrus. (B)
Example of a field excitatory post synaptic potential (fEPSP) trace recorded from the
supra-pyramidal dentate gyrus from a wild-type mouse, generated by 30V stimulation of
layer Il of the entorhinal cortex. The red dashes indicate the region of the fEPSP slope
measured. * indicates the stimulus artefact. (C) Example of fEPSPs generated from
entorhinal cortex layer Il stimulation at each intensity (5V-100V). fEPSPs represent the
average response of 10 electrical stimulations measured from the supra-pyramidal
dentate gyrus in a wild-type mouse.

2.6.1.1 Investigating the effects of DMSO on perforant pathway activity

Some pharmacological compounds used for experimentation within this thesis
(RS504393 and SB328437) were reconstituted in the polar aprotic solvent dimethyl
sulfoxide (DMSO). Evidence indicates that DMSO added to nACSF at a concentration of
0.05% (v/v), alters intrinsic excitability properties of hippocampal CAL1 pyramidal neurons
(Tamagnini et al., 2014). The concentration of DMSO in the reconstituted compounds
was calculated to be approximately 0.01% (v/v) once added to 50ml circulating nACSF.
This experiment aimed to investigate whether a concentration of 0.01% (v/v) affected
neuronal excitability along the perforant pathway.
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A stimulus response curve was measured from the suprapyramidal dentate gyrus in
hippocampal slices bathed in circulating nACSF as described in 2.6.1, which acted as
an internal control. DMSO was then directly added to circulating ACSF for a bath
concentration of 0.01% (v/v). Hippocampal slices were incubated in DMSO for 1 hour
before a second stimulus response curve was generated. The rising slope of the EPSPs
that were generated from perforant pathway stimulation, were measured in the control
hippocampal slices and from the same slices that had been incubated in DMSO - the

differences in fEPSP slope measured before and after DMSO addition were calculated.

2.6.1.2 Investigating the effects of CCL2 on perforant pathway activity
To investigate the effects of CCL2 on perforant pathway activity, a stimulus response

curve was generated as described in 2.6.1. As hippocampal slices were bathed in only
circulating nACAF, this was used as a control sample. After the control stimulation curve
was generated, 7uM of recombinant rat CCL2 was added via bath application to
circulating nACSF (for a bath concentration of 7nM), and slices were left to incubate in
circulating CCL2 for 1 hour. This concentration was selected as previous
electrophysiology studies have demonstrated that acute concentrations of 2.3 nM and
10nM CCL2 increase neuronal excitability (Gruol et al., 2014; Guyon et al., 2009; Zhou
et al., 2011; Belkouch et al., 2011). In addition, 7nM CCLZ2 is the recommended working
concentration provided by the manufacturer (Cell Guidance Systems) based on its IC50
value. Therefore, 7nm CCL2 was used for experimentation throughout this thesis. After
the 1 hour incubation with CCL2, a second stimulus response curve was generated, and
the rising lope of fEPSPs were measured to compare how CCL2 incubation affects

fEPSPs in the dentate gyrus upon perforant pathway stimulation.

2.6.1.3 Investigating whether CCL2 activity is mediated through CCR2 binding

CCL2 exerts its proinflammatory functions by binding to its cognate G protein-coupled
receptor CCR2 (Deshmane et al., 2009; Pinke et al., 2013). To investigate if CCL2 was
exerting its effects in hippocampal neurons through binding to CCR2, a CCR2 receptor
antagonist, RS504393, was used to block most CCR2 function. This experiment was
performed in a similar manner as described in 2.6.1.2, however slices were pre-bathed
in 1 uM RS504393 (made up in DMSOQO) to block CCR2 function. DMSO has been
previously described to affect hippocampal slice activity, therefore, to eliminate the

possibility of DMSO directly affecting hippocampal activity instead of/in addition to the
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pharmacological compound itself, slices were pre-bathed in RS504393 (in DMSO) for 1
hour before a “control” recording was taken. This control recording in this thesis is
described as “+ RS504393” herein. CCL2 was then added to circulating nACSF for a
bath concentration of 7 nM. Another stimulus response curve was measured from slices
after 1 hour of CCL2 incubation. A schematic of the experimental paradigm and
sequence of pharmacological compounds is represented in figure 2.3. fEPSP slopes
were measured from “+ RS504393” stimulation curves and post CCL2 stimulation curves
in order to investigate the effects of CCL2 addition on hippocampal slices bathed in a

CCR2 receptor antagonist.

Internal control, (pre-
CCL2) Post CCL2

1) Stimulus
response
curve

1hr

Hippocampal slice 2) Addition of RS504393  4) Addition of
placed in interface (in DMSO) ccL2

recording chamber
in circulating nACSF

Figure 2.3 Schematic diagram representing experimental paradigm and sequence of
pharmacological compound addition. Hippocampal slices were placed in the interface
recording chamber in circulating NnACSF and left to acclimatise to environmental conditions
for 1 hour. 1) A stimulus response curve was taken from slices bathed in ACSF to ensure
slice health and equipment viability. 2) The CCR2 receptor antagonist RS504393
(reconstituted in DMSQO) was added to circulating nACSF for a bath concentration of 1 uM.
Slices were incubated in RS504393 for 1 hour. 3) A stimulus response curve was then
recorded from hippocampal slices that had been incubated in RS504393. This stimulus
response curve was used as a “pre-CCL2” control sample — any changes in hippocampal
excitability caused by DMSO would be accounted for in this control sample. 4) CCL2 was
then added directly to circulating nACSF for a bath concentration of 7 nM and slices were
incubated for 1 hour. 5) A final stimulus response curve was measured from hippocampal
slices.
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2.6.1.4 Investigating the effects of CCL5 on perforant pathway activity
To investigate the effects of CCL5 on perforant pathway activity, a stimulus response

curve was first generated in hippocampal slices bathed in circulating nACSF as an
internal control, as described in 2.6.1. After the control stimulus response curve was
generated, 1.3 puM of recombinant murine CCL5 was added via bath application to
circulating nACSF (for a bath concentration of 1.3 nM). 1.3 nM (10ng/ml) was selected
as a concentration as this was the recommended working concentration from the
manufacturer (PeproTech, Germany) based on CCL5’s ability to chemoattract human
activated T-cells. Hippocampal slices were incubated in CCL5 for 1 hour before a second
stimulus response curve was generated to investigate how CCL5 affects fEPSP

responses.

2.6.2 Gamma oscillation recordings

Hippocampal slices were left to equilibrate in the interface chamber for thirty minutes. An
extracellular electrode was then placed in entorhinal cortex layer Il and another in the
CA3 (Fig 2.4 A). Electrode positioning was facilitated using a stereo microscope and
micromanipulators. A 1-minute control recording was taken from both subregions before
Kainic acid (200 nM) was then applied to the circulating nACSF. A 200 nM bath
concentration was sufficient to generate gamma oscillations in both the entorhinal cortex
and CA3, as discovered by kainic acid concentration curve experiments represented in
figure 2.4 B. 1-minute recordings were taken every 10 minutes to measure for the
presence of gamma oscillations. The presence of gamma oscillations were measured
using the software Axograph 4.6/X (Axon Instruments, USA), which converted raw 1
minute extracellular recordings into power spectra (specific details of this transformation
are described in 2.6.3). If hippocampal slices were oscillating at the gamma frequency,
a peak was observed in the power spectrum in the gamma frequency range (25-100Hz),
as demonstrated in figure 2.5. Slices were considered to have generated gamma
oscillations if the peak power was between 25-100Hz and was above 10uV?2. Oscillations
were considered to be stable once the peak power of the oscillation did not change by
more than 10% in a 30-minute window. Gamma experimental recordings were only taken
once gamma had fully stabilised in both entorhinal cortex and CA3 regions. On average,
stabilisation of both subregions took between 1.5-3 hours. Once gamma had stabilised,

a 1-minute recording was taken from both subregions and saved.
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Figure 2.4 200nM of kainic acid generates robust gamma oscillations in the
entorhinal cortex and CA3 regions. Hippocampal slices were prepared from 9-15
week old wild-type mice. 1mM kainic acid was added to circulating artificial cerebral
spinal fluid in cumulative amounts to achieve 50nM, 100nM, 150nM, 200nM and 400nM
bath concertation. Oscillations were recorded at each kainic acid concentration from the
entorhinal cortex and CA3 until the oscillations had stabilised. Gamma oscillation power
and frequency were plotted at each kainic acid concentration to determine a
concentration able to induce robust gamma in both subregions. (A) Representation of
entorhinal cortex and CAS electrode placement. (B) The power and frequency of gamma
oscillations were measured from the entorhinal cortex and CA3, after addition of 50 nM
— 400 nM kainic acid. (B) Bars represent mean + SEM, N=4 mice.
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Figure 2.5 Example of power spectra generated from 1 minute epochs of raw
extracellular gamma oscillations measured from the hippocampus. Power spectra
were generated using the Fast Fourier Transform algorithm in the Axograph 4.6/X (Axon
Instruments USA) software. The modal peak power and frequency of oscillations were
measured, which corresponded to the largest peak amplitude in the spectra, and the
frequency domain at which this largest peak was situated (highlighted by the blue
dashed line). If the largest peak amplitude was between 25-100Hz and greater than
10uV?, hippocampal slices were considered to be oscillating at the gamma frequency.
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2.6.3 Analysis of network oscillations
Analysis of raw data was conducted using the Axograph 4.6/X (Axon Instruments, USA)

and Matlab 2018b (The MathsWorks Inc., Massachusetts, USA) software packages.
Subsequent statistical analysis was conducted using GraphPad Prism 9 (San Diego,

California, USA).

The properties of the gamma oscillatory activity detected by extracellular, local field
potential recordings were quantified according to several parameters. These included
the modal peak frequency and peak power (amplitude) of the oscillation, and the phase

locking value of oscillations between the entorhinal cortex and CA3.

Power spectra were created from 60 second epochs of raw extracellular gamma
oscillation recordings using a Fast Fourier Transform (FFT) algorithm. The FFT converts
the waveform of the oscillation from a time domain to a frequency domain by
deconstructing the oscillation into its constituent sine wave components and calculates
the power of each wave. This is expressed as a plot of the sum of the voltage squared
at a given frequency (UV?/Hz). The frequency and modal peak power of the oscillations

were taken from the power spectra.

The phase locking relationship of the oscillatory activity between the entorhinal cortex
and CA3 was assessed using Matlab software by linear cross-correlation analysis.
Phase locking refers to a situation in which phases of two dependant generated
oscillations are related linearly and are oscillating with the same frequency. Phase
locking demonstrates greater synchrony between two regions. Interregional gamma
synchrony has been proposed as a mechanism to precisely coordinate neuronal
assemblies (Singer, 1993; Engel, Fries and Singer, 2001; Fries, 2009; Buzsaki and
Wang, 2012) and synchronisation of gamma oscillations between the entorhinal cortex
and hippocampus is associated with successful memory encoding in humans (Fell et al.,
2001) and macaques (Jutras, Fries and Buffalo, 2009). The 60 second epochs of gamma
oscillation data recorded from the entorhinal cortex layer Il and CA3 was analysed to
determine the phase locking value of oscillations between the two regions by comparing
the individual traces at multiple time delays. Phase locking was determined by comparing
the amplitudes of the central wave peaks as they crossed the Y-axis at the zero time

point. The oscillations were considered in phase if they reached their maximum
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displacement at the same time point. Two oscillations with 100% phase locking were

given a value of 1, and oscillations with no phase locking a value of 0.

2.6.4 |Intracellular recordings
Sharp tip microelectrodes used for intracellular recordings were pulled from borosilicate

glass capillaries (1.2mm O.D, 0.69mm |.D., Harvard Apparatus, Kent, UK), containing a
silver wire inner filament and had a resistance in the range of 70-150MQ and were filled
with 2M potassium acetate solution. Intracellular signals were amplified, digitised and
filtered using equipment described in section 2.6, however signals were recorded in
direct current (DC) mode, digitised at 10KHz and low pass filtered at 2KHz. A stimulating
electrode was first placed in the entorhinal cortex layer Il and intracellular measurements
were recorded from granule cells in the molecular layer of the dentate gyrus from the
supra-pyramidal and infra-pyramidal subregions. Sharp tip electrodes were tracked
through the 450uM slice using micromanipulators, with a -0.2na hyperpolarising holding
current and tuning step (-0.2nA at 2Hz) applied. Piercing of granule cells was aided by
using the capacitive buzz function of the amplifier, which resonated the electrode tip in
the tissue helping to pierce the neuronal membrane. Once the membrane was
penetrated, the holding current was hyperpolarised to help stabilise the cell and from a
seal between the membrane and electrode. Approximately five minute recordings were
taken of each cell measuring resting membrane potential, membrane resistance and
excitatory postsynaptic potentials generated by stimulation of the entorhinal cortex layer
II at 100% maximum stimulation and 50% maximum stimulation. 50% maximum
stimulation was determined by first measuring the peak amplitude of the EPSP at
maximum (100%) stimulation. The 50% maximum stimulation was subsequently the
stimulation required to generate EPSPs with amplitudes 50% of the amplitudes recorded
at maximum stimulation. Due to the low resting membrane potential of the granule
neurons, an injection of positive current was unable to depolarise the membrane

potential enough to generate inhibitory post synaptic potentials.

2.6.5 Analysis of Intracellular recordings

Intracellular recordings taken from the dentate gyrus granule cell layer were analysed
using Axograph software. Resting membrane potential was measured by averaging the
membrane voltage of 1 minute intracellular recordings, using a line tool to accurately

determine the membrane potential. EPSPs that were generated via perforant pathway
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stimulation of the entorhinal cortex layer II, and the amplitude of subsequent EPSPs

generated were also measured using a line tool of the Axograph software (Fig 2.6 A).

To determine membrane resistance of granule neurons, the change in voltage output to
changing current inputs were measured using the Axograph measuring tool as shown in
figure 2.6 B. The resultant data was plotted as a voltage current curve, and membrane

resistance was calculated using Ohms law (Resistance = Voltage / Current).

A EPSP Responses
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Figure 2.6 Intracellular EPSP and membrane resistance measurements of dentate
gyrus granule neurons. (A) Examples of EPSPs generated from a supra-pyramidal
dentate gyrus granule cell after 50% maximum and 100% maximum perforant pathway
stimulation. Arrows indicate measurements of EPSP amplitudes. (B) Example of
membrane voltage changes measured from a supra-pyramidal granule dentate gyrus
granule neurone after -0.4nA and -0.5nA of input current was injected into the cell. Arrows
indicate measurements of voltage change, which were plotted against input current to
calculate membrane resistance using Ohm’s law.

2.7 Rodent behavioural experiments

Mice were handled for 3 days prior to behavioural experiments to condition the animals
to the tunnelling procedure and basic handling. Animals were acclimatised to the
procedure room for 30 minutes before commencing the behavioural experiment and all
trials were conducted under dim lighting to alleviate stress. All behavioural mazes and

arenas were novel to the mice.
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2.7.1 Y-maze spontaneous alternation test

The Y-maze spontaneous alternation test measures a rodent’s willingness to explore
new environments and is used as a measure of spatial working memory (Ukai, Shinkai
and Kameyama, 1996). A Y maze is comprised of three arms that are 120° angles from
each other, made from white high-density non-porous plastic (as displayed in figure 2.7).
Spontaneous alternation is achieved when an animal enters a new arm rather than
returning to one visited previously. As rodents typically prefer to investigate new
environments, they usually show a tendency to enter a less recently visited arm (Hughes,

2004; Bak et al., 2017).

Mice were placed into the Y-maze using a cardboard tube, always starting in the same
arm, and facing the centre of the maze. The mice were left to explore the maze for 5
minutes and movements were recorded by a webcam situated above the maze. The
inside of the Y-maze was cleaned with 70% ethanol and double-distilled water between

trials and allowed to dry.

The behavioural experiment was scored by hand and percentage alternation was
calculated using the equation: (no. of alternations) / (total no. of arm entries -2) x100,
where an alternation represents a mouse entering each 3 arms of the maze

consecutively.

T 60°

6cm

Figure 2.7 Schematic diagram of Y-maze used for spontaneous alternation
testing. The maze is comprised of 3 arms, labelled A-C, 120° apart (width 6¢cm, length
35cm and height 20cm). The diagram of the mouse indicates the starting position of
each rodent.
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2.7.2 Open field
The open field test assess rodents general locomotor activity levels, anxiety and

willingness to explore an environment (Denenberg, 1969). The behavioural experiment
involves the use of an arena made from white high-density non-porous plastic (width
50cm, length 50cm, height 38cm), divided into an inner and an outer zone as represented
in figure 2.8 A. A mouse was placed in the centre of the arena, transferred from its home
cage using a cardboard tube, and its behaviour recorded for 10 minutes using an
overhead camera. The arena was cleaned between trials using 70% ethanol and double-

distilled water and allowed too fully dry.

2.7.2.1 Analysis of open field experiment
10 minute video clips were saved as an MP4 file and imported and analysed using Matlab

2018b (The MathsWorks Inc., Massachusetts, USA). An automated script used to
measure a variety of locomotion parameters was obtained from (Zhang, Li and Han,
2020). The core of the program works by inverting the greyscale image of each video
frame, converting it to a binary image based on a user-defined threshold, and measuring
the position of the mouse in the binary image. The program tracks the trajectory of each
mouse and calculates total distance travelled, time spent in the inner and outer zones,
distribution of mouse area, thigmotaxis and a map of mouse trajectory for each 10 minute
video recording. An example of thresholding and mitotracking of mouse trajectory is

displayed in figure 2.8 B.

Mouse rearing behaviour, in which the animal stands on its hindlegs, is shown to be a
measure of anxiety-related behaviour (Sturman, Germain and Bohacek, 2018). This
parameter was measured by manually counting the number of rears each animal
executed in the 10 minute video recording. Each video was scored twice, and a mean
average calculated if different rearing scores were obtained for the repeated

measurements.

Subsequent statistical analysis was conducted using GraphPad Prism 9 (San Diego,

California, USA).
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Figure 2.8 Open field arena behavioural analysis. (A) Schematic of an open field
arena. A 50cm width x 50cm length x 38cm height arena made from white non-porous
plastic was divided into an inner and outer zone. Rodents were placed in the centre of
the inner zone as a starting point and movement trajectory was video recorded for 10
minutes. (B) Example of mitotracking software used for the open field behavioural
experiment. i) Example image of a single video frame taken from a 10 minute recording
of a wild-type mouse in the open field arena. ii) An example of thresholding video to
mitotrack rodent movements. iii) Example trace of mouse movement trajectory over a 10
minute recording period. Dashed lines indicate the inner zone area.

2.8 Mouse genotyping

2.8.1 Preparation of genomic DNA

DARC knockout male mice were genotyped before experimentation to confirm that the
DARC gene was not expressed. Ear notch samples were taken from weaned DARC
knockout male mice at approximately 21 days old and genotyped using a polymerase
chain reaction protocol. Preparation of genomic DNA was achieved by storing each ear
notch in a 1.5ml Eppendorf tube and adding 600ul of tissue lysis buffer (25mM Tris pH
8.0, 10mM EDTA pH8.0, 1% SDS) and 3pl Proteinase K (200mg/ml, Promega), before
leaving to lyse overnight at 55°C. 200ul of protein precipitation solution (7.5M ammonium

acetate) was added to each sample and vortexed thoroughly before centrifuging at
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15,000 rpm for 3 minutes. The supernatant was decanted into a fresh tube containing
600yl isopropanol. The Eppendorf tubes were inverted approximately 50 times to mix
before centrifuging at 15,000 rpm for 3 minutes. Checking that a small white pellet was
visible, the isopropanol was then gently poured off into a waste beaker before 200l of
70% ethanol was added. The tube was inverted a few times to wash the pellet, before
centrifuging again at 15,000 rpm for 3 minutes. The ethanol was carefully removed with
a pipette due to the possibility of the pellet being loose. The DNA was re-hydrated by
adding 25ul of double-distilled H,O before incubating at 65°C for one hour.

2.8.2 Polymerase chain reaction
A Master Mix was prepared in a 1.5ml Eppendorf tube comprised of the following

components (volumes correspond to 1 DNA sample): 2ul 10x Dream Taq Green Buffer

(Thermo scientific, USA), 0.4ul dNTP (Roche, Switzerland) 1ul Primer 1, DARC

KO 1 (sequence 5 — GCT AGA TGC CCT GAC TGT CC - 3, Integrated DNA
Technologies, UK), 1ul primer 2, DARCKO 2 (sequence 5 — CCA GTA GCC CAG GTT
GCA TA - 3, Integrated DNA technologies, UK), 1ul Primer 3, DARC NEO (sequence
5 — TAT GGC GCG CCA TCG ATC TC — 3, Integrated DNA technologies, UK), 0.1pl
DreamTaq DNA Polymerase (Thermo scientific), 13.5ul double-distilled H,O and 1pl
sample DNA. The tube was inverted to mix and span down for 1 second using a mini
desktop centrifuge. 19ul of Master Mix and 1pl of DNA sample was pipetted into a 0.2ml
PCR tube (Starlab, USA), which was repeated for the number of samples. 1l of a DNA
sample taken from a heterozygous DARC knockout mouse (DARC*) was used as a
positive control, as well as a 1l DNA sample taken from a wild-type mouse. 1ul double-
distilled H-O was used as a negative control to test for contamination. The PCR lids were
placed over tubes, before inverting to mix and spinning down for 1 second. The tubes
were placed into the PCR machine (Bio Rad T100 Thermal Cycler) and the PCR program
ran as follows: step 1 initial denaturation - 94°C for 2 minutes, step 2 denaturation - 94°C
for 30 seconds, step 3 annealing - 60°C for 30 seconds, step 4 extension - 72°C for 1
minute (steps 2-4 were repeated 32 times), step 5 final extension - 72°C for 3 minutes

and step 6, infinity hold at 10°C.
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2.8.3 Gel electrophoresis
The agarose gel was made by adding 3g of agarose (Melford, UK) to 150ml of 1x TAE

buffer (10mM Tris PH 7.4, 1ImM EDTA) in a conical flask and swirled to mix. The solution
was heated in a microwave for 2-3 minutes, stirring regularly, until the solution was clear.
The solution was left to cool for 5 minutes before adding 10ul of SYBR safe DNA gel
stain (Invitrogen,) and pouring the gel solution into a gel rack containing a comb divider.
The gel was left to set for approximately 30 minutes before the comb divider was carefully
removed. The gel and gel rack were transferred to the electrophoresis chamber (Bio Rad
Sub-cell GT chamber) and covered with 1x TAE solution. 10ul of 100 base-pair DNA
ladder (Invitrogen, Lithuania) was added to the first well for reference, and 10pl of each
sample added to the remaining wells. The gel was run at 180V for 40 minutes to allow
clear separation of the DNA bands, before the gel was removed from the electrophoresis
machine and gel rack, and DNA bands were captured using a Bio Rad Gel Doc EZ

imager and visualised using Bio Rad Image Lab software version 5.2.1.

An example of DNA gel staining is presented in figure 2.9. The wild-type DARC allele
was detected by amplification of a 400 base pair PCR product, using DARCKOL1 (primer
1) and DARCKOZ2 (primer 2) primers that flank the DARC coding exon. Primer 1 is the
sequence that is deleted in the correctly target allele, and primer 2 is complementary to
the sequences in exon 2. Primer DARC NEO (primer 3) is complementary to a sequence
withing the inserted neo gene. DARCKO 2 and DARC NEO were used to amplify a 300
base pair fragment from the targeted DARC gene as described in (Dawson et al., 2000).
DNA from a DARC™ individual expresses a 300 bp band whereas the longer DNA strand
from a WT animal expresses a 400 bp band. The DARC heterozygous knockout control

(DARC*") expresses two bands, and both the WT and DARC™ weight.

1 2 3 4 5 6 7 WT DARC* H,0

Figure 2.9 Example of DARC” genotyping PCR. Lanes 1-7 represent DNA samples
taken from weaned DARC™ pups, expressing a single band at 300 base pairs (bp). The
wild-type (WT) control represents DNA from a C57BI/6J male mouse, expressing a single
band at 400bp. The DARC*" control expresses a band at 400bp and 300bp.

63



2.9 Immunofluorescence Immunohistochemistry

2.9.1 Slice preparation for immunohistochemistry

Following the completion of electrophysiology measurements, 450uM brain slices were
immediately removed from the recording chamber and were stored into a fixative solution
of 4% paraformaldehyde (PFA) in Phosphate Buffered Saline (PBS). Slices from WT
mice and DARC™” mice were saved from both juvenile and adult cohorts. In addition,
slices that were left to circulate in ACSF and slices incubated with CCL2 were stored

from both genotypes and age cohorts.

Slices were removed from PFA and cryoprotected with sucrose solutions. This involved
a 4 hour incubation in 10% sucrose in PBS, followed by overnight incubation in 30%
sucrose in PBS. Slices were then placed in plastic moulds before being immersed in
optimum cutting temperature compound (OCT) (VWR International Ltd., Leicestershire,
UK), being careful to remove any bubbles. The moulds and contents were then snap
frozen in iso-pentane (2-Methylbutane) (Honeywell, Germany) that has been pre-chilled
on dry ice for 20 minutes. The box was submerged for approximately 1 minute, or until

the OCT had formed a white solid before being transferred and stored at -70°C.

Slices were removed from storage and re-sectioned using a Cryostat (Leica CM 1950)
at -20°C. The slices were left to equilibrate to temperature for 20 minutes before re-

sectioning to 30uM slices and stored in phosphate buffer with 0.05% Azide.

2.9.2 Immunohistochemistry

All immunohistochemistry (IHC) stages were conducted on free-floating brain sections
at room temperature using a 12-well plate netwell system. 3-4 tissue slices were added

to each well.

Firstly, optimisation of the anit-lbal primary antibody, rabbit (Wako) was conducted at
concentrations 1:500, 1:1000 and 1:2000 — a concentration of 1:1000 was found to

produce optimal staining.

Tissue sections were washed 3 times in PBS for 5 minutes before permeabilising the
membrane by soaking in PBS + TX for 10 minutes. This was followed by a blocking stage
to prevent antibody unspecific binding and reducing background staining, by incubating

sections in 3% normal goat serum (NGS) in PBS + 0.2% Triton-X (PBS-TX) for 60
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minutes. Sections were then incubated with the primary antibody cocktail of anti-Ibal
(rabbit 1:1000, Cat# 019-19741, Wako), anti-NeuN, (guineapig, 1:1000, Cat# ABN9O0,
Sigma) in a solution PBS-TX and 1% NGS overnight at 4°C. The primary antibody
solution was removed, and slices were washed 3 times in PBS for 5 minutes. Slices were
next incubated with a secondary antibody cocktail of goat anti-rabbit Alexa Fluor 488
(1:1000 concentration, Cat¥# A11008, Invitrogen) and goat anti-guineapig Alexa Fluor
546 (1:1000 concentration, Cat# A11074, Life Technologies) in a solution of 1% NGS in
PBS at room temperature, in the dark, for 2 hours. After incubation the slices were
washed twice in PBS for 5 minutes, before being washed in Hoechst nuclear stain in
PBS (1:1000, 10mg/ml stock, Molecular Probes) for 5 minutes. Slices were washed twice

more in PBS for 5 minutes, before a final wash in PB to remove any remaining salts.

Slices were mounted onto glass microscope slides (StarFrost, Germany) and covered
with borosilicate glass coverslips (VWR, Leicestershire, UK) using Fluoromount aqueous
mounting medium (Sigma Aldrich, UK). The slides were kept in the dark and left to dry

for 1 hour before storing at 4°C.

Ibal, NeuN and nuclear stain was z-stack imaged using a Zeiss Confocal LSM 880 at a
x20 and x63 oil objective. Z stacks were comprised of 35-45 slices at a x63 objective,
and of 10-20 slices at a x20 objective. The average thickness of each hippocampal slice
was 9.3-9.8 um, and images were captured at a resolution of 1024 x 1024 pixels using

a pinhole size of 1 AU (Airy Unit).

2.9.3 Microglia analysis

2.9.3.1 Sholl analysis

To analyse microglia branching and morphology, Sholl analysis was conducted on z-
stack maximum intensity projection (MIP) images captured by a confocal microscope at
a x63 objective. MIP images are an overlay of all z-stack frames and show microglia
branching in 3 planes. Sholl analysis could not be directly conducted on MIP images due
to the resolution quality, therefore microglia branches were traced using the Simple
Neurite Tracer plugin (version 4.0.3) in the ImageJ software (National Institute of Health,
USA), as represent in figure 2.10 C. Sholl analysis was then performed on traced images

using the Sholl analysis plugin, setting 2uM radius step size and polynomial best fit
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parameters (Fig 2.10 D). Maximum branch length, cell branching density known as a

ramification index, and the number of branching intersections were measured.

2.9.3.2 Microglia cell count
Microglia proliferation was investigated by counting microglia cell number from MIP

images captured using a confocal microscope at a x20 objective. This was conducted by
hand, using a multi-point counting tool in the ImageJ software to ensure that cells were
not counted more than once. Microglia number was counted from the hilus and cortical

subregions on the dentate gyrus.

Figure 2.10 Pipeline of neurite tracing and sholl analysis of an Ibal stained
hippocampal microglia cell. (A) Cropped maximum intensity projective image of Ibal,
Neu-N and Hoechst-nuclear stained microglia cell captured at a x63 objective. (B)
Channels were split so only alexaflour-488 lbal staining was visible. (C) Neurite tracing
was performed of the Ibal stained microglia cell. (D) Sholl analysis was performed of the
traced microglia, with analysis radii set to 2uM.

2.9.4 RNA sequence analysis

To investigate DARC expression localisation in brain cells, an open source database
called the Tabula Muris database was utilised to examine single-cell RNA sequencing
data. The Tabula Muris database is a compendium of single cells transcriptomic data
from mice, comprising of more than 100,000 cells from 20 organs and tissues. Single-
cell RNA sequency was performed using two methods: FACS-based cells captured in
plates, and microfluidic droplet-based capture (Schaum et al., 2018). The database was
screened for DARC localisation and expression on myeloid and non-myeloid cells from
the cortex, hippocampus, cerebellum and striatum of 10-15 week old mice, and data was
presented as gene counts log-normalised for each cell using the natural logarithm of 1+
counts per million. This database displays data outcomes graphically, using violin plots
to highlight data distribution. Raw data of expression levels and statistical detailing is not

provided, therefore it is not possible to perform statistical analysis on expression levels.
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2.9.5 Statistical analysis
Statistical analysis throughout this thesis was performed using GraphPad Prism 9 (San

Diego, California, USA). For electrophysiological experiments, an N number represents

recordings from a single brain slice from one animal.

2.9.5.1 Two Way ANOVA
Stimulus response recordings were analysed using a Two Way ANOVA and the Sidak

multiple comparisons test. A Two Way ANOVA was selected as the analysis required
examining the effect of two factors (age or genotypes and stimulation input) against a
dependent variable, fEPSP slope. The Sidak correction was selected for this data type
as it has the highest power and acts to control family-wise error rate, which is the
probability of making one or more false discoveries when performing multiple
hypothesis tests. A Sidak test is also required when one of the variables has a selected
set mean, such as the stimulus input, which is a pre-set value. A Two Way ANOVA
with Sidak multiple comparisons was also used to statistically analyse the intracellular

recording voltage-current curves, as the current input was also a pre-set value.

For experiments investigating the effects of chemokines (CCL2 and CCL5) and
chemokine receptor antagonists (RS504393 and SB328437) on perforant pathway
activity, a Two Way ANOVA and Tukey multiple comparisons test was used. This post-
hoc test was selected as pairwise comparisons between group means wanted to be
investigated. Microglia cell count analysis and mouse behavioural analysis (open field

maze and y-maze experiments) was also performed using this statistical test.

2.9.5.2 Mann Whitney test
When comparing the differences between two independent data groups, a Mann-

Whitney test was utilised as this statistical test is non-parametric, and does not assume

normal distribution between data groups.
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Chapter 3: Age-dependent changes in
perforant pathway activity



3.1 Introduction

It is well documented that hippocampal physiology and function changes with normal
aging. A decline in hippocampal-dependent episodic memory, spatial learning and
working memory has been observed in aged individuals in behavioural experiments
using rodent (Gage et al., 1984; Shen et al., 1997), primate (Rapp, Kansky and Roberts,
1997) and human models (Newman and Kaszniak, 2000; Moffat, Zonderman and
Resnick, 2001). In addition, changes in hippocampal excitability have been observed,
with synaptic transmission and expression of synaptic proteins reduced in aged
individuals, contributing to age-related cognitive defects (Wang et al., 2007; Gureviciene,
Gurevicius and Tanila, 2009). Aging can be defined as the progressive deterioration of
physiological function with increasing age (Galloway, 1993). However, most studies
examining the effects of aging focus only on the comparison between young subjects
with the very old. For example, rodent studies often use animals that are at least 18
months of age, and human studies often use people over the age of 60. Studies have
shown, however, that aging may be progressive. For example, hippocampal-dependent
spatial memory and object recognition is lower in middle-aged adults compared to young
adults (Williams et al., 2019; Stark, Yassa and Stark, 2010). Moreover, a decline in
memory function in middle age has been associated with elevated risk of Alzheimer’s
disease onset (Ritchie et al., 2018). Despite these findings, few studies have examined
physiological changes during early aging. In this chapter | investigated whether the
hippocampus exhibits physiological changes along perforant pathway in early aging. |
hypothesised that small changes in hippocampal excitability would be detected as

changes in hippocampal excitability has been previously observed in middle-aged mice.

3.2 Results

3.2.1 Age-dependent changes in perforant pathway activity

Several studies examine the effects of late aging on perforant pathway physiology, with
loss of dentate gyrus synapses reported in rodent late aging (Geinisman et al., 1992).
Neurophysiology studies show that entorhinal cortex to dentate gyrus long-term
potentiation is substantially reduced in old rodents, and stimulation of perforant pathway
afferents results in greater dentate gyrus quantal size in aged rats (Foster et al., 1991,
Barnes, Rao and Houston, 2000). These studies examine the effects of late aging on

perforant pathway physiology, comparing rodents between 3-12 months of age and 24-
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35 months of age, but little is known about how hippocampal function changes during
early aging. | therefore examined how early aging affects the excitability of the perforant
pathway in vitro. Hippocampal slices were prepared from juvenile (9-15 weeks old) and
adult (25-35 weeks old) wild-type mice. Once slices had acclimatised to the in vitro
conditions, the perforant pathway was activated by electrically stimulating the entorhinal
cortex layer Il from 5V to 100V and subsequently generated field EPSPs (fEPSPs) were
recorded from the dentate gyrus. The rising slope of fEPSPs were measured and plotted
against entorhinal cortex stimulation input. The supra-pyramidal and infra-pyramidal
dentate gyrus subregions have previously been described to contain different circuit
functions (Scharfman et al., 2002); | therefore measured fEPSPs separately from both

subregions.

fEPSP slope measured from the supra-pyramidal dentate gyrus were significantly
greater in adult mice compared to juvenile mice when the entorhinal cortex was
stimulated at 70V-100V. (70V: juvenile 0.563 £ 0.099V vs adult 2.160 + 0.683V, P=0.036.
80V: juvenile 0.640 £ 0.098V vs adult 2.404 + 0.755V, P=0.013. 90V: juvenile 0.729 *
0.093V vs adult 2.788 £ 0.751V, P=0.0019. 100V: juvenile 0.742 £ 0.093V vs adult 2.822
+ 0.777V, P=0.0017, N=6 mice. Fig 3.1). fEPSPs measured from the infra-pyramidal
dentate gyrus were also significantly larger in adult mice compared to juvenile mice when
the entorhinal cortex was stimulated at 90V-100V (90V: juvenile 0.576 + 0.099V vs adult
1.343 £ 0.294, P=0.0065. 100V: juvenile 0.592 + 0.110V vs adult 1.466 = 0.339V,
P=0.0011, N=6 mice. Fig 3.1), however to a much lesser extent than observed in the
supra-pyramidal dentate gyrus (Fig 3.1 C). These data indicate that dentate gyrus
excitability increases when aging from juvenile to adulthood, with the supra-pyramidal

subregion showing more pronounced changes than the infra-pyramidal subregion.

The perforant pathway projects sensory inputs from the entorhinal cortex to the dentate
gyrus and then via the mossy fibres to the CA3 (Steward, 1976). As dentate gyrus
excitability was affected in early aging, | next examined whether neuronal excitability in
the CA3 was also affected. The experimental setup was carried out as described above,
however fEPSPs were measured from the CA3 subregion. There was no significant
difference in CA3 fEPSPs observed between juvenile and adult mice (Fig 3.2). Hence,
age-dependent hippocampal excitability is regionally specific to the dentate gyrus and is

not persistent along the perforant pathway.
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Figure 3.1 Increased excitability of the dentate gyrus in adult mice compared to
juvenile mice varies across dentate gyrus subregions. Hippocampal slices were
prepared from either juvenile (9-15 weeks of age) or adult (25-35 weeks of age) wild-type
mice. The perforant path was activated by electrical stimulation of layer Il of the entorhinal
cortex. (A—B) Representative field EPSPs (fEPSPs) recorded from the supra-pyramidal
(A) or infra-pyramidal blade (B) of the dentate gyrus in juvenile or adult mice. The
entorhinal cortex was stimulated at time 0. fEPSPs represent the average response of 10
electrical stimulations for each intensity (5V-100V). (C) Stimulus response curves
showing the slope of fEPSPs as a function of stimulation intensity in juvenile or adult mice.
Bars represent mean £ SEM. * P < 0.05, ** P < 0.01, two-way ANOVA with Sidak multiple
comparison tests. N=6 mice for each study group (N number represents 1 hippocampal
slice recording per animal).
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Figure 3.2 Aging has no effect on CA3 excitability. Hippocampal slices were
prepared from either juvenile (9-15 weeks of age) or adult (25-35 weeks of age) wild-
type mice. The perforant path was activated by electrical stimulation of layer Il of the
entorhinal cortex. (A) Representative field EPSPs (fEPSPs) recorded from the CA3 in
juvenile or adult mice. The entorhinal cortex was stimulated at time 0. fEPSPs represent
the average response of 10 electrical stimulations (1 Hz) for each intensity (5V-
100V). (B) Stimulus response curve showing the slope of fEPSPs as a function of
stimulation intensity in juvenile or adult mice. Bars represent mean + SEM. Two-way
ANOVA with Sidak multiple comparison tests. N=6 and N=7 mice for juvenile and adult
groups respectively (N number represents 1 hippocampal slice recording per animal).
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3.2.2 Intracellular recordings of dentate gyrus granule cells
This far | have recorded changes in field EPSPs, however in order to understand the

mechanisms underlying these changes | next examined if the age-dependent
extracellular changes in dentate gyrus excitability seen in 3.2.1 were due to changes in
dentate gyrus granule cellular properties. Hippocampal slices were prepared from
juvenile (9-15 weeks old) and adult (25-35 weeks old) wild-type mice and intracellular
properties were measured in vitro from supra-pyramidal and infra-pyramidal dentate

gyrus granule cells.

| first examined whether early aging affected granule neurone EPSP strength upon
perforant pathway stimulation. The perforant pathway was activated by electrical
stimulation of the entorhinal cortex layer Il at 50% maximum and 100% maximum
stimulation, and subsequent EPSPs were measured from individual supra-pyramidal and

infra-pyramidal dentate gyrus granule neurons in juvenile and adult mice.

There were no age-related differences in granule neurone EPSP amplitude measured
from the supra-pyramidal subregion (50% maximum stimulation: juvenile 13.04 +
2.373uV, n=7 cells vs adult 20.43 £ 2.317uV, n=13 cells, ns. 100% maximum stimulation:
juvenile 13.011 + 2.964uV, n=7 cells vs adult 18.50 + 2.345uV, n=13 cells, ns. Fig 3.3)
or infra-pyramidal subregion (50% maximum stimulation: juvenile 11.98 + 2.611uV, n=5
cells vs adult 11.17 £ 1.594uV, n=9 cells, ns. 100% maximum stimulation: juvenile 11.06

+1.951uV, n=5 cells vs adult 11.16 + 2.087uV, n=10 cells, ns. Fig 3.4).

However, when directly comparing subregional differences in EPSP amplitudes, supra-
pyramidal granule neurons in adult mice, exhibit larger EPSP amplitudes upon perforant
pathway stimulation compared to infra-pyramidal granule neurons. (50% maximum
stimulation: supra-pyramidal 20.43 £ 2.317uV, n=13, vs infra-pyramidal 11.17 + 1.594uV,
n=9, P=0.0129. 100% maximum stimulation: supra-pyramidal 18.50 + 2.345uV, n=13, vs
infra-pyramidal 11.16 + 2.087, n=10, P=0.0475, Fig 3.5 B). There are no significant
differences observed between the two subregions in juvenile mice (Fig 3.5 A). These
data suggest that postsynaptic responses do not underlie the age-dependent changes
in hippocampal excitability observed in Fig 3.1. A caveat of this experiment is that EPSP
amplitude is dependent on the resting membrane potential. Any significant changes in

resting membrane potential, will affect EPSP closeness to the reversal potential.
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Figure 3.3 Aging has no effect on EPSP amplitude in supra-pyramidal dentate
granule neurons. Hippocampal slices were prepared from either juvenile (9-15 weeks
of age) or adult (25-35 weeks of age) wild-type mice. The perforant path was activated
by electrical stimulation of layer Il of the entorhinal cortex at 50% or 100% maximum
stimulation. (A-B) Representative EPSP traces from the supra-pyramidal blade of the
dentate gyrus in juvenile or adult mice stimulated at 50% maximum voltage (A) and
100% maximum voltage (B). (C) Grouped data of the mean average EPSP amplitude
stimulated at 50% maximum stimulation or 100% maximum stimulation recorded from
supra-pyramidal granule cells in juvenile and adult wild-type mice. Bars represent mean
+ SEM (Mann-Whitney test). N=7 and N=13 cells for juvenile and adult mice respectively
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(N number represents 1 hippocampal slice recording per animal).
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Figure 3.4 Aging has no effect on EPSPs amplitude measured from infra-
pyramidal dentate granule neurons. Hippocampal slices were prepared from either
juvenile (9-15 weeks of age) or adult (25-35 weeks of age) wild-type mice. The perforant
path was activated by electrical stimulation of layer Il of the entorhinal cortex at 50% or
100% maximum stimulation. (A—-B) Representative EPSPs recorded from the infra-
pyramidal blade of the dentate gyrus in juvenile and adult mice stimulated at 50%
maximum voltage (A) and 100% maximum voltage (B). (C) Grouped data showing the
mean average EPSP amplitude stimulated at 50% maximum stimulation and 100%
maximum stimulation recorded from infra-pyramidal granule cells in juvenile and adult
wild-type mice. Bars represent mean £ SEM (Mann-Whitney test). N=5 and N=10 cells
for juvenile and adult mice respectively (N number represents 1 hippocampal slice
recording per animal).
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Figure 3.5 EPSPs are larger in supra-pyramidal dentate granule neurons than
infra-pyramidal dentate granule neurones in adult mice. Hippocampal slices were
prepared from either juvenile (9-15 weeks of age) or adult (25-35 weeks of age) wild-
type mice. The perforant path was activated by electrical stimulation of layer Il of the
entorhinal cortex at 50% or 100% maximum stimulation. Grouped data showing the
mean average EPSP amplitude stimulated at 50% maximum stimulation and 100%
maximum stimulation recorded from supra-pyramidal and infra-pyramidal granule cells
in juvenile (A) and adult (B) wild-type mice. Bars represent mean £ SEM. * P < 0.05,
two-way ANOVA with Sidak multiple comparison test.

As the postsynaptic response of granule neurons was not responsible for the age-
dependent increase in dentate gyrus excitability, | next examined whether resting state

properties of supra-pyramidal and infra-pyramidal granule cells could be underlying the

extracellular differences observed.

| first studied the membrane resistance of supra-pyramidal and infra-pyramidal granule
neurons from juvenile and adult mice. This was achieved by piercing a granule neuron
and injecting input current step-wise from -0.5 nA to +0.5 nA (Fig 3.6 A and B) and
measuring the subsequent voltage change in membrane potential. Current — voltage

curves were plotted (Fig 3.6 C) and Ohm’s law was used to calculate membrane

resistance.

Supra-pyramidal granule neurons in adult mice had a significantly higher membrane
resistance compared to granule neurons in juvenile mice (juvenile mice, 20.04 + 1.051

MQ vs adult mice 32.90 + 1.191 MQ, P<0.0001), however no significant difference was
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observed in infra-pyramidal granule neurons (juvenile mice 24.20 + 1.579 MQ vs adult
mice 27.44 + 1.685 MQ, ns Fig 3.6 D). These data indicate that early aging affects the
membrane resistance of dentate gyrus granule in a subregion specific manner, with only

the supra-pyramidal subregion affected.

I next examined whether the resting membrane potential of dentate gyrus granule
neurons were affected by early aging. This was conducted by recording the membrane
potential from individual granule neurons for 1 minute in the supra-pyramidal dentate
gyrus (Fig, 3.7 A) and infra-pyramidal dentate gyrus (Fig 3.7B) in juvenile and adult
cohorts. | observed that supra-pyramidal granule neurons had a more negative resting
membrane potential in adult mice compared to juvenile mice (juvenile mice -74.11 +
3.321 mV vs adult mice -85.26 + 1.325 mV, P=0.0066), however no age-related
difference was observed in resting membrane potential in infra-pyramidal granule
neurons (juvenile mice -70.75 + 4.345 mV vs adult mice -68.05 + 1.598 mV, ns

Fig 3.7 D).

These intracellular measurements have highlighted that early aging effects resting
properties of granule neurons, with membrane resistance increasing and resting
membrane potential being more negative in adult mice compared to juveniles. These
changes in fundamental cellular properties could underlie the age-dependent changes
in extracellular excitability observed between juvenile and adult mice (Fig 3.1).
Furthermore, age-related changes in membrane potential and resistance were exclusive
to supra-pyramidal granule neurons, and greater EPSP generation was observed in
supra-pyramidal cells compared to infra-pyramidal cells in adult mice upon perforant
pathway stimulation (Fig 3.5). These data strongly indicate that granule neurons in the
supra-pyramidal dentate gyrus are more effected by aging than those in the infra-
pyramidal subregion, which could account for the more prominent changes in

hippocampal excitability occurring in the supra-pyramidal region (Fig 3.1).
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Figure 3.6 Membrane resistance of dentate granule cells increases with aging in a
region specific manner. Hippocampal slices were prepared from either juvenile (9-
15 weeks of age) or adult (25-35 weeks of age) wild-type mice and intracellular properties
were recorded from supra-pyramidal and infra-pyramidal dentate gyrus granule cells. (A—
B) Representative current-voltage recordings from supra-pyramidal (A) or infra-pyramidal
(B) granule cells from juvenile or adult mice. An input current was injected into cells step
wise from -0.5 - +0.5 nA. (C) Current-voltage curves showing the voltage output (mV) in
response to stepwise input currents (nA). (D) Grouped data showing membrane
resistance of supra-pyramidal (left image) or infra-pyramidal (right image) granule
neurones in juvenile and adult mice. Bars represent mean + SEM * P < 0.05, ** P < 0.01,
*** P <0.001, *** P < 0.0001, (C) two-way ANOVA with Sidak multiple comparison tests,

(D) Mann-Whitney test. N=10 cells for each group recorded from 5 juvenile mice, and 5
adult mice.
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Figure 3.7 Resting membrane potential of supra-pyramidal dentate gyrus granule
neurons is hyperpolarised in adult mice compared to juveniles. Hippocampal
slices were prepared from either juvenile (9-15 weeks of age) or adult (25-35 weeks of
age) wild-type mice and resting membrane potential was recorded from supra-
pyramidal and infra-pyramidal granule cells of the dentate gyrus. (A-B) Representative
resting membrane potential traces from supra-pyramidal (A) or infra-pyramidal dentate
gyrus granule cells (B) from juvenile or adult mice. (C) Grouped data showing resting
membrane potential of supra-pyramidal or infra-pyramidal granule neurones in juvenile
and adult mice. Bars represent mean £ SEM ** P < 0.01, Mann-Whitney test. N=9 and
N=13 supra-pyramidal cells for juvenile and adult mice respectively, and N=6 and N=11
infra-pyramidal cells for juvenile and adult mice respectively (recorded from 5 juvenile
mice, and 5 adult mice)
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3.2.3 Early aging does not affect the cortical-hippocampal gamma
network

My data thus far indicates that early aging increases dentate gyrus excitability, and this
likely occur through changes in the intrinsic membrane properties of granule cell neurons
(Fig 3.1 — 3.7). The dentate gyrus is part of a complex cortical-hippocampal network that
is required for information processing through temporal co-ordination of the activity of
several neurons in the circuit, which manifest as oscillations local field potentials.
Therefore, | next examined whether early aging affected hippocampal networks in the

cortical-hippocampal environment by measuring gamma oscillations in vitro.

Gamma oscillations are abundant in most behavioural states but are particularly
prevalent during primary sensory processing during wakefulness (Gray and Singer,
1989). Hippocampal gamma oscillations are important in memory encoding, working
memory and spatial navigation (Newman et al., 2013; Yamamoto et al., 2014; Bieri,
Bobbitt and Colgin, 2014), and power and frequency of the gamma rhythm has been
shown to decrease in aged human subjects (Murty et al., 2020). | therefore felt it was
important to investigate if hippocampal gamma was affected in early aging. The
entorhinal cortex supplies the major neocortical input from a number of sensory regions
to the hippocampus via the perforant pathway (Witter et al., 1989) and has a pivotal role
in gating information flow from the neocortex to the hippocampus (Fernandez et al.,
1999; Fell et al., 2001). It has also been shown to undergo pathologic changes that occur
in memory function disorders such as Alzheimer’s Disease (Hyman et al., 1984; Braak
and Braak, 1991), highlighting the region’s importance in memory-related
pathophysiology.

| have shown that dentate gyrus granule cell properties are affected in early aging. This
region was investigated as the dentate gyrus plays a pivotal role in routing sensory
information and reducing interference along the perforant path between the entorhinal
cortex and CA3 and undergoes significant synaptic loss during late aging (O'Reilly and
McClelland, 1994; Geinisman et al., 1992; Steward, 1976). Although oscillatory
measurements have been successfully recorded from the dentate gyrus in previous
studies (Towers et al., 2002; Pdschel, Draguhn and Heinemann, 2002), in my
experimental setup, gamma oscillations measured from the dentate gyrus were coupled

with spiking activity, and gamma oscillations did not stabilise within a 6 hour period
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(stable gamma was achieved when the peak power of the oscillation did not change by
more than 10% in a 30-minute window). Therefore, | instead examined whether early
aging was affecting the synchrony of oscillations independently generated in the
entorhinal cortex and CA3. As | have previously shown that excitability in the dentate
gyrus increases in early aging, likely to occur through changes in intrinsic membrane
properties, | predicted that these changes could potentially affect hippocampal network

oscillations and result in a decrease in synchronous oscillatory activity.

Hippocampal slices were prepared from juvenile (9-15 weeks old) and adult (25-35
weeks old) wild-type mice and oscillations were measured simultaneously from the
entorhinal cortex and CA3. Control recordings were taken from both subregions after 1
hour of acclimatising to the in vitro conditions (Fig 3.8 A and B). 200nM of kainic acid
was added to the slices via bath application and induced gamma rhythms were
measured from both subregions (Fig 3.8 C and D). Interregional gamma synchrony has
been proposed as a mechanism to precisely coordinate upstream and downstream
neuronal assemblies (Singer, 1993; Engel, Fries and Singer, 2001; Fries, 2009; Buzsaki
and Wang, 2012) and synchronisation of gamma oscillations between the entorhinal
cortex and hippocampus, as well as within the hippocampus, has been shown to be
associated with successful memory encoding in humans (Fell et al., 2001) and
macaques (Jutras, Fries and Buffalo, 2009). Additionally, entorhinal cortex and CA3
regions have increased spike coupling during object learning behaviour (Fernandez-Ruiz
et al., 2021). | analysed oscillations measuring the phase locking value between the
entorhinal cortex and CA3 in juvenile and adult mice and observed that a coupling spike
appeared at the gamma frequency (~25 Hz) in both juvenile and adult cohort (Fig 3.8 E),
however there was no significant difference in phase locking values between juvenile
and adult mice (juvenile mice 0.19 + 0.038 vs adult mice 0.169 * 0.029, ns, Fig 3.8 F).
These data suggest that phase locking between the entorhinal cortex and CA3 exists at

the gamma frequency, however this remains unaffected by early aging.
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Figure 3.8 Phase locking between the entorhinal cortex and CA3 is not disrupted
by aging. Hippocampal slices were prepared from either juvenile (9-15 weeks of age) or
adult (25-35 weeks of age) wild-type mice. Gamma oscillations were induced by bathing
slices in 200 nM kainic acid and oscillations were recorded from the entorhinal cortex and
CA3 in juvenile and adult mice. (A—B) Examples of baseline traces recorded from the
entorhinal cortex (A) and CA3 (B) in slices bathed in circulating ACSF. (C-D) Examples
of gamma oscillation traces recorded from the entorhinal cortex (C) and CA3 (D) in
juvenile and adult mice. (E) Entorhinal cortex and CA3 phase locking values as a function
of maximum oscillation frequency in adult and juvenile mice (F) Grouped data showing
entorhinal cortex and CA3 phase locking values (taken from the peak amplitude of
oscillations) in juvenile and adult mice. Bars represent mean = SEM, Mann-Whitney test.
N=7 and N=9 mice per group for juvenile and adult mice respectively (N number
represents 1 hippocampal slice recording per animal).

82



Previous literature has indicated that late aging affects the power and frequency of
hippocampal gamma oscillations (Murty et al., 2020); | therefore examined whether the
power and frequency of gamma oscillations in the entorhinal cortex and CA3 were
affected by early aging. Power spectrums of the recorded oscillations were produced for
juvenile and adult mice in the entorhinal cortex (Fig 3.9 A) and CA3 (Fig 3.9B), however
no significant differences in gamma oscillation power or frequency were observed

between juvenile and adult mice in either subregion (Fig 3.9 C).

These experiments have indicated that early aging affects dentate gyrus excitability upon
perforant pathway activation, most likely caused by changes in granule neurone resting
cell properties in this subregion. Despite these changes, there was no evident disruption
in gamma oscillations between the entorhinal cortex and CA3, suggesting that age-
dependent changes in dentate gyrus properties are not affecting the wider neuronal

network during early aging.
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Figure 3.9 Frequency and power of gamma oscillations in the entorhinal cortex and
CA3 are not affecting by aging. Hippocampal slices were prepared from either juvenile
(9-15 weeks of age) or adult (25-35 weeks of age) wild-type mice. Gamma oscillations
were induced by bathing slices in 200 nM kainic acid and oscillations were recorded from
the entorhinal cortex and CA3 regions in juvenile and adult mice. (A—B) Examples of fast
Fourier transforms of gamma oscillations recorded from the entorhinal cortex (A) and
CA3 (B) in juvenile and adult mice. (C) Grouped data showing oscillation frequency and
power recorded from the entorhinal cortex and CA3 in juvenile and adult mice. Bars
represent mean + SEM, Mann-Whitney test. N=7 and N=9 mice per group for juvenile
and adult mice respectively (N number represents 1 hippocampal slice recording per
animal).
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3.3 Discussion
Perforant pathway connectivity and age-dependent changes in hippocampal physiology

and function are well characterised. Almost all experimental observations investigate the
impact of late aging on hippocampal function, often comparing groups of rodents that are
3-12 months of age versus 24-35 months of age. Aging can be described as the
progressive deterioration of physiological function with increasing age (Galloway, 1993),
yet there is very little literature examining the effects of early aging and whether
physiological aging is also progressive. A spatial memory and object recognition task in
humans has highlighted that hippocampal-dependent memory declines between young
adults and middle-aged subjects (Williams et al., 2019; Stark, Yassa and Stark, 2010),
and a decline in memory function in middle age has been associated with elevated risk
of Alzheimer’s disease onset (Ritchie et al., 2018). Sparse physiological examinations
into early aging and perforant pathway activity have been conducted, despite middle age
potentially being a sensitive and critical period for the development of neurodegenerative

disorders (Nikodemova et al., 2016).

3.3.1 Age dependent changes in perforant pathway activity

3.3.1.1 Perforant pathway excitability changes in early aging

My results showed that dentate gyrus fEPSPs generated from entorhinal cortex perforant
pathway stimulation were larger in adult mice (25-35 weeks old / 6-8months old)
compared to juveniles (9-15 weeks old / 2-3 months old), which was significant at higher
stimulation intensities, however no significant changes were observed in the CA3. This
data suggests that dentate gyrus granule neurons become more excitable to perforant
pathway activation with early aging, however this is not translated in CA3 pyramidal

neuron excitability.

These results are different to those observed in late aging. Previous work has shown
that perforant pathway stimulation leads to decreased EPSP amplitude in granule cells
(Barnes, Rao and Houston, 2000a; Froc et al., 2003; Barnes, 1979) and decreased
fEPSPs in the dentate gyrus of aged rodents (Barnes and McNaughton, 1980; Froc et
al., 2003). These aging-dependent changes in excitability are thought to occur due to
synapses, with the dentate gyrus in aged rats reported to receive one-third fewer
synaptic contacts from the entorhinal cortex to the dentate gyrus than in young rats

(Geinisman et al., 1992; Bondareff and Geinisman, 1976). Moreover, a human study
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found that elderly individuals with memory impairments have fewer perforant path
synapses (Scheff et al., 2006) caused by reduced axon collaterals from the entorhinal

cortex layer Il to dentate granule cells (Merrill, Chiba and Tuszynski, 2001).

Together, these data suggest that the excitability of the dentate gyrus may increase as
rodents move into adulthood, but then decrease as the rodent transitions to an older age.

This is represented schematically in figure 3.10.

Hippocampal excitability

] I I I 1
0 6 12 18 24 30
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Figure 3.10 Schematic representation of presumed hippocampal excitability
changes with aging. | observe that hippocampal excitability increases in early aging
(from 2-3 months of age vs 6-8 months of age). Other in vitro electrophysiology
experiments have indicated that hippocampal excitability is reduced between rodents
of 3 months vs 25 months of age, 2-3 months of age vs 10-12 months of age, and 10-
12 months of age vs 25-30 months of age (Barnes et al., 1980; Froc et al; 2003 and
Schreurs et al., 2017).

Although a bell-shaped curve in hippocampal excitability changes from juvenile to old
age has not been previously reported, this phenomenon is not new. For example, motor
behavioural experiments have identified a similar pattern of age-related activity, with rats
showing a steady increase in motor performance from 4-12 months of age, followed by
a faster decline in motor performance from 12 months to 40 months of age (Ernyey et
al., 2019). Although this data is specific for cerebellar functions, it indicates that age-

related brain functions are not always linear.

The consequences of increased dentate-gyrus excitability in early aging have not been
previously explored. More extensive research into late aging has revealed that
senescence has an impact on LTP maintenance and synaptic plasticity. Aged rats have
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deficits in both LTP induction and maintenance at the perforant path-granule cell
synapse, which is linked to reduced spatial-memory performance (Barnes, 1979).
Interestingly, intrinsic recordings of dentate gyrus granule neurons indicate that LTP is
not affected between young (30 days old) and middle aged rodents (9 months old) but is
significantly reduced in old rodents (18+ months old) (Barnes, Rao and Houston, 2000).
It is possible that the “peak” of the bell curve was not identified in these experiments as
rodent cohorts of 6 months of age were not assessed. In contrast, LTP magnitude in the
CA1 has been shown to significantly increase between juvenile mice aged 10-15 weeks
old and adult mice aged 26-38 weeks old (Di6genes et al., 2011). The notion of non-
linear changes is supported by other work where the maximum frequency potentiation of
granule cells was not reduced between young and middle aged rats but was significantly

reduced in aged rodents (Kerr et al., 1991).

3.3.1.2 Age-dependent changes in dentate gyrus excitability are subregion
specific

My data suggest an early-age-dependent increase in the excitability of both the infra-
and the supra-pyramidal blades of the dentate gyrus in response to perforant pathway
activation. However, | also demonstrate that the age-dependent responses are markedly
higher in the supra-pyramidal dentate gyrus. Although age-related differences in
subregional excitability have not been previously reported, functional and structural
differences between the supra-pyramidal and infra-pyramidal blades have been

demonstrated.

In particular, the immediate early genes Arc and zif268, which are involved in synapse
plasticity regulation and are induced in response to neural activation during information
processing (Jones et al., 2001; Bramham et al., 2008; Epstein and Finkbeiner, 2018)
show higher expression in supra-pyramidal granule cells during spatial learning tasks
(Schmidt, Marrone and Markus, 2012). Furthermore, pattern separation, a process that
minimises the overlap between patterns of neuronal activity representing similar
experiences (Madar, Ewell and Jones, 2019), is thought to occur almost exclusively in
the supra-pyramidal region (Chawla et al., 2005; Satvat et al., 2011); the supra-pyramidal
region receives greater medial perforant pathway input associated with spatial-
navigation (Fyhn et al., 2004); Arc expression is selectively reduced in the supra-

pyramidal dentate gyrus after spatial exploration in aged rats (Marrone et al., 2012); and
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reduction in memory performance in aged mice is associated with impaired reactivation
of neuronal assemblies in the supra-pyramidal blade and not the infra-pyramidal blade

(Karaca et al., 2021).

Cellular morphology is also different between the subregions of the dentate gyrus. For
example, supra-pyramidal granule cells have greater dendritic length and spine densities
(Desmond and Levy, 1982; Desmond and Levy, 1985; Claiborne, Amaral and Cowan,
1990), which are associated with are larger number of synaptic contacts (Sorra and
Harris, 2000). Also, approximately 70% of granule cell dendrite length process perforant
path signals (Raisman, Cowan and Powell, 1965; Fifkova, 1975); as dendritic spines
represent potential sites of post-synaptic input, larger granule spine length and number
is translated to a larger number of excitatory synapses from the perforant path (Sorra
and Harris, 2000). This is supported by the supra-pyramidal subregion expressing
greater c-Fos staining than the infra-pyramidal subregion, highlighting the supra-

pyramidal blade is linked to greater neuronal activity (Chawla et al., 2013).

Together, these findings suggest that aging affects the supra-pyramidal region to a
greater extent than the infra-pyramidal region, supporting my findings in this chapter. In
a similar manner, these findings suggest that the infra-pyramidal subregion of the dentate
gyrus is more resilient to age-related alterations. It is possible that this resilience
manifests due to higher levels of cell proliferation and neurogenesis observed in the infra-

pyramidal blade in rats after performing a spatial navigation task (Snyder et al., 2009).

3.3.2 Early aging affects intrinsic membrane properties of granule cell
neurons

3.3.2.1 EPSPs in granule neurons are not affected during early aging

By measuring the intrinsic properties of granule cells from the supra-pyramidal and infra-
pyramidal dentate gyrus, | found that granule neuron EPSP elicited by perforant pathway
stimulation did not differ between juvenile and adult mice. This suggests that the
increased population excitability seen in early aging is not generated by an increase in
postsynaptic responses in granule neurons. My observations differ from those found
during late aging, which show that perforant path elicited granule cell EPSPs are reduced
in late aging due to changes in synaptic number (Barnes, 1979) and synaptic potential
(Barnes and McNaughton, 1980; Foster et al., 1991). However, there are no reports of

these synaptic parameters changing with early aging, so it is possible that other intrinsic
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properties could be influencing cellular activity. It is important to note, that the significant
changes in resting membrane potential will have an affect on the EPSP amplitude based

on their closeness to the reversal potential.

Although granule neurons comprise a large percentage of the dentate gyrus granule cell
layer, the dentate gyrus is populated by a diverse population of inhibitory interneurons,
which provide inhibitory modalities to granule cells and can directly regulate granule cell
excitability (Freund and Buzsaki, 1996) and the balance of excitation and inhibition is
crucial for maintaining proficient memory performance during aging (Tran et al., 2019).
Down-regulation of inhibitory post-synaptic currents in the dentate gyrus is associated
with a reduction in spatial learning and memory in rats (Tran, Gallagher and Kirkwood,
2018) and interestingly, GABAAa receptor mediated tonic current is increased in early
aging between rats 30-40 days old and 70-80 days old (Fleming, Wilson and
Swartzwelder, 2007). These data indicate that dentate gyrus inhibitory currents also
follow a “bell-shaped curve” with progressive aging, suggesting that changes in
population excitability described in this chapter could be caused in part by inhibitory
pyramidal neurons influencing granule cell activity. Genes associated with GABA-ergic
inhibitory function are down regulated in the hippocampus during late aging in humans
and primates (Loerch et al., 2008), and a significant reduction in GABA-ergic inhibitory
neurons are observed in the CAl in rats (Stanley, Fadel and Mott, 2012; Vela et al.,
2003). Measuring the intrinsic inhibition properties of pyramidal neurons in the dentate
gyrus and investigating cell number in early aging could help to provide more mechanistic

insight into the findings presented in this chapter.

The most common interneuron in the dentate gyrus is the basket cell, which has a strong
influence on granule cell action potential generation though a network of feedforward
inhibition by the entorhinal cortex and feedback inhibition by mossy fibre collaterals (Hefft
and Jonas, 2005; Feng et al., 2021). The ratio of basket cells to granule cells is larger in
the infra-pyramidal blade with an approximate 1:180 ratio respectively, versus a ratio of
1:100 in the supra-pyramidal blade (Seress and Pokorny, 1981). Whether differences in
basket cell ratio between the subregions give rise to a difference in excitatory-inhibitory
subregional balance is yet to be explored, however could be in part responsible for

excitatory regional differences observed.
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3.3.2.2 Anincrease in granule neuron membrane resistance and
hyperpolarisation is observed in early aging

In this chapter, | demonstrate that input resistance and resting membrane potential in
granule neurons from the infra-pyramidal blade are not altered during early aging. This
finding is supported by previous work in the infra-pyramidal blade, which found that
resting membrane potential and input resistance of granule neurons are not altered
between young (30 days old), adult (9-10 months old) and old (25-27 months old) rats

(Barnes, Rao and Houston, 2000).

In contrast, | found that granule neurons located in the supra-pyramidal blade of the
dentate gyrus exhibit increased membrane resistance and hyperpolarised resting
membrane potential. These data suggest, therefore, that early aging affects the intrinsic
membrane properties of granule neurons in a subregion-specific manner. The reasons

for these changes remain unknown.

A potential explanation for the alterations in intrinsic membrane properties of granule
neurons centres around the permeability of ions. The neuronal membrane potential can
be affected by the extracellular and intracellular concentrations of sodium (Nat),
potassium (K+), and chloride (Cl-) ions. The altered changes in intrinsic membrane
properties could occur due to changes in the membrane permeability of granule neurons.
To account for the increased membrane resistance, the permeability of the cell
membrane to ions must decrease. Because the resting membrane potential is
hyperpolarised, the altered permeability must arise due to decreased Na+ permeability.
(Decreased permeability of K+ or Cl- ions would lead to a depolarised membrane
potential according to the Goldman equation.) NALCN channels are sodium leak
channels that are responsible for resting membrane potential that controls neuronal
excitability (Lu et al., 2007), and to the best of my knowledge, there are no current reports
of subregion- or age-dependent differences in the expression levels of NALCN. However,
NALCN knockout mice have hippocampal neurons that are hyperpolarised by
approximately 10 mV compared to wildtype mice (Lu et al., 2007). Further investigation
into NALCN channel properties or expression levels could help explain the changes in

membrane resistance and resting membrane potential during early aging.

Additionally, non-activating persistent Na+ current, which arise via voltage-gated sodium

channels (Stafstrom, Schwindt and Crill, 1982), is involved in mediating resting
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membrane potential and is capable of amplifying a neurons response to synaptic input
in hippocampal neurons (Stuart and Sakmann, 1995; Stuart, 1999; French et al., 1990).
Further investigating persistent sodium currents in my juvenile and adult mice cohorts
could help explain the changes in resting membrane potential in early aging. This could
be conducted by whole-cell voltage-clamp recordings of granule neurons in the
subthreshold voltage range, and the sodium channel blocker tetrodotoxin (TTX) could be

used to characterise the sodium currents (Jinno, Ishizuka and Kosaka, 2003).

Changes in intrinsic membrane potential could also occur via increased extracellular Cl-
concentrations via voltage-gated chloride channels, (CLC channels) or decreased Na+
concentrations via NALCN channels. There are no current reports of age- or subregion-
dependent differences in extracellular ion concentrations. However, reduction of CLC
channels significantly reduces CA3 pyramidal cell number in early aging (1-3 month old
mice versus 6-10 month old mice) (Cortez et al., 2010). Further investigation into CLC
channel properties or extracellular ion concentrations in the dentate gyrus could help to

explain the changes of resting membrane potential detected in early aging.

To the best of my knowledge there are no previous reports showing that resting
membrane resistance is affected by aging. However reduction of hyperpolarisation-
activated cyclic nucleotide-gated (HCN) channels, significantly increases membrane
resistance in dentate gyrus granule cells (Mishra and Narayanan, 2021). HCN channels
are widely expressed in the hippocampus and play essential roles in modulating synaptic
plasticity and learning and memory (Huang and Hsu, 2003; Lewis and Chetkovich, 2011;
Nolan et al., 2004) and are activated by membrane hyperpolarisation (Benarroch, 2013).
These channels control the activities of hippocampal glutamatergic neurons and synaptic
activity (Sinha and Narayanan, 2015; Robinson, 2003) and their expression levels in
dentate gyrus granule neurons change in early aging (in 1 month vs 3 months old gerbils)
(Lee, Park and Won, 2019). Investigation into HCN channel expression in my aging
model may help to uncover some mechanistic insight behind the changes in granule cell

neuron resistance in early aging.

3.3.3 Early aging does not affect the cortical-hippocampal gamma
network

Increases in dentate gyrus excitability in early aging does not affect cortical-hippocampal
gamma oscillations and the synchrony between the entorhinal cortex and CA3 at the
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gamma frequency remained unaffected by early aging. This suggests that the changes
in intrinsic granule neuron properties observed in early aging does not affect cortical-
hippocampal network rhythms. Gamma oscillations are affected in late aging however,
with both the power and frequency of gamma oscillations decreased in aged human
subjects (50-88 years old) compared to younger subjects (20-48 years) (Murty et al.,
2020). Consistent with these observations, in vitro gamma power is strongly reduced in
the CA3 of aged mice without changes in underlying synaptic connections (Vreugdenhil

and Toescu, 2005; Lu et al., 2011), yet no investigation has been made in early aging.

Itis possible that changes in dentate gyrus excitability and intrinsic granule cell properties
are affecting gamma oscillations more locally in the dentate gyrus, however very few
experiments examine the effects of aging on dentate gyrus gamma oscillations. In the
awake rat it appears that the dentate gyrus is the dominant source of gamma frequency
activity in the hippocampal formation, with oscillations exhibiting a higher power and
frequency than in all other regions (Bragin et al., 1995). This subregions oscillatory
activity with aging could be an important factor for exploration, and it is possible to record

gamma oscillations from the dentate gyrus in vitro (Towers et al., 2002),

Theta oscillations (4-12 Hz) are also present in the hippocampus, identified in the dentate
gyrus and CA3 (Buzsaki, 2005), and have been linked to spatial information processing
in hippocampus (Gupta et al., 2012) and the formation of episodic memories (Lega,
Jacobs and Kahana, 2012). It has been hypothesised that theta and gamma oscillations
may be important for separating encoding and retrieval states in the hippocampus
(Colgin et al., 2009; Cutsuridis, Cobb and Graham, 2010) and similarly, phase-amplitude
coupling between theta and gamma oscillations increase during successful encoding
(Lega et al., 2016; Mormann et al., 2005). Theta oscillations in the hippocampus are
affected in early and late aging. Theta power is reduced in the CA1 during running speed
tasks in older adults (9 months old) versus young adults (4 months old) (Huxter, Miranda
and Dias, 2012), and baseline theta power and running task-mediated theta power is
reduced in late aging (Kuo et al., 2010; Jacobson et al., 2013). These results highlight
that theta oscillations play an important role in hippocampal-mediated activity and are
affected in early aging, therefore exploration into theta oscillations in the hippocampus
in my early aging model could help to investigate whether hippocampal network activity

is affected.
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3.4 Future work

As changes in population EPSPs in the dentate gyrus have been associated with a
reduction in synapse number and function, investigating these parameters in my juvenile
and adult age cohorts could provide further mechanistic insight into fEPSP increase in
early aging. Synaptic plasticity could be investigated by measuring LTP in dentate gyrus
granule neurons elicited by theta burst stimulation in both age cohorts. Synaptic number
investigation would be conducted by performing immunohistochemical staining of
hippocampal slices staining for pre-synaptic and post-synaptic markers, such as
synaptophysin and PSD-95, respectively. This technique would also allow for
subregional investigation of synaptic number, indicating whether differences in synapse
number between the supra-pyramidal and infra-pyramidal could be responsible for

differences in their excitability.

Although granule neurons are the major cell of the dentate gyrus, inhibitory pyramidal
neurons affect granule neuron excitatory activity, and inhibitory-excitation balance is
important for proficient memory performance during aging (Tran et al., 2019). Measuring
pyramidal cell intrinsic properties and quantifying their number in the dentate gyrus could

help to indicate whether inhibitory neurons play a role in fEPSPs changes during early

aging.

| show that granule neuron hyperpolarisation occurs in supra-pyramidal granule neurons
with aging, although the underlying mechanism for this change is unknown. Changes in
extracellular chloride or intracellular sodium can affect membrane potential properties.
Measuring the extracellular concentration of chloride ions in the dentate gyrus could be
conducted to explore whether these ions are specifically involved in membrane potential
changes. This could be conducted in hippocampal slices in vitro, measuring extracellular
chloride concentration in both dentate gyrus subregions using ion-sensitive electrodes.
Additionally, changes in resting membrane potential could also be attributed to altered
expression of NALCN channels or changes in persistent sodium current. Voltage-clamp
recordings could be used to investigate NALCN channel properties in dentate gyrus

granule neurons and persistent sodium currents.

Dentate gyrus excitability in early aging does not affect cortical-hippocampal gamma

oscillation power, frequency, or synchrony. These parameters were measured from the
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entorhinal cortex and CA3, however early aging could be affecting gamma oscillations
solely in the dentate gyrus. Furthermore, theta oscillations and gamma-theta coupling
are important in episodic memory formation and are affected in early aging. Therefore,
in order to conclude that age-related increases in dentate gyrus excitability do not affect
hippocampal network oscillations, cortical-hippocampal theta and dentate gyrus gamma

and theta oscillations should also be examined.

3.5 Summary

The results in this chapter show that hippocampal excitability increases in early aging.
These results are different to late aging rodent studies, which illustrate that hippocampal
excitability decreases between young versus middle-aged rodents and young versus old
rodents. Together, these data suggest that the excitability of the dentate gyrus may
increase as rodents move into adulthood, but then decrease as the rodent transitions to
an older age. | also demonstrate that the age-dependent responses are markedly higher

in the supra-pyramidal dentate gyrus.

| found that granule neurons located in the supra-pyramidal subregion of the dentate
gyrus exhibit increased membrane resistance and hyperpolarised resting membrane
potential, whereas no differences were observed in granule neurons in the infra-
pyramidal subregion. These data suggest that early aging affects the intrinsic membrane
properties of granule neurons in a subregion-specific manner. The reasons for these

changes remain unknown.

Increases in dentate gyrus excitability in early aging does not affect cortical-hippocampal
gamma oscillations - the synchrony between the entorhinal cortex and CA3, and the
amplitude at the gamma frequency remained unaffected. This suggests that the changes
in intrinsic granule neuron properties observed in early aging does not affect cortical-

hippocampal network rhythms.

Future work could involve investigating the mechanisms underlying the changes in
resting membrane potential and resistance during early aging. This could involve
measuring NALCN channel properties and persistent sodium currents using voltage-
clamp techniques or measuring extracellular chloride concentrations using ion sensitive

electrodes in juvenile and adult mice.
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Chapter 4 — CCL2 modulates hippocampal
excitability



4.1 Introduction

The innate immune system is the first line of defence that acts to remove foreign
pathogens and maintain homeostasis (Beutler, 2004; Paludan et al., 2021). Increasing
evidence suggests that pro-inflammatory cytokines and chemokines are elevated during
normal aging (Brubaker, Palmer and Kovacs, 2011). It is thought that this may impair our
ability to mount efficient immune responses to encountered pathogens (Bruunsgaard et
al.,, 1999; Shaw and Nunnari, 2002), and contribute to various immune-related

pathologies (McGeer and McGeer, 2004).

The brain has its own distinct innate neural-immune system which helps to maintain a
healthy cerebral environment (Kielian, 2014). However, components of the peripheral
immune system can also cross the blood-brain barrier to contribute to neuroinflammatory
events (Gutierrez, Banks and Kastin, 1993). The brain also shows heightened
inflammation with age partly due to the dysregulation of the innate neural immune system
(Morales et al., 2014), although it is not clear whether this increase is produced from the
brain’s innate immune cells, or from systemic inflammation. The brain is acutely sensitive
to inflammatory molecules and the disrupted balance of anti- and pro-inflammatory
mediators with aging greatly affects neuronal function and behaviour (Goshen and
Yirmiya, 2009) and pro-inflammatory mediator increase in the hippocampus has been
shown to impair hippocampal-dependent learning and spatial memory tasks (Gibertini et
al., 1995; Barrientos et al., 2002). In this way, inflammation in brain tissue plays a
significant role in the pathogenesis of diseases related to cognitive function and memory

(Morales et al., 2014; Hirsch, Vyas and Hunot, 2012).

CCL2 is a major pro-inflammatory chemokine that increases in normal aging and can
cross the blood brain barrier and exert its pro-inflammatory effects in the brain through
binding to its cognate receptor CCR2 (Pinke et al., 2013; Deshmane et al., 2009). CCL2
and CCR2 are constitutively expressed in CNS neurons and are detectable in brain
regions such as the hypothalamus, substantia nigra, cerebellum and hippocampus
(Banisadr et al., 2005b; Gosselin et al., 2005). Interestingly, CCL2 has been shown to
directly enhance neuronal excitability and synaptic transmission in the cornu ammonis in
rats (Zhou et al., 2011), indicating that the chemokine plays a larger role in brain

regulation than simply regulating immune function. It has also been described to function
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as a neuromodulator in the central nervous system as its expression is co-localised with

neurotransmitters (Jung et al., 2008; Melik-Parsadaniantz and Rostene, 2008).

Previous work suggests that CCL2 may play an important role in mediating cognitive
deficits in late aging. Indeed, CCL2 expression levels are associated with a faster rate of
cognitive decline (Westin et al., 2012) and is thought to contribute to the pathophysiology
of neurodegenerative diseases including Alzheimer's disease and multiple sclerosis
(Mahad and Ransohoff, 2003; Ishizuka et al., 1997; Bettcher et al., 2016). The role for

CCL2 in early aging, however, is not well understood.

CCL2 expression levels increase in an age-dependent manner in mice (Yousefzadeh et
al., 2018). Increased serum CCL2 levels are also found in human subjects aged between
30-50 years of age, which does not impact overall immune functionality (Seidler et al.,
2010). It has yet to be determined, however, whether CCL2 affects excitability in early
aging. The focus of this chapter, therefore, is to investigate whether CCL2 affects
hippocampal excitability in an age-dependent manner. | hypothesised that CCL2 would
increase dentate gyrus excitability as previously shown in the CA1 (Zhou et al., 2011).
In addition, as age-dependent increases in peripheral CCL2 have been observed in mice
(Yousefzadeh et al., 2018) and as CCL2 is expressed in the hippocampus and has an
affect cognitive decline (Westin et al., 2012; Banisadr et al., 2005), | hypothesised that
CCL2 would be, in part, responsible for mediating age-dependent increases in

hippocampal excitability.

4.2 Results

4.2.1 CCLZ2increases excitability in the dentate gyrus

As CCL2 has been described to affect hippocampal function through enhancing neuronal
excitability and synaptic transmission in the cornu ammonis in rats (Zhou et al., 2011),
and is increased in serum in middle-age (Seidler et al., 2010; Yousefzadeh et al., 2018),
| investigated whether CCL2 could be responsible for mediating the increase in dentate
excitability upon perforant pathway stimulation in early aging. This was conducted using
the same experimental procedure described in 3.2.1, however dentate gyrus excitability
generated through perforant pathway stimulation was measured before and after the
addition of CCL2 to investigate whether the chemokine has direct effects on dentate

gyrus excitability. In vitro experiments are useful tools to explore the effects of singular
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immune components on cellular activity due to lack of influence from the circulatory
system. Hippocampal slices were prepared from juvenile (9-15 weeks old) and adult (25-
35 weeks old) wild-type mice. Once slices had been left to acclimatise to the in vitro
conditions for 1 hour, control recordings were taken by electrically stimulating the
entorhinal cortex layer Il from 5V to 100V and measuring subsequent field EPSPs
(fEPSPs) in the supra- and infra-pyramidal dentate gyrus, and a stimulation response
curve was generated. Recombinant rat CCL2 was added to circulating ACSF for a bath
concentration of 7 nM and slices were left to incubate for 1 hour, before a second

stimulus response curve was generated.

The addition of CCL2 significantly increased dentate gyrus fEPSPs in the supra-
pyramidal and infra-pyramidal subregions in juvenile mice (supra-pyramidal dentate
gyrus: control, 0.50 £ 0.02 vs +CCL2 1.43 + 0.23, P=0.0001. Infra-pyramidal dentate
gyrus: control, 0.51 + 0.02 vs +CCL2, 1.90 + 0.34, P<0.0001). In adult mice, basal levels
of excitability are greater than juvenile mice (as observed in 3.2.1), and CCL2 incubation
still increases excitability further (supra-pyramidal dentate gyrus: control, 0.5 + 0.01 vs
+CCL2, 1.10 £ 0.15, P=0.030. Infrapyramidal dentate gyrus: control, 0.48 + 0.02 vs
+CCL2, 1.03 £ 0.18, P=0.012), Fig 4.1 C. However, this CCL2-meidated excitability
increase has a smaller amplitude in adult mice compared to juveniles in the infra-
pyramidal subregion (Juvenile mice +CCL2 1.90 + 0.34, vs adult mice +CCL2 1.03 £
0.18, P=0.0124, Fig 4.1 C). Plotted stimulus response curves showing the slope of
fEPSPs as a function of stimulation intensity in juvenile and adult mice, with and without
CCL2 treatment also highlight that CCL2 significantly increased dentate gyrus excitability
(Fig 4.1 D). These data strongly indicate that CCL2 increases dentate gyrus excitability
upon perforant pathway stimulation, however no significant age-dependent affect was
observed. Although CCL2 directly effects hippocampal excitability, it is not exclusively
mediating the age-dependent increase in hippocampal excitability reported in the

previous chapter (Fig 3.1).

It is evident that CCL2 increases excitability in the dentate gyrus during perforant
pathway stimulation as shown in figure 4.1, however it is not yet clear whether this effect
is exclusively caused by CCL2 or whether other pro-inflammatory chemokines would
have the same effect. CCL5 is another pro-inflammatory chemokine that is upregulated

in the blood in normal aging (Pulsatelli et al., 2000), has been associated with
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accelerating the development of neurodegenerative disorders such as Alzheimer’s
Disease (Li and Zhu, 2019) and in situ hybridisation studies indicate that CCL5 mRNA is
expressed by neurons in the hippocampus. As CCL5 and CCL2 share similar age-
dependent characteristics, | next investigated whether CCL5 exerts the same effects on

dentate gyrus excitability as CCL2.

The experimental setup was the same as described in (Fig 4.1), however after control
recordings were taken, recombinant murine CCL5 was added to circulating ACSF for a
bath concentration of 1.28 nM. The CCL5 and CCL2 bath concentrations used here differ
slightly but were chosen on the basis that these concentrations of CCL2 and CCL5 are

sufficient to induce 95% chemotaxis of T-cell populations.

CCL5 addition significantly increased infra-pyramidal dentate gyrus fEPSPs in juvenile
wild-type mice (control, 0.51 £ 0.02 vs +CCL5, 1.22 + 0.28, p=0.014). However, this
increase in excitability was not as profound as the effects observed after CCL2 addition
(Fig 4.1), nor did CCL5 incubation result in any significant excitability changes in the
other experimental groups (Fig 4.2). These data indicate, that although CCL5 does affect
hippocampal excitability in a region-specific manner, CCL2 has a much more profound

effect on the subregion’s activity.
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Figure 4.1 CCL2 increases excitability of the dentate gyrus in juvenile and adult
mice. Hippocampal slices were prepared from either juvenile (9-15 weeks of age) or
adult (25-35 weeks of age) wild-type mice. The perforant path was activated by electrical
stimulation of the entorhinal cortex layer Il. Control recordings were taken from slices
incubated with ACSF and again after slices had been treated with 7 nM CCL2 for 1 hour.
(A-B) Representative field EPSPs (fEPSPs) recorded from the supra-pyramidal (A) or
infra-pyramidal blade (B) of the dentate gyrus in juvenile or adult mice from control slices
or with 7nM CCL2. The entorhinal cortex was stimulated at time 0. fEPSPs represent the
average response of 10 electrical stimulations for each intensity (5V-
100V). (C) Grouped data of normalised fEPSPs at 50% maximum stimulation intensity
recorded from the supra-pyramidal and infra-pyramidal dentate gyrus in juvenile or adult
mice, with and without CCL2 treatment. (D) Stimulus response curves showing the slope
of fEPSPs as a function of stimulation intensity in juvenile or adult mice, with and without
CCL2 treatment, recorded from the supra-pyramidal and infra-pyramidal dentate gyrus.
For (D), significance level is described at 100V stimulation input only. Bars represent
mean + SEM. * P < 0.05, *** P < 0.001, **** P <0.0001, two-way ANOVA with Tukey
multiple comparison tests. N=11 juvenile mice and N=10 adult mice for each group
(where N represents recordings from 1 hippocampal slice per animal).
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Figure 4.2 CCL5 increases dentate gyrus excitability in the infra-pyramidal dentate
gyrus in juvenile mice. Hippocampal slices were prepared from juvenile (9-15 weeks
of age) or adult (25-35 weeks of age) wild-type mice and the perforant path was activated
by electrical stimulation. Control recordings were taken from slices incubated with ACSF,
and then again after incubation with 1.28 nM CCL5 for 1 hour. Results are presented as
normalised field-EPSPs (fEPSPs) at 50% maximum stimulation intensity recorded from
the supra-pyramidal and infra-pyramidal dentate gyrus in juvenile or adult mice, with and
without CCL5 treatment. Bars represent mean £+ SEM. * P < 0.05, two-way ANOVA with
Tukey multiple comparison tests. N=8 mice for each group (where N represents
recordings from 1 hippocampal slice per animal).

4.2.2 Hippocampal activity in slices is unaffected by time spent in in vitro
conditions

The results in this chapter provide strong evidence that CCL2 affects hippocampal
excitability, however it is good practise to ensure that the experimental design setup is
not influencing slice physiology. It is possible that hippocampal slices take longer than
the initial one hour to fully acclimatise to the in vitro experimental conditions, and

therefore the length of time spent in these conditions could affect output recordings. |
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conducted a control experiment to test whether leaving hippocampal slices in circulating
ACSF affected hippocampal excitability upon perforant pathway stimulation. Wild-type
juvenile hippocampal slices were left to acclimatise to the in vitro conditions for one hour
before a stimulus response curve was measured in the supra-pyramidal dentate gyrus
as described in 4.1.1. Slices were then left for one hour in circulating ACSF before a

second stimulus response curve was generated.

Bathing slices in ACSF for one hour does not affect fEPSPs upon perforant pathway
stimulation (Fig 4.3). This highlights that time spent in in vitro conditions does not impact
hippocampal measurements, and hence the increase in hippocampal excitability seen

with CCL2 (Fig 4.1) can be attributed to the biological actions of the chemokine.

A 3 Control 5 + 1 hour
S s 2
£ £
o [a R
n n 1
o o
w w
0
-1
0 0.05 0.1 0.15 0 0.05 0.1 0.15
Time (s) Time (s)

B ,,1 5 * Control
g ® + 1 hour
>
£ .1.01
@

o
o
w
o J
P 0.5
o
i

0.04 —
0 10 20 30 40 50 60 70 80 90100
Stimulation Input (V)

Figure 4.3 Bathing slices for 1 hour in ACSF does not affect field EPSPs.
Hippocampal slices were prepared from juvenile (9-15 weeks of age) wild-type mice, and
the perforant pathway was activated by electrical stimulation of the entorhinal cortex layer
1. Control recordings were taken from slices incubated with ACSF before slices were left
for 1 hour, and a second recording was taken. (A) Representative field EPSPs (fEPSPSs)
recorded from the supra-pyramidal blade of the dentate gyrus in juvenile mice. The
entorhinal cortex was stimulated at time 0. fEPSPs represent the average response of 10
electrical stimulations (1 Hz) for each intensity (5V—100V). (B) Stimulus response curves
showing the slope of fEPSPs as a function of stimulation intensity for both control
recordings. Bars represent mean + SEM, two-way ANOVA with Sidak multiple
comparison tests. N=5 mice for both groups (where N represents recordings from 1
hippocampal slice per animal).
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4.2.3 Dimethyl sulfoxide increases hippocampal excitability
Most treatment compounds used in this thesis are reconstituted from a powdered form

in double distilled water, which has no effect on brain slice behaviour in vitro, as water is
the main compound in ACSF. However, the CCR2 antagonist and CCR3 antagonist
compounds are reconstituted in dimethyl sulfoxide (DMSO), a polar aprotic solvent. Once
administered to circulating ACSF, the concentration of DMSO in these experiments is
very small, approximately 0.01% (v/v). However, evidence indicates that DMSO added
to ACSF at a concentration of 0.05% (v/v), a concentration generally considered
innocuous, alters intrinsic excitability properties of hippocampal CA1 pyramidal neurons
(Tamagnini et al., 2014). Therefore, | next examined whether DMSO at a concentration

of 0.01% (v/v) influenced dentate gyrus neuronal excitability.

The experiment was conducted in a similar manner to experiments described in sections
4.2.1 and 4.2.3. Hippocampal slices were prepared from wild-type juvenile mice, and
fEPSPs were measured from the supra-pyramidal and infra-pyramidal dentate gyrus
during perforant pathway stimulation. A control stimulus response curve was taken from
slices bathing in circulating ACSF, before treating slices with 0.01% (v/v) DMSO for one

hour, and a second stimulus response curve taken.

Treatment with 0.01% (v/v) DMSO significantly increased dentate gyrus excitability in the
supra-pyramidal and infra-pyramidal dentate gyrus (Fig. 4.4 C) in mice. These data
indicate, that even at very low concentrations, DMSO can actively influence cellular
activity, particularly in the hippocampal subregion as described here and by Tamagnini
et al., (2014). It is therefore critical, especially with experiments measuring subtle
changes in neuronal activity, that experiments are designed to account for DMSQO’s
influence on neuronal tissue. Therefore, for experiments that required the application of
compounds made up in DMSO, | ensured that control recordings were taken from slices

pre-incubated in the DMSO compound to account for any associated activity changes.
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Figure 4.4 DMSO increases excitability of the dentate gyrus. Hippocampal slices
were prepared from wild-type mice and the perforant path was activated by electrical
stimulation of the entorhinal cortex. Control recordings were taken from slices incubated
with circulating ACSF before slices were incubated with 0.01% (v/v) DMSO, and a
second recording taken. (A-B) Representative field EPSPs (fEPSPs) recorded from the
supra-pyramidal blade and infra-pyramidal blade of the dentate gyrus before and after
DMSO addition. fEPSPs represent the average response of 10 electrical stimulations
(1 Hz) for each intensity (5V-100V). (C) Normalised fEPSPs at 50% maximum
stimulation intensity recorded from the supra-pyramidal and infra-pyramidal dentate
gyrus with and without DMSO treatment. Bars represent mean £ SEM. * P < 0.05, Mann-
Whitney test. N=5 and N=4 for control and DMSO treated group respectively (where N
represents recordings from 1 hippocampal slice per animal).
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4.2.4 CCL2 exerts its effects on hippocampal excitability via CCR2
CCL2 has been shown to exert its biological effects by binding to its cognate receptor

CCR2. Upon ligand binding, CCR2 induces monocytes to exit the bloodstream to act as
tissue macrophages in response to inflammatory signalling (Deshmane et al., 2009;
Yousefzadeh et al., 2018) and is one of the most prominent chemokine receptors
associated with central nervous system inflammatory processes (Banisadr et al., 2002;
Sokolova et al., 2009). As CCR2 is expressed in CNS neurons and has been shown to
be localised to the hippocampus (Banisadr et al., 2005b), | next examined whether CCL2

was exerting its effects on dentate gyrus excitability via CCR2.

This was conducted by treating hippocampal slices with a highly specific CCR2
antagonist (reconstituted in DMSQO) before CCL2 addition, with the hypothesis that
blocking CCL2-CCR?2 ligand binding would significantly reduce CCL2’s excitatory effect
on dentate gyrus neurons. Hippocampal slices were prepared from either juvenile (9-15
weeks old) or adult (25-35 weeks old) wild-type mice, and after slices had acclimatised
to the in vitro experimental conditions, the CCR2 receptor antagonist RS504393, which
prevents binding of CCL2 to CCR2, was added to circulating ACSF for a bath
concentration of 1uM. This concentration is described to inhibit 60% of CCL2 chemotaxis
(Mirzadegan et al., 2000). After slices had incubated with the antagonist for one hour,
fEPSPs were measured from the supra-pyramidal and infra-pyramidal dentate gyrus
during perforant pathway stimulation as previously described (3.2.1 and 4.2.1). Slices
were then treated with 7nM of recombinant rat CCL2 for one hour before a second

stimulus response curve was taken.

Pre-treating slices with a highly selective CCR2 antagonist, and thus blocking CCL2-
CCR2 ligand binding, eliminated CCL2’s effect on hippocampal excitability in both
dentate gyrus subregions in juvenile and adult mice (Fig 4.5). These data indicate that
CCL2-CCR2 receptor binding is a crucial mechanism in CCL2-mediated hippocampal

excitability.
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Figure 4.5 CCL2 increases hippocampal excitability via CCR2. Hippocampal slices
were prepared from either juvenile (9-15 weeks of age) or adult (25-35 weeks of age)
wild-type mice. The perforant path was activated by electrical stimulation of the
entorhinal cortex layer Il. Recordings were taken after slices were incubated with 1uM of
CCR2 antagonist RS504393 for 1 hour. Slices were then incubated with 7nM CCL2 for
1 hour and a second recording taken. (A-B) Representative field EPSPs (fEPSPs)
recorded from the supra-pyramidal (A) or infra-pyramidal blade (B) dentate gyrus in
juvenile or adult mice, from slices pre-bathed with 1uM RS504393 or with 7nM CCL2.
fEPSPs represent the average response of 10 electrical stimulations (1 Hz) for each
intensity (5V-100V). (C) Grouped data showing fEPSPs at 50% maximum stimulation
intensity. Data is normalised to slices pre-bathed in RS504393 treatment. Bars represent
mean = SEM, two-way ANOVA with Tukey multiple comparison tests. N=10 mice for
each group (where N represents recordings from 1 hippocampal slice per animal).
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4.2.5 CCL2 does not exert its effects on hippocampal excitability through
CCR3

The experiments in this chapter indicate that CCL2 directly affects dentate gyrus activity
(Fig 4.1) through binding to its cognate receptor CCR2, as treating slices with a selective
CCR2 antagonist eliminated CCL2-mediated excitability (Fig 4.5). Although the CCR2
antagonist (RS504393) used in this experiment is claimed to be highly selective for
CCR2, there is still a possibility that the compound could be non-specifically targeting
other C-C chemokine receptors. If this is the case, the results observed in Fig 4.5 may
not show reduced CCL2-mediated activity via CCR2 blocking, but instead a reduction in
general hippocampal excitability through uniform down-regulation of several chemokine

receptors.

To rule out non-specific binding of CCL2 to other chemokine receptors as a mechanism
for the observed effects in figure 4.5, | investigated whether blocking a different
proinflammatory chemokine receptor would affect CCL2-mediated hippocampal
excitability. CCL2 is reported to function only when binding to CCR2 (Zhang, Patel and
Pienta, 2010), so in theory the blocking of any other chemokine receptor should not alter
CCL2’s effect on hippocampal excitability. CCR3 is a pro-inflammatory chemokine
receptor that is expressed in the hippocampus (van der Meer et al., 2000), and is
associated with age-related disease pathologies (Takeda et al., 2009). | targeted this
receptor by pre-treating hippocampal slices with 8 nM of the selective CCR3 antagonist
SB328437 (reconstituted in DMSO) for 1 hour before a control stimulus response curve
was recorded. Slices were then incubated with 7 nM CCL2 for 1 hour before a second

stimulus response curve was taken.

CCL2 increased fEPSP responses in the dentate gyrus despite pre-incubation with the
CCR3 antagonist SB328437 (Fig 4.6 B). These data highlight that presumed blocking of
a non-specific pro-inflammatory chemokine receptor does not impede CCL2-mediated
excitability. Therefore, the elimination of CCL2-mediated hippocampal excitability by
RS504393 (Fig 4.5) is likely a result of specific inhibition of CCL2’s cognate receptor,
CCR2.
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Figure 4.6 CCL2 does not exert its effects on hippocampal excitability via CCR3.
Hippocampal slices were prepared from wild-type mice and the perforant path was
activated by electrical stimulation of the entorhinal cortex. Control recordings were taken
from slices pre-incubated with 8 nM circulating CCR3 antagonist SB32843, before
incubation with 7 nM CCL2 for 1 hour and a second recording taken. (A) Representative
field EPSPs (fEPSPs) recorded from the supra-pyramidal blade of the dentate gyrus pre-
bathed in SB328437 and incubated with CCL2. fEPSPs represent the average response
of 10 electrical stimulations (1 Hz) for each intensity (5V-100V). (B-D) fEPSPs at 50%
maximum stimulation intensity recorded from the supra-pyramidal dentate gyrus. (B)
CCL2 increases fEPSPs after pre-incubation with a CCR3 antagonist. Data is normalised
to slices pre-bathed in SB23843. N=5 mice for both groups. (C-D) Previous data shown
for reference. CCL2 increases dentate gyrus excitability (C) and this response is
eliminated when slices are treated with a CCR2 antagonist (D). Bars represent mean +
SEM (Mann-Whitney test), * P <0.05, ** P < 0.01, **** P < 0.0001.
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4.2.6 CCL2increases microglia branch length

Microglia are the major immune cell in the central nervous system and play an important
role in innate immunity and inflammatory responses (Colonna and Butovsky, 2017). They
are the primary sources of proinflammatory cytokines and are pivotal mediators of
neuroinflammation (Liddelow, 2019). Microglia function is altered in aging and
neurodegeneration, and increased levels of microglia have been associated with the
pathology of age-related diseases (Streit, Mrak and Griffin, 2004). Microglia exist in
resting or activated states depending on the inflammatory environment, (Ransohoff and
Cardona, 2010) and in response to stimuli microglia have the ability to shift into different
functional states that are accompanied by changes in cellular morphology (Cuadros and
Navascués, 1998), proliferation (Gomez-Nicola and Perry, 2015; Gémez-Nicola et al.,
2013) and inflammatory cytokine and chemokine release (Kettenmann et al., 2011).
CCL2 is produced by microglia cells either in a constitutive manner, or in response to
various stimuli, such as in response to infection or injury (Deshmane et al., 2009). Under
pathological conditions, CCL2 expression is increased in microglia (Minami and Satoh,
2003). CCL2 is also able to influence microglia activity and morphology, as neuron
derived CCL2 can induce the production of new microglia and increase microglia

proliferation (Hinojosa et al., 2011)

As microglia are the major immune cells in the brain, and their function is altered in aging,
| wanted to examine if microglia morphology and proliferation was affected in early aging.
In addition, as microglia are involved in CCL2 production and CCL2-mediated immune
responses, | examined whether hippocampal slices bathed in circulating CCL2 would
influence microglia properties located around in the dentate gyrus. Microglial activation
is accompanied by characteristic morphology changes in the arborisation of their fine

projections and cellular shape.

Juvenile (9-15 weeks old) and adult (25-35 weeks old) hippocampal slices that were
used for the in vitro electrophysiology experiment described in Fig 4.1, that were either
incubated in circulating ACSF or 7nM CCL2 for 1 hour were collected, fixed,
cryoprotected and re-sectioned. Immuno-fluorescence immunohistochemistry was
conducted on re-sectioned brain slices staining for the microglia marker ionised calcium
binding adapter 1 (Ibal), the mature neuronal marker Neu-N, and the nuclear stain

Hoechst. The microglia staining was captured using confocal microscopy. Microglia
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number was generated by counting the individual cells from confocal images at a x20
objective. Microglia morphological parameters of arborisation, maximum branch length
and ramification index was calculated using Sholl analysis on confocal images captured
at a x63 objective. A higher magnification was used to clearly identify microglia

projections.

Microglia branch length was increased after CCL2 incubation in juvenile mice, Fig 4.7 C,
however CCL2 incubation led to no other microglia morphology changes in juvenile (Fig

4.7) or adult mice (Fig 4.8).
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Figure 4.7 CCL2 increases dentate gyrus microglia branch length in juvenile mice.
Wild-type hippocampal slices from juvenile (9-15 week old) mice used for
electrophysiology were fixed in 4% PFA, cryoprotected with 30% sucrose in PBS, frozen
in OCT and re-sectioned to 30uM slices. Slices were collected that had been bathed in
ACSF and in circulating 7nM CL2. Free-floating immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The
primary antibodies IBal microglia stain, NeuN mature neuronal stain and Hoechst
nuclear stain were used. (A) Representative maximum intensity projection images of
immuno-staining collected using a confocal microscope at a x63 objective. Single
channel Ibal, NeuN and nuclear stain are presented along with a merge of all three
channels for juvenile mice treated with control or CCL2. (B-D) Scholl analysis of captured
images indicating the number of microglia branching intersections radial distance (B),
maximum branch length (C) and ramification index (D). Bars represent mean + SEM, * P
< 0.05, Mann-Whitney test. N=10 cells for both groups measured across hippocampal
slices from 3 individual animals.
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Figure 4.8 CCL2 has no effect on dentate gyrus microglia morphology in adult
mice. Wild-type hippocampal slices from adult (25-35 weeks old) mice used for
electrophysiology were collected, stored in PFA, cryoprotected with 30% sucrose in PBS,
frozen in OCT and re-sectioned to 30uM slices. Slices were collected that had been
bathed in ACSF and in circulating 0.1ug/ml CCL2. Free-floating immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The
primary antibodies IBal microglia stain, NeuN mature neuronal stain and Hoechst
nuclear stain were used. (A) Representative maximum intensity projection images of
immuno-staining collected using a confocal microscope at a x63 objective. Single
channel Ibal, NeuN and nuclear stain are presented along with a merge of all three
channels for juvenile mice treated with control or CCL2. (B-D) Scholl analysis of captured
images indicating the number of microglia branching intersections radial distance (B),
maximum branch length (C) and ramification index (D). Bars represent mean + SEM,
Mann-Whitney test. N=11 cells for both groups measured across hippocampal slices
from 3 individual animals.

112



Microglia undergo morphological changes in normal aging (Conde and Streit, 2006),
however these studies compare young mice with very old (15-30 months of age), and
there is sparse literature studying the effects of early aging. Using the same hippocampal
slices gathered in the experiment described above (Fig 4.7 and 4.8), | measured
microglia morphology by conducting Sholl analysis on juvenile and adult mouse
hippocampal slices. These results show that early aging has no effect on microglia

morphology in control slices or slices treated with CCL2 (Fig 4.9).
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Figure 4.9 Dentate gyrus microglia morphology in unaffected by early aging. Wild-
type hippocampal slices from juvenile (9-15 weeks old) and adult (25-35 weeks old) mice
used for electrophysiology were collected, stored in PFA, cryoprotected with 30% sucrose
in PBS, frozen in OCT and re-sectioned to 30uM slices. Slices were collected that had
been bathed in ACSF and in circulating 7nM CCL2. Immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The
primary antibodies IBal microglia stain, NeuN mature neuronal stain and Hoechst nuclear
stain were used. (A-F) Scholl analysis of captured images indicating the number of
microglia branching intersections radial distance in control (A) and CCL2 treated slices
(D), maximum branch length for control (B) and CCL2 treatment (E), and ramification
index for control (C) and CCL2 treatment (F). Bars represent mean + SEM, Mann-Whitney
test. N=11 cells for both groups measured across hippocampal slices from 3 individual
animals.
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There is a plethora of evidence indicating that microglia proliferate in aging, and that
CCL2 signalling can also induce this effect (Hinojosa et al., 2011). In order to measure
cell proliferation, | used the same immuno-stained hippocampal sections used in the
experiments described above, and re-imaged slices at a x20 objective to capture a larger
area view of the dentate gyrus. | manually counted the number of Ibal positive cells in
the hilus and cortical region of the hippocampus in slices treated with control and 7nM
CCL2. These results show that there is no significant difference in microglia cell number
in the cortex or hilus between juvenile and adult mice, nor between slices treated with
and without CCL2 (Fig 4.10), indicating that a 1 hour incubation with CCL2 does not

result in significant microglia proliferation.
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Figure 4.10 CCL2 has no effect on microglia number. Hippocampal slices from
juvenile (9-15 weeks old) and adult (25-35 weeks old) mice used for electrophysiology
were collected, stored in PFA, cryoprotected with 30% sucrose in PBS, frozen in OCT
and re-sectioned to 30uM slices. Slices were collected that had been bathed in ACSF
and in circulating 0.1lpg/ml  CCL2. Free-floating immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The
primary antibodies IBal microglia stain and Hoechst nuclear stain were used. (A)
Representative maximum intensity projection images of immuno-staining collected
using a confocal microscope at a x20 objective. Single channel Ibal and nuclear stain
are presented along with a merge of both channels for mice treated with ACSF or CCL2.
(B-C) Microglia cell count from the cortical area (B) and hilus (C) of the dentate gyrus.
Bars represent mean + SEM, two-way ANOVA with Tukey multiple comparison tests.
N=3 mice per group, with 4 hippocampal slices measured and averaged per mouse.
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4.3 Discussion

Immune factors that play a critical role in the peripheral immune system, such as
cytokines and chemokines, are now known to be produced by cells of the peripheral and
the central nervous system (CNS) and play important roles in normal CNS functions as
well as pathological states (Glabinski and Ransohoff, 1999; Banisadr et al., 2005c; Arisi,
2014). The primary source of neuroimmune factors in the CNS are glial cells, astrocytes,
and microglia (Smith et al., 2012; Jensen, Massie and De Keyser, 2013; Choi et al.,
2014). Production of neuroimmune factors in the CNS is generally low but increases
significantly during injury, disease, and aging, when neuroimmune factors are thought to
play important protective and repair roles. However, if the production of neuroimmune
factors becomes dysregulated, the elevated levels may promote pathological processes
associated with disease, rather than regulate homeostatic functions and amending
negative effects of any adverse processes (Gruol, Vo and Bray, 2014). Dysregulation of
cytokines and chemokines during aging and disease alters neuronal function and
behaviour (Goshen and Yirmiya, 2009), and pro-inflammatory mediator increase in the
hippocampus has been shown to impair hippocampal-dependent learning and spatial

memory (Gibertini et al., 1995; Barrientos et al., 2002).

CCL2 is a major pro-inflammatory chemokine that increases systemically in normal aging
and can cross the blood brain barrier and exert its pro-inflammatory effects in the brain
(Deshmane et al., 2009). CCL2 is also produced by brain cells, particularly microglia,
either in a constitutive manner, or in response to infection or injury (Deshmane et al.,
2009), and is expressed in CNS neurons in the hypothalamus, substantia nigra,
cerebellum and hippocampus (Banisadr et al., 2005b; Gosselin et al., 2005). CCL2
directly enhances neuronal excitability and synaptic transmission in the rat hippocampus
by binding to its cognate receptor CCR2 (Zhou et al., 2011) and elevated levels are
associated with a faster rate of cognitive decline (Westin et al., 2012) and contribute to
the pathophysiology of neurodegenerative diseases including Alzheimer’s disease and
multiple sclerosis (Mahad and Ransohoff, 2003; Ishizuka et al., 1997; Bettcher et al.,
2016). In this chapter | investigated whether CCL2 affects hippocampal excitability in

early aging.
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4.3.1 CCL2increases dentate gyrus excitability
In this chapter | report CCL2-induced increase in the excitability of dentate gyrus neurons

during perforant path activation in both juvenile and adult cohorts. The excitatory effects
of CCL2 have previously been observed in dorsal root ganglion neurons (White et al.,
2005; Sun et al., 2006), lamina Il spinal cord neurons (Gao et al., 2009) and CA1l
hippocampal neurons (Zhou et al.,, 2011; Duan et al., 2018), indicating that CCL2

increases neuronal activity throughout the central nervous system.

The mechanisms underlying the CCL2-induced changes that | have reported here are
currently unclear. Measuring the intrinsic properties of granule neurons before and during
CCL2 addition may help to uncover these mechanisms. Previous work showed that
CCL2-induced increases in the amplitude of excitatory post synaptic currents (EPSCs)
in CAl neurons can be blocked by AMPA and NMDA receptor antagonists (Gao et al.,
2009; Duan et al.,, 2018) suggesting that CCL2 modulates hippocampal excitatory
transmission through postsynaptic mechanisms. CCL2’s excitatory effects on neurons
could also involve presynaptic mechanisms. The frequency of mini EPSCS (mEPSCs)
depends on the probability of releasing excitatory neurotransmitters from pre-synaptic
terminals and/or number of functional synapses (Del Castillo and Katz, 1954), whereas
EPSC amplitude is dependent on the amount of neurotransmitter released, post-synaptic
sensitivity and driving force for ions conducting the EPSCs (Van der Kloot, 1991).
Previous work has shown that CCL2 depolarises the neuronal membrane of CAl
hippocampal neurons and increases frequency of spontaneous EPSCs without altering
EPSC amplitude (Zhou et al., 2011), which the authors suggest could indicate CCL2
enhancement of EPSCs via pre-synaptic transmission. A similar CCL2-induced increase
in MEPSC frequency but not mEPSC amplitude in CA1 neurons is reported by Duan et
al; 2018, however the authors also reported that paired-pulse ratio, a measure of
presynaptic release probability, was not affected (Duan et al., 2018). In spinal cord slices
the CCL2-induced increase in the frequency of mMEPSCs was accompanied by larger
amplitudes of NMDA input currents (Gao et al., 2009). Thus, CCL2 could be exerting
effects on hippocampal excitatory synaptic transmission through both pre- and post-
synaptic mechanisms. Future work aimed at measuring the intrinsic properties of granule
neurons before and during CCL2 addition may help to further understand how CCL2

increased granule cell excitability in my experiments.
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4.3.1.1 Hippocampal synaptic transmission is dependent on CCL2
concentration and incubation duration

The experiments reported in this thesis used recombinant CCL2 at 7 nM (100ng/ml).
Previous electrophysiology studies that have assessed effects of CCL2 on neuronal
excitability used acute concentrations ranging from 2.3 nM to 100 nM (Gruol et al., 2014;
Guyon et al., 2009; Zhou et al., 2011; Belkouch et al., 2011). It is difficult to determine
whether the acute concentrations of CCL2 used in these studies and in my work reflect
levels of CCL2 that arise during injury or disease in vivo. Studies on traumatic brain
injury, where brain inflammation contributes to damage and pathology, showed that
injury to the cortex in rats elicited peak CCL2 levels of 20,000 pg/ml, a 4 fold increase
compared to basal cortical controls (Jiang et al., 2021). This level of CCL2 was also
associated with a reduction in spatial learning and memory (Jiang et al., 2021), indicating
that low levels of CCL2 can affect hippocampal-dependent function. Future work could
involve measuring whether lower concentrations of CCL2 also affect dentate gyrus
excitability in my in vitro model, using concentrations which are more reflective of CCL2
levels produced during inflammatory responses in vivo. Lower concentrations of CCL2
have previously been shown to elicit physiological responses. For example, 20pg/ul
CCL2 intranigral injection caused significant dopamine release from substantia nigra
neurons and significantly affected locomotor behaviour (Guyon et al., 2009). In contrast,
10ng/ml CCL2 addition to spinal cord neurons via bath application did not elicit changes
in lamina Il neuron excitability, whereas 100ng/ml did (Gao et al., 2009), suggesting that
CCL2 sensitivity is greater in the brain than spinal cord. Previous experiments also
highlight that prolonged exposure to CCL2 is required before noticeable neuronal
excitability changes are identified. Action potential firing frequency in substantia nigra
neurons were only elicited 8 minutes after CCL2 addition and maximum frequency
change was reported 40 minutes after incubation (Guyon et al., 2009). Similarly changes
in EPSC amplitude in CA1 neurons began 5 minutes after CCL2 treatment, and peak
amplitude change was reached after 15 minutes of incubation (Zhou et al., 2011). This
indicates that CCL2 does not mediate instantaneous effects on neurons and could
instead be exerting its effects through a variety of secondary messenger systems and

cross-talk with other inflammatory mediators.
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4.3.2 CCLZ2 effects hippocampal excitability via CCR2
I show that dentate gyrus excitability induced by CCL2 occurs downstream of CCL2

binding to its specific cognate receptor CCR2, as incubating hippocampal slices with
1uM of a specific CCR2 antagonist eliminated CCR2-induced excitability. This
concentration of antagonist blocks 60% migration of CCL2-driven chemotaxis

(Mirzadegan et al., 2000) in a monocyte cell line.

CCL2 exerting its proinflammatory effects and affecting neuronal excitability through
binding to its cognate receptor CCR2 has been extensively reported (Pinke et al., 2013;
Deshmane et al., 2009; Duan et al., 2018; White et al., 2005). It is important to note that
other pro-inflammatory chemokines such as CCL7, CCL8, CCL13 and CCL17 can bind
to CCR2 and generate down-stream affects (Proudfoot, 2002; Wells et al., 2006),
however they bind with a much lower affinity than CCL2 (Zhang, Patel and Pienta, 2010)
and none of the above chemokines have been associated with hippocampal excitability.
CCL2 application onto CCR2 homozygous knockout mice causes no changes in CAl
neuron EPSC excitability, and RNA interference of CCR2 blocks CCL2-induced increase
in pyramidal neuron EPSC frequency (Duan et al., 2018). CCR2 is a G-protein-coupled
receptor that, once activated via CCL2 binding, hydrolyses inositol phospholipid 2 (PIP2)
into membrane-bound diacylglycerol and soluble inositol triphosphate (IP3). Generation
of IPs results in inositol triphosphate receptor-mediated release of Ca?* from intracellular
stores and Ca? influx downstream triphosphate signalling (Kuang et al., 1996; Wu, Huang
and Jiang, 2000). Calcium influx initiated downstream of CCR2-CCL2 binding is
regarded as an important mechanism for enhancing neuronal excitability. This has been
confirmed by bath application of a phospholipase C (PLC) inhibitor, and intracellular
loading of the calcium chelator BAPTA (which blocks physiological calcium responses
(Collatz, Rudel and Brinkmeier, 1997)) into the postsynaptic cell completely blocks the
effect of CCL2 enhanced EPSC frequency in CA1 pyramidal neurons (Duan et al., 2018).
In addition to demonstrating the importance of calcium in mediating the effects of CCL2,
this result provides evidence that CCL2 could be mediating its effects through
postsynaptic mechanisms (Duan et al., 2018), and as previously discussed above,
suggests CCL2 regulates neuronal excitability via presynaptic and post-synaptic

mechanisms.
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4.3.3 CCL2’s effect on hippocampal excitability is not age dependent
In my experiments CCL2 increased dentate gyrus excitability in both juvenile and adult

mice, with no significant age-related effect observed. These results indicate that the
hippocampal excitability increase in early aging (reported in Chapter 3) is unlikely to be
mediated by CCL2. It is well documented that CCL2 concentration in the circulatory
system is up-regulated in an age dependent manner. ELISA experiments conducted on
serum samples show that CCL2 concentration increases progressively through the age
groups studied; 3, 5, 12, 18 and 22 month old mice (Yousefzadeh et al., 2018).
Longitudinal studies in humans show a similar pattern with CCL2 plasma and serum
levels increasing with aging (Antonelli et al., 2006; Bettcher et al., 2019). Notably, and
CCL2 appears to be one of the only proinflammatory chemokines upregulated gradually
with aging, with no changes in concentration of CCL3, CCL4 and CX3CL1 concentration

observed in human serum (Seidler et al., 2010).

While an age-dependent increase in circulating CCL2 levels is well documented, it is
unclear whether circulating CCL2 levels affect the brain or whether CCL2 is produced
locally by brain cells in an age-dependent manner. It is noteworthy that in my
experiments, which show that dentate gyrus sensitivity to CCL2 is not changed in early
aging, the hippocampal slices were prepared from perfused brain where the blood is
removed. It is also worth highlighting that increased CCL2 has been reported in the brain
in late aging: ELISA experiments conducted on mouse hippocampal tissue revealed that
CCL2 concentration does not significantly change between juvenile (1-2 month old),
young adult (3-5 months old) and adult (7-9 month old) mice (Gruol, Vo and Bray, 2014),
yet hippocampal mRNA was significantly greater in aged rats (20-26 months old)
compared to adults (3-5 months old) (Blau et al., 2012). These data suggest that CCL2
is upregulated in correlation with aging in the circulatory system, but not in brain tissue,

where an increase is only observed in later aging.

4.3.3.1 CCL2 and age-related blood brain barrier disruption

Blood CCL2 increases progressively whereas in brain tissue CCL2 is only upregulated
in late aging or in neurological diseases (Ishizuka et al., 1997; Sokolova et al., 2009),
and it is not clear whether this arises through an increase in CNS CCL2 production via
glial cells or instead via more CCL2 translocating from the circulatory system into brain

tissue across the blood-brain barrier (BBB). CCL2 is transported transcellularly across
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the blood brain barrier via the interaction with specific carrier molecules such as caveolin-
1 (Ge and Pachter, 2004), however there is no evidence whether CCL2 translocation is
increased during aging. CCL2 has been shown to have direct effects on BBB
permeability, with in vitro models highlighting that the cellular components of the BBB,
astrocytes, and brain microvascular endothelial cells, undergo significant changes in
cytoskeletal structure and tight junction redistribution in response to CCL2 exposure
(Song and Pachter, 2004; Dzenko et al., 2005; Stamatovic et al., 2005). This
consequently renders the brain more porous and facilitates migration of blood-borne
leukocytes into the brain which continue to conduct inflammatory processes (Semple et
al., 2010). CCL2 modulation of BBB permeability appears to be mediated via binding to
CCR2 expressed on endothelial cells, as tight junction protein distribution and BBB
permeability was not altered after CCL2 treatment in CCR2 knockout mice (Stamatovic
et al., 2003). Furthermore, only higher concentrations of CCL2 can disrupt BBB function,
as 25ng/ml of CCL2 administered via intracerebroventricular injection in rodents caused
BBB leakage, whilst 5ng/ml had no effect (Stamatovic et al., 2005). High concentrations
of CCL2 have been associated with the pathogenesis of a variety of inflammatory
diseases such as rheumatoid arthritis (Stankovic et al., 2009), atherosclerosis
(Harrington, 2000) and multiple sclerosis (Mahad and Ransohoff, 2003) and
neurodegenerative diseases such as Alzheimer’s Disease (Lee et al., 2018; Westin et
al., 2012) HIV-related dementia (Thames et al., 2015) and inflammation in response to
injury (Xu et al., 2017). Alzheimer’'s disease progression is positively correlated with
CCL2 concentration in the blood and spinal cord (Lee et al., 2018; Westin et al., 2012),
and late-stage Alzheimer’s patients exhibit more extensive BBB breakdown than aged
matched controls with less extensive pathogenesis (Bowman et al., 2019). Increased
CCL2 concentration is also associated with cognitive decline. Hippocampal injection of
CCL2 significantly reduced spatial-working memory and object-recognition memory in
mice (Long et al., 2020) whereas no change in hippocampal-dependent memory was
observed in CCL2 knockout mice (Tian et al., 2017). This is supported by human studies
indicating that increased CCL2 expression in the cerebral spinal fluid and plasma of
patients with Alzheimer's Disease and HIV-associated dementia show CCL2-related

cognitive decline (Lee et al., 2018; Thames et al., 2015; Westin et al., 2012).
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Systemic inflammation, which involves the upregulation of many proinflammatory
mediators, is well documented to impair memory consolidation and spatial-dependent
memory (Monje, Toda and Palmer, 2003; Cunningham and Sanderson, 2008; Jiang et
al., 2021). However, systemic inflammation induced by tibial fracture surgery specifically
increased CCL2 concentration in the hippocampus (Xu et al., 2017), highlighting that the
hippocampus has an acute sensitivity to CCL2. These results indicate that peripheral
CCL2 influences hippocampal-dependent function, although the mechanisms underlying
this phenomenon are not fully understood. BBB breakdown is also observed in healthy
aging, with 21-24 month old mice showing greater BBB permeability compared to 4-6
month old mice (Lee et al., 2012), and the aged brain also shows greater BBB disruption
after cortical impact injury compared to young (Onyszchuk et al., 2007). However, no
changes in BBB permeability are observed in early aging, with no differences observed

between mice that are 3, 7 and 12 months old (Pelegri et al., 2007).

CCL2 is upregulated in the blood in early aging (Yousefzadeh et al., 2018), yet its
increased incidence in brain tissue is not apparent until late aging (Gruol, Vo and Bray,
2014; Blau et al., 2012). This suggests that the BBB prevents excessive CCL2 in the
blood translocating into the brain, justified by low concentration CCL2 having no effects
on BBB permeability (Stamatovic et al., 2005), and my observation of no age-related
effects on hippocampal excitability. However, during late aging, or in the case of
neurodegenerative disease (Antonelli et al., 2006; Bettcher et al.,, 2019), CCL2
concentration in the blood and spinal fluid are extensively increased, and at high
concentrations CCL2 can cause significant BBB disruption (Bowman et al., 2019), which
also occurs during late aging (Lee et al., 2012). This disruption allows for greater
“leakage” of blood-borne leukocytes and CCL2 into the brain which continue to conduct
inflammatory processes (Semple et al., 2010). The hippocampus is acutely and
selectively sensitive to CCL2 (Xu et al., 2017), as | show that another proinflammatory
mediator CCL5 has no extensive effects on hippocampal activity. Furthermore, CCL2
presence in the brain at high concentrations specifically affect hippocampal-dependent

behaviour and have been shown to be involved in cognitive decline.
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4.3.4 CCL2 has limited effects on dentate gyrus microglia proliferation
and morphology

As an active sensor and monitor in the brain, microglia are neuroprotective. However,
dysregulated microglia response may be dangerous to the survival of injured neurons or
even cause damage to healthy neurons that are afflicted by excessive inflammation (Luo,
Ding and Chen, 2010). It is well documented that CCL2 signalling induces microglia
activation and proliferation (He et al., 2016; Zhang and De Koninck, 2006), which has
been reported to occur in the hippocampus (Tian et al., 2017). CCR2 signalling has been
found to be essential for CCL2-induced microglia activation, as intrathecal injection of
CCL2 elicited no changes in microglia in CCR2 knockout mice (Zhang et al., 2007;
Thacker et al., 2009).

In this chapter | report an increase in microglia branch length in hippocampal slices
treated with CCL2 compared to controls. Resting microglia express a ramified
morphology, composed of long branch processes and a small cell body (Kreutzberg,
1996). During activation, microglia undergo rapid de-ramification, where microglia
express larger cell bodies, shorter and thicker processes with extensive branching
(Fernandez-Arjona et al., 2017; Davis, Foster and Thomas, 1994). Therefore, increased
branch length after CCL2 treatment suggests that microglia are undergoing ramification
of microglia morphology to a de-activated state, which contradicts current literature

observing CCL2-mediated microglial activation (Zhang et al., 2017).

Despite this, the experiments in this chapter indicated that Ibal-stained microglia in the
dentate gyrus showed no changes in cell number after 1 hour incubation with 7 nM CCL2.
This period of incubation is relatively short to assess proliferation given that CCL2 has
been described to induce IBAL1 microglia activation via transcriptional regulation, which
takes hours to manifest (Gao et al., 2009). Longer incubation time with CCL2 could
reveal different results. Papers reporting CCL2-dependent increased microglial
activation/proliferation, treated rodents with a series of CCL2 injections over a period of
days (Zhang et al., 2007; Gao et al., 2009; Thacker et al., 2009). However, similarly to
my results, a shorter incubation of 24 hour CCL2 treatment did not induce morphological

changes in cultured neurons (Hinojosa et al., 2011

), highlighting that microglial activation in response to CCL2 is not instantaneous.
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4.3.4.1 Microglia number and morphology does not change in early aging
During injury, microglia cells change their morphology dramatically, migrate to the lesion

sites, and proliferate. Proliferated microglia act to phagocytose dying cells and other
debris and release cytokines and chemokines to maintain the microenvironment
homeostasis and support injured neurons and are beneficial for the neuronal survival.
However, mounting evidence has implicated neurotoxic roles of microglia when over-
activated in severe injury or neurodegenerative diseases (Luo, Ding and Chen, 2010).
Microglia function and morphology also change during aging, becoming senescent.
Microglia senescence renders microglia to function abnormally, to fail to respond
correctly to stimuli (Sawada, Sawada and Nagatsu, 2008; Conde and Streit, 2006) and,
eventually, to promote neurodegeneration. The most prominent, and first identified
feature of microglia senescence is the morphological alteration described as "dystrophy”.
Characteristics of dystrophic microglia observed in the aged brain include de-
ramification, cytoplasmic beading and spheroid formation, shortened and twisted
cytoplasmic processes, and instances of partial or complete cytoplasmic fragmentation
(Streit et al., 2004). Such dystrophic microglia were prevalent and extensively distributed
in the brain of older human subjects (Streit et al., 2004; Wasserman, Yang and
Schlichter, 2008), whereas normal ramified microglial morphology with only rare
instances of dystrophic microglia are seen in the young brain (Conde and Streit,
2006).These observations provide initial evidence of the age-associated changes in
microglia in the healthy elderly brain. However, these studies compare young mice with
very old (15-30 months of age), and there is sparse literature studying the effects of early
aging. The results in this chapter indicate that microglia proliferation and morphology are
not affected during early aging, strongly indicating that microglia senescence is a

pathological hallmark of late aging.

4.4 Future work

The work in this chapter indicates that CCL2 significantly increased hippocampal
excitability, whereas the proinflammatory chemokine CCL5, does not enhance
excitability to the same extent. This suggests that the hippocampus is not equally
sensitive to all proinflammatory chemokines. The chemokines CXCLs; and CCL3 have
been shown to be upregulated in the hippocampus in disease and affect cognition

(Parachikova, Nichol and Cotman, 2008; Minogue et al., 2014; Nicaise et al., 2020).
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Future work could test these chemokines on hippocampal function and explore any
intrinsic mechanisms relating to any changes in excitability to determine if the
hippocampus is specifically sensitive to CCL2, or whether a number of pro-inflammatory

chemokines work cumulatively to affect hippocampal activity.

I show that CCL2 increases dentate gyrus excitability, however this was examined using
a concentration of CCL2 which is substantially higher than natural levels observed in in
vivo models of inflammation. As hippocampal sensitivity is shown to be positively
correlated to CCL2 concentration, future work could examine whether lower
concentrations of CCL2 also elicit significant increases in hippocampal excitability.
Furthermore, investigating the intrinsic properties of cells in the dentate gyrus granule
cell layer may help to expose mechanisms responsible for CCL2-dependent dentate
gyrus excitability. Several intrinsic experiments conducted on a variety of neuronal
subtypes including CA1 pyramidal cells, have indicated that CCL2 enhances neuronal
activity via excitatory synaptic transmission, although it is not clear whether this occurs
through pre or post-synaptic activity, or a combination of both. Intrinsic properties such
as EPSP generation to perforant path activation, resting membrane potential and
membrane resistance in response to CCL2 addition could be examined using in vitro
intracellular recording techniques as described 3.2.2. As controversy exists as to whether
CCL2 mediates via pre- or post-synaptic mechanisms in CA1 neurons, it could be
valuable to examine these properties in dentate gyrus neurons. The frequency of EPSPs
depends on the probability of releasing excitatory neurotransmitters from pre-synaptic
terminals and number of functional synapses (Del Castillo and Katz, 1954), whereas
EPSC amplitude is dependent on the amount of nheurotransmitter released, post-synaptic
sensitivity and driving force for ions conducting the EPSCs (Van der Kloot, 1991).
Therefore, measuring fEPSP frequency and amplitude upon perforant path activation
through repetitive burst stimulation could help to examine synaptic transmission

properties.

Reports in the literature highlight that whilst CCL2 concentration increases in correlation
with age in the blood, no differences are observed in early aging in hippocampal tissue.
However, these experiments were not performed on matched age cohorts or from blood
and brain tissue from the same animal. Future work could involve conducting ELISAs on

blood, cerebral spinal fluid and hippocampal tissue from juvenile (9-15 week old) and
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adult (25-35 week old) mice, to examine how CCL2 concentration changes during early

aging.

A plethora of evidence describes that CCL2 causes microglia activation and proliferation
in the brain, and microglia morphology is reported to change in normal aging. The results
described in this chapter indicate little change to microglia activation in response to age
or CCL2, however this could be a result of the low incubation time of CCL2. Significant
microglia responses have all been elicited in the rodent brain after CCL2 administration
over a period of days, and alternatively, a shorter incubation of 24 hours reported in the
literature also elicited no changes in microglia activation (Stamatovic et al., 2005).
Additionally, | incubated hippocampal slices in CCL2 in in vitro conditions, with no
circulatory system present. This administration of CCL2 did not represent conditions of
brain in vivo accurately, which could also have accounted for lack of microglia activation
identified. In future it would be better to administer CCL2 in in vivo rodent models,
potentially via intrathecal injection as described in (Long et al., 2020), over a period of a
few days to ensure sustained treatment. CCL2 visualisation through
immunohistochemical Ibal staining did generate obvious microglial immunofluorescence
for analysis, however due to high background staining there was a lack of clarity in some
sections. To improve microglial analysis, future work could involve using green
fluorescent protein (GFP) labelled microglia using CX3CR1-GFP transgenic mice (Wolf

et al., 2013), which generally generates clean and strong microglial staining.

CCL2 has been described to directly affect hippocampal-dependent memory, yet there
has been little investigation into whether CCL2 affects cognition in an age-dependent
manner. As CCL2 increases in the blood with healthy aging, it would be valuable to
examine whether this increase in concentration affects cognition throughout life. This
could help to identify whether dysregulation of CCL2 is a specifically responsible for age-
related cognitive decline. These experiments could be conducted by treating cohorts of
mice with different concentrations of CCL2, administering via bilateral hippocampal
injection and examining their behavioural scores in hippocampal-dependent cognitive
tests, such as the Morris water maze, Y-maze spontaneous alternation task or object
recognition studies. Comparing these outcomes to control groups could help to identify

changes in hippocampal-dependent function. Additionally, performing these experiments
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on microglial-GFP labelled mice would help to investigate whether a direct link between

microglia activation, CCL2 and cognition exists.

4.5 Summary
The work in this chapter showed that 7 nM CCL2 significantly increased excitability in

the dentate gyrus via its cognate receptor CCR2. The proinflammatory chemokine CCL5
did not enhance hippocampal excitability to the same extent as CCL2, which suggests
that the hippocampus is not equally sensitive to all proinflammatory chemokines. Future
work aimed at measuring the intrinsic properties of granule neurons before and during
CCL2 addition may help to further understand how CCL2 increased granule cell

excitability in my experiments.

CCL2 increased dentate gyrus excitability in both juvenile (9-15 weeks old) and adult
(25-35 weeks old) mice, with no significant age-related effect observed. These results
indicate that the hippocampal excitability increase in early aging, as reported in Chapter

3, is unlikely to be mediated by CCL2.

In this chapter | report an increase in microglia branch length in Ibal-stained
hippocampal slices treated with CCL2 compared to controls. Increased branch length
after CCL2 treatment suggests that microglia are undergoing ramification of microglia
morphology to a de-activated state. No changes in microglia number after CCL2
incubation were reported, however. Additionally, microglia proliferation and morphology
were not affected in the dentate gyrus during early aging, strongly indicating that

microglia senescence is a pathological hallmark of late aging.
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Chapter 5 — The Duffy antigen receptor for
chemokines (DARC) modulates
hippocampal function
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5.1 Introduction
The Duffy antigen receptor for chemokines (DARC) is a glycosylated membrane protein

expressed on erythrocytes and endothelial cells of the spleen, lung, thyroid, kidney, and
brain (Hadley and Peiper, 1997; Lee et al., 2003). DARC binds to a number of pro-
inflammatory chemokines of the C-C and C-X-C family (Gardner et al., 2004). The
binding of chemokines to DARC does not lead to G-protein recruitment due to the
absence of an Asp-Arg-Tyr consensus motif in its second cytoplasmic loop. Thus, DARC
does not signal when bound to chemokines and does not directly act to translocate
effector cells to sites of inflammation like traditional chemokine receptors (Pruenster et
al., 2009; Hadley and Peiper, 1997). Nevertheless, DARC has important cell type-

dependent biological functions.

DARC expressed on erythrocytes participates in physiological scavenging of
chemokines and can mediate chemokine concentration in the blood. Unlike other atypical
chemokine receptors, chemokines are not degraded after their internalisation by DARC,
instead the receptor acts to remove surplus plasma chemokines that could mediate
extensive and harmful inflammation (Mangalmurti et al., 2009; Ransohoff, 2009).
Administration of systemic lipopolysaccharide (LPS) to DARC knockout mice leads to a
marked increase in neutrophil infiltrate in the lungs and livers compared to wild-type
controls (Dawson et al., 2000). These results suggest that DARC plays an important role

in chemokine homeostasis.

DARC expressed on endothelial cells internalises and transcytoses chemokines from
their sites of synthesis to the luminal side of the endothelium. Here, the chemokines are
embolised and contribute to leukocyte extravasation to tissues (Pruenster et al., 2009).
Neutrophil and monocyte migration towards cognate chemokines is enhanced in
monolayers expressing DARC (Lee et al., 2003) and chemokine injections into mice
over-expressing endothelial DARC have significantly greater leukocyte recruitment
(Pruenster et al., 2009). These experiments highlight that DARC on endothelial cells acts
to mediate cellular transport of chemokines, and also prevents the escape of soluble
tissue-derived chemokines into circulation (Zarbock et al., 2010). Inflammation can
further up-regulate DARC expression in veins and post-capillary venules and induce
DARC to appear in vascular segments that are usually devoid of the receptor (Miller et

al., 1975; Segerer et al., 2000; Patterson et al., 2002; Geleff et al., 2010).
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The proinflammatory chemokine CCL2 readily binds to DARC, although the biological
purpose of this function is not clear. DARC appears to affect circulating CCL2
concentration as knockout mice have reported one-third lower basal CCL2 plasma levels
compared to wild-type controls (Fukuma et al., 2003). Humans lacking DARC expression
on erythrocytes, have significantly lower basal CCL2 levels than DARC-positive humans

(Jilma-Stohlawetz et al., 2001).

DARC also seems to play an important role in brain function. For example, DARC
shuttles CCL2 and CCL5 across the blood-brain barrier (BBB) from the basolateral to
the luminal side of mouse brain endothelial cells (Minten et al., 2014). Indeed, loss of
DARC impairs the transport of CCL5 and CCL2 following TNFa-mediated stimulation of
endothelial cells in the brain (Minten et al., 2014). These data suggest that DARC has a
pro-inflammatory function in endothelial cells of the brain by shuttling chemokines across
the blood-brain barrier. DARC’s immunoreactivity has also been observed at high levels
in cerebellar Purkinje cells (Horuk et al., 1996), and throughout the cortex in post-mortem

brain tissue (Minten et al., 2014).

DARC:s role in regulating neuronal function is unknown. Therefore, | aim to investigate
whether DARC plays a role in mediating hippocampal function. As DARC controls
circulating CCL2 concentration through DARC-CCL2 receptor binding, | also aim to
examine whether DARC is responsible, in some part, for mediating CCL2’s effect on
hippocampal excitability. As DARC has a chemokine scavenging function and regulates
chemokine concentration in the blood (Mangalmurti et al., 2009; Ransohoff, 2009), |

hypothesised that DARC could be mediating CCL2’s effect on hippocampal excitability.

5.2 Results

5.2.1 DARC mediates age-related hippocampal excitability

There have been few experiments studying DARC in the brain, however its expression
has been reported on Purkinje cells in the cerebellum and throughout the cortex (Horuk
etal., 1997; Minten et al., 2014). | first investigated DARC expression localisation in non-
myeloid and myeloid brain cells using single cell RNA sequencing data from the Tabula
Muris database (Schaum et al., 2018). This data highlighted that DARC is expressed
almost exclusively in neurons (Fig 5.1), suggesting that DARC could play a role in

neuronal function.
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Figure 5.1 DARC is almost exclusively expressed on neurons in the brain. Data
mining of single cell RNA sequencing of DARC expression in non-myeloid (A) and
myeloid (B) brain cells was conducted using the Tabula Muris single-cell transcriptome
database (Schaum et al., 2018). RNA-sequencing was performed on single cells
dissociated and isolated by FACs from the cortex, hippocampus, cerebellum and
striatum of 10-15 week old mice. Data is shown as gene counts log-normalised for each
cell using the natural logarithm of 1+ counts per million (CPM).

Investigation into DARCs occurrence in the brain consists mainly of RNA sequencing

experiments or immunohistochemical analysis detecting regional expression. There has
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been no investigation into whether DARC is biologically functional, despite its confirmed
prevalence on cell bodies in specific neuronal subtypes (Horuk et al., 1997).
Proinflammatory chemokines have a direct effect on hippocampal function (as shown in
figure 4.1) (Meucci et al., 1998), and DARC acts to regulate chemokine concentration
and their function (Mangalmurti et al., 2009; Ransohoff, 2009). This raises the question

whether DARC is also able to mediate chemokine-related function in neurons.

I have previously shown that early aging affects hippocampal activity (section 3.2.1), and
proinflammatory chemokines such as CCL2 are able to influence this excitability (section
4.2.1). However, the underlying mechanisms responsible for these excitability changes
remain elusive. Given that DARC, an atypical receptor for CCL2, is expressed on
neurons, | investigated whether DARC could play a role mediating hippocampal function
along the perforant pathway. A DARC homozygous knockout mouse model was used,
and hippocampal excitability was assessed by conducting the experiments similar to

those done in previous chapters.

| first compared dentate gyrus excitability in juvenile and adult DARC knockout mice.
Hippocampal slices were prepared from juvenile (9-15 week old) and adult (25-35 week
old) DARC knockout mice. Once slices had acclimatised to the in vitro conditions, the
perforant pathway was activated by electrically stimulating the entorhinal cortex layer Il
from 5V to 100V and subsequently generated field EPSPs (fEPSPs) were recorded from
the dentate gyrus. The rising slope of fEPSPs were measured and plotted against
entorhinal cortex stimulation input. The results indicate that dentate gyrus excitability in
DARC knockout mice was not affected by early aging in either the supra-pyramidal or
infra-pyramidal subregions (Fig 5.2 C). This is a stark contrast to the age-dependant
increase in dentate gyrus excitability observed in wild-type mice, especially in the supra-
pyramidal subregion, which showed large changes in excitability with early aging (Fig 3.1
C). By directly comparing wild-type and DARC knockout fEPSP values, it is evident that
supra-pyramidal dentate gyrus excitability is significantly smaller in DARC knockout adult
mice compared with wild-type adult mice (80V: DARCko 0.621 + 0.029V vs wild-type
2.404 + 0.755V, P=0.079. 90V: DARCko 0.710 + 0.303V vs wild-type 2.788 + 0.751V,
P=0.0079. 100V: DARCko 0.777 + 0.318V vs wild-type 2.822 + 0.777V, P=0.0096, Fig
5.3). These results suggest that DARC is, in part, responsible for mediating age-related

hippocampal excitability.
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Figure 5.2 Aging has no effect on dentate gyrus excitability in DARC knockout mice.
Hippocampal slices were prepared from either juvenile (9-15 weeks old) or adult (25-35
weeks old) DARC knockout mice. The perforant pathway was activated by electrical
stimulation of the entorhinal cortex layer Il. (A—B) Representative field EPSPs (fEPSPs)
recorded from the supra-pyramidal (A) and infra-pyramidal blade (B) of the dentate gyrus.
The entorhinal cortex was stimulated at time 0. fEPSPs represent the average response of
10 electrical stimulations (1 Hz) for each intensity (5V—100V). (C) Stimulus response curves
showing the slope of fEPSPs as a function of stimulation intensity in juvenile and adult mice.
Bars represent mean + SEM. Two-way ANOVA with Sidak multiple comparison tests.
N=7 mice for each study group (where N number represents 1 hippocampal slice recording
per animal).
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Figure 5.3 Loss of DARC eliminates region-specific age-dependent increase in
dentate gyrus excitability. Hippocampal slices were prepared from either juvenile (9-
15 weeks of age) or adult (25-35 weeks of age) wild-type and DARC knock-out mice.
The perforant path was activated by electrical stimulation of layer Il of the entorhinal
cortex. (A—B) Stimulus response curves showing the slope of field EPSPs (fEPSPs) as
a function of stimulation intensity in wild-type or DARC knock-out mice measured from
the supra-pyramidal (A) or infra-pyramidal (B) dentate gyrus. Bars represent mean +
SEM (two-way ANOVA with Sidak multiple comparison tests). * P < 0.05, ** P < 0.01,
N=6 mice for (1 hippocampal slice per animal) wild-type group and N=7 for DARC
knockout study group (where N number represents 1 hippocampal slice recording per
animal).
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5.2.2 DARC knockout affects granule neuron EPSP strength, resting
membrane potential and membrane resistance

This far | have observed through field excitability measurements that age-dependent
increase in hippocampal excitability is eliminated in mice lacking the DARC receptor.
Notably, dentate gyrus excitability is much lower in adult DARC knockout mice compared
to that in wild-type mice. To understand the mechanisms underlying these differences, |
investigated intracellular properties of dentate gyrus granule neurons in adult DARC

knockout mice using the same methods as described in 3.2.2.

| first examined whether the absence of DARC affected granule neurone EPSP strength
upon perforant pathway stimulation. The perforant pathway was activated by electrical
stimulation of the entorhinal cortex layer Il at 50% maximum and 100% maximum
stimulation, and the amplitude of subsequent EPSPs were measured from individual

supra-pyramidal and infra-pyramidal dentate gyrus granule neurons in adult mice.

EPSP amplitudes generated by 50% maximum entorhinal cortex stimulation were
smaller in DARC knockout mice than wild-type mice in a subregion specific manner.
EPSPs measured from supra-pyramidal granule neurons were approximately two fold
greater in wild-type mice compared to DARC knockout mice (wild-type mice 20.43 +
2.317uV vs DARC knockout mice 9.868 + 2.078uV, P=0.0043) however no difference
was observed in the infra-pyramidal subregion (wild-type mice 13.32 + 2.582uV vs DARC
knockout 12.77 + 2.856uV ns), Fig 5.4 C. A caveat of this experiment is that EPSP
amplitude is dependent on the resting membrane potential of the cell. Any significant
changes in resting membrane potential, will affect EPSP closeness to the reversal

potential and therefore the amplitude of the EPSP recorded.
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Figure 5.4 Dentate gyrus granule neurones in DARC knockout mice exhibit smaller
EPSP amplitudes than wild-type mice in a region specific manner. Hippocampal
slices were prepared from either wild-type or DARC knockout adult mice (25-35 weeks of
age). The perforant path was activated by electrical stimulation of the entorhinal cortex
layer Il at 50% maximum stimulation. (A—B) Representative EPSPs from the supra-
pyramidal and infra-pyramidal blade of the dentate gyrus in wild-type (A) and DARC
knockout adult mice (B) stimulated at 50% maximum voltage. (C) Grouped data of the
average EPSP amplitude recorded from supra-pyramidal and infra-pyramidal granule
cells in adult wild-type and DARC knockout adult mice. Bars represent mean + SEM
(Mann-Whitney test), ** P < 0.01. N=13 and N=9 cells for supra-pyramidal wild-type and
DARC knockout mice respectively, and N=10 and N=8 cells for infra-pyramidal wild-type
and DARC knockout mice respectively.
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Figure 5.5 The absence of DARC has no effect on dentate gyrus granule neurone
EPSPs when the entorhinal cortex is stimulated at maximum. Hippocampal slices
were prepared from wild-type and DARC knockout adult mice (25-35 weeks of age). The
perforant path was activated by electrical stimulation of layer Il of the entorhinal cortex
at 100% maximum stimulation. (A—B) Representative EPSPs from the supra-pyramidal
and infra-pyramidal blade of the dentate from wild-type (A) and DARC knockout mice (B)
stimulated at 100% maximum voltage. (C) Mean average EPSP amplitude stimulated at
100% maximum stimulation recorded from supra-pyramidal and infra-pyramidal granule
cells in wild-type and DARC knockout mice. Bars represent mean + SEM (Mann-Whitney
test). N=10 and N=8 cells for supra-pyramidal wild-type and DARC knockout mice
respectively and N=13 and N=9 cells for infra-pyramidal wild-type and DARC knockout
mice respectively.
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Factors such as neuron membrane resistance and resting membrane potential can lead
to different levels of threshold excitation (Lopez-Rojas and Kreutz, 2016), which could
provide an explanation for the differences in EPSP amplitudes measured between wild-
type and DARC knockout mice (Fig 5.4). Therefore, | next compared the membrane
resistance of supra-pyramidal and infra-pyramidal granule neurons in adult wild-type and
DARC knockout mice. This was achieved by piercing a granule neuron and injecting
input current step-wise from -0.5 nA to +0.5 nA and measuring the subsequent voltage
change in membrane potential. Current—voltage curves were plotted, and Ohm’s law was

used to calculate membrane resistance.

Figure 5.6 shows that there is no difference in supra-pyramidal dentate gyrus granule
neuron membrane resistance between wild-type and DARC knockout mice (wild-type
mice, 32.90 £ 1.191uV vs DARC knockout mice, 31.37 *+ 1.924uV, ns). However, in the
infra-pyramidal subregion, DARC knockout granule neurons had a significantly higher
membrane resistance compared to wild-types (wild-type mice, 27.44 + 1.685uV vs DARC
knockout mice, 42.59 £ 2.322uV, P<0.0001).

I next measured whether absence of the DARC receptor is affecting the resting
membrane potential of granule neurons. This was conducted by piercing either supra-
pyramidal or infra-pyramidal granule neurons of the dentate gyrus with a sharp tip glass
electrode and measuring the resting voltage for 1 minute. | identified that supra-
pyramidal neurons in DARC knockout mice had a hyperpolarised resting membrane
potential than neurons in wild-type mice (wild-type mice, -85.26 + 1.352uV vs DARC
knockout mice, -63.90 + 1.859uV, P<0.0001). No differences in resting membrane
potential were observed in the infra-pyramidal subregion, however (wild-type mice,

-68.05 £ 1.598uV vs DARC knockout mice, -72.66 £ 1.876uV, ns), Fig 5.7.
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Figure 5.6 Membrane resistance of infra-pyramidal dentate gyrus granule cells is
higher in the absence of DARC. Hippocampal slices were prepared from adult (25-35
weeks of age) wild-type mice and DARC knockout mice. Intracellular properties were
recorded from supra-pyramidal and infra-pyramidal granule cells of the dentate
gyrus. (A-B) Representative current-voltage recordings from supra-pyramidal (A) or
infra-pyramidal (B) granule cells from wild-type or DARC knockout mice. An input current
was injected into cells step wise from -0.5 - +0.5 nA. (C) Current-voltage curves showing
the voltage output (mV) in response to stepwise input currents (nA). (D) Membrane
resistance of supra-pyramidal or infra-pyramidal granule neurons in wild-type and DARC
knockout adult mice. Bars represent mean + SEM* P <0.05, ** P <0.01, *** P< 0.0001,
(C) two-way ANOVA with Sidak multiple comparison tests, (D) Mann-Whitney test. N=10
cells for each group.
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Figure 5.7 The absence DARC affects the resting membrane potential of dentate
gyrus granule neurones in a region-specific manner. Hippocampal slices were
prepared from wild-type and DARC knockout adult mice (25-35 weeks of age) and resting
membrane potential was recorded from supra-pyramidal and infra-pyramidal granule
cells of the dentate gyrus. (A—B) Representative resting membrane potential traces from
supra-pyramidal or infra-pyramidal dentate gyrus granule cells from wild-type (A) or
DARC knockout (B) mice. (C) Grouped data showing average resting membrane
potential of supra-pyramidal (left graph) and infra-pyramidal (right graph) granule
neurones in DARC knockout mice compared to wild-type. Data is shown as + SEM P <
0.0001, Mann-Whitney test. N=13 and N=12 supra-pyramidal cells for wild-type and
DARC knockout mice respectively, and N=10 and N=9 infra-pyramidal cells for wild-type
and DARC knockout mice respectively.
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These results indicate that adult mice lacking the DARC receptor express subtle
differences in dentate gyrus cellular properties compared to wild-type aged-matched
mice. Specifically, post synaptic responses to perforant pathway stimulation, resting
membrane potential and membrane resistance were all affected. This indicates that the
DARC atypical receptor is involved in other functions aside from chemokine regulation,

potentially acting to regulate neuronal properties in the hippocampus.

5.2.3 Hippocampal gamma oscillations in DARC knockout mice
My data thus far indicates that DARC mediates dentate gyrus excitability, as age-

dependent excitability changes in the subregion are diminished in the absence of DARC
(Fig 5.2 — 5.3). Further exploration highlights that DARC influences intrinsic membrane
properties and postsynaptic responses of granule cell neurons, which could be
accounting for the changes in extracellular excitability observed (Fig 5.2 — 5.7). The
dentate gyrus is a crucial part of the cortical-hippocampal network that is required for
information processing. The entorhinal cortex supplies the major neocortical input to the
hippocampus via the perforant pathway (Witter et al., 1989), and the dentate gyrus routes
sensory information from the entorhinal cortex to the cornu ammonis (Steward, 1976).
For these reasons, | previously investigated if gamma oscillations in the cortical-
hippocampal network are affected by early aging. These results demonstrated that
although dentate gyrus granule cell properties change in early aging, the gamma
oscillatory network remains unaffected (Fig 3.8 — 3.9). Due to the changes in dentate
gyrus granule neuron cell properties in DARC knockout mice, | next investigated whether

DARC plays a role in cortical-hippocampal gamma activity.

Cortical-hippocampal gamma activity was assessed as previously described in 3.2.3.
Hippocampal slices were prepared from juvenile (9-15 weeks old) and adult (25-35
weeks old) DARC knockout mice. Control recordings were taken from the entorhinal
cortex and CA3 (Fig 5.8 A and B) before 200 nM of kainic acid was added to the slices
via bath application. Induced gamma rhythms were measured from both subregions (Fig
5.8 C and D) and compared to gamma rhythms measured from wild-type mice. | first
investigated if DARC is required to maintain gamma oscillation power and frequency in
the entorhinal cortex and CA3, and power spectrums were generated to measure these

oscillation parameters (Fig 5.8 E and F). Quantification of gamma oscillation power and
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frequency in the entorhinal cortex and CA3 highlighted that gamma rhythms are

unaffected in DARC knockout mice in both juvenile and adult cohorts, Fig 5.9 A.

I next investigated if DARC plays a role in maintaining synchrony between the entorhinal
cortex and CA3. This was conducted by calculating a phase locking value which
represents the amount of time the phase of the oscillation is the same between the
entorhinal cortex and CA3. In wild-type animals, | have shown there is an increase in the
phase relationship between the two subregions at the gamma frequency (~25 Hz) in both
juvenile and adult mice (Fig 3.8 E). In DARC knockout mice, there is no significant
difference in the phase locking value compared to wild-type mice (the frequency at the
phase locking value is: wild-type juvenile mice, 33.1 £ 1.33 Hz; wild-type adult mice, 32.5
+ 1.97 HZ; DARC knockout juvenile mice, 32.9 + 1.89 Hz; DARC knockout adult mice,
28.4 + 3.01 Hz, Fig, 5.9 D). When plotting the phase locking values against oscillation
frequency, a significant difference in phase locking value is observed between juvenile
wild-type and DARC knockout mice between 21.73-27.28 Hz frequencies (21.8 Hz,
P=0.0309; 22.73 Hz, P=0.0078; 23.64 Hz, P=0.0027; 24.55 Hz, P=0.0017; 25.46 Hz,
P=0.0023; 26.37 Hz, P=0.0049; 27.28 Hz, P=0.0181) and between adult wild-type and
DARC knockout mice between 22.73-24.55 Hz frequencies (22.73 Hz, P=0.0418; 23.64
Hz, P=0.025; 24.55 Hz, P=0.043), as shown in Figure 5.9 C.

These data highlight that although DARC is not responsible for mediating amplitude or
frequency in the entorhinal cortex and CA3, phase locking appears to be disrupted in the
absence of DARC. This implies that synchrony between the entorhinal cortex and CA3,
which has been shown to be important in object learning and memory (Fernandez-Ruiz

et al., 2021), is somewhat mediated by the DARC receptor.
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Figure 5.8 Gamma oscillations and power spectrums measured from the
entorhinal cortex and CA3 in DARC knockout mice. Hippocampal slices were
prepared from either juvenile (9-15 weeks of age) or adult (25-35 weeks of age) DARC
knockout mice. Gamma oscillations were induced by bathing slices in 200 nM kainic acid.
(A—-B) Examples of baseline traces recorded from the entorhinal cortex (A) and CA3 (B).
(C-D) Examples of gamma oscillation traces recorded from the entorhinal cortex (C) and
CA3 (D) in juvenile and adult mice. (E-F) Power spectrums generated from gamma
oscillations in the entorhinal cortex (E) and CA3 (F) in juvenile and adult mice.
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Figure 5.9 DARC does not affect the frequency, power or synchrony of entorhinal
cortex and CA3 gamma oscillations. Hippocampal slices were prepared from either
juvenile (9-15 weeks of age) or adult (25-35 weeks of age) DARC knockout mice. Gamma
oscillations were induced by bathing slices in 200 nM kainic acid and oscillations were
recorded from the entorhinal cortex and CA3 regions in juvenile and adult mice. Results
were compared with oscillations gathered from wild-type mice. (A-B) Grouped data of
gamma oscillation power (A) and frequency (B) measured from the entorhinal cortex and
CA3injuvenile and adult wild-type and DARC knockout mice. (C) Entorhinal cortex and CA3
phase locking values as a function of maximum oscillation frequency regions. Significant
differences were observed between wild-type and DARC knockout juvenile mice at 21.8-
37.3 Hz and between wild-type and DARC knockout adult mice at 22.7-24.6 Hz (D) Phase
locking values between the entorhinal cortex and CA3 in juvenile and adult wild-type and
DARC knockout mice. Bars represent mean + SEM, * P <0.05, ** P <0.0,1 two-way ANOVA
with Tukey multiple comparison tests (A,B,D) and Sidak multiple comparisons test (C). N=7
and N=9 mice per group for wild-type juvenile and adult mice respectively. N=8 and N=3 for
juvenile and adult DARC knockout mice, respectively (where N number represents 1
hippocampal slice recording per animal).



5.2.4 DARC'’s role in hippocampal-dependent behaviour
It is well documented that the hippocampus plays an essential role in learning and

memory function as hippocampal lesions in rodent models cause severe spatial memory
impairment (Jarrard, 1978; Olton, Walker and Gage, 1978; Morris et al., 1982;
Sutherland, Whishaw and Kolb, 1983) and impairment of the hormonal stress response
in behavioural studies (Dedovic et al., 2009). Communication between the entorhinal
cortex and CA3 have been shown to be essential during hippocampal-dependant object
learning behaviour (Fernandez-Ruiz et al., 2021) and in phase synchronisation between
the two subregions is thought to facilitate memory formation, whilst anti-phase
synchronisation hinders memory formation (Fell et al., 2001; Fries, 2009). In vitro gamma
oscillatory experiments described in this thesis, show that in the absence of DARC, in-
phase synchronisation of entorhinal cortex and CA3 gamma oscillations are disrupted
(Fig 5.9). | next investigated whether DARC knockout mice show changes in

hippocampal-dependent behaviour.

It is important to note that the hippocampus runs along a dorsal to ventral axis in rodents,
and as the main extrinsic and intrinsic connections are different for dorsal and ventral
regions, dorsal and ventral portions are involved in different roles (Ruth, Collier and
Routtenberg, 1982; Roberts et al., 1984). The dorsal hippocampus receives sensory
information from cortical areas and is associated with cognitive processing such as
spatial learning and object recognition (Kim and Fanselow, 1992; Moser, Moser and
Andersen, 1993; Moser et al.,, 1995; McHugh et al.,, 2011), whilst the ventral
hippocampus is involved in emotional processing, such as anxiety (Bannerman et al.,
2003; Bannerman et al., 2004) and social behaviour (McHugh et al., 2004; Swanson and
Cowan, 1977). The hippocampal slices used for in vitro electrophysiology in this thesis
were taken from the dorsal plain, therefore | investigated whether the absence of DARC

is affecting spatial-learning behaviour.

This was conducted using an established spatial-working memory behavioural test called
the Y-maze spontaneous alternation test, which measures a rodent’s willingness to
explore new environments (Ukai, Shinkai and Kameyama, 1996). Spontaneous
alternation is achieved when an animal enters a new arm rather than returning to one

visited previously. As rodents typically prefer to investigate new environments, they
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usually show a tendency to enter a less recently visited arm (Hughes, 2004, Bak et al.,

2017).

Wild-type or DARC knockout juvenile (9-15 weeks old) and adult mice (25-35 weeks old)
were placed into the Y-maze and were left to explore for 5 minutes. Rodent movement
was recorded, and the behavioural parameters measured were total number of arm
entries and percentage alternation, where an alternation represents a mouse entering
each 3 arms of the maze consecutively. DARC knockout mice exhibited no differences
in spatial working memory compared to wild-type animals (Fig 5.10). No significant
differences in total number of arm entries (Fig 5.10 A) or spontaneous alternation (Fig
5.10 B) were identified between wild-type and DARC knockout individuals or between
age-cohorts. These data suggest that although intrinsic and post-synaptic properties are
disrupted in the absence of DARC, as well as cortical-hippocampal gamma synchrony,
spatial-working memory in mice is unaffected. Furthermore, no differences in spatial-
working memory were identified in early aging, suggesting that the subtle changes in

hippocampal excitability observed in early aging does not affect performance in a Y-

maze task.
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Figure 5.10 DARC knockout mice exhibit no changes in spatial working memory
compared to wild-type mice. Spatial working memory of juvenile (9-15 weeks of age)
and adult (25-35 weeks of age) wild-type and DARC knockout mice was measured using
a Y-maze spontaneous alternation test. Rodent’s behaviour was measured for a 5 minute
period. (A) Grouped data showing the total number of Y-maze arm entries in a 5 minute
period. (B) Grouped data showing percentage of spontaneous alternation, a measure of
rodent’s willingness to explore a new environment. Bars represent mean + SEM, two-way
ANOVA with Tukey multiple comparison tests. N=14 and N=7 mice per group for juvenile
and adult wild-type mice respectively and N=9 mice for both DARC knockout groups
(where N number represents 1 hippocampal slice recording per animal).
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| next investigated whether ventral hippocampal-dependent behaviour was affected by
DARC or by early aging. The ventral hippocampus is involved in emotional processing,
such as anxiety (Bannerman et al., 2003; Bannerman et al., 2004) and social-related
behaviour (McHugh et al., 2004; Swanson and Cowan, 1977). This was conducted using
an open field behavioural study which assesses rodents general locomotor activity
levels, anxiety and willingness to explore an environment (Denenberg, 1969). Juvenile
and adult wild-type and DARC knockout mice were placed into an open field arena and
their behaviour was recorded for 10 minutes. Several behavioural parameters were
measured which included time spent in inner and outer zones of the arena, rearing
behaviour, thigmotaxis (wall-hugging behaviour) and total distance travelled. Increased
anxiety is related to decreased locomotor activity and rearing behaviour, and increased
wall hugging behaviours (Liebsch et al., 1998). Others postulate however, that an
increase in rearing behaviour is indicative of increased anxiety instead of increased

exploratory behaviour (Costall et al., 1989).

Wild-type and DARC knockout mice spent a significantly greater amount of time in the
outer zone of the open arena compared to the inner zone, which occurred regardless of
age (Fig 5.11 A). These data suggest that mice are less willing to explore central zones.
There were no differences in any anxiety-related parameters between wild-type and
DARC knockout mice, nor between juvenile and adult age cohorts (Fig 5.11). These
results indicate that early aging does not affect dorsal or ventral hippocampal-related
behaviours. It also shows that although DARC modulates dentate gyrus cellular

properties, hippocampal-dependent behaviour is not affected.
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Figure 5.11 DARC knockout mice exhibit no changes in exploratory and anxiety
related behaviours compared to wild-type mice. Anxiety-related behaviour and
exploratory behaviour was measured using an open-field arena test in juvenile (9-
15 weeks of age) and adult (25-35 weeks of age) wild-type and DARC knockout mice.
Behaviour was measured for a 10 minute period. (A) Grouped data showing average
proportion of time spent in the outer zone compared to the inner zone during a 10 minute
period in the open arena. (B) Total distance travelled in a 10 minute period. (C) Anxiety-
related wall-hugging behaviour, thigmotaxis, measured during a 10 minute period. (D)
Number of times rodent rears onto hind legs. Bars represent mean + SEM, two-way
ANOVA with Tukey multiple comparison tests. N=10 and N=12 mice per group for
juvenile and adult wild-type mice respectively and N=9 mice for both DARC knockout
groups (where N number represents 1 hippocampal slice recording per animal).
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5.2.5 DARC'’s role in mediating CCL2-dependent hippocampal excitability
DARC is thought to play a subtle role in mediating inflammation (Pruenster et al., 2009)

and can bind to several proinflammatory chemokines including CCL2. DARC can affect
circulating levels of CCL2 (Fukuma et al., 2003; Jilma-Stohlawetz et al., 2001) and
shuttles pro-inflammatory chemokines such as CCL2 and CCL5 across the blood brain
barrier (Minten et al., 2014). CCL2 and its cognate receptor CCR2 are located on
hippocampal neurons (Banisadr et al., 2005a) and can directly affect dentate gyrus (Fig
4.1) and CA3 excitability (Zhou et al., 2011). DARC expression is also localised to
neurons (Fig 5.1) yet its role in the regulation of chemokine activity in the brain has not
been studied. | investigated whether DARC is mediating CCL2-dependent changes in

dentate gyrus excitability.

This was performed using the same technique as described in 4.2.1. Hippocampal slices
were prepared from juvenile (9-15 weeks old) and adult (25-35 weeks old) DARC
knockout mice. Control stimulation responses were generated by perforant pathway
stimulation in slices bathed in circulating ACSF, before a second stimulus response
curve was generated after slices had incubated in 7 nM of circulating CCL2. CCL2
significantly increased field EPSPs (fEPSPs) in the supra-pyramidal dentate gyrus in
juvenile and adult DARC knockout mice, and in adult mice in the infra-pyramidal
subregion. There was no change in infra-pyramidal fEPSPs in juvenile mice (supra-
pyramidal juvenile mice: control, 0.48 + 0.01 vs +CCL2 1.11 £ 0.2, P=0.0014, adult mice:
control, 0.48 + 0.01 vs +CCL2, 1.01 = 0.23, P=0.0301. Infra-pyramidal juvenile mice:
control, 0.52 +0.02 vs +CCL2, 1.23 + 0.15, ns, adult mice: control, 0.53 + 0.01 vs +CCL2,
2.29 +0.66, P=0.0043, Fig 5.12 C).

Although CCL2 appears to have a somewhat greater effect on dentate gyrus excitability
in juvenile wild-type mice compared to juvenile DARC knockout mice (Fig 5.13), these
effects were not significant (data not shown). CCL2 significantly increases dentate gyrus
excitability with and without the presence of DARC, which indicates that CCL2-mediated

increase in hippocampal excitability cannot be attributed to DARC function.
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Figure 5.12 CCL2 increases hippocampal excitability in DARC knockout mice.
Hippocampal slices were prepared from either juvenile (9-15 weeks of age) or adult (25-
35 weeks of age) DARC knockout mice. The perforant path was activated by electrical
stimulation of layer Il of the entorhinal cortex. Control recordings were taken from slices
incubated with ACSF. Slices were then incubated with 7 nM of CCL2 for 1 hour and a
second recording taken. (A-B) Representative field EPSPs (fEPSPs) recorded from the
supra-pyramidal (A) or infra-pyramidal blade (B) of the dentate gyrus in juvenile or adult
mice, from control slices or with 7 nM CCL2. The entorhinal cortex was stimulated at time
0. fEPSPs represent the average response of 10 electrical stimulations (1 Hz) for each
intensity (5V-100V). (C) Group data showing the effect of CCL2 on fEPSP responses in
the supra-pyramidal or infra-pyramidal dentate gyrus in DARC knockout mice. Data is
normalised to fEPSPs at 50% maximum stimulation intensity. Bars represent mean + SEM.
* P < 0.05 * P < 0.01 two-way ANOVA with Tukey multiple comparison tests. N=11
juvenile mice and N=8 adult mice for each group (where N number represents 1
hippocampal slice recording per animal).
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Figure 5.13 DARC does not mediate CCL2’s effect on increasing hippocampal
excitability. (A-B) Group data of fEPSPs showing the effect of CCL2 on fEPSP
responses in juvenile (A) and adult (B) wild-type and DARC knockout mice. Data is
represented at 50% maximum stimulation intensity recorded from the supra-pyramidal
and infra-pyramidal dentate gyrus. Bars represent mean £ SEM. * P < 0.05, ** P < 0.01,
***++P<0.0001 two-way ANOVA with Tukey multiple comparison tests. N=11 and N=10
wild-type juvenile and adult mice respectively and N=11 and N=8 DARC knockout
juvenile and adult mice respectively. (N number represents 1 hippocampal slice
recording per animal).
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5.2.6 CCLZ2’s effect on microglia in the absence of DARC
In this chapter | have shown that DARC knockout does not affect CCL2-dependent

increase in hippocampal excitability (Fig 5.12 and 5.13). It is well reported that DARC is
involved in regulating CCL2 concentration in the blood (Fukuma et al., 2003; Jilma-
Stohlawetz et al., 2001), and aids chemokine trafficking during inflammation (Minten et
al., 2014), however its role in chemokine regulation in the brain remains elusive. | have
shown that DARC does not regulate CCL2-mediated hippocampal excitability, however
it is possible that the receptor is regulating other downstream CCL2-dependant

mechanisms.

CCL2 is able to influence microglia activity and morphology, as neuron derived CCL2
can induce the production of new microglia and increase microglia proliferation (Hinojosa
et al., 2011). | have shown that CCL2 increases microglia branch length in wild-type
juvenile mice (Fig 4.7), but no other significant changes in microglia morphology or
proliferation were observed in early aging (Fig 4.7 — 4.10). | next investigated whether
DARC could be playing a role in microglial activation by assessing basal and CCL2-

dependent changes in microglia morphology in DARC knockout mice.

This was conducted by examining juvenile (9-15 weeks old) and adult (25-35 weeks old)
DARC knockout hippocampal slices that were used for the in vitro electrophysiology
experiment described in 5.2.5, that were either incubated in circulating ACSF or 7nM
CCL2 for 1 hour. Slices were collected, fixed, cryoprotected and re-sectioned before
immuno-fluorescence immunohistochemistry was conducted on re-sectioned brain
slices, staining for the microglia marker ionised calcium binding adapter 1 (Ibal), the
mature neuronal marker Neu-N, and the nuclear stain Hoechst. The microglia staining
was captured using confocal microscopy. Microglia number was generated by counting
the individual cells from confocal images at a x20 objective. Microglia morphology
parameters were calculated using Sholl analysis on confocal images captured at a x63

objective. A higher magnification was used to clearly identify microglia projections.

CCL2 incubation reduced microglia branch length in adult DARC knockout mice (control,
36.73 £ 2.450uM vs +CCL2, 28.90 + 3.653uM, P=0.0012, Fig 5.15) however no changes

in microglia morphology were observed in juvenile mice (Fig 5.14).
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Figure 5.14 CCL2 has no effect on microglia morphology in juvenile DARC knockout
mice. DARC knockout hippocampal slices from juvenile (9-15 week old) mice used for
electrophysiology were collected, fixed in PFA, cryoprotected with 30% sucrose in PBS,
frozen in OCT and re-sectioned to 30uM slices. Slices were collected that had been bathed
in ACSF and in circulating 7 nM CCL2. Free-floating immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The primary
antibodies IBal microglia stain, NeuN mature neuronal stain and Hoechst nuclear stain
were used. (A) Representative maximum intensity projection images of immuno-staining
collected using a confocal microscope at a x63 objective. Single channel Ibal, NeuN and
nuclear stain are presented along with a merge of all three channels for juvenile mice
treated with control or CCL2. (B-D) Scholl analysis of captured images indicating the
number of microglia branching intersections radial distance (B), maximum branch length
(C) and ramification index (D). Bars represent mean £ SEM, * P <0.05, Mann-Whitney test.
N=9 and N=11 cells for control and +CCL2 groups respectively (N represents cell number
measured across 3 hippocampal slices from 3 individual mice).
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Figure 5.15 CCL2 decreases microglia branch length in adult DARC knockout
mice. DARC knockout hippocampal slices from juvenile (25-35 week old) mice used for
electrophysiology were fixed, stored in PFA, cryoprotected with 30% sucrose in PBS,
frozen in OCT and re-sectioned to 30uM slices. Slices were collected that had been
bathed in ACSF and in circulating 7 nM CCL2. Free-floating immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The
primary antibodies IBal microglia stain, NeuN mature neuronal stain and Hoechst
nuclear stain were used. (A) Representative maximum intensity projection images of
immuno-staining collected using a confocal microscope at a x63 objective. Single
channel Ibal, NeuN and nuclear stain are presented along with a merge of all three
channels for juvenile mice treated with control or CCL2. (B-D) Scholl analysis of captured
images indicating the number of microglia branching intersections radial distance (B),
maximum branch length (C) and ramification index (D). Bars represent mean + SEM, **
P < 0.01, Mann-Whitney test. N=7 and N=9 cells for control and +CCL2 groups
respectively (N represents cell number measured across 3 hippocampal slices from 3
individual mice).
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I next investigated whether DARC is affecting microglia cell number. In wild-type animals,
| have identified that there is no difference in microglia cell number after CCL2 incubation
or in early aging (Fig 4.10). However, significant differences in microglia morphology and
proliferation were observed in DARC knockout mice. In DARC knockout adult mice,
microglia number was significantly reduced after CCL2 addition in the cortex (control,
21.25 £ 1.109 vs +CCL2, 12.75 = 2.529, P=0.0148), yet no difference was observed in
juvenile mice, (Fig 5.16 B). In the hilus, microglia number was unaffected by CCL2
incubation. Notably, adult mice had a greater microglia cell count compared to juveniles
(Control: juvenile, 10.67 + 0.385 vs adult, 18.92 + 1.805, P=0.0047. +CCL2: juvenile,
9.56 + 0.988 vs adult, 17.5 + 1.04, P=0.0059 Fig 5.14 C), which was not observed in
wild-type mice (Fig 4.10). These data indicate that in the absence of DARC, microglia
proliferation occurs in early aging in the hilus. These data suggest a role for DARC in

controlling cortical microglia proliferation in adult mice.
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Figure 5.16 CCL2 decreases cortical microglia number, and adult DARC knockout
mice have a higher hilus microgliacount compared to juveniles. Hippocampal slices
from juvenile (9-15 weeks old) and adult (25-35 weeks old) DARC knockout mice used
for electrophysiology were collected, stored in PFA, cryoprotected with 30% sucrose in
PBS, frozen in OCT and re-sectioned to 30uM slices. Slices were collected that had been
bathed in ACSF and in circulating 7 nM CCL2. Free-floating immunofluorescence
immunohistochemistry was conducted on the re-sectioned hippocampal slices. The
primary antibodies IBal microglia stain and Hoechst nuclear stain were used. (A)
Representative maximum intensity projection images of immuno-staining collected using
a confocal microscope at a x20 objective. Single channel Ibal and nuclear stain are
presented along with a merge of both channels for mice treated with ACSF or CCL2. (B-
C) Microglia cell count from the cortical area (B) and hilus (C) of the dentate gyrus. Bars
represent mean + SEM, two-way ANOVA with Tukey multiple comparison tests. N=3
mice per group and N=4 mice for cortical adult cell counts, with 4 hippocampal slices
measured and averaged per mouse.
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5.3 Discussion
The Duffy antigen receptor for chemokines (DARC) is a non-signalling transmembrane

spanning receptor (Lee et al., 2003), that is expressed on red blood cells and the
postcapillary endothelium (Segerer et al.,, 2000) in a number of peripheral organs
including lymph nodes (Kashiwazaki et al., 2003), the lung (Lee et al., 2003), and the
kidney (Hadley and Peiper, 1997). DARC binds to pro-inflammatory chemokines of the
CXC and CC families, including CXCL1, CCR5 and CCR2 (Gardner et al., 2004) and
acts to buffer plasma chemokine levels, reduces levels of circulating pro-inflammatory
chemokines which dampens systemic leukocyte activation (Dawson et al., 2000;
Zarbock et al., 2010). More recently, DARC expression has been detected at the blood—
brain barrier (BBB) where it acts to aid the translocation of pro-inflammatory chemokines
CCL5 and CCL2 across the blood-brain barrier (BBB). Translocation is increased during
systemic inflammation and is markedly reduced in DARC knockout mice. (Minten et al.,
2014). DARC expression has also been identified in the brain, localised almost
exclusively in neurons (Schaum et al., 2018), however its prevalence has only been
confirmed on Purkinje neurons in the cerebellum (Horuk et al., 1997; Horuk et al., 1996).
There has been no further investigation into what role DARC may play in neurons, its
expression in other brain regions, nor into how its expression may change during aging.
Therefore, in this chapter | aimed to investigate if DARC played a role in mediating

hippocampal excitability using a homozygous DARC knockout mouse line.

5.3.1 DARC mediates age-related hippocampal excitability through
changes in dentate gyrus extrinsic properties

I have previously shown in chapter 3 that hippocampal excitability increases in early
aging. This increase was more marked in the supra-pyramidal dentate gyrus compared
to the infra-pyramidal. Furthermore, supra-pyramidal dentate gyrus neuron’s intrinsic
membrane properties also changed in early aging whereas no changes were seen in
infra-pyramidal neurons. The increase in dentate gyrus excitability in early aging was
eliminated in DARC knockout mice, suggesting that DARC-dependent cellular events
contribute to age-dependent changes in hippocampal excitability. Measuring intrinsic
properties of supra-pyramidal and infra-pyramidal granule neurons in DARC knockout
mice revealed that there was a significant reduction in EPSP amplitude in DARC
knockout adult supra-pyramidal granule neurons, generated by stimulation of perforant
pathway fibres. As changes in EPSP amplitude are associated with post-synaptic
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changes (Van der Kloot, 1991), this indicates that DARC may modulate supra-pyramidal
granule activity through post-synaptic mechanisms, although it is not clear whether this
is caused by changes in post-synaptic sensitivity, quantity of neurotransmitter released
or changes in driving force for ions conducting the EPSPs (Van der Kloot, 1991). It is
important to note, that a caveat of this experiment is that EPSP amplitude is dependent
on the resting membrane potential. Any significant changes in resting membrane
potential, will affect EPSP closeness to the reversal potential. Therefore, it is not
conclusive that DARC modulates dentate gyrus granule neuron activity through post

synaptic mechanisms.

Adult supra-pyramidal granule neurons had a depolarised resting membrane potential in
DARC knockout mice, suggesting that the hyperpolarisation of resting membrane
potential in early aging observed in wild-type mice, is also mediated by DARC.
Additionally, adult infra-pyramidal granule neurons in DARC knockout mice had
increased membrane resistance, although this appears to not elicit excitability changes
extracellularly. It is not clear from these experiments whether DARC’s mediation of
hippocampal excitability in early aging is via excitatory post-synaptic activity or through
changes in inhibition. This could be assessed by measuring AMPA and NMDA receptor
currents in patch clamp experiments in DARC null neurons to assess if DARC affects
postsynaptic currents. Spontaneous miniature IPSCs and EPSCs could be measured to
examine whether DARC knockout causes an imbalance between inhibition and

excitation in the dentate gyrus.

Little is known about DARCs expression in the hippocampus, whether its expression is
hippocampal wide or subregion specific, or whether expression levels change in early
aging. It is also unknown if DARC is regulating neuronal excitability in other hippocampal
subregions such as the CA3 and CA1l. This could be investigated by measuring
excitability of CA3 and CAl1 neurons using the same electrophysiological techniques
described in 5.2.1 and 5.2.2, but instead stimulating mossy fibres or Schaffer collateral
fibres, respectively. Furthermore, it is not clear whether a global DARC deficiency results
in the upregulation of other pro-inflammatory chemokine receptors. DARC expressed on
endothelial cells is reported to promote chronic inflammation by reducing chemokine
concentrations in inflamed tissue by internalising chemokines and creating a gradient
that increases monocyte extravasation (Bonecchi and Graham, 2016). However, it is not
known whether DARC conducts a similar activity on neurons. It is important that future
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work examines the expression patterns of DARC in the hippocampus to understand how

receptor localisation affects hippocampal activity.

5.3.2 Microglia cell number increases in early aging in DARC knockout
mice

Staining DARC knockout hippocampal slices for the Ibal microglia marker revealed that
microglia number in the hilus of the dentate gyrus increases in early aging, but no
changes to microglia morphology are observed. This suggests that DARC regulates
microglia proliferation during early aging. Microglia proliferation is known to increase in
response to inflammation and upregulation of pro-inflammatory chemokines (He et al.,
2016; Zhang and De Koninck, 2006; Tian et al., 2017), and DARC has been described
to remove surplus chemokines from circulation as high levels of chemokines can induce
the desensitization of their cognate receptors (Darbonne et al., 1991). Therefore, it is
possible that chemokine levels in the hippocampus of DARC knockout mice increase
during early aging, in turn promoting microglia proliferation. To investigate this further,
chemokine profiling in DARC knockout and wild-type mice would need to be conducted,
preferably in the blood, brain, and cerebral spinal fluid, to detect if and what chemokines
are upregulated in the absence of DARC in the periphery and CNS. The upregulation of
a few pro-inflammatory cytokines and chemokines have been identified in DARC
knockout mice, including increased basal circulating CCL2 and IL-8, which increased
systemic leukocyte activation (Dawson et al., 2000). Additionally, CXCL1 and CXCL2
are upregulated in the plasma and lung of DARC knockout mice after LPS injection
(Reutershan et al., 2009). Both human and rodent studies show that DARC can sustain
inflammatory chemokines levels on erythrocytes and in plasma (Jilma-Stohlawetz et al.,

2001; Fukuma et al., 2003)

Conversely, circulatory chemokine levels are also reported to decrease in the absence
of DARC, as DARC is hypothesised to also act as a chemokine buffer by increasing their
systemic availability during inflammation (Lee et al., 2003). Basal plasma CCL2 levels
are one-third lower in DARC knockout mice than in control wild-type animals, and when
CCL11 or CXCL1 were administered intravenously, these chemokines disappeared
more rapidly from the plasma of DARC knockout mice (Fukuma et al., 2003).

Furthermore, DARC negative humans were noted to have significantly lower basal CCL2
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levels than Duffy-positives (Jilma-Stohlawetz et al., 2001). It is important to note, that in
all references, experiments were conducted on mice aged between 4-9 weeks old, and
human subjects had an average age of 28. | noted a significant increase in microglia
number in DARC knockout adult mice compared to DARC null juveniles, suggesting that
DARC affects hippocampal inflammatory responses in early aging. Future experiments
would aim to detect levels of DARC, and their expression patterns in my juvenile and

adult age groups.

5.3.3 DARC affects phase locking in cortical-hippocampal gamma
oscillations but not hippocampal associated behaviour

As DARC plays a role in regulating perforant path excitability, | next investigated whether
DARC deficiency also affected cortical-hippocampal gamma network activity. No
significant changes in the frequency or amplitude of gamma oscillations in the entorhinal
cortex and CA3 was identified. However, phase locking between the entorhinal cortex
and CA3 was significantly different between wild-type and DARC knockout juvenile and
adult mice at the gamma frequency (at 21.8-27.28 Hz frequencies, and 22.73-24.55 Hz
frequencies, respectively). These results suggest that DARC is responsible in mediating

phase locking between the entorhinal cortex and CA3 at gamma frequencies.

| also investigated whether elimination of DARC was affecting hippocampal-dependent
behaviour. Different hippocampal regions along its dorsal-ventral axis control different
behaviours due to differences in cellular and circuit properties (Risold and Swanson,
1997). The dorsal hippocampus, the region explored in this thesis, is involved in spatial-
learning and episodic memory function, whilst the ventral hippocampus is associated
with anxiety and reward processing behaviours (Bannerman et al.,, 2002; Moser and
Moser, 1998). Both behavioural parameters were investigated in juvenile and adult
DARC knockout mice to determine whether DARC affects hippocampal-dependent
function in early aging. A Y-maze spontaneous alternation test was carried out to
examine spatial-learning behaviour, whilst an open-field maze was used to measure
anxiety and explorative behaviour. | observed no behavioural differences between wild-
type and DARC knockout mice in the Y-maze or open-field study, in either age-cohort,
suggesting that although DARC expression affects hippocampal activity in early aging,

this does not manifest in behavioural differences in the paradigms tested in this thesis.
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In contrast to my findings, behavioural differences have been reported in previous work
(Schneider et al., 2014) that used 3-5 month old DARC knockout mice (Dawson et al.,
2000) from the same genetic background as used in this theses. Schneider et al (2014)
showed that DARC knockout mice express reduced spatial-navigation and increased
anxiety-related behaviour compared to wild-type littermate controls (Schneider et al.,
2014) using the Morris-water maze task for spatial-learning memory and an elevated
plus maze to assess anxiety. They also observed that DARC knockout mice had
impaired balance in a rotary rode study (Schneider et al., 2014). The behavioural
phenotypes were attributed to DARC deficiency and are consistent with other
publications showing cerebellum expression of DARC (Horuk et al., 1996; Horuk et al.,

1997).

Different behavioural studies of cognition explore different aspects of hippocampal-
dependent behaviour, and although the Y-maze spontaneous alternation test and open-
field test are routinely used to explore spatial-navigation and anxiety behaviour,
measuring cognition using the Morris-water maze and elevated plus maze utilises the
natural behaviour of rodents (Lister, 1987). This could explain why | did not observe a
behavioural phenotype. Additionally, variations in experiment design and test duration
time could results in behaviour variability (Ruan and Yao, 2020), and differences in

rodent husbandry can also affect outcomes (Sare, Lemons and Smith, 2021).

5.3.4 CCL2 increasing hippocampal excitability is not mediated by DARC
Although CCL2 binds to DARC with high affinity (Hansell, Hurson and Nibbs, 2011), and

DARC is involved in chemokine translocation across the BBB (Minten et al., 2014), in
vitro electrophysiology experiments revealed that CCL2 significantly increases dentate
gyrus excitability with and without the presence of DARC, indicating that CCL2-mediated
increase in hippocampal excitability cannot be attributed to DARC function. It is unknown
whether CCL2 expression in the hippocampus is altered in DARC knockout mice,
although there is conflicting evidence as to whether CCL2 expression is upregulated or

reduced in blood is the absence of DARC (Dawson et al., 2000; Fukuma et al., 2003).

Notably, microglia branch length was significantly reduced after CCL2 incubation in adult
DARC knockout mice, which was not observed in wild-type mice. Branch shortening is

associated with microglia de-ramification after activation (Fernandez-Arjona et al., 2017;
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Davis, Foster and Thomas, 1994), suggesting that DARC regulates CCL2-acitvation of
hippocampal microglia. This effect was not observed in juvenile mice, therefore microglia
sensitivity to CCL2-mediated activation is increased during early aging. DARC’s sink
function could be regulating these changes by removing excess CCL2 from the blood or
from tissues (Darbonne et al., 1991). Additionally, CCL2 addition resulted in a reduction
in microglia cell number in the cortical side of the dentate gyrus but not the hilus, which

proposes that CCL2 induces microglia migration out of the cortical area.

5.4 Future work
This chapter describes a novel role for the atypical chemokine receptor DARC in

regulating hippocampal excitability and microglial activation during early aging. Future
work would be aimed at investigating the mechanisms underlying DARC-dependent
regulation of hippocampal excitability. The amplitude and frequency of AMPA and NMDA
receptor currents could be assessed in patch clamp experiments in DARC null neurons
to assess if DARC affects postsynaptic currents. Spontaneous miniature IPSCs and
EPSCs could be measured to examine whether DARC knockout causes an imbalance
between inhibition and excitation in the dentate gyrus. Measuring synaptic number in the
dentate gyrus could help to uncover whether synaptic number is contributing to the
different excitability measurements. This could be achieved by immuno-fluorescence
staining of pre- and post-synaptic markers in hippocampal tissue. Additionally, the
experiments reported in this chapter conclude that DARC modulates excitability in the
dentate gyrus, and it is not known whether DARCs effects are subregional or
hippocampal wide. Measuring excitability of neurons in the CA3 and CAl in DARC

knockout mice could provide this information.

To fully understand DARCs role in modulating age-dependent hippocampal activity,
DARC expression level and its localisation in the hippocampus is crucial. |1 have
previously attempted to measure hippocampal DARC expression by
immunohistochemical staining of slices with an anti-DARC knockout antibody. However,
the anti-DARC antibody bound non-specifically, indicating positive DARC staining in
DARC knockout brain tissue (Figure 1, appendix). This was hypothesised to be caused
by the DARC antibody binding non-specifically to other ACKRL1 receptors such as D6
(ACKR2). An alternative to immunohistochemistry staining of DARC would be to isolate

different brain regions and assess relative DARC mRNA levels. Although this would allow
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for the quantification of DARC in different brain regions, expression localisation would

not be detected.

The chemokine or chemokine receptor profile of the DARC knockout mouse model has
not been investigated in a systematic and comprehensive manner. This information is
essential to understand whether DARC directly regulates hippocampal function, or
instead via regulating chemokine levels. Additionally, DARC can oligomerise with other
chemokine receptors such as CCRS5 to influence downstream signalling (Chakera et al.,
2008). A cytokine array such as the Milliplex MAP mouse Cytokine/Chemokine Magnetic
Bead Panel Kit (Covaris, USA), which allows for simultaneous quantification of many
chemokines and chemokine receptor analytes in samples of tissue lysate and serum
could be used to map chemokines and receptor expression throughout different brain

regions, data which is currently missing from the field.

5.5 Summary

The results in this chapter describe a novel role for the atypical chemokine receptor
DARC in regulating hippocampal excitability and microglia proliferation during early
aging, which was investigated using DARC homozygous knockout mice. | also report
that the assumed DARC expression in dentate gyrus granule neurons regulates intrinsic
membrane properties including resting membrane potential and membrane resistance,
which change when aging from juvenile to adulthood. These are the first reported effects

of DARC deficiency on brain cells.

No significant changes in hippocampal gamma oscillations or hippocampal-dependent
behaviour were identified in DARC knockout mice. These data suggest that DARC plays
no regulatory role in the gamma hippocampal network nor in the hippocampal-dependent

behavioural parameters investigated in this thesis.

Future work could involve measuring DARC expression level and its localisation in the
hippocampus using ELISAs or chemokine mapping kits. Furthermore, measuring the
excitability of CA3 and CA1 neurons using the in vitro electrophysiological techniques
described in this chapter, could help to identify whether DARCs effects are subregional

or hippocampal wide.
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Chapter 6 — General discussion and
future experiments
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6.1 Overview
Like all other organs, the brain undergoes changes during the lifespan that impact on

information processing and cognitive ability. During the life course different molecular
and cellular changes occur across all brain cell types to alter neuronal connectivity and
neural circuits underlying behaviour. Research on age-dependent cognitive decline
typically compares young and old cohorts in humans, and rodent studies used to
understand aging are largely focussed on similar comparisons. To better understand
biological processes underlying aging, longitudinal studies on a range of ages are
required. In this thesis | examined how hippocampal excitability changes during early
aging. As aging is associated with an increase in systemic and brain inflammatory
chemokines, which can influence the function of all brain cell types, | investigated how
acute chemokine treatment and deficiency of an atypical chemokine receptor affect

hippocampal excitability during early aging.

Here | summarise my main findings, discuss their broad implications and consider how
future work could further improve understanding of hippocampal age-dependent
changes and the role of chemokines and their receptors in regulating hippocampal

function.

6.2 Hippocampal excitability is increased in early aging

It is well documented that the hippocampus is one of the brain regions that is greatly
affected during aging, with reductions in synaptic excitability, long-term potentiation
(Barnes, 1979) and disruptions in hippocampal oscillations reported in rodent and human
models (Vreugdenhil and Toescu, 2005; Lu et al., 2011; Murty et al., 2020). These
functional changes are all associated with reduced learning and memory performance in
rodent (Gage et al.,, 1984; Mizumori, Lavoie and Kalyani, 1996; Shen et al., 1997),
primate (Rapp, Kansky and Roberts, 1997) and human behavioural models (Newman
and Kaszniak, 2000; Moffat, Zonderman and Resnick, 2001), highlighting that cognition
is greatly reduced in normal aging and is associated with the onset of neurodegenerative

diseases such as Alzheimer’s disease (Boyle et al., 2013; Ritchie et al., 2018).

Most data investigating hippocampal function during aging focuses predominantly on
comparing young (6 weeks — 4 months of age in rodents and 9-25 years old in humans)

with aged (14+ months of age in mice, and 60+ for human subjects) cohorts, which is
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deemed as late aging (Radulescu et al., 2021). However, aging is defined as the
progressive deterioration of physiological function with increasing age (Galloway, 1993),
yet there is very little literature examining the effects of early aging and whether
physiological aging is also progressive. This is an important topic as understanding the
very earliest stages of senescence may allow for the development of targeted
approaches that can slow the negative impact of aging or even rejuvenate function
(Wyss-Coray, 2016; Castellano et al., 2017). More recently there has been study into
how hippocampal function is affected in middle age. Hippocampal-dependent spatial
memory in humans has been shown to gradually decline between young (18-25 year
olds), middle age (40-55 year olds) and the elderly (60 + years old) (Williams et al., 2019)
which is associated with clinical onset of Alzheimer’'s Disease (Ritchie et al., 2018).
Additionally, neural circuitry has been documented to be become disrupted in middle
age, with smaller dorsal field EPSPs detected in 10-14 month old mice compared to 2-3
month old mice (Schreurs, Sabanov and Balschun, 2017) and neurogenesis markers
decline when rodents age from 4 months to 12 months in all hippocampal subregions
(Hattiangady et al., 2005). However, there appears to be subminimal investigation into
whether hippocampal function is affected in earlier aging, and there appears to be no

defined age at which hippocampal function and cognitive decline begins.

| therefore investigated whether activity along the perforant pathway, the main excitatory
input into the hippocampus, was affected in early aging by comparing dentate gyrus
excitability between juvenile (9-15 weeks old) and adult (25-35 weeks old) wild-type
mice. My work is the first to report that population excitability in the dentate gyrus
increased in early aging, which appeared to not be caused by post-synaptic activity, and
instead could be a result of changes in pre-synaptic transmission. No age-related
excitability changes were detected in the CA3 suggesting that the hippocampus as a
whole structure does not undergo a widespread loss of connectional integrity during early
aging and instead, perforant pathway connections from the entorhinal cortex layer Il onto
dentate granule neurons are specifically sensitive to early aging. Additionally, | observed
that intrinsic membrane properties of granule neurons change during early aging,
specifically in the supra-pyramidal region, which | hypothesise could be caused by
reduction of sodium permeability, persistent sodium current or increased extracellular

chloride concentrations. These findings contrast to experiments investigating dentate
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gyrus excitability in late aging, which report a significant reduction in population
excitability in the dentate gyrus during perforant pathway stimulation (Barnes, 1979;
Barnes and McNaughton, 1980; Froc et al., 2003). This suggests that dentate gyrus
excitability may increase as rodents move into adulthood, but then decrease as the
rodent transitions to an older age in a bell shaped curve. Dentate gyrus inhibitory currents
follow a similar “bell shaped curve” during aging (Fleming, Wilson and Swartzwelder,
2007), suggesting that changes in population excitability in early aging could be caused

by inhibitory pyramidal neurons influencing granule cell activity.

| also show that the supra-pyramidal dentate gyrus displays more prominent changes in
early aging than the infra-pyramidal subregion. This data is novel and has relevance for
previously reported functional (Fyhn et al., 2004; Chawla et al., 2005; Satvat et al., 2011)
and structural (Desmond and Levy, 1982; Desmond and Levy, 1985; Claiborne, Amaral
and Cowan, 1990) differences between the dentate gyrus subregions. It is possible that
excitatory transmission through the hippocampal tri-synaptic loop is routed more
prominently through the supra-pyramidal dentate gyrus, as this subregion shows greater
neuronal activity (Chawla et al., 2013) due to a greater number of perforant path
excitatory synapses (Sorra and Harris, 2000) than the infra-pyramidal subregion. If
excitatory neurotransmission is routed predominantly through supra-pyramidal granule
neurons to the CA3, it could explain why this subregion is specifically affected during
aging and is directly associated with impaired memory performance in aging (Karaca et
al., 2021). This also highlights that the infra-pyramidal dentate gyrus subregion is more
resilient to age-related alterations, potentially acting to regulate granule neuron response
to aging and preventing a large increase of excitatory synaptic transmission across the

whole subregion (Snyder et al., 2009).

Neurophysiology experiments from animal models have highlighted that activity and
function of the hippocampal tri-synaptic circuit is reduced in normal aging (Geinisman et
al., 1992; Bondareff and Geinisman, 1976; Barnes, 1979; Froc et al., 2003) and this is
directly associated with reduced cognition (Gage et al., 1984; Mizumori, Lavoie and
Kalyani, 1996; Shen et al., 1997; Rapp, Kansky and Roberts, 1997). However, each
subregion and its connections within the network contributes to a distinct set of properties
underpinning memory function (Witter et al., 2000), some of which are more sensitive to

aging. Rodent models have highlighted that the perforant pathway is particularly
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sensitive to age-related decline (Froc et al., 2003; Barnes, Rao and Houston, 2000),
which has been observed through a variety of immunofluorescent staining experiments
(Bizon, Lee and Gallagher, 2004; Wang et al.,, 2007; Fu et al., 2015), in vitro
electrophysiology measurements (Barnes, 1979; Barnes and McNaughton, 1980; Froc
et al., 2003), and in vivo recordings during hippocampal-dependent memory tests (Shen
et al., 1997; Bieri, Bobbitt and Colgin, 2014; Zheng et al., 2016). Extrapolating this data
in human models is much more challenging, and therefore the effects of aging on distinct
hippocampal regions in humans is less well reported. Diffusion tensor imaging showed
that the perforant-pathway in particular undergoes degeneration during normal aging
which correlated with reduced memory performance (Yassa, Muftuler and Stark, 2010).
Like most models of aging, these experiments compared perforant pathway activity
between young (21 years old) and elderly (70 years old) human cohorts, and there is no
longitudinal analysis exploring perforant pathway activity during progressive aging
(Yassa, Muftuler and Stark, 2010). Longitudinal studies measuring the volume of brain
sub-structures using magnetic resonance imaging (MRI) in human participants is
commonly used as a prediction of clinical status (Grundman et al.,, 2002). Reduced
volume is associated with worsened clinical status and has been used to examine
whether specific hippocampal subregions are affected during mild cognitive impairment
or patients with neurodegenerative disease such as Alzheimer’s disease (Scheff et al.,
2006; Wu et al., 2008). Overall, the dentate gyrus and CA3 volume is more prominently
reduced in normal aging (Wu et al., 2008; Mueller and Weiner, 2009; Feng et al., 2020).
The dentate gyrus and CA3 are both implicated in age-related volume loss as they are
often classified into one experimental group, due to the difficultly in distinguishing
between the two subregions due to their proximity and MRI resolution. More recently, a
longitudinal study using a high resolution MRI highlighted that human dentate gyrus
volume decreases with increasing age whereas CA3 volume is age dependent (Dillon et
al., 2017). The dentate gyrus is important during pattern separation, whilst the CA3 is
linked to the cognitive operation called pattern completion (Kent et al., 2007; Lee et al.,
2004; Leutgeb et al., 2004). Studies confirm that aging manifests with pattern separation
deficits (Toner et al., 2009; Yassa et al., 2011), however performance on cognitive tasks
that are sensitive to pattern completion are relatively preserved in aging (Toner et al.,
2009), supporting the idea that compared with the dentate gyrus, CA3 is relatively

preserved (Dillon et al., 2017).
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During pathological aging differences in rate and extent of pathological events have been
noted for different brain regions. The entorhinal cortex is the region most greatly affected
in Alzheimer’s disease, shown by pattern of cell death and volume loss (Van Hoesen,
Hyman and Damasio, 1991; Braak et al., 2006; Gomezlsla et al., 1996; Khan et al.,
2014), whereas the dentate gyrus and CA3 is mostly preserved (Mueller et al., 2010).
Furthermore, the reduction in synapse number in the outer molecular layer of the dentate
gyrus in human brains with Alzheimer’s disease compared to healthy individuals suggest
that loss of afferents from the entorhinal cortex underlie synapse loss in early Alzheimer’'s
disease (Scheff et al., 2006). Because the entorhinal cortex is upstream to the dentate
gyrus, cell death in this subregion is also expected to cause pattern separation deficits
and defects in cognitive operations that are linked to other downstream subregions
(Yassa et al., 2011). The observed anatomical separation, with Alzheimer's disease
differentially targeting the entorhinal cortex and aging targeting the dentate gyrus with
relative sparing of the entorhinal cortex, suggests that Alzheimer's disease and aging

have distinct pathologies.

6.3 CCL2 directly affects hippocampal function, but not in an
age-dependent manner

The innate immune system is a crucial first line of defence immune response (Beutler,
2004) and prolonged periods of excessive inflammation can lead to tissue damage,
especially in organs and tissues that are particularly sensitive to immune-mediated
change such as the brain (Glezeva and Baugh, 2014; Ekdahl et al., 2003; Vezzani and
Granata, 2005). Although the brain has its own distinct immune system, immune
components in the circulatory system such as chemokines and cytokines, cross the
blood brain barrier and exert their influences in the cerebral environment (Gutierrez,

Banks and Kastin, 1993).

The innate immune system becomes dysregulated with aging (Mahbub, Brubaker and
Kovacs, 2011; Kovacs et al., 2009; Chelvarajan et al., 2006), and the inability to balance
pro- and anti-inflammatory responses generates a basal elevation in pro-inflammatory
mediators (Gomez et al., 2007; Nomellini, Gomez and Kovacs, 2008). This general
increase in inflammation is associated with changes in the regulation of neuronal
processes underlying learning and memory including LTP and neurogenesis (Min et al.,

2009; Di Filippo et al.,, 2013; Kohman and Rhodes, 2013), which can lead to
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neurodegeneration and contribute directly to aging pathologies (Chung et al., 2009;
Glass et al., 2010; Perry, Cunningham and Holmes, 2007) and cognitive decline (Weaver
et al., 2002; Wersching et al., 2010; Bettcher et al., 2012; Singh-Manoux et al., 2014).
These studies predominantly focus on inflammation during late aging, with human
participants ranging between 63-79 years old and mice models 18-20 months old. A few
studies have indicated that inflammation in the circulatory system and brain is
upregulated in mid-aged individuals. Microglia from middle aged rodents (9 — 10 months
old) have greater expression of proinflammatory cytokines than young rodents (2 months
old) (Nikodemova et al., 2016), and greater microglia proliferation in middle aged humans
(30 — 54 years old) was associated with poorer spatial reasoning, learning and memory

and executive function tests (Marsland et al., 2015).

It is currently unclear how different proinflammatory chemokines impact hippocampal
function, whether they act directly on neurons or indirectly via astroglia, and what the
consequences are for neural activity. | investigated whether the proinflammatory
chemokine CCL2 was responsible for increasing hippocampal excitability in early aging.
CCL2 was an appropriate candidate for investigation as it is upregulated in the circulatory
system during early aging (between mice of 3, 5, 12, 18 and +22 months old), is able to
cross the blood brain barrier and cause proliferation of microglia, and also has been
shown to directly affect neuronal activity in the CA1 and CA3 (Zhou et al., 2011; Duan et
al., 2018; Yousefzadeh et al., 2018). | report here that CCL2 directly increased perforant
pathway excitability through its cognate receptor CCR2. This response was specific to
CCLZ2, as the proinflammatory chemokine CCL5 did not significantly affect hippocampal
excitability. However, there were no age-dependent effects of CCL2 on hippocampal
excitability, suggesting that CCL2 is not regulating hippocampal excitability during early
aging. Prolonged inflammation is associated with chemokine receptor desensitisation
(Darbonne et al., 1991), and therefore it is possible that increased circulatory levels of
CCL2 during early aging could coincide with CCR2 desensitisation, which could also
explain why less efficient immune responses are observed in aging (Weyand and
Goronzy, 2016; Montecino-Rodriguez, Berent-Maoz and Dorshkind, 2013). These
experiments suggests that either another pro-inflammatory molecule is regulating
neuronal activity in early aging, or more likely, a combination of pro-inflammatory

mediators upregulated in early aging is affecting hippocampal activity.
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6.4 DARC regulates hippocampal excitability in early aging
The atypical non-signalling Duffy antigen receptor for chemokines (DARC) acts to

regulate the concentration of proinflammatory chemokines in the blood, either by
removing excess from circulation which dampens leukocyte activation (Dawson et al.,
2000; Zarbock et al., 2010), or alternatively buffering chemokines and releasing them
into circulation during an inflammatory response (Novitzky-Basso and Rot, 2012). DARC
is expressed on red blood cells and the postcapillary endothelium (Segerer et al., 2000)
in a number of peripheral organs (Lee et al., 2003; Kashiwazaki et al., 2003; Hadley and
Peiper, 1997) and regulates chemokine levels in the peripheral system. DARC
expression has also been detected in neurons using immunohistochemical staining
(Horuk et al., 1997) and RNA-sequencing isolated by FACs (Schaum et al., 2018),
however its function in neurons is unknown. DARCs ability to regulate pro-inflammatory
chemokine concentrations and its neuronal expression raised questions as to whether
DARC played a role in regulating hippocampal excitability. | report here novel findings
that DARC regulates early-age-dependent dentate gyrus excitability. | also report that
the assumed DARC expression in dentate gyrus granule neurons regulates intrinsic
membrane properties including resting membrane potential and membrane resistance,
which change when aging from juvenile to adulthood. How DARC affects neuronal
excitability without initiating intracellular signalling events is unknown. Despite this,
DARC has previously been reported to affect the activity of other chemokine receptors
through receptor dimerization, specifically to the chemokine receptor CCR5, where it
impedes CCRS5 receptor function by inhibiting calcium flux. The specific kinetics of this
interaction is unknown; however, it is hypothesised that DARC inhibits receptor activity
by altering G-protein activity (Chakera et al., 2008). G-protein coupled receptors
(GPCRs) play essential roles in neuronal communication, modulating pre- and post-
synaptic activity (Moller et al., 2018), and in particular the metabotropic glutamate
receptor (mMGlu) is a GPCR for the major excitatory neurotransmitter glutamate (Nicoletti
etal., 2015). These data suggest that DARC could be mediating hippocampal excitability
through the disruption of hippocampal GPCRs such as mGLU and subsequently
impeding excitatory transmission. | also observe that DARC regulates microglia
proliferation in the dentate gyrus in early aging, and as microglia proliferation increases

from young to mid age (3-4 months old to 13-14 months old) in the hippocampus (Mouton
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et al, 2002), it suggests that DARC acts to mediate age-related hippocampal

pathologies.

| identified no hippocampal-dependent behavioural changes between DARC knockout
mice and wild-type mice, however other studies examining hippocampal-dependent
behaviour using different behavioural models have indicated that DARC knockout mice
have impaired spatial-navigation memory (Schneider et al., 2014). These results suggest
that DARC not only regulates hippocampal activity and microglia proliferating but is also
required for cognitive function. Furthermore, my results and results in the literature

collectively suggest that DARC knockout mice exhibit premature aging.

6.5 Limitations

In this thesis | have used electrophysiology, immunohistochemistry, and behavioural
paradigms to report several novel aspects of hippocampal physiology. Here | discuss
some of the limitations of my experimental approaches, which should be taken into

account when interpreting and discussing the wider implications of my findings.

6.5.1 In vitro electrophysiology

Firstly, in vitro electrophysiology is used to throughout this thesis to investigate neuronal
excitability, intrinsic cell properties and hippocampal oscillations. This is a useful
technique which is a critical tool for assessing electrophysiological effects of
pharmacological and genetic manipulations in the brain. Brain slices are kept in optimal
conditions which allow for the recording of electrical properties of neurons, however this
environment is artificial and does not accurately represent the physiological conditions
of the body in vivo. Brain slices in vitro have no active circulatory system, therefore
physiological responses which usually involve circulatory system influence, such as
inflammatory processes which is investigated in this thesis, will not fully represent

responses that would occur in vivo.

In the literature, there are sometimes contradictory outcomes to experiments performed
using the same in vitro electrophysiology protocols. Although variations in equipment
and technical set up can affect result outcomes, it is also important to note that conditions
of the mice before slice preparation can affect biological measurements. For example,
mice in high stress conditions before slice preparation can affect neuronal activity

readouts, particularly oscillation measurements (lturra-Mena et al., 2019), and the time
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of day of hippocampal slices preparation can effect excitability measurements due
to circadian rhythms (Sakhi et al., 2014). Lighting conditions, food availability and social
interactions can also influence experimental outcomes (Dibner, Schibler and Albrecht,
2010; Piggins and Guilding, 2011; Bechtold and Loudon, 2013). For the experiments
performed in this thesis | kept the slice preparation procedure as consistent as possible,
with special consideration to reduce stress to mice before slice preparation, reducing

handling and conducting the slice preparation at the same time each day.

6.5.2 Mice models to understand aging in humans
Laboratory mice have become a robust and reliable research tool in the field of aging

due to their short life span, the ability of mouse tissue to be analysed at all stages of the
aging process and the ability to create genetic mouse lines (Hasty and Vijg, 2004; Nadon,
2004). At the cellular level there are many similarities between the mouse and the human
nervous system, however the mouse brain is less complex than the human brain
(Vanhooren and Libert, 2013), and aging mice do not demonstrate all typical age-related
diseases seen in humans. For example, cardiovascular diseases are the major causes
of illness, disability and human mortality which are not reported in mouse models (Roger,
2011), and although mice show decreases in memory and cognition that parallel changes
observed in the human population, they do not develop Alzheimer’s disease (Jucker et
al., 1994). The study of aging in humans is a complex process, and interactions between
biological changes, environmental and social factors, diet, genetic constitution and
guality of healthcare throughout life are all factors which can affect vulnerability to age-
related disease (Vanhooren and Libert, 2013). Meanwhile laboratory mice often have
controlled diet, environment, and genetic background, although this does allow for the

examination of senesce that exclude complex environmental factors.

Another caveat of using mice to model aging, is that there are rodent aging classification
inconsistencies in the literature which gives rise to inconsistencies in some physiological
reports of aging. Mice between 3-6 months of age are typically classified as young adults
whilst animals aged 14-24+ months old are often pooled together in the single category
of aged (Radulescu et al., 2021). However more recent literature has investigated aging
pathologies in middle age, which is generally categorised as mice that are 10-14 months
old (Radulescu et al., 2021; Schreurs, Sabanov and Balschun, 2017; Hattiangady et al.,

2005; Francia et al., 2006), which overlaps with previous classifications of aged mice.
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Physiological differences have been identified longitudinally with aging (Fleming, Wilson
and Swartzwelder, 2007; Shoji et al., 2016), which highlights that a broadly agreed age-
classification of mice would help reduce variations in aging classification and
terminology. Alternatively, clearly stating the ages of mice in the literature manuscript

would also aid with transparency of the aging models used.

6.5.3 Acute CCL2 treatment as a model to understand effects of
inflammation

When examining the effects of CCL2 on hippocampal excitability, | administered CCL2
at a concentration that is approximately 5 fold higher than concentrations measured in
the brain after acute injury (Belkouch et al., 2011). Although | used a similar CCL2
concentration as other electrophysiology studies measuring CCL2-mediated neuronal
excitability (Gruol et al., 2014; Guyon et al., 2009; Zhou et al., 2011; Belkouch et al.,
2011), it is possible that this higher amount of CCL2 is eliciting greater hippocampal

activity than would occur during normal responses to inflammation.

During natural immune responses, a variety of chemokines and cytokines are
upregulated in both the peripheral and central nervous system, which could all affect
hippocampal function (Thomson et al., 2020; Gyoneva and Ransohoff, 2015). Bath
application of CCL2 onto hippocampal slices may not initiate neuronal responses that
accurately reflect their activity during a more natural response to inflammation.
Therefore, to measure hippocampal activity in response to inflammation that more
accurately reflects the natural conditions in the brain, systemic inflammation could be
induced in mice before dissecting the brain and measuring neuronal activity using in vitro
electrophysiology. Systemic inflammation could be induced in mice using
lipopolysaccharide injection, a common method of inducing and examining

neuroinflammation (Batista et al., 2019).
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6.6 Concluding remarks and future work
I show for the first time that hippocampal excitability along the perforant pathway is

increased in early aging and is associated with changes in intrinsic properties of granule
neurons. As dentate gyrus excitability has been previously shown to decrease from
middle to old age, my data suggests that hippocampal excitability does not follow a linear
trajectory during aging, and instead may increase as rodents move into adulthood, but
then decrease as the rodent transitions to an older age. | also identified that the increase
in hippocampal activity during early aging is regulated by the atypical chemokine receptor
DARC, its first identified function in the brain. This regulation involves changes in post-
synaptic activity and intrinsic membrane properties of granule cell neurons of the dentate
gyrus. | also show that DARC acts to regulate microglial proliferation in early aging, and
CCL2-dependent microglia activation, highlighting that the receptor is involved in

mediating several brain parameters in an age dependent manner.

The extent of DARCs role in regulating neuronal activity is unknown, and there are many
more questions that need to be addressed. Most importantly, we need to develop a better
understanding of where DARC is expressed in the brain, and on what neuronal
populations it is expressed. This could be conducted using a chemokine receptor
mapping kit, such as the Milliplex MAP mouse Cytokine/Chemokine Magnetic Bead
Panel Kit (Covaris, USA). Multiple receptors and chemokines can be detected
simultaneously and would not only highlight DARC concentration and its localisation in
the brain, but also measure the expression of other chemokine receptors and pro-
inflammatory chemokines. This would develop a better understanding of how DARC
modulates chemokine concentrations in the brain and provide information about its
localisation with other chemokine receptors. Furthermore, as DARC has functional roles
in the circulatory system and on endothelial cells, it is important to detect whether DARC
expression changes in these systems during aging, and how this expression relates to

expression in the brain.

Additionally, how pro-inflammatory chemokines and their receptors affect hippocampal
function is currently limited. The innate immune system is comprised of a complex
network of pro-inflammatory, anti-inflammatory, and regulatory components that all may
have individual and compound effects on various elements of brain function. Assessing

how each component of inflammatory responses may affect brain activity is a large task,
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however recognising these mechanisms may help to uncover how “inflammaging” leads
to cognitive decline and the onset of neurodegenerative disorders, and lead to possible
therapeutic interventions. Measuring all the chemokines that are upregulated in the
hippocampus during systemic inflammation, induced by lipopolysaccharide injection for
example, could be a good starting point. Once upregulated chemokines are identified,
systematic investigation into how each chemokine individually effects hippocampal
activity could help to identify a more complete picture of chemokine regulation in the
region. Repeating these experiments in different rodent age cohorts could help to

investigate whether sensitivity to these chemokines is affected during aging.
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Appendix

DARC knockout Wild-type

Figure 1 - Immunohistochemical staining of mouse hippocampal slices using an
anti-DARC antibody showed positive staining in wild-type and DARC knockout
mice. Hippocampal slices from wild-type and DARC knockout mice were collected, fixed
in 4% PFA, cryoprotected with 30% sucrose in PBS, frozen in OCT and re-sectioned to
30uM slices. Free-floating immunofluorescence immunohistochemistry was conducted
on the re-sectioned hippocampal slices. A rabbit monoclonal anti-DARC primary antibody
(1:100, cat# ab137044, abcam) was used. DARC positive staining was observed in
dentate gyrus neurons in wild-type and DARC knockout mice.
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